
Natural [4 + 2]-Cyclases

Byung-sun Jeon†,¶, Shao-An Wang†,¶, Mark W. Ruszczycky‡, and Hung-wen Liu†,‡

Department of Chemistry, and Division of Chemical Biology and Medicinal Chemistry, College of 
Pharmacy, University of Texas at Austin, Austin, TX, 78712, U.S.A

Abstract

[4 + 2]-Cycloadditions are increasingly being recognized in the biosynthetic pathways of many 

structurally complex natural products. A relatively small collection of enzymes from these 

pathways have been demonstrated to increase rates of cyclization and impose stereochemical 

constraints on the reactions. While mechanistic investigation of these enzymes is just beginning, 

recent studies have provided new insights with implications for understanding their biosynthetic 

roles, mechanisms of catalysis and evolutionary origin.

Graphical Abstract

1 Introduction and scope

This review is concerned with biocatalysts that have come into existence via the process of 

evolution by natural selection and have been or currently are under investigation as potential 

Diels-Alderases. A number of other biological catalysts have also been reported to 

accelerate a Diels-Alder reaction; however, these have been produced under various forms of 

artificial selection such as directed evolution,1,2 computational design2–6 and immunological 

selection7–9 and are not considered here. The identification and study of naturally selected 

Diels-Alderases has advanced significantly in the past five years, and as a testament to the 

current excitement in the field, there have been no less than half-a-dozen reviews of the 

subject in the past year alone.10–15 Furthermore, despite a large catalog of biosynthetic 

pathways hypothesized to involve an enzyme catalyzed Diels-Alder reaction,16–18 progress 

in the area has proven to be quite slow.
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There are several challenges associated with the identification, isolation and characterization 

of enzymes as putative Diels-Alderases.19 Biosynthetic [4 + 2]-cycloadditions are frequently 

associated with natural products having complex structures. Therefore, even if the 

biosynthetic gene cluster can be identified, preparation of proposed substrates often proves 

difficult and time-consuming for the testing of activity and mechanistic study of the 

candidate enzymes. Furthermore, a number of these enzymes such as LovB, solanapyrone 

synthase and riboflavin synthase are multifunctional and appear to catalyze a priming 

reaction that increases the susceptibility of the substrate to a nonenzymatic intramolecular [4 

+ 2]-cycloaddition. This then complicates efforts to determine whether the enzyme indeed 

accelerates the cycloaddition or merely serves as a chiral template. Given the large number 

of recent reviews in the area, all of which are highly recommended to the interested reader, 

the present discussion will focus on providing an up-to-date survey and background for 

those enzymes that have had a significant impact on the search for a naturally selected Diels-

Alderase. However, it is first necessary to clarify what is meant by a Diels-Alderase.

1.1 [4 + 2]-Cyclases vs. Diels-Alderases

Enzymes are often classified by the reactions that they bring more rapidly to thermodynamic 

equilibrium. For example, an alcohol dehydrogenase accelerates the specific equilibration of 

an alcohol and an oxidant (e.g., NAD) with the corresponding carbonyl and reductant (e.g., 

NADH) compared to what would be observed in the absence of the enzyme. A cycloaddition 

reaction has been defined by the International Union of Pure and Applied Chemistry 

(IUPAC) as20

“A reaction in which two or more unsaturated molecules (or parts of the same 

molecule) combine with the formation of a cyclic adduct in which there is a net 

reduction of the bond multiplicity… Cycloadditions may be pericyclic reactions or 

(non-concerted) stepwise reactions.”

It therefore stands to reason that a [4 + 2]-cyclase (or [4 + 2]-carbocyclase, when the 

cycloadduct is a cyclohexene ring) be regarded as an enzyme that accelerates the 

equilibration between a [4 + 2]-cycloadduct and the separated, diene and dienophile 

components regardless of mechanism. However, while there are a number of enzymes that 

can be so classified as [4 + 2]-cyclases, they are not all considered Diels-Alderases.

A Diels-Alder reaction is frequently treated as synonymous with a [4 + 2]-cycloaddition that 

proceeds stereoselectively in accord with the Woodward-Hoffmann rules.21–25 This in turn 

implies that either the reaction lacks an intermediate (i.e., is concerted) or the intermediate 

does not permit significant deviation from the requisite stereoselectivity.10,21,23,26 It has 

been concluded only relatively recently that most Diels-Alder reactions, including the 

reaction between ethylene and butadiene, is concerted and proceeds through a single, 

pericyclic transition state;10,23,27–29 however, examples abound where intermediates (e.g., 

biradicals) have been implicated.21,26,30 Nevertheless, as the case of macrophomate synthase 

discussed below shows, some intermediates evidently disqualify a stereospecific [4 + 2]-

cycloaddition from being a Diels-Alder reaction.

Rather than attempting to parse which intermediates are allowed, we take a conservative 

approach in the following discussion and regard a Diels-Alder reaction as a [4 + 2]-
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cycloaddition where there is no local minimum in free energy (i.e., intermediate state) along 

the reaction coordinate connecting the minima corresponding to the reactant and product 

states. This definition is still admittedly incomplete (e.g., it still relies on a preconceived 

notion of a “reaction coordinate”); however, it intuitively describes an idealized pericyclic [4 

+ 2]-cycloaddition and serves as a useful point of reference. Therefore, a Diels-Alderase will 

be regarded here as a hypothetical enzyme that catalyzes a [4 + 2]-cycloaddition via a Diels-

Alder reaction in its active site.

These working definitions are bound to raise objections by a number of readers—and rightly 

so! None of the enzymes discussed below can currently be said to unequivocally meet these 

criteria, and it is possible that no enzyme could be experimentally established to do so 

beyond all reasonable doubt. However, this is ultimately a distraction from the real point of 

interest, because the goal of enzymology is to understand enzymatic mechanisms of 

catalysis rather than argue the semantic implications of different monikers. For this reason, 

the following discussion emphasizes the chemistry of [4 + 2]-cyclases and the ways they 

approach or diverge from the idealized case, which for the sake of convenience is called a 

Diels-Alderase.

2 Macrophomate Synthase

One of the best examples of the complications involved in attempting to label an enzyme as 

a Diels-Alderase is the case of macrophomate synthase. This enzyme is produced by the 

phytopathic fungus Macrophoma commelinae and is responsible for the conversion of 5-

acetyl-4-methoxy-6-methyl-2-pyrone (1) to 4-acetyl-3-methoxy-5-methylbenzoic acid (i.e., 

macrophomic acid, 2).31–33 As it is currently understood (see Scheme 1), the catalytic cycle 

of macrophomate synthase begins with the binding of oxaloacetate (3) into the active site 

where it coordinates an active site Mg2+ ion via its C1 carboxylate and C2 carbonyl (4).33–35 

The Mg2+ ion is required for activity and serves not only to orient 3 but likely also acts as a 

Lewis acid to promote the decarboxylation of oxaloacetate to form the enol tautomer of 

pyruvate (4→5).33,34,36 Preliminary kinetics suggest that the 2-pyrone substrate (1) then 

binds after decarboxylation of oxaloacetate,36,37 whereupon it is situated adjacent to the 

Mg2+-coordinated enolpyruvate (see Figure 1).35 Enolpyruvate next adds to the 2-pyrone to 

produce a bicyclo[2.2.2] adduct (5→[6]→7) that decomposes via decarboxylation (7→8).36 

This essentially completes the catalytic cycle as the conversion of 8 to macrophomate (2) is 

likely not enzyme catalyzed.38 While a general mechanistic outline for macrophomate 

synthase has been largely established, the details regarding the individual steps and in 

particular formation of 7 have been the subject of considerable scrutiny.

