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ABSTRACT: Polyketides (PKs) are a large class of secondary metabolites produced by microorganisms and plants, characterized
by highly diverse structures and broad biological activities. They have wide market and application prospects in medicine,
agriculture, and the food industry. The complex chemical structures and multiple steps of natural polyketides result in yield that
cannot be met by purely synthetic methods. With the development of synthetic biology, a number of novel technologies and
synthetic strategies have been developed for the efficient synthesis of polyketides. This paper first introduces polyketides from
different sources and classifications, then the reconstruction of biosynthetic pathways is described using a “bottom-up” synthetic
biology approach. Through methods such as enhancing precursors, relieving feedback inhibition, and dynamic regulation, the
efficient production of polyketides is achieved. Finally, the challenges faced by polyketides research and future development
directions are discussed.
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1. Introduction

In nature, natural products (also known as secondary metabolites, SMs) produced by plants, fungi, and bacteria are
diverse and represent a vast treasure [1]. Polyketides, catalyzed by polyketide synthases (PKSs), are a significant
component of these natural products. Their diverse chemical structures, including macrolides and aromatic polyketides,
confer broad biological activities and application value [2,3]. In organisms, PKs can function as signaling molecules [4]
and protect against external threats [5]. Melanin, a pigment found in mammals, plants, and microorganisms, has multiple
biological functions such as UV radiation protection and free radical scavenging, enhancing the survival ability of
organisms in harsh environments [6,7]. In the medical field, erythromycin, a macrolide antibiotic, is widely used
clinically to treat Gram-positive bacterial infections, addressing health needs. Additionally, PKs demonstrate a range of
biological activities, including antitumor (tetracycline), anticancer (doxorubicin), antiparasitic (avermectin, ivermectin),
and immunosuppressive (rapamycin, FK506) properties [8-10] (Figure 1). In agriculture, spinosad, due to its low
toxicity and highly efficient insecticidal activity, is used to control agricultural pests and ensure food security, earning
the U.S. “Presidential Green Chemistry Challenge Award” in 1999. In the food industry, natamycin is widely utilized
as a food preservative to inhibit fungal growth [11].

PKs have significant potential for applications and research. However, the indiscriminate use of antibiotics and
pesticides has led to the emergence of multidrug-resistant (MDR) microbes and pests, it is necessary to develop new
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compounds through structural modification or genomic mining to meet practical needs. Additionally, the low yield of
polyketides limits their large-scale production and application for several reasons: (1) Primary metabolites in cells
maintain basic metabolic activities and growth, while SMs often primarily fulfill specific physiological functions and
are typically non-essential [12]; (2) As significant microbial sources of polyketides, Streptomyces and fungi harbor
multiple SMs biosynthesis gene clusters (BGCs) in their genomes, leading to low precursor conversion flux and by-
product formation [13-15]; (3) Polyketides have complex structures, and their biosynthesis pathways involve multiple
enzymes, with core enzymes (PKS) having multiple modules and domains, making genetic modification inefficient and
challenging to synthesize using conventional chemical methods.
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Figure 1. Diverse biological activities of polyketides. Delphinidin-3-O-arabinoside chloride is a PKS-derived product, which is
formed through further modifications by using the PKS-mediated synthesis of the key intermediate chalcone; 1,8-DHN is the
immediate precursor of melanin synthesis, which synthesized by PKS utilizing acetyl-CoA or malonyl-CoA.

Advances in synthetic biology and metabolic engineering provide effective strategies for the development and
yield enhancement of natural products. This article provides a systematic summary of polyketides, highlights the
challenges of the biosynthesis of polyketides and the corresponding solution strategies. Firstly, the sources and
classifications of polyketides are introduced. Then, the importance of modifying key enzymes and designing synthetic
biology parts to refactor the biosynthetic pathway of polyketides is highlighted. Finally, it summarizes strategies for the
efficient synthesis of polyketides and discusses future development directions and approaches. This paper proposes the “point
(enzymes)—Iline (synthetic pathway)—plane (metabolic pathway)” strategy based on synthetic biology, which provides a
theoretical foundation and technical support for the accelerated development and efficient production of polyketides.

2. Sources and Classification of Polyketides

2.1. Sources of Polyketides

Currently, the polyketides in widespread use generally come from two sources: (1) natural compounds isolated and
identified from nature; (2) novel compounds generated by modifying the structures of natural compounds through
genetic engineering or chemical derivatization to enhance biological activities or to develop new compounds.

2.1.1. Natural Polyketides

Natural polyketides are produced directly by bacteria, fungi, and plants. Actinorhodin, produced by Streptomyces
coelicolor, is not only utilized as both an antibiotic and a natural blue pigment. It is one of the most effective model
compounds for studying the regulatory mechanisms of secondary metabolism and gene editing methods in Streptomyces.
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For example, knocking out a gene in its BGC can be determined by the disappearance of the blue color to determine
the effect of gene editing [16]. Other polyketides with antibiotic activity are often produced by Streptomyces and fungi
(Table 1). Many plant-derived PKs also have natural pigment activities [17] and possess various physiological activities,
including anti-inflammatory, antioxidant, obesity control, and immune system enhancement [18]. For example,
Curcumin, a rare diketone compound mainly found in the rhizome of Curcuma longa. Due to its yellow color and
special antioxidant structure, it is commonly used as a food coloring agent, preservative, and it can also be used to treat
diabetes [19].

However, natural polyketides are also harmful to human health, including zearalenone [20] and fumonisin B1 [21].
Aflatoxins are a class of toxic secondary metabolites produced by Aspergillus flavus and Aspergillus parasiticus,
including toxins and toxic alcohols such as B1, B2, G1, G2, and M1, of which Bl is the most toxic [22]. These
compounds exhibit significant hepatotoxicity, hepatocarcinogenicity and teratogenicity.

Table 1. Some classic natural polyketides.

