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Abstract

Fungal polyketides are natural products with great chemical diversity that exhibit a wide range of 

biological activity. This chemical diversity stems from specialized enzymes encoded in the 

biosynthetic gene cluster responsible for the natural product biosynthesis. Fungal polyketide 

synthases (PKS) are the megasynthases that produce the carbon scaffolds for the molecules. 

Subsequent downstream tailoring enzymes such as oxygenases will then further modify the 

organic framework. In fungi, many of these enzymes have been found to work iteratively—

catalyzing multiple reactions on different sites of the substrate. This perspective will analyze 

several examples of fungal polyketides that are assembled from a scaffold-building iterative PKS 

and an accompanying iterative tailoring oxygenase. In these examples, the PKS product is 

designed for downstream iterative oxygenations to generate additional complexity. Together, these 

iterative enzymes orchestrate the efficient biosynthesis of elaborate natural products such as 

lovastatin, chaetoglobosin A, cytochalasin E, and aurovertin E.
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Perspective

Polyketides play a vital role in modern medicine as some of the most important therapeutic 

drugs in the world.1 The concise biosynthetic pathways of several fungal polyketide natural 

products feature the combination of iterative polyketide synthases (PKSs) and 

multifunctional and iterative oxygenases.2–4 An iterative enzyme can be defined as a protein 

that reuses its catalytic unit to sequentially catalyze distinct modifications on a substrate. 

Typical examples of iterative enzymes include ubiquitous proteins such as nucleases, 

proteases and glycosidases. In the context of secondary metabolism, we define iterative 

enzymes as those that contain active sites that can catalyze multiple rounds of structural 

modifications during the biosynthesis of a natural product.

Fatty acid synthases (FASs) serve as a well-studied example of iterative enzymes.5 FASs 

catalyze the homo-polymerization of malonyl-CoA and complete β-reduction to afford a 

saturated lipid chain. Although iterative PKSs share many similarities with FASs including 

domain architecture and catalytic mechanisms, they are programmed in a more sophisticated 

fashion to carry out combinatorial catalysis. The β-reduction domains are differentially used 

during each iteration of chain elongation to generate the structural diversity observed in 

many fungal natural products.2,3 The diverse polyketide backbones are then further 

functionalized by tailoring enzymes such as oxygenases. Some of these tailoring oxygenases 

function iteratively and catalyze multiple rounds of oxidative modifications to generate the 

mature and bioactive polyketide natural product.

Together, the synergistic PKS and oxidative enzymes have enabled fungi to adeptly 

introduce chemical complexity to efficiently biosynthesize many chemically diverse and 

biologically active molecules such as lovastatin (anti-hypercholesterolemia),6,7 

chaetoglobosin A (apoptosis-inducer),8 cytochalasin E (anti-angiogenesis),9,10 and 

aurovertins (ATP synthase inhibitor).11,12 Inspired by their complex chemical structures and 

useful properties, these fungal polyketides are attractive targets for total chemical 

synthesis.13–16 Some of these total syntheses draw strategies from Nature and employ 

biomimetic methodologies.16,17 Yet, the elegance, brevity and synchronization of many 

enzymatic transformations often lack an equivalent chemical parallel. This viewpoint will 

highlight several succinct biosyntheses of fungal polyketides that are collaboratively forged 

by these iterative enzymes.

Overview of Type I Iterative Fungal Reducing Polyketide Synthase (PKS)

Type I PKSs are multi-domain megasynthases that possess the catalytic domains required for 

polyketide biosynthesis.18 In most type I bacterial PKSs,19 multiple sets of domains are 

typically compiled into modules and their biosynthesis proceeds in an assembly-line fashion. 

In contrast, type I fungal reducing PKSs use a single set of domains in a highly programmed 

and permutative fashion.2,3 The architecture of the fungal reducing PKSs consist of the 

minimal fungal PKS components and the auxiliary tailoring domains (Figure 1). The β-

ketoacyl synthase (KS),20 malonyl-CoA: ACP transacylase (MAT) and acyl carrier protein 

(ACP)21 form the minimal fungal PKS components—the basis for the chain-extending 
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iterations through decarboxylative Claisen condensations (Figure 1). During each iteration, 

the minimal fungal PKS components catalyze the decarboxylative polymerization of 

malonyl-CoA to elongate the polyketide chain by a ketide (two carbons).

