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Preamble

This cumulative dissertation “The Investigations on Diterpene Biosynthesis through Substrate
and Protein Engineering” contains 11 chapters. First of all, a general introduction to terpenes
biosynthesis, terpene synthases, non-natural substrates and protein engineering is presented
in Chapter 1. Chapters 2-8 list brief summaries of all publications in this thesis, and the
corresponding publications are all attached in Appendices A-G. Chapter 9 provides a summary

and outlook based on the projects | worked on.
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Chapter 1

1 Terpene biosynthesis
1.1 The history of terpenes in natural product chemistry

Natural products (NPs) represent a large family of diverse chemical entities, including primary
and secondary metabolites from living organisms. The largest group of natural products are
terpenes, also known as terpenoids or isoprenoids, which is made up by more than 80,000
structures identified!. The investigations on terpenes started in the 19th century. In 1832,
Wohler and Liebig made the first breakthrough on the analysis of vegetable oils where they
discovered the aromatic origin of the bitter almonds. During that period, several nonaromatic
oils such as orange-peel oils, turpentine oils and the oil from plants contain compounds that
remained like liquids when the temperature is below room temperature, which were termed
“terpenes”. However, due to the difficulty of structure elucidations in the 19th century, certain
compounds with the same structure were given different names, leading to an unclear situation
in the terpene field. Later on, Wallach, the recipient of the Nobel Prize in Chemistry in 1910,
entered into this field, and he found that many terpenes named differently were indeed identical
in structure. In 1909, 12 different terpenes: pinene, limonene, terpinene, camphene, borneol,
camphor, terpin, terpineol, cineole, pinol, dipentene and terpinolene were structurally clarified
in Wallach’s publication?® “Die Terpene und Campher” where he also demonstrated the isoprene
rule that all terpenes originate from the five-carbon isoprene units (1, Figure 1). This rule was
further formulated by the chemist Leopold RuZi¢ka (he was honored with Nobel prize in 1939)
in 19224, According to the rule, terpenes possessing the basic sum formula (CsHs)n are divided
into monoterpenes (two units), sesquiterpenes (three units), diterpenes (four units),

sesterterpenes (five units), triterpenes (six uints), and polyterpenes (many units).
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Figure 1. Structures of representative terpenes.

Historically, terpenes, such as rose furan (2), citronellol (3), myrcenol (4), lavandulol (5) and

linalool (6, Figure 1), have widely been used in the perfume, fragrance and natural flavoring



industry due to their volatile nature and characteristic odor properties. Starting in the 1970s,
terpenes are proven to have ecological roles in antagonistic or mutualistic interactions among
organisms because of their function as toxins, repellents or attractants to other organisms®. For
instance, the sesquiterpene (E)-pB-farnesene (7, Figure 1) had been confirmed to be the
principal attractive component of the volatiles that are released by the pine sawfly (Diprion pini)
to attract the eulophid egg parasitoid Chrysonotomyia ruforum when it lays its eggs on pine
twigs®. Apart from benefits to human daily life and ecology, some terpenes are also important
drugs in the pharmaceutical area such as paclitaxel (8, Figure 1) used in cancer treatment’ and

artemisinin (9, Figure 1) applied to cure malaria®.

1.2 Mevalonate pathway and non-mevalonate pathway

As indicated by the isoprene rule, terpenes share the same original biosynthetic pathway where
two basic Cs units, the electrophile dimethylallyl pyrophosphate (DMAPP) and the nucleophile
isopentenyl pyrophosphate (IPP), are generated. Depending on the way of producing these two
molecules, two distinct biosynthetic pathways are classified as mevalonate pathway (MVA
pathway) and non-mevalonate pathway (MEP pathway, Scheme 1).

The MVA pathway is an essential metabolic pathway that exists in eukaryotes, archaea or some
bacteria®. It starts from the condensation of two molecules of acetyl-CoA to yield acetoacetyl-
CoA, which is catalyzed by acetyl-CoA thiolase. Subsequently, acetoacetyl-CoA is converted
into 3-hydroxy-3-methylglutary-CoA (HMG-CoA) by an aldol addition catalyzed by HMG-CoA
synthase, followed by a reduction with HMG-CoA reductase requiring the cofactor NADPH to
result in (R)-mevalonic acid (mevalonate). At this stage with adenosine triphosphate (ATP) as
the phosphate source, mevalonate undergoes two sequential phosphorylations catalyzed by
mevalonate-5-kinase and phosphomevalonate kinase to reach mevalonate pyrophosphate. At
the end, the product is decarboxylated to IPP by a corresponding decarboxylase, followed by
the isomerization catalyzed by isopentenyl pyrophosphate isomerase (IDI) to yield DMAPP. In
addition, an alternative pathway found in Thermoplasma acidophilum*® can branche out from
(R)-mevalonate to mevalonate-3,5-bisphosphate via two phosphorylations that are catalyzed
by mevalonate-3-kinase and mevalonate-3-phosphate-5-kinase, respectively. The resulting
3,5-bisphosphate further proceeds with decarboxylation and phosphorylation to yield IPP
(Scheme 1B). The third shunt pathway, which has been observed in some archaea, involves a
single decarboxylation of mevalonate-5-phosphate to form isopentenyl phosphate (IP) which
can subsequently be phosphorylated to yield isopentenyl diphosphate (IPP, Scheme 1C). Two

types of IDI exist in nature and the isomerization step catalyzed by type | IDI has been studied



in depth since the 1970s, disclosing its stereochemical course!2. Mechanistically, protonation
on the Re-face at C2 of DMAPP initializes the isomerization to IPP, followed by a deprotonation
from the (E)-methyl group. The reverse reaction starts from the protonation at C4 from the Re-
face followed by an abstraction of the pro-R hydrogen at C2.
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Scheme 1. Mevalonate pathway towards IPP and DMAPP. A) The classical MVA pathway. B)
The branched MVA pathway found in Thermoplasma acidophilum. C) MVA pathway variant
found in some archaea. The enzyme abbreviations used in this scheme are AACT: acetoacetyl-
CoA synthase, HMGCS: HMG-CoA synthase, HMGCR: HMG-CoA reductase, MVK:
mevalonate kinase, PMK: phosphomevalonate kinase, PMD: phosphomevalonate
decarboxylase, IPK: isopentenyl pyrophosphate kinase, IDI: isopentenyl diphosphate
isomerase. The stereochemical course of type | IDI catalyzed isomerization is shown in the

bottom box.

Another pathway that yields IPP and DMAPP is the non-mevalonate pathway, also named as
2-C-methyl-D-erythritol 4-phosphate or 1-deoxy-D-xulylose 5-phosphate (MEP/DOXP)
pathway (Scheme 2)%3. First, pyruvate (10) and glyceraldehyde 3-phosphate (11) are fused to
form 1-deoxy-D-xylulose 5-phosphate (12) by the thiamine pyrophosphate (TPP) dependent
DXP synthase (DXPS). The bifunctional enzyme DXP reductoisomerase (DXR) subsequently
catalyze the NADPH-dependent reduction and isomerization of 12 to yield 2-C-methylerythritol
4-phosphate (13). This compound is further converted to 4-diphosphocytidyl-2-C-methyl-D-
erythritol (14) by 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (CMS) with cytidine
triphosphate (CTP) as the building block, followed by another phosphorylation at C2, resulting
in the formation of 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate (15). In the next

3



step, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MCS) catalyzes an
intermolecular ring closure, leading to the formation of 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate (16) with the loss of a CMP unit. Compound 16 now can undergo a reductive
elimination of water with the assistance of HMB-PP synthase (HDS) and ferredoxin to install
the double bond between C2 and C3 of (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (17).
At the final stage, HMB-PP reductase (HDR) selectively reduces the allylic alcohol 17 to yield
IPP and DMAPP in a fixed ratio of 5:1. In plant cells, the MVA pathway takes place in the
cytoplasm, while the MEP pathway located in plastids!4. In addition, this pathway is also
observed in some pathogenic bacteria and malaria parasites like Mycobacterium tuberculosis!®
and Plasmodium falciparum?®, respectively, while it is not found in humans. The investigation
on related enzymes involved in the MEP pathway hereby is of high interest to discover new

antimicrobial drugs.
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Scheme 2. Non-mevalonate pathway to yield IPP and DMAPP. The enzyme abbreviations are
DXPS: thiamine pyrophosphate (TPP) dependent DXP synthase, DXP: reductoisomerase,
CMS: 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase, MCS: 2-C-methyl-D-erythritol
2,4-cyclodiphosphate synthase, HDS: HMB-PP synthase, HMB-PP reductase.

1.3 Prenyltransferases

Prenyltransferases (PTs) are a group of enzymes that can catalyze the condensation of IPP
and an allylic diphosphate to form Csn (n = 2, 3, etc.) isoprenoid diphosphates'”:'® which serve
as precursors of diverse terpenes. The reaction follows a sequential assembly line in which a
DMAPP and an IPP molecule are fused to yield geranyl diphosphate (GPP, Cio), a precursor of
monoterpenes, to which a second IPP is coupled, generating farnesyl diphosphate (FPP, Cis)
for sesquiterpenes. Successive elongation with another molecule of IPP can create
geranylgeranyl diphosphate (GGPP, Cz0), a basis for the formation of diterpenes. GGPP can
undergo further couplings to reach geranylfarnesyl diphosphate (GFPP, C2s) for sesterterpenes,

farnesylfarnesyl diphosphate (FFPP, Cso) for triterpenes and diphosphates with even longer



chains for various terpenes. According to the length of chain elongated, diverse PTs are
specifically named GPPS, FPPS, GGPPS, GFPPS, FFPPS and so on. The oligoprenyl
diphosphates usually feature (E)-configured double bonds as a consequence of the coupling
reaction catalyzed by trans-prenyltransferases (TPTs), a family of enzymes that can utilize (E)-
configured precursors. In contrast, the structurally distinct cis-prenyltransferases (CPTs) allow
infusion of preassembled oligomers in both (E)- and (Z)-configurations®2°. One representative
TPT is avian FPPS featuring a homodimeric structure composed of 10 a-helices arranged in

an antiparallel topology. Each subunit contains two aspartate-rich metal ion binding motifs

DDXXD located on helices D and H (Figure 2)21.

helices H

Figure 2. The X-ray structure of avian FPP synthase (PDB: 1UBX)?2. Two DDXXD motifs are
indicated located on the helices D and H (marked in blue). One Mg?* ion is shown as green

sphere. The figure was created using Pymol.

The catalytic mechanism of avian FPPS has been well investigated??, in which both
diphosphate groups of DMAPP and IPP are stabilized by two Asp-rich motifs respectively, and
both require the participation of Mg?*. After the ionization of DMAPP, the C3=C4 double bond
of IPP attacks the allylic carbocation of DMAPP from the Si-face to yield a tertiary carbocation
intermediate with inversion of configuration at C1, followed by elimination of the pro-R proton
at C2 to result in the elongated product GPP which proceeds with an additional IPP molecule
to form FPP (Scheme 3A). Poulter et al.??2 proposed the regulation of the product, in which the
length of the product is controlled during the chain elongation process by two key residues F112
and F113 in avian FPP synthase, since their side chains form the base of the active pocket to
serve as a template and to prevent the overextension of the product. Through mutagenesis
experiments, two smaller amino acids (Ser and Ala) were introduced in these two positions.
Poulter thereby obtained new FPPS variants that can produce GGPP and GFPP. A sequence

alignment of 35 PTs revealed the conservation of these two residues, indicating that other PTs



possess the similar residues to work as a “stopper” in the active site. Despite the fact that CPTs
share a similar catalytic mechanism in which only a pro-S proton at C2 is eliminated, opposite
to TPTs, both classes of enzymes do not share any similarity in either primary or tertiary

structure?4,
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Scheme 3. Catalytic mechanism of the regular prenylation. The mechanism of A) head to tail

and B) head to head coupling reaction.

Apart from the regular coupling reaction, there is also another condensation with two FPP
molecules fused “head to head” to yield presqualene diphosphate (PSPP) (Scheme 3B), a
compound involved in the biosynthesis of ergosterol, cholesterol, and hopanoids?>2¢, The
archetype of these PTs is squalene synthase (SQS) which can be found in microbes, fungi,
plants, and animals (including humans)!8. In addition, two molecules of GGPP can also be
coupled “head to head” by phytoene synthase found in Brassica napus, leading to the formation
of phytoene, a C40 intermediate in the biosynthesis of carotenoids?’. Last but not least, there
are still more PTs such as aromatic prenyltransferase and UbiA-family prenyltransferases, that

exist in nature, but they will not be discussed here.
1.4 Terpene synthases

After the formation of the acyclic precursors like GPP, FPP, GGPP, GFPP and FFPP by
prenyltransferases, terpene synthases (TSs) further convert these substrates into structurally
complex molecules with typically multiple fused rings and stereocenters. According to the
different catalytic mechanisms, TSs are grouped into type | TSs, type Il TSs, bifunctional TSs
and non-canonical TSs (Scheme 4). An example of type | TSs is taxa-4,11-diene synthase from
Taxux brevifolia?® that converts GGPP to the key intermediate in the biosynthesis of paclitaxel
taxa-4,11-diene (18), while another type of reaction is well exemplified by the formation of
copalyl diphosphate (CPP, 19), as a product of type Il TSs. Geosmin synthase is a
representative bifunctional enzyme that converts FPP to germacradienol (20) and germacrene

D (21) followed by further cyclization to geosmin (22). More recently, non-canonical C17



terpenes like chlororaphen A2° (23) and B (24) have been identified as the products of a novel
mode of TS-catalyzed reactions.

Type | TSs usually adopt the same a-helical fold as that first observed in the structure of avian
FPP synthase, and feature with o, o and affy domain architectures. They promote the cyclic
reaction by substrate ionization with the assistance of metal ions (Mg?* is observed in most
cases). Itis worth mentioning that the active site of type | TSs exhibits several highly conserved
motifs, including the aspartate-rich motif DDXXD located on helix D and the NSE triad (N,D)D(L,
I, V)X(S,T)XXXE genetically originated from the second aspartate-rich motif of FPPs on helix
H, a pyrophosphate sensor (a highly conserved Arg) and the C-terminal RY pair (Figure 3)30-32,
The catalytic mechanism has been well studied: Firstly, three Mg?* ions bind with the highly
conserved Asp residues in the Asp-rich motif and the NSE triad to form a trinuclear cluster that
in turn binds substrate’s diphosphate group. Noel et al.® first observed this phenomenon in 5-
epi-aristolochene synthase from tobacco that two Mg?* coordinate to Asp®°? and Asp3%, as the
part of a DDXXD sequence, and constitute a diphosphate binding site. Subsequently, the RY
motif forms hydrogen bonds to the diphosphate group and triggers a conformational change of
the active pocket, leading to the departure of diphosphate and a cationic cascade reaction3. In
addition, the active sites of type | TSs are precisely constructed by several non-polar and
aromatic residues in a defined volumes?3, forcing the substrate in a fixed conformation and

serving as a template of the product.
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Scheme 4. Exemplary reactions of A) type | TS (taxa-4,11-diene synthase), B) type Il (copalyl
diphosphate synthase), C) bifunctional TS (geosmin synthase), and D) non-canonical TS

(chlororaphen synthase) catalyzed reactions.

Different to type | TSs, type Il TSs initialize the cationic cyclization by protonation or epoxidation

of the double bond, which is conducted by a central aspartate in the highly conserved DXDD



motif (this motif is unrelated to the aspartate-rich DDXXD motif of type | terpene synthases)!.
In addition to copalyl diphosphate synthase discussed above, several other type Il TSs utilize
GGPP in different conformations to yield enantiomeric series products like ent-CPP, syn-CPP,
syn-ent-CPP, which can further proceed with the abstraction of diphosphate by a type | TS3¢ or
prenyltransferase®’ to contribute to diverse NPs.

Terpene biosynthesis occasionally provides examples of reaction sequences in which tandem
terpene cyclization or coupling-cyclization reactions are catalyzed in two distinct active sites on
the same protein, which is a so-called bifunctional enzyme. These two active sites can be

functionalized as two type | TSs, type | plus type Il TS, type | TS plus PT, or type Il TS plus PT.

e, Y180

Figure 3. Stereoview of the active site in selina-4(15),7(11)-diene synthase (PDB: 40KZ)3.
D82, D83 and E87 are part of DDXXD motif, and N224, S228 and E232 are part of the NSE
triad. R178 and Y180 belong to the RY pair. Three Mg?* (A, B and C) coordinate with D82, D83
and E232 to form the trinuclear for the stabilization of diphosphate group. DHFPP: 2,3-

dihydrofarnesyl diphosphate. This figure was generated by Pymol software.

In the case of bifunctional enzymes, two active sites are appropriately oriented with regard to
each other to afford a proximity effect (proximity channeling), resulting in a higher probability
that a product of one reaction can be taken over by the second active site. As mentioned above,
geosmin synthase from S. coelicolor®® represents one of the typical enzymes containing two
domains, in which the first domain (residues 1-366) catalyzes the formation of 20 and 21 from
FPP, while the second domain (residues 367-726) rebinds product 20 followed by a protonation
to further generate 22 and acetone. Another example is abietadiene synthase which catalyzes
the cyclization of GGPP through overall two consecutive steps to form (-)-abieta-7(8),13(14)-
diene, a biosynthetic intermediate of (-)-abietic acid. Its formation includes the generation of
(+)-19 by type Il active site, followed by the ionization and cyclization of (+)-19 to yield
abietadiene through type | active site?®. The combination of PT activity and type | activity has

frequently been observed in the case of biosynthesis of fusicoccadiene*!, ophiobolin F#2,



asperterpenol A*3, and sesterfisherol*4, where one domain is responsible for the formation of
the acyclic precursor and the other one cyclizes it to yield a terpene compound. However,
bifunctional enzymes containing type Il and PT activities are indeed unusual. More recently,
Abe®” reported two diterpene synthases composed of three domains (a, B and y) from
Penicillium species with both type Il TS and PT activities, in which the a domains at the C-
terminus of both enzymes exhibit the PT activity for GGPP production, while the By domains in
the N-terminal region are responsible for the formation of 19.

Non-canonical TSs are novel families of TSs that perform TS-like reactions but do not resemble
canonical TSs in sequence or structure. Recently, more and more TSs belonging to this family
have been discovered. In 2010, a Cis terpene sodorifen was detected from volatiles released
by S. odorifera*®, and the corresponding TS and SAM-dependent C-methyltransferase also
have been investigated*®47. More recently, Kampranis*® reported a series of non-canonical TSs
that are responsible for the formations of several Cis terpenes like heraclitene, anaximandrene,
and aristotelene. All of these enzymes have been investigated in depth with isotopic labelling
experiments in conjunction with DFT calculations by our group#. Subsequently, the
chlororaphen synthase (ChloS) and two methyltransferases from Pseudomonas chlororaphis2®
were characterized through the identification of their products chlororaphen A (23) and B (24),
for which a detailed mechanism towards their formations was addressed experimentally and

theoretically®°.

1.5 Sesquiterpene biosynthesis

Type | sesquiterpene synthases (STSs) trigger the ionization of FPP to generate the reactive
farnesyl cation (A), which can be attacked by the C10=C11 double bond to form the (E,E)-
germacradienyl cation (B) or the (E,E)-humulyl cation (C) through 1,10 or 1,11-cyclization. Apart
from that, FPP can also proceed with isomerization to yield nerolidyl diphosphate (NPP)
harbouring a rotatable vinyl group around the C2-C3 single bond, which is essential for the
installation of a (Z)-double bond between C2 and C3. Further anti-Sn2’ reaction initialized from
C3 triggers 1,10-cyclization to yield the (E,Z)-germacradienyl cation (D), 1,11-cyclization to the
(E,Z)-humulyl cation (E), 1,6-cyclization to the bisabolyl cation (F), or 1,7-cyclization to the
cycloheptenyl cation (G). These six cationic intermediates represent all the possibilities to

initialize the biosynthesis of sesquiterpenes (Scheme 5).
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Scheme 5. Sesquiterpene cyclization modes starting from FPP.

Pentalenene (26), representing a typical tricyclic sesquiterpene with an initial 1.,11-cyclization
mode, was first isolated from Streptomyces bacteria®?, then followed by extensive elementary
biosynthetic proposals in understanding its formation®2-57. As shown in Scheme 6, after the
abstraction of diphosphate and 1,11-cyclization, the resulting humulyl cation (C) either proceeds
through a consecutive deprotonation and reprotonation steps via humulene (25) to H, or directly
undergoes a 1,2-hydride shift to H, followed by a cyclization to I, another 1,2-hydride shift to J,
ring closure and deprotonation to 26 (Scheme 6, path A). This pathway is the earliest pathway
suggested by Cane®8 raising the sequence of C-25-H and suggesting the only basic histidine
residue (H309) in the active site may act as a base in the deprotonation-reprotonation sequence.
Subsequently, the proposal was modified to a 1,2-hydride from C to H with skipping of 25, since
the replacement with another non-basic residues at the position of H309 (H309A) retained the

production of pentalenene®°.
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Scheme 6. Proposed biosynthetic mechanism towards 26 and 27.
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In 2006, Gutta and Tantillo®° proposed an alternative pathway, in which the 7-protoilludyl cation
(L) is formed directly after H, followed by a direct unusual dyotropic rearrangement to the direct
deprotonated precursor of 26 (Scheme 6, path B). This mechanism is supported by quantum-
chemical calculations, but revealing the computed barrier for the dyotropic rearrangement was
ca. 30 kca/mol. In 2012, this result was further confirmed by the incubation of (6-2H)FPP with
purified enzyme variant H309A, which the productive distribution was shifted to more 26 and
less AS-protoilludene (27), as explained by a normal kinetic isotopic effect. Subsequently, a
refinement of the DFT calculations suggested a pathway B’ via ring opening of L to L, followed
by 1.2-hydride shift and cyclization to K with an overall barrier of only ~6 kcal/mol®¢. More
recently, Xu et al.6! characterized a sesquiterpene synthase from the liverwort Radula
lindenbergiana with tiny production of 26, pointing additional evidence towards the path B’ in
the biosynthesis of 26. In addition, an isopentalene synthase from the fungus Clitopilus
passeckerianus was also investigated in this dissertation, with two products 26 and

isopentalene identified, which will be described in Chapter 6.

1.6 Diterpene biosynthesis

At present, more than 126 different diterpene carbon skeletons have been identified,
contributing to more than 18,000 compounds®?. As discussed above, two main classes of
diterpene synthases (DTSs), type | and type Il enzymes, dominate diterpene formation. Type |
DTSs stand out as more outstanding catalysts in creating a vast diversity of terpene skeletons
in comparison to type Il DTSs. Different to FPP, the cyclization of GGPP by a DTS can proceed
through a large variety of initial cyclization steps, resulting in a larger structural diversity of
cyclized products. The resulting diterpenes can be divided into groups: compounds generated
from 1,6 or 1,7-cyclization, from 1,10 or 1,11-cylization, and from 1,14 or 1,15-cyclization in
terms of the different initial cyclization modes.

An example of terpen formed through initial 1,6-cyclization may be (-)-Vinigrol (30). This
compound, featuring an unprecedented and highly congested 6-6-8 tricyclic ring system
confirmed by the X-ray crystallographic analysis of its oxidized derivative (30*), was first
isolated from fungus Virgaria nigra F-5408 by Hashimoto et al.®® in Fujisawa Pharmaceutial
company, Ltd in 1987. Due to its various potent pharmaceutical activities, this molecule
attracted considerable attention on its total synthesis®4%8. Its biosynthetic mode was unknown
until its gene cluster was identified in 2024 by Xu and Zou®°. The formation of 30 requires one
cyclization step and two sequential steps of hydroxylation (Scheme 7), in which a corresponding

DTS (VniA) catalyzes 1,6-cyclization of GGPP, a rarely observed mode in nature. In his
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proposal, the formation of 28 requires an isomerization of GGPP and a 1,6-ring closure,
followed by several unusual 1,4 or 1,5-hydride shifts and ring closures. Unfortunately, this
mechanism was neither confirmed by experimental data nor theoretical calculations. While 1,6-
cyclizations in diterpene biosynthesis appears to be rare, type | DTSs catalyzing the 1,7-

cyclization mode so for is unknown.

A)

VniA
GGPP ——

Scheme 7. Proposed biosynthetic pathway towards 30. VniA and VniB represent a DTS and a

cytochrome P450, respectively. The oxidized derivative 30* is shown in the box.

The majority of diterpenes originates from a 1,10- or 1,11-cyclization mode, due to the fact that
the resultant carbocation can easily be captured by other 11 electrons in GGPP. How this mode

of cyclization can further proceed will be exemplified in more details here.

=
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_ (opP ! 0P

GGPP

33 C

Scheme 8. Cyclization proposal towards the formation of 31, 32 and 33.

Spata-13,17-diene synthase (SxSpS) from Streptomyces xinghaiensis? is a representative
DTS that first catalyzes a 1,10-cyclization to yield the tertiary cation A followed by a
deprotonation to cneorubin Y (31), a neutral molecule that can further proceeds through a
protonation and cyclization to form intermediate B. Two alternative cyclizations proceeding with
simultaneous sacrifice of cyclopropane ring towards C or D may result in the formation of
prenylkelsoene (32) and spata-13,17-diene (33), respectively (Scheme 8). As a part of this
study, SxSpS is also deeply investigated to understand the unique mechanism of substrate

promiscuity through enzyme crystallization and protein engineering.
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Scheme 9. Representative diterpenoids obtained with a 1,11-10,14 cyclization mode.

Due to the instability of secondary cations, a 1,11-cyclization mode usually is not favored during
terpene formation, however, cyclization cascade followed by 10,14-cyclization can avoid this
situation. An exemplary DTS catalyzing two sequential cyclizations is peysonnosene synthase
(PeyS) from chloroflexota bacterium Anaerolineaceae sp’* which is capable of converting
GGPP into peysonnosene (34), a compound sharing the 5-6-3-6 fused tetracyclic skeleton
observed in peyssonnosides from the marine red alga Peyssonnelia sp. The relative
configuration of 34 was proposed to be the same as that of peyssonnoside A (37)72 due to their
structural similarity, while its absolute configuration was tentatively assigned as
(1S,6S,7R,10S,11S,14S) through VCD measurement. Meanwhile, two derivatives of 34 named
peyssonnosol A (35) and B (36), with absolute configuration assigned by X-ray structure, were
identified as the enzymatic products of two DTSs (Scheme 9). Extensive isotopic labelling
experiments disclosed their formations originating from a 1,11-10,14-cyclization mode?2. In
addition, many DTSs including cyclooctat-9-en-7-ol synthase (CotB2)73, the first identified
bacterial type | DTS, spiroviolene synthase (SvS) from Streptomyces violens™, cattleyene
synthase (CyS) from Streptomyces cattleya’, and variediene synthase (AbVS) from the fungus
Emericella variecolor’® are capable of catalyzing initial 1,11-10,14-cyclizations. In Chapter 3-5,
the usage of DTSs in the biotransformation of non-natural substrate analogs is described,
showing how the structural modifications effect this cyclization mode and lead to different
products. It is worth mentioning that the cyclization cascades of some DTSs proceed through
secondary cations, exemplified by the cationic cascade of palmatol synthase (CpDTS1)
recently cloned from Chitinophaga pinensis””. The mechanistic investigation of this enzyme
demonstrated that a secondary cation formed through skeletal rearrangement, can be
stabilized via cation-1 interaction with the adjacent C14=C15 double bond, which was
demonstrated by DFT calculations.

Another frequently observed mode is 1,14-cyclization which can generate the cembren-15-yl
cation (E) followed by deprotonation to macrocyclic compounds such as casbene (38) and (+)-
cembrene A (39) (described in Chapter 8). Apart from that, E can also undergo a 10,15-
cyclization to yield compounds representing the verticillane skeleton such as verticilla-3,7,11-

triene (40), or representing the taxane skeleton such as 18. Compound 18 and related
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diterpenes share unique long-range proton migrations in their biosynthesis, which will be
described in Chapter 8. Interestingly, a similar mechanism was also observed in the formation
of the 6-6-5-7 tetracyclic diterpene cephalotene (41), whose formation is catalyzed by
cephalotene synthase (CsCTS) from Cephalotaxus sinensis’®. As shown in Scheme 10, the

formation of 41 requires a key intermediate F, which proceeds with a long range 1,7-proton shift

to G and further yields cyclophomactene (42) by a variant of taxadiene synthase (TxS-G606A,
Chapter 8).

Scheme 10. Terpenes generated from the 1,14-cyclization mode.

Bonnadiene synthase (BdS) from Allokutzneria albata’ represents a DTS with a 1,14-
cyclization mode to yield bonnadiene (43). Its biosynthetic mechanism was experimentally
confirmed by an isotopic labelling study, and proceeds with isomerization of GGPP to
geranyllinalyl diphosphate (GLPP) and 1,14-cyclization through anti-Sn2’ attack at C1 to H
which undergoes a 1,3-hydride shift to | with the stereospecific migration of the 1-pro-R
hydrogen, followed by 1,6-cyclization to J. The remaining steps include a 1,2-hydride transfer
to K, 6,10-cyclization to L and deprotonation to 43 (Scheme 11). As observed, the active pocket
of enzymes dedicates to the substrate’s different folding conformation, leading to different initial
cyclization mode. However, the non-natural terpene precursor iso-GGPP Il can absolutely

changes its folding conformation, resulting in a novel biosynthetic formation (Chapter 3).

Scheme 11. Cyclization mechanism towards 43.
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In contrast to the frequently observed 1,14-cyclization mode, which results in 14-membered
ring diterpenes, the 1,15-cyclization mode has rarely been reported in diterpene biosynthesis.
Only six known examples, flexibilene (44) isolated from the soft coral Sinularia flexibilis8°81, its
corresponding alcohol (45) from Streptomyces sp. SANK 6040482, micromonocyclol (46) and
the related elimination products 47 and 48 from Micromonospora marina®® were identified as

the products of the 1,15-cyclization mode (Scheme 12).

44 45 46 47 48

Scheme 12. Representative diterpenes generated from 1,15-cyclization.

1.7 Non-natural substrate analogs in terpene biosynthesis

Synthetic analogs have originally served as inhibitors of TSs to provide high-resolution of
enzyme crystal structures with bound analogs, disclosing the relevant substrate conformations
in the active pocket. Prominent examples include 5-epi-aristolochene synthase®® bound to
trifluorofarnesyl diphosphate and selina-4(15),7(11)-diene synthase coordinated with DHFPP38,
In addition, non-natural substrate analogs that lack a specific reactivity can also be carefully
designed to interrupt the enzyme’s cyclization cascade, allowing the isolation of derailment
product to provide additional insights into the proposed cyclization mechanism. In (+)-
aristolochene (50) biosynthesis, (-)-germacrene A (49) had been proposed to be an
intermediate arising by 1,10-cyclization and deprotonation8* (Scheme 13A). Subsequently, 49
proceeds through reprotonation and cyclization to generate the bicyclic intermediate eudesmayl
cation (A) which undergoes 1,2-hydride migration, Me migration and deprotonation to yield 50.
Despite 49 being regarded as an intermediate towards 50, no trace of 49 was released from
the active site of aristolochene synthase from Aspergillus terreus®®2 (AT-AS). Incubation of the
FPP analog (7R)-6,7-dihydro-FPP with AT-AS resulted in the formation of dihydrogermacrene
(51, Scheme 13B), which was confirmed by GC/MS analysis in comparison to a synthetic
standard®’, a compound that cannot be further cyclized due to the saturation of C6-C7 single
bond. Moreover, Allemanng® converted another FPP isomer 7-methylene FPP to 7-methylenene
germacrene A (52) by the AT-AS homolog from Penicillium roquefortii (PR-AS), in which the
formation of 52 follows the homologous reprotonation and cyclization steps like natural

counterpart to yield A, finally to 50 (Scheme 13C).
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(7R)-6,7-dihydro-FPP 51 7-methylene FPP 52
Scheme 13. Mechanistic investigation of aristolochene synthase (AS) by conversion of A) FPP,

B) (7R)-6,7-dihydro-FPP and C) 7-methylene FPP.

As a remarkable biocatalyst in forming complex structures with high chemo-, regio-, diastereo-
and enantioselectivity from merely limited natural acrylic precursors, TSs theoretically can
tolerate various non-natural terpene precursors to create novel terpene backbones for further

modifications.
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Scheme 14. Representative non-natural sesquiterpenes obtained from enzymatic conversion

of FPP derivatives through various STSs.

Recently, In the collaboration with Kirschning®?, a series of synthetic heteroatom-modified FPP
derivatives (Scheme 14) were synthesized and enzymatically transformed with several STSs
like patchoulol synthase (PtS) from Pogostemon cablin®, viridiflorene synthase (Tps32) from
Hyoscamus muticus®9, (+)-T-muurolol synthase (TmS) from Roseiflexus castenholzii®,
pentalenene synthase (PenA) from Streptomyces exfoliates®28%93, presilphiperfolan-8b-ol
synthase (Bot2) from Botrytis cinerea®° and cubebol synthase (Cop4) from Corinus
cinereus®9%, In comparison to enzymatic products obtained from FPP, several isolated non-
natural sesquiterpenes featured novel skeletons such as tricyclic terpenoid 58 as shown in
Scheme 14. However, the absolute configurations of all these non-natural terpenoids were not

determined.
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Scheme 15. Enzymatic conversion of FPP derivatives with Bot2 enzyme.

In the cases mentioned above, the initial purpose of oxygen insertion is to stabilize the cationic
intermediate by formation of oxiran-1-ium cation and to further facilitate the cyclization cascade,
oppositely, the cationic intermediates were interrupted at beginning, leading to the generation
of macrocyclic compounds. More recently, Kirschning et al.% designed two more FPP analogs
bearing a hydroxyl group or hydroxymethyl group at C14 with calculated van der Waals volumes
of 350 and 370 A3, respectively. Further cavity calculations on the Alphafold model of Bot2
enzyme revealed a total of volume of its active site cavity of 570 A3, which theoretically can
adopt both analogs. Upon product isolation and NMR-based characterization, compounds 64-
66 were identified, with absolute configurations assigned through X-ray crystallographic

analysis (Scheme 15).

19-nor-GGPP (
GGPP (R= Me)

ﬁi%

W

Scheme 16. Biosynthetic route to 67 and 68. “a” series stands “R = H” and “b” series represents

“R = Me".
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The majority of investigations on the substrate promiscuity of terpene synthases is focused on
STSs, while conversions of non-natural substrates with DTSs are rare. One representative
example is desmethylated GGPP analog 19-nor-GGPP?7, which was transformed by 20 DTSs
resulting in the isolation of 23 non-natural diterpenoids. Xenoviolene (68), enzymatically
obtained with SvS, exhibits a remarkable terpene skeleton as a result of a branched cyclization
route. Mechanistically, 19-nor-GGPP follows an analogous cyclization like its natural
counterpart GGPP until the intermediate G. At this stage with GGPP Mel9 migrates into the
neighboring position, but instead a ring contraction is observed for the non-natural case, leading
to intermediates either Hb or Ja as the precursors of spiroviolene (67) or 68, respectively
(Scheme 16). This result demonstrates that small structural changes in GGPP can lead to novel
cationic sequences and consequently to enzyme products with new skeletons. As part of this
doctoral thesis, SvS was also confirmed to have moderate substrate tolerance towards iso-
GGPP analogs, producing other novel terpenes. Moreover, diverse synthetic iso-GGPP
analogs were studied systematically with DTSs previously investigated in our laboratory to gain
a deeper understanding of how the activities of DTSs are triggered by structural modifications.

The results of this work will be described in detail in Chapters 2-5.

1.8 Site-directed mutagenesis

With the development of X-ray crystallization and Al-based structure prediction, site-directed
mutagenesis (SDM) is becoming a powerful and accessible tool to deepen our mechanistic
understanding of TSs. As mentioned in Chapter 1.4, type | TSs harbour a typical a-helical fold
with several highly conserved motifs that engage in substrate recognition, binding, and catalysis.
In 2002, Cane et al.®8 first conducted a series of SDM experiments, creating the D84E, W308F,
H309F, W308F/H309F, N219A, and N219L enzyme variants of bacterial type | TS pentalenene
synthase. Among them, the W308F and W308F/H309F variants are not only capable of
producing 26, but also yield (+)-49 and 27 as a consequence of a derailment of the cyclization
reaction. They also addressed the significance of N219, a residue located in NSE triad by the
observation of inactivity of N219A and N219L. In rare cases highly conserved motifs like the
DDXXD motif and the NSE triad can be exchanged, as found for isoishwarane synthase (IWS)
from Streptomyces lincolnensis®?1%, WS possesses an unusual 8DDLHT motif instead of the
classical DDXXD motif, where the reintroduction of the third Asp in the T84D variant gave a
nearly unchanged activity towards isoishwarane formation. Apart from these highly conserved
residues, several aromatic residues like Phe, Tyr, Trp also play an important role in stabilizing

cationic intermediate via Tr-cation interactions, which is well explained in the fungal
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sesterterpene synthase nigtetraene synthase from Pestalotiopsis fici (PfNS) through a
guadruple mutagenesis. Based on the molecular dynamics simulations (MD) of PINS/AO0 and
the MD trajectories analysis, Liu et al.1%* enable finding the key aromatic residues located at
the D-helix and G2-helix regions, where are reported to be associated to catalytic function102.103,
Incubation of GFPP with the resulting quadruple variant PfNS-F89A/Y113F/W193L/T194W
generated the tricyclic sesterterpene ophiobolin F (69) instead of the native bicyclic product
nigtetraene (70, Scheme 17). Subsequent MD simulations with the triple variant
Y113F/W193L/T194W revealed cation-T1 interactions between F89 and C15 of A0, and a C-
H-.-1T interaction with a distance of 3.9+0.3 A between F89 and H14, promoting the 1,2-hydride

shift from C14 to C15.

PfNS-F89A/Y113FJ
/W193L/T194W

168F ﬂ

Scheme 18. Bioynthetic routes to 71-74 catalyzed by CpPS and its variant 168F.

As mentioned above, the active sites of type | TSs are precisely constructed by several non-
polar and aromatic residues in a defined volumes3®. Dickschat et al.’%* disclosed the
conservation of thirteen residues, including 166 of polytrichastrene synthase from
Chryseobacterium polytrichastri (CpPS), in analogous positions of many TSs through a
sequence alignment with more than 100 characterised microbial type | TSs. This residue is
occupied by an aromatic residue Phe in many other type | TSs. A variant 168F thereby was

carefully designed with an enhanced diterpene production (195+43%) and a strongly changed
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product profile. Consequently, besides polytrichastrene A (71), several new compounds wanju-
2-en-6a-0l (72), polytrichastrene B (73) and bonn-2-en-1la-ol (74) were isolated. Their

absolute configurations were determined by isotopic labelling experiments (Scheme 18).

Scheme 19. Representative diterpens obtained from CyS WT and its variant.

With the assistance of crystallographic techniques, the co-crystal structure of cattleyene
synthase bound to one GGPP and three Mg?* (CyS-GGPP-Mg?*) provided a deeper insight into
the interactions between GGPP and five aromatic residues, four aliphatic and three polar
residues, where GGPP is folded in a special conformation. The single variant C59A completely
shifted the product profile from native cattleyene (75) to three novel diterpenes 76, 77 and 78,
featuring unique 5-5-6-5, and 5-6-5-5 tetracyclic skeletons, respectively (Scheme 19)105. With
the assistance of site-directed mutagenesis and MD simulation, a sesquiterpene synthase was
also engineered to a diterpene synthase which will be described in Chapter 7.

Taking all these examples together, SDM is indeed a powerful tool in understanding the catalytic
mechanisms of enzymes and in creating novel terpene products. Nowadays, the development
of sequence-based, structure-based, machine learning-based computational tools will facilitate

the identification of the beneficial mutations by creating smaller but smarter libraries1,
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Introduction

Although the casbene synthase (CS) has been characterized and investigated deeply!°7.1%8, the
stereochemical course for the cyclisation reaction catalyzed by CS remains open. This study
investigated this issue by using isotopic labelling experiments, showing the same absolute
configuration as reported for casbenel®. Further labelling experiments gave insights into the
EI-MS fragmentation mechanism of casbene. Casbene isomers were obtained by enzymatical
conversion of two oligoprenyl diphosphate analogs with shifted double bonds, showing the

analogous absolute configurations as for casbene.

Summary

The CS gene was cloned into the pYE-Express shuttle vector!® and expressed in E. coli BL21
(DE3). The purified protein efficiently converted GGPP into (-)-79, while the cyclisation
mechanism from GGPP to 79 proceeds through 1,14-cyclisation to the cembranyl cation (A),
followed by deprotonation from C1 with cyclopropane ring closure (Scheme 20). Incubation of
(R)- and (S)-(1-3C,1-2H)IPP with IDI, GGPPS and CS revealed the specific loss of the 1-pro-S
hydrogen during product formation. Further incubation with DMAPP and (E)- or (Z)-(4-13C,4-

2H)IPP allowed the identification of the absolute configuration of 79.

{orp
PPO)
(cs)
e —_—
“H*
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B) ) { oPP
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PPO‘B /
7 N
iso-GGPP 80 iso-FPP + IPP 81

Scheme 20. A) Cyclisation of GGPP to 79. Conversion of B) iso-GGPP to iso-casbene | (80),
and C) iso-FPP to iso-casbene Il (81).

Two substrate analogs iso-FPP and iso-GGPP with an olefinic methylene group at C7 instead
of the C6=C7 double bond were synthesized and converted into iso-casbene | (80) and iso-

casbene Il (81), respectively (Scheme 20). The absolute configuration of 80 was determined
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using GGPP analogs with an enantioselective deuteration at C1. For this purpose, (R)-(1-2H)-
iso-GGPP (blue H = 2H) and (S)-(1-°H)-iso-GGPP (red H = 2H) were synthesized in high
enantiomeric purity. Their conversions with CS into 80 resulted in the specific loss of 1-pro-S
hydrogen, which is the same hydrogen as lost in the formation of 79, pointing to the absolute
configuration of (1R,14S)-80. The same conclusion is obtained for 81 in the incubation of iso-
FPP and (R)-(1-°H)IPP (blue H = 2H) and (S)-(1-°H)IPP (red H = 2H) with GGPPS and CS,
indicating the structure of (1R,14S)-81.

The EI-MS fragmentation mechanism of 79 was studied based on the GC/MS analysis of the
twenty isotopomers of (33C)-79. The results of these mass spectrometric analyses are
summarized for prominent fragment ions m/z in a position specific mass shift analysis (PMAm/-,
Figure 4). In this method, EI-MS analysis of the crude products obtained from the enzymatic
conversion of the twenty 13C-labelled isotopomers of GGPP can identify the formation of a
specific fragment ion from a specific portion of the analyte. The labelled product gives a mass
shift of +1 in comparison to the unlabelled product. This PMA leads to a full picture of which
carbon atoms of the product form a fragment ion (summarized as shown in Figure 4) with all
20 (13C1)GGPP isotopomers. The specific loss of the C15(-17)-16 portion (Figure 4) contributes
to the formation of fragment ion m/z 229 (PMA229) based on this analysis. This fragment is
explained by a-fragmentation to A*, hydrogen rearrangement (rH) to B* and another o-

cleavage with loss of CsH7 to C* after electron ionization to 79* (Scheme 21A).

PMA,59 PMA 54 PMA 36

Figure 4. Position specific mass shift analysis for 79.

Besides the cleavage of a fragment of 43 Da (CsHy), also a small peak for the cleavage of 44
Da (C3He?H) was observed with labelled 79 from (R)- and (S)-(1-13C,1-2H)IPP and (E)- and (Z)-
(4-13C,4-2H)IPP. This indicates multiple mechanisms to the formation of C*. Thus, plausible
suggestions for the hydrogen rearrangements based on other fragment ions will be made. The
PMA1e1 analysis reveals loss of the C5-6-7(-19)-8 and C15(-17)-16 moieties (Figure 4). The
ionization to 79 and two a-cleavages lead to the neutral loss of isoprene via D* to E* (Scheme
21B). The terminal steps for the loss of CsH7 are then basically the same as in the formation of
m/z 229. The analysis of PMA13s shows the cleavage of C5-6-7(-19)-8-9-10-11(-18)-12 (Figure
4), resembling the loss of two neutral isoprene units. Starting from E** in which the first isoprene
unit is already cleaved off, an a-fragmentation to I** and inductive cleavage to J** results in the

neutral loss of a second isoprene unit (Scheme 21C). PMAz121 exhibits the additional loss of
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either Mel6 or Mel7, which can directly be explained from J** through another a-cleavage.
Finally, PMAgs indicates the formation of this fragment ion from the C13-14-1-2-3(-20)-4 portion
of 79 (Figure 4). Afirst a-cleavage of 79* to L* followed by two inductive cleavages via M** to
N** can be followed by o-fragmentation with cyclopropane ring opening to O* (Scheme 21D).

Hydrogen rearrangement to P** and loss of the isopropyl group then lead to Q*.

X
a P
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H* (m/z 161)

mM* N** (m/z 136) o*

A S
a
—
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J* (miz 136) K* (m/z 121)

Scheme 21. Proposed mechanism for the formation of fragment ions.

In this work, | first expressed the CS gene into the E. coli BL21 (DE3) and isolated casbene
from the incubation experiment with GGPP. Then, two synthetic GGPP analogs were converted
by CS to yield the casbene isomers. Finally, | conducted all labelling experiments to study the
stereochemical courses of casbene and its isomers, and to study the EI-MS fragmentation

mechanism of casbene.
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Diterpene Biosynthesis from Geranylgeranyl Diphosphate Analogues with Changed

Reactivities Expands Skeletal Diversity

Heng Lil@ and Jeroen S. Dickschatlal*

[a] Heng Li, Prof. Dr. Jeroen S. Dickschat, Kekulé-Institute for Organic Chemistry and

Biochemistry, University of Bonn, Gerhard-Domagk-StraRe 1, 53121 Bonn, Germany, E-mail:

dickschat@uni-bonn.de

Copyright © 2022, Heng Li and Jeroen S. Dickschat. Reprint from Angew. Chem. Int. Ed., 2022,
61, 202211054 under the license CC BY 4.0: https://creativecommons.org/licenses/by/4.0/

The publication “Diterpene Biosynthesis from Geranylgeranyl Diphosphate Analogues with

Changed Reactivities Expands Skeletal Diversity” can be found in Appendix B.

25


https://creativecommons.org/licenses/by/4.0/

Introduction

After successful transformations of the two GGPP analogs iso-GGPP | and iso-GGPP Il with
casbene synthase, we continued our studies with twelve diterpene synthases from bacteria,
fungi, and protists to investigate the activity change caused by the substrate modifications. In

total 28 new diterpenes were isolated, and most of them exhibited novel skeletons.

Summary

The incubation of iso-FPP with GGPPS and bonnadiene synthase (BdS) from Allokutzneria
albata’ resulted in the compounds isonephthenol (82) and isocembrene A (83, Scheme 22A).
Compounds 82 and 83 are the iso-compounds according to nephthenol (84) and cembrene A
(39). The formation of 82 and 83 can be explained by the disturbance of the enzyme-substrate
interaction caused by the structural modification in iso-GGPP II. The 1,14-cyclization occurring
in the natural conversion with GGPP is still promoted but with retained 2E configuration in A,
while the downstream steps of the cascade are interrupted. The spata-13,17-diene synthase
(SpS) from S. xinhaiensis™ catalyzes an initial 1,18-cyclization of iso-GGPP Il to B, followed by
a subsequent 1,3-hydride shift and attack of water to pseudoobscuronatin (85, Scheme 22B).
This compound was named a pseudo-derivative based on the similar natural cyclization

mechanism towards obscuronatin (86).

