
©
2
0
1

5
N

a
tu

re
 A

m
e
ri

c
a
, 
In

c
. 
 A

ll
 r

ig
h

ts
 r

e
s
e
rv

e
d

.

NATURE CHEMICAL BIOLOGY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturechemicalbiology 1

ARTICLE
PUBLISHED ONLINE: 2 MARCH 2015 | DOI: 10.1038/NCHEMBIO.1769

P
yrroindomycins (PYRs; Fig. 1a), which were isolated from 
Streptomyces rugosporus during the screening of agents 
active against methicillin-resistant Staphylococcus aureus and  

vancomycin-resistant Enterococcus faecium1,2, represent what are to 
our knowledge the first spirotetramates found in nature. These mol-
ecules are structurally related to the spirotetronates chlorothricin 
(CHL), tetrocarcin A (TC-A), kijanimicin (KIJ) and the lobophorins 
(LOBs)3, all of which belong to a large natural product family with 
two cyclohexene units present in both the dialkyldecalin and the 
tetramate or tetronate spiro-conjugate portions of the aglycone 
(Supplementary Results, Supplementary Fig. 1a). The biosyn-
thetic pathway to establish this characteristic aglycone remains elu-
sive but has been the subject of considerable speculation4, primarily 
focusing on whether two sets of 1,3-diene and alkene groups are 
available in the process for cross-bridging to complete a pentacyclic 
scaffold via two [4+2] cycloadditions. The [4+2] cycloaddition, in 
which a 1,3-diene and an alkene react to form a cyclohexene, is one 
of the classic carbon-carbon bond-forming reactions that is widely 
used in modern synthetic chemistry. This reaction has long been 
considered to participate in the biosynthesis of a number of cyclo-
hexene-containing natural products; however, in nature, there are 
only a few enzymes known to have this activity5,6. These enzymes 
typically exhibit multiple functions, lack catalytic efficiency and/or 
participate in reactions that proceed spontaneously. Access to 
their biochemical mechanisms is particularly challenging, leav-
ing unsolved for decades the question of whether an enzyme that 
catalyzes the Diels-Alder reaction, the quintessential type of [4+2] 
cycloaddition proceeding through a single pericyclic transition state,  
naturally occurs4–8.

Over the past few years, we and others have established the 
genetic basis for the structural features common in the spirote-
tramates PYRs and the spirotetronates CHL, TC-A, KIJ and the 
LOBs9–13, leading to the hypothesis that these natural products share 
a similar logic in aglycone biosynthesis (Fig. 1b): a modular type I 
polyketide synthase (PKS) system exclusively programs the assembly 
of the main carbon skeleton in a linear manner14–16. This PKS system 

has the functional domains, which, colinearly with their activities, 
are organized in typical modules, and each module contains the 
indispensable domains ketosynthase (KS), acyltransferase (AT) and 
acyl carrier protein (ACP) for chain elongation and the optional 
domains dehydratase (DH), enoylreductase and  ketoreductase (KR) 
for reductively processing β-oxy functionality. There are at least five 
modules that share the organization KS-AT-DH-KR-ACP, and the 
resulting ACP-associated oxoacyl intermediate is thus hypothesized 
to be a polyene polyketide that accordingly has a minimum of five 
double bonds in its structure (Fig. 1b). Elongation of the carbon 
chain can be terminated by the incorporation of a different three-
carbon unit, either an amino acid residue or a glycerate derivative9,17, 
to produce the five-membered tetramate or tetronate heterocycle 
accompanied by off-loading the full-length linear intermediate from 
the assembly line (Fig. 1b). The following modifications most likely 
involve an acylation-elimination reaction18, which has recently been 
characterized in the biosynthesis of the tetronate agglomerin, lead-
ing to the generation of an additional double bond that is exocyclic 
to the five-membered heterocycle (Fig. 1b).

Markedly, the six double bonds formed in the proposed bio-
synthetic pathways of either the spirotetramates PYRs or the 
 spirotetronates CHL, TC-A, KIJ and LOBs constitute two indepen-
dent pairs of 1,3-diene and alkene groups, the structural hallmarks 
of the [4+2] cycloaddition reaction (Fig. 1b). Taking the locations 
of the internal and terminal group pairs into account, aglycone bio-
synthesis is highly anticipated to involve a linear polyketide inter-
mediate that undergoes two [4+2] cycloadditions to establish two 
cyclohexene-containing portions of the molecule: the dialkyldecalin  
system and the tetramate or tetronate spiro-conjugate. In this work, 
we used the PYR biosynthetic machinery as a model system to  
initiate a search within the encoding clusters for potential cyclases,  
which would be considered Diels-Alderases if the reactions are 
concerted, and we eventually confirmed that the two sets of  
1,3-diene and alkene groups are indeed present in a polyene polyketide 
intermediate and, particularly, that the cyclization reactions  
proceed enzymatically.
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An enzymatic [4+2] cyclization cascade creates 
the pentacyclic core of pyrroindomycins
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The [4+2] cycloaddition remains one of the most intriguing transformations in synthetic and natural products chemistry.  
In nature, however, there are remarkably few enzymes known to have this activity. We herein report an unprecedented  
enzymatic [4+2] cyclization cascade that has a central role in the biosynthesis of pyrroindomycins, which are pentacyclic  
spirotetramate natural products. Beginning with a linear intermediate that contains two pairs of 1,3-diene and alkene groups, 
the dedicated cyclases PyrE3 and PyrI4 act in tandem to catalyze the formation of two cyclohexene rings in the dialkyldecalin  
system and the tetramate spiro-conjugate of the molecules. The two cyclizations are completely enzyme dependent and  
proceed in a regio- and stereoselective manner to establish the enantiomerically pure pentacyclic core. Analysis of a related 
spirotetronate pathway confirms that homologs are functionally exchangeable, establishing the generality of these findings 
and explaining how nature creates diverse active molecules with similar rigid scaffolds. 
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RESULTS
Functional assignment of pyrE3 and pyrI4 in pyr cluster
The search centered on a comparative analysis of the available bio-
synthetic gene clusters; we first identified the genes for PYRs that 
are functionally unassigned or difficult to predict and then searched 
for homologs in other clusters (Supplementary Fig. 2). This com-
parison revealed two candidates in the PYR biosynthetic cluster 
(pyr), pyrE3 (1,392 bp) and pyrI4 (555 bp), which respectively code 
for the proteins PyrE3 and PyrI4 (Supplementary Figs. 2–4). PyrE3 
belongs to the flavoenzyme superfamily (Supplementary Fig. 5a). 
The members of this family include PgaE and OxyS, which are the 
flavin adenine dinucleotide (FAD)-dependent hydroxylases that 
have previously been characterized in the biosynthesis of angucy-
cline and oxytetracycline, respectively19–21. In contrast, PyrI4 only 
shows sequence homology to enzymes with unknown functions 
(Supplementary Fig. 5b). The counterparts of both proteins were 

