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In this work, the biosynthetic gene cluster and assembly line of
sydonol were discovered and identified. As a result, and impor-
tantly, two unusual chemical conversions catalyzed by a new
bisabolene cyclase and an unusual P450 aromatase were revealed:
(1) cyclization of FPP to form 2, which involves a unique 1,5-proton
transfer and a 1,7-hydride shift; and (2) aromatization of a bisabo-
lene skeleton in the synthesis of 7.

Bisabolene-type sesquiterpenoids constitute an important family
of natural products with diverse structural features and various
bioactivities."™ Their biosynthesis have been proposed to
involve a common 1,6-closure bisabolyl cation intermediate,
subsequently forming more complex sesquiterpenoid skeletons
through multiple chemical transformations including hydride
shift, alkyl shift, cyclization, or deprotonation reactions (Fig. 1
and Fig. $2).>"® For example, (1) the fungal UbiA-type transmem-
brane sesquiterpene cyclase (sesqui-TC) Fma-TC catalyzes 2,7-
closure and C14 deprotonation of the bisabolyl cation to form -
trans-bergamotene,’ a precursor of the human type 2 methionine
aminopeptidase inhibitor fumagillin; and (2) the plant sesqui-TC
ADS catalyzes successive 1,3-hydride shift, 1,10-closure and C12
deprotonation reactions of the bisabolyl cation to generate
amorphadiene,'”" a backbone of the well-known artemisinin.
Of the isolated bisabolene-type sesquiterpenoids, a subclass of
compounds from Aspergillus sydowii or A. versicolor,">"> for
instance sydonol (1), (Fig. 1) especially caught our attention.
Compared to the previously reported bisabolene-type sesquiterpe-
noids, these compounds have unusual structural features: mainly
(1) a saturated terminal pendent isopentane group, with the
mechanism of formation of these compounds significantly differ-
ent from the typical cyclization mechanism of known bisabolene
cyclases;'®>" and (2) a C5 hydroxyl benzene ring, with unusual
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Biosynthesis of sydonol reveals a new bisabolene
cyclase and an unusual P450 aromatase

oxidation reactions perhaps involved in the transformation of the
bisabolene skeleton.

Based on these distinctive structural features, the biosyn-
thetic pathway of compound 1 was then investigated. We
sequenced the genome of the sydonol-producing strain A
sydowii LF51 and analyzed its possible terpene synthase gene
clusters. A total of six terpene gene clusters were identified in A.
sydowii LF51, with the cluster in scaffold 14 (namely syd cluster,
Fig. 2a. GeneBank: PX243221) appearing to be the candidate for
the synthesis of 1. This inference is based on a phylogenetic
analysis showing the TC Syd1 to be closely related to the known
clade of bisabolene cyclases (Fig. S3). In addition to syd1, two
cytochrome P450 genes (syd2 and syd3) and a short-chain
dehydrogenase/reductase gene (SDR, syd4) were identified in
the syd cluster. These three genes were here proposed to be
responsible for the subsequent oxidation tailoring steps.

To confirm the function of Syd1, its intron-free cDNA was
cloned under the ADH2 promoter and transferred into the
Saccharomyces cerevisiae RC01.>> After three days of fermenta-
tion followed by extraction with n-hexane, a compound (2) with
a molecular weight (MW) of 204 was detected in S.c-sdy1 in a

Bisabolene

cyclase
l? ADS

o
\ OH "'//)\

amorphadiene

Fma-TC

B-trans-bergamotene sydonol (1)

Fig. 1 Representative examples of bisabolene cyclases.
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Fig. 2 Functional confirmation of sydl. (a) Organization and proposed
function of syd gene cluster (green: transcription factor, grey: MFS-type
transporter). (b) GC-MS analysis showing sydl having catalyzed the for-
mation of 2. (c) Structure determination of 2.

