#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

B-Terrecyclene synthase constructs the quadrane

i'.) Check for updates‘
backbone in terrecyclic acid biosynthesisT

Cite this: Chem. Sci., 2024, 15, 8750

@ Allpublication charges for thisarticle  Yongxiang Song,?*® Wengui Wang, ©f Jiafan Yang,?*° Dewei Gao, ¢
gi‘fhbeerﬁirs‘tpa'd forbythe Royal Society  John M. Billingsley, Songtao Wang,?*© Y|guar&g Zhu,®°? Junfeng Wang, & o<
i Jianhua Ju, ©2° Yan Yan ® *2®<4 and Yi Tang

Quadrane sesquiterpenes featuring a distinctive tricyclic skeleton exhibit potent antimicrobial and
anticancer activities. Although extensive studies have attempted to reveal the multistep carbocation
rearrangement involved in the formation of the tricyclic quadrane scaffold, the exact biosynthetic

pathway and chemical logic to generate the quadrane structure remains mysterious. Here we identified
Received 20th February 2024 l it th that i ble of " -t L ina th d
Accepted 18th April 2024 a novel sesquiterpene synthase that is capable of generating B-terrecyclene possessing the quadrane
scaffold and characterized the biosynthetic pathway of a representative fungal quadrane terrecyclic acid.
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Introduction

Terpenes feature tens of thousands of structurally diverse
entities and comprise the largest group of natural products. The
structural complexity is generated by terpene cyclases (TCs)
using linear oligo-isoprenoid diphosphate precursors including
geranyl, farnesyl, geranylgeranyl, and geranylfarnesyl diphos-
phate.”* The TCs are capable of catalyzing the most complex
multistep carbocation rearrangement in nature, in which the
bonding, hybridization, and stereochemistry of the substrate's
carbon atoms are dramatically altered to accomplish the
intriguing scaffolds. Among these structurally diversified scaf-
folds, quadranes belong to a family of naturally occurring
sesquiterpenes consisting of a cyclopentane fused with a bicyclo
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provided insight into the mechanism involved in the formation of the quadrane scaffold.

[3.2.1]octane moiety (Fig. 1).* The first quadrane was discovered
as (—)-quadrone (1) from the mold Aspergillus terreus in 1978,**
which was shown to be derived from (+)-terrecyclic acid A (2)
through an intramolecular oxa-Michael addition reaction.® In
the past two decades, six new quadranoids were isolated from
terrestrial fungi, which include (—)-8-hydroxyquadrone (3), ter-
recyclol (4), (—)-isoquadrone (5), (+)-6-hydroxyisoquadrone (6),
(+)-5(6)-dihydro-6-hydroxyterrecyclic acid (7) and (+)-5(6)-
dihydro-6-methoxyterrecyclic acid (8).* Interestingly, molecules
possessing this unique quadrane scaffold were also discovered
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Fig.1 Naturally occurring quadrane sesquiterpenes from fungi (A) and
coral (B). The tricyclic quadrane scaffold is shown in red.
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in soft corals as(—)-suberosanone (9), (—)-suberosenol A (10),
(—)-suberosenol B (11), (—)-suberosenol A acetate (12),
(—)-suberosenol B acetate (13), (+)-suberosenone (14), the
intermolecular Michael addition adduct of 14 as (+)-alertenone
(15), the 7H-purine-6,8-diol aza-Michael addition adduct 6-(9'-
purine-6/,8'-diolyl)-23-suberosanone (16), ring A opened deriv-
atives (—)-isishippuric acid A (17) and (—)-isishippuric acid A
(18).2

Due to the potent antimicrobial and anticancer activities, the
challenging construction of the quadrane scaffold has attracted
considerable attention from synthetic chemists.*”* Incorporation
of isotopically labeled acetate and mevalonate into the biosyn-
thesis of 1 and 2 has revealed that quadranoids are sesquiterpenes
resulting from multiple rearrangement reactions.®** Based on the
altered connectivities of each atom in 1 as compared to the farnesyl
diphosphate (FPP) precursor, two distinct possible mechanisms
known as Hirota's route™* and Coates' route,* respectively were
hypothesized to explain the multistep cascade of carbocation
rearrangements involved in the formation of the tricyclic quadrane
scaffold (Scheme 1). Hirota's route represents the earliest proposed
mechanism involving head-to-tail cyclization of FPP to yield the
monocyclic humulyl cation (19), which is subsequently converted
to a 5/8-bicyclic carbocation intermediate (20) (Scheme 1A). Then
rearrangement of 20 takes place to form a tricyclic intermediate
(21), which undergoes a 1,2-hydride shift to generate 22, and then
a 1,2-alkyl shift to give 23 (Scheme 1A). Lastly, a 1,3-hydride shift
leads 23 to terrecyclanyl cation 24, which is subsequently con-
verted into B-terrecyclene (25) via deprotonation (Scheme 1A).

