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Rational reprogramming of the sesquiterpene
synthase BcBOT2 yields new terpenes with
presilphiperfolane skeleton†

Vanessa Nikolaiczyk,a Jenny Irwan,a Trang Nguyen, a Jörg Fohrer,b

Philipp Elbers,c Paul Schrank,c Mehdi D. Davari *c and Andreas Kirschning *a

Computer-aided rational design of the substrate binding pocket of sesquiterpene synthases BcBOT2 from

Botrytis cinerea yielded FPP cyclization products with presilphiperfolane backbone other than the naturally

formed sesquiterpene presilphiperfolan-8β-ol. Particularly, amino acids W118 and F138 were found to

strongly control the stability and conformation of key cationic intermediates. The W118Q variant forms only

presilphiperfolan-9β-ol, whereas the exchange of amino acids at position 138, such as F138V, has a

fundamental effect on the course of the cationic cascade. Here, the 1,3-hydride shift en route to

presilphiperfolan-8β-ol is suppressed and substituted by a so far unknown 1,2-hydride shift that leads to

presilphiperfol-1-ene and presilphiperfolan-1α-ol along with β-caryophyllene and the so far unknown

caryophyllene-8β-ol.

Introduction

Sesquiterpene cyclases (STCs) are powerful enzymes capable
of converting linear unsaturated farnesyl diphosphate (FPP,
1), into (oligo)cyclic sesquiterpenes via a series of sequentially
forming carbocationic intermediates. The last carbocation of
this series of intermediates is thereby captured either by
proton removal or by reaction with external nucleophiles such
as water.1–3

The fungal STC presilphiperfolan-8β-ol synthase (BcBOT2)
from Botrytis cinerea performs a complex multistep
transformation that yields the tricyclic sesquiterpene (−)-
presilphiperfolan-8β-ol (PSP, 2) from FPP 1 (Scheme 1A),
which is further oxidized to botrydial (3) a phytotoxic
metabolite of B. cinerea.4,5

Mechanistically, there is still some ambiguity about the
formation of PSP 2 by BcBOT2. One line of discussion is
based on the search for byproducts.4 As such, Bohlmann and
colleagues also found β-caryophyllene (4) and were able to

propose a possible biocatalytic reaction cascade for the
formation of PSP 2 (Scheme 1B).4–11 This was substantiated
by Cane and colleagues who used 2H,13C-labelled mevalonic
acid in biotransformations with BcBOT2 (route a1). They
demonstrated that a 1,3-hydride shift from C8 to C9 must
have taken place.12

On the basis of theoretical calculations, Tantillo et al.
proposed an alternative route (route b) via the nerolidyl
cation 13, that yields the (Z)-configured humulyl cation 14
after cyclization.13 From there, the caryophyllenyl cation 8
may form bearing an anti-annulated bicyclic system that
supports Bohlmann's observation of β-caryophyllene (4)
formation.12,14 Indeed from there, cation–alkene cyclization,
followed by a 1,3-hydride shift and the capture of the
intermediate cation by water straightforwardly furnishes PSP
2 (Scheme 1B).14

Additional support for the anti-orientation of the two H
atoms in the caryophyllenyl cation 8 was collected from
biotransformations with the unnatural “FPP-ether” 15, that
yielded the tetrahydrofurano terpenoid 16 in the presence of
BcBOT2, whereby the anti-orientation of the H atoms was
clearly proven by selected NOE experiments (Scheme 1C).13,15

On the other hand, Cane et al. employed isotope-labelled
FPP derivatives and found that the proton at C7 remained in
syn-orientation with the deuterated methyl group at position
12 during the entire cationic cascade (route a2). The 2-epi-
caryophyllenyl cation 9 was proposed as an important
intermediate with syn-stereochemistry between the
cyclobutane and cycloheptane rings (Scheme 1B).14 This
assumption is contradictory to the original report by
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Bohlmann et al., since β-caryophyllene (4) and PSP (2) were
isolated from the same batch,6–9 but in no case was 2-epi-
caryophyllene (5) found in PSP 2-containing extracts.16,17

In the present study, we investigated and rationally
engineered the BcBOT2 substrate binding pocket to influence
and expand the product spectrum of this STC. To this end,
amino acid residues were first selected based on their

evolutionary conservation and position in the substrate
binding pocket. Subsequently, the selected residues were
subjected to mutagenesis experiments to generate improved
variants. Finally, the advantageous variants were analyzed by
computational studies to gain a better molecular
understanding and to propose the role of amino acid
residues in the function and control of the putative
underlying catalytic mechanism.

Importantly, we verified these computational studies
experimentally by focusing on the formation and
identification of new and preferably unknown cyclization
products.

The formation of the new sesquiterpene derivatives
widens the structural diversity of sesquiterpenes and expands
their structural space. In principal, this is associated with
new biological properties e.g. in the context of scents, which
are significant for the fragrance industry.15 Furthermore, we
have shown that amino acid exchanges help to provide
additional insight into the complex mechanisms of terpene
synthases.

Results and discussions
Overview of the selected BcBOT2 variants

First, substitutions in terpene synthases targeting aromatic
or hydrophobic residues are of particular importance, as they
contour the active site pocket. Moreover, they guide
intermediates along the reaction pathway through stabilizing
π-interactions with carbocations and influence substrate
folding.18–24 Secondly, numerous mutagenesis studies with
STCs have shown that metal binding motifs are essential for
enzyme activity and can induce a change in the product
spectrum.20 Thirdly, studies with the terpene synthases Cop4
and Cop6 from Coprenius cinerea revealed a direct
relationship between pocket size and product
promiscuity.25,26 Using the hedycaryol synthase, it was
demonstrated that D82 of the DDxxD motif is involved in
water activation.27 On the other hand, a possible role of the
amino acids tryptophan and histidine as bases in PenA from
Streptomyces exfoliates UC5319 (PDB ID: 1PS1) could be
excluded by targeted mutagenesis, whereas in the STC TEAS
from Nicotiana tabacum, tryptophan (W273) was found to act
as a base.28,29 Moreover, in the case of PenA, F76 was shown
to be essential for the formation of the secondary (E,E)-
humulyl cation 7.29

