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The myxobacterium Sorangium cellulosum So ce56 is a prolific producer of volatile sesquiterpenes. The strain harbours
one of the largest prokaryotic genomes (13.1 Mbp). However, it codes only for three type | terpene synthases (TSs;
scel440, sce6369, sce8552) and one type Il TS (sce4636), responsible for the production of at least 17 sesquiterpenes. We
report here the gene expression and biosynthesis of the TS products in E. coli. Comparison with the So ce56 volatiles
allows the assignment of the terpenes to their synthesizing genes. Both, the geosmin synthase sce1440 and the previously
examined (+)-eremophilene synthase sce8552 are highly specific. In contrast, Sce6369, the first characterized 10-epi-
cubebol synthase, is responsible for the formation of most of the So ce56 sesquiterpenes, mainly cadalanes and
cubebanes. Sce4636 does not convert FPP. Having characterized the So ce56 TSs, we screened all the 27 sequenced
myxobacterial species from the NCBI and JGI-IMG databases for parent genes to predict the sesquiterpenes produced by

them.

Introduction

Terpene synthase (TS)-mediated conversions of farnesyl
pyrophosphate (FPP) to sesquiterpenes, the C-15 subgroup of
terpenes, belong to the most complex biochemical reactions
observed in nature. These reactions can involve up to four C-C bond
formations, several consecutive cationic intermediates, hydride
shifts and Wagner-Meerwein rearrangements. A single conversion
can induce up to six stereogenic centers (and one more in case of
water quenching as the final reaction step).l'3 Over 80
sesquiterpene hydrocarbon skeletons are known to date. Highly
specific TSs, which convert FPP to a single product, represent
interesting targets for studies of nature’s incomparable precision in
bioreactions.” > However, in some cases, less specific TS catalysts
produce trace amounts of side products, which bear important
structural information. This information can be directly used to
draw conclusions about the reaction mechanism.*® The
accelerating speed of genomic sequencing reveals a steadily
increasing number of bacterial TS genes. Although bacteria are a
rich source of structurally diverse terpenoids,m_12 terpene
biosynthesis in the subgroup of myxobacteria has been studied in
detail only for the off-flavours geosmin and 2-methylisoborneol
(Scheme 1 A).B’16 The genome sequence data of the strain
Sorangium cellulosum So ce56 revealed one of the largest bacterial
genomes with a size of 13.1 Mbp17 containing three type | TS genes
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geesmin 2-fethyliseberneel cadalane edbebane
Scheme 1. A) Common myxobacterial terpenoids geosmin and 2-methyl-isoborneol; B)
Sesquiterpene hydrocarbon scaffolds of cadalane and cubebane

(scel440, sce6369, sce8552) and one type Il TS gene
(sce4636)."*we recently described the gene product of sce8552 as
a specific (+)-eremophilene synthase, clustered with the
cytochrome P450 CYP264B1 (sce8551), which oxidizes (+)-
eremophilene.16

Despite mutualities of sesquiterpene synthases including the
common a-helical fold and the characteristic motifs in the active
site (aspartate-rich DDxxD/E motif on helix D and NSE/DTE-triad on
helix H),1 amino acid sequence identities among bacterial
sesquiterpene sgnthases as well as between bacterial and other TSs
are rather low.” In general, the structure of each sesquiterpene is
governed by the shape of the TS binding pocket.l’3 Furthermore,
TSs can undergo large conformational changes observed in an
induced-fit reaction mechanism.™® Hence, the biochemical function
of TSs and the structures of their corresponding products can only
be assigned by direct experiments.18 The assignment of bacterial TS
functions has been conducted via three main approaches:

1.) In vitro conversion of FPP with the purified enzyme and
analysis of the products.ls’ 0

2.) Direct analysis of bacterial volatiles in combination with a
phylogenetic analysis of the corresponding strain.”

3.) Expression of the TS gene in a heterologous host and in
vivo production of terpenes followed by their analysis.u’ 16,23,24
The first approach is the most rigorous one as it allows an
unambiguous functional assignment of the gene and the
determination of new terpene structures. Often, purification and
handling of the sensitive TSs are tedious and time consuming. In
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second approach allows an efficient assignment of TS functions.
However, it is only applicable for the analysis of TSs, whose
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homologs have been functionally described by an individual
experiment. In exceptional cases, new functions of TS genes
without any known homologue can be suggested. The function
can be deduced by process of elimination, if all the other TSs in
the same strain have functional homologs and can thus be
identified.” Structures of new terpenes and functions of the
corresponding genes avoiding the isolation and purification of TSs
can be determined via the third approach. However, purification
of single terpenes from terpene mixtures and a complex whole-
cell matrix remains a challenge. In addition, FPP availability and
sufficient expression of the TS in the recombinant host have to be
guaranteed.