Following each chain extension step, the ACP-bound, β-ketothioester intermediate may 

undergo a series of modifications from the tailoring domains such as α-methylation by the 

methyltransferase (MT), β-ketoreduction by the ketoreductase (KR),22 dehydration by the 

dehydratase (DH),23 and enoylreduction by the enoylreductase (ER) domains (Figure 1).24 

The MT domain utilizes S-adenosylmethionine (SAM) as the methylating agent while the 

reductive domains use nicotinamide adenine dinucleotide phosphate hydride (NADPH) as 

the reducing agent. The α and β position of each ketide unit will differ depending on the 

extent of methylation and reduction during each cycle. Through different permutative 

tailoring modifications following each chain extension, the same set of tailoring domains can 

install structural diversity into the α- and β- positions of polyketide backbones.2,3 The 

elongation-tailoring events proceed iteratively until the polyketide chain extension is 

terminated through product off-loading such as hydrolysis or reductive release. While these 

permutative programming steps may seem randomly coded at first glance, the examples 

shown in this perspective show that the complete polyketide products are exquisitely and 

precisely functionalized to facilitate the downstream modifications—many of which are 

oxidative. Currently, underlying programming rules for the iterative catalysis of both 

bacterial and fungal polyketide synthases remain an active area of research.

Overview of Post-PKS Iterative Oxygenases

After the biosynthesis of the polyketide scaffold, further modifications are catalyzed by post-

PKS tailoring enzymes. Oxygenases are common tailoring enzymes responsible for much of 

the chemical diversity of natural products.25 These enzymes often carry out a diverse range 

of redox reactions including hydroxylations, epoxidations, dehydrogenations, cyclizations, 

and various rearrangements—often decreasing the lipophilicity of polyketide metabolites.26 

Recent discoveries have found several multifunctional oxygenases that can act iteratively on 

multiple sites of their substrates.4,27 Thus, iterative oxygenases are enzymes that can 

introduce multiple oxygen atoms from molecular oxygen at different sites on a single 

substrate.

There are several major classes of oxygenases including cytochrome P450 monooxygenases 

(P450s), flavin-containing monooxygenases (FMOs), and non-heme, iron- and α-

ketoglutarate-dependent dioxygenases. Examples of iterative catalysis are found in each of 

these classes in fungal polyketide biosynthesis. Monooxygenases incorporate one oxygen 

atom from molecular oxygen (O2) while dioxygenases can incorporate both oxygen atoms. 

A notable example of an iterative, multifunctional α-ketoglutarate-dependent dioxygenase is 

the AusE enzyme, which catalyzes several interesting oxidations on the terpene portion of 

the fungal polyketide hybrid molecule austinol.28 However, this perspective will focus on 

examples which feature iterative oxidations from P450s and FMOs that work together with 

iterative PKSs.
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P450s are heme-dependent enzymes

P450s are ubiquitous oxidative enzymes that span across all organisms, from bacteria to 

humans. P450s are heme-binding enzymes and share a highly conserved protein fold.29 

These oxygenases use heme complexes to oxidize a vast multitude of different substrates 

using molecular oxygen.30 Despite their substantial range of substrate diversity, P450 

oxidations can be highly stereoselective and regioselective. Furthermore, P450s can be 

organized into Class I and Class II subgroups, differing in their associated reductive partner. 

Fungal biosynthetic pathways typically use Class II P450s—microsomal transmembrane 

enzymes often associated with a transmembrane cytochrome P450 reductase (CPR) 

partnering enzymes which together moderate electron transfer from NADPH.29 P450 

enzymes in natural product biosynthesis use a single-electron manifold to produce radical 

intermediates. These reactive radical intermediates can lead to a variety of modifications 

including hydroxylation, epoxidation, dehydrogenation, radical homo-coupling, etc. A well-

known example of an iterative P450-catalyzed reaction is the repeated oxidation of methyl 

groups to corresponding carboxylic acids via alcohol and aldehyde intermediates.31–33 This 

set of transformations is widely found in plant and fungal biosynthetic pathways and is also 

prominently featured in the conversion of lanosterol into cholesterol.34

FMOs are versatile oxidases and oxygenases

FMOs are widespread enzymes that catalyze a large variety of substrate oxidations such as 

dehydrogenation, hydroxylations, epoxidations, Baeyer-Villiger oxidations, and 

sulfoxidations.35,36 Unlike P450s which use a heme prosthetic group to activate molecular 

oxygen, FMOs instead use a flavin cofactor such as flavin adenine dinucleotide (FAD) or 

flavin mononucleotide (FMN), to generate reactive peroxyl species that serve as 

nucleophiles (peroxyflavin, Fl-OO−) or electrophiles (hydroperoxyflavin, Fl-OOH).36 The 

flavin coenzymes are often tightly or covalently bound to the FMO.36 After each round of 

catalysis, the flavin cofactor can be reduced in the presence of NAD(P)H to repeat the 

catalytic cycle.