found in the pathways of the aforementioned spirotetronates, with 
ChlE3, TcaE1, LobP3 and KijA being homologous to PyrE3 (46–52% 
identities) and with ChlL, TcaU4, LobU2 and KijU (Supplementary 
Note 2) being homologous to PyrI4 (26–48% identities), sug-
gesting that they have roles in the construction of certain shared 
structural features, presumably the dialkyldecalin and the spiro-
conjugate moieties. Furthermore, in the gene clusters encoding the 
 spirotetronate metabolites abyssomicin C (ABY-C) and the quartro-
micins (QMNs), which lack dialkyldecalin structures (Fig. 1a), only 
the genes coding for the PyrI4 counterparts AbyU (29% identity, 
Supplementary Note 2) and QmnH22,23 are present (Supplementary 
Figs. 2 and 4). Notably, QmnH is 376 amino acids (aa) in length 
and accordingly harbors two homologs (namely QmnH-N and 
QmnH-C, respectively), which individually share 24% identity to 
PyrI4 and 45% identity to each other (Supplementary Figs. 4 and 
5b). Consequently, PyrI4 is most likely involved in the formation of 
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Figure 1 | Spirotetramate and spirotetronate natural products and associated biosynthetic pathway. (a) Structures of the spirotetramates, PYRs A and 

B and the relevant spirotetronates, abyssomicin C (ABY-C) and quartromicin D1 (QMN- D1). The cyclohexene units are present in the dialkyldecalin (blue) 

and/or the spiro-conjugate (red) systems of the molecules. (b) Biosynthetic paradigm to establish two sets of 1,3-diene and alkene groups on a linear 

unsaturated polyketide intermediate for affording the common pentacyclic scaffold through enzymatic cascade [4+2] cycloaddition reactions. The black 

dashed line indicates the variable linear carbon chain assembled by type I PKSs. The purple dashed line shows the formation of the new carbon-carbon 

bond. For the two pairs of 1,3-diene and alkene groups, the internal pair is highlighted in blue, and the terminal pair is highlighted in red.
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the more common spiro-conjugate, leaving PyrE3 responsible for 
the construction of the dialkyldecalin.

Characterization of the linear PYR intermediate
To confirm the functional assignment of pyrE3 and pyrI4, we indi-
vidually inactivated these genes in wild-type S. rugosporus (Fig. 2). 
Both the ΔpyrE3 and ΔpyrI4 mutant strains lost the ability to pro-
duce PYRs, which was partially restored by in trans complemen-
tation of the corresponding gene (Fig. 2a). Thus, the involvement 
of PyrE3 and PyrI4 in PYR biosynthesis was established. Although 
the inactivation of pyrI4 did not apparently lead to the accumula-
tion of a new product, intermediate 1 was detected upon the inac-
tivation of pyrE3 (Fig. 2a). We then fermented the ΔpyrE3 mutant 
strain on a large scale and accumulated a sufficient quantity of 1 for 
structural elucidation. NMR and MS analyses revealed that 1 is a 
30-carbon linear polyene polyketide (Fig. 2c and Supplementary 
Note 3). Overall, the structure of 1 is consistent with the proposed 
PYR biosynthetic logic9, which was previously established accord-
ing to an analysis of the functional domains of the PKSs for build-
ing block selection and incorporation and particularly for reductive 
β-oxo processing to control the stereochemical configurations of 
the corresponding functionalities (Supplementary Fig. 6)24–28. 
Amino acid incorporation and modification clearly precede the for-
mation of the dialkyldecalin in PYR biosynthesis because 1 is linear 
and terminates with a mature γ-methylene-tetramate unit (Fig. 2c). 
Notably, 1 simultaneously bears two unsaturated systems, with 
the internal pair, Δ4,5-alkene and Δ10,11, Δ12,13-diene, corresponding  

to the  dialkyldecalin and the terminal pair, Δ22,23-methylene and 
Δ18,19, Δ20,21-diene, corresponding to the tetramate spiro-conjugate. 
This finding strongly supports the feasibility of two cascade [4+2] 
cycloadditions, for which we provide structural evidence for what is 
to our knowledge the first time (Fig. 1b). Intermediate 1 was rela-
tively stable in aqueous solution as no transformation was detected 
at room temperature over a 24-h incubation period. This stability 
greatly facilitated the characterization of the cyclization reactions, 
including their enzyme dependence and regio- and stereoselectivity.

Enzymatic construction of the pentacyclic core of PYRs
We expressed and purified PyrE3 and PyrI4 from Escherichia coli 
(Supplementary Fig. 7a) and then assayed their activities in vitro. 
In the presence of both proteins, the linear intermediate 1 was rap-
idly converted into a sole product, 2, and required no addition of 
exogenous cofactors such as FAD+, FADH2, NAD(P)+, NAD(P)H or 
various metal ions (Fig. 2b). This conversion was scaled up, leading 
to the characterization of 2 as a highly rigidified pentacyclic com-
pound (Fig. 2c and Supplementary Note 3). Remarkably, 2 has the 
two intact cyclohexene-containing systems characteristic of PYRs, 
i.e., the dialkyldecalin and the tetramate spiro-conjugate, unambig-
uously demonstrating that enzymatic coordination is necessary for 
multiple cross-bridging of 1.

Although PYRs were reported in 1994 (refs. 1,2), the stereo-
chemistry of the central aglycone has not yet been established. 
We therefore fermented the S. rugosporus wild-type strain, from 
which PYRs were isolated, followed by hydrolysis to remove the 
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Figure 2 | Characterization of the dialkyldecalin synthase PyrE3 and the spiro-conjugate synthase PyrI4, which respectively represent two new types 

of cyclases catalyzing [4+2] cycloaddition reactions. All examinations were performed at least in duplicate (each had at least two parallel samples).  

