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Recent advances of Diels—Alderases involved
in natural product biosynthesis

Atsushi Minami and Hideaki Oikawa

Frequent occurrence of [4+2] adducts in the secondary metabolites suggested involvement of Diels—Alderases (DAases) in

their biosynthesis. However, a limited number of DAases were reported before early 2000s. Advancements in whole-genome
sequencing and searching tool of the biosynthetic gene clusters of the secondary metabolites facilitate the identification of
plausible DAases. Thus, during past 5 years, nine DAases have been characterized by genetic and biochemical analyses. These
include a detailed functional analysis of SpnF that solely catalyzes [4+2] cycloaddition, a structural analysis of spirotetramate-
forming enzyme Pyrl4 complexed with the corresponding cycloadduct, and DAases catalyzing decalin formation and macrocyclic
pyridine formation. Together with decalin-forming enzymes and macrocyclic pyridine-forming enzymes, these results provided
sufficient data to discuss catalytic mechanism of DAases and nature’s strategy for molecular diversification of linear chain
intermediates derived from polyketide and ribosomal peptide biosynthetic machinery.
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INTRODUCTION

The Diels—Alder reaction is classified as a [4+2] cycloaddition in the
pericyclic reaction involving a 1,3-diene and an alkene (dienophile) to
afford a six-membered ring with four contiguous stereocenters in
highly regio- and stereospecific manners. Due to these exquisite
selectivities, the Diels—Alder reaction has been utilized for the synthesis
of structurally intricate natural products with pharmaceutical and
biological activities.* In principle, Diels—Alder reaction proceeds in a
concerted manner. Along this line, Williams and co-workers?
discussed concertedness of Diels—Alder reactions in both enzymatic
and non-enzymatic reactions. However, regardless confirming its
mechanism, synthetic chemists frequently call this extremely useful
cyclization reaction as ‘a formal Diels—Alder reaction’. Extensive survey
of natural formal [4+2] adducts suggested that >400 natural products
are potentially biosynthesized by formal Diels—Alderases (DAases).*
Representative examples of natural [442] cycloadducts are shown in
Figure 1. These include intermolecular adducts (plagiospirolide A,
obtunone and guaiane sesquiterpene dimer),””” intramolecular
adducts (ircinianin, chaetoglobosin A)!%!! and a hetero-Diels—Alder
adducts (grandione).!?

During late 1990s to early 2000s, three DAases, solanapyrone (1)
synthase (Sol5: oxidase),'? lovastatin (2) nonaketide synthase (LovB:
polyketide synthase (PKS))'* and macrophomate (3) synthase
(MPS)!>16 were reported. The former two enzymes catalyzed intra-
molecular reactions yielding decalin scaffolds while the latter DAase
catalyzed intermolecular reaction. These enzymes catalyzed formation
of reactive diene/dienophile substrates and further catalyzed the
corresponding [442] cycloaddition (Schemes 1 and 2).>° The
bifunctional DAases, Sol5, LovB and MPS were not categorized as a

single enzyme family because they did not share any common catalytic
mechanism. Characterization of these enzymes required significant
efforts such as purification of enzymes and synthetic preparation of all
putative substrate candidates. However, advancements in whole-
genome sequencing and searching tool of biosynthetic gene clusters
of the secondary metabolites facilitate the identification of plausible
DAases. In fact, for recent 5 years, more than nine DAases catalyzing a
formal intramolecular [4+2] cycloadditions have been identified in the
biosynthesis of polyketides and ribosomal peptides. In this review, we
hope to highlight those enzymes and discuss the mechanism of their
catalyses.

INTRAMOLECULAR DAASES GENERATING DECALIN
SKELETONS
PKSs, particularly bacterial multimodular and fungal iterative PKSs,
generate skipped  polyene intermediates with all
E-configurations.!”” Among them, the polyene chains interrupted by
four contiguous sp3 carbons provide suitable triene system for
intramolecular [4+2] cycloaddition. Due to frequent occurrence of
this triene system, decalin skeleton is one of the most abundant [4+2]
adducts among polyketides. Feasiblity of this hypothesis is supported
by corresponding biomimetic total synthesis as in the case of
UCS1025A.18

To the bifunctional DAases, Sol5 and LovB, catalyzing decalin
formation, a new member has joined recently. Betaenones B (4) is
phytotoxic polyketide isolated from Phoma betae Fr.'®** In 2015, we
identified a betaenone octaketide synthase (Betl) and a trans-acting
enoyl reductase (Bet3), which participate in the formation of
dehydroprobetaenone I (5) having a decalin scaffold by heterologous
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Figure 1 Natural products presumably constructed by Diels-Alder reaction.
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Scheme 1 Representative examples of the enzymatic decalin formation catalyzed by (a) Sol5 and (b) LovB/LovC.
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Scheme 2 Reaction mechanism catalyzed by macrophomate synthase.

expression of the corresponding genes (Scheme 3).2! Chemical
reactivity and conformational analysis suggested that involvement of
DAase PKS Betl at the stage of reductive release of growing polyketide
chain giving reactive trienone although non-enzymatic reaction?
cannot be ruled out.

