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With more than 80,000 known compounds terpenes represent
the largest class of natural products. Their remarkable struc-
tural complexity and diversity is a result of a unique biosyn-
thetic pathway invented by nature that starts with the formation
of only a few acyclic precursors termed oligoprenyl diphos-
phates. These precursors containing multiple olefinic double
bonds can be ionised to generate a highly reactive cationic
intermediate that can be subject to a cascade reaction through
typical carbocation chemistry, including cyclisation reactions,
hydride migrations and Wagner—Meerwein rearrangements
[1,2]. The cascade is usually terminated by deprotonation or
attack of water. The initially formed terpene hydrocarbons can
subsequently be modified by enzymatic oxidations that often

involve radical chemistry.

The non-functionalised hydrocarbons are volatile and often ex-
hibit interesting odour properties [3]. As a consequence, these
compounds may act as chemical signals such as pheromones,
but also have a long standing history as fragrances used by
humans. The oxidised derivatives may be of high interest
because of their bioactivity, with some of the most important
drugs used in medical applications being of terpenoid origin.
Two of the most fanous examples include the diterpenoid taxol

from Taxus brevifolia that is used to treat breast and other types
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of solid cancers, while artemisinin from Artemisia annua is
used as a cure against malaria [4].

This thematic issue covers all different aspects of terpene
chemistry and biochemistry, including compound isolation and
structure elucidation, total synthesis, biosynthetic studies,
bioactivity and functionalisation for mode of action studies, and
other applications of terpenes, e.g. as fragrances. I thank all
colleagues who have participated in this issue for their contribu-
tions and the whole Beilstein team for the professional support,
and I wish the readers of the issue some joyful and stimulating

new insights.
Jeroen S. Dickschat

Bonn, December 2019
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A detailed chemical investigation of the South China Sea soft corals Clavularia viridis and Lemnalia flava yielded four new halo-

genated laurane-type sesquiterpenoids, namely, isobromolaurenisol (1), clalaurenol A (2), ent-laurenisol (3), clalaurenol B (4), and

the new aromadendrane-type sesquiterpenoid claaromadendrene (6), together with three known sesquiterpenoids (5, 7, and 8). Their

structures were determined by extensive spectroscopic analysis and by comparison with the previously reported analogues. In a

bioassay, compounds 1, 2 and 4 exhibited interesting inhibitory activities in vitro against PTP1B and NF-«xB.

Introduction

Marine soft corals are important sources of biologically active
compounds, which made them attractive targets for natural
product chemists. Soft corals of the genus Clavularia (class
Octocorallia, order Alcyonacea, family Clavulariidea), are
prolific sources of numerous biologically active compounds
[1-4]. A variety of structurally unique sesquiterpenes, including
aromadendranes [5], maalianes [5], elemanes [6], and trinor-
guaianes [7-9], have been isolated since the early 1980s from

several species of Clavularia. Soft corals of the genus Lemnalia
are also a rich source of sesquiterpenoids and diterpenoids with
various intriguing carbon skeletons, such as nardosinanes,
neolemnanes, and ylanganes [10]. Many of these secondary
metabolites have attracted a lot of attention for further synthetic
and pharmacological studies due to their potent bioactivities
ranging from neuroprotective, cytotoxic, to anti-inflammatory

properties [10].
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In the framework of our ongoing research for the bioactive
metabolites from South China Sea soft corals [11,12], we made
the collection of the title samples Clavularia viridis and
Lemnalia flava off the Xisha Islands, Hainan Province, China.
The chemical investigation of two title animals led to the isola-
tion of four new halogenated laurane-type sesquiterpenoids 14,
one new aromadendrane-type sesquiterpenoid 6) together with
three related known compounds 5, 7 and 8 (Figure 1). Herein,
the isolation, structure elucidation and bioactivity evaluation of
these compounds are presented.

Results and Discussion

The frozen bodies of the two soft corals C. viridis and L. flava
were cut into pieces and exhaustively extracted with acetone.
The Et,O-soluble portion of the acetone extracts were chro-
matographed repeatedly over silica gel, Sephadex LH-20, and
RP-HPLC to yield pure compounds. A total of eight com-
pounds including compounds 1 (1.0 mg), 2 (0.9 mg), 3
(3.4 mg), 4 (1.4 mg), 5 (0.9 mg), 6 (2.8 mg), 7 (7.8 mg), and 8
(6.8 mg) were obtained from the C. viridis sample while two
compounds 3 (8.6 mg) and 4 (2.3 mg) were obtained from
L. flava. Among them, the known compounds were readily
identified as cupalaurenol (5) [13], 1-hydroxyalloaromaden-
drene (7) [14], and humulene epoxide II (8) [15] by comparing
their NMR spectroscopic data and optical rotation with those re-

ported in the literature.

Isobromolaurenisol (1) was obtained as an optically active
colorless oil. Its molecular formula, C;5sHgOBr,, was deduced
by HR-ESIMS with ion peaks at m/z 370.9657, [M — H]™ (calcd
for C15H70Bry, 370.9646), indicating six degrees of unsatura-
tion. The 13C NMR and DEPT spectra contained signals attrib-
utable to three methyls, two sp> methylenes, one sp> methine,
one sp3 quaternary carbon, three sp? methines, and five sp?

Beilstein J. Org. Chem. 2019, 15, 695-702.

quaternary carbons (Table 1). The typical resonances at
d¢c 145.6, 6¢ 113.0, dyyc 7.30/136.8, ¢ 123.4, 5¢ 153.0,
dy/c 6.71/116.8 revealed the presence of a 1,2,4,5-tetra-
substituted benzene ring, and the signals at oy 6.08/99.1,
d¢ 154.2 indicated the existence of a trisubstituted double bond.
All the above evidence suggested the laurane nature of this mol-
ecule, and literature research revealed that 1 should be an
isomer of a known laurane-type terpenoid bromolaurenisol (1a)
[16,17] due to their extremely similar NMR data and the same
molecular weight (Figure 1). In fact, the main difference be-
tween 1 and 1a happened only at the tetrasubstituted benzene
ring with the substituents exchange between C-7 and C-10
(Figure 1). The assignment of the planar structure of 1 has been
further confirmed by 2D NMR experiments, including 'H,'H
COSY, HSQC, and HMBC, with the key correlations shown in
Figure 2. In particular, the hydroxy group (dy 4.68, s) was con-
firmed to be attached at C-10 by the clear HMBC correlation
from OH to C-10 and C-11.

The relative configuration of 1 was established by a NOESY
experiment (Figure 3), in which the correlations of H3-13
(®yg 1.29, s) with H-2 (8y4 3.56, q, J = 7.2 Hz) and H-58
(8 2.34, m) indicated that these protons were on the same side
of the molecule and were tentatively assigned to be B-oriented,
while the correlation of H-5a (8y 1.88, m) and H3-14 (o 0.74,
d, J=7.3) at C-2 indicated CH3-14 was a-oriented. Besides, the
trisubstituted olefin (A%'1%) was determined to be in E configu-
ration due to the clear NOE correlations of H-15 with H3-13
and Hs-14. In view of the above evidences, the relative configu-
ration of compound 1 was determined as 1R*2R*, the same as
1a [16,17].

Compound 2 was isolated as an optically active colorless oil.
The molecular formula, C;5H;9OBr, was established by the mo-

1: R'=Br,RZ2=Br, R®=0H
1a: R'=Br,R2=0H, R3=Br
. R'=H,R2=Br,R3=OH

15
5 6: R=a-OH
6a: R=p-OH

Figure 1: Structures of compounds 1-8.
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Table 1: 'H and '3C NMR data of 1-32 recorded in CDCl5.

Beilstein J. Org. Chem. 2019, 15, 695-702.

No. 1 2 3

Oy mult oc Oy mult oc Oy mult oc

(Jin Hz) (Jin Hz) (Jin Hz)
1 - 52.0,qC - 51.1,9qC - 48.4,qC
2 3.56,q(7.2) 47.5,CH 3.41,9(7.2) 47.1,CH 3.37,q9(7.1) 48.1,CH
3 - 154.2,qC - 157.6, qC - 153.6, qC
4 2.40,m; 2.51, m 29.0, CHy 248, m 28.2, CHy 249, m 28.0, CHy
5 1.88, m; 2.34, m 35.1, CHy 1.79, m; 2.27, m 36.1, CHy 1.93, m; 2.34, m 34.9, CHy
6 - 145.6, qC - 145.6, qC - 130.4,qC
7 - 113.0,qC - 113.3,qC - 153.0, qC
8 7.30, s 136.8, CH 7.31,s 136.7, CH 6.52, s 116.6, CH
9 - 123.4,qC - 123.1,qC - 137.2,qC
10 - 153.0, qC - 152.9, qC 6.71,d (7.7) 121.5, CH
11 6.71, s 116.8, CH 6.73, s 116.8, CH 7.01,d (7.8) 128.2, CH
12 2.18,s 15.0, CH3 2.18,s 15.0, CH3 2.28,s 20.7, CH3
13 1.29,s 25.0, CH3 1.30, s 25.1, CH3 1.23,s 25.7, CH3
14 0.74,d (7.3) 19.2, CH3 0.73,d (7.2) 19.9, CHj3 0.76,d (7.2) 15.0, CH3
15 6.08, s 99.1, CH 4.89,s5;4.99, s 106.9, CH» 5.93,s 97.5, CH
OH 4.68, s - 4.67,s - 4.66, s -

aBruker DRX-500 spectrometer (125 MHz for '3C NMR and 500 MHz for TH NMR) in CDCls, chemical shifts (ppm) referred to CHCI3 (3¢ 77.16;
Oy 7.26); assignments were deduced by analysis of 1D and 2D NMR spectra.

Figure 2: 'H,"H COSY and key HMBC correlations of compounds 1-4 and 6.

lecular ion peak at m/z 293.0548, [M — H]™ (calcd for
C5H,30Br 293.0541) in the HR-ESIMS spectrum. The 'H and
13C NMR spectra showed great similarities with those of the
co-occurring 1, which indicated the same laurane skeleton. In
fact, compound 2 differed from 1 only by the debromonation at
the C-15 position, which was in agree with the lack of 78/80
units in its mass compared to that of 1. The planar structure of 2
was further confirmed by its 2D NMR data (Figure 2). The rela-
tive configurations of the chiral centers on the cyclopentane
ring were determined to be the same as 1 by inspection of the
proton coupling constants (Table 1) and NOESY experiments
(Figure 3). Thus, compound 2 was determined to be the

debrominated derivative of 1, namely, clalaurenol A.

Compound 3 was observed as an optically active colorless oil.
The molecular formula, C;5H9OBr, was deduced by HR-EIMS
ion peak at m/z 294.0617, [M]* (caled for C;sH;9OBr,
294.0619). The 'H and 13C NMR data (Table 1) of 3 were
found to be identical to those of laurenisol (3a), a halogenated
sesquiterpenoid previously isolated from the red alga Laurencia
glandulifera Kiitzing [18]. The relative configuration of 3 was
established by NOESY correlations (Figure 3) in which the
correlations of H3-13 (6y 1.23, s) with H-2 (dy 3.37, q,
J = 7.1 Hz) and H-5a (dy 1.93, m); H3-14 (8 0.76, d,
J =17.2 Hz) with H-5b (g 2.34, m) indicating that two methyls
at C-1 and C-2 were on the opposite side of the molecule.
Besides, the NOESY correlation of one olefin proton (H-15,
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Figure 3: Key NOESY correlations for compounds 1-4 and 6.

Oy 5.93, s) and two protons at C-4 (dy 2.49, m), suggesting the
Z geometry of the double bond at C-3/C-15. Finally, the sign of
the [a]p values of 3 {[a]p2® —24.2 (¢ 0.06, CHCl3);
[o]p2® —16.0 (¢ 0.10, MeOH)} were found to be opposite to that
of laurenisol (+85.9) [18]. Thus, compound 3 can be assigned as
the enantiomer of 3a, named ent-laurenisol.

Clalaurenol B (4) was obtained as an optically active colorless
oil. The molecular formula, C5H;30Br,, the same as 4a [18],
was established by HR-ESIMS ion peaks at m/z 370.9654,
[M — H]™ (caled for C;5H{70Brp, 370.9646). The IH and
I3C NMR data of 4 were identical to those of 4a, a C-10
bromonated analogue of 3a. In addition, the NOE correlations
between H3-13 (6 1.21, s) with H-2 (6y 3.34, q, J = 7.3 Hz)
and H-5a (g 1.91, m); H3-14 (8 0.76, d, J = 7.2 Hz) with
H-5b (8 2.32, m); a proton at C-15 (H-15, 3y 5.94, s) and two
protons at C-4 (3y 2.48, m) suggested the relative configuration
(C-1, C-2 and A315) of 4 is the same as 3. Moreover, the sign of
their [a]p values {[a]p2® —52.1 (¢ 0.08, CHCl3); [a]pZ® —22.5
(¢ 0.10, MeOH)} for 4 and {[a]p2® +74 (¢ 0.58, CHCls)} for
4a, indicating that compound 4 should be the enantiomer of 4a
[18].

Compound 6 was isolated as an optically active colorless oil.
The molecular formula C;5H,40, the same as 7 [14] and 6a
[19,20], was established by HR-ESIMS ion peak at m/z
220.1824 [M]" (caled for C15Hp40, 220.1825). A detailed anal-
ysis of 2D NMR experiments (Figure 2), revealed that com-
pound 6 had the same planar structure as 6a and co-occurring 7

differing only in the stereochemistry. The relative configura-

Beilstein J. Org. Chem. 2019, 15, 695-702.
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NOESY

tion of 6 was established by NOESY correlations (Figure 3) in
which the correlations of H-6 (6y 0.62, dd, J = 11.4, 9.1 Hz)
with H-7 (8y 0.81, m) and H3-15 (8y 1.01, d, J = 7.2 Hz);
H3-12 (8 1.08, s) with H-6 and H-7, indicating that these
protons were on the same side of the molecule and were tenta-
tively assigned to be a-oriented, while correlations of H-5
0y 1.60, m) with H-4 (8y 2.20, m) and H3-13 (6 0.99, s)
suggesting these protons were on the opposite orientation. In
view of the above evidences, the relative configuration of com-
pound 6 was determined as 4R*55* 6R* 7R *. In fact, the only
difference between compounds 6 and 6a was the configuration
of the hydroxy group at C-1 with a-orientation for 6 while
B-orientation for 6a [19,20]. Further, due to the influence of the
configuration inversions of C-1, the 13C NMR chemical shift of
the carbon at C-1 (8¢ 85.5, qC), was apparently upfield shifted
(AS = —3.0) comparing to compound 6a (Table 2), giving the
further support of the assigned structure for 6 (Figure 1). Thus,
compound 6 was determined as a C-1 isomer of ent-1-hydroxy-
alloaromadendrene (6a), namely, claaromadendrene.

In bioassays, all the isolated compounds were tested for protein
tyrosine phosphase-1B (PTP1B) and NF-«xB inhibitory activity.
In the PTP1B inhibitory assay, the inhibitory effects of com-
pounds 1-8 were evaluated against PTP1B, and the result
showed that compounds 1, 2 and 4 had a moderate PTP1B
inhibitory activity with ICsg values of 18.8, 21.8 and 15.6 puM,
respectively. The known PTP1B inhibitor oleanolic acid
(ICsp = 3.0 uM) were used as positive control in this assay. In
NF-kB inhibitory assay, compounds 2 and 4 showed the most
potent NF-kB signaling pathway inhibition with ICs( values of
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Table 2: 'H and '3C NMR data of 42 and 62 and '3C NMR data of 6a° and 72 recorded in CDCls.

No. 4 6 6a° 7

Oy mult o¢c Oy mult oc Oy mult oc

(Jin Hz) (Jin Hz) (Jin Hz)
1 - 48.4,qC - 85.5,qC 88.5,qC 88.7,qC
2 3.34,q(7.3) 47.9, CH 1.76, m; 1.96, m 37.1, CHy 36.5, CHy 36.6, CHy
3 - 153.1,qC 1.55, m; 1.90, m 33.3, CHy 30.6, CHz 30.7, CHy
4 2,48, m 27.9, CHy 220, m 34.9, CH 34.3,CH 34.4,CH
5 1.91, m; 2.32, m 34.9, CHy 1.60, m 46.8, CH 49.0, CH 491, CH
6 - 133.2,qC 0.62,dd (11.4,9.1) 21.8,CH 23.3,CH 23.4,CH
7 - 152.3,qC 0.81, m 27.5,CH 254, CH 25.5,CH
8 6.59, s 118.1, CH 0.98, m; 2.02, m 25.2, CHy 21.2, CHy 21.4, CHy
9 - 136.5, qC 2.27, m; 2.47,dd (13.9, 12.6) 34.1, CHy 32.0, CHy 32.2, CHy
10 - 115.5,qC - 155.1,qC 152.9, qC 153.0, qC
11 7.23,s 131.9, CH - 19.8,qC not detected 18.1,qC
12 230, s 22.3, CH3 1.08, s 29.0, CH3 28.6, CH3 28.7, CH3
13 1.21,s 25.4, CHj 0.99, s 15.7, CH3 15.9, CH3 16.0, CH3
14 0.76,d (7.2) 15.0, CH3 4.66,1(1.6); 4.80,d (1.7) 108.3, CH» 111.7, CHy 111.8, CH»
15 5.94,s 97.8, CH 1.014d, (7.2) 18.8, CH3 16.6, CH3 16.7, CH3
OH 475, s - - -

aBruker DRX-500 spectrometer (125 MHz for '3C NMR and 500 MHz for TH NMR) in CDCls, chemical shifts (ppm) referred to CHCI3 (3¢ 77.16;
By 7.26); assignments were deduced by analysis of 1D and 2D NMR spectra. ®Data reported in ref. [19] (in CDCl3).

6.8 and 7.3 uM, respectively, while compound 1 showed mod-
erate activity with an ICsq value of 19.9 uM (Table 3).

Table 3: PTP1B and NF-kB inhibitory effect of compounds 1-8.

Compounds IC50 (UM)
PTP1B NF-kB

1 18.8 19.9
2 21.8 6.8
3 — —

4 15.6 7.3
5 - —

6 - —

7 - —

8 - -
A# 3.0 -
B# - 14.0

A* and B¥, representing oleanolic acid and bortezomib, respectively,
were used as the positive controls.

Conclusion

In summary, eight sesquiterpenoids (1-8), belonging to four dif-
ferent structural types, were isolated from two South China Sea
soft corals (C. viridis and L. flava) for the first time. The
discovery of these metabolites extended the structural diversity
and complexity of sesquiterpenoids derived from soft corals

C. viridis and L. flava. In fact, to our knowledge, naturally

occurring laurane- (1-4) and cuparane-derived (5) sesquiter-
penoids, are extremely rare in soft corals. Previously, such
sesquiterpenoids have only been isolated from the red algae of
the genus Laurencia [14,16,17,21] and some sea hares that prey
on it [13,22]. In this paper, the chemical investigation of two
different soft corals collected off the South China Sea, which
belong to two different genera, have resulted in the discovery of
two common new halogenated laurane-type sesquiterpenoids (3
and 4). Based on these findings, other than prey—predator rela-
tionship, the common symbiotic organisms in the algae and the
soft corals might be the source of these metabolites. In fact,
many investigations have proved that [23] numerous natural
products are actually produced by microbes and/or microbial
interactions with the “host from whence it was isolated”.
Further chemical investigation of these soft corals in the South
China Sea as well as their associated microorganisms should be
conducted to verify the true origin of these metabolites and to
further understand the real biological/ecological roles they
played in the life cycle of the title animals in the South China
Sea.

The promising PTP1B inhibitory activity of laurane-type
sesquiterpenoids [24] in a previously report from our group,
inspired us to test the PTP1B inhibitory activity of compounds
1-4. Among them, compound 3 was inactive against PTP1B en-
zyme, whereas compounds 1, 2 and 4 exhibited considerable
PTP1B inhibitory activity with ICsq values of 18.8, 21.8, and
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15.6 uM, respectively. Compounds 1, 2 and 4 also showed
strong NF-«xB inhibitory activity with 1Csq values of 19.9, 6.8
and 7.3 uM, respectively. With regard to their structure—activi-
ty relationship, the bromine atom on the benzene ring may play
the key functional role in the inhibitory activity. This study
could thus provide a clue for the further biological study and
structure modification of marine brominated laurane sesquiter-
penoid derivatives towards new effective PTP1B and/or NF-kB

inhibitors.

Experimental

General experimental procedures

Optical rotations were measured on a Perkin-Elmer 241MC
polarimeter. IR spectra were recorded on a Nicolet-Magna
FT-IR 750 spectrometer. EIMS and HR-EIMS spectra were re-
corded on a Finnigan-MAT-95 mass spectrometer. HR-ESIMS
spectra were recorded on a Q-TOF Micro LC-MS—-MS mass
spectrometer. The NMR spectra were measured on a Bruker
DRX-500 spectrometer with the residual CHCl3 (3y 7.26 ppm,
dc 77.2 ppm) as internal standard. Chemical shifts are
expressed in & (ppm) and coupling constants (/) in Hz. 'H and
I3C NMR assignments were supported by 'H,'H COSY,
HSQC, HMBC and NOESY experiments. Commercial silica
gel (Qing Dao Hai Yang Chemical Group Co., 300-400 and
500-600 mesh) and Sephadex LH-20 (Amersham Biosciences)
were used for column chromatography. Precoated silica gel
GF254 plates (Sinopharm Chemical Reagent Co., Shanghai,
China) were used for TLC. Reversed-phase (RP) HPLC purifi-
cation was carried out on an Agilent 1260 series liquid chroma-
tography system equipped with a DAD G1315D detector at
210 and 254 nm and with a semi-preparative ODS-HG-5
column [5 pm, 250 x 9.4 mm]. All solvents used for CC were of
analytical grade, and solvents used for HPLC were of HPLC
grade.

Collection of biological materials

The soft corals C. viridis and L. flava were collected by scuba
from Xisha Island, Hainan Province, China, in March 23, 2013,
at a depth of —15 to —20 m, and identified by Professor Xiu-Bao
Li from Hainan University. The voucher samples, both
C. viridis and L. flava are deposited at the Shanghai Institute of
Materia Medica, CAS, under registration Nos. 13XS-49 and
13XS-52, respectively.

Extraction and isolation

The lyophilized bodies of C. viridis (80 g, dry weight) were
minced into pieces and exhaustively extracted with acetone at
room temperature (4 X 1 L). The solvent-free actone extract was
partitioned between Et,O and H»O. The organic phase was
evaporated under reduced pressure to give a dark-red residue

(1.1 g), which was subjected to a gradient silica gel column
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chromatography (CC) [Et,O/petroleum ether (PE), 0-100%] to
yield 6 fractions (A—F). Fraction C was subjected to Sephadex
LH-20 CC (PE/CH;Cl,/MeOH, 2:1:1) to give 4 sub-fractions
(C1-C4). Fraction C4 was purified by silica gel CC
(500-600 mesh, Et,O/PE, 4:96) to afford pure 3 (3.4 mg), 4
(1.4 mg) and 8 (6.8 mg). Fraction D eluted with Sephadex
LH-20 CC (PE/CH,Cl,/MeOH, 2:1:1), followed by CC on
silica gel (500-600 mesh, Et,O/PE, 5:95) to afford pure 1
(1.0 mg), 2 (0.9 mg) and 5 (0.9 mg). Fraction E gave com-
pounds 6 (2.8 mg) and 7 (7.8 mg) after CC on Sephadex LH-20
(PE/CH;,Cl1,/MeOH, 2:1:1) and silica gel (500-600 mesh,
Et,O/PE, 8:92).

The frozen animals L. flava (350 g, dry weight) were cut into
pieces and extracted exhaustively with acetone at room temper-
ature (6 x 2.0 L). The organic extract was evaporated to give a
brown residue, which was then partitioned between H,O and
Et,0. The upper layer was concentrated under reduced pressure
to give a brown residue 8.0 g. The resulted residue was separat-
ed into seven fractions (A—QG) by gradient silica-gel CC. The re-
sulting fractions were then fractionated into sub-fractions by
Sephadex LH-20. The sub-fraction C5 was purified by Semi-
preparative HPLC (87% MeOH), yielding compounds 3
(8.6 mg) and 4 (2.3 mg).

Isobromolaurenisol (1): Colorless oil; [a]p2® +33.1 (c 0.07,
CHCl3); 'H and '3C NMR data, see Table 1; HR-ESIMS m/z:
[M — H] 370.9657, 372.9635, 374.9619 (calcd for
Ci15H70Br,, 370.9646).

Clalaurenol A (2): Colorless oil; [a]p2° +69.7 (¢ 0.05, CHCI3);
H and 13C NMR data, see Table 1; HR-ESIMS m/z: [M — H]~
293.0548, 295.0536 (caled for C;sH;gOBr, 293.0541).

ent-Laurenisol (3): Colorless oil; [a]pZ0 —24.2 (¢ 0.06, CHCl5);
[a]p2? —16.0 (¢ 0.10, MeOH); 'H and !3C NMR data, see
Table 1; HR-EIMS m/z: [M]" 294.0617, 296.0594 (calcd for
C]5H190BI‘, 294.0619)‘

Clalaurenol B (4): Colorless oil; [a]p2® —52.1 (¢ 0.08, CHCl5);
[a]p2? —22.5 (¢ 0.10, MeOH); 'H and 13C NMR data, see
Table 1; HR-ESIMS m/z: [M — H]™ 370.9654, 372.9637,
374.9618 (caled for CsH;70Br,, 370.9646).

Claaromadendrene 6: Colorless oil; [a]p2? —83.0 (¢ 0.20,
CHCI3); 'H and '3C NMR data, see Table 1; HR-EIMS m/z:
[M]* 220.1824 (caled for C;sH,40, 220.1825).

PTP1B inhibitory activity assay

The recombinant PTP1B catalytic domain was expressed and

purified according to a previous report [24]. The enzymatic ac-
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tivities of the PTP1B catalytic domain were determined at 30 °C
by monitoring the hydrolysis of pNPP. Dephosphorylation of
PpNPP generated the product pNP, which was monitored at an
absorbance of 405 nm with an EnVision multilabel plate reader
(Perkin—Elmer Life Sciences, Boston, MA). In a typical 100 L
assay mixture containing 50 mmol/L 3-morpholinopropanesul-
fonic acid, pH 6.5, 2 mmol/L pNPP, and 30 nmol/L recombi-
nant PTP1B, activities were continuously monitored and the
initial rate of hydrolysis was determined by using the early
linear region of the enzymatic reaction kinetic curve. The
IC5¢ was calculated with Prism 4 software (Graphpad,
San Diego, CA) from the nonlinear curve fitting of the
percentage of inhibition (% inhibition) vs the inhibitor concen-
tration [/] by using the following equation: % inhibition =
1/(1 + [ICs0/[11¥), where k is the Hill coefficient; ICsy > 50 uM

was considered inactive.

NF-kB signaling pathway inhibitory activity
assays

NF-«kB signaling pathway inhibitory activity was evaluated ac-
cording to the previously reported protocol [25]. Stable
HEK?293/NF-«B cells were plated into 384-well plates at a con-
centration of approximate 2500 cells per well. After culturing
overnight, compounds were added to the medium at a final con-
centration of 0.1 pg/mL. HEK293/NF-«B cells were seeded into
96-well cell culture plates (Corning, NY, USA) and allowed to
grow for 24 h. The cells were then treated with compounds, fol-
lowed by stimulation with TNF-a. 6 h later, the luciferase sub-
strate was added to each well, and the released luciferin signal
was detected using an EnVision microplate reader. The
IC5¢ was calculated with Prism 4 software (Graphpad,
San Diego, CA) from the nonlinear curve fitting of the percent-
age of inhibition (% inhibition) versus the inhibitor concentra-
tion [/] by using the following equation: % inhibition =
100/(1 + [ICs0/[1]]%), where k is the Hill coefficient. Borte-
zomib was used as a positive control with an ICs¢ value of
14.0 uM.

Supporting Information

Supporting Information File 1

Spectral data of compounds 1-4 and 7.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-64-S1.pdf]
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(—)-Isoguaiene was prepared from (S)-citronellal in only 9-10 steps with good overall yields. Either a trienyne or a dienediyne me-

tathesis and highly diastereoselective organocatalytic Michael additions of aldehydes derived from (S)-citronellal served as the key

transformations.

Introduction

The guaiane sesquiterpene (—)-isoguaiene (1) has been isolated
from the liverworts Pellia epiphylla [1] and Dumortiera hirsuta
[2] as well as from several Pimpinella species [3,4], while the
(+)-enantiomer of 1 has been isolated from the roots of Parthe-
nium hysterophorus [5]. A recent enantioselective synthesis of
(—)-isoguaiene (1) from (+)-dihydrocarvone [6] enabled an un-
ambiguous assignment of its absolute configuration as depicted
in Figure 1. Due to the structural similarity of 1 and the trisnor-
sesquiterpene clavukerin A (2), we were interested in devel-
oping an efficient synthetic access to 1 using a combined
organocatalytic/metal-catalyzed strategy related to the one

applied to the preparation of 2 [7,8].

(-)-isoguaiene (1) (=)-clavukerin A (2)

Figure 1: Structures of the sesquiterpene (-)-isoguaiene (1) and the
trisnorsesquiterpene clavukerin A (2).
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Results and Discussion

As illustrated in Scheme 1, two alternative routes were retrosyn-
thetically devised, both of which feature a domino metathesis
event and an organocatalytic Michael addition as the key steps.
In closer analogy to our improved synthesis of clavukerin A (2)
[8], a relay metathesis [9] of trienyne 3 was expected to lead to
the hydroazulene 1 selectively. Trienyne 3 was envisioned to
result from a stereoselective Michael addition of aldehyde 4 to
methyl vinyl ketone [7,8,10] followed by chemoselective elabo-
ration of the two carbonyl functions. Finally, aldehyde 4 was
traced back to the commercially available starting material (S)-
citronellal (5). On the other hand, a more rarely used enediyne
metathesis [11-14] of compound 7 or its relay surrogate 8 might
give rise to the conjugated triene 6, chemoselective hydrogena-
tion [15] of which would generate the target molecule 1. Simi-
lar to the disconnection of trienyne 3, the metathesis substrates
7 and 8 can be derived from aldehyde 9, which is finally also
traced back to (S)-citronellal (5).

Scheme 2 illustrates the synthesis of (—)-isoguaiene (1) by relay

metathesis of trienyne 3. The unsaturated aldehyde 4 required
for the organocatalytic Michael addition was readily prepared in

fg MeO OMe

e
Meo/(ci%/[ H,C= PPh3 (13) MeO”~ ~OMe

Beilstein J. Org. Chem. 2019, 15, 858-862.

p—
chemoselective
hydrogenation
(-)-isoguaiene (1) 6
U domino metathesis U
7 1y
I Ay
L/: 7:R=H
3 8:R= Ifﬁ/\

organocatalytic Michael addition

CK'\E/(: OHC

)-citronellal (

Scheme 1: Retrosynthetic analysis for (—)-isoguaiene (1).

Meo/(chi

— OHC
14 4
o}
f
9
0 O\t HO CO,Et OHC Br,C=PPh; (19)
Ph
)K/ N
H OMe HO
15 16 18
i
PPh3 || Mes—N_ N-Mes
L/\ CI::..YJPh
/ ,RU—
i
PCys 1

21

Scheme 2: Synthesis of 1 by relay metathesis of trienyne 3. a) HC(OMe)3

(i) 30% H202, 10% NaOH, 0 °C to rt, 97%;

, 4 mol % LiBF,4, MeOH, reflux, 80%; b) (i) BHz-Me,S, THF, 0 °C to rt,
¢) 5 mol % TPAP, NMO, CH,Cly, rt, 97%; d) 13, THF, rt to reflux, 96%; €) 25 mol % TsOH, THF, H,0,

iPrOH, reflux, 92%; f) 15, 7.5 mol % 16, 20 mol % 17, 1 °C, 91%; g) 19, THF, 0 °C to rt, 84%; h) (i) 21, THF, -60°C to rt then 50 °C, (ii) BuLi, -78 °C,
76%; i) 30 mol % 22, benzene, reflux, 51%. TPAP = tetrapropylammonium perruthenate. NMO = N-methylmorpholine-N-oxide. Ts = p-toluenesulfonyl.
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five steps commencing with (S)-citronellal (5). After protection
of the aldehyde function as the dimethyl acetal [16-18], hydro-
boration and oxidative work-up of 10 provided a mixture of
epimeric alcohols 11 that was unified by Ley—Griffith oxida-
tion [19] to give ketone 12 [20]. Subsequent Wittig reaction
with ylide 13 and acetal cleavage of the resultant olefin 14
delivered aldehyde 4 with considerably higher efficiency com-
pared to the known six-step preparation of ent-4 from (—)-
menthone [21]. Asymmetric Michael addition [7,8,10] of alde-
hyde 4 to methyl vinyl ketone (15) proceeded with high cata-
lyst-controlled diastereoselectivity (dr = 23:1) to yield keto
aldehyde 18. Chemoselective dibromoolefination with ylide 19
prepared from dibromomethyltriphenylphosphonium bromide
and sodium fert-butoxide [22] led to ketone 20 virtually with-
out erosion of the relative configuration (dr = 22:1). After
subjecting 20 to carbonyl olefination with unsaturated ylide 21
[8] followed by alkyne generation [23] with butyllithium in a
one-pot process, trienyne 3 was obtained as a 1.6:1 mixture of £
and Z olefin isomers. Due to the presence of the isopropyl group
at the disubstituted alkene [24] of 3, 30 mol % of the second
generation Grubbs catalyst 22 were required to effect the relay
metathesis of 3 to (—)-isoguaiene (1) in refluxing benzene in a
good yield of 51%.

Beilstein J. Org. Chem. 2019, 15, 858-862.

Thus, by application of a domino metathesis strategy featuring
trienyne 3, only 9 steps were needed to secure the guaiane
sesquiterpene 1 in 19.7% overall yield starting from (S)-
citronellal (5), which compares favorably with the previous syn-
thesis of 1 from (+)-dihydrocarvone (10 steps, 6.9% overall
yield) [6]. Scheme 3 depicts our first attempts to realize an al-
ternative domino metathesis strategy using enediyne 7.

Ozonolysis of the unsaturated acetal 10 gave aldehyde 23
[17,18] that was subjected to dibromoolefination with ylide 19
as described for the transformation of aldehyde 18. Use of the
preformed ylide 19 led to reproducibly higher yields of 24 in
comparison with the application of tetrabromomethane and tri-
phenylphosphine [23]. One-pot alkyne formation and methyla-
tion [23] of 24 to furnish 25 and subsequent acetal hydrolysis
provided the known aldehyde 26 [25] in very good overall
yield. In our hands, the "demethanation" of (S)-citronellol to
produce the primary alcohol corresponding to aldehyde 26 ac-
cording to the protocol of Abidi (NaNO,, aqueous AcOH) [26]
as a potential shortcut to 26 only proceeded with a maximum
yield of 20%. Asymmetric Michael addition of aldehyde 26 to
methyl vinyl ketone (15) followed immediately by treatment of
the resultant unstable keto aldehyde 27 with ylide 19 delivered

_a, b, <,
MeO~ "OMe MeO~ "OMe
| MeO” “OM&CHO | MeO" "OMe™x
23 Br Br
0] (0]
d_ e f A\
OHC OHC Br. -~
N N I N
r
26 27 28
Ch. s Y3 ph
22  or CI’RT =
PCy3
g 29
/ || // Mes—-N_ N-Mes
7 or cI” \_ 6
iPrO
30

Scheme 3: Attempted preparation of 1 by domino metathesis of enediyne 7.

a) (i) O3, CH,Clp, MeOH, pyridine, =78 °C, (i) PPhg, rt, 94%; b) 19, THF,

0 °C; ¢) (i) BuLi, =78 °C, (i) Mel, =78 °C to rt, 92% (2 steps); d) 25 mol % TsOH, THF, H,0, iPrOH, reflux, 90%; e) 15, 10 mol % 16, 20 mol % 17,
2°C; )19, THF, 0 °C to rt, 85% (2 steps); g) (i) 13, THF, rt to reflux, (i) BuLi, =78 °C, 90%.

860



dibromo olefin 28 with high diastereocontrol (dr = 19:1). Olefi-
nation of ketone 28 with ylide 13 and alkyne formation with
butyllithium in a one-pot procedure then gave rise to enediyne 7
in excellent yield. Unfortunately, all attempts to achieve a
domino metathesis of 7 to hydroazulene 6 only met with failure.
Thus, neither the Grubbs catalysts 22 or 29, nor the
Hoveyda—Blechert catalyst 30 [27,28] in the presence or
absence of ethylene effected the desired transformation to triene
6. As a consequence, we resorted to a relay strategy for
enediyne metathesis as well, and the successful execution of
this idea is illustrated in Scheme 4.

0
PN a
Br._~ S / l //
er L=
28 8
b _c,
6 1

Scheme 4: Conversion of 28 to 1 by relay metathesis of dienediyne 8.
a) (i) 21, THF, rt to reflux, (ii) BuLi, =78 °C, 65%; b) 25 mol % 29,
CHyCly, reflux; c) Ha, 15 mol % (PPh3)3RhCI, benzene, EtOH, rt, 42%
(2 steps).

Similar to the transformation of ketone 20, the one-pot conver-
sion of ketone 28 by olefination with unsaturated ylide 21 and
alkyne formation with butyllithium yielded dienediyne 8 as a
1.3:1 mixture of £ and Z olefin isomers. Gratifyingly, treatment
of 8 with 25 mol% of the first generation Grubbs catalyst 29
produced the desired hydroazulene 6 in refluxing dichloro-
methane. Without purification, the crude sensitive conjugated
triene 6 was immediately hydrogenated in the presence of the
Wilkinson catalyst [29] to give (—)-isoguaiene (1) by chemose-
lective reduction of only the terminal olefin [15] in satisfactory
yield over the 2 steps. Hence, the natural product 1 was avail-
able through this domino metathesis strategy featuring
dienediyne 8 in 10 steps from (S)-citronellal (5) in 14.5%
overall yield.

Conclusion

In summary, we have accomplished two short and efficient cat-
alytic routes from (S)-citronellal (5) to the guaiane sesquiter-
pene (—)-isoguaiene (1) using either a trienyne or a dienediyne
metathesis and highly diastercoselective organocatalytic

Michael additions of aldehydes derived from 5 as the key steps.

Beilstein J. Org. Chem. 2019, 15, 858-862.

Supporting Information

Supporting Information File 1

Experimental procedures and copies of 'H NMR and !3C
NMR spectra of compounds 1, 3, 4, 7, 8, 10, 12, 14, 18, 20,
23-28.
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Abstract

The strophariaceous basidiomycete Cyclocybe aegerita (synonyms Agrocybe aegerita and A. cylindracea) is one of the most
praised cultivated edible mushrooms and is being cultivated at large scale for food production. Furthermore, the fungus serves as a
model organism to study fruiting body formation and the production of secondary metabolites during the life cycle of Basidiomy-
cota. By studying the secondary metabolite profiles of C. aegerita, we found several terpenoids in submerged cultures. Aside from
the main metabolite, bovistol (1), two new bovistol derivatives B and C (2, 3) and pasteurestin C as a new protoilludane (4) were
isolated by preparative HPLC. Their structures were elucidated by mass spectrometry and NMR spectroscopy. The relative configu-
rations of 2—4 were assigned by ROESY correlations, and 3JH,H coupling constants in the case of 4. Applying quantitative PCR for
gene expression validation, we linked the production of bovistol and its derivatives to the respective biosynthesis gene clusters.

Introduction
The basidiomycete Agrocybe aegerita (synonym: A. cylin- comparisons of rDNA sequence data has resulted in its place-
dracea) was traditionally accommodated in the genus Agrocybe  ment in the Strophariaceae family and it was accordingly

(family Bolbitiaceae) until a recent phylogenetic study based on  moved into the resurrected genus Cyclocybe Velenovsky [1,2].
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The original publication by Vizzini et al. [1] was published in a
regional journal, rather than in one of the leading peer-reviewed
taxonomic journals, and the authors did not follow good scien-
tific practice for typification when proposing these taxonomic
changes. However, they subsequently published their entries in
Index Fungorum, making them valid according to the current
nomenclature rules, and the phylogenetic tree they presented
clearly revealed that the species now accommodated in the
genus Cyclocybe are more closely related to the Strophariaceae
and phylogenetically rather distinct from those of the family
Bolbitiaceae, including the type species of Agrocybe which is
A. praecox. Therefore, the currently valid scientific name of the
fungus is Cyclocybe aegerita (V. Brig.) Vizzini.

In fact, C. aegerita is a rather important fungal species with
regard to practical applications, as i) it belongs to the edible
mushrooms that are being cultivated at industrial scale and it is
highly esteemed for its excellent aroma and ii) it has been used
as a model organism for microbiological and genetic investiga-
tions on fruiting body formation for many years. Herzog et al.
[3] have recently reported a parental dikaryotic strain
C. aegerita AAE-3 that completes its life cycle on agar plates in
only three weeks, along with a set of sibling monokaryons
derived from it. Among these monokaryons, C. aegerita AAE-
3-32 has been used for histological analysis of monokaryotic
fruiting sensu stricto (mushroom formation without previous
mating) and, together with C. aegerita AAE-3-13, for exploring
molecular tools for transformation and gene of interest expres-
sion, which has just been published [4]. These strains could
serve well for studies exploring the factors regulating
monokaryotic fruiting in comparison to dikaryotic mushroom
formation. In addition, strains of this fungal species show a reli-
able growth behaviour in liquid culture and could eventually
serve as hosts for heterologous production of secondary
metabolites derived from other Basidiomycota that are more
difficult or even impossible to culture. With these goals in
mind, we have initiated extensive studies of the secondary
metabolism of the aforementioned strains, targeting both vola-
tile and non-volatile compounds. The present paper will
describe the discovery of one known and three new non-vola-
tile terpenoids (Figure 1) that were isolated from liquid cultures
of C. aegerita and their physicochemical and preliminary bio-
logical characterisation.

Results and Discussion

Both the ethyl acetate extract of the culture filtrate and the ace-
tone extract of the mycelium of C. aegerita, grown in ZM/2 me-
dium, contained a major metabolite with a molecular mass of
496 Da, as detected by HPLC-MS analysis. Its molecular
formula C30H490g was deduced from its [M + Na]" peak at
m/z 519.2718 in the HRESIMS spectrum. 'H and 'H,!3C-

Beilstein J. Org. Chem. 2019, 15, 1000-1007.

Figure 1: Structures of the isolated metabolites bovistol A (1), its new
derivatives bovistol B (2) and C (3), as well as the new protoilludane
pasteurestin C (4).

HSQC NMR data (Table 1) indicated the presence of four
methyls and twelve methylenes, three of them oxomethylene
groups. A database search with this data within the Chapman &
Hall Dictionary of Natural Products on DVD suggested its iden-
tity as bovistol, which was confirmed by the elucidation of the
structure by COSY and HMBC NMR data [5].

In the course of the isolation of 1 the minor metabolites 2 and 3
accrued. Metabolite 2 was analysed for a molecular weight of
478 Da. Its molecular formula C39H3305, deduced from
HRESIMS data, indicated the formal loss of one molecule of
water. 'H and HSQC NMR data (Table 1) of 2 were very simi-
lar to those of 1, with the exception of the replacement of
methyl CH3-12 by an exomethylene group. HMBC correlations
from both exo-methylene protons 12-H; to C-2, C-3, C-4, in ad-
dition to those from both 1-H, and 10-H; to the olefinic carbons
C-2 and C-9, confirmed the structure of 2 (Figure 1). For 3,
HRESIMS data revealed its molecular formula as C31H4,0¢.
The 'H and 13C NMR data (Table 1) were highly similar to
those of 1, with the key difference being an additional methoxy
group (dg 3.33/8¢ 50.5). This methoxy was connected to C-3
due to its HMBC correlation to this carbon atom, along to the
ones from 1-Hj, 10-H, and 12-Hj to C-3. Compared to 1, the
AZ3 double bond is shifted to A%, explaining the high field
shift of the conjugated ketone C-8 (6¢ 197.2). A ROESY corre-
lation between 3-OCHj3 and 13-H, revealed a 3S configuration.
The closest known structural relative of 3 is the 3-demethoxy-3-
hydroxy derivative of 3, which has been described as a sponta-

neous dimerization product of psathyrellon B [5].
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Table 1: NMR shifts ('H 700 MHz, 13C 175 MHz) of bovistol A—C (1-3) in chloroform-d.

1 2 3
Atom#  13C, mult. H, mult. (J, Hz) 13C, mult.  TH, mult. (J, Hz) 13C, mult.  "H, mult. (J, Hz)
1 38.8,CH, 2.45,d (15.4)/2.40,d (15.4) 40.0,CH, 2.32, m/2.70, m 43.3,CH, 2.75,dt(18.1,2.0)/2.43, brd
(18.1)
2 135.4,C 156.0, C 161.1,C
3 130.7,C 1436, C 75.4,C
4 7.5,CH, 1.26, m/0.64,ddd (9.8,5.9, 5.2,CH, 1.05, m/0.87, m 4.0,CHy 1.11,ddd (9.3, 6.7, 4.8)/0.30,
5.7) ddd (9.3, 6.6, 4.8)
5 8.6,CH, 0.89,dt(10.0,5.7)/0.79,dt 13.1,CHy 1.46, m/0.29, m 5.7,CH, 0.88, m
(10.0, 5.9)
6 324,C 309, C 30.0,C
7 80.9, C 79.3,C 79.7, C
8 207.6,C 196.7, C 197.2,C
9 80.8, C 134.2,C 134.2,C
10 449,CH, 1.94,d(14.2)/1.48,d (14.2) 43.1,CHy 2.75, m/2.55, m 39.5, CH, 2.58, dt(16.8, 2.0)/2.24, brd
(16.8)
11 41.2,C 42.8,C 425,C
12 15.1, CHs 1.50, s 112.3, 5.16, s/5.11, s 18.5,CHs 1.164,s
CH,
13 27.7,CH, 2.84, m/1.72,td (13.0,5.8) 29.2,CHp 2.21,m/1.89,td (13.5, 28.5, CHy 2.78, m/1.72, td (13.5, 5.0)
5.0)
14 71.6,CH, 3.26,s 70.3, CH, 3.49,s 70.4,CH, 3.48,s
15 26.4,CH; 1.26,s 24.8,CH; 1.20,s 24.7,CH; 1.160, s
1 43.0,CH, 2.86,d (16.0)/2.61,d (16.0) 42.8, CHy, 2.86, m/2.60, m 42.8,CH, 2.84,d (16.0)/2.59, d (16.0)
2 141.6,C 1414, C 141.1,C
3 1245,C 1242, C 124.1,C
4 61.7, CH, 3.69, m 62.0,CH, 3.70, brt (6.8) 62.1,CH, 3.71,m
5’ 31.9,CH, 283, m 32.2,CH, 2.86,m 32.1,CH, 2.88,m
6 133.0,C 132.4,C 132.2,C
7 118.6, C 1184, C 119.1,C
8’ 148.5,C 1492, C 149.1,C
9 127.2,C 126.8,C 126.6, C
10’ 39.4, CH, 2.94,d(16.4)2.55,d (16.4) 39.6, CHy, 2.86, m/2.52, m 39.6, CH, 2.83,d (16.5)/2.51,d (16.5)
11 43.8,C 439,C 439,C
12 15.6, CHy 2.12,s 155, CHs 2.14,s 155, CHs 2.14,s
13’ 21.2,CH, 272, m 20.1,CHy, 2.40, m 19.9,CHy 2.78, m/2.40, m
14’ 71.3,CHy 3.50, s 71.2,CH, 3.51,s 71.2,CH, 3.51,s
15’ 25.1,CH; 1.19,s 249,CH; 1.21,s 24.9,CH; 1.20,s
30Me 50.5, CH; 3.33,s

In addition to disesquiterpenoids 1-3, metabolite 4 with a mo-
lecular mass of 250 Da was isolated. 'H and 'H,!3C-HSQC
NMR data (Table 2) revealed the presence of three methyls,
four methylenes and three methines, one of them oxygenated.
The '3C NMR spectrum indicated furthermore a carboxylic acid
in addition to two olefinic and two aliphatic carbons devoid
bound protons. A large spin system comprising 1-H,/2-H/9-
H(10-H,)/8-H was constructed by COSY and TOCSY correla-
tions in addition to the small one of 4-H,/5-H,. These spin
systems were connected by HMBC correlations to form the
protoilludane skeleton, mainly to note the correlations from
14-Hj and 15-Hj3 to 1-H,/10-H,, 12-Hj to C-2/C-3/C-4/C-6,

5-H; to C-6/C-7 and 8-H to C-6/C-7/C-13. The strong ROESY
correlation between 2-H and 9-H indicated a cis configuration
between these protons, and the large coupling constant between
8-H and 9-H, observed in the signal of 8-H, a frans configura-
tion of 8-H/9-H. Finally, the ROESY correlation between 12-H3
and 1-Hy, indicated methyl C-12 being on the opposite site of
the molecular plane as 2-H and 9-H. This assignment was
confirmed by the comparison of the 13C NMR shifts to
pasteurestin A and B [6,7]. Since the absolute stereochemistry
has been demonstrated for pasteurestins A and B by total
synthesis, we tentatively conclude a 25,3R,8S5,9R absolute
configuration for pasteurestin C (4). The systematic name
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Table 2: NMR data ("H 700 MHz, '3C 175 MHz) of compound 4 in acetone-ds.

Atom# C Shift H Shift cosy HMBC

1 41.6, CHy 1.44, m 1,2 14, 11,10, 9
1.39, m 1,2 14,15,11,2, 3

2 45.9, CH 243,m 1,1 9,12,4,3,9,8

3 4738,C

4 36.4, CH, 1.95, m 55 12,5,2,3,7,6

5 29.9, CH, 3.13,m 4,5,8 4,3,7,6
3.02,m 4,5 3,7,6

6 170.4,C

7 122.1,C

8 72.3, CH 4.27,dt (8.0, 2.0) 9,5 10,7,13,6

9 50.9, CH 240, m 10,10, 8 2,3,8

10 47.4, CH, 112, m 10,9 14,15,11,9, 8
1.793, brdd (11.2, 7.5) 10,9 14,1, 2

11 40.4,C

12 20.3, CH3 114, m 4,2,3,6

13 167.8,C

14 27.4, CHs 0.96, s 15,11, 1,10

15 29.8, CHs 1.09, m 14,11,1,10

for 4 is (4S,4aR,7aS,7bR)-4-hydroxy-6,6,7b-trimethyl-
2,4,4a,5,6,7,7a,7b-octahydro-1H-cyclobuta[e]indene-3-

carboxylic acid.

Bovistol A (1) showed weak cytotoxic effects (ICs for L929 =
15 pg/mL, for KB3.1 = 7 pg/mL), but was inactive against all
test organisms in our standard test panel, comprising selected
Gram-positive and Gram-negative bacteria as well as fungi [8].
Compound 4 was inactive in all assays of our test panel, and 3

could not be tested due to the insufficient amount isolated.

Our finding of the production of 1-4 by C. aegerita expands the
number of secondary metabolites known from this fungus.
From fungal cultures of the genus Cyclocybe the production of a
broad variety of metabolites is known. This includes poly-
acetylenes [9,10] as well as sesquiterpenoids with illudine [11],
aromadendrane [12], marasmene [13] and fomannosane [14]
type skeletons. Although bovistol could formally be supposed
to be a triterpene, it is thought to be derived by a hetero-
Diels—Alder reaction of two sesquiterpenes to form a dimeric
sesquiterpenoid [15].

In the recently published genome of C. aegerita [16], two puta-
tive sesquiterpene synthase gene clusters have been identified
on the basis of the published A%-protoilludene gene cluster of
Omphalotus olearius [17]. The protein sequences of the genes
clustering adjacent to the putative sesquiterpene synthase genes
going by the gene IDs AAE3 04120 and AAE3 10454

(http://www.thines-lab.senckenberg.de/agrocybe genome)

reveal the presence of P450 monooxygenases, oxidoreductases
as well as one putative Diels-Alderase 1 kb downstream of the
putative A%-protoilludene synthase gene going by the gene ID
AAE3 04120. To determine the correspondence between both
putative sesquiterpene synthases and the analysed secondary
metabolites 1-4 C. aegerita AAE-3 was cultivated in a stirred
vessel bioreactor. Mycelial samples were analysed for the pres-
ence of the gene transcripts and 1 and 3 (Figure 2). At the
beginning of the fermentation, the putative sesquiterpene
synthase gene with the gene ID AAE3 04120 was upregulated
with a maximum of transcripts at day 7 of cultivation. The
second gene with the gene ID AAE3 10454 showed a more
slight increase expression peaking at day 11 and day 14. The
peak area of 1 in the supernatant increased until day 9 of culti-
vation and lowered afterwards, whereas in the mycelium the
bovistol peak area increased until day 11 and dropped after-
wards. This steady increase of 1 until day 9 respectively day 11
resembles the preceding transcriptional upregulation of the
expression of the gene with the ID AAE3 04120 which indi-
cates that this gene is presumably involved in the bovistol syn-
thesis pathway. In addition, the deduced protein sequence of the
adjacent gene with the ID AAE3 04121 shows similarities to
the Diels-Alderase Sol5 from Alternaria solani, which is
involved in the cycloaddition of prosolanapyrone II into
solanapyrone [18]. A similar cycloaddition is needed to form
bovistol out of two illudine precursors. Although the respective

illudine has not been detected in this study, it is known that
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C. aegerita is able to produce several illudanes [11]. As pro-
posed in recent studies on sesquiterpenes in O. olearius [17],
Stereum hirsutum [19] and Diaporthe sp. [20] the illudin pre-
cursor A®-protoilludene undergoes subsequent reactions cata-
lyzed by enzymes, whose genes cluster with the A®-protoillu-
dene synthase. Nevertheless, evidence is still missing. In
C. aegerita, A%-protoilludene is seemingly provided by the
putative sesquiterpene synthase AAE3 04120. Combining these
indications, an enzymatic cascade coded by the AAE3 04120
cluster is transforming A®-protoilludene into illudine(s) and the
corresponding bovistol in C. aegerita (Figure S2, Supporting
Information File 1). Further research has to verify this assump-

tion.
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Figure 2: Relative normalized expression of the putative sesquiter-
pene synthase genes going by the gene IDs AAE3_04120 (dark grey)
and AAE3_10454 (light grey) from the C. aegerita AAE-3 genome
([16], http://www.thines-ab.senckenberg.de/agrocybe_genome) com-
pared to the peak areas of 1 in the supernatant (black squares) and in
the fungal mycelium (black circles).

Conclusion

We identified bovistol A (1) as the main metabolite of
C. aegerita in cultures. In parallel, we isolated its new
disesquiterpenoid derivatives bovistol B (2) and C (3) as well as
the new protoilludane pasteurestin C (4). By a qPCR approach,
we were able to link the production of bovistol to the putative
AC-protoilludene synthase AAE3 04120 whose gene is located
adjacent to a Diels-Alderase needed for cycloaddition of two
illudine monomers. With this information, we made a biosyn-
thesis proposal for these metabolites. Further studies will

address this assumption to prove its validity.

Experimental

General

Optical rotations were measured on a Perkin-Elmer 241 spec-
trometer, the UV spectra on a Shimadzu UV-vis spectropho-
tometer UV-2450. NMR spectra were recorded with a Bruker
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Avance III 700 spectrometer, equipped with 5 mm TCI
cryoprobe (‘H 700 MHz, '3C 175 MHz). Chemical shifts §
were referenced to the solvents chloroform-d (lH, 5 =
7.27 ppm; 13C, § = 77.0 ppm), acetone-dg (1H, & = 2.05 ppm;
13¢C, & = 29.92 ppm). ESIMS spectra were acquired on an
Amazon ion trap mass spectrometer (Bruker Daltonik);
HRESIMS spectra were acquired on a Maxis time-of-flight
mass spectrometer (Bruker Daltonik), both combined with an
Agilent 1200 series HPLC-UV system [column 2.1 x 50 mm,
1.7 um, C18 Acuity UPLC BEH (Waters), solvent A: H,O +
0.1% formic acid; solvent B: ACN + 0.1% formic acid,
gradient: 5% B for 0.5 min increasing to 100% B in 19.5 min,
maintaining 100% B for 5 min, flow rate = 0.6 mL min~!, UV
detection at 200-600 nm].

Fermentation in shaking flasks

A culture of the strain C. aegerita AAE-3 with a total volume of
4 L was prepared in ZM % medium [molasses 47% (Nord
Zucker AG Schladen, Germany) 5.00 g/L, oatmeal
(Herrnmiihle, Harald Feick OHG, Reichelsheim, Germany)
5.00 g/L, D(+)-sucrose (Carl Roth GmbH & Co, Karlsruhe,
Germany) 4.00 g/L, D-mannitol (AppliChem GmbH, ITW
Company, Darmstadt, Germany) 4.00 g/L, D-glucose monohy-
drate (Cargill Holding Germany GmbH, Krefeld, Germany)
1.50 g/L, CaCOj (Carl Roth GmbH & Co KG, Karlsruhe,
Germany) 1.50 g/L, lactalbumin hydrolysate (Oxoid LDT,
Basingstocke, Hampshire, England) 0.50 g/L, (NH4),SO4
0.50 g/L]. The pH value of the medium was set to 7.2. To inoc-
ulate the medium, 5 mL of a preculture were used. The inocu-
lated shaking flasks were incubated on a lab shaker (NORD
Drive systems SK CSX-3H, Getriebebau NORD GmbH & Co
KG Drive Systems) at 23 °C. After one week of incubation the
glucose concentration in the medium was tested daily. If no
more free glucose could be found in the medium, the cultiva-
tion was extracted.

Extraction

The mycelium was separated from the fermentation broth with
the help of a fluted filter. The filtered mycelium was overlaid
with actone (1:1 ratio) and digested in an ultrasonic bath
(Sonorex digital 10P, BANDELIN electronic GmbH & Co KG,
Berlin, Germany) for 30 min (two times). After the digest the
mycelium was separated from the filtrate. The filtrate was
narrowed up to the aqueous phase in vacuo. The aqueous phase
was shaken out in a 1:1 ratio with ethyl acetate (+ 50 mL
deionised H,0) in a separating funnel (two times) and dried
with water-free sodium sulfate (Na;SO4, ACROS Organics,
New Jersey, USA). The sodium sulfate was filtered off and the
extract was narrowed up to the dry with a rotary evaporator.
The crude extract was dissolved in 4 mL methanol, evaporated
under a nitrogen evaporator (VLM GmbH, Bielefeld, Germany)
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and stored in a freezer at —20 °C. The crude extract of the

fermentation broth was obtained the same way.

Isolation

The crude extract obtained from the extraction was dissolved in
1 mL of methanol and further separated via RP-LC with de-
ionized water (+ 0.05% TFA, solvent A) and methanol
(+ 0.05%, solvent B) by a Gilson RP-HPLC system (Middleton,
Wisconsin, USA) equipped with a GX-271 Liquid handler, a
diode array detector (DAD) 172 and a 305 and 306 pump. The
separation was performed with a VP Nucleodur Cl18ec
(150 x 40 mm, 7 pm; Macherey-Nagel, Diiren, Germany)
column and a flow rate of 20 mL/min. The gradient was set
from 30 to 70% of solvent B in 45 min, with an increase to
100% B in 15 min, followed by isocratic conditions at 100% B
for 15 min. All LC fractions were collected according to the UV
absorption at 210 nm. Methanol was evaporated in vacuo. The
aqueous residues were frozen and then removed by using an
Alpha 1-4 LSC freeze dryer (Christ, Osterode, Germany).
12.6 mg of fraction V were obtained as a mixture of com-
pounds 1, 2 and 3. Furthermore fraction VI yielded 5.2 mg of
pure compound 4.

Subsequently fraction V was separated via another RP-LC
under different conditions. The separation was performed with
the same Gilson RP-HPLC system and flow by using a Gemini
10u C18 (250 x 21.20 mm, 10 micron, Phenomenex Inc.,
Torrance, USA) column. Solvent B was changed to acetonitrile
and also no TFA was added. The gradient was set from 50% to
75% of solvent B in 45 min with an increase to 100% B in
15 min, followed by isocratic conditions at 100% B for 15 min.
Collection and work-up of the obtained fractions was per-
formed as described above. This separation yielded 4 mg of
compound 1, 2.2 mg of compound 2 and 0.4 mg of compound
3.

Bovistol A (1): Colourless oil; 'H and '13C NMR data ('H
700 MHz, 13C 175 MHz) in CDClj: see Table 1; ESIMS (m/z):
1015.52 [2M + Na]*, 479.30 [M + H — H,0]*, 991.64
[2M — H] 7, 541.39 [M + HCOO]~; HRESIMS (m/2): [M + Na]*
calcd for C3gHy9OgNa, 519.2717; found, 519.2718.

Bovistol B (2): colourless oil; [a]p2® +3 (¢ 0.1, CH;0H); IH
and 13C NMR data ('H 700 MHz, 13C 175 MHz) in CDCl;: see
Table 1; ESIMS (m/z): 979.57 [2M + Na]*, 957.61 [2M + HJ*,
479.35 [M + H]', 523.30 [M + HCOO] ", 477.29 [M — H];
HRESIMS (m/z): [M + Na]* calcd for C3gH3305Na, 501.2585;
found, 501.2606.

Bovistol C (3): Colourless oil; [a]p2® +106 (¢ 0.1, CH;0H); 'H
and 13C NMR data (*H 700 MHz, 13C 175 MHz) in CDCls: see
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Table 1; ESIMS (m/z): 1043.65 [2M + Na]*, 533.37 [M + Na]*,
493.31 [M + H — H,0]%, 509.30 [M — H]", 555.32
[M + HCOO]™; HRESIMS (m/z): [M + Na]* caled for
C31H4,0¢Na, 533.2874; found, 533.2859; [M + H]" caled for
C31H430¢6, 511.3054; found, 511.3044.

Pasteurestin C (4): Colourless oil; [a]p2 +21 (¢ 0.1, CH;OH);
'H and '3C NMR data ('H 700 MHz, 13C 175 MHz) in acetone-
dg: see Table 2; ESIMS (m/z): 523.32 [2M + Na]*, 233.13
[M + H — H,0]", 249.04 [M — H]"; HRESIMS (m/z):
[M + Na]* caled for C15Hp»O3Na, 273.1461; found, 273.1460;
[M + H]* calced for Cy5H303, 251.1642; found, 251.1637.

Fermentation in 10 L scale bioreactor

A seed culture of the strain C. aegerita AAE-3 with a total
volume of 500 mL was prepared in ZM ' medium. After incu-
bation for 11 days the seed culture was homogenized with an
ULTRA-TURRAX under sterile conditions and used for inocu-
lation of a 15 L bioreactor (xCUBIO in-situ bbi biotech) filled
with 10 L ZM %2 medium. The pH value was set to 7.2 (unregu-
lated); the DO was also not regulated. The temperature was
regulated at 23 °C. Furthermore the submerged aeration rate and
stirrer speed was fixed to 0.15 vvm and 200 rpm (rushton
turbine). For foam destruction into the process Tego Antifoam
D2310 (Evonik Nutrition & Care GmbH) was used. After
29 days of cultivation the fermentation broth was harvested.
The biomass and suspended substrates was separated by
centrifugation.

RNA extraction, cDNA synthesis and gPCR

During fermentation, mycelial samples were taken at day 2, 4,
7,9, 11 and 14 and stored in RNAlater (Qiagen, Venlo, Nether-
lands) until further use. Fungal mycelium was freeze-dried and
ground with liquid nitrogen. RNA was extracted from ground
mycelium using Ambion TRIzol™ Reagent (life Technologies,
Carlsberg, California, USA) according to the manufacturer’s
instructions with minor changes according to the method of
Chomczynski and Sacchi [21]. RNA concentration was deter-
mined photometrically by a NanoPhotometer® Pearl (Implen,
Munich, Germany). Reverse transcription was performed with
the Invitrogen M-MLV Reverse Transcriptase kit (Ther-
moFisher Scientific, Waltham, Massachusetts, USA) according
to the manufacturer’s protocol. 10 pL of extracted RNA and
1 uL of 10 uM oligo-(dT)3¢ primer (Eurofins, Waltham,
Massachusetts, USA) were used for cDNA synthesis. For
removal of RNA in the transcribed cDNA sample, 1 pL of
AMRESCO RNase A (VWR International, Radnor,
Pennsylvania, USA) was added and the mixture was incubated
at 37 °C for 20 min. Primers for qPCR analysis were designed
using Geneious 11.0.4. (Biomatters, Auckland, New Zealand).
Primer pairs for C. aegerita housekeeping genes going
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by the gene IDs AAE3 02268 and AAE3 07669

(http://www.thines-lab.senckenberg.de/agrocybe genome) have

been identified and validated by NormFinder and geNorm algo-
rithm to be the best combination for PCR-based transcription
analyses of C. aegerita by means of qPCR (data not published).
Briefly, KAPA SYBR® FAST qPCR Master Mix (Kapa
Biosystems, Wilmington, MA, USA), 900 nM forward primer,
900 nM reverse Primer (Table 3), 10 ng of cDNA and nuclease-
free water were mixed. The qPCR reactions were performed in
triplicates using the CFX Connect™ RT-PCR Detection System
(Bio-Rad Laboratories, Hercules, CA, USA). The following
conditions were applied: enzyme activation at 94 °C for 20 s
followed by 40 cycles of 94 °C for 30 s, 58 °C for 30 s and
72 °C for 10 s.

Supporting Information

Supporting Information File 1

'H and '3C NMR spectra of compound 1 and 'H, '3C,
COSY, ROESY, HSQC and HMBC NMR spectra of
compounds 2—4.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-98-S1.pdf]
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A bacterial terpene synthase from Cryptosporangium arvum was characterised as a multiproduct B-himachalene synthase. In vitro

studies showed not only a high promiscuity with respect to its numerous sesquiterpene products, including the structurally

demanding terpenes longicyclene, longifolene and a-longipinene, but also to its substrates, as additional activity was observed with

geranyl- and geranylgeranyl diphosphate. In-depth mechanistic investigations using isotopically labelled precursors regarding the

stereochemical course of both 1,11-cyclisation and 1,3-hydride shift furnished a detailed catalytic model suggesting the molecular

basis of the observed low product selectivity. The enzyme’s synthetic potential was also exploited in the preparation of sesquiter-

pene isotopomers, which provided insights into their EIMS fragmentation mechanisms.

Introduction

The organic chemist usually prefers to work with pure com-
pounds which lead to high requirements for the selectivity of
reactions and often to tedious purification procedures, but en-
countering a pure compound in nature is quite rare. This does
not result in reduced requirements for enzyme selectivity. The
very opposite is mostly true, because proteins working in a
compound mixture need to be precise [1]. However, in some
cases, compound mixtures have proven to be superior to the
properties of the single compounds by evolution. Examples
demonstrating this principle can be found in pheromone chem-

istry, like the bark beetle aggregation blend of ipsdienol, ipsenol

and verbenol, for which synergistic effects were observed com-
pared to the single compounds [2]. Also the sex pheromone of
the cranberry white grub Phyllophaga anxia was identified as a
compound mixture, consisting of L-valine methyl ester and
L-isoleucine methyl ester at a 3:1 ratio [3]. Moreover, if there is
a single enzyme that can produce a beneficial mixture, the
advantage for the producing organism is even higher. Therefore,
selectivity is not in every case the highest goal for evolution. An
enzyme class, which is highly prone to a regulation of product
selectivity for the production of either one or multiple com-

pounds, are terpene synthases (TSs). These enzymes are able to
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guide complex cascade reactions from structurally simple oligo-
prenyl diphosphates to often complex, polycyclic products [4-6]
circumventing the low selectivity observed for carbocationic
reactions by a defined active-site architecture. Although these
enzymes are mostly highlighted for their great product selec-
tivity, TSs producing only one compound are by far not the
general case. Mostly, the main product is accompanied by
several side products. Prominent examples are the TS identified
from the plant Medicago truncatula with at least 27 products
[7], y-humulene synthase from Abies grandis with 52 products
[8], and also the long known trichodiene synthase from
Fusarium sporotrichioides produces at least 15 sesquiterpenes
[9]. Some TSs can even accept multiple chain length substrates
[10], a concept which seems to occur frequently in plants [11].
Whether the reduced selectivity of TSs both for substrates and
for products can be attributed to imperfect catalysis, or if this
function is even beneficial for the producing organism, remains
elusive in most cases. Also the structural basis of promiscuous
catalysis by TSs is largely unknown [12]. In this study, we
present the characterisation of a bacterial TS with a reduced
selectivity both for substrates and for products together with the
challenging investigation of its cyclisation mechanism by
labelling experiments.

Results and Discussion
A bacterial B-himachalene synthase

produces numerous side products

Apart from the recently assigned (Z)-y-bisabolene synthase
(BbS) [13], the soil-dwelling actinomycete Cryptosporangium
arvum DSM 44712 also possesses a second TS gene (accession
no. WP_035852539). Its encoded amino acid sequence (Figure
S1, Supporting Information File 1) shares conserved motifs for
TSs, but is phylogenetically distant to BbS and does not pos-
sess a close characterised relative among other bacterial TSs
(Figure S2, Supporting Information File 1). Therefore, its gene
was cloned into the E. coli expression vector pYE-Express [14]
for functional characterisation (Table S1, Supporting Informa-
tion File 1). The purified recombinant protein (Figure S3, Sup-
porting Information File 1) was incubated with the common TS
substrates geranyl- (GPP, Cy), farnesyl- (FPP, C;s), geranyl-
geranyl- (GGPP, C;¢) and geranylfarnesyl (GFPP, C,5) diphos-
phate. Whereas the latter diphosphate did not lead to any
terpene product, the incubation with FPP showed a smooth
conversion into several sesquiterpenes (Figure 1A) with com-
pound 1 as the major peak after GC—MS analysis. However,
also the incubations with GPP (Figure 1B) and GGPP
(Figure 1C) led to several less complex terpene products,
demonstrating a broadened substrate range for this enzyme. The
annotated peaks were correlated by mass spectral libraries and
retention indices (Table 1) to the known natural products 1-8
and 10-18 (Figure 2).
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Figure 1: Total ion chromatograms of hexane extracts from the incu-
bations of HcS with A) FPP, B) GPP and C) GGPP. Peak numbering
refers to the compounds shown in Figure 2 and listed in Table 1.

In a large scale incubation, f-himachalene (1) was isolated,
accompanied by smaller amounts of the double oxidation prod-
uct y-dehydro-ar-himachalene (9). Since 9 was only observed
after prolonged incubation times, an auto-oxidation mechanism
involving oxygen is assumed. Both compounds were analysed
by one- and two-dimensional NMR spectroscopy (Tables S2
and S3, Supporting Information File 1). The absolute configura-
tion of 1 was determined as the (+)-enantiomer, unanimously by
optical rotary power measurement and an isotopic labelling
strategy, which involved conversion of stereoselectively deuter-
ated and at the same position !3C-labelled FPPs by the TS to
yield labelled 1 with incorporation of deuterium into diastereo-
topic hydrogen positions. Together with the relative configura-

tion of the targeted methylene group as deduced by NOESY,
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Figure 2: Structures of HcS products arising A) from FPP together
with related oxidation product 9, B) from GPP and C) from GGPP. The
carbon numberings of 1 and 9 refer to the carbon positions of FPP as
shown in Scheme 3, numberings of 10 and 17 are derived from that of
GPP and GGPP, respectively. Compounds known to also originate
from non-enzymatic hydrolysis are labelled with an asterisk. The enan-
tiomeric excess values were determined based on GC analysis on a
chiral phase.

the stereochemical outcome of these experiments, which can be
easily monitored by sensitive HSQC, infers the absolute config-
uration of 1. For 1, C-5 was targeted by (1R)- and (1S5)-(1-
13C,1-2H)GPP [28], which were enzymatically elongated with

Beilstein J. Org. Chem. 2019, 15, 1008-1019.

Table 1: HcS product identification by retention indices.

compound s 1 (lit.)
from GPP
a-pinene (13) 934 934 [15]
B-myrcene (14) 992 992 [16]
limonene (10) 1029 1031 [17]
a-terpinolene (12) 1089 1088 [18]
linalool (15) 1099 1098 [19]
o-terpineol (11) 1191 1190 [19]
geraniol (16) 1250 1253 [20]
from FPP
a-longipinene (6) 1355 1356 [21]
longicyclene (5) 1376 1377 [21]
longifolene (4) 1412 1413 [21]
a-himachalene (2) 1461 1461 [22]
9-epi-B-caryophyllene (7) 1475 1471 [23]
y-humulene (8) 1489 1487 [24]
y-himachalene (3) 1490 1489 [22]
B-himachalene (1) 1507 1503 [25]
from GGPP

B-springene (18) 1921 1918 [26]
cembrene A (17) 1974 1979 [27]

@Retention index / on a HP-5MS column.

isopentenyl diphosphate (IPP) by farnesyl diphosphate synthase
(FPPS) from Streptomyces coelicolor [29] with a known stereo-
chemical course [30] (Figure S4, Supporting Information
File 1). This principle was also applied to C-4 and C-8 utilising
(Z)- and (E)-(4-13C,4-2H)IPP [31] for the elongation of
dimethylallyl diphosphate (DMAPP) catalysed by FPPS in a
known course [32]. Since both hydrogens at C-4 possess the
same chemical shift, only C-8 could be used to solidify the
absolute configuration (Figure S5, Supporting Information
File 1).