Here, based on our previous studies with the (+)-eremophilene
synthase16 and in analogy to previous studies with
Actinomycetesz" we chose a combinatorial approach of the second
and the third methods for the analysis of TSs from the
myxobacterium  Sorangium  cellulosum So ce56. The
overexpression of TSs in E. coli allows an efficient production of
terpenes for structural elucidation, and the volatile analysis of So
ce56 reconfirms the occurrence of the terpenes in vivo.

The present work is based on gas chromatography/mass
spectrometry (GC/MS) analyses of the volatile sesquiterpenes
emitted by S. cellulosum So ce56. For a detailed investigation of
their biosynthesis, each of its TS genes has been overexpressed in
an E. coli whole-cell system. Genes coding for mevalonate
pathway enzymes (mevalonate kinase, diphosphomevalonate
decarboxylase, phosphomevalonate kinase,
isopentenylpyrophosphate isomerase) were simultaneously co-
expressed to ensure a sufficient in vivo FPP supply. The
corresponding terpene products have been analyzed by GC/MS
and nuclear magnetic resonance (NMR) spectroscopy and
compared with the S. cellulosum volatiles to suggest reaction
mechanisms. The genomes of all 27 myxobacterial species present
in the database of the National Center for Biotechnology
Information (NCBI, ncbi.nlm.nih.gov) and the Joint Genome
Institute Integrated Microbial Genome Database (JGI-IMG,
img.jgi.doe.gov) were investigated for orthologs of the So ce56 TS
genes. Thus, the occurrence of certain sesquiterpenes in
myxobacterial volatile compositions can be predicted.

Results and discussion
Volatiles from S. cellulosum So ce56

The volatiles of S. cellulosum have been trapped using a closed
loop stripping apparatus (CLSA) from liquid cultures. GC/MS
analysis of the volatile extract revealed 17 sesquiterpenes with
masses of 202, 204, 222 Da (Figure 1A) and the common
myxobacterial sesquiterpene degradation product geosmin (182
Da). Most of the sesquiterpenes were identified via comparison of
their mass spectra (MS) and gas chromatographic retention
indices (/) with authentic standards (Table 1). (+)-Eremophilene
(11), 6-cadinene (17), 10-epi-cubebol (19), germacra-1(10)E,5E-
dien-11-ol (26), and 1,10-di-epi-cubenol (28) were isolated and
their structures proven by NMR spectroscopy. 10-epi-a-Cubebene
(1) and 10-epi-B-cubebene (2) have not been described before.
Their mass spectra were similar to those of a- and B-cubebene,
but their retention indices were about 40 units higher. A synthetic
sample of 19 contained both 1 and 2 as minor water elimination
products, proving the proposed structure.”” Compound 13 could
not be structurally determined. The most prominent peaks were
11, 17 and 19 (Figure 1 A). Germacra-1(10)E,5E-dien-11-ol (26, 222
Da) is also among the most abundant sesquiterpenes. However, it
appears only as a minor peak in Figure 1 due to the low
abundance of its 204 Da fragment.

The newly described (+)-eremophilene (11) is the single product of
the TS gene sce8552. Germacra-1(10)E,5E-dien-11-ol (26) appears
in diverse bacterial strains together with geosmin. In vivo and in
vitro conversion experiments with geosmin synthases revealed 26
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as the typical sesquiterpene alcohol precursor of geosmin.

