UC Davis
UC Davis Previously Published Works

Title
Deceptive Complexity in Formation of Cleistantha-8,12-diene

Permalink
https://escholarship.org/uc/item/7720d0qj

Journal
Organic Letters, 24(14)

ISSN
1523-7060

Authors

Liang, Jin

Merrill, Amy T
Laconsay, Croix |

Publication Date
2022-04-15

DOI
10.1021/acs.orglett.2c00680

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7720d0gj
https://escholarship.org/uc/item/7720d0gj#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Org Lett. Author manuscript; available in PMC 2023 April 15.

-, HHS Public Access
«

Published in final edited form as:
Org Lett 2022 April 15; 24(14): 2646-2649. doi:10.1021/acs.orglett.2c00680.

Deceptive complexity in formation of cleistantha-8,12-diene

Jin Liang™+, Amy T. Merrill3*, Croix J. Laconsay3*, Anwei Hou", Qingyu PuT, Jeroen S.
Dickschat', Dean J. Tantillo®, Qiang Wang™”, Reuben J. Peters1*

TState Key Laboratory of Crop Gene Exploration and Utilization in Southwest China, College of
Agronomy, Sichuan Agricultural University, Chengdu, Sichuan 611130, China

1Roy J. Carver Department of Biochemistry, Biophysics & Molecular Biology, lowa State
University, Ames, |A 50011, USA

SDepartment of Chemistry, University of California, Davis, Davis, CA 95616, USA

TKekulé-Institut fur Organische Chemie und Biochemie, Rheinische Friedrich-Wilhelms Universitat
Bonn, 53121 Bonn, Germany

Abstract

A barley diterpene synthase (HvKSL4) was found to produce (14.5)-cleistantha-8,12-diene (1).
Formation of the nearly planar cyclohexa-1,4-diene configuration leaves the ring poised for
aromatization, but necessitates a deceptively complicated series of rearrangements steered through
a complex energetic landscape, as elucidated here through quantum chemical calculations and
labeling studies.
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The Poaceae plant family is a particularly rich source of labdane-related diterpenoids, 12
which are defined by the initiation of their biosynthesis from the general diterpenoid
precursor (£,E£,E)-geranylgeranyl diphosphate (GGPP) by class Il diterpene cyclases, most
directly to produce the eponymous labdadienyl/copalyl diphosphate (CPP).3 However,
relatively little is known about such biosynthesis in barley (Hordeum vulgare), with only
the ent-CPP synthase HvCPS1 and ent-kaurene synthase HvKS1 presumably involved in
gibberellin phytohormone biosynthesis previously characterized.*-® Nevertheless, as with
other cereal crop plants,1~2 barley contains a number of genes for KS-like (KSL) terpene
synthases. Among these, HVKSL4 is of particular note as its transcript accumulates in
response to either UV-irradiation or infection with the fungus Piriformospora indica®
similar to KSLs involved in specialized/secondary metabolism of known importance in
other Poaceae plant species.? Given the importance of barley as a source of drink, food and
fodder, as well as the critical physiological roles for labdane-related diterpenoids in cereal
resistance to biotic and abiotic stresses,? ’ HYKSL4 was selected for characterization of
such specialized metabolism in this key crop plant.

For biochemical characterization HYKSL4 was cloned from UV-irradiated leaf tissue (see
Supporting Information for details). HYKSL4 was then incorporated into a previously
described modular metabolic engineering system that enables expression in Escherichia
coli engineered to produce potential substrates, specifically the three known stereoisomers
of CPP,8 all of which are produced by Poaceae.1~2 While HvKSL4 did not react with
ent-CPP it does with both (normal) CPP (2) and syn-CPP. Given a recent preprint reporting
that HYKSL4 is found in a biosynthetic gene cluster in the barley genome that also
contains HYCPS2 that produces 2, with derivatives of the resulting 1 found in planta,® this
communication focuses on that reaction (see Supplemental Figure S1 for the results with
syn-CPP). HVKSL4 reacts with 2 to form an unknown major product (Figure 1A), along
with small amounts of a single minor product that was shown to be isopimara-8,15-diene (3)
by comparison to an authentic standard (Supplemental Figure S2).
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In order to identify the unknown major product (1) resulting from 2 additional metabolic
engineering was employed to increase metabolic flux towards isoprenoids,1? and the
resulting recombinant £. coli grown in larger volumes. This enabled isolation of a sufficient
amount of 1 (~2 mg) for structural analysis by NMR (Supplemental Table S1 and Figures
S3 - S7). From this 1 is a perhydrophenanthrene tricycle with a methyl and ethyl
substituent on the ‘C’ ring formed by HvKSL4. However, two potential configurations