The existence of the bicyclic intermediate 7 was initially suggested by the Oikawa 

laboratory when they observed derivatives of methyl coumalate (9), which are analogs of 1, 

to react with macrophomate synthase and oxaloacetate and produce isolable bicyclo[3.2.1] 

intermediates (e.g., 11) rather than the predicted decarboxylation and dehydration products 

(see Scheme 2).36 The authors argued that such intermediates could be explained as arising 

from the rearrangement of strained bicyclo[2.2.2] intermediates (e.g., 10) similar to 7. This 

suggested that the enzyme does indeed catalyze the combination of two unsaturated carbon 

fragments (i.e., enolpyruvate and 1) to from a cycloadduct (7) with an overall net reduction 
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in bond multiplicity. As this meets the IUPAC definition of a [4+2]-cycloaddition,20 

macrophomate synthase can be regarded as exhibiting [4 + 2]-carbocyclase activity, though 

this is one of several steps in the overall reaction it catalyzes. The authors of the same study 

also observed stereospecific transfer of deuterium from oxaloacetate stereospecifically 

monodeuterated at C3 to either the bicyclo[3.2.1] adducts of a methyl coumalate derivative 

or macrophomate, though these studies were complicated by solvent exchange and 

racemization of the deuterated substrate.36 This was further supported when a 1.7 Å crystal 

structure of macrophomate synthase was reported with enolpyruvate bound and shown to 

accommodate the 2-pyrone substrate modeled into the active site in a configuration 

conducive to the formation of a pericyclic transition state as shown in Figure 1.35 Despite 

being circumstantial, these results led to the initial perception that this [4 + 2]-cycloaddition 

was in fact an enzyme catalyzed Diels-Alder reaction.

Complications arose, however, when Jorgensen and coworkers took advantage of the crystal 

structure in an attempt to model the enzyme catalyzed [4 + 2]-cycloaddition using mixed 

quantum mechanical/molecular mechanical (QM/MM) computations.39 Using both the 

semiempirical PM3 as well as DFT computations for the QM part, the authors were only 

able to identify transition states for the stepwise formation of the bicylco[2.2.2] intermediate 

(7) from 5 in the enzyme active site. The authors were able to locate a structure suggestive of 

a concerted, Diels-Alder transition state; however, this was only possible at the PM3 level of 

theory and using a simplified model exclusive of the active site with restrictions placed on 

the two forming C—C bonds. Furthermore, this latter structure, which is not a true 

computed transition state, had a free energy 17.7 kcal/mol and 12.1 kcal/mol respectively 

greater than those for the Michael (5→6) and aldol (6→7) transition states calculated for the 

stepwise mechanism.39 Based on these observations, the authors suggested that the stepwise 

conversion was more energetically favorable thereby arguing against a concerted [4 + 2]-

cycloaddition. This result also agreed with the observation that macrophomate synthase is 

structurally related to 2-dehydro-3-deoxygalactarate aldolase,35 which catalyzes an aldol 

reaction between pyruvate and tartronic semialdehyde.40 Furthermore, it was subsequently 

shown by the Hilvert laboratory that macrophomate synthase can also serve as an aldolase 

forming β-hydroxy phenylpropanoate from oxaloacetate and benzaldehyde with 

decarboxylation of oxaloacetate rate-limiting under saturating conditions.37

Based on these more recent investigations, macrophomate synthase is no longer considered 

to catalyze a Diels-Alder reaction during formation of the proposed bicyclic intermediate 

(7), and the Michael addition/aldol reaction is believed to be the more likely route.10,18,19,39 

For this reason, it appears that interest in the enzyme has waned in recent years. This is 

rather unfortunate, however, given the complexity of its catalytic cycle. Furthermore, there 

has yet to be a direct experimental test of the concerted versus stepwise hypotheses or even a 

definitive demonstration of the proposed bicyclic intermediate.

Also of interest is the second decarboxylation reaction. If this decarboxylation takes place 

from the proposed bicyclo[2.2.2] intermediate (7→8) as shown in Scheme 1, then it would 

itself represent a cycloelimination reaction. Furthermore, if this elimination is concerted and 

accelerated by macrophomate synthase, then the enzyme would still catalyze a hetero-Diels-

Alder reaction, albeit in reverse of the biosynthetic direction. Therefore, macrophomate 
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synthase remains an interesting and important enzyme in the study of [4 + 2]-cyclases not 

only for its unusual chemistry but also the subtleties it exemplifies in the mechanistic 

characterization of these complex enzymes.

3 Riboflavin Synthase

Riboflavin synthase41 catalyzes the dismutation of two molecules of 6,7-dimethyl-8-

ribityllumazine (12) to form riboflavin (13) (see Scheme 3)42 in a process that may involve 

an intermediary Diels-Alder reaction. The enzyme itself is a homotrimer with three active 

sites located at the interfaces of the three monomeric units.43,44 Each active site binds two 

molecules of 6,7-dimethyl-8-ribityllumazine (12) with one serving as the donor and the 

other as the acceptor of a four-carbon fragment to yield riboflavin and 5-amino-6-

ribitylamino-2,4(1H,3H)-pyrimidinedione (14).43,44 The trimeric riboflavin synthase is 

further encapsulated in a large multimeric capsid made up of approximately sixty 6,7-

dimethyl-8-ribityllumazine synthases that catalyze the condensation of the side product 14 
and L-3,4-dihydroxy-2-butanone 4-phosphate (15) to regenerate one of the substrates for 

riboflavin synthase (14+15→12).45–47 Despite half a century of intense scientific 

investigation, many key aspects of the catalytic cycle of riboflavin synthase still remain 

largely unknown, and only relatively recently has new information come to light implicating 

a pericyclic [4 + 2]-cycloaddition.

It was recognized early on that the nonenzymatic reaction to generate 13 and 14 also takes 

place at an appreciable rate when neutral to acidic aqueous solutions of 12 are heated.48–50 

Early mechanistic hypotheses were thus guided by the notion that the enzymatic and 

nonenzymatic mechanisms would be similar, especially since both reactions proceed with 

the same regiospecific transfer of the isotopically labeled four-carbon fragment.51 This 

placed the focus on the formation of a covalent intermediate between the donor dimethyl 

ribityllumazine and either water or a nucleophilic side chain of the enzyme during the early 

steps of the catalytic cycle (12+12→16+17),42,52 though subsequent steps were much more 

ambiguous. A major breakthrough was achieved, however, when Illarionov, Bacher and 

coworkers discovered a catalytically competent, pentacyclic intermediate dubbed compound 
Q (22) in the catalytic cycle of riboflavin synthase.53–55 This was a significant discovery 

given that the central cyclohexene ring of the ionized compound Q implicated a possible 

Diels-Alder reaction in its formation.

Currently there are at least three main mechanistic hypotheses for the riboflavin synthase 

catalyzed generation of compound Q as shown in Scheme 3. The first (Scheme 3A) involves 

attack at the C7 carbon of the donor dimethyl ribityllumazine by an exogenous nucleophile 

and deprotonation of the acidic C7 methyl group (pKa ≈ 8) of the acceptor (12+12→16+17).
56–60 Subsequent nucleophilic attack by the C7 methylene group of the acceptor at C6 of the 

donor is then the first step to formation of compound Q (16+17→18). Next, tautomerization 

and elimination of the activating nucleophile along with deprotonation of the acceptor C6 

methyl (18→19→20) precedes nucleophilic attack at C7 of the donor to form a tautomer of 

compound Q (20→21). This reaction sequence is consistent with a primary deuterium 

isotope effect of approximately 5 on V/K when the C6 methyl of 12 is deuterated.61 This 

mechanism is also supported by the observation that the N-terminal fragment of E. coli 
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riboflavin synthase, which bears the acceptor binding site,44 specifically binds the 

exomethylene anion of 6,7-dimethyl-8-ribityllumazine (16) that results from deprotonation 

of the C7 methyl of 12.59 Subsequent aromatization of 22/21 and elimination of 14 produces 

riboflavin (13) thereby completing the catalytic cycle.

A key objection to this hypothesis, however, is that structural analyses of the active site have 

failed to identify a suitable activating nucleophile.44,62,63 Therefore, an alternative 

mechanism was proposed59 that involves an initial Cannizzaro-type disproportionation of 

the acceptor and donor dimethyl ribityllumazines following formation of the exomethylene 

anion (16+12→23+25, see Scheme 3B). Tautomerization of the resulting intermediate 

(23→24) generates a diene-dienophile pair that can subsequently undergo a Diels-Alder 

reaction to produce compound Q (24+25→22). However, when this proposal was 

investigated computationally using density functional theory calculations, the transition state 

for the hydride transfer step (16+12→23+25) was found to be considerably higher in energy 

compared to that involving nucleophilic activation.60 Furthermore, no pericyclic transition 

state could be identified in the gas phase calculations using a CPCM solvation model, and 

instead only a stepwise mechanism was found involving a zwitterionic intermediate.60 As in 

the case of macrophomate synthase, these computations have thus cast doubt on the 

possibility that riboflavin synthase possesses Diels-Alderase activity.