Source Compounds Strain Beneficial Effects Reference
Bacteria Spinosyn Saccharopolyspora spinosa Insecticides [23]
Actinorhodin Streptomyces coelicolor Antibiotic, Pigment [24]
Rapamycin Streptomyces hygroscopicus Immunosuppression, Anticancer, Antitumor [25]
Erythromycin Saccharopolyspora erythraea Antibiotic: antibacterial [26]
Tetracycline Streptomyces aureus Antibiotic: antibacterial, antiparasitic [27]
Tacrolimus (FK506) Streptomyces tsukubaensis Immunosuppression, Antifungal, Neuroprotective [28]
Fungi Lovastatin Aspergillus terreus Immunosuppression [29]
Aurovertin Calcarisporium arbuscula Antitumor, Antiviral, Antibacterial [30]
Brefeldin A Penicillium decumbens Antitumor, antiviral, antifungal, [31]
Strobilurin Strobilurus tenacellus Antifungal [32]
Fumagillin Aspergillus fumigatus Antitumor [33]
Plants Curcumin Curcuma longa Antiinflammatory, Antioxidant, Anticancer, Food pigment [19]
Emodin Rheum palmatum Anticancer, Hepatoprotective, Antiinflammatory [34]
Chalcones Liquorice Anticancer, Antioxidants, Anti-inflammatory [35]
Stilbene Vitaceae, Leguminaceae, et al. Anticancer, Antimicrobial, Antioxidant [36]

2.1.2. Synthetic Polyketides

In response to multi-drug resistance, there is an urgent need to develop new drugs with novel targets or high activity.
Direct screening from nature is time-consuming and labor-intensive, therefore, a current research focus is structural
modification of existing compounds to produce new derivatives or to improve their biological properties.

Avermectin is an insecticide derived from Streptomyces avermitilis, the reduction of the C22—C23 double bond of
avermectin B1 by using Wilkinson’s homogenous hydrogenation catalyst (PH3P)3RhCI, resulting in the ivermectin
with enhanced insecticidal activity (Figure 2). In 2015, Satoshi Omura and William C. Campbell were awarded the
Nobel Prize in Physiology/Medicine, along with Youyou Tu who discovered artemisinin, for their work on avermectin
and ivermectin. Currently, ivermectin and moxidectin show significant potential in the treatment of human parasitic
infections [37]. Roxithromycin and telithromycin are both derived from chemical modifications of erythromycin A, and
exhibit improved medical efficacy [38]. Due to the highly complex structure of polyketides and the numerous
intermediates involved, using chemical methods for synthesis or structural modification presents challenges such as
multiple steps and low yields.

Recently, Dong et al. synthesized an analogue of the core TDO (2H-tetrahydro-4,6-dioxo-1,2-oxazine) heterocycle
of alchivemycin A using chemical methods for the first time, then applied continuous oxidative modifications using
enzymatic methods to obtain the final synthetic product. However, reconstructing the complex TDO heterocycle
structure remains challenging [39]. Therefore, a better approach involves starting from the biosynthesis of the
compounds themselves, utilizing the unique properties of microorganisms, and using molecular biology techniques to
specifically manipulate key genes to synthesize specific natural products and their analogs. Koch et al. expanded the
substrate utilization range by merely replacing key domains of PKS to obtain a series of pikromycin derivatives [40]
that demonstrated the advantages of biosynthesis for expanding the structural diversity of natural products.
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Figure 2. Some natural and synthetic polyketides.

2.2. Classification of Polyketides

PKSs are key enzymes for the synthesis of polyketides. Based on their structure and synthesis mechanisms, PKSs
can be classified into three major types: Type | PKSs (mainly synthesizing macrolides), Type Il PKSs (synthesizing
aromatic polyketides), and Type Il PKSs (synthesizing flavonoids).

2.2.1. Type | PKSs

Type | PKSs are primarily found in bacteria and fungi, and exist as multifunctional enzymes in modular form.
Each module contains non-redundant catalytic domains, with each domain participating in only one step of the
polyketide chain elongation, to linearly complete the initiation and elongation of the polyketide synthesis (Table 2) [41-
44]. The assembled polyketide chain is released via the thioesterase (TE) domain through cyclization or hydrolysis and
subsequently modified by glycosyltransferases (GT), methyltransferases (MT), as well as oxidases such as
monooxygenases (MO), cytochrome P450 (CYP450), and oxidoreductases (OR), to form polyketides with more
complex structures and specific biological activities. The most representative compounds include erythromycin,
rapamycin, and avermectin.

Table 2. Enzymes involved in the formation of polyketide chains of type | PKSs.

Domain Function
Basic Functional Modules Acyltransferase, AT Recognizes and selects extender units
(Extension of two carbon atoms) Acyl carrier protein, ACP Carries polyketide chain or extender units

Claisen-like condensation reaction, responsible for

Ketosynthase, KS carbon chain extension

Other Functional Domains Ketoreductase, KR B-keto—hydroxyl group
(Single chain modification) Dehydratase, DH hydroxyl group—enoyl group
Enoylreductase, ER Reduce double bonds to the saturated forme
Thioesterase, TE Chains termination, hydrolysis or cyclization

Butenyl-spinosyn studied in our laboratory is a green biopesticide produced by Saccharopolyspora pogona and
also a typical type | polyketide. Its biosynthetic pathway includes 23 genes, of which busA~E encoding Type | PKSs
are present in clusters on the genome (Figure 3a). The entire process involves the synthesis and cyclization of the
polyketide chain, synthesis and attachment of side-chain sugars (L-rhamnose and D-forosamine) [45,46] (Figure 3b).
Figure 3 depicts the biosynthetic process of Type | polyketides, with butenyl-spinosyn as an example.
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Figure 3. Biosynthesis of butenyl-spinosyn: (a) Butenyl-spinosyn BGC; (b) Biosynthetic pathway of butenyl-spinosyn. gtt:
glucose-1-phosphate nucleotidyltransferase; gdh: glucose dehydrogenase; epi: 3',5"-epimerase; kre: 4'-ketoreductase; busO: 2,3-
dehydrogenase; busN: 3-ketoreductase; busQ: 3,4-dehydrogenase; busR: aminotransferase; busS: methyltransferases; busG:
rhamnosyltransferase; busH: 2’-O-methyltransferases; busl: 3'-O-methyltransferases; busK: 4'-O-methyltransferases; busJ:
dehydrogenase (catalyses C15 hydroxyl to carbonyl); busM: dehydratase(catalyses the formation of double bonds from C11-C12);
busF: catalyses [4+2] cycloaddition bonding between C4-C12 and C7-C11; busL: catalyses Rauhut-Currier bonding of C3-C14;
busP: forosaminyl transferase.