A) OH
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is0-GGPP Il B 85
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Scheme 22. Diterpenes from iso-GGPP Il
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All compounds prenylpseudogermacrene A (87), prenylpseudogermacrene B (88),
prenylpseudogermacrene C (89) and prenylpseudogermacrene D (90) are from the same
cationic intermediate B which is a result of the 1,18-cyclization from various diterpene
synthases.

Meanwhile, with phomopsene synthase from Nocardiopsis rhamnosiphilia (NrPS)7> and iso-
GGPP II, a new diterpene alcohol prenylpseudohedycaryol (91) and a new diterpene
hydrocarbon pseudodolabella-3,7,18-triene (92) were isolated. The formation of 91 is explained
with 1,18-cyclization and quenching with water, while formation of 92 requires a 1,2-hydride

shift, cyclization and deprotonation (Scheme 23).

iso-GGPP Il
i NrPS
X N // H N
N —_— N =",
+ S S =
OH H
Cc 91 92

Scheme 23. Diterpenes from iso-GGPP Il

Because the conformational flexibility of macrocyclic ring compounds sometimes does not allow
for an unambiguous interpretation of NOESY spectra, our stereoselective deuteration strategy
is not always suitable. However, the optical rotations of 82 and 83 (82: [a]p%® = +11.4, ¢ 0.07,
Me2CO, 83: [a]p?® = +84.6, ¢ 0.13, Me2CO) are of opposite sign to the reported optical rotations
of (R)-84 ([a]o®® = —46.3, ¢ 1.20, CHCI3) and (R)-39 ([o]p?® = —14.2, ¢ 0.48, CHCIs) from
plants®112 indicating opposite absolute configurations. Isotopic labelling experiments with (E)-
and (Z)-(4-13C,4-2H)IPP pointed to the absolute configuration of 85 as shown in Scheme 22.
For compound 91 the results showed a high enantiomeric purity of 91 obtained with HdS (90%
ee), but only 70% ee for 91 from NrPS. For 92 the production was not sufficient to gain
conclusive insights into its absolute configuration.

The conversion of iso-GGPP | harbouring C7=C14 double bond resulted in the iso-compounds
showing the corresponding double bond shift compared to the native products from GGPP. For
example, B-pinacene synthase (PcS) from Dyctostelium discoideum®?® produced iso-B-
pinacene (93) as main product, and 18-hydroxydolabella-3,8(17)-diene (94) was produced by
conversion of iso-GGPP | with 18-hydroxydolabella-3,7-diene synthase (HdS) from

Chitinophaga pinensis'!4. Similarly, dolabella-3,8(17),18-triene (95) and its isomer dolabella-
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3,8(17),11-triene (96), sharing the same skeleton as 94, were obtained from the incubation of

iso-GGPP | with NrPS and dolasta-1(15),8-diene synthase (CgDS)%, respectively (Scheme

24).

\ Hs !:'Rg Hs {jR; Hs :HR?

93 94 95 96
Scheme 24. Diterpenes from iso-GGPP | with PcS, HdS, NrpS and CgDS.
The incubation of AbVS78 with iso-GGPP | yielded the two diterpene alcohols variexenol A (97)
and B (98). The initial cyclization steps towards D to those observed with GGPP are similar, but
later the exo-methylene C19 is involved in a 3,19-cyclization with attack of water, leading to the
formation of compounds with new skeletons (Scheme 25A). For 98 the initial 1,11-10,14-
cyclization is modified to a 1,11-2,10-cyclization to E, followed by 3,19-cyclization and attack of
water. Similar findings have been made for cyclooctat-9-en-7-ol synthase (SiCotB2) from
Streptomyces iakyrus? that converted iso-GGPP | into 2,3,7-triepi-variexenol B (99),
isoxeniaphyllene (100) and prenylisodauca-3,7(14)-diene (101).
Isothunbergene A (102) and B (103), besides the alcohol albataxenol (104) were isolated from
the incubation of iso-GGPP | with SaS6. Notably, the 1,14-cyclization of iso-GGPP | and two
sequential 1,2-hydride shifts to F, similarly to the reactions with the native substrate GGPP, are
required for the formation of 99 and 100. If the cyclization is continued as for GGPP until to H,
the last remaining double bond becomes involved, resulting in a new cyclisation mode with

attack of water leading to 104 (Scheme 25B).

iso-GGPP | F G H 104

Scheme 25. Diterpenes from iso-GGPP | with AbVS and SaS. Cyclization of iso-GGPP | with

A) AbVS to form 97, 98, and with SiCotB2 to form 99, 100, 101, and with B) SaS to form 102,
103, and 104.
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With wanjudiene synthase (CwWS)¥7 iso-GGPP | was converted into prewanjuxenene (105)
and wanjuxenene (106). The cyclization cascade proceeds with its initial steps analogically as
natural wanjudiene in this case. However, starting from intermediate M, the different double
bond location in iso-GGPP | leads to a distinct cyclisation mode. A 1,2-hydride shift to N and
2,19-cyclization result in a secondary cation O. This cation may be a transient species that is
stabilized by a 1,2-hydride shift to P, followed by a final deprotonation step to 106 (Scheme 26).
The 1,3-hydride shift from | to J and 1,2-hydride shift from O to P both were demonstrated by
conversion of (R)- and (S)-(1-13C,1-2H)-iso-GGPP | followed by GC/MS analysis.

Cwws -OPP”

iso-GGPP |

Scheme 26. Cyclization of iso-GGPP | with CSWS

In addition, two diterpene alcohols precatenulixenol (107) and catenulixenol (108) were isolated
with catenul-14-en-6-ol synthase (CaCS) from Catenulispora acidiphila8, and one diterpene
hydrocarbon isocneorubin Y (109) was obtained with SpS, respectively (Scheme 27). Their

formations follow the natural cyclization casades with GGPP very closely.

Scheme 27. Diterpenes from iso-GGPP | with CaCS and SpS

The enantioselective labelling strategy was used to determine absolute configurations of the
products derived from iso-GGPP . For this purpose, (R)- and (S)-(1-13C,1-2H)-iso-GGPP | were
synthesized with 94% ee and 96% ee, respectively. Their conversions with several DTSs and
HSQC analysis of the products showed the absolution configurations of 94, 95, 97, 98, 99, and
100. While this strategy is not always suitable, since one of the hydrogens at C1 for some
compounds migrates during the cyclization process. We hereby suggest their absolute

configurations should be analogous to their natural counterparts.
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In this work, | was responsible for performing all the enzymatic transformations, product
isolations and structure elucidations, and also conducted all the labelling experiments to

determine the absolute configurations of different compounds.
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Introduction

The successful biotransformations of iso-GGPP | and iso-GGPP Il demonstrated high substrate
tolerance of many diterpene synthases, which inspired us to investigate the relationship
between substrate structure and diterpene activity. Here, a new GGPP analog with a shifted
double bond from C14=C15 to C15=C16 (named iso-GGPP Ill) was synthesized and
enzymatically converted by six DTSs, allowing for the isolation of nine non-natural diterpenes

(Scheme 29). Their absolute configurations were addressed by the stereoselective labelling

strategy.
Summary
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Scheme 28. Synthesis of iso-GPP and iso-GGPP lll.

The synthesis of iso-GGPP Il started with iodination of isopentenol to 110, followed by
alkylation to 111. Saponification and decarboxylation gave 6-methylhept-6-en-5-one (112) that
was elongated to (E)- and (Z)-113 through Horner-Wadsworth-Emmons reaction. After
separation by column chromatography, (E)-113 was reduced and phosphorylated to yield iso-
GPP with the C6=C7 double bond shifted. Deprotonated 116 was coupled with 120 which
derives from actetylation of farnesol (117), SeO: oxidation of 118 and bromination of 119 to
obtain 121. Sponification and reductive cleavage of the sulfinate group resulted in the
geranylgeraniol isomer 123 that was further converted into iso-GGPP Ill (Scheme 28). Iso-GPP

and iso-GGPP Il can be accepted by six diterpene synthases, but iso-GGPP Ill showed a better
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diterpene production in comparison to iso-GPP, because no GGPPS is required for the
elongation of two isoprene units.

The previous chapter showed that HdS™* has a good tolerance towards iso-GGPP | and I,
while it also accepted iso-GGPP lll to form four major compounds. Two of them have been
isolated, but the main product showed strong line broadening in the NMR spectra even at an
elevated temperature (343K), preventing its structure elucidation. Another one was
characterized as (11E)-12-isopentenyl-a-selinene (124), its formation can be easily explained
from the cyclization of a germacrene A derivative®, Surprisingly, the isomer (112)-12-
isopentenyl-a-selinene (126) was obtained from the incubation of iso-GGPP Il with HpS from
Streptomyces clavuligerus!®, Hydropyrene (127) and hydropyrenol (128) derives from the
intermediate prehydropyrene (125) which is catalyzed by HpS through 1,10-cyclization of
GGPP to A, followed by 1,3-hydride migration to B, 1,14-cyclization and deprotonation. The
reprotonation of 125 at C6 can further open two more cyclizations, resulting in 127 and 128,
respectively. The formation of 126 can be explained from a similar conformational fold as for
GGPP towards 127 and 128, but at the stage C the cascade is interrupted with the
deprotonation to 125’ to introduce the Z-configured double bond. Further reprotonation and
cyclization leads to 126. Besides 126, isoelisabethatriene C (129) was also isolated from the

same enzymatic conversion with HpS.

133 135 138

Scheme 29. Diterpenes obtained with iso-GGPP Il and different diterpene synthases.

Two diterpene hydrocarbons isoxeniaphyllene 1l (130) and iso-B-springene (131), and one
diterpene alcohol xeniaphyllenol (132) were isolated from the conversion of iso-GGPP IlI with
phomopsene synthase from Nocardia testacea (NtPS, Scheme 30)75. Instead of a 1,11-10,14-
cyclization mode of GGPP to phompsene, the initial cyclization of iso-GGPP Il is altered to
1,11-2,10-cyclization to 130, while the secondary cation E may be stabilized by n-coordination
with the C2=C3 alkene unit. The formation of isoobscuronatin (132) can be explained from the

1,10-cyclization of iso-GGPP lllI, 1,3-hydride shift to G and attack of water to 132, a double bond
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isomer of obscuronatin (134)'2°, while biflora-4,10(19),16-triene (133) generated from the
decomposition of 132 during chromatographic purification on silica gel. The compound bucket-
wheelene (135) that isolated with SiCotB2 was given its name, because its shape reminds of a

bucket wheel (Scheme 31C).
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Scheme 30. Cyclization of A) GGPP to form 127 and 128, B) iso-GGPP Il to form 126 and C)
iso-GGPP Il to form 129.
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Scheme 31. Diterpenes obtained from NtPS, CaCS and SiCotB2. Cyclization of iso-GGPP Il
with A) NtPS to form 130, with B) CaCS to form 132 and 133, and with C) SiCotB2 to form 135.
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With CgDS, the natural substrate GGPP was converted to 8-araneosene (136) and dolasta-
1(15),8-diene (137), while unnatural iso-GGPP Ill was converted to dolastaxenene (138). The
formation of 137 starts from 1,11-10,14-cyclization while the formation of 138 is altered to 1,10-
11,16-cyclization, in which the shifted double bond at C16=C17 was involved, leading to the
cation L. Then cyclization cascade continues with a deprotonation to 136’, followed by a
reprotonation and 2,7-cyclization to 138. The whole process is as observed with the natural

intermediate 136 towards 137. (Scheme 32)

1 J 136

iso-GGPP llI L 136" M 138

Scheme 32. Diterpenes obtained from CgDS. Cyclization of A) GGPP to form 136 and 137,
and of B) to form 138.

Like the cases mentioned in other chapters, the absolute configurations of the terpene analogs
were investigated by a stereoselective isotopic labelling strategy. In this chapter, the absolute
configurations of 129, 130, 132, 133 and 138 were assigned as shown in the schemes above.
In this study, | conducted all enzymatic transformations, product isolations and structure
elucidations, and also performed all the labelling experiments to determine the absolute

configurations of different compounds.
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Introduction

The investigation of iso-GGPPs was continued with the synthesis of four new iso-GGPP
analogs featuring different double bond shifts and the activity tests on 14 known DTSs. The
corresponding unnatural diterpenes were isolated and characterised. This work showed that
unnatural biotransformations can not only lead to the formation of terpenes with new skeletons,
but also can be useful for detailed mechanistic investigation of natural terpene synthases. Here,
two new diterpene synthase homologs benditerpe-2,6,15-triene synthase (Bnd4) and
venezuelaene synthase (VenA), were characterised. The hydride migrations in the biosynthesis
of benditerpe-2,6,15-triene and venezuelaene including their unnatural diterpene counterparts

from iso-GGPP | were investigated.

Summary

The benditerpe-2,6-15-triene synthase Bnd4 (accession number: WP_033312626) from
Streptomyces iakyrus NRRL ISP-5482 exhibits 92% sequence identity towards its previously
reported homolog Bnd4 from Streptomyces sp. CL12-4121. After an activity test with GGPP, its

product was confirmed by GC/MS, which is the thermally unstable compound benditerpe-

2,6,15-triene (139).

Scheme 33. Biosynthetic proposal for the compounds 139-142.

The biosynthesis of 139 had been investigated and the 1,3-hydride migration from B to C

(Scheme 33) was proposed based on the incubation of (1,1-2H2)GGPP, product isolation and
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NMR spectroscopy in conjunction with DFT calculations!?2. Here, we proposed an easier
method with the incubation of a substrate with deuterium at C1 and 13C at C11. If the 1,3-hydride
migration happens, the 3C-2H coupling will give the obvious triplet signal in the *C-NMR
spectrum. However, the line broadening caused by the flexible ring system of 139 prevented
triplet observation, and this issue was further solved by conversion of 139 with NBS to rigidify
its skeleton. Consequently, three brominated compounds 140-142 were isolated and
structurally characterized, and their mechanisms of formation were investigated by quantum
chemical calculations. The results showed that the bromonium intermediate E can undergo a
barrierless cyclization to F. Further conversion of (7-13C,6-?H)FPP plus IPP with GGPPS and
Bnd4, followed by NBS treatment yielded labelled 140 with an upfiled shifted singlet for C11 (Ad
= —0.06 ppm), indicating a deuterium effect from the neighboring position. This result further
supports the 1,3-hydride migration from B to C, while a similar 1,3-hydride shift was observed

in the biosynthesis of benditerpe-2,7(19),15-triene (143) that was isolated from the incubation

of iso-GGPP | with Bnd4 (Scheme 34).

iso-GGPP | A2 B2 Cc2 143

Scheme 34. Biosynthetic proposal for the compounds 143.

The second investigated enzyme is a VenA homolog from Streptomyces exfoliatus DSM 41693,
which shares 97% sequence identity towards the previously reported VenA from Streptomyces
venezuelae ATCC 15439123, After the isolation of venezuelaene A (144), its biosynthesis was
proposed as shown in Scheme 3, but the biosynthetic mechanism regarding a single 1,3-
hydride shift or two sequential 1,2-hydride shifts from | to K was not clear. In order to distinguish
these two possible pathways, an incubation experiment with (7-13C,6-2H)FPP plus IPP, GGPPS
and VenA was conducted, and the corresponding triplet signal for C11 of 144 (A8 = - 0.52 ppm,
Jcp = 19.4 Hz) was observed. Another conversion of (3-3C)GPP plus (1,1-2H2)IPP with
GGPPS and VenA gave a singlet peak for C11 of 144 (AS = —0.12 ppm), which indicates the
deuterium being located in a neighboring position of C11. Both experiments uncovered the two
sequential 1,2-hydride migrations in the biosynthesis of 144. Analogously, similar hydride shifts
in the biosynthesis of the unnatural counterpart 145 was also confirmed by the incubation of

(R)- and (S)-(1-3C,1-2H)-iso-GGPP | with VenA (Scheme 35).
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Scheme 35. The diterpene synthase VenA. A) The formation of 144 from GGPP, and B) the
formation of 145 from iso-GGPP I.

The FPP homolog iso-FPP Il was synthesized and was enzymatically elongated to iso-GGPP
VI by GGPPS (Scheme 36), while other substrate analogs were chemically synthesized based

on similar methods as mentioned in the last three chapters.
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Scheme 36. The structures of iso-GGPP analogs.
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Scheme 37. Isolated compounds from the incubation of iso-GGPPs with various DTSs.
Coulored dots indicate compound production by enzymes according to the colour code at the

bottom of the scheme.

Large scale enzymatic incubations were performed to give new unnatural terpenes (Scheme
37). For example, diisocembrene A (146) and prenylpseudogermacrene B (147) were both
isolated from the incubation of iso-GGPP 1V, but with different enzymes HdS and AbVS,
respectively. Their formations can be explained with a one-step cyclization and deprotonation.
In addition, the compounds from 148-154 all were obtained from the enzymatic conversion of
is0-GGPP VI which derived from its precursor iso-FPP Il with different diterpene synthases.
Interestingly, a-spirocattleyaxenene (151) and p-spirocattleyaxenene (152) occurred in many
crude products of enzymatic reactions, but these compounds coeluted in the GC/MS analysis
and shared very similar mass spectra. In order to distinguish the product profile between
different enzymes, the incubations of iso-FPP Il plus (1-13C)IPP with GGPPS and diterpene
synthases were performed. Based on the enhanced *C-NMR signal and the different chemical
shifts of C1 in 151 and 152, NtPS, HdS, SVS and CotB2 were confirmed as the producers of
both compounds, while CyS, NrPS, SaS, CaCS, and AbVS are producers of only 151, and
CgDS and PmS only produces 152.

In this study, | was responsible for performing the gene cloning, protein expressions, enzymatic
transformations, product isolations and structure elucidations, and also conducted all the

labelling experiments to determine the different hydrides migrations.
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Introduction

Besides the discovery of artificial terpenoids, genome mining for novel natural terpenoids has
also been studied in this thesis. Here, the producer of the antibacterial drug pleuromutilin
Clitopilus passeckerianus, was chosen as a target for bioinformatics analysis, and the
antiSMASH analysis showed several unknown terpene synthases encoded in the genome of
C. passeckerianus DSM 1602. One diterpene named clitopilene exhibiting a novel 6-6-5-5
terpene skeleton and one sesquiterpene identified as isopentalenene were confirmed as the

products of the enzyme CpTS1 and CpTS2, respectively.

Summary

The total mMRNA of C. passeckerianus DSM 1602 was isolated and used as a template in a
reverse transcriptase polymerase chain reaction (RT-PCR) to obtain a cDNA library containing
the coding sequences of two new terpene synthase candidates. After gene cloning and protein
expression in E. coli BL21 (DE3), both enzymes were tested for their functions through the
incubation of GPP, FPP, GGPP and GFPP. The first enzyme (CpTS1, accession number:
PP777465) was identified as a diterpene synthase based on the GCMS analysis of the crude
extract from the enzymatic reaction with GGPP. A large scale enzymatic incubation was
performed for the isolation of the major product, and its structure was elucidated through NMR
spectroscopy as a new diterpene clitopilene (155) with a 6-6-5-5 tetracyclic skeleton.

The NOESY based assignments were used to determine the relative configuration of 155, and
as mentioned in Chapter 2, artificial stereogenic centers of known configurations at C1, C5, C9
and C13 can be introduced by the incubation of (R)- or (S)-(1-13C, 1-2H)IPP with IDI, GGPPS
and CpTS1. These data were combined with the relative orientation of hydrogens at these
position in 155, pointing to the absolute configuration of 155 as shown in Scheme 38. Additional
experiments using DMAPP and (E)- or (2)-(4-13C,4-2H) gave further support for the assigned
absolute configuration.

The biosynthesis of 155 shared a similar pathway as other diterpenes including phomopsene,
spiroviolene’, and allokutznerene’, proceeding through the same intermediate A to E with
1,11-10,14-cyclization of GGPP, ring closure and reopening. Our DFT calculations showed all
steps are energetically feasible, which is agreement with the previous computations by Hong
and Tantillo®4. Subsequently, a specific 1,2-hydride shift from E to F was proposed, that was
also evident from the detection of a triplet for C3 of 155 (A8 = —0.50 ppm, Jcp = 19.2 Hz)
obtained from the conversion of (3-13C,2-2H)GGPP with CpTS1. After a 2,6-cyclization, another
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1,2-hydride shift from G to H was also confirmed through the incubation of (3-13C,2-2H)FPP with
GGPPS and CpTSL1. As the result, the 3C-?H spin coupling gave a triplet signal for C7 (A8 = —
0.54 ppm, 1Jcp = 19.5 Hz) in the 13C-NMR spectrum. The remaining steps from H to 155 contain
a 1,3-hydride shift, a skeleton rearrangement and deprotonation. Similarly, (2-13C)FPP plus
(1,1-2H2)IPP were converted by GGPPS to yield (6-13C,1,1-2H2)GGPP which was subsequently
converted by CpTS1 to yield labelled 155 with a deuterium residing at C6 (A3 = —0.52 ppm,
Jcp = 19.0 Hz). Additional experiments with (R)- and (S)-(1-3C,1-2H)IPP showed that only the
specific 1-pro-R hydrogen of GGPP migrates to C6, which answers the question about the
precise stereochemical course of the migration of two enantiotropic hydrogens. The last
surprising skeletal rearrangement was particularly confirmed by the enzymatic conversion of

20 isotopomers of (*3C)GGPP (Scheme 38).
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Scheme 38. Proposed cyclization mechanism from GGPP to clitopilene (155). The numbers in
blue boxes are computed energies relative to A (set as 0.0 kcal/mol), numbers in black boxes
are reaction barriers, and numbers in red boxes are Gibbs free energies (all in kcal/mol,

mPW1PW91/6-311+G(d,p)//B97D3/6-31 g(d,p), 298 K).

The second enzyme (CpTS2, accession number: PP777466) was identified as isopentalenene
synthase. The incubation of FPP with this enzyme yielded a large quantity of isopentalenene
(156) besides minor amounts of pentalenene (26) and other trace compounds (Scheme 39).
After labelling experiments with (E)- and (Z2)-(4-13C,4-°H)IPP, its absolute configuration was

determined as shown in Scheme 39. The biosynthetic proposal of 156 is similar to 26, a
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sesquiterpene that has been studied intensively52-555758,61  while the

happened from C6 not C8.

T

final deprotonation

Scheme 39. Conversion of FPP into isopentalenene (156, main product) and pentalenene (26,

minor product) by CpTS2.

In this study, | performed gene cloning, protein expression, enzymatic transformations, product

isolations and structure elucidations, and also conducted all the labelling experiments.
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Introduction

The substrate scope of terpene synthases is often highly strict, limiting their applications in the
terpene field. The diterpene synthase, spatadiene synthase (SxSpS) is a well-known enzyme
that can accept FPP, GGPP and GFPP as substrates. Here, we demonstrated that SxSpS is
even able to accept FFPP as a substrate to produce two triterpenes. With the help of enzyme
crystallography, docking studies and site-directed mutagenesis, we demonstrated the existence
of a hydrophobic tunnel that is connected to the active site and can adopt non-reacting
spectator isoprenoid units in SxSpS. The application of this finding on selina-4(15),7(11)-diene

synthase (SdS) allowed us to expand its substrate scope from FPP to GGPP.
Summary

The enzyme SxSpS from Streptomyces xinghaiensis’® can produce spata-13,17-diene (157b)
as the main product, and prenylkelsoene (158b) and cneorubin Y (159b) as the side products.
Their biosynthesis can be explained from the 1,10-cyclization (accounting based on GGPP)
and subsequent cyclization reaction with participation of the first three terpene units’®. Further
incubation experiments with FPP and GFPP yielded the products sharing the same core
skeletons as shown in Scheme 40, indicating that they follow similar cyclization steps. In this
study, a TS homolog from Streptomyces platensis DSM 40041 (SpSpS, accession number:
WP_085926110) was investigated with the same function as SxSpS, but only 28% sequence
identity to the latter. Differently, the activity of SpSpS towards GFPP is higher than that of the
SxSpS, which allowed for the isolation and characterization of geranylkelsoene (158c), one
compound that was previously identified as the product of SxSpS by GC/MS, but has never

been isolated before.

H

157a (R=H) 158a (R=H) 159a (R=H)

157b (R=prenyl) 158b (R=prenyl) 159b (R=prenyl)
157¢ (R=geranyl) 158¢c (R=geranyl) 159¢ (R=geranyl)
157d (R=farnesyl) 158d (R=farnesyl) 159d (R=farnesyl)

Scheme 40. The products of SxSpS.

All known ftriterpenes are generated by triterpene synthases from squalene!?> or
oxidosqualene!?%127 hefore the first type | triterpene synthases discovered®?®. Here, we
surprisingly found SxSpS and SpSpS both can convert FFPP to triterpenes, but the SxSpS

exhibits higher activity. Product isolation and NMR based characterization identified the main
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product as geranylspata-13,17-diene (157d). In addition, farnesylkelsoene (158d) was
tentatively identified as a side product of the SxSpS by GC/MS.

In order to deeply investigate the molecular basis behind the special cyclization mode that only
first three isoprene units are involved in the cyclization, an X-ray crystal structure of SxSpS was
obtained in the open conformation in complex with one Mg?* bound to the NSE triad, named
SxSpS-Mg?* (Figure 5). The structure features the typical a-helical fold as reported for many
type | terpene synthases®%33.105 and possesses the unique helix G break motif with the effector
triad for the substrate ionization. Interestingly, we also observed a hydrophobic tunnel between
helices C and F which is directly connected to the active site and closed at the back by the
three residues F170, L174 and V211 (Figure 5B). Another three aligned small residues (C177,
A181, and A185) shape a space of ~250 A3 (ca. 12 A long and 5 A in diameter), which is
sufficient to adopt up to three isoprene units (the calculated van der Waals volume of one unit
is 74 A3). We assumed that the function of this tunnel is related to the accommodation of the
spectator units of the substrates, which can explain their non-participations in the cyclization
process. Further docking studies with FFPP showed that its tail stretches out into the tunnel,

which supports our hypothesis (Figure 5C).

B) active site cavity

F  C177 A181 and A185

F170, L174 and V211 (front, purple)

(back, grey)
D) AN

C177, A181 and A185 W145, L149 and V186 Y152,V156 and A160
(purple) (back, grey) (front, purple)

Figure 5. The X-ray structure of SxSpS-Mg?*. A) Open conformation in complex with one Mg?*.
The stylized eye and arrow indicate the view into the tunnel. B). View into the substrate tunnel
which is closed by F170, L174 and V211. C) Docking of FFPP to SxSpS. D) Crystal structure
of SdS (PDB: 40KZ), DHFPP = 1,2-dihydro-FPP.

We also found a similar tunnel in the structure of selina-4(15),7(11)-diene synthase (SdS, PDB:
40KZ) in complex with the substrate analog 1,2-dihydro-FPP (Figure 5D). The structural
comparison of SAS and SxSpS disclosed that the larger residues (Y152 and V156) occupied

the positions of the spacious substrate tunnel, while the smaller residue Ala in both cases is far
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away from the active site (Figure 5B and 5D). We thereby assumed the function of the key
residue Y152 in SdS working as a gatekeeper to block the substrate tunnel, resulting in the
acceptance of only FPP. Furthermore, C177 is highly conserved in SxSpS and other 36 SpS
homologs, while this position is occupied by a Tyr in 212 epi-cubenol synthase homologs,
indicating the importance of this position to differentiate the function as a synthase for

sesquiterpenes, diterpenes or even higher terpenes.
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Figure 6. Relative terpene production of A) SxSpS and B) SdS (wild type and enzyme variants).

Site-directed mutagenesis experiments with both SxSpS and SdS were performed (Figure 6)
to investigate the function of some key residues in the tunnel. As a consequence, the C177F
variant of SxSpS indeed completely abolished the activity towards GGPP and the larger
substrates, while the C177L and C177V variants lost the ability of converting GFPP and FFPP.
On the contrary, exchange with a smaller residue Ala in this position significantly increased
(almost four times higher than the wild type) the production of triterpenes. Further mutations
were conducted with the exchange of Phe, Leu and Val in the positions of A181 and A185 which
are more going out from the active site. Two clear trends were observed: 1. the larger the
residues in these two positions are, the smaller the substrate that can be accepted; 2. the more
exterior from the active site the positions are, the less pronounced the observed effect on the
substrate tolerance was.

In addition, the smaller residues Ala and Cys against the gatekeeper Y152 (Y152A and Y152C)
in SAS resulted in the acceptance of GGPP and the formation of one diterpene hydrocarbon.
The more productive variant Y152C was used for the large scale enzymatic transformation with
the identification of prenylgermacrene A (160), after product isolation and NMR-based
charactization. Lobophytumin C (161) and prenyl-a-selinene (162) were also isolated during
the chromatographic purification due to the cyclic reaction of 160 catalyzed by slightly acidic
silica gel, which is similar to the reported behavior of germacrene A12%-131 The thermal instability
of 160 allowed us to obtain the Cope rearrangement product 160*, by heating the solution of

160 in Ph20 to 180 °C in a pressurized tube (Scheme 41).
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The optical rotations of compounds 160-162 and 160* were compared to the previously
reported data for the same or structurally related compounds, leading to the conclusion of the
absolute configurations of these compounds. Further evidence was obtained from our labelling
experiments with (R)- or (S)- and (E)- or (Z)-substrates as mentioned in the previous chapters.
Subsequently, all four labelling samples were heated to obtain the rearranged compound 160*,

and the analysis through HSQC spectroscopy gave insights into its absolute configuration.

M sds QT

n=0

= silica gel

N (F\Q chromatography @ QY
%H -OPP" QY" QY \

FPP (n=0)

GGPP (n=1) Q'OCY
X
162

Scheme 41. Conversion of FPP into selina-4(15),7(11)-diene (163) and of GGPP into 160 by

SdS, thermal rearrangement to 160* and silica gel induced formation of 161 and 162.
In this study, | performed the site-directed mutagenesis, enzymatic transformations, product

isolations and structure elucidations, and also conducted all the labelling experiments to

determine the absolute configurations of compounds.
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Introduction

The biosynthesis of taxa-4,11-diene has extensively been investigated through isotopic
labelling experiments and computational study'3>140, and selective long range hydrogen
migrations in the biosynthesis have been confirmed!33. In our study, we revealed that this
unique migration also plays a role in the high energy process of the EI-MS fragmentation of
taxa-4,11-diene. Site-directed mutagenesis and biotransformation of a substrate analog were
involved in this study to obtain cyclophomactene and taxaxenene, two compounds with taxane

system that both showed similar long range proton shifts in their biosynthesis.

Summary

Taxa-4,11-diene synthase (TxS) from Taxus brevifolia exhibits a low protein expression which
is the limited step for the conversion of GGPP to taxa-4,11-diene. Thus, 78 amino acids were
removed from the N-terminal of TxS, which is known for the improvement of the soluble protein
in the expression in Escherichia coli'4. In this study, the N-truncated enzyme was referred to
as “TxS”, which can convert GGPP to taxa-4,11-diene (18) and its isomer taxa-4(20),11-diene
(164). Both compounds were isolated from a preparative incubation of GGPP followed by an
NMR-based assignment. The labelling experiments with stereoselective deuterated substrates
allowed us to assign the absolute configuration of 18 as that of taxol that has been established

through enantioselective synthesis42,
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Scheme 42. El mass fragmentation mechanism for the base peak ion m/z 122 of 18.

The twenty isotopomers of (13C)GGPP, obtained through chemical synthesis or by enzymatic
transformations from their corresponding labelled diphosphate precursors, were converted by

TxS to obtain 13C-labelled 18, showing the general carbon skeleton assembly. The base peak
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at m/z 122 in the EI mass spectrum of 18 will increase to m/z 123 for its singly 13C-labelled
isotopomers. As shown in Scheme 42, the nine carbons in the eastern portion of 18 are marked
by the blue dots, indicating their contributions to the base peak at m/z 122. Mechanistically, it
can be explained by the ionization of 18 to A" followed by a Retro-Diels-Alder (RDA)
fragmentation to B™ and hydrogen migration to C™. Subsequently, the steps from C" to G”
contain a hydrogen migration, o-fragmentation to lose ethylene, another hydrogen
rearrangement and final a-cleavage (Scheme 42). DFT calculations showed that the highest
activation barrier is +35.8 kcal/mol and the strongly positive Gibbs free energy for RDAis +36.1
kcal/mol, which can be overcome by the high ionization energy used (70 eV = 1614 kcal/mol).
The second high barrier (31.8 kcal/mol) is from C* to D**, because this reaction leads to a
primary radical cation, while the reaction barriers for the steps from D™ to F** are only ca. 6
kcal/mol low. The incubation of (2-2H)GGPP with TxS and the subsequent GC/MS analysis of
the product showed no increase for the base peak at m/z 122, indicating the loss of a deuterium
from the corresponding fragment ion. This experiment supported the key step from B* to C*,

a long distance hydrogen migration during the fragmentation reaction.
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Figure 7. Site-directed mutagenesis of TxS. A) Active site residues selected for the site-

directed mutagenesis study. B) Relative production of enzyme variants.

Several residues were selected as targets for site-directed mutagenesis experiments based on
the crystal structure of the TxS. Many of the tested enzyme variants were inactive or exhibited
a strongly reduced production. The residue 1848 is close to F843, a residue that may be involved
in a cation-r stabilization of the cationic intermediate. A comparison of the X-ray structure of
TxS with the Alphafold model of the 1848L variant demonstrated a strong disturbance of F834
caused by this variant, explaining the complete abolishment of the activity. Further variants
E583D, E583M, E583A, R580K, R580M and F602H are inactive, while V584A, F602Y, F834Y
and 1848V all showed a reduced activity (Figure 7). Besides 18 and 164, compounds verticilla-

4(20),7,11-triene (165), verticilla-3,7,12-triene (166), verticilla-3,7,11-triene (40) and cembrene
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A (38) are frequently observed. However, the structure of compound 40 was just assigned
based on a comparison of the mass spectrum of 40 with the reported data by Bruck and
coworkers'43, leading to a tentative structural assignment. Among the variants, G606A showed
a good selectivity towards compound 166, and also formed a side product that was isolated
and structurally characterised as a new compound cyclophomactene (42). Another variant

V610T completely lost the activity towards 18, but compounds 166, 38 and cembrene D (167)

38
H+

were still formed.
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Scheme 43. Taxa-4,11-diene biosynthesis. Mechanism for the cyclisation of GGPP to 18 and

biosynthetically related products by TxS and its enzyme variants.

Further DFT calculations were performed to help us understand the formation of 42. The

calculated results for the reactions from A to F are similar to the previous reports!35136, Qur
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calculations showed the sequence of two 1,5-proton shifts (C-D-E) was favored over the direct
proton shift (C-E) with the lower reaction barriers. A 1,2-hydride shift from C to G branches out
to the formation of 42, with a 1,2-methyl group migration to H, an intramolecular 1,7-proton shift
to I, an unusual 7,17-cyclization to J, 1,2-hydride shift to K, a 2,14-cyclization to L and
deprotonation to 42. The direct transformation from H to J with skipping of the intermediate |
showed the highest activation barrier of 13.9 kcal/mol, indicating this is the rate-limiting step
towards 42. This step from H to J was also experimentally investigated with the conversion of
the (4,4,4,5,5,5-2Hs)DMAPP plus (2-13C)IPP by GGPPS and TxS-G606A variant. Because of
the kinetic isotope effect which was calculated as Kn/Kp = 7.2, this conversion was strongly
reduced in comparison to that from unlabelled GGPP. Thus, the expected triplet signal in the
13C-spectrum (as the result of 13C-2H coupling) for C6 of 42 was not observed. However, the
GC/MS analysis showed that all six deuterium atoms of the substrate remained in the product
42, supporting the proton shift from C17 to C6. A similar 1,7-proton shift has also been proposed
for the biosynthesis of cephalotene (41). Differently, the biosynthesis of cephalotene proceeds

to the intermediate J and branches out to M and N (Scheme 43)78,
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Scheme 44. Mechanism for the cyclization of iso-GGPP | to 168 by TxS.
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We also isolated and structurally characterized a new compound taxaxenene (168) from the
incubation of iso-GGPP | with TxS wild type, and its biosynthetic proposal has been shown in
Scheme 44. Similar to the biosynthesis of 18, a direct 1,5-proton shift from the intermediate C*
to E* can be substituted by two sequential 1,5-proton shifts (C*-D*-E*). In order to investigate
the intramolecular proton shift, the substrate (10-2H)-iso-GGPP | was synthesized and used for
a large scale biotransformation with TxS to obtain labelled 168. If deuterium directly migrates
to C2, one of the signals for the hydrogens at C2 in the HSQC spectrum should be vanished.
On the contrary, if deuterium first migrates to C19, a distribution of the three homotopic
hydrogens in the methyl group will happen, and because of the kinetic isotope effect, a proton
rather than a deuterium migration from C19 to C2 should be observed. Thus, the signals for
both hydrogens at C2 in the HSQC spectrum will be expected. The isolated labelled-168 with
the vanished signal in the HSQC spectrum for C2 (H2a) gave experimental evidence for the
direct proton migration, and the computational data also favoured the direct conversion from
C1* to E*. Further conversion of iso-GGPP | was performed with the variant V610T, a variant
that showed the best diterpene production among all the created variants. Four compounds
were isolated and characterized as isocembrene A (169), isocembrene C (170), verticilla-
3,8(19),12(18)-triene (171) and taxasimplene (172). Their formation can be explained as the
deprotonation products of the intermediates as shown in Scheme 44.

The absolute configurations of compounds 168 and 171 were assigned based on
stereoselective isotopic labelling experiments with (R)- or (S)-(1-13C,1-2H)-iso-GGPP | as the
substrates. For compound 172, it biosynthetically starts from the ionization of iso-GGPP | with
the analogous conformation as for GGPP to yield intermediate A*. In this process, diphosphate
will leave from the front side, and then 3,19-cyclization yielded G* with C3 attack from the Re
face (back side, anti-Sn2’ reaction). Thus, the 1-pro-R hydrogen at C1 turns into the (E)-position
of the vinyl group of 172 while the 1-pro-S hydrogen turns into the (Z)-position as shown in
Scheme 44.

In this study, | first cloned the enzyme and performed the site-directed mutagenesis
experiments. Then | isolated all the related natural products and synthesized the labelled
compounds. At last, | did the isotopic labelling experiments to investigate their biosynthesis and

absolute configurations.
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Chapter 9

Summary and outlook

The studies for this dissertation concentrate on the biosynthesis of terpenes with 7 articles
included, providing novel insights into recent advances in the terpene field. To gain this
knowledge a combination of chemical synthesis, genome mining, biotransformation,
chromatography, isotopic labelling and site-directed mutagenesis was employed and enabled
the discovery of novel terpenes and the investigation of catalytic mechanism of utilized terpene
synthases.

The study started from the cloning of a casbene synthase, an enzyme that has already been
reported but with lacking the investigations of the relevant stereochemical course in depth. This
enzyme also well exemplified the potential of diterpene synthase (DTS) on conversions of non-
natural substrate analogs which is rarely reported for DTSs, through the isolation of two
cashene isomers. Apart from that, the formation of casbene isomers illustrated an unaffected
1,14-cyclization mode by a small structural modification, which promoted me to broaden my
studies with more DTSs, as described in Chapters 3-5. Additionally, the combination of isotopic
labelling study and non-natural iso-product isolations disclosed the stereochemical course of
the cyclopropane ring formation, pointing to the same absolute configuration of casbene as
reported.

The second article demonstrates how the substrate scopes of well-investigated DTSs can be
widened through the isolation of 28 new diterpenes with some of them featuring amazing
skeletons. According to the experimentally confirmed biosynthetic pathways of their natural
counterparts, the formation of non-natural terpenes can be well explained as intermediates of
the interrupted cyclization cascade at a certain stage, which is presumably a result of substrate
modifications. Specifically, the enzymatic conversion of iso-GGPP II, a GGPP derivative
harbouring a C11 methylene group instead of the classical C10=C11 double bond, resulted in
the formation of several macrocyclic ring compounds via a modified cyclization mode. One
explanation is that the structural modification dedicates the conformational change of iso-GGPP
I, blocking the interactions between the substrate and key residues in the enzyme’s active site,
while another one is that the inheritance of iso-GGPP Il does not allow the 1,11-cyclization
mode to yield the instable primary cation. On the contrary, certain diterpenes with astonishing
core skeletons like wanjuxenene (106) and albataxenol (104) were obtained with the
transformations of another isomer iso-GGPP |, in which the cyclization mode is facilitated in a
higher degree than that of the natural case. The determination of absolute configurations of the

natural products requires either a direct method like X-ray crystallographic analysis of the
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molecules, or indirect methods like ECD calculations and Mosher derivative analysis. The
enantioselective isotopic labelling strategy gives the third possibility that enables the
combination of the relative configuration, typically assigned based on the NOESY correlation,
and the artificially introduced stereogenic centers in terpene precursors like synthetic (R)- and
(S)-(1-13C,1-?H)-iso-GGPP I, to accurately point out the absolute configurations.

Subsequently as presented in Chapter 4, iso-GGPP IIl was synthesized in over 14 steps, after
insufficient biotransformations of iso-GPP and IPP with GGPPS, followed by enzymatic
conversions with only six DTSs in success and many frustrated cases, exhibiting the moderate
tolerance of enzymes towards iso-GGPP 1. Nine non-natural diterpenes were isolated with six
enzymes that is capable of catalyzing the 1,11-10,14-cyclization reaction, which provides
additional insights towards the relationship between substrate analogs and terpene synthases.
The three analogs iso-GGPP I to Il explored the substrate scopes of diverse DTSs, providing
extensive examples for the investigations of non-natural terpene products and their
corresponding enzymes. In order to compensate for this large topic, four more analogs featuring
the combinations of different methylene groups were synthesized, whose all C2=C3 double
bonds remained due to the importance of the allylic system to facilitate abstraction of the
disphosphate group. In comparison to that towards analogs sharing one methylene group, the
enzymatic efficiency towards substrates sharing two more ethylene groups indeed decreased,
presumably due to the more relaxing conformational change caused by structural engineering.
The substrate iso-GGPP VIl with three methylene groups was not accepted by any DTSs in my
hands. All taken together, the combination of systematical substrate engineering and many
enzymatic conversions provides a novel aspect in the terpene field. Two trends between
substrate structures and activities of DTSs are observed in this topic: 1. the efficiency of
converting substrate analogs featuring two or more modified methylene groups is lower in
comparison of converting the substrate habouring one modified methylene group. 2. the
activities of DTSs catalyzing different initial cyclization modes is strongly influenced by the
analogously modified precursors.

Nowadays, numerous terpenes are identified with tentative biosynthetic pathways, but much
fewer suggestions have been experimentally validated, as exemplified by benditerpe-2,6,15-
triene (139) and venezuelaene A (144). As a part of my studies, the hydride shifts in their
biosynthesis are investigated through isotopic labelling studies, non-natural biotransformations,
product derivations and DFT calculations.

The biosynthetic studies on terpenes also require investigation of TSs from diverse species. As
a consequence, the discovery of two novel TSs from the fungus Clitopilus passeckerianus

DSM1602 was also performed by genome mining, followed by raising a biosynthetic proposal
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for one of the enzymatic products clitopilene (155). At the end, its cyclization mechanism has
been investigated theoretically and experimentally by DFT calculations and isotopic labelling
experiments, respectively.

Additionally, site-directed mutagenesis is useful in other aspects such as understanding of the
product formation and differentiation of substrate scopes, which is well represented by spata-
13,17-diene synthase from Streptomyces xinghaiensis (SxSpS), a multifunctional enzyme that
can catalyze the formations of diverse sesquiterpenes, diterpenes, sesterterpenes, and
triterpenes. Surprisingly, its products share the same 5-4-5 core skeleton and a hydrocarbon
chain with different length, fitting to the observation of a hydrophobic tunnel between helices C
and F in the crystal structure of SxSpS. The subsequent mutagenesis studies on C177 resulted
in a highly increased production of triterpenes with the C177A variant and absolutely abolished
activities towards GGPP and GFPP with the C177F variant, disclosing the role of this residue
on substrate tolerance. Furthermore, by altering the residue Y152 in the analogous position of
selina-4(15),7(11)-diene synthase (SdS) to Ala, the function of SdS was switched from a STS
to a DTS, which illustrates the key function of this residue as indicated by the conservation of
this residue in 36 SpS homologs.

Another method to study the biosynthesis of terpenes is rooted in DFT calculations, that can
show activation barriers for each single transient step, providing additional insights towards the
proposed biosynthetic pathway. However, the mere usage of itself has a disadvantage that two
similar pathways cannot be differentiated, as presented by the case of taxa-4,11-diene. During
the history of study on this molecule, a long-range intramolecular proton shift in its biosynthesis
has been suggested. However, the knowledge about the direct proton shift (from C to E, in
Scheme 43 of Chapter 8) or indirect proton shift (C-D-E, Scheme 43 of Chapter 8) is not fully
clear since both pathways have been calculated with a minor difference. Interestingly, this
proton shift is also observed in the formations of taxaxenene (168) obtained from enzymatic
conversion of iso-GGPP |, cyclophomactene (42) and cephalotene (41) produced by variants
V610T and G606A respectively. Accounting on these phenomena, the indirect proton transfer
via two steps seems more reasonable than the direct migration in the formation of the taxane
skeleton. Apart from that, the study on the EI-MS fragmentation mechanism of taxa-4,11-diene
also disclosed the long distance hydrogen migration during the fragmentation, which is
validated by our isotopic labelling experiment.

All in all, some conclusions and outlooks are summarized here. First of all, comprehensive
methods like non-natural enzymatic transformation, genome mining, isotopic labelling study,
and site-directed mutagenesis are conducted in this dissertation to understand the fascinating

terpene formations from different aspects. As discussed above, many TSs can tolerate various
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substrate modifications, which allowed us to design specific terpene precursors for purposeful
transformation of valuable targets like taxadiene-5a-ol, an early key intermediate in the
biosynthesis of paclitaxel. By using chemical synthesis, the hydroxyl group can be introduced
at C4 of GGPP, followed by the potential transformation by taxadiene synthase or its engineered
variants to yield this intermediate.

In addition, the formation of terpenes discussed above are from a single enzyme, while
terpenes are occasionally incorporated in the biosynthesis of more complex natural products.
During the investigation of SpS from Streptomyces platensis (SpSpS, in Chapter 7), two more
cytochromes P450 and one glycosyltransferase were found encoded in the genome around the
SpSpS gene, indicating this terpene product may only serve as the intermediate of another
post-modified product. It would be ideal to also study these enzymes and investigate the post-
modification process to discover the final product. However, many cytochromes P450 are
membrane-bound proteins, which of course requires more complicated gene expression
systems or in vivo expression hosts.

Apart from the investigated clitopilene synthase, Clitopilus passeckerianus DSM1602 is on the
one hand also reported as a host that can produce the well-investigated antibacterial drug
pleuromutilin. Its biosynthesis has been investigated deeply, while the corresponding
bifunctional diterpene synthase containing class | and class Il domains are responsible for the
formation of its precursor premutilin. The cyclization mechanism of premutilin has been
proposed with a special ring arrangement which has also been studied with quantum chemical
calculations. However, there is so far no experimental validation for the proposal, hereby it
would be an ideal target for the isotopic labelling toolbox. On the other hand, numerous terpene
synthase homologs are also found in its genome based on the antiSMASH analysis. In order
to characterize these enzymes in vitro, a suitable cultivation condition of this strain with a high
gene expression level is required for the reverse transcriptase PCR amplification.