The computational report also analyzed a third mechanistic possibility, which is abbreviated 

in Scheme 3C.60 This catalytic cycle likewise involves formation of a diene-dienophile pair 

(12+16H→12+26); however, the subsequent [4 + 2]-cycloaddition to form compound Q is 

stepwise rather than concerted (12+26→27→22). The computed free energy diagram for 

this reaction coordinate identified two transition states of roughly equal energy governing 

the first and second C—C bond formations. Furthermore, this pathway was not only lower in 

energy than that involving the hydride transfer and Diels-Alder reactions but also the 

pathway involving activation by an exogenous nucleophile.60

One drawback of this third mechanism, however, is that it does not fully explain the large 

primary deuterium isotope effect associated with deuteration of the C6 methyl group.60 The 

authors did not report the free energy of the transition state governing deprotonation of the 

C6 methyl group, which occurs prior to formation of the first C—C bond in a subsequent 

step. Therefore, unless the transition state for deprotonation is particularly energetic or 

deprotonation takes place in concert with C—C bond formation during the actual enzymatic 

reaction, only a much smaller α-secondary deuterium V/K isotope effect would have been 

expected.64–66 In any case, while a variation of the stepwise [4 + 2]-cycloaddition in Scheme 

3 (bottom row) may presently be the most attractive for riboflavin synthase, questions still 

abound and await clarification through further experimental investigation.

4 LovB/LovC and the Biosynthesis of Statins

The statins are a class of compounds that inhibit hydroxymethylglutaryl coenzyme A 

(HMG-CoA) reductase and have become important drugs in the treatment of hyperlipi-

demia as well as the prevention of cardiovascular disease (see Tobert67 for an excellent 

overview). The first two statins were discovered by Endo and coworkers as fungal natural 
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products and have come to be known as mevastatin (or compactin)68 and lovastatin (also 

known as monacolin K or mevinolin, 28 see Scheme 4).69 Since their discovery, a number of 

synthetic and semisynthetic HMG-CoA reductase inhibitors have been identified; however, 

all of the natural product forms are characterized by a hexahydronaphthalene ring system 

that has been hypothesized to result from a biological [4 + 2]-cycloaddition.70,71 Since its 

initial discovery in Monascus ruber,69,72 lovastatin has also been identified in several other 

fungal species such as Aspergillus terreus73 and Pleurotus ostreatus.74 Lovastatin has since 

become the working system for understanding the biosynthesis of this clinically useful class 

of natural products and the possible involvement of a Diels-Alderase therein.

Lovastatin is a polyketide natural product generated via the linkage of a large non-aketide 

fragment containing the hexahydronaphthalene group with the diketide 2-methylbutyrate.
70,71,75–79 The biosynthetic gene cluster for lovastatin was first described in Aspergillus 
terreus and found to encode two type I polyketide synthases dubbed LovB and LovF, which 

are responsible for the nonaketide and diketide fragments, respectively.80,81 LovB (also 

known as lovastatin nonaketide synthase or LNKS) works iteratively in a complex with the 

type II polyketide synthase LovC, which is an enoyl reductase also encoded in the cluster, to 

produce the intermediate dihydromonacolin L bound to LovB as a thioester (30, see Scheme 

4).81–84 Dihydromonacolin L (31/32) is next hydrolyzed from the LovB-acyl carrier module 

in a reaction catalyzed by LovG.85 The freed intermediate is subsequently processed to the 

hexahydronapthalene-containing monacolin J (33) via post-PKS tailoring steps prior to 

coupling with the LovF-bound 2-methylbutyryl thioester to form lovastatin (33→28).81,86,87 

The observation that 31 already possesses the cyclohexene-containing trans-decalin ring 

system strongly suggested that if a biological Diels-Alder reaction takes place during the 

biosynthetic pathway, then it would be among the nearly 40 chemical transformations 

catalyzed by the LovB/LovC complex.

Evidence for the involvement of [4 + 2]-carbocyclase activity was provided even before the 

discovery of LovB/LovC. When Witter and Vederas prepared the N-acetylcysteamine 

hexaketide analog 34 of the predicted intermediate (i.e., 34 with R = LovB), they found that 

it cyclized when heated in toluene to give a one-to-one mixture of the cis and trans 
stereoisomers 35 and 37, respectively (see Figure 2).88 Furthermore, in the presence of a 

Lewis acid (i.e., EtAlCl2) the reaction was accelerated, and this ratio changed to favor the 

trans stereoisomer by 19 to 1, though neither of these product isomers matched the 

stereochemistry of the trans-decalin ring observed in dihydromonacolin L (compare 31 & 

38).88 However, when Vederas and coworkers incubated 34 in Tris buffer with purified 

LovB, they again observed an increase in the rate of cyclization but this time with formation 

of the biological trans form 38, despite being the minor product (i.e., 38 : 37 : 35 ratios of 

1 : 15 : 15).89 While the presence of a Lewis acid was also noted to significantly increase the 

rate of cyclization,88 these observations supported the hypothesis that LovB played a role in 

directing the stereochemistry of the [4 + 2]-cycloaddition if not also increasing the rate of 

cyclization.

Further mechanistic investigation of the [4 + 2]-cycloaddition during the biosynthesis of 

dihydromonacolin L has been hampered by the multifunctionality of the LovB/LovC 

complex. Nevertheless, this polyketide megasynthase remains an active area of research with 
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an emphasis on parsing and understanding the individual reactions and their control so that 

they can be adapted to the production of new pharmaceuticals and polyketides in general.
90–92 As work proceeds, additional insights into the mechanism of the cycloaddition are sure 

to be revealed. In the meantime, however, new discoveries in the biosynthesis of 

spirotetramates (see below), which are also characterized by a trans-decalin ring system, are 

corroborating the hypothesis, albeit indirectly, that the [4 + 2]-cycloaddition during LovB/

LovC catalysis may indeed be an enzyme catalyzed Diels-Alder reaction.

5 Solanapyrone synthase

The solanapyrones A through E represent a family of phytotoxins produced by the 

phytopathogenic fungi Alternaria solani and Ascochyta rabiei, which cause early blight 

disease in potato, tomato and chickpea.93–97 The solanapyrones are polyketides each 

characterized by a substituted pyrone connected to either a cis (A–C) or trans (D & E) 

decalin (see Scheme 5) and are thus structurally reminiscent of the lovastatin, spirotetronate 

and spirotetramate natural products. Moreover, a number of synthetic approaches to the 

solanapyrones have been reported, and each takes advantage of an intramolecular [4 + 2]-

cycloaddition to generate the decalin moiety.94,98–100 For these reasons, the solanapyrone 

biosynthetic pathway has long been recognized as potentially harboring a Diels-Alderase.

The solanapyrones are octaketides,101 and the sol gene cluster for their biosynthesis has 

been identified in Alternaria solani and Ascochyta rabiei.102,103 Biosynthesis begins with 

production of desmethylprosolanapyrone I (39) from acetate in a series of reactions 

catalyzed by the type I polyketide synthase Sol1. Post-PKS processing of 39 by the O-

methyltransferase Sol2 results in prosolanapyrone I (40), which is monooxygenated by the 

cytochrome P450 enzyme Sol6 to yield the alcohol prosolanapyrone II (41, see Scheme 5). 