for the ethyl substituent and double-bond arrangement in this ring could be reasonably
proposed (Supplemental Figure S8). To help determine the relevant structure, computational
predictions of chemical shift data were made for both, with further consideration of

the ethyl epimers, and compared to those measured (Supplemental Tables S2 — S9; all
structures deposited in ioChem-BD1). Minimization of the mean absolute deviation (MAD)
between the experimental and computed chemical shift data strongly indicated that 1

has a cleistanthane backbone with 8,12-diene arrangement, and an ethyl group inan S
configuration (Supplemental Results S1), consistent with the C13 /so methyl substituent
configuration observed with the minor product 3 - i.e., 1is (145)-cleistantha-8,12-diene
(Figure 1B). Both UV and IR spectra are consistent with this assignment as well
(Supplemental Figures S9 and S10).

Intriguingly, while terpene synthases are primarily viewed as generating specific carbon
backbones via conserved reactions,12 HYKSL4 utilizes an extended mechanism for
production of a cleistanthane. In particular, this skeletal structure can be most simply formed
following initiating ionization of 2 and cyclization to a pimara-15-en-8-yI carbocationic
intermediate by 1,2-hydride transfer from C14 to C8, with subsequent 1,2-shift of the vinyl
group from C13 to C14 prior to terminating deprotonation (e.g., green arrows in Figure

1B). However, this mechanism leaves the vinyl substituent intact, in contrast to the reduced
ethyl group observed here. Accordingly, the reaction to form 1 must involve a more complex
series of rearrangements.

The initial step is a relatively straightforward cyclization of 2 to form an isopimar-15-
en-8-yl* intermediate (A), immediate deprotonation of which yields the minor product 3
(Figure 1B). Beyond the initial formation of A, two distinct pathways to 1 were considered
here (Supplemental Results S2). These can be distinguished by initial formation of the
8-ene or 12-ene (Scheme 1). The first (pathway 1) proceeds from A via a 1,4-proton
transfer (C14 to C16). By contrast, the second (pathway 2) proceeds via a 1,6-proton
transfer (C9 to C16). While the inherent energetic barrier for the initial proton transfer

has been predicted to be significantly higher for pathway 1,13-14 it is still enzymatically
surmountable, as seen with other diterpene synthases.15-16 Nevertheless, in both pathways
initial proton transfer is followed by additional rearrangement. To investigate the energetic
barriers for these subsequent steps, and place these within the already computed

complex energetic landscape for the resulting isopimaren-15-yl* intermediates,13-14 further
computational analyses (density functional theory calculations, MPW1PW91/6-31+G(d,p)//
B3LYP/6-31+G(d,p)1"-18) were carried out, with the results summarized in Supplemental
Scheme S1. All barriers are predicted to be < 30 kcal mol~1 for both pathways, consistent
with the ~31 kcal mol~1 barrier to the 1,4-proton transfer with A catalyzed by diterpene
synthases involved in conifer resin acid biosynthesis (presumably via barrier lowering),13
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leaving open the possibility that either pathway could be utilized by HvKSL4, although
pathway 2 is inherently preferred by a substantial amount.

To discern between the two pathways isotopic labeling studies were employed. Given the
exogenous protonation invoked for cyclopropyl ring opening in pathway 1 (see intermediate
| in Scheme 1), initial studies were carried out with a coupled reaction in 2H,0, including
initial cyclization of GGPP to 2 by a class |1 diterpene cyclase, which involves incorporation
of a deuterium as previously shown.1® However, the further cyclization of 2 to 1 by
HvKSL4 did not lead to incorporation of an additional deuterium beyond that found in

2, arguing against pathway 1 (Supplemental Figure S11). Nevertheless, given the frequency
of intramolecular proton transfer in terpene synthase catalyzed reactions,12 the absence of
incorporation from an exogenous source does not provide definitive evidence —i.e., as

the cyclopropyl might be opened by 1,4-proton transfer from C12 to C15. Accordingly,
additional labeling studies were carried out. These relied on generation of labeled GGPP
from farnesyl diphosphate and isopentenyl diphosphate, using a GGPP synthase, as
previously described,2%-22 along with the synthesis of (15,15,15-2Hs)farnesyl diphosphate
reported here (Supplemental Results S3). This enabled a series of experiments to more