GC analysis on a homochiral stationary phase was used to
assign the absolute configurations of the observed chiral
monoterpenes (R)-(+)-limonene (10), (R)-(+)-o-terpineol (11),
(+)-a-pinene (13) and (S)-(+)-linalool (15) as shown in Figure 2
by comparison with commercially available standards (Figures
S6-S9, Supporting Information File 1). The non-enzymatic deg-
radation of GPP as a background reaction to 15 resulted in a
substantial loss of stereoinformation for this compound (7% ee).
Also the cyclised products 10, 11 and 13 where not obtained in
enantiomerically pure form (ee values were varying between
64% and 88%, as judged by integration), which may point to
different possible binding and folding modes within the TS’s
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active site for GPP involving both enantiomers of linalyl
diphosphate (LPP, Scheme 1) and the terpinyl cation (A). Other
TSs producing an enantiomeric mixture of monoterpenes are
also known, e g., from Pinus taeda [33]. However, the major
enantiomer of each cyclised monoterpene product described
herein was found to be derived from (R)-A.

|

(R)-A (S)-A

Scheme 1: Initial steps of the cyclisation of GPP towards monoter-
pene products [34]. Both pathways are likely co-occurring in the TS to
explain the formation of both enantiomers of 10, 11 and 13, with the
major enantiomer in all cases being derived from (R)-A.

Compound 17 was isolated from a large scale incubation of the
TS with GGPP and identified by NMR as cembrene A. Chiral
phase GC analysis showed also in this case a mixture of enan-
tiomers with the major one being (—)-cembrene A (61% ee), the
enantiomer of the product obtained from a cembrene A synthase
(CAS) from Allokutzneria albata [27], which was used for com-
parison (Figure S10, Supporting Information File 1).

Taken together, the overall more sluggish conversion of GPP
and GGPP by the TS leading to enantiomeric mixtures, the
higher biosynthetic complexity of the obtained sesquiterpenes
and the absence of spontaneous hydrolysis products in the incu-

bation with FPP compared to the appearance of 14 and 15 in the
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incubation with GPP and 18 in the experiment with GGPP, this
TS from C. arvum is characterised as a multiproduct (+)-f-
himachalene synthase (HcS) possessing additional mono- and
diterpene cyclase activity.

The structures of its minor products reveal
the cyclisation mechanism of HcS

Since 17 is a simple 1,14-cyclisation product, and all cyclised
monoterpenes are derived from the extensively studied terpinyl
cation [35,36], this work focusses on elucidating the more inter-
esting sesquiterpene cyclase mechanism of HcS. Most
sesquiterpene products 1-6 of HcS including the main product
1, but also a-himachalene (2), y-himachalene (3), longifolene
(4), longicyclene (5), and a-longipinene (6) are traditionally
considered to be derived from the himachalyl cation (B) [8,37]
(Scheme 2).

Scheme 2: Late stage cyclisations of the himachalyl cation B to HcS
products 1-6. Alternative mechanistic and reaction arrows belonging to
branching points are shown in red.

Whereas 1-3 are simple deprotonation products of B, 4 and 5
require a further 3,7-ring closure, leading to the non-classical
cation C, which is a derivative of the 2-norbornyl cation [38].
This system either collapses by deprotonation at the methyl
group to longifolene (4), or by deprotonation at C-4 with forma-
tion of a cyclopropane ring to longicyclene (5). Starting from B,
a 2,7-ring closure and deprotonation at the same carbon atom
gives a-longipinene (6). For the main product 1, the deproton-

ation was followed by an incubation of HcS and FPPS with
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(2-2H)GPP [39] and IPP, which resulted in unlabelled 1 as ob-
served by GC-MS (Figure 3).

PPO)
Y7\ FPPs 4 Hcs
2 —_— 2 —_—
H\—/ -oppr AN\ _/ -opP
- H+ - 2H¢
PPO PPO
19

1, miz =204
204
93 105 | 134
A 55 147 161
69 79
ol ||
L Ll II|. Ll |.| A | | |
40 80 120 160 200 m/z

Figure 3: El mass spectrum of 1 arising from an incubation of
(2-2H)GPP and IPP with FPPS and HcS showing a loss of label during
deprotonation.

1Si,
11Re

path A»"

(R)-NPP

1Re
/| path B
6si | P
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In case of a deprotonation at a methylene group, relevant
for the formation of compounds 3, 5 and 6, the stereochemical
course of these final steps could be followed by stereoselective
deuterations. GC-MS analysis of the products obtained from
the incubations with HcS, FPPS, DMAPP and (Z)- or
(E)-(4-13C,4-2H)IPP showed a specific loss of Hy in all cases
(Figure 4).

Intriguingly, all deprotonation steps leading to 1, 3, 5 and 6
proceed from the same face of B. Giving access to most prod-
ucts, cation B can be considered as the central branching point
within the HeS catalysed cyclisation mechanism. To rationalise
the formation of B starting from FPP, two different pathways
were initially assumed (Scheme 3). Both start with a 1,3-syn-
allylic rearrangement of OPP to (R)-nerolidyl diphosphate
(NPP). This step is usually proposed to generate a (Z)-config-
ured C-2,C-3 double bond after cyclisation [40]. Following the
first mechanism (path A), a 1,11-cyclisation can yield second-
ary cation D, which either stabilises by 2,10-ring closure to give
the caryophyllenyl cation E that can be deprotonated at the
methyl group to yield 9-epi-(E)-B-caryophyllene (7), or D
undergoes a 1,3-hydride shift to the allylic cation F. Deproton-
ation leads to y-humulene (8), but a 1,6-ring closure gives
access to B.

Scheme 3: Proposed cyclisation mechanism towards cation B via an initial 1,11-cyclisation (path A) and an hypothetical alternative mechanism via an
initial 1,6-cyclisation (path B). Alternative mechanistic and reaction arrows belonging to branching points are shown in red.
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Figure 4: Stereochemical course of the final deprotonation step towards 3, 5 and 6 investigated by GC-MS. El mass spectra of labelled A) 3, B) 5
and C) 6 obtained from the incubation of HcS and FPPS with DMAPP and (2)-(4-13C,4-2H)IPP (left) or (E)-(4-13C,4-2H)IPP (right) indicating stereo-
specific loss of one hydrogen atom. 13C-Labellings are indicated by red dots.
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The second shown option, path B, assumes a 1,6-ring closure of
(R)-NPP to the bisabolyl cation G. Proceeding with a 1,2-
hydride shift to H, the key step is a 1,6-proton shift to give the
tertiary cation I. This idea is derived from a very similar proton
transfer starting from the bisabolyl cation, which occurs in the
cyclisation mechanism to trichodiene [41]. A 1,11-cyclisation
yields tertiary cation J, which can undergo a 1,2-hydride shift to
B. While path B circumvents the secondary cation intermediate
D, the HeS products 7 and 8 are hard to explain from path B.
Together with the absence of any 1,6-cyclised bisabolene
derived molecules in the product mixture their occurrence
represent experimental evidence in favour of path A.

Incubation experiments enlighten the stereo-
chemical course of the 1,11-cyclisation and
the 1,3-hydride shift

Although the general idea of path A appears to be straightfor-
ward at first sight, the details proofed to be challenging as
deeper insights for the stereochemistry of each step were ob-
tained by incubation experiments. The question, whether
(R)-NPP or its enantiomer (S)-NPP is involved in the HcS cata-
lysed cyclisation cascade, was addressed by incubation of both
enantiomerically pure substrates and (rac)-NPP [13] with HcS.
The resulting chromatograms (Figure 5) clearly demonstrate
(R)-NPP as an intermediate, which is a substrate for the produc-
tion of 1-8 in approximately the same ratio as with FPP. In
contrast, (S)-NPP is selectively converted into (£)-B-farnesene
(19, I = 1460 (HP-5MS), Lit: 7 = 1459 (HP-5MS) [42]). The
same outcome regarding the formation of (Z2)-y-bisabolene from
(R)-NPP and FPP, but of 19 from (S)-NPP was recently also ob-
served for BbS [13].

Targeting the stereochemical course of the 1,11-cyclisation of
(R)-NPP to cation D, (12-13C)- [43] and enzymatically pre-
pared (13-13C)FPP from (9-!3C)GPP [39] and IPP with FPPS
were incubated with HcS to follow the fate of the geminal
methyl groups for 1 (Figure 6). Combined with the relative ori-
entation of each methyl group deduced by NOESY, these exper-
iments showed an 11Re attack preceding the formation of D.
The observed absolute configurations of the monoterpenes 10,
11 and 13 and of the diterpene 17 support this finding, because
their formation requires involvement of the same face of the ter-
minal isoprenoid double bond (657 from GPP and 14Si from
GGPP). Therefore, a similar binding conformation for the ter-

minal Cs-unit is reasonable for the three substrates.

To complete the mechanistic picture of the initial 1,11-cyclisa-
tion, also the stereochemical course at C-1 was investigated.
Unfortunately, this position is disturbed by the follow-up 1,3-
hydride shift in 1 and most products. However, in the side prod-

uct 7 C-1 remains untouched after 1,11-cyclisation, which
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Figure 5: Total ion chromatogram of hexane extracts from HcS incu-
bations with A) (R)-NPP, B) (S)-NPP and C) (rac)-NPP.

allows to investigate the stereochemical course of the first cycli-
sation step for this compound. First, the absolute configuration
of 7 was assigned as shown in Figure 2 from the incubation ex-
periments with (E)- and (Z)-(4-'3C,4-2H)IPP, DMAPP, FPPS
and HcS targeting the positions C-3 and C-7 (Figure S11, Sup-
porting Information File 1), using published NMR data for 7
[44]. The stereochemical fate for the hydrogens at C-1 was then
targeted by the incubation of (1R)- and (1S)-(1-!3C,1-2H)FPP
[28] with HeS (Figure 7).

The selective incorporation of deuterium into the diastereotopic
positions of 7 is explainable by a 1Si,11Re-cyclisation of
(R)-NPP. Given the absolute configuration of NPP and its for-
mation via a 1,3-syn-allylic rearrangement from FPP, this ring
closure represents an example of a formal syn-SN2’ reaction.
This is an intriguing observation, since for other TSs a NPP-
cyclisation by anti-SN2’ is usually described [40,45-47]. This
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Figure 6: The origin of the two diastereotopic methyl groups in 1.
Partial 13C NMR spectrum of A) unlabelled 1, B) an extract obtained
from the incubation of HcS with (12-13C)FPP and C) an extract ob-
tained from the incubation of HcS with (9-13C)GPP, which is enzymati-
cally converted to (13-13C)FPP. Red dots indicate '3C labelled carbon
atoms.

cyclisation mechanism is thought to be the predominant case,
giving rise to a more energetically favoured transition state, but
occasionally also the syn-stereochemistry was observed [48].
The rather unexpected stereochemical course of the HcS-cata-
lysed cyclisation of NPP found herein therefore shows, that this
step has to be investigated for anti- versus syn-attack experi-
mentally for every single case, especially for a conformation-
ally flexible situation like a 1,11-cyclisation. Intriguingly, the
stereochemical course of the initial cyclisation step can even be
substrate dependent. The 1,6-cyclisation towards the monoter-
penes 10, 11 and 13 as investigated by the incubation of (15)-
and (1R)-(1-'3C,1-2H)GPP with HcS and comparison to the
NMR data of the commercial available products (Table S4—S8,
Supporting Information File 1) clearly obeys the anti-SN2’ case
(Figures S12—S14, Supporting Information File 1). The obser-
vation that 15 was obtained as a nearly racemic mixture
contrasts the far more selective incorporation of deuterium into
the olefinic positions at C-1 of 15 (Figure S15, Supporting
Information File 1). This result supports (R)-LPP as an interme-
diate, formed by a 1,3-syn-allylic rearrangement to determine
the observed stereochemical course at C-1, while the tertiary
diphosphate might then undergo a non-enzymatic degradation
to explain the high loss of stereoinformation in 15. Also for the

achiral f-myrcene (14), an imbalanced incorporation of
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Figure 7: Stereochemical course of the 1,11-cyclisation at C-1 for 7.
Partial HSQC spectra of HcS incubation with A) (1R)-(1-13C,1-2H)FPP
and B) (1S)-(1-13C,1-2H)FPP. The reference chemical shifts for 7 are
taken from ref. [44]. Red dots represent '3C-labelled carbon atoms.

deuterium is found at C-1 (Figure S16, Supporting Information
File 1). With the opposite stereochemical course than for 15, 14
is likely derived from the minor enantiomer (S)-LPP in analogy
to 19 observed from (S)-NPP. For the diterpene 17 (Table S9,
Supporting Information File 1), similar investigations using
(18)- and (1R)-(1-'3C,1-2H)GGPP [49] with HcS resulted in the
expected outcome for a direct 1,14-cyclisation of GGPP (Figure
S17, Supporting Information File 1) in line with the results ob-
tained with CAS from 4. albata for ent-17 [27]. Assuming simi-
lar chemical shifts at C-1 for 14 and 18, the analogous signals
for C-1 of 18 gave comparable results with the same stereo-
chemical course as observed for 14, although with lower preser-
vation of stereoinformation (Figure S18, Supporting Informa-
tion File 1).

To shed light on the stereochemical course of the 1,3-hydride
shift connecting cations D and F, a series of labelling experi-
ments were conducted to determine the origin of the shifting
hydrogen (C-1) and its destination (C-10) for 1 (Figure 8). A
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Figure 8: Investigation of the 1,3-hydride shift in the cyclisation towards 1. Partial 13C NMR spectra of A) unlabelled 1, and incubations with HcS and
B) (1R)-(1-13C,1-2H)FPP or C) (1S)-(1-13C,1-2H)FPP compared to incubations of HcS with FPPS, (2-13C)DMAPP and D) (1R)-(1-2H)IPP or E) (1S)-
(1-2H)IPP showing a movement of Hg from C-1 to C-10. The singlets for B) and E) are slightly shifted to higher field (designated as Ad) because of
the deuterium location nearby. '3C-Labelled carbon atoms are indicated by red dots. Dashed grey lines show the chemical shifts of the carbon atoms

for unlabelled 1.

comparison of the '3C NMR spectra from the incubations of
HcS with (1R)- and (15)-(1-13C,1-2H)FPP, resulting in a singlet
for the (R)-case and a triplet in the (S)-case indicating a direct
C-D bond, clearly demonstrated the stereospecific migration of
Hp from C-1. To complete the observations also for C-10,
(2-13C)DMAPP was synthesised from (2-13C)-3-methylbut-2-
en-1-ol [43] and incubated with (1R)- or (18)-(1-2H)IPP [50],

FPPS and HcS resulting in the expected opposite outcome than
stated above, namely a triplet in the (R)-case and a singlet for
the (S)-sample.

HSQC analysis of the material obtained from the incubation of

(1R)-(1-2H)IPP and (2-13C)DMAPP with FPPS and HcS also
allowed for the assignment of the newly introduced diastereo-
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topic position at C-10 (Figure 9). Together with the assignment
of the hydrogens by NOESY in 1, these data show a stereose-
lective incorporation of Hp-1 into the H-position at C-10 by a
vanished crosspeak.
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1.40

1.35 46
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Figure 9: Stereochemical course of the 1,3-hydride shift at C-10 in 1.
Partial HSQC spectra of A) unlabelled 1 and B) labelled 1 arising from
the incubation of (1R)-(1-2H)IPP and (2-'3C)DMAPP with FPPS and
HcS. Red dots indicate '3C-labelled carbon atoms.

Combining the information deduced from the extensive incuba-
tion experiments stated above, a structural model for the reac-
tive conformation of cation D is proposed (Figure S19, Support-
ing Information File 1). This intermediate, or structurally
related transition states for the corresponding concerted reac-
tions to avoid its secondary nature, are of central importance in
understanding the initial HcS catalysed cyclisation towards
cation B. The discussed conformation is imprinted by the struc-
ture of 7 with its relative conformation at the four-membered
ring system allowing for a 2S5i,10Si-cyclisation to E without
major rotational changes and also reflects the short distance be-
tween Hy and C-10 for the 1,3-hydride shift towards the 10Si
face leading to F. Intriguingly, the unusual syn-SN2’ ring
closure from (R)-NPP leads to the diphosphate moiety (OPP™)
being located close to the “backside” of the cyclising molecule,
which may give rise to an explanation of the multiproduct
nature of HcS. At this location, OPP™ can easily abstract “back-
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wards” pointing hydrogen atoms from different positions which
reflects the observation of the regio- and stereochemistry of the
deprotonations.

HcS provides access to labelled sesquiter-

penes for EIMS fragmentation studies

Since HcS produces a mixture of structurally interesting
sesquiterpenes, its synthetic abilities were also exploited to
study EIMS fragmentation mechanisms. Therefore, all fifteen
singly-13C labelled FPP isotopomers, either obtained by synthe-
sis or enzymatically [39,43,51], were converted with HcS to
result in mixtures of specifically labelled 1-8. The incorpora-
tion of label into 1 was checked by '3C NMR (Figure S20, Sup-
porting Information File 1) and all samples were analysed by
GC-MS. This allowed for the assignment of carbon positions to
specific EI-fragments of the corresponding mass spectrum by
observing an increase of +1 Da, if the labelled position is part of
the fragment (position specific mass shift analysis, PMA
[41,52,53]). Although for many fragments multiple overlaying
fragmentation pathways were observed, some of them showed
clear position dependent results, which are summarised in
Figure 10. The EI mass spectra for each position and molecule
laying the basis for the presented three fragments for 1 together
with one fragment each for 4-8 are depicted in Figures
S21-S26 (Supporting Information File 1). Possible EI-fragmen-
tation mechanisms connected to them are discussed in Schemes

S1-S3 (Supporting Information File 1).

4, PMA g1 5, PMAgs 6, PMA g

7, PMAgs

8, PMA;

Figure 10: Position specific mass shift analysis for selected EIMS ions
of HcS products. Black dots represent an increased mass of the ion
(mlz = +1) in case of a 13C-labelling in this position. Proposed frag-
mentation mechanisms for these ions are presented in Schemes
S1-83 (Supporting Information File 1).
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Conclusion

In summary, a new terpene synthase from C. arvum was
characterised as a multiproduct (+)-B-himachalene synthase.
Accepting GPP, FPP and GGPP, HcS is a promiscuous enzyme,
whose catalysis suffers from poor selectivity. Nevertheless, the
formation of multiple sesquiterpene products demands for a
challenging mechanistic model, which was refined by exten-
sive labelling experiments. Several interesting details were
disclosed including the stereochemical course of a 1,3-hydride
migration from C-1 to C-10 and the 1,11-cyclisation featuring
the unusual syn-Sy2’ attack. Combining various aspects of the
initial cyclisation, the proposed conformer of cation D may also
rationalise the reduced selectivity of HcS by its positioning of
OPP™. Providing access to labelled isotopomers of its products,
including structurally demanding polycyclic terpenes, HeS also
served as a platform for investigating selected aspects of their
EIMS fragmentation mechanisms. The labelling experiments
performed with HeS described in this study therefore represent
an encouragement to experimentally explore and elucidate
every stereochemical detail of a terpene cyclisation mechanism
for a comprehensive picture of the complex reactions, these
amazing enzymes are able to catalyse.

Supporting Information

Experimental details for gene cloning, gene expression,
protein purification, incubation experiments with
isotopically labelled precursors, preparative scale
incubation and synthesis of (2-'3C)DMAPP. The amino
acid sequence of HcS, a phylogenetic tree of bacterial
terpene synthases, SDS-PAGE analysis of the recombinant
protein, listed NMR data for 1 and 9, labelling experiments
for the determination of the absolute configurations of 1
and 7, chiral phase GC analysis of 10, 11, 13, 15 and 17,
labelling experiments for the stereochemical course at C-1
of the monoterpenes and diterpenes, a graphical model for
cation D, NMR spectra for the incubations of singly
labelled FPPs with HeS, EIMS data for compounds 1 and
4-8 arising from these incubations and discussion of
fragmentation mechanisms for selected ions.

Supporting Information File 1

Additional material.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-99-S1.pdf]
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Abstract

Terpene synthases are widely distributed among microorganisms and have been mainly studied in members of the genus Strepto-
myces. However, little is known about the distribution and evolution of the genes for terpene synthases. Here, we performed whole-
genome based phylogenetic analysis of Streptomyces species, and compared the distribution of terpene synthase genes among them.
Overall, our study revealed that ten major types of terpene synthases are present within the genus Streptomyces, namely those for
geosmin, 2-methylisoborneol, epi-isozizaene, 7-epi-a-eudesmol, epi-cubenol, caryolan-1-ol, cyclooctat-9-en-7-ol, isoafricanol,
pentalenene and a-amorphene. The Strepromyces species divide in three phylogenetic groups based on their whole genomes for
which the distribution of the ten terpene synthases was analysed. Geosmin synthases were the most widely distributed and were
found to be evolutionary positively selected. Other terpene synthases were found to be specific for one of the three clades or a
subclade within the genus Streptomyces. A phylogenetic analysis of the most widely distributed classes of Streptomyces terpene

synthases in comparison to the phylogenomic analysis of this genus is discussed.

Introduction
Streptomyces are soil bacteria that belong to the order of remarkable genetic potential to produce a large variety of sec-
actinomycetales and are a rich source of natural products with  ondary metabolites with different functions including antibiot-

broad biotechnological interest. Species of this genus have a  ics, antifungals, pigments or immunosuppressants [1-3]. These
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are compounds of diverse chemical nature such as polyketides,
peptides, aminoglycosides or terpenoids [4,5].

Terpenoids are the largest and the most diverse class of natural
compounds known to date and include the initial products of
terpene synthases and all derivatives made from them in
tailoring steps. This very diverse class of organic compounds is
best known as plant metabolites. However, recent studies
revealed that terpenoids can be produced by all kingdoms of life
including bacteria, fungi and protists [6-10]. The ability of an
organism to produce terpenoids relies on whether the organism
contains terpene synthase genes. Biosynthetically, the produc-
tion of the different types of terpenes depends on the precursors
that these synthases can accommodate: geranyl diphosphate
(monoterpenes, C10), farnesyl diphosphate (sesquiterpenes,
C15) and geranylgeranyl diphosphate (diterpenes, C20). The bi-
ological function of terpenes is best studied for plants where
they play important roles in aboveground plant—insect,
plant—pathogen and plant—plant interactions [11]. However,
terpenes might also play important roles in belowground inter-
specific interactions [12]. Terpene synthases are in fact widely
distributed among soil microorganisms, and they have been
mainly studied in Streptomyces species [9,13]. Some volatile
terpenes, such as geosmin and 2-methylisoborneol (2-MIB), re-
sponsible for the smell of wet soil after rain, have been known
for a long time to be produced by Streptomyces species [14,15].
Many terpene synthases from Streptomyces have been studied
and characterised [13]. However, little is known about the dis-
tribution of terpene synthase encoding genes among Strepto-
myces. Are terpene synthase genes specific for certain species
or randomly distributed among Streptomyces?

To address this question, phylogenomic analyses of Strepto-
myces species were performed, using complete genomes avail-
able in the NCBI database and compared the distribution of
terpene synthase genes among them. Furthermore, we studied
whether phylogenetic trees calculated based on the three most
abundant terpene synthases in Streptomyces represent the evolu-
tion of the Streptomyces species based on the whole genome-
based phylogenetic analyses.

Results and Discussion
Whole genome-based phylogenetic analyses
of Streptomyces species

Genome sequences from 93 Streptomyces species for which a
complete genome was available (represented by a single scaf-
fold and a complete list of annotated protein sequences), were
selected to construct a whole genome-based phylogenetic tree
(Figure 1). The NCBI database was accessed on September 30th
2018. An orthologues-based approach was adopted to generate

a species tree using OrthoFinder. OrthoFinder resulted in a total

Beilstein J. Org. Chem. 2019, 15, 1181-1193.

of 19980 orthologue groups (Table S1, Supporting Information
File 1). A total number of 575 single copy orthologues were
further selected for the generation of the species tree. Based on
these phylogenetic analyses, the Streptomyces species clustered
in three different clades (indicated in blue, green and red in
Figure 1). This separation into three different clades agrees with
the study previously reported by McDonald and Currie, 2017
[16]. Based on phylogenetic analyses of 94 housekeeping genes,
they showed a separation of Streptomyces species in two major
clades and a third group of other lineages.

Distribution of terpene synthases in Strepto-
myces

We analysed the distribution of the different types of terpene
synthases among Streptomyces species with complete genomes.
Besides a few rare terpene synthases only occuring in a few or a
single species, ten major types of terpene synthases were
present among these Streptomyces species, including the
terpene synthases for geosmin (1), 2-methylisoborneol (2-MIB)
(2), epi-isozizaene (3), 7-epi-a-eudesmol (4), epi-cubenol (5),
caryolan-1-ol (6), cyclooctat-9-en-7-ol (7), isoafricanol (8),
pentalenene (9) and a-amorphene (10) (Figure 1 and Figure 2).

The geosmin synthases were the most widely distributed, as
they were present in all except one of the Strepfomyces species
(S. pactum KLBMP 5084) (Figure 1). This finding suggests that
geosmin may have an important ecological function as a chemi-
cal signal or as protective specialised metabolite against biotic
and abiotic stresses, similarly as the roles played by terpenoids
in plants [11]. However, although geosmin was discovered
more than 50 years ago [14], its biological or ecological func-
tion still remains unclear. Streptomyces pactum KLBMP 5084
(the only species included in this study that does not carry
geosmin synthases) is an endophytic plant growth-promoting
bacterium that provides salt tolerance to the halophytic plant
Limonium sinense (Plumbaginaceae) [17]. The absence of a
geosmin synthase in this bacterium leads us to hypothesise that
the role of geosmin may be complemented by the plant host.
The only other plant endophyte among the 93 species is Strepto-
myces sp. SAT1 (see Table S9 (Supporting Information File 1)
for a list of the isolation sources and habitats of the 93 strains).
This strain is an endophyte of the flowering plant Adenophora
trachelioides from the Campanulaceae family and it does
contain a copy of geoAd, the gene encoding for geosmin
synthase. Some species such as Streptomyces sp. SirexAA-E
harbour a silent geosmin synthase encoding gene in their
genomes and do not produce this degraded sesquiterpene under
laboratory culture conditions [9]. It will therefore be interesting
to investigate whether the geosmin synthase in Streptomyces sp.
SATI1 is expressed, and to further determine the role of

terpenoids in the endophytic life style.
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Figure 1: Whole-genome phylogenetic analyses of Streptomyces species. Rooted maximum likelihood phylogeny of 93 Streptomyces species with
fully sequenced genomes based on 575 conserved single copy orthologues. The species separated in three main groups are indicated by different
colour-shaded areas. The outer rings show the distribution of different types of terpene synthases in the Streptomyces species. Another version of this
tree using 5 non-Streptomyces species as outgroups can be found in the Figure S1 in Supporting Information File 1. The GenBank accession
numbers of the sequences are provided in Table S2 (Supporting Information File 1).

The first geosmin synthase was characterised from Strepto-

myces coelicolor [18]. Geosmin synthases are composed of two  NSE triad, the pyrophosphate sensor and the RY pair [19
domains that both exhibit the typical highly conserved motifs of Both domains have a catalytic activity, the N-terminal domain

type I terpene synthases, including the aspartate-rich motif, the

21].

1183



Beilstein J. Org. Chem. 2019, 15, 1181-1193.

Figure 2: Structures of the products of the ten most abundant terpene synthases in Streptomyces.

for the conversion of FPP into the intermediate sesquiterpene
alcohol (1(10)E,5E)-germacradien-11-ol (12), and the C-termi-
nal domain for its further conversion into geosmin with
cleavage of 12 into acetone and the octalin 13 through a retro-
Prins fragmentation (Scheme 1) [22-24]. The proposed neutral
intermediate isolepidozene (11) has so far only been reported
from the S233A enzyme variant of geosmin synthase from
S. coelicolor [18].

The second most widely distributed terpene synthases are the
2-MIB synthases (Figure 1). As discussed below, the phyloge-
netic analysis of 2-MIB synthases classifies these enzymes into
three different groups. This distribution is also indicated in
Figure 1 (white, light gray and dark gray circles). The 2-MIB

AN
NN
¥ orp

Scheme 1: Mechanism for the cyclisation of FPP to geosmin.

synthases are present in members of all the three clades from
the whole genome phylogenetic tree (Figure 1), but are most
abundant in members of the clade depicted in red. These
terpene synthases catalyse a unique cyclisation reaction utilizing
the modified substrate 2-methyl-GPP to form 2-MIB (2)
[25,26]. An S-adenosylmethionine (SAM) dependent methyl
transferase is responsible for the methylation of GPP into
2-methyl-GPP (14, Scheme 2). Its isomerisation to 15 allows
for a cyclisation via the cationic intermediates B and C to 2.
Genes encoding for SAM-dependent methyl transferases were
found forming a cluster together with the 2-MIB synthase in
several Streptomyces species [26,27]. Besides the C-terminal
domain typical of class I terpene synthases, these enzymes
contain an additional proline-rich N-terminal domain that

OH
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Scheme 2: Biosynthesis of 2-MIB (2). First, GPP is methylated to 14 by a SAM-dependent methyltransferase, followed by a terpene synthase cata-

lysed cyclisation through a cationic cascade to 2.

appears to be disordered in the crystal structure of 2-MIB
synthase. The function of this domain is unknown, but it is
conserved in most 2-MIB synthases and not present in any other
terpene synthase [20,28].

epi-Isozizaene (3) is a tricyclic sesquiterpene precursor of the
antibiotic albaflavenone (17) (Scheme 3) [29]. Furthermore,
both enantiomers of the corresponding alcohols (R)- and
(S)-albaflavenol (16ab) and the epoxide 4B,5p3-epoxy-2-epi-
zizaan-6f-ol (18) are known oxidation products that are all
made by a cytochrome P450 monooxygenase [10,29] that is
genetically clustered with the epi-isozizaene synthase for the
cyclisation of FPP to 3 [30]. These enzymes are the most wide-
spread sesquiterpene synthases in bacteria, and their coding
genes are present in the genomes of more than 100 of the
sequenced Streptomyces species [13]. Interestingly, epi-isoziza-
ene synthases are only present in members of one clade (indi-
cated as the green clade) in the phylogenetic analyses shown in
Figure 1 and occur in almost all species of this clade with one
exception (S. scabiei 87.22), suggesting an (unknown) ecologi-

cal function of 3 or one of its oxidation products for strepto-

CYP450

mycetes of this clade for their adaption to a specific ecological
niche.

7-epi-a-Eudesmol (4) synthases are mostly present in a small
group of species within the phylogenomic clade depicted in
green in Figure 1, with some exceptions (S. laurentii ATCC
31255, Streptomyces sp PAMC 26508, S. pratensis ATCC
33331, Streptomyces sp_SM18 and Streptomyces sp. XZHG99,
Figure 1). These exceptions may indicate horizontal gene
transfer of the genes encoding for these enzymes. The sesquiter-
pene 7-epi-a-eudesmol synthase from S. viridochromogenes
DSM 40736 has been chemically characterised in vivo by
heterologous expression in E. coli BL21 and identification of
the product in culture headspace extracts by GC-MS [31].
Compound 4 was also isolated from in vitro incubations of FPP
with the recombinant enzyme and its optical rotation was shown
to be opposite to the material from Eucalyptus [32], but the
absolute configuration remains unknown. Production of this
sesquiterpene by S. viridochromogenes DSM 40736 has not
been observed [31], but 4 was occassionally reported from other

streptomycetes encoding a 7-epi-a-eudesmol synthase [33,34].

16a (4R) 17
16b (4S)

Scheme 3: Oxidation products derived from 3 by the cytochrome P450 monooxygenase that is genetically clustered with the epi-isozizaene synthase

in streptomycetes.
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epi-Cubenol (5) and caryolan-1-ol (6) synthases almost always
occur together in one strain. We found only two examples of a
strain that has a gene for caryolan-1-ol synthase but not for epi-
cubenol synthase. These enzymes were found only in a sub-
branch of closely related Streptomyces species from the blue
clade and not present in members of any other phylogenomic
group (Figure 1). Both enzymes have been identified and char-
acterised in S. griseus NBRC 13350 [35,36] and their enzy-
matic mechanisms for the cyclisation of FPP have been investi-
gated [35,37-39].

Cyclooctat-9-en-7-0l (7) and isoafricanol (8) synthases are
mainly characteristic for a group of very closely related species
in the phylogenomic clade depicted in red in Figure 1, with two
exceptions, S. rubrolavendulae MIM4426 and S. collinus
Tii 365, members of the other two phylogenomic clades that
also present a cyclooctat-9-en-7-ol synthase. Cyclooctat-9-en-7-
ol synthase (CotB2) from S. melanosporofaciens was the first
bacterial type I diterpene cyclase characterised [40] and its
crystal structure was the first of a diterpene cyclase of bacterial
origin reported [41]. Isoafricanol synthases were first noticed in
S. violaceusniger and S. rapamycinicus based on the presence
of 8 in culture headspace extracts as a major sesquiterpene
[34,42], followed by the biochemical characterisation of the
recombinant enzyme from Streptomyces malaysiensis [43]. The
diterpene 7 is a precursor to the lysophospholipase inhibitor
cyclooctatin (20) formed by the action of two genetically clus-
tered cytochrome P450 monooxygenases CotB3 and CotB4
(Scheme 4) [40,44], while no derivatives from 8 are currently
known.

Pentalenene (9) and a-amorphene (10) synthases are the least
abundant terpene synthases in Streptomyces species, each
present in only 6 species (Figure 1). They are mostly present in
members of the phylogenomic clade depicted in green in
Figure 1, except for one case, S. bingchenggensis BCW1, but
within the green clade their distribution is scattered and the
number of identified genes for these enzymes is too low to draw

conclusions on their occurrence in Streptomyces. The pental-

GGPP

Scheme 4: Biosynthesis of cyclooctatin (20) from 7.

Beilstein J. Org. Chem. 2019, 15, 1181-1193.

enene synthase from S. exfoliatus was the first characterised
bacterial terpene synthase [45,46]. Its crystal structure was also
the first reported for a bacterial terpene synthase [47]. Pental-
enene synthase catalyses the cyclisation of FPP into pental-
enene, which is the first step in the biosynthesis of the antibiot-
ic pentalenolactone. This mechanism has been extensively
studied and involves the initial ionisation of the substrate FPP
and the formation of a humulyl cation as an intermediate in the
biosynthesis of pentalenene [45,46,48,49], while the later steps
of the cyclisation cascade were subject to revision based on the
findings of quantum chemical calculations [50,51]. The a-amor-
phene synthase from S. viridochromogenes DSM 40736 was
characterised by heterologous expression in E. coli BL21 [31]

and by in vitro experiments with the purified enzyme [32].

Phylogenetic analysis of geosmin synthases

In order to determine if the geosmin synthases co-evolved with
the Streptomyces species a phylogenetic tree was constructed
with the geosmin synthases of all the species present in the full
genome tree. As seen in Figure 3, the geosmin synthases
separated into different clades. These clades do not fully corre-
spond with specific phylogenomic groups from the genome-
based analyses. Most of the geosmin synthases of the green and
red phylogenetic clade in the whole genome-based tree of
Figure 1 grouped together into one clade. The enzymes from the
blue phylogenetic clade in the genome-based tree were the most
scattered. All these results may point to the occurrence of hori-
zontal gene transfer within the genus Streptomyces. However, if
bacteria from other taxonomic groups such as myxobacteria and
cyanobacteria and their geosmin synthases are included in a
phylogenetic analysis, it can be seen that the geosmin synthase
amino acid sequences from distantly related organisms clearly
fall into distant clades [33]. Therefore, these results could
also be interpreted as evidence for a rapid evolution of
secondary metabolite genes to create new natural products with
beneficial ecological functions for the producing organism.
While many streptomycetes produce geosmin as a major
metabolite of their bouquets of volatiles, the number and

amounts of geosmin synthase side products associated with it
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Figure 3: Phylogenetic tree of geosmin synthases. Unrooted maximum likelihood phylogenetic tree of 92 geosmin synthases from the Streptomyces
species present in the phylogenetic tree in Figure 1. The colours in the outer ring correspond to the colours of the three main phylogenomic groups in
the whole-genome species tree and indicate to which phylogenomic group each species belongs. The GenBank accession numbers of the geosmin

synthases are listed in Table S3 (Supporting Information File 1).

can vary [33,34], possibly as a result of an evolution of enzyme

function.

Phylogenetic analysis of 2-MIB synthases

To gain insights into the evolution of the 2-MIB synthases a
phylogenetic analysis of all the enzymes present in the Strepto-
myces species analysed in our study were performed (Figure 4).
The phylogenetic tree of the 2-MIB synthases shows a clear
separation into three clades (also indicated in Figure 1: group 1,

white circles, representing the major clade on the top of
Figure 4; group 2, light grey circles, representing the clade on
the bottom right; group 3, dark grey circles, representing the
clade on the bottom left). Two of them are relatively distant
from each other and even more so from the third clade where
most species cluster together. This separation does not corre-
spond with the separation observed based on the whole genome
phylogenomic analyses. Only some of the enzymes that cluster
together belong to species from the same phylogenomic group.
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Figure 4: Phylogenetic tree of 2-MIB synthases. Unrooted maximum likelihood phylogenetic tree of 48 2-MIB synthases from the Streptomyces
species in the phylogenetic tree in Figure 1. The colours of the outer curved lines correspond to the colours of the three main phylogenomic groups in
the whole-genome species tree and indicate to which phylogenomic group each species belongs. The GenBank accession numbers of the 2-MIB

synthases are listed in Table S4 (Supporting Information File 1).

This indicates that the evolution of these enzymes does not cor-
respond to the evolution of the Streptomyces species, and that a
different force is driving how these enzymes evolved.

Phylogenetic analysis of epi-isozizaene

synthases

epi-Isozizaene synthases are terpene synthases belonging only
to a specific phylogenomic group of Streptomyces species. The
phylogenetic analysis presented in Figure 5 shows two clades
containing most of epi-isozizaene synthases and three other
minor clades. Not all the enzymes are clustering in the same
way as their containing species based on the whole-genome

phylogenetic analyses. For example, S. pactum ACT12 epi-iso-

zizaene synthase clusters together with that of Streptomyces sp.
4F, while these two species were present in different branches
in the full-genome-based phylogenomic tree. Streptomyces sp.
4F clustered together with S. gaidamensis S10(2016) and
S. chartreusis NRRL 3882 in the phylogenomic tree. However,
a second epi-isozizaene synthase present in Streptomyces sp. 4F
clusters together with that of Streptomyces sp. SAT1, while
these two species were located in separate clades of the
phylogenomic tree. The occurrence of two genes for terpene
synthases with putatively the same function may more strongly
point to horizontal gene transfer events. Other cases include the
epi-isozizaene synthases from Streptomyces sp. 452,
S. glaucescens GLAO, S. lincolnensis NRRL 2936 and Strepto-
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Figure 5: Phylogenetic tree of epi-isozizaene synthases. Unrooted maximum likelihood phylogenetic tree of 42 epi-isozizaene synthases from the
Streptomyces species present in the phylogenomic tree in Figure 1. The GenBank accession numbers of the epi-isozizaene synthases are listed in

Table S5 (Supporting Information File 1).

myces sp. P3 that group together with other enzymes, different
to those belonging to species located in their same clade in the
whole-genome phylogenomic analyses. This indicates also that
some of these terpene synthases have evolved independently of

the evolution of the Streptomyces species.

Phylogeny of terpene synthases does not

correspond to species-level taxonomy
The comparison of the Streptomyces species whole genome-
based phylogenetic tree and the three terpene synthase trees

shows that not all three comparing phylogenies are congruent.
All Streptomyces strains included in this study carry at least one
copy of geoA, with one exception. However, the topology of the
geosmin synthase tree is not in harmony with the species tree
and only some tips of the trees are conserved (Figure S3, Sup-
porting Information File 1). The topological incongruence is
even higher for epi-isozizaene and 2-MIB synthase trees
(Figures S4 and S5, Supporting Information File 1). Tree recon-
struction artefacts cannot explain these incongruences because
all phylogenies obtained good statistical support. These data
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support horizontal gene transfers of terpene synthase genes in
Streptomyces, but could also point to secondary metabolite
genes as being less conserved than housekeeping (primary
metabolism) genes. Rapid evolution of secondary metabolism
can lead to new natural products with advanced ecological func-
tions in specific ecological niches. If horizontal gene transfer is
indeed of high importance, one intriguing question would be
why there are almost no Streptomyces strains with two or more
genes for geosmin synthases and epi-isozizaene synthases. This
could be explained by the rapid loss of genetic information after
uptake of redundant information. It may also reflect the mecha-
nism of integration of the incoming genetic information into the
chromosome of the target organism by homologous recombina-
tion within identical or highly similar nucleotide sequences. In
this study, we searched for the minimal number of events that
are required to reconcile the terpene synthase trees with the
species tree by performing NOTUNG analyses [52] (for
detailed explanations cf. Supporting Information File 1, pp.
33-35). The analyses indicated that the discrepancies between
the terpene synthase trees and the species tree, can be explained
by horizontal gene transfer of the genes encoding for terpene
synthases.

Conclusion

Overall, this study confirmed that Streptomyces species divide
in three phylogenomic groups, based here on their whole
genomes. Analysis of the distribution of the ten most abundant
classes of terpene synthases in Streptomyces led to the
surprising result that some terpene synthases are restricted to
one phylogenomic group or even a subgroup which may point
to a specific ecological function of the terpene for the respec-
tive group of organisms. The phylogenetic analyses of terpene
synthases are not congruent with the phylogenomic analyses.
Hence, the evolution of these enzymes does not correspond to
the evolution of the Streptomyces species, possibly pointing to
horizontal gene transfers as an important mechanism involved
in the distribution of terpene synthase genes.

In this study, we focused on the distribution and evolution of
terpenes synthases among Streptomyces species. It would be
interesting in follow-up studies to assess the distribution and
evolution of these genes among other bacteria, fungi, protists
and plants. In addition, a deeper knowledge of the ecological
function of terpenes in bacteria and in the interaction with their

environment is highly desired.

Experimental

Streptomyces genomes selection

Genomes with whole sequences available in the NCBI
database (thus not partial sequences) were included. Custom

shell scripts (https://github.com/kumarsaurabh20/

Beilstein J. Org. Chem. 2019, 15, 1181-1193.

distribution of terpene synthases) were used to filter and

download the nucleotide and protein sequences of all complete
genomes including an annotation file in GFF format. The 93
selected sequences and their accession numbers are listed in Ta-
ble S2 (Supporting Information File 1).

Construction of orthologous gene families
Sequence data of the proteins from the 93 Streptomyces species
described above were collected. After removing sequences
shorter than 50 amino acids, a total of 171,033 sequences were
used to construct orthologous gene families using OrthoFinder —
v 2.2.6 [53] applying the default setting (BLASTp e-value cut-
off = 1e—5; MCL inflation I = 1.5). Using single-copy ortho-
logues a species tree was inferred from unrooted gene trees that
were constructed from all single copy genes using the STAG
algorithm and the species tree was rooted using the STRIDE
algorithm [54]. Both tools are available as core utilities in the
OrthoFinder pipeline.

Phylogenetic analyses

Phylogenetic analyses on three different terpene synthases
(geosmin synthases, 2-MIB synthases and epi-isozizaene
synthases) were performed. Protein and nucleotide sequences
were extracted from the Streptomyces genomes based on their
distribution. Phylogenetic trees were generated using the pro-
tein dataset. Sequences were aligned with Mafft version 7.313
[55] using default parameters including --auto and --inputorder.
All the alignments were trimmed for gaps and ambiguously
aligned regions with BMGE — v 1.12 [56] using default parame-
ters. For phylogenetic analyses, ProtTest — v 3.1.2 [57] was
used to evaluate all evolutionary models under a AIC and BIC
criterion. Maximum likelihood analyses were performed in
RAXML —v 8.2.12 [58] under JTT+I+G (PROTGAMAMALG)
model with rapid bootstrapping of 1000 replicates. GenBank
accessions for each sequence are shown in Tables S3 to S5 in
Supporting Information File 1.

Molecular evolution analysis

The coding DNA sequence (CDS) of the three terpene synthase
genes (coding for geosmin synthases, 2-MIB synthases and epi-
isozizaene synthases) in the 93 Streptomyces species were
collected and aligned with Mafft version 7.313 using default pa-
rameters. Geneious — v 9.1 [59] was used to correct frame shifts
and premature stop codons. Scripts published in [60] were used
to generate codon-based alignments. We used HyPhy instance
[61] to perform molecular evolution analysis. To test if positive
selection occurred on a proportion of branches in the terpene
synthase trees, the SLAC [62] model was used which is an im-
proved version of the commonly used branch-site model. To
test the hypothesis that individual sites have been subjected to
episodic, positive or diversifying selection, site-specific model
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FUBAR [63] was used. Additionally, aBSREL [64] model was
used to infer nonsynonymous (dN) and synonymous (dS) sub-
stitution rates on a per-site basis for a given coding sequence
alignment and corresponding phylogeny. The treefix-DTL
(duplication-transfer-loss) software, version 1.0.2 [64], was
applied to fix the topology of each terpene synthase tree under
default settings with an alpha value of 0.05 for the paired-site
test and the model closest to PROTGAMMALGEF available via
treefix-DTL (PROTGAMMAIJTTF) as RAXML substitution
model. To reconstruct the types and numbers of the evolu-
tionary events that explain the discrepancies (if any) between
the final topologies, NOTUNG version 2.9 [52] was run under
default settings (modified weight parameters edge weight = 0.9;
duplication weight = 2.0; transfer weight = 3.0; losses weight =
1.0) except for the permission of horizontal transfers and the
use of a DTL cost matrix of 2-3-1, corresponding to default
costs used by treefix-DTL.

Supporting Information

Supporting Information File 1

Additional figures and tables.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-115-S1.pdf]
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Aromatic prenyltransferases (PTases) are enzymes that catalyze Friedel-Crafts reactions between aromatic compounds and

isoprenoid diphosphates. In hapalindole biosynthesis, the aromatic PTases AmbP1 and AmbP3 exhibit surprisingly plastic selectivi-

ties. AmbP1 not only transfers the geranyl group on the C-3 of cis-indolylvinyl isonitrile, but also on the C-2, which is supressed in

the presence of Mg2* ions. AmbP3 transfers the dimethylallyl group on C-2 of hapalindole U in the reverse manner, but on C-2 of

its C-10 stereoisomer in the normal manner. This review highlights the molecular bases of the AmbP1 and AmbP3 functions, eluci-

dated through their X-ray crystal structures. The knowledge presented here will contribute to the understanding of aromatic PTase

reactions and will enhance their uses as biocatalysts.

Introduction

Aromatic prenyltransferases (PTases) catalyze Friedel-Crafts
reactions between aromatic prenyl acceptors and isoprenoid
diphosphate prenyl donors to construct C-C, C-0O, or C-N
bonds, which enrich the structural diversity of aromatic natural
products [1,2]. Their reactions are divided into two types,
depending on where the cation is generated in the isoprenoid
diphosphate: the “normal” prenylation in which the C-1 is
attacked and the “reverse” prenylation in which the C-3 is
attacked (Figure 1). It is important to study prenylation types

for the chemoenzymatic synthesis of bioactive compounds,

because the prenylated compounds exhibit better bioactivities
due to their improved interactions with biological membranes
[3]. The aromatic PTase superfamily involved in the secondary
metabolism consists of the ABBA (a-f-B-a barrel)-type [4,5],
the dimethylallyltryptophan synthase (DMATS)-type [6,7], and
the membrane-bound type PTases [8,9]. Some of them exhibit
broad substrate specificities and accept various aromatic com-
pounds as prenyl acceptors. For example, NphB (also called
Orf-2), the first reported ABBA-type PTase in naphtherpin bio-

synthesis, accepts several aromatic compounds, including dihy-
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droxynaphthalenes, flavonoids, and resorcinols as prenyl accep-
tors, and Cy( geranyl diphosphate (GPP) as a prenyl donor, to
generate a variety of O- or C-prenylated aromatic compounds
[4,10]. Some PTases accept multiple lengths of isoprenoid
diphosphates, as exemplified by the ABBA-type PTase TleC,
which accepts Cs to Cy isoprenoid diphosphates in the biosyn-
thesis of teleocidin B [11]. More interestingly, some PTases
change their regiospecificity according to the chain length of
the isoprenoid diphosphate, as exemplified by the DMATS-type
PTase AtaPT [12]. To get knowledge about the molecular bases
and their functions, a number of PTases have been subjected to
X-ray crystallographical analyses. It is important to compare the
multiple X-ray crystal structures with each substrate for the
various reactions, to understand their plasticity. Here, we sum-
marize the molecular basis of the two ABBA type PTases,
AmbP1 and AmbP3, which catalyze multiple reactions with dif-
ferent sets of substrates [13,14]. Their plasticities in the reac-

HO OH
p-Op
HO ™\ /| \OM
o0 O

isoprenoid pyrophosphate

Figure 1: The reactions of aromatic PTases.

A) _
NC + Mg?*
A\ ——
N
H

cis-indolylvinyl isonitrile AmbP1

) YVOPP O
H

DMAPP
hapalindole U (R = H) ambiguine H (R = H)
ambiguine A (R = Cl)

hapalindole G (R = Cl)

Figure 2: The reactions catalyzed by AmbP1 (A) and AmbP3 (B).

Beilstein J. Org. Chem. 2019, 15, 1545-1551.

tions were revealed by the X-ray crystal structures of their com-

plexes with different substrates.

Review

Hapalindole/ambiguine biosynthesis

Hapalindole/ambiguine alkaloids, isolated from cyanobacteria,
are composed of the total Cys5 prenyl moieties derived from
dimethylallyl diphosphate (DMAPP) and geranyl diphosphate
(GPP), and cis-indolylvinyl isonitrile 1 (Figure 2A) [15]. This
natural product family includes structurally diverse compounds
with beneficial bioactivities, exemplified by 12-epi-hapalindole
E isonitrile, which exhibits antibacterial, antifungal, and
antimycobacterial activities [16], and ambiguine I, which in-
duces apoptosis and cell-cycle arrest through the inhibition of
an NF-kB-related regulation pathway [17]. To investigate their
biosyntheses, two research groups independently sequenced the
genome of a cyanobacterium, Fischerella ambigua UTEX

normal
prenylatlon

reverse
prenylation

N~ ¢cn

hapalindole A 3
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1903, and performed a biosynthetic study [18,19]. Among the
identified biosynthetic enzymes, the major contributors of the
structural diversity are two prenyltransferases (AmbP1 and
AmbP3) [18,20], isomerocyclases [19,21-24], and a-ketoglu-
tarate-dependent oxygenases [25,26]. The prenyltransferase
AmbP1 transfers a geranyl group onto C-3 of 1 to yield (R)-3-
geranyl-3-isocyanovinylindolenine (2, Figure 2A) [20]. 2 is
cyclized by isomerocyclases to give the hapalindole or
fischerindole tetracyclic core structure [19,21-24]. The tetra-
cyclic core is oxidatively halogenated by an a-ketoglutarate-de-
pendent oxygenase [25,26]. Interestingly, AmbP1 also transfers
the geranyl group onto the C-2 carbon of 1 to give cis-2-
geranylindolylvinyl isonitrile, but this undesired side reaction is
suppressed in the presence of Mg?* (Figure 2A) [20]. AmbP3
exhibits tolerant substrate specificity with hapalindole sub-
strates [18]. AmbP3 accepts (10R)-hapalindole U (HU) and G,
and transfers the dimethylallyl group in the reverse prenylation
mode to give ambiguine H and A, respectively (Figure 2B).
Remarkably, AmbP3 also accepts (10S5)-hapalindole A (HA),
and transfers the dimethylallyl group onto the C-2 carbon of

Beilstein J. Org. Chem. 2019, 15, 1545-1551.

hapalindole A in normal prenylation mode to yield compound 3
(Figure 2B).

X-ray crystal structure analysis of AmbP1

To understand the effect of Mg2* ions on the AmbP1 reaction,
an X-ray crystallization analysis was conducted. The apo struc-
ture of AmbP1 was solved at 2.35 10\, and it adopted an ABBA
fold [4,5,13]. Interestingly, the apo structure unusually includes
the Mg2* ion in a position nearby the B-barrel, stabilized by
hydrogen bonding with N41, E63, and D65 (Figure 3A, Mg-1).
It might be required for structural integrity, although no muta-
tional study has been performed to support this notion. In order
to obtain a structure that is in complex with a substrate, 1 and
geranyl S-thiodiphosphate (GSPP) were soaked into the crystal
of AmbP1 at pH 6.5, which is the same pH as in the reservoir
for crystallization. In this structure (MgZ*-free structure), the
distance from C-1 of GSPP to C-2 of 1 (Figure 4A, a: 3.3 ./o\) is
closer than that to C-3 of 1 (Figure 4A, b: 4.6 A), unexpectedly
indicating that this is a model for the C-2 prenylation. Next, the
soaking experiment was tested at pH 8. Given that the suppres-

Figure 4: The active site structure of AmbP1. 1 and GSPP were bound in the active site without Mg2* (A, Mg2*-free structure) and with Mg2*
(B, Mg2*-bound structure). The green sphere indicates the Mg2* ion.
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sion of C-2 prenylation in presence of Mg2" ions is more
obvious at pH 8-9 than pH 6 [20], it is expected that this
soaking condition will provide the structural model of C-3
prenylation. As expected, the position of 1 dramatically
changed, and the distance from C-1 of GSPP to C-3 of 1
(Figure 4B, c: 4.6 A) became closer than that to C-2 of 1
(Figure 4B, d: 5.4 A). Importantly, an additional Mg2* ion
(Figure 3C, Mg-2) appeared in the active site close to the isoni-
trile of 1, stabilized by the hydrogen bonding with D172, T173,
G208, and E209 (Figure 4B). The AmbP1 E209A and E209L
mutants completely lost their activities, implying that E209
plays an important role in forming the catalytic cavity as well as
binding the Mg2* ion. The active site structure depicted by the
surface mode indicated that E209 is important to form the wall
of the cavity [13]. More interestingly, the D172A mutation
altered the AmbP1 reaction, as it prefers C-3 prenylation even
in the presence of Mg2" ions. There are several X-ray crystal
structural analyses of PTases that utilize Mg2* as a Lewis acid,
such as NphB [4], but this is the first structural analysis of the
PTases that utilize a Mg2" ion to reorganise the active site

cavity to control the regiospecificity of the prenylation reaction.

X-ray crystal structure analysis of AmbP3

The crystal structures of AmbP3 complexed with DMSPP/
hapalindole U (HU structure) and A (HA structure) were each
solved at 2.00 A [14]. The prenyl acceptors, HU and HA, were
both surrounded by hydrophobic amino acids, including A44,
A102, W117,L119, L259, V284, F288, and M291 [14], and the
position of HU was additionally stabilized by hydrogen bond-
ing between the N-1 of HU and E207 (Figure 5A). Remarkably,
the terpenoid moieties of HU and HA were located at the same

position, but their orientations were completely different. These

A)

Beilstein J. Org. Chem. 2019, 15, 1545-1551.

data indicated that the hydrophobic interaction between the en-
zyme and the terpenoid moiety is important to support the
prenyl acceptor, and the orientation can be altered dependently
on their steric structures. The indole of HU, W117, and Y168
formed a cation shield [27,28], which stabilizes the cation inter-
mediate after the removal of the phosphate from DMAPP in the
HU structure, and Y225 was substituted with Y168 in the HA
structure (Figure 5). The orientation of W117 changed in accor-
dance with the orientation of the indole in HU and HA. As
expectedly, W117 was shown to be important for the reaction
through a point mutation study, in which W117A and W117F
completely lost the catalytic activity. In the HU structure, the
distance between C-2 of HU and C-3 of DMSPP (Figure 5A,
a: 3.6 A) is shorter than that between C-2 of HU and C-1 of
DMSPP (Figure 5A, b: 5.4 A). On the other hand, in the HA
structure, the distance between C-2 of HA and C-1 of DMSPP
(Figure 5B, c: 4.6 A) is shorter than that between C-2 of HA
and C-3 of DMSPP (Figure 5B, d: 5.8 A). These data are
consistent with the preference of reverse prenylation on HU and
normal prenylation on HA. This is the first X-ray structural
model of a PTase that catalyzes both normal and reverse preny-
lations. The hydrophobic nature of the substrate-binding pocket
and the flexibility of the amino acids shielding a cation lead to
the plasticity to accept two stereoisomeric hapalindoles and
DMAPP, in two different binding poses. This example also
illustrates the plasticity of the PTase in the hapalindole biosyn-
thesis. As described above, AtaPT accepts various aromatic
compounds as prenyl acceptors, and changes the regiospeci-
ficity dependently on the prenyl donor [12]. This plasticity is
due to the hydrophobic nature of the prenyl acceptor binding

site and the fluctuations of the amino acids forming the cation
shield, similarly to AmbP3.

Figure 5: The active site structure of AmbP3 with substrates. The AmbP3 structure in complex with hapalindole U and DMSPP (A), and the AmbP3

structure bound in complex with hapalindole A and DMSPP (B).
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Comparison of the AmbP1 and AmbP3
amino acid sequences with other ABBA
PTases

The AmbP1 and AmbP3 amino acid sequences were aligned
with the other ABBA PTases, including NphB [4], CloQ [28],
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SCO7190 [10], Fnq26 [29], EpzP [30], NovQ [31], Fur7 [32],
SSRG00986 [33], and DzmP [33] (Figure 6). Most of the amino
acids involved in pyrophosphate binding, including K117,
N168, Y170, R223, Y227, Y276, and K278 in AmbP1, are well
conserved among the ABBA family enzymes, but R46 is only
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Figure 6: Multiple amino acid sequence alignment of AmbP1, AmbP3, and other ABBA PTases, visualized by ESPript3 [34]. Secondary structure ele-
ments: a, a-helices; B, B-strands; n, 31¢-helices; TT, strict B-turns. The red frames indicate amino acids that anchor pyrophosphate, the blue frames
indicate the residues that support the prenyl acceptor in AmbP1, and the yellow frames indicate the residues that support the prenyl acceptor for
AmbP3 that are not conserved in AmbP1, and the green frames indicate the residues that anchor the Mg2+ ion
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conserved between AmbP1 and AmbP3, and Y227 is only
conserved among AmbP1, AmbP3, and CloQ [28] (Figure 6),
indicating that the structures for the pyrophosphate binding
pockets in AmbP1 and AmbP3 are slightly different from those
of the other enzymes. In fact, the position of the a-phosphate
shifts between the Mg?*-free and -bound structures in AmbP1
and between the HU and HA structures in AmbP3, which alters
the locations of the substrates in the enzyme. In the AmbP3
structures, Y225 plays an important role to form a cation shield
in the HA structure, and the flexibility of Y225 is also an im-
portant factor to support both the prenyl acceptor and donor.
These observations suggest that the binding mode of the
pyrophosphate in AmbP1 and AmbP3 is unique in PTases, and
it is likely to be the reason that allows the alternative binding
modes of the substrates. The hydrophobic nature of the amino
acids that support the prenyl acceptor should be a major factor
to allow the alternative substrate binding modes for AmbP1 and
AmbP3. Most of the hydrophobic amino acids that support the
prenyl acceptor are not conserved among AmbP1, AmbP3, and
the other PTases, but W119 is conserved or substituted with
tyrosine among all of the aligned PTases (Figure 6). The aro-
matic amino acids around W119 are also important to support
the aromatic substrates and cationic intermediates in the X-ray
structural studies of CloQ and EpzP [28,30]. The orientation of
W119 significantly changes in accordance with the substrate
binding in the HU and HA structures of AmbP3, indicating that
the flexible orientation of W119 is also an essential factor for
the plasticity. Both two MgZ" binding sites in AmbP1 are not
conserved in the other PTases, indicating that they are a unique
property of AmbP1. Remarkably, the two Mg2*- binding amino
acids are located at the start or end of a B-sheet (Figure 6),
which causes the corresponding -sheet to move through the
metal binding. Mg-1 is likely to maintain the overall structure
of the enzyme, and Mg-2 defines the shape of the substrate
binding site.

Conclusion

The multiple structures of AmbP1 and AmbP3 with different
substrate sets provide useful knowledge to understand the mo-
lecular basis of the promiscuous PTases. Their promiscuity is
mainly caused by the hydrophobic binding pocket for the prenyl
acceptor and the flexible positioning of the aromatic residues,
which form a cation shield. Although recent progress in chemi-
cal synthetic research has established efficient ways to control
normal and reverse prenylations with transition metal hydrides
[35], it is still important to study the PTases, as they are useful
catalysts that control the regiospecificity in an environmentally
friendly manner. The information from their X-ray structures
will contribute to future engineering of PTases. Furthermore,
the structure of AmbP1 can serve as a model to alter the reac-

tion through creating a metal binding site within the PTases, as

Beilstein J. Org. Chem. 2019, 15, 1545-1551.

the natural metalloprotein has been utilized as a model to create
an artificial metalloprotein [36,37]. The increasing knowledge
obtained from the X-ray structural studies of the PTases will
contribute to the development of the enzymology and the
chemoenzymatic syntheses of bioactive compounds.

Acknowledgements

This work was supported in part by a Grant-in-Aid for Scien-
tific Research from the Ministry of Education, Culture, Sports,
Science and Technology, Japan (JSPS KAKENHI Grant Num-
ber JP16H06443, JP17H04763, and JP18K19139), Japan
Science and Technology Agency (JST SICORP Grant Number
JPMIJSC1701), Suzuken Memorial Foundation, and Kobayashi
International Scholarship Foundation. We also thank for a
Grant-in-Aid for the Cooperative Research Project from the

Institute of Natural Medicine, University of Toyama in 2017.

ORCID® iDs

Takayoshi Awakawa - https://orcid.org/0000-0003-2575-3175
Ikuro Abe - https://orcid.org/0000-0002-3640-888X

References

1. Brandt, W.; Brauer, L.; Glinnewich, N.; Kufka, J.; Rausch, F.;
Schulze, D.; Schulze, E.; Weber, R.; Zakharova, S.; Wessjohann, L.
Phytochemistry 2009, 70, 1758-1775.
doi:10.1016/j.phytochem.2009.09.001

2. Heide, L. Curr. Opin. Chem. Biol. 2009, 13, 171-179.
doi:10.1016/j.cbpa.2009.02.020

3. Botta, B.; Vitali, A.; Menendez, P.; Misiti, D.; Delle Monache, G.

Curr. Med. Chem. 2005, 12, 713-739. doi:10.2174/0929867053202241

4. Kuzuyama, T.; Noel, J. P.; Richard, S. B. Nature 2005, 435, 983-987.
doi:10.1038/nature03668

5. Saleh, O.; Haagen, Y.; Seeger, K.; Heide, L. Phytochemistry 2009, 70,
1728-1738. doi:10.1016/j.phytochem.2009.05.009

6. Yu, X.; Li, S.-M. Methods Enzymol. 2012, 516, 259-278.
doi:10.1016/b978-0-12-394291-3.00005-8

7. Rudolf, J. D.; Wang, H.; Poulter, C. D. J. Am. Chem. Soc. 2013, 135,
1895-1902. doi:10.1021/ja310734n

8. Yazaki, K.; Sasaki, K.; Tsurumaru, Y. Phytochemistry 2009, 70,
1739-1745. doi:10.1016/j.phytochem.2009.08.023

9. Li, W. Trends Biochem. Sci. 2016, 41, 356-370.
doi:10.1016/j.tibs.2016.01.007

10.Kumano, T.; Richard, S. B.; Noel, J. P.; Nishiyama, M.; Kuzuyama, T.

Bioorg. Med. Chem. 2008, 16, 8117-8126.

doi:10.1016/j.bmc.2008.07.052

.Mori, T.; Zhang, L.; Awakawa, T.; Hoshino, S.; Okada, M.; Morita, H.;

Abe, |. Nat. Commun. 2016, 7, 10849. doi:10.1038/ncomms10849

12.Chen, R.; Gao, B.; Liu, X.; Ruan, F.; Zhang, Y.; Lou, J.; Feng, K.;
Waunsch, C.; Li, S.-M.; Dai, J.; Sun, F. Nat. Chem. Biol. 2017, 13,
226-234. doi:10.1038/nchembio.2263

13. Awakawa, T.; Mori, T.; Nakashima, Y.; Zhai, R.; Wong, C. P.;

Hillwig, M. L.; Liu, X.; Abe, I. Angew. Chem., Int. Ed. 2018, 57,
6810-6813. doi:10.1002/anie.201800855

14.Wong, C. P.; Awakawa, T.; Nakashima, Y.; Mori, T.; Zhu, Q.; Liu, X;;
Abe, |. Angew. Chem., Int. Ed. 2018, 57, 560-563.
doi:10.1002/anie.201710682

1

—

1550


https://orcid.org/0000-0003-2575-3175
https://orcid.org/0000-0002-3640-888X
https://doi.org/10.1016%2Fj.phytochem.2009.09.001
https://doi.org/10.1016%2Fj.cbpa.2009.02.020
https://doi.org/10.2174%2F0929867053202241
https://doi.org/10.1038%2Fnature03668
https://doi.org/10.1016%2Fj.phytochem.2009.05.009
https://doi.org/10.1016%2Fb978-0-12-394291-3.00005-8
https://doi.org/10.1021%2Fja310734n
https://doi.org/10.1016%2Fj.phytochem.2009.08.023
https://doi.org/10.1016%2Fj.tibs.2016.01.007
https://doi.org/10.1016%2Fj.bmc.2008.07.052
https://doi.org/10.1038%2Fncomms10849
https://doi.org/10.1038%2Fnchembio.2263
https://doi.org/10.1002%2Fanie.201800855
https://doi.org/10.1002%2Fanie.201710682

15. Walton, K.; Berry, J. P. Mar. Drugs 2016, 14, No. 73.
doi:10.3390/md14040073

16.Doan, N. T.; Stewart, P. R.; Smith, G. D. FEMS Microbiol. Lett. 2001,
196, 135-139. doi:10.1111/1.1574-6968.2001.tb10554.x

17.Acufa, U. M.; Zi, J.; Orjala, J.; Carcache de Blanco, E. J.
Int. J. Cancer Res. 2015, 49, 1655-1662.

18. Hillwig, M. L.; Zhu, Q.; Liu, X. ACS Chem. Biol. 2014, 9, 372-377.
doi:10.1021/cb400681n

19.Li, S.; Lowell, A. N.; Yu, F.; Raveh, A.; Newmister, S. A.; Bair, N.;
Schaub, J. M.; Williams, R. M.; Sherman, D. H. J. Am. Chem. Soc.
2015, 137, 15366—15369. doi:10.1021/jacs.5b10136

20. Liu, X.; Hillwig, M. L.; Koharudin, L. M. I.; Gronenborn, A. M.
Chem. Commun. 2016, 52, 1737—-1740. doi:10.1039/c5cc10060g

21.Zhu, Q,; Liu, X. Angew. Chem., Int. Ed. 2017, 56, 9062—-9066.
doi:10.1002/anie.201703932

22.Zhu, Q.; Liu, X. Chem. Commun. 2017, 53, 2826-2829.
doi:10.1039/c7cc00782e

23.Li, S.; Lowell, A. N.; Newmister, S. A.; Yu, F.; Williams, R. M.;
Sherman, D. H. Nat. Chem. Biol. 2017, 13, 467-469.
doi:10.1038/nchembio.2327

24.Newmister, S. A.; Li, S.; Garcia-Borras, M.; Sanders, J. N.; Yang, S.;
Lowell, A. N.; Yu, F.; Smith, J. L.; Williams, R. M.; Houk, K. N.;
Sherman, D. H. Nat. Chem. Biol. 2018, 14, 345-351.
doi:10.1038/s41589-018-0003-x

25. Hillwig, M. L.; Liu, X. Nat. Chem. Biol. 2014, 10, 921-923.
doi:10.1038/nchembio.1625

26. Mitchell, A. J.; Zhu, Q.; Maggiolo, A. O.; Ananth, N. R.; Hillwig, M. L.;
Liu, X.; Boal, A. K. Nat. Chem. Biol. 2016, 12, 636—640.
doi:10.1038/nchembio.2112

27.Jost, M.; Zocher, G.; Tarcz, S.; Matuschek, M.; Xie, X.; Li, S.-M.;
Stehle, T. J. Am. Chem. Soc. 2010, 132, 17849-17858.
doi:10.1021/ja106817c

28.Metzger, U.; Keller, S.; Stevenson, C. E. M.; Heide, L.; Lawson, D. M.
J. Mol. Biol. 2010, 404, 611-626. doi:10.1016/j.jmb.2010.09.067

29.Haagen, Y.; Unséld, I.; Westrich, L.; Gust, B.; Richard, S. B.;
Noel, J. P.; Heide, L. FEBS Lett. 2007, 581, 2889-2893.
doi:10.1016/j.febslet.2007.05.031

30. Zocher, G.; Saleh, O.; Heim, J. B.; Herbst, D. A.; Heide, L.; Stehle, T.
PLoS One 2012, 7, e48427. doi:10.1371/journal.pone.0048427

31.0zaki, T.; Mishima, S.; Nishiyama, M.; Kuzuyama, T. J. Antibiot. 2009,
62, 385-392. doi:10.1038/ja.2009.48

32.Kumano, T.; Tomita, T.; Nishiyama, M.; Kuzuyama, T. J. Biol. Chem.
2010, 285, 39663-39671. doi:10.1074/jbc.m110.153957

33.Bonitz, T.; Zubeil, F.; Grond, S.; Heide, L. PLoS One 2013, 8, €85707.
doi:10.1371/journal.pone.0085707

34.Robert, X.; Gouet, P. Nucleic Acids Res. 2014, 42, W320-W324.
doi:10.1093/nar/gku316

35.Hu, Y.-C.; Ji, D.-W.; Zhao, C.-Y.; Zheng, H.; Chen, Q.-A.
Angew. Chem., Int. Ed. 2019, 58, 5438-5442.
doi:10.1002/anie.201901025

36.Lu, Y.; Berry, S. M.; Pfister, T. D. Chem. Rev. 2001, 101, 3047-3080.
doi:10.1021/cr0000574

37.Schwizer, F.; Okamoto, Y.; Heinisch, T.; Gu, Y.; Pellizzoni, M. M.;
Lebrun, V.; Reuter, R.; Kohler, V.; Lewis, J. C.; Ward, T. R.
Chem. Rev. 2018, 118, 142-231. doi:10.1021/acs.chemrev.7b00014

Beilstein J. Org. Chem. 2019, 15, 1545-1551.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.15.157

1551


https://doi.org/10.3390%2Fmd14040073
https://doi.org/10.1111%2Fj.1574-6968.2001.tb10554.x
https://doi.org/10.1021%2Fcb400681n
https://doi.org/10.1021%2Fjacs.5b10136
https://doi.org/10.1039%2Fc5cc10060g
https://doi.org/10.1002%2Fanie.201703932
https://doi.org/10.1039%2Fc7cc00782e
https://doi.org/10.1038%2Fnchembio.2327
https://doi.org/10.1038%2Fs41589-018-0003-x
https://doi.org/10.1038%2Fnchembio.1625
https://doi.org/10.1038%2Fnchembio.2112
https://doi.org/10.1021%2Fja106817c
https://doi.org/10.1016%2Fj.jmb.2010.09.067
https://doi.org/10.1016%2Fj.febslet.2007.05.031
https://doi.org/10.1371%2Fjournal.pone.0048427
https://doi.org/10.1038%2Fja.2009.48
https://doi.org/10.1074%2Fjbc.m110.153957
https://doi.org/10.1371%2Fjournal.pone.0085707
https://doi.org/10.1093%2Fnar%2Fgku316
https://doi.org/10.1002%2Fanie.201901025
https://doi.org/10.1021%2Fcr0000574
https://doi.org/10.1021%2Facs.chemrev.7b00014
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.15.157

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Archangelolide: A sesquiterpene lactone with
immunobiological potential from Laserpitium archangelica

Silvie Rimpelova™?, Michal Juragek?, Lucie Peterkova', Jifi Bejéek', Vojtéch Spiwok’,
Milo§ MajdI2, Michal Jirasko3, Milo§ Budésinsky#, Juraj Harmatha?, Eva Kmoni¢kova3->,
Pavel Dragar 2 and Tomas Ruml’"

Full Research Paper

Address: Beilstein J. Org. Chem. 2019, 15, 1933—1944.
"Department of Biochemistry and Microbiology, University of doi:10.3762/bjoc.15.189

Chemistry and Technology Prague, Technicka 5, 166 28, Prague 6,

Czech Republic, 2Department of Chemistry of Natural Compounds, Received: 31 May 2019

University of Chemistry and Technology Prague, Technicka 5, 166 28,  Accepted: 30 July 2019
Prague 6, Czech Republic, 3Charles University in Prague, Faculty of Published: 13 August 2019
Medicine in Pilsen, 301 66 Pilsen, Czech Republic, 4Institute of

Organic Chemistry and Biochemistry, Academy of Sciences of the This article is part of the thematic issue "Terpenes".
Czech Republic, Flemingovo namésti 2, 166 10 Prague 6, Czech

Republic and ®Institute of Experimental Medicine, Academy of Guest Editor: J. S. Dickschat

Sciences of the Czech Republic, v.v.i., 14220 Prague 4, Czech

Republic © 2019 Rimpelova et al.; licensee Beilstein-Institut.