The modular type | PKSs (mPKSs) described above are commonly found in bacteria, whereas iterative Type |
PKSs (iPKSs) are central to biosynthesis in most fungi, iPKSs contain only one module that is reused, and the structural
domains within the module are the same to those of the mPKSs. [47]. Based on the reduction degree of polyketide
intermediates, iPKSs can be further classified into non-reducing (NR)-PKSs, partially reducing (PR)-PKSs, and highly
reducing (HR)-PKSs [48,49]. The specific biosynthesis process is similar as mPKSs, with the distinction that
intermediates in iPKSs are transferred back to the upstream KS domain until the final product is formed, while in
mPKSs, intermediates continue to the downstream KS domain [50,51]. Another typical Type | PKS is trans-AT PKSs,
which lacks the AT domain. Instead, AT activity is provided by one or more separate proteins within or outside the
polyketide-BGC [52].

It is widely accepted that the domain composition within Type | PKS modules includes KS + AT (+DH + ER + KR) +
ACP (+TE). However, Abe et al. studies on PKSs in aminopolyols revealed that the KS domain is located downstream of the
processing enzymes in each module, redefining the PKS module as AT (+DH + ER + KR) + ACP + KS [53,54], this model
is also applicable to trans-AT PKSs [55]. However, further research is needed for engineering applications.

2.2.2. Type Il PKSs

Type 1l PKSs, typically found in bacteria, are multi-enzyme complexes composed of discrete single-domain enzymes,
which repeatedly use their functional domains to catalyze the same reactions at different stages. The minimal PKS consists
of KSa, KSB, and ACP [56], where KSp controls the length of the polyketide chain and is also known as the chain length
factor (CLF). The KSa-KSp heterodimer (KS-CLF) repeatedly catalyzes multiple Claisen condensation reactions, which
produces a poly-p-ketoacyl thioester intermediate bound to ACP. Under the action of KR, cyclase (CYC, mediating C9-
C14 cyclization), and aromatase (ARO, mediating C7-C12 cyclization), the full-length poly-p-ketone intermediates are
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formed and then converted into aromatic scaffolds (Figure 4a). Finally, through the action of tailoring enzymes, these
intermediates are transformed into aromatic polyketides, such as anthracycline and tetracycline [57,58].

2.2.3. Type 11l PKSs

Type 111 PKSs are primarily found in plants and are composed of 40-45 kDa KS homodimers. Their structure is
simpler and they do not require ACP involvement. Each subunit possesses multiple activities, iteratively catalyzing
initiation, elongation, and cyclization at the same active site. Type 111 PKSs mainly catalyze the biosynthesis of mono-
and bicyclic aromatic polyketides [59-61]. The KS domain typically maintains the “Cys-His-Asn” catalytic triad, using
CoA as the starter substrate, binding to the active site Cys, and using malonyl-CoA as the extender unit to perform
repeated decarboxylative condensations to produce poly-p-ketone intermediates. These intermediates are then cyclized
or released as linear products and further modified to synthesize polyketides with diverse biological activities.

Chalcone synthase (CHS) in plants is a representative Type 111 PKS. As a key enzyme in the biosynthetic pathway
of flavonoids, CHS catalyzes the sequential condensation of three acetate units from malonyl-CoA to p-coumaroyl-
CoA, forming a tetraketide intermediate. This intermediate undergoes Claisen-type cyclization to produce the aromatic
tetraketide naringenin chalcone, which is further converted into flavonoids such as naringenin and icariin. Stilbene
synthase (STS) functions similarly to CHS, but in the cyclization of the tetraketide intermediate, it catalyzes an
intramolecular C2—C7 aldol-type condensation to form resveratrol (Figure 4b) [59].
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Figure 4. The module features and representative compounds of Type Il PKSs (a) and Type |11 PKSs (b).

3. Synthetic Design of New Structures and High Production of Polyketides
3.1. Enzyme Engineering for New Structures of Polyketides

The differences in catalytic mechanisms and substrate specificities of PKSs result in the diversity in polyketide
chain synthesis. A series of post-modification reactions further increase the structural diversity of polyketides, making
it possible to engineer both PKSs and post-modification enzymes to produce new non-natural polyketides.

3.1.1. PKSs

The number and function of PKS modules and domains determine substrate selection, the extent of reduction and
the stereochemistry of the products in the polyketide synthesis pathway. The number of modules defines the size of the
backbone, and the domain composition controls the degree of functionalization [62]. Therefore, PKS modification can
often enhance the structural diversity and biological activity of polyketides. This is mainly achieved through site-
directed mutagenesis, as well as the insertion and replacement of domains and modules (Figure 5, Table 3). Type |
PKSs are the most typical and complex of the three PKSs, therefore, this section focuses on Type | PKSs.
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Site-directed mutation has minimal impact on the overall protein structure, however, it requires specific conditions
regarding the size of the side chain and its flexibility [63,64]. In the biosynthesis pathway of FK506, the AT4es domain
can use both allylmalonyl and emthylmalonyl to produce the target product FK506 and its analog FK520. Molecular
dynamics simulations revealed that the V187K mutation enhances substrate specificity and reduces the production of
the by-product FK520 [65]. This strategy is often combined with domain and module engineering.