To understand the mechanism in more detail and to open
up new reaction pathways, we have chosen to rationally
describe the BcBOT2 substrate binding pocket. Since no
crystal structure of BcBOT2 has been reported so far, a
reliable structural model was first constructed using
AlphaFold2. The model was built in monomeric state, as this
organization is proposedly sufficient for catalytic
functionality in BcBOT2 and other STCs.1,30,31 Structural
analysis of the model led to the identification of the active
site pocket using the Fpocket tool of HotSpot Wizard with
standard settings and a probe radius of 3 Å (see Fig. S16 in

Scheme 1 Biotransformations of FPP 1 and “FPP-ether” 15 with the
entire cationic cascade (route a2). The caryophyllenyl cation 8 was
proposed as an important intermediate with anti-stereochemistry
between the cyclobutane and cycloheptane rings in the proposed
mechanism of BcBOT2. A: Conversion of farnesyl pyrophosphate (1)
into (−)-presilphiperfolan-8β-ol (PSP, 2) by the STC BcBOT2; structures
of botrydial (3) and byproduct β-caryophyllene (4); structure of 2-epi-
caryophyllene (5) (numbering of carbon atoms is individualized for
single compounds); B: proposed mechanistic pathways of BcBOT2-
catalyzed formation of (−)-presilphiperfolan-8β-ol (PSP, 2);5,12–14 C:
transformation of “FPP-ether” 15 into terpenoid 16 by BcBOT2;
anti-stereochemistry is established between the cyclobutane and
cycloheptane rings; structure of pentalenene (17).
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the ESI†).32 The active site pocket comprises 23 amino acids
(see Table S14 in the ESI†) with a relevance score of 100%. It
is located within the α-helical fold typical for class I terpene
synthase, with the highly conserved DDxxD and NSE motifs.
Also, the effector triad was identified by structural alignment
of the BcBOT2 model with the selina-4(15),7(11)-diene
synthase (PDB ID: 4OKM19) crystal structure (see Fig. S17 in
the ESI†).19,33 The three motifs formed the entrance to the
active site pocket (Fig. 1A).19,33–35 Its volume is with 567 Å3

quite low compared to other sesquiterpene synthase but it
exhibits a high druggability score (0.91), which indicates high
affinity binding of small “drug – like” molecules through the
active site.25,36 The active site pocket is more polar and

hydrophilic in the entrance region, while the part further
deep inside is mainly composed of nonpolar and
hydrophobic amino acids, similar to the active site pocket of
other STCs such as TEAS (Fig. 1B).19,24 Docking of FPP to the
wild-type (WT) BcBOT2 model showed orientation of the
diphosphate toward the trinuclear Mg2+ and the hydrocarbon
chain adopts a spiral conformation toward the nonpolar
residues (Fig. 1A). The docking of the intermediates suggests
a clear role for F138 in stabilizing the intermediates through
significant cation–pi or hydrogen-pi interactions (see Fig. S18
in the ESI†). Additionally, these types of interactions from
aromatic residues located deep inside the active site, were
shown to guide the different intermediates through the
reaction mechanism, further supporting the suggested
importance of F138.24

In order to engineer more promiscuous variants of
BcBOT2, the reactivity of the cyclization steps had to be
altered by introducing new or removing old stabilizing
interactions.29,35 At the same time, the unilateral activation
of the diphosphate group should not be obscured.1–3,37 To
achieve this, polar and aromatic residues of the first shell
with moderate conservation scores not involved in the initial
activation step were selected for mutagenesis experiments
(see Fig. S13 and S14 in the ESI†).

The first preselection of residues was made on the
assumption that they exert a significant influence on the
intermediates and these include primarily aromatic residues
that either contour the active site (W118, Y211, W367) or that
are also known to interact with the cations (F138).19,25

Furthermore, polar and basic residues with possible catalytic
significance (T242, R373) were included in the selection
(Fig. 1C).

Based on our BcBOT2 model, a series of variants were
generated by site-directed mutagenesis at positions W118,
W367, F138, Y211, T242, T282, and R373. We particularly
identified W118 as an important candidate for exchange, as
it is located deep in the active site pocket. The exchange
W118Q was expected to enlarge the local volume. At the same
time, the exchange should increase the enzyme's
thermostability, as demonstrated in a previous directed
evolution study.38 After collecting the results of this first
example, we expanded the number of variants and included
W118F, W118H, W118M, W118N, and W118R (Fig. 2B). Once
the first results of F138V were at hand, we expanded the
number of variants at position 138 to include F138A, F138M,
F138N, F138Q, and F138Y into the repertoire. Accordingly, we
replaced the aromatic ring with smaller residues to increase
the active site pocket and broaden the product
promiscuity.25,26 Furthermore, the replacement with polar
residues could trigger new interactions between the active
site pocket and the intermediates, leading to new reaction
pathways and eventually products. In addition, two other
variants were generated at position T242, the linker in the
effector triad. The rationale for this choice leads to the group
of Dickschat, who showed by sequence comparison of 200
bacterial terpene synthases that, in addition to threonine,

Fig. 1 Structural model and active site of BcBOT2; A: BcBOT2 shown
in cartoon with alpha helices in green, loops in orange, and beta-
sheets in cyan. The active site for the natural substrate FPP is encircled
in red. Zoom-in view of the active site shows FPP in ball–stick
representation (colored in cyan) and amino acids interacting with the
substrate in a rod representation. The residues of effector triad are
colored green. Residues of the DDXXD motif are colored red, and
those of the NSE/DTE motif in blue. Additional interacting residues are
represented in grey. Mg2+ ions are shown as spheres in magenta; B:
the active site pocket of BcBOT2 in a surface-line plot. FPP is shown in
a cyan sphere-rod representation. The amino acids that form the active
site pocket are colored based on their physicochemical properties.
Acidic residues are colored in red, while basic residues are colored in
blue. Polar and neutral residues are colored in green and nonpolar and
hydrophobic residues in orange; C: positions selected for mutagenesis
in the active site pocket. The active site pocket is shown as the grey
surface, FPP in the cyan ball–stick representation. The amino acid
positions selected for mutagenesis are highlighted in the red ball–stick
representations and labeled accordingly.
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asparagine and serine can also function as linker amino
acids.19 We, therefore, generated variants T242S and T242N
(Fig. 2B). With similar reasoning, T282S was chosen, which
should also lead to a local enlargement of the catalytic
pocket. Afterwards, the replacement of the basic amino acid
arginine at position 373 with histidine (R373H) and glycine
(R373G) was pursued (Fig. 2B). While an alternative base was
introduced with histidine, the choice of glycine resulted in
the loss of basicity while locally increasing the size of the
active site pocket. Finally, we also selected W367, which is
located near R373 and W118 in the deeper part of the active
center (Fig. 1B). Based on the observation that W367A
resulted in a change in the product spectrum, several
additional exchanges were also made at this position. These
were W367F, W367H, W367K, W367N, W367T, and W367V
(Fig. 2B). Similar to the exchanges described above, an
increase in pocket size and a change in polarity should be
induced.