Nowadays, with the development of artificial intelligence (Al), Alpha Fold can predict a highly
reliable structural model as described in Chapter 7, however the crystal structures especially
for structures co-crystalized with a ligand, are still of vital importance, because the co-
crystalized structures can show a clear interaction between the substrate and the active pocket,
which will benefit the site-directed mutagenesis study. Furthermore, the reliability of QM/MM
molecular dynamics simulation (QM/MM MD simulation) that can simulate the reaction
considering the role of the protein is ideally based on ligand bounded structures of enzymes.
The combination of co-crystallization and QM/MM MD simulations can provide an additional
view of how the cationic intermediates proceeded during the cyclization and what is the function

of key residues in this process.
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Introduction

Casbene (1, Fig. 1) is a 14-membered diterpene hydrocarbon
that was first isolated from an incubation of mevalonic acid
with an enzyme preparation from seedlings of castor bean
(Ricinus communis)." In this plant 1 serves as the parent hydro-
carbon of many diterpenoids with related skeletons such as
lathyranes, tiglianes and ingenanes. The most important repre-
sentative of these diterpenoids is ingenol mebutate (ingen-3-yl
angelate, 2) from the sap of Euphorbia paralias® and Euphorbia
peplus® that has entered the market for the treatment of actinic
keratosis. Full structure elucidation of 1 required a synthesis
of the racemate, revealing a cis-cyclopropane moiety,* followed
by an enantioselective synthesis from (+)-chrysanthemic acid
to establish the structure of (1R,145)-(—)-1.”

After partial purification of casbene synthase (CS) from
R. communis® and cloning of the ¢cDNA,” a biochemical charac-
terisation of purified recombinant CS showed formation of 1
as the main product in vitro.® Also expression of the CS gene
together with geranylgeranyl pyrophosphate (GGPP) precursor
providing genes in Escherichia coli,” in a metabolically engin-
eered Saccharomyces cerevisiae' or in Nicotiana benthamiana*
resulted in the same product 1.'" Downstream oxidations of 1
by two cytochrome P450 monooxygenases and an alcohol
dehydrogenase establish the lathyrane skeleton of jolkinol C

Kekulé-Institut fiir Organische Chemie und Biochemie, Rheinische Friedrich-
Wilhelms-Universitdt Bonn, Gerhard-Domagk-StrafSe 1, 53121 Bonn, Germany.
E-mail: dickschat@uni-bonn.de

tElectronic supplementary information (ESI) available: Synthetic procedures
and compound characterisation data, enzyme incubations and labelling experi-
ments, NMR spectra of casbene and iso-casbenes. See DOI: 10.1039/d1qo01707a
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bonds were synthesised and enzymatically converted with casbene synthase to yield casbene isomers.
Their absolute configurations were evident from a terpene cyclisation through the same stereochemical
course as for casbene. Additional labelling experiments gave insights into the EI-MS fragmentation

(3)."*'* Reconstitution of the pathway in an engineered
S. cerevisiae resulted in a high yielding production strain for 3
(800 mg L"), which is a promising result for the future
supply with the difficult to obtain drug 2'° that has been made
available by semi-synthesis from ingenol'” and total
synthesis."®

Enzymatic conversions of isotopically labelled oligoprenyl
diphosphates are not only useful to study the enzyme reaction
mechanisms of terpene synthases, but also the EI-MS fragmen-
tation mechanisms and, if stereoselectively deuterated com-
pounds are used, the absolute configurations of their pro-
ducts.” Along further lines of recent research it was shown
that many terpene synthases can accept non-natural substrate
analogs,” including modified oligoprenyl diphosphates with
halogen atoms,*"** hydroxy groups,> ketones,** heteroatoms

(e}

Fig. 1 Structures of compounds 1-3.
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inserted into the carbon chain,>"*° epoxidised®” or hydrogen-
ated double bonds,>***?° and altered methylation
patterns.?~*> Here we report on isotopic labelling experiments
to study the cyclisation mechanism of CS and the EI-MS frag-
mentation mechanisms of its product 1. A synthesis of two
new oligoprenyl diphosphate analogs and their enzymatic con-
version with CS into iso-casbenes was performed. In a com-
bined approach using substrate analogs with isotopic label-
lings their absolute configurations were solved.

Results and discussion
The enzyme mechanism of casbene synthase

A synthetic gene codon optimised for Escherichia coli and
cloned into the vector pYE-Express®® was used for gene
expression. The purified protein (Fig. S17) efficiently converted
geranylgeranyl diphosphate (GGPP) into a diterpene hydro-
carbon (Fig. S2t) that was identified as (—)-1 through NMR
spectroscopy (Table S1 and Fig. S3-S10t). The cyclisation
mechanism from GGPP to 1 proceeds through 1,14-cyclisation
of GGPP to the cembranyl cation (A), followed by deprotona-
tion from C1 with cyclopropane ring closure (Scheme 1). The
stereochemical course for this process was investigated by
incubation of (R)- and (S)-(1-'*C,1-’H)IPP** with isopentenyl
diphosphate isomerase (IDI) from E. coli***> and GGPP
synthase (GGPPS) from Streptomyces cyaneofuscatus®® and CS,
revealing the specific loss of the 1-pro-S hydrogen during
product formation (Fig. S11, a summary of all labelling
experiments is given in Table S27). Assuming inversion of con-
figuration at C1 of GGPP in the cyclisation to A, this obser-

1( OPP

Scheme 1 Cyclisation of GGPP to 1 through 1,14-cyclisation to A and
deprotonation with cyclopropane ring formation. The stereochemical
course for the deprotonation was investigated by enzymatic conversion
of (R)-(1-3C,1-H)IPP (blue H = 2H) and (S)-(1-"*C,1-?H)IPP (red H = 2H)
with IDI, GGPPS and CS. Black dots represent **C-labelled carbons.
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vation is in agreement with the absolute configuration of
(1R,145)-1, because the abstracted 1-pro-S hydrogen is closest to
the cationic centre in A. This labelling experiment also allowed
to unambiguously assign the chemical shifts for the diastereoto-
pic hydrogen atoms at C5, C9 and C13 through HSQC spec-
troscopy in which the signals were strongly enhanced by the
3C-labels at these carbons (Fig. S127). Similar experiments with
DMAPP and (E)- or (2)-(4->C,4->’H)IPP*’ that were enzymatically
converted with GGPP and CS allowed to assign the hydrogen
signals at C4, C8 and C12 (Fig. S137).

Synthesis of iso-FPP and iso-GGPP

For the enzymatic synthesis of new casbene isomers, the sub-
strate analog iso-FPP with an olefinic methylene group at C7
instead of the natural C6==C7 double bond was synthesised as
shown in Scheme 2. Treatment of isopentenol (4) with two

i) n-BuLi (2 eq.)

TMEDA, -23°C
- > H N
)J\/\OH OH
n

i) HMPA, -78°C
4 6a (38%)
6b (36%)
H N B
h o Ba(n=1)
5b (n=2)
(0] (0]
PPhs, I, M
imidazole O/\
—_ H NS |
n i) NaH, THF, r.t, 1 h
7a (61%) i) reflux, o.n.
7b (70%)
KOH, EtOH
reflux, 3 h
H 1l
Wo -
n
CO,Et
8a (57%)
8b (67%)
ﬁ [e]
EtO),P.
(EtO), OFt
H N o
n LDA, THF, -78°C, o.n.
9a (72%)
9b (73%)
o DIBAI-H, THF
0°C,1h
H NS NS -
OEt
n
10a (70%)
10b (71%)
i) PBrs, Et,O, r.t., 1h
i) (BugN);P,0,H, MeCN
r.t., o.n.
H
X X OH
n
11a (93%)
11b (82%)
iso-FPP (n=1)

H
WOPP
n

Scheme 2 Synthesis of iso-FPP and iso-GGPP.

is0-GGPP (n=2)
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equivalents of n-BuLi in the presence of TMEDA resulted in
the dianion of 4 that was alkylated with prenyl bromide (5a) to
give alcohol 6a.*® The iodide 7a obtained by conversion with
PPh;, I, and imidazole was then used in an alkylation of ethyl
acetoacetate to yield 8a. Saponification with spontaneous de-
carboxylation resulted in the ketone 9a that was elongated in a
Horner-Wadsworth-Emmons reaction to ester 10a. Reduction
with DIBAI-H to the alcohol 11a, conversion into the bromide
and nucleophilic substitution with (BuyN);P,O,H yielded the
target compound iso-FPP. Starting from geranyl bromide (5b),
the same sequence of steps gave access to iso-GGPP.

Enzymatic conversion into iso-casbenes

Both synthetic oligoprenyl diphosphate analogs were success-
fully converted into casbene isomers (Scheme 3). While iso-
GGPP was directly converted with CS to give iso-casbene I (13),
iso-FPP was first elongated with IPP and GGPPS to yield iso-
GGPP 11, followed by cyclisation to iso-casbene II (14). The
obtained diterpene analogs were isolated and their structures
were characterised by NMR spectroscopy (Tables S3, S4 and
Fig. $14-S2971). The absolute configurations of 13 and 14 were
determined using GGPP analogs with an enantioselective deu-
teration at C1. For this purpose, (R)-(1-’H)iso-GGPP (blue H =
’H) and (S)-(1-*H)iso-GGPP (red H = *H) were synthesised in
high enantiomeric purity (Scheme S1 and Fig. S307). Their

A) { opp

iso-FPP + IPP iso-GGPP I

14

Scheme 3 Enzymatic conversion of (A) iso-GGPP (12b) and (B) iso-FPP
(12a).
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conversion with CS into 13 resulted in the specific loss of the
1-pro-S hydrogen (Fig. S31%), which is the same hydrogen as
lost in the formation of 1 from GGPP, pointing to the absolute
configuration of (1R,145)-13. Analogous results were obtained
for 14 in the incubation of iso-FPP and (R)-(1->H)IPP (blue H =
’H) and (S)-(1-°H)IPP*° (red H = *H) with GGPPS and CS,
revealing specific loss of the 1-pro-S hydrogen (Fig. S327) and
thus the structure of (1R,14S)-14.

3C-Labelling experiments with CS

The stereochemical course of the GGPP cyclisation by CS
regarding the face selectivity for the attack at C15 was further
investigated with (16-">C)GGPP and (17-'*C)GGPP, enzymati-
cally prepared with GGPPS from (12-'*C)FPP and (13-'*C)FPP*°
(Scheme 4). Product analysis through *C NMR (Fig. S337)
showed specific incorporations into the geminal Me groups of
1, without any distribution of labelling and with Si face attack
at C15. Further incubation experiments were performed with
all other eighteen isotopomers of (**C)GGPP that were syn-
thesised as reported previously’®*" or obtained enzymatically
from correspondingly labelled FPP or GPP isotopomers*®*>
with IPP and GGPPS (Table S2;t (1-'*C)GPP was synthesised in
this study according to Scheme S2%). Their conversion by CS
resulted in the incorporation of labellings into the expected
positions in all cases (Fig. S337).

EI-MS fragmentation mechanism of casbene

The twenty isotopomers of (**C)-1 were also investigated by
GC/MS (Fig. S347), allowing to study the EI-MS fragmentation
mechanisms of 1. The results of these mass spectrometric ana-
lyses are summarised for prominent fragment ions m/z in a
position specific mass shift analysis (PMA,,., Fig. 2).** While
isotopic labellings have long been used to study EI-MS frag-
mentation mechanisms of organic compounds,**™° the sys-
tematic method combining singly '*C-labelled substrates with
their conversion through terpene synthases has recently been
introduced by us and applied to study EI-MS fragmentation
mechanisms of several terpenes.*>*°* The systematic label-
ling approach makes use of the following: If a fragment ion
mfz for (n-"*C)-1 is increased by 1 Da in comparison to
unlabelled 1, the carbon of the n-position must contribute to
its formation (black dots), and if such an increase is not

{ opp
4
—_—
X
15
\/Y
GGPP 1

Scheme 4 Enzymatic conversion of all twenty isotopomers of (**C)
GGPP with CS. Each coloured dot indicates a single **C-labelling
experiment.
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PMAg;

Fig. 2 Position specific mass shift analysis for 1.

observed, the carbon must be lost in the fragmentation reac-
tion. Labelled carbons showing partial increase of a fragment
ion (red dots) indicate that more than one mechanism lead to
formation of different fragment ions of the same nominal
mass, but representing different parts of the molecule.

The position specific mass shift analysis for fragment ion
mj/z 229 (PMA,,,) reveals its formation with specific loss of the
C15(-17)-16 portion (Fig. 2). After electron ionisation (EI) to
1", this is explainable by a-fragmentation to A™, hydrogen
rearrangement (rH) to B and another a-cleavage with loss of
C3H to C* (Scheme 5A). The "*C-labelling experiments cannot
indicate which hydrogen of 1 is shifted into the iPr group and
is lost from the core structure, but the mass spectra of labelled
1 prepared from (R)- and (S)-(1-**C,1->’H)IPP and (E)- and (Z)-
(4-*C,4-*H)IPP all show besides the cleavage of a fragment of
43 Da (C3H;) also a small peak for the cleavage of 44 Da
(C3Hg H) (Fig. S357). This demonstrates that multiple mecha-
nisms involving hydrogen scrambling may contribute to the
formation of C*. Therefore, also for the other fragment ions
discussed next only the relevant carbon portions will be taken
into account, while for hydrogen rearrangements sterically and
electronically plausible suggestions will be made.

The PMA,¢; reveals loss of the C5-6-7(-19)-8 and C15(-17)-
16 moieties (Fig. 2). This can be explained by ionisation to 1™
and two a-cleavages with neutral loss of isoprene via D™ to E™
(Scheme 5B). The terminal steps for the loss of C3H; are then
basically the same as for the cleavage of C15(-17)-16 in the for-
mation of m/z 229.

The analysis of PMA; 3, shows the cleavage of C5-6-7(-19)-8-
9-10-11(-18)-12 (Fig. 2), resembling the loss of two neutral iso-
prene units. Starting from E™" in which the first isoprene unit
is already cleaved off, an a-fragmentation to I'" and inductive
cleavage to J* results in the neutral loss of a second isoprene
unit (Scheme 6A). PMA;,; exhibits the additional loss of either
Me16 or Mel7, which can directly be explained from J™*
through another a-cleavage. Finally, PMAy; indicates formation
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A

C* (mlz 229)

H* (m/z 161)

Scheme 5 Proposed mechanisms for the formation of the fragment
ions (A) m/z 229 and (B) m/z 161 of 1.

of this fragment ion from the C13-14-1-2-3(-20)-4 portion of 1
(Fig. 2). A first o-cleavage of 1™ to L™ followed by two inductive
cleavages via M™* to N (giving an alternative explanation for
m/z 136) can be followed by a-fragmentation with cyclopropane
ring opening to O"" (Scheme 6B). Hydrogen rearrangement to
P and loss of the isopropyl group then lead to Q.

Conclusions

The cyclisation mechanism of casbene synthase (CS) has been
investigated in isotopic labelling experiments, revealing a
stereochemical course that is in agreement with the reported
absolute configuration of casbene. Besides GGPP, CS is able to
convert GGPP analogs with shifted double bond positions into
casbene analogs (iso-casbenes), and similar isotopic labelling
experiments as performed for the native substrate revealed an
identical stereochemical course, from which the absolute con-
figurations of the iso-casbenes could be established. A similar
approach has previously been used to determine the absolute
configurations of sesquiterpenes.’® Since the assignment of

This journal is © the Partner Organisations 2022
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A)

_— —_
-CsHg
AN
o
—_—
CHy" Y

J* (miz 136) K* (miz 121)

H
i NN a
_— —_—
-CsHg >
H
M N** (miz 136)
R
,«r‘ —CSH7
Q" (miz 93)

Scheme 6 Proposed mechanisms for the formation of the fragment

ions (A) m/z 136 and m/z 121, and (B) m/z 93 of 1.

absolute configurations for terpene hydrocarbons is a gener-
ally difficult task, this strategy may be useful also for the
assignment of absolute configurations for other terpenes.
3C-labelling experiments were performed to
address the EI-MS fragmentation mechanism of casbene,
showing the preferred cleavage of isoprene units from the
macrocyclic core structure and of an isopropyl group originat-
ing from the dimethylcyclopropane moiety. Similar fragmenta-
tion mechanisms may be relevant for other macrocyclic diter-
penes such as cembrenes. We will continue to study these and
other aspects of terpene biosynthesis and chemistry through

Furthermore,

isotopic labellings in our future work.
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Diterpene Biosynthesis from Geranylgeranyl Diphosphate Analogues
with Changed Reactivities Expands Skeletal Diversity

Heng Li and Jeroen S. Dickschat*

Abstract: Two analogues of the diterpene precursor
geranylgeranyl diphosphate with shifted double bonds,
named iso-GGPP I and iso-GGPP II, were enzymati-
cally converted with twelve diterpene synthases from
bacteria, fungi and protists. The changed reactivity in
the substrate analogues resulted in the formation of 28
new diterpenes, many of which exhibit novel skeletons.

Introduction

The astonishing structural complexity observed in terpenes
is generated from very few acyclic and achiral precursors.
Only two Cs building blocks, dimethylallyl diphosphate
(DMAPP) and isopentenyl diphosphate (IPP), are required
that are made via the mevalonate or the deoxyxylulose
phosphate pathway.! While DMAPP is an electrophile, IPP
can react as a nucleophile, allowing their fusion to
oligoprenyl diphosphates by prenyltransferases. Starting
from DMAPP, successive elongation reactions with IPP first
lead to the monoterpene precursor geranyl diphosphate
(GPP, Cy),?! and then to farnesyl diphosphate (FPP, C;s)®
as the precursor to sesquiterpenes, the diterpene precursor
geranylgeranyl diphosphate (GGPP, C,), geranylfarnesyl
diphosphate (GFPP, C,)®' for sesterterpene biosynthesis,
and—as recently discovered—even farnesylfarnesyl diphos-
phate for non-squalene derived triterpene biosynthesis.[!
Class I terpene synthases (TSs)! exhibit several highly
conserved residues and motifs, including the aspartate-rich
region (DDXX(X)D)™ and the NSE triad (ND-
(LILV)XSXX(K,R)E)® for binding of a trinuclear (Mg**),
cluster that in turn binds to the substrate’s diphosphate. The
pyrophosphate sensor,”’! a highly conserved Arg, and the
RY pair form hydrogen bridges to the diphosphate.['”! With
assistance of an effector triad substrate ionisation by the
abstraction of diphosphate is achieved,””’ which initiates a
cationic cascade reaction with cyclisations, hydride or proton

[*] H. Li, Prof. Dr. ). S. Dickschat
Kekulé-Institute for Organic Chemistry and Biochemistry, University
of Bonn
Gerhard-Domagk-Strale 1, 53121 Bonn (Germany)
E-mail: dickschat@uni-bonn.de
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migrations, and Wagner—-Meerwein rearrangements. Termi-
nation of the cascade by deprotonation or water quenching
ultimately leads to terpene hydrocarbons or alcohols.
Further roles of the enzyme include to provide a hydro-
phobic pocket that defines the reactive substrate
conformation,!""! to stabilise cationic intermediates, and to
participate in acid base catalysis for which a carbonyl oxygen
at the helix G break is responsible in selinadiene
biosynthesis."

Interference with terpene biosynthesis aiming at novel
TS products is possible in two ways: Either the enzyme can
be modified through site-directed mutagenesis,'* or struc-
turally modified substrate analogues can be used in
enzymatic conversions.¥ Recent studies have shown that
many TSs accept and convert non-natural substrate ana-
logues such as halogenated oligoprenyl diphosphates,™ allyl
alcohols and epoxides,™ ketones,"” derivatives with heter-
oatom insertions into the chain,"® with changed Me group
substitutions,!>** ! double bond shifts,'"*" Z-configured
or hydrogenated double bonds.'”*?'! Most of these studies
have used FPP analogues in conjunction with sesquiterpene
synthases (STSs), but only in a few cases GGPP analogues
were converted with diterpene synthases (DTSs), exempli-
fied by previous work using taxadiene synthase™**% and
casbene synthase® from plants, and the bacterial catenul-
14-en-6-ol synthase from Catenulispora acidiphila.”™ The
often intriguing cyclisation mechanisms of DTSs!
prompted us to broadly investigate the DTSs recently
characterised in our group for their potential to convert
GGPP analogues into non-natural diterpenes. The natural
products of the terpene synthases used in this study and
their cyclisation mechanisms are summarised in Schem-
es S1-S12.

Results and Discussion

The incubation of iso-FPP® in which the C6=C7 double
bond is shifted to a C7=C14 double bond with IPP, GGPP
synthase (GGPPS) from Streptomyces cyaneofuscatus® and
bonnadiene synthase (BdS) from Allokutzneria albata®
resulted in the formation of a diterpene alcohol and minor
amounts of a diterpene hydrocarbon (Figure S1). Both
compounds were isolated and structurally characterised by
NMR spectroscopy (Tables S2 and S3, Figures S2-S17),
revealing macrocyclic structures for which we suggest the
names isonephthenol (1) and isocembrene A (2, Sche-
me 1A). Generally, compounds obtained in this study in
which the shifted double bond of the substrate analogue is

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 1. Diterpenes from iso-FPP. A) Formation of iso-GGPP Il from
iso-FPP and IPP by GGPPS and conversion into 1 and 2 by BdS,

B) biosynthesis of 5 using SpS, and C) cyclisation of GGPP to the
related natural product 6. Red and blue hydrogens are substituted with
deuterium in the stereoselectively deuterated probes (R)- and (S)-
(1-*C,1-2H)IPP, and (E)- and (2)-(4-"C,4->H)IPP for determination of
absolute configurations. Black dots represent '*C-labelled carbons in
these probes.

reflected, will be named iso-compounds of the correspond-
ing natural product. Specifically, 1 and 2 are the iso-
compounds corresponding to nephthenol (3) and cembrene
A (4). With GGPP the BdS-catalysed reaction to bonna-
diene starts with an isomerisation to geranyllinalyl diphos-
phate (GLPP) and subsequent 1,14-cyclisation to a 2Z
configured macrocycle, followed by further cyclisation steps
(Scheme S1). The structural modification in iso-GGPP 1II,
formed from iso-FPP and IPP by GGPPS, leads to a
disturbed enzyme-substrate interaction in which the 1,14-
cyclisation is still promoted, but with retained 2E config-
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uration in A, while the downstream steps of the cascade are
interrupted and direct formation of 1 and 2 is observed.

The enzymatic conversion of iso-FPP and IPP with
GGPPS and spata-13,17-diene synthase (SpS) from .
xinhaiensis?' gave a complex product mixture (Figure S18)
from which a diterpene alcohol 5 was isolated (Table S4,
Figures S19-S26). With GGPP as substrate SpS catalyses an
initial 1,10-cyclisation (Scheme S2), which is not possible
with iso-GGPP II. Remarkably, a very similar 1,18-cyclisa-
tion to B substitutes for the natural cyclisation mode. A
subsequent 1,3-hydride shift and attack of water result in 5§
(Scheme 1B). Compound 5 was named pseudoobscuronatin,
because its formation follows a very similar mechanism as
for obscuronatin (6)*! that proceeds by 1,10-cyclisation of
GGPP to C, followed by 1,3-hydride shift and attack of
water (Scheme 1C).*"™ Compounds isolated in this study
will be named pseudo-derivatives of known natural products
with a similar cyclisation cascade, if this cascade is logically
modified because of the double bond shift in the substrate
analogue.

With GGPPS and spinodiene synthase (SoS) from
Saccharopolyspora spinosa® the substrates iso-FPP and IPP
were efficiently converted into one main diterpene, besides
traces of a few side products (Figure S27). The purified main
compound showed no optical rotation, suggesting an achiral
product, which was confirmed by NMR spectroscopy
(Table S5, Figures S28-S35), resulting in the structure of 7
(Scheme 2A). The natural spinodiene cyclisation cascade is
initiated with a 1,11-10,14 cyclisation (Scheme S3), which is
altered with iso-GGPP II to the similar 1,18-cyclisation to B.
Herein, the second ring closure is not realised, because a
tertiary cationic intermediate could only be reached through
formation of a strained cyclobutane ring. Consequently, B
simply reacts by deprotonation to 7. Because of the
similarities between the cyclisation reactions to 7 and to
germacrene A (13, Scheme 2C), compound 7 was named
prenylpseudogermacrene A.

With FPP as substrate alternative reactions from inter-
mediate E include the deprotonation to germacrene B (14)
or quenching with water to hedycaryol (15, Scheme 2C).
Analogous reactions were observed for the conversion of
iso-GGPP II with other diterpene synthases. A. albata
spiroalbatene synthase (SaS)® resulted in the highly
selective formation (Figure S36) of the new compound
prenylpseudogermacrene B (8, Table S6, Figures S37-S44).
The pseudo-C; symmetry of the macrocycle in 8 resulted in
almost identical chemical shifts for carbons in corresponding
positions of the two isoprene units marked in bold. An
unambiguous assignment was possible using iso-FPP in
conjunction with the five isotopomers of singly labelled
(PO)IPP and product analysis through “CNMR (Fig-
ure S45). With GGPP SaS shows an initial 1,14-cyclisation
(Scheme S4) that is surprisingly turned into a 1,18-cyclisa-
tion with iso-GGPP II, although the C14=C15 double bond
remains unchanged in this substrate analogue. A possible
explanation lies in the second ring closure in spiroalbatene
biosynthesis that happens between C1 and C10, suggesting
that the C10=C11 double bond of GGPP is also close to C1
in the active site of SaS. Therefore, only a small conforma-
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Scheme 2. Diterpenes from iso-FPP. A) Formation of 7 by SoS, 8 by
Sa$S, and 9 and 10 by AbVS, B) formation of 11 and 12 by NrPS, and
C) biosynthesis of related sesquiterpenes 13-15.

tional change for iso-GGPP II may lead to the observed
altered cyclisation mode.

Further alternative deprotonation products from cation
B were obtained by conversion of iso-GGPP II with
variediene synthase from Aspergillus brasiliensis (AbVS,
Scheme 2A, Figure S46).! This bifunctional fungal enzyme
contains a prenyltransferase (PT) domain for the biosyn-
thesis of GGPP and a TS domain for its cyclisation.
Therefore, the substrate iso-GGPP II can be formed in situ
from iso-FPP and IPP without addition of GGPPS. Through
this approach the two compounds prenylpseudogermacrene
C (9) and prenylpseudogermacrene D (10) were obtained
(Tables S7 and S8, Figures S47-S62). With phomopsene
synthase from Nocardiopsis rhamnosiphilia (NrPS,” Sche-
me 2B) iso-GGPP II gave besides the main product 8
(Figure S63) smaller amounts of 7, 9 and 10, and the new
diterpene alcohol prenylpseudohedycaryol (11, Table S9,
Figures S64-S71). Notably, as observed for SoS also AbVS
and NrPS change the natural initial 1,11-10,14 cyclisation
with GGPP (Schemes S5 and S6) to a 1,18-cyclisation with
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iso-GGPP II. Another minor product obtained from this
enzyme was characterised as pseudodollabella-3,7,18-triene
(12, Table S10, Figures S72-S79). This compound requires a
1,2-hydride shift to D, cyclisation and deprotonation.

Different patterns of compounds 1, 2 and 5-12 were also
observed among the products obtained from iso-GGPP II
with several other bacterial DTSs. Especially the prenyl-
pseudogermacrenes A-D (7-10) and prenylpseudohedycar-
yol (11) were frequently found (Figures S18, S27, S46, S63,
S80-S82).

The absolute configurations of terpenes can be deter-
mined with stereoselectively deuterated precursors, setting
additional stereogenic centers in the terpene synthase
products of known configuration. The relative configuration
of the naturally present stereogenic centers to the stereo-
genic centers at the deuterated carbons can be determined
through NOESY spectroscopy and allows to conclude on
the absolute configuration of the terpene. Our method
makes use of additional “C-labels for a highly sensitive
analysis by HSQC. For this purpose, the labelled probes
(R)- and (S)-(1-°C,1H)IPPPY and (E)- and (Z2)-
(4-*C4-H)IPP*! were developed that can be used to
elongate FPP and its analogue iso-FPP with GGPPS through
a known stereochemical course.” Unfortunately, this
method is not always suitable for the determination of
absolute configurations of macrocyclic ring compounds,
because their conformational flexibility sometimes does not
allow for an unambiguous interpretation of NOESY spectra.
However, the absolute configurations of 1 and 2 could be
tentatively assigned from their optical rotations (1: [a]y* =
+11.4, ¢ 0.07, Me,CO, 2: [a]p®= +84.6, ¢ 0.13, Me,CO)
which are of opposite sign to the reported optical rotations
of (R)-3 ([a]p® = —46.3, ¢ 1.20, CHCL;)™ and (R)-4 ([o]p* =
—14.2, ¢ 0.48, CHCL)P" from plants. For 5 NOESY based
assignments of diastereotopic hydrogens were possible (Fig-
ure S19), and isotopic labelling experiments with (E)- and
(Z2)-(4-°C,4-H)IPP (Figure S83) pointed to the absolute
configuration as shown in Scheme 1. For compound 11 no
assignment could be made from labelling experiments, but
the results showed a high enantiomeric purity of 11 obtained
with HdS (90 % ee, Figure S84), but only 70% ee for 11
obtained with NrPS (Figure S85). For 12 the production was
too low to gain conclusive insights into its absolute
configuration from labelling experiments.

The conversion of iso-GGPP I with the C6=C7 double
bond of GGPP shifted to C7=Cl4 with several DTSs
resulted in the iso-compounds showing the corresponding
double bond shift in comparison to the native products from
GGPP. Specifically, B-pinacene synthase (PcS) from the
protist Dyctostelium discoideum®™' gave iso-p-pinacene (16)
as main product (Scheme 3A, Figure S86). Notably, most 'H
signals and the "*C signals of the geminal Me groups of 16
show line broadening in the NMR spectra, even at an
elevated temperature of 70°C, and despite the fact that 16 is
achiral each aliphatic methylene group shows distinct signals
for the two hydrogens (Table S11, Figures S87-S94), sug-
gesting that 16 exists in two enantiomeric slowly intercon-
verting conformers. With 18-hydroxydolabella-3,7-diene syn-
thase (HdS) from Chitinophaga pinensis™ iso-GGPP 1 is
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Scheme 3. Diterpenes from iso-GGPP I. A) Formation of 16 by PcS,
B) formation of 17 by HdS, 18 by NrPS, and 19 and 20 by CgDS. Red
and blue hydrogens are substituted with deuterium in the stereo-
selectively deuterated probes (R)- and (S)-(1-"°C,1-°H)-iso-GGPP for
determination of absolute configurations. Black dots represent *C-
labelled carbons in these probes.

converted into 18-hydroxydolabella-3,8(17)-diene (17) as the
main product (Scheme 3B, Table S12, Figures S95-S103). In
both cases of 16 and 17 a cyclisation cascade is followed
similar to that for the native enzyme products (Schemes S7
and S8). For a few other DTSs an interruption of the
cyclisation cascade at an early intermediate was observed,
e.g. with NrPS the bicyclic compound dolabella-3,8(17),18-
triene (18) was obtained as the main product (Table S13,
Figures S104-S112). Compounds 17 and 18 arise through
cation F, but with different configurations at C12, which
reflects in both cases the stereochemistry of the natural
intermediate from GGPP (Schemes S6 and S8).

Incubation of iso-GGPP I with the bifunctional fungal
PT-TS enzyme Colletotrichum gloeosporioides Dolasta-1
(15),8-diene Synthase (CgDS)F"! gave a mixture of one
diterpene alcohol (25) which will be explained below and
several diterpene hydrocarbons (Scheme 3B, Figure S113).
The hydrocarbon fraction contained 18, besides two addi-
tional compounds that were isolated and identified as the
new compound dolabella-3,8(17),11-triene (19, Table S14,
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Figures S114-S121) and dolasta-1(15),8-diene (20), the natu-
ral product of CgDS from GGPP.F” Their formation can be
explained by a 1,2-hydride shift from F to G and deprotona-
tion to 19, followed by reprotonation at the olefinic meth-
ylene carbon to induce a second ring closure to 20. Notably,
the mechanism towards 20 is very similar to its formation
from GGPP, only with the reprotonated double bond in the
neutral intermediate being located in a different position
(Scheme S9).

With SaS iso-GGPP I was converted into the hydro-
carbons isothunbergene A (21) and B (22), besides the
diterpene alcohol albataxenol (23) as the main product
(Tables S15-S17, Figures S122-S146). Notably, the NMR
spectra of 23 recorded at 293 K showed line broadening, but
sharper signals could be observed at 344 K. The isothunber-
genes require 1,14-cyclisation of iso-GGPP I and two
sequential 1,2-hydride shifts to H, in analogy to the reactions
with the native substrate GGPP (Scheme S4). Subsequent
deprotonation with formation of an (E,E) or (E,Z)-diene
portion leads to 21 and 22 (Scheme 4A). If the cyclisation

iso-GGPP | K 24

B

Scheme 4. Diterpenes from iso-GGPP I. A) Formation of 21-23 by SaS,
B) formation of 24 and 25 by AbVS.
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cascade is continued as for GGPP, another cyclisation leads
to I which is followed by 1,2-hydride shift and cyclisation to
J. At this stage the last remaining double bond becomes
involved, which is the one that is shifted in iso-GGPP I,
resulting in a change of the cyclisation mode with attack of
water to give 23. Its skeleton can only be reached from iso-
GGPP 1 that can undergo 3,19-cyclisation, but not from
GGPP with a Mel9 group. The name albataxenol for 23
refers to the foreign nature of this compound (ancient Greek
&evoo =strange, foreign).

With variediene synthase (AbVS) iso-GGPP 1 was
converted into a complex mixture of several diterpene
hydrocarbons and two alcohols (Figure S147). The alcohols
were isolated and structurally characterised as variexenol A
(24) and B (25, Tables S18 and S19, Figures S148-S163).
Also in case of 24 the initial cyclisation steps towards K are
analogous to those observed with GGPP (Scheme S5), but
later the exo-methylene C19 takes part in a 3,19-cyclisation
with attack of water, leading to new skeletons (Scheme 4B).
For 25 the initial 1,11-10,14 cyclisation is modified to a 1,11-
2,10 cyclisation to L, followed by 3,19-cyclisation and attack
of water.

Similar findings have been made for cyclooctat-9-en-7-ol
synthase (CotB2)™ from Streptomyces iakyrus that con-
verted iso-GGPP into 2,3,7-triepi-variexenol B (26), isoxe-
niaphyllene (27) and prenylisodauca-3,7(14)-diene (28, Ta-
bles S20-S22, Figures S164-S188). The name of 27 was
assigned, because this compound exhibits the same skeleton
as xeniaphyllenol (29, box in SchemeS5) from Xenia
macrospiculata.® The formation of 26 and 27 can be
explained through 1,11-2,10-cyclization to M, followed by
another 3,19-cyclisation and attack of water to 26, or by
deprotonation to 27 (Scheme 5A). Compound 28 can be
formed by 1,10-cyclisation of iso-GGPP I to N, followed by
1,3-hydride shift to O, rearrangement to P and 1,3-hydride
shift with deprotonation from C1 (Scheme 5B). Incubation
of (R)- and (5)-(1-"*C,1-°H)-iso-GGPP I with CotB2 showed
deprotonation from C1 with specific loss of the 1-pro-S and
retainment of the 1-pro-R hydrogen (Figure S189). The
cyclisation modes observed here for the three compounds
26-28 deviate from the natural 1,11-10,14-cyclisation of
GGPP (Scheme S10).

With catenul-14-en-6-ol synthase from Catenulispora
acidiphila (CaCS),”"™ iso-GGPP 1 was converted into one
diterpene hydrocarbon and one alcohol (Figure S190). Their
structures were elucidated as precatenulixenol (30) and
catenulixenol (31, Tables S23 and S24, Figures S191-S206).
Their formation follows the natural cyclisation cascade with
GGPP closely (compare Scheme 6 and Scheme S11) and
proceeds through 1,10-cyclisation of GGPP to Q, 1,3-
hydride shift to R, and 1,14-cyclisation to S. Deprotonation
yields 30, which can undergo 3,19-cyclisation to 31, instead
of the naturally observed 2,7-cyclisation to catenul-14-en-6-
ol.

Wanjudiene synthase from Chryseobacterium wanjuense
(CwWS) transformed iso-GGPP 1 into two diterpene
hydrocarbons (Figure S207). Both compounds were isolated
and identified as prewanjuxenene (32) and wanjuxenene
(33, Tables S25 and S26, Figures S208-S223). Also in this
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Scheme 5. Diterpenes from iso-GGPP I|. A) Formation of 26 and 27 by
CotB2, B) formation of 28 by CotB2. Box: structure of xeniaphyllenol
(29).

case the cyclisation cascade follows in its initial steps the
reactions towards natural wanjudiene (Scheme S12), starting
with an isomerisation of iso-GGPP I to iso-geranyllinalyl
diphosphate I (iso-GLPP I), followed by a 1,14-cyclisation to
T, 1,3-hydride migration to U and 1,10-cyclisation to V
(Scheme 7). Deprotonation of V yields 32, or the cascade is
continued through 1,2-hydride shift to W and 10,19-cyclisa-
tion to X. Here again the different double bond location in
iso-GGPP I in comparison to GGPP leads to a distinct
cyclisation mode towards a novel skeleton. A 1,2-hydride
shift to Y and 2,19-cyclisation result in a secondary cation Z
that may be a transient species that is stabilised by a 1,2-
hydride shift to Aa. Its deprotonation finally leads to 33.
The 1,3-hydride shift from T to U was demonstrated by
conversion of (R)- and (S)-(1-*C,1-*H)-iso-GGPP I and GC/
MS analysis of the products, showing the cleavage of a
deuterated iPr group from the S-configured substrate (Fig-
ure S224). Initially, the 1,2-hydride shift from Z to Aa was
not taken into consideration, but rather a direct deprotona-
tion of Z to 33 was assumed. However, the deuterium atoms
from both substrates (R)- and (S)-(1-"*C,1-’H)-iso-GGPP 1
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CaCs

Scheme 6. Diterpenes from iso-GGPP |. Formation of 30 and 31 by
CaCs.

remained in the product (Figure S224), with incorporation
of deuterium from (R)-(1-°C,1-°’H)-iso-GGPP 1 into a
neighbouring position of C1 as indicated by a small upfield
shift for the labelled carbon (Ad=-0.1 ppm, Figure S225).
Remarkably, the olefinic methylene C19 in iso-GGPP 1
becomes involved in two cyclisation events towards 33.

The enzyme reaction of iso-GGPP I with SpS™®! yielded
a single diterpene hydrocarbon (Figure S226) whose struc-
ture was elucidated as that of isocneorubin Y (34, Table S27,
Figures S227-S234). This compound can be formed by 1,10-
cyclisation followed by deprotonation with cyclopropanation
(Scheme 8). The hydrocarbon 34 is structurally related to
cneorubin Y (35) that is a neutral intermediate towards the
SpS product spata-13,17-diene (Scheme S2) and was first
isolated from Cneorum tricoccon."! Interestingly, the same
compound 34 was obtained from iso-GGPP I with SoS
(Figure S$226),”” showing that in this case the structural

SpS
SoS

-OPP-

Scheme 8. Diterpenes from iso-GGPP |. Formation of 34 by SpS and
SoS.
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1,2-H~

Scheme 7. Diterpenes from iso-GGPP |. Formation of 32 and 33 by
CwWS.

modification in the substrate changes the cyclisation mode
from 1,11-10,14-cyclisation with GGPP (Scheme S3) to a
1,10-cyclisation.

The absolute configurations of the products derived
from iso-GGPP I were also determined through the
enantioselective labelling strategy. For this purpose, (R)-
and  (S)-(1-°C,1’H)-iso-GGPP  were  synthesised
(Scheme S13) and their enantiomeric purity was shown to
be high by Mosher ester analysis (94 % ee and 96 % ee,
respectively; Figure S235). Their conversion with HdS and
HSQC analysis of the products allowed for the assignment
of the absolute configuration of 17 (Figure S236). Analo-
gously, the conversion with NrPS and CgDS revealed the
absolute configuration of 18 (which is the same for both
enzymes; Figure S237) and 19 (only obtained with CgDS,
Figure S238). In the enzyme reactions with SaS one of the
hydrogens at C1 migrates for all products so that no
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stereogenic anchor can be introduced to allow a secure
determination of absolute configurations. However, for 20
and 21 it is the same 1-pro-S hydrogen as for the natural
enzyme product spiroalbatene that is shifted (Figures S239
and S240, Scheme S4) so that the absolute configurations
should be analogous to the absolute configuration of
spiroalbatene.” The transformation of (R)- and (S)-
(1-®C,1-°H)-iso-GGPP with AbVS established the absolute
configurations of 24 and 25 (Figure S241 and S242), and
with CotB2 the absolute configurations of 26 and 27 were
shown (Figure S243 and S244). For the enzyme reactions
with CaCS to 30 and 31 one of the Cl hydrogens is
migrating (1-pro-S, Figure S245 and S246), but again this is
the same hydrogen that also migrates in catenul-14-en-6-ol
biosynthesis (Scheme S11),”™"! suggesting that these com-
pounds have analogous absolute configurations. For CwWS
the 1-pro-S hydrogen is shifted into the iPr group in the
formation of 32 (Figure S247) and 33 (Figure S224), which is
the same hydrogen that also migrates in wanjudiene biosyn-
thesis (Scheme S12).*! Finally, the formation of 34 with
both enzymes SpS and SoS proceeds with loss of the 1-pro-S
hydrogen in the cyclopropanation (Figure S248), which is
also observed for the SpS reaction to spata-13,17-diene
(Scheme S2).%! Therefore, the absolute configurations of
32-34 should also be analogous to their natural counter-
parts.

Conclusion

In conclusion, this work shows that diterpene synthases not
only have a remarkable catalytic potential for the efficient
conversion of the natural substrate GGPP, but also broadly
accept substrate analogues, e.g. with altered double bond
positions as used here. The product yields up to 9% for a
single isolated compound are satisfactory and comparable to
the yields observed with GGPP. Acceptance of the substrate
analogues iso-GGPP I and iso-GGPP II reveal a remarkable
plasticity of terpene synthases. However, as shown in this
study, many of the investigated diterpene synthases showed
a conversion of the substrate analogues iso-GGPP I and iso-
GGPP II through reactions that especially in the initial steps
closely follow the cyclisation cascades observed with GGPP,
suggesting that the substrate analogues in comparison to
GGPP adopt very similar conformational folds in the active
sites. Moreover, in iso-GGPP I and iso-GGPP II carbons
C18 and C19, represented by non-reactive Me groups in
GGPP, are activated so that they can directly get involved in
the cyclisation cascades. Numerous examples in this study
have shown that with iso-GGPP II 1,18- instead of 1,11-
10,14-cyclisations can become possible, while with iso-GGPP
I the initial cyclisation steps are often similar to those
observed with GGPP, but later in the biosynthesis 3,19- or
10,19-cyclisations can occur. These changes in the cyclisation
modes lead to skeletons that are unknown to nature and
would be very difficult to make through chemical synthesis.
The absolute configurations of all compounds reflect those
of the natural enzyme products, which is not unexpected
and further demonstrates that the substrate analogues with
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their minor structural differences compared to GGPP adopt
a similar conformation in the enzymes’ active sites as GGPP
does. We will continue to investigate the enzymatic potential
of terpene synthases with other specifically designed sub-
strate analogues in our future research.
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Enzymatic Synthesis of Diterpenoids from iso-GGPP lil:
A Geranylgeranyl Diphosphate Analog with a Shifted

Double Bond

Heng Li” and Jeroen S. Dickschat*"

The analog of the diterpene precursor geranylgeranyl diphos-
phate with a double bond shifted from C14=C15 to C15=C16
(named iso-GGPP Ill) has been synthesized and enzymatically
converted with six bacterial diterpene synthases; this allowed
the isolation of nine unnatural diterpenes. For some of the
enzyme-substrate combinations, the different reactivity imple-

Introduction

Terpene synthases are remarkable biocatalysts that can convert
structurally simple acyclic oligoprenyl diphosphates into ter-
pene hydrocarbons or alcohols of high structural complexity.'?
This process is possible through multistep cationic cascade
reactions that start with ionization of the substrate either
through diphosphate abstraction (type | terpene synthases) or
protonation (type Il enzymes), which is followed by cyclization
reactions through the attack of a remote alkene function to the
cationic center, skeletal rearrangements, and hydride or proton
shifts. Termination of the cascade proceeds -either with
deprotonation to yield a terpene hydrocarbon, or with water
quenching to result in a terpene alcohol. Sometimes the initially
formed product can encounter a reprotonation to initiate a
second round of cyclization. The compounds obtained in this
single enzymatic transformation are often polycyclic, contain
several stereogenic centers, and are of high enantiomeric purity.
Some terpene synthases are high-yielding, but even for
enzymes with relatively low yields these reactions are still
attractive, because an alternative total synthesis would usually
require many consecutive steps to reach the same level of
structural complexity.

Genome mining is an interesting strategy for the discovery
of new enzymes to expand the known chemical space that can
be reached through terpene synthase catalysis.”) But we are not
limited to nature’s toolbox to create terpenoid compounds:

[a] H. Li, Prof. Dr. J. S. Dickschat
Kekulé-Institute for Organic Chemistry and Biochemistry
University of Bonn
Gerhard-Domagk-Stral3e 1, 53121 Bonn (Germany)
E-mail: dickschat@uni-bonn.de
L Supporting information for this article is available on the WWW under
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mented in the substrate analog iso-GGPP Ill opened reaction
pathways that are not observed with natural GGPP, resulting in
the formation of diterpenes with novel skeletons. A stereo-
selective deuteration strategy was used to assign the absolute
configurations of the isolated diterpenes.

Site-directed mutagenesis can lead to enzyme variants with
changed product spectra which may potentially include new
compounds that are not observed in a natural context.”
However, the underlying changes in the amino acid sequence
of a terpene synthase can of course also be introduced through
natural mutation, meaning that the obtained compounds are
likely present somewhere in nature, but yet undiscovered. A
second approach that is more difficult to realize in nature,
because it would require the establishment of new pathways
requiring many new enzyme functions, are changes in the
substrate structure, although some biosynthetic pathways are
known that make use of noncanonical substrates.*'" This
approach also offers an interesting playground for synthetic
chemistry that can provide access to terpenoid substrate
analogs with modified reactivity, leading to compounds with
novel skeletons. Previous work has made use of fluorinated,"?
oxygenated"'¥ or sulfur-containing compounds,™ substrate
analogs with shifted methylation patterns,"® containing cyclo-
propane rings,"® or saturated double bonds.”'® We have
recently shown that the geranylgeranyl diphosphate (GGPP)
analogs iso-GGPP | and iso-GGPP Il with shifted double bonds
are accepted by many diterpene synthases."*” Because the
reactivity of these compounds resides in different positions
compared to GGPP, diterpenes with novel skeletons can be
obtained from these substrate analogs, for example, with
spiroalbatene synthase (SaS)®" iso-GGPP | can react in a late
stage 3,19-cyclization to albataxenene (1), and with spata-13,17-
diene synthase (SpS)?? iso-GGPP Il is converted through an
initial 1,18-cyclization into pseudoobscuronatin (2; Scheme 1).
In both cases the cyclization reactions involve carbons that are
reactive in the iso-GGPPs, but not in GGPP (C18 and C19,
respectively). Here we report on the synthesis of iso-GGPP Ill in
which the C14=C15 double bond is shifted toward C15=C16
and its enzymatic conversion into diterpenes.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Diterpenes with novel skeletons from iso-GGPP | and iso-GGPP II.

