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Abstract: Diterpene cyclases from bacteria and basidiomycete
fungi are seldom studied. Here, we presented the identification
and verification of EriG, a member of the UbiA superfamily, as
the enzyme responsible for the cyclization of the cyathane
skeleton in the mushroom Hericium erinaceum. Genome
mining using the EriG protein sequence as a probe led to the
discovery of a new family of ubiquitous UbiA-related diterpene
cyclases in bacteria and fungi. We successfully characterized
seven new diterpene cyclases from bacteria or basidiomycete
fungi with the help of an engineered Escherichia coli strain and
determined the structures of their corresponding products. A
new diterpene with an unusual skeleton was generated during
this process. The discovery of this new family of diterpene
cyclases provides new insight into the UbiA superfamily.

Diterpenes, which are biosynthesized from the common
isoprene precursor geranylgeranyl diphosphate, are widely
distributed in plants, marine invertebrates, and microorgan-
isms. They have attracted much attention from chemists and
biologists owing to their unique structures and diverse
bioactivities. The diverse carbon skeletons of diterpenes are
formed through carbocation-mediated cyclization cascades
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catalyzed by diterpene cyclases. Compared with the plant
diterpene cyclases, the diterpene cyclases from bacteria and
basidiomycete fungi are seldom studied.l" Specifically, the
diterpene cyclases for the biosynthesis of dolabellane-, neo-
dolabellane-, cyathane-, dolastane-, verrucosane-, isoaga-
thane-, and neoverrucosane-type skeletons from bacteria or
fungi have not been identified.!")

Fungi have been reported to produce a wide array of
diterpenes. However, diterpenes from myxobacteria and
actinobacteria are seldom reported.”) Among fungal diter-
penes, cyathane-type diterpenes, which have a 5-6-7 tricyclic
skeleton, have attracted much interests owing to the great
challenge of their chemical synthesis and their potential as
drug candidates.” For example, erinacine A (Figure 1) from

CHO
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CHO
cyathin Q(2)

CHO
erinacine A (1)

Figure 1. Representative cyathane-type diterpenes from mushrooms.

Hericium erinaceum was found to be a potent neurite
outgrowth promoting agent that could be useful for the
treatment of Alzheimer’s disease ;! and Cyathins Q (2) and R
(3; Figure 1), which are the major secondary metabolites of
Cyathus africatus, have been reported to be potent anticancer
agents with novel action mechanisms.”! Although the biosyn-
thetic pathways of erinacines and cyathins have been inves-
tigated through isotope-labeling experiments, their corre-
sponding genes or enzymes have not been identified so far.l®!
In general, the UbiA superfamily proteins catalyze the
attachment of a prenyl chain or its derivatives in the
production of ubiquinones, menaquinones, plastoquinones,
hemes, chlorophylls, vitamin E, structural lipids, prenylated
flavonoids, coumarin, and meroterpenoids.m However, two
members from the UbiA family have recently been reported
as terpene cyclases. PtmT1, a diterpene cyclase from Strepto-
myces platensis, catalyzes the formation of ent-atiserene (6)
from ent-CPP in the biosynthesis of platencin.’! FmaTC from
Aspergillus fumigatus was revealed to be the sesquiterpene
cyclase responsible for the biosynthesis of (-trans-bergamo-
tene (7).”) Herein, we present the characterization of seven
UbiA-related diterpene cyclases from fungi and bacteria.
Given that a cluster-specific geranylgeranyl pyrophos-
phate synthase (GGPPS) is usually contained in the diterpene
biosynthesis gene clusters of fungi and bacteria, we scanned
all the GGPPS genes and their neighboring genes in the
genomes of H. erinaceum and C. striatus. As a result, one gene
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Figure 2. |dentification of the gene clusters for cyathane diterpene.

A) Organization and proposed function of the Eri and Cya gene
clusters. B) HPLC metabolite profiling of the time-course cultures.