Biotransformations

After examining the product profile of the WT BcBOT2
enzyme in more detail (in triplicate) than had been done
previously, complemented by two negative controls (FPP only
and alternatively enzyme only), we found that BcBOT2 forms
a variety of other products in minute amounts not reported
so far. The negative controls allowed the determination of
impurities and clearer identification of new
biotransformation products. In fact FPP 1 gave (−)-

presilphiperfolan-8β-ol (2, RIDB5 = 1623, A [%] = 91.2) as the
major product and 15 other by-products determined by GC-
MS analysis with area percentages between 0.1% and 1.6%
(Fig. 2A).

Of these, seven compounds were identified by database
matching using two columns with different polarities
coupled with MS detection. We found β-caryophyllene (4,
RIDB5 = 1448, A [%] = 0.7) and its (aut)oxidation product
(18).39 In addition, β-elemene (19), the Cope rearrangement
product of thermolabile germacrene A (20), was detected,
which was not found when employing a different
temperature program during chromatographic separation.40

In addition, we found presilphiperfol-7-ene (21), (E)-β-
farnesene (22), and (E)-nerolidol (23), whereas the intensity of
the other product signals was too low to obtain representative
MS spectra of these compounds (see ESI,† Table S10 for
details). Negative control experiments confirmed that
farnesene and nerolidol were not formed by spontaneous
hydrolysis of FPP 1. With this now expanded product
portfolio for WT BcBOT2 in hand, we next performed
analytical enzyme assays with the variants proposed by our
BcBOT2 model (Fig. 2B).

Comparison with WT BcBOT2 showed that the variants
Y211S, Y211F, T242N, T242S, and T282S yielded nearly
identical product spectra (2, 4, 18–23). A semiquantitative
comparison of the biotransformation products of the
wildtype with those of the enzyme variant using an internal
standard revealed only minor differences for the amount of
each product. Thus, we determined yields in the range of

Fig. 2 Products formed by WT BcBOT2 and variants chosen in this study; A: by-products 18–23 (with RI values on a DB5-column and area
percentages given in %) formed from FPP 1 by BcBOT2 (15 is probably the thermally induced Claisen rearrangement product of germacrene A (20)
and may have been formed during GC analysis; absolute configuration of the stereogenic center in 23 not determined); structures were elucidated
by alignment with MS databases. The complete GC chromatogram, including details on unknown byproducts are found in the ESI;† B: list of amino
acid exchanges in BcBOT2 and overview of products formed from FPP 1. These are listed according to the color code, and the size of dots refers
to major and minor abundance (small dots refer to area percentages commonly below 2%, specific data are listed in Table S10 in ESI;† abundance
of 19 and 20 varied with respect to GC-temperature); C: list of new sesquiterpenes 24–28 not produced by wild-type BcBOT2 in sufficient
amounts to be detected by mass spectrometry. Details on the structure elucidation and the underlying mechanisms are found in the text below
and Scheme 2.
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43.9 ± 0.5% and 50.1 ± 3.3% for the production of (−)-
presilphiperfolan-8-ol (2), comparable to the yield of WT
BcBOT2 with 52.6 ± 4.2%. The results are also similar for the
biotransformed by-products (see Table S10 in the ESI†).
Interestingly, substitutions in the effector triad (T242) of
fungal BcBOT2 did not exert a strong effect, quite consistent
with studies on bacterial STCs.19

In addition, we examined the thermostability of these
enzyme variants in more detail in the hope of achieving
higher reaction rates without loss of activity or denaturation
as noted by Arnold et al. in related studies with STCs.38

Indeed, the yield of 2 increased for all five variants with
elevating temperatures with maxima for Y211S, Y211F, and
T242N at approximately 40 °C (see ESI,† Fig. S5–S7), so these
variants can be considered as starting points for further
mutagenesis studies in the future.

Replacement of arginine by histidine (R373H) or removal
of the basic function by introducing glycine (R373G)
suppresses the formation of (−)-presilphiperfolan-8β-ol (2)
and also most of the other by-products. The formation of
β-caryophyllene (4) demonstrates that FPP 1 is still accepted
to a small degree. Therefore, R373 appears to play an
important role only after the formation of the caryophyllenyl
cation (8, see Fig. 1B). The nearby residue W367 also appears
to be relevant for the formation of terpenoid 2. Introduction
of smaller residues resulted in significantly reduced activity
(see Table S10 in the ESI†). In addition, replacement with the
positively charged lysine (W367K) caused complete
inactivation of the enzyme (see Fig. 2B). A less drastic
change, such as the W367F variant, resulted in a yield of 24 ±
5.58%. Apart from the enzymatic activity, remarkable
observations were made in the product spectrum in W367A.
In addition to the major product 2 and presilphiperfolan-1α-
ol (26), another unknown by-product was found with a low
yield of 0.9 ± 0.09%. Accordingly, the retention index and
mass spectrum of this compound were matched in
databases. Similarities were found with the sesquiterpene
vetispiradiene (28), which occurs as an FPP cyclization
product of the two STCs Hvs1 from Hyoscyamus muticus and
Tps32 from Solanum lycopersum.15,41 Moreover, these
conjectures were demonstrably confirmed by co-injection
experiments. For this purpose, extracts from the
biotransformation of FPP 1 were combined with BcBOT2
W367A or FPP 1 with Tps32 and analyzed by GC-MS.

As suggested by our model studies, tryptophan 118 may
also play an important role. With the exception of one
transmutation (W118R) that resulted in complete loss of
catalytic activity, all other variants (W118F, W118H, W118M,
W118N, and W118Q) remained active. Of particular note, two
new presilphiperfolanols 24 and 26 were formed. This effect
was minor for W118F, which was still able to generate 2 as
the major product. In contrast, substitution of smaller
residues at this position resulted in higher specificity for the
formation of presilphiperfolan-9β-ol (24), which is formed by
premature addition of water molecules. This effect was most
evident with variants W118Q and W118N.