fully investigate the predicted rearrangements (Scheme 2). First, a coupled reaction with
(1-13C,6-2H)GGPP was carried out, which results in (16-13C,9-2H)-A, with observation of
a triplet for C16 in the 13C NMR spectra demonstrating derivation to (16-13C,16-2H)-1
(Supplemental Figure S12). This confirms 1,6-proton transfer within A to form isopimara-8-
en-15-yl* (B). Notably, approximately half of the minor product 3 retains the deuterium,
suggesting a mixed origin from deprotonation of either A at C9 (loss of 2H) or B at C16
(retaining 2H). Second, a coupled reaction with (2-13C,19,19,19-2H3)GGPP was carried out,
which results in (15-13C,14,14-2H,)-A, with observation of a triplet for C15 in the 13C
NMR spectra demonstrating derivation to (15-13C,14,15-2H,)-1 (Supplemental Figure S13).
This confirms the 1,3-proton transfer within B to form the allylic carbocation intermediate
isopimara-8-en-14-yl* (C). The subsequent 1,2-ethyl migration from C13 to C14 formally
proceeds from C as isopimara-8-en-14-yl* to yield the rearranged carbocation intermediate
cleistantha-8-en-13-yI* (D). Finally, a coupled reaction with (4,4-2H,)GGPP was carried
out, which results in (12,12-2H,)-A, with observation of the loss of a deuterium in the
derived (12-2H)-1 (Supplemental Figure S14). This confirms concluding deprotonation of D
at C12 rather than intramolecular transfer.

Use of pathway 2 by HVKSL4 for production of 1 emphasizes the complexity of

the energetic landscape for this reaction, which includes previously reported alternative
rearrangements of B.14 There are alternative transition states leading towards ring expansion
(barrierless at the mPW1PW091 level of theory utilized here) or the 1,2-methyl migration
leading to production of the cyclohexa-1,4-diene abietane miltiradiene (5.2 kcal mol~2
relative to B), and the inherent barriers for these are similar to that for the production

of 1 (0.2 kcal mol™1). Even within the relevant pathway carbocation C can undergo an
alternative 1,2-methyl shift (leading to a cassane backbone, such as in E and 4) rather than
1,2-ethyl shift (c.f. blue vs red arrows in Scheme 1), and the energetic barrier for each is
essentially identical (19.9 versus 19.5 kcal mol™1, respectively, relative to C). While the
energetic barrier for the 1,2-hydride shift from C14 to C8 within the initially formed A
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to generate the pimar-15-en-14-yl* precursor to vinyl containing cleistantha-12,15-diene
(Supplemental Figure S15) is greater than that for transition to B (14.5 versus 11.3

kcal mol=2, respectively), it is still easily surmountable. Thus, HvKSL4 must steer its
reaction through a complex energetic landscape in order to selectively produce 1. This is
hypothesized to enable formation of the nearly planar cyclohexa-1,4-diene ring, indicating
eventual aromatization in any derived phytoalexins. Indeed, the recent preprint reports that
barley produces aromatic derivatives of 1.2 Accordingly, the work reported here elucidates
the ability of terpene synthases to not only form various carbon backbones, but specific
olefin isomers that enable further transformations via use of an alternative more extended
mechanism, providing an additional contribution to terpenoid natural products biosynthesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HvKSL4 + 2

isopimara-8,15-diene (3)

cleistantha-8,15-diene cleistantha-8,12-diene (1)

Figurel.
HvKSL4 activity with CPP (2). A) Total ion chromatogram for extract from £. coli

expressing HvKSL4 and also engineered to produce CPP (2), with peak numbering as
described in the text. B) Scheme showing 2 and reaction leading to identified products, as
well as ‘simpler’ alternative also leading to a cleistanthadiene (green arrows), as discussed in
the text.
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Scheme 1. Alternative pathways for the production of 1f
fPathway 1 (top, shaded in red) and pathway 2 (bottom, shaded in blue). Also indicated

are relative energies (kcal mol~1) of minima and transition state structures calculated
using density functional theory (mPW1PW291/6-31+G(d,p)//B3LYP/6-31+G(d,p)). In both
pathways the initial proton transfer exhibits a post-transition state bifurcation (PTSB)
leading to other products (and sometimes other PTSBSs), as previously described.13-14
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(1-13C,6-°H)GGPP (15-13C,9-2H)-2
(2-13C,19,19,19-°H3)GGPP  (14-13C,17,17-2Hp)-2

(4,4-°H,)GGPP (12,12-2H,)-2

(16-13C,16-2H)-B (18- G TE )
(15-13C,14,14-2H,)-B (15-13C,14,15-°H,)-C
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Scheme 2. Labeling studies of HVK SL 4 production of 1f
fShown for the relevant pathway 2.
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