(a) Production of PYRs and intermediate 1 in the S. rugosporus strains. (i) The wild-type (WT) strain. (ii) The ΔpyrE3 mutant. (iii) The ΔpyrE3 mutant, 

in which pyrE3 is expressed in trans. (iv) The ΔpyrI4 mutant. (v) The ΔpyrI4 mutant in which pyrI4 is expressed in trans. (b) In vitro biotransformations 

catalyzed by PyrE3 and PyrI4, and each of them alone. (i) Conversion of intermediate 1 in the absence of PyrE3 and PyrI4; conversions of 1 in the presence 

of (ii) PyrE3 and PyrI4, (iii) PyrE3, (iv) the PyrE3E32A mutant, (v) the PyrE3D275A mutant and (vi) PyrI4; and (vii) conversion of intermediate 4 in the presence 

of PyrI4. (c) Individual roles of PyrE3 and PyrI4 in the biosynthetic pathway of PYRs. PyrE3-catalyzed dialkyldecalin formation is shown in blue, and  

PyrI4-catalyzed spiro-conjugate formation is shown in red.
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 pyrroloindole-substituted deoxytrisaccharide side chain. These 
efforts produced the natural aglycone 3 (Fig. 2c) for structural com-
parison with the enzymatic product 2. Product 2 was extremely 
similar to 3 according to the spectral data (Supplementary Note 3),  
indicating their stereochemical identity. Consequently, the forma-
tion of the enantiomerically pure pentacyclic scaffold completely 
depends on the enzymatic activities of PyrE3 and PyrI4. The only 
difference between product 2 and aglycone 3 was found at C20, 
which is substituted with a methyl group in 2 rather than a carboxyl 
group in 3, providing the evidence that 2 serves as the precursor of 
3 and that the C20 methyl group is processed through a six-electron 
oxidation (Fig. 2c). The attachment of the sugar side chain at C9 
followed by the transfer of the pyrroloindolic moiety could result in 
the final products PYR-A and PYR-B, depending on the absence or 
presence of the additional chlorination step.

The assigned structure of 3 and its deduced relative configura-
tion (4R*, 5R*, 9S*, 10S*, 13R*, 15R*, 16R*, 18R*, 21R*, 23S*) were 
confirmed by single-crystal X-ray diffraction analysis using Mo Kα 
radiation (Supplementary Note 3 and Supplementary Data Set 1).  
Clearly, the dialkyldecalin is an endo product, in contrast to the 
tetramate spiro-conjugate, which is an exo adduct. Furthermore, 
density functional theory (DFT) analysis and time-dependent DFT 
(TDDFT)-electronic CD (ECD) calculations (with the experimen-
tal ECD spectrum for comparison) were conducted to establish the 
absolute configuration of 3 (Fig. 2c). These analyses revealed the 
preferred solution conformations and the conformational rigidity of 
the 11-membered central ring (Supplementary Note 3).

Validation of PyrE3 as a FAD-dependent [4+2] cyclase
We investigated the individual roles of PyrE3 and PyrI4 in the con-
version of 1 to 2. Intermediate 1 was incubated with either PyrE3 or 
PyrI4 alone (Fig. 2b). Although no reaction occurred in the pres-
ence of PyrI4, PyrE3 converted 1 exclusively into 4 (Fig. 2c), again 
in the absence of any added cofactors. Compared with substrate 1 
and product 2, 4 is a partially cyclized intermediate (Supplementary 
Note 3). This compound bears the intact dialkyldecalin system, 
which, identically to that in 2, replaces the corresponding inter-
nal pair of Δ4,5-alkene and Δ10,11, Δ12,13-diene in 1. However, similar 
to 1, 4 retains the free terminal pair of Δ22,23-methylene and Δ18,19, 
Δ20,21-diene. Thus, PyrE3 is a dedicated dialkyldecalin synthase that 
catalyzes the first intramolecular [4+2] cyclization to afford the 
cyclohexene adduct (Fig. 2c). This reaction proceeded with a mod-
erate efficiency, as indicated by the observed steady-state kinetic 
parameters (Table 1 and Supplementary Fig. 8).

The recombinant PyrE3 protein purified from E. coli appeared 
light yellow in color and exhibited an absorbance spectrum charac-
teristic of a flavoprotein containing the flavin cofactor in oxidized 
form (Supplementary Fig. 7b). PyrE3 binds the cofactor in a non-
covalent manner, thus permitting its release by heating for high-
resolution ESI-MS analysis, which confirmed the identity as FAD. 
PyrE3 is phylogenetically similar to a large number of FAD-binding 
proteins with variable redox-relevant activities (Supplementary 
Fig. 5a), for which NAD(P)H and NAD(P)+ are often required 
to regenerate FAD or its reduced form, FADH2. PyrE3-catalyzed 

 cyclization is independent of an NAD(P) cofactor, suggesting that 
the flavin cofactor does not cycle between oxidized and reduced 
forms and that it therefore does not have a typical redox role in the 
reaction. The crystal structure of OxyS (41% identity to PyrE3)21, 
the FAD-dependent hydroxylase in oxytetracycline biosynthesis, 
was selected for homology modeling, leading to the identifica-
tion of the residues E32 and D275 in PyrE3, which are potentially 
essential for FAD binding. We conducted site-specific mutation of 
these two residues, and the resulting mutant proteins, PyrE3E32A and 
PyrE3D275A, were colorless, as expected (Supplementary Fig. 7b). 
PyrE3E32A and PyrE3D275A failed to convert 1 (Fig. 2b), validat-
ing the FAD dependence of PyrE3 activity. Consequently, PyrE3 
may have evolved from an ancestor binding FAD. In light of the 
increasing precedents for flavoenzymes to catalyze reactions in the 
absence of a change in redox state of the cofactor29, it seems that 
the FAD of PyrE3 has a structural role in maintaining the requisite  
geometry of the active site for the [4+2] cycloaddition. To sup-
port this hypothesis, we examined the ECD spectra of the native 
and mutant PyrE3 proteins (Supplementary Fig. 7b). The spectra 
of PyrE3E32A and PyrE3D275A were highly similar to each other but 
clearly distinct from that of the native PyrE3, indicating a remark-
able difference in protein structure that arises from the absence and 
presence of FAD.