Prosolanapyrone II is relatively stable in aqueous solution undergoing nonenzymatic [4 + 2]-

cycloaddition with a half-life of approximately 6 days at 30 °C.98,104 However, in the 

presence of molecular oxygen and the FAD-dependent oxidase Sol5, which is homologous 

to 6-hydroxy-nicotine oxidase,105 41 is converted to the aldehyde prosolanapyrone III (42) 

with hydrogen peroxide as a byproduct.102,106 Sol5 (solanapyrone synthase) also appears to 

accelerate the intramolecular [4 + 2]-cycloaddition of 42 to produce a mixture of 

solanapyrone A (43) and solanapyrone D (45).33,95,102,106,107 In the final step of the 

pathway, the dehydrogenase Sol3 reduces the aldehyde functionality of 43 and 45 to provide 

44 and 46, respectively.102

Unlike prosolanapyrone II, the nonenyzamatic [4 + 2]-cycloaddition of prosolanapyrone III 

in aqueous solution is much more rapid with a half-life of around 1 to 2 h.98,104 This 

reaction results in a roughly 20- to 30-fold preference for the trans-decalin ring system of 

solanapyrone D (45) rather than the cis-decalin ring system of solanapyrone A (43).98,104 

While this agrees with the well-known endo-preference for Diels-Alder reactions in aqueous 

media and is also seen with the homologs to the lovastatin precursor,88,108 it is not consistent 

with the predominance of solanapyrone A over D in biological extracts.96 However, Oikawa, 

Fujii and coworkers discovered that in the presence of Alternaria solani cell extracts or 

purified solanapyrone synthase, prosolanapyrone II and III cyclize with exo-preference to 

favor the cis-decalin ring system (i.e., 43) by 6 to 7-fold over the trans-decalin.98,102,104 As 
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in the case of LovB/LovC, this stereochemical evidence implicated a role for the enzyme in 

controlling the stereochemistry of the cyclization. Furthermore, though the rate at which 42 
cyclizes is only modestly increased in the presence of solanapyrone synthase, this rate does 

appear to increase in direct proportion to the concentration of the cellular extracts consistent 

with an active role in catalysis.104

Similar to LovB/LovC, solanapyrone synthase catalyzes a priming reaction to activate its 

substrate (42) for an intramolecular [4 + 2]-cycloaddition over which it also exerts some 

degree of stereochemical control. Whereas LovB/LovC is a polyketide megasynthase 

directly responsible for construction of the reactive triene, solanapyrone synthase polarizes 

the dienophile by bringing it into conjugation with a carbonyl. This can then serve to lower 

the energy of the LUMO for the dienophile and thereby promote a pericyclic cycloaddition. 

Given the modest increases in rate of cyclization caused by solanapyrone synthase, however, 

it is still not entirely clear whether the enzyme further activates the diene-dienophile pair for 

reaction or serves primarily as a template to prevent alternative stereochemical outcomes. 

Recent work on the spirotetronates/tetramates suggests the former hypothesis (see below); 

however, additional research into the mechanism of cyclization and catalysis by 

solanapyrone synthase is likely necessary before a definitive answer can be provided.

6 Thiopeptide Lynchpins

The thiopeptides (also known as thiazolyl peptides) are ribosomally synthesized, post-

translationally modified peptides (RiPPs) frequently characterized by a macrocyclic 

structure internally linked via a lynchpin nitrogen-containing heterocycle (see Figure 3).
109–113 Formation of the lynchpin is one of several features of thiopeptide biosynthesis to 

have drawn attention, because it has been hypothesized to result from a hetero-Diels-Alder 

reaction.

Collectively, the thiopeptides are produced by many Gram-positive bacteria and exhibit 

antibacterial activity resulting from their ability to inhibit protein synthesis.111 These natural 

products are biosynthesized via a series of post-translational modifications of a prepeptide 

precursor that is also encoded in the biosynthetic gene cluster.109,110,114 Following 

ribosomal translation, the prepeptide consists of an N-terminal 34 to 55 residue leader 

peptide followed by a 12 to 17 residue structural peptide at the C-terminus,109 which is rich 

in serine and cysteine residues (e.g., see 53 in Scheme 6). Foremost among the post-

translational modifications is the dehydration of serine residues to form dehydroalanine 

residues along with the conversion of peptide bonds to thiazole linkages via the cyclization 

of cysteine residues (e.g., 53→54 in Scheme 6).109,110,114 The modified structural peptide is 

then converted to a macrocycle with the introduction of the lynchpin and removal of the 

leader peptide.

Early evidence for the involvement of Diels-Alder chemistry during the final, 

macrocyclization phase was provided by following the incorporation of isotope tracers into 

the dehydropiperidine and hydroxypyridine lynchpins of thiostrepton (47) and nosiheptide 

(48), respectively. Upon supplementing cultures of the nosiheptide producing strain 

Streptomyces actuosus with 13C- and 2H-labeled isotopologs of serine, Floss and coworkers 
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were able to show that the C3 and C4 carbons of the hydroxypyridine derive from the β-

carbons of two serine residues.115–117 Furthermore, the C6 carbon of the hydroxypyridine in 

48 originates from the carboxylate of an adjacent cysteine.117 Analogous labeling patterns 

were also obtained for the dehydropiperidine motif of thiostrepton.118 Together these 

labeling studies indicated that the lynchpin motif is generated from the intact carbon 

skeletons of two molecules of serine and one cysteine. This led to the hypothesis that a 

concerted [4 + 2]-cycloaddition involving dehydroalanine residues may ultimately be 

responsible for the formation of the heterocyclic lynchpin.118,119

Further insight into the biogenesis of thiopeptide lynchpins came with the identification of 

the biosynthetic gene clusters.109,111 By comparing the gene clusters for thiocillin (49), 

thiostrepton (47), nosiheptide (48) and GE2270A (51), Walsh and coworkers identified a 

collection of homologous genes that were not readily annotatable based on sequence alone 

and did not have a representative homolog in the gene cluster for the acyclic thiopeptide 

goadsporin (52, see Figure 3).120,121 Based on this observation, the authors identified the 

gene tclM as a prime candidate for encoding the enzyme responsible for introducing the 

pyridine lynchpin in thiocillin. When tclM was knocked out in the Bacillus cereus producing 

strain, only acyclic variants of thiocillin were recovered from cultures.120 Furthermore, 

reintroduction of tclM into the knockouts led to recovery of macrocyclic thiocillin with the 

aromatized pyridine lynchpin fully intact.120 Though indirect, these studies were the first to 

implicate TclM and its homologs in other gene clusters as [4 + 2]-heterocyclases.

Direct evidence for the [4 + 2]-heterocyclase activity of TclM was later provided when the 

Bowers laboratory heterologously overexpressed and purified the tclM gene product from E. 
coli.122 When isolated TclM was coincubated in vitro with an acyclic precursor to a 

thiocillin analog, not only was macrocyclization effected, but the pyridine lynchpin was 

introduced in its fully aromatized form and the leader peptide was cleaved. A similar 

conclusion was reached by van der Donk and coworkers when they partially reconstituted in 
vitro the biosynthetic pathway for thiomuracin (50) from Thermobispora bispora.123 Like 

thiocillin (49), thiomuracin also contains a pyridine lynchpin that is introduced in its fully 

aromatized form from the modified, acyclic prepetide precursor in a reaction catalyzed by 

TbtD, which is a homolog of TclM. Like TclM, TbtD is not only responsible for the 

macrocyclization of thiomuracin and lynchpin formation but also cleavage of the leader 

peptide.123 Moreover, TbtD could be replaced by the homologous PbtD gene product from 

the biosynthetic gene cluster for GE2270A (51), another pyridine-containing thiopeptide 

from Planobispora rosea ATCC3733.123,124 Together these works firmly established TclM, 

TbtD, PbtD and their homologs as not only [4 + 2]-heterocyclases but also the enzymes 

responsible for cleavage of the leader peptide and aromatization of pyridine lynchpins.

While the enzymes responsible for biogenesis of pyridine lynchpins have been identified, 

many questions regarding their enzymology remain. Of particular interest is the mechanism 

of cyclization that may very well involve a pericyclic cycloaddition as shown in Scheme 6. 

In this case, the cyclization would likely first involve the tautomerization of an amide 

linkage to a conjugated iminol (54→55) prior to concerted [4 + 2]-cycloaddition with an 

opposing dehydroalanine side chain (55→57). Subsequent dehydration (57→58) and 

elimination of the leader peptide (58→49) completes the aromatization and construction of 
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the linkage.122 However, an alternative mechanism is possible whereby the cycloaddition 

takes place in a stepwise fashion with an adjacent thiazole moiety serving as an activating 

electron sink (55→56→57). Additionally, only enzymes responsible for installing pyridine 

lynchpins have so far been considered in any detail, and it remains to confirm that similar 

chemistry is at work in the biogenesis of dehydropyridine linkages as are found in 

thiostrepton125 and siomycin126,127 as well as hydroxypyridine linkages in the case of 

nosiheptide.128 Taken together, the thiopeptides represent an exciting area in the study of 

natural product biosynthesis and possibly the first examples of a biosynthetic pathway 

involving enzymes naturally selected to catalyze hetero-Diels-Alder reactions.