During the biosynthetic study of fungal metabolite fusarisetin
A (6),% gene deletion experiments of fsa2, a functionally unknown
protein, gave a diastereomeric mixture of putative Diels—Alder adducts
(Scheme 3).2* Considering the wild-type strain yielded only an endo-
adduct, it was proposed that the reactive tetraene precursor gave a

HO

0 o MeO O
o) HO,C
o macrophomic acid (3)

CO, H,0

mixture of isomerric adducts spontaneously in this mutant. Due to
absence of other enzymatic activity, Fsa2 was regarded as a mono-
functional DAase to catalyze the endo-selective [4+2] cycloaddition.
Intriguingly, the essentially same result on a homologous CghA has
been reported in the biosynthesis of other tetramate decalin metabolite
Sch210972 (7).2%2° Computational analysis of the [4+2] cycloaddition
with a truncated substrate indicated that the enzyme accelerates the
cycloaddition a 1000-fold at 30°C.>>*® Homologous genes are also
found in the biosynthetic gene clusters of the tetramic acid-containing
adducts such as equisetin (Eqx3; 90% identity)?” and pyrrolocin
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Scheme 3 Decalin formation in the biosynthesis of (a) betaenone and (b) fusarisetin/Sch210972.

(gNR600; 37%)?8 and macrocyclic adduct cytochalasin (CcsF; 27%).2°
Frequent occurrence of DAase genes with PKS-NRPS genes suggested
co-evolution of these genes.

The second group of monofunctional Diels—Alderase genes
was identified in the biosynthetic gene cluster of pyrroindomycin A
(8),°%%1 a bacterial spirotetronate/spirotatramate family member
possessing a tetramate decalin skeleton. Comparative analysis of the
gene clusters revealed PyrE3, which belongs to a flavoenzyme super-
family, as a potential candidate for the [4+2] cycloaddition.*? Gene
deletion and in vitro experiments showed that PyrE3 catalyzed the
endo-selective cycloaddition of a linear polyene precursor 9 after
cleaving from the PKS (Scheme 4). Although the recombinant PyrE3
has a flavin adenine diphosphate (FAD) in a non-covalent manner,
PyrE3 did not catalyze the redox reaction and solely catalyzed the
cycloaddition. Interestingly, a FAD-deficient mutant showed no
catalytic activity, suggesting essential role of the FAD to maintain
the requisite arrangement of the active site for the endo-selective
cycloaddition.? Currently, five gene clusters of this family
member versipelostatin (12),3 chlorothricin (13),>* kijanimicin®
and tetrocarcin®® have pyrE3 homologs (vstK, kijA, chlE3 and tcaEl,
43-52% identity). Another Diels—Alderase, Pyrl4, found in the same
biosynthetic gene cluster is discussed in the next section.

Previously, enzymatic decalin scaffold formations by [4+2] cycload-
dition were firmly established in the biosyntheses of the two fungal
polyketides, solanapyrone'®* and lovastatin'**® (Scheme 1). The
former oxidase Sol5 catalyzed a cycloaddition after releasing polyketide
chain and the oxidation of side chain. On the other hand, the latter
HR-PKS LovB catalyzes a Diels—Alder reaction of linear triene
intermediate during the chain extension process (Scheme 1). Before
characterization of the monofunctional decalin-forming DAases
described in this review, most of polyketide-derived adducts were
proposed to be biosynthesized during chain extention stage as in the
case of LovB. However, direct and indirect evidence described in this
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section supported involvement of post-PKS linear precursor in the
decalin-forming [4+2] cycloaddition as in the case of Sol5.

INTRAMOLECULAR DAASES GENERATING UNIQUE
MOLECULAR SKELETONS OTHER THAN DECALIN
Spynosyn A (14), a polyketide-derived insecticide isolated from
Saccharopolyspora spinosa, possesses a 22-membered macrolactone
with a perhydro-as-indacene scaffold.*® Biotransformations of putative
synthetic intermediates with several deletion mutants (SpnF/J/L/M)
established the biosynthetic machinery for the construction of the
tricyclic system.*® In 2011, Liu and co-workers*!' revealed that the
cyclohexene in the as-indacene core is constructed by SpnF,
a homolog of a S-adenosyl-L-methionine (SAM)-dependent methyl-
transferase, which in fact accelerates the rate of the [4+2] cycloaddi-
tion of an o,,y,9-unsaturated macrolactone precursor 15a in 500-fold
(Scheme 5). This was the first DAase that catalyzed solely [4+2]
cycloaddition different from three bifunctional proteins. The crystal
structure of SpnF bound to an S-adenosylhomocysteine (SAH)
revealed heavily interaction between SpnF and the co-factor possibly
to maintain the structure.*> Subsequent docking simulation suggested
predominant hydrophobic contacts with the C5-C6 s-cis state of the
macrolactone 15b and a putative hydrogen-bonding interaction
between the dienophile and a threonine. Through these interactions,
SpnF may facilitate a stabilization of 15b in the preferred transition
state to catalyze the Diels—Alder reaction. However, roles of the
hydrophobic/hydrogen-bonding interactions remain unclear because
of the instability of the cavity-altered mutants. Most recently, quantum
mechanical computations and dynamic simulations suggested that the
observed [4+2] cycloadduct is constructed by a [6+4] cycloaddition
followed by a Cope rearrangement.*?