Lovastatin

Lovastatin (5) is one of the most pharmaceutically relevant fungal natural products in use 

today. Lovastatin and its synthetic analogue (simvastatin) exhibit potent cholesterol-lowering 

activity by inhibiting the HMG-CoA reductase (HMGR) enzyme in cholesterol 

biosynthesis.37 Lovastatin represents a classical example of a fungal natural product that is 

synthesized by highly-reducing iterative PKSs. Produced by the filamentous fungus 

Aspergillus terreus, 5 is the esterified product of two highly-reduced polyketide chains 

catalyzed by LovB and LovF, respectively.

Polyketide Core Assembly (LovB/LovC and LovF)

LovB (nonaketide synthase) and LovC (trans-acting ER partner) catalyze ~35 highly 

programmed reactions to produce the ACP-bound dihydromonacolin L (DML, 1a), the 

nonaketide precursor to 5.38 The multiple reductions are catalyzed by the KR and DH 

domains within LovB in concert with LovC. LovB also catalyzes a Diels-Alder reaction to 

form the decalin core, a yet unresolved step proposed to occur at the hexaketide stage. The 
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polyketide chain is then offloaded from LovB by the thioesterase LovG to yield 1a, which 

can undergo iterative, oxidative tailoring around the decalin core to yield monacolin J (4). 

The acyltransferase LovD can then transesterify an α-methylbutyrate diketide from LovF 

onto the newly installed 8-hydroxyl group of 4 to afford 5 (Figure 4A).

LovB exhibits extraordinary specificity and precision in catalyzing the formation of 1a. Each 

structural portion of lovastatin is important for its activity as a HMGR inhibitor. The 3,5-

dihydroxy acid portion is the warhead that binds to the active site of HMGR, while the 

decalin ring provides the hydrophobic anchor for high affinity binding. To accomplish this, 

LovB shows an impressive ability to control the timing of reductions and methylation steps 

during polyketide chain elongation, with an ability to correct its mistakes.38 In the first two 

rounds of polyketide chain elongation, only the KR and DH tailoring domains are active to 

afford the triketide (6). In the next round, the MT of LovB and the LovC will also function 

to produce the methylated tetraketide (7). As a method of proofreading, aberrantly tailored 

acyl intermediates are offloaded through α-pyrone formation. In vitro studies with LovB 

showed that the absence of the reductive NADPH cofactor led to polyketide chain offloading 

by lactonization to produce the triketide α-pyrone (8).38 In the absence of either of SAM or 

LovC, offloading would also proceed to form other α-pyrones (Figure 4B). These findings 

illustrate that if the PKS cannot correctly proceed to later stages of biosynthesis, the PKS is 

programmed to catalyze two additional condensation cycles (KS/MAT) to offload the shunt 

polyketide products.38 This proofreading mechanism prevents stalling of the incorrectly 

modified acyl chain on LovB.

Furthermore, mechanistic studies of LovB provided valuable insight into the programming 

of iterative PKSs. For example at the tetraketide stage, the methylation step is a prerequisite 

for ER activity as LovC fails to recognize substrate that is not methylated.38 Recent kinetic 

studies also compared the substrate specificity of the KR and MT domains.39 While the KR 

domain displays broader substrate promiscuity, the MT domain exhibits high specificity only 

for the tetraketide substrate. The experiments also illustrated that the kinetic competition 

between the KR and MT domains prevents methylation at incorrect positions. These 

experiments suggest that the substrate specificity of the catalytic domains may decide the 

sequence of reactions in the polyketide biosynthesis. Studies on LovB have unveiled key 

features of PKSs, including the strict checks and balances of individual tailoring domains on 

the fidelity of previous iterations.38,39 Subtle mistakes are recognized and rejected in the 

later iterations. Collectively, LovB is an incredibly accurate enzyme. This accuracy is clearly 

exemplified in the linear hexaketide triene intermediate. The presence of the three double 

bonds is a result of precise tailoring to set up the intramolecular Diels-Alder reaction that 

forges the decalin core (Figure 4A). Clearly, any mistakes prior to that would not lead to 

formation of the decalin core.