In 1992, Coates proposed an alternative route based on the
observation that silphinenyl cation (30) was readily transformed
into the terrecyclanyl cation (24) which could be further
deprotonated to give o-terrecyclene during solvolytic rear-
rangement (Scheme 1B).** The difference between these two
hypotheses is the rearrangement process during the trans-
formation of 19 into 24 (Scheme 1A). In Coates' route, mono-
cyclic 19 is converted into caryophyllenyl ion 26, which is

silphinene
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followed by a 1,2-alkyl shift to generate the 5/8-bicyclic inter-
mediate 27 (Scheme 1A). Then a carbocation rearrangement
leads 27 to a tricyclic intermediate 28, which is transformed into
presilphiperfolan-8-yl ion (29) via a 1,3-hydride shift. 30 is then
formed via a 1,2-alkyl shift of 29, and then another 1,2-alkyl
shift takes place to yield 24 (Scheme 1A).

Although Hirota's route seems unlikely since the formation
of transition states of two critical steps (22 — 23 — 24) require
high energy according to a computational study,' no TC cata-
lyzing the direct conversion of FPP into 25 or a-terrecyclene had
been reported, and the formation of the quadrane scaffold
could also result from rearrangement of other terpene scaffolds
using tailoring enzymes. Therefore, the biosynthesis of the
quadrane scaffold remained unclear. Here, we elucidated the
biosynthetic pathway of 2 and demonstrated that a novel TC is
capable of directly generating 25 from FPP through Coates'
route using isotopically sensitive branching coupled with
mutagenesis studies.

Results and discussion

Identification and characterization of the biosynthetic genes
of terrecyclic acid

To investigate the biosynthesis of 2, we hypothesized that the
biosynthetic genes should include not only a sesquiterpene
cyclase as the core gene but also oxidases to generate the highly
oxygenated scaffold of 2. To locate these biosynthetic genes, the
genome of the producer of 2 Aspergillus terreus ATCC 20516 was
sequenced and analyzed. Three biosynthetic gene clusters
(BGCs) were identified encoding both a TC and oxidative
tailoring enzymes such as a cytochrome P450, a-ketoglutarate-
dependent oxidase, or flavoenzyme (Fig. S11). To further iden-
tify the BGC of 2, we compared the differential gene expression
of A. terreus ATCC 20516 before and after 2 was produced
(Fig. S13t). Only one of the BGCs, a four-gene cassette on
scaffold 58 was significantly upregulated during the production
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Scheme 1l The proposed mechanisms of B-terrecyclene formation. (A) Hirota's route (blue) and Coates’ route (pink) to generate B-terrecyclene
from farnesyl diphosphate (FPP). (B) Coates’ rearrangement to form a-terrecyclene.
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of 2; this BGC contains a TC (terA), a cytochrome P450 (terB),
a short-chain dehydrogenase/reductase (SDR, terC), and
a transporter of the major facilitator superfamily (MFS, terD)
(Fig. 2A and Table S57).

To characterize the function of each gene in the BGC, intron-
free terA-C were cloned from cDNA and heterologously
expressed in Saccharomyces cerevisiae RC01, which was engi-
neered to express the A. terreus electron transfer partner cyto-
chrome P450 reductase.”'® The yeast cell expressing terA was
able to produce a new sesquiterpene, which was determined to
be 25 using NMR spectroscopy (Fig. 2B, S2 and Table S67).
When TerA was purified to homogeneity (Fig. S4t), 25 was also
observed as the only product in the presence of 1 mM FPP and
5 mM MgCl, (Fig. 2B). To study the function of terB and terC, we
attempted the heterologous expression of terAB and terABC in S.
cerevisiae RC0O1. However, only a trace amount of new products
with molecular weights of 250 and 248 were able to be detected
possibly due to the low catalytic efficiency of the cytochrome
P450 TerB in yeast (Fig. S51). We then switched to another well-
established eukaryotic host Aspergillus nidulans A1145.°°
When terA and terB were expressed in A. nidulans, the yield of
the new products, with identical molecular weights and
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retention times, was dramatically increased. The new product
with a molecular weight of 248 was characterized to be 2, while
the fractions with a molecular weight of 250 are 32 and 33,
respectively. All these products were characterized using NMR
spectroscopy and X-ray crystallography (Fig. 2C, F, S2, S3 and
Table S6T). When all three genes terA-C were co-expressed
together, the yield of 2 was increased and only compound 33
was accumulated, which implied that 32 was possibly converted
into 2 using TerC (Fig. 2C).