In the recent studies on thiazoyl peptides synthesized ribosomally,**
an interest has been focusing on the formation of a central pyridine
ring at the junction of the macrocyclic ring system, which may be
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biosynthesized by an intramolecular hetero-Diels—Alder reaction of
two dehydroalanines and a neighboring carboxyl group (Figure 2).
Gene knockout experiments and biochemical analysis of leader
peptide modification enzymes facilitated the identification of crucial
linear precursor peptides and putative DAases. In 2015, two groups
independently reported in vitro functional analysis of the DAases,
TcIM and TbtD.#>4° In this reaction, the DAases directly generated the
final product without formation of any intermediate was observed.
The potential mechanism is proposed in Figure 2; (1) concerted
cyclization via a tautomerization of the amide carbonyl group
furnishes a tetrahydropyridine; (2) subsequent dehydration followed
by an aromatization may proceed spontaneously to form the mature
pyridine ring. The promiscuous cyclization activity revealed that chain
length and rigidity have no effect on the preorganization of the
reactive functionalities in their active site.*” Recently, an unexpected
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homology of these hetero DAases with elimination enzymes, which
afford dehydroalanine/dehydrobutyrine in lantibiotic biosynthesis, was
pointed out.*3

In addition to decalin-forming DAase PynE3 described in the
previous section, spirotetronate/spirotetramate family of antibiotics 8
has a characteristic spiro-conjugate scaffold, constructed by another
intramolecular DAase Pyrl4 between the diene and the y-methylene-
acyltetronate/tetramate moiety of an acyclic precursor such as 10.
Recently, the [4+2] cycloaddition activity of 10 was detected by in vitro
reaction with PyrI4, which shows no homology with known enzymes
(Scheme 4).32 The homologous Vst] identified in the biosynthetic gene
cluster of 12 was also functionally characterized.’® Interestingly,
function of Pyrl4 was complemented with the homologous enzyme
ChIL from the 13 gene cluster,®? suggesting that these enzymes
accepted the substrates with various chain lengths and substituent.
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Figure 2 Intramolecular hetero Diels—Alder reaction in thiazoyl biosynthesis.

a

S R

thiomuracin A

Figure 3 (a) Crystal structures of Pyrl4 complexed with cycloadduct 11. (b) Superimposed view of the active site.

Presence of homologous DAase genes in this family of the antibiotic
gene clusters (Vst], 26%; KijU, 27%; ChlL, 48% and TcaU4, 26%) will
be a suitable signature for searching the structurally related antibiotics.

Recently, crystal structure of monofunctional DAase Pyrl4 has been
reported (Figure 3).4° Its structure was obtained as Pyrl4 alone, and its
product bound form in which product 11 was inserted into the active
site cavity of rigid p-barrel core and the spirocyclic system of 11 was
interacted with hydrophobic portion in the bottom. Hydrogen bonds
were observed between cavity residues and tetramate cabonyl and
hydroxyl groups, suggesting that those H-bonds act for activation of
dienophile in the transition state. Although these interactions were not
changed between both states with and without ligand, N-terminal
sequence changed the form significantly different in these states, and
induced fit interaction between N-terminal sequence and decalin
portion/p-barrel core were observed (Figure 3). In this structural
change, the unstructured N-terminal sequence formed o-helix which
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existed as a lid and constrain substrate conformation as transition
state. The authors predicted that significant structural change between
flexible substrate and rigid product enabled to break interaction
between lid-like structure and P-barrel core cavity. This released
product from active site, thus avoiding product inhibition. Among
nine Pyrl4 homologs involving related antibiotic biosynthesis,*
recently characterized DAase Vst] lacked the lid-like N-terminal
sequence,®® suggesting that catalytic mechanism is variable in each
DAase of this family.

