
Avoidance of Secondary Carbocations, Unusual Deprotonation, and
Nonstatistical Dynamic Effects in the Cyclization Mechanism of
Tetraisoquinane
Xiuting Wei, William DeSnoo, Zining Li, Wenbo Ning, Wang-Yeuk Kong, Jordan Nafie,
Dean J. Tantillo,* and Jeffrey D. Rudolf*

Cite This: J. Am. Chem. Soc. 2025, 147, 16293−16300 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The complexity and versatility of terpene cyclization reactions
contribute to the wide variety of functions and properties that terpenoid
compounds exhibit in nature. The management of reactive carbocations over
the course of the reaction to ultimately arrive at a particular carbon fragment
connectivity and stereochemistry is no small feat. Bacteria possess a variety of
TSs that generate diverse polycyclic terpene skeletons; however, terpenoids in
myxobacteria are especially rare. Here, we report the first mechanistic study of
tetraisoquinene biosynthesis from TiqS, a diterpene synthase from
Melittangium boletus. To understand formation of the unique 5/5/5/5-fused
tetraisoquinane skeleton, we used the isolation and structural elucidation of
nine minor metabolites, site-directed mutagenesis, stable isotope labeling
experiments, and quantum chemical calculations to propose and support its
mechanism. This study reveals a new mechanism of diterpene cyclization,
expands our understanding of terpenoid biosynthesis, and enables the discovery of novel natural products in myxobacteria.

■ INTRODUCTION
Over 100,000 terpenoids are known in nature, making the
terpenoids the most structurally diverse family of natural
products.1 Many of these compounds, or their synthetic
derivatives, are used as scents, flavors, or pharmaceuticals.1−5

Despite the expansive skeletal library of the terpenome,
genome mining, particularly in microbes, continues to lead
to the discovery of novel terpene skeletons. Our recent work
using genome mining to identify and characterize new terpene
synthases (TSs) in bacteria expanded the known chemical
space of the hydrocarbon skeletons that bacteria produce.6 In
that study, we identified several new diterpene skeletons that
were previously unknown in nature.
Tetraisoquinene (1), a novel 5/5/5/5-fused tetracyclic

skeleton with six stereocenters, is produced by TiqS, a TS
from the myxobacterium Melittangium boletus DSM 148713.
Structurally, the closest known carbon skeleton to 1 is
tetraquinane (hence our naming of 1), a similar 5/5/5/5
ring system with differing connectivity of the A and B rings,
found in the fungal crinipellins. Crinipellins, first isolated in
1979 from Crinipellis stipitaria, are the only known
tetraquinane natural products and exhibit antibacterial and
anticancer properties.7,8 Due to their structural uniqueness and
biological activities, they have been successful targets of total
synthetic efforts.9−14 Conversely, there is no firm under-
standing of the biosynthetic origins of the crinipellins or their
tetraquinane skeleton. There are no TSs known that form the

tetraquinane skeleton and no biosynthetic pathway for the
crinipellins has been characterized. As we identified the first TS
known to produce the tetraisoquinane skeleton, we sought to
elucidate the cyclization mechanism of TiqS.
The arrangement of isoprene units in a terpene skeleton is

essential in proposing its cyclization mechanism. The proposed
cyclization mechanism for the tetraquinanes was recently
proposed (Figure S1)14 and with the exception of a single
methyl shift, all four isoprene units appear to be easily
identified (Figure 1). For 1, however, all four isoprene units are
not obvious based on the skeleton alone, indicating carbon
rearrangement during TiqS catalysis. In this study, we propose
a cyclization mechanism for 1 based on varied sources of
evidence, including the isolation and structural elucidation of
minor metabolites, site-directed mutagenesis, stable isotope
labeling experiments, and quantum chemical calculations.
These calculations support the presence of a post-transition
state bifurcation that involves passage through a nonclassical
carbocation that is essential to the formation of 1. In addition,
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several shunt products, isolated from both native TiqS and its
variants, themselves contain novel diterpene skeletons.