Validation of PyrI4 as a spiro-conjugate synthase
Like 1, intermediate 4 was relatively stable in aqueous solution. 
During incubation at room temperature (~25 °C) over a 24-h 
period, this compound was incapable of undergoing a spontane-
ous transformation into product 2, indicating that the cycloaddi-
tion of the terminal Δ22,23-methylene and Δ18,19, Δ20,21-diene depends 
on additional enzymatic activity. Indeed, the conversion of 4 to 
2 only occurred in the presence of PyrI4 and without any other 
 byproducts (Fig. 2b), thus validating the idea that PyrI4 is a specific 
spiro-conjugate synthase responsible for the second intramolecular 
[4+2] cyclization to complete the pentacyclic core (Fig. 2c). This 
reaction was metal ion independent and proceeded moderately, 
consistent with its observed steady-state kinetic parameters (Table 1  
and Supplementary Fig. 8). PyrI4 was unable to act on linear 
 intermediate 1, confirming that its activity relies on the formation 
of the dialkyldecalin adduct.

Generality evaluation for pentacyclic core formation
We subsequently evaluated the generality of the newly character-
ized enzymatic cascade [4+2] cycloadditions in the biosynthesis of 
CHL (Fig. 3), a spirotetronate natural product that is structurally 
related to PYRs10. Individual inactivation of chlE3 (the homolog 
of pyrE3, 52% identity) and chlL (the homolog of pyrI4, 48% iden-
tity) in the wild-type S. antibioticus strain completely abolished 
CHL production, confirming their necessity for CHL biosynthesis  
(Fig. 3a). Remarkably, heterologous complementation of pyrE3 
or pyrI4, the homolog in PYR biosynthesis, to the corresponding 
S. antibioticus ΔchlE3 or ΔchlL mutant strain partially restored 
the production of CHL (Fig. 3a). A similar result was found in 
the S. rugosporus ΔpyrE3 or ΔpyrI4 mutant strain, in which the  
heterologous expression of chlE3 or chlL led to the production of 
PYRs (Fig. 3b). Clearly, the chlE3 and chlL genes are functionally 
exchangeable with pyrE3 and pyrI4, respectively.

The products of these genes, ChlE3 and ChlL, were then 
expressed and purified to convert PYR intermediate 1 in vitro 
(Supplementary Fig. 7a). Although kinetically less efficient than 
PyrE3 and PyrI4 (Table 1, Fig. 3c and Supplementary Figs. 8 and 9),  
both proteins were active in a highly ordered process, as ChlE3 
catalyzed the conversion of 1 into the partially cyclized intermedi-
ate 4, which was then transformed by ChlL into the fully cyclized 
product 2. During each of the catalytic processes, no byproducts, 
including any isomer of the product, were found, indicating that 

Table 1 | Steady-state kinetic parameters of enzymatic [4+2] 
cycloaddition reactions.

Protein Substrate Km (mM) kcat (min−1) kcat/Km (mM−1 min−1)

PyrE3 1 51.5 ± 2.3 223.2 ± 5.4 4.3

PyrI4 4 224.0 ± 3.5 342.6 ± 3.3 3.1

ChlE3 1 163.4 ± 6.1 5.2 ± 0.4 0.03

ChlL 4 327.5 ± 12.4 1.5 ± 0.05 0.005

The catalysts include PyrE3 and ChlE3 for dialkyldecalin formation and PyrI4 and ChlL for  
spiro-conjugate formation. All values are ± s.e.m.
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ChlE3 and ChlL are equivalent to PyrE3 and PyrI4 in the control 
of regio- and stereoselectivity. Similarly to PyrE3, ChlE3 is a fla-
voenzyme that binds FAD, and mutations at the FAD-binding site 
produced the proteins ChlE3E32A and ChlE3D280A, which were color-
less, inactive and markedly changed in the ECD spectrum (Fig. 3c 
and Supplementary Fig. 7c). Together, these findings support the 
hypothesis that the CHL and PYR biosynthetic pathways share a 
multiple cross-bridging strategy to construct the pentacyclic core 
via two [4+2] cyclizations that occur in tandem (Supplementary 
Fig. 10), despite differences in their linear polyene substrates, 
which vary in length, substitution pattern and whether they contain  
tetronate or tetramate functionalities9,10.

DISCUSSION
In this study, we have uncovered a common paradigm for the bio-
synthesis of both spirotetramate natural products (PYRs) and spiro-
tetronate (CHL), in which the enzymatic [4+2] cyclization cascade 
has a central role in the formation of the highly rigid pentacyclic 
core by coordinated cross-bridging of a linear polyene intermediate 
(Fig. 1c). We characterized two new types of [4+2] cyclases in this 
enantioselectively pure biotransformation (Fig. 2c): a dialkyldecalin  
synthase, represented by PyrE3 or ChlE3, and a spiro-conjugate 
synthase, represented by PyrI4 or ChlL. Very recently, VstJ30, which 

shares the sequence homology 
to PyrI4 (26% identity) and 
ChlL (24% identity), was char-
acterized in the biosynthesis  
of the structurally related 
spirotetronate, versipelostatin 
(Supplementary Fig. 1a). These 
proteins are functionally iden-
tical, thereby supporting the 
generality for spiro-conjugate 
formation via [4+2] cycloaddi-
tion. Both types of proteins are 
monofunctional and catalyze 
the pure enzymatic cycliza-
tions, in contrast to the rather 
few enzymes that were previ-
ously shown to catalyze [4+2] 
cyclizations5, including the mul-
tifunctional catalysts macropho-
mate synthase31, solanapyrone 
synthase (Sol5)32, lovastatin 
synthase (LovB)33,34 and ribo-
flavin synthase35 as well as the 
recently characterized, stand-
alone cyclase in spinosyn bio-
synthesis36, SpnF (Fig. 4). In the 
majority of these examples, the 
corresponding cyclizations can 
occur spontaneously.