7 SpnF

Spinosyn A (59) is a polyketide macrolide produced by the actinomycete bacterium 

Saccaropolyspora spinosa and represents the main active component of spinosad, which is 

used in various commercial insecticides.129 The aglycone core of spinosyn A is a tetracyclic 

macrolactone containing a perhydro-as-indacene ring system and is glycosylated at the C9 

and C17 positions with the atypical sugars tri-O-methyl-D-rhamnose and D(+)-forosamine, 

respectively.129 Considerable attention has been focused on how the perhydro-as-indacene is 

constructed, because its central cyclohexene ring suggests the involvement of a biological 

Diels-Alder reaction. In fact, nonenzymatic total syntheses of spinosyn A have also relied on 

an intramolecular [4 + 2]-cycloaddition to install the cyclohexene,130,131 though other 

approaches have been utilized as well.132,133 Studies of the biosynthetic pathway for 

spinosyn A led to the identification of the spn gene cluster (see Figure 4)134 as well as the 

discovery of the enzyme SpnF, which was the first naturally selected enzyme found to 

specifically catalyze a [4 + 2]-cycloaddition.135,136

The carbon backbone of spinosyn A is biosynthesized under the action of modular type I 

polyketide synthases (SpnA–E) encoded by the spn biosynthetic gene cluster (see Figure 5).
134,137 Intramolecular transesterification of the nascent ACP-bound polyketide results in 

elimination of the 22-member macrolactone 60 that is subsequently oxidized by the FAD-

dependent SpnJ to form the ketone 61.138 A second post-PKS tailoring step catalyzed by 

SpnM results in the 1,4-dehydration of 61 to produce species 62, which is susceptible to a 

transannular [4 + 2]-cycloaddition that results in the tricyclic product 63 with the same 

stereochemistry observed in the final product 59.135 The rate of the cycloaddition is 

independent of SpnM concentration indicating that it can take place nonenzymatically in 

aqueous solution with a half-time of approximately 25 min thereby excluding the possibility 

of SpnM playing a direct role in the cyclization. However, when SpnF was added to the 

reaction mixture, the rate at which 62 underwent cyclization to 63 was significantly 

increased and directly correlated with the SpnF concentration so that a rate enhancement 

(kcat/knon) of 500-fold could be measured. 135 The tricyclic product then undergoes 

rhamnosylation by SpnG (63→65) followed by a second cyclization reaction catalyzed by 

SpnL to complete the perhydro-as-indacene ring system (65→66) prior to SAM-dependent 

methylation (66→67) and the final glycosylation step by SpnP that ultimately results in the 

spinosyn A product (67→59).135,139–141
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SpnF was unique at the time of its discovery, because all previously reported [4 + 2]-

carbocyclases such as macrophomate synthase, LovB, salonapyrone synthase and riboflavin 

synthase are multifunctional. As discussed above, each of these latter enzymes also catalyze 

what amount to priming reactions to introduce an activated diene-dienophile pair that can 

subsequently undergo cyclization. This complicated efforts to deconvolute the roles the 

enzymes play in the actual cyclization reactions. In the case of spinosyn A biosynthesis, 

however, the priming reaction (61→62) is catalyzed by a separate enzyme (i.e., SpnM) such 

that acceleration of the [4 + 2]-cycloaddition (62→63) could be clearly attributed to SpnF. 

One question that remains open, however, is why SpnF is present in the first place, given that 

nonenzymatic cyclization can hardly be called slow in its absence and proceeds with the 

same stereochemistry. One hypothesis is that despite separable activities, SpnM and SpnF 

may work synergistically to prevent both unproductive side reactions during dehydration of 

61 as well as attack on 62 by spectator nucleophiles.140

Experimental investigations of the SpnF mechanism of catalysis are currently underway with 

the first reported being the elucidation of the X-ray crystal structure (see Figure 7). The 

active site of SpnF is nestled in a β-sheet surrounded by α-helices that also encloses a 

molecule of S-adenosyl-homocysteine (SAH).142 The presence of SAH is consistent with 

the annotation of SpnF as an S-adenosyl-L-methionine (i.e., SAM) dependent 

methyltransferase.134 While SpnF is not known to catalyze any methyltransferase reaction 

nor needs SAM or SAH present in the reaction buffer to catalyze the cyclization of 62, site-

directed mutagenesis of the enzyme has shown that SAM/SAH may serve as a necessary 

structural feature.135,142 The crystal structure does not have the SpnF substrate or an analog 

thereof bound; however, docking calculations indicate that it binds into the active site 

primarily via hydrophobic contacts and is not physically in contact with the bound SAH.142 

Furthermore, the residue Thr196 may serve as a hydrogen-bond donor to the C15 carbonyl 

thereby activating the C11=C12 dienophile.142 Finally, a flexible loop composed of residues 

Arg181–Leu202 was discovered that can serve as a lid to fully enclose the bound substrate 

in the active site and trap it in a conformation conducive to an intramolecular [4 + 2]-

cycloaddition (see Figure 7).142 Such an induced lidding/fit mechanism of constraining the 

bound substrate in a productive orientation has also been hypothesized based on the crystal 

structures of AbyU143 and PyrI4144 (see below) suggesting a more general paradigm in the 

operation of [4 + 2]-carbocyclases.

A number of computational studies on the cyclization of 62 have also been reported; 

however, they have focused primarily on models of the nonenzymatic reaction. The first of 

these studies was reported by Hess and Smentek and considered density functional theory 

calculations on a simplified model of the macrolactone 62 in the gas-phase.145 The 

investigators were able to locate a transition state in which the formation of the C7—C11 

bond (bond length: 1.912 Å) is significantly more advanced compared to the C4—C12 bond 

(length: 2.997 Å). Intrinsic reaction coordinate (IRC) calculations likewise failed to identify 

a second transition state connecting the reactant and product states; however, what appear to 

be two inflection points forming a caldera-like region following the single transition state 

were also observed in the IRC plot.145 A later study by Gordeev and Ananikov helped to 

extend these results by including H-bonding interactions between modeled amino acids and 
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the C9 and C17 hydroxyls as well as the C15 carbonyl.146 Their results also implicated a 

single transition state with respect to the [4 + 2]-cycloaddition while at the same time 

highlighting how both H-bonding and conformational preorganization of the substrate in the 

active site could account for the observed rate enhancement by SpnF. Together, these results 

implicated a highly asynchronous Diels-Alder reaction for the cyclization and provided a 

rationale for SpnF catalysis consistent with hypotheses based on crystal structures of other 

[4 + 2]-carbocyclases.142–144

More recently, the Houk and Singleton laboratories released a detailed analysis of the 

nonenzymatic reaction that has emphasized the complications involved in trying to describe 

a reaction mechanism in terms of one-size-fits-all eponyms. Using density functional theory 

computations, these authors obtained results similar to those of Hess and Smentek;145 

however, they also observed that the reaction coordinate leading away from the transition 

state (i.e., potential energy saddle point) in the forward direction could bifurcate resulting in 

either the observed product (63) or a [6 + 4]-cycloaddition product (72, see Scheme 7).30 

This saddle point was therefore designated as an ambimodal transition state (represented by 

69 in Scheme 7), because it can lead directly to two different products without an 

intermediary local minimum in potential energy.147–152 Furthermore, the steepest path of 

decent from the transition state led to 72, which calculations indicated30 would readily 

undergo a Cope rearrangement to generate 63 thereby explaining why the former compound 

is not observed experimentally.135,140 At face value, these computations suggested that the 

nonenzymatic reaction proceeds by both concerted and stepwise pathways.