Semiquantitative product formation analysis for W118Q
and W118N yielded 18.7 ± 0.1% and 20.29 ± 1.01% for 24,
respectively. Presilphiperfolan-1α-ol (26) occurred only as a
minor constituent in the W118F and W118M variants, with
yields of 8.17 ± 0.52% and 3.78 ± 0.25%, respectively.
Presilphiperfolan-9β-ol (24) is a known constituent of the
plant genera Artemisia lacinata and Artemisia chamaemelifolia.
Its structure has already been elucidated by NMR
spectroscopy, molecular modeling, and total synthesis.42,43

Olfactory analysis characterized a strong woody and resinous
note for the racemate.44 However, in our case, 24 did not
show a sensory profile, so it can be assumed that only one of
the two enantiomers was probably formed in our case.
Variant W118Q also produced low levels of germacrene A (20)
as well as the caryophyllene derivative 27.

The point mutations at position F138 also significantly
altered product spectrum. Interestingly, the exchange of the
amino acid phenylalanine (for alanine, methionine,
asparagine, glutamine, valine, and tyrosine) transforms
BcBOT2 from a relatively product-specific to a multi-product
synthase, which in addition to PSP (2) yields up to seven
further products that could only be detected in very small
amounts in the wild type. Four of these products were
formed in sufficient amounts so we could isolate them for
the first time and determine their structure. Two of these
new products carry the presilphiperfolane backbone, namely
presilphiperfol-1-ene (25) and presilphiperfolan-1α-ol (26). In
addition, a new sesquiterpene caryophyllene-8β-ol (27) was
isolated along with the known β-caryophyllene (4).
Determination of the thermostability of the BcBOT2-F138V
variant revealed that the maximum yield of all five major

Scheme 2 Semipreparative biotransformations with BcBOT2 variants
W118Q and F138V and selected 1D-NOE correlations for terpenes 24,
25, and 27 A: enzymatic biotransformation of FPP 1 using the single
point-mutated sesquiterpene synthases BcBOT2-W118Q and F138V; B:
1D-NOE correlation observed in presilphiperfolan-9β-ol (24),
presilphiperfol-1-ene (25), and caryophyllene-8-ol (27) (positions are
circled, carbon atom numbering was analogous to the FPP used).
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products is obtained at temperatures above 30 °C (see Fig. S7
in the ESI†).

The structures of the major products 24–27 were
elucidated after the biotransformations of BcBOT2-F138V and
BcBOT2-W118Q were repeated on a semipreparative scale as
a fed-batch process (Scheme 2A). For the W118Q variant, the
crude product was purified by preparative GC and reached a
purity of 94.1%. Interestingly, a much higher crude product
yield (73%) was obtained with this variant than with the wild-
type enzyme (46%). 1D- and 2D-NMR spectroscopic
experiments allowed us to identify the known
presilphiperfolan-9β-ol 24 and confirmed the published
relative stereochemistry (Scheme 2B).42,44,45 The crude
product obtained from a semipreparative scaled
transformation with the F138V variant was 54.4%, and thus a
higher yield was also found for this variant compared with
WT BcBOT2. To allow complete structural elucidation,
products 25–27 as well as presilphiperfolan-9β-ol (2) and
β-caryophyllene (4) were isolated by preparative GC (pGC),
with purities ranging from 78.8% to 96.6%.

NMR spectroscopic analyses and comparisons with
published literature data confirmed the formation of PSP (2)
and β-caryophyllene (4).12,46,47 The formation of the
diastereomeric 2-epi-β-caryophyllene (5) could be excluded by
NMR analyses and retention index (RI) comparisons. It
should be noted that until this time, presilphiperfolan-1-ene
(25) was not known to be a biotransformation or natural
product, but only as a semisynthetic product.48

Determination of the relative stereochemistry of 25 was
also done by 1D-NOE experiments, but the collected data
differed from the reported ones (Scheme 2B).48 Thus,
magnetization transitions between the axially positioned
proton H-8 with the protons of methyl groups 13, 14, and 15
could be identified, clearly showing that the two methyl
groups at positions 14 and 15 are directed in the same
direction in space. On the other hand, the proton at position
7, points in the opposite direction, as confirmed by the
correlations with protons H-10a, H-5a, and H-3a and the
methyl group at position 12. Further evidence for our
proposal that the isolated presilphiperfol-1-ene (25) is indeed
a 9-epimer of the reported structure was obtained from the
fifth biotransformation product presilphiperfolan-1-ol (26), a
known sesquiterpene originally collected from Concocephalum
conicum and Anemia tomentosa var. anthriscifolia,
respectively.48,49

The constitution of caryophyllene-8β-ol (27) could only be
elucidated by NMR spectroscopy at low temperature (253.3 K
in toluene-d8), because interconvertible conformers led to
signal too broad in the 1H and 13C NMR spectra at room
temperature.50 The two conformers are probably related to
the orientation of the methyl group 14, which can point
either upward (α) or downward (β). Rotation within the
mobile C-4/C-9 segment allows the two conformational
isomers to interconvert. Its structure was unambiguously
determined from the COSY and the J2,3(C,H) coupling
constants in the HMBC spectrum. However, only one of the

two conformers could be unambiguously determined at lower
temperatures; the other was present only in very small
amounts. A corresponding behavior has already been
discussed in detail for iso-fermacrene A.16

27 was further analyzed by 1D-NOE experiments, which
led to deciphering the relative stereochemistry of the ring
alkene and the anti-annulation between the cyclobutane and
cyclononane rings. These structural features are also found
in β-caryophyllene (4).12 The configuration at C-3 was
determined from the magnetization transitions of H-14 with
H-13 and H-15 and the absence of this effect for H-15 with
H-10 and H-6, respectively. Since the proton H-10 should be
β-aligned according to the postulated catalytic mechanism to
(−)-presilphiperfolan-8β-ol (2) and thus oriented opposite to
the methyl group 15, the addition of water should occur from
below the ring system, the α-face.

With respect to the methyl group 14, an α-orientation was
found for the present conformer at 253.3 K in toluene-d8
based on the observed magnetization transitions. Of note,
caryophyllen-8β-ol (27), although known, has not yet been
isolated from natural sources. Instead, it was chemically
prepared from caryophyllene oxide,51 where it served as an
intermediate in the total synthesis of presilphiperfolan-1-ol
(26).50,51

Mechanistic considerations

Our mechanistic considerations are based on the model
discussed above, the docking experiments with various
intermediates in models of wildtype and selected variants,
and especially on the products formed, isolated, and
characterized, and previously proposed mechanisms.4–11 We
are aware that such considerations always have a certain
degree of speculative character. Nevertheless, it is worth
generating an overall mechanistic picture of the results
discussed so far. In particular, it focuses on the breakdown
into divergent mechanistic pathways when amino acids W118
and F138 are specifically exchanged (Scheme 3). This
proposal also includes stereochemical considerations.