License and terms: see end of document.
Email:
Silvie Rimpelova” - silvie.rimpelova@vscht.cz; Pavel Drasar -
pavel.drasar@vscht.cz; Toma$ Ruml” - tomas.ruml@vscht.cz

* Corresponding author

Keywords:

anti-inflammatory properties; archangelolide; dansyl fluorescent
conjugate; sarco/endoplasmic reticulum calcium ATPase;
sesquiterpene lactone; trilobolide analogue

Abstract

Sesquiterpene lactones are secondary plant metabolites with sundry biological effects. In plants, they are synthesized, among
others, for pesticidal and antimicrobial effects. Two such compounds, archangelolide and trilobolide of the guaianolide type, are
structurally similar to the well-known and clinically tested lactone thapsigargin. While trilobolide has already been studied by us
and others, there are only scarce reports on the biological activity of archangelolide. Here we present the preparation of its fluores-
cent derivative based on a dansyl moiety using azide—alkyne Huisgen cycloaddition having obtained the two sesquiterpene lactones
from the seeds of Laserpitium archangelica Wulfen using supercritical CO, extraction. We show that dansyl-archangelolide local-
izes in the endoplasmic reticulum of living cells similarly to trilobolide; localization in mitochondria was also detected. This led us
to a more detailed study of the anticancer potential of archangelolide. Interestingly, we found that neither archangelolide nor its
dansyl conjugate did exhibit cytotoxic effects in contrast to the structurally closely related counterparts trilobolide and thapsigargin.
We explain this observation by a molecular dynamics simulation, in which, in contrast to trilobolide, archangelolide did not bind
into the sarco/endoplasmic reticular calcium ATPase cavity utilized by thapsigargin. Last, but not least, archangelolide exhibited

anti-inflammatory activity, which makes it promising compound for medicinal purposes.
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Introduction

Sesquiterpene lactones (SLs) have been attracting interest
already for some time due to the plethora of biological effects
they elicit. Various SLs show anticancer, antimicrobial, antioxi-
dant, antiprotozoal, antiviral and immunobiological activities
(reviewed in [1,2]). Two SLs remarkable for their immunobio-
logical potential are archangelolide (1) and trilobolide (2),
depicted in Figure 1. Compound 2 exhibits strong induction of
nitric oxide (NO) in eukaryotic cells, which in turn evokes the
synthesis of IL-6, INF-y and TNF-a (see section “Abbrevia-
tions” at the end of the text). Furthermore, compound 2 has a
very similar structure to the well-described SL thapsigargin,
which is the best-known inhibitor of sarcoplasmic/endoplasmic
reticular calcium ATPase (SERCA) with Kj values in the range
of nanomoles [3]. The inhibition of SERCA by thapsigargin is
stoichiometric and irreversible [4] and results in the depletion of
the intracellular calcium storage and an elevated cytosolic
calcium concentration, which then can trigger apoptosis in cells.
This ability of thapsigargin to trigger programmed cell death
prompted the development of mipsagargin/G202 [5], a thapsi-
gargin-derived prodrug that completed phase-I and phase-II
clinical trials [6] for several types of solid tumors. The struc-
turally similar compound 2 was found to act by the same mech-
anism in cells as thapsigargin [7] and was also found to be cyto-
toxic with localization to the endoplasmic reticulum [8]. The
cytotoxicity of compound 2 prompted the preparation and eval-
uation of compound 2 conjugates with porphyrins [9] and
steroids [10] for targeted uptake of compound 2 into cancer
cells, and the conjugates showed interesting biological effects
including antimycobacterial effects [10]. Nevertheless, cytotox-
icity posed a considerable limitation for the utilization of com-
pound 2. It was, however, soon found that compound 2 may be
modified in such a way that its cytotoxicity is reduced while the

immunobiological properties are retained [11].

Contrary to compound 2, compound 1 inhibits NO production
and synthesis of IL-1f8 and INF-y [12]. Although its structure

archangelolide
1
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was already elucidated in the 1970s [13], the information on
cytotoxicity of compound 1 is very limited [12] and its intracel-
lular localization and mechanism of action are unknown.
Therefore, based on the structural similarity between com-
pound 1 and 2, we suspected that new interesting and relevant
information on this biologically largely undescribed SL could
be identified.

In order to study the action of these commercially unavailable
compounds, efficient isolation must first be performed in order
to gain sufficient amount of pure SLs. Even though the pres-
ence of several immuno-active SLs, including compound 1 and
2, was previously reported in Laser trilobum (L.) Borkh and the
method of their isolation from petroleum ether extracts of plant
roots [12] was described, we aimed to develop a facile method
for the isolation of these SLs from the seeds of Laserpitium
archangelica Wulfen using supercritical CO, extraction (SCE;
for advantages of this method, see Supporting Information
File 1, section 8). In our experience, any part of the plant may
be used for extraction of compound 1, while the roots and seeds
give much higher yields than other parts. Utilization of SCE
gives improved efficiency of the extraction and shortens the
work-up in contrast with classical methods.

By the abovementioned methodology, we obtained sufficient
amounts of these compounds for further work including synthe-
tic modifications using azide—alkyne Huisgen cycloaddition.
We previously showed the preparation of fluorescent trilobolide
conjugates [8] that retained the activity of the parental com-
pounds and proved to be useful for live-cell imaging. In this
article, we present a similar approach for compound 1. Using
cancerous, non-transformed, and, also primary cell lines, we
evaluated the viability of cells treated with compound 1 and its
fluorescent dansyl conjugate, which we then used to study its
intracellular localization. Finally, we also determined the anti-
inflammatory activity of compound 1 using rat macrophages.

0 2
5» 29
ol
_"“O)Ké/\

trilobolide
2

Figure 1: The structure of the sesquiterpene lactones archangelolide (1) and trilobolide (2).
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Results and Discussion
L. archangelica metabolite isolation and

identification

For isolation of the major metabolites of L. archangelica, we
used 100 g of fine ground seeds (Supporting Information File 1,
Figure S2) and the method of supercritical CO, extraction,
which was carried out under pressure of 40 MPa at 40 °C until
the extract substances passed from the extracted material (when
several subsequent fractions were not adding any addition to the
weight to the extract). The obtained yellowish extract (42.5 g)
was stored in fridge for a period of 72 h during which the crys-
tals were formed. These were collected by filtration over a frit
and washed with hexanes obtaining 7.9 g of the matter that was
analyzed by TLC and LRMS analyses. We observed that the
matter consisted, in particular, of two terpene-type compounds,
compound 1 and 2, and of B-sitosterol. Using TLC, we found
that the mother liquor contained minimal quantities of com-
pound 1 and 2, but was abundant in f-sitosterol. Therefore, the
obtained matter was further re-dissolved in methylene chloride
and coated on silica. The purification by column chromatogra-
phy using a toluene—diethyl ether gradient system (0% — 10%
of ether) yielded 2.7 and 1.2 g of compound 1 and 2, respective-
ly. The identity of these two SLs was verified by NMR,
HRESIMS and IR analyses (see Supporting Information,
section 1). The melting points of the compounds were also in
accordance with previously reported data. Compound 1
was crystalized from a mixture of diethyl ether/hexanes
(mp 108-111 °C) [14] and compound 2 from a mixture of tolu-
ene/Et;O (mp 190-192 °C) [12].
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Derivatization of compound 1 with a dansyl
probe

In order to evaluate the intracellular localization and the fate of
compound 1 in living cells, we synthesized a blue-emitting
derivative employing a dansyl label. This fluorophore is conve-
nient not only for its small size but also for its membrane
permeability. Moreover, it was successfully used in other

studies of visualizing other natural compounds [15-17].

The synthesis (Scheme 1) of the dansyl-labeled archangelolide
5 started with a mild solvolysis of compound 1 by triethyl-
amine in methanol. Surprisingly, the only product that we ob-
tained after 48 h of treatment was 11-deacetylarchangelolide
(3), in only 32% yield. The position in the structure of com-
pound 1 where deacylation takes place remarkably differs from
that in compound 2 and thapsigargin. This is very likely due to
stereochemistry on the lactone ring connection at C7 and the
absence of a hydroxy group at the same position. The steric
circumstances and the presence of the a-carbonyl group makes
the tertiary C11 hydroxy group more acidic and thus a better
leaving group in the reaction. Next, the quaternary 11a-hydroxy
group was acylated by freshly prepared 5-azidopentanoic an-
hydride in the presence of 4-DMAP at room temperature.
Finally, the azidopentanoate 4 was successively introduced into
a click reaction with fluorescent 5-(dimethylamino)-N-(prop-2-
yn-1-yl)naphthalene-1-sulfonamide (synthesized according to
[18]) using Cul and TBTA [19] catalysis. All of the synthe-
sized compounds were thoroughly described by NMR (Support-
ing Information File 1, Table S1), IR, optical rotation (Support-

Scheme 1: Reagents and conditions: a) MeOH, TEA, 48 h, yield 32%; b) (i) 5-azidopentanoic acid, DCC, DCM, 90 min, rt; (i) 4-DMAP, DCM, 8 h, rt,
86%; c) dansylated propargylamine, Cul, TBTA, THF, MW, 70 °C, 2 h, yield 64%.

1935



ing Information File 1, section 2) and HRMS (Supporting Infor-
mation File 1, section 3). All compounds were re-purified on a
short silica column prior to testing and afterwards lyophilized
from tert-butanol. The substances were analyzed by HPLC
proving a purity of 295% (Supporting Information File 1,
section 4). Fluorescent properties of compound 5 were deter-
mined in PBS and methanol, the emission maxima corre-
sponded to 484 and 519 nm in these two solvents, respectively

(Supporting Information File 1, Figure S17).

Intracellular localization of compound 5

In this study we aimed to evaluate the biological effects of the
poorly described natural compound archangelolide (1) and its
fluorescent dansyl conjugate 5 in primary, cancer and primary

immune cells. First, we analyzed the rate of cell uptake of com-

-(.
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pound 5 and dansyl amide in U-2 OS (Figure 2 and Supporting
Information File 1, Figure S18) and MRC-5 (Supporting Infor-
mation File 1, Figure S19) cells. In both cell lines, compound 5
localized already after 30 min at 0.5 pM concentration, and the
fluorescence intensity increased over a period of 2 h of incuba-
tion. In order to identify the intracellular localization of com-
pound 5, co-localization experiments using endoplasmic retic-
ulum and mitochondrial markers were performed. As it is
apparent from Figure 3 and Figure S20 (Supporting Informa-
tion File 1), compound 5 localized in the endoplasmic retic-
ulum, which is in agreement with the site of localization of
another SL, the SERCA inhibitor compound 2 [8]. However,
we observed partial co-localization also in mitochondria, in

which SERCA is not present. Localization of a control (dansyl

fluorophore) was not organelle-specific and the fluorescence in-

Figure 2: Intracellular localization of archangelolide-dansyl (5) in human cells from osteosarcoma (U-2 OS). A, C) Bright-field images;
B, D) fluorescence microscopy of living cells treated with 1 M concentration of compound 5 for 90 min.

Figure 3: Co-localization of dansylarchangelolide 5 with a marker of endoplasmic reticulum (top row) and with a mitochondrial marker (bottom row) in
human cells from osteosarcoma (U-2 OS). A, E) Bright-field images. Fluorescence microscopy of living cells treated with 1 pM concentration of com-
pound 5 (90 min; images B and F) and a mitochondria-specific dye from [20] (10 min; image C) or pDNA coding mCherry-ER (image G).

D, H) merged images.
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tensity was very weak even at 2 uM concentration (Supporting
Information File 1, Figure S18).

Impact of compound 1 on cell viability

In order to reveal whether compound 1 is as potent as thapsi-
gargin or compound 2 in terms of inhibition of cancer cell
proliferation, we evaluated its cytotoxicity in a number of cell
lines originating from various tumors: prostate, osteosarcoma,
breast, colon, pancreas and lung. Cells were treated with com-
pound 1 and its derivatives up to a final concentration of 50 uM
for periods of 24, 48 and 72 h. Surprisingly, compound 1 exhib-
ited almost no cytotoxic effect under these conditions (see Sup-
porting Information File 1, Table S2 and Table S3, Figures
S21-S23). The IC5( values were in the upper micromolar range
and up to the tested concentration of 50 uM, 50% cell death was
only reached for HEK 293T and LNCaP after 72 h of treatment.
Moreover, we also did not detect toxicity of compound 1 in pri-
mary and transformed cell lines. Based on these differences
from thapsigargin and compound 2, it seems that this SL does
not act as SERCA inhibitor. Therefore, we proceeded to
confirm this hypothesis by a molecular dynamics simulation

study.

Molecular dynamics simulation of com-
pounds 1 and 2 with SERCA

The binding cavity for thapsigargin and compound 2 in the
SERCA protein lies in the transmembrane domain between the
helices 3, 5 and 7 [7,21]. Comparing the polarity of these com-
pounds with compound 1 based on the formation of hydrogen
bonds, the most polar compound capable of forming the highest
number of hydrogen bonds is thapsigargin, the least polar is
compound 1 (for details, see Supporting Information File 1,
Table S4). Nevertheless, the complex of SERCA with thapsi-
gargin is preferentially stabilized by hydrophobic interactions,
[21] and all three mentioned SLs are strongly hydrophobic mol-
ecules. We therefore assumed that compounds 1 and 2, which
can form even fewer hydrogen bonds than thapsigargin, may
interact with SERCA similarly to thapsigargin. However, this is
clearly not the case as represented by our cytotoxicity evalua-

tion using multiple cell lines.

In order to elucidate why compound 1 does not exhibit the same
cytotoxicity as its structural counterparts thapsigargin and com-
pound 2, the potent SERCA inhibitors, manual docking of com-
pound 1 into SERCA followed by MD simulation (1-10 ns)
was performed. For this simulation, four different complexes of
SERCA and SL were chosen: i) compound 1 positioned corre-
spondingly to the orientation of DTB in the SERCA binding
cavity (simulation 1); ii) compound 1 rotated by 180° (simula-
tion 2); iii) compound 2 (for comparison) used as a ligand with
the orientation equal to DTB (simulation 3); iv) SERCA posi-
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tioned in a phospholipid membrane to reflect the fact that it is a
transmembrane protein, with compound 2 as a ligand (simula-
tion 4).

The first round of simulations (1-10 ns) of compound 1
docking into SERCA cavity with compound 1 constrained as
described (simulation 1) showed the presence of hydrophobic
interactions of ligand side chains with Phe256, Val263, 11829
and the hydrophobic part of GIn259 amino acid residues.
GIn259 was the main residue involved in hydrophilic interac-
tion. Interestingly, during the simulations in water environment,
compound 1 had the tendency to escape from the SERCA
cavity.

In simulation 2 of compound 1 rotated by 180° with con-
strained positions (10 ns), interactions with Phe256 and hydro-
phobic parts of Glu255 and GIn259 were detected. When the
simulation was performed without constrained positions, com-
pound 1 escaped from the SERCA protein cavity.

After the first simulation of compound 2 (simulation 3) in non-
water environment, hydrogen bonds of compound 2 with
Glu255 and GIn259 residues, and a-amino group of [1e829 were
obvious. The hydrophobic interactions were directed preferen-
tially to Phe256, Val263, Leu260 and 11e829 residues and a
hydrophobic part of Lys252. In contrast to simulation 1 with
compound 1, there was no indication of compound 2 escaping
from the SERCA cavity (Figure 4 and Figure 5).

During simulations with SERCA positioned in a phospholipid
membrane (simulation 4; 1 ns), the free space between indi-
vidual phospholipids in the cell membrane was filled. SERCA
remained stable and tightly embedded in the membrane and did
not show any tendency to escape from it. Compound 2 inter-
acted similarly to simulation 3, in which it remained in the thap-
sigargin SERCA cavity for the duration of the simulation.

When compound 1 was positioned in the same way as
compound 2 and DTB during the simulations, it showed a ten-
dency to escape from the SERCA cavity, which was significant-
ly pronounced in the case of compound 1 rotated by 180°.
Therefore, we are convinced that especially the orientation and
positions of the side chains of compound 1 are very important
for its affinity to SERCA or the lack thereof. Winther and
co-workers [22] reported that the dissociation constant of thap-
sigargin derivatives each lacking one of the four thapsigargin
side chains (e.g., 2-deoctanoyl-4,5-dihydrothapsigargin or 8-O-
(dodecanoyl-8-0-debutanoyltrilobolide) increases in the
following order: O-2-deoctanoyl < O-8-debutanoyl < O-10-
deacetyl < O-3-deangeloyl. The individual side chains are
depicted in Figure 6.
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Figure 4: Cartoon representation of sarco/endoplasmic reticulum Ca2* ATPase binding pocket with A, C) archangelolide (1) or B, D) trilobolide (2)
after molecular dynamic simulations. Depicted are also amino acid residues in a range of 5 A from the respective ligand. The images were created

using VMD software, version 1.9.2.

Considering the inhibition potency of SERCA by thapsigargin
and compound 2 [7,23] we are not convinced that the missing
structural moiety O-2-octanoyl (see Figure 6, A) in the case of
compound 1 and 2 has a significant influence on the affinity to
SERCA. Furthermore, the O-8 butanoyl and O-10 acetyl
moieties (Figure 6, B and C) are not significantly different in
compound 1 (presence of a methyl group in the O-8 butanoyl

side chain) from those of thapsigargin and compound 2. In

contrast, the O-3 angeloyl moiety (Figure 6, D) is positioned at
C3 in thapsigargin and compound 2, whereas in compound 1 it
is at C2. An O-3 deangeloylthapsigargin derivative was previ-
ously prepared by Winther and co-workers, who reported that
500-600 times higher concentrations of this derivative than of
thapsigargin were needed to achieve 50% inhibition of SERCA,
which was the highest of all the derivatives lacking a single side

chain [22]. Taking into consideration their result as well as our
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Figure 5: Molecular surface representation of sarco/endoplasmic reticulum Ca2* ATPase binding pocket with A) archangelolide (1) and B) trilobolide
(2) after molecular dynamic simulations. SURF function and probe size 1.4 A were used. SURF function was written by Amitabh Varshney in Univer-
sity of North Carolina. The images were created using VMD software, version 1.9.2.

(ii)

(iii)

Figure 6: Structural formulae of (i) thapsigargin, (ii) trilobolide (2), and (iii) archangelolide (1). Red parts show structural moieties of thapsigargin and
its derivatives contributing to SERCA binding affinity (according to [22]): A) octanoyl, B) butanoyl or 2-methylbutanoyl, C) acetyl, D) angeloyl.

simulations, we found that compound 1 is unlikely to act as a
SERCA inhibitor and, also, it seems that the O-3 angeloyl
moiety might play a rather significant role in the affinity of
thapsigargin/compound 2 to SERCA.

Immunobiological properties of compound 1
SLs, natural compounds predominantly isolated from the
species Asteraceae and Apiaceae represent a rich source of
small molecules with potential pharmacological effects. Indeed,
some of them have reached clinical applications as antimalarial
(artemisinin; [24]) or antitumor (thapsigargin; [25]) agents or
have been experimentally investigated with an increasing rate
(see PubMed results by year).

In order to assess the immunobiological potential of compound
1, its cytotoxicity had to be determined first. Therefore, we
measured its impact on the viability of rat peritoneal macro-
phages after 24 h of treatment. No cytotoxicity was detected at
tested concentrations of 4 and 40 uM (Figure 7). This is in

accordance with results of [12], in which compound 1 and
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Figure 7: Viability of rat peritoneal cells treated with archangelolide (1),
dansylarchangelolide 5 and dansyl amide itself. Compounds were
applied at 4 uM and 40 pM concentrations and cells were cultured for
24 h. WST-1 assay was used for viability evaluation. The results are
expressed as percentage of untreated control + SEM of n = 6-8 values
from two independent experiments. Statistical significance: *P < 0.05,
the results of compound 5 are statistically different from those of
untreated cells.
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2-deangeoylarchangelolide did not exhibit any cytotoxic effect.
On the other hand, compound 5 partially decreased the viability
of rat peritoneal macrophages to 67% (*P < 0.05) at 40 uM
concentration. It seems that this phenomenon was not related to
the fluorescent dye of compound 5, since dansyl amide itself
did not change the viability of rat macrophages at both concen-
trations. A decrease in cell viability to 75% (statistically not sig-
nificant) was also recorded when rat primary macrophages were
incubated with 1000 pg-mL~! LPS + 40 pM compound 5. How-
ever, no toxicity was observed for the combination of LPS +
dansyl amide at the same concentration.

Immunomodulatory [26] and anti-inflammatory [27] effects of
many SLs are well documented. In this study, we investigated
the ability of compound 1 and 5 to modulate NO and cytokine
TNF-a. We found that when rat primary macrophages were
stimulated with 1000 pg-mL™! of LPS, a dose-dependent de-
crease in NO production was present in cells treated with com-
pound 1 (Figure 8). The decrease in NO was significant
(*P < 0.01) for 40 uM concentration of compound 1. The
inhibitory effect on NO production was more pronounced in
cells treated by compound 5, with statistics **P < 0.001 for
both concentrations, 10 and 40 uM. It is possible that the
decline in NO at 40 uM concentration of compound 5 was at
least partially induced by reduced cell viability. On the other

hand, dansyl amide alone did not lower NO production.

80

" untreated e (1)
= LPS 1000 pg/mL —— LPS+(1)
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Figure 8: NO production in primary rat macrophages. The cells were
treated with archangelolide (1) and dansylarchangelolide 5 in the con-
centration range of 0.1-40 pM for 24 h with or without lipopolysaccha-
ride (LPS, 1000 pg-mL‘1) or with solely 40 uM dansyl amide. The
results represent the mean + SEM of three independent experiments,
n = 6. Statistical significance: * P < 0.01, **P < 0.001, the results of the
compounds are statistically different from those of the LPS-treated
cells.

In contrast to other SLs such as thapsigargin [28] or compound
2 [29] and its derivatives [9], compound 1 did not exhibit
immunostimulatory activity, which was confirmed in this study.

On the other hand, a slight to moderate effect on the decrease in
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NO production is clear and corresponds to the result of [12].
Thus, we show the biological activity of a semi-synthetic conju-
gate of compound 1 as inhibitor of NO production at very low

micromolar concentrations.

Furthermore, the anti-inflammatory activity of compounds,
which is usually demonstrated by inhibitory activity against
TNF-a secretion, has never been explored for compound 1.
Therefore, in this study, we examined the effect of compound 1
and 5 on TNF-a secretion in rat primary macrophages
(Figure 9). We found a mild decrease in TNF-a secretion in
LPS-treated cells for both compounds. We did not detect any
effect of dansyl amide or dansyl amide + LPS (data not shown)
on cytokine levels. Previously, weak anti-inflammatory activity
was also found for cytokine IL-6 and negligible inhibition of
I1-18 was detected for compound 1 and 2-deangeolyl-
archangelolide [12], whereas a strong anti-inflammatory effect
was found for another SL, laserolide [12]. Laserolide
(Figure 10) is a germacrane-type SL that has a ten-membered
ring adjoining the five-membered lactone ring whereas com-
pound 1 belongs to the guaiane type. In guaianolides, a bond is
present between C1 and CS of the ten-membered ring, creating
a seven-membered and a five-membered ring. Nevertheless, the
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Figure 9: Evaluation of cytokine TNF-a secretion in rat peritoneal
cells. Stimulation of primary cells was induced by 1000 pg-mL~" of
LPS. Cells were cultured in the presence of archangelolide (1) and
dansylarchangelolide 5 for 24 h. Cytokine secretion was detected by
ELISA. The data are the means + SEM of two independent experi-
ments, n = 4.

Figure 10: Structure of laserolide.
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arrangement of the five-membered lactone ring to the ten-mem-
bered part of the molecule with regards to adjoining substitu-
ents is similar in both compound 1 and laserolide. This implies
that the arrangement of the five-membered ring in a SL mole-
cule towards the rest of the molecule may be related to its anti-
inflammatory activity.

Conclusion

Having developed a method for the isolation of two related SLs,
archangelolide (1) and trilobolide (2), from the seeds of Laser-
pitium archangelica Wulfen, we extended the knowledge on the
first one, so far almost undescribed. We revealed that despite a
high degree of structural similarity with two cytotoxic SLs,
compound 2 and thapsigargin, compound 1 exhibited cytotoxic-
ity neither in the tested cancer cell lines nor in primary cells. To
explain the reason for different cytotoxicity of compound 1
compared to compound 2 and thapsigargin, we prepared its
fluorescent derivative for live-cell imaging studies, which deter-
mined its intracellular localization in endoplasmic reticulum
and mitochondria of both cancer and normal cells. This led us
to examine the binding of compound 1 to SERCA, the target of
compound 2 and thapsigargin, by a docking study. Indeed, the
results strongly argue that compound 1 is biologically very
distinct from the other two SLs, since it does not bind and prob-
ably also not inhibit SERCA. Finally, compound 1 exhibited
anti-inflammatory activity, which was demonstrated by a de-
crease in NO production and TNF-a secretion in rat primary
macrophages. This makes compound 1 an interesting SL for
further study of its immunobiological activity.

Experimental
Source of the natural material

Fresh seeds of Laserpitium archangelica Wulfen were provi-
ded by the Farmacognostic garden in Poznan (Mazowiecka
Street) of the Medical University in Poznan (Poland). The plant
was identified by a research specialists of the Institute of
Organic Chemistry and Biochemistry, Academy of Sciences of
the Czech Republic. A voucher specimen has also been
deposited at the Department of Natural Compounds at the
Faculty of Food and Biochemical Technology, University of
Chemistry and Technology, Prague (CZ). Compound 2 was ob-
tained from SciTech spol. s r. 0. Prague (CZ).

Synthesis

The synthesis is depicted in Scheme 1.

11-Deacetylarchangelolide (3)

Compound 1 (500 mg, 0.91 mmol) was dissolved in freshly
distilled MeOH (10 mL) and TEA (2.5 mL) was added drop-
wise over 1 h period. The mixture was stirred for 48 h at room

temperature (ca. 23 °C); then, the solvents were removed under
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reduced pressure and the product was chromatographed twice
(hexanes/AcOEt, gradient 5:1—3:1) to obtain 11-deacetyl-
archangelolide (148 mg, 0.29 mmol) in 32% yield. Unreacted
compound 1 (256 mg) was recovered. The yield based on
recovered starting material was 66%. Ri(1) = 0.6; R{(3) = 0.4 in
hexanes/AcOEt, 3:1. For analytical data, see Supporting Infor-
mation File 1, sections 2—4.

Synthesis of 11-azidovaleroyl-11-deacetyl-
archangelolide (4)

5-Azidopentanoic acid (80 mg, 0.56 mmol) was dissolved in
dry CH,Cl; (3 mL), then DCC (58 mg, 0.28 mmol) was added
and the mixture was stirred for 90 min at room temperature
(ca. 23 °C) after which the DCU was filtered out. 11a-Deacetyl-
archangelolide (60 mg, 0.12 mmol) and 4-DMAP (18 mg,
0.14 mmol) were dissolved in CH,Cl; (3 mL) and freshly pre-
pared anhydride of 5-azidopentanoic acid was added to the
stirred solution. The mixture was stirred at room temperature
for 8 h, after which it was filtered and the solvents were re-
moved under reduced pressure. The residue was chro-
matographed twice (toluene/Et,O, 10:1) to obtain the final
product (66 mg, 0.1 mmol) in 86% yield with Ry = 0.75 in
hexanes/AcOEt, 3:1. For analytical data, see Supporting Infor-
mation File 1, sections 2—4.

Synthesis of 11-(5-(4-((5-(dimethylamino)naphtha-
lene-1-sulfonamido)methyl)-1H-1,2,3-triazol-1-
yl)pentanoylarchangelolide (5)

To a solution of azidovalerate 4 (40 mg, 0.063 mmol) and
5-(dimethylamino)-N-(prop-2-yn-1-yl)naphthalene-1-sulfon-
amide (20 mg, 0.07 mmol) in THF (3 mL), Cul (50 uL of 1 M
water solution) and TBTA (3 mg, 5.6 umol) were added. The
mixture was placed into a microwave reactor and irradiated
for 2 h at 70 °C. Then, the solvent was evaporated under
reduced pressure and the residue was chromatographed
(hexanes/AcOEt, 1:1). The obtained product 5 was re-chro-
matographed twice to obtain pure product (37 mg, 0.04 mmol)
as a slightly yellowish solid in 64% yield with Ry = 0.25 in
hexanes/AcOEt, 1:1. For analytical data, see Supporting Infor-
mation File 1, sections 2—4.

Computational studies

MD Simulations of compound 1 and 2 with sarco/
endoplasmic reticular calcium ATPase

For docking and following simulations, a structure of sarco/
endoplasmic reticular calcium ATPase (SERCA) protein bound
to 8-0O-(dodecanoyl-8-O-debutanoyltrilobolide) [DTB] with
3NAL code was obtained from Protein Data Bank [22]. The
structure of compound 1 was drawn using MarvinSketch 6.006
software (ChemAxon Ltd.), the structure of compound 2 was
obtained by editing the DTB structure.
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First, we computed General Amber Force Field parameters for
molecules of compound 1 and 2 in Antechamber software.
Charges were calculated by restrained electrostatic potential
method (RESP) based on a wave function calculated using
quantum chemistry at the HF/6-31G*//HF/6-31G* level. Com-
pound 1 molecule was manually docked into the SERCA
binding site for thapsigargin using UCSF CHIMERA 1.10.2
(University of California, San Francisco) software by two ap-
proaches. In the first one, the molecule was docked so that the
spatial orientation of the central seven-membered ring reached
the best agreement with the orientation of DTB. In the other ap-
proach, the docked molecule was rotated over by 180°. The
following simulations proceeded with the same parameters in-
dependently of each other.

The computed complex was transformed into a box with the
size of 10.309 x 10.111 x 15.063 nm?> with periodical boundary
conditions and centered. For simulations of energy minimiza-
tion and molecular dynamics, Gromacs-4.5.5 software was
used. The first part of the simulations occurred in vacuum, the
other then in water. In order to keep the solution neutral,
24 molecules of water were randomly replaced by sodium ions.
The system was minimized and equilibrated by series of
restrained simulations (2.02 ns in total).

Simulation of SERCA in a phospholipid bilayer

In order to build a complex of SERCA protein with a phospho-
lipid membrane, we used UCFS Chimera 1.10.2 software
(University of California, San Francisco). The membrane com-
position was as follows: 10% phosphatidylserine, 30% phos-
phatidylethanolamine and 60% phosphatidylcholine. The mem-
brane itself was created using CHARMM-GUI c40b1 software.
Then, phospholipids at any distance greater than 0.35 nm from
the enzyme were removed. The system was simulated in a peri-
odic box of the sized of 15.65 x 15.65 X 18.00 nm>. The system
was minimized and equilibrated by series of restrained simula-
tions (3.02 ns in total).

Biological assays

Cell lines and their cultivation

In this study, the following human cancer cell lines were used:
LNCaP and PC-3 (prostate carcinoma), U-2 OS (osteosarcoma),
MCF-7 (breast carcinoma), HT-29 (colon carcinoma), MIA
PaCa-2 (pancreatic carcinoma), A549 (lung carcinoma); one
transformed human cell line HEK 293T (embryonic kidney
cells); one mouse cell line C2C12 (myoblasts) and a primary
cell line MRC-5 (lung fibroblasts). The cell lines were pur-
chased from American Type Culture Collection (ATCC,
Manassas, USA) and from Sigma-Aldrich, USA. Unless other-
wise specified, cells were cultured in medium (Thermo Fisher,
USA) recommended by ATCC with stable glutamine dipeptide
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and supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher, USA). Cells were maintained at exponential phase of
growth at 37 °C in humidified atmosphere with 5% CO,.

Cell viability assay

Viability of cells treated with the tested compounds was deter-
mined using WST-1 (Sigma-Aldrich, USA) assay by spec-
trophotometric detection (450 nm, reference 630 nm) as de-
scribed in [10]. Briefly, WST-1 assay is based on reduction of a
tetrazolium salt on soluble formazan in metabolically active
cells. The measured absorbance is directly proportional to the
number of metabolically active cells.

For this assay, cells were seeded into individual wells of
96-well plates (5000 cells per well) in 100 pL of cell culture
medium supplemented with 10% FBS. The cells were incubat-
ed overnight (16 h) under standard cultivation conditions. Then,
100 pL of fresh media was added with the tested compounds
(final concentration 0-50 uM) and, the cells were incubated for
another 24, 48 and 72 h. Next, the medium was removed and
the cells were incubated with 5 uL of WST-1 dissolved in
100 pL of high glucose DMEM without phenol red with
10% FBS for 2 h. Then, the absorbance was measured. Cells in-
cubated with a vehicle (DMSO) in medium were used as
control. All experiments were done in quadruplicates. The data
were analyzed in Microsoft Excel; the deviations were calcu-
lated as standard error of the mean (SEM).

For primary peritoneal cells, a slightly modified procedure was
used: the number of 1-10° cells per well was cultivated
overnight in triplicates, treated with the tested compounds and
incubated for another 24 h. The amount of WST-1 was 10 pL
per 100 pL of media and the incubation took 3 h. The results
are expressed as the percentage of cytotoxicity relative to 100%
of dead cells treated with 1% Triton X-100.

Cell uptake study

U-2 OS and MRC-5 cells (1-10° cells per well) were seeded on
35 mm glass bottom dishes for live-cell imaging (MatTek
Corporation, USA) and left to adhere for 24 h. Then, the cells
were washed with phosphate-buffered saline (PBS) and
incubated with compound 5 or dansyl amide fluorophore
(0.1-2.0 uM) dissolved in FluoroBrite DMEM medium
(Thermo Fisher, USA) for 0.5-2.5 h. After the incubation
period, the cells were washed with PBS and fresh FluoroBrite
DMEM was added.

Determination of localization in cell organelles
U-2 OS and MRC-5 cells were seeded and influenced by the
tested compounds as described in section “Cell uptake study”.

To assess the intracellular localization of compound 5 in
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MRC-5 cells, an endoplasmic reticulum marker ER-Tracker ™
Red (120 nM, 30 min; ThermoFisher Scientific, USA) and a
mitochondria-specific dye (70 nM, 30 min; UCT Prague, CZ)
from [20] were used. In U-2 OS cells, the endoplasmic retic-
ulum was visualized by transfection with a plasmid DNA
coding mCherry-ER (0.5 pg) using Fugene HD (Promega,
USA; DNA/Fugene HD = 1:3).

Fluorescence microscopy

The intracellular localization of compound 5 was studied by
real-time live-cell fluorescence microscopy using an inverse
fluorescence microscope Olympus IX-81 operated by xCel-
lence software (Olympus, Japan) and equipped with a high-
stability 150 W xenon arc burner and EM-CCD camera C9100-
02 (Hamamatsu, Germany). A 60X oil immersion objective
(Olympus, Japan) with a numerical aperture of 1.4 was used.
All images were deconvolved and background-corrected by
xCellence software.

Animals and cells

For isolation of resident peritoneal macrophages, female Wistar
rats weighing 175-185 g (VELAZ, Czech Republic) were used.
They were kept in plastic cages under standard conditions, i.e.,
a temperature of 22 + 2 °C, 12/12 h of light/dark cycle, relative
humidity (50 + 10%) and standard pelleted diet and water were
provided ad libitum. Procedures were approved by Institutional
protocol MSMT-15894/2013-310. Rats were sacrificed by
cervical dislocation. The resident peritoneal macrophages of
individual rats were collected by a lavage using sterile saline.
The cells were washed, resuspended and seeded into 96-well
round-bottom microplates (2-10° cells per well) in complete
RPMI-1640 medium containing 10% heat-inactivated FBS,
2 mM L-glutamine, 50 ug-mL~! gentamicin, and 5-107 M
2-mercaptoethanol (all Sigma-Aldrich, St. Louis, MO, USA).
The treated or untreated cells (DMSO as a vehicle) were
cultured for 24 h and plates were maintained at 37 °C, 5% CO,,
in a humidified Heraeus incubator. Stock solutions of com-
pound 1 and 5§ were prepared 100 mM in DMSO. For the culti-
vation of macrophages and assessment of toxicity and NO level,
the majority of chemicals was purchased from Sigma-Aldrich
and Merck-Sigma, USA.

Nitrite oxide production in primary rat macrophages

To evaluate immunomodulatory activity of compound 1 and its
derivatives, 100 pg-mL~" of lipopolysaccharide (LPS) was
applied to cells in appropriate wells. After 24 h, the concentra-
tion of nitrites was detected in individual supernatants (50 uL)
incubated for 10 min at ambient temperature with an aliquot of
the Griess reagent (1% sulphanilamide/0.1% naphthylendi-
amine/2.5% H3POy). The absorbance was recorded at 540 nm

using a microplate spectrophotometer (Tecan, Austria). A nitrite
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calibration curve was used to convert absorbance to concentra-
tion (uM) of nitrite.

Cytokine assay

Analogous to NO detection, supernatants of all samples
were analyzed for cytokine content after 24 h. The concentra-
tion of secreted TNF-a was determined by ELISA assay
(R&D Systems, Abingdon, UK) following manufacturer

protocol.

Statistical analysis
Analysis of variance (ANOVA) and graphical presentation of
data were done using GraphPad Prism 6.05, San Diego, CA.

Abbreviations

4-DMAP, 4-(N,N-dimethylamino)pyridine; AcOEt, ethyl
acetate; DCC, dicyclohexylcarbodiimide; DCU, dicyclohexyl-
urea; Dns, dansyl amide; DMAP, 4-dimethylaminopyridine;
DTB, 8-0O-(dodecanoyl-8-0O-debutanoyltrilobolid); IL-6,
interleukin 6; IL-1f, interleukin 13; INF-y, interferon gamma;
TBTA, tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine;
TEA, triethylamine; THF, tetrahydrofuran; TLC, thin-layer
chromatography; TNF-a, tumor necrosis factor alpha;
SCE, supercritical CO, extraction; SL, sesquiterpene lactones.

Comment on nomenclature

This article uses semitrivial terpene nomenclature and hence the
numbering of compounds atoms may differ from these ob-
tained by using IUPAC names.
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Abstract

Sesquiterpenes are structurally diverse, potent flavoring substances that significantly influence the aroma profile of grapes (Vitis
vinifera L.) at the time of physiological ripening. To investigate these natural compounds, freshly harvested, ripe berries of the red
wine variety Lemberger (Vitis vinifera subsp. vinifera L.) were analyzed using comprehensive two-dimensional gas chromatogra-
phy (GCXGC) coupled to a time-of-flight mass spectrometer (TOF-MS) after headspace-solid phase microextraction (HS-SPME).
The identification of structurally complex natural compounds, such as sesquiterpenes from fruits and vegetables, is often reported
as “tentative”, as authentic standards are not commercially available for most of the analytes. For this reason, feeding experiments
(in vivo labeling) were carried out using the stable isotope-labeled precursors [5,5-2H,]-1-deoxy-p-xylulose (dp-DOX) and [6,6,6-
2H;]-()-mevalonolactone (d3-MVL) to clearly identify the volatiles. Based on the recorded mass spectra of the unlabeled and
deuterated compounds, mechanisms for sesquiterpene formation in V. vinifera could be proposed and already known pathways
could be confirmed or disproved. For example, the HS-SPME-GCXGC-TOF-MS measurements of fed sample material showed
that the tricyclic sesquiterpene hydrocarbons a-copaene, f-copaene, a-cubebene, f-cubebene and the bicyclic d-cadinene were

biosynthesized via (S)-(—)-germacrene D rather than via (R)-(+)-germacrene D as intermediate.

Introduction
The aroma profile of grape berries at the time of physiological  sesquiterpenes [1,2]. Sesquiterpenes form a structurally diverse
ripening is very complex and significantly influenced by potent ~ subgroup of terpenes consisting of three isoprene units [3].

flavoring substances of isoprenoid origin like mono- and Since the bicyclic sesquiterpene ketone rotundone was
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identified for the first time in 2008 as a key aromatic substance
for the peppery aroma of the red wine variety Shiraz,
sesquiterpenes have increasingly been in the focus of wine

research [4].

It is known that these natural products are synthesized in Vitis
vinifera L. via the mevalonate-dependent biosynthesis pathway
(MVA) localized in the cytoplasm as well as via the meval-
onate-independent 1-deoxy-p-xylulose 5-phosphate/2-C-
methyl-p-erythritol 4-phosphate metabolic pathway (DOXP/
MEDP) localized in plastids [5]. In the MV A pathway, which
was first described in yeast and animals, mevalonic acid (MVA)
is formed from acetyl-CoA and converted into the products
isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP), which can further react to farnesyl pyrophos-
phate (FPP, Cy5) [6]. It was not until the end of the 1980s that
the alternative DOXP/MEP pathway, which also leads to the
formation of DMAPP and IPP, was discovered in a study
focused on hopanoids [7]. Today it is known that the sesquiter-
penes in Vitis vinifera are formed from FPP whose biosynthesis
relies on both, the DOXP/MEP and the MV A pathway, and that
they specifically accumulate in the wax layer of the berry
exocarp [8]. The biosynthesis of the diverse sesquiterpene struc-
tures in V. vinifera is, however, still largely unexplored, espe-
cially with respect to the cyclization mechanisms. Studies by
Steele et al., Biilow et al., Martin et al. and theoretical studies
by Tantillo show the complexity of the various cyclization reac-
tions [9-12].

In order to analyze the biosynthetic pathways of sesquiterpene
hydrocarbons in grape berries, a method was developed by us
using comprehensive two-dimensional gas chromatography
(GCXGC) coupled to a time-of-flight mass spectrometer
(TOF-MS) after headspace-solid phase microextraction (HS-
SPME).

The comprehensive two-dimensional gas chromatography first
demonstrated on an oil sample in 1991 is suitable for the analy-
sis of highly complex samples [13]. Using GCxGC, all analytes
of a sample can be separated on two different capillary separa-
tion columns of different selectivity, resulting in optimized
resolution. Increased resolution makes coelutions less likely and
minimizes chromatographic noise. In addition, modulator-con-
trolled focusing effects favor the detection of analytes in the
trace range. Furthermore, GCXGC is used to obtain structured
chromatograms, i.e., compounds of common structure classes
are grouped. The coupling of comprehensive two-dimensional
gas chromatography with mass spectrometry as the “third
dimension” also provides important information for substance
identification. The combination of these advantages makes the

GCxGC one of the most powerful separation methods for the

Beilstein J. Org. Chem. 2019, 15, 1945-1961.

chemical analysis of organic compounds in complex matrices
[14]. The efficiency of this modern analysis technology has
recently been demonstrated using different types of wine in

nontarget screenings [15-17].

In our work, we have combined the advantages of multidimen-
sional gas chromatography with those of in vivo labeling. In
vivo labeling makes it possible to identify compounds for which
authentic standards are not commercially available, which
applies to the majority of compounds found in plant foods [18].
We performed feeding experiments on isolated exocarp of
freshly harvested grapes (Vitis vinifera L.) using the stable
isotope-labeled precursors [5,5-2H;]-1-deoxy-p-xylulose (do-
DOX) and [6,6,6-2H3]-(i)-mevalonolactone (d3-MVL) to un-
ambiguously identify sesquiterpene hydrocarbons. Based on the
obtained mass spectra of the genuine and deuterated com-
pounds, multistage cyclisation reactions in the course of
sesquiterpene biosynthesis could be substantiated for the first
time for several structural classes in V. vinifera.

Results and Discussion

The HS-SPME-GCXGC-TOF-MS analysis of the grape variety
Lemberger (Vitis vinifera subsp. vinifera, clone 1Gm, isolated
exocarp) showed the presence of several hundred components.
Twenty-five of these compounds were unequivocally identified

as sesquiterpene hydrocarbons (Figure 1).

Deuterium-labeled compounds eluted earlier than the unlabeled
analogues (Figure 3). This is due to the inverse isotope effect
described by Matucha et al. which results in the gas chromato-
graphic separation of isotopologic substances [28]. In the
following, the fully deuterium-labeled compounds are exam-
ined and their possible biosynthesis pathways described. How-
ever, it was also possible to detect the peaks of the partially
labeled sesquiterpenes, as Supporting Information File 2 shows
using compound 10 as an example.

Sesquiterpene biosynthesis

Biosynthesis of sesquiterpene hydrocarbons
via (S)-(-)-germacrene D

The biosynthetic pathways for the formation of 3-cadinene,
a-copaene, f-copaene, a-cubebene and f-cubebene via germa-
crene D in the legume Medicago truncatula have been previ-
ously reported by Boland and Garms [29].

The formation of the mentioned sesquiterpenes could a priori
take place via farnesyl pyrophosphate (FPP) as well as via (S)-
and (R)-nerolidyl pyrophosphate (NPP) (Scheme 1).

Both enantiomers of NPP are possible as intermediates of

terpene biosynthesis, since the absolute configurations of their
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Figure 1: Contour plot of a HS-SPME-GCxGC-TOF-MS chromatogram (TIC) demonstrating the separation of volatile compounds isolated from the
headspace of grape berries of the red wine variety Lemberger (Vitis vinifera subsp. vinifera, clone 1Gm, exocarp). Ttg (X-axis) corresponds to the
retention time on the primary column and 2tg (Y-axis) to the retention time on the secondary column. The color gradient reflects the intensity of the
TOF-MS signal on a white background from low (violet) to high (red). Numbers at peaks refer to compound numbers as defined in Figure 2 and
Table 1. The area framed in red including the volatile compounds numbered 10, 3 and 5 is enlarged in Figure 3.

Table 1: Sesquiterpene hydrocarbons identified in headspace of Lemberger (Vitis vinifera subsp. vinifera, clone 1Gm, exocarp).

compound? I I (lit.)° identificationd/verification®
a-cubebene (10) 1467 1460 [19] s (874, 882), ri, d>-DOX, d3-MVL
0-elemene (3) 1478 1479 [20] ms (859, 864), ri, n.d.f, dz-MVL
a-ylangene (5) 1497 1483 [21] s (860, 877), ri, d2-DOX, d3-MVL
a-copaene (7) 1505 1496 [19] s (865, 872), ri, d>-DOX, d3-MVL
B-bourbonene (9) 1532 1519 [19] s (853, 863), ri, d>-DOX, d3-MVL
B-cubebene (11) 1549 1537 [19] s (869, 883), ri, do-DOX, d3-MVL
B-ylangene (6) 1588 1568 [19] s (852, 856), ri, do-DOX, d3-MVL
B-elemene (1) 1598 1592 [22] s (903, 906), ri, n.d.f, d3-MVL
a-guaiene (18) 1600 1591 [23] s (871, 892), ri, d>-DOX, d3-MVL
B-copaene (8) 1605 1598 [24] s (847, 856), ri, do-DOX, d3-MVL
E)-B-caryophyllene (17) 1612 1604 [25] s (928, 939), ri, do-DOX, d3-MVL
guaia-6,9-diene (19) 1618 n.ag ms (824, 833), d>-DOX, d3-MVL
y-elemene (2) 1646 1650 [20] s (864, 882), ri, d>-DOX, d3-MVL
ao-humulene (4) 1685 1690 [20] s (888, 906), ri, d>-DOX, d3-MVL
0-selinene (15) 1705 n.a.9 ms (841, 887), n.d.f, d3-MVL
(+)-valencene (12) 1736 1731 [26] s (884, 904), ri, d>-DOX, std, n.d.n
0-cadinene (14) 1769 1770 [20] s (858, 900), ri, d>-DOX, d3-MVL
y-cadinene (13) 1774 1760 [23] s (852, 881), ri, d>-DOX, d3-MVL
selina-3,7(11)-diene (16) 1796 1778 [27] s (872, 881), ri, n.d.f, d3-MVL
calamenene (isomer) (23) 1845 1837 [27] s (786, 814), ri, n.d.f, d3-MVL
a-calacorene (21) 1929 1919 [27] s (746, 854), ri, n.d.f, d3-MVL
B-calacorene (22) 1971 1939 [25] s (836, 898), ri, n.d.f, d3-MVL
a-corocalene (24) 2073 n.a.9 s (864, 882), n.d.f, d3-MVL
cadalene (25) 2237 2231 [21] s (869, 880), ri, n.d.f, d3-MVL
guaiazulene (20) 2417 n.a.9 ms (872, 880), n.d.f, std, d3-MVL

aUnidentified compounds are not listed. ®Retention index / on a DB-WAX Ultra Inert column. ®Retention index data from literature. 3Compound identi-
fication is based on matching mass spectrum to a library spectrum (ms, match factor and reverse match factor given in brackets, identical mass spec-
tra would produce a match factor of 1000), identical or closely matching retention index (ri) and comparison to a commercially available standard com-
pound (std). ©Verification of the found sesquiterpene hydrocarbons was carried out by in vivo labeling with [5,5-2Hy]-1-deoxy-p-xylulose (d2-DOX) and
[6,6,6-2H3]-()-mevalonolactone (d3-MVL) as stable isotope-labeled precursors. ‘The compound could not be detected in d>-DOX feeding experi-
ments or the mass spectra could not be evaluated. 9Retention index data on a WAX column were not available. "The compound could not be
detected in d3-MVL feeding experiments or the mass spectra could not be evaluated.
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Figure 2: Sesquiterpene hydrocarbons found in the headspace of Lemberger (Vitis vinifera subsp. vinifera, clone 1Gm, exocarp). 1-4, monocyclic
sesquiterpenes; 5—11, tricyclic sesquiterpenes; 12-25, bicyclic sesquiterpenes; 20-25, aromatic sesquiterpenes. The identified compounds are
grouped according to the type of sesquiterpene skeleton.

products from Vitis vinifera L. are unknown and the subsequent In order to investigate whether the formation of d-cadinene,
cyclisation reactions can be explained by the enantiomers of a-copaene, B-copaene, a-cubebene and B-cubebene occurs via

germacrene D [30,31]. the intermediate farnesyl pyrophosphate (FPP) or via nerolidyl
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Figure 3: Detailed part of the two-dimensional contour plot (Figure 1) to demonstrate the result of a successful feeding experiment after administra-
tion of the stable isotope-labeled precursor [6,6,6-2Hg]-(+)-mevalonolactone (d3-MVL) to isolated exocarp of grape berries (Lemberger cultivar). The
regions labeled with the numbers 10, 3 and 5 correspond to the genuine sesquiterpene hydrocarbons as defined in Table 1. 10a (dg), 3a (dg) and 5a
(dg) are the isotopologues with the highest, possible incorporation of deuterium when d3-MVL is used as precursor (the maximum possible number of
deuterium atoms incorporated is given in brackets). The 3D view of the chromatogram section shown can be found in Supporting Information File 1.
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Scheme 1: First steps towards the formation of sesquiterpenes. The
(S)-germacradienyl cation can be formed from FPP or NPP. The
subsequent formation of sesquiterpene hydrocarbons via (S)- and (R)-
germacrene D has not yet been clarified.

pyrophosphate (NPP), feeding experiments were carried out
using the stable isotope-labeled precursor [6,6,6-2H3]-(+)-
mevalonolactone (d3-MVL, Scheme 2).

As shown in Scheme 2, a maximum incorporation of 8
deuterium atoms was found for the sesquiterpene hydrocarbons,
which excludes formation via NPP. Furthermore, these results
support the formation of germacrene D, in which the ninth

deuterium atom is already missing.

Whether the above-mentioned sesquiterpenes are formed via
(8)-(—)-germacrene D or (R)-(+)-germacrene D was investigat-
ed by feeding experiments using the precursor [5,5-2H;]-1-
deoxy-p-xylulose (d;-DOX, Scheme 3).

Indeed, in Lemberger (R)-(+)-germacrene D and (S)-(—)-germa-
crene D are detectable in grape berry exocarp as shown by en-
antioselective analysis [5,32]. In 1999 Schmidt et al. were able
to show that the enantiomers of germacrene D are formed via
two different H-transfer pathways in Solidago canadensis. (S)-
(—)-Germacrene D is generated by a cyclization reaction, that
includes a 1,3-hydride shift as opposed to the cyclization reac-
tion of (R)-(+)-germacrene D, that includes two consecutive
1,2-hydride shifts [33].

In all terpenes in Scheme 3, TOF-EIMS measurements showed
that a deuterium atom is located in the isopropyl group. This
can be explained by the assumption that in Vitis vinifera L. all
sesquiterpenes are formed via the (S)-germacradienyl cation,
which has already been shown for Solidago canadensis. The
subsequent reactions of the (S)-germacradienyl cation to (S)-

(—)-germacrene D and (R)-(+)-germacrene D have already been
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Scheme 2: Possible biosynthetic pathways of the sesquiterpene hydrocarbons dg-a-copaene, dg-B-copaene, ds-a-cubebene, dg-B-cubebene and
dg-0-cadinene. As a stable isotope-labeled precursor, d3-MVL was added to isolated exocarp of ripe grapes of the Lemberger grape variety.

described above. In the case of the formation of d-cadinene,
a-copaene, f-copaene, a-cubebene and B-cubebene, further
cyclization takes place only from (S)-(—)-germacrene D, from
which the absolute configuration of these substances can be

derived.

While the detected labeling patterns in our feeding experiments
are in full agreement with the 1,3-hydride shift pathway, the
cloning and functional characterization of the corresponding

synthase as a final proof is yet missing. In the following, the

sesquiterpene hydrocarbon a-cubebene is used as an example to
illustrate our interpretations in more detail (Figure 4).

Genuine (dg) a-cubebene has a molecular ion peak [M]** at
m/z = 204 (Figure 4, upper mass spectrum, marked red). The
signal with m/z = 161 [M]* corresponds to the fragment after
abstraction of the isopropyl group (marked blue).

Feeding experiments using d,-DOX showed that according to

the biosynthesis pathway demonstrated in Scheme 3, a
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Scheme 3: Mechanistic rationale for the generation of the sesquiterpene hydrocarbons d-cadinene (14), a-copaene (7), B-copaene (8), a-cubebene
(10) and B-cubebene (11) via (S)-(-)-germacrene D after feeding isolated exocarp of grapes using the stable isotope-labeled precursor [5,5-2Hy]-1-

deoxy-p-xylulose (d2-DOX).

maximum of 6 deuterium atoms are incorporated into
a-cubebene. The presence of dg-a-cubebene could be con-
firmed by mass spectrometry as the isotopologue with the
highest, possible incorporation of deuterium when d,-DOX was
used as a precursor. The molecular ion peak [M]** of dg-a-
cubebene therefore has a mass-to-charge ratio of 210. The
abstraction of a single deuterated isopropyl group leads to the
fragment with m/z = 166. At this point it becomes obvious why
it can be assumed that the tricyclic sesquiterpene hydrocarbon
a-cubebene is synthesized via (S)-(—)-germacrene D and not

via (R)-(+)-germacrene D. Assuming the biosynthesis of
a-cubebene takes place via (R)-(+)-germacrene D, the iso-
propyl group of the molecule would not be deuterated and, ther-
fore, after abstraction of the isopropyl group, the signal with
m/z = 167 would dominate, which is not the case.

In the course of the biosynthesis of a-cubebene after feeding
with d3-MVL as precursor, a deuterium atom is abstracted, re-
sulting in dg-a-cubebene [M]** with m/z = 212 as highly labeled

isotopologue (Figure 4, lower mass spectrum).
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Figure 4: MS spectra of genuine (dg) and deuterium-labeled (dg and dg) a-cubebene (left panel) after administration of [5,5-2Hy]-1-deoxy-b-xylulose
(d2-DOX) and [6,6,6-2Hs]-(+)-mevalonolactone (d3-MVL) to isolated exocarp of grape berries (Lemberger cultivar). Expected labeling patterns are

depicted for a-cubebene (right panel).

Biosynthesis of sesquiterpene hydrocarbons
via (R)-(+)-germacrene D

Lodewyk, Gutta and Tantillo postulated an a-ylangene-forming
carbocation cascade based on computer calculations [34].
Tantillo and co-workers showed that germacrene D does not
have to be involved in the formation of a-ylangene due to
carbocation energetics. However, according to our results the
formation of this tricyclic sesquiterpene hydrocarbon and its
isomer B-ylangene occurs via the intermediate (R)-(+)-germa-
crene D (Scheme 4), which can, indeed, be detected by enantio-
selective GC in ripening Lemberger berries [5].

The MS spectra and the expected labeling patterns of genuine
(A) and deuterium-labeled dg-a-ylangene (C) after feeding ex-
periments with d,-DOX are shown in Figure 5.

Figure 5B shows that after feeding experiments with d3-MVL a
maximum of 8 deuterium atoms are incorporated into a-ylan-
gene, so that a molecular ion peak [M]** with m/z = 212 is
detected. After abstraction of the triple deuterated isopropyl
group, the fragment ion is formed with m/z = 166. According to
the computer simulation of Lodewyk, Gutta and Tantillo, dg-a-
ylangene with m/z = 213 should have been detected after in vivo
labeling using [6,6,6-2H3]-(i)-mevalonolactone (d3-MVL) as
precursor. At this point it should be mentioned that biosyn-
thetic pathways in organisms can differ and computational
studies only bear on the intrinsic energetics of possible carboca-
tions.

Furthermore, it is possible that y-cadinene is formed via (R)-

(+)-germacrene D. Yoshihara et al. showed that isolated germa-
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Scheme 4: Putative formation pathways of the sesquiterpene hydrocarbons a-ylangene (5), B-ylangene (6), B-bourbonene (9) and y-cadinene (13)
via (R)-(+)-germacrene D after feeding experiments using [6,6,6-2Hs]-(+)-mevalonolactone (d3-MVL).

crene D reacts to f-bourbonene by irradiation with intense UV
light (Hg lamp) [35]. However, the formation of -bourbonene
in plant cells by this photoinduced [2 + 2]-cycloaddition is very
unlikely. The biosynthesis of f-bourbonene can be performed
by cationic cyclization, as shown in Scheme 4.

A total of 5 bicyclic, aromatic sesquiterpene hydrocarbons
(21-25) with a cadinane skeleton were found in exocarp of the
grape variety Lemberger, whose identity were confirmed by
feeding experiments (Figure 6).

The biosynthesis of the five aromatic sesquiterpene hydro-

carbons mentioned is still unknown, but we were able to deter-

mine the isotopologues with the highest, possible incorporation

of deuterium when d3-MVL is used as precursor.

Figure 7 shows the mass spectrum of genuine (dg) and
deuterium-labeled (dg) calamenene (isomer) as well as a-cala-

corene.

Biosynthesis of sesquiterpene hydrocarbons
via germacrene A

Faraldos et al. showed that B-elemene is formed by Cope rear-
rangement when a solution of germacrene A in toluene is
heated at reflux [36]. The formation of elemenes requires tem-

peratures >100 °C, so that this reaction cannot take place in the
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cell, but it must be assumed that these are artifacts of the GC
analysis [37]. Nevertheless, elemenes indicate the presence of
the corresponding germacrene, as shown by the example of

B-elemene and germacrene A (Figure 8 and Scheme 5).

The biosynthesis pathway postulated by Steele et al. for the for-
mation of a-guaiene could also be confirmed [9]. The 2D sepa-
ration of the sesquiterpene hydrocarbons f-elemene and
a-guaiene can be found in Supporting Information File 3.
Tantillo suggested the synthesis of (+)-valencene from germa-
crene A [11]. This biosynthetic pathway could also be con-
firmed by feeding experiments.

The formation of the three aforementioned sesquiterpene hydro-
carbons takes place without deuterium loss, so that with the use
of d3-MVL as precursor (Scheme 5) nine deuterium atoms
and with the use of d>-DOX six deuterium atoms were incorpo-
rated at most. This data indicates that the biosynthesis of
B-elemene, (+)-valencene and a-guaiene is achieved via germa-

crene A.

Biosynthesis of sesquiterpene hydrocarbons
via (E,E)-germacrene B

The mechanisms proposed by Steele et al. for the formation of
selina-3,7(11)-diene and y-elemene via (E,E)-germacrene B are
consistent with our results (Scheme 6) [9]. In Figure 9 the re-
corded mass spectra of dy-y-elemene and dg-y-elemene are

shown as examples.

Biosynthesis of guaiazulene, d-elemene,
guaia-6,9-diene and 0-selinene

The formation of the aromatic sesquiterpene guaiazulene is still

unknown. Our feeding experiments with the precursor d3-MVL

CD;
o
D
H
D5;C
dg-cadalene
D.__D
D D
by D b D
D,C7

d7-p-calacorene

Figure 6: Expected labeling patterns of deuterium-labeled, aromatic sesquiterpenes after administration of [6,6,6-2Hs]-(+)-mevalonolactone (d3-MVL)

to isolated exocarp of grape berries (Lemberger cultivar).
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Figure 8: MS spectra and expected labeling patterns of genuine (do)
and deuterium-labeled (dg) B-elemene after feeding experiments of
grape berry exocarp using d3-MVL.

show that no deuterium loss is to be expected during the biosyn-

thesis of guaiazulene in grapes, and that a maximum of 9

deuterium atoms are incorporated into guaiazulene (Figure 10).

The biosynthesis of guaiazulene could be performed via germa-

crene C (Scheme 7).

It is conceivable that double bonds are introduced by desat-
urases in multistage reactions to form the aromatic compound
guaiazulene. The participation of desaturases in the formation
of aromatic terpenes was already described in 1978 by Poulose

et al. explaining the conversion of y-terpinene to p-cymene [38].

May described the formation of d-elemene from germacrene C
via Cope rearrangement [32]. Considering that high tempera-
tures are required for this reaction, our results also indicate that
d-elemene may be formed from germacrene C. The mecha-
nisms described by Steele et al. for the formation of guaia-6,9-
diene and d-selinene via germacrene C could also be confirmed

by feeding experiments (Scheme 7) [9].

Biosynthesis of (E)-B-caryophyllene and
o-humulene

The biosynthetic pathway postulated by Boland and Garms for
the formation of (E)-B-caryophyllene from farnesyl pyrophos-
phate (FPP) is consistent with our feeding experiments
(Scheme 8) [29].

The incorporation of deuterium atoms into (E)-fB-caryophyllene

during biosynthesis is shown by the following mass spectra
(Figure 11).
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(Lemberger cultivar). grape berry exocarp using [6,6,6-2Hs]-(+)-mevalonolactone.
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[5,5-2H,]-1-deoxy-b-xylulose (do-DOX) to isolated exocarp of grape berries (Lemberger cultivar).

The assumed biosynthetic pathway for the formation of (E)-f-
caryophyllene after administration of the precursor [6,6,6-2H3]-
(¥)-mevalonolactone (d3-MVL) can be found in Supporting
Information File 4.

Steele et al. described the formation of a-humulene via a trans-
humulyl cation [9]. This metabolic pathway could also be con-

firmed by feeding experiments.

Conclusion

In summary, 25 sesquiterpene hydrocarbons were found in the
exocarp of ripe grapes (Vitis vinifera L.) of the red wine variety
Lemberger. The unequivocal identification of these structurally
complex natural compounds was performed by combining

multidimensional gas chromatography with in vivo labeling

using the stable isotope-labeled precursors [35,5-2H,]-1-deoxy-
p-xylulose (d»-DOX) and [6,6,6-2H3]-(i)-mevalonolactone (d3-
MVL). Based on the recorded mass spectra of genuine
sesquiterpene hydrocarbons and their deuterated analogs, the
respective labeling patterns were deduced. Subsequently, it was
examined whether the multistage cyclization reactions for the
formation of sesquiterpene hydrocarbons postulated so far are
consistent with our data. Contrary to previous assumptions, it
could be shown that the tricyclic compounds a-copaene and
B-copaene may be biosynthesized via (S)-(—)-germacrene D,
whereas their stereoisomers a-ylangene and f-ylangene are
formed via (R)-(+)-germacrene D. Furthermore, our results
showed that the isomeric compounds a-cubebene and
B-cubebene are also formed via (S)-(—)-germacrene D. In addi-

tion, 6 aromatic sesquiterpene hydrocarbons from the head-
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Figure 11: MS spectra and expected labeling patterns of do-(E)-B-
caryophyllene and dg-(E)-B-caryophyllene after successful administra-
tion of d>-DOX to isolated exocarp of grapes of the red wine variety
Lemberger.

space of grape berry exocarp of the red wine variety Lemberger

were confirmed by in vivo labeling.

Experimental

Plant material

Ripe grape berries of the red wine variety Lemberger also
called Blauer Limberger (Vitis vinifera subsp. vinifera, clone
1Gm) from the Hochschule Geisenheim University (Geisen-
heim, HE, Germany), harvested at the beginning of September
2018, were analyzed. The grapes were transported directly after
the harvest to the University of Bonn (Bonn, NW, Germany) for
sample preparation.

Chemicals

The sesquiterpene biosynthesis precursor [5,5-2H;]-1-deoxy-p-
xylulose (d,-DOX) was synthesized according to Meyer et al.
[39], while [6,6,6—2H3]—(i)—mevalonolactone (d3-MVL) was
purchased from C/D/N Isotopes Inc. (Pointe-Claire, Quebec,
Canada). Retention indices were calculated using a C7—C3q
saturated alkanes standard solution obtained from Sigma-
Aldrich (St. Louis, MO, U.S.A.).

The analytical standard (+)-valencene (purity: 80.0%) was also
acquired by Sigma-Aldrich (St. Louis, MO, U.S.A.). Guaiazu-
lene (purity: 99.8%) was purchased from Alfa Aesar (Ward
Hill, MA, U.S.A.). Water for dilutions was purified using a

Beilstein J. Org. Chem. 2019, 15, 1945-1961.

Milli-Q water purification system (Merck Millipore, Billerica,
MA, U.S.A.). Parafilm® M was purchased from Sigma-Aldrich
(St. Louis, MO, U.S.A.) to seal the sample vials to prevent the
possible evaporation of volatile analytes.

SPME-Fiber

A divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/
PDMS, 50/30 um) SPME fiber from Supelco (Bellefonte, PA,
U.S.A.) was used.

Sample preparation

Sample preparation was based on a slightly modified method
described by May, Lange and Wiist [5]. The exocarp of freshly
harvested grapes was isolated with a scalpel. One hundred uL
of a 0.1% d3-MVL solution were pipetted into a 10 mL head-
space vial and the isolated exocarp was inserted into the solu-
tion using tweezers. Similarly, the isolated exocarps of wineber-
ries were placed in 100 pL of a 0.1% d,-DOX solution. The
filled 10 mL headspace vials were closed with screw cap,
septum and parafilm. The fed sample material was incubated at
room temperature for exactly 48 hours. Subsequently, the sam-
ples were stored at —20 °C until measurement. The SPME ex-
traction conditions were based on a slightly modified method
described by Welke et al. [17]. Prior to SPME extraction, the
samples were held at an incubation temperature of 45 °C for
10 min without stirring. The extraction was carried out at 45 °C
for 30 min. After sampling the headspace using a mixed fiber,
the volatile and semi-volatile compounds were desorbed in the
GC inlet at 250 °C for 5 min. In order to avoid carryover, the
fiber was reconditioned for 15 min at 250 °C prior to each anal-
ysis. No sample carryover was observed.

GCxGC-TOF-MS analysis

All chromatographic separations were performed by using an
Agilent 7890B gas chromatograph (Agilent Technologies,
Palo Alto, CA, U.S.A.) equipped with a liquid nitrogen
cryogenic modulator (Consumable-Free ZX2 thermal modu-
lator) coupled to a time-of-flight mass spectrometer (Markes
International Ltd, Llantrisant, RCT, UK). Liquid nitrogen was
used for cryofocusing of the analytes eluting from the first
dimension (1D) column, whereas heated air was used for
releasing and reinjecting these compounds onto the second
dimension (2D) column. A modulation period of 5 s and a hot
jet duration of 0.35 s were used. The column set consisted of a
30 m x 0.25 mm i.d. X 0.25 pm d¢f DB-WAX Ultra Inert
(Agilent Technologies, Bellefonte, PA, U.S.A.) as a high polar
primary column with poly(ethylene glycol) as stationary phase
coupledtoa 1.7 m X 0.10 mm i.d. X 0.10 um df MEGA-17 MS
FAST (MEGA s.n.c., Legnano, MI, IT) moderately polar
second dimension with poly(50%-phenyl-50%-methylsiloxane)

as stationary phase. The separation was performed using the
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following temperature program: 1D oven ramp: 35 °C (5 min),
5°C min"! to 120 °C (0 min), 3 °C min"! to 220 °C (5 min);
2D oven ramp: 60 °C (5 min), 5 °C min~! to 145 °C (0 min),
3 °C min~! to 245 °C (5 min). The injector was operated at
250 °C in the splitless mode. Helium was used as carrier gas at
a constant flow of 1.0 mL min~! and an initial inlet pressure of
166 kPa. The transfer line was maintained at 250 °C and the
analytes were ionized by operating in electron impact (EI) mode
at =70 eV. The ion source temperature was 250 °C and the
detector voltage was set to —2236.8 V. Ions in the mass range
35-250 amu were acquired at a rate of 100 spectra s™!. All sam-
ples were analyzed in triplicate.

Data analysis

Data processing was performed using the software Chrom-
Space (Markes International Ltd, Llantrisant, RCT, UK; version
1.2). First, a dynamic background compensation (dbc) was per-
formed with a peak width of 2 s. The genuine sesquiterpene
hydrocarbons were identified using the NIST Mass Spectral
Search Program (NIST, Gaithersburg, MD, U.S.A.; version 2.2)
by comparing the recorded mass spectra with those of the NIST
database (when available), taking into account the match factors
and reverse match factors. A series of n-alkanes (C7—C3p) were
analyzed. The retention times of the measured n-alkanes on the
first GC column were used to calculate the retention indices /
according to the method of Van Den Dool and Kratz for tem-
perature-programmed gas chromatography [40]. Subsequently,
the calculated retention indices of the identified sesquiterpenes
were compared with literature values / (lit.). The confirmation
of the found sesquiterpenes was done via the corresponding
deuterium-labeled compounds starting from the precursors
d3-MVL and d,-DOX after incubation.
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Withanolides are steroidal lactones widespread in Nightshade plants with often potent antiproliferative activities. Additionally, the

structural diversity of this compound class holds much potential for the discovery of novel biological activity. Here, we report two

newly characterised withanolides, named irinans, from Physalis peruviana with highly unusual truncated backbones that resemble

mammalian androstane sex hormones. Based on biomimetic chemical reactions, we propose a model that links these compounds to

withanolide biosynthesis. Irinans have potent antiproliferative activities, that are however lower than those of 4B3-hydroxywithano-

lide E. Our work establishes androwithanolides as a new subclass of withanolides.

Introduction

Traditional medicine has long been a source of inspiration for
modern drug research. An important example is Withania
somnifera, also known as ashwaghanda or Indian ginseng,
which has been used in Ayurvedic medicine to treat a large
variety of ailments [1]. Extensive studies revealed withanolides,
a class of steroidal lactones, to be primarily responsible for the
medicinal effects [1,2]. A large range of pharmacological prop-
erties has been assigned to withanolides, with antiproliferative
activities being the most potent ones [1]. Withanolides have
been also discovered in numerous genera other than Withania,

for example Datura, Dunalis, lochroma, Jaborosa, Lycium and

Physalis [3], resulting in more than 300 known representatives
[3]. Physalis peruviana is a withanolide producer of particular
relevance as it is widely cultivated for its edible berries [4]. So
far, several withanolides have been reported from P. peruviana
and other Physalis species, most prominently physalins, peru-
lactones and 4B-hydroxywithanolide E (1) [5-16]. As part of our
ongoing programme focussed on the biochemistry of withano-
lides, our aim was to gain further insights into the withanolide
profile of P. peruviana. Here we report irinans A (2) and B (3),
two unusual truncated withanolides with androstane backbones.

We show that oxidative, but not acidic or basic conditions
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enable conversion of the putative precursor 43-hydroxywith-
anolide E (1) to irinan A (2). Based on this intrinsic reactivity
we propose a biosynthetic model that will serve as further guid-
ance for elucidating the enzymatic basis of androstane forma-
tion in plants in the future.

Results and Discussion

To isolate withanolides from P. peruviana, we used a purifica-
tion strategy based on previous reports [17-19]. Nine weeks old
whole P. peruviana plants (140 g) were extracted with
H,0/MeOH (3:1) and divided into fractions soluble in petro-
leum ether, chloroform, and n-butanol, respectively. The
chloroform fraction was further separated by flash chromatogra-
phy on a Cyg stationary phase, resulting in three major subfrac-
tions F1-F3. Final purification by preparative HPLC followed
by NMR analysis revealed 48-hydroxywithanolide E (1) as the
major compound (50 mg) as well as the known metabolites
withanolide E (4), withanolide F (5) and perulactone H (6) by
comparison to literature data (Figure 1) [9,20].