The starter and extender units largely determine the structural diversity and chemical complexity of polyketides.
For example, the AT domain is responsible for CoA-based starter and extender units, and shows greater substrate
promiscuity than other domains. Sheehan et al. replaced the loading module of the spinosad PKS with the loading
module from the erythromycin PKS and added a range of carboxylic acids exogenously, resulting in 16 new spinosad
derivatives. Among them, 21-cyclobutyl-spinosyn A along with its semisynthetic 5,6-dihydro derivative exhibited
improved insecticidal activity [66]. Sirirungruang et al. introduced an F190V mutation into the wild-type trans-AT from
the disorazole biosynthetic pathway (DszAT) and loaded it onto a specific PKS module in which the cis-AT was
inactivated, and selectively introduced fluorine into the polyketide backbone and producing two fluorinated 6dEB
analogs, 2-fluoro-2-desmethyl 6dEB and 4-fluoro-4-desmethyl 6dEB [67]. Domain engineering strategies are also
applied to KR (responsible for the formation of stereocenters in polyketides) [68], DH [69], and TE in the unloading
modules [70], although research in these areas remains relatively limited.

Another PKS engineering strategy for producing new compounds involves modifying domains or modules
(including deletion, replacement, and addition), which directly influences product synthesis. Using RedEx technology,
the integration of five domains (KS 1b, AT 1b, DH 1b, KR 1b, and ACP 1b) from module 1b of butenyl-spinosyn into
the spinosad synthesis pathway between the KS and AT domains of module 1 successfully achieved butenyl group
modification [71,72]. However, inserting heterologous domains often disrupts PKS stability, resulting in loss of activity
and protein misfolding [73]. Appropriate linker regions and splice sites can retain protein interactions between donor
and acceptor units during domain or module exchanges, reduce the impact of conformational changes during the
polyketide chain elongation, and maintain overall PKS structure. Thus, splice sites are typically chosen within the AT
and KS sequences or in linker regions upstream of ACP. However, the success rate of module exchanges is often low
[74-76]. Yuzawa et al. systematically analyzed segments of AT domains and associated linkers in AT domain
exchanges, identifying the module boundaries that maintain protein stability and enzyme activity when exchanging AT
domains [77]. They subsequently developed a fluorescence-based solubility biosensor to rapidly detect AT-exchanged
PKS hybrids with randomly assigned domain boundaries, thereby minimizing structural disruption [78].
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Besides directly engineering domains, another approach involves starting with enzymes that exhibit high catalytic
activity and broad substrate specificity. Zhang et al. discovered a unique -subunit (Arm13) in acyl-CoA carboxylase
(ACC) that combined with the a and € subunits of propionyl-CoA carboxylase, forming a highly catalytic ACC. This
ACC can recognize acyl-CoAs of different chain lengths and with various functional groups, efficiently converting
them into corresponding alkylmalonyl-CoAs. By exogenously adding carboxylate precursors, a series of reactive
functional groups such as alkenyl, alkynyl, and phenyl were introduced at the C6 position of the armeniaspirol backbone
[79]. Zheng et al. found that the naturally lacking Lys-A10 residue in the acyl-CoA synthetases (ACSs) UkaQ in the
UK-2A biosynthetic pathway enabled the synthesis of diverse acyl-CoAs. These, combined with permissive CCR and
ACC, produced various malonyl-CoA extender units, resulting in the formation of new antimycin analogs [80]. This
demonstrated the critical role of the catalytic activity of ACCase and ACSs in synthesizing polyketide extender units
and new compounds.

Table 3. Engineering strategies and applications of PKS.

Methods Host Engineering Strategies Results Reference
Site-directed  S. erythraea NRRL-B- . Enhanced utilization of non-natural extender
mutation 24071/ In vitro Ery6 AT domain units, expanded product diversity [63,81,82]
L Ery6 KR domain: A
S.lividans Y2699F The 3-keto derivative of DEBS [83]
In vitro CHS: F2155/HsPKSL: $328G New products: tetraketide [84,85]
lactone/dibenzoazepine
S. chattanoogensis PimTE domain: A207Q/M210L C12-CH3 pimaricin derivatives [86]
Domain Insertion of KS 1b~ACP 1b domains from . .
modification S. albus J1074 BusA into SpnA Synthesized butenyl-spinosyn [71]
In vitro Insertion of two additional ACP domains Total PKs increased by ~2.5-fold [87]
. Swap EPO AT4 domain and site-directed . .
S. brevitalea DSM 7029 mutagenesis: deletion of DH and ER domains Increased epothilone D ratio [88]
s. avermitilis Inactivation the DH 6/7/8 domain Discovered oligomyein C and production gy
In vitro TE domain exchanges Enhanced utilization of non-native substrates  [40]
In vitro KS domain: multipoint mutations Changed uptake and processing of substrates [89]
and turnover rates
. : . 13 structurally different polyketides; target
In vitro AT-exchange from different sources polyketide titers >100-fold [90]
Module Insertion of rapamycin modules 2 (or 5) at .
modification S. erythraea JC2 alternative sites within DEBS1-TE Tetraketide products [91]
A. nidulans CosA PKS modulefirsl?oiynZ NRPS module New product: niduchimaeralin A [92]
- . Milbemycins A3, A4, D and their C5-O-
S. avermitilis AveA3 module 7—7 MilA3 module 7 methylated congener B2, B3, and G [93]
In vitro PItB module 1—CalA module 1; CalA Expanded the scope and yield of a-pyrone [94]

modulel AT—FabD products

3.1.2. Post-PKS Enzymes

After the synthesis of the polyketide chain, a series of post-synthetic modification reactions (such as methylation,
glycosylation and acylation) are required to form the final polyketides. Modifying the post-PKS enzymes or related
genes can alter the biological activity and structural diversity of end products.