GC-MS analysis (Fig. 2bi and ii). Subsequently, compound 2
was purified from the large-scale fermentations of S.c-sdy1
and its structure was further confirmed in an NMR analysis
(Fig. S29-S35 and Table S7). A structural analysis (Fig. 2c)
confirmed that compound 2 possesses a bisabolene skeleton,
notably featuring an unusual arrangement of three conjugated
double bonds—with 4° in the Z configuration—and a saturated
terminal pendant isopentane unit.

To solidify our understanding of the function of Syd1 in the
formation of 2, we expressed and purified Syd1 from E. coli
(Fig. S4). When Syd1 was incubated with FPP and Mg>", the
formation of 2 was detected (Fig. 3ai and iv). This result clearly
confirmed Syd1 to be a new bisabolene cyclase, with it alone
catalyzing the cyclization of FPP to give 2, and with the most
important transformation during this cyclization process being
the formation of the saturated C10/C11 bond.

To further investigate the Syd1 cyclization mechanism, we
performed an in vitro assay of Syd1 in D,O buffer. GC-MS analysis
showed no *H atom incorporated into 2 (Fig. 3aii), indicating that
no deprotonation-reprotonation process occurred when the satu-
rated C10/C11 bond formed. Alternatively, the migration of pro-
tons might have occurred during Sydi-catalyzed cyclization,
possibly through an intramolecular hydride shift, e.g., an unusual
1,7-hydride shift (from H1 to H11).

Based on this hypothesis, we first chemically synthesized the
deuterated 1,1-’H,-FPP (see SI) and used it as a substrate to
incubate with Syd1. GC-MS analysis showed that the MW of this
deuterated 2 was 2 Da greater than that of unlabelled 2
(Fig. 3aiii), suggesting that the 1,1-’H, of FPP was kept in 2,
and a hydride shift indeed occurred. Following its preparation
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form the in vitro large-scale bioconversion of 2, the deuterated
compound 2 was purified and its structure was confirmed (Fig.
S36 and S37). By comparing the results for the deuterated and
unlabelled 2, migration of the 1-*H in FPP from C1 to C11 was
discovered, specifically from the disappearance of the H-1
signal and the singlet pattern of H-2 in the deuterated 2, as
well as the disappearance of HMBC correlations between H1
and C1 as well as H11 and C11 (Fig. 3b). Based on this
observation, a Syd1 cyclization mechanism was proposed, in
which 1,5-proton transfer and 1,7-hydride shift occurred after
the formation of a 1,6-closure bisabolyl cation intermediate,
resulting in the formation of another cationic intermediate,
which was eventually deprotonated to generate 2 (Fig. 3e).

We next investigated the key residues for Syd1. (1) Analysis
of its active-site sequence showed the typical motif 2
(N5 DXXSXXXE,33) of Syd1 to be intact, but motif 1 (DD/EXXD)
changed to DggEEYM, (3. The alanine-scanning mutations con-
firmed the importance of D99 and E233, as their variants
significantly reduced and almost abolished the activity of
Syd1, respectively (Fig. 3d). (2) Further molecular docking of
Syd1 to the proposed 1,6-closure bisabolyl cation intermediate
and the mutation experiments indicated a possible involve-
ment of 11 residues (I73, 196, F156, R182, G186, F187, 1221,
D222, Y294, R304 and Y305) in the Syd1-catalyzed cyclization
process (Fig. 3c). Notably, the 173A/R182K/G186A/D222A/Y305A
variants produced farnesol and R182K/F187A/D222A variants
produced a new compound, namely 3 (Fig. 3d and e, Fig. S38-
S44 and Table S8), which suggested a key role for these residues
in initiating and controlling the Syb1l cyclization process,
especially for D222/F187 in the formation of a C3-cation-n
interaction before its final deprotonation process.