To identify the function of TerC, we expressed and purified
the short-chain dehydrogenase/reductase in Escherichia coli.
Biochemical analysis was performed using compounds 32 and
33 as substrates respectively. The oxidation of 32 into 2 was able
to be catalyzed using TerC in the presence of the cofactor
nicotinamide adenine dinucleotide phosphate (NADP"), while
the activity of boiled TerC was abolished (Fig. 2D). On the other
hand, TerC failed to catalyze the oxidation of compound 33 into
2 using the NADP" cofactor, which indicated that only 32 is the
substrate of TerC, while 33 is likely a shunt product derived
from 2. The reducing ability of TerC was then assessed in the
presence of the cofactor NADPH using 2, resulting in the
exclusive formation of product 32. This observation aligns with
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Fig. 2 Characterization of the biosynthetic pathway of terrecyclic acid. (A) Biosynthetic gene cluster of terrecyclic acid (2). The hypothetic
proteins are in white. (B) Characterization of TerA using heterologous expression in S. cerevisiae (i) and in vitro biochemical analysis (ii). The total
ion chromatograms (TICs) were obtained using GC-MS. (C) Heterologous expression of ter biosynthetic genes in A. nidulans: (i) A. nidulans
carrying the empty vectors; (i) A. nidulans carrying terA and terB; (iii) A. nidulans carrying terA, terB, and terC. The extracted ion chromatograms
(EICs) were obtained using LC-MS. (D) In vitro characterization of TerC: (i) conversion of 32 into 2 catalyzed by TerC; (ii) boiled TerC abolishes the
catalytic activity on substrate 32; (iii) TerC is not able to catalyze the conversion of 33 into 2. The EICs were obtained using LC-MS. (E) In vitro
characterization of TerB: (i) conversion of 25 into 32 catalyzed by TerB; (ii) conversion of 25 into 2 catalyzed by TerB and TerC. (F) Proposed
biosynthetic pathway of 2 and the related products. The EICs were obtained using LC-MS. The Y-axes of the chromatograms for each
experiment are depicted on the same scale, ensuring comparable quantities of the compounds.
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previous findings that TerC can catalyze the conversion of 32
back to 2 in the presence of NADP'. Thus, it provides further
evidence that 32 serves as a precursor to 2 (Fig. S61). We
therefore propose that A. nidulans A1145 possesses an isozyme
of TerC which catalyzes the conversion of 32 into 2 at a low
efficiency in the absence of TerC. Subsequently, an endogenous
reductase in the host likely catalyzes the reduction of 2 to
generate 33 (Fig. 2F). To validate our hypothesis, we conducted
feeding experiments with compounds 2, 32, and 33 using the
heterologous expression host. When 2 was fed to A. nidulans for
4 hours, it underwent conversion into 33 (Fig. S6ATY).
Conversely, feeding 32 to A. nidulans led to the generation of
both 2 and 33 as products. However, no modified product was
observed when 33 was fed to A. nidulans (Fig. S6AYt). These
findings indicate that 32 can be converted into 2 by an endog-
enous oxidase present in A. nidulans. Subsequently, 2 is further
modified through the action of an endogenous reductase in A.
nidulans, leading to the generation of 33 (Fig. 2F and S6BT).

To avoid modification of 32 and 2 by the endogenous
enzymes, we performed in vitro biochemical analysis using the
corresponding microsomal fractions of A. nidulans expressing
terB. The sesquiterpene precursor 25 was successfully converted
into a single oxidized product 32, which could be further con-
verted into a single product 2 using TerC (Fig. 2E). Thus the
biosynthetic pathway of 2 could be proposed. First, TerA cata-
lyzes the cyclization of FPP to give 25, which is then iteratively
oxidized by TerB to install the hydroxyl and carboxylic acid in
32. Finally, dehydrogenation of 32 catalyzed by TerC takes place
to generate 2 (Fig. 2F).