The types of sugar moieties attached to the polyketide backbone can affect the biological activity, stability, and
solubility of the compounds. Rhamnose not only is involved in the synthesis of spinosyn but also serves as a component
in the synthesis of cell wall lipopolysaccharides. When rhamnose biosynthesis genes from S. spinosa are absent,
different Streptomyces species cannot heterologously produce spinosyn [95]. Amphotericin B without mycosamine
cannot trigger fungal membrane permeability, resulting in the loss of antifungal activity and toxicity [96]. Engineering
natural product GTs can modify donor sugar, acceptor substrate, and acceptor position specificities to obtain natural
products with unnatural glycosylation patterns [97-99]. For example, by replacing key amino termini of the C-
glycosyltransferase encoded by the urdGT gene broadens and alters substrate specificity during the synthesis of
urdamycin, resulting in the addition of glycosyl groups to unnatural substrates and the production of 28 new active
urdamycins [100,101]. By deleting the genes responsible for the biosynthesis and attachment of TDP-D-desosamine in
S. venezuelae ATCC 15439 and overexpressing genes encoding deoxysugar biosynthesis and glycosylation, various
macrolide glycosyl derivatives were obtained [102]. Song et al. knocked out the spnK gene responsible for rhamnose
methylation in the spinosyn biosynthetic gene cluster, thereby achieving heterologous biosynthesis of spinosyn JL [71].
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Hydroxylation or other modifications by CYP450 also have the potential to lead to structural diversity [103]. The
substrate-flexible CYP450 (pikC) from the S. venezuelae HK954 mutant produced new hydroxylated analogs of
oleandomycin [104].

Modifying key enzymes is an effective way to generate new compounds. With the explosive development of big
data and Al, the development of polyketides is not limited to substances with known synthetic pathways. In 2022, to
further understand the abundance and diversity of aromatic polyketides from bacteria, Chen et al. constructed a
phylogenetic tree and discovered a correlation between CLF enzyme amino acid sequences and compound structures.
Using CLF as a marker, they identified 3254 bacterial Type Il PKS gene clusters from databases, creating the first
global atlas of bacterial aromatic polyketides. This allowed for the prediction of compound types synthesized from CLF
gene information. Consequently, researchers identified a novel aromatic polyketide, oryzanaphthopyran, from
Streptacidiphilus, therefore, making a breakthrough in the synthesis of new aromatic polyketides from bacterial Type
Il PKSs [105]. Due to the colinearity of the PKSs, tools like Alphafold and RoseTTAFold can combine natural PKS
sequences to reversibly design specific PKSs biosynthetic pathways, generating millions of organic molecules and
enabling the retrosynthesis of polyketides [106].

3.2. Synthesis Pathway Optimisation Enhances Adaptation for Polyketides Production

Eriko Takano proposed several design principles for synthetic biology of secondary metabolites. First, the
biosynthetic gene clusters of secondary metabolites are identified through genome analysis. Then, the genes in the
biosynthetic pathway are modularly designed and assembled based on the existing component library. Next, these genes
are expressed in suitable screening hosts, with compatibility analyses conducted at the transcriptional level (e.g.,
promoters) and translational level (e.g., RBS). Finally, the best combinations are transferred into production hosts for
production [107] (Figure 6). Based on these principles, deep mining of efficient functional parts, reconstructing
metabolic pathways, and optimizing the adaptation of components and chassis to finely regulate metabolic flux to
achieve high yields of target compounds.
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Figure 6. Synthetic design of new structure and high adaptation of polyketides.

3.2.1. Optimization of Biological Parts

Using synthetic biology to assemble biological parts in an orderly manner allows for easier and faster acquisition
of compounds with desired properties. However, many parts exhibit incompatibility in different host systems,
significantly reducing the biosynthetic efficiency of polyketides. Utilizing well-characterized genetic control elements
can regulate gene expression at the transcriptional and translational levels.

Promoter engineering is a primary strategy to enhance the yield of natural products by regulating the expression of
key genes. Using the CRISPR/cas9 system to replace the native promoters of limiting genes in the erythromycin
biosynthetic gene cluster with the heterologous weak promoter PermE*_s23 increased erythromycin yield by 6.0-fold,
while the insertion of the strong promoter PkasO did not affect erythromycin yield, indicating that the use of compatible
promoters to regulate gene expression can maximize the yield of target products [108]. Wang et al. obtained a strong
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endogenous promoter 5063p based on transcriptome analysis, which increased the expression of geldanamycin PKS by
4-141 times and geldanamycin yield by 39% when replacing the native PKS promoter gdmAlp [109]. Wei et al. mined
the promoters of transcription factors related to secondary metabolism in A. nidulans, and, combined with single-cell
fluorescence detection using flow cytometry, they obtained a natural promoter library with relative expression levels
up to 37 times higher. Among them, the expression levels of PzipA and PsItA were 2.9 and 1.5 times higher than the
constitutive promoter PgpdA, respectively [110]. Combining random mutagenesis of promoters and high-throughput
screening is an efficient method to obtain promoters with a wide range of strengths. Tu et al. focused on droplet
microfluidic-based high-throughput screening technology in Streptomyces, rapidly constructing promoter mutant
libraries for subsequent fine regulation of metabolic pathways [111,112]. Artificial neural networks and computer-aided
design can rationally design promoter sequences with specific requirements, avoiding interference from host regulatory
mechanisms. The Al-assisted promoter sequence optimization method DeepSEED developed by Zhang et al,
successfully designed promoters from various sources and types [113]. Terminators have less impact than promoters
and are less studied and applied in Streptomyces. Horbal et al. mined a series of terminators from databases, including
the Mycobacteria-derived terminator tts,is, which has a read-through of less than 4% [114].