Two additional compounds attracted our attention based on
their unusual 'H NMR spectra (Table 1). Both showed two
multiplets in the olefinic region, which are highly characteristic
for withanolides with A-ring Michael acceptors. However, com-
pared to other withanolides, several signals were missing. Typi-
cally, withanolides show five singlets for methyl groups in the
aliphatic region, as well as the H-22 oxymethine proton of the

lactone moiety. Surprisingly, both compounds showed only two

Beilstein J. Org. Chem. 2019, 15, 2003-2012.

putative methyl signals, and no signal which might correspond
to H-22. Thus, we reasoned that both unknown compounds

might be truncated withanolide-like compounds.

HRESIMS suggested a sum formula of C;9H»405 for the first
compound, which was supported by the 13C spectrum (Table 1).
By comparing the spectrum to NMR data of other withanolides,
we quickly identified the Michael system in ring A based on
two olefinic protons (8y 6.94 and 6.22 ppm), a secondary
alcohol at C-4 (&g 3.79 ppm), a 5,6-epoxide (dyg 3.37 (H-6)),
and a tertiary alcohol at C-14 (¢ 80.9 ppm). COSY correla-
tions supported by HMBC analysis (Figure 2A) revealed an
intact ABCD ring system with a substitution pattern identical to
4B-hydroxywithanolide E (1). Only a single, striking difference
was noted: C-17 was shifted from 87.8 to 218.0 ppm, strongly
suggesting the presence of a ketone instead of an alcohol. In
agreement with the predicted sum formula and the absence of
all side chain carbons, this completed the structure of the
first unknown compound, which we named irinan A (2,
Figure 1).

The second unknown compound had a sum formula of
C19H403 based on HRESIMS and '3C NMR (Table 1). In
contrast to the first compound, no epoxide and no secondary
alcohol at C-4 was present, in agreement with the different
elemental composition. Instead, 13C NMR indicated a double
bond at C5-C6 (8¢ 135.7 and 124.3 ppm). Otherwise, all spin
systems and correlations indicated a typical withanolide ABCD

withanolide E (4)

withanolide F (5)

perulactone H (6)

Figure 1: Withanolides from Physalis peruviana. A) Structures of the newly characterised truncated withanolides irinan A (2) and B (3) with an
androstane backbone, together with the known withanolides 1 and 4-6 isolated from P. peruviana. B) P. peruviana plant.
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Table 1: '3C and 'H NMR data (CDCls, 500 MHz, 298 K) of irinans A (2) and B (3) in comparison to the known compound 4p-hydroxywithanolide E
(1, CDCl3, 400 MHz, 298 K, & in ppm, J in Hz). For carbon numbering see Figure 1 and Figure 2.

13C

position 1 2 3 1

1 2019 202.0 2038 -

2 133.2 1323 1281 6.22(1H,d, 9.9)

3 1414 1421 1453 6.92 (1H,dd, 9.9, 6.1)

4 704 699 336 3.74(1H,d,6.1)

5 642 63.9 135.7 -

6 63.1 63.1 124.3 3.28 (1H, brs)

7 26.0 249 241 2.03 (2H, m)

8 343 326 355 1.83 (1H, m)

9 36.7  38.1 371 1.69 (1H, m)

10 479 478 509 -

11 215 204 216 1.72 (1H, m)
1.56 (1H, m)

12 298 243 250 225(1H,m)
1.28 (1H, m)

13 546 526 525 -

14 819 809 810 -

15 325 300 299 1.66 (1H, m)
1.59 (1H, m)

16 38.0 33.1 33.1 2.72 (1H, m)
1.45 (1H, m)

17 87.8 218.0 2185 -

18 20.4 17.9 18.1 1.07 (3H, s)

19 16.9 17.8 19.2 1.42 (3H, s)

20 792 - - -

21 19.8 - - 1.42 (3H, s)

22 797 - - 4.88 (1H, dd, 11.8, 5.3)

23 344 - - 2.51 (2H, m)

24 150.8 - - -

25 1216 - - -

26 166.0 - - -

27 125 - - 1.88 (3H, s)

28 208 - - 1.94 (3H, s)

14-OH n.d.

4-OH n.d.

H

6.22 (1H, d, 10.0)
6.94 (1H, dd, 10.0, 5.8)
3.79 (1H, dd, 5.8, 2.4)

3.37 (1H, m)

2.11 (1H, dt, 14.2,3.1)
1.84 (1H, ddd, 14.1,11.7,
1.4)

1.90 (1H, m)
1.51 (1H, m)

_._L_;_.
o O
gaao o=
== 323
ITIT
382 33

22

w

)

—~ e~ o~ —~

1.92 (2H, m)

2.44 (1H, ddd, 18.9, 7.6, 4.1)
2.33 (1H, dt, 18.8, 8.8)

1.01 (3H, s)
1.45 (3H, s)

5.91 (1H, ddd, 10.0, 3.1, 1.2)
6.79 (1H, ddd, 10.0, 5.0, 2.6)

3.31 (1H, dddddd, 21.3, 2.8,
2.8,28,28,28)2
2.88 (1H, dd, 21.2, 4.9)

5.64 (1H, dt, 5.7, 2.0)

2.08 (1H, m)
1.95 (1H, m)

1.88 (1H, m)
2.10 (1H, m)

1.96-1.85 (2H, m)

2.35-2.46 (2H, m)

1.05 (3H, s)
1.27 (3H, s)

1.41 (1H, brs) 1.41 (1H, br s)
2.57 (1H, d, 2.50) -

aApparent dsext. See Figure S19 (Supporting Information File 1) for details. n.d. not detected.

ring system. Again, a carbon with a distinct downfield shift of
218.4 ppm was found, demonstrating the presence of a ketone
at C-17. Highly unusually, H-4B appeared as a doublet of
sextets (1:5:10:10:5:1) (dsext) in the 'H NMR spectrum. This
multiplet was explained as “dddddd” by a total of six COSY
correlations (Figure S19, Supporting Information File 1). The
resulting compound was named irinan B (3, Figure 1). A com-
pound of putatively identical structure was isolated from
P. peruviana before, but only fragmentary physicochemical

data has been reported so far [14].

To elucidate the relative stereochemistry of irinans A (2) and B
(3), we analysed NOESY data (Figure 2). In the case of irinan
A (2), the B configuration of OH-4 was deduced by the NOESY
correlation OH-4/CH3-19. OH-14 was assigned as a based on
the correlations OH-14/H-12a and H-9/H-12a. The 5,6-epoxide
was determined as f by a correlation from H-6 to H-3. These
assignments are in complete agreement with the relative stereo-
chemistry of 43-hydroxywithanolide E (1). In irinan B, the con-
figuration of OH-14 could not be unambiguously inferred from
NOE data due to the signal overlap of H-15 with H-12 and
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Figure 2: Key NMR correlations. (A) COSY and HMBC correlations for irinan A (2). (B) COSY and HMBC correlations for irinan B (3). (C) Key
NOESY correlations for irinan A (2). (D) Key NOESY correlations for irinan B (3).

other protons. As an alternative, OH-14 «a configuration was
deduced from the chemical shifts of C-12 and C-9, which expe-
rience a strong shielding y-gauche effect for OH-14a configura-
tions [21]. These data indicate a relative stereochemistry of
irinan B matching withanolide F (5).

Irinans represent highly unusual withanolide derivatives, as
they lack the side-chain lactone ring that is a common struc-
tural feature of virtually all known withanolides [3], but pos-
sess an androstane backbone instead. While androstanes such as
androsterone (7) are well-known human sex hormones
(Figure 3A) [22], their occurrence in plants is rare [23-26].
Only a single withanolide androstane has been fully charac-
terised before, cinedione (8), isolated from Physalis cineras-
cens (Figure 3A) [23]. We propose the name androwithano-
lides for this withanolide subclass, which so far appears to be
characteristic of Physalis species.

The biosynthesis of androstanes in mammals requires three
enzymatic steps starting from cholesterol (9, Figure 3B) [27].
Cholesterol (9) is converted to pregnenolone (10) by the
cytochrome P450 cholesterol side-chain cleavage enzyme
(P450scc), which cleaves the C20—-C22 bond [27]. Then, the
bifunctional P450c17 acts as a 17a-hydroxylase and 17,20-lyase
to give rise to androstanes [27]. Related enzymes have not been
reported from plants. We searched transcriptome data of

P. peruviana for putative homologues of these enzymes [28].

The best hits only had amino acid sequence identities of
22-28%, indicating that no P450 enzymes of these clans exist in
P. peruviana. Although enzymes with similar catalytic activity
might have evolved convergently in plants, the different substi-
tution pattern in the side chain suggests that a side-chain
cleavage mechanism distinct from mammals is involved. While
the order of oxidative steps in withanolide biosynthesis is still
completely elusive [29], we propose that this fragmentation
occurs at a late stage, when most typical withanolide functional-
isations have already been introduced. Indeed, irinan A (2),
irinan B (3) and cinedione (8) can be directly linked to the
known withanolides 48-hydroxywithanolide E (1), withanolide
F (5) and withanolide S [23], respectively (Figure S20, Support-
ing Information File 1). If the fragmentation occurred early in
the biosynthesis, this would imply that several biosynthetic en-
zymes have to tolerate substrates without the lactone side chain.
We therefore propose that the side-chain cleavage enzyme in
withanolide biosynthesis acts at a late stage, using common
pathway end products such as 4B-hydroxywithanolide E (1) as
its substrates. Two mechanisms are conceivable for this trans-
formation (Figure 3C): A non-oxidative Grob fragmentation
could make use of a push—pull mechanism between C-17 and
C-22, building on acid—base catalysis. Alternatively, an en-
zyme could cleave the C17—C20 diol oxidatively. Several P450
enzymes have been reported to be capable of cleaving diols,
presumably via a ferric peroxo intermediate (Figure 3C)
[30,31].
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Figure 3: Structures and biosynthesis of androstanes. (A) Androstane backbone and androsterone (7) as a typical mammalian sex hormone. Cine-
dione (8) is the only other fully characterised androwithanolide known. (B) Biosynthesis of androstanes in mammals. (C) Possible cleavage mecha-

nisms involved in androwithanolide biosynthesis in plants.

To gain further insights into the biosynthetic route and to
exclude that androwithanolides are isolation artefacts [32], we
exposed 48-hydroxywithanolide E (1) as the likely precursor to
irinan A (2) to various chemical conditions (Figure 4). In
general, 1 was stable in all solvents tested, namely chloroform,
methanol, DMSO and acetonitrile (data not shown). Treatment

with acid at pH 3 caused no reaction at all when heating up to

70 °C (Figure 4A). At pH 0, several unidentified compounds
appeared, but not irinan A (2). In basic conditions, only a single
unidentified product was formed at pH 11 and 70 °C. Next, we
tested whether 1 could be oxidatively cleaved [33]. Incubation
of 1 with NalOy4 at room temperature did not result in any reac-
tion (data not shown). However, although it has been reported

that periodates are not capable of cleaving ditertiary glycols
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Figure 4: Intrinsic reactivity of 43-hydroxywithanolide E (1) under acidic/basic and oxidative conditions, respectively. (A) LC—-MS chromatograms (ELS
detection) of 1 incubated at different pH values. (B) LC—MS chromatograms (UV detection at 200-400 nm) of 1 treated with different oxidative
reagents. The formation of 2 in the NalO4 reaction was confirmed by NMR analysis. See also Figure S21 in Supporting Information File 1 for extracted

ion chromatograms (EICs).

[33,34], we noted formation of small quantities of irinan A (2)
when performing the reaction at 70 °C (Figure 4B and Figure
S21 in Supporting Information File 1). The identity of irinan A
(2) was verified by isolation of the corresponding compound by
preparative HPLC (4% yield) followed by NMR analysis. This
result confirms our NMR-based stereochemical assignment and
unambiguously links irinan A (2) to 48-hydroxywithanolide E
(1). We also performed an oxidative cleavage reaction with cat-
alytic amounts of MoO,(acac), in DMSO as described by
Garcia et al. [34], which also led to the formation of trace
amounts of irinan A (2). Our experiments suggest that irinan A
(2) and most likely all androwithanolides are not isolation arte-
facts but true natural products, which require an oxidative en-
zyme to facilitate the C—C bond cleavage. Future studies will
shed light on the enzymatic basis of androwithanolide forma-
tion.

Considering the potent bioactivities of androstanes as well as
withanolides, we wondered whether the loss of the side-chain
lactone would negatively impact the antiproliferative activity.
Irinan A (2) and B (3) together with 48-hydroxywithanolide E
(1) as a positive control were evaluated against a panel of four

cell lines (Table 2). In our assays we observed decreasing activ-

ities during the third and fourth replicates, resulting in large
standard deviations and potentially indicating limited stability
of these compounds. Nonetheless, ECs values of 43-hydroxy-
withanolide E (1) were in good agreement with previously
published values [14,35,36]. Irinans A (2) and B (3) were 1.3 to
10-fold less active than 4B3-hydroxywithanolide E (1), with the
exception of irinan B (3) in A549 cells, which was equipotent.
However, irinan A (2) and B (3) samples had a purity of 90%
and 80%, respectively. We therefore cannot exclude that
unidentified impurities, which could not be removed by
repeated preparative HPLC, obscure the true ECsq values of
irinans. We conclude that irinans possess potent antiprolifera-
tive activity, that is however reduced compared to 43-hydroxy-
withanolide E (1). Our results demonstrate the importance of
the lactone side chain for bioactivity.

Conclusion

We have discovered and characterised irinans A and B,
two new withanolides from P. peruviana with truncated back-
bones. They resemble mammalian sex hormones of the
androstane class. The relative stereochemistry was elucidated
based on NOESY analysis. Chemical studies support a model

that these compounds are formed by an oxidative process. We

Table 2: Antiproliferative activities in different cell lines. Data indicate ECsq values + SD in uM. A549 = human lung carcinoma; L929 = mouse fibro-
blast; KB-3-1 = human cervix carcinoma; MCF-7 = human breast cancer cell line.

Compound A549
483-hydroxywithanolide E (1) 3.74 + 0.50
irinan A (2)2 5.01 £5.27
irinan B (3)° 3.45+1.91
staurosporine (positive control) 1.19+£0.99
auranofin (positive control) >7.03

1929 KB-3-1 MCF-7
0.27 +0.30 1.11+0.98 10.65 +6.18
2.29+0.88 462+5.76 17.88 £7.27
1.68+1.78 2.40+232 13.56 +9.18
<0.003 0.04 +0.01 0.16 £0.02
2.35+0.83 1.59 + 0.37 2.06 + 0.60

aEstimated 90% purity based on 'H NMR. PEstimated 80% purity based on "H NMR.
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propose the name androwithanolides for this withanolide
subclass.

Experimental

General experimental procedures

Seeds of Physalis peruviana were obtained from FloraSelf,
Sperli and Quedlinburger Saatgut. Plants were initially grown in
seed starter soil (Kolle’s Beste Anzuchterde) and later trans-
ferred to potting soil (Kolle’s Beste Pflanzerde). Plants were
grown under LED illumination (SANlight S2W) at
350 umol s™! m~2 PPFD with a 12 h photoperiod and at
18-25 °C without temperature and humidity control. Plants
were watered twice per week with tap water as needed.

NMR spectra were recorded using Bruker Ascend™ 400 or
DRX 500 MHz spectrometers operating at 400 and 500 MHz
for 'TH NMR and at 100 and 125 MHz for '3C NMR where
CDCl3 was used as solvent. Chemical shifts were referenced
relative to the residual solvent signal of CDCl3 (dy = 7.26 ppm,
Oc = 77.16 ppm) and expressed in O values (ppm), with cou-
pling constants reported in Hz. Analysis was conducted with
TopSpin (Version 4.0.6, Bruker). ATR-IR analysis was per-
formed for the range of 400-4000 cm™! using a Shimadzu
IRAffinity 1S spectrometer with samples dissolved in chloro-
form. Optical rotations were measured with a Perkin Elmer 341
polarimeter. Using methanol as solvent, the wavelength for
maximum absorption was determined on a Jasco V-630 spec-
trophotometer. Flash purification was performed on a Biotage
Isolera One using columns described below. HRMS measure-
ments were carried out on a Waters Alliance 2695 HPLC
coupled to a Micromass LCT Premier mass spectrometer.

For analytical and preparative LC-MS a Waters instrument was
used consisting of a Waters 2767 autosampler, Waters 2545
pump system, Waters 2998 diode array detector, Waters 2424
ELS detector, and a Waters SQ Detector 2 for mass spectrome-
try in ESI* and ESI~ modes between m/z 150 and 1000. In ana-
lytical mode, a Phenomenex Kinetex column (2.6 pm, Cyg,
100 A, 4.6 x 100 mm) was used with a gradient of [solvent A:
H,0O + 0.05% formic acid; solvent B: acetonitrile + 0.045%
formic acid; gradient: 10% to 90% B over 10 min, 1 mL/min].
Samples were dissolved to a concentration of 10 mg/mL in
MeOH and 20 pL injected. In preparative mode, a Phenomenex
Kinetex Axia column (5 pm, Cyg, 100 A, 21.2 x 250 mm)
equipped with a Phenomenex Security Guard precolumn (Luna,
Cs, 300 A) was used in combination with the separation
gradient described below.

Extraction and isolation of withanolides
140 g of 9 weeks old, whole Physalis peruviana plants were

frozen in liquid nitrogen and ground to a fine powder. The
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powder was extracted with 500 mL H,O/MeOH (3:1) at room
temperature for 3 h. After filtration and evaporation of the sol-
vent under reduced pressure, the crude extract was resuspended
in 300 mL H,O and defatted with 300 mL petroleum ether. The
remaining aqueous layer was further extracted with 2 X 300 mL
CHC I3 followed by 2 x 300 mL n-BuOH. This resulted in a
660 mg petroleum ether fraction, 386 mg CHCl3 fraction and
1174 mg n-BuOH fraction.

The CHCIlj fraction was separated via reversed-phase flash
chromatography (Biotage SNAP KP-C18-HS 30 g column)
with a H O/MeOH gradient. Samples were adsorbed onto Celite
under reduced pressure for dry loading. A gradient from 30% to
95% MeOH was used. Fractions were pooled guided by UV
maximum absorbance to form main fraction F1 (subfractions
1-21, 102 mg), F2 (subfractions 22-31, 12 mg) and F3
(subfractions 32—45, 48 mg). No withanolides were detected in
F2 based on LC-MS analysis and therefore discarded.

Fraction F1 was further separated by preparative LC-MS.
The sample was dissolved in MeOH to a concentration of
15 mg/mL. 100 pL was injected per run. A separation gradient
was used [solvent A: H,O + 0.05% formic acid; solvent B:
acetonitrile + 0.045% formic acid; gradient: 10% to 90% B over
10 min, 20 mL/min]. The post-column flow was split
(100:1) and the minority flow made up to 1 mL/min with
MeOH + 0.045% formic acid for in-line analysis by UV, ELSD
and MS. The majority flow was collected. The following peaks
were collected and identified by NMR: rg = 5.8—6.0 min (irinan
A (2), 6 mg); 7.2-8.0 min (4B-hydroxywithanolide E (1),
49 mg); 9.0-9.2 min (irinan B (3), 1 mg). The collected frac-
tions were evaporated under reduced pressure using a Christ

RVC 2-25 CDplus rotational vacuum concentrator.

Main fraction F3 was also separated by preparative LC-MS
as described above, yielding the known compounds withano-
lide E (4) (tr = 7.3-7.6 min, 6 mg), perulactone H (6)
(tR = 7.6-7.8 min, 9 mg) and withanolide F (5)
(tr = 7.8-8.5 min, 9 mg) which were identified by NMR [20].

Analytical data
4B-Hydroxywithanolide E (1) was isolated as a white crys-
talline powder. NMR data of 1 is listed in Table 1. All spectros-

copic properties matched literature data [20].

Irinan A (2): white crystalline powder; [a]pZ® +10.48 (§ = 0.62;
MeOH); UV (MeOH) Ay (log €) 239 nm (3.93); IR (ATR,
CHCl3) viax: 3460, 2967, 2930, 1734, 1674, 1454, 1373, 1092,
1036, 986, 922, 754 cm™!; for 'H and 13C data see Table 1;
HRESIMS m/z: [M + Na]* calcd for C19H,405Na*, 355.1516;
found, 355.1519.
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Irinan B (3): white crystalline powder; [a]p20 —10.00 (B = 0.06;
MeOH); UV (MeOH) Apax (log €) 251 nm (3.94); IR (ATR,
CHCl3) vinax: 3402, 2955, 2930, 1682, 1383, 1259, 1215, 1136,
1088, 1016, 966, 806, 748 cm™!; for 'H and '3C data see
Table 1; HRESIMS m/z: [M + Na]* calcd for C;gH,403Na™,
323.1618; found, 323.1626

BLAST search of known androstane

biosynthesis enzymes

The known androstane biosynthesis enzymes Homo sapiens
P450scc (UniProtKB accession P05108) and Homo sapiens
P450c17 (P05093) were used to search reported Physalis peru-
viana transcriptome data [28] via the tBLASTn algorithm. Both
enzymes yielded several full-length hits with amino acid se-

quence identities of 22-28%.

Oxidative cleavage of 4B-hydroxywithanolide
E (1) to irinan A (2) by NalOg4

57.8 mg of NalOy4 (270.2 pmol, 7.0 equiv) in 400 uL hot H,O
was added to 19.4 mg 4B-hydroxywithanolide E (1, 38.6 umol,
1.0 equiv) in 1 mL MeOH. The reaction was incubated at 70 °C
for 72 h in a heat block with shaking at 1000 rpm. After that
time a peak with m/z 315 corresponding to [M + H — H,O]*
with a retention time of 3.5 min was observed by LC-MS,
co-eluting with authentic irinan A (2). The reaction mixture was
separated by preparative LC-MS as described above to give a
white crystalline powder (0.5 mg, 4%), which was confirmed to
be irinan A (2) by 'H NMR spectroscopy.

Oxidative cleavage of 43-hydroxywithanolide
E (1) to irinan A (2) by MoO»s(acac)»

2 uL of a MoOj(acac), stock solution in DMSO (100 ug/uL,
0.6 umol, 0.02 equiv) was added to 14.6 mg hydroxywithano-
lide E (1, 29.0 umol, 1.0 equiv) in 100 uL. DMSO. The reaction
was incubated at 130 °C for 3 h in an oil bath with stirring at
400 rpm. After that time a peak with m/z 315 corresponding to
[M + H — H,O]* with a retention time of 3.5 min was observed,
co-eluting with authentic irinan A (2). HyO (5§ mL) and CHClj3
(5 mL) were added to the reaction mixture. The layers were
separated and the aqueous phase was extracted with chloroform
(3 x 5 mL). Combined organic layers were washed with
water (5 mL), dried over MgSOy, filtered and the solvent was
evaporated under reduced pressure. The resulting crude reac-
tion product was then analysed by analytical HPLC as de-
scribed above.

Antiproliferative assays

The effect of compounds on cell viability was probed with a
WST-1 test using the procedure of Ishiyama et al. [37] as modi-
fied by Sasse et al. [38]. The following cell lines were used:
mouse fibroblast cell line L929 (DSM ACC 2), human cervix

Beilstein J. Org. Chem. 2019, 15, 2003-2012.

carcinoma cell line KB-3-1 (DSM ACC 158), the human lung
carcinoma cell line A549 (DSMZ ACC 107) and human breast
cancer cell line MCF-7 (DSM ACC 115). The subconfluent
cells were briefly washed with Earle’s Balanced Salt Solution
(Gibco) without Ca and Mg, trypsinized and re-suspended in
Dulbecco’s modified eagle’s medium that contained 5% fetal
bovine serum (FBS; L929, KB-3-1, A549) or Roswell Park
Memorial Institute medium that contained 5% FBS,
0.5% Minimum Essential Medium Non-Essential Amino Acids,
Gibco (MEM NEAA), 0.5% GlutaMAX (Gibco) and insulin at
5 pg/mL (MCF-7). 25 pL of serial dilutions of the test com-
pounds (64-0.06 ng/mL, that were made with a pipetting robot
(epMotion, Eppendorf, Hamburg, Germany), were added to
25 pL aliquots of a cell suspension (1500 cells for KB-3-1,
L.929 and A549, 3000 cells for MCF-7) in 384 well microtiter
plates. Blank and solvent controls were incubated under iden-
tical conditions. After an incubation period of 5 days, 3 uL
WST-1 (ready to use solution by Roche) was added. The incu-
bation time of the plates at 37 °C varied between the cell lines
from 20 min for KB-3-1 and A549, 1.929 for 30 min, and 2 h
for MCF-7 before measuring absorbance at 450 nm (reference
600 nm) with an Infinite 200 PRO plate reader (Tecan,
Minnedorf, Switzerland). As positive control compounds,
Auranofin and Staurosporin were applied. The absorbance of
the solvent control was set to 100%. The ECsq values were de-
termined with Sigma Plot. All data are average values from four

biological replicates.

Supporting Information

Supporting Information File 1

NMR, MS, UV and IR spectra of irinan A (2) and irinan B
(3). NMR data of withanolide E (4), withanolide F (5) and
perulactone H (6).
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Chemical investigation of the barley and wheat fungal pathogen Bipolaris sorokiniana BRIP10943 yielded four new sativene-type

sesquiterpenoid natural products, bipolenins K-N (1-4), together with seven related known analogues (5-11), and a sesterter-

penoid (12). Their structures were determined by detailed analysis of spectroscopic data, supported by TDDFT calculations and

comparison with previously reported analogues. These compounds were evaluated for their phytotoxic activity against wheat

seedlings and wheat seed germination. The putative biosynthetic relationships between the isolated sesquiterpenoids were also

explored.

Introduction

Fungi belonging to the genus Bipolaris (teleomorph:
Cochliobolus) have been reported to produce a diverse array of
secondary metabolites, including sesquiterpenes [1-7],
sesquiterpene-xanthones [8], diterpenes [9], sesterterpenes [10],
cochlioquinones and peptides [11]. Moreover, several of these
secondary metabolites are known to play important roles in
mediating the virulence of these fungi against plant hosts [12].
Well-known examples include the host-specific toxins victorin
and T-toxin and other non-host-specific toxins such as the

ophiobolins [11]. Bipolaris sorokiniana (syn. Cochliobolus

sativus) has been identified as the causative agent of multiple
diseases on wheat and barley and is a major threat to yield
improvement and food security in Central Asia [13]. Recent
genome sequencing of 35 Australian strains of B. sorokiniana
identified a known proteinaceous necrotrophic effector, ToxA,
which confers host-specific virulence proteins and is proposed
to be acquired through horizontal gene transfer [14]. To date,
only three studies have explored phytotoxins from
B. sorokiniana [2,7,10]. Therefore, in the framework of

furthering our understanding of the roles of B. sorokiniana sec-
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ondary metabolites in crop disease, we investigated the com-
pounds produced by the ToxA-containing strain BRIP10943
(CS10) [14] and their phytotoxicity. This led to the isolation of
four new sativene-type sesquiterpenoid natural products along
with seven related known analogues and one sesterterpenoid.
Herein, the isolation, structure elucidation and phytotoxic activ-
ities of these compounds are presented.

Results and Discussion

B. sorokiniana was cultivated for 22 days in Fries medium
supplemented with rolled oats. The resulting broth and mycelia
were extracted with methanol and the extracts were partitioned
against EtOAc/MeOH/acetic acid (89.9:10:0.1 ratio). The
combined organic layer was chromatographed repeatedly with
silica gel and RP-HPLC to afford four new sativene-type
sesquiterpenoids, bipolenins K-N (1-4), along with eight previ-
ously reported compounds (5-12), which were identified as
sativene-type sesquiterpenoids prehelminthosporol lactone (5)
[1], helminthosporic acid (6) [1], helminthosporol (7) [15],
bipolenin A (8) [3], secolongifolene diol (9) [15], dihydropre-
helminthosporol (10) [1] and sorokinianin (11) [2], and the
cytotoxic sesterterpenoid, terpestacin (12) [16,17] (Figure 1).

Bipolenin K (1) was isolated as a colourless oil. Its molecular
formula was determined as C;5H»,03 from the HRESIMS
[M + H]" ion at m/z 251.1646 (calcd for C;5Hp303%, 251.1642),

12

15 /|14

o)

o} o
bipolenin K (1) bipolenin L (2) bipolenin M (3)

HO,C ko OHC ko

H H
OH

helminthosporic acid (6) helminthosporol (7)

HO
sorokinianin (11)

Figure 1: Structures of compounds 1-12 isolated from B. sorokiniana.

bipolenin A (8)

Beilstein J. Org. Chem. 2019, 15, 2020-2028.

corresponding to five degrees of unsaturation. The IR absorp-
tion bands at 3445 and 1729 cm™! revealed the presence of
hydroxy and ester moieties, respectively. The '3C NMR spec-
trum (Figure S2, Supporting Information File 1) showed 15
distinct carbon signals, while 13C and 'H NMR data (Table 1)
indicated an isopropyl unit (3¢ 28.3, 29.2 and 73.1; dy 1.20 and
1.24), one tertiary methyl (8¢ 20.1; dy 1.25), a disubstituted
olefin (8¢ 105.7 and 155.2; 8y 5.12 and 4.89) and four methines
(8¢ 39.6, 51.1, 51.6 and 54.0; dy 1.73, 1.88, 2.65 and 3.77),
which are typical resonances for sativene-type sesquiterpenoids.
The NMR data for 1 were very similar to those for
prehelminthosporol lactone (5) except for the replacement of a
methine group (8¢ 32.1; 8y 1.42) at C-9 in 5 with a hydroxylat-
ed quaternary carbon (¢ 73.1) in 1. This suggested that 1 was
the 9-hydroxy analogue of 5, which was further confirmed by
detailed analysis of key 2D NMR correlations (Figure 2). Com-
pound 1 was previously reported in 1970 as a semi-synthetic
analogue of 9-hydroxyprehelminthosporol [18], but has not
been previously isolated and characterised from a natural

source.

The relative configuration of 1 was established based on
NOESY correlations (Figure 3) of H-1 to H,-5 and H3-10; and
H,-14 to H-7, H3-8 and H-13. Due to the constrained
bicyclo[3.2.1]octane ring system, these NOESY correlations in-
dicated that H-1 was f-oriented, while H-6, H-7, H3-8 and H-13

bipolenin N (4) prehelminthosporol lactone (5)

secolongifolene diol (9) dihydroprehelminthosporol (10)

terpestacin (12)
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Table 1: 'H and '3C NMR data for bipolenins K-N (1-4).

Beilstein J. Org. Chem. 2019, 15, 2020-2028.

No. Bipolenin K (1)2 Bipolenin L (2)° Bipolenin M (3)b Bipolenin N (4)©
&¢c Oy, mult (Jin Hz) ¢ On, mult (Jin Hz)  &¢ Oy, mult (JinHz)  &¢ Oy, mult (J in Hz)
1 54.0 3.77,brs 524 3.36, brs 53.1 331, m 47.4 2.19,dt(10.4,3.1)
2 155.2 155.1 154.3 88.1
3 46.3 46.0 45.6 50.0
4 42.4 1.64, m 42.4 1.64,dd (12.8, 39.3 1.85,1d (14.8,5.2) 30.6 1.60, m
4.7)
1.53, m 1.48, ddd (12.8, 1.34, m
5.6,2.0)
5 22.3 1.72, m 26.3 1.80, m 325 1.69, m 24.6 1.68, m
1.52, m 1.27, m 1.34, m 1.31, m
6 51.1 1.73, m 41.9 1.70, m 74.8 45.8 1.18, m
7 39.6 2.65,brs 40.7 247,brs 46.3 2.44,brs 43.5 1.53, brs
8 20.1 1.25,s 20.3 1.25,s 20.2 1.25,s 19.4 0.98,s
9 73.1 39.7 1.44, m 35.8 1.67, septet (6.9) 30.4 1.34, m
10 29.2 1.24,s 15.8 1.02,d (6.9) 16.5 0.91,d (6.9) 21.4 0.91,d (6.9)
11 28.3 1.20, s 65.8 3.58, dd (10.8, 16.5 0.91,d (6.9) 20.3 0.84,d (6.9)
3.8)
3.44,dd (10.8,
6.0)
12 105.7 5128 106.3 5.15;s 1074  519,s 62.2 3.79,d (11.8)
4.89, s 4.90,s 4.96, s 3.65,d (11.8)
13 51.6 1.88,dd (4.5,1.8) 51.0 1.92,d (4.5) 46.0 2.38,d (4.4) 52.2 1.50, d (3.5)
14 71.3 4.46,d (11.7) 71.6 4.48,d (11.7) 721 4.53,d (11.7) 69.8 3.90, dd (7.8, 3.5)
4.30, dd (11.7, 4.30, dd (11.7, 4.23,dd (11.7, 3.36,d (7.8)
4.5) 4.5) 4.4)
15 1741 174.4 174.0 62.9 3.77,1(10.4)
3.47,dd (10.4,
3.1)

aRecorded at 500/125 MHz for TH/'3C in CD30D; PRecorded at 600/150 MHz for H/13C in CD30D; °Recorded at 600/150 MHz for H/'3C in CDCls.

HO
-
e
o"ﬁ/
o

Figure 2: Key 2D NMR correlations of bipolenins K-N (1-4).

were a-oriented. The absolute configuration of 1 was deter-
mined to be 1R,3R,6S,7R,13S by comparison of the experimen-
tal electronic circular dichroism (ECD) spectrum with time-de-
pendent density functional theory (TDDFT)-calculated ECD
spectra of the two possible enantiomers of 1 (Figure 4).

Bipolenin L (2) was isolated as a colourless oil. The HRESIMS
[M + H]" ion at m/z 251.1649 corresponded to a molecular
formula C5H,,05 (caled for Cy5Hp3037, 251.1642), which is

-— COSY
N HMBC

isomeric with 1. The 'H and 13C NMR data for 2 (Table 1)
were also very similar to those for 5, with the only significant
difference being the presence of a hydroxymethylene group (8¢
65.8; dy 3.58 and 3.44) in place of the methyl group at C-11.
Thus, the structure of 2 was assigned as the 11-hydroxy ana-
logue of 5. The absolute configurations of the chiral centres in 2
were established to be the same as for 1 after investigation of
the proton coupling constants (Table 1), NOESY correlations
(Figure 3) and ECD spectra (Figure 4). The configuration at C-9
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Figure 3: Key NOESY correlations of bipolenins K-N (1-4).
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Figure 4: (a) Experimental ECD spectrum of 1 (MeOH) compared to TDDFT-calculated spectra (B3LYP-D3/def2-TZVPP) for the two possible enan-
tiomers of 1, which were blue-shifted by 9 nm. (b) Comparison of experimental ECD spectra of 1-3 and 5 (MeOH).

was not determined. Hence, structure 2 was determined as

shown in Figure 1.

Bipolenin M (3) was purified as a colourless oil. The molecular
formula C;5H,,03 was based on a HRESIMS [M + H]* ion at
m/z 251.1647 (calcd for C;5H,303™, 251.1642), and is isomeric
with 1 and 2. The 'H and !3C NMR data for 3 (Table 1) were
very similar to those for 5, with the only significant difference
being the replacement of the methine group (8¢ 47.1; 8y 1.40)
at C-6 in 5 with a hydroxylated quaternary carbon (8¢ 74.8) in
3. This suggested that 3 was the 6-hydroxy analogue of 5,
which was further confirmed by detailed analysis of key 2D
NMR correlations (Figure 2). The absolute configurations
of the stereocentres in 3 were established to be identical to 1

and 2 based on the analysis of proton coupling constants

(Table 1), NOESY correlations (Figure 3) and ECD spectra
(Figure 4).

Bipolenin N (4) was acquired as a colourless oil. Its molecular
formula was determined to be C;sH,304 from the HRESIMS
[M + H — 2H,0]" ion at m/z 237.1859 (calcd for C;5H,50,%,
237.1849). The UV-vis spectra of 1-3 (Figure S37, Supporting
Information File 1) and previously reported congener 5 were
almost identical, while 4 displayed no significant UV—-vis
absorptions, suggesting the absence of both the ester and alkene
moieties. This was confirmed by the analysis of the 'H and
13C NMR data for 4 (Table 1), which revealed the absence of
ester and alkene resonances and the presence of three hydroxyl-
ated methylenes at C-12 (8¢ 62.2; 8y 3.79 and 3.65), C-14
(8¢ 69.8; dy 3.90 and 3.36) and C-15 (d¢ 62.9; dy 3.77 and

2023



3.47), and one hydroxylated quaternary carbon at C-2 (¢ 88.1).
This suggested 4 was related to 5, but with reduction of the
lactone ring to the dialcohol and dihydroxylation of the A2-12
double bond. Detailed analysis of the 2D NMR data for 4
(Figure 2) confirmed the seco-sativene-type scaffold. The rela-
tive configurations at C-1, C-3, C-6, C-7 and C-13 were deter-
mined to be the same as those of 1-3 and other reported ana-
logues based on NOESY correlations (Figure 3), while the con-
figuration at C-2 was not determined. The ECD spectrum of 4
(Figure S38, Supporting Information File 1) was measured, but
no significant Cotton effect was observed. Therefore, the struc-
ture of 4 was determined as shown in Figure 1.

Equipped with the compounds, we tested 1-12 for phytotoxic
activity against wheat seedlings. The compounds all showed
negligible activities at 200 ppm, although 6 and 10 showed
signs of necrosis at 500 ppm (Figure S40, Supporting Informa-
tion File 1). In addition, the activities of 1, 6—10 and 12 against
wheat seed germination were also tested, with 7 inhibiting
germination at 100 ppm (Figure S41, Supporting Information
File 1). This corresponds to a previous report of the inhibitory
effects of 7 on lettuce seed germination [19]. This activity could
be due to the presence of an aldehyde moiety in 7. Interestingly,
an earlier study showed that 7 promoted the elongation of the
shoots of rice seedlings [20]. Compound 12 was reported to
have a broad spectrum of biological activities, including phyto-
toxicity on juvenile plant Bromus tectorum [21], syncytium for-
mation inhibitory effects on cells infected with respiratory
syncytial virus [22,23], induction of aerial mycelium formation
in Fusarium culmorum [24], and as an inhibitor of ubiquinol-
cytochrome c¢ reductase binding protein, blocking mitochon-
drial ROS-mediated vascular endothelial growth factor receptor
type 2 signalling pathways in endothelial cells [25]. However,
12 showed no activity against wheat seedlings or wheat seed
germination in this study.

The sativene-type sesquiterpenoids contain a bicyclo[3.2.1]oct-
ane backbone and are related to seco-sativene and isosativene
scaffolds [15] (Figure 5a). They were also proposed to be
related to the bicyclo[4.2.1]nonane-containing longifolene and
seco-longifolene sesquiterpenoids, as they were often co-isolat-
ed [3,4,6,15,26,27]. A closer examination of the biosynthetic
relationship between sativene and longifolene scaffolds sug-
gests that the two pathways branched early at the nerolidyl
cation (Figure 5b) [28-31]. The biosynthesis of 1-8 and 10-11
are likely to be derived from sativene with a key oxidation at
C-15 followed by a Baeyer—Villiger oxidation to break the
C-14-C-15 bond (Figure 5c¢). Based on an isotope labelling
study, the y-butyrolactone moiety on 11 has been proposed to
be derived from oxaloacetic acid or similar TCA-cycle interme-

diates [32]. Compound 9, which contains the seco-longifolene
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scaffold, is likely to be derived from longifolene via a similar
Baeyer—Villiger mechanism proposed above for 1-8 and 10 and
11.

Several sativene-type sesquiterpenoids have been previously
reported from fungi, including from Bipolaris sp. [1],
B. sorokiniana 2], B. eleusines [3-6,8], Cochliobolus sp. [26],
Cochliobolus sativus [18], Helminthosporium sativum
[20,33,34], Drechslera sp. [27], Drechslera dematioidea [15],
and Veronaea sp. [35], most of which are Dothideomycetes.
Significantly, this is the first report pertaining to sativene-type
sesquiterpenoids from B. sorokiniana in 25 years, since the first
and only literature account was published in 1994 [2]. Further-
more, structure 4 has a seco-sativene type scaffold without an
olefin unit at C-1/C-2 or C-2/C-12. In contrast, all the previ-
ously known seco-sativene-type sesquiterpenoids possessed a
double bond either at C-1/C-2 or C-2/C-12 [1,2,15,18,20,33],
except drechslerine C, which contains a decarboxylated seco-
sativene-type scaffold [15]. To the best of our knowledge, the
previously reported sativene-type sesquiterpenoids 5 (isolated
from B. eleusines and Cochliobolus sp., and from semi-synthe-
tic analogue of prehelminthosporol with pyridinium chlorochro-
mate or chromic acid) [1,4,18,26], 8 (isolated from B. eleusines)
[3,6], and 10 (isolated from Bipolaris sp. and Cochliobolus sp.)
[1,26], were reported in B. sorokiniana for the first time, while,
known metabolites 6 and 7 [20], 9 [34], 11 [2], and 12 [16]
were previously reported from B. sorokiniana (syn. C. sativus

and H. sativum).

The terpene synthase responsible for the biosynthesis of the
sativene/longifolene backbone of 1-11 remains unknown.
Given that the genome of B. sorokiniana BRIP10943 has been
sequenced [14], we surveyed the genome for potential terpene
synthases that may be responsible for the biosynthesis of these
compounds. Four putative sesquiterpene synthases were found,
corresponding to the genes COCSADRAFT_31812,
COCSADRAFT_346586, COCSADRAFT_83129 and
COCSADRAFT_26102 annotated in the published genome
B. sorokiniana ND9OPr in GenBank. However, it is difficult to
determine which sesquiterpene synthase is responsible for bio-
synthesis of the sativene-type sesquiterpene backbone at this
stage.

The biosynthetic gene cluster (tpc) for terpestacin (12) has been
recently identified from Bipolaris maydis [36]. A didomain
sesterterpene synthase (fpcA) with a terpene cyclase domain and
polyprenyltransferase domain was demonstrated to be responsi-
ble for the production of the sesterterpene backbone of 12. A
BLASTYp search using fpcA as query against the genome of
B. sorokiniana ND90Pr and BRIP10943 identified
COCSADRAFT_342920 in ND90OPr (and its homolog in
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Figure 5: Relationship of sesquiterpenoids isolated in this study. A) Different groups of sativene/longifolene-type sesquiterpenoid scaffolds; B) The
branched pathways to sativene- and longifolene-type sesquiterpenoids. C) Detailed proposed pathways to the sativene-derived sesquiterpenoids from

this study.

BRIP10943), which shares 96% identity to tpcA. In the vicinity
of the sesterterpene synthase gene, we also identified homologs
for the two P450 oxygenases (tfpcB and tpcC) encoded in the tpc
cluster as COCSADRAFT_342924 (92% identity) and

COCSADRAFT_146541 (98% identity), respectively, while the
tpcD homolog in B. sorokiniana corresponded to
COCSADRAFT_94398 (91% identity). This suggests that the

homologous gene cluster in B. sorokiniana is likely responsible
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for production of 12. We are currently investigating the genetic
basis for the biosynthesis of the sativene-type terpenoid com-

pounds identified from B. sorokiniana.

Conclusion

Following the first and only reported isolation of a sativene-
type sesquiterpenoid, sorokinianin (11), from B. sorokiniana in
1994 [2], we have expanded the number of reported analogues
to eleven. These include the new sesquiterpenoid natural prod-
ucts, bipolenins K-N (1-4), as well as the previously reported
sesquiterpenoids prehelminthosporol lactone (5),
helminthosporic acid (6), helminthosporol (7), bipolenin A (8),
secolongifolene diol (9), dihydroprehelminthosporol (10) and
sorokinianin (11), together with a sesterterpenoid, terpestacin
(12). We demonstrated that 6 and 10 have weak necrotic activi-
ty against wheat leaves, while 7 inhibited wheat seed germina-
tion at 100 ppm. These compounds served as markers for identi-
fying putative sesquiterpene synthase genes in the genome of
B. sorokiniana BRIP10943, allowing the molecular genetic
basis for their biosynthesis and their roles in mediating the viru-

lence of B. sorokiniana against wheat to be explored.

Experimental

General experimental procedures

Optical rotations were measured on an A. Kriiss Optronic
P8000 polarimeter. The IR spectra were collected on a Perkin
Elmer Spectrum One FTIR spectrometer. The HR-ESIMS spec-
tra were recorded on a Waters LCT Premier XE mass spectrom-
eter. The ESIMS spectra were recorded on an Agilent 1260 LC
system equipped with a DAD detector and coupled to an
Agilent 6130 Quadrupole MS with an ESI source. The NMR
spectra were recorded on Bruker Avance III HD 500 or AV600
spectrometers. The ECD spectra were recorded on a Jasco J-810
spectropolarimeter with MeOH as solvent. Flash cartridge
(Reveleris, HP-silica, 12 g, 20 um), Kinetex C18 (Phenomenex,
2.6 um, 2.1 x 100 mm), and semi-preparative C18 (Grace,
5 pum, 10 x 250 mm) were used. All solvents used for extrac-
tion were analytical grade, and solvents for HPLC were HPLC
grade.

Biological material

The fungal strain B. sorokiniana BRIP10943 was obtained from
Queensland Plant Pathology Herbarium (BRIP). It was isolated
from a wheat field at Hermitage, QLD, Australia. The fungus

was maintained on potato dextrose agar (PDA).

Extraction and isolation

B. sorokiniana was cultured on 16 plates of V8PDA at 25 °C
for 14 days, then inoculated in 4 L shake-flask culture (25 °C,
180 rpm for 22 days) in Fries medium supplemented with oat.

The Fries medium was filtered and extracted by partition with
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EtOAc/MeOH/acetic acid at 89.9:10:0.1 ratio. The cells were
extracted with MeOH and partition with EtOAc/MeOH/acetic
acid at 89.7:10:0.3 ratio. Both organic partitioned layers were
combined to obtain a light-yellow crude extract (205 mg),
which was fractionated on a Reveleris flash chromatography
(Grace) using gradient mode of H,O/MeOH equipped with the
flash cartridge, UV and evaporative light scattering detector.
The resulting fractions were further purified by RP-HPLC on
gradient mode of HyO/MeCN equipped with the C;g column,
and DAD detector to yield 1 (1.5 mg), 2 (0.4 mg), 3 (0.4 mg), 4
(0.4 mg), 5 (0.5 mg), 6 (1.0 mg), 7 (4.0 mg), 8 (1.8 mg), 9
(2.8 mg), 10 (3.0 mg), 11 (0.4 mg), and 12 (1.3 mg). The
Kinetex C18 on RP-HPLC (Phenomenex, 2.6 pum,
2.1 x 100 mm, 0.75 mL/min, DAD detection 200-800 nm,
gradient: 0—10 min 5-95% MeCN with 0.1% formic acid,
10-15 min 95% MeCN with 0.1% formic acid) eluted 1 (fg
5.10 min), 2 (tg 4.79 min), 3 (tg 5.28 min), 4 (tg 5.96 min), 5
(tg 7.64 min), 6 (tg 6.00 min), 7 (fgr 6.45 min), 8 (fg 4.85 min),
9 (g 5.69 min), 10 (g 6.37 min), 11 (tg 6.48 min) and 12 (rg
6.88 min).

Bipolenin K (1): Colourless oil; [a]p2® =59 (¢ 0.15, MeOH); IR
(KBr) Amax 3445, 2926 and 1729 cm™!; 'H and '3C NMR data,
see Table 1; HRESIMS m/z: [M + H]* calcd for C;5H,305%,
251.1642; found, 251.1646, and [M + H — H,O]" calcd for
Cy5H,,0,*, 233.1536; found, 233.1531.

Bipolenin L (2): Colourless oil; [a]lp2° —63 (¢ 0.04, MeOH); IR
(KBr) Amax 3419, 2920 and 1730 cm™!; 'H and '3C NMR data,
see Table 1; HRESIMS m/z: [M + H]* caled for C;5H,305%,
251.1642; found, 251.1649, and [M + H — H,0O]" calcd for
Cy5H,;05%, 233.1536; found, 233.1535.

Bipolenin M (3): Colourless oil; [a]p2° =57 (¢ 0.04, MeOH); IR
(KBr) Amax 3418, 2927 and 1720 cm™!; 'H and '3C NMR data,
see Table 1; HRESIMS m/z: [M + H]* caled for C;5H,305%,
251.1642; found, 251.1647, and [M + H — H,O]" calcd for
Cy5H,;05%, 233.1536; found, 233.1545.

Bipolenin N (4): Colourless oil; [a]pZ? +38 (¢ 0.04, MeOH); IR
(KBr) Amax 3334, 2927 and 1045 cm™!; 'H and '3C NMR data,
see Table 1; HRESIMS m/z: [M + H — 2H,0]* calcd for
C5H250,%, 237.1849; found, 237.1859.

Phytotoxicity assays

The phytotoxicity assays on wheat leaves and seeds were
carried out as previously reported [37]. Briefly, the leaves of
17-days-old wheat seedlings in 10 cm planting pots were grown
at 20 °C under a 16 h/8 h light/dark cycle regime. Compounds
were dissolved in 0.2% MeOH/H;0 and 30 pL of dissolved
solution was infiltrated on the adaxial face of leaves at concen-
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trations of 100, 200 and 500 ppm (serial dilution) using a 1 mL
syringe. The leaves were examined for the presence of necrosis
or chlorosis after 24 h and 48 h. The control consisted of 30 uL
of 0.2% MeOH/H,0O without dissolved compound. Two wheat
seeds (sterilised by 10% EtOH) were placed on top of the agar
(1.5% agar in 1 mL of tap water) containing 100 ppm of com-
pound. The control was agar containing 30 uL. of MeOH. The
seeds were monitored for the progress of germination on day 5
and day 7.

Calculation of ECD spectra

Structures were initially subjected to a LowModeMD confor-
mational search using the Molecular Operating Environment
2019.0101 package. The lowest energy geometry for each mol-
ecule was further optimised by DFT at the B3LYP-D3/def2-
TZVPP level of theory using Turbomole 7.1 [38] and ECD
spectra were calculated in Turbomole using TDDFT (B3LYP-
D3/def2-TZVPP).

Supporting Information

Supporting Information File 1

NMR, IR and MS spectra of compounds 1-4.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-198-S1.pdf]
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Sesquiterpene synthases in Trichoderma viride have been seldom studied, despite the efficiency of filamentous fungi for terpenoid

production. Using the farnesyl diphosphate-overexpressing Saccharomyces cerevisiae platform to produce diverse terpenoids, we

herein identified an unknown sesquiterpene synthase from T. viride by genome mining and determined the structure of its corre-

sponding products. One new 5/6 bicyclic sesquiterpene and its esterified derivative were characterised by GC-MS and 1D and 2D

NMR spectroscopy. To the best of our knowledge, this is the first well-identified sesquiterpene synthase from 7. viride to date.

Introduction

Terpenoids represent the most diverse group of natural
products, with a wide distribution in microorganisms, plants,
insects and various marine invertebrates [1,2]. More than
80,000 terpenoids have been identified and characterised [3-5].
These diverse and complex natural products are mostly derived
from carbocation cyclisation with linear C5 isoprene precursors,
which are catalysed by terpene synthases (TPSs) [6]. TPSs can
be classified into three types based on their amino acid se-
quence. Type I TPSs are metal-dependent enzymes that initiate
cyclisation by the elimination of diphosphate groups from pre-

cursors and carbocation formation, and type II TPSs initiate the

catalytic process by the protonation of an olefinic double bond
[7]. The recently reported type III TPSs, UbiA-related TPSs,
also catalyse cascade reactions by diphosphate elimination [8].
In addition, each type of TPS is characterised by a unique
aspartate-rich motif; most type I TPSs have a DDXXD/E motif
and an NSE/DTE motif, whereas type II TPSs have the DXDD
motif [9,10].

The C;5 sesquiterpenoids constitute a large class of terpenoids

with a wide range of industrial and commercial applications, in-

cluding uses in flavours and perfumes, as bioactive molecules
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in the pharmaceutical industry, and in health care products [11].
Sesquiterpenoids are biosynthesised from the universal linear
precursor farnesyl pyrophosphate (FPP) and assembled by FPP
synthases, using dimethylallyl diphosphate (DMAPP) and
isopentenyl diphosphate (IPP) as substrates. The subsequent
elimination of diphosphate from FPP is catalysed by sesquiter-
pene synthases, with further cyclisation steps to form struc-
turally diverse (poly)cyclic core skeletons [3,12]. A set of post-
modification enzymes can transform core sesquiterpene skele-
tons into different kinds of sesquiterpenoids with potential anti-
cancer, cytotoxic and antibiotic functions [13]. More than
121 skeleton structures derived from the sesquiterpene precur-
sor FPP via sesquiterpene synthase have been described. Nearly
75% of these structures have at least one six-membered ring;
69% of these contain five-membered rings, occupying a large
portion. Three- and seven-membered ring structures account for
just 21% and 24% of these structures, respectively. Four (10%)
and eight (7%) membered ring structures (e.g. asteriscanolide)
are seldom found [14]. With the lower costs of gene
sequencing, recent developments in genome mining by
sequencing and annotation have led to the discovery of a large
number of functionally unknown terpene synthases [15-17],
generating diverse complex structures and several bioactive
products (e.g., 6a,9a,15-trihydroxycadinan-4-en-3-one,
(+)-3,11,12-trihydroxycalamenene, and (—)-3,10,11,12-tetrahy-

droxycalamenene) [18].

Filamentous fungi are powerful producers of terpenoid prod-
ucts [19]. Many terpenoids produced by these fungi have
recently been characterised; these terpenoids exhibit diverse
complex structures and uncommon catalytic mechanisms [20].
However, a limited number of sesquiterpenes have been charac-
terised from a few fungal taxa (e.g., trefolane A and sterhir-
sutins) [21]. Trichoderma viride is a filamentous fungus that
has received considerable attention as an effective biocontrol
agent against two fungal pathogens, Fusarium oxysporum f. sp.
adzuki and Pythium arrhenomanes, infecting soybean. This
fungus is a competent mycoparasite and strong producer of sec-
ondary metabolites [22,23]. However, T. viride terpenoids have
rarely been studied and the low concentrations of products
under natural conditions have limited the pace of research in
this field. Metabolic engineering makes the overproduction of
different terpenoids from T. viride possible [21,24]. To increase
the discovery efficiency of terpenoid products, heterologous
expression of various sources of terpene synthases in
Escherichia coli and Saccharomyces cerevisiae is a feasible ap-
proach [25,26].

In this study, a combination of genome mining and metabolic
engineering was used for sesquiterpenoid discovery, utilizing

farnesyl diphosphate-overexpressing S. cerevisiae as a platform

Beilstein J. Org. Chem. 2019, 15, 2052—-2058.

(Figure 1). By the heterologous expression of predicted terpene
synthases from the genome of 7. viride, an unknown sesquiter-
pene synthase was identified and characterised. Furthermore, a
new compound produced by this enzyme and its esterified prod-
uct were detected and characterised by GC-MS and 1D and 2D
NMR, revealing a 5/6 bicyclic sesquiterpene and its C-11 esteri-
fied structure. Based on a literature search, to our knowledge,
this is the first report of the characterisation of a sesquiterpene
synthase in T. viride. In addition, this study demonstrates the
effectiveness of the combination of genome mining and hetero-
logous expression of predicted terpene synthases for detecting
unknown terpenoids from rarely studied fungi.

PGAL10 PGAL1 PGAL‘ID
1-ACT1 TCYC1 .rADH‘l
== time1 | == FPPs -I =

S. cerevisiae sesquiterpene overproduction platform

Tvi09626

OPP

Figure 1: Schematic diagram of the S. cerevisiae sesquiterpene over-
production platform and the products of Tvi09626.

Results and Discussion
Prediction and analysis of terpene synthase
genes in T. viride J1-030

Through genome sequencing of T. viride J1-030 and prediction
of the potential terpene synthases in J1-030 genome, gene
Tvi09626 was selected and the following bioinformatics analy-
sis of the function of this unidentified terpene synthase was per-
formed. A protein blast search against the NCBI database was
performed with Tvi09626, revealing sequence identities of
89.66% and 85.23% with the enzymes from the strain 7. virens
Gv29-8 [27] and T. reesei QM6a [28], respectively, with only
predicted functions. Thereafter, an amino acid sequence align-
ment with several known terpene synthases showed that
Tvi09626 had the typical highly conserved '2DDxxD/E aspar-
tate-rich motif, 2°NSE/DTE triad, 3°°RY dimer and 239R
monomer (Figure S1, Supporting Information File 1) [29-31].
Furthermore, in a phylogenetic analysis (Figure 2), Tvi09626
belonged to Clade V of Class I terpene synthases. In previous
studies, terpene synthases have been studied in the genus
Trichoderma, such as trichodiene synthase homologous gene
isolation and characterisation in 7. harzianum [32] and func-
tional identification of terpene synthase vir4 in 7. virens [33].

However, owing to the general lack of previous studies of
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Figure 2: Phylogenetic analysis of Tvi09626 with other characterised terpene synthases. Six clades are marked with different colours and Tvi09626 is
labelled in red in Clade V. Percentages indicate branch support based on 1,000 bootstrap replicates.

terpene synthases in T. viride, Tvi09626 is the first terpene

synthase well-identified with products characterised in 7. viride.

In vitro analysis of Tvi09626 function

To confirm the function of the candidate enzyme, the DNA se-
quence of Tvi09626 was amplified by touchdown PCR from the
T. viride genome. The gene fragment was cloned into a pET28a
(+) vector to construct the plasmid pXS222. Next, pXS222 was
transformed into BL21 to overexpress and purify Tvi09626
(Figure S2, Supporting Information File 1). The substrates GPP,
FPP and GGPP were incubated with the protein individually
and the products were detected and analysed by gas chromatog-
raphy/mass spectrometry (GC-MS) [30,34]. In vitro assays
clearly showed that Tvi09626 could use FPP as its only sub-
strate to produce compound 1 (Figure 3 and Figure S3, Support-
ing Information File 1).

Heterologous expression of Tvi09626 in

S. cerevisiae
To further verify the function of the putative terpene synthase, a

metabolic engineering strategy was used to reconstruct an FPP

(1)

T SR S et Tad I (1))
1

()

(V)

I o o o o o o e o B B |
1 12 13 14 15 16
Time (min)

Figure 3: GC-MS chromatogram of products in vivo (l), in yeast
YZL141 (11), in vitro Tvi09626 with FPP (lll), and boiled Tvi09626 with
FPP (IV).
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overproduction platform in S. cerevisiae in order to obtain suffi-
cient quantities of the products of Tvi09626 for chemical struc-
tural characterisation. S. cerevisiae YZL.141, engineered previ-
ously [21], was used owing to its ability to provide enough IPP,
DMAPP, and FPP for the production of terpenoids (Figure 1).
After 72 h of shaken-flask fermentation, the strain was
extracted with hexane/ethyl acetate (4:1), pre-separated by
silica gel column chromatography, and detected by GC-MS.
Similar to the in vitro assay results, compound 1 was the final
product (Figure 4). Interestingly, during the extraction process,
compound 2 was detected at a retention time of 14.53 min and
identified as esterified compound 1 (Figure 4 and Table S4,
Supporting Information File 1). Using the metabolic engi-
neering strategy, the product of Tvi09626 was efficiently
enriched via an abundant FPP supply.

Compound 2

222 264
S T T 1
220 240 260 280 300

HMBC —~ NOESY.-~

"H-'H cosY —

Figure 4: Characterisation of Tvi09626 products. (A) Mass spectra of
compound 1 at tg = 13.46 min with m/z 222 and compound 2 at

tr = 14.53 min with m/z 264. (B) COSY, HMBC and NOESY correla-
tions for compound 1.

Detection and characterisation of Tvi09626

products

By semi-preparative high-performance liquid chromatography
(HPLC), we purified compound 1 and compound 2 (23.1 mg
and 13.2 mg, respectively). The structures of the two new com-
pounds were characterised by 1D and 2D NMR spectroscopy
(Table 1, Table S4, and Figures S4-S15, Supporting Informa-
tion File 1).

Beilstein J. Org. Chem. 2019, 15, 2052—-2058.

Table 1: '"H NMR (400 MHz, CDCl3) and '3C NMR (100 MHz) data for
compound 1 in CDCls.

Position 8¢ OH

1 452 1.68 (dd, 8.2, 4.3 Hz, 1H)

2 40.6 1.38 (ddd, J = 12.8, 3.9, 1.6 Hz, 1H),
1.16 (t,J = 12.9 Hz,1H)

3 33 —

4 43.8 2.35(dd,J =13.8, 1.4 Hz, 1H), 1.60 (d,
J=13.8 Hz, 1H)

5 137.4 —

6 47.6 1.96 (dd, J = 12.3, 6.1 Hz, 1H)

7 30.9 2.10 (m, 1H), 1.60 (m, 1H)

8 33.3 2.07 (m, 1H), 1.07 (m, 1H)

9 31.6 1.99 (m, 1H)

10 126.5 —

11 65.2 4.18 (d,J =11.6 Hz, 1H),3.97 (d,
J=9.8 Hz, 1H)

12 17.85 1.87 (t,J = 1.2 Hz, 3H)

13 32 0.96 (s, 3H)

14 26.1 0.83 (s, 3H)

15 17.78 0.80 (d, J = 7.0 Hz, 3H)

16 — 3.47 (s, 1H)

Compound 1 was a new compound with a known skeleton [35],
isolated as a white powder. 'H and !3C NMR data showed four
methyl groups at 8y 1.87 (t, J = 1.2 Hz, 3H,), 8y 0.96 (s, 3H),
dy 0.83 (s, 3H), and 6y 0.80 (d, J = 7.0 Hz, 3H). Five methyl-
enes were detected, including an oxygenated one at dy 4.18 (d,
J =11.6 Hz, 1H), 3.97 (d, J = 9.8 Hz, 1H), as well as three
methines and three quaternary carbons including a double bond
at ¢ 137.4 (C-5), 126.5 (C-10). The 2D NMR data indicated
that compound 1 is a 5/6 bicyclic sesquiterpene with the molec-
ular formula CysH»¢O (Figure 1). Interestingly, compound 1
contained a quaternary carbon with two methyl groups, which is
uncommon for the cyclization mechanism of sesquiterpenoids

and needs further investigation.

Compound 2 was purified as a white powder. 'H and !3C NMR
data showed chemical shifts of five methyl groups at dy 1.83 (t,
J = 1.2 Hz, 3H), 6y 0.96 (s, 3H), dy 0.82 (s, 3H), dy 0.80 (d,
J =7.0 Hz, 3H), and 8y 2.06 (s, 3H). Five methylenes were
identified, including an esterified group at C-11 with a reso-
nance of dy 4.64 (d,J = 11.6 Hz 1H), 4.46 (d, J = 11.6 Hz, 1H),
three methines, and three quaternary carbons including a double
bond at ¢ 140.37 (C-5), 122.04 (C-10). Compared with 2D
NMR information of compound 1, compound 2 was a C-11
esterified 1 with the molecular formula C;7H,30, (Table S4,
Supporting Information File 1), which may represent the esteri-
fication reaction during the extraction process.

The 5/6 bicyclic sesquiterpene identified and characterised in

this study was a brasilane-type sesquiterpenoid; this sesquiter-
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penoid type is typically isolated from cultures of the basid-
iomycete Coltricia sideroides in combination with its two new
alkane derivatives colisiderin A and (7E,9F)-undeca-7,9-diene-
2,4,5-triol [35] and from the organic extract of the red alga
Laurencia obtusa [36]. However, to the best of our knowledge,
ours is the first report of these brasilane-type sesquiterpenes ob-
tained via biosynthetic genes.

Metal ion dependency of Tvi09626 and its

kinetics

As reported previously, most terpene synthases are active in the
presence of MgZ* ions [8,37]. To test the Mg2* dependency of
Tvi09626, an in vitro assay was performed. The GC-MS analy-
sis showed that in the presence of Mg2*, compound 1 can be
obtained, whereas without Mg2+ or added EDTA (2.5 mM),
compound 1 cannot be detected (Figure 5). This assay demon-
strated that Tvi09626 was a Mg?*-dependent sesquiterpene
synthase. In a kinetics analysis, the turnover rate (k¢,¢) of
the enzyme with FPP was (15 + 0.3) X 1072, which is similar to
those of omp6 and omp7. Its substrate affinity (K,,) was
(0.44 £ 0.11) x 1075, one-tenth that of omp6 and nearly a
quarter that of omp7. The catalytic efficiency (k¢a¢/Ky) of
Tvi09626 was (35.32 = 0.57) x 103, higher than that of omp6
and lower than that of omp7 [21,38].

Tvi09626+FPP+Mg*

Tvi09626+FPP+EDTA

Control+FPP+Mg*

A AN AN A A NAIAPA AP A P SN ARt frn N
[TT T T[T T T T[T T T T [ T T T T [ T T T T[T TTT]

10 11 12 13 14 15 16
Time (min)

(1)

Figure 5: GC—MS chromatogram for the metal ion dependency assay.

Conclusion

In conclusion, we identified a novel sesquiterpene synthase,
Tvi09626, from T. viride using a strong sesquiterpene overpro-
duction platform with S. cerevisiae YZL141; it is the first
biochemically identified and characterised sesquiterpene
synthase from this filamentous fungus. In an analysis of its rela-

tive structure, the product of this enzyme was characterised as a

Beilstein J. Org. Chem. 2019, 15, 2052—-2058.

5/6 bicyclic sesquiterpene compound 1 oxygenated at C-11.
Interestingly, esterified compound 1 was isolated during the
product extraction process, suggesting an esterification reaction.
It contained a quaternary carbon with two methyl groups, which
is uncommon of the cyclization mechanism of sesquiterpenoids
and needs to be studied in the future. To the best of our know-
ledge, this study reports the first use of a biosynthetic gene to

obtain a brasilane-type sesquiterpene.

Supporting Information

Supporting Information File 1

Experimental part and supplementary figures and tables.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-202-S1.pdf]
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8-Methoxy-y-humulene, (E)-8-methoxy-B-farnesene, 12-methoxy-p-sesquiphellandrene and 12-methoxyzingiberene can be synthe-

sised in amorphadiene synthase-catalysed reactions from 8- and 12-methoxyfarnesyl diphosphates due to the highly plastic yet

tightly controlled carbocationic chemistry of this sesquiterpene cyclase.

Introduction

Amorphadiene synthase (ADS) from Artemisia annua is a key
enzyme involved in the biosynthesis of the antimalarial
sesquiterpene drug artemisinin (1) [1-4]. ADS catalyses the
MgZ*-dependent conversion of farnesyl diphosphate (FDP, 2) to
amorpha-4,11-diene (3) with high regio- and stereochemical
control (Scheme 1) [5-7]. The carbocationic reaction mecha-
nism of ADS involves an isomerisation to nerolidyl diphos-
phate (NDP, 4) followed by breakage of the carbon—oxygen
bond to generate the allylic cation 5. This allows rotation
around the C2-C3 bond and 1,6-ring closure to form the
bisabolyl cation (6). A [1,3]-hydride shift to form carbocation 7
and 1,10-ring closure yield the amorphyl cation (8). Finally, de-
protonation generates amorpha-4,11-diene (3) [8,9].

Several sesquiterpene synthases including ADS accept FDP an-

alogues containing a variety of heteroatoms and functional

groups to generate unnatural sesquiterpenoids that are not easily
accessible by conventional organic synthesis [10-19]. Creating
novel sesquiterpenoids, not normally found in nature, is of great
interest due to the important applications of terpenoids in
healthcare and agriculture as well as the potential to tailor their
properties to specific needs. For example, fluorinated deriva-
tives of (E)-B-farnesene, a potent alarm pheromone for aphids
[20-23], are more effective as pheromones than the parent com-
pound, and finding high potency derivatives of (E)-f-farnesene
may be of significant benefit in agriculture [24]. While (S)-
germacrene D is a highly volatile but unstable olfactory signal
that repels invertebrate arthropod pests (insects, ticks, mites)
that affect humans and livestock as well as arable crops, (S)-
14,15-dimethylgermacrene D acts as an attractant of aphids
[10]. B-Sesquiphellandrene and a-curcumene are both found in

turmeric (Curcuma longa) and have been shown to have anti-

2184


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:AllemannRK@cardiff.ac.uk
https://doi.org/10.3762%2Fbjoc.15.215

Beilstein J. Org. Chem. 2019, 15, 2184-2190.

A A jonisation 1,6-ring
S isomerisation & rotation closure
2 2+
| 10 & Mg?* | | &OPP Mg .
1 - PPi™
13 122 OoPP 4 6
[1,3]-hydride
shift
H H 1,10- ring H
" 3 —H* closure
iH iH |J
PR AL H
3 8 7

Scheme 1: Mechanism of the ADS-catalysed conversion of FDP (2) to amorpha-4,11-diene (3), a biosynthetic precursor of artemisinin (1).

cancer activity [25,26]. The oxygenated a-curcumene and
B-sesquiphellandrene derivatives o- and f-turmerone are re-
ported to possess anticonvulsant properties and are used to treat
epilepsy [27,28]. This array of important compounds shows the
potential of generating novel sesquiterpenoids with desirable

bio-properties.

ADS is a high fidelity sesquiterpene synthase that produces
almost exclusively a single product. Its active site plasticity
nevertheless allows the conversion of 12-hydroxy-FDP (9) to
dihydroartemisinic aldehyde (10), a biosynthetic intermediate

and valuable precursor in the synthesis of artemisinin [29].

Results and Discussion
Here we report that ADS accepts the bulkier FDP analogues
8-methoxy-FDP (11) and 12-methoxy FDP (12) as substrates,

thereby opening up direct and efficient synthetic routes to

oxidised sesquiterpenoids. This represents in essence a reversal
of the biosynthetic pathways to oxidised sesquiterpenoids since
cyclisation occurs after FDP ‘oxidation’. 8-Methoxy-FDP (11)
and 12-methoxy-FDP (12) were both prepared in the same
manner, beginning with a tetrahydropyranyl (THP) protection
of (E,E)-farnesol to form 13 [29,30]. This was followed by a
selenium dioxide oxidation that produced 12-hydroxyfarnesol
(14) as the major product (48%, already published in [29]) in
addition to 8-hydroxyfarnesol (15, 11%) [31]. Both of these
alcohols were methylated with methyl iodide to yield 16 and 17
[32]. To produce the final FDP analogues, THP was removed to
generate alcohols 18 and 19, and subsequently diphosphory-
lated via halogenated intermediates (Scheme 2 and Supporting
Information File 1) [33-35].

GC-MS analysis (Figure 1) of the organic soluble products
formed from 8-methoxy FDP (11) through ADS catalysis

. RT A 1
SRR S s s
N _t-BuGOH NaH, CHsl
| o% ) [ | L C
OH OTHP OTHP OTHP
2
(E,E)-farnesol 13 R R?
14, R": H, R% OH, 48% 16, R": H, R% OCHj3, 76%
15, R OH, R% H, 11% 17, R': OCH3, R2 H, 38%
110%, HCl
. CH30 ~ (i) LiCl, s-collidine, MsClI R! Ja
(ii) (BugN)3sHP,04
| N | = 52% | ~
OPP OPP OH
OCH3 142 1 (i) PBr3 R2
(il) (BuaN)sHP207 18, R': H, R OCHj, 80%
32% 19, R': OCHj, R H, 87%

Scheme 2: Synthesis of 8-methoxy-FDP (11) and 12-methoxy-FDP (12) (for full synthesis details see Supporting Information File 1).
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Figure 1: Total-ion chromatogram of the pentane extractable products formed in an incubation of ADS with 8-methoxy-FDP (11). Inset: EI* Mass

spectra of the eluted compounds 20 and 21.

revealed the formation of a major sesquiterpenoid of molecular
mass 234 (85%). No organic soluble products were detected
when ADS was omitted from the incubation mixture. This prod-
uct was identified as 8-methoxy-y-humulene (20) by NMR
spectroscopy and comparison of its 'H NMR spectrum
(Figure 2) with that of 8-oxo-y-humulene, a natural sesquiter-
penoid isolated from the plant Cineraria fruticulorum [36]. The
signals for H5 (8y = 5.44 ppm, d, Jyu = 16.0 Hz), H6
(®y = 6.06, d, Jy g = 16.0 Hz), H15 (6 = 5.00, bs) and H15’
(0 = 5.02, bs) of 8-oxo-y-humulene [36] are in agreement with

their corresponding equivalents in 20 (H2 (dy = 5.48, d,
Juu = 16.0 Hz), H1 (0 = 5.88, d, Jy g = 16.0 Hz), H15
(0 = 4.81, d, Jgg = 2.5 Hz) and H15" (dg = 4.89, d,
Juu = 2.5 Hz)). The resonances for the methyl groups at C12
and C13 are also analogous, appearing as singlets at 1.03 ppm
in 8-oxo-y-humulene and 0.96 and 0.97 ppm in 20. The identity
of the minor product (15%) was confirmed as (E)-8-methoxy-f3-
farnesene (21) by GC co-elution and comparison of its mass
spectrum with an authentic sample prepared by exposing (E)-f-
farnesene synthase to diphosphate 11 (Supporting Information

1 2 15.
l ‘ ‘ 8 | |16
e ﬂ\ ‘ I 14
Lo
N,W' L\LJ \,T__/ A \_,_,e o)
L1 Wbl
7.0 5‘,5 5.‘0 5;5 510 4.5 4.‘0 6 3‘.5 3.‘0 215 2.0 15 1.‘0 0:5
H

Figure 2: '"H NMR spectrum (500 MHz, CDCl3) of the 8-methoxy-y-humulene (20) generated by ADS from 8-methoxy-FDP (11).
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File 1). Further support for the structure of the minor product
came from the excellent agreement of the diagnostic 'H NMR
signals of 21 (H1 (6y = 5.25, d, Jy g = 17.5 Hz), HI’
(®g =5.06, d, Jyyu = 11.0 Hz), H2 (0 = 6.38, dd, Jyg = 17.5
and 11.0 Hz), H15 (dy = 5.02, s), H15* (dyg = 5.00, s)) with
those reported for the parent sesquiterpene (E)-f-farnesene
(Supporting Information File 1) [37]. The proton on C6
(0yg = 5.34, br, t) resonates further downfield for 21 compared
to the corresponding proton of (E)-B-farnesene (dy = 5.17, t,
Ju,u = 7.0 Hz) due to the presence of the methoxy group two
carbon atoms away.