■ RESULTS AND DISCUSSION
Characterization of TiqS and Its Minor Products

Reveals First Key Steps of Tetraisoquinene Biosyn-
thesis. The major product of TiqS (UniProt: A0A250IBE0) is
1, seen in both an engineered Escherichia coli strain (MKI4) for
geranylgeranyl diphosphate (GGPP) production and an in
vitro reaction with GGPP.6 To test if TiqS was active using
farnesyl diphosphate (FPP) or geranylfarnesyl diphosphate

(GFPP) as substrates, we expressed tiqS in E. coli strains
engineered for FPP (MKI3) and GFPP (MKI5) production.
No C15 or C25 products were detected by HPLC supporting
TiqS as a diterpene-specific TS (Figure S2). In both in vitro
reactions and heterologous expression in the MKI4 system,
TiqS produced several additional diterpenes (2−4; Figure 2A).
A 12-L fermentation of TiqS in the MKI4 system was
conducted to isolate 1−4. The tetraisoquinene structure of 1
was confirmed by NMR and MS spectroscopy analysis (Table
S4, Figs. S3−S5). Using 1D and 2D NMR, the planar skeletons
of 2−4 were determined to be xeniaphyllene (3), the 4/9-

Figure 1. Tetraisoquinane and tetraquinane diterpenes: core skeletons, proposed isoprene units, and natural products. In this study, the cyclization
mechanism of the novel tetraisoquinane skeleton by TiqS, a myxobacterial diterpene synthase, is elucidated. Tetraquinane, the known skeleton in
the crinipellin family of fungal natural products, has a different A−B ring system. The four proposed isoprene units are colored in brown, blue,
green, and magenta. No enzymes, neither TS or decoration enzymes, are known for the biosynthesis of the tetraquinane skeleton or the crinipellins.

Figure 2. Native TiqS and its variants produce 10 diterpenes with five distinct skeletons. (A) HPLC analysis of wild-type TiqS in vitro and in an E.
coli strain engineered for GGPP overproduction (MKI4). Hydrolyzed GGPP (GGOH) and isolated diterpenes 1−10 are labeled. Compounds were
detected by UV (λ = 210 nm). (B) The structures of 1−10 (see SI for structural elucidation and spectroscopic data). Diterpenes 1−4 were
produced by wild-type TiqS in MKI4; 5−10 were isolated from various active site mutants. (C) Relative production of 1−10 from TiqS and 25
active site variants. Areas under the curve (λ = 210 nm) for 1−10 were individually calculated and their sum was set to 1 in TiqS. NS; not soluble.
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Figure 3. Proposed cyclization mechanism of tetraisoquinene by TiqS. Main cyclization pathway (red arrows) from GGPP to 1 are supported by
isolated compounds, deuterium labeling experiments, and quantum chemical calculations. Shunt pathways to 2−10 (blue), supporting the
mechanism to 1, are shown.

Figure 4. Deuterium-labeled GGPP supports isoprene units and C-1 rearrangement. (A) Incubation of TiqS with unlabeled GGPP, 1,1-2H2-GGPP,
1R-2H-GGPP, and1,1,5,5-2H4-GGPP gave 1, 1-2H-1, 1-2H-1, and 1,5,5-2H3-1, respectively. Zoomed-in 1H−13C HSQC spectra of 1, 1-2H-1, 1-2H-1,
and 1,5,5-2H3-1 in benzene-d6 are shown above each structure. (B) Incubation of TiqS with unlabeled GGPP in D2O increased the molecular
weight of 1 by one mass unit. Zoomed-in MS spectra of reaction with H2O (top) and D2O (bottom) are shown above the structure of 3-2H-1, the
proposed placement of the 2H atom based on the TiqS mechanism. See full NMR and GC−MS spectra in Figures S31−S33.
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bicyclic diterpene analog of caryophyllene recently found from
a soft coral TS,15 and two 5/11-bicyclic dolabellatrienes,
3,7,18-dolabellatriene (2) and 3,7,10-dolabellatriene (4; SI,
Figure 2B, Tables S5−S7, Figures S6−S19 and S21−S28). The
relative and absolute configurations of 3 and 4 were
determined by 2D NOESY analysis and vibrational circular
dichroism16−18 (VCD; SI, Figures S20 and S29). Diterpene 4
is reported here for the first time.
The 4/9-bicyclic 3, originating via sequential or concerted

1,11- and 2,10-cyclization events and following the well-known
mechanism of caryophyllene,19 supports the proposal that the
first step in the formation of 1 is the 1,11-cyclization of GGPP
to B2+ (Figure 3). The presence of two 5/11-bicyclic
dolabellatrienes reveals the following step is 10,14-cyclization
to C+, a common second cyclization event seen in the
biosynthesis of many di- and sesterterpenes.20,21 The 9,10-
alkene in 4, also supports either a 1,3-hydride shift, or two
sequential 1,2-hydride shifts, from C-10 to C-14 to yield D+.
The same initial steps are proposed for the formation of the
tetraquinane skeleton in crinipellin biosynthesis;14 however,
the differences in the A and B rings of tetraisoquinane (Figure
1) necessitate a significant skeleton rearrangement from D+ to
yield 1.
Deuterium Labeling Supports Rearrangements of