Regulation alone at the transcriptional level is insufficient to construct highly efficient gene expression systems
and optimization of translation efficiency is also required [115]. Translational regulation is primarily determined by the
ribosome binding site (RBS) and the 5’ untranslated region (5’-UTR). In Streptomyces, an inappropriate RBS can reduce
gene expression efficiency to zero. Researchers developed an in vivo RBS-selector using gusA as a reporter system to
rapidly select optimal RBS for target genes, thereby rationally controlling protein expression levels [114]. The selection
of RBS and the 5" UTR is often combined with promoters. For example, by randomizing the strongest RBS sequence
in S. venezuelae, a series of synthetic RBS with varying strengths were obtained and combined with promoters,
identifying the optimal promoter-RBS combination for gene expression. This approach replaced the indigenous
promoter and RBS sequences, achieving activation of silent gene clusters at different levels and mass production of
target compounds [116]. Yi et al. screened two promoters and four 5’-UTR sequences from multiomics data of S.
coelicolor, whose combination of which resulted in protein expression levels ranging from 0.03 to 2.4 times that of the
strong promoter ermE*p combined with the Shine-Dalgarno sequence [117]. The 5’-UTR limits the direct application
of ¢’%-dependent promoters in Streptomyces. Replacing E. coli-derived 5-UTR with Streptomyces-derived 5’-UTR
converts 6'°-dependent promoters into c"E-dependent promoters that efficiently are expressed in Streptomyces. RBS
libraries were also constructed to optimize hybrid-5-UTR. This strategy expands the sources of Streptomyces promoters
and facilitates the construction of Streptomyces cell factories [118].

By combining the advantages of transcriptional and translational parts to design and control key enzymes in
biosynthetic pathways can greatly promote the production of secondary metabolites. By integrating the development of
biological parts with omics technologies that can mine important biological features and explore complex relationships
between features, and by using machine learning and deep learning algorithms for model prediction, the accuracy and
controllability of these elements have been significantly improved [119] (Figure 7).
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Figure 7. Artificial intelligence predicts biological parts. A portion of the existing sample databases is selected as the training set,
and the computational model is selected to train the parameters, while the other portion of the sample databases is utilized as the
validation set to refine and optimize the model parameters. After training is completed, the model is evaluated by using the test set.
The model is then used to predict the biological parts that meet the requirements, and finally, the accuracy of the model is verified
through actual experimental results.



Synthetic Biology and Engineering 2024, 2, 10012 11 of 20

3.2.2. Reconstruction of Synthetic Pathway

Reconstructing biosynthetic pathways to improve the synthesis of secondary metabolites is one of the core
challenges for synthetic biology. Promoter replacement of rate-limiting genes in biosynthetic pathways with compatible
ones is an effective strategy for the efficient production of target products. Tylosin, a 16-membered macrolide antibiotic
used in veterinary medicine, consists of four structurally similar components: tylosin A, tylosin B, tylosin C, and tylosin
D. By overexpressing the rate-limiting enzyme genes tylF and tyll with the strong promoter stnYp from Streptomyces
flocculus CGMCC4.1223, the yield of tylosin A was elevated to 10.30 g/L, which was 1.7-fold higher than the industrial
strain Streptomyces fradiae, the purity and yield of tylosin A were both improved [120]. Using a genome-scale
metabolic network model (GSMM), overexpression of the four predicted key targets with kasO*p increased pikromycin
production in S. venezuelae [121]. The same strategy has also been applied to spinosyn [122] and actinorhodin [123].

BGCs display highly modular organization, and biosynthetic pathways typically involve the co-expression of
multiple genes. According to the functions of the synthesis genes and the characteristics of the intermediates, they can
be rearranged into different modules for fine regulation and coordinated expression, enhancing compatibility from
module to module and from module to host. Song et al. took advantage of ExoCET multi-fragment assembly technology,
divided the 79 kb biosynthetic gene cluster of spinosyn into seven operons and strengthened them with strong
constitutive promoters, achieving efficient expression of spinosyn in S. albus J1074, with a 328-fold increase in yield
compared to the native gene cluster [124]. Jiang et al. constructed a 106-kb multioperon artificial gene cluster, including
five operons involved in natural salinomycin synthesis and five fatty acid f-oxidation genes into a single operon, driven
by strong constitutive promoters, achieving efficient heterologous expression [125]. Shao et al. divided the BGC of type
I polyketide spectinabilin into promoter modules, gene modules, and helper modules based on the modular design
principle in synthetic biology. For promoter modules, strong promoters recognizable by the expression host were used
to initiate transcription of exogenous genes, ensuring the expression of exogenous gene clusters; the gene modules
contained eight genes required for spectinabilin biosynthesis; and the helper modules introduced elements that maintain
the replication and selection of exogenous DNA within the host. Finally, the re-engineered and synthetically obtained
gene cluster was cloned downstream of the promoter in the promoter module and introduced into S. lividans, resulting
in a spectinabilin yield of 100 pg/L [126].

3.2.3. Adaptation of Chassis Hosts

Many hosts that synthesize polyketides face challenges such as slow growth, unsuitability for laboratory cultivation,
or difficulty in genetic manipulation; these factors lead to extremely low yields or failure to synthesize many valuable
PKSs. Understanding biosynthetic mechanisms is critical to the rational selection and utilization of heterologous hosts
are key to expressing BGCs for secondary metabolites. Many efficient and practical tools used for cloning and
assembling large size-BGCs have been developed to capture the PKs synthesis pathway for heterologous expression in
different hosts, e.g., TAR-cloning [127], AssemblX [128], MoClo [129], etc. Common heterologous expression strains
include Streptomyces coelicolor, Streptomyces lividans, Streptomyces albus, Streptomyces avermitilis [130,131] and
Aspergillus oryzae [132].

E. coli and S. cerevisiae are the most commonly used cell factories in synthetic biology. Although E. coli itself has
difficulty in efficiently translating and folding key synthetic enzymes (such as PKS and CYP450) and cannot synthesize
some acyl-CoA compounds, rational design and modification of the synthetic pathway can still achieve high-efficiency
expression [133,134]. Curcumin is synthesized by a six-enzyme reaction, which is typically heterologously expressed
in E. coli. Kang et al. used the multiplex automatic genome engineering (MAGE) tool in E. coli to mutate the 5'-UTR
of each of the six genes, optimizing the expression balance of each enzyme. This led to a variant (6M08rv) that improved
the curcumin yield by 38.2-fold [135]. P450 EryF is a key enzyme in the synthesis of erythronolide B (EB). After
identifying the optimal SaEryF for EB biosynthesis and designing the 1379V mutant based on its crystal structure, the
EB vyield in E. coli reached 131 mg/L [136], significantly reducing the synthesis cycle.