Recognizing the deficiencies in interpreting reaction coordinates under conventional 

transition state theory alone, Houk, Singleton and coworkers also examined the reaction 

using molecular dynamics (MD). Simulations initiated forward from the ambimodal 

transition state (69) were found to result in one of three end points.30 Most MD trajectories 

(i.e., 63%) resulted in the [6 + 4] product while the remaining trajectories either led to the [4 

+ 2] product (25%) or completed formation of the C7—C11 bond before passing back 

through the ambimodal transition state to form the starting compound 62 (12%). Of equal 

interest was the observation that the MD trajectories remained for multiple bond vibrations 

in a region of configuration space about the caldera that had been observed in the previous 

IRC profiles.30,145 These configurations, which are represented by 70 in Scheme 7, were 

characterized by essentially complete formation of the C7—C11 bond and partial formation 

of both the C4—C12 and C2—C14 bonds (ca. 3.0 Å each). 30 This implied a (dynamical) 

bottleneck for trajectories that proceed beyond the ambimodal transition state (69) and led 

the authors to apply variational transition state theory (VTST) to characterize the free energy 

landscape along the minimum energy path (MEP) for the reaction.

In contrast to conventional transition state theory calculations, VTST does not restrict the 

surface corresponding to the transition state to cross the (potential energy) maximum along 

the reaction coordinate connecting reactant and product states.153,154 This permits 

identification of free energy maxima along the MEP, which are referred to as variational 

transition states. Two such states were found: one approximating the ambimodal transition 

state (69) and a second corresponding to the dynamical bottleneck (represented by 71 in 

Scheme 7) with a local minimum in the free energy residing in between. In other words, the 
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region where trajectories were briefly trapped in the MD simulations (70) corresponds to a 

formal intermediate in what the authors described as a 10-π-electron aromatic state.30

Whether the cyclization of 62 proceeds through a [6 + 4]-cycloadduct (72) or not (at the time 

of this writing there is no experimental evidence for or against a [6 + 4]-cycloadduct), the 

computational results30 imply that the nonenzymatic [4 + 2]-cycloaddition of 62 is not 

concerted with respect to its free energy profile. Therefore, under the conservative definition 

previously discussed, this reaction would not be considered a Diels-Alder reaction, and if 

SpnF catalysis proceeds in a similar fashion, it would not be a Diels-Alderase. However, the 

reaction defies classification in terms of the standard alternatives (i.e., a biradical or 

zwitterionic intermediate) ultimately demonstrating that the chemistry underlying the 

cycloaddition as well as the enzymology of SpnF and other [4 + 2]-cyclases may be more 

complex and nuanced than previously appreciated.

8 Spirotetronates and Spirotetramates

8.1 Overview

The tetronate antibiotics have been the focus of many recent biosynthetic research programs 

on account of their unusual polycyclic structures as well as their value as potential 

antimicrobial and antiproliferative agents.155–157 A subclass of this family of natural 

products has drawn particular interest, because the tetronate or tetramate namesake appears 

to have undergone an intramolecular Diels-Alder reaction with a 1,3-diene to form a 

cyclohexene ring with a tertiary carbon joint.12,157 Examples of such spirotetronates and 

spirotetramates are shown in Figure 6 and include versipelostatin (74),158–161 

pyrroindomycin (75),162–166 chlorothricin (76),167–175 kijanimicin (77),176–181 the 

quartromicins (78),182–186 the abyssomicins (79),187–192 tetrocarcin,193–198 the lobophorins,
199–205 nomimicin,206 maklamicin,207–209 and tetronothiodin.210–214 Furthermore, several of 

these compounds also possess a second, decalin ring system, the formation of which is 

highly reminiscent of the reactions catalyzed by LovB and solanapyrone synthase (see 

above). Therefore, the pathways responsible for the biosynthesis of the spirotetronates and 

spirotetramates are unique, because many may involve not one but two enzyme catalyzed 

Diels-Alder reactions.

The tetronate and tetramate natural products as a whole are polyketides typically produced 

by the action of modular type I polyketide synthases.155–157 The tetronate (i.e., 4-hydroxy-

[5H]furan-2-one) moiety is generated during elimination of the nascent polyketide from the 

acyl carrier protein (ACP) (see Scheme 8).215 This reaction involves a transesterification 

between the ACP-bound polyketide and an ACP-bound D-glycerate thioester (80+81→82, 

X, Z = O) followed by a Dieckmann cyclization that releases the tetronate (82→83) from 

the second ACP.215 The tetronate formed is then acetylated in a post-PKS tailoring step 

(83→84), and elimination of acetate produces a methylene tetronate (84→85).186,216 The 

resulting methylene can then serve as the dienophile in an intramolecular Diels-Alder 

reaction with the polyunsaturated polyketide (85→86). Likewise, an ACP-bound cysteine 

(81, X = NH, Z = S) can substitute for the ACP-glycerate resulting in an amidation reaction 

prior to Dieckmann cyclization and thus elimination of a thiolated tetramate from the ACP.
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166 Formation of the methylene tetramate may follow an analogous path as described for the 

methylene tetronate. Interestingly, abiological syntheses of spirotetronate and spirotetramate 

antibiotics have expressly utilized a single [4 + 2]-cycloaddition to construct the whole 

spirotetronate or spirotetramate ring system217–219 and thus suggest that a similar, enzyme 

catalyzed reaction may also be at work in the corresponding biosynthetic pathways.

8.2 Spirotetronates: VstJ and AbyU

One of the first investigations of this hypothesis focused on the biosynthesis of the 

spirotetronate versipelostatin (74, see Figure 6), which is produced by Streptomyces 
versipellis 4083-SVS6.158–160 Genome screening efforts by the Kuzuyama laboratory led to 

the discovery of the putative biosynthetic gene cluster vst, which was then confirmed when 

the authors transformed a nonproducing strain of Streptomyces albus into a producer via 

integration of the vst cluster into the S. albus genome.220 By comparing the vst cluster with 

previously reported spirotetronate biosynthetic gene clusters, these investigators went on to 

identify a small, highly conserved open reading frame of unknown function dubbed vstJ.220 

A second S. albus transformant lacking only the vstJ gene was subsequently found to no 

longer produce versipelostatin and instead accumulated the acyclic intermediate 87 (see 

Scheme 9), which possesses both of the predicted diene and dienophile components.220 

Moreover, intermediate 87 did not undergo nonenzymatic cyclization in vitro to form the 

spirotetronate 88 unless it was coincubated with VstJ, which had been heterologously 

overexpressed and purified as a His6-tagged conjugate from E. coli. 220

Based on these observations, Kuzuyama and coworkers concluded that VstJ is a standalone 

[4 + 2]-carbocyclase tailoring enzyme that catalyzes the 87→88 reaction shown in Scheme 

9. However, the discovery of VstJ was also important because it is absolutely required for 

the cycloaddition reaction unlike SpnF, solanapyrone synthase and LovB, where the 

cyclizations can also proceed nonenzymatically at appreciable rates (see previous 

discussion). This initial characterization also led to the annotation of several homologous 

genes such as chlL,174 tcaU4,198 lobU2202 and qmnH,185 as well as the newly identified 

open reading frames kijU/kijcyc181,220 and abyU/abycyc191,220 in the gene clusters for 

kijanimicin and abyssomicin C , respectively, as encoding putative [4 + 2]-carbocyclases 

involved in the biosynthesis of other spirotetronate-containing natural products.

This conjecture has been tested by careful study of the abyssomicin C (79, see Figure 6) 

biosynthetic pathway and in particular its VstJ homolog AbyU by Race and coworkers.143 

These investigators cloned abyU from the abyssomicin C producing strain Verrucosispora 
maris AB-18-032 and heterologously overexpressed and purified the recombinant His6-

tagged enzyme from E. coli. The enzyme was hypothesized to catalyze the cyclization of 89 
to 91, and when the purified AbyU was coincubated with the putative substrate analog 90, 

cyclization to the spirotetronate 92 was indeed observed (see Scheme 10).143 The analog 90 
can also undergo a nonenzymatic intramolecular [4 + 2]-cycloaddition to 92, and this has 

been utilized in synthetic preparations of abyssomicins.217,218 Race and coworkers were 

thus able to take advantage of this property to assign a rate enhancement (i.e., kcat/knon) of 

approximately 4 × 104 to AbyU with 90.143 Moreover, the synthetic precursor to 90 (i.e., 93) 

is not susceptible to measurable nonenzymatic cyclization presumably due to an increase in 
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the energy of its LUMO versus that of 90 when the conjugated carbonyl is replaced with an 

alcohol. However, in the presence of AbyU, the 93 racemate is converted to two products 

consistent with the diastereomeric mixture of the corresponding spirotetronates (i.e., 94).143 

These observations thus further established the class of VstJ homologous enzymes as [4 

+ 2]-carbocyclases responsible for spirotetronate formation.