CONCLUSION AND OUTLOOK

Basic catalytic mechanism of DAases provided by the antibody
DAases® is very simple; (1) providing a cavity which restricts the
conformation to enforce it as transition state; (2) activation of
dienophile by hydrogen bonding; (3) escaping from product inhibi-
tion. Basically, the essentially same catalytic devices are found in the
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Ancestral function

Functional homologs

Monofunctional Diels-Alderases
SpnF
PyrE3
TcIM
Pyrl4
Fsa2

SAM-dependent methyltransferase
FAD-dependent oxidase
Dehydratase

Unknown

Unknown

None

VstK, KijA, ChIE3, TcaEl
ThtD

VstJ, Kiju, ChiL, TcaU4
CghA, Egx3, gNR600, CcsF

Additional function

Functional homologs

Bifunctional Diels-Alderases
Sol5
LovB

MPS
Betl

FAD-dependent oxidase
Non-ribosomal peptide synthetase
C domain

Decarboxylase

Polyketide synthase R domain

None
None

None
None

mechanistic biological study of Pyrl4, suggesting these are the only
requirement for DAases. Definition of DAase is different to the other
enzymes, which are classified by the individual catalytic mechanism
and which share common motif and homologous amino acid
sequence. However, all of DAases described in this review are
distinctive in their catalysis. Considering the fact that ribozymes can
also catalyze [4+2] cycloadditions,®® we can recognize the term DAase
is rather vague. In addition, if we only rely on the concertedness of the
reaction catalyzed, it is very difficult to classify the candidates of
putative DAases as Williams and co-workers® mentioned for the
critical discussion on the concertedness in their review; ‘It is also
appreciated that tedious, expensive, and time-consuming experiments
are required to conduct such a rigorous mechanistic inquiry, a
challenge encountered by all workers in this field.” Reflecting this,
none of the candidate DAase currently known has proven its
concertedness in its catalysis. Formal DAase can be defined as
an enzyme that catalyzes formation of cyclohexene ring from a
conjugated diene and an alkene in a stereoselective manner. This
may include double Michael reaction, aldol-Michael reaction, biradical
reaction and other stepwise reactions. After establishing a detailed
reaction mechanism, these members can be classified into several
groups. Apart from the definition, cyclohexene-forming enzymes,
which are easily modified to accept a variety of substrates, may be
useful on the practical point of view.

The bifunctional DAases described in the introduction section have
original catalytic activities besides the cycloaddition. On the other
hand, the monofunctional DAases SpnF and PyrE3 described in this
review have co-factor molecules SAM and FAD, respectively, in their
active sites although they do not involve catalysis but they are essential
for the cycloaddition. These data suggest that their ancestor enzymes
methyltransferase and oxidase provide the cavity for cyclization and
then lose their original catalytic activities (Table 1). Due to the simple
mechanism of Diels—Alder reaction, activating substrate and stabilizing
transition state, any type of enzymes can become DAases. Probably,
this is a reason why those bifunctional and monofunctional DAases
show no common motif and are phylogenetically distinct from
each other.

In the case of four-type DAases Fsa2, PynE3, TcIM/TbtD and Pyrl4,
functionally equivalent enzyme genes were found in the gene clusters
of the structurally related metabolites. While the bifunctional enzymes
and SpnF do not have functionally related DAases, homologs of the

four DAases catalyze similar cycloadditions, suggesting that the latter
DAases are likely co-evolved with substrate producer enzymes.
Detailed structural and biochemical analysis of Pyrl4 showed that
Pyrl4 and its homolog VstJ did not share common catalytic mechan-
ism. This fact implicates that different mechanism can be operated
even if two related DAases catalyze similar cycloadditions. Therefore,
comparative study of homologous DAases will provide new aspects to
the DAases. In addition, DAases described in this review catalyze
construction of complex molecular scaffolds from polyketides and
ribosomal peptides. This might be Nature’s strategy for molecular
diversification of linear chain intermediates derived from polyketide
and ribosomal peptide biosynthetic machinery.

In de novo design of artificial enzyme, which is called a ‘designer
enzyme’, researchers choose a suitable scaffold of existing proteins,
and then generated computationally designed active site for catalysis of
specific Diels—Alder reaction.’®>? This strategy is very similar to the
nature’s strategy generating DAases. Thus, microorganisms likely
recruit existing enzymes and then evolutionarily modify them to
catalyze a specific [4+2] cycloaddition for creating molecular diversity.
The list of natural [4+2] adducts suggests that many natural DAases
involve in their biosynthesis. Currently, the designer DAases can
handle only simple substrates. On the other hand, most of natural [4
+2] adducts have significantly complex and diverse structures.
Considering progress in recent 5 years on new natural DAases,
elucidation of catalytic mechanism of these DAases as in the case of
Pyrl4 will provide novel protein scaffolds for DAase and more
abundant catalytic mechanisms for entropy trapping and escaping
product inhibition. These will help to improve catalytic efficiency of
the designer DAases.
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