Confirming the unique Syd1 cyclization mechanism facili-
tated our investigation of the function of the remaining genes
in the syd cluster. (1) When the intron-free syd2-4 genes were
introduced into S.c-sdy1, the resulting transformant S.c-sdy1234
could produce 1 (Fig. 4ai and ii). (2) Elimination of sdy4 did not
affect the production of 1 by S.c-sdy123, indicative of sdy4 not
being involved in the synthesis of 1 (Fig. 4aiii). (3) S.c-sdy12 did
not produce 1, but three compounds (5-7) accumulated
(Fig. 4aiv). Subsequent isolation and structural determinations
using HRMS and NMR analyses (Fig. 4b, Fig. S8-S11, S45-S73
and Tables S9-S12) showed that compounds 5-7 all contained
the intact C5-hydroxyl-substituted benzene ring. However, at
the C7 position, 5 attached an ethanolamine moiety through a
C-N bond, 6a/6b had attached a cysteine moiety through a C-S
bond and 7 had attached a hydroxyl group through a C-O bond.

Syd3 was concluded from these results to be responsible for
the inert C15 hydroxylation on 7 to generate 1, with this
hydroxylation being the last step during the synthesis of 1
(Fig. 4c). Importantly, these results revealed Syd2 to be an
unusual P450, catalyzing a series of complex transformations
on 2 to synthesize 5-7 in vivo. This identifies Syd2 as the first
aromatase to convert a bisabolene skeleton into a C5-hydroxyl-
substituted benzene ring. Based on this information, we
proposed a plausible mechanism for a multifunctional
CYP450-mediated aromatization process (Fig. 4c). The initial
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Fig. 3 Mechanistic evidence for Sydl catalysis of the formation of 2. (a) GC-MS analysis of the enzymatic reactions catalyzed by Syd1l. (b) Comparative
IH NMR and HMBC spectral analyses of 2 and (1-2H, 11-2H)-2. (c) Key residue interactions in Syd1-bisabolyl cation docking model. (d) GC-MS analysis of
the enzymatic reactions catalyzed by Syd1 variants. EIC: m/z 69 represents the most prominent characteristic ion fragment of farnesol, EIC m/z 204 and
EIC m/z 222 correspond to the molecular ions of 2 and 3, respectively. (e) Proposed mechanisms for the cyclization of FPP to 2 and the enzyme-
variants—catalyzed conversion of FPP to 3 and 4.

monooxygenation of 2 occurs via a P450-mediated radical undergoes hydrogen atom abstraction and radical rebound at
rebound mechanism through radical A- to yield B, which then the opposing face of the cyclohexene ring to generate geminal
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Fig. 4 Functional characterization of Syd2 and Syd3. (a) LC-MS analysis of gene combinations revealed the essential roles of syd2 and syd3 in the
biosynthesis of 1. (b) Structures of compounds 5, 6a/6b and 7. (c) Proposed mechanisms for the Syd2-catalyzed conversion of 2 to 5, 6a/6b and 7 and

biosynthetic pathway producing 1.

diol D, with subsequent dehydration generating a ketone
intermediate that tautomerizes to enol F. The enol F then
undergoes double-bond isomerism via nucleophilic addition
mediated by H,0O, endogenous ethanolamine or cysteine to
afford 5, 6a/6b and 7, respectively.”* > Note that only 1 was
detected in S.c-sdy123, i.e., the corresponding C15-hydroxyl
products of 5 and 6 were not observed; thus, 5 and 6 should
be considered to be shunt products.

Conclusions

In summary, we achieved a discovery of the biosynthetic gene
cluster and the demonstration of a three-gene cassette for the
synthesis of sydonol. The sydonol assembly line involves two
unusual chemical conversions: (1) cyclization of FPP to form 2,
which includes a unique 1,5-proton transfer and a 1,7-hydride
shift; and (2) aromatization of the bisabolene skeleton in the
synthesis of 7. Our work not only reveals an aromatase P450
enzyme catalyzing previously unidentified sesquiterpenoid aro-
matization reactions but also provides valuable biocatalytic
tools for the structural diversification of terpenoids.
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