Results and Discussion

The synthesis of iso-GGPP Il (Scheme 2) started with the
conversion of isopentenol into isopentenyl iodide (3) that was
used to alkylate ethyl acetoacetate to obtain 4. Saponification
and decarboxylation gave 6-methylhept-6-en-5-one (5) that was
elongated through a Horner-Wadsworth—-Emmons reaction to
(E)- and (2)-6 that were separated by column chromatography.
DIBAI-H reduction to 7 and phosphorylation made iso-GPP, the
analog of GPP with the regular C6=C7 double bond shifted to
C7=C8, available. Bromination of 7 and nucleophilic substitution
with sodium benzenesulfinate yielded in 9. Starting from
geraniol (10) acetylation to 11, SeO, oxidation to 12 and
bromination gave 13 that was coupled with deprotonated 9
(BuLi) to obtain 14. Saponification to 15 and reductive cleavage
of the sulfinate group resulted in the geranylgeraniol isomer 16

that was brominated and phosphorylated under standard
conditions to yield iso-GGPP Ill. A different approach to a
deuterated analog of the alcohol 16 has been reported before
that could be used for an alternative synthesis of unlabelled
iso-GGPP IIL.»

Subsequently, test incubations of iso-GPP and isopentenyl
diphosphate (IPP) with GGPP synthase (GGPPS) from Streptomy-
ces cyaneofuscatus®® and different diterpene synthases were
performed (Table S1 in the Supporting Information), showing a
good diterpene production with six enzymes, while with four
enzymes including casbene  synthase*  bonnadiene
synthase,”® wanjudiene synthase® and p-pinacene synthase™®
no efficient product formation was observed. Alternatively, iso-
GGPP lll was converted only with diterpene synthases. While
the synthesis of iso-GPP is much shorter than the route toward
iso-GGPP lll, usage of the latter compound generally showed a
better diterpene production as compared to iso-GPP, and no
addition of GGPPS is required. Surprisingly, in all six cases also
the formation of the natural product derived from GGPP was
observed. The dephosphorylation of iso-GGPP Il with calf
intestinal phosphatase (CIP) in the same buffer and GC/MS
analysis of the products showed the isomerization of the
C15=C16 double bond under the incubation conditions, that is,
the partial isomerization of iso-GGPP Il to GGPP, explaining this
observation.

The conversion of iso-GGPP Il with the 18-hydroxydolabel-
la-3,7-diene synthase (HdS) from Chitinophaga pinensis®
resulted in the formation of four major compounds, two of
which could be isolated (Figure S1). The main compound
showed strong line broadening in the NMR spectra even at an
elevated temperature (343 K) preventing its structure elucida-
tion, while the second compound was structurally characterized
as (11E)-12-isopentenyl-a-selinene (18; Scheme 3A, Figures S2—

[26] 271

O O O O
imidazole (0] >
OH  CH,CI, I NaH CO.Et EtOH LDA, THF
86% 3 71% 4 2 95% 5 50%
(dr=3:1)
w DIBAL-H )J\W PBr; PhSO,Na
NTNOEt THE OR ™ B'  DWF SOzPh
(E)-6 93% 8 71% (2 steps) 9
(2)-6 7 (R=H) 1) PBr3, THF
iso-GPP (R=P,04*) 2) (NBug)3HP,07, MeCN, 90%
Se0,
AcCl o  tBuOOH j\ )OJ\
/K/\)\/\OH M/\O)J\ A L o - X N o
CHzoClz CHZOCIZ OH Br
10 94% 1" 30% 12 13
soF" Pd(dppp)Cly,
9, BuLi LiEtsBH
- A A X - X S X
HMPA, OR THF OR
THF 14 (R=Ac 95% 16 (R=H) 1) PBr3, THF

)
15 (RH) _| NaOH, MeOH, 27% (2 steps)

Scheme 2. Synthesis of iso-GPP and iso-GGPP IIl.
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is0-GGPP Il (R=P,06*) 2) (NBuy)3HP207, MeCN, 72%
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Scheme 3. 18-Hydroxydolabella-3,7-diene synthase (HdS). A) Cyclization of
iso-GGPP lll via 17 to 18, B) structures of the related compounds 19 and 20,
and C) cyclization of GGPP to 21.

S9, Table S2), a diterpene hydrocarbon that has structural
similarity with the known compounds lobophytumins C (19)
and D (20) from the soft coral Lobophytum cristatum
(Scheme 3B).”” A hypothetical cyclization mechanism from iso-
GGPP to 18 starts with the abstraction of diphosphate and 1,10-
cyclization to intermediate A that is deprotonated to 17, a
derivative of germacrene A®Y with an elongated side chain.
Germacrene A is well known as a biosynthetic intermediate to
many eudesmane and guaiane sesquiterpenes and can undergo
a second cyclization cascade upon reprotonation.®? Analo-
gously, compound 17 can be reprotonated at C6 to initiate a
second cyclization to 18 through intermediate B (Scheme 3A).
Naturally, HdS catalyses the conversion of GGPP via 1,11-10,14-
cyclization into 18-hydroxydolabella-3,7-diene (21; Scheme 3Q).
Herein, both cyclization events are likely concerted to avoid a
free secondary cation as intermediate. With the shifted double
bond in iso-GGPP Il the 10,14-cyclization is no longer possible,
and the 1,11-cyclization changes to a 1,10-cyclization in order
to form the more stable tertiary cation A.

The hydropyrene synthase (HpS) from Streptomyces
clavuligerus®™ catalyses the the formation of hydropyrene (23)
and hydropyrenol (24) through a 1,10-cyclization of GGPP to C,
followed by a 1,3-hydride migration to D, 1,14-cyclization and
deprotonation to prehydropyrene (22). lts reprotonation at Cé6
can initiate two more cyclizations, and a final deprotonation or

Chem. Eur. J. 2024, 30, €202303560 (3 of 10)

attack of water results in 23 or 24, respectively (Scheme 4A).?®

On a second reaction path that operates in parallel HpS
converts GGPP into elisabethatriene (25). This path proceeds
through isomerization of GGPP to geranyllinalyl diphosphate
(GLPP), followed by a 1,10-cyclization to E, a 1,3-hydride shift to
F, 1,6-cyclization to G, and a 1,2-hydride shift and deprotona-
tion to 25 (Scheme 4B). The incubation of iso-GGPP Il with HpS
resulted in the formation of a complex mixture of several
diterpene hydrocarbons (Figure S10) from which two com-
pounds were isolated. The first one was structurally identified
as (112)-12-isopentenyl-a-selinene (27; Figures S11-518, Ta-
ble S3). Its formation can be understood starting from a similar
conformational fold as for GGPP towards 23 and 24 (compare
Schemes 4A and C). The initial 1,10-cyclization leads to H, but at
this stage the cascade is interrupted and does not proceed with
the 1,3-hydride shift as observed for the step from C to D. A
possible reason could be that the remote C14=C15 double
bond may assist in the 1,3-hydride shift from C to D (as
indicated by the dashed lines in the structure of C). If this
double bond is shifted to C15=C16, such an assistance in the
1,3-hydride shift may not be possible, with the consequence of
deprotonation to 26. The Z configuration of the double bond
formed in this deprotonation step is explainable from the
substrate conformation required for the formation of the
tetracyclic compounds 23 and 24. The downstream cyclization
of 26 via | to 27 follows a different stereochemical course as
observed for the cyclization of 22. Compound 27 is observed by
GC/MS in the crude enzyme extract and is thus likely an enzyme
product, but its formation from 26 may also partially be non-
enzymatic during chromatographic purification on silica gel,
similar to the known cyclization of germacrene A into
selinenes.®'?***! The second isolated product was characterized
as isoelisabethatriene C (28; Figures S19-526, Table S4). Its
biosynthesis from iso-GGPP Il by HpS can proceed through an
analogous series of steps as required for the biosynthesis of
natural 25 (compare Schemes 4B and D).

The enzymatic conversion of iso-GGPP Il with the bacterial
phomopsene synthase from Nocardia testacea (NtPS)®® resulted
in the formation of three major diterpene hydrocarbons two of
which could be isolated (Figure S27). The NMR based structure
elucidation (Figures S28-543, Tables S5 and S6) revealed the
structure of isoxeniaphyllene Il (29) and iso-B-springene (30).
Compound 29 was named after its close structural similarity to
xeniaphyllenol (31), a known natural product from Xenia
macrospiculata (Scheme 5A).2” Moreover, the related com-
pound isoxeniaphyllene (32) was previously obtained®” from
the enzymatic conversion of iso-GGPP | with cyclooctat-9-en-7-
ol synthase from Streptomyces iakyrus (SiCotB2).*5* NtPS
catalyses a 1,11-10,14-cyclization of GGPP to initiate the
cyclization cascade toward phomopsene (33) (Scheme 5B). With
the shifted terminal double bond in iso-GGPP Il the 1,11-
cyclization can still take place, but the 10,14-cyclization is
altered to a 2,10-cyclization (Scheme 5C). Along this cyclization
cascade, the hypothetical secondary cation K may be a highly
transient species and may be stabilized through n-coordination
with the C2=C3 alkene unit.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

5US01 SUOWIWOD) BAITERID) 3|t idde aU) Aq paueA0B a6 Sao 1L YO ‘8SN JO SaINI 10} AReIq 1] 8UIIUO AB]IA UO (SUONIPUCO-pU.-SLLLBYWIOD" A3 |1W ATe.q1jouUo//SdL) SUORIPUCD Pue Swd L 84} 885 *[5202/20/Tz] Uo Ariqi]aulluo A8 ‘09GE0EZ02 WeUD/Z00T OT/I0pALI0D B 1M AReiq 1 ul|uoado.ne-AIis Lo/ Sdy woiy pepeolumod ‘8 ‘vz ‘S9LETZST



Chemistry
Research Article Europe v
Chemistry—A European Journal doi.org/10.1002/chem.202303560 Soories Publishig
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iso-GGPP llI K 29

Scheme 5. N. testacea phomopsene synthase (NtPS). A) Structures of com-
pounds 29-32, B) initial cyclization of GGPP in the biosynthesis of 33,
Q) initial cyclization of iso-GGPP Il in the biosynthesis of 29.

The catenul-14-en-6-ol synthase from Catenulispora acid-
iphila (CaCS)"” naturally converts GGPP into the diterpene
alcohol catenul-14-en-6-ol (34; Scheme 6A). This enzymatic
reaction is initiated by the 1,10-cyclization of GGPP to L and a
1,3-hydride shift to M. A subsequent 1,14-cyclization to N and
H deprotonation lead to O that can be reactivated through
protonation for another round of cyclization and capture with
water to yield 34. With the substrate iso-GGPP Ill the initial
reactions to P and Q are analogous to those with GGPP, but
then as a result of the shifted double bond the 1,14-cyclization
cannot take place (Scheme 6B). Instead, a capture with water
leads to isoobscuronatin (35; Figures S44-S51, Table S7), a
double bond isomer of the diterpene alcohol obscuronatin (37)
that is known from the sponge Xenia obscuronata.*" During
chromatographic purification on silica gel and upon the thermal
impact during GC/MS analysis compound 35 decomposes to
biflora-4,10(19),16-triene (36; Figure S52). This diterpene hydro-
carbon was also isolated and structurally characterized (Figur-
es $53-560, Table S8).

The main product of the cyclooctat-9-en-7-ol synthase from

is0-GGPP Il 28 Streptomyces iakyrus (SiCotB2),*” a homolog of the previously

o characterized enzyme from Streptomyces melanosporofaciens,®®

Scheme 4. Hydropyrene synthase (HpS). Cyclizations of GGPP A) to 23 and . . . .
24, and B) to 25. Analogous cyclizations of iso-GGPP Ill to C) 27 and D) 28. is the dlterpene alcohol 38 (Scheme 7A). This compound Is
formed through an initial 1,11-10,14-cyclization to R and a
subsequent multistep cascade involving surprising skeletal
rearrangements.”? Remarkably, with iso-GGPP Ill as substrate

iso-GGPP llI

D)

N HpS

PPO -
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37 36 35

Scheme 6. C. acidiphila catenul-14-en-6-ol synthase (CaCS). A) Cyclization of
GGPP to 34 by CaCs, B) cyclization of iso-GGPP Ill to 35 by CaCs,
decomposition to 36 and structure of the related natural product 37.
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Scheme 7. S. iakyrus cyclooctat-9-en-7-ol synthase (SiCotB2). A) Cyclization of
GGPP to 38, B) cyclization of iso-GGPP Il to 39.

the cyclization mode changes to a 1,16-cyclization to S that
upon deprotonation yields 39, the main product obtained from
iso-GGPP Ill (Scheme 7B, Figure S61). The shape of this molecule

Chem. Eur. J. 2024, 30, €202303560 (5 of 10)

is reminiscent of a bucket wheel and therefore this compound
was named bucket-wheelene (Figures S62-S69, Table S9).

The dolasta-1(15),8-diene (41) synthase from Colletotrichum
gloeosporioides (CgDS)™* naturally converts GGPP into &-
araneosene (40) and 41 (Scheme 8A). The cyclization cascade
towards these product starts with a 1,11-10,14-cyclization of
GGPP to T, followed by a 1,2-hydride shift to U and
deprotonation to the neutral intermediate 40. Its reprotonation
induces a 2,7-cyclization to V that upon deprotonation reacts to
41. With iso-GGPP llI the cyclization mode by CgDS is altered to
a 1,10-11,16-cyclization, again with involvement of C16, leading
to cation W (Scheme 8B). Its deprotonation results in the
hypothetical neutral intermediate 42 that is like 40 reproto-
nated at C7 for a subsequent 2,7-cyclization. The resulting
intermediate X is the precursor to dolastaxenene (43) by
deprotonation (Figures S70-S78, Table S10), with a skeleton
that is foreign to CgDS or any other diterpene synthase (Greek
Eevoo=foreign). The highly selective formation of this com-
pound from iso-GGPP lll is remarkable.

The absolute configurations of the terpene analogs were
investigated through a stereoselective deuteration method. This
strategy enzymatically introduces stereogenic centers of known
absolute configuration from stereoselectively deuterated sub-
strates. The relative orientation of the naturally present stereo-

Scheme 8. C. gloeosporioides dolasta-1(15),8-diene synthase (CgDS). A) Cycli-
ization of GGPP to 40 and 41, B) cyclization of iso-GGPP Il to 43.
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genic centers toward the stereogenic centers at the deuterated
carbons give insight into the absolute configuration of the
enzyme products. For this purpose, iso-GPP was elongated with
(R)- or (S)-(1-"*C,1-H)IPP¥¥ using Streptomyces cyaneofuscatus
GGPP synthase (GGPPS)* and then converted with the
diterpene synthases used in this study into the corresponding
terpene analogs. Furthermore, iso-GPP was used together with
(B)- or (2)-(4-"*C,4-*H)IPP*® and the same enzyme mixtures. The
additionally introduced 'C-labels enable a highly sensitive
detection of the remaining hydrogen at the —CDH-— groups
through HSQC spectroscopy.

The data obtained allowed to conclude on the absolute
configuration of 28 from the stereoselective deuteration at C8,
while no conclusive NOESY correlations were observed for the
hydrogens at C4 and C5 (Figures S79 and S80). The absolute
configuration of 29 was conclusively assigned from the
incorporations at C1, C4 and C8 (Figures S81 and S82), while for
the determination of the absolute configuration of 35 the
incorporations at C1, C4, C5 and C8 all gave unambiguous
results (Figures S83 and S84). No signals were observed in these
experiments for the degradation product 36 that is only
obtained after column chromatography on silica gel, but its
absolute configuration can be deduced from that of 35. Also for
43 all four labelled positions allowed for conclusive insights
into its absolute configuration (Figures S85 and S86).

Conclusions

After our previous reports on the biosynthesis of diterpene
analogs from GGPP isomers with shifted double bonds,"**” we
have shown in this study that iso-GGPP Il can also serve as a
substrate of diterpene synthases, leading to the formation of
structurally complex diterpene hydrocarbons or alcohols. In
some cases, for example, with HdS, highly complex mixtures of
compounds were obtained making product isolation a tedious
and highly challenging problem, but in other cases, such as
with CgDS, a remarkable product selectivity was still observed.
Some of the isolated compounds exhibit novel skeletons, as
exemplified by the beautiful monocyclic compound bucket-
wheelene or the tricyclic compound dolastaxenene. An alter-
native approach to obtaining new compounds by using terpene
synthases is enzyme engineering through site-directed muta-
genesis, but this approach cannot lead to inherently divergent
terpene cyclization reactions. In contrast, changes in the
substrate structure can lead to a changed reactivity that allows
the formation of fundamentally different compounds that are
usually not obtained from natural oligoprenyl diphosphates. In
some of the cases reported here, the obtained yields, despite
being comparably lower than with the natural substrate GGPP,
are satisfying, especially when taking into account the high
structural complexity that is introduced in a single enzymatic
transformation by terpene synthases. We will continue to study
the enzymatic transformations of terpenoid substrate analogs
in our future experiments.

Chem. Eur. J. 2024, 30, €202303560 (6 of 10)

Experimental Section

Mass spectrometry. GC/MS analyses were carried out on a 7890B/
5977A series gas chromatography/mass selective detector (Agilent).
The GC was equipped with an HP5-MS fused silica capillary column
(30 m, 0.25 mm i.d., 0.50 um film; Agilent) and operated using the
settings 1) inlet pressure: 77.1 kPa, He at 23.3 mLmin™", 2) injection
volume: 1-2 uL, 3)temperature program: 5 min at 50°C then
increasing 5°Cmin~' to 320°C, 4) 60 s valve time, and 5) carrier gas:
He at 1.2 mLmin~". The MS was operated with settings 1) source:
230°C, 2) transfer line: 250°C, 3) quadrupole: 150°C and 4) electron
energy: 70 eV. High resolution mass spectra (APCl) were recorded
on an Orbitrap XL instrument (Thermo Fisher Scientific) or using a
7890B/7200 series gas chromatography/accurate mass Q-ToF
detector system (Agilent). The GC was equipped with a HP5-MS
fused silica capillary column (30 m, 0.25 mm i.d., 0.50 mm film). GC
settings were 1) injection volume: 1 pL, 2) temperature program:
5 min at 50°C, increasing 10°Cmin~' to 320°C, 3) split ratio: 5:1,
60s valve time and 4) carrier gas flow: He at 1 mLmin™'. MS
settings were 1) inlet pressure: 83.2 kPa, He flow at 24.6 mLmin',
2) transfer line temperature: 250 °C, 3) ionization energy: 70 eV.

Spectroscopic methods. NMR spectra were recorded at 298 K on a
Bruker Avance Ill HD Cryo (700 and 500 MHz) NMR spectrometer.
Spectra were measured in C,Ds and referenced against solvent
signals ("H NMR, residual proton signal: 6 =7.16 ppm; *C NMR: 6 =
128.06 ppm).”*! Coupling constants are given in Hz. IR spectra were
recorded on a Bruker a infrared spectrometer with a diamond ATR
probehead. Peak intensities are given as s (strong), m (medium), w
(weak) and br (broad).

Optical rotations. Optical rotations were recorded on a Modular
Compact Polarimeter MCP 100 (Anton Paar, Graz, Austria). The
temperature setting was 25°C; the wavelength of the light used
was 589 nm (sodium D line); the path-length was 10cm, the
compound concentrations ¢ are given in g per 100 mL.

Synthesis of 4-iodo-2-methylbut-1-ene (3).*¢ A solution of

imidazole (16.7g, 248 mmol, 1.20equiv.) and PPh; (65.4¢,
248 mmol, 1.20 equiv.) in CH,Cl, (400 mL) was mixed with |, (63 g,
248 mmol, 1.20 equiv.) and the 3-methylbut-3-en-1-o0l (17.8 g,
207 mmol, 1.00 equiv.) subsequently. After stirring for 1 h at room
temperature (TLC showed the starting material was consumed), the
reaction mixture was quenched by the addition of sat. aqueous
NH,Cl and then extracted three times with Et,0. The combined
organic layers were dried with MgSO, and concentrated under
reduced pressure. The residue was taken up in pentane, the
precipitate was filtered off, and pentane was removed in vacuo.
The product was purified by column chromatography (petroleum
ether) to yield the 3 as a pink oil (359, 179 mmol, 86%). TLC
(petroleum ether): R;=0.64. GC (HP5-MS): /=901. EI-MS (70 eV): m/z
(%) =41 (0.4), 69 (1), 127 (0.1), 196 (0.1). 'H NMR (C¢D,, 500 MHz):
4,71 (m, 1H), 4.57 (m, TH), 2.75 (m, 2H), 2.19 (t, 1H, J=7.6 Hz), 1.42
(m, TH), 137 (m, 3H) ppm. *CNMR (C,Ds, 125 MHz): 143.87 (C,),
112.35 (CH,), 41.94 (CH,), 21.44 (CH5), 3.15 (CH,) ppm.

Synthesis of ethyl 2-acetyl-5-methylhex-5-enoate (4).*” To a
cooled solution of ethyl acetoacetate (11.5 g, 88 mmol, 2.00 equiv.)
in THF (160 mL, 2 mLmmol™") was added NaH (3.5g, 88 mmol,
2.00 equiv., 60% purity) in small portions. The reaction mixture was
allowed to reach room temperature and stirred for 1 h. The iodide
3 was added dropwise and the reaction mixture was refluxed
overnight, followed by cooling to room temperature. The cooled
mixture was quenched by the addition of saturated aqueous NH,CI
solution and then extracted with Et,O. The combined organic layers
were dried with MgSO, and concentrated under reduced pressure.
The residue was subjected to column chromatography (petroleum
ether/EtOAc, 12:1) to yield the B-keto ester 4 (6.2 g, 31 mmol, 71 %)
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as a colourless oil. TLC (petroleum ether/EtOAc, 10:1): R;=0.40. GC
(HP5-MS): 1=1315. EI-MS (70 eV): m/z (%) =43 (3), 55 (1), 68 (0.6), 85
(0.5), 130 (1), 155 (0.3), 180 (0.01). 'H NMR (C¢D, 500 MHz): 4.74 (m,
1H), 4.72 (m, 1H), 3.88 (qd, 2H, J=7.2, 1.3 Hz), 3.24 (dd, 1H, J =7.,
6.3 Hz), 1.97 (m, 4H), 1.87 (d, 3H, J=0.4 Hz), 1.55 (dd, 3H, J =14,
1.0 Hz), 0.88 (t, 3H, J=7.1 Hz) ppm. '*C NMR (C,D,, 125 MHz): 201.46
(Cy), 169.67 (C,), 144.55 (C,), 111.43 (CH,), 61.03 (CH,), 59.12 (CH),
35.63 (CH,), 28.56 (CH,), 26.24 (CH,), 22.10 (CH,), 14.02 (CH,) ppm.

Synthesis of ethyl 6-methylhept-6-en-2-one (5).”® The solution of
the p-keto ester 4 (6.3 g, 32 mmol, 1.00 equiv.) in EtOH (64 mL,
2 mL mmol™") was mixed with an aqueous solution of KOH (5.3 g,
95 mmol, 3.00 equiv.; 2 m) and the reaction mixture was refluxed
for 3 h before cooling to room temperature. The reaction mixture
was slowly acidified with 2 m HCl solution until CO, developed. The
resulting suspension was extracted with pentane (three times). The
combined layers were dried with MgSO, and concentrated under
reduced pressure. The residue was subjected to column chromatog-
raphy (petroleum ether /Et,0, 10:1) to yield pure 5 (3.8 g, 30 mmol,
95%) as a colourless oil. TLC (petroleum ether /Et,0, 8:1): R;=0.46.
GC (HP5-MS): I=967. EI-MS (70 eV): m/z (%)=43 (7), 58 (2), 68 (1.5),
108 (1), 126 (0.3). 'HNMR (C¢D,, 500 MHz): 4.76 (m, TH), 4.72 (m,
1H), 1.89 (t, 2H, J=7.3 Hz), 1.83 (m, 2H), 1.60 (m, 2H), 1.63 (s, 3H),
1.58 (m, 3H) ppm. "*C NMR (C,Dg, 125 MHz): 205.99 (C,), 145.23 (C,),
110.80 (CH,), 42.51 (CH,), 37.30 (CH,), 29.38 (CH,), 22.19 (CH,), 21.72
(CH,) ppm.

Synthesis of ethyl (E)-3,7-dimethylocta-2,7-dienoate (E)-6. A
solution of diisopropylamine (5.1 g, 50 mmol, 1.05 equiv.) dissolved
in dry THF (100 mL, 2mL mmol™') was cooled to 0°C. nBulLi
(31.5 mL, 1.6 m in hexane, 1.05 equiv.) was added dropwise and the
reaction was stirred for 1 h at 0°C. The reaction mixture was cooled
to —78°C and triethyl phosphonoacetate (10.8g, 48 mmol,
1.00 equiv.) was added. After stirring the reaction mixture for 1 h at
—78°C the methyl ketone 5 (6.1 g, 48 mmol, 1.00 equiv.) was
added. The reaction mixture was allowed to warm to room
temperature and stirred overnight. Water (50 mL) was added to
quench the reaction. The aqueous phase was extracted three times
with Et,0, and the combined layers were dried with MgSO, and
concentrated under reduced pressure. Purification by column
chromatography (petroleum ether/EtOAc, 15:1) yielded pure (E)-6
(3.6 g, 18 mmol, 38%) and (2)-6 (1.2 g, 6 mmol, 12%) as colourless
oils. (E)-6:* TLC (petroleum ether/EtOAc, 10:1): R;=0.36. GC (HP5-
MS): 1=1398. EI-MS (70 eV): m/z (%) =39 (1), 41 (3), 55 (1), 67 (2), 81
(0.7), 95 (1.3), 123 (0.6), 153 (1), 181 (0.2), 196 (0.01). '"H NMR (C¢Ds,
500 MHz): 5.80 (g, 1H, J =1.2 Hz), 4.76 (m, 1H), 4.70 (m, 1H), 4.06 (d,
2H, J=7.2 Hz), 2.18 (d, 3H, J=1.4 Hz), 1.78 (m, 4H), 1.55 (m, 3H),
1.36 (m, 2H), 1.02 (t, 3H, J=7.1 Hz) ppm. C NMR (C;D,, 125 MHz):
166.48 (C,), 159.54 (C,), 145.10 (C), 116.36 (CH), 110.71 (CH,), 59.41
(CH,), 40.40 (CH,), 37.36 (CH,), 25.46 (CH,), 22.30 (CH,), 18.70 (CH,),
14.46 (CH,) ppm. (2)-6:°Y TLC (petroleum ether/EtOAc, 10:1): R;=
0.45. GC (HP5-MS): 1=1348. EI-MS (70 eV): m/z (%) =39 (2), 41 (3),
55 (1.3), 67 (2.1), 81 (1.4), 95 (2), 123 (1), 153 (1), 181 (0.1), 196
(0.01). "H NMR (C,D,, 500 MHz): 5.74 (q, 1H, J =0.7 Hz), 4.79 (m, 2H),
4.02 (d, 2H, J=7.1 Hz), 2.69 (m, 2H), 2.05 (m, 2H), 1.66 (t, 3H, J=
1.2 Hz), 1.59 (m, 2H), 1.51 (d, 3H, J=1.5Hz), 1.00 (t, 3H, J=7.1 H2)
ppm.*C NMR (CsDs, 125 MH2): 166.00 (C,), 160.05 (C,), 145.56 (C,),
116.89 (CH), 110.52 (CH,), 59.37 (CH,), 38.17 (CH,), 33.27 (CH,), 26.55
(CH,), 24.87 (CH,), 22.40 (CH5), 14.42 (CH,) ppm.

Synthesis of (E)-3,7-dimethylocta-2,7-dien-1-ol (7).°" To a cooled
(0°C) solution of the corresponding ester (E)-6 (3.6 g, 18 mmol,
1.00 equiv.) in THF (90 mL, 5mL mmol™") was added DIBAL-H
(44 mL, 44 mmol, 1 m in hexane, 2.40 equiv.) and the reaction
mixture was stirred for 1 h at room temperature. The mixture was
cooled to 0°C again and a saturated solution of Na—K-tartrate was
added. The resulting slurry was stirred for 2 h to dissolve the
precipitate and the aqueous phase was extracted three times with
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Et,O. The organic layers were dried with MgSO, and concentrated
under reduced pressure. The residue was purified by column
chromatography (petroleum ether/Et,0, 3:1) to yield the desired
colourless alcohol 7 (2.6 g, 177 mmol, 93%) as a colourless oil. TLC
(petroleum ether/Et,0, 2:1): R;=0.30. GC (HP5-MS): /=1253. EI-MS
(70 eV): m/z (%) =43 (1), 55 (1.8), 69 (2), 81 (1), 96 (1), 109 (0.4), 121
(0.5), 136 (0.2). 'H NMR (C,D,, 500 MHz): 5.38 (tq, 1H, J=5.6, 1.2 Hz),
4.80 (m, 2H), 3.99 (m, 2H), 1.90 (m, 4H), 1.63 (t, 3H, J=1.2 Hz), 1.48
(m, 2H), 145 (m, 3H) ppm. >CNMR (C,Ds, 125 MHz): 145.65 (C,),
138.11 (Cy), 125.02 (CH), 110.46 (CH,), 59.36 (CH,), 39.35 (CH,), 37.65
(CH,), 25.98 (CH,), 22.46 (CHs), 16.08 (CH,) ppm.

Synthesis of (E)-3,7-dimethylocta-2,7-dien-1-yl diphosphate (iso-
GPP). PBr; (422 mg, 1.6 mmol, 0.40 equiv.) was added dropwise to a
cooled (0°C) solution of 7 (600 mg, 3.9 mmol, 1.00 equiv.) in Et,0
(12 mL). The mixture was stirred for 1 h at 0°C and then poured
onto an ice/water mixture. The aqueous layer was extracted three
times with Et,0, the combined organic layers were dried with
MgSO, and concentrated under reduced pressure to give the allyl
bromide 8 (1.8 g) that was used for the next step without
purification.

Tris(tetra-n-butylammonium)  hydrogen  diphosphate (4.2 g,
4.7 mmol, 1.20 equiv.) was dissolved in acetonitrile (20 mL,
4 mLmmol™") and the allyl bromide 8 (1.8 g) was added. Then the
mixture was stirred at room temperature overnight. Acetonitrile
was removed under reduced pressure and the resulting residue
was dissolved in aqueous NH,HCO; solution (0.25 m) and loaded
onto a DOWEX 50WX8 ion-exchange column (NH,* form, pH 7.0).
The column was flushed slowly with 1.5 column volumes of
NH,HCO; buffer (25 mm, 5% iPrOH) and the eluate was lyophilised
to yield the diphosphate as a colourless hygroscopic powder (1.5 g,
3.5 mmol, 90%). 'H NMR (D,0, 500 MHz): 5.32 (m, TH), 4.60 (dt, 2H,
J=6.6, 1.7 Hz), 4.34 (q, 2H, J=6.9 Hz), 1.89 (m, 4H), 1.59 (m, 3H),
1.55 (m, 3H), 1.43 (m, 2H) ppm. ">C NMR (D,0, 125 MHz): 146.69 (C,),
142,61 (C,), 119.53 (d, CH, *Jcp=8.6 Hz), 109.48 (CH,), 62.61 (d, CH,,
3Jep="5.4 Hz), 38.52 (CH,), 36.79 (CH,), 25.06 (CH,), 21.71 (CHs), 15.54
(CH;) ppm. *PNMR (D,0, 203 MHz): —9.16 (d, */p=19.9 H2),
—10.63 (d, *Jpp=19.9 Hz) ppm. HRMS (ESI(-)): calc. for [C;oH;50,P,]
m/z=313.0611; found: m/z=313.0617.

Synthesis of (E)-((3,7-dimethylocta-2,7-dien-1-yl)sulfonyl)benzene
(9).5" Sodium benzenesulfinate (3.0 g, 18.6 mmol, 1.30 equiv.) was
dissolved in DMF (25 mL), followed by the addition of allyl bromide
8 (69, prepared as described above). The reaction was stirred
overnight and then quenched by pouring into water. The aqueous
phase was extracted three times with Et,O, and the combined
layers were dried with MgSO, and concentrated under reduced
pressure. Purification by column chromatography (petroleum ether/
EtOAc, 3:1) yielded 9 (2.8 g, 9 mmol, 71%) as a colourless oil. TLC
(petroleum ether/EtOAc, 2:1): Ri=0.32. GC (HP5-MS): I=1714. El-
MS (70 eV): m/z (%) =41 (1), 55 (1), 67 (1), 81 (7), 95 (2), 137 (1), 267
(0.01). 'H NMR (C,D,, 500 MHz): 7.78 (m, 2H), 6.92 (m, 3H), 5.11 (ddq,
1H, J=9.4, 8.0, 1.4 Hz), 479 (m, 1H), 474 (m, 1H), 3.47 (d, 2H, J=
8.0 Hz), 1.79 (m, 2H), 1.72 (m, 2H), 1.60 (m, 3H), 1.29 (m, 2H), 1.03 (d,
3H, J=1.6 Hz) ppm. "CNMR (C,Ds, 125 MHz): 145.41 (C,), 145.36
(Cy), 140.18 (C,), 132.94 (CH), 128.81 (CH, x4), 111.63 (CH), 110.59
(CH,), 56.11 (CH,), 39.31 (CH,), 37.41 (CH,), 25.70 (CH,), 22.41 (CH,),
15.90 (CH;) ppm.

Synthesis of (E)-3,7-dimethylocta-2,6-dien-1-yl acetate (11).5% To
a CH,Cl, (200 mL, 0°C) solution of geraniol (10; 12.2 g, 80.00 mmol)
and pyridine (8949, 112 mmol, 1.40 equiv.) was added acetyl
chloride (7.5 g, 24.0 mmol, 1.20 equiv.) dropwise. The reaction was
stirred at 0°C for 45 min, then quenched by the addition of H,0
(200 mL). The organic layer was separated and the aqueous layer
was extracted with Et,O (2 x 60 mL). The combined organic layers
were dried with MgSO, and concentrated under reduced pressure.
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The product 11 (14.8 g, 75.2 mmol, 94 %) was obtained via silica gel
chromatography (petroleum ether/EtOAC, 12:1) as a colourless oil.
TLC (petroleum ether/EtOAc, 10:1): R=0.50. GC (HP5-MS): /=1382.
EI-MS (70 eV): m/z (%) =41 (5), 69 (3), 93 (1), 121 (0.7), 136 (1.5), 154
(0.01). "H NMR (C¢Dg, 500 MHz): 5.41 (ddt, J=8.4, 5.8, 1.3 Hz), 5.11
(m, TH), 4.59 (d, 2H, J =7.1 Hz), 2.05 (m, 2H), 1.94 (m, 2H), 1.69 (d,
3H, J=09 Hz), 1.63 (t, 3H, J=1.4Hz), 1.55 (dd, 6H, J=5.0, 1.4 Hz)
ppm. CNMR (C;Ds, 125 MHz): 170.08 (C,), 141.60 (C,), 131.58 (C,),
124.36 (CH), 119.47 (CH), 61.19 (CH,), 39.83 (CH,), 26.69 (CH,), 25.80
(CH,), 20.59 (CH,), 17.69 (CH;), 16.32 (CH5) ppm.

Synthesis of (2E,6E)-8-hydroxy-3,7-dimethylocta-2,6-dien-1-yl
acetate (12)."* To a CH,Cl, (130 mL, room temperature) suspension
of SeO, (832mg, 7.5 mmol, 0.10 equiv.) was added tBuOOH
(27.0 mL, 5.5 M in decane, 151 mmol, 2.00 equiv.) dropwise. The
mixture was stirred at room temperature for 0.5 h, followed by the
dropwise addition of 11 (14.8g, 75.5 mmol, 1.00 equiv.). The
reaction mixture was stirred at room temperature for 24 h. Then
the reaction solution was concentrated under reduced pressure.
The residue was dissolved in Et,0. The organic layer was washed
with sat. NaHCO,, dried with MgSO, and concentrated under
reduced pressure. The residue was dissolved in methanol/THF (1:4,
150 mL), and the mixture was cooled to 0°C, then NaBH, (5.7 g,
151 mmol, 2.00 equiv.) was added in three batches. The reaction
was stirred at 0°C for 1 h, and then quenched by pouring into aq.
NH,CI (50 mL sat. NH,Cl with 100 mL ice/water). The product was
extracted with Et,0, and the extracts were dried with MgSO, and
concentrated under reduced pressure. Purification by flash chroma-
tography (petroleum ether/EtOAC, 3:1) provided compound 12
(4.8 9, 23 mmol, 30%) as colourless oil. TLC (petroleum ether/
EtOAC, 2:1): Ri=0.19. GC (HP5-MS): I=1640. EI-MS (70 eV): m/z
(%) =43 (5), 68 (3), 84 (2), 119 (0.7), 134 (1), 152 (0.1). "H NMR (C¢Ds,
500 MHz): 5.38 (ttq, 1H, /=6.8, 2.8, 1.3 Hz), 5.27 (tq, 1H, J=7.1,
1.4 Hz), 457 (d, 2H, J=7.4 Hz), 3.80 (s, 2H), 2.03 (m, 2H), 1.92 (m,
2H), 1.70 (s, 3H), 1.51 (s, 3H), 1.49 (s, 3H).”*C NMR (C,D¢, 125 MHz):
179.34 (C,), 141.25 (C,), 135.93 (C,), 124.60 (CH), 119.74 (CH), 68.68
(CH,), 61.27 (CH,), 39.40 (CH,), 25.92 (CH,), 20.60 (CHs), 16.25 (CH,),
13.64 (CH;) ppm.

Synthesis of (2E,6E,10E)-3,7,11,15-tetramethyl-9-
(phenylsulfonyl)hexadeca-2,6,10,15-tetraen-1-ol (15). To a cooled
(0°C) solution of 12 (1.0 g, 4.8 mmol, 1.00 equiv.) in Et,0 (20 mL)
PBr; (517 mg, 1.9 mmol, 0.40 equiv.) was added dropwise. The
mixture was stirred for 1 h at 0°C and then poured onto an ice/
water mixture. The aqueous layer was extracted three times with
Et,0, the organic layers were dried with MgSO, and concentrated
under reduced pressure to yield allyl bromide 13 (1.5 g) that was
used in the next step without purification.

Sulfone 9 (1.5 g, 5.3 mmol, 1.10 equiv.) was dissolved in THF/HMPA
(4:1, 25 mL). After cooling the mixture to —78°C, nBuLi (3.6 mL,
1.6 m in hexane, 5.7 mmol, 1.20 equiv.) was added dropwise. The
mixture was stirred for 2 h, and the allyl bromide 13 (1.5 g) was
added dropwise. The reaction solution was stirred overnight
without further cooling. The reaction was quenched by pouring
into an ice-cold aqueous NH,Cl solution (40 mL sat. NH,Cl with
100 mL ice/water). The product was extracted with Et,0, the
combined extracts were washed with sat. NaCl, dried with MgSO,,
and concentrated under reduced pressure to provide the crude
compound 14 that was used in the next step without purification.

Sulfone 14 was dissolved in methanol (40 mL) and NaOH (10 mL,
1 m in H,0) was added. The reaction mixture was stirred at room
temperature for 4 h and monitored by TLC to confirm the reaction
was completed. Then the reaction mixture was poured into ice/
water, and the product was extracted with Et,0. The combined
extracts were washed with brine, dried with MgSO, and concen-
trated under reduced pressure. Purification by silica gel chromatog-
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raphy (petroleum ether/EtOAC, 2:1) gave product 15 (564 mg,
1.3 mmol, 27%) as a colourless oil. TLC (EtOAC/petroleum ether,
2:1): R=0.59. HRMS (APCI): calc. for [CyeH3505S1" m/z=430.2542;
found: m/z=430.2551. "H NMR (C¢Dg, 500 MHz): 7.85 (m, 2H), 6.94
(m, 3H), 5.35 (tq, 1H, J=6.7, 1.3 Hz), 5.09 (t, TH, J=7.9 Hz), 5.05 (dp,
1H, J =10.1, 1.3 Hz), 4.80 (m, 1H), 475 (m, 1H), 3.97 (m, 3H), 3.14
(brd, 1H, J=13.7 Hz), 2.47 (dd, 1H, J=13.5, 11.1 Hz), 1.97 (m, 2H),
1.88 (m, 2H), 1.78 (m, 4H), 1.61 (t, 3H, J =1.2 Hz), 143 (d, 3H, J=
1.4 Hz), 1.40 (s, 3H), 1.32 (m, 2H), 1.08 (d, 3H, J=1.4Hz) ppm.
*C NMR (C¢Ds, 125 MH2): 145.42 (C,), 144.31 (C,), 139.41 (C,), 137.73
(Cy), 132,91 (CH), 130.76 (C,), 129.63 (CH, x2), 128.65 (CH, x2), 128.07
(CH), 125.08 (CH), 118.80 (CH), 110.63 (CH,), 63.75 (CH), 59.34 (CH,),
39.50 (CH,), 39.42 (CH,), 38.26 (CH,), 37.49 (CH,), 26.71 (CH,), 25.90
(CH,), 22.43 (CH;), 16.25 (CH;), 16.15 (CH5), 15.87 (CHs) ppm.

Synthesis of (2E,6E,10E)-3,7,11,15-tetramethylhexadeca-2,6,10,15-
tetraen-1-ol (16).”® Compound 15 (0.67 g, 1.6 mmol, 1.00 equiv.)
and Pd(dppp)Cl, (936 mg, 0.15 mmol, 0.1 equiv.) were dissolved in
THF (4 mL). The mixture was cooled to 0°C, and LiEt;BH (4.7 mL,
1.0 m in THF, 47 mmol, 3.00 equiv.) was added dropwise. After
stirring for 1.5 h, the reaction was quenched by pouring into
aqueous NH,CI (40 mL sat. NH,Cl with 100 mL ice/water). The
product was extracted with Et,0 (3x60 mL). The combined extracts
were dried with MgSO, and concentrated under reduced pressure.
The product 16 (0.43 g, 1.5 mmol, 95%) was purified by column
chromatography (petroleum ether/Et,0, 3:1) and was obtained as a
colourless oil. TLC (petroleum ether/Et,0, 2:1): R;=0.38. GC (HP5-
MS): I=2193. EI-MS (70 eV): m/z (%) =41 (4), 55 (5), 67 (4), 81 (15),
95 (7), 107 (2), 121 (2), 161 (1), 189 (0.5), 290 (0.01). "H NMR (C¢Ds,
500 MHz): 5.40 (ddt, 1H, /=6.8, 5.4, 1.3 Hz), 5.25 (m, 2H), 4.82 (m,
2H), 3.97 (m, 2H), 2.19 (m, 2H), 2.12 (m, 4H), 1.99 (m, 6H), 1.66 (t, 3H,
J=1.2Hz), 1.58 (m, 6H), 1.55 (m, 2H), 1.48 (d, 3H, J=1.4 Hz) ppm.
*C NMR (C¢Ds, 125 MHz2): 148.86 (C,), 138.15 (C,), 135.28 (C,), 135.06
(Cy), 124.98 (CH), 124.88 (CH), 124.56 (CH), 110.40 (CH,), 59.40 (CH,),
40.20 (CH,), 39.91 (CH,), 39.68 (CH,), 37.71 (CH,), 27.06 (CH,), 26.79
(CH,), 26.37 (CH,), 22.52 (CH,), 16.21 (CH,), 16.11 (CH,), 16.03 (CH,)
ppm.

Synthesis of (2E,6E,10E)-3,7,11,15-tetramethylhexadeca-2,6,10,15-
tetraen-1-diphosphate (iso-GGPP lll). To a cooled (0°C) solution of
16 (400 mg, 1.4 mmol, 1.00 equiv.) in Et,0 (3 mL) PBr; (150 mg,
0.6 mmol, 0.40 equiv.) was added dropwise. The mixture was stirred
for 1 h at 0°C and was transferred directly to an ice/water mixture.
The aqueous layer was extracted with Et,O three times and the
organic layers were dried with MgSO,, concentrated under reduced
pressure to give the crude bromide (600 mg).

To a solution of tris(tetra-n-butylammonium)hydrogen diphosphate
(1.5 g, 1.7 mmol, 1.20 equiv.) in acetonitrile (4 mL) a solution of the
allyl bromide was added and the mixture was stirred at room
temperature overnight. Acetonitrile was removed under reduced
pressure. The residue was dissolved in aqueous NH,HCO,; solution
(0.25 m) and loaded onto a DOWEX 50WX8 ion-exchange column
(NH," form, pH7.0). The column was flushed slowly with 1.5
column volume of NH,HCO; buffer (25 mm, 5% iPrOH) and the
eluate was lyophilised to yield the diphosphate as colourless
hygroscopic powder (500 mg, 1.0 mmol, 72%). 'HNMR (C¢Ds,
500 MHz): 5.41 (t, 1H, J=6.7 Hz), 5.10 (m, 2H), 4.65 (d, 2H, J=
13.6 Hz), 4.43 (t, 2H, J=6.3 Hz), 2.11-1.89 (m, 12H), 1.69 (brs, 3H),
1.65 (brs, 3H), 1.58 (brs, 3H), 1.55 (m, 5H) ppm. *CNMR (C¢D,
125 MHz): 145.33 (C), 142.10 (C,), 135.28 (C,), 134.54 (C,), 124.56
(CH), 124.17 (CH), 119.98 (d, CH, *Jc,=9.3 Hz), 110.01 (CH,), 62.46
(d, CH,, %Jcp=4.2 Hz ), 39.80 (CH,), 39.59 (CH,), 39.22 (CH,), 37.29
(CH,), 26.75 (CH,), 26.55 (CH,), 25.85 (CH,), 22.16 (CHs), 16.07 (CH,),
15.77 (CH,), 15.69 (CH;) ppm. HRMS (ESI(—)): calc. for [C,qH350,P,]~
m/z=449.1864; found: m/z=449.1868.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Enzymatic conversions. Test enzymatic conversions of iso-GPP and
IPP (1 mg each) were done in incubation buffer (1 mL; 50 mm
Tris-HCI, 10 mm MgCl,, 10% glycerol, 20 mm B-cyclodextrin, pH 8.2).
Enzyme preparations were obtained as reported previously (Ta-
ble S1), and enzymes were added at a concentration of 0.3 mgL™',
followed by incubation for 16 h at 30°C. The reaction mixtures
were extracted with petroleum ether, the extracts were dried with
MgSO, and analysed by GC/MS. These conditions were also used
for isotopic labelling experiments, followed by extraction with C;Dg
and analysis by NMR spectroscopy.

Preparative-scale enzymatic conversions of the trisammonium salts
of iso-GGPP Ill or of iso-GPP and IPP (for amounts, see Table S1)
were done in incubation buffer at a substrate concentration of
1 mmolL™" for 16 h at 30°C. Enzymes were added at a concen-
tration of 0.3 mgL™', followed by incubation for 16 h at 30°C. The
reaction mixtures were extracted with n-hexane, the extracts were
dried with MgSO, and the solvent was evaporated, followed by
compound isolation through column chromatography on silica gel
or on on silica gel activated with silver nitrate.