It is worth considering the 
possibility that concerted Diels-
Alder cyclization is operative in 
the two reactions catalyzed by 
PyrE3 or ChlE3 and by PyrI4 
or ChlL (for each of which the 
stereochemical outcome is con-
sistent with the Woodward-
Hoffmann rules concerning this 
type of [4+2] cycloadditions37), 
although other mechanisms, 
such as a polar stepwise addition, 
cannot be excluded at this time.  
In fact, the Diels-Alder reaction 

has been widely used in the chemical synthesis of spirotetronate 
aglycones to assemble both the dialkyldecalin and spiro-conjugate 
systems38,39. Whether the biosynthetic pathway imitates the synthetic 
route is of particular interest, and if it does, the dialkyldecalin forma-
tion would undergo an endo-selective Diels-Alder reaction, whereas 
the spiro-conjugate formation would follow an exo-transition  
state. A number of microorganisms, including those that biosyn-
thesize as-yet-unidentified metabolites, harbor genes coding for 
PyrI4- or ChlL-like spiro-conjugate synthases and either have or 
do not have genes encoding PyrE3- or ChlE3-like dialkyldecalin  
synthases in the respective gene clusters (Supplementary Fig. 5),  
suggesting that the coupling (for example, for PYRs, CHL, TC-A, 
KIJ and LOBs) or uncoupling (for example, for ABY-C and QMNs) 
of the two associated enzymatic [4+2] cycloadditions is a common 
strategy used in nature to produce diverse active molecules with 
similar rigid scaffolds (Supplementary Fig. 1).

Notably, all known types of [4+2] cyclases are phylogeneti-
cally distinct (Fig. 4): even though the products share a similar  
6,6- bicyclic moiety, the dialkyldecalin synthases represented by 
PyrE3 and ChlE3 in the PYR and CHL biosynthetic pathways share 
no homology with other relevant types of [4+2] cyclases, such as LovB 
in lovastatin biosynthesis and Sol5 in solanapyrone biosynthesis.  
We thus hypothesize that these [4+2] cyclases associated with the 
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CHL and deschloro-CHL (left) and their production in the S. antibioticus strains (right). (i) The wild-type (WT)  
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pathways of diverse natural products have evolved independently 
from different proteins. The enzymatic activity for [4+2] cyclization, 
similar to that recently characterized for spiroketal biosynthesis40,41, 
may result from the close interaction between ancestral proteins 

and diverse 1,3-diene and alkene-containing substrates, toward 
cross-bridging to form the cyclohexene unit in the structure. This 
natural co-evolution of protein and chemical structure could be 
intrinsic for enzymatic [4+2] cycloadditions, including Diels-Alder 
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reactions, in which the enzyme has been suggested as an ‘entropic 
trap’4–8, creating a number of phylogenetically distinct but function-
ally identical [4+2] cyclases for accommodating the 1,3-diene and 
alkene groups of different substrates in the biosynthesis of diverse 
cyclohexene-containing natural products. 

Received 1 December 2014; accepted 4 February 2015; 
published online 2 March 2015

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Cambridge Crystallographic Data Centre. 
The crystal structure of 3 is deposited under accession number  
CCDC 1046624.
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ONLINE METHODS
Materials, bacterial strains and plasmids. Biochemicals and media were pur-

chased from Sinopharm Chemical Reagent Co., Ltd. (China); Oxoid Ltd. (UK); 

or Sigma-Aldrich Corporation (USA) unless otherwise stated. The enzymes 

for genetic manipulation were purchased from Thermo Fisher Scientific 

Co. Ltd. (USA) or Takara Biotechnology Co. Ltd. (China). Chemical rea-

gents were purchased from standard commercial sources, including Sigma-

Aldrich Corporation (USA), Merck KGaA (Germany). The bacterial strains, 

plasmids and primers used in this study are summarized in Supplementary  

Tables 1 and 2.

DNA Isolation, manipulation, and sequencing. DNA isolation and manipula-

tion in E. coli or Streptomyces strains were carried out according to standard 

methods42,43. PCR amplifications were carried out on an Applied Biosystems 

Veriti Thermal Cycler either by Phanta Max Super-Fidelity DNA polymer-

ase (Vazyme Biotech Co. Ltd., China) for routine genotype verification or 

by PrimeSTAR HS DNA polymerase (Takara Biotechnology Co., Ltd. Japan) 

for high-fidelity amplification. Primer synthesis was performed at Shanghai 

Sangon Biotech Co. Ltd. (China). DNA sequencing was conducted at Shanghai 

Majorbio Biotech Co. Ltd. (China).

Metabolite analysis. High performance liquid chromatography (HPLC) analy-

sis was conducted on the Agilent 1200 HPLC system (Agilent Technologies Inc., 

USA) equipped with a DAD detector. Semipreparative HPLC was performed 

on an Agilent 1100 system. HPLC Electrospray ionization MS (HPLC-ESI-MS) 

was performed on the Thermo Fisher LTQ Fleet ESI-MS spectrometer (Thermo 

Fisher Scientific Inc., USA), and the data were analyzed using Thermo Xcalibur 

software. Optical rotations were measured on an Autopol-IV polarimeter from 

the sodium D line (590 nm). ECD spectra were recorded on a J-810 spec-

tropolarimeter. High-resolution ESI-MS analysis was conducted on the 6230B 

Accurate Mass TOF LC/MS System (Agilent Technologies Inc., USA) and the 

data were analyzed using Agilent MassHunter Qualitative Analysis software. 

NMR data were recorded on the BrukerAvance III AV600 (Cryo) spectrom-

eters (Bruker Co. Ltd., Germany) or on the Agilent ProPlus 500 MHz NMR 

spectrometer (Agilent Technologies Inc., USA).

Gene inactivation and complementation. The inactivation of each gene in  

S. rugosporus or S. antibioticus was performed by in-frame deletion or replace-

ment to exclude polar effects on downstream gene expression. For in trans com-

plementation, the target gene was under the control of PermE*, the constitutive 

promoter for expressing the erythromycin-resistance gene in Saccharopolyspora 

erythraea. For details, please see Supplementary Notes 1 and 2.