The docking results show that F138 is a key amino acid
for interaction with cationic intermediates in WT BcBOT2
and thus can be considered a major reason for its high
fidelity (see Fig. S18 in the ESI†). Docking of intermediates in
the different variants also revealed a novel way of stabilizing
carbocationic intermediates by the D141 residue (see Fig. S19
in the ESI†). The expansion of the active site pocket and the
position-selective elimination of the cation–π interaction by
BcBOT2-F138V and other variants opened the doors to
multiple reaction pathways and consequently to pronounced
product promiscuity. Based on the postulated mechanisms,
intermediates 8 and 11 serve as starting points for unfolding
these new routes that correspond to the natural biosynthetic
pathway of BcBOT2.4,5,9 While premature termination of the
reaction cascade leads to (E)-farnesene (22) and further
downstream to 4 and 27, which are usually induced by
exchange for polar amino acids, an entirely new option is
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opened that is initiated by a stereocontrolled 1,2-hydride
shift (hydride is transferred from below;
Scheme 3 pathways d and e). For the latter to take place, the
variant, unlike the wild type, should have an additional
stabilization option for the resulting intermediate 29, from
which products 25 and 26 are subsequently formed.

The biosynthesis of presilphiperfolan-9β-ol (24) has been
discussed extensively.42,45,49 Remarkably, in our case, a single
point mutation paves the way to uncover the biosynthetic
route f. The biosynthetic pathways to 24 and PSP (2) separate
at the step of the carbocationic intermediate 11, which
apparently is assigned a pivotal role in this reaction cascade.

The results of intermediate docking with selected variants
suggest that D141 of the DDxxD motif and F138 play an
important role in driving the response. In the absence of
F138 and with the change in the size of the active site pocket,
a new stabilizing interaction with D141 is evident for key
intermediates 8 and 11 (see Fig. S19 in the ESI†). This is
particularly illustrated in Fig. 3A. Only in the WT BcBOT2
does the carbocation point away from the D141 side chain,
resulting in only small amounts of early termination
products. In comparison, the variants with a larger yield of
24 (W118F, W118H, F138V) showed a carbocation orientation
toward the D141 side chain. Moreover, the expression of this

orientation appears to correlate with the amount of
termination product formed (Fig. 1A). In the F138V and
W118H variants, the carbocation and D141 strongly interact,
which correlates with a higher production of 24. In contrast,
this interaction is less pronounced in W118F, and less
termination product is formed compared to the other two
variants. Probably the size of the pocket in the active site of
W118F has changed only slightly, so that partial interaction
with F138 is still possible (see Fig. S19 in the ESI†).27 In other
terpene synthases, aspartic acid is known to play an essential
role in the activation of water, which would explain the
occurrence of a larger number of early termination products
in the BcBOT2 variants considered.

An increase in the size of the active site pocket, as seen in
the W118Q and the F138V variants (Fig. 3B), facilitates
additional diffusion of water molecules and thus increases
the likelihood of nucleophilic attack and the formation of
alcohols. This trend can also be observed in the substitution
of W118. As the side chain size decreases, the free space in
the active pocket increases (Fig. 3B), giving the substrate and
intermediates more space and less guidance toward F138
(Fig. 3A). Additionally, this change in the amino acid side
chain impacts the interaction network of the active site
pocket residues. The altered interactions lead to different

Scheme 3 Unified mechanism in relation to variants (routes a–f): postulated mechanisms for the formation of biotransformation products 2, 4
and 24–28 formed by the BcBOT2-W118 and -F138 variants, respectively. Variants are assigned to the main products they form. These were related
to the postulated mechanism for the formation of PSP 2 by BcBOT2 discussed in Scheme 1B. The major products formed by variant F138V are
colored in light blue, whereas the product 24 isolated from biotransformation with variant W118Q is highlighted in light yellow. The reformulated
pathway deviations from the biosynthesis of PSP 2 (pathway a) are marked with b–f. Protons marked in orange are the stereocenter that can be
used as a reference point for determining the absolute stereochemistry of the other biotransformation products.
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conformations of the first and second shell residues of the
active site pocket, thus explaining a partial reshaping of the
active site pocket. We propose that these conformational
changes partially “open up” the active site pocket for the
originally second shell residues, thus leading to a further
increase in active site volume. This is nicely illustrated by

comparing the W118F and W118Q docking positions (see
Fig. S19 in the ESI†). The W118F variant continues to
produce PSP as the main product. Docking in the active site
of WT BcBOT2 enzyme (567 Å3) shows the interaction of
intermediate 11 with F138 (see Fig. S18 in the ESI†). This
changes for W118Q as the active site pocket volume increases
to 1146 Å3 and the interaction with F138 can no longer be
found. Instead, only D141 interacts with the carbocation (see
Fig. S19 in the ESI†). The point mutation W118Q almost
completely suppresses the 1,3-hydride shift and thus the
formation of the intermediate 30. Instead, the tertiary cation
11 is trapped by adding water and the reaction cascade
breaks off at an earlier point in the cation cascade.

Since the formation of PSP (2) is almost completely
suppressed in the W118Q variant, the conformation of
intermediate 11 plays a key role with respect to the possibility
of proceeding mechanistically from there via either a 1,2- or
1,3-hydride shift. The flexibility of this tricyclic intermediate
11 is severely limited, except for the cyclohexane ring, which
can adopt either a boat- or chair-like conformation
(Scheme 3). This has consequences for the alignment of the
empty p orbital at C9 with respect to the two pseudo-axially
aligned hydrogen atoms at positions 1 and 8, which in
principle may be responsible for the reported hydride shifts.