C) gRT-PCR analysis of the putative erinacine biosynthesis genes in H.
erinaceus. D) Proposed biosynthetic pathway for the erinacines.

cluster (named Eri, Figure 2 A and Table S3 in the Supporting
Information), which includes one GGPPS, two annotated
UDbiA prenyltransferases (EriF and EriG), a UDP-glycosyl-
transferase, and three cytochrome P450 proteins, was found in
the genome of H. erinaceum. A similar gene cluster (named
Cya, Figure 2 A and Table S4) is present in the genome of C.
striatus. Taking the structures of erinacines and cyathins into
consideration, we proposed that these two clusters may be
responsible for the biosynthesis of cyathane diterpenes.
Further analysis of the secondary metabolite profile and the
transcription levels of the genes (detected by quantitative RT-
PCR) in the Eri cluster revealed that the five putative
erinacine biosynthetic genes are differentially expressed
under erinacine P (4)-producing and non-producing condi-
tions (Figures 2 B,C). Based on these results, it was proposed
that the UbiA-related genes in the Eri and Cya clusters
account for the cyclization of the cyathane diterpenes.

To investigate the functions of EriF' and EriG in the
biosynthesis of erinacines (Figure 2D), the coding regions of
EriF and EriG were synthesized and cloned into a pET-28a
expression vector. The resulting plasmid was expressed in
Escherichia coli BL21 (DE3), and a membrane fraction was
prepared by ultracentrifugation at 100000 g.'” When incu-
bated with GGPP and Mg®", a new product at 15.26 min
(retention time) was observed for EriG in the GC-MS
spectrum. In contrast, no products were detected with EriF or
empty vector (Figure 3 and Figure S4). The product peak at
15.26 min gave the dominant mass fragments at m/z 272, 257,
229, 204, 203, 189, and 161, which matches the reported data
for (—)-cyatha-3,12-diene (5).®! To determine the structure of
the enzyme product, EriG was expressed in the GGPP-
engineered E. coli BW25113 (Table S2). After 24 h, we
detected a highly hydrophobic compound with the molecular
mass 272 in the hexane extract by GC-MS analysis (Fig-

www.angewandte.org

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ure S6). Larger-scale culturing enabled us to isolate the
compound at a purified titer of 3 mgL~'. The compound was
further confirmed to be (—)-cyatha-3,12-diene (5) by NMR
analysis (Table S8, Figures $13,514).1*! As a member of the
UbiA family, the activity of EriG was strictly dependent on
the presence of Mg®". The addition of 2.5 mm EDTA blocked
the reaction completely (Figure 3). When geranyl diphos-
phate (GPP) or farnesyl diphosphate (FPP) were used as
substrates, no enzymatic product was detected. The apparent
K., value for recombinant EriG is 99.6 um with GGPP as
a substrate. The maximum rate of this reaction is 4.0 nmol
min 'mg'. The K, value for EriG is comparable to the
reported values for DtcycA and DtcycB from Streptomyces
sp., Cycl from Kitasatospora griseola, and SsCPS from
Streptomyces sp. KO-3988 (Table S13).'I Next, we attempted
to identify the functions of CyaJ and CyaP in C. striatus.
Unfortunately, no expected product was detected in the
hexane extracts of E. coli BW25113 expressing CyaJ or CyaP.
With the strain C. africanus, we cloned the complete coding
sequence of CyaTC, a homologue gene of CyaP, from this
strain. The deduced amino acid sequence of CyaTC shows
90 % identity to CyaP and 68 % identity to EriG. The crude
recombinant CyaTC catalyzed the formation of (—)-cyatha-
3,12-diene (5) from GGPP (Figure S5). These results con-
firmed that the membrane-bound EriG and CyaTC are
indeed diterpene cyclases responsible for the biosynthesis of
the cyathane skeleton.