The ADS-catalysed 1,11-cyclisation of diphosphate 11 sug-
gests that the 8-methoxy group prevents the formation of a con-
formation conducive to isomerisation to NDP (4, Scheme 1)
and hence 1,6-cyclisation to generate a bisabolyl cation and the
amorphane skeleton. Rather the active site conformations of 11
and cation 22 appear to enable a 1,11-cyclisation to 23.

A subsequent [1,3]-hydride shift to cation 24 and deprotonation
from C15 lead to 8-methoxy-y-humulene (20, Scheme 3A). Al-
ternatively, the nucleophilic 8-methoxy group could react at
C10 to induce a fast 1,11-cyclisation, forming cation 25, which
effectively competes with the isomerization of 11 to 8-me-
thoxy-NDP. A subsequent [1,3]-hydride shift leads to 24
(Scheme 3A). Direct deprotonation of 22 at C15 forms the
minor reaction product (E)-8-methoxy-f-farnesene (21)
(Scheme 3B). Due to the racemic nature of the starting diphos-
phate 11b it is, however, also possible that each enzymatic
product arises independently from the individual enantiomers.

—

Beilstein J. Org. Chem. 2019, 15, 2184-2190.

GC-MS analysis of the organic soluble products generated
from an incubation of ADS with 12-methoxy-FDP (12)
revealed the formation of a 1:2.4 mixture of two sesquiter-
penoids of mass m/z 234 (Figure 3). Again, no organic soluble
products were detected when ADS was omitted from the incu-
bation mixture. The 'H NMR spectrum of this product mixture
(Figure 4) and comparison with the 'H NMR spectra of the
bisabolyl-derived sesquiterpenes B-sesquiphellandrene [38-40]
and zingiberene [40], a hydrocarbon with antifertility, antiviral
and anticancer activity [41], suggested that the major com-
pound was 12-methoxy-f-sesquiphellandrene (26), while the
minor product was identified as 12-methoxyzingiberene (27).
The two doublets observed at 0.85 and 0.87 ppm correspond to
the C14H; groups for both compounds. The !3C-DEPT-135
spectrum (see Supporting Information File 1) showed an
inverted peak at ~109 ppm, implying the presence of an olefinic
CH, that couples to the two overlapped doublets at 4.74 ppm.
The integration of these doublets as 2 protons suggested that the
exocyclic alkene was present in only one of the products. In the
literature, this exocyclic alkene in B-sesquiphellandrene is ob-
served at 4.72 ppm as a multiplet [39]. A triplet at 5.39 ppm
that integrates for 2 protons can be assigned to H10 in both 26
and 27, which resonates further downfield than in B-sesquiphel-
landrene and zingiberene due to the methoxy group positioned
two carbons away. The olefinic protons H1 (dyg = 5.67, d,
Juu =10.0 Hz) and H2 (8 = 6.14, d, Jy i = 10.0 Hz) of 26 are
in agreement with the equivalent protons H1 (dy = 5.66, dd,
Juu = 10.0 and 2.5 Hz) and H2 8y = 6.13, d, Jy g = 10.0 Hz)
in B-sesquiphellandrene. Similarly, the signals for the olefinic
protons H1 (8y = 5.63), H2 (8y = 5.77) and H4 (dy = 5.45) in

1,11-ring H
/'+\¢I\ closure )@w
< —7 closure —
N OCHj3 k(I) fl
22 25 CHs
B)  opp e
4

“ UL, —opp- .

11 OCH, 22 OCH,

Scheme 3: Potential mechanisms for the ADS-catalysed conversion of 8-methoxy-FDP (11) to 8-methoxy-y-humulene (20) and (E)-8-methoxy-B-

farnesene (21).
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Figure 3: Total-ion chromatogram of the pentane extractable products formed in an incubation of ADS with 12-methoxy-FDP (12). Inset: Mass spec-

tra of 26 and 27.
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Figure 4: 'H NMR spectrum (400 MHz, CDCl3) of 12-methoxy-B-sesquiphellandrene (26) and 12-methoxyzingiberene (27) produced by ADS from

12-methoxy-FDP (12).

27 correspond to the equivalent protons (dy = 5.61), H2
(®dyg = 5.57) and H4 (8 = 5.42) in zingiberene [40].

Mechanistically, isomerisation of 12 to the methoxy-NDP ana-
logue 28 allows for an ADS-catalysed 1,6-cyclisation to the
12-methoxy-bisabolyl cation (29) followed by a [1,3]-hydride
shift, which relocates the positive charge on C1 in 30. With

FDP and 12-hydroxy-FDP, a subsequent 1,10-ring closure has
been proposed previously [29]. However, the presence of
monocyclic products indicates that this second ring closure does
not occur with 12-methoxy-FDP (12).

It is suggested that the 12-methoxy group enforces an orienta-
tion of the distal 10,11-double bond that is not conducive to the
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Scheme 4: Possible mechanisms for the ADS-catalysed conversion of 12-methoxy-FDP (12) to 12-methoxy-B-sesquiphellandrene (26) and

12-methoxyzingiberene (27).

second ring closure. Subsequent deprotonation from C15 and
C4 from intermediate 30 affords 12-methoxy-p-sesquiphellan-
drene (26) and 12-methoxyzingiberene (27), respectively
(Scheme 4).

Conclusion

In conclusion, the class I sesquiterpene cyclase amorphadiene
synthase facilitates the efficient conversion of readily acces-
sible synthetic methoxy-FDPs to sesquiterpenoids that may
have applications in healthcare and agriculture. These results
inform us of both the utility and limitations that non-natural
functional groups have upon terpene cyclase-catalysed reaction
cascades supporting the design of future biocatalytic syntheses.
In particular, the presence of an ethereal oxygen atom contain-
ing m-acid functionality alongside its inductive withdrawal
effect has a profound effect on the carbocationic reactivity of
the intermediates. Of course a fully comprehensive interpreta-
tion of these results, regarding potentially interesting aspects
such as anchimeric assistance is hampered by unknowns such as
the conformation of binding to the enzyme and what effect the
extra bulk of the substituents has upon the results observed, but
nevertheless such empirical results will accumulate to inform
future investigations. This reversal of the biosynthetic reaction
order is expandable to other terpene synthases to generate
libraries of unnatural sesquiterpenoids with a wide range of
potential uses and applications across many areas of human ac-
tivity.
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Fungi are an important source of bioactive metabolites. The Fungal one-step IsolatioN Device (FIND) technology allows the isola-

tion of rare fungi from terrestrial and marine samples. The FIND comprises a multi-chambered micro agar plate, where initially

only one fungal part (e.g., hyphal cell, mycelial fragment or spore) is located in each chamber. After inoculation the device is

placed back into the original natural environment of sample collection, to ensure favourable growth conditions. Experiments were

carried out with terrestrial soil and marine sediment, as well as sea water samples to validate this method. This yielded axenic

cultures of 12 different filamentous fungi, one of them being the marine-adapted fungal strain Heydenia cf. alpina. The latter pro-

duced two new terpenoids, which are the first secondary metabolites from this genus.

Introduction

Natural products play a prominent role as lead structures in
drug discovery [1]. Apart from bacteria, fungi are an impres-
sive group of microorganisms in this respect, due to the high
structural diversity of their rich secondary metabolism. Fungi
are known as producers of many therapeutically important
drugs, such as antibiotics (e.g., cephalosporins), immunosup-
pressants (e.g., mycophenolic acid) and immunomodulators
(e.g., fingolimod), as well as cholesterol lowering agents
(statins). Generally, fungal metabolites were shown to have

antiviral, cytotoxic, antineoplastic, cardiovascular, anti-inflam-

matory, immune-stimulating, and anticancer activities [2]. Since
the World Health Organization (WHO) declared antibiotic
resistance a global threat and urged the search for new antibiot-

ics, the interest in fungal metabolites increased recently.

In order to find new structural types, novel source organisms
have to be targeted. It is however, most difficult to isolate
unusual, to date not yet researched microbes in axenic form and
to cultivate them. Overall it was estimated that only 1% of all

microbes present in our environments are cultivated today
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(“great plate count anomaly”) [3]. Recently the new bacterial
species Eleftheria terrae, alongside other new microbial
species, was isolated from an environmental sample with a
device known as iChip. This technology is based on the incuba-
tion of a single bacterial cell in its natural environment. After
this incubation, strains can be transferred as axenic cultures to
the laboratory [4]. E. terrae produced a novel antibiotic called
teixobactin with no detectable resistance, as it interacts with key
functions of cell wall synthesis that do not undergo fast evolu-

tionary changes [5].

Inspired by this approach we developed the Fungal one-step
IsolatioN Device (FIND), in order to obtain axenic cultures of
rare and less examined filamentous fungi, as several tries before
with the iChip were not successful. Apart from terrestrial soil
probes we focused on the marine habitat, probing sediment
and sea water samples for the presence of fungi. With
150 000 species named and classified, it was suggested that
95% of fungi to date remain unknown [6]. The so-called dark
matter fungi (DMF) are a promising source for novel com-
pounds [7-10] and their isolation and culture is one of the keys

to find new pharmacological agents.

Results
Isolation of axenic fungal strains using FIND

For the isolation of fungal strains from terrestrial and marine
environments a device was constructed, i.e., FIND that is simi-
lar to the one described by Epstein et al. for “unculturable”
bacteria [4]. For the FIND we adjusted the isolation procedure
and technical features, e.g., the dimensions of the through holes
utilized as growing chambers, to fungi. The FIND protocol now
suits fungal physiology and the prevalence of fungi in different
habitats.

feeding pore

central plate

diffusion chamber @ 2 mm

Scheme 1: Design and functional parts of the FIND technology.

Beilstein J. Org. Chem. 2019, 15, 2191-2203.

In general, the FIND technology is a multichambered micro
agar plate. After inoculation, the device is placed back into the
original natural environment of sample collection, to ensure
favourable growth conditions for specific fungi. Inoculation is
performed in only one step and thus suitable for high through-
put approaches. Scheme 1 illustrates the FIND, consisting of
merely three plastic parts crafted from polyoxymethylene,
which are solid and durable enough for use in most natural
environments. The central plate is a thin plastic board with
96 through holes that function as compartments, capable of
holding inoculated agar plugs. Semipermeable membranes are
attached to both sides of this plate, this way covering the
through holes and preventing contamination by other microbes.
These membranes, at the same time, permit diffusion of nutri-
ents and growth factors from the environment through the
feeding pores of the upper and lower plates. This way slow
growing fungi or to date uncultured fungi can be isolated.

To test the FIND technology, we used samples from terrestrial
and marine environments, i.e., soil from Wuppertal, Germany
(experiment 1), marine sediments from the Aegean Sea, Greece
(experiment 2), brackish soil samples from the Schlei region
around Kappeln, Germany (experiment 3), and sea water sam-
ples from Katwijk aan Zee, Netherlands (experiment 4).

Adjustment of the sample concentration (i.e., number of fungal
parts per volume), which is crucial for the success of a FIND
experiment, has to take the abundance of fungal parts, i.e.,
hyphae, mycelial fragments or spores in the collected environ-
mental samples into account. Ideally, for incubation one fungal
part per through hole should be present. Thus, for the here
presented FIND with 96 through holes each with a volume of
3 x 1073 mL, a concentration of 320 000 fungal parts/L must be

screw holes

membranes
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reached in the agar solution, with which the central plate is
loaded. The number of fungi in a given volume of a sample is
experimentally hard to determine. We thus counted bacterial
cells, and applied the ratio of bacteria-to-fungi, which is de-
scribed in the literature for most environments, to estimate suit-
able dilution or concentration steps in our experiments.
Scheme 2 illustrates each individual step of a FIND experiment.

For experiment 1 (terrestrial soil sample) a small volume of soil
was treated with a sterile-filtered isotonic NaCl solution [11-
13]. After centrifugation cell counting was performed on the
supernatant using a Neubauer Improved or Thoma chamber
[14] to determine the abundance of bacterial cells. For our soil
sample 2 = 0.25 x 1013 bacteria/L were determined. For experi-
ment 2 (marine sediment) and 3 (brackish water sediment),

samples were treated alike, but instead of a NaCl solution, sea

Beilstein J. Org. Chem. 2019, 15, 2191-2203.

water from the respective sampling site was used. For experi-
ment 4 (sea water), sea water was analysed directly. The extant
abundances of bacterial cells/L in experiments 2, 3 and 4 were
found to be 7+ 0.7 x 10%, 13 £ 5 x 10° and 8 + 0.8 x 10° bacte-
rial cells/L, respectively.

The samples were then diluted, concentrated or used
undiluted according to the bacteria-to-fungi ratio, in order to
ultimately reach an approximate target concentration of
320 000 fungal parts/L. Literature documented a bacteria-to-
fungi ratio as 103 to 1 for terrestrial soil [15]. Thus, the sample
from Wuppertal (experiment 1) was diluted sequentially to a
concentration of 2 x 1010 bacterial cells/L, which should be
equivalent to 2 x 107 fungal parts/L, and 16 mL of this solution
were necessary to be added to one litre of agar solution to
obtain the required target concentration.

—p———

TS

I

ST °

Scheme 2: Isolation of fungal strains with the FIND technology. 1. Collection of terrestrial or marine sample. 2. Sample preparations. 3. Determina-
tion of the number of microbial cells. 4/5. Dilution or concentration of sample and merging with molten agar. 6. Adjustment of the concentration of
fungal parts in such a way that in average one fungal part is finally placed in one growing chamber. 7. Attachment of semipermeable membranes to
the central plate and sealing with upper and lower plates. 8. Placement of the loaded and assembled device into the original environment for incuba-

tion.
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For marine sediment samples (experiments 2 and 3), in general,
the bacteria-to-fungi ratio was hardly known. Thus, we applied
the ratio described for terrestrial soil samples, i.e., 103 to 1.
With abundances of 7 x 10 and 13 x 10° bacterial cells/L con-
centrations of 7 x 106 and 13 x 10° fungal parts/L, respectively,
were assumed. The samples were thus used undiluted and 42
and 24 mL, respectively, were added to one litre of agar solu-
tion to obtain the required target concentration. Using this ratio,
in our experiments, however, we had hardly any success (apart
from one fungal isolate, i.e., Cladosporium allicinum and
Heydenia cf. alpina from samples 2 and 3, respectively). Obvi-
ously in these experiments the concentration of fungal parts was
too low, and thus we addressed this question in experiment 4

more carefully.

Abundances of around 1000 fungi/L sea water were docu-
mented for samples from the North Sea [16,17]. Considering
this information, we performed experiment 4 on the assump-
tion of an abundance of 1000 fungi/L, which required fungal
cells of 8 L of sea water in a volume of 25 mL agar solution in
step 5 of the FIND procedure. Since our bacterial count on this
unprocessed sea water sample had revealed an abundance of
8 x 10 cells per L, we ourselves calculated a bacteria-to-fungi
ratio of around 107 to 1 for subsurface samples from littoral
areas of the North Sea. This is in accordance to literature
reports for surface slick and subsurface samples from littoral
areas of Florida, where ratios of 10° to 1 and higher were deter-
mined [18].

Vacuum filtration of the marine water sample (10 L) from
Katwijk aan Zee/North Sea through paper disks with a pore size
of approx. 2 um, i.e., wide enough to let pass bacteria, but small
enough to concentrate fungal spores and mycelia in the filter
cake, was performed. Around 5 mL of filter cake was resus-
pended in another 5 mL of sterile sea water and mixed with
15 mL agar solution.

In summary, the diluted sample from experiment 1, the
undiluted solutions from experiments 2 and 3, and the
concentrated, resuspended sea water solution from experiment 4
were each mixed with a warm agar preparation, containing
a minimal nutrient medium and antibiotics (experiment 1:
amino acids/peptone, antibiotics; experiments 2—4: ditto, but in
sea water) to yield the desired concentration of roughly
320 000 fungal parts/L. Then, the central plate of FIND
(Scheme 1) was lowered into these preparations to fill each
chamber with an agar solution, containing in average one fungal
part. As the agar solidified, the fungal spore or mycelium was
trapped in the chamber and separated from other ones, e.g.,
competing organisms. Semipermeable membranes were at-

tached to both sides of the central plate and the device was
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sealed with the upper and lower parts and fixed with screws. To
guarantee that the device was sealed properly, commercial
aquarium safe silicone without antifungal additive was applied
to the edges. All materials and tools were sterilized by auto-
claving or surface disinfection and the procedure was per-
formed under the laminar airflow cabinet.

The sample-loaded and sealed device was then inserted into an
appropriate container with 40 L of the original soil for experi-
ment 1, sea water and sediment from the collection sites for ex-
periments 2 and 3, whereas for experiment 4 (sea water) 20 L of
sea water from the sample site were used to mimic environ-
mental conditions of the corresponding sample sites.

At this stage the trapped organisms are separated from each
other, but connected to their original environment via semiper-
meable membranes. This way the fungal seeds are provided
with growth factors exclusively found in their natural habitat.
The device was incubated for four weeks. Deionized water was
applied to the soil of experiment 1 every 2 days. An aquarium
water pump provided water current simulation and evaporated
tank water was replaced by autoclaved deionized water in ex-
periments 2—4.

After incubation the device was removed from the tanks, rinsed
with autoclaved deionized water to remove sediment and soil
and opened under a laminar air flow cabinet. Each agar plug
was transferred to a corresponding agar plate for cultivation.
The agar plates contained the same minimal nutrient medium as
the agar solution into which the central plate was dipped earlier.
Alternatively, a stamp can be used to punch all agar plugs si-
multaneously into the wells of a 96 well plate. Fermentation on
agar plates was performed in an incubator at 25 °C for another
four weeks. Morphology of the axenic colonies was then
analysed microscopically, and their taxonomy was additionally
identified by DNA sequencing.

In total, experiments 1-4 led to 76 fungal isolates (41 fungi in
experiment 1, 1 fungus in experiment 2, 1 fungus in experiment
3 and 33 fungi in experiment 4). All fungal cultures were ob-
tained in single isolation steps directly via the FIND procedure
and found to be axenic. From experiment 1, 39 isolates were
microscopically identified as belonging to genera common in
soil, e.g., Fusarium, Penicillium or Trichoderma and thus were
not further processed. The addition of antibiotics prevented bac-
terial contamination in all marine samples. However, a few anti-
biotic resistant strains were isolated from soil but also not
further processed. One isolate from experiment 4 was found to
belong to the genus Cladosporium, and therefore was also not
considered further. The remaining 36 isolates were identified at

least to the genus level (Table 1). The pooled results from com-
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Table 1: Fungal taxa obtained by four FIND experiments and identified by sequence comparison with the best BLASTn match within the NCBI

GenBank database.

Species/genus [GenBank accession number]

Clonostachys rosea (Link:Fries) Schroers et al.! [KT323182]
llyonectria europaea A. Cabral, Rego & Crous' [JF735294]

Cladosporium allicinum (Fries) Bensch, U. Braun & Crous? [MH118272;

MH567104]
Heydenia cf. alpina® [KF574887]
Alternaria armoraciae E.G. Simmons & G.F. Hill* [KC584638]

Auxarthron cfr. umbrinum (Boudin) G.F. Orr & Plunkett* [MH857026]

Cadophora sp.* [FJ820724; KF636777]

Chaetomium globosum aggr.* [MH644079; MG890100]
Chrysosporium sp.* [MF939600]

Leucothecium sp.* [LT608439]

Metarhizium carneum (Duché & R. Heim) Kepler, S.A. Rehner & Humber*

[MH864783]
Scopulariopsis brevicaulis Bainier* [LM652465]

ID% Number of ~ Taxonomic class
bp analysed

992 506 Sordariomycetes
100b 531 Sordariomycetes
100°; 1009 511; 241 Dothideomycetes
1002 549 incertae sedis
1009 236 Dothideomycetes
99P 509 Eurotiomycetes
99b; 998  552;999 Leotiomycetes
100%; 1009 380; 585 Sordariomycetes
ggh 538 Eurotiomycetes
100! 200 Sordariomycetes
100P 624 Sordariomycetes
100b 609 Sordariomycetes

1Eskesberg, Wuppertal (DE), soil sample, 2Aegean Sea (GR), marine sediment, 3Kappeln (DE), brackish water sediment, Katwijk aan Zee (NL), sea

water

a18S rRNA gene, ITS1, 5.8S rRNA gene, ITS2, 18S rRNA gene, ITS1, 5.8S rRNA gene, ITS2, 28S rRNA gene, °ITS1, 5.8S rRNA gene, ITS2,
dtef1 o, €28S rRNA, fB-tubuIin, 9RPBII, hITS1, 5.8S rRNA gene, ITS2 and 28S rRNA gene, 'ITS2

parison (BLAST) of DNA sequences (ITS1, ITS2, 18S,
5.8S, 28S, RPBII, tefla and B-tubulin) with reference se-
quences deposited in public databases (GenBank) and micro-
scopical analysis of morphological characteristics, identified
12 ascomycetes from 12 different genera. Except for Scopulari-
opsis brevicaulis (25 isolates), all strains were encountered only
once, due to the ideally adjusted microbial concentration and
homogenisation of the sample material. Nine of those 12 differ-
ent isolates could be identified to species level, whereas for the
remaining three (Cadophora sp., Chrysosporium sp., Leucothe-
cium sp.) no species could be assigned. In the case of fungi of
the genus Cadophora, genetic information for all 25 hitherto
described species (MycoBank) are deposited in GenBank. As
the alignments of our sequences with the best matching ones of
a cultured species, e.g., C. orchidicola reached only 97% iden-
tity in BLAST, it can be assumed that our isolate is an unde-
scribed species, as it shows 99% identity with sequences of an
undescribed species (Table 1). For the 116 legitimate species of
Chrysosporium, BLAST of our sequences revealed 99% iden-
tity with reference sequences of Ch. submersum. Unfortunately,
sequences for only 33 Chrysosporium species are available as
reference sequences, and thus no identification on the species
level could be achieved. Interestingly, the sequence of our iso-
lated Leucothecium species is 100% identical to the reference
sequence of an uncultured fungus isolated from cotton in 2014
and seems to be closely related to the type species L. emdenii,
which is one of only two known species among Leucothecium.
Most of the isolates obtained in our experiments belong to the

Sordariomycetes, the by far biggest class of ascomycetes, and to

the Dothideomycetes. Some of our cultures, however, are from
less examined classes, e.g., Eurotiomycetes and Leotiomycetes.
Only Chaetomium globosum aggr. comes into consideration as
a common air mould.

In a next series of experiments, we set out to shed light on the
halotolerance of our isolates from experiments 2 and 3 by
testing their salt tolerance or dependency. Thus, we analysed
the growth behaviour of Cladosporium allicinum and Heydenia
cf. alpina on agar plates containing growth medium of increas-
ing salinity from 0-35%o (sea water has a salinity of approx.
35%0). As outcome the diameter of radial growth was measured
after 14 days. All experiments were performed in triplicate on
130 mm agar plates containing bio malt agar medium. For the
isolate from the Mediterranean Sea (experiment 2), i.e.,
C. allicinum, our results showed optimal growth conditions at
35%o salinity, i.e., a diameter of 107 = 2 mm was reached. Only
poor growth of 54 = 1 to 89 = 1 mm was observed at levels of
salinity of 14%o and below. For the isolate from brackish water
(experiment 3), i.e., Heydenia cf. alpina levels of salinity above
7%o were necessary to achieve an adequate growth of 124 £ 1 to
130 = 0 mm. Below 7%o salinity the radial growth rates of latter
cultures dropped dramatically to only 67 = 1 mm in diameter. In
both cases growth rates were nearly halved when the growth
medium was lacking appropriate concentrations of sea salts.
Our results show that these fungi require high salt concentra-
tions for optimal growth, and this suggests an adaption of the
respective strains to marine conditions (see Supporting Informa-
tion File 1, Tables S1 and S2 for full experimental data).
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With the FIND technology we managed to isolate rare fungi. To
evaluate the potential for the biosynthesis of bioactive second-
ary metabolites we performed screenings on antimicrobial ac-
tivities against Gram-negative and Gram-positive bacteria, an
ascomycete, a basidiomycete and a zygomycete, i.e.,
Escherichia coli, Bacillus megaterium, Eurotium rubrum,
Microbotryum violaceum and Mycotypha microspora. Ethyl
acetate extracts of C. rosea, I. europaea grown on BM medium
and of the other 10 isolates grown on BMS medium were tested
in disk diffusion assays using 50 pg of extract per disk. None of
the extracts was active against the Gram-negative bacterium
E. coli. Extracts of A. armoraciae, Auxarthron umbrinum,
C. globosum, Chrysosporium sp. 831, C. allicinum, C. rosea,
H. cf. alpina and I. europaea inhibited the growth of B. mega-
terium, i.e., inhibition zones of 1, 2, 1.5, 1, 4, 5, 5 and 3 mm
were reached, respectively (streptomycin, equally concentrated,
was used as positive control with an inhibition zone of 10 mm).
Additionally, the extract of I. europaea inhibited the growth of
M. violaceum with an inhibition zone of 3 mm in diameter
(miconazole, half concentrated, was used as positive control
with an inhibition zone of 10 mm; see Supporting Information
File 1, Table S3 for full experimental data).

Detailed chemical investigation of
H. cf. alpina including structure elucidation of

the new metabolites 1 and 2

On the basis of its preferred growth on saline media, the
H. cf. alpina (strain No. 824), isolated during this study, was
selected for further chemical investigations. To the best of our
knowledge this is the first chemical investigation of a member

of the Heydenia genus.

From the solid, sea-salt containing cultures of H. cf. alpina
the ethyl acetate soluble organic compounds were analysed.
A first fractionation was achieved by vacuum liquid
chromatography (VLC) on reversed-phase material yielding 4
fractions. 'H NMR analysis of these indicated the presence of
chemically diverse secondary metabolites in the major VLC
fraction 3. Detailed HRESIMS investigation was thus per-
formed with VLC fraction 3, which showed prominent
m/z values for metabolites with molecular weights of 248 and
250 Da.

Subsequent repeated fractionation of VLC fraction 3 by
RP-HPLC resulted in the isolation of two, structurally closely
related, new secondary metabolites, 1 and 2 (Figure 1).

Compound 1 was obtained as a yellow oil with a molecular
formula of C;5H,003, implying 6 degrees of unsaturation
(DOU), as deduced by HRESIMS (m/z 249.1481 [M + H]*;
caled. for C;sH;103, 249.1485). The IR spectrum displayed an
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Figure 1: Secondary metabolites isolated from H. cf. alpina.

absorption band at 1670 cm™! indicating the presence of an o,f-
unsaturated carbonyl moiety [19].

The '"H NMR spectrum (Table S4, Supporting Information
File 1) exhibited characteristic singlets for three methyl groups,
as well as two olefinic protons, together with the MS data
pointing towards a terpenoid like structure. The 13C NMR and
DEPT-135 spectra of 1 (Table S4, Supporting Information
File 1) displayed 15 carbon signals for three methyl, three meth-
ylene, two sp> methine and two sp® quaternary carbons. Four
characteristic shifts in the '3C NMR spectrum at 5¢ 174.1
(C-3), 122.1 (C-4), 143.0 (C-10) and 129.5 (C-11) evidenced
two carbon—carbon double bonds. Together with a carbonyl car-
bon at 8¢ 206.6 and a carboxylic carbon at d¢ 177.8, the two

remaining DOU were accounted to a bicyclic ring system.

After assigning the proton resonances to the !3C resonances of
directly attached carbon atoms with an HSQC experiment, anal-
ysis of the I 1H-COSY data led to the identification of two
major '"H-!H spin systems, one corresponding to the H-2—-H-
1,—H-6 moiety (spin system A) and the second to the Hy-8—Hj3-
13 subunit (spin system B; Figure 2).

Spin system B was extended by a carboxylic group as indicated
by 1H,13C-HMBC correlations from both H-10 (O 6.86) and
H3-13 (dy 1.89) to carbon C-12 (¢ 177.8), and identified the
partial structure 2-methylpentenoic acid. HMBC correlations
between the resonances of H-6 (dy 2.73) to both C-4 (¢ 122.1)
and C-5 (d¢ 206.6), between H3z-15 (8 2.10) and C-2 (d¢ 49.8),
C-3 (8¢ 174.1) and C-4 (d¢ 122.1), and between H,-1 (8 2.12;
2.93) and both C-3 (8¢ 174.1) and C-5 (8¢ 206.6) placed the
methyl group CH3-15 at carbon C-3 (¢ 174.1), and proved the
positions of the carbonyl group C-5 (8¢ 206.6) and the double
bond A3# in the molecule, as shown in Figure 2. The second
partial structure was thus a cyclohexenone ring. The proton
resonances of H-2 (dy 2.65) and H-6 (dy 2.73) appear as a char-
acteristic triplet of doublets caused by a vicinal coupling with
proton H-1y (8 2.93; J = 6.0 Hz), an unusual large “W” cou-
pling to each other (J = 6.0 Hz) as well as an allylic coupling to
H-4 (8y 5.78; J = 1.3 Hz). These couplings can only be ex-
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4 NOESY

Figure 2: a) Significant 'H,’"H-COSY and 'H,'3C-HMBC correlations
for compounds 1 and 2. b) Key NOESY correlations for compounds 1
and 2.

plained with the rigid structure of 1 supporting the presence of a
bicyclo[3.1.1] ring system resembling that of verbenone [20].

HMBC correlations of H3-14 (8y 1.07) to C-2 (d¢ 49.8), C-6
(¢ 57.2), C-7 (d¢ 58.6) and C-8 (d¢ 38.2) confirmed the pres-
ence of a verbenone moiety and connected the methylpentenoic
acid moiety to the quaternary carbon C-7, completing the planar
structure of 1. Compound 1 is thus a bergamotene type
sesquiterpene, containing a bicyclo[3.1.1] ring system as well as
a 2-methylpent-2-enoic acid moiety, accounting for all ring

double bond equivalents (Figure 2).

The relative configuration of 1 at C-2, C-6 and C-7 was estab-
lished by a NOESY spectrum. NOESY correlations between
H-1y, (dy 2.93) and H,-8 (dy 2.07) indicated that these protons
were on the same side of the molecule and together with the
NOESY correlation between H3-14 and H3-15 the relative con-
figurations of C-2, C-6 and C-7 could thus be delineated as 25*,
6S* and 75*, respectively.

The absolute configurations of C-2, C-6 and C-7 were deter-
mined by comparison of our experimental with simulated circu-
lar dichroism (CD) spectra. The latter ones were performed by
Wu et al. using (25,65)-verbenone and (2R,6R)-verbenone and
can be applied here, because of the assumed minor effect of the
side chain on the CD spectrum [21]. Experimental data for 1
showed a negative Cotton effect in the range of 320-350 nm

(321 nm), which suggested according to the calculated CD
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spectrum of Wu et al. (321 nm) that the absolute configurations
of C-2, C-6 and C-7 in 1 are 28, 6S, and 7S, respectively (see
Supporting Information File 1, Figure S2 for the CD spectrum
of 1).

A0 could be deter-

The configuration of the double bond
mined as £ by NOESY correlations between proton signals
H5-9 (8y 2.32) and H3-13 (8y 1.89). This was confirmed by the
strong shielding in the 13C NMR spectrum of carbon C-13 typi-
cally occurring in double bonds with E configuration [22].
Therefore, the structure was established as (E)-2-methyl-5-
((18,55,65)-2,6-dimethyl-4-oxobicyclo[3.1.1]hept-2-en-6-
yl)pent-2-enoic acid, for which the trivial name heydenoic acid
A is suggested. Notable is the occurrence of peaks containing

m/z values attributable to isomers of the isolated metabolite.

Compound 2 has a molecular formula of C;5H,,03, (HRESIMS
m/z: 251.1641 [M + H]*; caled. for C;sHy303, 251.1642)
implying only 5 DOU as compared to 1.

'H and '3C NMR data (Table S5, Supporting Information
File 1) of 2 were similar to those of 1, except for the chemical
shifts of CH»-9 (dy 1.37; 8¢ 23.4), CH,-10 (dy 1.49, 1.73; d¢
35.5), and CH3-13 (8 1.21; 8¢ 17.8). Additional proton signals
for H-11 and H,-10 (dy 2.50; H-11, 8y 1.49 and oy 1.73;

A0 g satu-

H,-10) proved that 2 is a derivative of 1, in which
rated. COSY and HMBC data of 2 fully supported this assump-
tion. NOESY correlation between Hy-1 (g 2.89) and H,-8 (Oy
1.94) indicated the relative configurations of C-2, C-6 and C-7
to be the same as in 1. The CD spectrum of 2 showed also a
negative Cotton effect as 1, indicating the absolute configura-
tions of C-2, C-6 and C-7 to be all S (see Supporting Informa-
tion File 1, Figure S3 for the CD spectrum of 2). The configura-
tion at C-11 could not be determined. Thus, the structure was
established as 2-methyl-5-((1S,5S,6S5)-2,6-dimethyl-4-oxobi-
cyclo[3.1.1]hept-2-en-6-yl)pentanoic acid, named as heydenoic
acid B.

Compounds 1 and 2 were also tested in antimicrobial assays

and showed no effect.

Discussion

Our experiments demonstrated the potential of the FIND tech-
nology for the isolation of fungi from various habitats includ-
ing terrestrial, littoral and marine areas. We developed an isola-
tion method that is straight forward to use, rapidly performed
and provides interesting isolates in a single experiment. In
contrast to other isolation methods, e.g., direct plating or dilu-
tion plating, where the former can be experimentally difficult
and the latter needs several days for colony counts, the FIND

procedure is less labour intensive and the count can be per-
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formed in a few minutes. A strain of A. umbrinum was isolated
by Alvi et al. using dilution plating on a soil sample [23]. The
sample was therefore diluted and spread over the plates and in-
cubated for colony growth. To obtain plates for colony picking
several dilutions have to be prepared and inoculated plates have
to be incubated only to use a fraction of them for further pro-
cessing. More challenging is the contamination by fast growing
fungi that additionally suppress growth of other species on the
same plate. The advantage of FIND lies in the adjustment of the
correct dilution before incubation on the one hand and the
spatial separation which allows slow growing fungi to form
axenic colonies in a single step on the other hand. In times of
3D printers, the device may also be constructed in such a
manner. In conventional methods we often experience a mix of
species in one colony, which is hard or impossible to separate.
In FIND, however, all collected colonies were found to be
axenic and ready to be cultivated for further purposes like taxo-
nomic identification or natural product isolation. Isolation
methods like baiting may lead to bait-specific fungi only. A
strain of A. umbrinum was isolated by Deshmukh et al. using a
hair baiting technique. The majority of those isolates showed
keratinolytic activity which proves the bias towards bait-specif-
ic fungi [24]. In FIND, fungi regardless of nutritional prefer-
ences can be obtained, as they are cultured within the respec-
tive environment. In this respect, the most striking feature of the
FIND technology is the possibility to reconnect the isolates with
their environment, in order to exchange nutrients and growth

factors and therefore to ensure species-specific parameters.

An important feature to know before inoculating the FIND is
the concentration of fungal parts in the collected environmental
sample. Our experiments and literature data showed that the
abundances of fungi or fungal parts, i.e., hyphal cells, mycelial
fragments or spores, in terrestrial soil samples (2 x 10° fungal
parts/L) is huge compared to those in marine sediments
(5.000-25.000 fungal parts/L). Only extremely small numbers
of fungal parts can be found in sea water (0.3—1000 fungal
parts/L) [15-17,25]. These findings together with the high
bacteria-to-fungi ratios described in the literature [18] explain
the low recovery of fungal strains of experiments 2 and 3. To
improve the outcome of experiments performed on sea sedi-
ment samples we propose using tenfold of the reported sedi-
ment and corresponding sea water in step 2 of the FIND proce-
dure. Additionally, it is crucial to apply the herein described
concentration protocol (step 4) and to perform the experiment in
a volume as small as possible, i.e., 25 mL to achieve the target
concentration (step 5).

Using FIND we isolated and identified 12 ascomycetes
belonging to 4 different taxonomic classes (Table 1) from 3 dif-

ferent habitats. For half of these species, e.g., A. armoraciae,
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C. allicinum, H. cf. alpina, 1. europaea and M. carneum to date
no secondary metabolites are described in the literature.
A. armoraciae and C. allicinum are special within their genus,
as both belong to chemically underexamined clades, e.g.,
Chalastospora clade and Cladosporium herbarum complex, re-
spectively [26,27]. For C. allicinum our experiments point
towards a salt dependency of growth, i.e., an adaption to the
marine environment. Halotolerance was to date exclusively re-
ported for members of the Cladosporium sphaerospermum

complex [28].

Analysis of genes involved in secondary metabolite production
suggested Cadophora malorum as a producer of bioactive com-
pounds [29], as later confirmed by the results of Almeida et al.
[30], which highlights FINDs potential in the isolation of bioac-
tive compound producing strains. Using FIND enabled the
isolation of rare species of the genus Chrysosporium, which are
scarcely found in soil [31] and of which the world register of
marine species only lists four entries, e.g., C. corda,
C. pannorum, C. magnasporum and C. oceanitesii [32]. With
Leucothecium sp. a rare as well as fastidious fungus was isolat-
ed in this study, where cultivation was reported to be difficult
for at least one of the two species belonging to this genus.
L. coprophilum showed poor growth when cultured under labo-
ratory conditions as it was lacking interactions to certain
bacteria coexisting in its natural habitat [33]. In contrast to this,
there were no difficulties regarding isolation or cultivation
using the FIND technology, thus proving the benefits of the
device, i.e., isolation of rare fungal strains that are challenging
to cultivate in the laboratory as crucial growth factors are
missing in artificial medium.

For only four species among the 12 isolates (A. umbrinum,
C. globosum, C. rosea, S. brevicaulis) secondary metabolites
were described in the literature. In the case of C. globosum
these findings were limited to mycotoxins [34] where in the
other cases the isolated structures showed remarkable activities

in the field of anticancer and antimicrobial agents [35-40].

H. alpina is one of only six species known from the less exam-
ined genus Heydenia, and was mistaken for a member of the
genus Onygena by Fischer because of its morphological simi-
larities [41,42]. Molecular data now allow to distinguish both
genera from each other [43]. Strains of H. alpina were isolated
from areas with very harsh conditions, e.g., Antarctic lakes and
naked silican rock [43,44]. On the basis of its extraordinary
growth behaviour, the H. cf. alpina (strain 824) isolated during
this study was selected for further chemical investigations. This
led to the isolation of two novel compounds (1, 2). Compounds
1 and 2 belong to the bergamotene type of sesquiterpenoids, for

which manifold ecological functions were reported [45]. The bi-
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ological role of the closely related (+)-(E)-endo-f-bergamoten-
12-oic acid in Lycopersicon hirsutum was well investigated.
Present in the trichomes of the leaves, it serves as an oviposi-
tion stimulant to the moth Heliothis zea in LA 1777 [46]. On
the other hand, (+)-(E)-endo-p-bergamoten-12-oic acid showed
repellent activity against arthropod mites. In fact, L. hirsutum is
highly resistant to arthropod herbivores [47]. The bergamotene
derivatives clavigerins, first isolated from the liverwort Lepi-
dolaena clavigera also showed insect antifeedant activities [48].
Further research is necessary to shed light on the ecological role
of 1 and 2.

Conclusion

In conclusion the FIND adds a new isolation technique for fila-
mentous fungi to the existing methods. FIND allows high
throughput approaches and overcomes limitations in nutrition
and growth conditions compared to artificial broths and labora-
tory cultivation. It enables to obtain axenic fungal cultures in a
single isolation experiment and at the same time restrains fast
growing fungi in favour of rare and less examined species.
FIND ultimately supports the isolation of novel natural prod-
ucts by providing promising specimen from an environment of

interest.

Experimental
FIND

The device was crafted from polyoxymethylene by the tech-
nical staff of the Helmholtz-Institute for Radiation- and Nuclear
Physics, Nussallee 14-16, 53115 Bonn. The central plate
(127 mm by 92 mm by 1 mm) and the two symmetrical upper
and lower plates, the latter with screw threads, contain
96 through-holes 2 mm in diameter arranged in an 8 by 12 grid
in a way that it perfectly aligns with the wells of a 96-well
plate. The array of through-holes can be covered by one
142 mm polycarbonate membrane filter with a pore size of
0.03 micron (Sterlitech corp., Kent, WA). The device is sealed
by six hex bolts size M3.

General experimental procedures

Optical rotations were measured with a Jasco DIP 140
polarimeter. ECD spectra were taken on a Jasco J-810 CD spec-
tropolarimeter. UV and IR spectra were obtained using Perkin-
Elmer Lambda 40 and Perkin-Elmer Spectrum BX FTIR instru-
ments, respectively. All NMR spectra were recorded in MeOH-
d4 using a Bruker Avance 300 DPX spectrometer. Spectra were
referenced to residual solvent signals with resonances at dyc
3.35/49.0. HRESIMS were recorded on a LTQ Orbitrap mass
spectrometer.

HPLC was performed on a Waters HPLC system equipped with
a 1525y binary pump, a 2998 PDA detector, Breeze 2 software
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and a Rheodyne 77251 injection system. A Macherey-Nagel
Nucleoshell Cyg column (250 mm x 4.6 mm; 5 pm), Nucleodur
PolarTec column (250 mm X 4.6 mm; 5 pum), Pyramid
Cyg column (250 mm X 4.6 mm; 5 um) and Phenomenex
Kinetex C;g column (250 mm X 4.6 mm; 5 um) as well as a
Phenomenex Aqua Cig column (250 mm X 10 mm; 5 um) were
used.

Taxonomic identification of strains

Sequencing of the obtained isolates from the FIND experi-
ments was performed by P. Massart and C. Decock at the
Belgium coordinated collections of microorganisms (BCCM/
IHEM, Brussels) by extracting DNA using their usual proto-
cols and genomic DNA extraction kits and generation of partial
sequences of DNA loci using standard primers of ITS1, ITS2,
ITS4, 5.8S, RPBII, tefla and B-tubulin. Digitalized and
formatted DNA sequences were compared to reference se-
quences using BLASTn. ID% of the ITS regions was used to
identify each strain. If multiple strains came into question the
ID% of other gene sequences were taken into consideration to
find the best match. Additionally, macromorphology was exam-
ined by colony observation using a Leica MZ6 stereomicro-
scope (Leica, Wetzlar, Germany) and micromorphology was
examined with an Olympus BX51 polarizing microscope
(Olympus, Shinjuku, Japan) by analysis of conidia and
mycelium to support the bioinformatic suggestions.

Fermentation, extraction and isolation

For cultivation of the marine isolates from the diffusion
chamber device experiments inside and outside of the device a
minimal nutrient medium — FIND agar medium (FAM: 0.05%
casamino acids, 0.025% fish peptone, 1.5% agar in sea water
from the given sample) — was compiled to oppress growth of
fast-growing fungi like common air moulds. For soil samples
fish peptone was exchanged with meat peptone and deionized
water was added instead of sea water. To the cooled autoclaved
medium 250 mg penicillin G potassium salt (Roth, CN29.1) and
streptomycin sulfate (Sigma-Aldrich, S6501-26G) were added
via sterile filtration obtaining a concentration of 250 mg/L each

to prevent bacterial growth.

For scale-up fermentation, H. cf. alpina was cultivated in
42 Fernbach flasks containing 150 mL of BMS agar medium
(20 g biomalt in 1 L artificial seawater) each at 25 °C for
28 days. The fermented material of every two Fernbach flasks
was extracted three times with 300 mL ethyl acetate (EtOAc)
and the organic solvent was evaporated under vacuum to yield
2 g of crude extract. This crude extract was dissolved in 100 mL
80% (v/v) aqueous methanol (MeOH) and successively shaken
three times with 100 mL petroleum ether in a separation funnel.

MeOH solubles (250 mg) were fractionated by vacuum liquid
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chromatography (VLC) over Polygoprep 60-50 C;g stationary
phase (Macherey-Nagel) using gradient elution from 0:100
(MeOH/H,0) to 100 % MeOH (25% steps) to yield 4 fractions.
100 mL of the mobile phase was used for each fraction. Frac-
tion 3 was again fractionated by VLC under the before
mentioned conditions to yield 4 subfractions: 3.1-3.4. Fraction
3.2 (44 mg) was analysed with the NMR system. Complex
spectra obtained from VLC fraction 3.2 by NMR analysis indi-
cated the presence of a wide range of secondary metabolites.
This VLC fraction was thus subsequently subjected to further
chromatographic separation.

RP-HPLC separation of VLC fraction 3.2 (MeOH/H,O 55:45
Phenomenex Luna column (250 X 10 mm, 5 pm, 2 mL/min) ob-
tained 10 fractions (3.2H1-3.2H9). Further HPLC of 3.2H7 and
3.2H9 resulted in the isolation of 1 (3 mg) and 2 (4 mg).

Heydenoic acid A (1): yellow oil; [O(]D25 =50.0 (¢ 0.24,
MeOH); UV (MeOH) Ayax (log €): 203 (4.0), 261 (3.5) nm; CD
(¢ 4.0 x 1073 M, MeOH) Aax (A €) 203 (1.33), 207 (1.21), 213
(=0.57), 321 (=0.75); IR vy 3648, 2930, 1706, 1683, 1558,
1540, 1507, 1435, 1376, 1237, 634 cm™'; HRESI-TOF-MS m/z:
[M + H]" caled for C15Hy1 03 249.1481; found, 249.1485. For
TH and '3C NMR data see Supporting Information File 1, Table
S4.

Heydenoic acid B (2): yellow oil; [a]p2® —34.9 (¢ 0.33,
MeOH); UV (MeOH) Apax (log €): 203 (3.8), 258 (3.5) nm; CD
(¢ 4.0 x 1073 M, MeOH) Apax (A €) 208 (0.57), 218 (0.45), 321
(=0.38); IR vipax: 3346, 2927, 1670, 1558, 1540, 1507, 1436,
1376, 1237, 1037, 634 cm™'; HRESI-TOF-MS m/z: [M + H]*
caled for Cy5Hp303 251.1641; found, 251.1642. For 'H and
13C NMR data see Supporting Information File 1, Table S5.

Agar diffusion assay

Culture plates (5% sheep blood Columbia agar, BD) were over-
laid with 3 mL tryptic soy soft agar, inoculated with TSB
(Tryptic soy broth, Oxoid) growth suspension of the bacteria to
be tested. Compounds were diluted to a concentration of
1 mg/mL (syringomycin 0.5 mg/mL) with DMSO and 3 pL of
this dilution were placed on the surface of the agar. Com-
pounds diffuse into the agar and the size of the inhibition zone
was measured after 24 hours of incubation at 37 °C.

Disk diffusion assay

Antimicrobial tests of isolated compounds were performed by
Ekaterina Egereva (Institute for Pharmaceutical Biology,
University of Bonn) following the method described by Schulz
et al. [49]. The bacteria Bacillus megaterium and Escherichia
coli were used as representatives for Gram-positive and Gram-

negative bacteria. Microbotryum violaceum (Basidiomycete),
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Eurotium rubrum (Ascomycete), and Mycotypha microspora

(Zygomycete) were used as fungal test organisms.

Raw extracts were dissolved in MeOH to give a concentration
of 1 mg/mL per test sample. 50 uL (equivalent to 50 pg) of
each solution were pipetted onto sterile filter disks (diameter:
9 mm, Carl Roth GmbH & Co. KG, KA08.1) which was then
placed onto the appropriate agar medium and sprayed with a
suspension of the test organism. Growth media, preparation of
spraying suspensions and conditions of incubation were carried
out according to Schulz et al. [49]. For tested samples, a growth
inhibition zone 23 mm and/or a complete inhibition =1 mm,
measured from the edge of the filter disk, were regarded as a
positive result. Growth inhibition was defined as follows:
growth of the appropriate test organism was significantly inhib-
ited compared to a negative control; total inhibition: no growth
at all in the appropriate zone. Benzylpenicillin (1 mg/mL
MeOH), streptomycin (1 mg/mL MeOH) and miconazole
(0.5 mg/mL DCM) were used as positive controls.

Cytotoxicity assay

HEK?293 cells were seeded into a PDL-coated 96-well plate
(25.000/well) and allowed to settle for 2 hours prior to addition
of the compounds (solubilized in water). After incubating for
22 hours, CellTiter Blue reagent (Promega) has been added.
After another 2 hours of incubation the fluorescence has been

detected using FlexStation 3 (Molecular Devices).

FIND procedure

For experiment 1, 5 mL of soil (Falcon tube) was diluted in
45 mL of sterile-filtered NaCl 0.85% solution (Ringer solution).
This solution underwent manual agitation for 10 minutes and
ultrasonication using a Bandelin Sonorex at 100% amplitude
(35 kHz) two times for 5 seconds to detach cells from sample
surfaces. After centrifugation using an Thermo Scientific
Heraeus Multifuge X1R at 130 gravities for 5 minutes, cell
counting was performed on the supernatant using a Neubauer
Improved or Thoma chamber on an Olympus BX51 polarizing
microscope at 100x magnification, and the abundance of
bacteria was calculated by counting bacterial cells in all 25 me-
dium squares of the central large square or all 16 medium
squares of one of the large square, respectively. With Neubauer
Improved chambers the supernatant was exchanged three times,
for Thoma chambers three different large squares were counted.
All the cells within each medium square (totally) together with
those that are over the top and right sides of the square (even
partially) were considered inside of a square. Mean cell counts
were calculated and converted into concentrations by multi-
plying cell counts with the reciprocal value of the volume of a
small square in L, considering possible dilution steps. For ex-

periments 2 and 3, samples were treated alike, but instead of a
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Ringers solution, sea water from the respective sampling site

was used. For experiment 4 only sea water was used.

With the calculated abundances 2 x 10'3 as well as 7 x 10°,
13 x 10% and 8 x 10 bacterial cells/L for experiments 14, re-
spectively, volumes between 10 and 50 mL of the solutions
were taken according to the corresponding assumed bacteria-to-
fungi ratios of the given sample type. These volumes, e.g., 16,
24 and 42 mL, respectively, were then added to a volume of
FAM solution to obtain a concentration of 320.000 fungal parts
per litre.

For experiment 4, 500 mL portions of a 10 L sample were
poured through a sieve with a mesh size of 35 (0.5 mm) onto
Whatman filter paper disks 602H with a pore size of 2 um at-
tached to a Biichner funnel. The funnel was put onto a 2 L
suction bottle which was connected to a KNF Neuberger N811
KN.18 vacuum pump that provided negative pressure in the
bottle and therefore ensured filtration of the sample portions.
The residues on the filter paper disks (5 mL) were resuspended
in 5 mL autoclaved sea sample and also mixed with 15 mL
warm FAM solution resulting in a concentration of approxi-
mately 320 000 fungal parts/L. The prepared FAM solutions
containing the corresponding samples were homogenized by
stirring and the central plate was dipped into it. The desired
target concentration is necessary to allow only one fungal part
per through hole in the central plate. As the agar solidifies, the
specimen is trapped in the chamber. A semipermeable polycar-
bonate membrane filter was attached to both sides of the central
plate. The upper and lower parts of the FIND were connected to
each other with six M3 hex bolt screws, sandwiching the central
plate with the attached membranes between them. To ensure the
devices seal commercial aquarium safe and antifungal-less sili-
cone (Soudal) was applied to the edges of the device. The sili-
cone was given time to dry and the device was inserted into a
tank containing 40 L of soil for experiment 1, 2 L of sea water
and sediment for experiment 2, 20 L of sea water and sediment
for experiment 3 and sea water for experiment 4. An aquarium
powerhead pump provided water current for simulation,
oxygenation and distribution purposes for experiments 2—4.
Evaporated tank water was replaced by autoclaved deionized
water for experiments 2—4 and the soil in experiment 1 was
watered with autoclaved deionized water every two days.

After four weeks of incubation inside of the tank the device was
removed, rinsed with autoclaved deionized water to remove
sediment and soil and opened under a laminar air flow cabinet
to transfer each agar plug to a corresponding agar plate for
cultivation. For transfer into 96 well plates a Boekel replica
plater was used to punch all agar plugs from the central plate

into the corresponding wells containing liquid FAM medium.
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For transfer onto agar plates, autoclaved wooden toothpicks
were used to pick each agar plug from the central plate manu-
ally and streak them onto agar plates. The plates were stored in
a Memmert BE500 incubator at 25 °C for four weeks.

Salt dependency experiments

Artificial sea water was used for the preparations of the agar
plates. The stock solution containing 23.48 g NaCl, 10.61 g
MgCl,-6H;0, 3.92 g NaySOy, 1.47 g CaCl,-2H,0, 0.66 g KCI,
0.19 g NaHCOs3, 0.1 g KBr, 0.04 g SrCl,, 0.03 g H3BO3 per
litre deionized water equals 35%o salinity. Dilutions with 7, 14,
21 and 28%o water were achieved by adding deionized water to
portions containing 480, 360, 240, 120 mL of the stock solu-
tions, respectively, to obtain 600 mL each. For the 0%o medium
600 mL deionized water was used. 20 mg biomalt and 15 mg
agar per litre were added to the solutions and pH was adjusted
at 7 by adding NaOH/HCI. After autoclaving for 20 minutes at
121 °C using an H+P Varioklav autoclave 100 mL of cooled
agar solution were poured into petri dishes 130 mm in diameter.
Agar plugs (1 cm?) cut from pure Petri dish cultures of
Cladosporium allicinum and Heydenia cf. alpina were trans-
ferred onto the centre of the prepared agar plates. The experi-
ment was performed in triplicate for each salinity level.

Supporting Information

Supporting Information File 1

Genomic sequences of isolated fungi, data on bioactivity
and halotolerance, spectroscopic data of compounds 1 and
2 from Heydenia cf. alpina strain 824.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-216-S1.pdf]
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CotB2 catalyzes the first committed step in cyclooctatin biosynthesis of the soil bacterium Streptomyces melanosporofaciens. To

date, CotB2 represents the best studied bacterial diterpene synthase. Its reaction mechanism has been addressed by isoptope

labeling, targeted mutagenesis and theoretical computations in the gas phase, as well as full enzyme molecular dynamic simula-

tions. By X-ray crystallography different snapshots of CotB2 from the open, inactive, to the closed, active conformation have been

obtained in great detail, allowing us to draw detailed conclusions regarding the catalytic mechanism at the molecular level. More-

over, numerous alternative geranylgeranyl diphosphate cyclization products obtained by CotB2 mutagenesis have exciting applica-

tions for the sustainable production of high value bioactive substances.

Introduction

Terpenes represent one of the most diverse groups of natural
biomolecules [1-3]. Sesqui- and diterpenes are a diverse class of
secondary metabolites derived predominantly from plants,

marine invertebrates, fungi and some prokaryotes [4-8]. Proper-

ties of these natural products include antitumor, anti-oxidant,
anti-inflammatory, antiviral, antimalarial, antibiotic, neuropro-
tective and even insecticidal activities, which makes these com-

pounds high-value commercial targets for the chemical and
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pharmaceutical industry [9,10]. Structural diversity of diter-
penes is created by the terpene synthase (TPS) enzyme family,
which use acyclic isoprenoid precursors to generate a vast num-
ber of (poly)cyclic hydrocarbon scaffolds. Remarkably, this
complex chemical reaction, comprising changes in bonding,
hybridization as well as the introduction of specific stereochem-
istry, is performed in a single reaction cascade without
consumption of a cofactor [11]. In this review we will focus
particularly on bacterial diterpene synthases, in context with
other sesqui- and ditperpene synthases of bacterial, fungal and
plant origin.

The initial step in diterpene biosynthesis (Figure 1) is the incre-
mental condensation of dimethylallyl diphosphate (1) and
isopentylen diphosphate (2) [12] to the acyclic terpene synthase
substrate geranylgeranyl diphosphate 3 (GGDP) [1,13-16].
Following initial substrate binding and folding in a product-like
conformation, the cyclization reaction can be subdivided into
three steps: (1) generation of a reactive allyl carbocation as a
result of heterolytic cleavage of the pyrophosphate—hydro-
carbon bond or protonation of a double bond, (2) propagation of
the carbocation along the forming terpene skeleton as a result of
ring formations, hydride and/or methyl shifts, de- and reproto-
nation of intermediates, the creation of a terminal carbocation
(3) and finally the quenching of the carbocation by a base or
water [16,17].

TPSs can be divided into two distinct classes, which are distin-
guished by their substrate activation mechanism. Whereas
ionization of an isoprenoid diphosphate is caused by hydrolysis
of the pyrophosphate by a trinuclear metal cluster in class I
terpenoid cyclases, class II reactions proceed via a protonation
of the terminal carbon—carbon double bond of an isoprenoid
substrate [3]. In addition to the differences in the activation
mechanism, the two classes of TPSs have an unrelated overall
fold. Class I TPSs establish an a-helical bundle fold [18] and
are structurally related to the isoprenyl diphosphate synthases

DMAPP
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¢i\/\opp
IPP GGDP
2 3
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such as the farnesyl (C15) or geranylgeranyl (C20) diphosphate
synthase, which generate the substrates of sesqui- and diter-
pene synthases, respectively. In bacteria, diterpene synthases
almost exclusively belong to class I TPSs. A few exceptions
exist, for example the terpentedienyl-diphosphate synthase from
Kitasatospora griseola [19], which belongs to class II, and
PtmT1 from Streptomyces platensis in the platensimycin gene
cluster [20], which is neither characteristic for class I nor class
II. In fungi and plants, they can be both class I or class II TPSs
and even mixed class I/II [21]. Class I TPSs harbor two distinct
catalytic motifs, which are crucial for binding and correctly
positioning the substrate for catalysis, the aspartate-rich motif
(DDxxD) and the NSE/DTE motif, that bind to three Mg2+ ions
[1,22]. Notably, the PtmT1 diterpene synthase from S. platensis
lacks both catalytic motifs [20,23]. The NSE/DTE motif
illustrates the distribution of DTE motifs, which are predomi-
nantly found in plant TPSs, and NSE motifs, which are more
common in bacterial and fungal TPSs. For the description of the
bacterial TPS CotB2, we will therefore refer to the NSE motif
only.

Using host microorganisms, such as bacteria or baker’s yeast
for the heterologous synthesis of terpenes increases the sustain-
ability of bioactive terpene production by saving resources, as
the production host can be fed with residual organic waste
streams, such as milling or forestry waste. Additionally, the
heterologous terpene production minimizes waste generation as
the targeted production of a single compound reduces extrac-
tion and purification steps [24,25]. Additionally, heterologous
production enables protein engineering to optimize product
ratios or to alter the native product portfolio of the enzyme
[9,26,27]. Furthermore, production by engineered microorgan-
isms considerably reduces the cost compared to total chemical
synthesis or extraction from natural sources, since the target
compounds are produced from inexpensive carbon sources.
Prominent examples of optimized terpene production pathways
in E. coli are taxadiene, a precursor of the anticancer drug taxol

cyclooctat-9-en-7-ol
4 5

cyclooctatin

Figure 1: CotB1 synthesizes geranylgeranyl diphosphate (GGDP) 3 from the substrates dimethylallyl diphosphate (DMAPP) 1 and isopentenyl
diphosphate (IPP) 2. The acyclic substrate GGDP (3) is stereospecifically cyclized by CotB2 to cyclooctat-9-en-7-ol (4), with a fusicoccane 5-8-5
fused ring system. Two cytochrome P450 enzymes, CotB3 and CotB4, subsequently functionalize cyclooctat-9-en-7-ol (4) to the bioactive compound

cyclooctatin (5).
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[28], amorpha-4,11-diene, an antimalarial drug precursor [29],
and cyclooctatin [30].

The scope of this review encompasses a detailed consideration
of the cyclooctatin biosynthetic gene cluster in particular the
TPS CotB2 from the soil bacterium Streptomyces melanosporo-
faciens M1614-43F2 (Figure 1) [31]. Cyclooctatin 5, with its
distinct 5-8-5 ring motif, belongs to the fusicoccane diter-
penoids that encompass a wide range of bioactivities, such as
bacteriostatic, fungicidal and tumorstatic effects [32]. A key
player in the biosynthesis of cyclooctatin 5 is the bacterial diter-
pene synthase CotB2.

Different research teams have investigated CotB2 by means of
biochemical [30,31,38], biophysical [33-35], structural biology
[36-39] and computational modeling approaches [35,37,39,40],
revealing a rather unusual reaction mechanism. Given the
diverse bioactivities of cyclooctatin 5, CotB2 is of biotechno-
logical relevance as well. Cyclooctatin 5 can be manufactured
biotechnologically in E. coli in milligram scales [26,30], which
is important for an industrial application. Within the subse-
quent paragraphs, we would like to summarize the current
understanding of the unusual reaction mechanism and the
biotechnological applications.

Review

The cyclooctatin biosynthetic gene cluster

The cyclooctatin gene cluster from the soil bacterium
S. melanosporofaciens M1614-43F2 comprises four enzymes:
GGDP synthase (CotB1), a diterpene cyclase (CotB2) and two
P450 cytochromes (Figure 1) [31]. The cyclization of GGDP 3
to cyclooctat-9-en-7-ol (4) is performed by the TPS CotB2.
Compound 4 is further decorated with two hydroxy functions
introduced by two P450 cytochromes, CotB3 and CotB4, to
cyclooctatin (5). Depending on the functionalization of the ring
system, the compounds demonstrate a broad diversity of biolog-
ical activities, among others fungicidal or tumor static [32,43-
45]. Cyclooctatin (5) inhibits a lysophospholipase, which

Table 1: Overview of available crystal structures of CotB2 and its variants.
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catalyzes the hydrolysis of the fatty acid ester bonds of
lysophospholipids [31,41]. Moreover, cyclooctatin (5) was
shown to be effective against Plasmodium falciparum with an

IC50 of 7.14 pg/mL along with very low cytotoxicity [42].

CotB2 belongs to the class of cyclopentane-forming diterpene
synthases [46], a class of enzymes that is widely distributed
among plants, fungi and bacteria. CotB2 has evolved to convert
the acyclic, achiral substrate GGDP to the 5-8-5 ring motif of
cyclooctat-9-en-7-ol that contains six chiral stereocenters.
Hence, CotB2 has been fine tuned to perform a highly specific
regio- and stereochemical reaction. The cyclization mechanism
of CotB2 has been investigated extensively in recent years. By
isotope labeling and NMR spectroscopic investigations [35], it
has been shown that CotB2 catalyzes the complex regio- and
stereospecific cyclization reaction with an unusual carbon—car-
bon bond rearrangement. Hong and Tantillo performed the first
theoretical study of the reaction mechanism in CotB2 via gas
phase density functional theory (DFT) calculations [33]. Simul-
taneously, Sato et al. also studied the CotB2 reaction mecha-
nism in the gas phase using DFT, combined with experimental
deuterium labeling [34]. Another important step towards a
deeper understanding of the cyclization mechanism was the
availability of crystal structures (Table 1) revealing structural
snapshots along the reaction trajectory commencing with the
open, inactive conformation completing with the closed, active
conformation of CotB2. [36-38].

Overall structure of CotB2"! in the open,

inactive conformation

The structure of CotB2%! (PDB-ID 40MG [38] and PDB-ID
5GUC [36]) is complete, except for the 15 N-terminal and
12 C-terminal residues. CotB2 consists of ten core a-helices (A
to J) that are connected by short loop segments and additional
five short a-helices (al to aS5; (Figure 2A and B)). CotB2
resembles the classical a-helical fold of TPSs [18] with signifi-
cant differences in its primary sequence compared to other

TPSs. The core a-helices surround a large, deep cleft, which

protein/variant PDB-ID  conformation ligands reference
CotB2wt 40MG  open - [38]
CotB2wt 5GUC  open - [36]
CotB2F149L 40MH  open - [38]
CotB2AC 6GGK  open - [37,39]
CotB2F107A.\Mg2+g 6GGL  intermediate 1 Mg2* [37,39]
CotB2%:Mg2*5-GGSDP 5GUE  intermediate 1 Mg?*, geranyl geranyl thiodiphosphate (GGSDP) [36]
CotB2"t-Mg?*3-F-Dola  6GGI closed 3 Mg?*, diphosphate, 2-fluoro-3,7,18-dolabellatriene [37,39]
CotB2"t:Mg2*3-AHD 6GGJ closed 3 Mg?2*, 4-amino-1-hydroxy-1-phosphonobutyl phosphonic acid ~ [37,39]
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Figure 2: The bacterial diterpene synthase CotB2"t:Mg?*3-F-Dola in the closed, active conformation (PDB-ID 6GGl; [37]). (A) The two monomers of
CotB2 are shown in cartoon representation with the a-helices drawn as cylinders and colored in light brown. One monomer of CotB2 is shown in gray
surface representation. The location of the aspartate-rich motif is indicated in red and the NSE-motif is marked in yellow. The WXXXXXRY motif is in-
dicated in light-green. The last 12 C-terminal residues of the lid are drawn in violet. The three Mg2* ions are represented as green spheres and the
bound intermediate F-Dola is shown in magenta. The cleaved diphosphate is shown in orange. (B) View of panel A rotated by 45°. For clarity, one

monomer has been removed. The view is into the active site of CotB2.

forms the active site (Figure 2A and B). CotB2 is arranged as a
homo-dimer in crystallo [36,38] and it was demonstrated that
CotB2 exists as a homo-dimer in solution as well [38]. The two
active sites of CotB2 are arranged in an antiparallel fashion,
resembling the arrangement initially observed for the monoter-
pene (+)-bornyl diphosphate synthase [47] and the sesquiter-
pene trichodiene synthase [48], but is in contrast to the parallel
dimer as described for farnesyl diphosphate synthase [49].
Structurally, CotB2 is most closely related to the fungal
monoterpene synthase aristolochene (PDB-ID 20A6; [50]), and
epi-isozizaene synthase (PDB-ID 3LGK; [51]), but not to the
known plant structures of diterpene TPSs, such as the ent-
copalyl diphosphate synthase (PDB-ID 3PYA; [52]) or taxa-
diene synthase (PDB-ID 3P5R; [53]).

Two crystal structures of CotB2 resembling
two distinct precatalytic states

The structure of CotB2F107A was determined with one single
Mg2* (MgZ*g) bound to the NSE motif (CotB2F107A. M2ty
PDB-ID 6GGL [37]). The overall structure of CotB2 remains
unchanged compared to the open state. This suggests that
binding of Mg?*g is the initial step to prearrange CotB2 for

substrate binding.

Tomita et al. obtained a crystal structure of CotB2%! with bound
inert substrate analogue geranylgeranyl thiodiphosphate
(GGSDP; CotB2%!.-Mg?*5-GGSDP; PDB-ID 5GUE; [36]),
resembling the next precatalytic state of CotB2. Surprisingly,
there is only Mg2*s bound to the enzyme and not the full set of
three MgZ*-ions needed for catalysis. The position of MgZ™g is

identical to the structure of CotB2F107A.MgZ*5. but two coordi-
nating water molecules have now been exchanged with two
oxygen atoms of the diphosphate function of GGSDP. Upon
binding of GGSDP, a bidentate salt bridge between D111 of the
DDXD motif and R294 of the WXXXXXRY motif is formed,
designating the transition from the open to the closed conforma-
tion. However as for the open, inactive conformation, the
remaining C-terminal residues have not been traceable in the
electron density (Figure 3), and hence CotB2 is not yet ready
for catalysis. The position and tilting of the core a-helices in the
structure of CotB2%.MgZ*5-GGSDP is practically indistin-
guishable from the open conformation of CotB2 (Figure 3).
Since in CotB2".MgZ*5-GGSDP two Mg2* ions are absent the
diphosphate moiety is not properly coordinated, resulting in sig-
nificant substrate flexibility within the catalytically active site.
Moreover, the two missing MgZ" ions prevent helix D, accom-
modating the Asp-rich motif, from shifting towards the active
site (Figure 3). Consequently, the active site remains partially
open and the C-terminus cannot fold over the active site,
making a proper substrate positioning and subsequent cycliza-
tion unlikely.

Crystal structure of CotB2"-Mg?*3-F-Dola

resembles the closed, active conformation

The structure of CotB2%!:-MgZ*5-F-Dola has been obtained by
co-crystallization of CotB2%! and FGGDP (PDB-ID 6GGI;
[37]), representing the closed, active conformation. Fluorinated
substrates, such as FGGDP, have been used for the crystalliza-
tion of other TPSs and have been shown to stick to the active

site without undergoing cyclization, trapping the enzyme in a
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Figure 3: Conformational changes of CotB2 upon ligand binding. Superposition of CotB2’s open (teal), pre-catalytic (black, CotB2"-Mg2*z-GGSDP),
and fully closed (light-brown, CotB2":Mg2*3-F-Dola) conformation. The overall fold of CotB2"t:Mg2*z-GGSDP (PDB-ID 5GUE; [36]) is more similar to
CotB2"t (PDB-ID 40MG; [38]) than to CotB2"-Mg?*3-F-Dola (PDB-ID 6GGl; [37]). The salt bridge between D111 and R294, in stick representation, is
shown by red, dashed lines. Mg2* ions are colored in green. Black arrows indicate movement of secondary structure elements from the open to the
closed conformation of CotB2. The different C-termini are labeled in all three structures. The C-terminus in the structure of CotB2%!-Mg2*3-F-Dola is

colored in purple.

closed state [52,53]. Comparing the overall structure of
CotB2V'.Mg2*3-F-Dola to the open conformation of CotB2
reveals major differences. The binding of FGGDP and three
Mg2+ ions induces a translation and rotation of a-helices B, C,
D, F and H towards the active site to accurately position the
Asp-rich motif and to subsequently transfer the active site into a
product-shaped conformation (Figure 3). Now, a significant
change in the C-terminal region of the enzyme is observed as
the former unstructured C-terminus becomes folded, thereby
acting as a lid to shield the active site from bulk solvent
(Figure 2). To exclude that the folded C-terminus is due to
crystal contacts and hence a crystallographic artifact, CotB2
was co-crystallized with AHD, a compound that mimics the
diphosphate group of GGDP and acts as a suicide inhibitor. The
crystal structure of CotB2%:MgZ*5-AHD (PDB-ID 6GGTJ; [37])
confirmed the active site architecture as observed in the struc-
ture of CotB2%!:-Mg2*5-F-Dola and more importantly, that the
folding of the C-terminus is not a crystallographic artifact. To
demonstrate the significance of the C-terminus, a CotB2 trunca-
tion (CotB22C) was designed terminating at R294, thereby
missing the 12 C-terminal residues, that correspond to the lid

[37]. In activity experiments, no substrate conversion by

CotB22C was observed, stressing the fact, that the salt bridge
D111-R294 is insufficient for catalysis. Instead, the full

C-terminus is required for catalysis.

In CotB2V.Mg?*3-F-Dola, there is no electron density ob-
served for the intact FGGDP molecule. Instead two distinct and
clearly separated electron densities are visible that could be
readily interpreted as the reaction intermediate F-Dola, as well
as a single diphosphate moiety. The FGGDP molecule — func-
tionalized with a fluorine atom at the C2 position of its
isoprenoid unit — can interfere with the propagation of the
generated carbocation(s). Such cyclization reactions of fluori-
nated substrates have been reported previously [54,55]. Howev-
er, the structure of CotB2¥.Mg?*5.F-Dola represents the first
reported structure of a TPS with an in crystallo formed and
bound reaction product, together with the cleaved-off diphos-
phate. This is in contrast to the structure of taxadiene synthase
(PDB-ID 3P5R; [53]), co-crystallized with FGGDP, where the
substrate is bound but the cyclization reaction has not been
initialized and consequently the substrate is not yet cleaved.
Identical observations have been made for the crystal structure

of aristolochene synthase co-crystallized with 2-fluoro diphos-
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phate (PDB-ID 3BNY; [56]). A structural comparison of
CotB2%'.Mg2*;.F-Dola and CotB2¥'.Mg2*5-GGSDP reveals
that the hydrophobic tail of GGSDP adopts a position similar to
the cyclized intermediate in our CotB2".Mg2*3.F-Dola struc-
ture (Figure 4), likely reflecting the already product-shaped
architecture of the active site.