8.3 Spirotetramates and trans-Decalins: PyrI4 and PyrE3

In tandem with the work on spirotetronates, the Liu laboratory published a detailed 

investigation of the biological origin of both the spirotetramate and transdecalin moieties of 

pyrroindomycin A (75), which is an antibiotic produced by Streptomyces rugosporus.
162,163,166 Liu and coworkers began by using comparative genomics to identify PyrI4 as a 

homolog of VstJ implicating it the formation of the spirotetramate functionality.221 The 

PyrE3 gene product also drew attention given the absence of homologous genes in the 

clusters for abyssomicin C (79)191 and quartromicin D1 (78),185 both of which lack a 

decalin group (see Figure 6).221 A mutant strain of S. rugosporus without a functional copy 

of pyrI4 also failed to produce pyrroindomycin A or any identifiable intermediate in the 

pathway.221 Furthermore, knockout of the pyrE3 gene likewise did not result in the 

production of pyrroindomycin A, though in this case the linear tetramate 95 was found to 

accumulate instead.221 This led to the hypothesis that PyrE3 and PyrI4 are together 

responsible for the formation of the trans-decalin followed by the spirotetramate moieties in 

two sequential post-PKS tailoring reactions as shown in Scheme 11.

Confirmation of this hypothesis was provided when in vitro coincubation of 95 with 

heterologously expressed and purified PyrE3 resulted in the formation of the trans-decalin 

containing tetramate 96, while no reaction was observed between PyrI4 and 95.221 Similar to 

both 95 as well as the VstJ substrate 87, 96 was not susceptible to further cyclization to 97 
unless PyrI4 was also included in the incubation.221 Having established PyrE3 and PyrI4 as 

sequential [4 + 2]-carbocyclases in the biosynthesis of pyrroindomycin, Liu and coworkers 

went on to demonstrate using a similar approach that the homologous enzymes ChlE3 and 

ChlL play respective roles in the chlorothricin (76) biosynthetic pathway.221 It should be 

noted that chlorothricin, unlike pyrroindomycin A, is a spirotetronate such that this work 

further extends the general class of VstJ homologs to also include those responsible for 

spirotetramate formation.

The enzyme PyrE3, and by extension ChlE3, is of particular note for two reasons. First, it 

catalyzes a reaction very similar to that of LovB (see above); however, unlike LovB, it is not 

a polyketide synthase and instead operates as a standalone [4 + 2]-carbocyclase. This 

provides evidence, albeit indirect, to suggest that LovB indeed also accelerates the [4 + 2]-

cycloaddition during the biosynthesis of lovastatin—a hypothesis that has been previously 

difficult to test due to the multiple additional activities of this multienzyme complex. 

Second, PyrE3 is homologous to the flavin adenine dinucleotide (FAD)-dependent 

hydroxylases PgaE222,223 and OxyS224 from the biosynthetic pathways for angucycline and 

oxytetracycline, respectively.221 Consistent with this sequence homology, PyrE3 appears to 

require a bound FAD coenzyme for activity, despite the conversion of 95 to 96 being redox 

neutral and the observation that the enzyme does not require a redox cofactor such as 
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NAD(P) for multiple turnovers.221 This suggests that the bound FAD is purely a structural, 

evolutionary remnant similar to SAM in the case of SpnF.135,142

8.4 Mechanistic studies

The studies discussed above established VstJ, AbyU and PyrI4 (and by extension their 

homologs) as the enzymes necessary for catalyzing the [4 + 2]-cycloadditions during 

spirotetronate/tetramate formation; however, they did not establish the mechanisms of 

catalysis. Currently only two studies have been published in this regard, which focus on 

protein structure elucidation and computational analyses. In the case of PyrI4, the crystal 

structure consists of a homodimer of two β-barrel cores each with a functionally essential 

lid-like N-terminal α-helix.144 Co-crystallization of PyrI4 and its substrate (96) resulted in a 

1 : 1 structural complex with its product 97 alone bound in the β-barrel core (see Figure 7).
144 This pointed to the site and configuration for the bound substrate, which when modeled 

computationally, implicated an exo-transition state for a concerted [4 + 2]-cycloaddition.144 

The structure and characterization of several mutants also led to the identification of two H-

bond networks in the proposed Michaelis complex that may serve to polarize the carbonyl 

and hydroxyl functionalities of the tetramate in order to make them better electron-

withdrawing groups.144 Consequently, one mode of catalysis may involve decreasing the 

energy of the dienophile LUMO thereby facilitating a Diels-Alder reaction under normal 

demand.

Comparison of the PyrI4 crystal structures with and without 97 bound also demonstrated 

that the N-terminal α-helix is flexible and important for substrate binding as well as 

catalysis by essentially forming a partial lid over the active site (see Figure 7).144 The 

authors of this study thus suggested that a second mode of catalysis by PyrI4 involves 

constraint of the substrate in a conformation approximating the exo-transition state. 

Consistent with this hypothesis, disruption of the salt bridges necessary to stabilize the 

closed complex using site-directed mutagenesis led to enzyme inactivation thereby offering 

a mechanism to account for the reduction in entropy via enthalpic compensation upon 

forming the closed complex.144 Therefore, these observations suggest the hypothesis that 

PyrI4 catalyzes a Diels-Alder reaction by reducing both the enthalpy and entropy of 

activation for cyclization of the bound substrate.

The crystal structure of AbyU also demonstrates a homodimer of two β-barrel cores.143 

Each β-barrel contains a hydrophobic active site with a flexible lid composed of residues 

Asp26–Gly36 (see Figure 7),143 which is reminiscent of the N-terminal α-helix of PyrI4.144 

While a crystal structure of AbyU was obtained with HEPES rather than a substrate or 

product analog bound in the active site, docking simulations with the natural AbyU substrate 

(89) and product (91) revealed an active site tyrosine that may H-bond with the ring oxygens 

of the tetronate functionality as well as close proximity of both the C13 and C14 centers (3.6 

Å) and the C10 and C15 centers (3.9 Å) of the substrate.143 This suggested that the active 

site is capable of stabilizing a pericyclic transition state, which was further supported by the 

identification of an asynchronous concerted reaction trajectory using QM/MM calculations.
143 Unlike in the case of PyrI4, however, catalysis of the [4 + 2]-cycloaddition in the 

Jeon et al. Page 17

Chem Rev. Author manuscript; available in PMC 2018 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hydrophobic AbyU active site may rely more on preorganization of the substrate rather than 

reducing the enthalpy of activation.

At this time, the [4 + 2]-cyclases involved in the biosynthesis of spirotetronate/tetramates 

appear to be the best candidates for standalone Diels-Alderases. Current biochemical, 

structural and computational evidence is indeed highly suggestive of a single, pericyclic 

transition state along the reaction coordinate for both spirotetronate/tetramate as well as 

trans-decalin formation. However, additional thermochemical, computation and kinetic 

investigations will be required not only to carefully describe the reaction trajectories of these 

transformations but also to understand the mechanisms by which they are accelerated in the 

enzyme active sites.

9 Summary and Outlook

Despite the relatively sparse collection of [4 + 2]-cyclases that have been studied in 

isolation, a few general themes can be identified. In a number of cases, the cyclization 

follows an initial priming reaction that may be catalyzed by the cyclase itself (e.g., solanapy-

rone synthase, LovB/LovC) or a separate enzyme (e.g., SpnM with SpnF being auxiliary or 

down-pathway) to generate a reactive intermediate that is predisposed towards nonenzymatic 

cyclization. This suggests that biosynthetic pathways may diversify to include [4 + 2]-

cycloadditions in part by producing compounds that happen (by chance) to both undergo the 

reaction nonenzymatically and offer a reproductive advantage to the producing organism. 