Additional functionalization by post-PKS iterative oxygenase (LovA)

After formation of 1a, several oxidation steps are required to generate the penultimate 

intermediate 4, which is acylated at the C8-hydroxyl group by the LovF product to yield 5. 

Although the lovastatin biosynthetic gene cluster encodes two P450 genes (LovA and 

Orf17), gene disruption of LovA in Aspergillus terreus confirmed its role as the only 
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oxidative enzyme required in lovastatin biosynthesis.7 Furthermore, heterologous 

reconstitution of LovA and its cytochrome P450 oxidoreductase (CPR) partner in 

Saccharomyces cerevisiae confirmed the iterative oxygenase activity of LovA.40 It was 

demonstrated that LovA first converted 1a to monacolin L (3), and then to 4 via sequential 

radical hydroxylation reactions (Figure 4A). The conversion of 1a to 3-hydroxymonacolin L 

(2) proceeds through allylic hydrogen abstraction followed by an oxygen rebound to 

introduce the hydroxyl group at the C3α position (Figure 2 and 4A). Dehydration of the 

hydroxyl group yields the diene in the decalin core of 3. LovA then performs the second 

oxidation on the C8α position of the decalin to introduce the hydroxyl group.

Intriguingly, the second olefin in the decalin core of 3 cannot be produced by a PKS alone. 

However, LovB shrewdly placed the first unsaturation between C3-C4 in DML to activate 

the decalin ring for an allylic hydroxylation-elimination sequence to yield the second 

unsaturation between C4a and C5. The C3-C4 π-bond has been experimentally 

demonstrated to be vital for substrate recognition by LovA since the saturated DML 

derivative cannot be taken as a substrate.40 Furthermore, the lack of hydroxylation at the 

C8α position prior to the second unsaturation possibly also suggests the order of oxidation 

events catalyzed by LovA is exact (see contrast by chaetoglobosin P450 below). It is 

possible that the conformational change (chair to half-chair) upon diene formation in the 

decalin substrate may be required for the second hydroxylation by LovA to occur.

Chaetoglobosin A

Cytochalasans are a family of fungal polyketide-amino acid hybrid natural products that 

have interesting biological activies.41 Many cytochalasans exhibit antibiotic, anti-

inflammatory, anti-angiogenic and anti-cytokinesis activity.41 Furthermore, the 

representative members of the cytochalasan family all share an isoindolone moiety fused to a 

macrocycle in its tricyclic core. Among the cytochalasans, the highly oxygenated 

chaetoglobosin A (20) inhibits actin polymerization and was the first member to have its 

biosynthetic gene cluster elucidated.42

Polyketide core assembly (CheA/CheB and CHGG_01239/CHGG_01240)

The backbone of chaetoglobosin A is assembled through the polyketide synthase-

nonribosomal synthetase (PKS-NRPS) hybrid enzyme, CheA (Figure 5). This finding was 

first confirmed by RNA-mediated gene silencing in Penicillium expansum.42 A functionally 

equivalent CheA homolog was also discovered from another chaetoglobosin A producer, 

Chaetomium globosum.43 Similar to the LovB PKS, the PKS portion of CheA also lacks a 

functional ER domain (Figure 5), and is complemented with a trans-acting ER partnering 

enzyme (CheB) in the construction of the nonaketide portion of the molecule. Differing from 

the lovastatin nonaketide precursor, the CheA PKS product is then condensed with a 

tryptophanyl thioester attached to the fused NRPS module of CheA. The nonaketide-

tryptophanyl thioester intermediate 13 is then reductively offloaded from CheA by the 

reduction (R) domain on the NRPS module (Figure 5).42,43

An intramolecular Knoevenagel condensation between the β-ketoamide and the aldehyde 

produces the pyrrolinone 14 that can serve as a dienophile in a subsequent intramolecular 
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Diels-Alder reaction. The resulting Diels-Alder reaction precisely and stereoselectively 

forges the perhydro-isoindolone core of prochaetoglobosin I 15.44 The cyclized 15 requires a 

series of downstream oxidations to produce the final chaetoglobosin A product.