Two Isoprene Units. To probe a potential skeletal rearrange-
ment, we used 2H-labeled GGPP to locate the isoprene units
that form the A and B rings of 1. Using the GGPP synthase
CrtE, we biosynthesized 1,1-2H2-GGPP in situ with chemically
synthesized 1,1-2H2-isopentenyl diphosphate (IPP) and FPP
(Figure S30), and added TiqS. GC−MS analysis of the
isotopically labeled 1 in the reaction with 1,1-2H2-GGPP
displayed a molecular ion peak at m/z 273.2560 (Figure S33),
signifying only one deuterium atom was retained during
cyclization. The 1H and 1H−13C HSQC spectra of 2H-1 was
identical to 1 except the signal at H-1 (2.60 ppm) and
correlation with C-1 (67.1 ppm) were absent (Figures 4A and
S35); we renumbered the carbon skeleton of 1 based on the
proposed cyclization mechanism in this study. Incubation of
TiqS with chemically synthesized 1R-2H-GGPP resulted in
identical GC−MS and NMR data with that of 1,1-2H2-GGPP
(Figure 4A), confirming the 1R-H of GGPP is retained and the
1S-H of GGPP is lost. The position of 1H-1 suggested either
multiple hydride or proton shifts or migration of C-1 to a
bridgehead carbon of the B−C ring system. With the
uncertainty of C-1 of the first isoprene unit, we designed an
experiment using in situ generated 1,1,5,5-2H4-GGPP (Figure
S30) to identify the position of the C-1 of the second isoprene
unit (C-5 of 1). GC−MS analysis revealed an m/z value of
275.2686 and NMR analysis showed the absence of three
proton signals and three HSQC correlations in comparison
with 1: H-1 and H2-5 (Figures 4A and S31−S33). In addition,
GC−MS analysis of deuterium-labeled 4 and 10 from these
reactions (Figures S34 and S35) support the proposal that the
1S-H of GGPP is lost after intermediate D+ is formed. These
results suggested the fragmentation of two isoprene units in the
cyclization of 1 and deprotonation of the pro-S hydrogen on
C-1.
Site-Directed Mutation in the Active Site Reveals Key

Residues Controlling the Cyclization Cascade. With the
propensity of TiqS to form multiple products, we envisioned
that altering the active site of TiqS may lead to additional
shunt pathway products, as is common for many TSs,20 that
would give insight into key intermediates in the pathway to 1.

To identify residues of interest for mutation, we utilized
sequence alignments with two highly homologous, but
uncharacterized, TSs from Cystobacter ferrugineus (Figure
S36) and Alphafold22 and Autodock23 to obtain a model of
GGPP bound to TiqS (Figure S37). A total of 25 TiqS variants
were produced, purified, and tested for diterpene cyclase
activity (Figures 2 and S38−S41). TiqS possesses Asp-rich
motifs 84DDxxA and 223NxxxSxxxD, as well as the commonly
conserved 316RY pair. TiqS variants D84A, D84E, D85A, R316
K, and R316H were either completely or nearly inactive,
supporting their expected importance in type I TS activity.
Although there are growing numbers of examples of functional
TSs with modified DDxxD motifs,6,19 we were interested in the
importance of A88. Reinstalling the canonical DDxxD motif
with the A88D variant significantly decreased the production
of 1 and other products, but its counterpart A88E was active
with a product distribution similar to that of native TiqS. Based
on the docking model, W76, M77, F81, F151, and H311 form
the active site contour and were proposed to interact with
cationic intermediates. Only variants M77A, F151Y, H311W,
and H311Y were completely inactive. Several variants
produced new diterpenes or increased the yield of minor
products seen in wild-type TiqS, which allowed their isolation
and structural characterization. (Figure 2). F81 and W76 are
key residues controlling product distribution in TiqS: removal
of the aromaticity in F81A and F81L decreased the yield of 1
while still producing 2−4 and several new peaks; F81L/Y/W
and W76L/Y/F/H increased the production of diterpenes 6−
10. Products 5 and 6, isolated from F81A, were determined to
be the known diterpenes β-springene and 3,7,11-dolabella-
triene (SI, Figure 2, Tables S8 and S9 and Figures S42−S48).
EIMS and NMR analysis of 7 and 8, isolated from F81L,
revealed that they are novel tricyclic skeletons with a fused 5/
6-bicycle with a pendant cyclopentenyl moiety (SI, Figure 2,
Tables S10 and S11 and Figures S49−S64); 7 and 8 were
named secovulgarisenes A and B, respectively, given their
proposed biosynthetic origin (see below) and their structural
similarity to 11-hydroxyvulgarisane, the product of the plant
TS PvHVS24 (Figure S1). The relative configuration of 8 was
determined by 2D NOESY analysis and VCD (SI, Figure S65).
Products 9 and 10, isolated from F81Y and W76L,
respectively, are tetraisoquinene isomers with their alkenes
positioned at 3(20) and 2(6) (SI, Figure 2, Tables S12 and
S13 and Figures S66−S82).
Several key cationic intermediates in the cyclization of 1 are