Close examination of the syn-planar alignment between
the two C–H sigma bonds and the empty p orbital, an
essential stereoelectronic requirement for hydride shifts,
reveals that the boat-like conformation should favor a
1,2-hydride shift, while the chair-like conformation should
favor the 1,3-hydride shift. When calculating the steric
energies of the boat- and chair-like conformation of 11 in
silico, we observe only small energy differences, with the
steric energies being 71.9 and 65.8 kcal mol−1, respectively
(see Fig. S20A in the ESI†). Furthermore, we could identify
that 11 adapts a more twist-boat-like conformation in its
energy minimum (41.4 kcal mol−1) (see Fig. S20A in the ESI†).
These findings support the argument that a subtle change in
the interaction environment in the variants could lead to a
conformational change of 11 in favor of an alternate hydride
shift. Moreover, the observed conformations of 11 in the
wildtype and in variant F138A fit to this proposition (see Fig.
S20B in the ESI†). The more chair-like conformation of 11
observed for the wildtype would indeed favor the 1–3 hydride
shift and thus the production of 2 as the main product.
Moreover, the more twist boat-like conformation of 11 in
variant F138A should also favor the 1–2 hydride shift and the
production of 25 and 26 as the main product. However, these
conformational changes remain small and subtle, so it
remains a question if these trends could be directly
correlated with the product spectrum. In summary, these
mechanistic considerations also explain the opposite
configuration of carbon atom C9 in PSP 2 and the pairs 25
and 26.

Statements on the absolute stereochemistry of
sesquiterpenes 24–27 can also be made on the basis of
mechanistic considerations. The absolute stereochemistry of

Fig. 3 Active site pocket analysis and molecular docking of
intermediates for BcBOT2 wildtype and variants. A: The docking pose
of intermediate 11 for wildtype, and BcBOT2 variants. The residues of
interacting positions (118, 138, 141) and the intermediate are shown in
stick representation. Residues 118 and 138 are colored in grey, D141 as
part of the DDxxD-motif is colored in red and the intermediate is
colored in blue. For a better visualization of the intermediate, the
carbocation atom is marked by a red dot. B: Structural and quantitative
comparison of the identified active pockets for BcBOT2 wildtype and
the single point variants F138V, W118F, and W118Q. The illustration
shows an overhead view of each pocket in orange surface
representation inside the BcBOT2 structure shown in cartoon
representation. Alpha helices in the model are colored in green, beta
sheets in blue, and loops in orange. The calculated volumes of each
pocket are given.
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PSP 2 has been unequivocally demonstrated by isotopic
labeling studies, crystallographic analysis, and total
synthesis.5,52,53 Since all isolated compounds as well as PSP 2
proceed mechanistically via the intermediate 8, and the (R)-
configured stereocenter at C-10 (highlighted in orange) in 8
is conserved across all pathways (a–f), this information allows
us to propose the absolute stereochemistry for 24–27 as
shown in Scheme 3.

Conclusions

Based on a structural model of STC BcBOT2, a total of 26
variants were selected, successfully heterologously expressed
and purified. Detailed analysis of the product spectrum of
wild-type BcBOT2 with FPP 1 allowed us to identify previously
unpublished byproducts using databases, retention indices,
and MS spectra. These initial studies were essential as an
analytical basis for subsequent studies with variants. Analysis
of the product spectrum formed by BcBOT2 variants with FPP
1 revealed that the replacement of amino acid F138 with the
amino acids tested in this study converted STC BcBOT2 to a
multiproduct sesquiterpene synthase. In addition,
replacement of W118 with Q118 and N118 resulted in the
formation of a new biotransformation major product 24,
which is not present in the product spectrum of wild-type
BcBOT2. Interestingly, temperature profile analysis also
showed increased thermal stability for all variations
examined. Semipreparative biotransformations with variants
W118Q and F138V yielded sufficiently large amounts of crude
products to follow a pGC-based isolation protocol and collect
the individual biotransformation products. Based on our
results, the replacement of W118 can be attributed to a
premature termination of the cascade at the intermediate 11
stage, indicated by the formation of the new major product
presilphiperfolan-9β-ol (24). The docking experiments of
intermediates 8 and 11 points to the common importance of
the occurring D141 interactions and the increased volume of
the active site pocket for the early water accumulation.

As a side aspect of this work, we were able to revise the
reported relative stereochemistry of presilphiperfol-1-ene (25).
This work opens new possibilities for the use of terpene
cyclases in the preparation of new natural products in an
efficient sense.54 Finally, the present work paves the way to
combine the rational reprogramming with the use of
unnatural FPP derivatives thereby dramatically expanding the
synthetic potential of terpene cyclases.15–17

Experimental procedures
Biotransformations

a) Analytical enzyme tests. The reaction consisted of 0.01
g L−1 recombinant enzyme, 150 μM substrate, 5 mM MgCl2
and assay buffer (50 mM HEPES, 5 mM DTT, pH 7.5) was
added to a total volume of 500 μl. Following the incubation
at 30 °C for 30 minutes or at 25 °C for 20 min, 100 μl hexane
was added and the samples were vigorously vortexed for 30

seconds, followed by centrifugation for 30 seconds to
separate of organic and aqueous phases. 60 μl was taken
from the organic phase and transferred into GC vials for
product analysis via GC-MS. Experiments were carried out in
triplicate. Additionally, two negative controls were measured
along with other samples, with only FPP and only enzyme,
respectively. To semiquantitatively measure the yield of
biotransformations, defined amounts of α-humulene,
β-caryophyllene, or (E,E)-farnesol were used as internal
standard.

b) Temperature optimization with BcBOT2-variants and
natural substrate (E,E)-FPP. Analytical enzyme assays were
performed analogously to the general procedure. To test the
thermostability, enzyme assays were performed at various
temperatures from 20–50 °C and product yields were
determined by addition of an internal standard. All
biotransformations were performed in triplicate. The optimal
temperature for WT BcBOT2 was determined to be 20–25 °C
(see ESI† for other variants, Fig. S5–S7).