S. cerevisiae has been used to produce various simple polyketides, such as resveratrol and naringenin, and is also
commonly used for the expression of fungal-derived BGCs [137,138]. Zhao et al. used promoter replacement and
enzyme fusion strategies in S. cerevisiae to achieve the synthesis of bikaverin, with a yield of 202.75 mg/L [139]. These
results demonstrate the enormous potential of E. coli and S. cerevisiae in producing complex polyketides.
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3.3. Efficient Strategies for Production of Polyketides

Polyketide synthesis often involves balancing primary and secondary metabolism, and the biosynthetic pathways
and regulatory mechanisms are complex. Simple metabolic pathway modifications may not significantly increase yields
and may disrupt the metabolic network balance, leading to reduced target product yield or the generation of by-products.
Therefore, to maximize the yield of target natural products, a global approach is adopted, enhancing precursor supply,
relieving feedback inhibition, and employing dynamic balancing strategies.

3.3.1. Enhancing Precursor Supply

Primary metabolism provides precursors for secondary metabolism. By optimizing pathways related to precursor
synthesis and removing competitive pathways, metabolic flux can be directed towards polyketide synthesis (Figure 8a).
Liu et al. used transcriptome analysis to knock out the PEP phosphonomutase gene, leading to pyruvate accumulation
and consequently increasing the precursor supply for spinosyn biosynthesis, increasing spinosyn A production by 2
times [140]. Genome-scale metabolic models (GEM) can predict metabolic flux distributions related to secondary
metabolite precursors under specific conditions [141]. Under the guidance of GEM , knocking out the pfk gene encoding
6-phosphofructokinase resulted in upregulated pentose phosphate pathway flux, increasing NADPH levels and
enhancing rapamycin production [142]. Oviedomycin, an anticancer polyketide synthesized by Type Il PKS, Gu et al.
used GEM to predict and overexpress the precursor and cofactor genes associated with enhanced oviedomycin synthesis.
They also reconstructed the gene cluster by replacing the natural promoters of the oviedomycin BGC, the oviedomycin
yield increased to 670 mg/L [143].
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Figure 8. Efficient production strategies for polyketides. (a) Enhancing Precursor Supply; (b) Relieving feedback inhibition; (c)
Dynamic Regulation.

Fu et al. conducted a metabolomic analysis on the high-yield spinosyn strain ADE-AP and found that the high
expression of PKS genes and acyl-CoA synthesis genes led to significant precursor accumulation, highlighting the
critical role of precursor supply in yield improvement [144]. Malonyl-CoA, a crucial precursor for polyketide synthesis,
is formed by the oxidative decarboxylation of pyruvate catalyzed by pyruvate dehydrogenase (PDH) to produce acetyl-
CoA, followed by acetyl-CoA carboxylation. The natural PDH-ACC pathway has issues related to low catalytic
efficiency and poor carbon utilization. Li et al. developed a non-carboxylative malonyl-CoA (NCM) pathway with a
C3 (pyruvate)-C3 (3-oxopropanoate)-C3 (malonyl-CoA) catalytic mode, avoiding carbon loss, energy consumption and
interference with the natural metabolic network, achieving high-efficiency synthesis of malonyl-CoA and its derivatives
in different hosts, ultimately increasing spinosyn yield to 4.6 g/L [145].

Advancements in omics technologies have facilitated the discovery and analysis of unknown BGCs in genomes, a
streptomyces genome typically encodes 25-50 secondary metabolite BGCs. The knockout of non-essential gene clusters
can simplify the metabolic background of the strain and prevent precursor diversion to competitive secondary metabolite
pathways. The S. pogona genome contains 32 gene clusters, including six polyketide gene clusters. The knockout of
clul3 (a flaviolin-like gene cluster) increased butenyl-spinosyn yield by 4.06-fold [146]. Using the Latour gene editing
system to knock out a ~20 kb NRPS-T1 PKS gene cluster increased butenyl-spinosyn yield by 4.72-fold [147]. Efficient
heterologous expression of naringenin in Streptomyces albidoflavus J1074 can also be achieved through the deletion of
competitive gene clusters [148].
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3.3.2. Relieving Feedback Inhibition

The excessive intracellular accumulation of polyketides can impose metabolic burdens on the host or cause
feedback inhibition of their synthesis pathways, thereby limiting yield increases. Some genes within the BGC can
encode efflux proteins that can expel secondary metabolites from the cell, alleviating cytotoxicity and feedback
inhibition, thereby increasing target product yield (Figure 8b). For example, the oxytetracycline (OTC) cluster encodes
the membrane-bound protein OtrB, responsible for OTC efflux. Together with OtrA, a ribosomal protection protein,
and OtrC, an ABC exporter, expelling the accumulation of excessive oxytetracycline, protecting the host strain from
OTC toxicity, thereby enhancing the resistance level of Streptomyces rimosus to oxytetracycline and increasing
oxytetracycline yield [149]. Some products also serve as mechanisms of relieving feedback inhibition. When
intracellular rifamycin B levels are low, the regulatory factor RifQ negatively regulates the efflux protein RifP. As
rifamycin B accumulates to a certain threshold, RifQ dissociates from rifP, avoiding excessive rifamycin B toxicity to
the host. Overexpression of rifP and deletion of RifQ increased the yield of rifamycin more than 2-fold [150].