Production and analysis of PYRs and intermediate 1. The fermentation 

was conducted according to a previously described method9. To analyze the 

product, 50 ml of each fermentation broth was extracted three times using an 

equal volume of EtOAc. After evaporation under reduced pressure to remove 

organic solvent, the residue was dissolved in methanol and subjected to HPLC 

analysis on an Agilent Zorbax column (SB-C18, 5 μm, 4.6 × 250 mm, Agilent 

Technologies Inc., USA) by gradient elution of mobile phase A (H2O sup-

plemented with 0.1% formic acid) and mobile phase B (acetonitrile supple-

mented with 0.1% formic acid) using a flow rate of 1 ml/min: 0–5 min, 10–30% 

phase B; 5–10 min, 30–65% phase B; 10–20 min, 65% phase B; 20–25 min, 

65–100% phase B; 25–30 min, 100% phase B; and 30–35 min, 100–10% phase B  

(λ at 335 nm).

Production and analysis of CHL. Fifty microliters of spore suspension of each 

S. antibioticus strain was inoculated onto a plate containing 20 ml of solid 

medium (Soya meal 2%, D-mannitol 2%, 0.2% CaCO3, Agar 2%) followed by 

incubation at 30 °C for 5 d. To analyze the product, the agar from each plate 

was chopped and extracted three times with 50 ml of methanol. Sonication 

was performed to improve the extraction efficiency. After filtration and  

evaporation under reduced pressure to remove organic solvent, the residue was 

dissolved in methanol and subjected to HPLC analysis, as described above for 

PYRs using the following program: 0–18 min, 30–100% phase B; 18–25 min, 

100% phase B; 25–27 min, 100–30% phase B; and 27–30 min, 30% phase B  

(λ at 220 nm).

Protein expression and purification. The genes pyrE3 and pyrI4 from 

S. rugosporus and the genes chlE3 and chlL from S. antibioticus were  individually 

amplified by PCR using the corresponding primers, the sequences of which 

are presented in Supplementary Table 2. These PCR products were purified, 

digested with NdeI and HindIII (or NdeI and XhoI) and then ligated into the 

vector pET28a(+), which was digested with the same enzymes. The resulting 

recombinant plasmids, which are listed in Supplementary Table 1, were trans-

ferred into E. coli BL21(DE3) for protein overexpression. The culture of each 

E. coli transformant was incubated in Luria-Bertani (LB) medium containing 

50 μg/ml kanamycin at 37 °C and at 250 r.p.m. until the cell density reached 

0.6–0.8 at OD600. Protein expression was induced by the addition of isopropyl-

β-D-thiogalactopyranoside (IPTG) to a final concentration of 0.2 mM, fol-

lowed by further incubation for 40 h at 16 °C. The cells were harvested by 

centrifuging at 5,000 r.p.m. for 20 min at 4 °C and were resuspended in 30 ml 

of lysis buffer (50 mM Tris-HCl, 300 mM NaCl, 10% glycerol, pH 7.0). After 

disruption by FB-110X Low Temperature Ultra-pressure Continuous Flow Cell 

Disrupter (Shanghai Litu Mechanical Equipment Engineering Co., Ltd, China), 

the soluble fraction was collected and subjected to purification of each target 

protein using a HisTrap FF column (GE Healthcare, USA). The desired protein 

fractions, as determined by SDS-PAGE, were concentrated and desalted using 

a PD-10 Desalting Column (GE Healthcare, USA) according to the manufac-

turer’s protocols. The concentration of protein was determined by Bradford 

assay using bovine serum albumin (BSA) as the standard.

Site-specific mutation in PyrE3 and ChlE3. Rolling-cycle PCR amplification 

(using the primers listed in Supplementary Table 2) followed by subsequent 

DpnI digestion was conducted, according to the standard procedure of the 

QuikChange Site-Directed Mutagenesis Kit purchased from Stratagene (USA) 

or Mut Express II (Vazyme Biotech Co. Ltd, China). Each mutation was con-

firmed by sequencing. The resulting mutant proteins PyrE3E32A and PyrE3D275A 

or ChlE3E32A and ChlE3D280A were expressed in E.coli BL21(DE3), purified to 

homogeneity, and then concentrated according to the procedures described 

above for the native proteins.

Determination of the cofactor associated with PyrE3 and ChlE3. The UV 

spectra of the recombinant proteins PyrE3 and ChlE3 and their mutants were 

recorded at a concentration of 1 mg/ml on a Unico 4802 UV/Vis spectrophoto-

meter (UNICO Instruments Co., Ltd., Shanghai). Each protein solution was 

incubated at 100 °C for 5 min for denaturation and then subjected to HR-ESI-MS 

analysis on a 6230B Accurate Mass TOF LC/MS System (Agilent Technologies 

Inc., USA) to examine the presence of FAD ([M+H]+ m/z calcd. 786.1644; found 

786.1589 from the PyrE3 sample and 786.1595 from the ChlE3 sample). The 

ECD spectra of PyrE3 and ChlE3 and their mutants were recorded (with a 1-nm 

bandwidth resolution and in 1-nm steps) in a 1-cm path length quartz cuvette 

at 25 °C using an AVIV 400 CD spectrophotometer (AVIV Biochemical, Inc., 

Lakewood, NJ) at a concentration of 0.2 mg/ml in 50 mM NaH2PO4 (pH 7.6) 

buffer. For scanning, the wavelength was varied from 190 nm to 300 nm.

Determination of the solubility in 50 mM Tris-HCl buffer (pH 7.0) contain-

ing 10% methanol for in vitro assays. A 50-mM methanol stock solution of 

each compound (1, 2 or 4) was diluted (1: 10, v/v) using 50 mM Tris-HCl 

buffer (pH 7.0) and then incubated at 30 °C for 24 h. After centrifugation, 

the supernatant was subjected to HPLC analysis, which was performed on a 

reverse-phase column (Agilent Zorbax SB-C18 250 × 4.6 mm) by gradient elu-

tion of mobile phase A (H2O supplemented with 0.1% formic acid) and mobile 

phase B (acetonitrile supplemented with 0.1% formic acid) with a flow rate of 

1 ml/min: 0–5 min, 65% phase B; 5–15 min, 65–100% phase B; 15–20 min, 

100% phase B; 20–25 min, 100–65% phase B; and 25–30 min, 65% phase B  

(λ at 280 nm). The solubility of each compound was determined according to 

the standard concentration curve, showing 0.86 ± 0.21 mM for 1, 0.92 ± 0.27 mM  

for 4 and 0.68 ± 0.33 mM for 2.