" w288 D110
GGSDP

] R177

Figure 4: View into the active site of CotB2"-Mg2*3-F-Dola [37] super-
imposed with CotB2"-Mg2*z-GGSDP [36]. (A) The bound F-Dola reac-
tion intermediate is shown in magenta with the fluorine atom colored in
light blue, and Mg?*ions are shown in green. Residues of the DDXD
motif are shown in red and residues of the NSE motif in yellow. The
conserved residues of the WXXXXXRY motif are drawn in light green
and the R227 that interacts with diphosphate moiety in light brown.
The cleaved diphosphate is shown in orange. Gray lines represent the
coordination sphere of the Mg2* ions. Identical amino acid residues lo-
cated in the structure of CotB2"-Mg2*g-GGSDP are shown in gray.
The GGSDP molecule is shown in black with the sulfur atom colored in
yellow. The position of Mg2*g is identical in both structures. For clarity
water molecules have been omitted. (B) View in panel A rotated by
30°. In addition to the motifs shown in panel A, the pyrophosphate
sensor motif is depicted in pink.

Catalytic motifs of CotB2

Mg?* coordination by the aspartate-rich and NSE
motif

Instead of the classical DDxxD motif for class I TPS, CotB2
contains a modified '°DDxD!!3 motif, which is neither charac-
teristic for class I nor class II terpene synthases. In the
literature, other TPSs with modified aspartate-rich motifs
have been reported, encompassing selina-3,7(11)-diene
synthase: 32DDGYCES7 [57] and (+)-T-muurolol synthase:
83DDEYCDS® [58]. It is commonly observed that the aspartate-
rich motif resides at the lower part of a-helix D in the structure
of class I TPSs. Interestingly, in CotB2, a-helix D is rather short
as a proline residue, adjacent to the third aspartate of the aspar-
tate-rich motif, introduces a kink. In the closed conformation
D110 is directly involved in the coordination of Mg2* and
Mg2*(, whereas D111 forms a salt bridge with R294 (Figure 5).
A third Mg2* (Mg2*p) is bound by the residues N220, $224 and
E228 of the NSE motif [59], that is located on a-helix E of
CotB2 (Figure 5). D113 is surface exposed and points away

from the active site and hence is likely not be involved in catal-

Beilstein J. Org. Chem. 2019, 15, 2355-2368.

A

D111 R294

Figure 5: View into the active site of CotB2"-Mg2*3-F-Dola [37]. Iden-
tical view as in Figure 4. (A) The bound F-Dola reaction intermediate is
shown in magenta with the fluorine atom colored in light blue, and
Mg?2*-ions are shown in green. Residues of the DDXD motif are shown
in red and residues of the NSE motif in yellow. The conserved residues
of the WXXXXXRY motif are drawn in light green and the R227 that
interacts with diphosphate moiety in light brown. The cleaved diphos-
phate is shown in orange. Hydrogen bonds and salt bridges are indi-
cated by dashed lines in the same color-coding as the involved motifs.
Gray lines represent the coordination sphere of the Mg2*-ions. For
clarity water molecules have been omitted. (B) View in panel A rotated
by 30°. In addition to the motifs shown in panel A, the pyrophosphate
sensor motif is depicted in pink.

ysis. Latter structural findings are supported by site-directed
mutagenesis studies [36,38], which showed that, whereas D110
and D111 are crucial for catalysis, the solvent exposed D113 is
not. The here described structural situation is different com-
pared to TPSs with a canonical DDXXD motif. For instance in
the structure of epi-isozizaene synthase in complex with diphos-
phate, 3 Mg2* ions and N-benzyl-N,N-diethylethanaminium
[51], the a-helix is longer. Compared to CotB2, the first aspar-
tate is as well involved in the coordination of Mg2*, and
Mg2*c and the second aspartate forms a salt bridge with the
RY-pair, but the third aspartate is involved in coordination of
water molecules in the water network around the catalytic Mg2*

ions.

The pyrophosphate sensor motif

In a recent review, the presence of a “pyrophosphate sensor”, an
arginine 46 amino acid residues upstream of the NSE motif,
was discussed as a universal feature of bacterial TPSs [11].
Structural information on selina-4(15),7(11)-diene synthase
(SdS), revealed that upon substrate binding by an induced fit
mechanism, R178 changes its side chain conformation thereby
approaching and interacting with the diphosphate function of
the substrate analogue and forming a salt bridge to the neigh-
boring D181 [60]. Moreover, a conformational change of the
kink of the a-helix G1 moves the catalytically important G182
(effector) towards the active site. Initiated by this induced fit
mechanism, the active site is being closed and the Michaelis
complex is formed. In CotB2, R177 represents the pyrophos-

phate sensor (Figure 5B) establishing identical interactions to
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the diphosphate moiety of the substrate and to D180. In contrast
to SdS, in CotB2 an additional residue is inserted between D180
and the effector G182. A comparison of the open and closed
conformation of SdS revealed a large conformation change of
the G1/G2 helix kink, which is not observed in the structures of
CotB2 [36-38]. This might be explained by the observation that
the pyrophosphate sensor of CotB2 R177 and D180 is already

involved in a salt bridge in the open conformation.

The WXXXXXRY motif

Analyzing protein sequences of other bacterial TPSs for the
presence of the RY pair, also called “basic pair” [61,62] and
their flanking regions, led to the identification of a conserved
tryptophan six amino acids upstream of the RY pair (Figure 6)
[37]. In CotB2, residues of the motif are located at the end of
the C-terminal core a-helix J. The RY pair is a conserved fea-
ture among most bacterial and several types of fungal TPSs
[62]. It is not only important for active site closure by estab-
lishing a salt bridge, but moreover for interaction with the sub-
strate. In the closed conformation of CotB2, R294 is involved in
a bidentate salt bridge with D111 of the aspartate-rich motif,
and two salt bridges to the diphosphate moiety derived from
FGGDP (Figure 3 and Figure 5). Y295 establishes hydrogen
bonds to the diphosphate moiety as well as to N220 of the NSE
motif (Figure 5). In the closed conformation of the labdane-
related diterpene synthase [63] the WXXXXXRY motif is
present as well and adopts a nearly identical conformation as
observed in the closed conformation of CotB2%!-Mg2*3.F-Dola
(PDB-ID 6GGI; [37]). Hence, the WXXXXXRY motif seems
to be conserved not only sequence-based (Figure 6) but also
structurally in other diterpene synthases. Hence, the discovery

Beilstein J. Org. Chem. 2019, 15, 2355-2368.

of this novel motif might help in the identification and func-

tional assignment of novel TPSs.

The importance of the tryptophan residue in the WXXXXXRY
motif of CotB2 was proven by mutation to glycine (W288G),
where the product was changed to 3,7,18-dolabellatriene (12)
[38]. If a less drastic mutation was introduced (W288F),
preserving the aromatic character of the side chain, the product
was not changed but the activity of CotB2 was reduced [37]. In
other TPSs, a similar observation was made. Mutation of the
corresponding residue W308F in the bacterial sesquiterpene
synthase pentalenene synthase leads to a product mixture [64],
whereas mutation of W273 in the plant-derived epi-aris-
tolochene synthase resulted in total loss of enzymatic function
[65]. Consequently, the aromatic character of the side chain in
the WXXXXXRY motif is important for the propagation of the
carbocation.

Mechanistic aspects of the cyclization reaction and
point mutations

The floor of the active site is decorated by hydrophobic residues
V80, F107, W109, F149, V150, 1181, F185, M189, W186,
L281, and W288 conferring the overall shape to the cavity that
serves as a template for the binding of GGDP and the cycliza-
tion reaction. Based on 2H- as well as 13C-isotope labeling ex-
periments a surprising reaction mechanism has been derived
(Scheme 2) [35]. Strong support for the proposed reaction
mechanism has been predominantly provided by site-directed
mutagenesis of amino acids with an aromatic function [30,36-
38] (Table 2 and Scheme 1), which significantly affect the prod-
uct profile.

cyclooctat-9-en-7-ol synthase NFVWTTSNKR¥KTAVNDVNSRIQ

labdane-related synthase
iso-elsabellatriene synthase
putativive TPS

putativive TPS

putativive TPS
tsukubadiene synthase
putativive TPS
spiroalbatene synthase

spatadien synthase

* * %

SFIWHTSHARYQGIRPNRGSSTSSPAR
MVDWSARSARYDVVPEAA
NLDWSRRTKRYQAGTAVSWARPADYVERALIGVDQ
NVAWSLETARYASRAIDMEREKEVEGDLR
NCRWHCIVPRYDHVARDPERDRPGLPTQPAGRQGKDT
YLOWAVDTSRYGOTEATEFSFTDTPRDDTPEPPPGIPSVEWLWTL
NLEWHKHSARYHT

NLVWIGQTRRYDLDLPRIRGTEFDDVLCDG
NLDWSRATLRYRERERGGLPAYLEATLAPAGTEGGT

Figure 6: The WXXXXXRY motif in protein sequences of diterpene TPS from different bacteria. Highlighted is the WXXXXXRY motif in green. Under-
lined sequences refer to crystal structures of the respective diterpene TPS in the closed conformation, with a structured C-terminus. Cyclooctat-9-en-
7-ol synthase (WP_093468823), S. melanosporofaciens; labdane-related diterpene synthase (WP_019525557), Streptomyces K155; iso-elsabella-
triene synthase (WP_003963279), Streptomyces clavuligerus; terpene synthase (WP_046708564.1), Streptomyces europaeiscabiei; terpene
synthase (WP_012394883), Myobacterium marinum; diterpene synthase (BAP82229), Streptomyces sp. ND90; tsukubadiene synthase (EIF90392),
Streptomyces tsukubaensis NRRL 18488; terpene synthase (ZP_00085244), Pseudomonas fluorescens PfO-1; spiroalbatene synthase
(WP_030426588.1), Allokutzneria albata; spatadien synthase (WP_095757924.1) Streptomyces xinghaiensis.
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Table 2: CotB2 and its variants as well as the altered products.

variant product reference

wild-type cyclooctat-9-en-7-ol (4) [31]

N103A 3,7,12-dolabellatriene (6) [36]

F107A R-cembrene A (7) [30]

F107Y cyclooctat-1,7-diene (8) [30]

F107L cyclooctat-9-en-7-ol (4) [30,36]
3,7-dolabelladiene-9-ol (9)
cyclooctat-6-en-8-ol (10)

F149L cyclooctat-7-en-3-ol (11) [30]

F185A cyclooctat-9-en-7-ol (4) [36]
cyclooctat-6-en-8-ol (10)

W186L cyclooctat-9-en-7-ol (4) [36]
cembrane A (7)
3,7,18-dolabellatriene (12)

W186F cyclooctat-9-en-7-ol (4) [36]
cyclooctat-7-en-3-ol (11)
3,7-dolabelladiene-9-ol (9)
cyclooctat-6-en-8-ol (10)

W186H cyclooctat-7-en-3-ol (11) [36,38]
3,7,18-dolabellatriene (12)

W288G 3,7,18-dolabellatriene (12) [38]

Further support for the reaction mechanism was generated by
gas-phase calculations [33,34] as well as in silico multiscale
modeling [37], which suggest an active role of the enzyme

during catalysis.

Cyclization is initiated by cleavage of the GGDP diphosphate
moiety. After two consecutive cyclization reactions, a dolabel-
latrienyl cation (A) is generated, stabilized by m-cation interac-
tions with W186 (Scheme 2 and Figure 7). Whereas mutation of
this residue to amino acids with aromatic character mainly lead
to different migration of the double bound and different

hydroxylation pattern (Table 2 and Scheme 1). An exchange to

Beilstein J. Org. Chem. 2019, 15, 2355-2368.

leucine drastically changes the product to cembrane A (7) and
3,7,18-dolabellatriene 12 (Table 2 and Scheme 1) [36]. The
cation migrates via a 1,5 hydride shift, as shown by deuterium
labeling [33-35], to form the carbocation located at position C8
of dolabellatrienyl (B). By ring closure and formation of a novel
C-C bond the tricyclic 5-8-5 ring system (C) is established.
F107, F149, and the pyrophosphate moiety stabilize the carbo-
cation at position C3 (Scheme 2 and Figure 7). F107 has been
targeted by site-directed mutagenesis as well (Table 2 and
Scheme 1) [30], leading to compounds R-cembrene A (7) and
cyclooctat-1,7-diene (8). Now the cationic intermediate has two
possibilities to react to G, either by a 1,3- and 1,5-hydride shift
or by two 1,2-hydride shifts followed by a 1,5-hydride shift.
The sequential 1,2-hydride shift (C to E) route was initially
suggested by theoretical calculations, which supported the
overall mechanism [33,34], and this was verified via isotope
labeling [34]. Such series of two 1,2-hydride shifts have previ-
ously been demonstrated experimentally for tsukubadiene
synthase [66]. Compound E is stabilized by F107 (Scheme 2
and Figure 7) and the backbone carbonyl of I181. Compound G
is obtained by another 1,5-hydride shift as proven by isotope
labeling [35]. The carbocation located at C10 is stabilized by
N103 and T106. A mutation of N103 to alanine, bearing the
possibility to stabilize the carbocation, results in 3,7,12-dolabel-
latriene 6 (Table 2 and Scheme 1). Finally, the cyclopropyl ring
is opened by a 1,3-alkyl shift and a subsequent nucleophilic
attack by a water molecule at C7 yields the product cycloocat-
9-en-7-ol (4). Notably, no water has been observed in the struc-
tural investigations that could resume the nucleophilic attack.

Biotechnological applications to exploit the
chemistry of CotB2
The mutants described in Table 2 are not only important for

resolving structure—function relationships, they also convey the

12

Scheme 1: Overview of the altered product portfolio as a result of introduced point mutations in the active site of CotB2. For an overview of the point

mutations see Table 2.
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1,5-hydride
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15

1,2-hydride
shift

B C
1,2-hydride
shift

1,5-hydride
shift

Scheme 2: Catalytic mechanism of CotB2, derived from isotope labeling experiments [34,35], density functional theory calculations [33] as well as

QM/MM simulations [37].

F185

Figure 7: (A) The inner surface of the active site is shown in gray. The bound F-Dola reaction intermediate is shown in magenta with the fluorine atom
colored in light blue. Aromatic residues are shown in black stick representation (B) View of panel A rotated by 90°. (C) View from the top into the

active site of CotB2. View of panel A rotated by 90°.

conversion to carbon skeletons of other bioactive natural prod-
uct classes. In light of this fact, the exchange of only one amino
acid changes the product portfolio from cyclooctatin (5)
belonging to the fusicoccane diterpene family to compounds of
the dolabellane [67] or the cembranoid class [68].

The dolabellane diterpenes synthesized by the respective
synthase mutants are missing the bond between C2 and C6
compared to cyclooctatin (5). Hence, they are comprising a
5,11-fused bicyclic skeleton. In contrast, cembranoids are
monocyclic compounds consisting of a 14 membered ring struc-
ture. Common to all compounds available via the CotB2
mutants is the necessity of further decoration with functional

groups, like hydroxylations or epoxidations, to induce the

desired bioactivity (Scheme 3). Modification descriptions in the
next chapters are composed according to the atom numbering in
(Scheme 3). Lead structure for the dolabellane derivatives is
3,7,18-dolabellatriene (12) and cembrene A (7) for the cembra-
noid family, respectively (Scheme 3).

Dolabellanes comprise a diverse group of bioactive diterpenes,
with the first compounds initially isolated from the mollusc
Dolabella californica in 1977 [69]. Later, the product family
was widened by molecules isolated from other marine organ-
isms, like sponges, sea whips and the brown algae of this genus
Dictyota [70]. Two modifications would transform 3,7,18-dola-
bellatriene (12, Scheme 3) into a potent cytotoxic molecule with

activity towards murine leukemia cells or human non-small cell
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sarcophytol A, 15

3-epoxy-7,18- 3,7-dolabella-
dolabelladien-14- dien-12-ol, 14
one, 13
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OH

thunbergol, 18

p-CBT, 17

Scheme 3: Variants of CotB2 open the route to a novel product portfolio with altered cyclic carbon skeletons, which can be converted into bioactive
compounds by chemo-enzymatic methodologies. Modification descriptions are composed according to the atom numbering. (A) Lead structure for the
dolabellane derivatives is 3,7,18-dolabellatriene (12) and (B) cembrene A (7) for the cembranoid family.

lung cancer with EDs values of 6.5 and 16.7 ug mL™!, respec-
tively [71]. To obtain this interesting compound isolated from
Dictyota dichotoma, C14 has to be modified with a keto func-
tion and the double bond between C3 and C4 has to be con-
verted into an epoxide. Additionally, 3,7,18-dolabellatriene (12)
possesses a mainly weak antibiotic activity against different
types of Staphylococcus aureus strains (two epidemic MRSA
strains, a macrolide-resistant variant and two multidrug-resis-
tant efluxing strains) [72]. By contrast, 3,7,18-dolabellatriene
(12, Scheme 3), only altered at C14 with a hydroxy group,
showed a significant increase in potency (compound 14). Here
the MIC values were as low as 4 pg mL™! for a macrolide-resis-
tant and one multidrug-resistant effluxing variant, as well as
2 ug mL™! for two epidemic MRSA and another multidrug-

resistant effluxing strain.

The first bioactive molecule of the cembranoid family sarco-
phytol A (15), isolated in 1979 from the soft coral Sarcophyton
glaucum [73], is structurally closely related to R-cembrene A
(7, Scheme 3). In order to obtain sarcophytol A (15), two
reactions have to be applied to compound 7: First a base in-

duced double bond shift to gain cembrene C and second a

hydroxylation at C14. Sarcophytol A (15), is a promising target
as it possesses inhibitory activity against potent tumor promo-
tors, like teleocidin [74]. Interestingly, sarcophytol A (15) was
already inhibitory at equimolar amounts in contrast to other
natural antitumor promotors, like flavonoids or dihydroxycem-
branoids from tobacco leaves, which has to be applied at a
factor of thousand or more compared to the promotor quantity
to be reasonably active. Moreover, sarcophytol A (15) inhibits
the expression of the tumor necrosis factor-a (TNF-a) mRNA
and the release of TNF-a by BALB/3T3 cells [75]. This
cancer prevention activity can be initiated at an ICsq of only
2.5 uM.

Other bioactive target molecules structurally accessible from
compound 7 could be both epimers of (6R)-2,7,11-cembra-
triene-4,6-diol either 4S: a-CBT 16 or 4R: B-CBT 17
(Scheme 3). Both were isolated in 1985 from cigarette smoke
condensate and identified as anticancer agents [76]. With quite
similar potency (a-CBT: 25.2 uM and B-CBT: 21.9 uM [77]),
they showed inhibition of the induction of Epstein—Barr virus
early antigen by lymphoblastoid cancer cells. In the tobacco

plant itself, both substances, in addition to being key flavor
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ingredients [78], play a major role in the defence against
insects, pathogenic microbes and herbivores [79]. Furthermore,
B-CBT 17 showed additional antibiotic activity against
multidrug resistant S. aureus strains, [80], as well as neuropro-
tective activity [81].

Interestingly, the B-CBT derivative missing the hydroxy group
at C6 called thunbergol (18, Scheme 3), already inhibited the
growth of two parasites Trypanosoma brucei rhodesiense,
causing African sleeping sickness, as well as Plasmodium fal-
ciparum causing Malaria tropica, while having only minor
human cytotoxicity [82]. Further, thunbergol (18) is reported to
repel aphids within 48 h by 70%, if wheat seedlings are topi-
cally treated with a 0.25% (w/w) solution in ethyl acetate, com-
pared to untreated plants [25]. During application in agriculture
a negative impact on useful insects, like bees, should be
avoided. A hint in this direction could be that in an in vitro ex-
periment with Spodoptera frugiperda insect cells, a high
resilience could be detected with an ICsy of 68 uM. Further-
more, Gram-positive bacteria are significantly growth inhibited
through thunbergol (18) exposure with an ICsq for Bacillus
subtilis of 9 uM and 10 uM for Micrococcus luteus, respective-
ly [25].

For the sustainable, high yield production of bioactive diter-
penoids various aspects have to be considered. One key issue in
yielding high recombinant terpene production titers, are meta-
bolic bottlenecks in the precursor supply, which have to be
circumvented [83]. In that regard, there are different ways of
enhancing E. coli host productivity. First, the general produc-
tion pathway is usually genetically established. Choosing a
plasmid-based production pathway has the advantage, that
single genes can be exchanged or added quite rapidly [84].
Furthermore, decreasing the metabolic burden of the plasmid
construct on the native host metabolism [85] can be achieved by
using polycistronic operons to reduce the amount of plasmid in
a cell. Additionally, computer aided fine-tuning [86] of tran-
scription rates by promotor [24] and RBS [87] variations will
further enhance the production rate [25]. Alternatively, perma-
nent integration of the heterologous genes into the host genome
is an alternative strategy to circumvent metabolic stress by anti-
biotics, which are required to maintain a plasmid in the produc-
tion host [28]. Nevertheless, genomic integration procedures
into the E. coli genome are time-consuming and have the disad-
vantage of having only a single copy in the host genome. Thus,
expression and subsequently production rates of a previously
optimized plasmid based system are not transferable to a
genomically integrated system. In that respect, each operon has
to be optimized de novo, whereby also the loci of integration
have a severe impact on the expression rates of genome inte-

grated heterologous gene material [88-90].

Beilstein J. Org. Chem. 2019, 15, 2355-2368.

Perspectives

CotB2 is an exciting example of how nature evolved an en-
zyme to perform very sophisticated chemistry. Mechanistically,
CotB2 is very well understood, based on data from various dif-
ferent disciplines [30,31,33,35-38]. TPSs play an active role in
all steps from the initialization of the diphosphate cleavage, and
end with the nucleophilic attack of a water molecule. Yet, there
is a dogmatic dispute in the TPS community about the respec-
tive roles of the protein acting as a scaffold and the “inherent”
carbocation reactivity [91] in orchestrating an enzyme specific
reaction cascade. With regard to the latter, the “inherent reactiv-
ity” of carbocations is no doubt an important ingredient in
terpene biosynthesis. The enzyme could be understood as
passive catalyst, essentially chaperoning the intermediates
during the reaction cascade. It is clear that much of terpene bio-
synthesis can be understood by this concept. “Inherent reactivi-
ty” largely relies on theoretical calculations performed in the
gas phase [92,93]. The latter approach per se disregards the role
of the protein scaffold during catalysis. However, there are
many examples of mono-, sesqui-, and diterpene synthases,
where the contribution of the diphosphate and selected amino
acid residues, which decorate the active site, on carbocation
stability has been demonstrated [94-98]. These studies reveal a
significant effect of individual active site moieties on TPS reac-
tions in respect of product formation or alteration of the prod-
uct profile. Additionally, numerous theoretical studies have em-
phasized the role of the enzyme environment in guiding the
reaction cascade [94,99-102]. In case of CotB2, mutagenesis
studies of plasticity residues of CotB2 [30,36-38] have been
demonstrated to drastically change the propagation of the
carbocations and consequently alter the product portfolio
(Table 2 and Scheme 1).

Notably, in the crystal structures of CotB2 (Table 1) [36-38],
we perceive that the amino acid side chains with an aromatic
character in the active site (Figure 7) frequently adopt energeti-
cally unfavorable side chain conformations. Moreover, the
crystal structures of the CotB2F107A [37] and CotB2F149L [38]
variants revealed that other aromatic amino acid side chains
adopt different side chain conformations compared to the struc-
ture of CotB2"". This hints to long-range effects of the intro-
duced mutation on other amino acid side chains in the active
cavity. We are convinced that this plasticity of side chains in
the active site of CotB2 plays not only an important role in

stabilization and hence propagation of carbocations.

In future experiments, it would be interesting to investigate the
influence of double or triple mutations within the active site.
Moreover, it would be interesting to prepare a CotB2 variant
with a canonical aspartate-rich motif and to study the influence

on catalysis, whether the product portfolio is affected or not.
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Since until now no water molecule could be located in the elec-
tron density maps, in terms of catalysis the question remains
which entity performs the nucleophilic attack at position C7 to

give the final product cyclocotat-9-en-7-o0l (12).

Another direction, to expand the chemical space, is the exploita-
tion of TPSs to generate novel compounds that could be further
functionalized by classical organic chemistry. Examples of this
include epoxidation resulting in 3,4-epoxy-7,18-dolabelladien-
14-one (13) or hydroboration of 3,7,18-dolabellatriene (12,
Scheme 1) that has been previously biotechnologically manu-
factured using CotB2W288G [103]. Another successful example
is the oxidative transformation of cattleyene and phomopsen
[104]. Yet another approach is the use of heteroatom-modified
farnesyl diphosphates that could be still cyclized by TPSs
yielding unnatural terpenoids [105].
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The history of fragrances is closely associated with the chemistry of terpenes and terpenoids. For thousands of years mankind

mainly used plant extracts to collect ingredients for the creation of perfumes. Many of these extracts contain complex mixtures of

terpenes, that show distinct olfactoric properties as pure compounds. When organic synthesis appeared on the scene, the portfolio of

new scents increased either in order to substitute natural fragrances without change of olfactoric properties or to broaden the scope

of scents. This short review describes the story of the most successful synthetic fragrance ever which is called Iso E Super® as it is

an ingredient in a large number of perfumes with varying percentages and is the first example being used as a pure fragrance. Struc-

turally, it is related to natural terpenes like many other synthetic fragrances. And indeed, the story began with a classic in the field

of fragrances, the natural product ionone.

Review
“Iso E Super® is to perfume what Tango Nuevo is to Tango
Argentino” [1]

Introduction — classical terpenes in perfumes

Perfumes (Latin “per fumus”, which means “through smoke”)
have accompanied mankind for thousands of years dating back
well before biblical times [2,3]. Plants and resins served as
source for perfumes after alcoholic extraction. These extracts
were not only used as fragrances but also as medicine (aqua

mirabilis), aphrodisiac and elixir of life (aquavitae).

In 1882 'Fougere Royale' was created, a composition of
coumarin, oak moss, geranium and bergamot, commercially
launched by Houbigant [4]. The major constituents of gera-
nium oil include myrcene (1), menthone (2), a-pinene (3),
geraniol (4a), geranyl acetate (4b), geranyl butyrate (4c¢),
citronellol (5), limonene (6) and linalool (9a). As for the berg-
amot oil monoterpenes limonene (6, 37%), y-terpinene (7, 7%),
B-pinene (8, 6%), linalool (9a, 9%) and linalyl acetate (9b,
30%) are key ingredients (Figure 1). The ratio of (R)-linalool

and (R)-linalyl acetate (commonly >99.3% ee) is one of the
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1 (myrcene)
terpenic herbal and
woody odour reminescent
to carrot

Q O

)-citronellol) 6 ((S)-(— )Ilmonene)

lemon-like odour

(28 5R) (—)-menthone)
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3 ((1S,5S)-(-)-a-pinene)

used to improve
the odour of industrial

7 (y-terpinene)
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4a R = H (geraniol)
floral, rose-like odour

4b R = COMe (geranyl acetate)

fruity, rosy note
reminescent to pear

4c R = COPr (geranyl butyrate)

sweet fruity rose-like odor
reminescent to raspberry

products

8 ((1S,5S)-(-)-B-pinene)

woody resinous
pine hay odour

9a R = H (linalool)
floral, fresh odour
("lily of the valley")
9b R = COMe
(linalyl acetate)

lavender odour

Figure 1: Terpene constituents 1-9 found in geranium and bergamot oils and specified odours of individual components. Perfumes are composed of
compounds that are perceived immediately (top notes), that form the principal bouquet (heart notes) and compounds that are mainly perceived in the
dry-out (bottom notes) [6]. Classification of 1. top notes: a) citrus, b) aldehydic, c) fruity, d) green and e) herbaceous/herbal, 2. heart notes: a) floral
light, b) floral green, c) floral fresh, d), floral fruity, e) floral heavy and f) floral woody and 3. bottom notes: a) aromatic, b) balsamic, c) moss/leather/

animalic, d) musk, e) amber and f) wood.

quality indices as it affects the aroma of the essence of berg-
amot [5].

Nowadays, these historically important oils, rich in monoter-
penes, are complemented by other essential oils from flowers,
roots, fruit, wood, and moss [6], e.g., lavender and petitgrain
oils are rich in linalyl acetate (9b) and lemon oil in y-terpinene
(7) and B-pinene (8). Commonly, essential oils are obtained by
distillation with water or steam, and separation from the
aqueous phase upon cooling. Many of these essential oils
contain substantial fractions of mono- and sesquiterpenes, the
most prominent examples and their olfactory properties being
shown in Figure 2. a-Terpinene (10) is found in cardamom and
marjoram oils, while isomeric terpinolene (11) is present in pine
oils. a-Phellandrene (12) is a constituent of elemi oil, whereas
red/pink pepper oils are rich both in a- phellandrene (12) as
well as B-phellandrene (13). Rosemary and eucalyptus oils
contain the monoterpene ether 1,8-cineole (14) and camphene
(21) can be isolated from the Siberian fir needle oil. Cymbo-
pogon oils provide among other components borneol (16b),
geranyl acetate (4b) and citronellol (5). Besides limonene (6),
(—)-carvone (17) is one of the main constituents in caraway oil
and dill seed oil yields (+)-carvone (17’). Not surprisingly,

camphor oil is rich in camphor (16a). Cypress oil yields

3-carene (20) as one major constituent. Mint oils serve as one
possible source for menthone (2), menthol (15) and (—)-carvone
(17). Essential oils collected from eucalyptus are rich in 1,8-
cineole (14) and from fennel oil in fenchone (18). Farnesol (23)
is present in many essential oils such as citronella, neroli,
cyclamen and lemon grass. Nerolidol (24) is present in neroli,
ginger, jasmine, lavender, tea tree and other essential oils.
Finally, vetiver oil contains the sesquiterpene khusimol (25)
from which the acetate (26) can be prepared by semisynthesis

[6].

Obviously, nature served as starting point and guideline for
creating scents and these lists reveal, that terpenes, particularly
mono- and sesquiterpenes, have played a rather dominant role
in the fragrance industries [6]. Over the last decades, the
demand for fragrances has grown dramatically, so that planta-
tions serve to provide the raw materials. In parallel, synthetic
efforts also dramatically expanded to fulfil the huge demand of
the consumer markets, new olfactory experiences included.
Indeed, synthetic compounds were not introduced until the
dawn of 19th century and first and foremost coumarin played a
key role, first synthesised by Perkin in 1868 [7,8]. Following
this breakthrough, many other perfumes were created based on

synthetic molecules born from the newly established discipline
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14 (1,8-cineole)
terpenic, fir needle

:

13 (rac-B-phellandrene)
minty odour

slightly peppery note odour
O
X [ < K
7 “OH
N /\
15 ((1R,2S,5R)-(-)-menthol)) 16a X = CO 17 ((S)-(-)-carvone) 18 ((1S,4 S)-(+)-fenchone)

((1S,4 S)-(-)-camphor)
camphor-like odour
16b X = CHOH
((1S,2R,4 S)-(-)-borneol)

camphoraceous odour
with a slightly, sharp,
earthy, peppery note

fresh minty odour

%

(rac-1-p-menthene-8-thiol)

20 ((1S,6 R)-(+)-3-carene)
fresh, camphor-like odour

obnoxious odour;
diluted: grapefruit odour

A
| =
OH

23 (2E ,6 E)-farnesol)
linden blossom odour

24 (3S,6 E)-nerolidol)
floral, green odour

herbaceous odour camphor-like
remiscent of spearmint odour
17" ((R)-(+)-carvone)
herbaceous odour
remiscent of caraway

o

21 (rac-camphene)

fresh, herbal,
woody odour

22 ((2S,4 R)-(—)-rose oxide)
geranium, rose odour

AcO

26 ((3S,3aR,6R,8aS)-
(=)-khusimyl acetate)

25 ((3S,3aR,6R,8aS)-
(=)-khusimol)
woody, rooty,

, fresh woody odour
balsamic odour

Figure 2: Other selected mono- and sesquiterpenes (10-26) as fragrance materials [6].

synthetic organic chemistry. This made odorants available for
the broad masses and perfumes to be worn according to one’s
daily mood [2,3].

Key enabling milestones were the musk ketone accidentally
discovered in 1894, being an important compound not derived
directly from nature. Other musky compounds are (—)-(3R)-
muscone, isolated in small-yields from glandular secretion of

the musk deer, and 15-pentadecanolide were utilised too [9].

The discovery and modern applications of Iso
E Super®
It has to be stressed that musky odours were not the only scents

of interest but also the spectrum of fragrances from violet

flower oils. In fact, these were the most expensive of all avail-
able essential oils. Exorbitant quantities of flower petals were
extracted to collect the oil, used directly in cosmetic formula-
tions or spread on laundry to generate a characteristic smell. As
for musk fragrances, there was a quest in the perfume indus-
tries to find a synthetic solution to create scents that mimic
violet flower oils. First, a similarly smelling but more afford-
able orris root oil (Iris pallida Lam., fam. Iridaceae) was chosen
for structural analysis. Thiemann and Kriiger isolated irone (27,
Figure 3), whose molecular formula was first falsely assigned
as C13H200 [10].

In an attempt to recreate this compound by condensation of ace-

tone with citral (28) a compound with “a strange but not very
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27

Figure 3: Main constituents of natural iris oil: irone (27).

characteristic odour” was formed, later named pseudoionone
(29, Scheme 1). It turned out not to be suited for further investi-
gations. However, after cleaning the glassware with sulfuric
acid, a distinctive scent of violets was noted which later was
linked to ionone (30) being created in the acidic medium. Thus,
the category of synthetic ionone (30) and woody smelling com-
pounds was born in 1893 and investigated further in the

following years [10-13].

Following this invention, many derivatives were produced to
find new viable targets. These studies mostly focused on
Diels—Alder cycloadditions to create structures that resemble
terpenoids readily available from easily accessible and afford-
able starting materials like myrcene (1). One of the newly found
products was Ambrelux (32, Scheme 2) that was further
cyclised in a similar fashion previously mentioned for ionone
compounds. This process yielded Isocyclemone E® (33), later
rebranded to the famous name Iso E Super® (33) that is valid
until today [9,14,15]. Indeed, myrcene (1) is one of the most
versatile monoterpenes to be used as starting material for gener-
ating products in various industries. These include polymers,
insect repellents, vitamins, flavours and fragrances [16]. Com-
mercially, it is obtained from turpentine, a side product in paper
manufacturing. Its main constituents are a-pinene (3) and
B-pinene (8), 3-carene (20), limonene (6) and camphene (21).
Since no large-scale source for myrcene (1) was available, a

O
N O
USRS
28

Scheme 1: First synthesis of ionone (30) [11].

Ba(OH),

Scheme 2: First synthesis of Ambrelux (32) [14].

Beilstein J. Org. Chem. 2019, 15, 2590-2602.

short route from readily available monoterpenes was estab-
lished. Under pyrolytic conditions B-pinene (8) as constituent of
turpentine undergoes a rearrangement to myrcene (1)
(Scheme 3) [17-21].

A\

T =450-600 °C

8 (B-pinene) 1 (myrcene)

Scheme 3: Industrial synthesis of myrcene (1) by pyrolysis of B-pinene
8).

To produce Ambrelux (32), myrcene (1) is reacted with dieno-
phile (31) in a Diels—Alder cycloaddition promoted under
Lewis-acidic conditions. In order to obtain Iso E Super® (33),
Brgnstedt acid-mediated cyclisation, similar to the one utilised
for the first synthesis of ionone (30), proved feasible on large
scale. As it turned out, not only the one depicted, but several
other cyclisation products formed. The main constituent was Iso
E Super® (33). A minor byproduct is now referred to as Iso E
Super Plus® (34, Scheme 4). Small modifications of the reac-
tion conditions yielded other geometric isomers. In 2007, a
thorough study was published by Frater et al. disclosed of how
such variations of parameters affect product formation and

composition [22].

Interestingly, Iso E Super® (33) itself shows a comparably high
odour threshold of 500 ng L™! as was reported in the original
patent [15]. An impurity of ca. 5%, now called Iso E Super
Plus® (34), was made responsible for the characteristic smell

having an odour threshold as low as 5 ng L~! [23]. Naturally,

AICl3, [0)
toluene

rac-32
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0 H3PO, o H 0
BN toluene | " +
rac-32 rac-33 rac-34 rac-35

Scheme 4: First synthesis of Iso E Super® (33), Iso E Super Plus® (34) and Georgywood® (35) as a mixture of isomers [15].

this impurity was thoroughly analysed in the laboratories of
Givaudan SA and finally secured in a patent as Iso E Super
Plus® (34). Later, also the second impurity Georgywood® (35)
with a higher odour threshold of 15 to 30 ng L™! but better
odour characteristics was patented [17-20]. Further details on
the individual components of this complex mixture are listed in
Table 1.

It must be noted that the conditions for the synthesis of all Iso E

Super® related compounds vary slightly. The main difference

lies in a prolonged isomerisation process of the Diels—Alder

Table 1: Individual components of the complex Iso E Super® mixture.

Component Commercial name
0 Iso E Super® (33)
|
rac-33
H 0 Iso E Super Plus® (34)

Georgywood® (35)

“arborone”)

(+)-E Super Plus® (34)
(Corey also referred to it as

(-)-E Super Plus® (34)

(-)-Georgywood® (35)

product 32 before and after the second cyclisation step. Georgy-
wood® (35) named after Georg Friter is industrially produced
with, e.g., methanol as additive to enforce isomerisation and
suppress premature cyclisation [24-26].

Today, Iso E Super® (33) and its isomers are widely used in a
variety of perfumery products. From Haliston Woman that only
contains a very small portion of this component and Christian
Dior’s Fahrenheit consisting of 25% Iso E Super® (33),
LancOme Trésor (18%) and Shiseido’s Feminite du Bois
(43%), Bois de Violette, Bois et Fruits, Bois et Musc, Un Bois

CAS number Odour (threshhold)

59056-94-9 woody, floral, ambergris, violet,
old-wood, lemony
(500 ng L™

140194-26-9 woody—ambery, very strong odour
(5pgL™

185429-83-8 (15pg L-1-30 pg L")

356088-93-2 intense woody odor, clean and
pleasant
(5pgL™

356088-90-9 faint odor

828933-31-9 woody-ambery. bottom note: fresh,

minty, green, sweet
(20pg L™
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Table 1: Individual components of the complex Iso E Super® mixture. (continued)

(+)-Georgywood® (35)

53

rac-53

Sepia, Un Bois Vanille, Christian Dior’s Dolce Vita, just to
mention a few (Table 2). Only recently, it was probed, whether
it is possible to further increase the amount of Iso E Super®
(33) in a commercial perfume [25,26].

This trend culminated in Schon’s creation of Molecule 01 in the
year 2005, a perfume that contains nothing else than Iso E
Super® (33). Orb_ital from Nomenclature (75% Iso E Super®)
followed in the year 2015. This fragrance collection has set
itself the task of using a range of synthetic fragrances as “over-
doses” in perfumes.

The name Orb_ital derives from Orbitone, a brand name from
the olfactory active (2R, 3R)-Iso E Super® (33) [27]. It has to be
stressed, that all compounds related to Iso E Super® are not
handled as single isomers but rather as varying mixtures
because none of the industrial syntheses is very stereo- and

828933-41-1 weakly woody
bottom note: unpleasant, acrid,
musty
(3.5ng L")

260792-30-1 n.a.

regioselective as shown by GC analysis in Figure 4. So far
efforts in industrial production have been directed towards
product mixtures that are dominated by one isomer with
favourable olfactory properties.

What seems to be counterintuitive for purely synthetically
oriented or medicinal chemists, can be rationalised, when
briefly considering the biochemical mechanism of the smell and
the operation of scents. The odour impression is created by
olfactory receptor neurons inside the nose. Since olfaction is a
very complicated and broad field, it is hard to predict how mol-
ecules and mixtures of different molecules affect the perception.
This is especially complex since odour impressions may change
when concentrations are altered. On the lowest level, com-
pounds of interest interact with so-called G-protein receptors
consisting of seven intermembrane domains [28]. The quater-
nary structure including the membrane set up the active site.

Table 2: Top fragrances with regard to their volume percentage (listed down to about 20%; the large number of perfumes with lower percentages are

not listed) of Iso E Super® in perfume oil [1].

Fragrance Name Company

Molecule 01 Escentric Molecules
Perles Lalique

Orb_ital Nomenclature
Poivre Samarcande Hermes

Escentric 01 Escentric Molecules
Terre d’Hermeés Hermes

Incense Kyoto
Incense Jaisalmer
Fierce for Men

Comme des Gargons
Comme des Gargons
Abercrombie & Fitch

Kenzo Air Kenzo

Encre noire Lalique
Feminite du Bois Shiseido
Fahrenheit Christian Dior
Tresor Lancome
Aventus Creed

Iso E Super® (33) and

Launch year Iso E Super Plus® (34)

2005 100%
2007 80%
2015 75%
2004 71%
2005 65%
2006 55%
2002 55%
2002 51%
2002 48%
2003 48%
2006 45%
1992 43%
1988 25%
1990 18%
2010 18%
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10.00

(33)
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10022
10288
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9.742 102
9,989
10.00 1

Figure 4: Iso E Super® region of GC spectra of Molecule 01 (left, 75 €-100 € per 100 mL; march 2019), a low-priced counterpart from TOP2BASE
(middle, 20 € per 100 mL) and product produced in our laboratories under flow conditions. Note, although both samples provide a similar smell, the
olfactory effects slightly vary because of different proportions of products and isomers produced in very small amounts that impact the nuances of a
scent significantly (GC analyses were conducted in the author’s laboratories on a Zebron™ phenomenex ZB-1MS F&F (20 m, 0.18 mm, 0.18 um)

column).

Approximately 370 different G-type proteins are known, that
are linked with the odour perception. Because molecules can
bind to an array of olfactory receptors generating a complex
odour impression, an exact determination which proteins are
linked to which smells or molecules is a very ambitious task.
Hence, studies towards understanding interactions led to a
Nobel Award in 2002 [29-31]. Even today correct modelling
and protein crystallisation are immense challenges to be solved.
Hydrophilic and hydrophobic interactions with the unpolar lipid
layer make the tendency to yield suitable crystals even more
difficult. Nevertheless, Palczewski and co-workers were able to
crystallise the first GPCR (G-protein-coupled receptor) in 2000

confirming the previously described structure [28,32].

Synthetic aspects of individual Iso E Super®

components
The first target-specific synthesis of (-)-Georgywood® (35)
utilised the (S)-Corey—Bakshi—Shibata catalyst (36) for the en-

antioselective Diels—Alder cycloaddition (Scheme 5). The cor-

responding enantiomer (+)-Georgywood® (35) was also pre-

pared using the corresponding (R)-CBS catalyst (36).

In contrast, the enantiomer (+)—Georgywood® (35) was found to
possess a relatively weak odour which was described as
distinctly unpleasant and acrid-musty by several members of
the Corey group [33]. The same approach led to the discovery
of (+)-Iso E Super Plus® (34) as a highly active component
(Scheme 6). Fréter et al. confirmed these experiences after
isolation of active olfactory compounds of Iso E Super Plus®
(34) and Georgywood® (35). Racemic resolution provided a
crystalline material that served to obtain an X-ray structure of
the oxime derivative of (—)-(1R,2$)-Georgywood® ((—)-35)
[33,34].

Corey’s asymmetric synthesis of Iso E Super Plus® ((+)-34) is
initiated by a stereoselective Diels—Alder cycloaddition
utilizing the CBS catalyst (36) to yield the cyclohexene deriva-

tive 42 with good facial selectivity [33]. Oxidation, iodocar-
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o ~Ne [ “Ph
TEN™ < g-O

/
o-Tol (S)-36
CH,Cly, =95 °C, 2 h, (76%, 6:1 dr, 96% ee)

2. MeMgBr, THF, 0 °C (87%)
3. Dess—Martin periodinane,

0]
CH,Cly, (919
N~ % 2 OT%)
+ H
\

37 38

39

MeAICl,, toluene
65 °C, 6 h (88%)

35

Scheme 5: First synthetic route to (~)-Georgywood® (35) by Corey and Hong [33].

A ph
© Ph
N @
Tf2N H\~‘ B/O
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CH,Cl, H 2. HCOg, I,

3. DBU, THF
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a0 j)kH 84%, 88% ee 69% (for 2 steps)
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1. NaOMe, MeOH 0
2.PCC OMe
79% (for 2 steps)
O 44
o 1. TsNHNH,, cat. HCI
H 2. catecholborane, H 0
p-TsOH NaOAc
OMe OMe
82% 68% (for 2 steps)
(0]
47
H O

45
1. 45, LDBB, CuCN, TMSCI H
2. 03, MeZS OMe

69% (for 2 steps)

1. DIBAL-H 48
2.PCC
3. MeMgBr
4. Dess—Martin
periodinane
72% (for 4 steps)
(+)-34

Scheme 6: First synthetic route to the odour-active (+)-enantiomer of Iso E Super Plus® (+)-34 [33].
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boxylation and elimination yielded the lactone 43. A series of
functional group manipulations provided enone 44, which
underwent a cuprate-mediated Michael addition and liberation
of the aldehyde 46 upon ozonolysis. After intramolecular aldol
condensation the resulting enone 47 was transformed into
cyclohexene 48 with shifted olefinic group by means of a re-
ductive variant of the Wolff-Kishner deoxygenation. A
straightforward four-step sequence finally yielded Iso E Super
Plus® ((+)-34).

Industrially pursued syntheses do not involve a specific
stereoinducing step. In fact, it is mentioned in the patents that
the standard industrial process of Iso E Super® (33) utilises
technical grade chemicals for both synthetic steps. The mixture
of resulting isomers is then used in perfumes, when the smell
meets standard criteria by quality control [14]. As encountered
earlier, the second step of production is the most important one
for product formation and composition. Therefore, several

Beilstein J. Org. Chem. 2019, 15, 2590-2602.

patents exist describing the isomerisation and cyclisation steps
involved. In the first step, both olefinic double bonds of the pri-
mary Diels—Alder product 32 can isomerise, thereby creating
several precursors 49-52 that, accept for 52, are suited to
undergo a second cyclisation as depicted in Scheme 7. After the
following cyclisation step, the double bond of the racemic prod-
ucts obtained isomerises between «, f and y [25].

Furthermore, Erman and co-workers from Millenium Speciality
Chemicals Inc. described a process, which involves methanol
and other alcohols or alternatively organic acids as nucleophilic
additives that can reversibly be introduced and removed again
(Scheme 8). Typically, methanol, ethanol, isopropanol and
2-methoxyethanol served as suitable alcohols. According to
patent information di- or polyols can also serve as “dummy” ad-
ditives. Alternatively, also acetic acid was suggested. Using this
method, the desired Iso E Super Plus® (34) concentration
ranged from 5% to 7% as judged by GC analysis [26].

rac-32

(0] (0]
A + +
N

rac-49

\

rac-50

C,C double bond

isomerization
(0] (0]
rac-51 rac-52

_/

C,C double bond
isomerization

cyclization of
rac-49-51

C,C double bond
isomerization

ot et

rac-34 rac-53

Scheme 7: Analysis of the isomerisation process and formation of products.
Gamma (55) are formed [1]. All compounds are obtained as racemates [25].

rac-33 rac-54
C,C double bond
\isomerization/
H 0]
Pz
rac-55

Most importantly, Iso E Super® (33), Iso E Super Plus® (34) and Iso
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O ® |Rro O

©)

rac-56 A

— ROH

rac-49

'% rac-53 \\H\G)

0 (0]
H

rac-34

rac-58

Scheme 8: Isomerisation using additives such as alcohols or carboxylic acids. The product with the y-positioned double bond is the desired Iso E
Super Plus® (34). Products 58 (o double bond) and product 53 (B double bond) are not desired [26].

Frater and Schroder discovered that Iso E Super Plus® (34) can
undergo an additional cyclisation through compound rac-53
(Scheme 9). This is initiated by the acid employed in the second
step of the synthesis. Thus, the ketone is protonated and the
highly electrophilic carbon atom reacts with the alkene moiety.
The resulting tertiary carbocation undergoes a 1,2-methyl shift
to yield a new cation, which in turn is nucleophilically trapped
by the carbinol moiety. The resulting tetrahydrofuran 59 is
chemically stable and this observation was used as rationale for
the erosion of the isomeric ratio observed during prolonged

reaction times.

In the same piece of work Fréter et al. investigated the influ-
ence of Brgnstedt and Lewis acids on the formation of Georgy-
wood® (35). It was found that Lewis acids such as AlClj shift
the equilibrium towards Georgywood® (35) type products espe-
cially when employed in over-stoichiometric amounts. Using
different Brgnstedt acids, the ratios between the products ob-
tained can change drastically [22].

Conclusion and Outlook
Here, we presented a short story on Iso E Super® and deriva-

tives formed during synthesis, a group of molecules that has

methyl shift

rac-53

®
0
™\
rac-59

Scheme 9: Iso E Super Plus® (34) can undergo a third cyclisation to tetrahydrofuran 59 through compound rac-53 [22].

2599



changed the perfume industry, but has its roots in the terpenoid
ingredients of classical essential oils geranium and bergamot
(Figure 5). Starting from ionone (30) an “evolutionary process”
towards synthetic products with similar olfactory properties led
to Iso E Super® (34), Iso E Super Plus® (35) and Georgywood®
(35), a development that took almost hundred years and saw
koavone and timberole as intermediates. An analysis of today’s
fine fragrances reveals that almost all of them combine synthe-
tic scent molecules with traditional essential oils, despite the
fact, that the ongoing consumer trend is towards natural ingredi-
ents. Avoiding synthetics like Iso E Super® (33) would rule out
many favourite scents. In fact, about 100 natural fragrance
ingredients are known, but perfumers have more than 3,000

synthetic molecules at hand of which several examples 60—-66

0]
.--W

koavone

a-ionone

B-ionone

Iso E Super

Beilstein J. Org. Chem. 2019, 15, 2590-2602.

with terpene-like structures are listed in Figure 6. Noteworthy,
the fragrance properties of synthetically-derived unnatural com-

pounds commonly mimic those of natural products.

Biotechnology is another way to harness fragrance components
be it enzymatic or microbial. Nowadays engineered microbes
are at hand that, e.g., produce scents, such as patchouli, by
fermenting sugar. Patchouli is a complex mixture of sesquiter-
penes ((—)-patchoulol, (+)-norpatchoulenol, (+)-a-bulnesene,
(-)-a-guajene, (—)-pB-patchoulene and (—)-seychellene) with a
slightly camphoraceous, woody balsamic odour [6].

Enzymatic derivatisation of terpenes by means of biocatalysis is

another opportunity to create new fragrance molecules or to

OH

timberole

Iso E Super Plus

Figure 5: (Adapted from ref. [8]) lonone (30, 1893, odour threshold: 0.8 ng L=!), koavone (1982, odour threshold: 75 ng L™'), Iso E Super® (33)
(1972, odour threshold: 500 ng L™1), timberole (1982, odour threshold: 26 ng L~1) Iso E Super Plus® (34) (1990, odour threshold: 5 pg L~') and
Georgywood® (35, 1996, odour threshold: 15 pg L=1-30 pg L™1) [9,15,33,35-38].

0 o} OH
=
W (&OAH "

rac-60
diffusive, fruity, floral odor

rac-61
ozone-like, floral odor

rac-62

sweet odor reminescent
of lily of the valley

Sl egie oy

rac-63
connifer-like musk odor

rlch, warm,

rac-65 mixture rac-66
rosy, spicy fruity and woody odor

woody amber odor

Figure 6: Branched, terpene-like cyclohexene derivatives, that are synthetic fragrance components: 60: Iso damascone, 61: Precyclemone B, 62:

Lyral®, 63: Cashmeran®, 64: Kephalis, and 65, 66: Givescone®.
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achieve chiral resolution of racemates. The former process is
commonly associated with oxidation reactions, while the latter
process is often based on the action of lipases. Very recently, a
new concept was disclosed that probed sesquiterpene cyclases
to accept unnatural farnesyl pyrophosphates and generate unnat-
ural cyclisation products with unusual backbones. Thus, in the
presence of presilphiperfolan-8-p-ol synthase (Bot2) a novel
tricyclic product 70 was obtained from unnatural farne-
syldiphosphate ether 69. The olfactory analysis revealed an
ethereal, peppery and camphoric scent (Scheme 10) [39].

Bot2

PPO
67

ethereal, peppery and camphor

Scheme 10: New unnatural terpenoid 70 from unnatural farnesyl
pyrophosphate derivative 69 and comparison with natural biotransfor-
mation (67— 68) and olfactory property of tetrahydrofuran 70 [39].

Future prospects of the fragrance industry will be linked with a
bouquet of methods to broaden the platform of molecules with
favourable olfactory properties. These include chemical synthe-
sis, microbiology and molecular biology associated with
biotechnology and combinations based on these methods.
Hence also the most recent developments in synthetic biology
will appear on the stage of the world of fragrances [40,41].
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Abstract

Chemical investigation of an undescribed Australian fungus, Aspergillus nanangensis, led to the identification of the nanangenines
— a family of seven new and three previously reported drimane sesquiterpenoids. The structures of the nanangenines were elucidat-
ed by detailed spectroscopic analysis supported by single crystal X-ray diffraction studies. The compounds were assayed for in
vitro activity against bacteria, fungi, mammalian cells and plants. Bioinformatics analysis, including comparative analysis with
other acyl drimenol-producing Aspergilli, led to the identification of a putative nanangenine biosynthetic gene cluster that corre-
sponds to the proposed biosynthetic pathway for nanangenines.

Introduction

The fungal genus Aspergillus is well recognised as a source of  A. insulicola [18], A. bridgeri [18], A. sclerotiorum [19],
A. variecolor [19], A. parasiticus [20], A. oryzae [21],
A. ochraceus [22], A. pseudodeflectus [17], A. carneus [23] and
Aspergillus sp. strain IBWF002-96 [4,5] are biosynthetic

sources of the drimane sesquiterpenoids. Drimane sesquiter-

structurally diverse terpenoids comprising monoterpenoids [1],
sesquiterpenoids [2-5], diterpenoids [6], sesterterpenoids [7-9],
triterpenoids [10] and prenylated polyketide meroterpenoids
[11-15] isolated from soil, endophytes and marine strains. Of

this genus, A. ustus [16], A. calidoustus [17], A. insuetus [17], penoids, which are derived from a parent C;5 pentamethyl-
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trans-decalin skeleton, are known to occur in plants, sponges,
molluscs and other fungi as well and possess a wide range of
bioactivities [24]. The drimane sesquiterpenoids isolated from
Aspergillus spp. have exhibited in vitro anti-inflammatory [5]
and antiviral [22] activities as well as cytotoxicity against
several mammalian cell lines [4,16,22].

Continuing our chemotaxonomic exploration of unusual
Australian species of the genus Aspergillus [25-28], a soil
survey was completed in the Kingaroy District of the South
Burnett region of South East Queensland. One fungal strain,
isolated from soil collected near the town of Nanango, Queens-
land, showed atypical growth patterns with distinct macro- and
micro-morphological differences to other Aspergilli. This strain
was considered to be a new species, Aspergillus nanangensis,
belonging to the subgenus Circumdati, section Jani. The
detailed morphological, genomic and chemotaxonomic charac-
terisation of A. nanangensis will be reported elsewhere in due
course. Herein, we report the isolation, structure elucidation and
bioassay of a family of drimane sesquiterpenoids from
A. nanangensis, which we named the nanangenines. Notably,
A. nanangensis distinguishes itself within the genus by the pro-
duction of terpenoids as the dominant biosynthetic class of sec-
ondary metabolites.

Results and Discussion

Purification and identification

The metabolite profile of A. nanangensis was examined on a
limited range of solid and liquid media suitable for fungal
metabolite production. The metabolite profile remained consis-
tent despite variations to the carbon and nitrogen sources across
agars and liquid media, but the productivity was superior on
grains, notably rice and barley. A search of the UV-vis profiles
against our in-house library of type species (>25,000 spectra
from 2,000 species, including 205 Aspergillus type species) and
unidentified but metabolically talented fungi (>60,000 spectra
from 3,000 species) returned no similar metabolite cohorts,
suggesting an unknown species. Individual retention time/
UV-vis searches of the dominant 15 secondary metabolites
against our in-house pure metabolite library (>7,100 standards)
also failed to provide a single known secondary metabolite,
further suggesting the strain was a hitherto unaccounted species
of Aspergillus.

A. nanangensis was cultivated separately on jasmine rice and
pearl barley for 21 days, which resulted in confluent and thick
mycelial coverage of the grains. Extraction of the grains with
acetone, followed by partitioning of the aqueous residue with
EtOAc and defatting with hexane, provided an enriched extract
of non-polar secondary metabolites. Fractionation by reversed-

phase preparative HPLC (Figures S1 and S2 in Supporting

Beilstein J. Org. Chem. 2019, 15, 2631-2643.

Information File 1) yielded ten drimane metabolites shown in
Figure 1: one trihydroxylated drimane sesquiterpenoid lactone,
nanangenine A (1), four drimane lactones bearing C¢/Cg acyl
chains, nanangenines B, C, D and E (2, 4, 5 and 6), two
acylated drimanes bearing isomeric lactones, isonanangenines B
and D (3 and 7), and three acylated drimanes, nanangenines
F-H (8-10), which are putative biosynthetic intermediates. The
structures of 1-10 were elucidated by detailed spectroscopic
analysis, while absolute configurations were determined by

single crystal X-ray diffraction analysis of selected analogues.

High-resolution positive electrospray ionisation mass spectrom-
etry (HRESI(+)MS) analysis of nanangenine A (1) revealed an
adduct ion ([M + Na]* m/z 305.1363) indicative of a molecular
formula C{sH,,05 requiring five double bond equivalents
(DBE). No distinguishing absorption maxima were observed in
the UV—vis spectrum, while absorptions at 3354 and 1738 cm™!
in the IR spectrum were indicative of hydroxy and carbonyl
groups, respectively. The '3C NMR data for 1 (Table 1) indicat-
ed the presence of one carbonyl carbon (¢ 179.3, C-11) and
two olefinic carbons (8¢ 128.2, C-7 and ¢ 131.1, C-8), ac-
counting for two DBE and thus requiring 1 to be tricyclic. The
'H and '3C NMR data also revealed the presence of one
hydroxylated quaternary carbon (C-9), two aliphatic quaternary
carbons (C-4, C-10), two oxymethines (C-1, C-6), one aliphatic
methine (C-5), one oxymethylene (C-12), two aliphatic methyl-
enes (C-2, C-3), three methyl groups (C-13, C-14, C-15) and
three hydroxy groups (1-OH, 6-OH, 9-OH). Detailed analysis of
the 2D NMR data for 1 (Table S3 in Supporting Information
File 1) confirmed the presence of a drimane sesquiterpenoid
lactone scaffold. A search of the literature revealed 1 to be
almost identical to strobilactone B, previously reported from
A. ustus [29], with the only difference being hydroxylation at
C-1in 1, instead of at C-2. Therefore, the structure of 1 was
assigned as shown in Figure 1. The absolute configuration of 1
was confirmed to be 1R,5S,6R,9R, 13R by single crystal X-ray
diffraction analysis (Table S2 and Figure S3 in Supporting

Information File 1).

HRESI(+)MS analysis of nanangenine B (2) revealed an adduct
ion ([M + Na]* m/z 403.2096) indicative of a molecular formula
C,1H3,0¢. The NMR data for 2 (Table S4 in Supporting Infor-
mation File 1) were very similar to those for 1, with the only
significant differences being the absence of the 6-OH proton,
the presence of additional signals for a Cg acyl chain, and sig-
nificant deshielding of H-6 from dy 4.30 to 5.47 ppm. There-
fore, the structure of 2 was assigned as the 6-O-hexanoyl ana-
logue of 1, as shown in Figure 1. Compound 2 was previously
reported in 2014 as an unnamed metabolite from Aspergillus sp.
IBWF002-96 [5], and we have assigned the trivial name nanan-

genine B for consistency. The absolute configuration of 2 was
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nanangenine D (5)

nanangenine F (8)

Figure 1: Structures of nanangenines 1-10 isolated from A. nanangensis.

Table 1: NMR data for nanangenine A (1) in DMSO-dg.

Position o2 Sy, mult. (J in Hz)P

1 69.0 4.12,dd (8.4,7.8)

2 26.2 1.54, m

3 41.5 1.22, m

4 33.6

5 45.0 152, d (5.0)

6 63.3 4.30, m

7 128.2 5.92, m

8 131.1

9 76.1

10 42.4

11 179.3

12a 70.6 5.00, ddd (12.2,
25, 2.4)

12b 4.91,ddd (12.2,
1.3,1.2)

13 12.6 092, s

14 24.3 1.23,s

15 31.9 1.02, s

1-OH 476, s

6-OH 4.81,brd (5.8)

9-OH 6.50, s

aAcquired at 125 MHz; Pacquired at 500 MHz.

nanangenine G (9)

Beilstein J. Org. Chem. 2019, 15, 2631-2643.

nanangenine H (10)

assigned based on single crystal X-ray diffraction analysis of a
9-0-(4-bromobenzoyl) derivative (2b; Table S2 and Figure S4
in Supporting Information File 1).

HRESI(+)MS analysis of isonanangenine B (3) revealed an
adduct ion ([M + Na]* m/z 403.2094) indicative of a molecular
formula C,1H3,0¢, which is isomeric with 2. Comparison of
the NMR data for 3 (Table S5 in Supporting Information File 1)
with those for 2 revealed the only difference to be the position
of the lactone carbonyl group, which was determined to be at
C-12 instead of C-11 based on key HBMC correlations from
H-7 to C-12 and 9-OH to C-11. Therefore, the structure of 3
was assigned as shown in Figure 1. Compound 3 was previ-
ously reported in 2013 as an unnamed metabolite (code number
SF002-96-1) from Aspergillus sp. IBWF002-96 [4], and we
have assigned the trivial name isonanangenine B for consis-
tency. The absolute configuration of 3 was assigned based on
single crystal X-ray diffraction analysis of a 1-O-(4-bromoben-
zoyl) derivative (3b; Table S2 and Figure S5 in Supporting
Information File 1).

HRESI(+)MS analysis of nanangenine C (4) revealed an adduct

ion ([M + Na]* m/z 387.2147) indicative of a molecular formula

C,1H3,05, which has one fewer oxygen atom than 2 and 3.
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Comparison of the NMR data for 4 (Table S6 in Supporting
Information File 1) with those for 2 revealed the only signifi-

cant differences to be the absence of the H-1 and 1-OH protons

and the presence of an additional methylene group (H,-1).

Therefore, the structure of 4 was assigned to be the 1-deoxy an-
alogue of 2, as shown in Figure 1. Compound 4 was previously

reported in 2014 as an unnamed metabolite from Aspergillus sp.

IBWF002-96 [5], and we have assigned the trivial name
nanangenine C for consistency. The absolute configuration of 4
was assigned based on single crystal X-ray diffraction
analysis (Table S2 and Figure S6 in Supporting Information
File 1).

Nanangenine D (5), isonanangenine D (6) and nanangenine E

(7) had virtually identical spectroscopic data to 2, 3 and 4, re-

Beilstein J. Org. Chem. 2019, 15, 2631-2643.

spectively, with the only significant differences being the pres-
ence of two additional resonances in the aliphatic region of the
3¢ NMR spectra (Table 2) and an increase in area of four
protons in the methylene envelopes of the 'H NMR spectra.
Therefore, the structures of 5-7 were assigned to be the Cg
homologs of 2—4, respectively, as shown in Figure 1. The
absolute configurations of 5-7 were assigned to be the same as

24 based on their similar NMR data and optical rotations.

HRESI(+)MS analysis of nanangenine F (8) revealed a proto-
nated molecule ([M + H]* m/z 367.2483) indicative of a molec-
ular formula C,1H340s5, requiring one fewer DBE than 2.
Indeed, the NMR data for 8 (Table 3) were very similar to those
for 2, with the main differences being the absence of signals for

the lactone carbonyl and oxymethylene group, and the presence

Table 2: NMR data for nanangenine D (5), isonanangenine D (6) and nanangenine E (7) in DMSO-dg.

Position Nanangenine D (5)

8c? By, mult. (J in Hz)? dc?
1a 68.7 4.17,ddd (10.9,5.9,0.9) 68.6
1b
2a 25.9 1.57, m 27.2
2b
3a 41.3 1.28, m 41.7
3b
4 33.1 32.9
5 43.8 1.87,d (4.9) 441
6 66.0 5.46, m 66.0
7 121.9 5.88, m 131.6
8 135.5 133.2
9 75.6 75.0
10 42.4 43.2
11a 178.4 76.4
11b
12a 70.3 5.03,ddd (12.8,4.8,2.5) 168.6
12b 4.94,ddd (12.8,1.7,1.2)
13 12.2 0.94,s 12.3
14 24.0 1.06, s 242
15 315 0.90, s 31.9
1 172.2 172.2
2'a 34.0 2.33, m 33.9
2b 227, m
3 24.2 1.53, m 242
4 28.2 1.24, m 28.2
5' 28.3 1.24, m 28.2
6' 31.0 1.22, m 31.0
7 21.9 1.24, m 21.9
8' 13.9 0.84,1(7.9) 13.9
1-OH 4.71,d (0.9)
9-OH 6.77 s

aAcquired at 150 MHz; Pacquired at 600 MHz.

Isonanangenine D (6)

Nanangenine E (7)

dy, mult. (J in Hz)° 8c? By, mult. (J in Hz)°
3.95,ddd (12.0,5.9,3.9) 29.4 1.95, ddd (15.0, 13.5, 4.3)
1.81, dm (13.5)
1.53, m 17.4 1.59, m
1.47, m
1.31,ddd (13.3,35,35) 443 1.33, dm (13.0)
1.23, m 1.19,m
333
1.99,d (5.2) 44.0 1.97,d (4.9)
5.59, dd (5.1, 3.9) 66.0 547, m
6.45,d (3.9) 121.3 5.77,m
136.5
73.1
37.2
4.41,dd (10.2, 0.5) 1743
4.19,brd (10.2)
68.2 4.87, ddd (12.8, 2.5, 2.5)
4.74,ddd (12.8, 1.2, 1.2)
0.94,s 18.1 0.99, s
1.08, s 24.2 1.08, s
0.91,s 32.1 0.91,s
172.2
2.36,m 34.0 2.32,m
2.27,m 2.25,m
1.53, m 24.2 1.52, m
1.23,m 28.3 1.24, m
1.23,m 28.2 1.24, m
1.21,m 31.0 1.21,m
1.23,m 21.9 1.24, m
0.83,1(7.2) 13.9 0.84,1(7.2)
4.62,d (5.1) -
5.61brs 6.24 s
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Table 3: NMR data for nanangenines F-H (8—10) in DMSO-dg.

Position Nanangenine F (8)

8c? By, mult. (J in Hz)? 3¢C
1 68.5 3.88,ddd (11.9,5.8,5.8)  69.1
2a 27.3 1.51, m 28.3
2b 1.47, m
3a 41.6 1.26, m 41.6
3b 1.21, m
4 32.8 33.5
5 43.5 1.84,d (4.7) 44.9
6 66.5 5.37, m 67.0
7 124.0 5.53, dq (5.1, 1.5) 1214
8 137.2 1441
9 80.1 75.6
10 47.0 45.9
11a 203.3 9.49,brs 62.2
11b
12a 19.5 1.51,dd, (1.3, 1.3) 61.0
12b
13 11.5 1.06, s 12.5
14 24.3 1.05, s 24.4
15 31.8 0.89, s 324
1 172.3 172.7
2'a 34.1 2.30, m 345
2b 2.23, m
3 23.9 1.53, m 242
4 30.6 1.25,m 30.9
5' 21.7 1.26, m 22.0
6' 13.7 0.84,1(7.0) 13.9
12-OMe - - -
1-OH 4.74,4d, (5.7)
9-OH 5.46, s
11-OH -
12-OH -

Nanangenine G (9)

Beilstein J. Org. Chem. 2019, 15, 2631-2643.

Nanangenine H (10)

Oy, mult. (J in Hz)d dc? Sy, mult. (J in Hz)P
3.93dd (11.2,4.3) 68.4 3.93, ddd (11.8, 5.4, 5.0)
1.56, m 27.5 1.53, m
1.48, m
1.23,m 419 1.27, m
1.22, m

32.8
1.83,d (4.4) 44.3 1.95, d (4.0)
541, m 67.1 5.46, ddd (5.0, 3.9, 1.4)
5.78, brd (5.3) 120.3 5.57,dd (3.9,1.4)

145.0

78.3

43.5
3.73,m 74.5 3.84,d(9.7)
3.67,m 3.76,d (9.7)
4.05,m 101.9 5.31,t(1.4)
4.02,m
1.06, s 11.7 0.92, s
1.03,s 24.3 1.08,s
0.87,brs 32.1 0.89, s

172.3
2.24,m 34.1 2.32,m
221, m 223, m
1.53,m 24.0 1.52, m
1.25, m 30.5 1.24, m
1.26, m 21.7 1.25, m
0.83,1(7.1) 13.9 0.84,1(7.1)
- 54.1 3.26, s
5.07,brs 4.37,d (5.4)
441, brs 493, s
5.27,brs -
4.88,brs -

aAcquired at 150 MHz; Pacquired at 600 MHz; Cacquired at 125 MHz; Yacquired at 500 MHz.

of signals for putative aldehyde (¢ 203.3; dy 9.49, s) and
olefinic methyl (8¢ 19.5; 6y 1.51, dd) groups. Key HMBC
correlations (Table S10 in Supporting Information File 1) from
9-OH to C-11 and from H-11 to C-9 positioned the aldehyde on
C-9, while HMBC correlations from H-7 to C-12 and from
H3-12 to C-9 positioned the methyl on C-8. Therefore, the
structure of 8 was assigned as the seco analogue of 2, as shown
in Figure 1. The absolute configuration of 8 was assigned to be
the same as 2 based on their similar NMR data and optical rota-
tions, supported by key ROESY correlations between H3-13
and H-11, and between H-5 and 9-OH (Table S10 in Support-
ing Information File 1).

HRESI(+)MS analysis of nanangenine G (9) revealed an adduct
ion ([M + Na]* m/z 407.2406) indicative of a molecular formula

C51H3606. The NMR data for 9 (Table 3) were very similar to
those for 2, with the main differences being the absence of a
signal for the lactone carbonyl group and the presence of addi-
tional signals for an additional oxymethylene (dc 62.2; dy 3.73/
3.67, m) and two additional hydroxy groups (dy 5.27, br s and
4.88, br s). The 'H NMR signals for oxymethylene Hp-12
were also shifted upfield by ~1 ppm compared to those
in 2, suggesting the pendant oxygen atom was no longer at-
tached to a carbonyl carbon. A detailed analysis of the 2D
NMR data for 9 (Table S11 in Supporting Information File 1)
confirmed the structure to be the seco analogue of 2, as shown
in Figure 1. The absolute configuration of 9 was then
confirmed to be the same as 2 by single crystal X-ray diffrac-
tion analysis (Table S2 and Figure S7 in Supporting Informa-
tion File 1).
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HRESI(+)MS analysis of nanangenine H (10) revealed a proto-
nated dehydration product ((M — H,O + H]* m/z 379.2473) in-
dicative of a molecular formula C,H350¢6. The NMR data for
10 (Table 3) were very similar to those for 3, with the main
differences being the absence of a signal for the lactone carbon-
yl group and the presence of additional signals for acetal
(0¢c 101.9; dy 5.31, t) and methoxy (8¢ 54.1; dy 3.26, s) groups.
Key HMBC correlations (Table S12 in Supporting Information
File 1) from H-7 to C-12 and from 12-OMe to C-12 positioned
the methoxy group and acetal proton on C-12. Thus, the struc-
ture of 10 was assigned as shown in Figure 1. The configura-
tion of 10 at C-12 was determined to be 12R based on a key
ROESY correlation between H-12 and 9-OH (Table S12, Sup-
porting Information File 1), with the absolute configuration of
the remainder of the molecule assumed to be the same as 3

based on their similar NMR data and optical rotations.