To search for potential diterpene cyclase encoding
sequences in the public database, bioinformatics analysis
was conducted. A total of 1769 homologue sequences with
considerable similarity (< 10 e-value) to EriG were identi-
fied in the UbiA superfamily. Furthermore, a recently devel-
oped sequence clustering method was applied to predict the
functions of these sequences in the UbiA superfamily.”! At an
e-value cutoff of 1072, the UbiA superfamily was segregated
into 12 main clusters, each containing 10 or more members
(Figure 4 A). EriG, FmaTC, and their 989 homologues con-
stitute a distinct sequence cluster, named cluster 11 (Fig-
ure 4 A). We thus propose that cluster 11 represents a new
family of terpene cyclases in the UbiA superfamily. To clarify
their phylogenetic relationship, a phylogenetic tree of
sequences in cluster 11 was constructed. The sequences of
EriG and FmaTC were distinguished into two clades, Clade I
and Clade IT (Figure 4B and Figure S1). The sequences in
Clade I are distributed widely in basidiomycetes, ascomy-
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Figure 4. Sequence clustering and phylogenetic analysis of UbiA-like
terpene cyclases. A) Sequence clustering of UbiA superfamily prenyl-
transferases. B) Phylogenetic analysis of UbiA-like terpene cyclases and
the corresponding cyclized products.

99)

cetes, actinobacteria, cyanobacteria, and myxobacteria.
Homologues of the GGPPS gene essential for the biosynthe-
sis of diterpenes are also found in the vicinity of some EriG-
like genes (Figure S2 and Table S5). On the other hand,
diterpenes with various skeletons have been isolated from the
bacteria and fungi clustered in Clade I and their related
species, including verrucosane from the photosynthetic bac-
terium Chloroflexus aurantiacus,'” neoverrucosane from the
marine bacterium Saprospira grandis™ lepistal from the
mushroom Lepista sordida."*! We thus propose Clade T to be
a new family of diterpene cyclases in bacteria and fungi.

In the genomes of S. grandis and Chloroflexus sp., genes
encoding the UbiA-like proteins SapTC1 and SapTC2 (which
show 26 % identity to EriG at the amino acid level), and
ChITC1-ChITCS (which show 26-28 % identity to EriG) were
found. The genes and enzymes responsible for the biosynthe-
sis of verrucosane and neoverrucosane in these bacteria
remain unknown.['”! To verify the functions of SapTCI and
ChITCI-ChITCS5, these genes were synthesized and
expressed in the engineered E. coli BW25113. Neoverruco-
san-5p-ol (8; R,=20.49 min; Figure S7) and verrucosane-2f3-
ol (9; R,=20.49 min; Figures S8,S9) were detected in the
mycelia of E. coli expressing the SapTCl and ChITC2
(ChITCS) proteins by GC-MS and 'H-NMR analysis, respec-
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tively. Furthermore, 8 was purified and confirmed to be
neoverrucosan-5p-ol by 2D-NMR analysis (Table S9, Fig-
ures S15-S17).1 The partially purified 9 was characterized by
NMR, with some of its characteristic '"H resonances matching
the reported data for 9 [0y =0.44, dd (J=8.6, 4.2) (H-4a);
0.18,t (J=4.4) (H-48);3.57,d (J=9.5) (H-2); 0.73 ppm, s (H-
20); Table S10, Figures S18,S19].") The proteins ChITCI,
ChITC3, and ChITC4 did not function as diterpene cyclases.
The gene SapTC2 was not tested due to its 93 % identity with
SapTCI. Thus, SapTC1, ChITC2, and ChITCS are concluded
to be cyclases responsible for the biosynthesis of neoverru-
cosan-5p3-ol and verrucosane-23-ol.