supported by the structures of 5−10 (Figure 3). Intermediates
A+ and D+ yield 5 and 6, respectively, via final shunt pathway
deprotonation. Given the position of Me-18 on 1 (C-10), a
1,2-methyl shift is required and moving Me-18 from C-11 to
C-10 from from D+ yields E+. The novel skeletons of 7 and 8
are consistent with the 5/6/5/5-tetracyclic secondary cation J+,
as a ring opening deprotonation at C-6 would provide 8. An
alternate 1,2-alkyl shift from J+, with the shared electrons from
the C-7/C-8 bond, affords the final proposed cation K+, where
deprotonation at C-6 yields 1 and off-pathway hydride shifts
and deprotonations yield 9 and 10. Carbocation J+ is
hypothesized to result from a 1,2-alkyl shift of the 5/6/4/5-
tetracyclic I+ (another possible direct precursor of 7 and 8),
which can be accessed from a 1(11),2,6-dolabellatriene neutral
intermediate (F) via reprotonation at C-3 (G+) and sequential
2,6- (H+) and 1,7-cyclizations. Deprotonation of E+ at C-1
affords F and would explain the loss of the 1S-H of GGPP in
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the earlier described deuterium labeling experiments. This
mechanism is fully consistent with the formation of 1−10.
DFT Quantum Chemical Calculations Support the

Proposed Cyclization Mechanism and Reveal a Post-
Transition State Bifurcation. To help elucidate an energeti-
cally viable cyclization pathway, we performed quantum
chemical calculations.25−27 Relative free energies of the
intermediates and transition structures (Figure 5) were
computed at the mPW1PW91/6-31+G(d,p) level,28−32

which has been previously validated for terpene-forming
carbocation reactions.27,33 The overall cationic cascade in
Figure 3 flows downhill in free energy, with K+ predicted to be
41 kcal mol−1 lower in free energy than A+. While the first step
was proposed to be 1,11-cyclization based on isolation of 3, we

did not find a transition state for direct 1,11-cyclization and
propose an initial 1,10-cyclization to B+ followed by a
concerted 1,2-alkyl shift and 10,14-cyclization to yield C+

(Figure 3). A dolabellyl cation is proposed to form from the
geranylgeranyl cation via barrier-less and concerted 1,11- and
10,14-ring closures in the CotB2 mechanism;34 while a similar
path is possible here, we were unable to locate such a
concerted ring closure to C+. The only intermediate along the
A+ → K+ pathway that is higher in free energy than its
preceding intermediate is E+ (+6.9 kcal mol−1), which is
formed via a 1,2-methyl shift predicted to be accompanied by a
barrier of 11 kcal mol−1. The most energetically taxing step is
the formation of K+ from I+ (barrier of 16.1 kcal mol−1). Note
that secondary carbocation J+ was found not to be an

Figure 5. Energetics for the proposed carbocation cascade. Relative free energies of carbocations computed at the mPW1PW91/6-31+G(d,p) level
of theory.