Mutagenesis studies of TerA

We next investigated the mechanism involved in carbocationic
rearrangement during the formation of 25 catalyzed using TerA.
To identify the key residues in the active site of TerA that are
responsible for guiding the carbocationic intermediates to the
quadrane scaffold, we predicted the three-dimensional struc-
ture of TerA using the Phyre 2 server.”* Although the identity of
the amino acid sequence is not very high between TerA and
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several representative sesquiterpene synthases including epi-
isozizaene synthase,* selinadiene synthase,” and pentalenene
synthase, their overall three-dimensional structures are
similar (Fig. S8 and S9t). To approximate the key residues in the
active site that are responsible for binding and folding FPP, we
aligned the predicted structure of TerA to selinadiene synthase
complexed with substrate mimic 2,3-dihydro-FPP and Mg**
(Fig. S107). 10 residues lining the FPP binding pocket were
identified, which included C111, V114, F115, D116, L120, F189,
1219, Q260, W342 and S343 (Fig. 3A). To validate the prediction,
alanine scanning was performed on these residues. The corre-
sponding 10 TerA mutants were generated and heterologously
produced in S. cerevisiae RCO1. Analysis of the sesquiterpene
product profile (m/z = 204) of the host expressing each mutant
showed the mutations of F115A and W342A lead to almost
complete loss of B-terrecyclene synthase activity (Fig. S111). On
the other hand, mutant V114A was capable of producing 25 as
a major fraction, together with B-caryophyllene (34) and other
unknown sesquiterpenes as minor fractions (Fig. 3B). However,
the structure of the other minor fractions was not determined
due to low yield. Interestingly, coproduct 34 could be derived via
deprotonation of caryophyllenyl ion 26, an intermediate
proposed by Coates' route (Fig. 3C). This observation suggested
the formation of B-terrecyclene is more likely through Coates’
route.

To further investigate the catalytic functions of residues in
the active site of TerA, we performed additional mutagenesis on
these residues, substituting them with various amino acids
other than alanine (Fig. S11}). We generated 21 TerA mutants
and analyzed their product profiles. While most of the muta-
tions decreased the terpene cyclase activity, they did not yield
any new products. Their activities were similar to either the
wild-type TerA or the corresponding alanine mutants. For
instance, mutations of C111 to serine, tyrosine, and aspartate
resulted in a reduction in the yield of 25 as the sole product.
Mutation of F115 to other aromatic amino acids, such as tyro-
sine and tryptophan, resulted in a reduced yield of 25 compared
to F115A. The F115W mutant also exhibited very low production
of a few other sesquiterpenes, possibly due to improper folding
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A =
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Fig.3 Mutagenesis of TerA. (A) The predicted model of TerA with the key residues (grey) in the active site responsible for terrecyclene formation.
The substrate mimic 2,3-dihydro-FPP is in yellow. The magnesium cation is in green. (B) Representative sesquiterpene product profile of S.
cerevisiae expressing terA mutants: (i) S. cerevisiae expressing wildtype terA; (ii) S. cerevisiae expressing terA-V114A,; (iii) S. cerevisiae expressing
terA-V114T; (iv) S. cerevisiae expressing terA-V114D. The EICs were obtained using GC-MS. The Y-axes of the chromatograms for each
experiment are depicted on the same scale, ensuring comparable quantities of the compounds. (C) The proposed mechanism of the formation
of shunt products catalyzed by TerA mutants. 34 is derived from the key intermediate 26 in Coates' route (pink), while 35 is derived from the

intermediate 19 in both Hirota's and Coates' routes (blue).
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of the substrate FPP. Substituting the acidic residue aspartate at
position 116 with glutamate or asparagine led to a decrease in
the yield of 25. The mutation of L120 to a smaller amino acid
did not affect the yield of 25, whereas the L120I mutation
decreased production. Mutating F198 to aromatic residues,
such as tyrosine and tryptophan, resulted in a decreased yield of
25. Similarly, mutations of W342 to aromatic residues, such as
tyrosine and phenylalanine, also led to a decrease in the
production of 25, and mutations of Q260 to asparagine and
glutamate reduced the activity of TerA. When S343 was mutated
to threonine, the production of 25 decreased. However,
mutating S343 to phenylalanine completely abolished the
catalytic activity of TerA. The hydrophobic residue V114 was
mutated to a larger hydrophobic residue (leucine), an aromatic
residue (phenylalanine), a polar residue (threonine), and an
acidic residue (aspartate), respectively. Compared to V114A,
both V114L and V114F mutants completely lost terpene cyclase
activity, suggesting a strict size limitation for the residue at this
position. On the other hand, mutants V114T and V114D
produced a new compound, 35, identified as «-humulene
(Fig. 3B and S11t).