Comparing the reducing PKS domain architecture of LovB and CheA, the main difference 

lies in the complete NRPS module appended at the C-terminus of CheA (Figure 4 and 5). 

Condensation of PKS product with an aminoacyl building block serves several purposes: 1) 

this represents one method of chain termination which is likely controlled through the 

substrate specificity of the corresponding C domain in the NRPS module; 2) the amino acid 

unit introduces structural variation, especially a basic nitrogen that is absent from the PKS 

alone—providing a convenient entry point for equipping polyketide products with the 

versatile nitrogen atom; and 3) formation of the pyrrolinone through Knoevenagel 

condensation generates a dienophile for a Diels-Alder reaction. Again, the diene is formed 

from the permutative activities of the PKS module. Interestingly, the diene is part of a triene 

moiety and the Diels-Alderase is able to regioselectively and stereoselectively perform the 

cycloaddition to yield 15. The functional differences between LovB and CheA therefore 

result in vastly different polyketide structures and biological activities. The contrast 

highlights the importance of understanding the programming rules of PKSs from seemingly 

similar PKS architecture.

Additional functionalization by post-PKS iterative oxygenase (CHGG_01243)

After assembly of the tricyclic core of 15, downstream oxidative tailoring by three oxidative 

enzymes CHGG_01242-2 (FMO), CHGG_01242-1 (P450), and CHGG_01243 (P450) 

decorate the polyketide portion of the molecule with different oxygenated functional groups 

(alcohol, ketone and epoxide) to form 20.43 Different combinations of targeted gene 

deletions of these three oxygenases were constructed to generate single and double gene 

deletion mutants. Product analysis from these mutants indicated that P450 CHGG_01243 

performs the iterative hydroxylations on C19 and C20; both are allylic carbons within the 

macrocycle scaffold (Figure 5). Subsequently, the FMO CHGG_01242-2 catalyzes oxidation 

of the newly introduced C19 hydroxyl to a ketone. Finally, the P450 CHGG_01242-1 

performs the epoxidation across the C6–C7 π-bond to yield 20.

When analyzing the product profile from the various mutants, it was discovered that the 

order of the downstream tailoring oxidations is not strictly linear (Figure 5). The ketone 

formation must occur after CHGG_01243 dihydroxylation, but the epoxidation by 

CHGG_01242-1 can occur either before or after these two reactions. This shows a relatively 

broad substrate specificity of the iterative oxygenase CHGG_01243 towards the remote 

segment of the molecule, as it can utilize either 15 or 16 as substrates. This contrasts with 

the highly selective nature of the LovA iterative oxygenase in the lovastatin biosynthetic 

pathway.

Cytochalasin E and Cytochalasin K

Despite the similar name, the cytochalasins are actually specific metabolites of the general 

cytochalasan family.41 The cytochalasins are fungal polyketide-phenylalanine hybrids45,46 

that inhibit several cellular processes such as the polymerization of actin and cell 
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division.47,48 For example, cytochalasin E (26) has garnered significant attention due to its 

strong anti-angiogenic properties.49 The ccs gene cluster in Aspergillus clavatus responsible 

for cytochalasin E and cytochalasin K (cytochalasin E/K, 26 and 27) biosynthesis was 

discovered for members of this family.9

Polyketide core assembly (CcsA/CcsC)

Considering the structural similarities between all cytochalasans, the reducing PKSs 

responsible for the biosynthesis of chaetoglobosin A and cytochalasin E/K expectedly share 

similar domain architectures. When comparing the reducing PKSs for chaetoglobosin A 

(CheA/B) and cytochalasin E/K (CcsA/C), both multidomain enzymes possess the same set 

of tailoring domains including the MT, all of the reductive domains, a partnering trans-acting 

ER, and a fused NRPS module.9 Furthermore, the biosyntheses of their linear polyketide 

precursor are strikingly similar—differing only by a double bond and an ethylene unit 

(Figure 5 and 6).