This is consistent with known pathways where nonenzymatic [4 + 2]-cycloadditions are 

believed to be the operating biosynthetic transformation such as in the biosynthesis of 

paracaseolide A.225 Preorganization in the active sites of the priming, auxiliary or down-

pathway enzymes may impose stereochemical constraints on the cyclization following the 

activation step and even accelerate the cyclization itself. Eventually, the priming activity of 

the enzyme may no longer be necessary and lost leaving the enzyme as a stand-alone cyclase 

like VstJ, PyrE3 and PyrI4. Similarly, auxiliary or down-pathway activities may no longer 

provide a selective advantage and be lost (e.g., methyl transferase activity in a precursor to 

SpnF). While entirely speculative, such a hypothesis seems apropos to comparisons of the 

FAD-binding enzymes solanapyrone synthase and PyrE3. Therefore, study of the [4 + 2]-

cyclases may offer new opportunities to investigate the evolution and diversification of 

biosynthetic pathways.

Mechanistically, very little is known about how the [4 + 2]-cyclases operate as catalysts. 

Current structural investigations suggest that many of the enzymes (e.g., SpnF, PyrE3 and 

AbyU) bind substrate to form a closed-lidded Michaelis complex via induced-fit (see Figure 

7).142–144 Situated in an enclosed, hydrophobic pocket within the enzyme, the diene and 

dienophile may be forced into a low-volume conformation that promotes cyclization in a 

manner analogous to the hydrophobic effect believed to accelerate Diels-Alder reactions in 

bulk aqueous solution.226,227 At the same time, electrostatic effects may contribute to 

polarization of the diene and dienophile and stabilization of charge redistributions in the 

transition state thereby lowering the enthalpy of activation. This mode of catalysis is 

observed in the bimolecular [4 + 2]-cycloaddition catalyzed by the catalytic antibody 

1E9,228 and may also be important in many natural [4 + 2]-cyclases.
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Finally, one should not be left with the impression that the number of natural [4 + 2]-

cyclases is necessarily small. The biosynthetic pathways of an extensive collection of natural 

products are believed to involve [4 + 2]-cycloadditions that may be enzyme catalyzed. This 

can be appreciated from the catalogs compiled by Stocking and Williams as well as Oikawa 

and Tokiwano.16,17 Many of these pathways are currently under active investigation and 

already yielding new discoveries. For example, genes encoding potential [4 + 2]-cyclases 

have already been tested in vivo in the biosynthetic pathways of the decalin-containing 

natural products Sch210972 (98, cghA)229 and equisetin (99, fsa2)230 as shown in Figure 8. 

Likewise, the genes ccsF231 and cheA232 have been implicated as encoding enzymes that 

catalyze Knoevenagel condensations and possible [4 + 2]-cycloadditions to install the 

isoindolone rings of cytochalasin K (101) and chaetglobosins A (102) & C, respectively. 

Furthermore, notH, phqJ and malE have been identified as encoding enzymes likely 

necessary to construct the monooxopiperazine and dioxopiperazine ring systems in various 

bicyclo[2.2.2]diazaoctane indole alkaloids such as notoamide (103), paraherquamide and 

malbrancheamide, though the precise biosynthetic role of these gene products is still 

uncertain.10,233 In all of these cases, the biosynthetic [4 + 2]-cycloaddition is intramolecular; 

however, evidence has also been reported implicating bimolecular [4 + 2]-carbocyclase 

activity associated with cellular extracts from the fungus Hypocrea sp. AS 3.17108.234

Given the challenges in their study, experimental investigation of the [4 + 2]-cyclases is just 

beginning. Furthermore, the field appears to be quite broad with many open questions 

regarding their distribution, evolutionary origin and mechanism of action making this an 

exciting area for future research.
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Figure 1. 
Structure of the active site of macrophomate synthase with enolpyruvate coordinated to the 

catalytic Mg2+ ion (PDB: 1IZC).35 The active site is located in a solvent-exposed cavity on 

the surface of the enzyme (grey) with the Mg2+ ion coordinated by the carboxylates of 

Asp211 (D211) and Glu185 (E185), two water ligands and enolpyruvate as shown. The 

crystal structure does not have the 2-pyrone substrate 1 bound; however, modeling 

simulations35 suggest that it may bind relative to enolpyruvate in a configuration conducive 

to a Diels-Alder reaction similar to that sketched here.

Jeon et al. Page 32

Chem Rev. Author manuscript; available in PMC 2018 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
The hexaketide 34 is an analog of the predicted reactant for the [4 + 2]-cyclization during 

biosynthesis of dihydromonacolin L bound to LovB (30, see Scheme 4). This hex-aketide 

can undergo an intramolecular [4 + 2]-cycloaddition to produce four diastereomers in 

different relative proportions depending on the reaction conditions as shown.88,89
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Figure 3. 
Examples of thiopeptides that have been used to study lynchpin biosynthesis.
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Figure 4. 
Biosynthetic gene cluster for spinosyn A from Saccaropolyspora spinosa.
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Figure 5. 
Biosynthetic pathway for spinosyn A.
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Figure 6. 
Selected examples of spirotetronate and spirotetramate natural products. The spirotetronate/

tetramate heterocycles are highlighted in red, whereas the decalin ring systems are 

highlighted in blue.
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Figure 7. 
Structures of the monomeric units of SpnF (PDB: 4PNE),142 AbyU (PDB: 5DYQ)143 and 

PyrI4 (PDB: 5BU3)144 showing the lidding regions (in teal) that occlude the active sites (in 

red) in the closed complexes. The structure of PyrI4 has the product species 97 bound in the 

active site and is rendered in gold. The β-barrel structure of AbyU and PyrI4 is highlighted 

in purple.
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Figure 8. 
A partial list of natural products currently under investigation for the presence of a potential 

Diels-Alderase in the biosynthetic pathway.
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Scheme 1. 
Proposed mechanisms for the reaction catalyzed by macrophomate synthase.
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Scheme 2. 
Proposal for the macrophomate synthase-catalyzed reaction between oxaloacetate and 

methyl coumalate.
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Scheme 3. 
Summary of abbreviated mechanisms proposed for the reaction catalyzed by riboflavin 

synthase.
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Scheme 4. 
Biosynthetic pathway for lovastatin.
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Scheme 5. 
Biosynthetic pathway for solanapyrones A (43), B (44), D (45) and E (46). 

Desmethylprosolanapyrone I (39) is constructed from 8 acetate units and a methyl from 

SAM under the action of the polyketide synthase Sol1.
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Scheme 6. 
Current mechanistic hypotheses for the reactions catalyzed by TclM as a paradigm for the 

biosynthesis of lynchpin heterocycles in macrocyclic thiopetide antibiotics.114,122
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Scheme 7. 
Mechanism proposed for the nonenzymatic cyclization of 62.
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Scheme 8. 
Biogenesis of the tetronate (X = O, Z = O) and tetramate (X = NH, Z = S) functionalities 

prior to cyclization to form the spirotetronate and spirotetramate ring systems, respectively.
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Scheme 9. 
Reaction catalyzed by VstJ in the biosynthesis of versipelostatin (74).
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Scheme 10. 
Reactions catalyzed by AbyU.
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Scheme 11. 
Sequential reactions catalyzed by PyrE3 and PyrI4 in the biosynthesis of pyrroindomycin A 

(75).

Jeon et al. Page 50

Chem Rev. Author manuscript; available in PMC 2018 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	1 Introduction and scope
	1.1 [4 + 2]-Cyclases vs. Diels-Alderases

	2 Macrophomate Synthase
	3 Riboflavin Synthase
	4 LovB/LovC and the Biosynthesis of Statins
	5 Solanapyrone synthase
	6 Thiopeptide Lynchpins
	7 SpnF
	8 Spirotetronates and Spirotetramates
	8.1 Overview
	8.2 Spirotetronates: VstJ and AbyU
	8.3 Spirotetramates and trans-Decalins: PyrI4 and PyrE3
	8.4 Mechanistic studies

	9 Summary and Outlook
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Scheme 1
	Scheme 2
	Scheme 3
	Scheme 4
	Scheme 5
	Scheme 6
	Scheme 7
	Scheme 8
	Scheme 9
	Scheme 10
	Scheme 11