Bioassays

The nanangenines were assayed for in vitro activity against four
mammalian cell lines, two bacteria, one fungus and one plant
(Table 4). Compound 1 was inactive up to 100 ug mL™! in all
of the assays performed, suggesting acylation at 6-OH is impor-
tant for biological activity. Compounds 4, 5 and 7 showed mod-
erate antibacterial activity against B. subtilis, with weaker activ-
ity observed for 2, 3, 6 and 8. Compounds 2, 5, 8, 9 and 10
exhibited low levels of cytotoxicity against the four mammalian
cell lines tested, while 3, 6 and 7 were considerably more cyto-
toxic. Notably, 4 showed strong activity against the mouse
myeloma NS-1 cell line, but no activity against the three human
cell lines. None of the compounds tested showed any activity up
to 100 pg mL™! against the Gram-negative bacterium
Escherichia coli (ATCC 25922), the fungus Candida albicans
(ATCC 10231) or the plant Eragrostis tef (tetf).

Table 4: In vitro bioassay results for nanangenines 1-10.

Compound

BsP NS-1¢
1 >100 >100
2 62+2 38+1.5
3 56 +6 0.16 £ 0.01
4 57+01 41+01
5 94+04 19+2
6 4%9 1.0+0.1
7 23+0.3 24 +0.1
8 78 £2 49+ 2
9 >100 47 +2
10 >100 10+2
control 0.4h 0.02

Beilstein J. Org. Chem. 2019, 15, 2631-2643.

Proposed biosynthesis and gene cluster

The biosynthesis of drimane-type sesquiterpenoids from
farnesyl diphosphate is proposed to proceed via the protonation-
initiated mechanism (class II terpene synthases) [24], which is
distinct from the ionisation-initiated mechanism (class I)
terpene synthases, where a carbocation is generated by the
release of a diphosphate group [30]. Therefore, the drimane
synthase is likely to be different from the commonly observed
sesquiterpene synthase, which belongs to the class I terpene
synthases. Recently, the drimane synthase AstC involved in
biosynthesis of the astellolides was identified and shown to be a
novel member of the terpene synthase family, showing simi-
larity to haloacid dehalogenase (HAD)-like hydrolases [21].
Thus, we suspected that a related enzyme may be involved in
the biosynthesis of the nanangenines, and used the amino acid
sequence of AstC to probe the A. nanangensis genome. We also
hypothesised that the acyl side chains present in the (iso)nanan-
genines could be derived either from a fatty acid synthase
(FAS) or polyketide synthase (PKS). For example, in aflatoxin
biosynthesis, the hexanoyl started unit is supplied by a FAS
[31], while in the meroterpenoid fumagillin biosynthesis, the

unsaturated acyl chain is synthesised by a PKS [32].

The A. nanangensis genome was sequenced and a draft
assembly of the genome was generated. A local BLASTp
search of the A. nanangensis genome using the drimane
synthase AstC as query returned a hit on scaffold 3,
FE257_006542, which was immediately flanked by a highly-
reducing PKS (FE257_006541) and a FAD-binding oxidore-
ductase (FE257_006543). AstC, though annotated as a HAD-
like hydrolase and having low sequence homology to other
characterised terpene synthases, contains sequence motifs
conserved across both class I (DDxxD/E) and class I (DxDD,

ICs0 (Mg mL™")3

DU-1459 MCF-7¢ Nt
>100 >100 >100
>100 >100 >100
0.9+0.2 0.19+0.05 0.9+0.1
>100 >100 >100
37+2 22+1 37+2
32+3 36+04 2.1£03
15+ 1 9.4+07 6.8+0.6
95+3 49 + 1 84+2
>100 >100 >100
7%9 62+ 2 60 £ 1
18 2 0.2

aExperiments were conducted in triplicate. ICsq values are mean + standard error; PBacillus subtilis (ATCC 6633); “mouse myeloma NS-1 cell line
(ATCC TIB-18); Shuman prostate cancer DU-145 cell line (ATCC HTB-81); ®Human breast adenocarcinoma MCF-7 cell line (ATCC HTB-22); fHuman
fibroblast NFF cell line (ATCC PCS-201); Yincomplete dose response, % inhibition reached at 100 pg mL™1; Mtetracycline; 'staurosporine.
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QW) terpene synthases [33-35]. Specifically, AstC contains a
DxDTT motif [21], which is a variant of the DxDD motif
known to be involved in class II-type protonation-initiated
terpene cyclisation [36]. Importantly, the DDxxD motif in AstC
contains a substitution of the second Asp for Asn, leading to a
loss of ionisation-activated cyclisation activity. Two other
HAD-like hydrolases, Astl and AstK, with the class I (DDxxD/
E) motif, are therefore required to catalyse other dephosphory-
lation steps. Despite overall low sequence homology, align-
ment with the amino acid sequences of AstC, Astl, AstK and
related homologs confirmed the presence of both conserved
class I and class II motifs in FE257_006542 (Figure S50 and
Table S15 in Supporting Information File 1).

Drimane sesquiterpenoids are produced by several species
across the Aspergillus genus, with compounds possessing acyl
side chains observed specifically in section Usti, such as
A. ustus [37,38], A. insuetus [39], A. pseudodeflectus [40] and
other unnamed species [17]. A. calidoustus, another member of
section Usti, also produces drimane sesquiterpenoids, though no
compounds with acyl side chains have yet been reported [41].
Notably, the acyl chains that these compounds possess are
unsaturated polyenes, while the acyl chains of the nanan-
genines are fully saturated. As noted earlier, 2—4 were previ-
ously reported as unnamed metabolites from Aspergillus sp.
IBWF002-96 [4,5], which has an internal transcribed spacer
(ITS) sequence that shares 100% identity with an uncultured
soil sample (NCBI accession GQ921753.1) and 97% identity
with A. janus (NCBI accession EU021598). The ITS sequence
of A. nanangensis (deposited on NCBI, accession MK979278)
also shares 100% sequence identity with the uncultured soil

A. nanangensis
MST-FP2251

A. ustus
CBS 3.3904

A. calidoustus
CBS 12160

A. insuetus
CBS 107.25

A. pseudodeflectus
CBS 756.74

® Oxidoreductase @ Haloacid dehalogenase-like
@ FAD-binding oxidoreductase @ Hydrolase
@ Short-chain dehydrogenase

O HR-PKS
O Hypothetical

Beilstein J. Org. Chem. 2019, 15, 2631-2643.

sample, and 97% identity with A. janus (Figure S51 in Support-
ing Information File 1). No public sequence could be found for
IBWF002-96. Interestingly, the uncultured soil sample was also
isolated from soil near the town of Nanango in Queensland,
Australia, as part of a survey of soil fungal communities in
monoculture Araucaria cunninghamii plantations, though it
remained unidentified [42]. While we cannot conclusively de-
termine each strain to be A. nanangensis, the ITS sequences of
all three strains are identical and they clearly clade in section

Jani (Figure S48 in Supporting Information File 1).

A comparative genomics survey of all publicly available
genomes on NCBI and the Joint Genome Institute (JGI) genome
portal of known drimane sesquiterpenoid producers was under-
taken (Figure S49 in Supporting Information File 1). Homolo-
gous gene clusters were observed in all drimane sesquiter-
penoid-producing members of section Usti: A. ustus
CBS 3.3904, A. calidoustus CBS 12160 and A. insuetus
CBS 107.25 (Figure 2). A homologous cluster was also found
in A. pseudodeflectus CBS 756.74, though it is located on a
truncated assembly scaffold. In total, six genes are conserved
across these species: the HR-PKS (FE257_006541), HAD-like
terpene synthase (FE257_006542) and FAD-binding oxidore-
ductase (FE257_006543), as well as a cytochrome P450
(FE257_006544), an alpha/beta hydrolase (FE257_006545) and
a short-chain dehydrogenase (FE257_006546). Notably, no ho-
mologous clusters were identified in other members of section
Jani (A. brevijanus and A. janus) that have not been reported to
produce such drimane sesquiterpenoids. A phylogenetic tree of
all AstC homologs identified in the genomes of all known
drimane sesquiterpenoid producers was constructed, in which

FE257_006541

© Cytochrome P450

Figure 2: Putative nanangenine biosynthetic gene cluster in A. nanangensis MST-FP2251 and homologs identified in other drimane sesquiterpenoid-
producing species of Aspergillus section Usti. Gene models are drawn to scale; shaded boxes that link gene models represent amino acid identity

(0% transparent; 100% black).
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the putative HAD-like terpene synthases (drimane synthases)
from the section Usti form a distinct clade, separate from the
AstC type (Figure S52 in Supporting Information File 1). The
analysis above, and the discovery of other homologous gene
clusters in Aspergillus spp. that are known to produce acyl
drimane sesquiterpenoids, support the identification of this as
the putative biosynthetic gene cluster for nanangenines.

Based on the analyses above, a biosynthetic pathway to the
nanangenines was proposed (Figure 3). Unlike the ast cluster,
where there are multiple HAD-like enzymes encoded (one
terpene synthase and two phosphatases), the putative nanange-
nine cluster only encodes one such enzyme, FE257_006542.
However, given that FE257_006542 contains both class I
(DDxxD/E) and class I (DxDD, QW) terpene synthases, we
propose that FE257_006542 is responsible for both the cyclisa-
tion into drimanyl diphosphate and the hydrolysis of the diphos-
phate into drim-8-ene-11-ol. We propose the next step in the
pathway is hydroxylation at C-6 or C-9, as hydroxylation at
both sites is common to all of the (iso)nanangenines. The

9-hydroxylation also results in migration of the double bond on

4(R=R")
7 (R=R?)

Figure 3: Putative biosynthetic pathway to the nanangenines.

Beilstein J. Org. Chem. 2019, 15, 2631-2643.

the decalin to A7-®. The two hydroxylations could be catalysed
by the FAD-dependent oxidoreductase or one of the
cytochrome P450 oxygenases. From this point, the pathway
branches out to the different (iso)nananagenines via combina-
tions of hydroxylation at C-1 (or not) and one or multiple oxida-
tions at C-11 and C-12. The oxidations of methyl to alcohol and
alcohol to aldehyde could be catalysed by one of the two P450
oxygenases, or the short-chain dehydrogenase could oxidise the
alcohol (at C-11 or C-12) to an aldehyde. Depending on
whether C-11 or C-12 formed an aldehyde, further oxidation of
the aldehyde to a carboxylic acid and condensation with the
y-OH group would afford the butyrolactone ring in nana-
genines A—E and isonanagenines B/D, respectively. The C-6
and C-8 lipid chain is likely produced by the HR-PKS encoded
by gene FE257_006541, while the acylation could be attributed
to the enzyme encoded by FE257_006545, which contains the
conserved domain of the alpha/beta-hydrolase fold superfamily
(which includes thioesterases and acyltransferases, e.g., LovD
[43]). Therefore, the identified putative gene cluster encodes all
the genes predicted to be required for biosynthesis of the

(iso)nanangenines. We are currently in the process of verifying

1(R=H)
2 (R=R")
5(R=R?)
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the putative biosynthetic gene cluster by genetic deletion and

heterologous expression.

Conclusion

Our investigations into unique Australian microbial biodiver-
sity have led to discovery of a family of drimane sesquiter-
penoids, the nanangenines, which serve as key chemotaxo-
nomic markers for the novel fungal species, A. nanangensis. Al-
though related drimane sesquiterpenoid lactones have been
found in several Aspergilli, drimane sesquiterpenoids with satu-
rated fatty acyl chains have only been reported in one
Aspergillus strain (IBWF002-96), which appears to share an
identical ITS sequence with A. nanangensis [4,5]. Interestingly,
drimane sesquiterpenoids are not produced uniformly within the
Aspergillus genus, instead clustering within the sections Usti,
Circumdati and Flavi (Figure S49 in Supporting Information
File 1). The drimane sesquiterpenoids are not among the domi-
nant metabolite classes commonly used for Aspergillus chemo-
taxonomy, but have been used for chemotyping of Aspergilli in
the section Usti [17]. Here, we showed for the first time that an
Aspergillus species from the section Jani produces such
drimane sesquiterpenoids and has a secondary metabolite reper-
toire that is distinct from close members in the section Jani.
Comparative analysis identified a group of putative homolo-
gous acyl drimane sesquiterpenoid biosynthetic gene clusters
that are shared among A. nanangensis and Aspergilli in the
section Usti. Interestingly, the putative nanangenine biosyn-
thetic gene cluster, and those homologs in Aspergillus section
Usti, only shared low homology to the astellolide biosynthetic
gene cluster identified in A. oryzae. Further investigation by
genetic knockout or heterologous expression is required to
confirm the identity of the putative nanangenine biosynthetic
gene cluster. Over the range of biological assays performed,
isonanangenines 3 and 6, in particular, exhibited strong activity
against human and murine tumour cell lines. This suggests that
the regioisomeric lactone moiety could play an important role in
the observed cytotoxicity. Interestingly, 3 (SF002-96-1 [4]) was
previously shown to inhibit survivin, which is a member of the
inhibitor of apoptosis (IAP) family and a potential cancer target.
Further structure—activity relationship studies are required to
fully characterise this potential anticancer pharmacophore. This
study again demonstrates how taxonomy-guided exploration of
fungi is a highly effective strategy for identifying novel bioac-
tive metabolites.

Experimental

General experimental details

Optical rotations were acquired in MeOH on a Perkin-Elmer
Model 341 polarimeter in a 50 X 5 mm cell or on a Jasco
P-1010 polarimeter in a 100 x 3.5 mm cell. UV-vis spectra
were acquired in MeCN on a Varian Cary 4000 spectropho-
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tometer or a Jasco V-760 spectrophotometer in a 10 x 10 mm
quartz cuvette. Analytical HPLC was performed on a gradient
Shimadzu VP HPLC system equipped with a Shimadzu SPD-
M10A VP diode array detector and an LC-10AT VP gradient
chromatograph. Preparative HPLC was performed on a gradient
Shimadzu HPLC system comprising two LC-8A preparative
liquid pumps with static mixer, SPD-M10AVP diode array
detector and SCL-10AVP system controller with standard
Rheodyne injection port. The columns used in the purification
of the metabolites were selected from either a Hypersil Cyg
column (50 X 100 mm, 5 um; Grace Discovery), a Vydac Cg
column (50 x 100 mm, 5 um; Grace Discovery), a Zorbax
SB-Cg column (50 x 150 mm, 5 um; Agilent) or an Alltima
Cig column (22 X 250 mm, 5 um, Grace Discovery), eluted
isocratically with acetonitrile/water mixtures with or without
0.01% TFA modifier, as described for each separation. LCMS
was performed on an Agilent 1260 Infinity series HPLC
equipped with an Agilent 6130 Infinity series single quadru-
pole mass detector in both positive and negative ion modes.
High-resolution electrospray ionisation mass spectra
(HRESIMS) were obtained on a Bruker Apex Qe 7T Fourier
Transform Ion Cyclotron Resonance mass spectrometer
equipped with an Apollo II ESI/MALDI Dual source or a Q
Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) by direct infu-
sion. NMR data were recorded in DMSO-dg on either a Bruker
Avance III 500 or a Bruker Avance II DRX-600K spectrometer.
All NMR spectra were recorded at 25 °C, processed using
Bruker Topspin 3.5 software and referenced to residual non-
deuterated solvent signals (DMSO-dg: 0y 2.49, 8¢ 39.5 ppm).

Collection and cultivation

A. nanangensis MST-FP2251 was isolated by serial dilution of
an aqueous suspension of soil collected in Nanango, Queens-
land, Australia in 2004. Cultures were freeze-dried and acces-
sioned into the CSIRO Agriculture and Food (FRR) culture
collection, North Ryde, NSW, Australia, with the code
FRR6048. The growth of A. nanangensis was optimised on four
different agar and liquid media and four types of grains. Agar
and liquid versions of glycerol casein (AC), Czapek-Dox (CZ),
malt extract (MA) and yeast extract (YS) media, and the grains,
pearl barley (PB), cracked wheat (BL), jasmine rice (JR) and
basmati rice (BS) were prepared in accordance with recipes pro-
vided in Table S1 in Supporting Information File 1. The culture
was recovered from storage at —80 °C onto three malt agar
plates. At day 7 the recovery plates showed good confluent
growth and no signs of contamination. Agar plates were sliced
and deposited into three Erlenmeyer flasks containing sterilised
Milli-Q water (100 mL). A spore suspension was created by
shaking for 1 h prior to inoculation. The agar plates were inocu-

lated with spore suspension (500 pL), liquid media (50 mL)
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were inoculated with spore suspension (2 mL), and grains were
inoculated with spore suspension (10 mL). The grain, agar and
liquid media were placed in a dark room at 24 °C, with the
liquid media flasks on a shaker pad rotating at 90 rpm. The
grains and agar cultivars were sub-sampled on days 7, 14 and
21, while the liquids were sub-sampled on day 7. The sub-sam-
ples were extracted in MeOH for 2 h prior to being analysed by
analytical HPLC (Cyg) to determine the secondary metabolite
profile.

Preparative cultivation, extraction and

isolation

Two preparative-scale cultivations were carried out to produce
sufficient quantities of the nanangenine family for characterisa-
tion and bioassay. Cultivation conditions were identical with the
exception of growth medium. Culture A was prepared with
jasmine rice (1.5 kg) and Culture B with pearl barley (1.5 kg).
Each grain was hydrated during sterilisation (1 L water; 120 °C
for 40 min). A spore suspension of a 7-day-old Petri plate of
A. nanangensis was used to inoculate 42 x 250 mL Erlenmeyer
flasks each containing 75 g of sterile medium. The flasks were
incubated at 24 °C for 21 days, by which time the cultures had
grown extensively throughout the grain and reached maximal
metabolite productivity. Cultures were extracted separately
using the same process (see Figures S1 and S2 in Supporting
Information File 1). Grains were pooled from individual flasks,
and extracted with acetone (2 X 3 L). The combined extracts
were evaporated under vacuum to produce an aqueous slurry
(500 mL). The slurry was partitioned against ethyl acetate
(2 x 2 L) and the ethyl acetate was reduced in vacuo to an oily
residue. The residue was dissolved in methanol (300 mL)
and defatted using hexanes (2 X 500 mL) to give the crude
extract.

Initial fractionation of culture A (13.5 g) was achieved using
Sephadex LH-20 size-exclusion chromatography in methanol
(25 x 600 mm). The crude extract was loaded onto the column
and eluted with methanol at a flow rate of 4 mL min~!. The
fractions (100 mL) were sub-sampled and analysed by C;g ana-
lytical HPLC. Fractions 3 and 4 were pooled and evaporated to
give a solid residue (3.7 g), as were fractions 5-7 (7.8 g). Frac-
tion 3—4 was dissolved in MeOH (8 mL) and insoluble material
was pelleted by centrifugation (4000 rpm for 7 min). The super-
natant was fractionated by preparative HPLC (Hypersil C;g,
isocratic 70% MeCN/H,0, 60 mL min~') to give an enriched
fraction (302.4 mg), which was further purified by preparative
HPLC (Hypersil C;g, isocratic 55% MeCN/H,0, 60 mL min~!)
to yield nanangenine B (2; rg = 41.0 min; 92.1 mg). Fraction
5-7 was dissolved in MeOH (9 mL) and insoluble material was
pelleted by centrifugation (4000 rpm for 7 min). The super-
natant was fractionated by preparative HPLC (Hypersil Cyg,

Beilstein J. Org. Chem. 2019, 15, 2631-2643.

isocratic 45% MeCN/H,O containing 0.01% TFA,
60 mL min~!) which yielded four subfractions (1, 3, 4 and 7)
regarded as candidates for further purification. Subfraction 1
(337.8 mg) was purified by preparative HPLC (Hypersil Cyg,
isocratic 27.5% MeCN/H,0O containing 0.01% TFA,
60 mL min~!) to give an enriched fraction (53.2 mg), which
was further fractionated by preparative HPLC (Alltima Cyg,
isocratic 25% MeCN/H,O containing 0.01% TFA,
60 mL min~!) to yield nanangenine A (1; fg = 12.6 min;
25.9 mg). Subfraction 3 (942.1 mg) was purified by preparative
HPLC (Hypersil C;g, isocratic 55% MeCN/H,0, 60 mL min~!)
to give an enriched fraction, which was further fractionated by
preparative HPLC (Alltima Cyg, isocratic 50% MeCN/H,O,
60 mL min~!) to yield nanangenine G (9; rg = 16.5 min;
211.3 mg). Subfraction 4 (632.0 mg) was purified by prepara-
tive HPLC (Hypersil C;g, isocratic 60% MeCN/H,O,
60 mL min~!) to yield isonanangenine B (3; tg = 19.1 min;
106.3 mg). Subfraction 7 (490.1 mg) was purified by prepara-
tive HPLC (Hypersil Cyg, isocratic 80% MeCN/H,O contain-
ing 0.01% TFA, 60 mL min~') to yield nanangenine C (4; rg =
11.5 min; 117.4 mg).

Initial fractionation of culture B (13.5 g) was achieved using
100 g silica gel (Davisil, Grace Discovery 50 um) with 20 g of
silica used to dry load the sample atop the column bed
(55 x 250 mm). The column was eluted with CHCl3 (500 mL)
containing increasing concentrations of MeOH. The fractions
containing terpenoids (0-2% MeOH, 3.0 g) were pooled and
fractionated using isocratic preparative HPLC (Zorbax Cyg,
65% MeCN/H,0, 60 mL min~!) to give five fractions contain-
ing terpenoids. Fraction 1 (785.3 mg) was purified by isocratic
preparative HPLC (Zorbax C;g, isocratic 45% MeCN/H,0,
20 mL min~!) to yield nanangenine H (12; rg = 15.6 min;
41.7 mg). Fraction 2 (93.7 mg) was purified by isocratic prepar-
ative HPLC (Zorbax C;g, isocratic 70% MeCN/H,O,
20 mL min~!) to yield nanangenine F (8; tg = 12.9 min;
7.2 mg). Fraction 3 (30.6 mg) was purified by isocratic prepara-
tive HPLC (Zorbax C;g, isocratic 70% MeCN/H,O,
20 mL min~!) to yield isonanangenine D (6; fg = 15.8 min;
10.7 mg). Fraction 4 (48.8 mg) was purified by isocratic prepar-
ative HPLC (Zorbax C;g, isocratic 70% MeCN/H,O,
20 mL min~') to yield nanangenine D (5; g = 21.8 min; 29.9
mg). Fraction 5 (24.4 mg) was purified by isocratic preparative
HPLC (Zorbax C;g, isocratic 75% MeCN/H,0, 20 mL min~1)
to yield nanangenine E (7; rg = 12.8 min; 8.7 mg).

Characterisation of compounds

Nanangenine A (1): white powder; [(x]D20 =205 (¢ 0.03,
MeOH); UV (MeCN) Apax (log €) 200 (4.19); 212 (3.71) nm;
HRMS-ESI (+, m/z): [M + Na]* calcd. for C;sH,,NaOs5",
305.1359; found, 305.1363.
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Nanangenine B (2): white powder; [alp29 —226 (¢ 0.06,
MeOH); UV (MeCN) Ap.x (log €) 200 (4.08); 208 (3.76) nm;
HRMS-ESI (+, m/z): [M + Na]* calcd. for C,;H3,NaOg¢",
403.2091; found, 403.2096.

Isonanangenine B (3): white powder; [(x]DZO —180 (¢ 0.04,
MeOH); UV (MeCN) Apax (log €) 200 (4.42); 207 (4.21) nm;
HRMS-ESI (+, m/z): [M + Na]* calcd. for C,;H3,NaOg¢",
403.2091; found, 403.2094.

Nanangenine C (4): white powder; [a]D20 -289 (¢ 0.2,
MeOH); UV (MeCN) Apax (log €) 200 (4.09); 208 (3.91) nm.
HRMS-ESI (+, m/z): [M + Na]* calcd. for C,;H3,NaO5",
387.2142; found, 387.2147.

Nanangenine D (5): white powder; [(X]D24 =246 (c 0.28,
MeOH); UV (MeCN) Apax (log €) 200 (3.90); 208 (3.81) nm;
HRMS-ESI (+, m/z): [M + H]* calcd. for Co3H370¢%,
409.2585; found, 409.2579.

Isonanangenine D (6): white powder; [0(]]324 =234 (c 0.13,
MeOH); UV (MeCN) Apax (log €) 200 (4.47); 206.5 (4.42) nm;
HRMS-ESI (+, m/z): [M + H]* calcd. for Co3H370¢%,
409.2585; found, 409.2581.

Nanangenine E (7): white powder; [a]p2* —285 (¢ 0.18,
MeOH); UV (MeCN) Apax (lIog €) 200 (4.17); 206.5 (4.08) nm;
HRMS-ESI (+, m/z): [M + H]" caled. for Co3H3705™,
393.2636; found, 393.2628.

Nanangenine F (8): white powder; [alp2* -268 (¢ 0.24,
MeOH); UV (MeCN) Apax (log €) 200 (3.96); 203 (3.82) nm;
HRMS-ESI (+, m/z): [M + H]* calcd. for CoH3505" [M + H]Y,
367.2479; found, 367.2483.

Nanangenine G (9): white powder; [(x]DZO -231 (¢ 0.05,
MeOH); UV (MeCN) Apax (log €) 200 (4.17) nm; HRMS-ESI
(+, m/z): [M + Na]* calcd. for Co1H36NaOg* [M + Na]®,
407.2404; found, 407.2406.

Nanangenine H (10): white powder; [ot]D24 =270 (c 0.13,
MeOH); UV (MeCN) Apax (log €) 200 (3.98) nm; HRMS-ESI
(+, m/z): [M — H,O + H]+ calcd. for C22H3505+ [M - H,0 +
H]*, 379.2479; found, 379.2473.

Crystallography

Crystals suitable for single crystal X-ray diffraction analysis
were obtained for 1, 4 and 9, providing confirmation of the
spectroscopic structural elucidation. Indirect confirmation of the
structures of 2 and 3 was obtained following their conversion to

4-bromobenzoyl ester derivatives, with substitution at the C-9

Beilstein J. Org. Chem. 2019, 15, 2631-2643.

and C-1 hydroxy groups respectively, and the growth of crys-
tals of these derivatives (2b and 3b). The X-ray diffraction data
obtained from single crystals of 4 and 9 did not allow a defini-
tive determination of their absolute structures, however their
anomalous dispersion statistics indicate that the assignments are
very likely to be correct. The crystal structure of 1 has four
crystallographically-independent molecules, while the struc-
tures of 2b and 3b have two crystallographically-independent
molecules, and the structures of 4 and 9 have one. The cyclo-
hexane rings of all molecules have chair conformations, the
cyclohexene rings of all molecules have half-chair conforma-
tions, and the furan rings of all molecules have flattened enve-
lope conformations. See Supporting Information File 1 for
detailed methods.

Genomics and bioinformatic analysis

Genomic DNA was extracted from A. nanangensis (see Sup-
porting Information File 1) and sent to the Australian Genome
Research Facilities for de novo genome sequencing using Illu-
mina HiSeq 2000. A draft genome assembly of A. nanangensis
was obtained using SPAdes v3.13.0 via the AAFTF pipeline
(https://github.com/stajichlab/AAFTF). To facilitate the identi-
fication of a putative biosynthetic gene cluster, a local BLAST

database was created from the resulting assembly [44]. Though
Shinohara et al. list the revised annotation of AstC as
AORIB40_05408, its amino acid sequence of was retrieved
from AspGD [45] under the locus tag AO090026000582.
AstC homologs were identified in A. nanangensis via the
tBLASTn [44] functionality in Geneious 10.2.6 [46]. The
genome sequences for drimane sesquiterpenoid producing
Aspergilli were obtained from NCBI where available. This
included A. calidoustus SF006504 (GCA_001511075.1),
A. ochraceus fc-1 (GCA_004849945.1), A. parasiticus
SU-1 (GCA_000956085.1), A. sclerotiorum HBRI18
(GCA_000530345.1) and A. ustus 3.3904 (GCA_000812125.1).
Homologous gene clusters were identified in these genomes
using a custom Python script, named clusterblaster (https://
github.com/gamcil/clusterblaster). A DIAMOND [47] database

was built from protein sequences extracted from these genomes,

and clusterblaster was used to rapidly identify biosynthetic gene
cluster homologs in A. ustus and A. calidoustus. Genomes for
A. insuetus CBS 107.25 and A. pseudodeflectus CBS 756.74
were obtained from the Joint Genome Institute (JGI) under
genome portals Aspinsl and Asppdefl, respectively. Manual
tBLASTn searches using the putative nanangenine biosynthetic
gene cluster sequences were performed to identify homologs in
these genomes. Homology between these clusters was visu-
alised using another custom Python script named crosslinker
(https://github.com/gamcil/crosslinker). Further details

regarding clusterblaster and crosslinker are given in Supporting
Information File 1.
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Supporting Information

Supporting Information File 1

Details of cultivation media, fractionation schemes, NMR
spectra and tabulated 2D NMR data for all compounds,
detailed X-ray crystallographic details and CCDC
deposition numbers, bioassay procedures and genomic data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-256-S1.pdf]

Supporting Information File 2

Crystal structure information files for nanangenines A—C
and G.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-256-S2.zip]
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Abstract

Terpene synthases (TPSs) are pivotal enzymes for the production of diverse terpenes, including monoterpenes, sesquiterpenes, and
diterpenes. In our recent studies, dictyostelid social amoebae, also known as cellular slime molds, were found to contain 7PS genes
for making volatile terpenes. For comparison, here we investigated Physarum polycephalum, a plasmodial slime mold also known
as acellular amoeba. Plasmodia of P. polycephalum grown on agar plates were found to release a mixture of volatile terpenoids
consisting of four major sesquiterpenes (a-muurolene, (E)-fB-caryophyllene, two unidentified sesquiterpenoids) and the monoter-
pene linalool. There were no qualitative differences in terpenoid composition at two stages of young plasmodia. To understand
terpene biosynthesis, we analyzed the transcriptome and genome sequences of P. polycephalum and identified four TPS genes
designated PpolyTPS1-PpolyTPS4. They share 28-73% of sequence identities. Full-length cDNAs for the four TPS genes were
cloned and expressed in Escherichia coli to produce recombinant proteins, which were tested for sesquiterpene synthase and
monoterpene synthase activities. While neither PpolyTPS2 nor PpolyTPS3 was active, PpolyTPS1 and PpolyTPS4 were able to
produce sesquiterpenes and monoterpenes from the respective substrates farnesyl diphosphate and geranyl diphosphate. By
comparing the volatile profile of P. polycephalum plasmodia and the in vitro products of PpolyTPS1 and PpolyTPS4, it was con-
cluded that most sesquiterpenoids emitted from P. polycephalum were attributed to PpolyTPS4. Phylogenetic analysis placed the
four PpolyTPSs genes into two groups: PpolyTPS1 and PpolyTPS4 being one group that was clustered with the TPSs from the
dictyostelid social amoeba and PpolyTPS2 and PpolyTPS3 being the other group that showed closer relatedness to bacterial TPSs.
The biological role of the volatile terpenoids produced by the plasmodia of P. polycephalum is discussed.

Introduction
Volatile organic compounds (VOCs) are used by many living  world of microbes, especially bacteria [3,4] and fungi [5,6]. Not
organisms as chemical languages for communication [1,2]. only the chemical diversity of microbial VOCs is continuingly

Rapid progress has been made in our understanding of the VOC  to be discovered, our understanding of their biosynthesis is also
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growing rapidly [7,8]. Among the diverse VOCs, terpenoids are
the largest group. Terpenoids are biosynthesized from two C5
diphosphate compounds isopentenyl diphosphate (IPP) and its
isomer dimethylallyl diphosphate (DMAPP), which are pro-
duced by either the mevalonate (MVA) pathway or the
methylerythritol phosphate (MEP) pathway [9,10]. The MVA
pathway is found in eukaryotes, archaea, and a few bacteria,
and the MEP pathway is present in several photosynthetic
eukaryotes and bacteria [11]. Isoprenyl diphosphate synthases
(IDSs) catalyze the formation of prenyl diphosphates of various
chain length [12]. After that, terpene synthases (TPSs) catalyze
the conversion of prenyl diphosphates to diverse terpenes [13].
Because all living organisms produce prenyl diphosphates,
whether an organism has the ability to produce terpenes

depends on whether it contains TPS genes.

Recently we could show that dictyostelid social amoebae
contain TPS genes. TPS genes were found in 6 species of
sequenced amoeba, including Dictyostelium discoideum,
D. purpureum, Cavenderia fasciculata (formerly D. fascicu-
latum), Tieghemostelium lacteum (formerly D. lacteum),
Heterostelium album (formerly Polysphondylium pallidum),
and Actyostelium subglobosum [14]. The number of TPS genes
ranges from 1 to 21 in these species. Some of the TPS genes
among these species have conserved catalytic functions. For ex-
ample, TPSs of one orthologous group that include DdTPS6,
DpTPS1, AsTPS1, DiTPS1, DfTPS1, and PpTPS18 all cata-
lyze the formation of the sesquiterpene protoillud-7-ene [15,16].
Among paralogs, there is dramatic functional divergence. For
instance, D. discoideum contains 9 TPS genes with diverse cata-
lytic activities [14]. In D. discoideum, most TPS genes showed
expression during multicellular development [14,15]. Consis-
tent with the catalytic activities and gene expression patterns,
the products of most DATPSs were released as volatiles from
D. discoideum at the multicellular developmental stage [14,15].

TPS genes previously were known to exist only in bacteria,
fungi, and plants [13,17,18]. The identification of TPS genes in
dictyostelid social amoeba now indicates a broader distribution
of TPS genes. To understand whether TPS genes occur in other
groups of amoebae, in this study, we investigated Physarum
polycephalum. P. polycephalum belongs to the class of Myxo-
gastria whereas social amoeba belongs to the class of
Dictyostelia, but they both belong to the same infraphylum
Mycetozoa. P. polycephalum is called plasmodial amoeba
because of the plasmodium formed during the vegetative phase.
Plasmodium is a single cell containing millions of nuclei, which
also gives the name of acellular amoeba. P. polycephalum has
been a popular model organism for studying a diversity of
topics [19-21], ranging from cytoplasmic streaming to primi-

tive intelligence [22]. In a manuscript deposited at arXiv [23], it
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was described that complex mixtures of volatiles including
some terpenoids were detected from the headspace of P. poly-
cephalum using two extraction temperatures. In our study, we
aimed I) to determine whether P. polycephalum releases vola-
tile terpenoids under normal growing conditions and II) to iden-
tify and characterize the genes for terpene biosynthesis in
P. polycephalum. Our results will enable us to compare terpene
chemistry and their underpinning biosynthetic genes in the two

lineages of amoeba.

Results
Plasmodia of P. polycephalum release a
mixture of volatile terpenoids

To determine whether P. polycephalum releases volatile
terpenoids like dictyostelid social amoebae, plasmodia of
P. polycephalum were cultured on agar plates with oak flakes as
nutrient source and subjected to volatile profiling at two time
points: 8 days and 18 days after the transfer of plasmodia to a
fresh agar plate. Volatiles were collected from the headspace
using a solid phase-microextraction fiber and analyzed using
gas chromatography—mass spectrometry (GC-MS). At the 8th
day after the transfer, a total of five volatiles were detected, in-
cluding three known compounds and two unidentified com-
pounds (Figure 1A). The three known compounds are all
terpenoids, including one monoterpene linalool and two
sesquiterpenes (E)-fB-caryophyllene and a-muurolene
(Figure 1B). The two unidentified are putative sesquiterpenoids.
Compound 3 is a putative hydrocarbon sesquiterpene with a
molecular mass of 204 (Figure 1C). In contrast, compound 4
has a molecular formula of C;5H,,0 and a molecular mass of
218 (Figure 1C). It was predicated to be a sesquiterpene alde-
hyde. At the 18th day after the transfer, essentially the same
profile of volatiles was detected (Figure 1A).

Four terpene synthase genes were identified
in P. polycephalum

With the identification of terpenes from the headspace of
P. polycephalum (Figure 1), the next question was how they are
synthesized. The genome of P. polycephalum has been
sequenced [24] and there are multiple transcriptome datasets
available for this species (http://www.physarum-blast.ovgu.de).

Because the genome sequence was not annotated, we searched
the transcriptomes for TPS genes. A total of four full-length
putative TPS genes were identified from the transcriptomes.
They were designated as PpolyTPS1, PpolyTPS2, PpolyTPS3,
and PpolyTPS4. The length of the proteins encoded by
PpolyTPS1, PpolyTPS2, PpolyTPS3, and PpolyTPS4s is 334,
347, 353, and 337 amino acids, respectively. Among the four
proteins, the highest sequence similarities occurred between
PpolyTPS1 and PpolyTPS4 (72%) and between PpolyTPS2 and
PpolyTPS3 (64%). PpolyTPS1/4 and PpolyTPS2/3, however,
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Figure 1: Plasmodia of P. polycephalum emit a mixture of volatiles predominated by terpenoids. A) GC chromatograms of volatiles collected from
plasmodia of P. polycephalum grown at 8 and 18 days after transferring to a fresh agar plate. This experiment was repeated three times with similar
results. 1, linalool; 2, (E)-B-caryophyllene; 3, unidentified sesquiterpene hydrocarbon (compound 3); 4, unidentified putative sesquiterpene aldehyde
(compound 4); 5, a-muurolene. B) Structures of known terpenoids. The structure of compound 2 shows the (-)-enantiomer of (E)-B-caryophyliene.
However, since we have not performed chiral analysis, the absolute configuration of (E)-B-caryophyllene emitted from P. polycephalum plasmodia is

still unknown. C) Mass spectra of unidentified terpenoids.

showed only ~30% sequence similarity to each other. Terpene
synthases can be classified into class I and class II, based on the
reaction mechanisms they catalyze. These two types of terpene
synthases are associated with conserved motifs: class I TPSs
contain a ‘DDxxD/E’ and a ‘NSD/DTE’ motif while class II
TPSs contain a ‘DxDD’ motif. While PpolyTPS1 and
PpolyTPS4 contain the ‘DDxxD’ motif, PpolyTPS2 and
PployTPS3 contain a ‘DDxXE’ motif. PpolyTPS1, PpolyTPS4,
and PpolyTPS2 contain the ‘NDxxSxxxE’ motif. This motif is
changed to “NDxxLxxxE” in PpolyTPS3. Based on their
motifs, all four PpolyTPSs can be predicted to be class I TPSs.
Also observed in all four PpolyTPSs is the “WxxxxxRY” motif
(Figure 2A), which is frequently found in TPSs [25]. In our
analysis of the genome sequence of P. polycephalum, the
coding sequences of all four PpolyTPS genes were identified.
PpolyTPS genes contain six to nine introns (Figure 2B). This is
in contrast to the TPS genes from dictyostelid social amoeba,

which consist zero to three introns [14].

Biochemical activities of PpolyTPSs

To determine whether PpolyTPS genes encode functional
terpene synthases, full-length cDNAs were amplified by
RT-PCR and cloned into the protein expression vector pEXP-5-
CT/TOPO.

Recombinant PpolyTPSs were heterologously expressed in
Escherichia coli and then tested for terpene synthase activities
using geranyl diphosphate (GPP) and (E, E)-farnesyl diphos-
phate (FPP) as substrates. PpolyTPS2 and PpolyTPS3 did not
show detectable terpene products with either GPP or FPP. In
contrast, PpolyTPS1 could convert GPP into a mixture of cyclic
and acyclic monoterpenes, including myrcene and linalool (1,
Figure 3). PpolyTPS4 showed only trace activity with GPP and
produced very small amounts of myrcene. When using FPP as
substrate, PpolyTPS1 produced a mixture of sesquiterpenes
with y-muurolene as the most abundant compound and (E)-f-

caryophyllene (2), a-muurolene (5), and four unidentified
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Figure 2: P. polycephalum contains four terpene synthase genes. A) Multiple sequence alignment of the protein sequences of the four PpolyTPSs.
The sequences for Ppoly TPS1-PpolyTPS4 reported in this paper have been deposited in the GenBank database (accession numbers.
MN523652-MN523655). Three signature motifs for terpene synthases were boxed. Shadings in black and gray indicate identical and similar residues,
respectively. B) Intron/exon organization of the four Ppoly TPS genes. Boxes and lines indicate exons and introns, respectively.

sesquiterpenes (Supporting Information File 1, Figure S1) as
minor components. PpolyTPS4 converted FPP into a-muuro-
lene, (E)-B-caryophyllene, and one unidentified sesquiterpene
(Figure 3). As negative controls, neither denatured PpolyTPS1
nor denatured PpolyTPS4 produced any terpene products using
FPP (Supporting Information File 1, Figure S2).

Relatedness of PpolyTPSs to the TPSs from
dictyostelid social amoebae, fungi, and
bacteria

When individual PpolyTPS genes were used as query to search
against the nonredundant protein database at NCBI, the top hits

for PpolyTPS2 and PpolyTPS3 were all from bacteria. In
contrast, the top hits for both PpolyTPS1 and PpolyTPS4 were
from eukaryotes (Supporting Information File 1, Table S1). To
further understand the evolutionary relatedness of PpolyTPSs to
other TPSs, we performed a phylogenetic analysis of Ppoly-
TPSs with TPSs from dictyostelid social amoeba, another
amoeba Naegleria gruberi, fungi, and bacteria. The four Ppoly-
TPSs genes were divided into two groups (Figure 4).
PpolyTPS1 and PpolyTPS4 formed one group that was
clustered with the TPSs from the dictyostelid social amoeba
and the amoeba N. gruberi, which together were more related
to fungal TPSs. In contrast, PpolyTPS2 and PpolyTPS3
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Figure 3: PpolyTPS1 and PpolyTPS4 have terpene synthase activities. A) GC chromatogram of sesquiterpenes produced by recombinant PpolyTPS1
incubated with FPP. 2, (E)-B-caryophyllene; 6, y-muurolene; 7, unidentified sesquiterpene 1; 5, a-muurolene; 8, unidentified sesquiterpene 2; 9,
unidentified sesquiterpene 4; 10, unidentified sesquiterpene 5. B) GC chromatogram of sesquiterpenes produced by recombinant PpolyTPS4 incubat-
ed with FPP. 2, (E)-B-caryophyllene; 3, unidentified sesquiterpene 3; 5, a-muurolene. C) GC chromatogram monoterpenes produced by recombinant
PoplyTPS1 incubated with GPP. 1, linalool; 11, myrcene; 12, limonene; 13, (2)-B-ocimene; 14, (E)-B-ocimene.

formed the other group that showed closer relatedness to bacte-
rial TPSs.

Discussion

With our previous work, now we have shown that both the
dictyostelid social amoebae [14,15] and Physarum poly-
cephalum (Figure 1A) release mixtures of volatiles predomi-
nated by terpenoids. Despite the fact that both are amoeba,
dictyostelids and P. polycephalum have a long evolutionary dis-
tance and exhibit strikingly different life styles. In social
amoeba, volatile terpenoids are exclusively released at the
multicellular stage and were not detected from the unicellular
vegetative stage [15]. In contrast, volatile terpenoids from

P. polycephalum were released from plasmodia, its vegetative

stage. Interestingly, the volatile terpenoids from both types of
amoeba are predominated by sesquiterpenoids. However,
oa-muurolene, the most abundant sesquiterpene released from
P. polycephalum, was not found in D. discoideum and
D. purpureum. There were differences between the volatiles we
detected in this study and the ones detected from P. poly-
cephalum in a previous study [23]. In the Kateb and Costello
study [23], a total of 87 compounds and 79 compounds were
identified at the incubation temperature of 75 °C and 30 °C, re-
spectively, from the plasmodia of P. polycephalum. Besides the
differences in temperature (75 °C is not biologically relevant),
the plasmodia were extracted from the agar plate before head-
space collection in the Kateb and Costello study [23], which

would disrupt the culture. Therefore, the much larger number of
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Figure 4: Phylogenetic analysis of PpolyTPSs with TPSs from dictyostelid social amoebae (Dictyostelids), the amoebae Naegleria gruberi, fungi, and

bacteria. TPSs from dictyostelid social amoebae were obtained from the study [15]. TPSs from another amoeba N. gruberi, fungi, and bacteria were
obtained from the study [14]. TPSs from different lineages were color-coded.

compounds detected in that study may be partly due to the
destructive nature of their method. It is notable that a-muuro-
lene (5) was detected from both studies.

Like in social amoeba, the production of most volatile
terpenoids in P. polycephalum can be attributed to specific
terpene synthases. PpolyTPS4 produced a-muurolene (5) as a
major product, and (E)-f-caryophyllene (2) and an unidentified
sesquiterpene hydrocarbon as minor products. These three
terpenes could also be found in the headspace of P. poly-
cephalum with a-muurolene as the most abundant constituent
(Figure 1A). It is thus conceivable that PpolyTPS4 is responsi-
ble for the formation of these three compounds in vivo.
PpolyTPS1 produced also a-muurolene, however, the in vitro
product profile was dominated by other sesquiterpenes that
were not detected in the headspace of P. polycephalum.
Nonetheless, PpolyTPS1 possessed monoterpene synthase ac-

tivity in vitro and produced a mixture of monoterpenes. One of
the PpolyTPS1 monoterpene products, linalool (1), could be

detected in the headspace of P. polycephalum, but the other

monoterpene products including myrcene, limonene, (£)-8-
ocimene, and (E)-B-ocimene were not detected from the head-
space of P. polycephalum. It is thus unclear whether and how

PpolyTPS1 contributes to volatile terpene formation in the

vegetative stage of P. polycephalum. It is possible that P. poly-
cephalum contains other TPS genes, which were not identified
in this study due to incomplete transcriptome and genome infor-
mation, but contribute to the in vivo biosynthesis of linalool. It
is interesting to note that only PpolyTPS1 and PpolyTPS4 are
closely related to TPSs of dictyostelid social amoebae whereas
PpolyTPS2 and PpolyTPS3 are closely related to bacteria TPSs
(Figure 4), suggesting two evolutionary origins of PpolyTPS
genes. It is tempting to speculate that PpolyTPS2 and
PpolyTPS3 may be derived from bacteria through horizontal
gene transfer, which was recently demonstrated to have
occurred from bacteria to fungi for the evolution of TPS genes
[26]. It is also interesting to note that under our standard assay
conditions, neither PpolyTPS2 nor PpolyTPS3 showed activity
with either GPP or FPP. Because catalytic motifs are present in
both TPSs (Figure 2), the inactivity is somehow puzzling. Some
efforts are needed to discern whether they are instable enzymes,
active with different prenyl diphosphate substrates, or require
different conditions for catalysis. It is also possible that they

become inactive genes in the process of pseudogenization.
What are the biological functions of volatile terpenoids emitted

from P. polycephalum? In plants and other organisms, volatile

terpenoids have many biological/ecological functions. They
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may serve as chemical defense [27,28] or as signals for
attracting beneficial organisms. For social amoeba, multiple
functions have been proposed, including chemical defense,
attracting spore dispersers, and regulating development. In
D. discoideum, a mutant strain with a disrupted DdTPS8 gene
showed slower progression in development [29], adding genetic
evidence on the role of TPS genes and their terpene products in
development. The volatiles emitted from P. polycephalum may
have similar functions as those in dictyostelid social amoeba or
have lineage-specific functions. P. polycephalum has a unique
biology. It sends information in the form of nutrient concentra-
tions through the tubular network using the streaming cyto-
plasm [30]. It will be interesting to test whether volatile
terpenoids function in internal communication of P. poly-
cephalum. When foraging, P. polycephalum marks the territory
that have been explored. Some chemicals have been proposed
to function in this process [31]. It is well known that some
insects such as fire ants use terpenes as trace pheromone [32]. It
will be interesting to determine whether some terpenoids pro-
duced by P. polycephalum have similar functions. When
studying chemotaxis of P. polycephalum, a number of exoge-
nously applied volatiles were tested for attraction and repel-
lence. One sesquiterpene farnesene was found to be a strong
chemoattractant of P. polycephalum [31]. Thus, it will also be
intriguing to ask whether volatile terpenoids emitted from

P. polycephalum are involved in chemotaxis.

Conclusion

In this study, we have successfully identified and characterized
terpene synthase (TPS) genes that are involved in making vola-
tile terpenoids from a plasmodial slime mold Physarum poly-
cephalum. The volatiles emitted from the plasmodium of
P. polycephalum were mainly sesquiterpenes, but also included
monoterpenes (Figure 1). These volatile terpenoids are proba-
bly constitutively produced, because the plasmodia at two
developmental stages of P. polycephalum did not display quali-
tative differences in terpene profiles (Figure 1). Four TPS
genes, designated PpolyTPSI1-PpolyTPS4, were identified from
P. polycephalum. When E. coli-expressed PpolyTPS proteins
were tested for terpene synthase activities, PpolyTPS1 was
demonstrated to be a sesquiterpene synthase and PpolyTPS4 a
monoterpene synthase (Figure 3). Their in vitro terpene prod-
ucts were also detected from the headspace of P. polycephalum
plasmodium. When PpolyTPSs were compared with those from
dictyostelid social amoebae, only PpolyTPSI and PpolyTPS4
were shown to be clustered with the TPSs from the dictyostelid
social amoeba (Figure 4). Despite this difference as well as the
difference in life style of P. polycephalum and dictyostelid
social amoeba, it appears that both of these two types of organ-
isms use volatile terpenoids for certain biological and ecologi-

cal processes. This study provides novel information on the oc-
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currence of terpenoids and their biosynthetic genes among
eukaryotes. Because P. polycephalum is a popular model
system for investigating many aspects of biology and other
disciplines such as engineering and physics [19,22,33-36], our
results most likely will stimulate new research directions using
P. polycephalum as a model system centered upon volatile
terpenoids.

Experimental

P. polycephalum culture
P. polycephalum was purchased from Carolina Biological
Supply Company (https://www.carolina.com). The plas-

modium of P. polycephalum was cultured on agar plates with
oat flakes as a nutrient source under continuous darkness.

Headspace collection and GC-MS analysis

On the 8th day and 18th day after the transfer of plasmodia to a
fresh agar plate, volatiles were collected from the headspace of
plasmodia on the agar plate using solid phase microextraction
(SPME) (https://www.sigmaaldrich.com). After collection for

one hour, the SPME fiber was withdrawn and then inserted into

the injector port of a Shimadzu 17A gas chromatograph coupled
to a Shimadzu QP5050A quadrupole mass selective detector for
volatile identification and identification. Separation was per-
formed on a Restek Rxi-5Sil MS column (30 m X 0.25 mm i.d.
x 0.25 um thickness; Restek) with helium as the carrier gas and
a temperature program from 60 °C to 300 °C at 5 °C per minute
rate. The experiment was performed with three biological repli-
cates.

Sequence retrieval and analysis
Transcriptome datasets for P. polycephalum were downloaded
from the Physarum polycephalum Genome Resources database

(http://www.physarum-blast.ovgu.de). Protein sequences were

predicated using TransDecoder (5.0.2) [37]. Putative terpene
genes were searched against SmMMTPSLs HMM profile [38]
using HMMER 3.0 hmmsearch [39] with an E-value of le 3.
The coding region of each PpolyTPS gene was identified from
the genome sequence of P. polycephalum. For phylogenetic
reconstruction, a multiple sequence alignment was first per-
formed using MAFFT (v7.450) [40] in accurate strategy
(L-INS-i) with 1000 iteration of improvement. Then phyloge-
netic trees were built by Fasttree [41] and visualized using
interactive tree of life (ITOL) (https://itol.embl.de/).

Cloning of full-length cDNA of terpene
synthase genes in P. polycephalum

Plasmodia were harvested from agar plates, placed in 2 mL
centrifuge tubes and disrupted using Qiagen TissueLyser II ac-
cording to manufacturer’s manual (https://www.qiagen.com).
Total RNA was isolated using Plant RNA Purification Reagent
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(https://www.thermofisher.com). cDNA was prepared using 1st

strand cDNA synthesis kit (https://www.gelifesciences.com).

Full length cDNAs of individual PpolyTPS genes were ampli-
fied using gene specific primers (Table S2, Supporting Informa-
tion File 1), cloned into pEXP5 CT/TOPO vector (https://
www.thermofisher.com) and fully sequenced.

Terpene synthase enzyme assays

pEXP5 CT/TOPO vector containing individual PpolyTPS genes
was transformed into E. coli strain BL21 Codon Plus (DE3).
Heterologous expression of individual PpolyTPS genes in
E. coli and recombinant protein preparation and terpene
synthase enzyme assays were performed as previously de-
scribed [42]. Each PoplyTPS recombinant protein was tested
with both geranyl diphosphate and farnesyl diphosphate as sub-
strates and terpene products were analyzed using GC-MS as de-
scribed for volatile profiling.

Supporting Information

Supporting Information File 1

Additional figures and tables.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-281-S1.pdf]
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Abstract

Terpenoids are the largest and structurally most diverse class of natural products. They possess potent and specific biological activi-
ty in multiple assays and against diseases, including cancer and malaria as notable examples. Although the number of characterized
terpenoid molecules is huge, our knowledge of how they are biosynthesized is limited, particularly when compared to the well-
studied thiotemplate assembly lines. Bacteria have only recently been recognized as having the genetic potential to biosynthesize a
large number of complex terpenoids, but our current ability to associate genetic potential with molecular structure is severely
restricted. The canonical terpene biosynthetic pathway uses a single enzyme to form a cyclized hydrocarbon backbone followed by
modifications with a suite of tailoring enzymes that can generate dozens of different products from a single backbone. This func-
tional promiscuity of terpene biosynthetic pathways renders terpene biosynthesis susceptible to rational pathway engineering using
the latest developments in the field of synthetic biology. These engineered pathways will not only facilitate the rational creation of
both known and novel terpenoids, their development will deepen our understanding of a significant branch of biosynthesis. The
biosynthetic insights gained will likely empower a greater degree of engineering proficiency for non-natural terpene biosynthetic
pathways and pave the way towards the biotechnological production of high value terpenoids.

Introduction

Evolutionary diversification of terpene biosynthetic pathways  vast majority of which have been isolated from plants and fungi
has resulted in the largest and most structurally diverse class of  [1]. Their structural diversity reflects the breadth of their func-
specialized metabolites on the planet. To date more than 70,000  tional roles, which range from widely distributed metabolites
terpenoids (dictionary of natural products) have been character-  like cholesterol, to those with more restricted distribution like

ized and grouped into more than 400 structural families — the  vitamins A and D, carotenoids, and steroid hormones, to some
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with highly restricted distribution like pheromones, fragrances,
and defense metabolites [2,3]. Many of the more restricted
members possess significant biological activities, like the anti-
cancer agent taxol (1) [4] or the antimalarial agent artemisinin
(2, Figure 1) [5,6]. The structural diversity and functional utility
of this class of specialized metabolites have combined to
encourage efforts to apply the tools of synthetic biology to engi-
neer pathways that will expand molecular diversity, especially

around scaffolds associated with high-value compounds.

The biosynthetic logic of terpene formation differs significant-
ly from the logic employed by other classes of secondary
metabolite biosynthetic pathways. Bacterial thiotemplated
assembly lines, such as type I polyketide synthases (PKS) and
nonribosomal peptide synthetases (NRPS), are modular, with
each module contributing a distinct fragment to the final prod-
uct’s core structure — a short-chain carboxylic acid (PKS) or an
amino acid (NRPS). The modularly defined template can be
further modified by tailoring enzymes, but the core structure
can be inferred from the organization of the biosynthetic genes

and the modular architecture of the associated proteins [7,8].

Terpene biosynthesis has a very different logic. Five-carbon
units called isoprenes are joined to create a linear polyene with
branching methyl groups that form the core hydrocarbon struc-
ture in a single enzyme-catalyzed step [9]. The enzyme, which
is called terpene cyclase, holds the linear methyl-branched
polyene in a defined conformation that initiates a series of
carbocation-driven cyclizations and rearrangements, creating
the basic hydrocarbon skeleton of a terpene [10,11]. This basic
hydrocarbon skeleton is then modified to generate a large num-

ber of terpenoid structures, which can be further modified by

Beilstein J. Org. Chem. 2019, 15, 2889-2906.

addition of other building blocks, like sugars, amino acids, or
fatty acids [12]. Terpenes are named for the number of five-car-
bon units that form their hydrocarbon skeletons. Our review
focuses on sesqui- (Cys5) and diterpenes (C,g) because these
subgroups, after undergoing extensive oxidative modification,
have molecular characteristics that are most similar to those of
known drugs. Emphasis will be placed on terpene pathways
from bacteria, as their biosynthetic pathways usually have the
genes encoding the terpene cyclase and modifying enzyme in
close proximity, which simplifies both analysis and pathway
engineering. The review will begin with a brief description of
terpene families with a special focus on a few illustrative exam-
ples with pharmaceutical significance that highlight general
hallmarks of terpene biosynthesis, then describe the natural
biosynthetic pathways in more detail before moving on to
describing the progress, promise, and obstacles to engineering
terpene biosynthetic pathways.

Review

Remaining challenges in terpene
(bio)synthesis

While the large number of characterized terpenes and their bio-
logical and medical significance would suggest that there are
good tools for terpene synthesis along with a good under-
standing of terpene biosynthesis, significant gaps in both
remain. Taxol (1), a plant-derived terpenoid, provides an illus-
trative example. Taxol was structurally characterized in 1971
[4] and approved by the FDA as an anticancer agent in 1992
[13]. Today, almost 50 years after its initial report, despite its
blockbuster status in cancer therapy [14] and multiple research
efforts, there is no sustainable synthetic or biosynthetic ap-

proach to this molecule. More than half a dozen total syntheses,

Figure 1: Examples of bioactive terpenoids.
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each requiring 37 steps [15,16] or more [14], have been re-
ported, yielding at best 32 mg of the drug in toto, while the
yearly pharmaceutical requirements are greater than 10° mg
[17]. The cyclase that forms the hydrocarbon framework has
been known for more than 20 years [18,19], but the precise
biosynthetic modifications leading to the final molecule are still
not fully understood [20]. These shortcomings were successful-
ly addressed in a practical sense through semi-synthesis from
biotechnologically produced taxol precursors [21], but a com-
pletely engineered pathway could provide a more efficient solu-
tion to taxol and specific analogs.

There are additional puzzles about terpene biosynthesis that
engineered pathways could address. As many other terpenes, 1
is produced along with a large suite of related molecules, the
taxanes [17]. This pathway promiscuity can be illustrated with
another popular example of a terpene family: the cannabinoids,
with more than 100 members used for both medical and recre-
ational purposes. While its most prominent member (—)-trans-
A®-tetrahydrocannabinol, better known as THC (3, Figure 1), is
widely known as the principal psychoactive constituent of
cannabis, cannabidiol (CBD, 4, Figure 1) for example, shows
strongly diminished psychoactive properties but has promising
anti-inflammatory [22], antischizophrenic [23], and anti-
epileptic bioactivities [24,25]. Modifying the cannabinoid
profile through engineering would therefore be of significant

interest.

The biosynthetic promiscuity, the hallmark of terpene biosyn-
thesis, sets terpenes apart from other natural product classes and
is a product of their distinctive biosynthetic logic. Biosynthetic
core enzymes of well-characterized classes of natural products,
such as modular thiotemplate assembly lines (NRPSs, PKSs),
are usually highly specific and produce only a few closely
related natural product analogs. Adenylation domains in NRPSs
[26-28], acyltransferase (AT) domains in cis-AT PKSs [29],
and ketosynthase domains in trans-AT PKSs [30,31] are highly
substrate-specific and function as gatekeepers to ensure that a
single natural product is produced with high efficiency. Erro-
neous or stalled intermediates are removed from the assembly
lines [32,33]. Novelty in these assembly lines is achieved
through the recombination of module series (trans-AT PKSs)
[34], the exchange of large subdomains (NRPSs) [35], and the
duplication followed by diversification of entire modules
(NRPSs and cis-AT PKSs) [36]. As a result, dysfunctionality is
a constant threat for a metabolic pathway during evolution.

In contrast, the underlying mechanistic logic of terpene biosyn-
thesis is based on repetitive electrophilic and nucleophilic func-
tionalities in each oligomeric substrate, similar to nonmodular

type II PKSs, coupled with conformational flexibility for en-

Beilstein J. Org. Chem. 2019, 15, 2889-2906.

zyme-mediated juxtaposition of complementary pairs of these
functionalities (Figure 2) [9]. It is this intrinsic and repetitive re-
activity that can be easily tuned by natural selection [9]. As a
result, a single terpene cyclase (TC) can produce dozens of
hydrocarbon scaffolds that can differ significantly from each
other [9,37]. This biosynthetic promiscuity should be regarded
as a valuable feature rather than a bug in the system. According
to the “screening hypothesis" [38,39] (more recently and appro-
priately also referred to as the “diversity-based hypothesis"
[40]), potent biological activity is a rare property of any mole-
cule in nature [39]. Therefore, evolution would likely favor
organisms that can generate and retain chemical diversity at a
low cost [38]. As a result, producing and “screening” a large
number of specialized metabolites for potent TCs that can
generate multiple products from simple building blocks is a
huge evolutionary advantage; even more so when combined
with tailoring enzymes that have a broad substrate tolerance and
catalyze multiple, sequential tailoring reactions [40]. This diver-
sification process resembles the strategy embedded in the con-
struction of combinatorial libraries by organic chemists to
generate chemical diversity. The biosynthetic promiscuity is not
a result of intrinsic "sloppiness" of terpenoid biosynthetic path-
ways, as terpenes that are classified as primary metabolites,
such as cholesterol, are produced with high fidelity [40]. In
contrast, more promiscuous terpene pathways might only be a
few mutations away from novel highly bioactive natural prod-
ucts that might meet new selective needs [40]. All it takes is the
ability to generate a small amount of terpene side product that
nature can utilize as a starting point to reinforce and refine the
pathway [9,40]. As such, terpene pathways allow for quantita-
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Figure 2: Repetitive electrophilic and nucleophilic functionalities in
terpene and type || PKS-derived polyketide biosynthesis. a) Schematic
representation. b) Type Il PKS-derived polyketide biosynthesis.

c¢) Terpene biosynthesis. LG: leaving group, black ball: acyl carrier pro-
tein.

2891



tive control of product outcomes, while PKS and NRPS path-
ways feature qualitative control [40]. The gibberellins (e.g.,
gibberellin A4 (5), Figure 1) are an extreme example illus-
trating the promiscuity of terpene biosynthetic pathways with
more than 130 different family members reported [40]. In fact,
different pathways have evolved in plants, fungi, and bacteria
for this fascinating compound family in an extreme case of
convergent evolution [41,42]. While the plant and fungal
biosynthetic pathways are well studied [42], the bacterial path-
way was studied to a lesser degree until recently [41] — some-
thing that can be largely attributed to the historic perception that
bacteria are not capable of producing complex terpenoids.

The historic neglect of bacterial terpenes becomes most
apparent when the literature is mined for characterized bacteri-
al terpene biosynthetic gene clusters (BGCs). While the
antiSMASH database (online repository of BGCs predicted by
the genome mining platform antiSMASH) lists more than 4,000
bacterial terpene BGCs [43], only 127 have been characterized
and deposited in the MIBiG database (repository of character-
ized BGCs) to date (Figure 3) [44].

The comparatively small number of characterized bacterial
terpenes can likely be attributed to three factors: 1) the early
misconception that bacteria are not capable of producing com-
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plex terpenoids, 2) the lack of genome mining platforms for
terpene biosynthetic gene clusters and the inability to perform
rational structure predictions based on genome sequence infor-
mation, and finally 3) low production titers of bacterial
terpenoids under standard laboratory conditions. These factors,
in combination with general terpene properties such as lack of
UV-absorbing functional groups, poor ionization properties,
and ubiquitous odiferous terpenes that overshadow character-
istic terpene signals (branching methyl groups) in NMR experi-
ments, render the targeted isolation of terpenes highly chal-
lenging. Therefore, heterologous expression in modified host
organisms could be the method of choice in most studies.

Understanding the mechanistic logic of

terpene biosynthesis

The entry points of terpene biosynthesis are isopentenyl
pyrophosphate (IPP, 6) and dimethylallyl pyrophosphate
(DMAPP, 7), which are assembled through the 2-C-methyl-p-
erythritol 4-phosphate (MEP) or the mevalonic acid (MVA)
pathway. Each pathway uses different precursors and enzymes,
and different organisms utilize either or both pathways. A
typical textbook description then divides terpene biosynthesis
into two phases (Figure 4): 1) hydrocarbon backbone assembly
and cyclization catalyzed by oligoprenyl synthetases and
terpene cyclases (terpene synthases, TCs), respectively, to
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Figure 3: Abundance and distribution of bacterial terpene biosynthetic gene clusters as determined by genome mining (black) compared to experi-

mentally characterized bacterial terpene BGCs (red).
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Figure 4: Terpenoid biosynthesis. Terpenoid biosynthesis is divided into two phases, 1) terpene scaffold generation and 2) terpene scaffold functio-
nalization. Representative examples are shown with the modifications installed in the tailoring step highlighted in red. MEP: 2-C-methyl-p-erythritol
4-phosphate pathway, MVA: mevalonic acid pathway, IPP: isopentenyl pyrophosphate, DMAPP: dimethylallyl pyrophosphate, GPS: geranyl
pyrophosphate synthase, GPP: geranyl pyrophosphate, FPS: farnesyl pyrophosphate synthase, FPP: farnesyl pyrophosphate, GGPS: geranylgeranyl
pyrophosphate synthase, GGPP: geranylgeranyl pyrophosphate, GFPS: geranylfarnesyl pyrophosphate synthase, and GFPP geranylfarnesyl

pyrophosphate.

generate terpene scaffolds and 2) the decoration phase, during
which the terpene scaffold can get heavily modified by tailoring
enzymes [45-47].

Phase 1) terpene scaffold generation

Unlike core biosynthetic enzymes or domains of other natural
product classes (PKSs and NRPSs), bacterial TCs show only
little overall sequence similarity [1]. The lack of conservation in
primary sequence has slowed down our understanding of
terpene cyclization and, as a result, hampered the development
of efficient genome mining platforms for the detection of bacte-
rial terpene BGCs. antiSMASH [48] is the only open source
web application that annotates bacterial terpene BGCs. As a
result of the low conserved sequence similarity between TCs,
terpene BGCs are missed more frequently by antiSMASH than
other BGC classes [49].

In contrast to the well-characterized biosynthetic rules of
thiotemplate biosynthetic pathways that enable relatively
precise predictions of natural product core structures (e.g., the
colinearity rule in NRPSs and cis-acyltransferase polyketide

synthases [8]), no such rules exist for the predictions of the

cyclic hydrocarbon backbone produced by TCs [1]. This is
likely a result of the inherent differences between these biosyn-
thetic machineries. In modular assembly lines, each individual
domain is responsible for one defined biosynthetic transformat-
ion, while TCs rather act as chaperones [10] to guide oligo-
prenyl pyrophosphate precursors through a cascade of cycliza-
tion reactions.

Textbook TCs are categorized into two classes and differ in
their mechanisms of substrate activation as well as their protein
folds [37,50-52]. Type I TCs trigger the formation of highly
reactive allylic cations by heterolytic cleavage of the terminal
pyrophosphate of farnesyl diphosphate (FPP, 9) or geranylger-
anyl diphosphate (GGPP, 10, Figure 5a) [11,53]. Upon binding
of the precursor, the TC undergoes conformational changes to
seal the hydrophobic binding pocket [54]. This induced-fit
mechanism locks the acyclic precursor into a defined, preorga-
nized conformation that positions the leaving pyrophosphate
group and the nucleophilic alkenes in proximity to initiate the
C-C-bond forming, carbocation-mediated cascade reactions
[10]. The hydrophobic binding pocket stabilizes the reaction

intermediates and tames the propagation of carbocations
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through cation— and other electrostatic interactions [54]. More-
over, TCs also assist intramolecular atom transfer and rear-
rangements including hydride or proton transfer and carbon
shifts [10]. Eventually, the carbocation is quenched by depro-
tonation (E1-like) or nucleophilic attack (Sy1-like) of water
[45]. In contrast to sesquiterpenes (type I TCs), diterpenes can
either be generated by type I TCs or type II TCs [11,55].
Type II TCs initiate carbocation formation by Brgnsted acid ca-
talysis to protonate a terminal isoprene double bond or an
epoxide ring (Figure 5b) [56]. Thus, cyclization mediated by
type I TCs leads to an inverted direction of charge propagation
along the oligoisoprene chain in the cyclization cascade [53].
The resulting cyclized product retains the pyrophosphate moiety
and can serve as the substrate for a second cyclization cata-
lyzed by type I TCs to generate even more complicated diter-
pene backbones (Figure 5Sc).

Although the majority of terpene backbones results from the
direct cyclization of FPP (9) and GGPP (10) catalyzed by either
type I or mixed type II/I cyclases, there are cases known to
divert from these canonical paths. The two homoterpene path-
ways, responsible for 2-methlyisoborenol [57] and sodorifen

[58] biosynthesis for example, require the action of a methyl-

transferase preceding cyclization. Surprisingly, more and more
terpene BGCs are characterized that do not harbor classical
TCs, but instead use a variety of different enzyme classes for
the cyclization reaction. These atypical terpene cyclization reac-
tions have recently been extensively reviewed [53]. Many of
these alternative cyclization routes have been shown to
resemble classical type I and II cyclization mechanisms initi-
ated by the formation of highly reactive short-lived carbocation
intermediates (e.g., prenyltransferases [59,60], vanadium-
dependent bromoperoxidases [61,62], or methyltransferases
[63D.

In addition, enzymes typically classified as tailoring enzymes,
such as flavin-dependent monooxygenases [64] and cytochrome
P450s (CYPs) [65], were reported to be involved in noncanon-
ical terpene cyclization. Furthermore, both oxidative [66] and
reductive cyclizations [67] have been described. The reductive
cyclization reaction is particularly noteworthy, as the reduction
and cyclization step are catalyzed by two distinct enzymes [67].
These examples show that the classical division of terpene bio-
synthesis into a cyclization and decoration phase needs to be
modified, as it is now known that enzyme families, tradition-

ally regarded as tailoring enzymes, can potentially be involved
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in the cyclization reaction. The ever-increasing number of alter-
native terpene cyclization mechanisms suggests that nature has
likely evolved additional, but so far undiscovered, modes of

cyclization.

In vitro enzyme assays have been the method of choice for
studying terpene cyclization (Supporting Information File 1,
Table S1). The purified enzymes are particularly suitable for
mechanistic investigations using strategically labeled substrates,
as elegantly demonstrated in the studies on pentalenene
synthase [68], geosmin synthase [69-71], and epi-isozizaene
synthase [72]. Recently, all possible 13C-labeled FPP 9) [73]
and GGPP (10) [74] precursors were synthesized and used to
track the movement of carbon atoms and test mechanistic
hypotheses. Using enantiotopically doubly '3C-?H-labeled sub-
strates, it is possible to determine the stereochemistry of a cycli-
zation product by locating the H atom and its relative position
to other stereocenters [75]. In vitro terpene biosynthesis, how-
ever, might not always result in the production of the terpene
skeleton produced natively or in the heterologous hosts
(Figure 6a) [76]. In fact, it is occasionally observed that the
same terpene cyclase generates different terpene skeletons de-
pendent on the heterologous host in which it was expressed.
While the exact reasons for the observed product variations are
not fully understood, subtle differences in folding and reaction
environment might be an explanation. In order to obtain larger
quantities of terpenes, increasing the metabolic flux into
isoprenoid pathways is often required. Overexpression of the
bottleneck enzymes in the endogenous MEP pathway (dxs, idi,
ispD, ispF, fps/ggps) or the entire exogenous MVA pathway in
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E. coli have been demonstrated to raise terpene titers dramati-
cally [77] and have been applied for the production of several
plant-derived terpene backbones, including amorpha-4,11-diene
(21) [78,79] and taxadiene (22, Figure 6b) [80].

Despite efforts to characterize individual terpene cyclases and
their modes of cyclization, no biosynthetic rules have so far
been deduced that can be applied to a broad range of unrelated

terpene cyclases.

Phase 2) terpene scaffold functionalization
Tailoring enzymes are important elements that further increase
the structural complexity of terpenoids by adding various func-
tional groups. The size of bacterial terpene BGCs can vary sig-
nificantly, which can be largely attributed to the presence or
absence of tailoring genes. Some BGCs can be as large as
modular thiotemplate BGCs (e.g., phenalinolactone (42 kb) [81]
and platensimycin/platencin (47/41 kb) [82]) while most are
less than 10 kb in size and harbor only one or two putative
tailoring enzymes. Among them, oxidoreductases, especially
CYPs, are the most abundant tailoring enzymes involved in the
diversification process (Supporting Information File 1,
Table S2).

CYPs are heme-dependent iron proteins that catalyze a wide
range of reactions [83,84]. The reactions typically involve sub-
strate radical generation by the activated iron species and subse-
quent hydroxylation. Terpenes are mainly composed of nonacti-
vated hydrocarbons that are mostly chemically indistinguish-
able, while many P450s are known to selectively act on specif-
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Figure 6: Functional TC characterization. a) Different terpenes were produced when hedycaryol (18) synthase and epi-cubebol (20) synthase were
expressed in E. coli vs incubated with FPP (9) in vitro. b) Engineering the isoprenoid flux increases the titer of terpene production.
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ic carbon atom(s). A continuous electron input is required to
keep CYPs functional [83]. In general, soluble bacterial CYPs
utilize class I redox systems, where the electron from NAD(P)H
is delivered to CYPs through a ferredoxin reductase (FdR) and
ferredoxin (FdX) [85]. Most bacteria have more than one FdR
and FdX pair encoded in the genome [86]. It remains chal-
lenging to determine a priori which combination can reconsti-
tute an active CYP, especially as the proximity of CYPs to
these redox enzymes in the genome does not guarantee their

partnership [87].