The distinguishing feature of the cytochalasins from other members of the cytochalasan 

family is the incorporated amino acid, phenylalanine.46 The ACP-bound linear polyketide 

precursor is condensed with the phenylalanyl thioester by the NRPS module to produce the 

β-ketoamide that can be cyclized by a Knoevenagel condensation to yield the pyrrolinone 

21. Operating under similar programming rules as CheA, the essential structural features 

required for the cycloaddition are found in the acyclic precursor, such as the diene in the 

triene tail and the dienophile. An intramolecular Diels-Alder reaction similarly furnishes the 

perhydro-isoindolone core and the large carbocycle 2250—the hallmark of the cytochalasan 

family (Figure 6).41 The Diels-Alder adduct 22 then undergoes an iterative oxidation at C17 

to produce the essential vinylogous, 1,5-dicarbonyl system in ketocytochalasin 23 (Figure 6 

and 7).

The subtle differences between the iterative reducing PKSs for chaetoglobosin A and 

cytochalasin E/K further highlights the precise calibration of iterative catalysis by the 

reducing PKS. In the chaetoglobosin A biosynthesis, the absent ethylene unit is flanked by π 
bonds which forms the vicinal allylic carbons. These activated carbons are exactly the 

targets of the iterative allylic hydroxylation by the P450 enzyme, CHGG_01243, in the cheA 
pathway.43 Although cytochalasin E/K lacks the diol derived from the vicinal allylic 

carbons, the vinylogous 1,5-dicarbonyl sets up a most fascinating set of iterative 

oxygenation to yield the carbonate group found in the final natural products.

Additional functionalization by post-PKS iterative oxygenase (CcsB)

Among the cytochalasans, cytochalasin E/K are particularly interesting due to the unique 

vinyl carbonate moiety incorporated in the macrocyclic ring.51 The exceptionally rare 

carbonate group in natural products is essential for the cytotoxic properties of cytochalasin 

E/K, as the corresponding ester is ~500 fold lower in activity.52,53 Isotopic labeling 

experiments suggested that a Baeyer-Villiger monooxygenase (BVMO)54,55 can convert 

deoxaphomin (carbocycle) to cytochalasin B (lactone) via an oxygen derived from molecular 

oxygen.10,56,57 Consequently, the carbonate moiety in cytochalasin E/K has been postulated 

Hang et al. Page 8

ACS Catal. Author manuscript; available in PMC 2017 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to result from two consecutive oxygen insertions via a single BVMO enzyme. This is an 

unprecedented reaction in both synthetic and biosynthetic chemistry.

Deletion of the BVMO, CcsB, in the A. clavatus strain abolished the production of 

cytochalasin E/K and resulted in the accumulation of 23, the ketone containing substrate.10 

In vitro assays with purified CcsB enzyme demonstrated the conversion of 23 to the 

carbonate cytochalasin Z16 25 via two oxygen atom insertions and a vinyl ketone ester shunt 

product (not shown).10 The shunt product is isomerized from the ester product 

precytochalasin 24, which was not isolated under assay conditions. A point mutation on the 

FMO enzyme's catalytic arginine to alanine also abolished the formation of 23 and the 

lactone shunt product (Figure 7). Together, these findings illustrate the first known example 

of an FMO enzyme iteratively catalyzing two oxygen insertions to convert a ketone 

functional group to a carbonate moiety.

While the first oxygen insertion to form 24 is expected to follow the classical BVMO 

mechanism with regards to migratory aptitude, the unusual second oxygen insertion is 

expected to be inserted via a completely different mechanism. Based on experimental data 

and survey of all known cytochalasins, it appears that the vinylogous-1,5-dicarbonyl system 

is a prerequisite for carbonate formation.10 The energetically-favored mechanism for the 

second oxygen insertion could proceed by an initial Michael addition 24 by the peroxyflavin 

anion to furnish the α-β epoxide on the lactone (24b) (Figure 7). A subsequent ring-opening 

elimination can then produce an epoxy-alkoxide product (24c), which upon on ring opening 

across the enone can then yield the carbonate moiety in cytochalasin Z16 (25). Formation of 

the carbonate product requires cleavage of the C-C bond in the epoxide and the remote vinyl 

ketone serving as an electron sink. Based on this mechanism, the iterative PKS CcsA 

precisely orchestrates the construction of the polyketide precursor that can be oxidized to 

yield the essential vinylogous-1,5-dicarbonyl 23. CcsB can utilize the unique electronic 

properties of the polyketide system to convert a ketone into the carbonate found in 

cytochalasin E/K. While sequence alignment comparisons suggest that CcsB is a typical 

BVMO, its pairing with a unique substrate yields a remarkably rare functional group among 

natural products.