Isolation and structure elucidation

a) Structure elucidation of products obtained from
BcBOT2-W118Q with (E,E)-FPP 1. The product 24 (ref. 42, 44
and 45) was isolated by pGC on DB1 column. The purified
product (∼1 mg) was dissolved in C6D6. HR-GC-MS: 24: exact
mass: 222.1984 [M]+; 204.1878 [M–H2O]

+, found: 204.1879
[M–H2O]

+; RIDB5HT: 1569, RIFFAP: 2017; 1H NMR (600 MHz,
C6D6) δ [ppm]: 1.79 (ddd, J = 12.6, 4.5, 1.9 Hz, 1H, H-10b),
1.78–1.74 (m, 1H, H-2b), 1.60 (d, J = 12.7 Hz, 1H, H-5b), 1.62–
1.58 (m, 2H, H-3b), 1.58–1.53 (m, 1H, H-1), 1.54–1.50 (m, 1H,
H-11b), 1.50 (d, J = 12.7 Hz, 1H, H-5a), 1.47 (dd, J = 9.5, 2.9
Hz, 1H, H-2a), 1.46–1.42 (m, 1H, H-3a), 1.39 (dd, J = 12.6, 5.3
Hz, 1H, H-10a), 1.28 (t, J = 10.6 Hz, 1H, H-8), 1.21–1.15 (m,
1H, H-7), 1.14 (s, 3H, H-15), 1.09 (qd, J = 11.9, 4.5 Hz, 1H, H-
11a), 1.04 (s, 2H, H-14), 0.97 (s, 3H, H-12), 0.88 (s, 3H, H-13);
13C NMR (151 MHz, C6D6) δ [ppm]: 75.3 (C-9), 64.1 (C-8), 62.5
(C-1), 61.1 (C-7), 59.0 (C-5), 46.7 (C-6), 46.1 (C-10), 45.6 (C-3),
42.4 (C-4), 31.1 (C-14), 30.1 (C-2), 29.0 (C-12), 27.3 (C-4), 22.3
(C-13), 21.9 (C-15).

b) Structure elucidation of products obtained from
BcBOT2-F138V with (E,E)-FPP 1. Product 2 (ref. 15) was
isolated by pGC on DB1 column. The purified product (∼1
mg) was dissolved in C6D6. HR-GC-MS: 2: exact mass:
222.3720 [M]+; 204.1878 [M–H2O]

+, found: 204.1879 [M–

H2O]
+; RIDB5HT: 1645, RIFFAP: 2084;

1H NMR (600 MHz, C6D6)
δ [ppm]: 2.30 (dtd, J = 13.6, 8.9, 0.8 Hz, 1H, H-2b), 2.14 (dd, J
= 11.4, 0.7 Hz, 1H, H-5b), 2.07 (td, J = 10.2, 1.1 Hz, 1H, H-3b),
1.79 (dddd, J = 13.6, 8.9, 7.8, 4.0 Hz, 1H, H–H-2a), 1.50 (dd, J
= 6.2, 3.1 Hz, 1H, H-10b), 1.49–1.46 (m, 1H, H-11b), 1.37 (s,
3H, H-12), 1.31 (dd, J = 12.6, 4.9 Hz, 1H, H-7), 1.30–1.27 (m,
1H, H-11a), 1.27–1.22 (m, 1H, H-9), 1.19 (d, J = 11.4 Hz, 1H,
H–H-5a), 1.17 (s, 3H, H–H-13), 1.18–1.14 (m, 1H, H-3a), 1.11
(t, J = 1.1 Hz, 3H, H-14), 1.02–0.97 (m, 1H, H-1), 0.88–0.85 (m,
1H, H-10a), 0.84 (d, J = 6.4 Hz, 3H, H-15); 13C NMR (151
MHz, C6D6) δ [ppm]: 96.3 (C-8), 56.5 (C-4), 52.4 (C-7), 50.3 (C-
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1), 49.5 (C-5), 48.1 (C-6), 37.5 (C-9), 36.50 (C-12), 34.6 (C-10),
34.1 (C-3), 33.3 (C-2), 28.1 (C-14), 28.0 (C-13), 27.2 (C-11), 21.8
(C-15).

Product 4 was isolated by pGC on a DB1 column. The
purified product (∼1 mg) was dissolved in C6D6; HR-GC-MS:
4: exact mass: 204.1878 [M]+, found: 204.1878 [M]+; RIDB5HT:
1456, RIFFAP: 1599

1H NMR (600 MHz, C6D6) δ [ppm]: 5.37
(dd, J = 9.5, 5.8 Hz, 1H, H-6), 5.04–5.03 (m, 1H, H-15b), 4.87
(d, J = 0.9 Hz, 1H, H-15a), 2.47–2.38 (m, 1H, H-1b), 2.36–2.31
(m, 1H, H-5b), 2.29 (q, J = 9.1 Hz, 1H, H-2), 2.18–2.13 (m, 1H,
H-4b), 2.06–2.02 (m, 1H, H-8b), 2.02–1.96 (m, 1H, H-5a),
1.98–1.93 (m, 1H, H-4a), 1.94–1.88 (m, 1H, H-8a), 1.73 (d, J =
9.4 Hz, 1H, H-1a), 1.71–1.67 (m, 1H, H-10), 1.57 (s, 3H, H-14),
1.43–1.37 (m, 1H, H-9b), 1.36–1.30 (m, 1H, H-9a), 1.01 (s, 3H,
H-12), 0.95 (s, 3H, H-13); 13C NMR (151 MHz, C6D6) δ [ppm]:
154.6 (C-3), 135.3 (C-7), 124.9 (C-6), 112.2 (C-15), 53.8 (C-10),
48.9 (C-2), 40.7 (C-8), 40.3 (C-1), 35.1 (C-4), 33.1 (C-11), 30.2
(C-12), 29.7 (C-9), 28.8 (C-5), 22.7 (C-13), 16.4 (C-14).

Product 25 was isolated by pGC on a DB1 column. The
purified product (∼1 mg) was dissolved in C6D6. HR-GC-MS:
25: exact mass: 204.1878 [M]+, found: 204.1876 [M]+; RIDB5HT:
1351, RIFFAP: 1415;

1H NMR (500 MHz, C6D6) δ [ppm]: 4.95 (t,
J = 2.3 Hz, 1H, H-2), 2.77–2.70 (m, 1H, H-9), 2.43 (dd, J =
16.5, 1.8 Hz, 1H, H-3b), 2.35 (dt, J = 16.5, 2.5 Hz, 1H, H-3a),
2.26 (dd, J = 11.9, 2.6 Hz, 1H, H-8), 1.65–1.59 (m, 1H, H-10b),
1.62 (d, J = 12.9 Hz, 1H, H-5b), 1.55 (d, J = 12.9 Hz, 1H, H-5a),
1.57–1.48 (m, 1H, H-10a), 1.45 (ddt, J = 12.3, 4.7, 2.5 Hz, 1H,
H-11b), 1.31 (qd, J = 12.3, 4.3 Hz, 1H, H-11a), 1.17 (s, 3H, H-
14), 1.10 (dd, J = 7.1, 0.3 Hz, 3H, H-15), 0.97 (td, J = 12.0, 2.5
Hz, 1H, H-7), 0.96 (s, 3H, H-12), 0.89 (s, 3H, H-13); 13C NMR
(126 MHz, C6D6) δ [ppm]: 151.6 (C-1), 113.8 (C-2), 63.5 (C-7),
63.4 (C-8), 59.8 (C-5), 52.0 (C-3), 43.5 (C-4), 42.6 (C-6), 36.9 (C-
10), 33.0 (C-9), 30.4 (C-14), 28.1 (C-12), 22.4 (C-11), 21.6 (C-
13), 19.0 (C-15) (see ESI,† Table S11).