Conversion of compound 1 to 2 in vitro. The assays were conducted at 30 °C 

in a mixture containing 200 μM 1 in 50 mM Tris-HCl buffer (pH 7.0). PyrE3 

and PyrI4 (or ChlE3 and ChlL), at a final concentration of 40 μM for each, were 

added to the solution to initiate the reaction (the total volume was 20 μl). After 

15 min of incubation, the reactions were quenched by adding an equal volume 

of methanol. After centrifugation, the supernatant was subjected to HPLC or 

HPLC-ESI-MS analysis according the method described above.

Characterization of PyrE3-catalyzed dialkyldecalin formation in vitro. The 

assays were performed at 30 °C in mixtures containing 40 μM PyrE3 (or the 
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mutant protein, PyrE3E32A or PyrED275A), 200 μM 1 and 10% methanol (v/v) in 

50 mM Tris-HCl buffer (pH 7.5). The reaction in the absence of the enzyme 

was used as the negative control. The termination of the reactions and analysis 

of the resulting products were carried out according to the methods described 

above for PyrE3 and PyrI4-catalyzed conversion of 1 to 2.

To evaluate the pH dependence of the PyrE3-catalyzed conversion of 1 to 4,  

the reactions were performed at 30 °C for 1.0 min in 50 mM MES (pH 6.0 

or 6.5) or 50 mM Tris-HCl (7.0, 7.5, 8.0, 8.5 or 9.0) buffer, in the presence of  

0.33 μM PyrE3 and 200 μM 1. The termination of each reaction and analysis 

of 1 consumption and 4 production were carried out according to the methods 

described above. These negative controls, product analysis methods and pH 

dependence assays were conducted as described here for the enzymes below 

unless indicated otherwise.

For kinetic analysis, a time-course experiment was conducted to determine 

the initial rate conditions. For this purpose, 0.33 μM PyrE3 was added to 20 μl 

of a reaction mixture that contained 200 μM compound 1 and 10% methanol 

in 50 mM Tris-HCl buffer (pH 7.5). The reactions were initiated by adding 

PyrE3, incubated at 30 °C and terminated by adding 20 μl of methanol at  

0 min, 0.5 min, 1.0 min, 2.0 min, 5.0 min or 10.0 min. The samples were then 

subjected to HPLC analysis, as described above. The product yield was cal-

culated according to the standard concentration curve of 4. The production 

of 4, which was linear with respect to time from 0 min to 1.0 min, was fitted 

to a linear equation to obtain the initial velocity. To determine the kinetic 

parameters for compound 1, the PyrE3-catalyzed reactions were performed 

at 30 °C in solutions containing 0.33 μM PyrE3, 50 mM Tris-HCl buffer  

(pH 7.5), 10% methanol and varying concentrations of 1 (2.5 μM, 5 μM,  

10 μM, 25 μM, 50 μM, 100 μM, 200 μM, 400 μM, 600 μM or 800 μM). All 

assays were performed in triplicate. The resulting initial velocities were then 

fitted to the Michaelis-Menten equation using OriginPro 8 (Originlab, Co., 

USA) extract the parameters Km and kcat.

Characterization of ChlE3-catalyzed dialkyldecalin formation in vitro. The 

assays were performed at 30 °C in mixtures containing 40 μM ChlE3 (or the 

mutant protein ChlE3E32A or ChlE3D280A), 200 μM 1 and 10% methanol in 50 mM 

Tris-HCl buffer (pH 7.5). The pH dependence was determined as described 

above, except that the reactions were performed for 2 min. For kinetic analysis, 

a time-course experiment was conducted to determine the initial rate condi-

tions in each 20 μl reaction mixture that contained 200 μM 1, 5 μM ChlE3 and 

10% methanol in 50 mM Tris-HCl buffer (pH 7.5). The reactions were initiated 

by adding ChlE3 and incubated at 30 °C and then terminated with 20 μl of 

methanol at 0 min, 0.5 min, 1.0 min, 2.0 min, 5.0 min or 10.0 min. The samples 

were then subjected to HPLC analysis, as described above. The production of 

4, which was linear with respect to time from 0–2.0 min, was fitted to a linear 

equation to obtain the initial velocity. To determine the kinetic parameters for 

compound 1, the reactions were performed at 30 °C in solutions containing  

5 μM ChlE3, 10% methanol, 50 mM Tris-HCl buffer (pH 7.5) and varying 

concentrations of 1 (5 μM, 10 μM, 25 μM, 50 μM, 100 μM, 200 μM, 400 μM or 

800 μM,). All assays were performed in triplicate. The extraction of the Km and 

kcat parameters was conducted as described above.

Characterization of PyrI4-catalyzed spiro-conjugate formation in vitro. The 

assays were performed at 30 °C in mixtures containing 40 μM PyrI4, 200 μM  

compound 4 and 10% methanol in 50 mM Tris-HCl buffer (pH 7.5). To 

exclude metal ion dependence, the reaction was conducted after the addition 

of 1 mM ethylene diamine tetraacetic acid (EDTA). For kinetic analysis, a time-

course experiment was conducted to determine the initial rate conditions in 

each 20-μl reaction mixture that contained 200 μM 4, 0.3 μM PyrI4 and 10% 

methanol in 50 mM Tris-HCl buffer (pH 7.5). The reactions were initiated by 

adding PyrI4, incubated at 30 °C and then terminated with 20 μl of methanol 

at 0 min, 0.5 min, 1.0 min, 2.0 min, 5.0 min or 10.0 min. The production of 2, 

which was linear with respect to time from 0–1.0 min, was fitted to a linear 

equation to obtain the initial velocity. To determine the kinetic parameters of 

4, reactions were performed at 30 °C in the solutions containing 0.3 μM PyrI4, 

10% methanol, 50 mM Tris-HCl buffer (pH 7.5) and varying concentrations of 

4 (0 μM, 25 μM, 50 μM, 100 μM, 200 μM, 400 μM, 600 μM or 800 μM). All 

assays were performed in triplicate. The extraction of the Km and kcat param-

eters was conducted as described above.