Aurovertin E

Aurovertin E (34) represents the biosynthetic precursor and the representative structure of 

the fungal polyketide family of aurovertins. The acetylated derivative, aurovertin B, exhibits 

potent and non-competitive inhibition of F1 ATPase, as well as induction of apoptosis and 

cell arrest in breast cancer cells.12,58 The defining structural hallmark of the aurovertins 

includes a methylated α-pyrone attached to a 2,6-dioxabicyclo[3.2.1]octane (DBO) ring 

system via a triene linker. Unlike the lovastatin, chaetoglobosin A and cytochalasin E 

examples, the heterocyclic portion of aurovertin E (34) is not derived from a Diels-Alder 

reaction, but rather through the iterative epoxidation of a polyene precursor and a cascade of 

concerted epoxide openings that result in bridged, cyclic ether formations.
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Polyketide core assembly (AurA)

Another key differentiating feature of aurovertin E is the conjugated polyene structure 

deficient in fully reduced carbons. The only methylene unit within the entire structure has 

been shown to be derived from a propionate starter unit through isotope labeling.59 This 

structural feature is manifested in the domain architecture of the PKS. The AurA enzyme 

from Calcarisporium arbuscula is a reducing PKS that possesses the minimal PKS unit along 

with the MT, KR and DH tailoring domains. However, it lacks a cis-acting or trans-acting 

ER domain. Consequently, the PKS can only reduce each β-carbonyl to the enoyl functional 

group, consistent with the observed polyolefin structure. The programming rules of AurA 

are remarkably precise, as the PKS employs all of its reductive domains for six iterations to 

generate a hexaene thioester intermediate. However, in the final two iterations, the PKS is 

able to shut down the reductive domains to generate a tricarbonyl tail that is required for 

subsequent chain release steps. Furthermore, the PKS precisely uses its MT domain to 

introduce two α-methyl groups at C4 and C6 only. These methyl groups may be later 

involved in the post-PKS oxidation that forges the DBO ring system.

The tricarbonyl hexaene linear precursor is offloaded by enzymatic or spontaneous 

intramolecular cyclization (Figure 8). The offloading proceeds by enolization of the δ-

carbonyl, followed by an additional-elimination on the thioester carbonyl to produce the α-

pyrone-polyene conjugated intermediate 28. Curiously, this α-pyrone-polyene motif is also 

produced by LovB in the absence of its ER partner (LovC) (Figure 4). This scaffold is also 

present in other related fungal pyrone-polyene metabolites such as citreoviridin,60 

asteltoxin,61 and asteltoxin B.62 Pausing of the KR and DH activities in the final two 

extension cycles is essential for the enol-induced lactonization to produce the α-pyrone 

substructure in 28.

Additional functionalization by post-PKS iterative oxygenases (AurC)

Isotope 18O-labeling studies shed valuable insight on the origin of the oxygen atoms in the 

DBO ring system. Using 18O2, the oxygen atom within the C3-O-C6 ether linkage as well as 

the equatorial hydroxyl groups on C5 and C7 were shown to be derived from molecular 

oxygen. The lack of labeling of the oxygen within the C4-O-C8 ether linkage implies that 

the oxygen atom is most certainly derived from water.63 Despite having three oxygen atoms 

derived from O2 in the DBO ring system, the identified aur gene cluster revealed only a 

single FMO, AurC. Taken together, these observations hinted the utilization of an iterative 

FMO enzyme in selective epoxidations of the double bonds in 28.64

Considering that the pyrone-polyene intermediate 28 possesses six consecutive alkenes, an 

oxygenase must exhibit high regioselectivity to oxidize the distal alkenes but not the 

proximal triene linker. Interestingly, these distal olefins are substituted with methyl groups 

installed by the MT domain. Density functional theory (DFT) calculations on the pyrone-

polyene intermediate 28 revealed the non-planarity on C3-C4-C5-C6 in its preferred 

conformation. Presumably, this conformation avoids the possible A1,3-allylic strain between 

the α-methyl groups. The induced asymmetry may therefore play a role in the specific 

epoxidation by the FMO enzyme.
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Based on the absolute stereochemistry, isotope labeling experiments and detailed 

biochemical studies, formation of the DBO system was shown to be constructed using an 

epoxide-opening, cyclic ether ring-closing cascade.63,64 Gene inactivation of the AurC 

oxygenase enzyme in Calcarisporium arbuscula abolished the production of aurovertin E and 

led to the accumulation of a methylated pyrone-polyene intermediate 29a. The reactive 29b 
pyrone-polyene resulted from the trans-cis isomerization of 29a.