(11E)-12-Isopentenyl-a-selinene (18). This compound was isolated
by column chromatography on silica gel with n-pentane. Yield:
0.4 mg (1.1 umol, 0.4%). TLC (n-pentane): R=0.68, [a]Z = +12.5 (c
0.04, acetone), HRMS (El): [M]I" calcd. for CyH;," m/z 272.2498;
found m/z 272.2503. GC (HP5-MS): /=2021. IR (diamond ATR):
v/em™'=3192 (w), 2921 (s), 2851 (s), 1741 (m), 1657 (m), 1632 (w),
1538 (w), 1467 (w), 1454 (w), 1375 (w), 1260 (w), 1096 (w), 1022 (w),
885 (w), 798 (w). For NMR data, see Table S2.

(112)-12-Isopentenyl-a-selinene (27). This compound was isolated
by column chromatography on silica gel with n-pentane. Yield:
0.2 mg (0.7 pmol, 0.8%). TLC (n-pentane): R;=0.70, [a]3’=—20.0 (c
0.02, acetone), HRMS (El): [M]" calcd. for CyH;," m/z 272.2498;
found m/z 272.2491. GC (HP5-MS): /=1957. IR (diamond ATR):
v/em~"=3360 (w), 2959 (m), 2923 (s), 2853 (M), 1735 (w), 1659 (W),
1633 (w), 1453 (m), 1376 (w), 1260 (w), 1083 (w), 1019 (w), 968 (w),
886 (w), 807 (m), 703 (w). For NMR data, see Table S3.

Isoelisabethatriene C (28). This compound was isolated by column
chromatography on silica gel with n-pentane. Yield: 0.5 mg (1.8
pumol, 2.0%). TLC (n-pentane): R;=0.70, [0]¥=-143 (c 0.04,
acetone), HRMS (El): IM1* calcd. for CyoHs, ™ m/z 272.2498; found m/
7 272.2501. GC (HP5-MS): /=1948. IR (diamond ATR): v/cm ™' =3355
(w), 2958 (m), 2923 (s), 2853 (m), 2175 (w), 1736 (m), 1658 (m), 1632
(m), 1458 (m), 1260 (m), 1094 (m), 1025 (m), 885 (m), 803 (m). For
NMR data, see Table S4.

Isoxeniaphyllene Il (29). This compound was isolated by column
chromatography on silica gel (activated with silver nitrate) with
Et,0. Yield: 1.1 mg (4.0 umol, 5.0%). TLC (n-pentane): R;=0.54, [a]
= +83.0 (c 0.1, acetone), HRMS (El): [M]* calcd. for CyH3, ™ m/z
272.2498; found m/z 272.2510. GC (HP5-MS): /=1981. IR (diamond
ATR): v/em™'=3071 (w), 2924 (s), 2853 (m), 1738 (m), 1649 (w),
1453 (m), 1374 (m), 1228 (m), 1216 (m), 884 (m), 840 (w). For NMR
data, see Table S5.

Iso-B-springene (30). This compound was isolated by column
chromatography on silica gel with n-pentane. Yield: 0.7 mg
(2.6 pmol, 3.3%). TLC (n-pentane): R;=0.50, HRMS (El): [M]™ calcd.
for CyoHs, ' m/z 272.2498; found m/z 272.2503. GC (HP5-MS): I=
1919. IR (diamond ATR): v/cm™" =3080 (w), 2924 (s), 2852 (m), 2015
(w), 1738 (w), 1648 (w), 1594 (w), 1453 (w), 1378 (w), 1241 (w), 1153
(w), 1098 (w), 989 (w), 889 (m). For NMR data, see Table S6.

Isoobscuronatin (35). This compound was isolated by column
chromatography on silica gel with n-pentane/Et,0=3:1. Yield:
0.4 mg (1.4 pmol, 0.6%). TLC (n-pentane/Et,0=2:1): R;=0.60, [a]
2= +42.9 (c 0.04, acetone), HRMS (EI): [M]* calcd. for CyH;,0" m/z
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290.2604; found m/z 290.2610. GC (HP5-MS): /=2059. IR (diamond
ATR): v/em~'=3362 (w), 3199 (w), 2959 (m), 2923 (s), 2853 (m),
1731 (w), 1659 (w), 1632 (w), 1509 (m), 1456 (w), 1410 (w), 1376 (w),
1258 (m), 1196 (w), 1088 (m), 1014 (s), 883 (w), 794 (s), 702 (w). For
NMR data, see Table S7.

Biflora-4,10(19),16-triene (36). This compound was isolated by
column chromatography on silica gel (activated with silver nitrate)
with n-pentane/Et,0=10:1. Yield: 1.5 mg (5.5 umol, 2.4%). TLC (n-
pentane): R;=0.50, [a]Z=—12.3 (c 0.15, acetone), HRMS (El): [M]*
calcd. for CyHs, © m/z 272.2498; found m/z 272.2511. GC (HP5-MS):
1=1991. IR (diamond ATR): v/em™'=3076 (w), 2961 (m), 2929 (s),
2856 (m), 1738 (w), 1649 (m), 1451 (m), 1376 (w), 1021 (w), 885 (s),
792 (w). For NMR data, see Table S8.

Bucket-wheelene (38). This compound was isolated by column
chromatography on silica gel with n-pentane. Yield: 0.6 mg
(2.2 umol, 1.9%). TLC (n-pentane): R;=0.40, HRMS (El): [M]* calcd.
for CyoHs,t m/z 272.2498; found m/z 272.2499. GC (HP5-MS): I=
2070. IR (diamond ATR): v/cm™'=2961 (m), 2924 (s), 2853 (m), 1642
(w), 1438 (w), 1382 (w), 1260 (s), 1092 (s), 1019 (s), 885 (w), 800 (s),
693 (w). For NMR data, see Table S9.

Dolastaxenene (43). This compound was isolated by column
chromatography on silica gel with. Yield: 0.6 mg (2.2 pmol, 3.2%).
TLC (n-pentane): R;=0.76, [a]> = +34.6 (c, acetone), HRMS (EI): [M]*
calcd. for CyoHs, © m/z 272.2498; found m/z 272.2489. GC (HP5-MS): |
=2067. IR (diamond ATR): v/cm ™' =3077(w), 2961 (s), 2927 (s), 2866
(s), 2841 (s), 1738 (m), 1645 (m), 1440 (m), 1372 (m), 1260 (m), 1093
(m), 883 (s), 799 (s). For NMR data, see Table S10.
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Enzyme-Catalysed Formation of Hydrocarbon Scaffolds
from Geranylgeranyl Diphosphate Analogs with Shifted

Double Bonds

Heng Li,” Bernd Goldfuss,” and Jeroen S. Dickschat*®

Four analogs of geranylgeranyl diphosphate (GGPP) with shifted
double bonds were synthesised and enzymatically converted
with 14 diterpene synthases of previously reported function,
including two newly characterised homologs of the benditerpe-
2,6,15-triene synthase Bnd4 and the venezuelaene synthase
VenA. In successful cases the products were isolated and
structurally characterised by NMR spectroscopy, revealing the

Introduction

Terpene synthases are remarkable biocatalysts that can turn
structurally simple substrates such as geranyl diphosphate
(GPP), farnesyl diphosphate (FPP), geranylgeranyl diphosphate
(GGPP) and even longer oligoprenyl diphosphates into a large
diversity of terpene hydrocarbons or alcohols."? The products
of these reactions frequently contain multiple rings and stereo-
genic centres. During terpene cyclisation usually more than half
of the carbons of the substrate undergo a change in the
hybridisation and bonding state,® with several carbon-carbon
bonds being formed. Overall, terpene cyclisations belong to the
most complex transformations in nature catalysed by a single
enzyme.

Recent research has demonstrated that terpene synthases
cannot only act on their natural substrates, but many structural
modifications realised in synthetic substrate analogs are
tolerated. This includes hydroxylated oligoprenyl
diphosphates,*” epoxides,® compounds with heteroatoms
inserted into the chain,”® ketones®'” and halogenated"''* and
methoxy-substituted" compounds. Also the double bond
functions have been manipulated, represented by partially
saturated substrate analogs'®'® or derivatives with a shifted
double bond.®™ In addition, compounds with a changed
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formation of various diterpenoids with skeletons that have not
been reported from natural sources. Isotopic labelling experi-
ments in conjunction with DFT calculations were performed to
give insights into hydride migrations in the biosynthesis of the
non-natural diterpenes benditerpe-2,7(19),15-triene and vene-
zuelaxenene and their natural counterparts from GGPP.

21,22] [23

alkylation pattern! ! have been
employed.

In an alternative approach, Tiefenbacher has used
supramolecular capsules to convert analogs of terpene
precursors.”” This method can also start from terpenoid acetate
esters®™ of even alcohols® instead of diphosphate esters
required by enzymes.

We have recently demonstrated that substrate analogs with
shifted double bonds can because of their changed reactivity
result in very interesting compounds with novel skeletons, e.g.
iso-GGPP |, a GGPP isomer with a shifted C6=C7 double bond,
can yield several unusual products with various type | terpene
synthases. For instance, spiroalbatene synthase from Allokutzne-
ria albata (SaS) generates spiroalbatene (1) from natural
GGPP,*" but albataxenene (2) from iso-GGPP 1,*® or wanjudiene
synthase from Chryseobacterium wanjuense (CwWS) converts
GGPP into wanjudiene (3),” but iso-GGPP | into wanjuxenene®®®
(“xenene” after gr. &evoo=foreighn indicates the unusual
carbon skeletons that cannot be formed from GGPP, Scheme 1).
Furthermore, the dolasta-1(15),8-diene synthase from Colleto-
trichum gloeosporioides (CgDS) catalyses the formation of
dolasta-1(15),8-diene (5) from GGPP,B” while iso-GGPP Ill with a
shifted C14=C15 double bond leads to dolastaxenene (6).*"
Here we report on the synthesis of four more GGPP derivatives
with two or even three shifted double bonds and on several
new diterpenoids obtained enzymatically from these substrate
analogs.

and cyclopropyl derivatives

Results and Discussion

The synthesis of iso-GGPP IV (17, Scheme 2A) started from
prenyl bromide (7) that underwent nucleophilic substitution to
9 with the dianion of isoprenol generated with two equivalents
of BuLi in the presence of TMEDA.®? Conversion into the iodide
10 with iodine, PPh; and imidazole was followed by another
coupling with 8 to yield 11. After transformation into the iodide
12 a nucleophilic substitution with the enolate anion of ethyl

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Diterpene hydrocarbons previously obtained from GGPP and its
analogs with shifted double bonds. A) Diterpene hydrocarbons obtained
from GGPP (left) and from iso-GGPP | (right). B) Diterpene hydrocarbons
obtained from GGPP (left) and iso-GGPP lII (right). The blue boxes indicate
the enzymes used and the red boxes highlight the shifted double bonds in
the substrate analogs.

acetoacetate resulted in 13 that was saponified with sponta-
neous decarboxylation of the B-keto acid to 14. A Horner-
Wadsworth-Emmons (HWE) reaction with triethyl phosphonoa-
cetate gave access to 15 that was reduced with DIBAIH to 16
and subsequently converted into the target compound 17
through bromination and phosphorylation. The diphosphate 17
was obtained with a yield of 6% over ten sequential steps.

Using a similar strategy, iso-GGPP V (25, Scheme 2B) was
prepared from known alcohol 18.2" Bromination and elonga-
tion with 8 furnished alcohol 19 that was converted into the
corresponding iodide 20. This material was used to alkylate
ethyl acetoactetat to yield ester 21 that was saponified with
decarboxylation to 22. A HWE reaction to 23, DIBAIH reduction
to 24, bromination and phosphorylation completed the syn-
thesis of 25 with an overall yield of 5% through nine linear
steps.

Chem. Eur. J. 2025, 31, €202500712 (2 of 18)

The third target compound iso-GGPP VI (33, Scheme 3A)
was made accessible in a combined synthetic and enzymatic
approach. The C;s compound iso-FPP Il (32) was obtained from
known alcohol 26%**! through conversion into the iodide 27 for
the alkylation of ethyl acetoacetate to p-ketoester 28, followed
by saponification and decarboxylation to 29. Subsequent
standard transformations furnished the diphosphate 32 that
can be elongated with isopentenyl diphosphate (IPP) to 33
using the GGPP synthase (GGPPS) from Streptomyces
cyaneofuscatus.®” The substrate analog 32 was obtained over
seven sequential steps with a yield of 23 %.

The fourth compound iso-GGPP VIl (40, Scheme 3B) was
likewise prepared from known alcohol 26.5%*¥ After conversion
into the iodide 27 and elongation with 8 to 34 through the
dianion method another iodination to 35 allowed for the
alkylation of ethyl acetoactetate to f-ketoester 36. Saponifica-
tion and decarboxylation to 37, HWE elongation to 38,
reduction and phosphorylation gave access to 40. The material
was made available with a yield of 14% over nine trans-
formations.

All four synthetic substrate analogs were screened for their
conversion by various diterpene synthases (Table S1). While for
iso-GGPP V and iso-GGPP VIl no successful cases were observed
with any of the tested diterpene synthases, iso-GGPP IV and iso-
GGPP VI were accepted by several enzymes. Furthermore, the
previously reported substrate analog iso-GGPP I®® was con-
verted by two newly characterised bacterial diterpene syn-
thases. This included the benditerpe-2,6,15-triene synthase
Bnd4 from Streptomyces iakyrus NRRL ISP-5482 (accession
number WP 033312626), which is a homolog of the previously
reported Bnd4 from Streptomyces sp. CL12-4,°% exhibiting a
pairwise amino acid sequence identity of 92%. The incubation
of GGPP with the purified enzyme from S. iakyrus (Figure S1)
showed the formation of one major thermally instable com-
pound by GC/MS (Figure S2) that was isolated and structurally
characterised by NMR spectroscopy as benditerpe-2,6,15-triene
(41),*" a compound that can undergo a Cope rearrangement
explaining its behaviour under the thermal impact during GC/
MS analysis.

The biosynthesis of 41 has been demonstrated to proceed
through a 1,3-hydride shift (Scheme 4A) through incubation of
(1,1-*H,)GGPP with Bnd4 from Streptomyces sp. CL12-4, product
isolation and NMR spectroscopy, and by DFT computations.*® A
simpler experiment makes use of a double labelling strategy
with deuterium labelling at C1 and a "*C-labelling at the target
position of the migrating deuterium (C11), using the substrate
(11-C,1,1-*H,)GGPP that can be prepared insitu from
(7-*QFPP and (1,1-*H,)IPP using GGPP synthase (GGPPS).
Furthermore, it has not been investigated experimentally which
of the two enantiotopic hydrogens at C1 of GGPP is migrating,
which can be investigated using stereoselectively deuterated
substrates. In the present case the experiment with (7-'*C)FPP"”
and (1,1-H,)IPP®® was unsuccessful for two reasons: First, the
signal for the deuterated carbon (C11) is expected to split into a
triplet and will have a lower intensity compared to the signal of
a non-deuterated carbon as a result of the nuclear quadrupole
moment that causes prolonged spin relaxation times. Second,

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH

95U8917 SUOLUWOD SAII81D 3|qeat|dde au Aq peusnob afe sopiie WO ‘SN Jo S3|NJ o) Aleug178U1IUO AB|IAN UO (SUONIPUOD-PUR-SWLISYLI0D AS 1M A1 H)BU|UO//SANY) SUONIPUOD pue SWis 18U} 385 *[202/.0/T2] U0 Aeld178UIIUO AB[IM ‘2TZ005202 Weyd/Z00T OT/I0p/L0d A8 | 1M Arelq 1 uljuo adone-Ansiweyd//sdny woy papeojumoq ‘s ‘szqz ‘G9.ET2ZST



Chemistry
Research Article Europe
Chemistry—A European Journal doi.org/10.1002/chem.202500712 Soories Publishig
A) J\A o o
OH
)\/\ k /K/\/U\/\ ° )\/\/{k/\/u\/\ )J\/U\OEt
NS N S
Br hBuLi, TMEDA R nBuLi, TMEDA R NaH
7 68% 53% 75%

()(F(ngi)-l ] 12, PPhy
imidazole, 45%

12 § IC))H | 15, PPhg
imidazole, 61%

Il
W (OEt)ZP = W i )\/\Q)L/;\/k/\
NS
o N X N X
2] LDA A OEt 949 2 R
O 57% (E:Z = 3:1) 15
~C02E) T «oH, EtoH § (R=OH)
- , 1 PBry
4(R=H) 98% (R= OPP) - " (BUsN)sHP,O;
100%
B) 0O o
)J\/\)\ﬂ R )J\/\)\/\/U\/\ MOEt
N . X
OH 2.8, R NaH 0
BuLi, TMEDA = 0
8 . g?% 19§§=8H | 12, PPhg 69% i; (2 ﬁOZEt _ | KOH, EtOH R
imidazole, 58% ( 87%

o o
NN,

LDA
51% (E:Z=5:1) 23

Scheme 2. Synthesis of iso-GGPP IV (17) and iso-GGPP V (25).

the special molecular mechanics of 41 cause a line broadening
in the C-NMR even at elevated temperature (343 K). Both
effects together made it impossible to detect the triplet signal
to confirm the 1,3-hydride shift. To overcome the second
problem of line broadening, we tried to rigidify the skeleton of
41 through a derivatisation with N-bromosuccinimide (NBS)
that resulted in the formation of three compounds (42-44,
Schemes 4A and 4B, Tables S2 — S4, Figures S3 — S25). While the
major products 42 and 43 were expected, the minor formation
of 44 was surprising.

Quantum chemical calculations (Table S5, Figure S26)
showed two barrierless cyclisations from E via F to G towards
42 and 43, while 44 was more difficult to explain. Its formation
can be understood from the bromonium adduct H that can
undergo two asynchronous concerted cyclisations to J through
a low barrier. An almost barrierless rearrangement to K opens
the path to a ring-opening with simultaneous rearrangement to
L that can undergo deprotonation to yield 44. The high
activation barrier for the K-to-L reaction of 30.7 kcal/mol
explains the minor formation of 44.

The first problem of the lowered signal intensity of a
deuterated carbon was addressed by a change of strategy. The
substrate combination of (7-°C,6-*’H)FPP and IPP was converted
with Streptomyces cyaneofuscatus GGPPS®* and Bnd4, followed
by NBS treatment to obtain labelled 42 (labelling experiments
are summarised in Table S6). If the 1,3-hydride shift from B to C

Chem. Eur. J. 2025, 31, €202500712 (3 of 18)
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takes place in the biosynthesis of 41, a proton will migrate from
C1 to C11, while deuterium will stay at C10 and slightly
influence the chemical shift of the neigbouring labelled carbon
C11. The alternative of two sequential 1,2-hydride shifts (box in
Scheme 4A) would require intermediate B’, the enantiomer of B,
to explain the correct configuration at C11 in C’, and would
result in a triplet for C11 of 42. In the experiment an upfiled
shifted singlet for C11 of 42 was observed (Ad=—0.06 ppm)
revealing a deuterium effect from the neighboring position
(Figure S27).

Bnd4 from S. iakyrus was also incubated with the substrate
analog iso-GGPP 1,*” resulting in its conversion into one major
diterpene hydrocarbon (Figure S28). This compound was iso-
lated and structurally characterised by NMR spectroscopy as
benditerpe-2,7(19),15-triene (45) (Table S7, Figures S29-5S36). Its
biosynthesis may proceed through ionisation of iso-GGPP | to A,
followed by a 1,10-cyclisation to B, a 1,3-hydride shift to C, 1,14-
cyclisation to D and deprotonation (Scheme 4C), closely resem-
bling the cyclisation mechanism from GGPP to benditerpe-
2,6,15-triene (Scheme 4A). Notably, the shifted double bond in
45 disrupts the Cope system and consequently this compound
is — in contrast to the natural product 41 - thermally stable. The
stereochemical course of the 1,3-hydride shift in the biosyn-
thesis of 45 was investigated throught the incubation of (R)-
and (5)-(1-"*C,1-*H)iso-GGPP 1?® with Bnd4, indicating retain-
ment of the 1-pro-R hydrogen at C1 (A§=-0.51 ppm, 'Jep=
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Scheme 3. Synthesis of iso-FPP Ill (32) and iso-GGPP VII (40).

18.8 Hz) and migration of the 1-pro-S, that resulted in an upfield
shift of A5 =—0.08 ppm (Figure S37). This upfield shift is larger
than usually observed for deuterium located two positions
away (A3 = —0.01 ppm), but similar to the expected upfield
shift for deuterium located at a directly neighbouring carbon
(Ad ~ -0.10 ppm), questioning whether deuterium was located
at C11 as a result of a direct 1,3-hydride shift or at C10 through
two sequential 1,2-hydride shifts. However, two sequential
hydride shifts would not only proceed through B2’, the
enantiomer of B2, but also in the step from C2’ to D2’ the 1-
pro-R hydrogen would have to migrate to set the correct
stereochemistry at C10, which is not experimentally observed.
The 1-pro-R and 1-pro-S hydrogens could swap their roles, if the
absolute configuration of 45 and consequently also of 41 would
be inverted, but stereoselective deuteration experiments with
DMAPP and (E)- or (2)-(4-"C,4-*H)IPP,*® GGPPS and Bnd4,
followed by conversion of the product with NBS into 42
(Figure S38) confirmed the published absolute configuration of
4159 These experiments make use of the introduction of
artificial stereogenic centres at the deuterated carbons of
known configuration, simplifying the problem of absolute
configuration determination to one of solving the relative
configuration of the naturally present stereogenic centres with
respect to the artificially introduced anchors. The additional *C-
labels at the deuterated carbons allow for a highly sensitive
detection of deuterium incorporation through HSQC spectro-
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scopy. These experiments require a detailed knowledge about
the stereochemical course of the GGPP biosynthesis from the
terpene monomers.“”

The second investigated diterpene synthase is a VenA
homolog from Streptomyces exfoliatus DSM 41693, exhibiting an
amino sequence identity of 97 % to the previously characterised
enzyme from Streptomyces venezuelae ATCC 15439." Incuba-
tion of the purified enzyme (Figure S1) with GGPP resulted in
the formation of one major diterpene hydrocarbon (Figure S39)
that was isolated and its structure identified as venezuelaene A
(46)."" The proposed biosynthesis of 46 starts with substrate
ionisation to M and 1,10-cyclisation to N (Scheme 5A). Next, a
1,3-hydride shift to P has been suggested,“" but this step has
not been experimentally verified and may also be substituted
by two sequential 1,2-hydride shifts through O. A subsequent
1,14-cyclisation to P followed by a 3,15- and 2,6-cyclisation then
lead to R as the direct precursor of 46 by deprotonation.

To distinguish between the possible 1,3- or the two
sequential 1,2-hydride shifts in the biosynthesis of 46 isotopic
labelling experiments were performed. The incubation of
(7-"*C,6-°H)FPP and IPP with GGPPS and VenA resulted in an
upfield shifted triplet for C11 (A§=—0.52 ppm, 'Jcp=19.4 H2),
which supports the sequence of two 1,2-hydride migrations
and disfavours the single 1,3-hydride transfer (Figure S40).
Furthermore, the conversion of (3->C)GPP“? and (1,1-2H,)IPPE®
with GGPPS and VenA resulted in a slightly upfield shifted
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_H*
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Scheme 4. The diterpene synthase Bnd4 from S. iakyrus. A) Cyclisation mechanism for the cyclisation of GGPP to benditerpe-2,6,15-triene (41) with a 1,3-
hydride shift and formation of bromination products 42 and 43 with NBS. Box: Hypothetical sequence with two 1,2-hydride shifts that is disfavoured by
labelling experiments. B) Formation of bromination product 44. Blue boxes indicate computed relative energies to E or H (set to 0.0 kcal/mol), black boxes
indicate reaction barriers, and red boxes show Gibbs free energies (computed with the mPW1PW91/6-311 + G(d,p)//B97D3/6-31G(d,p) method at 298 K).
Imaginary frequencies of computationally localised transition state structures are given in cm™' for each step. C) Cyclisation mechanism from iso-GGPP | to 45.
Box: Hypothetical sequence with two 1,2-hydride shifts. Purple and black dots indicate *C-labelled carbons.

singlet for C11 of 46 (A5=—0.12 ppm), indicating deuterium in The conversion of iso-GGPP | with VenA also yielded one
a neighbouring position and thus pointing into the same  major diterpene hydrocarbon (Figure $42) that was isolated and
direction (Figure S41). identified as venezuelaxenene (47) (Table S8, Figures S43-50).

In this case the skeleton of 47 is very different to that of 46,
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Scheme 5. The diterpene synthase VenA from S. exfoliatus. A) Cyclisation mechanism from GGPP to 46. Cyclisation mechanism from iso-GGPP | to 47. Blue
boxes indicate computed relative energies to M’ (set to 0.0 kcal/mol), black boxes indicate reaction barriers, and red boxes show Gibbs free energies
(computed with the mPW1PW91/6-311 + G(d,p)//B97D3/6-31G(d,p) method at 298 K). Imaginary frequencies of computationally localised transition state

structures are given in cm™' for each step.

which is a result of the C7=C19 double bond in iso-GGPP | that
participates in the cyclisation reaction. After substrate ionisation
to M’ a 1,10-cyclisation to N’ and two sequential 1,2-hydride
shifts lead via O’ to P’ (Scheme 5B). A subsequent 1,14-
cyclisation to Q' and another 2,15-cyclisation result in R’ in
which C19 is close enough to the cationic centre to initiate a
3,19-cyclisation to S’. A terminal deprotonation results in 47.
While the initial steps towards P’ are the same as those towards
P in the biosynthesis of 46 (Scheme 5A), the late stage
transformations deviate and yield the unusual skeleton of 47.
For 47 the same sequence of two 1,2-hydride shifts as
experimentally verified for 46 can be assumed. To investigate
the stereochemical course of this process, (R)- and (S)-

Chem. Eur. J. 2025, 31, €202500712 (6 of 18)

(1-"*C,1-°H)iso-GGPP | were incubated with VenA. The observed
upfield shifted singlet peak for C1 with the substrate (S)-
(1-"*C,1-’H)iso-GGPP | (A5=-0.10 ppm) illustrated the hydride
migration of the 1-pro-S hydrogen into the neighbouring
position C10, while the upfield shifted triplet obtained from (R)-
(1-*C,1-*H)iso-GGPP | (A8=-0.54 ppm, 'Jc5,=20.1 Hz) demon-
strated retainment of the 1-pro-R hydrogen at C1 (Figure S51).

The cyclisation mechanims of iso-GGPP | to 47 was also
investigated computationally (Scheme 5B, Table S9, Figure S52).
After a smooth cyclisation from M’ to N’ the DFT calculations in
particular confirmed the sequence of two 1,2-hydride shifts to
P’, while a single 1,3-hydride transfer could not be realised. The
second 1,2-hydride shift proceeds with migration of the 1-pro-S
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hydrogen and is with an activation barrier of 16.7 kcal/mol the
rate limiting step. All subsequent cyclisation steps towards S’
exhibit low activation barriers or are even barrierless, and the
whole cascade is with AG =-35.6 kcal/mol strongly exergonic.
The substrate analog iso-GGPP IV was efficiently converted
by three of the tested enzymes (Table S1). The 18-hydroxydola-
bella-3,7-diene synthase from Chitinophaga pinensis (HdS)"
converted iso-GGPP IV into one main product (Figure S53).
Isolation and NMR-based structure elucidation revealed the
structure of a macrocyclic diterpene hydrocarbon (48) (Ta-
ble S10, Figures S54-S61). Because of the structural similarity to
cembrene A with two shifted double bonds this compound was
named diisocembrene A (Scheme 6A). Its formation requires
substrate ionisation to T, cyclisation to U and deprotonation.
Also the variediene synthase from Aspergillus brasiliensis (AbVS)
and the dolasta-1(15),8-diene synthase from C. gloeosporioides
(CgDS)®? converted iso-GGPP IV into one major diterpene
hydrocarbon (Figure S62). Compound isolation and structure
elucidation by NMR spectroscopy (Table S11, Figures S63-S70)
revealed the structure of prenylisopseudogermacrene B (49). Its
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Scheme 6. Cyclisation mechanisms from iso-GGPP IV to A) 48 by HdS and to
B) 49 by AbVS and CgDS, and C) of iso-GGPP Il to 50 by SaS.
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formation proceeds through ionisation of iso-GGPP IV to V,
followed by a 1,18-cyclisation to W and deprotonation
(Scheme 6B). Compound 49 is an isomer with a shifted double
bond of prenylpseudogermacrene B (50) that was previously
obtained from iso-GGPP 11”® using the spiroalbatene synthase
from A. albata®” (Scheme 6C).

The substrate analog iso-GGPP VI, enzymatically prepared
in situ from iso-FPP Ill and IPP with GGPPS, was accepted by
many different diterpene synthases, in some cases with
conversion into one major product, but in other cases complex
product mixtures were obtained (Scheme 7, Table S1, Figur-
es S71-573). In total, seven different products were isolated
from enzymatic reactions in which the compounds were formed
as major products. The structures of all seven isolated
compounds were determined by NMR spectroscopy (Ta-
bles S12-518,  Figures S74-5129). Isopentenylpseudogerma-
crene A (51) was isolated from an incubation of iso-FPP Ill and
IPP with GGPPS and spinodiene synthase from Saccharopoly-
spora spinosa (S0S).*” The same compound is also formed by
the phomopsene/allokutznere synthase from A. albata (PmS),”
the catenul-14-en-6-ol synthase from Catenulispora acidiphila
(CaCs),"” and (in traces) by CgDS (Scheme 7, Figure S71).

This compound is formed from iso-GGPP VI by substrate
ionisation to X, 1,18-cyclisation to Y and deprotonation. Its
regioisomer isopentenylpseudogermacrene B (52) is produced
by all investigated enzymes but SoS, albeit in different
quantities, and arises from Y by alternative deprotonation. This
compound was isolated from the cattleyene synthase from
Streptomyces cattleya (CyS)™ that converts iso-GGPP VI into 52
almost as a single product. Isopentenylpseudogermacrene C
(53) also arises from Y and is a stereoisomer of 52. This
compound is only formed by CyS, PmS and the spiroviolene
synthase from Streptomyces violens.®¥ SvS is the best producing
enzyme of 53 and thus this enzyme was used for a preparative
scale incubation for its isolation. Two more compounds
coeluted in the GC/MS analysis, but were separable by column
chromatography and identified as the regioisomers a-spirocat-
tleyaxenene (54), isolated as a minor product from CyS, and -
spirocattleyaxenene (55) that was isolated from PmS in which
larger amounts are produced. Their formation can be explained
through a second cyclisation from Y to Z and deprotonation.
Compounds 54 and 55 show similar mass spectra and coelute
in the GC/MS analysis, so that it is impossible to decide based
on GC/MS data which of these compounds is formed by which
enzyme. Therefore, isotopic labelling experiments were per-
formed, introducing a "C label at C1 with the substrate
combination of iso-FPP Il and (1-"*C)IPP, that were converted
with GGPPS and the different diterpene synthases producing 54
and/or 55. >C-NMR analysis of the product mixture allowed to
distinguish the production of these compounds by each
enzyme (Figure S130). Mixtures of 54 and 55 are formed by
almost all investigated enzymes, albeit in different proportions,
with the exceptions of SoS and cyclooctat-9-en-7-ol synthase
from S. iakyrus (SiCotB2),*® a recently reported homolog of
CotB2 from Streptomyces melanosporofaciens (SmCotB2).*” In-
stead, SiCotB2 produced two other interesting compounds,
namely isobucketwheelene (56) and iakyroxenene (57). Their
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biosynthesis can be explained by a 1,16-cyclisation to Aa and
deprotonation (to 56), while another 15,18-cyclisation from Aa
to Ba and deprotonation result in 57. Compound 56 is a double
bond isomer of the previously reported bucketwheelene;®"
both compounds were named because of their molecular shape
that is reminiscent of a bucket wheel. The absolute config-
urations of 55 and 57 was determined through stereoselective
deuteration experiments using iso-FPP Il and (R)- or (S)-
(1-"*C,1-H)IPP®¥ with GGPPS and PmS or SiCotB2, respectively
(Figures S131 and S132).

Conclusions

After our previous reports on the biosynthesis of diterpene
analogs from different GGPP isomers with shifted double bonds,
we now report the synthesis of four more GGPP isomers named
iso-GGPP IV-VII. While iso-GGPP V and VIl were not accepted by
any of the tested diterpene synthases, the analogs iso-GGPP IV
and VI can serve as efficient substrates in several cases. This
often leads to the formation of compounds with complex
skeletons that are as a consequence of the changed reactivity
in the substrate analogs different to naturally observed
skeletons. Two newly investigated enzymes, Bnd4 from S.
iakyrus and VenA from S. exfoliates, that are homologs of
previously reported enzymes exhibiting the same function,®**"
were converted with iso-GGPP | to benditerpe-2,7(19),15-triene
(45) and venezuelaxenene (47), and their biosynthesis was
investigated through isotopic labelling experiments, showing
an early stage 1,3-hydride shift for 45, but two sequential 1,2-
hydride shifts for 47, respectively. The same findings were
made for the natural products of these enzymes obtained from
GGPP, i.e. benditerpe-2,6,15-triene (41) and venezuelaene A
(46). Due to severe line broadening in the NMR spectra of 41
interpretation of the results from the labelling experiments for
this compound required NBS derivatization to obtain com-
pounds with rigidified skeleton.

The observation that minor structural changes in terpenoid
substrates can result in previously unknown skeletons using the
enzymatic approach in this study is of high interest, because
this method outcompetes total synthesis approaches for the
rapid structural diversification of terpene skeletons. Future work
on oxidative and other modifications of the obtained diterpene
hydrocarbons will be of interest to gain access to potentially
bioactive compounds.

Experimental Section

General methods. Chemicals were purchased from Sigma Aldrich
Chemie GmbH (Steinheim, Germany), Carbolution Chemicals GmbH
(St. Ingbert, Germany), or Carl Roth (Karlsruhe, Germany) and used
without purification. Solvents for column chromatography were
purchased in p.a. grade and purified by distillation. Thin-layer
chromatography (TLC) was performed with 0.2 mm precoated
plastic sheets Polygram Sil G/UV254 purchased from Machery-Nagel
(Diren, Germany). Column chromatography was performed using
silica gel 60 purchased from Merck (Darmstadt, Germany).
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GC/MS. GC/MS analyses were performed on a 5977 A GC/MSD
system (Agilent, Santa Clara, CA, USA) with a 7890B GC and a
5977 A mass selective detector. The GC was equipped with a HP5-
MS fused silica capillary column (30 m, 0.25 mm i. d., 0.50 um film).
Specific GC settings were 1) inlet pressure: 77.1 kPa, He at 23.3 mL
min~', 2) injection volume: 1 pL, 3) temperature program: 5 min at
50°C increasing at 10°C min~" to 320°C, 4) 60 s valve time, and 5)
carrier gas: He at 1.2 mL min~". MS settings were 1) source: 230°C,
2) transfer line: 250°C, 3) quadrupole: 150 °C and 4) electron energy:
70 eV. Retention indices (/) were determined from retention times
in comparison to the retention times of n-alkanes (C;-C,,).

HRMS. High resolution mass spectra were recorded on an Orbitrap
XL instrument (APCl; Thermo Fisher Scientific, Waltham, MA, USA)
or using a 7890B/7200 series gas chromatography/accurate mass Q-
ToF detector system (Agilent). The GC was equipped with a HP5-MS
fused silica capillary column (30 m, 0.25 mm i. d., 0.50 pm film). GC
settings were 1) injection volume: 1 L, 2) temperature program:
5 min at 50°C, increasing 10°C min~' to 320°C, 3) split ratio: 5:1,
60 s valve time and 4) carrier gas flow: He at 1 mL min~'. MS
settings were 1) inlet pressure: 83.2 kPa, He flow at 24.6 mL min™',
2) transfer line temperature: 250 °C, 3) ionization energy: 70 eV.

HPLC. Analytical scale HPLC seperation was carried out using a
EUROPA HPLC system (Knauer, Berlin, Germany), equipped with UV/
Vis-DAD detector (190-900 nm) and a KNAUER Eurospher Il 100-
3C18 column (3.0 um, 2.0 mm X100 mm). The UV-Vis absorption
was monitored at 190-600 nm. Preparative scale HPLC purification
was performed on an Azura series HPLC system (Knauer, Berlin,
Germany) with a multi wavelength detector MWL 2.1L (190 -
700 nm) using a Macherey-Nagel Nucleodur 100-5 Gravity C18
column (5 um, 10 x 250 mm).

NMR spectroscopy. NMR spectra were recorded on a Bruker
(Billerica, MA, USA) Avance | (300 MHz), Avance | (400 MHz), Avance
| (500 MHz), Avance Il HD Prodigy (500 MHz) or an Avance Il HD
Cryo (700 MHz) NMR spectrometer. Spectra were measured in C¢Dg
and referenced against solvent signals (‘H-NMR, residual proton
signal:  =7.16 ppm; *C-NMR: § = 128.06 ppm).*”!

IR spectroscopy. IR spectra were recorded on a Bruker o infrared
spectrometer with a diamond ATR probehead. Peak intensities are
given as s (strong), m (medium), w (weak) and br (broad).

Optical rotations. Optical rotations were recorded on a Modular
Compact Polarimeter MCP 100 (Anton Paar, Graz, Austria). The
temperature setting was 25°C, the wavelength of the light used
was 589 nm (sodium D line), the path-length was 10 cm, and the
compound concentrations ¢ are given in g 100 mL™".

General procedure for synthesis of allyl bromides. To a cooled
(0°C) solution of alcohol (1.00 eq) in Et,0 (3 mL mmol™") PBr; (0.40
eq) was added dropwise. The mixture was stirred for 1 h at 0°C and
was transferred directly to an ice/water mixture. The aqueous layer
was extracted with Et,0 three times and the organic layers were
dried with MgSO,, concentrated under reduced pressure and the
bromides were directly used for subsequent reactions without
purification.

General procedure for nucleophilic substitution with the dianion
of isopentenol. To a solution of nBuli (1.6 M in hexane, 2.00 eq) in
hexane (0.75 mL mmol~', —15°C) was added TMEDA (2.00 eq) and
the mixture was stirred for 0.5 h at -23 °C. The mixture was warmed
to room temperature and isopentenol (8, 1.00 eq) was added
dropwise. After 6 h stirring, HMPA (3 mL) and a solution of the
corresponding allyl bromide or alkyl iodides (1.00 eq) in Et,O was
added at —78°C, and the mixture was allowed to warm to room
temperature overnight. The reaction was quenched by the addition
of 1M HCl and extracted with Et,0 three times. The combined
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organic layers were dried with MgSO,, evaporated under reduced
pressure and subjected to column chromatography (petroleum
ether/Et,0, 3:1) to yield the desired alcohols.

7-Methyl-3-methyleneoct-6-en-1-ol  (9).°” Prepared from prenyl
bromide (7). Yield: 7.28 g (47 mmol, 68 %) TLC (pentane:Et,0=2:1):
R;=0.35. GC (HP-5): /=1219. 'H-NMR (C¢D,s, 500 MHz): 6 =5.15
(thept, J=6.9, J=1.4, 1H), 4.83 (m, 1H), 4.77 (m, 1H), 3.48 (m, 2H),
2.10 (m, 4H), 1.97 (m, 2H), 1.65 (d, J=1.2, 3H), 1.52 (br s, 3H) ppm.
BC-NMR (C¢Ds, 125 MHz): 6 =146.48 (C,), 131.54 (C,), 124.57 (CH),
111.45 (CH,), 60.78 (CH,), 39.74 (CH,), 36.36 (CH,), 26.80 (CH,), 25.82
(CH,), 17.74 (CH;) ppm.

11-Methyl-3,7-dimethylenedodec-10-en-1-ol (11). Prepared from
the iodide 10. Yield: 586 mg (2.64 mmol, 53 %) TLC (pentane:Et,0=
2:1): R=0.30. GC (HP-5): I=1690. "H-NMR (C¢Ds, 500 MHz): 6 =5.23
(ddqg, 1H, J=8.4, 5.5, 1.4 Hz), 4.88 (dhept, 1H, J=2.1, 0.8 Hz), 4.85
(m, TH), 4.81 (m, 1H), 4.76 (m, 1H), 3.47 (td, 2H, J=6.6, 5.4 Hz), 2.19
(m, 2H), 2.07 (m, 4H), 1.98 (m, 2H), 1.90 (m, 2H), 1.67 (m, 3H), 1.56
(d, 3H, J=1.4Hz), 1.53 (m, 2H) ppm. *C-NMR (CsDg, 125 MHz): J
=149.39 (C,), 146.56 (C,), 131.43 (Cy), 124.77 (CH), 111.43 (CH,),
109.60 (CH,), 60.77 (CH,), 39.62 (CH,), 36.47 (CH,), 36.10 (CH,), 35.95
(CH,), 26.95 (CH,), 26.17 (CH,), 25.85 (CH;), 17.75 (CH;) ppm. IR
(diamond ATR): v'=3345 (br), 3073 (m), 2966 (s), 2903 (m), 1738
(m), 1644 (m), 1440 (m), 1375 (m), 1216 (w), 1045 (m), 888 (s), 820
(w) cm™'. HR-MS (Q-TOF, 70 eV): calc. [CisH,601"* m/z=222.1979,
found: m/z=222.1982.

(E)-7,11-Dimethyl-3-methylenedodeca-6,11-dien-1-ol (19). Prepared
from the bromide corresponding to 18. Yield: 1.04 g (4.68 mmol,
37%) TLC (pentane:Et,0=1:1): R;=0.52. GC (HP-5): /=1691. 'H-
NMR (C¢Dg, 500 MHz): 6 =5.19 (ddq, 1H, /=84, 7.0, 1.3 Hz), 4.81 (m,
4H), 3.48 (td, 2H, J=6.6, 3.7 Hz), 2.12 (m, 4H), 1.98 (m, 6H), 1.66 (m,
3H), 1.54 (m, 3H) ppm. C-NMR (CsDs, 125 MHz): 6 =146.46 (C,),
145.82 (C,), 135.38 (C,), 124.53 (CH), 111.50 (CH,), 110.40 (CH,),
60.78 (CH,), 39.72 (CH,), 39.61 (CH,), 37.68 (CH,), 36.38 (CH,), 26.66
(CH,), 26.30 (CH,), 22.52 (CH,), 16.02 (CH;) ppm. IR (diamond ATR):
v'=3345 (br), 3073 (m), 2966 (m), 2933 (s), 2861 (m), 1738 (m),
1646 (m), 1442 (m), 1373 (m), 1216 (w), 1044 (m), 886 (s), 821 (w)
cm™'. HR-MS (Q-TOF, 70 eV): calc. [C;sH,601"* m/z=222.1979, found:
m/z=222.1977.

7-Methyl-3-methyleneoct-7-en-1-ol (26). Prepared from isopentenyl
iodide. Yield: 4.64g (30.1 mmol, 60%) TLC (pentane:Et,0=2:1):
Ri=0.26. GC (HP-5): /=1239. 'H-NMR (C,D,, 500 MHz): 6 =4.80 (dt,
2H, J=2.1, 1.1 Hz), 4.77 (ddt, 2H, J=9.0, 2.0, 1.1 Hz), 3.47 (t, 2H, J=
6.6 Hz), 2.07 (td, 2H, J=6.6, 1.4 Hz), 1.89 (m, 2H), 1.62 (m, 3H), 1.47
(m, 2H) ppm. “C-NMR (C¢Ds, 125 MH2): 6 =146.54 (C,), 145.57 (C,),
111.40 (CH,), 110.50 (CH,), 60.78 (CH,), 39.61 (CH,), 37.65 (CH,),
35.82 (CH,), 25.95 (CH,), 22.42 (CH;) ppm. IR (diamond ATR): v'=
3346 (br), 3073 (w), 2934 (s), 2884 (m), 1646 (m), 1443 m), 1373 (w),
1045 (s), 885 (s) cm™". HR-MS (Q-TOF, 70 eV): calc. [C;oH,s01"* m/z=
154.1353, found: m/z=154.1350.

11-Methyl-3,7-dimethylenedodec-11-en-1-ol (34). Prepared from
the iodide 27. Yield: 3.49 g (15.7 mmol, 52%) TLC (pentane:Et,0=
1:1): R=0.51. GC (HP-5): I=1677. "H-NMR (C4D¢, 500 MHz): 6 =4.84
(m, 2H), 4.81 (m, 3H), 4.77 (m, TH), 3.48 (t, 2H, J=5.8 Hz), 2.09 (t, 2H,
J=6.6 Hz), 1.96 (m, 6H), 1.90 (m, 2H), 1.64 (d, 3H, J=1.2 Hz), 1.55
(m, 4H) ppm. *C-NMR (C4Ds, 125 MHz): 6 =149.43 (C,), 146.57 (C,),
145.65 (Cg), 111.42 (CH,), 110.50 (CH,), 109.61 (CH,), 60.79 (CH,),
39.62 (CH,), 37.76 (CH,), 35.95 (CH,), 35.92 (CH,), 26.16 (CH,), 26.10
(CH,), 22.46 (CH5) ppm. IR (diamond ATR): v"=3335 (br), 3073 (m),
2934 (m), 1646 (m), 1442 (w), 1373 (w), 1044 (m), 885 (s) cm™". HR-
MS (Q-TOF, 70 eV): calc. [C;sH,017* m/z=222.1979, found: m/z=
222.1980.
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Synthesis of iso-GGPP IV

Synthesis of 8-iodo-2-methyl-6-methyleneoct-2-ene (10).2” A
solution of imidazole (2.61 g, 38.4 mmol, 1.20 eq) and PPh; (10.08 g,
38.4 mmol, 1.20 eq) in CH,Cl, (90 mL) was mixed with I, (9.77 g,
384 mmol, 1.20 eq) and the corresponding alcohol 9 (4.97 g,
32 mmol, 1.00 eq) subsequently. After stirring for 4 h at room
temperature, the reaction mixture was quenched by the addition of
sat. aqueous NH,Cl and then extracted with Et,0 (150 mL) three
times. The combined organic layers were dried with MgSO, and
concentrated under reduced pressure. The residue was taken up in
petroleum ether, the precipitate was filtered off, and the petroleum
ether was removed in vacuum. The product was purified by column
chromatography (petroleum ether) to yield the iodide 10 (5.98 g,
23 mmol, 71%) as a pink oil. 5.98 g (23 mmol, 71 %) TLC (pentane:
Et,0=pentane): R;=0.50. GC (HP-5): /=1401. 'H-NMR (C¢Ds,
500 MHz): 6 =5.09 (thept, J=7.0, J=1.4, 1H), 4.78 (m, TH), 4.62 (m,
1H), 2.82 (t, J=7.4, 2H), 2.29 (t, J=7.4, 2H), 2.00 (m, 2H), 1.83 (m,
2H), 1.65 (d, J=1.2, 3H), 149 (br s, 3H) ppm. “C-NMR (C,D,
125 MHz): 6 =147.88 (C,), 131.63 (C,), 124.35 (CH), 111.34 (CH,),
40.66 (CH,), 35.59 (CH,), 26.58 (CH,), 25.81 (CHs), 17.73 (CH,), 3.28
(CH,) ppm.