To discover new diterpenes from myxobacteria and
actinobacteria, we synthesized and expressed the potential
diterpene cyclase genes CysTCIl and CysTC2 from Cysto-
bacter violaceus and St/TC from Streptomyces lydicus in E.
coli BW25113. Products for CysTC2 (R,=20.49 min; Fig-
ure S10) and StITC (R,=13.28 min; Figure S11) were
detected by GC-MS and 'H-NMR analysis. No product was
detected for CysTCl1. After 3 L fermentation, the product of
CysTC2 was isolated and determined to be axinyssene (10) by
2D NMR (Table S11, Figures S20-S22). Axinyssene (10) has
been previously isolated from the Japanese marine Sponge
Axinyssa sp."® The larger-scale culturing of E. coli BW25113
expressing St/TC afforded the new diterpene lydicene (11;
Figure 4B). Compound 11 was isolated as a colorless oil. Its
molecular formula was determined to be C,yHs, (5 degrees of
unsaturation) by the HRTOFMS data at m/z [M+H]"
273.2579 (caled for C,)Hs; 273.2577). The structure of 11
was assigned by 1D and 2D NMR spectral elucidation
(Table S12, Figures S12, S23-S29). Lydicene (11) possesses
an unprecedented carbon skeleton of 2,2.4a,6a,9-pentam-
ethyl-2,3,4,4a,5,6,6a,7,10,11-decahydro-1H-cyclhepta-
[a]naphthalene.

Previous isotope-labeling experiments have revealed the
possible cyclization mechanism for cyathane, verrucosane,
and neoverrucosane diterpenes.®!'! In this study, we pro-
posed that compounds §, 8, 9, and 11 share the common key
intermediate 15 (Scheme 1). Compound 5 is synthesized
through biosynthetic pathway c from 15. Compounds 8 and 9
are formed via pathway e, with 16 and 17 as intermediates. A
mechanism similar to that for the transformation of 17 into 18
through a cyclopropane rearrangement has been reported in
the biosynthesis of cyclooctat-9-en-7-ol."7! With 19 as the
intermediate, 15 is converted into 11 by ring expansion
followed by migration of the hydride at C-10. Axinyssene (10)
is synthesized via the intermediate 13, which is formed
through a 1,6-cyclization of the pyrophosphate leaving
product 12 (Scheme 1).

Diterpene cyclases are categorized into two classes, class I
and class II, on the basis of their reaction mechanisms and
catalytic domains. Class I cyclases have two conserved bind-
ing motifs [DDXXD and (N,D)DXX(S,T)XXXE] that
directly bind the divalent metal ions to trigger the departure
of the diphosphate group of substrate. Class II cyclases
contain a DXDD motif that promotes carbocation formation
by substrate protonation. Alignment of the amino acid
sequences of the characterized diterpene cyclases with
UbiA, CoQ2, and FmaTC showed the presence of two
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Scheme 1. Proposed mechanism for the formation of 5 and 8-11 from
GGPP as catalyzed by EriG-related diterpene cyclases.

highly conserved motifs, NXXX(G/A)XXXD and DXXXD,
which correspond to motif I and motif IT of UbiA (Figure S3).
The NXXX(G/A)XXXD motif is similar to the NSE triad of
class I terpene cyclases in bacteria and fungi, thus indicating
that this motif is likely involved in binding of the Mg*"
cofactor.'/ Based on the same motif and the similar catalytic
mechanism between EriG and FmaTC, the EriG family was
confirmed to represent class I diterpene cyclases. The cata-
lytic mechanism and 3D structure of this new family of
diterpene cyclases deserve further investigations.

In conclusion, we identified the membrane-bound diter-
pene cyclase EriG, which converts GGPP into (—)-cyatha-3,12-
diene (5) in the biosynthesis of erinacines in H. erinaceum. This
led to the discovery and characterization of a new family of
widespread diterpene cyclases belonging to the UbiA super-
family. Three diterpene cyclases, SapTCl, ChITC2, and
ChITCS, were characterized and shown to be involved in the
biosynthesis of neoverrucosan-58-ol and verrucosane-2f3-ol. By
expressing the potential diterpene cyclase gene S#/7C from S.
lydicus in engineered E. coli, we discovered a new diterpene
with an unusual skeleton. Our study provides new opportu-
nities for the applications of microbial diterpene synthases in
biocatalysis and metabolic engineering.
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