Product 26 (ref. 44 and 45) was isolated by pGC on DB1
column. The purified product (∼1 mg) was dissolved in C6D6.
HR-GC-MS: 26: exact mass: 222.1984 [M]+; 204.1878 [M–

H2O]
+, found: 204.1875 [M–H2O]

+; RIDB5HT: 1564, RIFFAP:
1943; 1H NMR (600 MHz, C6D6) δ [ppm]: 1.88–1.81 (m, 1H, H-
3b), 1.86–1.80 (m, 1H, H-2b), 1.72–1.65 (m, 1H, H-2a), 1.62–
1.58 (m, 1H, H-3a), 1.62–1.56 (m, 1H, H-9), 1.56 (d, J = 12.0
Hz, 2H, H-8), 1.51 (s, 1H, H-5), 1.47–1.40 (m, 1H, H-10b), 1.33
(s, 3H, H-14), 1.36–1.27 (m, 1H, H-10a), 1.34–1.27 (m, 1H, H-
11b), 1.18–1.09 (m, 1H, H-11a), 1.15–1.07 (m, 1H, H-7), 0.95
(s, 3H, H-12), 0.90 (d, J = 7.0 Hz, 3H, H-15), 0.81 (s, 3H, H-
13); 13C NMR (151 MHz, C6D6) δ [ppm]: 84.5 (C-1), 63.9 (C-8),
59.4 (C-5), 51.7 (C-7), 46.2 (C-4), 42.7 (C-3), 40.5 (C-6), 39.7 (C-
2), 36.9 (C-9), 31.4 (C-14), 29.9 (C-10), 28.8 (C-12), 22.3 (C-13),
20.3 (C-11), 15.7 (C-15).

Product 27 was isolated by pGC on DB1 column. The
purified product (∼1 mg) was dissolved in toluene-d8; HR-
GC-MS: 27: exact mass: 222.1984 [M]+; 204.1878 [M–H2O]

+,
found: 204.1879 [M–H2O]

+; RIDB5HT: 1625, RIFFAP: 2034; 1H
NMR (600 MHz, toluene-d8, 253.3 K) δ [ppm]: 5.37 (t, J = 7.9
Hz, 1H, H-6), 2.14–2.07 (m, 1H, H-5b), 2.02–1.97 (m, 1H, H-
5a), 1.89 (dt, J = 7.3, 3.6 Hz, 1H, H-8b), 1.84 (qd, J = 12.3, 3.9

Hz, 1H, H-8a), 1.64 (t, J = 10.0 Hz, 1H, H-1b), 1.61–1.56 (m,
1H, H-10), 1.49–1.46 (m, 1H, H-1a), 1.47–1.46 (m, 3H, H-14),
1.45–1.43 (m, 1H, H-2), 1.43–1.41 (m, 1H, H-4b), 1.41–1.38
(m, 1H, H-4a), 1.34–1.30 (m, 1H, H-9b), 1.18 (dddd, J = 14.5,
12.8, 10.7, 4.0 Hz, 1H, H-9a), 0.96 (s, 3H, H-12), 0.87 (s, 3H,
H-13), 0.82 (s, 3H, H-15); 13C NMR (151 MHz, toluene-d8,
253.3 K) δ [ppm]: 135.8 (C-7), 123.5 (C-6), 73.2 (C-3), 52.6 (C-
2), 46.8 (C-10), 41.7 (C-4), 40.7 (C-8), 37.5 (C-1), 31.8 (C-11),
31.1 (C-15), 30.6 (C-9), 30.2 (C-12), 23.8 (C-13), 23.4 (C-5), 16.4
(C-14) (see ESI,† Table S12).

Biotransformations of natural substrate FPP and BcBOT2-
variants F138V and W118Q on a semi-preparative scale

a) Procedure for the enzymatic conversion of BcBOT2-
F138V and BcBOT2-W118Q with (E,E)-FPP 1. Semi-preparative
scale biotransformations were performed in a fed-batch
procedure (254 mL for F138V and 46 mL for W118Q) with
continuous substrate addition. For this purpose, a 50 mM
HEPES buffer pH 7.5 was introduced and Tween20 (0.02% [v/
v]) and PPase (1 U) were added. Enzyme (0.1 g L−1) and
cofactor MgCl2 (25 mM) were then added, and the mixture
was tempered to the desired incubation temperature (25 °C
for F138V and 30 °C for W118Q). Biotransformation was
initiated with the addition of 200 μM FPP substrate.
Subsequently, the substrate was added continuously (400 μM
h−1) to the reaction batch. After completion of the addition,
the batch was incubated for another hour before Prot K (75
U) and CaCl2 (5 mM) were added. After completion of enzyme
degradation (28 °C, 1 h), the batch was extracted with
n-pentane (100–180 rpm, 16 °C, 18 h). The organic phases
were combined, dried over MgSO4, and the solvent was
completely removed in a light vacuum (800 mbar, 40 °C). The
crude product was then separated into the individual
products by pGC.

Crude product (BcBOT2‐F138V) = 22.5 mg (101.1 μM, 73%);

Crude product (BcBOT2‐W118Q) = 45.6 mg (207.0 μM, 54%)

Further details are found in the ESI.†

Computational methods

X-ray crystal structure of the sesquiterpene synthase BcBOT2
is not available. The structure of BcBOT2 was generated using
Alphafold2.0.55 Further, models were subjected to energy
minimization using AMBER14 force field.56 The Enzyme's
active site and tunnels were computed and localized by Caver
Web 1.0 (ref. 57) with default settings. YASARA (version
20.12.24.L.64)58 was applied for model visualization and
analysis. Molecular docking of substrates was performed
using Molecular Operating Environment (MOE).59 MOE tools
was used to generate 2D substrate–enzyme interaction
diagrams. Figures were created with PyMOL 2.3.3 (ref. 60)
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(Schrödinger, LLC.). Further details on computational
methods are described in the ESI.†
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