Synthesis of 12-iodo-2-methyl-6,10-dimethylenedodec-2-ene (12).
A solution of imidazole (0.88 g, 13.0 mmol, 1.20 eq) and PPh,
(3.41 g, 13.0 mmol, 1.20 eq) in CH,Cl, (30 mL) was mixed with I,
(3.31g, 13.0mmol, 1.20 eq) and the corresponding alcohol 11
(2.40 g, 10.8 mmol, 1.00 eq) subsequently. After stirring for 4 h at
room temperature, the reaction mixture was quenched by the
addition of sat. aqueous NH,Cl and then extracted with Et,0
(150 mL) three times. The combined organic layers were dried with
MgSO, and concentrated under reduced pressure. The residue was
taken up in petroleum ether, the precipitate was filtered off, and
the petroleum ether was removed in vacuum. The product was
purified by column chromatography (petroleum ether) to yield the
iodide 12 (2.20 g, 6.6 mmol, 61%) as a pink oil. 2.20 g (6.6 mmol,
61%) TLC (pentane): R;=0.54. GC (HP-5): /=1880. 'H-NMR (CDs,
500 MHz): 6 =5.22 (tp, 1H, J=7.0, 1.5Hz), 4.86 (qt, 2H, J=1.5,
0.7 Hz), 4.82 (qt, 2H, J=1.5, 0.7 Hz), 4.77 (qt, 2H, J=1.4, 0.7 Hz), 4.62
(tp, 2H, J=1.4, 0.6 Hz), 2.82 (t, 3H, /=7.4 Hz), 2.28 (m, 4H), 2.18 (m,
2H), 2.05 (m, 2H), 1.92 (m, 2H), 1.76 (m, 2H), 1.67 (m, 3H), 1.56 (m,
3H), 1.43 (m, 2H) ppm. “C-NMR (C,Dg, 125 MHz): 6 =149.23 (C,),
147.91 (C,), 131.48 (Cp), 124.73 (CH), 111.32 (CH,), 109.67 (CH,),
40.53 (CH,), 36.45 (CH,), 35.99 (CH,), 35.17 (CH,), 26.94 (CH,), 25.93
(CH,), 25.86 (CH;), 17.78 (CH,), 3.28 (CH,) ppm. IR (diamond ATR):
v’ =3406 (w), 3076 (m), 2966 (s), 2856 (m), 1737 (m), 1671 (m), 1441
(m), 1376 (w), 1232 (w), 1169 (m), 1105 (w), 1043 (w), 889 (s), 820
(w) cm™". HR-MS (Q-TOF, 70 eV): calc. [CisHysll™® m/z=332.0996,
found: m/z=332.0995.

Synthesis of ethyl 2-acetyl-13-methyl-5,9-dimethylenetetradec-
12-enoate (13). To a cooled solution of ethyl acetoacetate (1.71 g,
13.2mmol, 2.00 eq) in THF (30 mL) was added NaH (0.53 g,
13.2 mmol, 2.00 eq, 60% in mineral oil) in small portions. The
reaction mixture was allowed to warm to room temperature and
stirred for 1 h. The corresponding iodide 12 (2.20 g, 6.6 mmol, 1.00
eq) was added dropwise and the reaction mixture was refluxed
overnight, followed by cooling to room temperature. The cooled
mixture was quenched by the addition of sat. aqueous NH,CI
solution and then extracted with Et,0 (50 mL) three times. The
combined organic layers were dried with MgSO, and concentrated
under reduced pressure. The residue was subjected to column
chromatography (petroleum ether/EtoAc, 10:1) to yield 13 (1.64 g,
4.9 mmol, 75%) as a colourless oil. TLC (pentane:Et,0=8:1): R,=
0.70. GC (HP-5): I=2219. "H-NMR (C¢Ds, 500 MHz): 6 =5.23 (tdq, TH,
J=7.0, 2.7, 1.4 Hz), 487 (m, 2H), 4.81 (m, 2H), 3.89 (qd, 2H, J=7.2,
1.9 Hz), 3.28 (ddd, 1H, J=7.8, 4.7, 1.8 Hz), 2.19 (m, 2H), 2.02 (m,
12H), 1.87 (s, 3H), 1.67 (m, 3H), 1.56 (m, 3H), 0.88 (t, 3H, J=7.2 Hz)
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ppm. C-NMR (C¢D,, 125 MHz): 6 =201.42 (C;), 169.69 (C,), 149.40
(C,), 148.50 (C,), 131.40 (C,), 124.80 (CH), 110.50 (CH,), 109.61 (CH,),
61.05 (CH,), 59.26 (CH), 36.48 (CH,), 36.10 (CH,), 35.68 (CH,), 33.97
(CH,), 28.55 (CH;), 26.95 (CH,), 26.15 (CH,), 25.85 (CH;), 17.76 (CH,),
14.04 (CH;) ppm. IR (diamond ATR): v'=3074 (w), 2977 (m), 2932
(m), 2858 (M), 1740 (s), 1716 (s), 1644 (m), 1444 (m), 1358 (m), 1241
(m), 1215 (m), 1177 (m), 1147 (w), 1096 (w), 1023 (w), 887 (m) cm~".
HR-MS (Q-TOF, 70 eV): calc. [C,;H;,0517* m/z=334.2503, found: m/
z=334.2500.

Synthesis of 14-methyl-6,10-dimethylenepentadec-13-en-2-one
(14). To a solution of B-keto ester 13 (2.70 g, 8.0 mol, 1.00 eq) in
EtOH (40 mL) was added an aqueous solution of KOH (1.34g
dissolved in 8 mL of water, 24 mmol, 3.00 eq) and the reaction
mixture was stirred under reflux for 3 h before cooling to room
temperature. The reaction mixture was slowly acidified with 2 m HCI
solution until CO, developed. The resulting mixture was extracted
with Et,0 (100 mL) three times. The combined layers were dried
with MgSO, and concentrated under reduced pressure. The residue
was subject to column chromatography (petroleum ether/EtOAc,
15:1) to yield the desired methyl ketone 14 (2.05 g, 7.8 mmol, 98 %)
as a colourless oil. TLC (pentane:Et,0=8:1): R;=0.40. GC (HP-5): I=
1917. '"H-NMR (C,D,, 500 MHz): & =5.23 (tdp, TH, J=7.0, 2.9, 1.4 Hz),
4.88 (ddt, 2H, J=4.3, 2.1, 1.3 Hz), 4.80 (m, 2H), 2.20 (m, 2H), 2.10 (m,
2H), 1.95 (m, 10H), 1.67 (m, 3H), 1.64 (m, 3H), 1.60 (m, 2H), 1.56 (m,
3H) ppm. C-NMR (CiDs, 125 MHz): & =205.99 (C,), 149.47 (C,),
149.13 (C,), 131.40 (C;), 124.80 (CH), 109.89 (CH,), 109.59 (CH,),
42.64 (CH,), 36.50 (CH,), 36.17 (CH,), 35.82 (CH,), 35.61 (CH,), 29.40
(CH,), 26.97 (CH,), 26.24 (CH,), 25.85 (CH;), 21.95 (CH,), 17.76 (CH,)
ppm. IR (diamond ATR): v'=3072 (w), 2930 (s), 2858 (m), 1717 (s),
1644 (m), 1441 (m), 1364 (m), 1158 (w), 888 (s) cm™~'. HR-MS (Q-TOF,
70 eV): calc. [CigH;,01"* m/z=262.2292, found: m/z=262.2292.

Synthesis of ethyl (E)-3,15-dimethyl-7,11-dimethylenehexadeca-
2,14-dienoate (15). A solution of diisopropylamine (828 mg,
8.2 mmol, 1.05 eq) dissolved in dry THF (30 mL) was cooled to 0°C.
nBuli (5.1 mL, 82 mmol, 1.6 M in hexane, 1.05 eq) was added
dropwise and the reaction mixture was stirred for 1 h at 0°C. The
reaction was cooled to -78°C and triethyl phosphonaacetate
(1.78 g, 7.8 mmol, 1.00 eq) was added. After stirring the reaction
mixture for 1 h at -78°C the methyl ketone 14 (2.05 g, 7.8 mmol,
1.00 eq) was added. The reaction mixture was allowed to warm to
room temperature and stirred overnight. Water (15 mL) was added
to quench the reaction. The aqueous phase was extracted with Et,0
(80 mL, 3 times), and the combined layers were dried with MgSO,
and concentrated under reduced pressure. Purification by column
chromatography (petroleum ether/EtOAc, 15:1) yielded pure (E)-15
and (2)-15 as colourless oils.

(E)-15. Yield: 1.12g (3.4 mmol, 44%). TLC (pentane:Et,0=10:1):
R;=0.59. GC (HP-5): 1=2324. "H-NMR (C¢D¢, 500 MHz): 56 =5.82 (h,
1H, J=1.3 Hz), 5.24 (tdp, /=7.0, 4.3, 1.4 Hz), 4.88 (m, 2H), 4.79 (m,
2H), 4.06 (q, 2H, J=7.2 Hz), 2.20 (m, 5H), 2.09 (m, 2H), 2.02 (m, 2H),
1.94 (m, 2H), 1.84 (m, 2H), 1.67 (m, 3H), 1.59 (m, 2H), 1.56 (m, 3H),
1.41 (m, 2H), 1.02 (t, 3H, J=7.1 Hz) ppm. *C-NMR (C¢Ds, 125 MHz): 6
=166.47 (C,), 159.53 (C,), 14943 (C,), 148.98 (C,), 13144 (C)),
124.76 (CH), 116.38 (CH), 109.82 (CH,), 109.62 (CH,), 59.41 (CH,),
40.52 (CH,), 36.51 (CH,), 36.16 (CH,), 35.91 (CH,), 35.71 (CH,), 26.96
(CH,), 26.23 (CH,), 25.85 (CH,), 25.68 (CH,), 18.73 (CH,), 17.76 (CH,),
14.46 (CH;) ppm. IR (diamond ATR): v'=3074 (w), 3046 (w), 2978
(m), 2932 (w), 1715 (s), 1645 (s), 1442 (m), 1377 (w), 1321 (w), 1270
(s), 1220 (s), 1141 (s), 1096 (w), 1074 (w), 1040 (m), 886 (s), 819 (w)
cm™'. HR-MS (Q-TOF, 70eV): calc. [Cy,H50,]"* m/z=332.2712,
found: m/z=332.2712.

(2)-15. Yield: 370 mg (1.1 mmol, 14%). TLC (pentane:Et,0=10:1):
Ri=0.64. GC (HP-5): I=2261. 'H-NMR (C,D,, 500 MHz): 6 =5.75 (dt,
1H, J=1.4, 0.7 Hz), 5.23 (ddq, 1H, /=84, 5.6, 1.5 Hz), 4.87 (m, 4H),
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4.03 (q, 2H, J=7.2 Hz), 2.72 (m, 2H), 2.19 (m, 3H), 2.10 (m, 4H), 2.03
(m, 3H), 1.67 (m, 3H), 1.62 (m, 4H), 1.56 (m, 3H), 1.53 (d, 3H, J=
1.4 Hz), 1.01 (t, 3H, J=7.1 Hz) ppm. *C-NMR (C¢Ds, 125 MHz): 6
=166.02 (C,), 160.05 (C,), 149.52 (C,), 149.46 (Cj), 131.33 (C,),
124.85 (CH), 116.93 (CH), 109.60 (CH,), 109.55 (CH,), 59.38 (CH,),
36.51 (CH,), 36.49 (CH,), 36.21 (CH,), 36.04 (CH,), 33.40 (CH,), 26.97
(CH,), 26.81 (CH,), 26.28 (CH,), 25.85 (CH,), 24.89 (CH,), 17.76 (CH,),
14.43 (CH,) ppm. IR (diamond ATR): v'=3074 (w), 3045 (w), 2978
(m), 2932 (w), 1714 (s), 1643 (s), 1442 (m), 1377 (w), 1322 (w), 1270
(s), 1220 (s), 1141 (s), 1096 (w), 1074 (w), 1040 (m), 886 (s), 821 (w)
cm™'. HR-MS (Q-TOF, 70eV): calc. [Cy,H30,]7* m/z=332.2712,
found: m/z=332.2715.

Synthesis of (E)-3,15-dimethyl-7,11-dimethylenehexadeca-2,14-
dien-1-ol (16). To a cooled (0°C) solution of the ester (£)-15 (1.0 g,
3.1 mmol, 1.00 eq) in THF (15 mL) was added DIBAL—H (7.4 mL,
7.4 mmol, 1.0 M in hexane, 2.40 eq) and the reaction mixture was
stirred for 1 h at room temperature. The mixture was cooled to 0°C
and a saturated solution of Na—K-tartrate (15 mL) was added. The
resulting slurry was stirred for 2 h to dissolve the precipitate and
the aqueous phase was extracted with Et,O (50 mL, 3 times). The
organic layers were dried with MgSO, and concentrated under
reduced pressure. The residue was purified by column chromatog-
raphy (petroleum ether/Et,O, 3:1) to yield the alcohol 16 (836 mg,
2.9 mmol, 94%) as a colourless oil. TLC (pentane:Et,0=2:1): Ri=
0.35. GC (HP-5): /=2193. "H-NMR (C4D,, 500 MHz): 6 =5.39 (tp, TH,
J=6.7, 1.3 Hz), 5.23 (ddq, 1H, J=8.4, 5.5, 1.4 Hz), 4.87 (m, 4H), 3.97
(d, 2H, J=6.7 Hz), 2.20 (m, 2H), 2.09 (m, 2H), 1.98 (m, 8H), 1.67 (d,
3H, J=1.4Hz), 1.62 (m, 2H), 1.56 (d, 3H, J=1.2 Hz), 1.52 (m, 2H),
146 (s, 3H) ppm. *C-NMR (CsD, 125 MHz): 6 =149.52 (C,), 149.49
(Cy) 13815 (Cp), 131.42 (Cy), 125.04 (CH), 124.79 (CH), 109.59 (2x
CH,), 59.37 (CH,), 39.46 (CH,), 36.51 (CH,), 36.21 (CH,), 36.09 (CH,),
35.96 (CH,), 26.97 (CH,), 26.32 (CH,), 26.20 (CH,), 25.85 (CHs), 17.76
(CH,), 16.10 (CH5) ppm. IR (diamond ATR): v'=3316 (br), 3072 (m),
2966 (s), 2859 (m), 1644 (m), 1441 (m), 1371 (w), 1217 (w), 1102 (w),
1001 (m), 887 (s), 822 (w) cm™. HR-MS (Q-TOF, 70eV): calc.
[CyoH3,01"* m/z=290.2604, found: m/z=290.2600.

Synthesis of (E)-3,15-dimethyl-7,11-dimethylenehexadeca-2,14-
dien-1-yl diphosphate (17). To a solution of tris(tetra-n-
butylammonium)hydrogen diphosphate (1.64 g, 1.82 mmol, 1.30
eq) in acetonitrile (5 mL) a solution of the allyl bromide (made from
1.00 eq of alcohol 16 followed by general procedure) was added.
The mixture was stirred at room temperature overnight. Acetonitrile
was removed under reduced pressure. The residue was dissolved in
aqueous NH,HCO; solution (1.0 mL, 0.25M) and loaded onto a
DOWEX 50WX8 ion-exchange column (NH," form, pH 7.0). The
column was flushed slowly with 1.5 volumes of NH,HCO; buffer
(25 mm, 5% iPrOH) and the eluate was lyophilized to yield the
diphosphate 17 as a colourless hygroscopic powder (1.0 g,
2.0 mmol, 100%). 'H-NMR (D,0, 500 MHz): 6 =5.42 (m, TH), 5.10 (m,
1H), 4.72 (m, 4H), 4.48 (m, 2H), 2.04 (m, 12H), 1.70 (m, 3H), 1.65 (m,
4H), 1.59 (m, 3H), 1.38 (m, 5H) ppm. C-NMR (D,0, 125 MHz): ¢
=149.36 (Cp), 149.01 (Cp), 140.93 (Cp), 131.05 (Cp), 124.27 (CH),
120.89 (d, CH, *Jc,=7.6 Hz), 109.02 (CH,), 108.89 (CH,), 62.47 (d,
CH,, 2Jcp=4.1Hz), 39.31 (CH,), 36.10 (CH,), 35.82 (CH,), 35.78 (2x
CH,), 26.48 (CH,), 25.90 (CH,), 25.78 (CH,), 25.49 (CH,), 17.45 (CH,),
15.90 (CHs) ppm. *'P-NMR (D,0, 203 MHz): 6 =-8.60 (d, “Jpp=
16.7 Hz), —10.63 (d, 2Jplp:18.1 Hz) ppm. HR-MS (APCI): calc. for
[CyoH350,P,]™ m/z=449.1863; found: m/z=449.1868.

Synthesis of iso-GGPP V

Synthesis of (E)-12-iodo-2,6-dimethyl-10-methylenedodeca-1,6-
diene (20). A solution of imidazole (1.27 g, 18.6 mmol, 1.20 eq) and
PPh; (4.89 g, 18.6 mmol, 1.20 eq) in CH,Cl, (45 mL) was mixed with
I, (4719, 18.6 mmol, 1.20 eq) and the corresponding alcohol 19
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(3.45 g, 15.5 mmol, 1.00 eq) subsequently. After stirring for 4 h at
room temperature, the reaction mixture was quenched by the
addition of sat. aqueous NH,Cl and then extracted with Et,0
(100 mL) three times. The combined organic layers were dried with
MgSO, and concentrated under reduced pressure. The residue was
taken up in petroleum ether, the precipitate was filtered off, and
the petroleum ether was removed under reduced pressure. The
product was purified by column chromatography (petroleum ether)
to yield the iodide 20 (3.1 g, 9.3 mmol, 60%) as a pink oil. TLC
(pentane): R;=0.60. GC (HP-5): /=1884. 'H-NMR (C,D,, 500 MHz): &
=5.13 (tq, TH, J=6.9, 1.3 Hz), 4.83 (dt, 2H, J=2.1, 1.0 Hz), 4.79 (m,
1H), 4.63 (m, 1H), 2.83 (t, 2H, J=7.6 Hz), 2.30 (td, 2H, J=7.7, 1.4 Hz),
2.03 (m, 2H), 1.96 (m, 4H), 1.85 (m, 2H), 1.66 (t, 3H, J=1.3 Hz), 1.55
(m, 2H), 1.51 (d, 3H, J=1.4Hz) ppm. *C-NMR (C,Ds, 125 MHz): &
=147.88 (C,), 145.78 (C,), 135.49 (C,), 124.31 (CH), 111.39 (CH,),
110.43 (CH,), 40.64 (CH,), 39.60 (CH,), 37.69 (CH,), 35.62 (CH,), 26.47
(CH,), 2630 (CH,), 22.53 (CH,), 16.02 (CH,), 3.02 (CH,) ppm. IR
(diamond ATR): v'=3404 (w), 3075 (m), 2965 (s), 2856 (m), 1737
(m), 1670 (m), 1441 (m), 1376 (w), 1232 (w), 1169 (m), 1110 (w),
1043 (w), 886 (s), 820 (w) cm™'. HR-MS (Q-TOF, 70eV): calc.
[CysHysl1 ™ m/z=332.0996, found: m/z=332.0991.

Synthesis of ethyl (E)-2-acetyl-9,13-dimethyl-5-methylenetetrade-
ca-8,13-dienoate (21). To a cooled solution of ethyl acetoacetate
(2.43 g, 18.7 mmol, 2.00 eq) in THF (35 mL) was added NaH (0.45 g,
18.7 mmol, 2.00 eq, 60% in mineral oil) in small portions. The
reaction mixture was allowed to warm to room temperature and
stirred for 1 h. The corresponding iodide 20 (3.1 g, 9.3 mmol, 1.00
eq) was added dropwise and the reaction mixture was stirred under
reflux overnight, followed by cooling to room temperature. The
cooled mixture was quenched by the addition of sat. aqueous
NH,CI solution and then extracted with Et,O (100 mL) three times.
The combined organic layers were dried with MgSO, and concen-
trated under reduced pressure. The residue was subjected to
column chromatography (petroleum ether/EtoAc, 10:1) to yield 21
(2.30g, 6.9 mmol, 74%) as a colourless oil. TLC (pentane:Et,0=
5:1): Re=0.45. GC (HP-5): /=2223. 'H-NMR (C¢Ds, 500 MHz): 6 =5.21
(tg, 1H, J=7.0, 1.3 Hz), 4.83 (m, 4H), 3.89 (qd, 2H, J=7.1, 1.6 Hz),
3.28 (m, TH), 2.16 (m, 2H), 2.02 (m, 12H), 1.87 (s, 3H), 1.66 (s, 3H),
1.56 (m, 3H), 0.88 (t, 3H, J="7.1 Hz) ppm. *C-NMR (C,D,, 125 MHz): ¢
=20143 (Cp), 169.69 (C;), 14840 (C,), 145.83 (C;), 135.38 (C,),
124.54 (CH), 110.57 (CH,), 110.39 (CH,), 61.04 (CH,), 59.26 (CH),
39.63 (CH,), 37.70 (CH,), 36.12 (CH,), 34.06 (CH,), 28.55 (CH,), 26.64
(CH,), 26.55 (CH,), 26.31 (CH,), 22.52 (CH,), 16.03 (CH,), 14.03 (CH,)
ppm. IR (diamond ATR): v"=3072 (w), 2968 (m), 2933 (s), 2859 (m),
1738 (m), 1646 (m), 1434 (m), 1373 (m), 1229 (m), 1216 (m), 1169
(w), 887 (s) cm™'. HR-MS (Q-TOF, 70eV): [CyH;,0517* m/z=
334.2503, found: m/z=334.2500.

Synthesis of (E)-10,14-dimethyl-6-methylenepentadeca-9,14-dien-
2-one (22). To a solution of B-keto ester 21 (2.30 g, 6.9 mol, 1.00 eq)
in EtOH (20 mL) was added an aqueous solution of KOH (1.16 g
dissolved in 5 mL of water, 20.7 mmol, 3.00 eq) and the reaction
mixture was stirred under reflux for 3 h before cooling to room
temperature. The reaction mixture was slowly acidified with 2 m HCl
solution until CO, developed. The resulting mixture was extracted
with Et,0 (100 mL) three times. The combined organic layers were
dried with MgSO, and concentrated under reduced pressure. The
residue was subjected to column chromatography (petroleum
ether/EtOAc, 13:1) to yield the desired methyl ketone 22 (1.73 g,
6.6 mmol, 96%) as a colourless oil. TLC (pentane:Et,0=28:1): R;=
0.45. GC (HP-5): I=1913. 'H-NMR (C¢Ds, 500 MHz): 6 =5.25 (ddq,
1H, J=8.4, 7.0, 1.4 Hz), 4.82 (m, 4H), 2.19 (m, 2H), 2.06 (m, 2H), 1.94
(m, 8H), 1.65 (m, 8H), 1.58 (m, 3H), 1.55 (m, 2H) ppm. *C-NMR (C,Ds,
125 MHz): & =205.98 (C,), 149.04 (C,), 145.83 (C,), 13529 (C,),
124,68 (CH), 110.39 (CH,), 109.94 (CH,), 42.65 (CH,), 39.64 (CH,),
37.70 (CH,), 36.26 (CH,), 35.72 (CH,), 29.40 (CHs), 26.74 (CH,), 26.33
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(CH,), 22.52 (CH,), 21.96 (CH,), 16.04 (CH;) ppm. IR (diamond ATR):
v'=3073 (w), 2934 (s), 2856 (m), 1716 (s), 1644 (m), 1442 (m), 1364
(m), 1158 (w), 884 (s) cm~". HR-MS (Q-TOF, 70 eV): calc. [C,gH3,01"*
m/z=262.2292, found: m/z=262.2296.

Synthesis of ethyl (2E,10E)-3,11,15-trimethyl-7-methylenehexade-
ca-2,10,15-trienoate (23). NaH (406 mg, 10.2 mmol, 2.00 eq, 60% in
mineral oil) suspended in dry THF (25 mL) was cooled to 0°C.
Triethyl phosphonoacetate (2.50 g, 11.1 mmol, 2.20 eq) was added.
After stirring the reaction mixture for 1 h at 0°C, the reaction
mixture was cooled to -78°C and the methyl ketone 22 (1.33 g,
5.3 mmol, 1.00 eq) was added. The reaction mixture was allowed to
warm to room temperature and stirred overnight. Water (10 mL)
was added to quench the reaction. The aqueous phase was
extracted with Et,O (100 mL, 3 times), and the combined layers
were dried with MgSO, and concentrated under reduced pressure.
Purification by column chromatography (petroleum ether/EtOAc,
15:1) yielded pure (E)-23 and (2)-23 as colourless oils.

(E)-23. Yield: 740 mg (2.3 mmol, 43%). TLC (pentane:Et,0=28:1):
Re=0.65. GC (HP-5): /=2314. 'H-NMR (C,D,, 500 MHz): 6 =5.82 (q,
1H, J=1.3 Hz), 5.24 (qd, TH, J=5.6, 1.4 Hz), 4.81 (m, 4H), 4.06 (q, 2H,
J=7.1Hz), 2.20 (d, 3H, J=1.2 Hz), 2.17 (m, 2H), 2.00 (m, 6H), 1.85
(m, 4H), 1.66 (t, 3H, J=1.2 Hz), 1.57 (m, 5H), 1.42 (m, 2H), 1.02 (t, 3H,
J=7.1Hz) ppm. “C-NMR (C;Ds, 125 MH2): 6 =166.28 (C,), 159.35
(Cy), 148.71 (C,), 145.61 (C,), 135.12 (C,), 124.46 (CH), 116.18 (CH),
110.22 (CH,), 109.65 (CH,), 59.21 (CH,), 40.34 (CH,), 39.44 (CH,),
37.50 (CH,), 36.16 (CH,), 35.61 (CH,), 26.54 (CH,), 26.13 (CH,), 25.49
(CH,), 22.32 (CH,), 18.54 (CH,), 15.84 (CH,), 14.27 (CH,) ppm. IR
(diamond ATR): v'=3074 (w), 2978 (m), 2933 (s), 2861 (m), 1716 (s),
1647 (s), 1443 (m), 1381 (m), 1348 (w), 1271 (w), 1220 (s), 1142 (s),
1096 (w), 1072 (m), 1039 (m), 885 (s) cm~". HR-MS (Q-TOF, 70 eV):
calc. [C,,H340,17°* m/z=332.2711, found: m/z=332.2714.

(2)-23. Yield: 151 mg (0.45 mmol, 8%). TLC (pentane:Et,0=28:1):
R:=0.70. GC (HP-5): I=2257. "H-NMR (C¢Ds, 500 MHz): 6 =5.75 (m,
1H), 5.26 (m, TH), 4.83 (m, 4H), 4.03 (g, 1H, J=7.2 Hz), 2.73 (m, 2H),
2.22 (m, 2H), 2.12 (m, 4H), 1.98 (m, 4H), 1.65 (s, 3H), 1.58 (s, 3H), 1.55
(m, 2H), 1.53 (m, 3H), 1.01 (, 3H, J=7.1 Hz) ppm. *C-NMR (C,Ds,
125 MHz): 8 =166.02 (C,), 159.99 (C,), 149.40 (C,), 145.86 (C),
135.15 (C,), 124.87 (CH), 116.96 (CH), 110.36 (CH,), 109.63 (CH,),
59.37 (CH,), 39.66 (CH,), 37.72 (CH,), 36.59 (CH,), 36.49 (CH,), 33.42
(CH,), 26.85 (CH,), 26.80 (CH,), 26.36 (CH,), 24.87 (CH;), 22.51 (CH,),
16.03 (CH,), 14.43 (CH;) ppm. IR (diamond ATR): v'=3076 (w), 2978
(m), 2932 (s), 2860 (m), 1714 (s), 1644 (s), 1444 (m), 1381 (m), 1348
(m), 1271 (w), 1221 (s), 1142 (s), 1096 (w), 1072 (m), 1039 (m), 886
(s) em™. HR-MS (Q-TOF, 70 eV): calc. [C,,H;60,17* m/z=332.2711,
found: m/z=332.2719.

Synthesis of (2E,10E)-3,11,15-trimethyl-7-methylenehexadeca-
2,10,15-trien-1-ol (24). To a cooled (0°C) solution of the ester (E)-
23 (740 mg, 2.2 mmol, 1.00 eq) in THF (10 mL) was added DIBAL—H
(5.3mL, 5.3 mmol, 1.0Mm in hexane, 2.40 eq) and the reaction
mixture was stirred for 1 h at room temperature. The mixture was
cooled to 0°C and a saturated solution of Na—K-tartrate (10 mL)
was added. The resulting slurry was stirred for 2 h to dissolve the
precipitate and the aqueous phase was extracted with Et,0 (50 mL,
3 times). The organic layers were dried with MgSO, and concen-
trated under reduced pressure. The residue was purified by column
chromatography (petroleum ether/Et,0, 3:1) to yield the alcohol 24
(530 mg, 1.8 mmol, 82%) as a colourless oil. TLC (pentane:Et,0=
2:1): R;=0.30. "H-NMR (C4Ds, 500 MHz): 6 =5.38 (tq, 1H, J=6.7,
1.4 Hz), 5.27 (tq, 1H, J/=7.0, 1.3 Hz), 4.88 (m, 2H), 4.82 (m, 2H), 3.97
(dg, 2H, J=6.7, 0.8 Hz), 2.22 (m, 2H), 2.10 (m, 2H), 1.99 (m, 6H), 1.91
(m, 2H), 1.66 (m, 3H), 1.58 (m, 3H), 1.54 (m, 4H), 1.45 (m, 3H) ppm.
BC-NMR (CeDy, 125 MH2): & =149.43 (C,), 145.83 (C,), 138.17 (C,),
135.26 (Cy), 125.01 (CH), 124.74 (CH), 110.40 (CH,), 109.61 (CH,),
59.37 (CH,), 39.65 (CH,), 39.47 (CH,), 37.69 (CH,), 36.52 (CH,), 36.07
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(CH,), 26.81 (CH,), 26.32 (CH,), 26.21 (CH,), 22.52 (CH5), 16.10 (CH,),
16.04 (CH;) ppm. IR (diamond ATR): v'=3357 (br), 3073 (w), 2965
(m), 2933 (s), 2860 (M), 1727 (w), 1667 (w), 1646 (m), 1441 (m), 1375
(w), 1302 (w), 1097 (w), 1000 (m), 886 (s) cm~'. HR-MS (Q-TOF,
70 eV): calc. [C,oH3,01"* m/z=290.2605, found: m/z=290.2604.

Synthesis of (2E,10E)-3,11,15-trimethyl-7-methylenehexadeca-
2,10,15-trien-1-yl diphosphate (25). To a solution of tris(tetra-n-
butylammonium)hydrogen diphosphate (1.67 g, 1.86 mmol, 1.20
eq) in acetonitrile (6 mL) a solution of the allyl bromide (made from
1.00 eq of alcohol 24 followed by the above mentioned general
procedure) was added and the mixture was stirred at room
temperature overnight. Acetonitrile was removed under reduced
pressure. The residue was dissolved in aqueous NH,HCO; solution
(1.0 mL, 0.25 m) and loaded onto a DOWEX 50WX8 ion-exchange
column (NH,* form, pH 7.0). The column was flushed slowly with
1.5 volumes of NH,HCO; buffer (25 mm, 5% iPrOH) and the eluate
was lyophilized to yield the diphosphate 25 as a colourless
hygroscopic powder (1.1g, 2.0mmol, 100%). 'H-NMR (C¢Ds,
500 MHz): 6 =5.36 (q, 1H, J=7.5 Hz), 5.06 (m, TH), 4.64 (m, 4H), 4.41
(m, 2H), 1.96 (m, 12H), 1.64 (m, 3H), 1.61 (s, 3H), 1.52 (m, 4H), 1.34
(m, 3H) ppm. *C-NMR (C4D, 125 MH2): 6 =149.55 (C,), 145.42 (C,),
14044 (C,), 13473 (C,), 124.56 (CH), 12145 (CH, *Jpyc=7.5Hz),
110.05 (CH,), 108.98 (CH,), 62.41 (CH,, pc=3.8 Hz), 39.39 (CH,),
39.26 (CH,), 37.30 (CH,), 36.30 (CH,), 35.89 (CH,), 26.39 (CH.), 26.01
(CH,), 25.90 (CH,), 22.24 (CH,), 15.96 (CH,), 15.76 (CH;) ppm. *'P-
NMR (D,0, 203 MHz): 0 =-8.49 (d, ,p=19.1 Hz), -10.78 (d, 2Jpp=
19.8 Hz) ppm. HR-MS (APCI): calc. for [C,H35s0,P,]~ m/z=449.1863;
found: m/z=449.1860.

Synthesis of iso-FPP Il

Synthesis of 8-iodo-2-methyl-6-methyleneoct-1-ene (27). A solu-
tion of imidazole (5.47 g, 80.4 mmol, 1.20 eq) and PPh; (21.1g,
80.4 mmol, 1.20 eq) in CH,Cl, (150 mL) was mixed with |, (20.3 g,
80.4 mmol, 1.20 eq) and the corresponding alcohol 26 (10.39 g,
67.0 mmol, 1.00 eq) subsequently. After stirring for 2 h at room
temperature, the reaction mixture was quenched by the addition of
sat. aqueous NH,Cl and then extracted with Et,0 (200 mL) three
times. The combined organic layers were dried with MgSO, and
concentrated under reduced pressure. The residue was taken up in
petroleum ether, the precipitate was filtered off, and the petroleum
ether was removed under reduced pressure. The product was
purified by column chromatography (petroleum ether) to yield the
iodide 27 (17.2 g, 65.2 mmol, 97 %) as a pink oil. TLC (pentane): Ri=
0.52. GC (HP-5): /=1422. "H-NMR (C¢D, 500 MHz): 6 =4.77 (m, 2H),
4.68 (m, 2H), 2.82 (t, 2H, J=7.6 Hz), 2.26 (td, 2H, J=7.7, 1.4 Hz), 1.85
(td, 2H, J=7.6, 1.4 Hz), 1.73 (m, 2H), 1.60 (m, 3H), 1.37 (m, 2H) ppm.
BC-NMR (CDg, 125 MHz): 6 =147.89 (C,), 145.41 (C,), 111.31 (CH,),
110.58 (CH,), 40.52 (CH,), 37.54 (CH,), 35.05 (CH,), 25.72 (CH,), 22.41
(CH,), 3.28 (CH,) ppm. IR (diamond ATR): v'=3073 (w), 2966 (m),
2934 (s), 2862 (m), 1647 (m), 1443 (m), 1373 (w), 1350 (w), 1232 (w),
1169 (m), 887 (s) cm~". HR-MS (Q-TOF, 70 eV): calc. [C,oH,11"* m/z=
264.0371, found: m/z=264.0365.

Synthesis of ethyl 2-acetyl-9-methyl-5-methylenedec-9-enoate
(28). To a cooled solution of ethyl acetoacetate (5.21 g, 40.0 mmol,
2.00 eq) in THF (40 mL) was added NaH (1.60 g, 40.0 mmol, 2.00 eq,
60% in mineral oil) in small portions. The reaction mixture was
allowed to reaction room temperature and stirred for 1h. The
corresponding iodide 27 (5.28 g, 20.0 mmol, 1.00 eq) was added
dropwise and the reaction mixture was refluxed overnight, followed
by cooling to room temperature. The cooled mixture was quenched
by the addition of sat. aqueous NH,CI solution and then extracted
with Et,O (150 mL) three times. The combined organic layers were
dried with MgSO, and concentrated under reduced pressure. The
residue was subjected to column chromatography (petroleum
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ether/EtoAc, 10:1) to yield 28 (3.10g, 11.7 mmol, 60%) as a
colourless oil. TLC (pentane:Et,0=8:1): R;=0.39. GC (HP-5): I=
1798. 'H-NMR (C,D, 500 MHz): 6 =4.80 (m, 4H), 3.89 (qd, 2H, J=
7.1, 1.9 Hz), 3.28 (m, TH), 2.03 (m, 4H), 1.92 (dd, 4H, J=9.1, 5.6 Hz),
1.87 (s, 3H), 1.63 (s, 3H), 1.52 (m, 2H) 0.88 (t, 3H, J=7.1 Hz) ppm.
BC-NMR (CeDy, 125 MH2): & =201.42 (C,), 169.69 (C,), 148.47 (C,),
145.57 (C,), 110.52 (CH,), 110.48 (CH,), 61.05 (CH,), 59.25 (CH), 37.66
(CH,), 35.56 (CH,), 33.94 (CH,), 28.55 (CHs), 26.52 (CH,), 25.93 (CH,),
22.44 (CH,), 14.03 (CH;) ppm. IR (diamond ATR): v'=3073 (w), 2970
(m), 2937 (m), 2877 (w), 1741 (s), 1716 (s), 1646 (w), 1446 (m), 1367
(m), 1242 (m), 1215 (m), 1148 (m), 1095 (w), 1041 (w), 888 (m) cm~".
HR-MS (Q-TOF, 70 eV): calc. [C;¢H,6051"* m/z=266.1877, found: m/
z=266.1880.

Synthesis of 10-methyl-6-methyleneundec-10-en-2-one (29). To a
solution of P-keto ester 28 (3.10g, 11.7 mol, 1.00 eq) in EtOH
(40 mL) was added an aqueous solution of KOH (1.96 g dissolved in
10 mL of water, 35.0 mmol, 3.00 eq) and the reaction mixture was
stirred under reflux for 3 h before cooling to room temperature.
The reaction mixture was slowly acidified with 2 M HCI solution
until CO, developed. The resulting mixture was extracted with Et,0
(150 mL) three times. The combined layers were dried with MgSO,
and concentrated under reduced pressure. The residue was
subjected to column chromatography (petroleum ether/EtOAc,
13:1) to yield the desired methyl ketone 29 (2.74 g, 11.7 mmol,
100%, solvent containing) as a colourless oil. TLC (pentane:Et,0=
8:1): R;=0.30. GC (HP-5): /=1435. 'H-NMR (C¢Ds, 500 MHz): 5 =4.81
(m, 2H), 4.78 (m, 2H), 1.92 (m, 10H), 1.64 (m, 6H), 1.55 (m, 2H) ppm.
BC-NMR (C¢Dg, 125 MHz): 6 =206.00 (Cg), 149.11 (Cp), 145.65 (Cy),
110.50 (CH,), 109.87 (CH,), 42.64 (CH,), 37.74 (CH,), 35.69 (CH,),
35.60 (CH,) 29.40 (CH,), 26.02 (CH,), 22.46 (CH,), 21.95 (CH,) ppm. IR
(diamond ATR): v'=3073 (w), 2935 (m), 1716 (s), 1646 (m), 1413
(m), 1365 (m), 1225 (w), 1158 (w), 865 (s) cm~'. HR-MS (Q-TOF,
70 eV): calc. [C,3H,,011* m/z=194.1666, found: m/z=194.1665.

Synthesis of ethyl (E)-3,11-dimethyl-7-methylenedodeca-2,11-di-
enoate (30). A solution of diisopropylamine (1.23 g, 12.2 mmol, 1.05
eq) dissolved in dry THF (40 mL) was cooled to 0°C. nBuli (7.6 mL,
12.2 mmol, 1.6 m in hexane, 1.05 eq) was added dropwise and the
reaction mixture was stirred for 1 h at 0°C. The reaction was cooled
to -78°C and triethyl phosphonoacetate (2.61 g, 11.7 mmol, 1.00
eq) was added. After stirring the reaction mixture for 1 h at —78°C
the methyl ketone 29 (2.74 g, 11.7 mmol, 1.00 eq) was added. The
reaction mixture was allowed to warm to room temperature and
stirred overnight. Water (25 mL) was added to quench the reaction.
The aqueous phase was extracted with Et,O (150 mL, 3 times), and
the combined layers were dried with MgSO, and concentrated
under reduced pressure. Purification by column chromatography
(petroleum ether/EtOAc, 15:1) yielded pure (E)-30 and (2)-30 as
colourless oils.

(E)-30. Yield: 1.75 g (6.6 mmol, 57%) TLC (pentane:Et,0=8:1): Ri=
0.68. GC (HP-5): I=1850. "H-NMR (C4D¢, 500 MHz): 6 =5.82 (h, 1H,
J=13Hz), 479 (m, 4H), 4.06 (q, 2H, J=7.2 Hz), 2.20 (d, 3H, J=
1.4 Hz), 1.89 (m, 8H), 1.64 (t, 3H, J=1.2 Hz), 1.53 (m, 2H), 1.40 (m,
2H), 1.02 (t, 3H, J=7.2Hz) ppm. C-NMR (CiD,, 125 MHz): o
=166.46 (C;), 159.53 (C,), 148.95 (C,), 145.60 (C,), 11638 (CH),
110.53 (CH,), 109.80 (CH,), 59.42 (CH,) 40.50 (CH,), 37.72 (CH,),
35.78 (CH,), 35.67 (CH,), 26.02 (CH,), 25.66 (CH,), 22.45 (CH,), 18.73
(CH,), 14.46 (CH5) ppm. IR (diamond ATR): v'=3073 (w), 2979 (m),
2937 (m), 2879 (w), 1716 (s), 1648 (m), 1444 (w), 1367 (w), 1322 (w),
1272 (s), 1221 (s), 1040 (w), 886 (m) cm~'. HR-MS (Q-TOF, 70 eV):
calc. [Cy;H,50,]17* m/z=264.2084, found: m/z=264.2090.

(2)-30. Yield: 370 mg (1.6 mmol, 14%) TLC (pentane:Et,0=8:1): Ri=
0.74. GC (HP-5): I=1791. "H-NMR (C¢Ds, 500 MHz): 6 =5.75 (dhept,
1H, /=14, 0.7 Hz), 4.83 (m, 4H), 4.02 (q, J=7.1 Hz), 2.73 (m, 2H),
2.10 (m, 2H), 1.99 (m, 2H), 1.64 (m, 3H), 1.58 (m, 2H), 1.53 (d, 3H, J=
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1.4 Hz), 1.00 (t, 3H, J=7.1Hz) ppm. *C-NMR (C,Ds, 125 MHz): ¢
=166.03 (C,)), 160.06 (C,), 14945 (C,), 145.71 (C,), 116.93 (CH),
11045 (CH,), 109.59 (CH,), 59.38 (CH,), 37.79 (CH,), 36.47 (CH.),
35.92 (CH,), 33.39 (CH,), 26.81 (CH,), 24.88 (CH;), 22.46 (CH,), 14.42
(CH,;) ppm. IR (diamond ATR): v"=3073 (w), 2977 (m), 2935 (s), 2865
(m), 1715 (s), 1647 (s), 1444 (m), 1375 (m), 1270 (s), 1227 (s), 1153
(s), 1077 (w), 1057 (w), 1036 (w), 886 (s), 858 (m) cm~'. HR-MS (Q-
TOF, 70eV): calc. [Ci;Hy0,1"* m/z=264.2084, found: m/z=
264.2080.

Synthesis of (E)-3,11-dimethyl-7-methylenedodeca-2,11-dien-1-ol
(31). To a cooled (0°C) solution of the ester (E)-30 (1.50 g, 5.7 mmol,
1.00 eq) in THF (25 mL) was added DIBAL-H (15.9 mL, 15.9 mmol,
1.0 M in hexane, 2.40 eq) and the reaction mixture was stirred for
1 h at room temperature. The mixture was cooled to 0°C and a
saturated solution of Na—K-tartrate (15mL) was added. The
resulting slurry was stirred for 2 h to dissolve the precipitate and
the aqueous phase was extracted with Et,0 (100 mL, 3 times). The
organic layers were dried with MgSO, and concentrated under
reduced pressure. The residue was purified by column chromatog-
raphy (petroleum ether/Et,O, 3:1) to yield the alcohol 31 (943 mg,
4.2 mmol, 75%) as a colourless oil. TLC (pentane:Et,0=2:1): R=
0.25. GC (HP-5): I=1715. '"H-NMR (C4D, 500 MHz): 6 =5.39 (tqg, TH,
J=6.7, 1.4 Hz), 4.83 (m, 4H), 3.98 (d, 2H, J=6.7 Hz), 1.94 (m, 8H),
1.64 (s, 3H), 1.54 (m, 4H), 145 (m, 3H) ppm. C-NMR (CiDs,
125 MHz): 6 =149.50 (C,), 145.66 (C,), 138.15 (C,), 125.02 (CH),
110.50 (CH,), 109.57 (CH,), 59.37 (CH,), 39.46 (CH,), 37.77 (CH,),
35.95 (CH,), 26.19 (CH,), 26.10 (CH,), 22.46 (CH,), 16.10 (CH,) ppm. IR
(diamond ATR): v'=3323 (br), 3073 (w), 2969 (m), 2934 (s), 2863
(m), 1738 (m), 1668 (w), 1646 (m), 1442 (m), 1374 (m), 1230 (w),
1099 (s), 1000 (s), 885 (s) cm™'. HR-MS (Q-TOF, 70eV): calc.
[CysH,601"* m/z=222.1979, found: m/z=222.1970.

Synthesis of (E)-3,11-dimethyl-7-methylenedodeca-2,11-dien-1-yl
diphosphate (32). To a solution of  tris(tetra-n-
butylammonium)hydrogen diphosphate (4.50 g, 5.0 mmol, 1.20 eq)
in acetonitrile (20 mL) a solution of the allyl bromide (made from
1.00 eq of alcohol 31 following the above mentioned general
procedure) was added and the mixture was stirred at room
temperature overnight. Acetonitrile was removed under reduced
pressure. The residue was dissolved in aqueous NH,HCO,; solution
(1.0 mL, 0.25 ™M) and loaded onto a DOWEX 50WX8 ion-exchange
column (NH,* form, pH 7.0). The column was flushed slowly with
1.5 volumes of NH,HCO; buffer (25 mMm, 5% iPrOH) and the eluate
was lyophilized to yield the diphosphate 32 as a colourless
hygroscopic powder (1.75g, 4.0mmol, 95%). 'H-NMR (C¢Ds,
500 MHz): 6 =5.46 (t, TH, J=7.2 Hz), 4.79 (m, 2H, overlapped with
the signal of D,0), 4.74 (m, 2H), 4.47 (t, 2H, J=6.6 Hz), 2.04 (m, 8H),
1.71 (s, 6H), 1.57 (m, 4H) ppm. *C-NMR (C¢Ds, 125 MHz): 6 =151.40
(Cy), 147,63 (C,), 143.00 (C,p), 119.86 (d, CH, *Jep=8.7 Hz), 109.56
(CH,), 108.69 (CH,), 62.63 (d, CH,, %Jc,=5.2 Hz), 38.76 (CH,), 36.98
(CH,), 35.17 (CH,), 35.09 (CH,), 25.39 (CH,), 25.27 (CH,), 21.74 (CH,),
15.65 (CH;) ppm. *P-NMR (D,0, 203 MHz): 6 =-7.41 (d, “Jpp=
21.5Hz), —10.30 (d, Ypp=21.0Hz) ppm. HR-MS (APCI): calc. for
[CysH,,0,P,]” m/z=381.1237; found: m/z=381.1238.

Synthesis of iso-GGPP VII

Synthesis of 12-iodo-2-methyl-6,10-dimethylenedodec-1-ene (35).
A solution of imidazole (1.29 g, 18.9 mmol, 1.20 eq) and PPh;
(4.96 g, 18.9 mmol, 1.20 eq) in CH,Cl, (45 mL) was mixed with I,
(4.78 g, 189 mmol, 1.20 eq) and the corresponding alcohol 34
(3.49 g, 15.7 mmol, 1.00 eq) subsequently. After stirring for 2 h at
room temperature, the reaction mixture was quenched by the
addition of sat. aqueous NH,Cl and then extracted with Et,0
(150 mL) three times. The combined organic layers were dried with
MgSO, and concentrated under reduced pressure. The residue was
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taken up in petroleum ether, the precipitate was filtered off, and
the petroleum ether was removed under reduced pressure. The
product was purified by column chromatography (petroleum ether)
to yield the iodide 35 (3.75 g, 11.2 mmol, 71%) as a pink oil. TLC
(pentane): R=0.70. GC (HP-5): /=1871. 'H-NMR (C¢D,, 500 MHz): &
=4.82 (m, 4H), 4.77 (m, 1H), 4.62 (m, 1H), 2.83 (t, 2H, J=7.6 Hz),
2.28 (td, 2H, J=7.6, 1.4 Hz), 1.93 (m, 6H), 1.76 (m, 2H), 1.65 (br s,
3H), 1.56 (m, 2H), 1.42 (m, 2H) ppm. “C-NMR (CsDg, 125 MH2): 6
=149.27 (Cy), 147.90 (C,), 145.61 (C), 111.34 (CH,), 110.55 (CH,),
109.68 (CH,), 40.53 (CH,), 37.75 (CH,), 35.90 (CH,), 35.85 (CH,), 35.18
(CH,), 26.08 (CH,), 25.93 (CH,), 22.48 (CH,), 3.26 (CH,) ppm. IR
(diamond ATR): v"'=3070 (w), 2966 (m), 2933 (s), 2855 (m), 1743
(m), 1636 (m), 1454 (m), 1373 (m), 1216 (w), 1140 (w), 880 (s) cm™".
HR-MS (Q-TOF, 70 eV): calc. [C;sH,sl1"* m/z=332.0996, found: m/z=
332.0992.