Characterization of ChlL-catalyzed spiro-conjugate formation in vitro. The 

assays were performed at 30 °C in mixtures containing 40 μM ChlL, 200 μM 

4 and 10% methanol in 50 mM Tris-HCl buffer (pH 7.0). The pH dependence 

was determined as described above, except that the reactions were performed 

for 5 min. For kinetic analysis, a time-course experiment was conducted to 

determine the initial rate conditions in each 20-μl reaction mixture that con-

tained 200 μM 4, 20 μM ChlL and 10% methanol in 50 mM Tris-HCl buffer 

(pH 7.0). The reactions were initiated by adding ChlL, incubated at 30 °C and 

then terminated with 20 μl of methanol at 0 min, 0.5 min, 1.0 min, 2.0 min, 5.0 

min or 10.0 min. The production of 2, which was linear with respect to time 

from 0–5.0 min, was fitted to a linear equation to obtain the initial velocity. To 

determine the kinetic parameters of 4, reactions were performed at 30 °C in 

the solutions containing 20 μM ChlL, 10% methanol, 50 mM Tris-HCl buffer  

(pH 7.0) and varying concentrations of 4 (25 μM, 50 μM, 100 μM, 200 μM,  

400 μM, 600 μM or 800 μM). All assays were performed in triplicate. The 

extraction of the Km and kcat parameters was conducted as described above.

Compound isolation and purification. Compound 1 was produced as the 

intermediate by the corresponding ΔpyrE3 mutant S. rugosporus strain, 

whereas 2 or 4 accumulated upon scale-up of the in vitro reaction cata-

lyzed by both PyrE3 and PyrI4 (for 2) or by PyrE3 alone (for 4). Compound 

3 was prepared by hydrolysis of the PYRs isolated from the wild-type  

S. rugosporus strain.

For 1, 120 l of the culture broth of the ΔpyrE3 S. rugosporus mutant 

strain was extracted with EtOAc. The EtOAc extract was fractionated by 

 octadecylsilyl column chromatography (LiChroprep RP-18, 40–63 μm, Merck 

KGaA, Germany), using a gradient elution of methanol in H2O (30–100%). 

The 1-containing product was further fractionated by semipreparative HPLC 

(on an Agilent Zorbax SB-C18 column, 9.4 × 250 mm, 75% acetonitrile sup-

plemented with 0.1% formic acid, 4 ml/min, λ at 220 nm), followed by freeze-

drying to yield 1 (13.4 mg).

Compound 2 was prepared by scale-up of the PyrE3 and PyrI4-catalyzed 

conversion of 1. The reaction proceeded at 30 °C in a 20-ml mixture containing 

3.5 mg of 1, 5% methanol, 50 μM PyrE3, and 50 μM PyrI4 in 50 mM Tris-HCl 

buffer (pH 7.0). After completion of the reaction, the reaction mixture was 

extracted three times with EtOAc (20 ml for each). The organic extracts were 

concentrated under reduced pressure, and the crude residue was subjected 

to semi-preparative HPLC (70% acetonitrile supplemented with 0.1% formic 

acid, 4 ml/min, λ at 220 nm) to yield 2 (2.0 mg, 57% yield).

Compound 3, the aglycone of PYRs, was obtained by acid hydrolysis of the 

PYRs isolated from the wild-type S. rugosporus strain. Ten liters of the culture 

broth of S. rugosporus was extracted with EtOAc to afford the crude residue 

(8.0 g). The extract was fractionated by octadecylsilyl column chromatography 

to afford PYRs using an elution program with a gradient of methanol in H2O 

(10–100%). The PYR-containing fractions were then subjected to acid hydroly-

sis with 0.5 M CF3COOH in 10% methanol at 60 °C for 1 h. The hydrolysate 

was separated by semipreparative HPLC (45% acetonitrile supplemented with 

0.1% formic acid, 4 ml/min, λ at 220 nm) to yield 3 (5.7 mg).

Compound 4 was produced by scaling-up the PyrE3-catalyzed conversion 

of 1. The reaction proceeded at 30 °C in a 40-ml mixture containing 4.5 mg of 

1, 5% methanol and 50 μM PyrE3 in 50 mM Tris-HCl buffer (pH 7.0). After 

incubating for 30 min, the reaction mixture was extracted three times with 

EtOAc (40 ml for each). The combined organic layers were concentrated under 

reduced pressure. The crude residue was subjected to semi-preparative HPLC 

(λ at 220 nm) using a gradient elution of mobile phase A (H2O supplemented 

with 0.1% formic acid) and phase B (acetonitrile with 0.1% formic acid) with 

a flow rate of 4 ml/min: 0–5 min, 65% phase B; 5–15 min, 65–100% phase B; 

15–20 min, 100% phase B, to yield 4 (3.1 mg, 66% yield).

Computational analysis. Mixed torsional/low mode conformational analyses  

were conducted with the Macromodel 9.9.223 software (MacroModel, 

Schrödinger LLC, 2012; http://www.schrodinger.com/productpage/14/11/), 

using Merck Molecular Force Field (MMFF) with an implicit solvent model 

for methanol in a 21 kJ/mol energy window. Geometry reoptimizations of the 

resulting conformers (using B3LYP/6-31G(d) level in vacuo and B97D/TZVP 

with PCM solvent model for methanol) and TDDFT-ECD calculations were 

performed with Gaussian 09 (ref. 44) using various functionals (B3LYP, 

BH&HLYP and PBE0) and the TZVP basis set. ECD spectra were generated 

as the sum of Gaussians45 with a 2,700 cm−1 half-height width (corresponding  

to ~27 at 320 nm), using dipole-velocity computed rotational strengths. 

Boltzmann distributions were estimated from the ZPVE-corrected B3LYP/6-

31G(d) energies in the gas-phase calculations and from the B97D/TZVP 
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 energies in the PCM model ones. The MOLEKEL46 software package was used 

for visualization of the results.

Homology modeling of flavoenzymes. Computational modeling of PyrE3 

and ChlE3 was performed using the protein structure prediction platform 

I-TASSE (http://zhanglab.ccmb.med.umich.edu/I-TASSER)47. The computa-

tional models of PyrE3 and ChlE3 on the basis of the major structural analog 

OxyS (Protein Data Bank code 4K2X, 41% identity to PyrE3 and 42% identity 

to ChlE3) presented C-scores of 1.21 and 1.52 for PyrE3 and ChlE3, respec-

tively, which indicates high confidence in the model accuracy (C-score >−1.5).  

Potential residues binding with FAD were suggested as computational  

predictions.
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