ATP-binding cassette transporters (ABC transporters) are crucial components of the Streptomyces transport system
[151]. Daunorubicin (DNR) and its hydroxylated derivative doxorubicin (DXR), Type Il polyketides produced by
Streptomyces peucetius, exert anticancer effects by inserting into DNA and inhibiting type Il topoisomerase. When
DNR and DXR accumulate intracellularly, they inhibit the expression of transcriptional activators while inhibiting type
Il topoisomerase activity, leading to feedback inhibition of their synthesis. The DrrAB proteins encoded by S. peucetius
drrAB, belonging to the ABC transporter family, can expel DNR, DXR ,and their structural analogs extracellularly, thus
improving strain tolerance and increasing DNR and DXR vyields [152-154]. The AvtAB proteins encoded by the
avermectin BGC perform similar functions, resulting in a 50% increase in total avermectin Bla yield [155]. More and
more transport proteins are discovered to promote the effective efflux and further yield enhancement of polyketides.
Chu et al. developed a rational transporter screening process combined with a tunable plug-and-play exporter (TUPPE)
module, discovering three new ABC transporters that universally increase polyketide yields [156]. These studies
demonstrate that enhancing the efflux of end products in synthetic pathways is an effective strategy for relieving product
feedback inhibition, increasing polyketide synthesis yields, and enhancing host strain tolerance.

3.3.3. Dynamic Regulation

The synthesis of secondary metabolites occurs in two stages. During the primary metabolism phase, cells consume
external nutrients for rapid growth and reproduction; when external nutrients become limited, cell growth ceases, and
the cells enter the secondary metabolism phase, where they begin producing secondary metabolites. How to increase
SMs production without affecting normal growth is an important question. Dynamic regulation plays a crucial role in
finely controlling biosynthesis (Figure 8c). The key lies in discovering and applying regulatory elements that respond
to metabolic products. Using signals such as light, metabolites, or chemical molecules to design biosensors, cells can
maintain a good production state, thereby improving the production performance of chassis cells [157].

Triacylglycerols (TAGs) are key metabolites that link primary and secondary metabolism, and regulate the
metabolic switch [12,158]. The degradation of TAGs not only provides precursors and reduces power for the synthesis
of polyketide but also redirects more carbon flux toward polyketide synthesis through changes in reducing power levels.
Building on this insight, researchers developed the dynamic degradation of TAG (ddTAG) engineering strategy, which
selectively controls the timing and strength of TAG degradation, significantly increasing the yield of various polyketides.
The yield of avermectin B1 reached 9.31 g/L [12]. Besides using key metabolites for dynamic regulation, quorum sensing
(QS) systems independent of metabolic pathways can achieve a dynamic balance. For example, Tian et al. combined QS
with CRISPRi driven by y-butyrolactones (GBLs)-responsive promoter to construct a novel dynamic regulation system
called EQCi. This system can simultaneously regulate multiple targets. When integrated into S. rapamycinicus, it increased
rapamycin production by approximately 660% without affecting cell growth, effectively balancing the metabolic flux
between primary metabolism (cell growth) and secondary metabolism (product production) [159].

Currently, reconstructing biosynthetic pathways for secondary metabolites and heterologous expression are
common metabolic engineering approaches. Changes in metabolic flux during this process may adversely affect cell
growth and production. Combining GSMM and flux balance analysis (FBA) with secondary metabolic pathways can
accurately simulate and predict the production flux of secondary metabolites [160]. From these results, biosensors can
be designed, making the dynamic regulation system more efficient.
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4. Conclusions and Perspectives

Polyketides are a class of secondary metabolites with a wide range of biological activities, that have been developed
into highly effective medical drugs, pesticides, and other products, with increasing market demand. However, most
polyketides have naturally low yields, while plant-derived polyketides face challenges such as long growth cycles and
low production efficiency. Additionally, the emergence of hard-to-treat diseases and pesticide-resistant pests
necessitates accelerating the process of increasing target compound yields and discovering new compounds. A variety
of strategies have been developed to address these issues. This paper focuses on the critical role of enzyme engineering
in the development of new polyketides. Meanwhile, production can be enhanced by expanding the biological parts
library, reconstructing metabolic pathways, and increasing precursor supply from multiple angles. However, excessive
product accumulation can adversely affect cell growth and synthesis; therefore, global strategies such as strategies such
as relieving feedback inhibition and balancing primary and secondary metabolism are proposed, dynamic regulation of
key nodes in the synthesis process can ensure the efficient synthesis of target compounds.

With the rapid development and popularization of omics technologies, gene editing technologies, protein structure
analysis and high-throughput sequencing technologies, an increasing number of polyketide biosynthetic pathways have
been discovered and analyzed. Combined with rational bioinformatics design, engineering modifications can lead to
more intelligent and diversified directions. For example, Wang et al. performed pan-genome analysis on Streptomyces,
discovering the pgq gene co-evolving with polyketide BGCs, which enhanced the production of at least 16,385
metabolites and activated many unknown BGCs [161].

Despite significant progress in polyketide research, some areas remain under-researched. Currently, some special
polyketides can be synthesized by wild strains only, and these are genetically more challenging to manipulate compared
to traditional cell factories due to genomic characteristics and biochemical mechanisms. In the future, more efficient
and universal genome editing technologies could be developed to obtain hosts with simpler genetic backgrounds,
expand the range of model chassis and achieve efficient heterologous synthesis. The rapid development of protein
analysis technology, especially the emergence of AlphaFold3, provides excellent tools for the accurate prediction of
complex PKS structures, enabling “point-to-point” design and modification to further improve catalytic activity and
efficiency. Melissa et al. used AlphaFold3 to accurately predict the transacylation site where polyketides can transfer
from the acyl-ACP to the surface of a downstream KS domain [162]. On this basis, conducting protein dynamics studies
to enhance interactions between domains and linkers, improving the efficiency of domain and module engineering. The
synthesis of polyketides involves multiple complex and similar intermediate metabolites (e.g., the biosynthesis of
butenyl- spinosyn, Figure 3b) and high-throughput screening and detection methods can be developed for real-time,
guantitative detection, helping to better balance cell growth and product synthesis, achieving intelligent metabolic flux
regulation. In conclusion, taking advantage of synthetic biology, combined with efficient genetic manipulation and
metabolic engineering, it is expected that polyketides can be synthesized in a green and efficient way and promote large-
scale production and application in different fields!
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