Synthesis of ethyl 2-acetyl-13-methyl-5,9-dimethylenetetradec-
13-enoate (36). To a cooled solution of ethyl acetoacetate (2.92 g,
224 mmol, 2.00 eq) in THF (40 mL) was added NaH (537 mg,
224 mmol, 2.00 eq, 60% in mineral oil) in small portions. The
reaction mixture was allowed to warm to room temperature and
stirred for 1 h. The corresponding iodide 35 (3.75 g, 11.2 mmol, 1.00
eq) was added dropwise and the reaction mixture was stirred under
reflux overnight, followed by cooling to room temperature. The
cooled mixture was quenched by the addition of sat. aqueous
NH,CI solution and then extracted with Et,O (150 mL) three times.
The combined organic layers were dried with MgSO, and concen-
trated under reduced pressure. The residue was subjected to
column chromatography (petroleum ether/EtoAc, 10:1) to yield 36
(3.55g, 10.6 mmol, 95%) as a colourless oil. TLC (pentane:Et,0=
5:1): Re=0.47. GC (HP-5): /=2209. 'H-NMR (C¢D,, 500 MHz): 6 =4.82
(m, 6H), 3.89 (qd, 2H, J=7.1, 1.8 Hz), 3.28 (ddd, 1H, J=7.8, 4.6,
1.9 Hz), 1.99 (m, 12H), 1.88 (s, 3H), 1.65 (m, 3H), 1.57 (m, 4H), 0.88 (t,
3H, J=72Hz) ppm. “C-NMR (CDs 125 MHz): 6 =201.42 (C,),
169.68 (C,;), 149.44 (C,), 148.50 (C,), 145.67 (C;), 110.50 (CH,), 110.49
(CH,), 109.62 (CH,), 61.06 (CH,), 59.25 (CH), 37.77 (CH,), 35.97 (CH,),
35.93 (CH,), 35.68 (CH,), 33.97 (CH,), 28.56 (CH,), 26.54 (CH,), 26.14
(CH,), 26.11 (CH,), 22.47 (CH), 14.04 (CH,) ppm. IR (diamond ATR):
v =3068 (w), 2967 (m), 2933 (s), 2859 (m), 1746 (m), 1630 (m), 1444
(m), 1372 (m), 1229 (m), 1169 (w), 880 (s) cm~'. HR-MS (Q-TOF,
70 eV): [C,;H3,0517* m/z=334.2503, found: m/z=334.2499.

Synthesis of 14-methyl-6,10-dimethylenepentadec-14-en-2-one
(37). To a solution of B-keto ester 36 (3.55 g, 10.6 mol, 1.00 eq) in
EtOH (40 mL) was added an aqueous solution of KOH (1.78 g
dissolved in 10 mL of water, 35.0 mmol, 3.00 eq) and the reaction
mixture was stirred under reflux for 3 h before cooling to room
temperature. The reaction mixture was slowly acidified with 2 m HCI
solution until CO, developed. The resulting mixture was extracted
with Et,0 (150 mL) three times. The combined organic layers were
dried with MgSO, and concentrated under reduced pressure. The
residue was subjected to column chromatography (petroleum
ether/EtOAc, 13:1) to yield the desired methyl ketone 37 (2.31 g,
8.8 mmol, 83%) as a colourless oil. TLC (pentane:Et,0=28:1): Ri=
0.40. GC (HP-5): /=1894. "H-NMR (C4D, 500 MHz): 5 =4.82 (m, 6H),
1.95 (m, 12H), 1.65 (m, 8H), 1.58 (m, 4H) ppm. *C-NMR (C,Ds,
125 MHz): 8 =206.00 (C,), 149.51 (C,), 149.13 (C,), 145.67 (C),
110.49 (CH,), 109.90 (CH,), 109.60 (CH,), 42.64 (CH,), 37.77 (CH,),
36.04 (CH,), 35.95 (CH,), 35.81 (CH,), 35.62 (CH,), 29.41 (CHs), 26.23
(CH,), 26.12 (CH,), 22.47 (CHs), 21.96 (CH,) ppm. IR (diamond ATR):
v'=3073 (w), 2934 (s), 2865 (m), 1716 (s), 1644 (m), 1442 (m), 1364
(m), 1158 (w), 884 (s) cm™". HR-MS (Q-TOF, 70 eV): calc. [C,gH;,0]™*
m/z=262.2292, found: m/z=262.2290.

Synthesis of ethyl (E)-3,15-dimethyl-7,11-dimethylenehexadeca-
2,15-dienoate (38). NaH (704 mg, 17.6 mmol, 2.00 eq, 60% in
mineral oil) suspended in dry THF (30 mL) was cooled to 0°C.
Triethyl phosphonoacetate (4.34 g, 19.4 mmol, 2.20 eq) was added.
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After stirring the reaction mixture for 1 h at 0°C, the reaction
mixture was cooled to —78°C and the methyl ketone 37 (2.31 g,
8.8 mmol, 1.00 eq) was added. The reaction mixture was allowed to
warm to room temperature and stirred overnight. Water (15 mL)
was added to quench the reaction. The aqueous phase was
extracted with Et,O (100 mL, 3 times), and the combined organic
layers were dried with MgSO, and concentrated under reduced
pressure. Purification by column chromatography (petroleum ether/
EtOAc, 15:1) yielded pure (E)-38 and (2)-38 as colourless oils.

(E)-38. Yield: 1.97 g (5.9 mmol, 67 %) TLC (pentane:Et,0=8:1): Ri=
0.65. GC (HP-5); /=2305. 'H-NMR (C,D,, 500 MHz): 6 =5.82 (q, TH,
J=13Hz), 481 (m, 6H), 406 (q, 2H, J=7.1 Hz), 2.20 (d, 3H, J=
1.4 Hz), 1.97 (m, 8H), 1.84 (m, 4H), 1.65 (t, 3H, J=1.2 Hz), 1.57 (m,
4H), 142 (m, 2H), 1.02 (t, 3H, J=7.1Hz) ppm. “C-NMR (C,Ds,
125 MH2): 0 =166.46 (C;), 159.51 (C;), 14947 (C,), 148.97 (C),
145.63 (Cp), 116.39 (CH), 110.52 (CH,), 109.83 (CH,), 109.64 (CH,),
59.41 (CH,), 40.52 (CH,), 37.77 (CH,), 36.02 (CH,), 35.95 (CH,), 35.91
(CH,), 35.71 (CH,), 26.23 (CH,), 26.11 (CH,), 25.68 (CH,), 22.46 (CH,),
18.73 (CH,), 14.46 (CH;) ppm. IR (diamond ATR): v'=3073 (w), 2979
(m), 2935 (s), 2872 (w), 1716 (s), 1647 (s), 1443 (w), 1368 (w), 1272
(s), 1221 (s), 1143 (s), 1040 (w), 886 (s), 858 (w) cm". HR-MS (Q-TOF,
70 eV): calc. [Cy,H360,]* m/z=332.2710, found: m/z=332.2700.

(2)-38. Yield: 558 mg (1.7 mmol, 19%) TLC (pentane:Et,0=8:1): R;=
0.73. GC (HP-5): 1=2292. "H-NMR (C4D¢, 500 MHz): 6 =5.75 (q, 1H,
J=1.0Hz), 484 (m, 6H), 4.03 (q, 2H, J=7.2 Hz), 2.73 (m, 2H), 2.11
(m, 2H), 2.00 (m, 8H), 1.61 (m, 9H), 1.53 (d, 3H, J=1.4 Hz), 1.01 (¢,
3H, J=7.1Hz) ppm. “C-NMR (C,D, 125MHz): 6 =166.03 (C,),
160.05 (C,), 149.56 (C,), 149.46 (C,), 145.69 (C;), 116.93 (CH), 110.47
(CH,), 109.61 (CH,), 109.56 (CH,), 59.39 (CH,), 37.78 (CH,), 36.49
(CH,), 36.07 (CH,), 36.04 (CH,), 35.97 (CH,), 33.40 (CH,), 26.82 (CH,),
26.27 (CH,), 26.12 (CH,), 24.89 (CH,), 22.47 (CH5), 14.43 (CH,) ppm. IR
(diamond ATR): v'=3073 (w), 2978 (m), 2935 (s), 2862 (m), 1716 (s),
1647 (s), 1444 (m), 1375 (m), 1227 (m), 1154 (s), 1070 (w), 1037 (w),
886 (s), 858 (W) cm™". HR-MS (Q-TOF, 70 eV): calc. [Cy,H50,] T m/z=
332.2710, found: m/z=332.2715.

Synthesis of (E)-3,15-dimethyl-7,11-dimethylenehexadeca-2,15-
dien-1-ol (39). To a cooled (0°C) solution of the ester (E)-38 (1.97 g,
5.9 mmol, 1.00 eq) in THF (10 mL) was added DIBAL—H (11.9 mL,
11.9 mmol, 1.0 M in hexane, 2.00 eq) and the reaction mixture was
stirred for 1 h at room temperature. The mixture was cooled to 0°C
and a saturated solution of Na—K-tartrate (15 mL) was added. The
resulting slurry was stirred for 2 h to dissolve the precipitate and
the aqueous phase was extracted with Et,0 (100 mL, 3 times). The
organic layers were dried with MgSO, and concentrated under
reduced pressure. The residue was purified by column chromatog-
raphy (petroleum ether/Et,0, 3:1) to yield the alcohol 39 (1.24 g,
4.3 mmol, 73%) as a colourless oil. TLC (pentane:Et,0=2:1): R=
0.30. GC (HP-5): 1=2176. 'H-NMR (C¢,Ds, 500 MHz): 6 =5.40 (ddq,
1H, J=7.9, 6.7, 1.4 Hz), 486 (m, 4H), 4.80 (m, 2H), 3.99 (d, 2H, J=
6.7 Hz), 1.96 (m, 12 H), 1.64 (s, 3H), 1.57 (m, 6H), 1.47 (d, 3H, J=
1.4 Hz) ppm. “C-NMR (C4D,, 125 MHz): 6 =149.53 (C,), 149.52 (C,),
145.66 (C,), 138.14 (C;), 125.04 (CH), 110.50 (CH,), 109.60 (2x CH,),
59.36 (CH,), 39.48 (CH,), 37.77 (CH,), 36.08 (CH,), 36.07 (CH,), 35.98
(CH,), 35.96 (CH,), 26.31 (CH,), 26.21 (CH,), 26.11 (CH,), 22.47 (CH,),
16.12 (CH;) ppm. IR (diamond ATR): v'=3358 (br), 3073 (w), 2965
(m), 2933 (s), 2860 (M), 1727 (w), 1667 (w), 1656 (m), 1444 (m), 1375
(w), 1302 (w), 1021 (m), 886 (s) cm~'. HR-MS (Q-TOF, 70 eV): calc.
[CyoH34017* m/z=290.2605, found: m/z=290.2600.

Synthesis of (E)-3,15-dimethyl-7,11-dimethylenehexadeca-2,15-
dien-1-yl diphosphate (40). To a solution of tris(tetra-n-
butylammonium)hydrogen diphosphate (4.53 g, 5.0 mmol, 1.20 eq)
in acetonitrile (12 mL) a solution of the allyl bromide (made from
1.00 eq of alcohol 39 following the above mentioned general
procedure) was added and the mixture was stirred at room
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temperature overnight. Acetonitrile was removed under reduced
pressure. The residue was dissolved in aqueous NH,HCO; solution
(1.0 mL, 0.25 ™M) and loaded onto a DOWEX 50WX8 ion-exchange
column (NH," form, pH 7.0). The column was flushed slowly with
1.5 volumes of NH,HCO; buffer (25 mm, 5% iPrOH) and the eluate
was lyophilized to yield the diphosphate 40 as a colourless
hygroscopic powder (3.1g, 6.2 mmol, 100%). "H-NMR  (C4Dq,
500 MHz): 6 =5.41 (t, 1H, J=6.7 Hz), 4.70 (m, 6H), 4.47 (m, 2H), 1.98
(m, 12H), 1.68 (s, 3H), 1.55 (m, 6H), 1.38 (m, 3H) ppm. *C-NMR (C,D,,
125 MHz): 0 =149.12 (C,), 148.83 (C,), 144.87 (C,), 14047 (C,),
120.90 (d, CH, *Jcp=9.2 Hz), 110.05 (CH,), 109.03 (CH,), 108.81 (CH,),
62.46 (d, Jp=3.8 Hz), 39.28 (CH,), 37.30 (CH,), 35.78 (CH,), 35.99
(CH,), 35.74 (CH,), 35.53 (CH,),25.85 (CH,), 25.71 (CH,), 25.56 (CH,),
22.13 (CH,), 15.87 (CHs) ppm. *'P-NMR (D,0, 203 MHz): 6 =—9.75 (d,
Jop=19.8 Hz), —10.94 (d, *Jpp=19.1 Hz) ppm. HR-MS (APCI): calc.
for [C50H550,P,]1~ m/z=449.1863; found: m/z=449.1869.

Strains and culture conditions. Streptomyces iakyrus DSM 40482
and Streptomyces exfoliatus DSM 41693 were obtained from the
Leibniz Institute DSMZ - German Collection of Microorganisms and
Cell Cultures GmbH. Both strains were cultivated in 65 medium
(4.0 g glucose, 4.0 g yeast extract, 10.0 g malt extract dissolved in
1L of distilled water, pH 7.2) at 28°C. For agar plates CaCO; (2.0g
L") and agar (20.0g L") were added to the medium. Saccharo-
myces cerevisiae FY834 was grown on SM-URA agar (425 mg yeast
nitrogen base, 1.25g ammonium sulfate, 5g glucose, 192.5 mg
nutritional supplement minus uracil (Carl Roth GmbH, Karlsruhe,
Germany), 5 g agar, 250 mL water).

Buffers. The buffers used for protein purification and incubation
experiments were: binding buffer (20 mm Na,HPO,, 500 mm Nacl,
20 mm imidazole, 1 mm MgCl,, pH=7.4), washing buffer (20 mm
Na,HPO,, 500 mm NaCl, 100 mm imidazole, T mm MgCl,, pH=7.4),
elution buffer (20 mm Na,HPO,, 500 mm NaCl, 500 mm imidazole,
1 mm MgCl,, pH=7.4), incubation buffer (50 mm Tris/HCl, 10 mm
MgCl,, 10% glycerol, 20 mm B-cyclodextrin, pH=28.2) and substrate
buffer (25 mm aq. NH,HCO;).

Gene cloning. The target genes coding for Bnd4 (accession number
WP_033312626) from S. iakyrus DSM 40482 and VenA (WP_
024756998) from S. exfoliatus DSM 41693 were amplified from
gDNA by PCR using Q5 High-fidelity DNA polymerase (New England
Biolabs, Ipswich, MA, USA) and the primer pairs (homology arms
are in bold and underlined; Bnd4-Fw: GGCAGCCATATGGCTAGCAT-
GACTGGTGGAGTGATCA-CCGACGCCGATCT; Bnd4-Rv:
TCTCAGTGGTGGTGGTGGTGGTGCT-CGAGTGTCAAAC-
CAGCGGTCGGGTGG; VenA—Fw: GGCAGCCATAT-GGCTAGCAT-
GACTGGTGGAATGACGACCATCCCGAAGCG; VenA—Rv:
TCTCAGTGGTGGTGGTGGTGGTGCTCGAGTGTCACGCGGGCA-
CCTCCGTGAQ). Yeast homologous recombination of the PCR prod-
ucts with the linearised (BamHI and Hindlll digestion) pYE-Express
shuttle vector® was carried out through the standard protocol
using LiOAc, polyethylene glycol and salmon sperm DNA."? After
transformation of Saccharomyces cerevisiae FY834 cultures were
grown on SM-URA agar at 28°C for 3 days. The recombinant
plasmids were isolated from grown yeast colonies using the
Zymoprep Yeast Plasmid Miniprep Il kit (Zymo Research, Irvine, CA,
USA) and subsequently used for transformation of Escherichia coli
BL21 (DE3) electrocompetent cells. Cells were plated on LB agar
plates amended with kanamycin sulfate (50 ug mL™") followed by
incubation at 37°C overnight. Single colonies were selected and
used to inoculate LB medium (6 mL) liquid cultures with kanamycin
sulfate (6 uL; 50 mgmL™"). After 24 h growth plasmid DNA was
isolated and checked for correct insertion of the desired gene by
PCR amplification of the inserted DNA sequence using the T7
primer pair and by sequencing. The obtained plasmids were named
pPYE-Bnd4 and pYE-VenA.
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Gene expression and protein purification. Small scale cultures of
Escherichia coli BL21 (DE3) transformed with the plasmid pYE-Bnd4
or pYE-VenA were grown in LB medium (10 mL) containing
kanamycin sulfate (50 mgL™") overnight with shaking at 37°C. A
large scale expression culture in LB medium (1L) containing
kanamycin sulfate was inoculated with the grown overnight culture
(2%). Culturing was continued with shaking at 37°C until an
ODgy,=0.4-0.6 was reached. After cooling the culture to 18°C,
enzyme expression was induced by the addition of IPTG solution
(100 mm, 1%o). The cultures were shaken at 18°C for 18 h. Cells
were harvested via centrifugation (1,500 g, 40 min, 4°C), resus-
pended in binding buffer (30 mL, 4°C) and lysed by ultrasonication
(10x 1 min) on ice. The cell debris was removed by centrifugation
(14,600 g, 10 min, 4°C) and the supernatant was loaded on a Ni**
-NTA superflow affinity chromatography column (Qiagen, Venlo,
Netherlands) equilibrated with binding buffer. The column was
washed with binding buffer (2 column volumes, CV, 4°C) and
washing buffer (2 CV, 4°C). The desired protein was eluted with
elution buffer (1 CV, 4°C). Protein purity was checked by SDS-PAGE
analysis (Figure S1) and protein concentrations were determined
through Bradford assay.”

Preparative scale incubation of substrate analogs with recombi-
nant diterpene synthases and compound isolation. For prepara-
tive scale enzymatic conversions the enzyme-substrate combina-
tions as detailed in Table S1 were used (for expression and
purification of the enzymes cf. the references given in Table S1).

Compounds from iso-GGPP I. A solution of the trisammonium salt
of iso-GGPP | (60 mg, 120 pumol) in substrate buffer (20 mL) was
added to incubation buffer (130 mL) containing Bnd4 or VenA
(0.3 mgL™), followed by incubation for 16 h at 30°C. The reaction
mixtures were extracted with n-hexane, the extracts were dried
with MgSO, and the solvent was evaporated, followed by
compound isolation through column chromatography on silica gel
to yield the pure compounds 45 and 47.

Compounds from iso-GGPP IV. A solution of the trisammonium salt
of iso-GGPP IV (60 mg, 120 umol for HdS; 80 mg, 160 pmol for
AbVS) in substrate buffer (10 mL) was added to incubation buffer
(105 mL for HdS; 80 mL for AbVS) containing HdS (0.52 mgL™',
containing 60 mg of protein in total) or AbVS (0.35 mg L, 40 mg),
followed by incubation for 16 h at 30°C. The reaction mixtures
were extracted with n-hexane, the extracts were dried with MgSO,
and the solvent was evaporated, followed by compound isolation
through column chromatography on silica gel to give compounds
48 and 49.

Compounds from iso-GGPP VI. A solution of the trisammonium
salts of iso-FPP Il (70 mg, 162 pmol) and IPP (60 mg, 203 pumol) (as
precursors of iso-GGPP VI using GGPP synthase, GGPPS) in substrate
buffer (10 mL) was added to incubation buffer (65 mL) containing
SoS (1.06 mgL™", 80 mg) and GGPPS (0.86 mgL™', 60 mg) followed
by incubation for 16 h at 30°C. The reaction mixture was extracted
with n-hexane, the extract was dried with MgSO, and the solvent
was evaporated, followed by compound isolation through column
chromatography on silica gel to give compound 51.

A solution of the trisammonium salts of iso-FPP Il (70 mg, 162
umol) and IPP (70 mg, 296 umol) in substrate buffer (10 mL) was
added to incubation buffer (70 mL) containing CyS (1.56 mgL™',
125 mg) and GGPPS (0.94 mgL™", 80 mg) followed by incubation for
16 h at 30°C. The reaction mixture was extracted with n-hexane,
the extract was dried with MgSO, and the solvent was evaporated,
followed by compound isolation through column chromatography
on silica gel to give compounds 52 and 54.

A solution of the trisammonium salts of iso-FPP Il (90 mg, 208
umol) and IPP (100 mg, 338 umol) in substrate buffer (20 mL) was
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added to incubation buffer (150 mL) containing SvS (0.59 mgL™",
100 mg) and GGPPS (0.47 mgL™", 80 mg) followed by incubation for
16 h at 30°C. The reaction mixture was extracted with n-hexane,
the extract was dried with MgSO, and the solvent was evaporated,
followed by compound isolation through column chromatography
on silica gel to give compound 53 and a mixture of 54 and 55.
Compounds 54 and 55 were further separated on AgNO; coated
silica gel (for its preparation 50 g of silica gel were suspended in a
solution of AgNO; (10.0g) in methanol (150 mL) overnight,
followed by rigorous evaporation of the solvent).

A solution of the trisammonium salts mixture of iso-FPP Ill (100 mg,
231 umol) and IPP (100 mg, 338 umol) in substrate buffer (30 mL)
was added to incubation buffer (245 mL) containing SiCotB2
(0.54 mgL™", 150 mg) and GGPPS (0.36 mgL™", 100 mg) followed by
incubation for 16 h at 30°C. The reaction mixture was extracted
with n-hexane, the extract was dried with MgSO, and the solvent
was evaporated, followed by compound isolation through column
chromatography on silica gel. A mixture of 56 and 57 was obtained
that was further separated on AgNO; coated silica gel to obtain
pure 57. The purity of 56 was further improved by HPLC.

Benditerpe-2,7(19),15-triene (45). Yield: 4.3 mg (15.8 umol, 13 %).
TLC (pentane): R;=0.60. GC (HP-5MS): /=1928. MS (El, 70 eV): m/z
(%) =39 (1), 41 (4), 55 (5), 67 (6), 79 (9), 91 (11), 105 (9), 107 (7), 119
(6), 133 (6), 147 (4), 161 (4), 173 (3), 187 (5), 201 (4), 216 (2), 229 (2),
257 (9), 272 (1). IR (diamond ATR): v'=3071 (w), 2924 (s), 2867 (s),
1639 (w), 1452 (m), 1375 (w), 884 (s), 846 (w), 805 (w) cm™". HR-MS
(Q-TOF, 70eV): calc. [CyHsppl™* m/z=272.2499; found: m/z=
272.2495. Optical rotation: [a]y”*= +24.8 (c 0.4, acetone). NMR data
are given in Table S7.

Venezuelaxenene (47). Yield: 2.0 mg (7.4 umol, 6%). TLC (pentane):
R:=0.84. GC (HP-5MS): /=2001. MS (El, 70 eV): m/z (%)=41 (1), 55
(2), 67 (2), 79 (3), 91 (4), 105 (4), 107 (3), 119 (3), 133 (3), 147 (3), 161
(2), 173 (2), 187 (3), 201 (2), 229 (11), 257 (2), 272 (3). IR (diamond
ATR): v'=2924 (s), 2866 (m), 1731 (w), 1672 (w), 1463 (m), 1373 (m),
1312 (m), 1260 (w), 1228 (m), 1081 (m), 1025 (m), 893 (w), 800 (m)
cm™'. HR-MS (Q-TOF, 70 eV): calc. [CyHs,l T m/z=272.2499; found:
m/z=272.2503. Optical rotation: [a]p> = + 18.5 (c 0.2, CH,Cl,). NMR
data are given in Table S8.

Diisocembrene A (48). Yield: 0.63mg (2.3 umol, 1.9%). TLC
(pentane): R;=0.42. GC (HP-5MS): /=1986. MS (El, 70 eV): m/z (%)=
39 (2), 41 (6), 43 (1), 67 (8), 79 (9), 81 (10), 93 (8), 107 (6), 121 (5),
133 (4), 159 (1), 175 (1), 189 (1), 229 (1), 257 (1), 272 (1). IR (diamond
ATR): v'=3070 (w), 2928 (s), 2854 (m), 2180 (w), 1734 (w), 1643 (m),
1439 (m), 1374 (w), 1260 (w), 1093 (w), 1022 (w), 887 (s), 802 (w)
cm™". HR-MS (Q-TOF, 70 eV): calc. [C,oH3,] ™ m/z=272.2499; found:
m/z=272.2502. Optical rotation: [0],” = +30.0 (c 0.06, acetone).
NMR data are given in Table S10.

Prenylisopseudogermacrene B (49). Yield: 040 mg (1.5 umol,
0.9%). TLC (pentane): R;=0.54. GC (HP-5MS): /=2058. MS (El,
70 eV): m/z (%)=41 (18), 53 (5), 67 (9), 69 (14), 79 (7), 93 (22), 107
(5), 109 (2), 121 (3), 135 (4), 147 (2), 161 (2), 175 (1), 187 (1), 203 (1),
229 (1), 257 (1), 272 (1). IR (diamond ATR): v'=2958 (br), 2932 (br),
2852 (m), 2315 (s), 1644 (w), 1375 (s), 1259 (w), 1200 (w), 1083 (w),
1021 (w), 884 (w), 789 (m) cm™'. HR-MS (Q-TOF, 70eV): calc.
[CooHs,l T m/z=272.2499; found: m/z=272.2495. NMR data are
given in Table S11.

Isopentenylpseudogermacrene A (51). Yield: 4.0 mg (14.7 umol,
9.1%). TLC (AgNO; activated TLC plate, pentane:Et,0=8:1): Ri=
0.32. GC (HP-5MS): =2042. MS (El, 70 eV): m/z (%) =39 (3), 41 (13),

5 (7), 67 (10), 69 (8), 79 (12), 93 (11), 107 (9), 109 (3), 121 (4), 135
(2), 147 (3), 161 (3), 175 (2), 190 (2), 203 (4), 229 (1), 257 (1), 272 (7).
IR (diamond ATR): v"=3368 (w), 2922 (s), 2852 (m), 2268 (w), 1650
(w), 1633 (w), 1443 (w), 1382 (w), 1259 (w), 886 (w), 831 (w) c
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HR-MS (Q-TOF, 70 eV): calc. [CyoH3,l T m/z=272.2499; found: m/z=
272.2501. NMR data are given in Table S12.

Isopentenylpseudogermacrene B (52). Yield: 2.0 mg (7.4 umol,
4.6%). TLC (pentane): R;=0.38. GC (HP-5MS): /1=2013. MS (El,
70 eV): m/z (%)=39 (3), 41 (10), 55 (7), 68 (16), 69 (3), 79 (10), 93
(11), 107 (8), 109 (2), 121 (9), 133 (4), 147 (3), 161 (3), 175 (1), 189
(3), 201 (2), 216 (2), 229 (1), 257 (2), 272 (1). IR (diamond ATR): v' =
3352 (w), 2924 (s), 2851 (m), 2144 (w), 1991 (w), 1739 (w), 1657 (w),
1632 (w), 1443 (w), 1381 (w), 1259 (w), 1215 (w), 1097 (w), 1081 (w),
1027 (w), 814 (w) cm™". HR-MS (Q-TOF, 70 eV): calc. [CyoHs3,] ™ m/z=
272.2499; found: m/z=272.2497. NMR data are given in Table S13.

Isopentenylpseudogermacrene C (53). Yield: 1.3 mg (4.8 pmol,
2.3%). TLC (pentane): R;=0.48. GC (HP-5MS): /=2036. MS (EI,
70 eV): m/z (%) =39 (6), 41 (13), 55 (10), 67 (19), 79 (11), 93 (8), 107
(5), 121 (5), 133 (4), 147 (2), 161 (2), 173 (1), 189 (7), 201 (2), 216 (1),
257 (3), 272 (1). IR (diamond ATR): v'=3074 (w), 2917 (s), 2852 (m),
1744 (w), 1649 (w), 1445 (m), 1375 (w), 1259 (w), 1099 (w), 885 (w),
829 (w) cm™". HR-MS (Q-TOF, 70 eV): calc. [CyoH3,]"* m/z=272.2499;
found: m/z=272.2508. NMR data are given in Table S14.

o-Spirocattleyaxenene (54). Yield: 0.4 mg (1.5 pmol, 0.9%). TLC
(pentane): R;=0.48. GC (HP-5MS): I=2118. MS (El, 70 eV): m/z (%)=
39 (3), 41 (9), 53 (5), 55 (9), 67 (12), 79 (10), 81 (11), 93 (9), 105 (11),
107 (5), 121 (5), 135 (2), 147 (2), 161 (1), 189 (1), 201 (1), 272 (4). IR
(diamond ATR): v'=2923 (s), 2850 (m), 1739 (w), 1442 (m), 1377 (w),
1258 (m), 1216 (w), 1090 (m), 1014 (m), 924 (w), 885 (w), 794 (s), 702
(w) cm™'. HR-MS (Q-TOF, 70 eV): calc. [CyH3,]"* m/z=272.2499;
found: m/z=272.2503. Optical rotation: [a];”=-20.0 (c 0.04,
acetone, obtained with CyS); [alp”=+7.5 (c 0.04, acetone,
obtained with SvS). NMR data are given in Table S15.

B-Spirocattleyaxenene (55). Yield: 0.4 mg (1.5 pumol, 0.7%). TLC
(AgNO; activated TLC plate, pentane:Et,0=28:1): R;=0.52. GC (HP-
5MS): 1=2113. MS (El, 70 eV): m/z (%) =39 (2), 41 (7), 53 (4), 55 (6),
67 (9), 79 (11), 81 (10), 93 (8), 105 (5), 107 (6), 121 (8), 135 (3), 147
(3), 161 (2), 189 (2), 201 (3), 216 (1), 229 (1), 243 (1), 257 (1), 272 (4).
IR (diamond ATR): v'=3361 (w), 2969 (m), 2924 (s), 2851 (w), 1738
(s), 1656 (w), 1438 (w), 1365 (m), 1228 (m), 1216 (m), 1206 (m), 885
(w), 527 (w) cm~'. HR-MS (Q-TOF, 70 eV): calc. [CyHs,]™* m/z=
272.2499; found: m/z=272.2494. Optical rotation: [0],” = +5.0 (¢
0.06, acetone, obtained with CyS); [0],”=—2.5 (c 0.04, acetone,
obtained with SvS). NMR data are given in Table S16.

Isobucketwheelene (56). Yield: 3.0 mg (11.0 pmol, 4.8%). TLC
(AgNO; activated TLC plate, pentane:Et,0=15:1): R=0.28. GC (HP-
5MS): 1=2062. MS (El, 70 eV): m/z (%)=39 (3), 41 (9), 53 (6), 55 (7),
67 (10), 79 (12), 81 (13), 93 (9), 105 (4), 107 (6), 121 (6), 133 (5), 147
(2), 161 (2), 175 (1), 189 (1), 201 (1), 257 (1), 272 (1). IR (diamond
ATR): v:=3071 (w), 2978 (m), 2931 (s), 2849 (m), 1731 (w), 1643 (m),
1439 (m), 1381 (w), 1229 (w), 1217 (w), 1099 (w), 887 (s), 831 (w)
cm™'. HR-MS (Q-TOF, 70 eV): calc. [CyoH3,l T m/z=272.2499; found:
m/z=272.2505. NMR data are given in Table S17.

lakyroxenene (57). Yield: 1.8 mg (6.6 pumol, 3.3%). TLC (AgNO,
activated TLC plate, pentane:Et,0=15:1): R;=0.28. GC (HP-5MS):
1=2092. MS (El, 70 eV): m/z (%) =39 (2), 41 (6), 53 (4), 55 (5), 67 (9),
79 (10), 81 (7), 91 (7), 93 (9), 108 (8), 121 (14), 135 (3), 147 (2), 161
(2), 175 (3), 189 (3), 201 (1), 215 (1), 229 (1), 243 (1), 257 (2), 272 (2).
IR (diamond ATR): v'=2925 (s), 2845 (m), 1737 (w), 1441 (w), 1381
(w), 1368 (w), 1229 (w), 1216 (w), 852 (w) cm~'. HR-MS (Q-TOF,
70eV): calc. [CyH3plt® m/z=272.2499; found: m/z=272.2503.
Optical rotation: [a]p”® = +98.0 (c 0.3, acetone). NMR data are given
in Table S18.

Conversion of 41with NBS. To a solution of 41 (11.3mg, 41.6
umol, 1.0 eq) in CH,Cl, was added N-bromosuccinimide (7.4 mg,
41.6 umol, 1.0 eq) at —78°C under argon atmosphere. After stirring

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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at —78°C for 20 min, the reaction mixture warmed to room
temperature over 1h and stirring was continued for another 1 h.
The reaction was quenched by the addition of sat. NaHCO; soultion
and extracted with n-pentane (3x20 mL). The combined organic
layers were dried with MgSO, and concentrated under reduced
pressure. The residues was subjected to column chromatography
(n-pentane) to yield 42 (0.7 mg, 2.00 umol, 5%), 43 (0.6 mg,
1.71 umol, 4%) and 44 (0.3 mg, 0.85 pmol, 2 %).

Bromide 42. R,=0.31 (n-pentane). GC (HP-5MS): /=2473. IR
(diamond ATR): v"=2924 (s), 2853 (m), 1754 (w), 1655 (w), 1634 (w),
1463 (w), 1385 (w), 1170 (w), 888 (w), 795 (w) cm™'. Optical rotation:
[alp®=—42.5 (c 0.03, CH,Cl,). HRMS (APCl): [M—Br]™ calc. for
[CyoHyi 1T m/z=271.2421, found m/z=271.2418. NMR data are
given in Table S2.

Bromide 43. TLC (n-pentane): R=0.50. GC (HP-5MS): /=2460. IR
(diamond ATR): v'=2922 (s), 2853 (s), 1677 (w), 1465 (m), 1441 (m),
1383 (m), 1260 (m), 1090 (m), 1018 (m), 867 (w), 795 (m), 701 (w)
cm™'. Optical rotation: [a]p” = +43.3 (c 0.06, CH,Cl,). HRMS (APCI):
[M=Brl* calc. for [CyHy 1" m/z=271.2421, found m/z=271.2415.
NMR data are given in Table S3.

Bromide 44. R;=0.42 (n-pentane). GC (HP-5MS): /=2285. IR
(diamond ATR): v"=2923 (s), 2853 (m), 2172 (w), 2023 (w), 1720 (w),
1634 (w), 1454 (w), 1259 (w), 1077 (w), 1024 (w), 907 (w), 799 (w)
cm™'. Optical rotation: [a]p” = +56.7 (¢ 0.03, CH,Cl,). HRMS (APCI):
[M—Br]" calc. for [CyH;]" m/z=271.2421, found m/z=271.2426.
NMR data are given in Table S4.
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Two terpene synthases from the pleuromutilin producing fungus
Clitopilus passeckerianus were functionally characterised. The first
enzyme CpTS1 produces the new diterpene clitopilene with a novel
6-6-5-5 tetracyclic skeleton, while the second enzyme CpTS2
makes the new sesquiterpene isopentalenene. The CpTS1 reaction
mechanism was studied in depth using experimental and theore-
tical approaches.

Terpenoids constitute the largest class of natural products with
about 100 000 known representatives. Many terpenoids exhibit
a potent bioactivity and are thus beneficial for human health.
Prominent examples include the anticancer drug taxol from the
Pacific yew Taxus brevifolia," a highly oxidised compound that
is derived from the parent hydrocarbon taxa-4(5),11(12)-diene,>
the antimalaria drug artemisinin from Artemisia annua® that
originates from amorphadiene,”® and ingenol mebutate® used
to treat actinic keratosis that occurs in different Euphorbia spp.
and arises from the diterpene hydrocarbon casbene.”® Also
fungal compounds can be of interest such as the antibacterial
drug pleuromutilin from Clitopilus passeckerianus,’ that is
formed from premutilin."®'" Besides the premutilin synthase,
an enzyme that has been studied for its mechanism,"*"* several
more terpene synthase homologs are encoded in the genome of
C. passeckerianus DSM 1602."* Here we report on the identifi-
cation of two terpene synthases for the novel diterpene clitopi-
lene and the sesquiterpene isopentalenene, and an in-depth
mechanistic study of the clitopilene synthase through isotopic
labelling experiments and DFT calculations.

The coding sequence of two terpene synthase candidates
was obtained through isolation of the mRNA from a C. passeck-
erianus agar plate culture and PCR amplification using reverse

“ Kekuleé-Institute for Organic Chemistry and Biochemistry, University of Bonn,
Gerhard-Domagk-StrafSe 1, 53121 Bonn, Germany. E-mail: dickschat@uni-bonn.de

b Department for Chemistry, University of Cologne, Greinstrafie 4, 50939 Cologne,
Germany

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cc02286f

This journal is © The Royal Society of Chemistry 2024

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Mechanistic characterisation of the diterpene
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transcriptase (RT-PCR). The genes were cloned into the expres-
sion vector pYE-Express and expressed in Escherichia coli BL21
(DE3). For testing of enzyme functions, the purified proteins
(Fig. S1, ESIt) were then incubated with the trisammonium
salts of geranyl (GPP), farnesyl (FPP), geranylgeranyl (GGPP)
and geranylfarnesyl pyrophosphate (GFPP) that were synthe-
sised from the corresponding alcohols according to Poulter’s
standard protocol.”

The first enzyme (CpTS1, accession no. PP777465) exhibited
all highly conserved motifs of type I terpene synthases includ-
ing the Asp-rich motif *DDMVE, the pyrophosphate sensor
Arg180, the NSE triad >’ NDFFSYEVE and the **°RY pair (Fig.
S2, ESIY). The substrate screening only showed a diterpene
synthase activity with GGPP, but no conversion of GPP, FPP or
GFPP (Fig. S3, ESIt). The diterpene hydrocarbon was isolated
and its structure was elucidated through NMR spectroscopy as
the new compound clitopilene (1) with a novel 6-6-5-5 tetra-
cyclic skeleton (Scheme 1 and Table S2, Fig. S4-S11, ESI¥).

The proposed biosynthesis of 1 starts with the ionisation
and 1,11-10,14-cyclisation of GGPP to A. After ring expansion to
B a ring opening leads to C in which the cation at C11 is
stabilised through cation-n interaction with the C10—C14 dou-
ble bond. Subsequent ring closures lead to D and E that is a
common intermediate to biosynthetically related diterpenes
including phomopsene,'®™*® spiroviolene,'® allokutznerene,"”
the cyclopiane-type diterpene,® cattleyene'® and variediene.”"
These steps were shown to be energetically feasible through DFT
computations by Hong and Tantillo.>? Subsequent reactions
specific to the pathway towards 1 include a 1,2-hydride shift
from E to F, a cyclisation to G, and another 1,2-hydride migra-
tion to H. At this point an unusual 1,3-hydride shift to the
secondary cation I may be possible that can undergo a skeletal
rearrangement to J and deprotonation to 1. This proposal is in
full agreement with our results from DFT calculations (Table S3
and Fig. S12, ESIT). Repeated calculations for the first steps gave
a good agreement with the data obtained by Hong and
Tantillo,** while for all steps low reaction barriers were found
(the highest barrier is 12.0 kcal mol™" for the ring expansion

Chem. Commun., 2024, 60, 7041-7044 | 7041
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-58 cm™’ D |-0.1

Scheme 1 Cyclisation mechanisms from GGPP to clitopilene (1) by CpTS1. The numbers in blue boxes are computed energies relative to A (set as
0.0 kcal mol™), numbers in black boxes are reaction barriers, and numbers in red boxes are Gibbs free energies (all in kcal mol™, mPW1PW91/
6-311+G(d,p)//B97D3/6-31g(d,p), 298 K). For each step imaginary frequences of transition states are given. Blue asterisks mark minor conformational
changes between the computed product of one step and the reactant structure for the next step.

from A to B) and the overall process is strongly exergonic (AG =
—51.1 kecal mol " for the transformations from A to J). Notably,
both secondary cations B and I are well stabilised through C-C
hyperconjugation and not much higher in energy than their
direct precursors.

The biosynthesis of 1 was also investigated in a series of
isotopic labelling experiments (Table S4, ESIt). First, the bio-
synthetic origin of each carbon was determined through enzy-
matic conversion of all 20 isotopomers of (**C)GGPP that were
obtained through synthesis'®** or enzymatically from corre-
spondingly labelled shorter oligoprenyl pyrophosphates.>* In
all cases the incorporation of labelling was observed into
positions in line with the above mechanism, which particularly
confirms the skeletal rearrangements in the biosynthesis of 1
(Fig. S13 and S14, ESIt). Furthermore, the three hydride shifts
along the cyclisation cascade were investigated using a strategy
in which the migrating hydrogen was substituted with deuter-
ium and its target position with **C in the same labelled GGPP
precursor molecule. This should lead to a product in which
deuterium is directly bound to ’C yielding a moderately
upfield shifted triplet signal for the labelled carbon in the
3C-NMR spectrum as a result of ">*C-*H spin coupling. The

7042 | Chem. Commun., 2024, 60, 7041-7044

first 1,2-hydride shift from E to F was confirmed through conver-
sion of (3-"*C,2-°H)GGPP'® with CpTS1, showing the expected
triplet for C3 (AS = —0.50 ppm, Jop = 19.2 Hz, Fig. 1A). Along
similar lines, the 1,2-hydride shift from G to H was evident from
an incubation of (7-"*C,6-’H)GGPP, enzymatically prepared from
(3-*C,2-*H)FPP* and IPP with Streptomyces cyaneofiscatus GGPP
synthase (GGPPS),"® with CpTS1 (A6 = —0.54 ppm, Yo p = 19.5 Hz,
Fig. 1B). In these two experiments, the residual signals at the
original chemical shifts of C3 and C7, respectively, are due to
incomplete substrate deuteration. Finally, the 1,3-hydride shift
from H to I was demonstrated with (6-'*C,1,1-*H,)GGPP, obtained
from (2-"*C)FPP and (1,1-°H,)IPP with GGPPS (AS = —0.52 ppm,
Yop = 19.0 Hz, Fig. 1C). In this case, the residual signal resulting
from incomplete deuteration of the substrate shows a minor
upfield shift influenced by deuterium at C1.

For the 1,3-hydride transfer from H to I also the question
about the precise stereochemical course arises, i.e., which of the
two enantiotopic hydrogens at C1 of GGPP is migrating. This
question was investigated using the stereoselectively deuterated
precursors (R)- and (S)-(1-°C,1-*H)IPP*® that were converted
with E. coli isopentenyl diphosphate isomerase (IDI),>” GGPPS
and CpTS1. Product analysis through HSQC spectroscopy

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The hydride shifts in the biosynthesis of 1. (A) The 1,2-hydride shift
from E to F investigated with (3-°C,2-2H)GGPP, (B) the 1,2-hydride shift
from G to H determined with (7-*C,6-2H)GGPP, and (C) the 1,3-hydride
migration from H to I experimentally confirmed with (6-1*C,1,1-2H,)GGPP.
The upfield shifted triplets as a result of **C—2H spin coupling in each
experiment give evidence for the proposed hydride shifts.

This journal is © The Royal Society of Chemistry 2024
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revealed the specific migration of the 1-pro-R hydrogen of GGPP
(blue in Scheme 1), while the 1-pro-S hydrogen (red) remains
bound to C1 (Fig. S15, ESIf).

The same experiment also introduced stereoselective deu-
terations at C5, C9 and C13 of 1, resulting in artificial stereo-
genic centres of known configurations®® at these carbons. The
NOESY based assignments for the relative orientations of the
hydrogens with respect to the naturally present stereogenic centres
in 1 allowed to conclude on its absolute configuration that is
represented by the structure in Scheme 1 (Fig. S16, ESIT). Addi-
tional experiments using DMAPP and (E)- or (2)-(4-">C,4->H)IPP"”
introduced stereoselective deuterations at C4, C8 and C12,
leading to a confirmation for the absolute configuration of 1
(Fig. S17, ESIY).

The second enzyme (CpTS2, accession no. PP777466) con-
tained the Asp-rich motif **DEYSD, the pyrophosphate sensor
Arg178, the NSE triad > NDLYSYNVE and the *'*RY pair (Fig. S18,
ESIt). This enzyme did not accept GPP or GFPP as a substrate, but
efficiently converted FPP, resulting in the formation of an
unknown sesquiterpene (2) besides minor amounts of pentale-
nene (3) and other trace compounds (Table S5 and Fig. S19, ESIt).
Furthermore, a small production of a diterpene hydrocarbon from
GGPP was observed, but was insufficient for compound isolation.
The main product from FPP was isolated and structurally char-
acterised as the new sesquiterpene isopentalenene (Scheme 2 and
Table S6 and Fig. S20-S27, ESIt). Its absolute configuration was
determined through stereoselective deuteration experiments with
(E)- and (2)-(4-*C,4-H)IPP (Fig. S28, ESIT). The biosynthesis of 3
has intensively been studied,”®>* and compound 2 is the alter-
native deprotonation product from the terminal intermediate to 3.

In summary, we have investigated two new terpene synthases
from the pleuromutilin producing fungus Clitopilus passeckerianus.
The first enzyme CpTS1 is a diterpene synthase for clitopilene, a
diterpene hydrocarbon with a novel skeleton. Its biosynthesis was
deeply studied through isotopic labelling experiments and DFT
calculations. While the first steps are analogous to those catalysed
by other cyclopentane forming diterpene synthases,* the later
steps are specific to CpTS1 and proceed through a remarkable

H
2
7 —
L
{ opp
FPP
H
1
H
3

Scheme 2 Conversion of FPP into isopentalenene (2, main product) and
pentalenene (3, minor product) by CpTS2.
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1,3-hydride shift leading to a well stabilised secondary cation,
followed by skeletal rearrangement.

The second enzyme CpTS2 was characterised as a sesquiter-
pene synthase for the new compound isopentalenene, a double
bond isomer of pentalenene known from Streptomyces exfoliatus.
One of the trace products of this enzyme was identified as the
biosynthetically related compound protoillud-6-ene. Notably,
CpTS2 shows amino acid sequence identities between 52% and
48% to previously described protoillud-6-ene synthases from Ster-
eum hirsutum (accession numbers POWEWO and POWEW1)** and
from Agrocybe aegerita (QGA30882 and QGA30883),"" suggesting a
common ancestor of these fungal enzymes.