Studies of CYPs in bacterial terpenoid biosynthesis lags behind
those of cyclases, and only a handful of examples are found in
literature (Supporting Information File 1, Table S2). CYPs
mostly catalyze prototypical hydroxylations, sometimes fol-
lowed by further oxidation to carbonyls or carboxylates. Other
reactions, such as epoxidation, ether bond formation, and struc-
tural rearrangement have also been reported (Figure 7).
CYP114 in gibberellin (5) biosynthesis, for example, catalyzes
the unique oxidation/six-membered to five-membered ring
contraction of ent-kaurenoic acid (27 and 28, respectively,
Figure 7b) [41].

Characterization of CYPs is typically achieved by in vitro or in
vivo studies. E. coli is the most popular host for obtaining pro-

teins for in vitro studies, and proper selection of a redox system
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is usually the obstacle to reconstitute CYP activity. Substrates
for in vivo studies are either added to the culture or supplied by
coexpression of upstream enzymes in the heterologous hosts. If
E. coli is selected as the host, coexpression of a redox system is
required, as E. coli does not harbor any CYPs [88].

In comparison to TCs, tailoring genes, such as CYPs, can be
annotated with high confidence, yet likewise no predictions
about the function of the corresponding enzyme’s functions and
stereo- or regiospecificity can be made. This lack of biosyn-
thetic understanding is largely due to the relatively small num-
ber of characterized, bacteria-derived terpene-modifying en-
zymes. In addition, the fact that several CYPs have been shown
to have relaxed substrate specificity, act on several intermedi-
ates, or catalyze multiple reactions, further complicates the in

silico prediction.

(Bio)synthetic production of complex
terpenoids

Heterologous expression is the most widely used method to
study complex terpenoid biosyntheses. Since many bacterial
terpenoid BGCs are actinomycete-derived, terpene BGCs are
often expressed in model Streptomyces hosts, such as Strepto-
myces albus, Streptomyces avermitilis, Streptomyces coelicolor,
and Streptomyces lividans, under the control of exogenous

promoters [92-94]. To minimize the cellular resource competi-

CYP114

COOH

PntM

Figure 7: Selected examples of terpene modification by bacterial CYPs. a) Hydroxylation [89]. b) Carboxylation, hydroxylation, and ring contraction

[41]. c) Ether formation [90]. d) Rearrangement [91].
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tion and facilitate cleaner analysis, many of these hosts have
been engineered to remove native secondary-metabolite BGCs
and for optimized terpene precursor supply [1,95-97]. Like
Streptomyces hosts, many E. coli hosts have been engineered to
increase precursor supply, provide redox partners for CYP en-
zymes, and overproduce oligoprenyl diphosphate. As is the case
for other natural product classes, off-target effects of hetero-
logous host enzymes have been reported to alter terpenoid
structures significantly (Figure 8) [98].

Despite difficulties in engineering terpene biosynthesis, total
synthesis of complex terpenoids does not appear to be a viable
alternative. Traditionally, complex terpenes are synthesized
from small and cheap chiral terpenes as starting material in
(linear) multistep syntheses [99]. This way, pre-existing
oxidized functionalities need to be maintained and propagated
with complex protecting group strategies en route to the desired
target [100]. Most importantly, however, these total syntheses
can easily require 50 or more steps, with poor overall yields,
and are hence far away from nature’s efficiency and pathway-
encoded diversity [47,101]. The insights gained into the biosyn-
thesis of complex terpenes have resulted in alternative ap-
proaches towards complex terpenoids — biomimetic syntheses.
Cyclization reactions have been successfully mimicked using a
wide variety of conditions. In analogy to nature’s biosynthetic
strategies outlined above, cationic, Diels—Alder, oxidative, and
radical cyclization strategies have been successfully applied in
total syntheses of terpenoids [53]. In addition, chemists are cur-

Beilstein J. Org. Chem. 2019, 15, 2889-2906.

rently creatively exploring means to mimic classical terpene
cyclases and their chaperone-like properties [102-104]. Unlike
the generation of hydrocarbon backbones in nature, even the
biomimetic synthetic construction of terpene scaffolds is
usually a multistep process [17]. The second phase of a
biomimetic synthesis, in analogy to terpene biosynthesis,
involves the challenging introduction of functional groups
(mostly hydroxy groups) into nonactivated C—H bonds [46,105-
112]. The absence of directing functional groups, however,
renders these regioselective oxidations of nonactivated carbon
atoms highly challenging, as the chemical functionalization of
nonactivated carbon atoms is one of the remaining challenges in
organic synthesis [100,112,113]. Despite the progress made in
total synthesis of terpenoids and the introduction of the two-
phase mimicry of terpene biosynthesis during biomimetic syn-
theses, it has become obvious that total synthesis is currently
not an efficient alternative to either the biotechnological pro-
duction of terpenoids or the biosynthetic expansion of terpene
chemical space [100,113].

Engineering terpene biosynthetic features to
produce novel, non-natural terpenoids
Terpene cyclases

Most bacterial TCs produce one major product, while few of
them are known to produce multiple products [1,50,76,114-
117]. Among them, 10-epi-cubebol synthase from Sorangium
cellulosum Soce56 is the most prolific bacterial TC known. It

produces at least 25 different sesquiterpene skeletons in addi-
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unknown oxidoreductase
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Figure 8: Off-target effects observed during heterologous expression of terpenoid BGCs. Unexpected oxidation of 34b by an oxidoreductase in the
heterologous host S. avermitilis SUKA16. The native pathway is highlighted in blue.
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tion to 10-epi-cubebol [116]. In some cases, bacterial TCs are
able to accept oligoprenyl diphosphates with different lengths.
Spata-13,17-diene (39) synthase is an extreme example that can
convert FPP (9), GGPP (10), and geranylfarnesyl diphosphate
(GFPP, 11) into sesquiterpenes, diterpenes, and sesterterpenes,
respectively (37—40), though only diterpenes were observed in
the culture headspace of the wild type producer (Figure 9a)
[118]. These examples suggest a remarkable degree of plas-

ticity of TC active sites in order to direct the intermediate to dif-
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ferent trajectories and accommodate substrates with variable
lengths. Indeed, besides the influence on kinetic properties by
changing the conserved motifs, many bacterial TCs are able to
produce novel skeletons through mutations of other active-site
residues. This could result in either the arrest of catalytic inter-
mediates or the creation of new trajectories to quench the
cationic species. For instance, remodeling the hydrophobic
pocket of the active site by single-point mutation, epi-isoz-

izaene (33) synthase was engineered to produce various linear,

WT

Fo6W

F96Q/M/S

Figure 9: TC promiscuity and engineering. a) Spata-13,17-diene (39) synthase (SpS) can take C15 and Co5 oligoprenyl diphosphate as substrates in
addition to its Cog natural substrate. b) Selected examples of epi-isozizaene (33) synthase mutants that produce different sesquiterpene skeletons.
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monocyclic, bicyclic, and tricyclic terpene skeletons (Figure 9b)
[119-121]. Another prominent example is cyclooctat-9-en-7-ol
(23, Figure 7a) synthase, for which the active-site residues re-
sponsible for cationic intermediate stabilization were identified
through analysis of the crystal structure [122] and structural
modeling [123]. Mutations of the identified residues were
shown to alter product profiles and yielded several new terpene
skeletons. With the growing mechanistic and structural know-
ledge of bacterial TCs, and the fact that many TCs naturally
produce multiple products, there is great potential for the
discovery of novel skeletons or enhancing the production of
desired backbones among other side products, simply by ratio-
nally mutating the active-site residues.

The majority of bacterial type II diterpene TCs produce bicyclic
labdane, halimadane, or clerodane skeletons with different
stereochemistry, levels of unsaturation, and hydroxylation
patterns [124], which undergo further conversion with their
cognate type I diterpene TCs. It was therefore hypothesized that
promiscuous type I TCs might be able to process different
type II products to generate non-natural structural diversity.
Indeed, pairing of type II TCs with type I TCs generated 13, 41,
and 49 novel terpene skeletons, respectively, in three separate
studies [125-127]. Though mostly plant TCs were employed,
the few bacterial cyclases tested were also shown to be produc-
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tive, suggesting this promiscuity is not limited to plant TCs.
Type 1I/I diterpene TC tandems, however, are less prevalent in
bacteria [11,55]. With the ever-increasing number of bacterial
genome sequences available and the development of advanced
bioinformatics tools, more type II/I diterpene TC tandems are
likely to be discovered. By applying the same combinatorial
concept, it is expected that the diterpene chemical space can be
significantly expanded.

Cytochrome P450s

CYPs have the ability to install functional groups at nonactivat-
ed C-H bonds with exceptional selectivity. In contrast to the
common perception of enzymes being highly substrate-specific,
many CYPs are able to modify non-natural substrates but retain
their high stereo- and regiochemical selectivity observed from
the transformation of their natural substrate. For the explo-
ration of substrate promiscuity of plant-derived ent-kaurene
oxidases, twenty combinations of type II/I diterpene TCs were
coexpressed with one of the two ent-kaurene oxidases (CYPs)
and their native CPRs from different plant sources, which led to
the production of 12 novel oxidized labdane-related diterpenes
[128]. Recently, commercially available monoterpenes were in-
cubated with cell-free extracts from E. coli expressing well-
studied bacterial CYPs, resulting in 27 previously unreported
terpenoids (selected examples are shown in Figure 10a) [129].
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Figure 10: Substrate promiscuity and engineering of CYPs. a) Selected examples from using a CYP library to oxidize various monoterpenes. b)
Rational engineering of P450p)3 for epoxidation of amorphadiene (21). F87A/A328L and R47L/Y51F: mutations.
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While only a limited number of bacterial CYPs for terpene
modification has been characterized, many of them were re-
ported to exhibit substrate promiscuity (Supporting Information
File 1, Table S2). These promiscuous CYPs do not necessarily
co-localize with TC-encoding genes in the genomes, suggesting
their potential to diversify terpenes out of their biosynthetic
contexts.

Directed evolution of CYPs and other heme-containing pro-
teins has a long history [130] and could potentially be applied to
terpenoid diversification. Rational design, on the other hand,
relies on crystal structures, homology models, or mechanistic
information to select the residues to be mutated. For example,
P450gMm3 (CYP102A1) was rationally evolved to catalyze the
epoxidation of amorphadiene (21) by expanding the active site,
minimizing competing reactions, and facilitating substrate
access (Figure 10b) [131]. Similarly, by mutating two residues
of P450g)\3 that control the shape of the substrate binding
cavity, the enzyme was engineered to accept different linear,
monocyclic, and bicyclic terpenes [132]. The alteration of the
native sequences uses either method or the combination of the
two, serving as an indispensable tool to introduce another
dimension for terpenoid diversification.
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Expanding terpene chemical space through
pathway engineering

Engineering of terpenoid biosynthetic pathways has focused on
enhancing the metabolic flux to supply isoprenoid precursors
(Figure 11a) [77,133]. Common strategies include expressing
an entire exogenous isoprenoid pathway (e.g., the MVA path-
way in E. coli) and overexpressing bottleneck enzymes (e.g.,
dxs, idi, ispD, ispF in the MEP pathway; mk, hmgr in the MVA
pathway) [78-80,134-136]. Attempts are also being made to
search for and engineer more active pathway enzyme variants
[136-138]. As the balanced pathway expression is often the key
to high terpenoid titers, these pathway genes have been grouped
into “modules”, using a multivariate-modular approach [80], in
vitro enzyme activity assays [139], proteomics-based principal
component analysis [140], qPCR/proteomics [141], and itera-
tive grid search [142] to troubleshoot and guide the tuning of
the promoter strengths and copy numbers of each module/en-
zyme (Figure 11b).

Toxicity of biosynthetic intermediates, endogenous regulation,
and stability of genetic constructs are the main concern during
these engineering efforts. IPP (6), FPP (9), and HMG-CoA
(3-hydroxy-3-methylglutaryl-CoA) are known to be toxic

a)
s ke s
m m
MVA pathway Ac-CoA O
G3P
axs ispD _ i ispF _ i
MEP pathway dxr o P @ ispE 14 o ispG
@) CYPs | 1 1
pyruvate
nbXp kinase 4 4 4
(@) @) terpenoids
R5P isopentenols
nDXP pathway IUP pathway
b) 0)
Pt (M) .
\@? Titer 2 o
pBR322(H) 3 G 0.02 mg/L « « o
ggps TC 22 FPP (9) 1 A
Prre (M) Pr7(s) 21
p1SAM) —E»»»»— psc1o1<L>£'§>|:> ; =
gadE \ rstA
dxs idi ispD ispF TC 9ggps MVA pathway e
Pr,c (m) Pr7 (5) i
il )I\SCOA /
Genome(S) pSC101(L) 297 mg/L
dxs idi ispD ispF TC 9ggps

Figure 11: Engineering of terpenoid pathways. a) Metabolic network of terpenoid biosynthesis. Toxic intermediates are labeled with skull signs and
known enzyme inhibition by intermediates is indicated. Bottleneck enzymes that have been subjected to optimization/engineering are highlighted in
bold. Two novel pathways, nDXP and IUP, provide alternative entry points to terpenoid biosynthesis. b) Balancing gene expression for taxadiene (22)
production in E. coli. The copy number of the constructs are labeled with upper case letters: H: high, M: medium, L: low, and S: single copy. The rela-
tive strength of the promoter is labeled with lower case letters: s: strong and m: medium. This tuning led to 15,000-fold increase in taxatidene titer.

c¢) Two FPP (9)-responsive promoters were implemented to dynamically control the expression of MVA pathway genes and the terpene cyclase gene

in order to prevent the accumulation of toxic FPP (9).
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[78,143], and FPP-dependent stress-responsive promoters have
recently been identified through microarray experiments to
dynamically regulate pathways and minimize the accumulation
of FPP (Figure 11c) [143]. Alternatively, in vitro pathway
reconstitution led to the successful production of several
monoterpenes, circumnavigating toxicity to the heterologous
hosts [144]. Several intermediates are also known to inhibit en-
zyme activities in the pathway. Novel pathways, such as the
novel 1-deoxy-p-xylulose 5-phosphate pathway (nDXP) [145]
and the isopentenol utilization pathway (IUP) [146], that bypass
(part of) the natural MVA or MEP pathway were designed to
circumvent this complex endogenous interaction and regulation
(Figure 11a). Lastly, integration of pathways into the E. coli
genome and the subsequent tuning via recombineering or
CRISPR/Cas9 tools has been pursued to solve the instability of
plasmid-based systems [147,148].

The comparably small size of terpenoid BGCs, the promiscuity
of the enzymes involved, and the fact that the core is usually
built up in one step and then modified by tailoring reactions
make terpenoid biosynthesis particularly amenable for gener-
ating non-natural variants through engineering. It is easy to
imagine that the combinatorial pairing of promiscuous TCs and
CYPs harbors great potential to achieve this goal, and the inte-
gration of machine learning and retrobiosynthetic algorithms
could facilitate the design of constructs for specific terpenoid
variants [149]. While it is now relatively straightforward to
direct the flux to produce terpene skeletons, less is known about
how to effectively support function of CYPs beyond natural/
surrogate redox partners or fusing CYPs with redox partners
[80,136,141,150,151]. One common observation is that CYP
activity is not able to match the high flux of isoprenoids,
leaving a significant portion of terpenes unmodified. Solutions
to this problem, such as in silico redox partner prediction,
remain to be explored [152].

One major bottleneck in these studies is the lack of high-
throughput screening tools for terpenoid production and
characterization. Most terpenoids do not have any chromogenic
groups and their detection still relies on liquid
chromatography—mass spectrometry setups, limiting the num-
ber of screens that can be done. Though genetic construction,
culturing bacteria, terpenoid extraction, and chromatographic
analysis can be carried out (semi-)automatedly, terpenoid struc-
ture elucidation constitutes another major bottleneck of these
endeavors. At this end, the development of powerful chemoin-
formatic platforms is likely to assist in detecting putative
terpenoids.

In the future, synthetic biology will likely allow the expansion

of terpene chemical space by efficiently producing novel

Beilstein J. Org. Chem. 2019, 15, 2889-2906.

terpenes in genome-optimized host strains and the generation of
non-natural terpenes through the fine control of terpene
cyclases and tailoring enzymes. The reduced cost of DNA syn-
thesis [153] and advanced cloning techniques [154], such as
Gibson Assembly [155] and Golden Gate cloning [156], has
made pathway construction more economically efficient, and
the genetic parts can also be retrieved, recombined, and reused
easily for different applications. Insights into terpene biosynthe-
sis, along with advancements in synthetic biology, will pave the
way towards the sustainable and selective biotechnological pro-
duction of high-value terpenes, such as taxol (1). One recent
study describes the successful reconstitution of THC (3) biosyn-
thesis in yeast by upregulating MVA pathway genes, mutating
erg20 (fps) in favor of GPP (8) over FPP (9) production, using
genes from multiple different species to supply hexonyl-CoA,
and identifying key coupling enzyme through bioinformatic
analysis [157]. THC variants could also be obtained via feeding
the engineered strain with substrate analogs. This integration of
multiple strategies highlights the great potential of synthetic
biology for the production of valuable complex terpenoids
[157].

Conclusion

Despite the ubiquitous distribution of terpene biosynthetic path-
ways in bacteria, only a few terpenes of bacterial origin have
been characterized, and their biosynthesis is for the most part
poorly understood. The lack of bio-/chemoinformatics plat-
forms to predict terpene core structures coupled with their phys-
icochemical properties have rendered the targeted isolation of
complex terpenoids from their native producers highly chal-
lenging. Since terpene biosynthetic pathways are comparably
small, heterologous expression of entire pathways in suitable
host strains is the method of choice to retrieve the biosynthetic
treasures hidden in bacterial genomes. Moreover, the biosyn-
thetic logic of terpene biosynthetic pathways with a single en-
zyme for hydrocarbon backbone cyclization and multiple
tailoring enzymes is ideally suited for synthetic biology ap-
proaches to engineer new pathways. These new pathways
would enable the combinatorial expansion of terpene chemical
space and the creation of non-natural biosynthetic pathways for
the production of high-value terpenoids, especially pharmaceu-
tical agents. The development of highly manipulable host
strains with multiple orthogonally inducible promoters allows
for the tight control, timing, and analysis of these combinato-
rial endeavors. In combination with directed mutagenesis to
relax, alter, and expand cyclization, tailoring patterns, and sub-
strate scope, synthetic biology is ideally suited to generate non-
natural terpenes with promising drug-like properties and biolog-
ical activities. Results obtained from these studies will also
assist in refining our understanding of bacterial terpenoid bio-

synthesis.

2901



Supporting Information

Supporting Information File 1

Additional figures and tables.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-283-S1.pdf]

ORCID® iDs

Geng-Min Lin - https://orcid.org/0000-0001-8123-0921

Jo

n Clardy - https://orcid.org/0000-0003-0213-8356

References

1.

10.

11.

12.

13.

14.

15.

Yamada, Y.; Kuzuyama, T.; Komatsu, M.; Shin-ya, K.; Omura, S.;
Cane, D. E.; lkeda, H. Proc. Natl. Acad. Sci. U. S. A. 2015, 112,
857-862. doi:10.1073/pnas.1422108112

Chappell, J. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1995, 46,
521-547. doi:10.1146/annurev.pp.46.060195.002513

Gershenzon, J.; Dudareva, N. Nat. Chem. Biol. 2007, 3, 408-414.
doi:10.1038/nchembio.2007.5

Wani, M. C.; Taylor, H. L.; Wall, M. E.; Coggon, P.; McPhail, A. T.

J. Am. Chem. Soc. 1971, 93, 2325-2327. doi:10.1021/ja00738a045
Tu, Y. Angew. Chem., Int. Ed. 2016, 55, 10210-10226.
doi:10.1002/anie.201601967

Wang, G. T. W.; Bidigare, R. R. Terpenoids As Therapeutic Drugs and
Pharmaceutical Agents. In Natural Products - Drug Discovery and
Therapeutic Medicine; Zhang, L.; Demain, A. L., Eds.; Humana Press:
Totowa, NJ, 2005; pp 197-227. doi:10.1007/978-1-59259-976-9_9
Fischbach, M. A.; Walsh, C. T. Chem. Rev. 2006, 106, 3468-3496.
doi:10.1021/cr0503097

Hertweck, C. Angew. Chem., Int. Ed. 2009, 48, 4688-4716.
doi:10.1002/anie.200806121

Austin, M. B.; O'Malille, P. E.; Noel, J. P. Nat. Chem. Biol. 2008, 4,
217-222. doi:10.1038/nchembio0408-217

Driller, R.; Janke, S.; Fuchs, M.; Warner, E.; Mhashal, A. R.;

Major, D. T.; Christmann, M.; Bruck, T.; Loll, B. Nat. Commun. 2018,
9, No. 3971. doi:10.1038/s41467-018-06325-8

Dickschat, J. S. Nat. Prod. Rep. 2016, 33, 87—110.
doi:10.1039/c5np00102a

Janocha, S.; Schmitz, D.; Bernhardt, R. Terpene Hydroxylation with
Microbial Cytochrome P450 Monooxygenases. In Biotechnology of
Isoprenoids; Schrader, J.; Bohlmann, J., Eds.; Springer: Cham, 2015;
pp 215-250. doi:10.1007/10_2014_296

Donehower, R. C. Oncologist 1996, 1, 240-243.
doi:10.1177/174498719600100317

Kingston, D. G. I. Chem. Commun. 2001, 867—-880.
doi:10.1039/b100070p

Wender, P. A.; Badham, N. F.; Conway, S. P.; Floreancig, P. E.;
Glass, T. E.; Houze, J. B.; Krauss, N. E.; Lee, D.; Marquess, D. G.;
McGrane, P. L.; Meng, W.; Natchus, M. G.; Shuker, A. J.;

Sutton, J. C.; Taylor, R. E. J. Am. Chem. Soc. 1997, 119, 2757-2758.
doi:10.1021/ja963539z

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Beilstein J. Org. Chem. 2019, 15, 2889-2906.

Wender, P. A.; Badham, N. F.; Conway, S. P.; Floreancig, P. E.;
Glass, T. E.; Granicher, C.; Houze, J. B.; Janichen, J.; Lee, D.;
Marquess, D. G.; McGrane, P. L.; Meng, W.; Mucciaro, T. P.;
Muihlebach, M.; Natchus, M. G.; Paulsen, H.; Rawlins, D. B.;
Satkofsky, J.; Shuker, A. J.; Sutton, J. C.; Taylor, R. E.; Tomooka, K.
J. Am. Chem. Soc. 1997, 119, 2755-2756. doi:10.1021/ja9635387
Mendoza, A.; Ishihara, Y.; Baran, P. S. Nat. Chem. 2012, 4, 21-25.
doi:10.1038/nchem.1196

Lin, X.; Hezari, M.; Koepp, A. E.; Floss, H. G.; Croteau, R.
Biochemistry 1996, 35, 2968—2977. doi:10.1021/bi9526239
Wildung, M. R.; Croteau, R. J. Biol. Chem. 1996, 271, 9201-9204.
doi:10.1074/jbc.271.16.9201

Jennewein, S.; Croteau, R. Appl. Microbiol. Biotechnol. 2001, 57,
13-19. doi:10.1007/s002530100757

Wuts, P. G. Curr. Opin. Drug Discovery Dev. 1998, 1, 329-337.
Lodzki, M.; Godin, B.; Rakou, L.; Mechoulam, R.; Gallily, R.;
Touitou, E. J. Controlled Release 2003, 93, 377-387.
doi:10.1016/j.jconrel.2003.09.001

Leweke, F. M.; Piomelli, D.; Pahlisch, F.; Muhl, D.; Gerth, C. W.;
Hoyer, C.; Klosterkétter, J.; Hellmich, M.; Koethe, D.

Transl. Psychiatry 2012, 2, No. €94. doi:10.1038/tp.2012.15
Devinsky, O.; Cilio, M. R.; Cross, H.; Fernandez-Ruiz, J.; French, J.;
Hill, C.; Katz, R.; Di Marzo, V.; Jutras-Aswad, D.; Notcutt, W. G.;
Martinez-Orgado, J.; Robson, P. J.; Rohrback, B. G.; Thiele, E;
Whalley, B.; Friedman, D. Epilepsia 2014, 55, 791-802.
doi:10.1111/epi. 12631

Mechoulam, R.; Peters, M.; Murillo-Rodriguez, E.; Hanus, L. O.
Chem. Biodiversity 2007, 4, 1678—-1692. doi:10.1002/cbdv.200790147
Challis, G. L.; Ravel, J.; Townsend, C. A. Chem. Biol. 2000, 7,
211-224. doi:10.1016/s1074-5521(00)00091-0

Stachelhaus, T.; Mootz, H. D.; Marahiel, M. A. Chem. Biol. 1999, 6,
493-505. doi:10.1016/s1074-5521(99)80082-9

Phelan, V. V.; Du, Y.; McLean, J. A.; Bachmann, B. O. Chem. Biol.
2009, 16, 473-478. doi:10.1016/j.chembiol.2009.04.007

Reeves, C. D.; Murli, S.; Ashley, G. W.; Piagentini, M.;

Hutchinson, C. R.; McDaniel, R. Biochemistry 2001, 40,
15464-15470. doi:10.1021/bi015864r

Jenner, M.; Afonso, J. P.; Bailey, H. R.; Frank, S.; Kampa, A.; Piel, J.;
Oldham, N. J. Angew. Chem., Int. Ed. 2015, 54, 1817—1821.
doi:10.1002/anie.201410219

Helfrich, E. J. N.; Ueoka, R.; Dolev, A.; Rust, M.; Meoded, R. A.;
Bhushan, A.; Califano, G.; Costa, R.; Gugger, M.; Steinbeck, C.;
Moreno, P.; Piel, J. Nat. Chem. Biol. 2019, 15, 813-821.
doi:10.1038/s41589-019-0313-7

Jensen, K.; Niederkriger, H.; Zimmermann, K.; Vagstad, A. L.;
Moldenhauer, J.; Brendel, N.; Frank, S.; Pdplau, P.; Kohlhaas, C.;
Townsend, C. A.; Oldiges, M.; Hertweck, C.; Piel, J. Chem. Biol. 2012,
19, 329-339. doi:10.1016/j.chembiol.2012.01.005

Yeh, E.; Kohli, R. M.; Bruner, S. D.; Walsh, C. T. ChemBioChem
2004, 5, 1290-1293. doi:10.1002/cbic.200400077

Ueoka, R.; Uria, A. R.; Reiter, S.; Mori, T.; Karbaum, P.; Peters, E. E.;
Helfrich, E. J. N.; Morinaka, B. I.; Gugger, M.; Takeyama, H.;
Matsunaga, S.; Piel, J. Nat. Chem. Biol. 2015, 11, 705-712.
doi:10.1038/nchembio.1870

Criisemann, M.; Kohlhaas, C.; Piel, J. Chem. Sci. 2013, 4,
1041-1045. doi:10.1039/c2sc21722h

Jenke-Kodama, H.; Dittmann, E. Phytochemistry 2009, 70,
1858-1866. doi:10.1016/j.phytochem.2009.05.021

Gao, Y.; Honzatko, R. B.; Peters, R. J. Nat. Prod. Rep. 2012, 29,
1153-1175. doi:10.1039/c2np200599g

2902


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-283-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-283-S1.pdf
https://orcid.org/0000-0001-8123-0921
https://orcid.org/0000-0003-0213-8356
https://doi.org/10.1073%2Fpnas.1422108112
https://doi.org/10.1146%2Fannurev.pp.46.060195.002513
https://doi.org/10.1038%2Fnchembio.2007.5
https://doi.org/10.1021%2Fja00738a045
https://doi.org/10.1002%2Fanie.201601967
https://doi.org/10.1007%2F978-1-59259-976-9_9
https://doi.org/10.1021%2Fcr0503097
https://doi.org/10.1002%2Fanie.200806121
https://doi.org/10.1038%2Fnchembio0408-217
https://doi.org/10.1038%2Fs41467-018-06325-8
https://doi.org/10.1039%2Fc5np00102a
https://doi.org/10.1007%2F10_2014_296
https://doi.org/10.1177%2F174498719600100317
https://doi.org/10.1039%2Fb100070p
https://doi.org/10.1021%2Fja963539z
https://doi.org/10.1021%2Fja9635387
https://doi.org/10.1038%2Fnchem.1196
https://doi.org/10.1021%2Fbi9526239
https://doi.org/10.1074%2Fjbc.271.16.9201
https://doi.org/10.1007%2Fs002530100757
https://doi.org/10.1016%2Fj.jconrel.2003.09.001
https://doi.org/10.1038%2Ftp.2012.15
https://doi.org/10.1111%2Fepi.12631
https://doi.org/10.1002%2Fcbdv.200790147
https://doi.org/10.1016%2Fs1074-5521%2800%2900091-0
https://doi.org/10.1016%2Fs1074-5521%2899%2980082-9
https://doi.org/10.1016%2Fj.chembiol.2009.04.007
https://doi.org/10.1021%2Fbi015864r
https://doi.org/10.1002%2Fanie.201410219
https://doi.org/10.1038%2Fs41589-019-0313-7
https://doi.org/10.1016%2Fj.chembiol.2012.01.005
https://doi.org/10.1002%2Fcbic.200400077
https://doi.org/10.1038%2Fnchembio.1870
https://doi.org/10.1039%2Fc2sc21722h
https://doi.org/10.1016%2Fj.phytochem.2009.05.021
https://doi.org/10.1039%2Fc2np20059g

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

Firn, R. D.; Jones, C. G. Nat. Prod. Rep. 2003, 20, 382—-391.
doi:10.1039/b208815k

Jones, C. G.; Firn, R. D. Philos. Trans. R. Soc., B 1991, 333,
273-280. doi:10.1098/rstb.1991.0077

Fischbach, M. A.; Clardy, J. Nat. Chem. Biol. 2007, 3, 353—355.
doi:10.1038/nchembio0707-353

Nett, R. S.; Montanares, M.; Marcassa, A.; Lu, X.; Nagel, R.;
Charles, T. C.; Hedden, P.; Rojas, M. C.; Peters, R. J.

Nat. Chem. Biol. 2017, 13, 69—74. doi:10.1038/nchembio.2232
Hedden, P.; Phillips, A. L.; Rojas, M. C.; Carrera, E.; Tudzynski, B.
J. Plant Growth Regul. 2001, 20, 319-331.
doi:10.1007/s003440010037

Blin, K.; Pascal Andreu, V.; de los Santos, E. L. C.; Del Carratore, F.;
Lee, S. Y.; Medema, M. H.; Weber, T. Nucleic Acids Res. 2019, 47,
D625-D630. doi:10.1093/nar/gky1060

Medema, M. H.; Kottmann, R.; Yilmaz, P.; Cummings, M.;

Biggins, J. B.; Blin, K.; de Bruijn, I.; Chooi, Y. H.; Claesen, J.;
Coates, R. C.; Cruz-Morales, P.; Duddela, S.; Disterhus, S.;
Edwards, D. J.; Fewer, D. P.; Garg, N.; Geiger, C.;
Gomez-Escribano, J. P.; Greule, A.; Hadjithomas, M.; Haines, A. S;
Helfrich, E. J. N.; Hillwig, M. L.; Ishida, K.; Jones, A. C.; Jones, C. S.;
Jungmann, K.; Kegler, C.; Kim, H. U.; Kétter, P.; Krug, D.;
Masschelein, J.; Melnik, A. V.; Mantovani, S. M.; Monroe, E. A.;
Moore, M.; Moss, N.; Nitzmann, H.-W.; Pan, G.; Pati, A.; Petras, D.;
Reen, F. J.; Rosconi, F.; Rui, Z.; Tian, Z.; Tobias, N. J.;
Tsunematsu, Y.; Wiemann, P.; Wyckoff, E.; Yan, X.; Yim, G.; Yu, F;
Xie, Y.; Aigle, B.; Apel, A. K.; Balibar, C. J.; Balskus, E. P.;
Barona-Goémez, F.; Bechthold, A.; Bode, H. B.; Borriss, R.;

Brady, S. F.; Brakhage, A. A.; Caffrey, P.; Cheng, Y.-Q.; Clardy, J.;
Cox, R. J.; De Mot, R.; Donadio, S.; Donia, M. S.;

van der Donk, W. A.; Dorrestein, P. C.; Doyle, S.; Driessen, A. J. M,;
Ehling-Schulz, M.; Entian, K.-D.; Fischbach, M. A.; Gerwick, L.;
Gerwick, W. H.; Gross, H.; Gust, B.; Hertweck, C.; Hofte, M.;
Jensen, S. E.; Ju, J.; Katz, L.; Kaysser, L.; Klassen, J. L.; Keller, N. P.;
Kormanec, J.; Kuipers, O. P.; Kuzuyama, T.; Kyrpides, N. C.;

Kwon, H.-J.; Lautru, S.; Lavigne, R.; Lee, C. Y.; Linquan, B.; Liu, X,;
Liu, W.; Luzhetskyy, A.; Mahmud, T.; Mast, Y.; Méndez, C.;
Metsé-Keteld, M.; Micklefield, J.; Mitchell, D. A.; Moore, B. S.;
Moreira, L. M.; Miller, R.; Neilan, B. A.; Nett, M.; Nielsen, J.;
O'Gara, F.; Oikawa, H.; Osbourn, A.; Osburne, M. S.; Ostash, B.;
Payne, S. M.; Pernodet, J.-L.; Petricek, M.; Piel, J.; Ploux, O.;
Raaijmakers, J. M.; Salas, J. A.; Schmitt, E. K.; Scott, B.;

Seipke, R. F.; Shen, B.; Sherman, D. H.; Sivonen, K.; Smanski, M. J.;
Sosio, M.; Stegmann, E.; Stissmuth, R. D.; Tahlan, K.; Thomas, C. M.;
Tang, Y.; Truman, A. W.; Viaud, M.; Walton, J. D.; Walsh, C. T ;
Weber, T.; van Wezel, G. P.; Wilkinson, B.; Willey, J. M.;

Wohlleben, W.; Wright, G. D.; Ziemert, N.; Zhang, C.; Zotchev, S. B.;
Breitling, R.; Takano, E.; Gléckner, F. O. Nat. Chem. Biol. 2015, 11,
625-631. doi:10.1038/nchembio.1890

Davis, E. M.; Croteau, R. Cyclization Enzymes in the Biosynthesis of
Monoterpenes, Sesquiterpenes, and Diterpenes. In Biosynthesis -
Aromatic Polyketides, Isoprenoids, Alkaloids; Leeper, F. J.;
Vederas, J. C., Eds.; Springer: Berlin, 2000; pp 53-95.
doi:10.1007/3-540-48146-x_2

Chen, K.; Baran, P. S. Nature 2009, 459, 824-828.
doi:10.1038/nature08043

Maimone, T. J.; Baran, P. S. Nat. Chem. Biol. 2007, 3, 396—407.
doi:10.1038/nchembio.2007.1

48.

49,

50.

52.

53.

54,

55.

56.

58.

59.

60.

62.

63.

65.

66.

67.

68.

70.

71.

72.

Beilstein J. Org. Chem. 2019, 15, 2889-2906.

Blin, K.; Shaw, S.; Steinke, K.; Villebro, R.; Ziemert, N.; Lee, S. Y.;
Medema, M. H.; Weber, T. Nucleic Acids Res. 2019, 47, W81-W87.
doi:10.1093/nar/gkz310

Medema, M. H.; Blin, K.; Cimermancic, P.; de Jager, V.;

Zakrzewski, P.; Fischbach, M. A.; Weber, T.; Takano, E.; Breitling, R.
Nucleic Acids Res. 2011, 39, W339-W2346. doi:10.1093/nar/gkr466
Christianson, D. W. Chem. Rev. 2006, 106, 3412-3442.
doi:10.1021/cr050286w

. Christianson, D. W. Curr. Opin. Chem. Biol. 2008, 12, 141-150.

doi:10.1016/j.cbpa.2007.12.008

Wendt, K. U.; Schulz, G. E. Structure 1998, 6, 127—-133.
doi:10.1016/s0969-2126(98)00015-x

Baunach, M.; Franke, J.; Hertweck, C. Angew. Chem., Int. Ed. 2015,
54, 2604-2626. doi:10.1002/anie.201407883

Baer, P.; Rabe, P.; Fischer, K.; Citron, C. A.; Klapschinski, T. A.;
Groll, M.; Dickschat, J. S. Angew. Chem., Int. Ed. 2014, 53,
7652-7656. doi:10.1002/anie.201403648

Dickschat, J. S. Angew. Chem., Int. Ed. 2019, 58, 15964—15976.
doi:10.1002/anie.201905312

Smanski, M. J.; Peterson, R. M.; Huang, S.-X.; Shen, B.

Curr. Opin. Chem. Biol. 2012, 16, 132—141.
doi:10.1016/j.cbpa.2012.03.002

. Wang, C.-M.; Cane, D. E. J. Am. Chem. Soc. 2008, 130, 8908-8909.

doi:10.1021/ja803639g

von Reuss, S.; Domik, D.; Lemfack, M. C.; Magnus, N.; Kai, M.;
Weise, T.; Piechulla, B. J. Am. Chem. Soc. 2018, 140, 11855-11862.
doi:10.1021/jacs.8b08510

Hillwig, M. L.; Zhu, Q.; Liu, X. ACS Chem. Biol. 2014, 9, 372-377.
doi:10.1021/cb400681n

Erickson, H. K.; Poulter, C. D. J. Am. Chem. Soc. 2003, 125,
6886—6888. doi:10.1021/ja034520g

. Carter-Franklin, J. N.; Parrish, J. D.; Tschirret-Guth, R. A.; Little, R. D.;

Butler, A. J. Am. Chem. Soc. 2003, 125, 3688-3689.
doi:10.1021/ja029271v

Carter-Franklin, J. N.; Butler, A. J. Am. Chem. Soc. 2004, 126,
15060-15066. doi:10.1021/ja047925p

Awakawa, T.; Zhang, L.; Wakimoto, T.; Hoshino, S.; Mori, T.; Ito, T.;
Ishikawa, J.; Tanner, M. E.; Abe, I. J. Am. Chem. Soc. 2014, 136,
9910-9913. doi:10.1021/ja505224r

. Xu, Z.; Baunach, M.; Ding, L.; Hertweck, C. Angew. Chem., Int. Ed.

2012, 51, 10293-10297. doi:10.1002/anie.201204087

Chooi, Y.-H.; Hong, Y. J.; Cacho, R. A.; Tantillo, D. J.; Tang, Y.

J. Am. Chem. Soc. 2013, 135, 16805-16808. doi:10.1021/ja408966t
Taura, F.; Morimoto, S.; Shoyama, Y.; Mechoulam, R.

J. Am. Chem. Soc. 1995, 117, 9766—9767. doi:10.1021/ja00143a024
Lichman, B. R.; Kamileen, M. O.; Titchiner, G. R.; Saalbach, G.;
Stevenson, C. E. M.; Lawson, D. M.; O’'Connor, S. E. Nat. Chem. Biol.
2019, 75, 71-79. doi:10.1038/s41589-018-0185-2

Cane, D. E.; Weiner, S. W. Can. J. Chem. 1994, 72, 118-127.
doi:10.1139/v94-019

. He, X.; Cane, D. E. J. Am. Chem. Soc. 2004, 126, 2678-2679.

doi:10.1021/ja039929k

Jiang, J.; He, X.; Cane, D. E. J. Am. Chem. Soc. 2006, 128,
8128-8129. doi:10.1021/ja062669x

Jiang, J.; Cane, D. E. J. Am. Chem. Soc. 2008, 130, 428—429.
doi:10.1021/ja077792i

Lin, X.; Cane, D. E. J. Am. Chem. Soc. 2009, 131, 6332—-6333.
doi:10.1021/ja901313v

2903


https://doi.org/10.1039%2Fb208815k
https://doi.org/10.1098%2Frstb.1991.0077
https://doi.org/10.1038%2Fnchembio0707-353
https://doi.org/10.1038%2Fnchembio.2232
https://doi.org/10.1007%2Fs003440010037
https://doi.org/10.1093%2Fnar%2Fgky1060
https://doi.org/10.1038%2Fnchembio.1890
https://doi.org/10.1007%2F3-540-48146-x_2
https://doi.org/10.1038%2Fnature08043
https://doi.org/10.1038%2Fnchembio.2007.1
https://doi.org/10.1093%2Fnar%2Fgkz310
https://doi.org/10.1093%2Fnar%2Fgkr466
https://doi.org/10.1021%2Fcr050286w
https://doi.org/10.1016%2Fj.cbpa.2007.12.008
https://doi.org/10.1016%2Fs0969-2126%2898%2900015-x
https://doi.org/10.1002%2Fanie.201407883
https://doi.org/10.1002%2Fanie.201403648
https://doi.org/10.1002%2Fanie.201905312
https://doi.org/10.1016%2Fj.cbpa.2012.03.002
https://doi.org/10.1021%2Fja803639g
https://doi.org/10.1021%2Fjacs.8b08510
https://doi.org/10.1021%2Fcb400681n
https://doi.org/10.1021%2Fja034520g
https://doi.org/10.1021%2Fja029271v
https://doi.org/10.1021%2Fja047925p
https://doi.org/10.1021%2Fja505224r
https://doi.org/10.1002%2Fanie.201204087
https://doi.org/10.1021%2Fja408966t
https://doi.org/10.1021%2Fja00143a024
https://doi.org/10.1038%2Fs41589-018-0185-2
https://doi.org/10.1139%2Fv94-019
https://doi.org/10.1021%2Fja039929k
https://doi.org/10.1021%2Fja062669x
https://doi.org/10.1021%2Fja077792i
https://doi.org/10.1021%2Fja901313v

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Rabe, P.; Barra, L.; Rinkel, J.; Riclea, R.; Citron, C. A.;
Klapschinski, T. A.; Janusko, A.; Dickschat, J. S.

Angew. Chem., Int. Ed. 2015, 54, 13448—13451.
doi:10.1002/anie.201507615

Rinkel, J.; Lauterbach, L.; Rabe, P.; Dickschat, J. S.

Angew. Chem., Int. Ed. 2018, 57, 3238-3241.
doi:10.1002/anie.201800385

Rabe, P.; Rinkel, J.; Dolja, E.; Schmitz, T.; Nubbemeyer, B.;

Luu, T. H.; Dickschat, J. S. Angew. Chem., Int. Ed. 2017, 56,
2776-2779. doi:10.1002/anie.201612439

Dickschat, J. S.; Pahirulzaman, K. A. K.; Rabe, P.; Klapschinski, T. A.
ChemBioChem 2014, 15, 810-814. doi:10.1002/cbic.201300763
Wong, J.; Rios-Solis, L.; Keasling, J. D. Microbial Production of
Isoprenoids. In Consequences of Microbial Interactions with
Hydrocarbons, Oils, and Lipids: Production of Fuels and Chemicals;
Lee, S. Y., Ed.; Springer: Cham, 2017; pp 1-24.
doi:10.1007/978-3-319-31421-1_219-1

Martin, V. J. J.; Pitera, D. J.; Withers, S. T.; Newman, J. D.;
Keasling, J. D. Nat. Biotechnol. 2003, 21, 796—-802.
doi:10.1038/nbt833

Anthony, J. R.; Anthony, L. C.; Nowroozi, F.; Kwon, G.;

Newman, J. D.; Keasling, J. D. Metab. Eng. 2009, 11, 13-19.
doi:10.1016/j.ymben.2008.07.007

Ajikumar, P. K.; Xiao, W.-H.; Tyo, K. E. J.; Wang, Y.; Simeon, F.;
Leonard, E.; Mucha, O.; Phon, T. H.; Pfeifer, B.; Stephanopoulos, G.
Science 2010, 330, 70-74. doi:10.1126/science.1191652

Diirr, C.; Schnell, H.-J.; Luzhetskyy, A.; Murillo, R.; Weber, M.;
Welzel, K.; Vente, A.; Bechthold, A. Chem. Biol. 2006, 13, 365-377.
doi:10.1016/j.chembiol.2006.01.011

Smanski, M. J.; Peterson, R. M.; Rajski, S. R.; Shen, B.

Antimicrob. Agents Chemother. 2009, 53, 1299-1304.
doi:10.1128/aac.01358-08

Ortiz de Montellano, P. R. Substrate Oxidation by Cytochrome P450
Enzymes. In Cytochrome P450 - Structure, Mechanism, and
Biochemistry, 4th ed.; Ortiz de Montellano, P. R., Ed.; Springer:
Cham, 2015; Vol. 1, pp 111-176. doi:10.1007/978-3-319-12108-6_4
Denisov, I. G.; Makris, T. M.; Sligar, S. G.; Schlichting, I. Chem. Rev.
2005, 105, 2253-2278. doi:10.1021/cr0307143

Hannemann, F.; Bichet, A.; Ewen, K. M.; Bernhardt, R.

Biochim. Biophys. Acta, Gen. Subj. 2007, 1770, 330-344.
doi:10.1016/j.bbagen.2006.07.017

Atkinson, J. T.; Campbell, I.; Bennett, G. N.; Silberg, J. J.
Biochemistry 2016, 55, 7047-7064.
doi:10.1021/acs.biochem.6b00831

Ortega Ugalde, S.; de Koning, C. P.; Wallraven, K.; Bruyneel, B.;
Vermeulen, N. P. E.; Grossmann, T. N.; Bitter, W.;

Commandeur, J. N. M.; Vos, J. C. Appl. Microbiol. Biotechnol. 2018,
102, 9231-9242. doi:10.1007/s00253-018-9299-4

Rudolf, J. D.; Chang, C.-Y.; Ma, M.; Shen, B. Nat. Prod. Rep. 2017,
34, 1141-1172. doi:10.1039/c7np00034k

Kim, S.-Y.; Zhao, P.; Igarashi, M.; Sawa, R.; Tomita, T.;

Nishiyama, M.; Kuzuyama, T. Chem. Biol. 2009, 16, 736—743.
doi:10.1016/j.chembiol.2009.06.007

Rudolf, J. D.; Dong, L.-B.; Manoogian, K.; Shen, B. J. Am. Chem. Soc.
2016, 7138, 16711-16721. doi:10.1021/jacs.6b09818

Duan, L.; Jogl, G.; Cane, D. E. J. Am. Chem. Soc. 2016, 138,
12678-12689. doi:10.1021/jacs.6b08610

Huo, L.; Hug, J. J.; Fu, C.; Bian, X.; Zhang, Y.; Miller, R.

Nat. Prod. Rep. 2019, 36, 1412—1436. doi:10.1039/c8np00091c

Beilstein J. Org. Chem. 2019, 15, 2889-2906.

93. Rutledge, P. J.; Challis, G. L. Nat. Rev. Microbiol. 2015, 13, 509-523.
doi:10.1038/nrmicro3496

94. Baltz, R. H. J. Ind. Microbiol. Biotechnol. 2010, 37, 759-772.
doi:10.1007/s10295-010-0730-9

95. Gomez-Escribano, J. P.; Bibb, M. J. Microb. Biotechnol. 2011, 4,
207-215. doi:10.1111/j.1751-7915.2010.00219.x

96. Khalid, A.; Takagi, H.; Panthee, S.; Muroi, M.; Chappell, J.; Osada, H.;
Takahashi, S. ACS Synth. Biol. 2017, 6, 2339-2349.
doi:10.1021/acssynbio.7b00249

97. Myronovskyi, M.; Rosenkrénzer, B.; Nadmid, S.; Pujic, P.;
Normand, P.; Luzhetskyy, A. Metab. Eng. 2018, 49, 316-324.
doi:10.1016/j.ymben.2018.09.004

98. Takamatsu, S.; Lin, X.; Nara, A.; Komatsu, M.; Cane, D. E.; lkeda, H.
Microb. Biotechnol. 2011, 4, 184—191.
doi:10.1111/j.1751-7915.2010.00209.x

99. Brill, Z. G.; Condakes, M. L.; Ting, C. P.; Maimone, T. J. Chem. Rev.
2017, 117, 11753—-11795. doi:10.1021/acs.chemrev.6b00834

100.Razzak, M.; De Brabander, J. K. Nat. Chem. Biol. 2011, 7, 865-875.
doi:10.1038/nchembio.709

101.Davies, H. M. L. Nature 2009, 459, 786—787. doi:10.1038/459786a

102.Zhou, Q.; Chen, X.; Ma, D. Angew. Chem., Int. Ed. 2010, 49,
3513-3516. doi:10.1002/anie.201000888

103.Molawi, K.; Delpont, N.; Echavarren, A. M. Angew. Chem., Int. Ed.
2010, 49, 3517-3519. doi:10.1002/anie.201000890

104.Major, D. T. Nat. Catal. 2018, 1, 567-568.
doi:10.1038/s41929-018-0130-5

105.Davies, H. M. L.; Manning, J. R. Nature 2008, 451, 417-424.
doi:10.1038/nature06485

106.Mello, R.; Fiorentino, M.; Fusco, C.; Curci, R. J. Am. Chem. Soc.
1989, 111, 6749-6757. doi:10.1021/ja00199a039

107.Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L. Chem. Rev. 2004,
104, 939-986. doi:10.1021/cr020628n

108.Groves, J. T.; Bonchio, M.; Carofiglio, T.; Shalyaev, K.
J. Am. Chem. Soc. 1996, 118, 8961-8962. doi:10.1021/ja9542092

109.Brodsky, B. H.; Du Bois, J. J. Am. Chem. Soc. 2005, 127,
15391-15398. doi:10.1021/ja055549i

110.Yang, J.; Gabriele, B.; Belvedere, S.; Huang, Y.; Breslow, R.
J. Org. Chem. 2002, 67, 5057-5067. doi:10.1021/jo020174u

111.Chen, M. S.; White, M. C. Science 2007, 318, 783-787.
doi:10.1126/science.1148597

112.Ishihara, Y.; Baran, P. S. Synlett 2010, 1733—1745.
doi:10.1055/s-0030-1258123

113.Willot, M.; Christmann, M. Nat. Chem. 2010, 2, 519-520.
doi:10.1038/nchem.715

114.Meguro, A.; Tomita, T.; Nishiyama, M.; Kuzuyama, T. ChemBioChem
2013, 74, 316-321. doi:10.1002/cbic.201200651

115.Rabe, P.; Pahirulzaman, K. A. K.; Dickschat, J. S.
Angew. Chem., Int. Ed. 2015, 54, 6041-6045.
doi:10.1002/anie.201501119

116.Schifrin, A.; Khatri, Y.; Kirsch, P.; Thiel, V.; Schulz, S.; Bernhardt, R.
Org. Biomol. Chem. 2016, 14, 3385-3393. doi:10.1039/c60b00130k

117.Lauterbach, L.; Rinkel, J.; Dickschat, J. S. Angew. Chem., Int. Ed.
2018, 57, 8280-8283. doi:10.1002/anie.201803800

118.Rinkel, J.; Lauterbach, L.; Dickschat, J. S. Angew. Chem., Int. Ed.
2017, 56, 16385—16389. doi:10.1002/anie.201711142

119.Aaron, J. A; Lin, X.; Cane, D. E.; Christianson, D. W. Biochemistry
2010, 49, 1787—-1797. doi:10.1021/bi902088z

120.Li, R.; Chou, W. K. W.; Himmelberger, J. A.; Litwin, K. M;
Harris, G. G.; Cane, D. E.; Christianson, D. W. Biochemistry 2014, 53,
1155-1168. doi:10.1021/bi401643u

2904


https://doi.org/10.1002%2Fanie.201507615
https://doi.org/10.1002%2Fanie.201800385
https://doi.org/10.1002%2Fanie.201612439
https://doi.org/10.1002%2Fcbic.201300763
https://doi.org/10.1007%2F978-3-319-31421-1_219-1
https://doi.org/10.1038%2Fnbt833
https://doi.org/10.1016%2Fj.ymben.2008.07.007
https://doi.org/10.1126%2Fscience.1191652
https://doi.org/10.1016%2Fj.chembiol.2006.01.011
https://doi.org/10.1128%2Faac.01358-08
https://doi.org/10.1007%2F978-3-319-12108-6_4
https://doi.org/10.1021%2Fcr0307143
https://doi.org/10.1016%2Fj.bbagen.2006.07.017
https://doi.org/10.1021%2Facs.biochem.6b00831
https://doi.org/10.1007%2Fs00253-018-9299-4
https://doi.org/10.1039%2Fc7np00034k
https://doi.org/10.1016%2Fj.chembiol.2009.06.007
https://doi.org/10.1021%2Fjacs.6b09818
https://doi.org/10.1021%2Fjacs.6b08610
https://doi.org/10.1039%2Fc8np00091c
https://doi.org/10.1038%2Fnrmicro3496
https://doi.org/10.1007%2Fs10295-010-0730-9
https://doi.org/10.1111%2Fj.1751-7915.2010.00219.x
https://doi.org/10.1021%2Facssynbio.7b00249
https://doi.org/10.1016%2Fj.ymben.2018.09.004
https://doi.org/10.1111%2Fj.1751-7915.2010.00209.x
https://doi.org/10.1021%2Facs.chemrev.6b00834
https://doi.org/10.1038%2Fnchembio.709
https://doi.org/10.1038%2F459786a
https://doi.org/10.1002%2Fanie.201000888
https://doi.org/10.1002%2Fanie.201000890
https://doi.org/10.1038%2Fs41929-018-0130-5
https://doi.org/10.1038%2Fnature06485
https://doi.org/10.1021%2Fja00199a039
https://doi.org/10.1021%2Fcr020628n
https://doi.org/10.1021%2Fja9542092
https://doi.org/10.1021%2Fja055549i
https://doi.org/10.1021%2Fjo020174u
https://doi.org/10.1126%2Fscience.1148597
https://doi.org/10.1055%2Fs-0030-1258123
https://doi.org/10.1038%2Fnchem.715
https://doi.org/10.1002%2Fcbic.201200651
https://doi.org/10.1002%2Fanie.201501119
https://doi.org/10.1039%2Fc6ob00130k
https://doi.org/10.1002%2Fanie.201803800
https://doi.org/10.1002%2Fanie.201711142
https://doi.org/10.1021%2Fbi902088z
https://doi.org/10.1021%2Fbi401643u

121.Blank, P. N.; Barrow, G. H.; Chou, W. K. W.; Duan, L.; Cane, D. E.;
Christianson, D. W. Biochemistry 2017, 56, 5798-5811.
doi:10.1021/acs.biochem.7b00895

122.Tomita, T.; Kim, S.-Y.; Teramoto, K.; Meguro, A.; Ozaki, T;
Yoshida, A.; Motoyoshi, Y.; Mori, N.; Ishigami, K.; Watanabe, H.;
Nishiyama, M.; Kuzuyama, T. ACS Chem. Biol. 2017, 12, 1621-1628.
doi:10.1021/acschembio.7b00154

123.Gérner, C.; Hauslein, |.; Schrepfer, P.; Eisenreich, W.; Briick, T.
ChemCatChem 2013, 5, 3289-3298. doi:10.1002/cctc.201300285

124.Peters, R. J. Nat. Prod. Rep. 2010, 27, 1521-1530.
doi:10.1039/cOnp00019a

125.Jia, M.; Potter, K. C.; Peters, R. J. Metab. Eng. 2016, 37, 24-34.
doi:10.1016/j.ymben.2016.04.001

126.Andersen-Ranberg, J.; Kongstad, K. T.; Nielsen, M. T.; Jensen, N. B.;
Pateraki, I.; Bach, S. S.; Hamberger, B.; Zerbe, P.; Staerk, D.;
Bohimann, J.; Mgller, B. L.; Hamberger, B. Angew. Chem., Int. Ed.
2016, 55, 2142—-2146. doi:10.1002/anie.201510650

127.Jia, M.; Mishra, S. K.; Tufts, S.; Jernigan, R. L.; Peters, R. J.

Metab. Eng. 2019, 55, 44-58. doi:10.1016/j.ymben.2019.06.008

128.Mafu, S.; Jia, M.; Zi, J.; Morrone, D.; Wu, Y.; Xu, M.; Hillwig, M. L.;
Peters, R. J. Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 2526-2531.
doi:10.1073/pnas.1512096113

129.Hernandez-Ortega, A.; Vinaixa, M.; Zebec, Z.; Takano, E.;

Scrutton, N. S. Sci. Rep. 2018, 8, No. 14396.
doi:10.1038/s41598-018-32816-1

130.Jung, S. T.; Lauchli, R.; Arnold, F. H. Curr. Opin. Biotechnol. 2011, 22,
809-817. doi:10.1016/j.copbio.2011.02.008

131.Dietrich, J. A.; Yoshikuni, Y.; Fisher, K. J.; Woolard, F. X.; Ockey, D.;
McPhee, D. J.; Renninger, N. S.; Chang, M. C. Y.; Baker, D.;
Keasling, J. D. ACS Chem. Biol. 2009, 4, 261-267.
doi:10.1021/cb900006h

132.Seifert, A.; Vomund, S.; Grohmann, K.; Kriening, S.; Urlacher, V. B.;
Laschat, S.; Pleiss, J. ChemBioChem 2009, 10, 853-861.
doi:10.1002/cbic.200800799

133.Paramasivan, K.; Mutturi, S. Crit. Rev. Biotechnol. 2017, 37, 974-989.
doi:10.1080/07388551.2017.1299679

134.Harada, H.; Yu, F.; Okamoto, S.; Kuzuyama, T.; Utsumi, R.;
Misawa, N. Appl. Microbiol. Biotechnol. 2009, 81, 915-925.
doi:10.1007/s00253-008-1724-7

135.Westfall, P. J.; Pitera, D. J.; Lenihan, J. R.; Eng, D.; Woolard, F. X.;
Regentin, R.; Horning, T.; Tsuruta, H.; Melis, D. J.; Owens, A.;
Fickes, S.; Diola, D.; Benjamin, K. R.; Keasling, J. D.; Leavell, M. D.;
McPhee, D. J.; Renninger, N. S.; Newman, J. D.; Paddon, C. J.
Proc. Natl. Acad. Sci. U. S. A. 2012, 109, E111-E118.
doi:10.1073/pnas.1110740109

136.Alonso-Gutierrez, J.; Chan, R.; Batth, T. S.; Adams, P. D.;

Keasling, J. D.; Petzold, C. J.; Lee, T. S. Metab. Eng. 2013, 19,
33-41. doi:10.1016/j.ymben.2013.05.004

137.Leonard, E.; Ajikumar, P. K.; Thayer, K.; Xiao, W.-H.; Mo, J. D;
Tidor, B.; Stephanopoulos, G.; Prather, K. L. J.

Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 13654—13659.
doi:10.1073/pnas.1006138107

138.Tashiro, M.; Kiyota, H.; Kawai-Noma, S.; Saito, K.; Ikeuchi, M.;
lijima, Y.; Umeno, D. ACS Synth. Biol. 2016, 5, 1011-1020.
doi:10.1021/acssynbio.6b00140

139.Zhu, F.; Zhong, X.; Hu, M; Lu, L.; Deng, Z.; Liu, T.

Biotechnol. Bioeng. 2014, 111, 1396—1405. doi:10.1002/bit.25198

Beilstein J. Org. Chem. 2019, 15, 2889-2906.

140.Alonso-Gutierrez, J.; Kim, E.-M.; Batth, T. S.; Cho, N.; Hu, Q.;
Chan, L. J. G.; Petzold, C. J.; Hillson, N. J.; Adams, P. D.;
Keasling, J. D.; Garcia Martin, H.; Lee, T. S. Metab. Eng. 2015, 28,
123-133. doi:10.1016/j.ymben.2014.11.011

141.Biggs, B. W.; Lim, C. G.; Sagliani, K.; Shankar, S.;
Stephanopoulos, G.; De Mey, M.; Ajikumar, P. K.
Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 3209-3214.
doi:10.1073/pnas.1515826113

142.Meyer, A. J.; Segall-Shapiro, T. H.; Glassey, E.; Zhang, J.; Voigt, C. A.
Nat. Chem. Biol. 2019, 15, 196-204. doi:10.1038/s41589-018-0168-3

143.Dahl, R. H.; Zhang, F.; Alonso-Gutierrez, J.; Baidoo, E.; Batth, T. S.;
Redding-Johanson, A. M.; Petzold, C. J.; Mukhopadhyay, A.;
Lee, T. S.; Adams, P. D.; Keasling, J. D. Nat. Biotechnol. 2013, 31,
1039-1046. doi:10.1038/nbt.2689

144 Korman, T. P.; Opgenorth, P. H.; Bowie, J. U. Nat. Commun. 2017, 8,
No. 15526. doi:10.1038/ncomms 15526

145.Kirby, J.; Nishimoto, M.; Chow, R. W. N.; Baidoo, E. E. K.; Wang, G.;
Martin, J.; Schackwitz, W.; Chan, R.; Fortman, J. L.; Keasling, J. D.
Appl. Environ. Microbiol. 2015, 81, 130—138.
doi:10.1128/aem.02920-14

146.Chatzivasileiou, A. O.; Ward, V.; Edgar, S. M.; Stephanopoulos, G.
Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 506-511.
doi:10.1073/pnas.1812935116

147.Ye, L.; Zhang, C.; Bi, C.; Li, Q.; Zhang, X. Microb. Cell Fact. 2016, 15,
No. 202. doi:10.1186/s12934-016-0607-3

148.Alonso-Gutierrez, J.; Koma, D.; Hu, Q.; Yang, Y.; Chan, L. J. G;
Petzold, C. J.; Adams, P. D.; Vickers, C. E.; Nielsen, L. K.;
Keasling, J. D.; Lee, T. S. Biotechnol. Bioeng. 2018, 115, 1000—1013.
doi:10.1002/bit.26530

149.Lin, G.-M.; Warden-Rothman, R.; Voigt, C. A. Curr. Opin. Syst. Biol.
2019, 74, 82-107. doi:10.1016/j.coisb.2019.04.004

150.Pateraki, |.; Heskes, A. M.; Hamberger, B. Cytochromes P450 for
Terpene Functionalisation and Metabolic Engineering. In
Biotechnology of Isoprenoids; Schrader, J.; Bohlmann, J., Eds.;
Springer: Cham, 2015; pp 107—-139. doi:10.1007/10_2014_301

151.Chang, M. C. Y.; Eachus, R. A.; Trieu, W.; Ro, D.-K.; Keasling, J. D.
Nat. Chem. Biol. 2007, 3, 274-277. doi:10.1038/nchembio875

152.Gricman, t.; Weissenborn, M. J.; Hoffmann, S. M.; Borlinghaus, N.;
Hauer, B.; Pleiss, J. ChemistrySelect 2016, 1, 1243—-1251.
doi:10.1002/slct.201600369

153.Kosuri, S.; Church, G. M. Nat. Methods 2014, 11, 499-507.
doi:10.1038/nmeth.2918

154.Casini, A.; Storch, M.; Baldwin, G. S.; Ellis, T. Nat. Rev. Mol. Cell Biol.
2015, 16, 568-576. doi:10.1038/nrm4014

155.Gibson, D. G.; Young, L.; Chuang, R.-Y.; Venter, J. C.;
Hutchison, C. A., Ill; Smith, H. O. Nat. Methods 2009, 6, 343-345.
doi:10.1038/nmeth.1318

156.Engler, C.; Gruetzner, R.; Kandzia, R.; Marillonnet, S. PLoS One
2009, 4, No. €5553. doi:10.1371/journal.pone.0005553

157.Luo, X.; Reiter, M. A.; d’Espaux, L.; Wong, J.; Denby, C. M.;
Lechner, A.; Zhang, Y.; Grzybowski, A. T.; Harth, S.; Lin, W.; Lee, H;
Yu, C.; Shin, J.; Deng, K.; Benites, V. T.; Wang, G.; Baidoo, E. E. K;;
Chen, Y.; Dev, |.; Petzold, C. J.; Keasling, J. D. Nature 2019, 567,
123-126. doi:10.1038/s41586-019-0978-9

2905


https://doi.org/10.1021%2Facs.biochem.7b00895
https://doi.org/10.1021%2Facschembio.7b00154
https://doi.org/10.1002%2Fcctc.201300285
https://doi.org/10.1039%2Fc0np00019a
https://doi.org/10.1016%2Fj.ymben.2016.04.001
https://doi.org/10.1002%2Fanie.201510650
https://doi.org/10.1016%2Fj.ymben.2019.06.008
https://doi.org/10.1073%2Fpnas.1512096113
https://doi.org/10.1038%2Fs41598-018-32816-1
https://doi.org/10.1016%2Fj.copbio.2011.02.008
https://doi.org/10.1021%2Fcb900006h
https://doi.org/10.1002%2Fcbic.200800799
https://doi.org/10.1080%2F07388551.2017.1299679
https://doi.org/10.1007%2Fs00253-008-1724-7
https://doi.org/10.1073%2Fpnas.1110740109
https://doi.org/10.1016%2Fj.ymben.2013.05.004
https://doi.org/10.1073%2Fpnas.1006138107
https://doi.org/10.1021%2Facssynbio.6b00140
https://doi.org/10.1002%2Fbit.25198
https://doi.org/10.1016%2Fj.ymben.2014.11.011
https://doi.org/10.1073%2Fpnas.1515826113
https://doi.org/10.1038%2Fs41589-018-0168-3
https://doi.org/10.1038%2Fnbt.2689
https://doi.org/10.1038%2Fncomms15526
https://doi.org/10.1128%2Faem.02920-14
https://doi.org/10.1073%2Fpnas.1812935116
https://doi.org/10.1186%2Fs12934-016-0607-3
https://doi.org/10.1002%2Fbit.26530
https://doi.org/10.1016%2Fj.coisb.2019.04.004
https://doi.org/10.1007%2F10_2014_301
https://doi.org/10.1038%2Fnchembio875
https://doi.org/10.1002%2Fslct.201600369
https://doi.org/10.1038%2Fnmeth.2918
https://doi.org/10.1038%2Fnrm4014
https://doi.org/10.1038%2Fnmeth.1318
https://doi.org/10.1371%2Fjournal.pone.0005553
https://doi.org/10.1038%2Fs41586-019-0978-9

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.15.283

Beilstein J. Org. Chem. 2019, 15, 2889-2906.

2906


http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.15.283

	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	General experimental procedures
	Collection of biological materials
	Extraction and isolation
	PTP1B inhibitory activity assay
	NF-κB signaling pathway inhibitory activity assays

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	General
	Fermentation in shaking flasks
	Extraction
	Isolation
	Fermentation in 10 L scale bioreactor
	RNA extraction, cDNA synthesis and qPCR

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	A bacterial β-himachalene synthase produces numerous side products
	The structures of its minor products reveal the cyclisation mechanism of HcS
	Incubation experiments enlighten the stereochemical course of the 1,11-cyclisation and the 1,3-hydride shift
	HcS provides access to labelled sesquiterpenes for EIMS fragmentation studies

	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Whole genome-based phylogenetic analyses of Streptomyces species
	Distribution of terpene synthases in Streptomyces
	Phylogenetic analysis of geosmin synthases
	Phylogenetic analysis of 2-MIB synthases
	Phylogenetic analysis of epi-isozizaene synthases
	Phylogeny of terpene synthases does not correspond to species-level taxonomy

	Conclusion
	Experimental
	Streptomyces genomes selection
	Construction of orthologous gene families
	Phylogenetic analyses
	Molecular evolution analysis

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Review
	Hapalindole/ambiguine biosynthesis
	X-ray crystal structure analysis of AmbP1
	X-ray crystal structure analysis of AmbP3
	Comparison of the AmbP1 and AmbP3 amino acid sequences with other ABBA PTases

	Conclusion
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	L. archangelica metabolite isolation and identification
	Derivatization of compound 1 with a dansyl probe
	Intracellular localization of compound 5
	Impact of compound 1 on cell viability
	Molecular dynamics simulation of compounds 1 and 2 with SERCA
	Immunobiological properties of compound 1

	Conclusion
	Experimental
	Source of the natural material
	Synthesis
	11-Deacetylarchangelolide (3)
	Synthesis of 11-azidovaleroyl-11-deacetylarchangelolide (4)
	Synthesis of 11-(5-(4-((5-(dimethylamino)naphthalene-1-sulfonamido)methyl)-1H-1,2,3-triazol-1-yl)pentanoylarchangelolide (5)

	Computational studies
	MD Simulations of compound 1 and 2 with sarco/endoplasmic reticular calcium ATPase
	Simulation of SERCA in a phospholipid bilayer

	Biological assays
	Cell lines and their cultivation
	Cell viability assay
	Cell uptake study
	Determination of localization in cell organelles
	Fluorescence microscopy
	Animals and cells
	Nitrite oxide production in primary rat macrophages
	Cytokine assay
	Statistical analysis

	Abbreviations
	Comment on nomenclature

	Supporting Information
	Acknowledgements
	ORCID iDs
	Preprint
	References
	Abstract
	Introduction
	Results and Discussion
	Sesquiterpene biosynthesis
	Biosynthesis of sesquiterpene hydrocarbons via (S)-(−)-germacrene D
	Biosynthesis of sesquiterpene hydrocarbons via (R)-(+)-germacrene D
	Biosynthesis of sesquiterpene hydrocarbons via germacrene A
	Biosynthesis of sesquiterpene hydrocarbons via (E,E)-germacrene B
	Biosynthesis of guaiazulene, δ-elemene, guaia-6,9-diene and δ-selinene
	Biosynthesis of (E)-β-caryophyllene and α-humulene

	Conclusion
	Experimental
	Plant material
	Chemicals
	SPME-Fiber
	Sample preparation
	GC×GC–TOF–MS analysis
	Data analysis

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	General experimental procedures
	Extraction and isolation of withanolides
	Analytical data
	BLAST search of known androstane biosynthesis enzymes
	Oxidative cleavage of 4β-hydroxywithanolide E (1) to irinan A (2) by NaIO4
	Oxidative cleavage of 4β-hydroxywithanolide E (1) to irinan A (2) by MoO2(acac)2
	Antiproliferative assays

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	General experimental procedures
	Biological material
	Extraction and isolation
	Phytotoxicity assays
	Calculation of ECD spectra

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Prediction and analysis of terpene synthase genes in T. viride J1-030
	In vitro analysis of Tvi09626 function
	Heterologous expression of Tvi09626 in S. cerevisiae
	Detection and characterisation of Tvi09626 products
	Metal ion dependency of Tvi09626 and its kinetics

	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results
	Isolation of axenic fungal strains using FIND
	Detailed chemical investigation of H. cf. alpina including structure elucidation of the new metabolites 1 and 2

	Discussion
	Conclusion
	Experimental
	FIND
	General experimental procedures
	Taxonomic identification of strains
	Fermentation, extraction and isolation
	Agar diffusion assay
	Disk diffusion assay
	Cytotoxicity assay
	FIND procedure
	Salt dependency experiments

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Review
	The cyclooctatin biosynthetic gene cluster
	Overall structure of CotB2wt in the open, inactive conformation
	Two crystal structures of CotB2 resembling two distinct precatalytic states
	Crystal structure of CotB2wt·Mg2+3·F-Dola resembles the closed, active conformation
	Catalytic motifs of CotB2
	Mg2+ coordination by the aspartate-rich and NSE motif
	The pyrophosphate sensor motif
	The WXXXXXRY motif
	Mechanistic aspects of the cyclization reaction and point mutations
	Biotechnological applications to exploit the chemistry of CotB2

	Perspectives

	Acknowledgements
	ORCID iDs
	References
	Abstract
	Review
	Introduction – classical terpenes in perfumes
	The discovery and modern applications of Iso E Super®
	Synthetic aspects of individual Iso E Super® components

	Conclusion and Outlook
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Purification and identification
	Bioassays
	Proposed biosynthesis and gene cluster

	Conclusion
	Experimental
	General experimental details
	Collection and cultivation
	Preparative cultivation, extraction and isolation
	Characterisation of compounds
	Crystallography
	Genomics and bioinformatic analysis

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results
	Plasmodia of P. polycephalum release a mixture of volatile terpenoids
	Four terpene synthase genes were identified in P. polycephalum
	Biochemical activities of PpolyTPSs
	Relatedness of PpolyTPSs to the TPSs from dictyostelid social amoebae, fungi, and bacteria

	Discussion
	Conclusion
	Experimental
	P. polycephalum culture
	Headspace collection and GC–MS analysis
	Sequence retrieval and analysis
	Cloning of full-length cDNA of terpene synthase genes in P. polycephalum
	Terpene synthase enzyme assays

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Review
	Remaining challenges in terpene (bio)synthesis
	Understanding the mechanistic logic of terpene biosynthesis
	Phase 1) terpene scaffold generation
	Phase 2) terpene scaffold functionalization
	(Bio)synthetic production of complex terpenoids
	Engineering terpene biosynthetic features to produce novel, non-natural terpenoids
	Terpene cyclases
	Cytochrome P450s

	Expanding terpene chemical space through pathway engineering

	Conclusion
	Supporting Information
	ORCID iDs
	References