These results indicated that the structure of each residue
located in the active sites of TerA is not strictly required for the
generation of 25. Except for V114, mutations of these residues
do not dramatically switch the cyclization pathway to yield other
shunt products. Intriguingly, 35 could be derived from inter-
mediate 19, forming a shunt product for both Hirota's and
Coates' pathways (Fig. 3C). In the predicted model of the TerA
active sites, residue V114 is close to the C12 of substrate mimic
2,3-dihydro-FPP (Fig. 3A). Therefore, we propose that the
mutation of V114 to the smaller residue alanine enlarges the
substrate binding pocket, leading to reduced selectivity of the
1,2-alkyl shift of 26, and the concurrent generation of the C12
proton elimination product 34 (Fig. 3C). Additionally, the
mutation of V114 to hydrogen bonding acceptor-containing
residues may facilitate hydrogen abstraction at C9 of interme-
diate 19, resulting in the formation of another shunt product 35
(Fig. 3C).
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Isotopically sensitive branching reveals that the formation of
B-terrecyclene follows Coates' route

Although the coproduction of 34 resulting from mutant V114A
suggested the formation of B-terrecyclene is more likely through
Coates' route, additional evidence would be needed to conclu-
sively demonstrate that 26 is on the direct pathway to 25. As
a main distinction between Hirota's and Coates' routes, the
formation of 26 could be validated using the well-established
isotopically sensitive branching approach.>?” Therefore, we
speculated that the substitution of all three protons on C12 of
FPP by deuterium ([12->H;]-FPP) would result in the decrease of
the ratio of 34 to 25 produced by V114A mutant if the carbo-
cation rearrangement is via the Coates' route (Scheme 1A and
Fig. 4A). The production of 34 would be suppressed due to the
primary deuterium kinetic isotope effect (KIE) on the deproto-
nation of 26 to yield 34 (Fig. 4A). On the other hand, the
distribution of 34 and 25 would not be affected while using
[12-°H;]-FPP as substrate, on the condition that cyclization
follows Hirota's route (Fig. 4A).

Thus, recombinant TerA-V114A mutant was obtained upon
heterologous expression in S. cerevisiae RC0O1 to perform the
following in vitro analysis (Fig. S41). In the presence of 1 mM
FPP and 5 mM MgCl,, TerA-V114A was able to convert FPP to
a1:4 mixture of coproducts 34 and 25 (Fig. 4B and S11t). When
using [12->H;]-FPP as a substrate at the same reaction condi-
tion, the ratio of 34 to 25 was significantly shifted to 1: 10, with
the ~53% decreased yield of 34 and ~18% increased produc-
tion of 25 (Fig. 4B and S12t). The decreased ratio of 34 to 25
from 1:4 to 1:10 resulting from isotopically sensitive branch-
ing demonstrated that 26 is a common carbocation precursor to
form both 34 and 25 (Fig. 4B). This indicated the cyclization of
FPP to construct 25 is through Coates’ route. Based on the shift
of product distribution, the observed primary KIE on deproto-
nation of 26 to give 34 was determined to be ky/kp = 2.5. The
magnitude of KIE is consistent with primary deuterium KIEs on
similar terpene synthase-promoted methyl deprotonation, ky/

b =2-6 27-31
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Isotopically sensitive branching study of TerA-V114A mutant. (A) Distinguishing between Hirota's and Coates’ routes through an isoto-

pically sensitive branching experiment using [12-2Hs]-FPP as substrate. (B) Effect of deuteration at C12 of FPP on the ratio of products generated
by TerA-V114A. GC-MS chromatograms of reaction mixtures using FPP (top) and [12-2Hs]-FPP (bottom). The EICs were obtained using GC-MS.
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Conclusions

In summary, we elucidated the biosynthetic pathway of 2 via
quadrane scaffold formation using the B-terrecyclene synthase
and oxidative tailoring enzymes. The mechanism of enzymatic
quadrane scaffold formation was demonstrated through
mutagenesis and isotopically sensitive branching experiments,
settling a decades-old mystery in the field of natural product
biosynthesis. We propose that more natural products of the
quadrane family can be identified using ter biosynthetic genes
as a query to search in the public fungal genome database.
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