This work was funded by the Deutsche Forschungsge-
meinschaft (project number 513548540) and by the computing
center of the University of Cologne (RRZK), providing CPU time
on the DFG-funded supercomputer CHEOPS.
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ABSTRACT: The diterpene synthase SxSpS is known to produce H

spata-13,17-diene from geranylfarnesyl diphosphate (GGPP), but g:[i> AN
can also convert farnesyl diphosphate (FPP) and GFPP into A H WH A
structurally similar terpenes. Here we demonstrate that SxSpS is £ P 5w e

even able to produce a triterpene from FFPP. This behavior is
explained by a hydrophobic tunnel observed crystallograpghically

tunnel closed

SxSpS wild type

tunnel open
that is connected to the active site and can accommodate S
nonreacting spectator isoprenoid units, as demonstrated by Y (;@
extensive docking studies. The tunnel is contoured by three | i
small amino acid residues, and their systematic exchange against A H r b
larger residues disrupts the acceptance of higher oligoprenyl b Fdcahotis Ginet SdS-Y152C
diphosphates. A similar tunnel in selina-4(15),7(11)-diene :unn'eTclosed tunnel open

synthase (SdS) is blocked by a gatekeeper, but its opening
through site-directed mutagenesis leads to formation of a diterpene.

KEYWORDS: enzyme engineering, substrate promiscuity, terpenes, protein crystallography, MD simulations

B INTRODUCTION enzymes have the potential to accept several terpenoid
substrates. An example is the bacterial spatadiene synthase
from Streptomyces xinghaiensis (SxSpS) that makes the main
product spata-13,17-diene (1b) from geranylgeranyl diphos-
phate (GGPP, C,), besides small amounts of prenylkelsoene
(2b) and cneorubin Y (3b) (Figure 1).” The biosynthesis of
these products is explained by a 1,10-cyclization of GGPP to A,
followed by a deprotonation with cyclopropanation to 3b. A
reprotonation induced cyclization to B, and sacrificial
carbocyclization with opening of the cyclopropane ring can
lead to C and D as the direct precursors of 1b and 2b,
respectively.

Also, farnesyl (FPP, C;5) and geranylfarnesyl diphosphate
(GFPP, C,;) are converted by SxSpS through analogous
reactions, albeit with lower efficiency, while geranyl diphos-
phate (GPP, C,,) is not accepted. In the present study, we
solved the X-ray structure of SxSpS in the open conformation,
revealing a hydrophobic tunnel between helices C and F that
explains the observed remarkable substrate tolerance. The
precise role of this tunnel was investigated through docking

Terpene synthases (TSs) are remarkable biocatalysts that can
introduce unprecedented structural complexity into structur-
ally simple terpene precursors in just one enzymatic step.
These reactions proceed with a change of hybridization and
bonding status of often more than half of the carbons." This is
explainable by cationic cascade reactions, ie., the processes
inside the active site cavity of a TS are in fact multistep
transformations, and the intermediates can—as a consequence
of their short lifetimes and low concentrations—neither be
observed nor isolated. Therefore, mechanistic investigations
rely on indirect strategies, including isotopic labeling experi-
ments,” the enzymatic transformation of substrate analogues
with blocked or changed reactivity,” and structure-based site-
directed mutagenesis,” or on computational data.’

For the modular type of polyketide biosynthesis, a sequence
of logic and stepwise transformations is catalyzed by domains
and modules that are arranged like pearls on a string. Enzyme
functional and thus structural predictions for the products of
polyketide synthases can today be made with some
confidence.’ In contrast, it is still impossible to predict the
structure of a TS product from the enzyme’s amino acid
sequence. Several recent studies have focused on engineering
approaches to rationally alter the product profiles of terpene
synthases,’ > including changes of the substrate tolerance.
Despite the insights gained from these studies, predictions
about the preferred substrate of TSs are difficult, and some
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Figure 1. Products and cyclization mechanism of SxSpS.

that make the same product. For instance, the (+)-epi-cubenol
synthases from Streptomyces griseus NBRC 13350 and
Nonomuraea coxensis DSM 45129 show an amino acid
sequence identity of only 28%, and the (+)-T-muurolol
synthases from Streptomyces clavuli §erus ATCC 27064” and
Roseiflexus castenholzii DSM 139417 exhibit only 31% amino
acid sequence identity. Good production by SpSpS was also
observed with GFPP as the substrate, yielding prenylspata-
13,17-diene (1c) and geranylkelsoene (2c), which were both
isolated and characterized by NMR spectroscopy (Tables S3
and S4, Figures S7—S22). Compound 2c was previously
tentatively identified by GC/MS as a product of SxSpS but has
not been isolated before. SpSpS showed a similar product
pattern as SxSpS with FPP, including bicyclogermacrene (3a),
germacrene A (4), and germacrene D (5), and only formed
acyclic products besides traces of limonene from GPP (Figure
S4, Table S2).

We recently discovered three fungal nonsqualene triterpene
synthases that convert farnesylfarnesyl diphosphate (FFPP,
Cy) into triterpenes.’’ The substrate tolerance of SxSpS
ranging from FPP to GFPP prompted the question of whether
FFPP can also be converted by this enzyme. Remarkably,
FFPP was indeed accepted but only converted sluggishly into a
triterpene hydrocarbon (Figure S23), likely because FFPP is
poorly soluble in the aqueous medium. Nevertheless, the
product was formed in sufficient amount for compound
isolation, allowing its structural characterization as geranylspa-
ta-13,17-diene (1d) (Table SS, Figures S24—S30). Further-
more, farnesylkelsoene (2d) was tentatively identified as a side
product by GC/MS (Figure S23) The substrate flexibility of
SxSpS was further demonstrated by the conversion of iso-
GGPP 111, a synthetic GGPP analogue with a shifted double
bond,* resulting in the formation of iso-spata-13,17-diene (6)
(Figure 2, Table S6, Figures $31—S38).

studies and site-directed mutagenesis experiments. A similar
tunnel is observed in selina-4(15),7(11)-diene synthase (SdS),
but here the tunnel is blocked by a gatekeeper residue. Enzyme
engineering through opening of this tunnel widened the
substrate scope of SdS for the conversion of GGPP.

B RESULTS AND DISCUSSION

For the current study, a TS homologue from Streptomyces
platensis DSM 40041 (accession number WP_085926110) was
investigated. This enzyme is closely related to the epi-cubenol
synthase from Streptomyces griseus NBRC 13350 (Figure S1)
and shows all highly conserved motifs required for enzyme
function (F1%ure S2), including the Asp-rich motif
(77DDQLDD) the NSE triad (***NDVYSLAKE),** the
32RY pair,”® and the pyrophosphate sensor (Argl78).* Its
gene was cloned into the expression vector pYE-Express,”” and
the purified recombinant enzyme (Figure S3) was tested with
substrates GPP, FPP, GGPP, and GFPP (Figures S4 and SS,
Table S2). The highest activity was observed with GGPP that
was converted into spata-13,17-diene (1b) as the main product
and prenylkelsoene (2b) as a side product, identifying the
enzyme from S. platensis as a spata-13,17-diene synthase
(SpSpS). This result was unexpected because SpSpS is
monophyletic to epi-cubenol synthases and polyphyletically
separated from SxSpS (Figure S6) and because SpSpS and
SxSpS showed only 53% amino acid sequence identity. Also,
some previous cases of phylogenetically distant TSs are known
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Figure 2. Conversion of iso-GGPP III by SxSpS.

All compounds produced by SxSpS from the substrates FPP,
GGPP, GFPP, FFPP, and iso-GGPP III are formed with
participation of only the first three isoprene units in the
cyclization cascade, while eventually attached further units are
only present as spectators not directly involved in the reaction.
To investigate this interesting phenomenon in depth, an X-ray
crystal structure of SxSpS was obtained in the open
conformation in complex with one Mg?* bound to the NSE
triad, named SxSpS-Mg** (Figure 3A, Table S7). This
structure showed the typical a-helical fold of type I terpene
synthases first reported for avian farnesyl diphosphate
synthase® and the unique helix G break motif with the
effector triad **’GALI involved in substrate ionization. The first
28 amino acid residues of SxSpS-Mg>" appeared disordered
(Figure S39) and may represent an anchor to an unknown
cellular target. Notably, removal of these residues did not affect
enzyme activity (Figure S40), and MD simulations of the
protein in a periodic water box of 1000000 A* over 10 ps at
298.15 K gave no hints that the disordered loop structure may
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Figure 3. X-ray crystal structure of SxSpS-Mg**. (A) Open conformation in complex with one Mg®" (SxSpS-Mg’*). The NSE triad binding to Mg>*
is shown in cyan. The stylized eye and the arrow indicate the view into the substrate tunnel. (B) View into the substrate tunnel that is limited at the
bottom by F170, L174, and V211 (gray). The small residues C177, A181, and A18S (purple) create the space to accommodate spectator isoprene
units. (C) Docking of FFPP to SxSpS shows that its tail stretches out into the hydrophobic tunnel. (D) Crystal structure of SdS (PDB: 40KZ)
showing the analogous residues Y152, V156, and A160 (purple). The gatekeeper Y152 blocks the entrance to the hydrophobic tunnel. Mg** are

shown as black spheres, DHFPP = 1,2-dihydro-FPP.

close the observed substrate tunnel (Supporting Movie 1).
Even prolonged simulations over 10 ns at 373.15 K did not
lead to major conformational changes (Supporting Movie 2).

The SxSpS-Mg”* crystal structure revealed the presence of a
hydrophobic tunnel along helix F that is directly connected to
the active site and closed at the back by the three residues,
namely, F170, L174, and V211 (Figure 3B). This tunnel is kept
open by three aligned small residues (C177, A181 and A18S)
and is ca. 12 A long and S A in diameter, exhibiting a space of
~250 A% which is sufficient to accommodate up to three
isoprene units (the calculated van der Waals volume of one
isoprene is 74 A%).'>** Thus, the tunnel may take up the
spectator units and explain their nonparticipation in the
cyclization reaction. This hypothesis was tested by docking the
substrate FFPP into the SxSpS-Mg*" structure, revealing that
its tail can indeed stretch out into the hydrophobic tunnel
(Figure 3C). Analogously, docking of GFPP and GGPP
resulted in the binding of the substrate tails to the substrate
tunnel (Figure S41).

A comparison of the SxSpS-Mg?* structure to the X-ray
structure of selina-4(15),7(11)-diene synthase in complex with
three Mg®" ions and the substrate analogue 1,2-dihydro-FPP
(SdS, PDB: 40KZ)*° reveals that the positions of the spacious
substrate tunnel are in two cases occupied by larger residues
(Y152 and V156), while the most distant residue from the
active site is in both cases Ala (compare Figures 3B and D).
Thus, in SdS the tunnel entrance is blocked by the gatekeeper
Y152, and as a consequence SdS can only catalyze the
conversion of FPP into selina-4(15),7(11)-diene (10, Figure
4) but does not accept larger substrates such as GGPP and
GFPP. Interestingly, the position of C177 is highly conserved
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Figure 4. Conversion of FPP into 10 and of GGPP into 7 by SdS,
followed by thermal rearrangement to 7% or acid-induced cyclization
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in SxSpS and 36 SpS homologues from other organisms
(Figure S42), whereas all 212 epi-cubenol synthase homo-
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Figure 5. Relative terpene production of (A) SxSpS and (B) SdS (wild type and enzyme variants). Blue bars represent products from FPP, green
bars represent products from GGPP, olive bars represent products from GFPP, and orange bars represent products from FFPP. The sesquiterpene
production of SdS and the diterpene production of SxSpS were set to 100%. All data were obtained from triplicate (mean + standard deviation,
Tables S9 and S10).

logues included in the tree shown in Figure S6 contain a Tyr in studies with enzyme variants can be done with their
this position (one exemplary sequence of the functionally AlphaFold2-generated structures. Such docking experiments
characterized epi-cubenol synthase from S. griseus22 was added with the SxSpS-C177Y model and GGPP, GFPP, or FFPP did
to Figure S42), which may be an important structural not lead to any meaningful enzyme—substrate complexes.
difference to switch between the function as a synthase for Taken together, the introduction of large residues in all three
sesquiterpenes or diterpenes and even higher terpenes. positions of the hydrophobic tunnel had an especially negative

The roles of the small tunnel residues in SxSpS and of the impact on sester- and triterpene biosynthesis, in agreement

gatekeeper in SAS were tested through a series of systematic with the hypothesis that this tunnel can occupy spectator units
site-directed mutagenesis experiments (Figure SA, Tables S8— during terpene cyclization.
S10). Indeed, the C177F variant of SxSpS completely lost the On the contrary, exchange of the gatekeeper Y152 in SdS
activity with GGPP and larger substrates, while sesquiterpene against smaller residues (Y152A and Y152C) resulted in the
synthase activity was retained. The C177V and C177L enzyme acceptance of GGPP and its conversion into one diterpene
variants lost sester- and triterpene synthase activity (only traces hydrocarbon, which showed a thermal reaction during GC/MS
were observed in the C177V variant) but retained sesqui- and analysis (Figures SB and S43). This compound was isolated
diterpene production. The exchange of C177 against a smaller from the more productive Y152C variant and structurally
residue (C177A) showed the strongest effect for triterpene characterized as prenylgermacrene A (7) (Figure 4, Table S11,
production, which was almost four times higher than with the Figures $44—S51). Germacrene A (4) is known to undergo a
wild type enzyme. Overall, there is a clear trend for position Cope rearrangement to f-elemene,” >’ suggesting a rear-
177: the smaller the residue in this position is, the more rangement of 7 to prenyl-f-elemene (7*) during GC/MS
effective larger substrates can be accepted. analysis.

The next position going outward from the active site is Upon chromatographic purification, not only 7 but also
A181. If a large residue is introduced in this position (A181F), known lobophytumin C (8)*° and prenyl-a-selinene (9) were
the enzyme can only convert FPP, but none of the larger isolated (Tables S12 and S13, Figures S52—S67). These
substrates. For a smaller residue as in the A181L variant, traces bicyclic hydrocarbons were formed during the contact with
of diterpenes can be formed from GGPP, and the A181V slightly acidic silica gel, similar to the reported behavior of 4
exchange only leads to reduced amounts of products from all that reacts to a- and fB-selinene upon column chromatographic
substrates larger than FPP. Again, the same inverse correlation purification.”” Heating of a solution of 7 in Ph,O to 180 °C
between the size of the residue and the tolerance toward large in a pressurized tube gave access to the Cope rearrangement
substrates is observed. product 7* (Table S14, Figures S68—S75).

For the most exterior position A185, exchange against a The absolute configurations of 7—9 and 7* were determined
large residue (A18SF) leads to a loss of sester- and triterpene by comparing optical rotations to previously reported data for
synthase activity, with reduced production of sesqui- and the same or structurally related compounds (Figure
diterpenes. For the A185L variant, terpene production from all §76).7>°%* %% An independent method to establish the
four substrates was reduced, and a similar but less pronounced absolute configuration of 7 made use of a stereoselective
effect was observed for the A185V variant. Also for this deuteration strategy (labeling experiments are summarized in
position, the introduction of large substrates had an especially Table S15). Dimethylallyl diphosphate (DMAPP) plus (R)- or
negative impact for the production of terpenes from large (8)-(1-C,1-2H)IPP*” were converted with Streptomyces
substrates. The reason why sesquiterpene production is also cyaneofuscatus GGPP synthase (GGPPS)** and SdS-Y152C
strongly affected in the A18SF variant is unclear, but a possible into 7 containing stereoselectively deuterated carbons of
explanation may be a major structural disturbance. known configuration.”® The relative orientation of the naturally

The SxSpS-Mg>" structure aligned well with an AlphaFold2 present to the artificially introduced stereogenic centers
model of SxSpS with rmsd = 0.577, suggesting that docking allowed the identification of the absolute configuration of 7
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(Figure S77). The additional "*C-label in these experiments
enabled a highly sensitive analysis through HSQC spectrosco-
py. Analogous experiments with DMAPP plus (E)- or (Z)-
(4-3C,4-*H)IPP** demonstrated the same absolute config-
uration of 7 (Figure S78). Upon heating of the samples from
all four labeling experiments the Cope rearrangement to 7%
was induced, and analysis through HSQC spectroscopy gave
insights into its absolute configuration (Figure S79 and S80).

B CONCLUSIONS

In conclusion, SxSpS not only has sesqui-, di-, and
sesterterpene synthase activity but also can convert FFPP
into a triterpene hydrocarbon. After the discovery of three
fungal enzymes,’’ SxSpS represents the first bacterial non-
squalene triterpene synthase. All substrates from FPP to FFPP
are cyclized with participation of only the first three units,
always leading to the same tricyclic core; additional terpene
units have a spectator role and just remain attached as a tail.
We have identified a hydrophobic tunnel linked to the active
site that can explain this behavior: only the first three terpene
units of each substrate can enter the active site, and they always
adopt the same conformation, explaining analogous cyclization
reactions for all substrates. Additional terpene units accom-
modate the hydrophobic tunnel and do not participate in the
terpene cyclization process. This interpretation is supported by
the effects upon closing the tunnel at its entrance: exchange of
a small to a large residue (C177F) completely disrupts the
activity for all substrates larger than FPP. A similar hydro-
phobic tunnel is observed in SdS, but here the entrance into
this tunnel is naturally blocked by a large residue. Opening of
the tunnel through exchange to a small residue enables the
conversion of GGPP, with participation of only the first three
terpene units.

Hydrophobic tunnels stretching out from the active site are
also observed in Streptomyces viridochromogenes 7-epi-a-
eudesmol synthase (SvES)*>* and Streptomyces pratensis
(1(10)E,4E,6S,7R)-germacradien-6-ol synthase (SpGdolS),*
but in these enzymes the entrance into the tunnel is also
blocked by large residues (Figure S81). We will investigate
these and other type I TSs for the possibility to open these
tunnels for expanded substrate acceptance in due course. Also,
further structural work aiming at a ligated enzyme complex is
ongoing to experimentally show the accommodation of
spectator units by the hydrophobic tunnel of SxSpS.

B MATERIALS AND METHODS

Materials and methods are described in detail in the
Supporting Information.
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On the Role of Hydrogen Migrations in the Taxadiene System

Heng Li, Bernd Goldfuss, and Jeroen S. Dickschat*

Abstract: Taxa-4,11-diene is made by the taxa-4,11-diene
synthase (TxS) from Taxus brevifolia. The unique
reactivity of the taxane system is characterised by long
distance hydrogen migrations in the biosynthesis. This
study demonstrates that selective long range hydrogen
migrations also play a role in the high energy process of
the EI-MS fragmentation of taxa-4,11-diene. A TxS
enzyme variant was generated that produces cyclo-
phomactene, a compound that is formed through a
concerted process involving a long range proton shift
and a ring closure that can also be described as the
addition of a methylcarbinyl cation to an olefin. Based
on a previous computational study the cyclisation
mechanism towards taxa-4,11-diene was suggested to
involve two long distance proton migrations instead of
one direct transfer. A substrate analog with a shifted
double bond was converted with TxS to obtain exper-
imental evidence for this proposal. )

Introduction

Taxol was first isolated from the stem bark of Pacific yew
(Taxus brevifolia).! The compound exhibits a pronounced
cytotoxicity by enhancing the polymerisation of tubulin®
and is in clinical use for the treatment of various types of
cancer. The low content in the bark and the slow growth of
the tree lead to a supply problem that is addressed through
genetic engineering of microbial strains,®* which requires
profound knowledge of the biosynthetic genes and enzymes
involved in its biosynthesis.”

The first committed step is catalysed by taxa-4,11-diene
(1) synthase (TxS, Scheme 1) that has originally been
purified from Taxus brevifolia,' followed by cloning and
heterologous expression of its coding nucleotide sequence
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and functional characterisation of the enzyme.!'"! The crystal
structure of TxS has been reported!” and the enzyme has
extensively been investigated through site-directed
mutagenesis."™!) Initially suggested mechanisms®?!! for the
formation of 1 start with the abstraction of diphosphate
from the diterpene precursor geranylgeranyl diphosphate
(GGPP) to yield cation A. A subsequent 1,14-cyclisation to
B and a 10,15-cyclisation result in C that were suggested to
undergo a deprotonation from C10 to a neutral intermediate
(verticillene) and its reprotonation to E.* However,
incubation experiments with (10-*H)GGPP revealed a
retainment of deuterium with incorporation into Hé6a of 1,
leading to the suggestion that C may react in a direct 1,5-
proton transfer from C10 to C6 to yield E.?!! The ultimate
2,7-cyclisation to F and deprotonation from C4 would then
result in 1.

Also several stereochemical details of the cyclisation
process have been investigated. The stereospecificity of the
terminal deprotonation step was investigated using (R)-
(4*H)GGPP, showing selective removal of a proton from
the Re face at C4.’! Incubation experiments with stereo-
selectively deuterated (R)- and (S)-(1-H)GGPP revealed
the inversion of configuration at Cl in the initial 1,14-
cyclisation, and a selective deuterium labelling at Mel6,
realised in the substrate (16,16,16-’H;)GGPP, established a
stereochemical course for the 10,15-cyclisation from B to C
with attack at C15 from the Re face (for unlabelled GGPP,
this is identical to the Si face of GGPP deuterated at
Cl16).1

DFT calculations using the B3LYP/6-31+ G(d,p) meth-
od reveiled that the situation for the intramolecular proton
migrations is more complex than initially anticipated. Be-
sides the direct conversion of C to E also two sequential 1,5-
proton transfers with translocation of a proton from C10 to
C2 (C to D) and then from C2 to C6 (D to E) are
possible.**! Interestingly, the energy barriers for the two-
step process from C to E were lower than for the direct
proton shift.”** The existence of cation D was also
supported by a docking study,™ while QM/MM calculations
in the environment of the enzyme by Major and co-workers
suggested a slight energetic preference for the direct
pathway.”? In contrast, QM/MM calculations by Thiel and
co-workers were in favour of the C-D-E transformation.®?"*!

The cyclisation cascade was further interrogated using
substrate analogs with a reduced reactivity (Scheme 2). The
enzymatic conversion of (R)- and (S)-10,11-dihydro-GGPP
resulted in the corresponding stereoisomers of 9,”’! while 6-
fluoro-GGPP with an electronically buffered reactivity in
the C6=C7 double bond yielded several fluorinated diter-
penes including the main product 10.”"' Also 7-desmethyl-
GGPP has a reduced reactivity in the C6=C7 double bond,
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Scheme 1. Taxa-4,11-diene biosynthesis. A) Mechanism for the cyclisation of GGPP to 1 and biosynthetically related products by TxS and its enzyme
variants. For isolated products the source enzymes are given in boxes. The numbers in boxes are computed energies (in kcal/mol) of intermediates
relative to A (set to 0.0 kcal/mol, blue), reaction barriers (Gibbs free energies of activation at 298.15 K, black) and Gibbs free reaction energies
(red) relative to each preceeding intermediate. All structures were computed using the mPW1PW91/6-311 +G(d,p)//B97D3/6-31 G(d,p) method
(298 K). Asterisks indicate conformational changes needed between the product of one transformation and the starting structure of the next step.
All carbon numbers follow GGPP numbering, which is different to the accepted carbon numbering of taxanes.!"
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Scheme 2. Products obtained with TxS from GGPP derivatives.

because its participation in proton transfers or cyclisation
reactions would lead to a secondary cation. Consequently,
the bicyclic hydrocarbon 11 was isolated from this
substrate.”!] While 9 and 10 represent the deprotonation
products of the analogs of intermediates B and C, compound
11 arises from a C analog by hydride and methyl migrations
and deprotonation.

Here we report on advanced isotopic labelling experi-
ments to investigate the cyclisation cascade towards 1 and its
EI-MS fragmentation mechanism. Site-directed mutagenesis
and incubation experiments using a substrate analog with a
shifted double bond gave additional insights into the unusual
long-range proton shifts in the biosynthesis of 1 and related
molecules.

Results and Discussion

All experiments performed in this study are based on a
truncated and His-tagged taxadiene synthase lacking 78
amino acids at the N-terminus, further referred to as “TxS”
in this study. This enzyme is known to give high yields of
soluble protein in the expression in Escherichia coli (Fig-
ure S1) and exhibits a high activity in the in vitro conversion
of GGPP into taxa-4,11-diene (1, 87 %) and its double bond
isomer taxa-4(20),11-diene (2) (13 %).*%

The isotopic labelling experiments performed in this
study are summarised in Table S1. For interpretation of the
results 1 and 2 were isolated from a preparative scale
incubation of GGPP (Table S2), followed by a complete
NMR assignment (Tables S3 and S4, Figures S2-S10). Com-
pound 2 has initially been identified as a TxS product by
GC/MSH in comparison to a synthetic authentic standard,"
but has never been isolated before from an enzymatic
reaction with TxS. For an unambiguous assignment of all

Angew. Chem. Int. Ed. 2025, 64, €202422788 (3 of 9)

Research Article

Angewandte

intemationaldition’y) Chemie

diastereotopic hydrogen atoms incubation experiments with
(R)- and (S)-(1-°C,1-*H)isopentenyl diphosphate (IPP),”!
and with dimethylallyl diphosphate (DMAPP) plus (E)- or
(2)-(4-FC4-"H)IPPP® were performed (Figures S11 and
S12). These stereoselectively deuterated precursors were
enzymatically converted into 1 with E. coli isopentenyl
diphosphate isomerase (IDL?” only used for the substrates
labelled at C1), Streptomyces cyaneofuscatus GGPP synthase
(GGPPS)™ and TxS, followed by HSQC analysis of the
product, showing vanished crosspeaks for the hydrogens
substituted by deuterium. As a result, a correction for the
previous hydrogen assignment at C9 of 1® is necessary
(Table S3). These experiments require knowledge about the
stereochemical course of the oligomerisation of the terpene
precursor monomers®” and about the absolute configuration
of 1 that can be inferred from the absolute configuration of
taxol!! and has been established through enantioselective
synthesis. "

The conversion of all twenty isotopomers of (*C)GGPP,
obtained through chemical synthesis®®*! or by enzymatic
preparation from its correspondingly labelled prenyl diphos-
phate precursors,®#*! with TxS confirmed the general
carbon skeleton assambly including the precise stereochem-
ical course for the geminal Me groups C16 and C17
(Figures S13 and S14).%? The EI mass spectrum of 1 exhibits
a base peak ion at m/z 122 (Figure S15), and inspection of
the mass spectra of its singly "“C-labelled isotopomers
showed an increase to m/z 123, if one of the carbons marked
by the blue dots in Scheme 3 is substituted with "“C,
indicating that this fragment ion arises from the nine carbons
in the eastern portion of 1 (Figures S16 and S17). Mechanis-
tically, this is explainable by the ionisation of 1 to A**,
which preferentially takes place at the highest substituted
(most electron rich) double bond, followed by a retro-Diels—
Alder (RDA) fragmentation to B*™* and a hydrogen
migration to C**. A subsequent hydrogen migration to D**
induces the neutral loss of ethylene by a-fragmentation to
E** that can undergo another hydrogen rearrangement to
F** and a-cleavage to G** (m/z 122) (Scheme 3).

This fragmentation mechanism was further investigated
through DFT calculations (Table S5, Figure S18), revealing
the higest activation barrier (+35.8 kcal/mol) and a strongly
positive Gibbs free energy (+36.1 kcal/mol) for the RDA,
which can be overcome by the high ionisation energy used
(70 eV~ 1614 kcal/mol) that leaves the molecule after ion-
isation in a highly excited state. B** is obtained in a
conformation that enables the next hydrogen transfer to C**
through a distance of 3.4 A between H2 and C12 (Fig-
ure S19A) with a low reaction barrier (12.4 kcal/mol). Also
C** is formed with a short distance of 2.6 A between C14
and H16 for the next hydrogen transfer to D** (Fig-
ure S19B). In this case the barrier is much higher (31.8 kcal/
mol), because the reaction leads to a primary radical cation.
After a-cleavage of ethylene to E** a conformational change
is required to allow for the hydrogen migration to F**
(Figure S19C). The reaction barriers for both steps and the
terminal a-fragmentation are with ca. 6 kcal/mol in all three
cases low. A key step of this mechanism is the long range
hydrogen migration from C2 to C12 (B** to C**) that was
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Scheme 3. EIMS fragmentation mechanism for the base peak ion m/z
122 of 1. Blue dots indicate carbons for which a substitution with '>C
leads to an increase of the base peak ion to m/z 123. The numbers in
boxes are computed energies (in kcal/mol) of intermediates relative to
A (set to 0.0 kcal/mol, blue), reaction barriers (Gibbs free energies of
activation at 298.15 K, black) and Gibbs free reaction energies (red)
relative to each preceeding intermediate. All structures were computed
using the mPW1PW91/6-311 +G(d,p)//B97D3/6-31 G(d,p) method
(298 K).

investigated through incubation of (2-’H)GGPP™! with TxS
and analysis of the product 1 by GC/MS (Figure S20).
Observation of the base peak at m/z 122 confirmed the loss
of deuterium from the corresponding fragment ion and thus
the long distance hydrogen migration during the fragmenta-
tion reaction.

TxS has been extensively studied through site-directed
mutagenesis.'"'?! All previously reported enzyme variants
have been designed based on the structure of the enzyme
and have targeted active site residues. The results revealed
that TxS is highly sensitive to reshaping of the active site, as
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many of the tested enzyme variants were inactive or
exhibited a strongly reduced production (Tables S6-S8).
Frequently observed products include, besides 1 and 2, the
hydrocarbons verticilla-4(20),7,11-triene  (3),*! verticilla-
3,7,12-triene (4),""! and cembrene A (6)"” that can be
explained as the deprotonation products of intermediates B,
C, and D, respectively (Scheme 1). Also verticilla-3,7,11-
triene (5) has tentatively been identified from wildtype TxS
and various enzyme variants,'*"”! but has never been
isolated and properly structurally characterised. Moreover,
its isomer 3 has been isolated with NMR-based structure
elucidation from various plant sources,“***! but its structure
was confused with that of 5 in a later publication,*”) resulting
in the assignment of a CAS number and a confusion about
the identity of 5§ as a TxS product. We tried to isolate this
material from a large scale enzyme incubation, but unfortu-
nately the production of § was too low for an unambiguous
structure elucidation. Based on GC/MS data we can confirm
the observation of the same compound as reported by Briick
and co-workers," but its identity remains at the end
unclear. Notable discoveries are the selective formation of 4
by the Q609G variant and the good production of 2 by the
Y688L variant.!'!

This work was expanded through the investigation of
additional enzyme variants, addressing the active site
residues shown in Figure 1A (the results are summarised in
Figure 1B, Table S8 and Figure S21). Several of these
residues have not been tested before, including E583, G606
and 1848. All three enzyme variants E5S83D, ES83M and
E583A were inactive, demonstrating that amino acid
exchanges in this position even against the structurally
similar Asp are critical. A structural analysis revealed a
hydrogen bond of E583 to a cluster of four water molecules
at the enzyme surface (Figure S22), suggesting that E583
serves as a gatekeeper that blocks the entrance of water to
the active site. The G606A variant showed a reduced
productivity, but a good selectivity for 4, giving access to an
enzyme for the selective production of this compound. This
variant also formed a side product that was isolated and
structurally characterised as the new compound cyclopho-
mactene (8) (Table S9, Figures S23-S30). The exchange of
1848 against other hydrophobic residues gave surprising
results: While the 1848V variant only showed a moderately
reduced activity, the I848L variant was completely inactive.
A comparison of the X-ray structure with an AlphaFold2
model of the I848L variant reveals a strong disturbance of
F834, a residue presumably involved in a cation-n stabilisa-
tion of Intermediate B, causing a rotation of F834 by ca. 90°
and explaining the loss of acivity, while only a minor
disturbance is observed in the 1848V variant (Figure S31).

Additional enzyme variants targeted active site positions
that were investigated before,"®! but with exchange to
different residues than in the previous experiments. R580
adopts two alternative conformations. Its exchange against
another basic residue in the R580K variant or against a large
hydrophobic residue (R580M) resulted in inactivity. Aro-
matic active site residues are potentially involved in the
stabilisation of cationic intermediates. The exchange of F602
and F834 against Tyr gave in both cases a lower productiv-
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Figure 1. Site-directed mutagenesis of TxS. A) Active site residues
targeted by site-directed mutagenesis in this study (based on the X-ray
structure of TxS, PDB 3P5R). Enzyme variants shown in green were
catalytically active, those shown in red were inactive. B) Relative
production of enzyme variants. The sum of compounds produced by
the wild-type (WT) was set to 100%. Bars represent means from
triplicates. For standard deviations cf. Table S8.

ity, while the F602H variant was inactive. The V584A
variant resulted in a substantially lower production of 1,
with additional formation of 6. The most interesting results
were obtained with the V610T variant that completely lost
the ability to produce 1. Instead, compounds 4 and 6 in
addition to another diterpene hydrocarbon (7) that could
not be identified by GC/MS were obtained. Compound 7
was isolated and identified as a known macrocyclic diter-
pene hydrocarbon for which we propose the name cembrene
D (Figure S32, Table S10). The same hydrocarbon 7 was
previously isolated from the soft coral Sarcophyton
glaucumP” and is a side product of the diterpene synthase
DtcycA from Streptomyces sp. SANK 60404.P!

The formation of the new compound 8 was investigated
through DFT calculations using the advanced mPW1PW91/
6-311 + G(d,p)//B97D3/6-31G(d,p) method. These calcula-
tions showed similar results as previously obtained with
three different methods (including B3LYP/6-31+ G(d,p),
mPW1PW91/6-31 + G(d,p)//B3LYP/6-31+ G(d,p) and
MPWBI1K/6-31+ G(d,p)//B3LYP/6-31+G(d,p)) for the re-
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actions from intermediate A to F%?! (Scheme 1, Table S11,
Figure S33). In particular, the sequence of two 1,5-proton
shifts (C-D-E) was favoured over the direct 1,5-proton shift
from C to E by the lower reaction barriers. The pathway to
8 branches out from C by a 1,2-hydride shift to G and a 1,2-
methyl group migration to H, the precursor of the fungal
compound phomacta-1(14),3,7-triene for which recently a
type 1 terpene synthase was discovered.®* An intra-
molecular 1,7-proton transfer to I may then be followed by
an unusual 7,17-cyclisation to J, a 1,2-hydride shift to K, a
2,14-cyclisation to L and deprotonation to yield 8. The DFT
calculations revealed an overall smooth energy profile for
this biosynthetic process, but also uncovered a surprising
direct transformation from H to J with skipping of the
intermediate I, which shows with 13.9 kcal/mol the highest
activation barrier and is thus the rate-limiting step towards
8. The conversion of H into J can be understood as a direct
addition of a C—H bond of Mel7 to the olefinic C6=C7
bond. This unusual step was further investigated through an
isotopic  labelling experiment. For this purpose,
(4,4,4,5,5,5"Hg)DMAPP was synthesised from (*Hg)acetone
(Scheme S1) and incubated with (2-"C)IPP and GGPPS to
obtain (2,6-°C,,16,16,16,17,17,17-*H;)GGPP. Its conversion
with TxS-G606A resulted in a strongly reduced production
of labelled 8 in comparison to the production from
unlabelled GGPP (Figure S34), which is explained by the
large computed kinetic isotope effect of ky/kp,=7.2 (Sche-
me 4A). As a consequence, the expected triplet signal in the
BC NMR (as a result of “C-’H spin coupling) for the
BC*H'H group (C6) of 8 formed by the deuterium migration
from C17 to C6 was not observed. However, GC/MS
analysis of the product revealed that all six deuterium atoms
of the substrate remained in the product 8 (Figure S34),
giving experimental support for the C17-to-C6 proton trans-
fer. The pronounced kinetic isotope effect for the H-to-J
transformation in the biosynthesis of 8 compares to smaller
computed values for the 1,5-proton shifts in the biosynthesis
of 1 (Scheme 4B-D).

Based on isotopic labelling experiments, a similar 1,7-
proton shift has also been suggested for the biosynthesis of
cephalotene, the product of the diterpene synthase CsCTS
from Cephalotaxus sinensis, whose biosynthesis also pro-
ceeds through intermediate J, then branching out to M and
N (Scheme 1).5 The results from the labelling experiments
provided in this previous and in the present study support
analogous long range proton migrations in the biosynthesis
of 8 and cephalotene, while our DFT calculations clarify the
unique mechanism for the formation of J.

We have recently demonstrated the efficient conversion
of iso-GGPP I, an isomer of GGPP with the C6=C7 double
bond shifted into the C7=C19 position, with a large variety
of diterpene synthases. The minor structural changes in iso-
GGPP I have resulted in unexpected reactivities leading to
the formation of many new compounds with previously
unknown skeletons.”>>” The conversion of iso-GGPP I with
TxS yielded the novel compound taxaxenene (12) as the
major product (Figure S35) that was isolated and structur-
ally characterised by NMR spectroscopy (Table S12, Figur-
es S36-S43). Xenenes are a family of compounds from iso-
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Scheme 4. Computed kinetic isotope effects (ratio of rate constants k/
ko) for long distance hydrogen migrations in the biosynthesis of 1 and
8, determined with H/D exchange of only the migrating hydrogen.
Kinetic isotope effects for A) the unusual cyclisation reaction in the
biosynthesis of 8 and B-D) the 1,5-proton shifts in the biosynthesis of
1.

GGPP I formed through a cyclisation mechanism with
participation of the C6=C19 double bond, generally leading
to compounds that are foreign to the enzyme used for their
preparation (gr. Eevoo =foreign). The formation of 12 from
iso-GGPP I requires substrate ionisation to A*, followed by
1,14- and 10,15-cyclisations to B* and C* (Scheme 5). At
this stage a direct 1,5-proton shift can lead to D* that can
undergo 3,19-cyclisation to F* and deprotonation to 12.
Similar to the situation in the biosynthesis of 1, the direct
1,5-proton transfer from C* to D* may be substituted by
two sequential 1,5-proton shifts mediated through E*.

The biosynthesis of 12 was investigated through isotopic
labelling experiments. The incubation of iso-GGPP I with
TxS in a D,0O buffer showed no incorporation of deuterium
(Figure S44), suggesting that the cyclisation cascade does
not proceed through a neutral intermediate. To investigate
the intramolecular proton shifts, (10-*H)-iso-GGPP 1 was
synthesised (Scheme S2) and converted with TxS, followed
by the isolation of labelled 12. The deuterium in the
substrate may migrate directly to C2 in which case one of
the signals for the hydrogens at C2 (H2a) should be
vanished in the HSQC spectrum. On the contrary, if
deuterium would first migrate to C19, a distribution of the
three homotopic hydrogens in the Me group would be
expected and a kinetic isotope effect should result in the
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preferential migration of a proton from C19 to C2. In this
case crosspeaks for both hydrogens at C2 would be expected
in the HSQC spectrum. For the unlabelled compound in
C¢D¢ at 298 K one of the C2 crosspeaks overlaps with a
strong signal for Me19, but after a change of the solvent and
measuring the spectra at 238 K the signals were resolved.
Analysis of the sample obtained with TxS from (10-*H)-iso-
GGPP revealed a vanished crosspeak for H2a (Figure S45),
giving first experimental evidence for the proton transfer
from C10 to C2 in a system that is structurally closely related
to the natural taxadiene system. Most computational studies
have favoured a two-step proton transfer from C10 to C6
using C2 as an intermediate springboard in the biosynthesis
of 1, but conclusive experimental evidence for this mecha-
nistic hypothesis as provided here is difficult to obtain.

These experimental findings are also in line with
computational data for the conversion of iso-GGPP I into 12
(Scheme 5, Table S13 and Figure S46). DFT calculations
revealed a low reaction barrier of 5.5 kcal/mol for the direct
conversion of C1* into E* while the step from C2*%, a
conformer of CI1*, to D* exhibits a reaction barrier of
21.1 kcal/mol. All other transformations proceed through
low reaction barriers and the overall cyclisation cascade is
with —49.0 kcal/mol highly exergonic.

The V610T variant of TxS was selected for further study
with iso-GGPP 1 as substrate, because this variant showed
the best diterpene production of all variants created in this
study. In addition, the V610T variant has a completely
altered product profile in comparison to wild-type TxS,
suggesting that the formation of products different to 12
may be expected from this variant. The incubation of iso-
GGPP I with TxS-V610T resulted in the formation of four
main compounds besides several side products (Figure S47).
The main compounds were isolated and structurally charac-
terised as isocembrene A2 (13), isocembrene C (14),
verticilla-3,8(19),12(18)-triene (15) and taxasimplene (16)
that are all new diterpenoid hydrocarbons (Tables S14-S17,
Figures S48-S79). Compounds 13-15 are explainable as the
deprotonation products of the cationic intermediates B1*
and C1%*, while 16 requires a change in the initial cyclisation
mode from the usually observed 1,14- to a 3,19-cyclisation,
leading to the direct precursor G*.

The absolute configurations of terpenes can be deter-
mined through chemical correlation using stereoselectively
deuterated terpene precursors. To investigate the absolute
configurations of 12, 15 and 16, the stereoselectively
deuterated compounds (R)- and (S)-(1-°C,1-*H)-iso-GGPP
I° were converted with TxS-V610T. In these reactions
stereogenic centers of known configuration are introduced
at the labelled carbons, allowing to conclude on the absolute
configuration of the products by determination of the
relative orientation. For 12 and 15 this approach uncovered
the absolute configurations as shown in Scheme 5 (Figur-
es S80 and S81). For compound 16 the argumentation is
more complex: Starting from the usual conformational fold
of iso-GGPP I that is analogous to the fold of GGPP leading
to taxa-4,11-diene, diphosphate will leave to the front side to
allow a 1,14-cyclisation of A* to B1* with inversion of
configuration at C1 (Sy\2 reaction), or a 3,19-cyclisation to
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B3* 14

Scheme 5. Mechanism for the cyclisation of iso-GGPP | to 12 by TxS. The numbers in boxes are computed energies (in kcal/mol) of intermediates
relative to A* (set to 0.0 kcal/mol, blue), reaction barriers (Gibbs free energies of activation at 298.15 K, black) and Gibbs free reaction energies
(red) relative to each preceeding intermediate. All structures were computed using the mPW1PW91/6-311 +G(d,p)//B97D3/6-31 G(d,p) method
(298 K). Asterisks indicate conformational changes needed between the product of one transformation and the starting structure of the next step.
All carbon numbers follow GGPP numbering (Scheme 1), which is different to the accepted carbon numbering of taxanes."”

G* with attack at C3 from the Re face (back side, anti-S\2’
reaction). This process necessarily turns the 1-pro-R hydro-
gen at Cl1 of iso-GGPP I into the (E)-position of the vinyl
group of 16 and the 1-pro-S hydrogen into the (Z)-position.
For a substrate analog a conformational change may be
possible, but for the minor structural differences between
GGPP and iso-GGPP I the overall conformational fold
should be similar. Eventually, a conformational change in
the C1-C3 portion with Me20 pointing down may be
possible (Scheme S3). In this case C3 would be attacked

Angew. Chem. Int. Ed. 2025, 64, €202422788 (7 of 9)

from the Si face, leading to the enantiomer of 16, but such a
cyclisation must proceed with the 1-pro-R hydrogen at C1 of
iso-GGPP I turning into the (Z)-position of the vinyl group
of 16 and the 1-pro-S hydrogen into the (E)-position. This
analysis demonstrates that the stereochemical fate of the
hydrogens at C1 of iso-GGPP I can be taken as an indicator
for the absolute configuration of 16, and the experiment
demonstrates that 16 has the absolute configuration as
shown in Scheme 5 (Figure S82).
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Conclusions

Long range proton shifts in the biosynthesis of taxa-4,11-
diene (1) have extensively been discussed in the literature,
first by suggesting a direct transfer from C10 to C6,”"! and
later, based on computational data, a two step migration
from C10 to C2 and then further to C6 was raised.”*** In
the present study we have experimentally and computation-
ally uncovered that similar long range hydrogen migrations
are also relevant in the high energy process of the mass
spectrometric fragmentation reaction towards the base peak
ion of 1, demonstrating that long distance hydrogen shifts
are part of the intrinsic reactivity of the unique taxane
skeleton. Site-directed mutagenesis experiments resulted in
the discovery of a novel product from the G606A variant
that was named cyclophomactene (8). This compound is
formed through an unprecedented concerted process com-
bining a 1,7-proton shift and ring closure that can also be
described as the addition of a methylcarbinyl cation to an
olefin, again revealing the relevance of long range proton
transfers in taxanes and closely related systems. Further
insights were obtained through the enzymatic conversion of
iso-GGPP 1 with a double bond shifted from C6=C7 to
C7=C19. In this substrate analog C6 is unreactive and thus
gave first experimental evidence for a migration of H10 to
C2, supported through the labelling experiments in con-
junction with DFT calculations performed in this study. The
downstream steps ultimately lead to taxaxenene (12), a
compound with a novel skeleton that cannot be formed
naturally from GGPP. The V610T substitution in TxS
strongly interferes with long distance proton migrations, as
not only with GGPP the cyclisation cascade was interrupted
at intermediate C, resulting only in cembrane and verti-
cillane diterpenes, but — despite the formation of several
interesting compounds — also with iso-GGPP I no products
beyond the analogous intermediate C* were obtained.

Long distance proton migrations are not limited to taxa-
4,11-diene biosynthesis, but were also invoked for the
biosynthesis of trichodiene®™ and asperfumene.” Based on
DFT calculations two sequential proton shifts have also
been proposed for the biosynthesis of fusicocca-2,19(14)-
diene.™ While the results of computational studies are
generally trustable, experimental evidence is lacking for
fusicocca-2,19(14)-diene biosynthesis, but may be obtained
through a similar approach as described here.
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Chapter 13
Abstract

This cumulative doctoral dissertation “The Investigations on Diterpene Biosynthesis through
Substrate and Protein Engineering” concentrates on diterpene biosynthesis from various
aspects, including non-natural biotransformation, genome mining, mechanistic study and

enzyme engineering.

First, seven geranylgeranyl diphosphate (GGPP) analogs named iso-GGPPs, were
synthesized chemically or enzymatically, of which double bonds were replaced by various
modified methylene groups, leading to novel reactivities. The subsequent biotransformations
with almost 20 characterized diterpene synthases resulted in the isolation of more than 50 non-
natural diterpenes featuring novel terpene skeletons. Among them, some compounds can be
regarded as the derailment products in the cyclization cascade, while others are generated
from distinct cyclization modes in comparison to its natural counterparts. Apart from that, four
isotope labelled substrate analogs were stereoselectively synthesized and used in the
enzymatic conversions to determine the absolute configurations of isolated non-natural
diterpenes. Second, two new fungal terpene synthases were also functionally characterized
after bioinformatic analysis, gene cloning and protein expression, whose products were well-
investigated for understanding their formations through isotopic labelling experiments. Third,
two previously reported diterpenes, benditerpe-2,6,15-triene and venezuelaene A, with
tentative biosynthetic proposals presented in the original works, were investigated for the
hydride shifts in their biosynthesis through isotopic labelling studies, non-natural
biotransformations, product derivations and DFT calculations. In addition, site-directed
mutagenesis studies in conjunction with molecular docking on spata-13,17-diene synthase and
selina-4(15),7(11)-diene synthase disclosed the function of a specific hydrophobic tunnel in
these two enzymes, which enable evolving the second enzyme from a sesquiterpene synthase
to a diterpene synthase. Last but not least, the well-known diterpene taxa-4,11-diene was
addressed in this thesis. Unique long-proton migrations were observed in the biosynthesis of
taxaxenene and cyclophomactene, two compounds generated from a non-natural enzymatic

conversion with wild type taxadiene synthase and an enzyme variant, respectively.

Allin all, this doctoral dissertation provides novel insights into the terpene field. The combination
of various strategies enabled the discovery of novel terpenes and mechanistic investigations of

utilized enzymes, which will be described in detail in this thesis.
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