Furthermore, coexpression of the AurA (PKS), AurC (FMO) and AurB (O-MT) in yeast led 

to the production of tetrahydrofuranyl isomers 32 and 31b. Chemical complementation with 

32 to the ΔaurA (PKS-knockout) strain restored the production of aurovertin E. The 

formation of 32 is consistent with the biomimetic total synthesis16 and the structures of 

related natural products.60–62 An epoxide hydrolase, AurD, was identified to control the 

regioselectivity of the epoxide openings (Figure 8). Overall, the distal olefins were converted 

to the DBO substructure by an iterative FMO enzyme and an assisting epoxide hydrolase. 

The MT domain may have subtly introduced an asymmetry in the polyene for FMO 

substrate recognition. The collaboration between two iterative enzymes produced the 

complex framework of aurovertin E.

Conclusion

As we have shown above in four examples, the synchronization between an iterative PKS 

and an iterative oxygenase can succinctly construct complex fungal polyketide natural 

products. The examples discussed in this perspective underscore how the iterative PKS 

produces precisely chiseled intermediates specifically for the iterative oxygenase partner. 

Many hypotheses may emerge to account for the evolutionary origin to develop these highly 

efficient tandem enzymatic systems. Naturally, one also may speculate on the evolutionary 

advantages of iterative enzymes as a whole. Considering the ubiquitous nature of many 

iterative enzymes such as non-specific proteases, a rational assumption could be the 

metabolic efficiency of multifunctional catalysis. Recognizing that polyketides constitute the 

most abundant secondary metabolites in fungi,65 it is also tempting to consider the selective 

advantages that these iterative enzymes partners offer. Fungi are well known as rich 

producers of secondary metabolites, yet they are constrained by their microbial genome size. 

Iterative enzymes in natural product biosynthesis likely have evolved to help circumvent 

these intrinsic limitations.
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Figure 1. 
Illustration of the domain architecture and the catalysis of the minimum fungal PKS 

domains and the fungal PKS tailoring domains in fungal polyketide synthases. In fungal 

PKSs, a single set of domains is used iteratively and permutatively to generate backbone 

structural diversity.
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Figure 2. 
The well-accepted mechanism of P450 catalyzed, radical-mediated hydroxylation of a 

substrate (R).
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Figure 3. 
The mechanism of FMO mediated nucleophilic oxygenation (see cytochalasin E/K) and 

electrophilic oxygenation (see aurovertin E).
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Figure 4. 
A) Biosynthesis of lovastatin. The polyketide products produced from an iterative PKS are 

highlighted in blue and oxidative tailoring produced from an iterative oxygenase are 

highlighted in red. The portions of the polyketide chain reflected by intermediates 6 and 7 
are shown in the dashed boxes. B) The natural triketide and tetraketide intermediates and the 

offloaded polyketide pyrone shunt products.
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Figure 5. 
Biosynthetic pathway of chaetoglobosin A. The polyketide products produced from an 

iterative PKS are highlighted in blue and oxidative tailoring produced from an iterative 

oxygenase are highlighted in red.
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Figure 6. 
Biosynthesis of cytochalasin E and cytochalasin K. The polyketide products produced from 

an iterative PKS are highlighted in blue and oxidative tailoring produced from an iterative 

oxygenase are highlighted in red.
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Figure 7. 
Proposed mechanism of the CcsB catalyzed conversion of ketocytochalasin to cytochalasin 

Z16. Alternatively, a direct attack of precytochalasin (24), followed by a vinyl migration on 

the Criegee intermediate can also form the same epoxy-alkoxide system (24c) that can 

collapse to form 25; this would make CcsB a true, iterative BVMO.

Hang et al. Page 20

ACS Catal. Author manuscript; available in PMC 2017 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Proposed biosynthesis of aurovertin E. The polyketide products produced from an iterative 

PKS are highlighted in blue and oxidative tailoring produced from an iterative oxygenase are 

highlighted in red.
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