Figure 6. Intrinsic reaction coordinate for conversion of I+ to K+. Relative electronic (potential) energies computed at the mPW1PW91/6-
31+G(d,p) level of theory.
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intermediate in this process. Instead, the computed reaction
coordinate connecting K+ to I+ involves only a single transition
structure (Figure 6). Structures resembling J+ are found along
this reaction coordinate, but at the shoulder after the transition
structure; however, these involve significant delocalization via
hyperconjugation.35 The presence of this shoulder hinted that
the I+ to K+ transition structure might be followed by a post-
transition state bifurcation;36−40 i.e., a pathway downhill in free
energy that splits, allowing two products to form from a single
transition state. To test that hypothesis, ab initio molecular
dynamics simulations were run,41−43 and these revealed that
both products K+ (7/8-bond cleavage) and L+ (10,11-bond
cleavage) could be accessed from the I+ to K+ transition state
(Figure S83). Formation of the latter in only a small amount
(1:10) is consistent with the experimental observation of 1 as
the major product and hints that this selectivity may involve
nonstatistical dynamic effects inherent to the carbocation
substrates.44,45 A third option, 2,11-bond cleavage, would yield
the 5/6−5 tricyclic secondary cation M+, but this intermediate
is slightly lower in free energy than the transition structure and
therefore higher in free energy than J+. The pathway through
M+ (Figure 3), however, is possible in several TiqS variants
(e.g., F81L) where the electronic contour of the active site may
guide the cascade through minor pathways.
Another unusual feature of the mechanism shown in Figure

3 is the E+ → F → G+ deprotonation/reprotonation sequence.
This process was suggested because no carbocation-only
process with reasonable energetic barriers for conversion of
E+ to G+ (or any subsequent carbocation) could be found.
While deprotonation/reprotonation processes are well pre-
cedented in terpene biosynthesis, what makes this one unusual
is that we believe it may involve the released pyrophosphate
(OPP−) base;OPP− has been suggested as the final base in
other systems.46−48 This contention derives from the fact that
OPP was initially attached to C-1 and deprotonation is
proposed to occur on this same carbon. After initial OPP− loss,
the positive charge on the carbon skeleton migrates away from
OPP− as the first few intermediates are formed. But when it
returns to the neighborhood of OPP− it can potentially be
“quenched” by deprotonation. However, reprotonation can
then lead to a subsequent carbocation cascade that is
thermodynamically favorable. Note that carbocation G+ also
is not predicted to be a discrete intermediate; the proximity of
C-2 (carbocation center) and C-6 (π-bond) lead to a
barrierless cyclization reaction.
TiqS in D2O Supports the Presence of a Dolabella-

triene Neutral Intermediate. To probe the presence of the
neutral intermediate F, and therefore the necessary deproto-
nation and reprotonation events, in TiqS catalysis, TiqS was
incubated with GGPP in D2O buffer. GC−MS analysis of 1
produced in this reaction displayed a molecular ion peak at m/
z 273.2532, representative of an M+ ion containing a single
deuterium atom (Figures 4B and S31). This result, along with
the loss of the pro-S hydrogen at C-1 during catalysis, strongly
implicates that 1(11),2,6-dolabellatriene (F) is in fact a true
intermediate. The incorporation of a deuterium from an
ionizable functional group on TiqS or directly from D2O shows
that reprotonation at C-3 does not involve the same proton
lost when forming F.

■ CONCLUSIONS
Terpenoids are high value natural products and the character-
ization of new skeletons promises advances in natural product

discovery, TS enzymology, biocatalysis, and organic chemistry.
Although the majority of known terpenoids are from plants,
fungi, and marine invertebrates, bacteria have proven to be a
rich reservoir of uncharacterized terpenoid biosynthetic
enzymes and new terpene skeletons. Myxobacteria are a
quintessential example of this; they are well-known producers
of diverse secondary metabolites49 but only a few terpenoids
are known50 from this phylum. Several peptidic natural
products are known from M. boletus DSM 148713,51−53 but
its genome displays impressive biosynthetic potential. The
identification via genome mining and characterization of TiqS
and its novel 5/5/5/5 tetraisoquinane skeleton from M. boletus
supports this notion. We are currently focused on identifying
the natural product generated by a hypothetical biosynthetic
gene cluster encoding TiqS and evaluating its potential
biological activity and ecological function.
TiqS catalyzes a complex cyclization cascade ultimately

yielding the tetraisoquinane skeleton. We propose a reasonable
mechanism using a combination of shunt products, muta-
genesis, isotope labeling, and data from quantum chemical
computations. The mechanism entails a dolabellatriene neutral
intermediate and a unique rearrangement of two isoprene units
through a concerted rearrangement that avoids a discrete
secondary carbocation and opens up a post-transition state
bifurcation. TiqS was particularly flexible in regard to product
formation yielding five different carbon skeletons, which was
an important attribute that led to the mechanistic proposal.
Detailed structural analysis of TiqS is required to fully
understand its catalysis and will lead to opportunities in TS
engineering. Overall, the complexity and novelty of TiqS
cyclization implies that myxobacteria produce new skeletons
and terpenoid discovery awaits.
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