(+)-0-Cadinene (17) has been identified as an intermediate of the
phytoalexin gossypol in cotton (Gosssypium arboreum), but it is
also present in other plant species.Sl’ % The cotton (+)-8-cadinene
synthase has been crystallized and its reaction mechanism has
been extensively studied. > The enantiomer (-)-17 has been
isolated from fungig’ 3% and bacteria.>* The termites Reticulitermes
flavipes and R. virginicus both produce 17, however, its absolute
configuration has not been determined.® 10-epi-Cubebol (19)
has been extracted from different plant speciesg’ and a
stereospecific synthesis has been performed.25 However, a
bacterial source of 19 has not been described previously.
Interestingly, most of the S. cellulosum sesquiterpenes, including
17 and 19, belong to the structural classes of cadalanes and
cubebanes (Scheme 1B). Studies of promiscuous TSs have shown
that these sesquiterpene classes are not only structurallg closely
related, but also share common biosynthetic mechanisms. 239

Terpene synthases from S. cellulosum So ce56

Gene mining in S. cellulosum So ce56 revealed three putative type
| TSs (sce1440, sce6369, sce8552) and one type Il TS (sce4636).18
In a previous study, we have functionally characterized the two-
gene cluster consisting of the highly specific (+)-eremophilene
synthase (sce8552) and the (+)-eremophilene oxidase CYP264B1
(sce8551).16 Here, we additionally characterize the three other TSs
regarding FPP conversion. Co-expression of the TS genes with
mevalonate pathway genes in an E. coli based whole-cell catalyst
yielded the corresponding sesquiterpenes after feeding
mevalonolactone. In addition to GC/MS analyses of the E. coli
extracts, the main products of each conversion were analyzed by
NMR spectroscopy after purification.

In this study, the type Il TS sce4636 did not give any product.
Typically, this type of TSs convert the larger GGPP to diterpene
derivatives, however rarely Fpp.>

The amino acid sequence alignment of scel440 shows high
similarities  with  bifunctional  germacra-1(10)E,5E-dien-11-
ol/geosmin synthases having twice the length of usual TSs, and
containing two sets of each, the characteristic Mg2+-binding motif
(DDxxD) and the NSE/DTE triad.”’>° Sce1440 yielded exclusively
26, without geosmin. Sequence analysis of sce1440 does not allow
drawing conclusions on why half of the sequence seems inactive.
The highly sensitive multi-step conversion of FPP to geosmin
involves 26. However the germacra-1(10)E,5E-dien-11-ol/geosmin
synthase activity and thus the observed intermediates and final
product depend on various conditions like the pH and the nature
of the divalent metal cation cofactor.””>° Therefore, we concluded
that scel440 acts as a germacra-1(10)E,5E-dien-11-ol/geosmin
synthase.

Feeding mevalonolactone to a sce6369 expressing E. coli strain
resulted in a mixture of 21 sesquiterpene products (Figure 1B).
Eight of them — mostly sesquiterpene alcohols — do not match any
compound from mass spectral and retention index databases
(Table 1, 9, 10, 21-25, 27). The thirteen structurally identified
sesquiterpenes have all cadalane- and cubebane-type scaffolds
with the exception of germacrene D (8) (Table 1 and Scheme 1B,
1, 2, 3, 6, 8 12, 15, 17, 19, 28-31). The main product was
identified as 10-epi-cubebol (19), which is also one of the major
sesquiterpenoids in the S. cellulosum extract. Altogether, seven of
the substances have been detected in both, the S. cellulosum
whole cell extract and the sce6369 expressing E. coli culture (1, 2,
3,6,8,17,and 19).

Reaction Mechanism of Cadalane- and Cubebane-Synthesis

At least eight out of 17 sesquiterpenes from S. cellulosum share
common cadalane- and cubebane-skeletons. These scaffolds are
closely related to each other (Scheme 1B). Indeed, sce6369 is a
promiscuous enzyme, which produces 21 sesquiterpenes. The
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main products include the cubebanes 10-epi-cubebol (Figure 1 B,
19) and 1,10-di-epi-cubebol (28) as well as the cadalanes &-
cadinene (17), T-cadinol (29) and a-cadinol (31). However, only
seven sesquiterpenes (1, 2, 3, 6, 8, 17, and 19) were present in
both, the S. cellulosum So ce56 extract and the sce6369
expressing E. coli culture. Sce6369 is likely to produce different
sets of sesquiterpenes when overexpressed in E. coli or in its
native host S. cellulosum So ce56. TS-mediated reactions have
shown to be highly sensitive and the selectivities of TSs strongly
dependent on the plasticities of their active sites.””
Furthermore, enzymatic derivatizations of the sesquiterpenes, for
instance by one of the 21 cytochromes P450 in So ce56,'® ** 8
could lead to a change of volatility and, therefore, to a different
sesquiterpene pattern in different host organisms.

The early steps of FPP cyclization during the formation of cadalane
and cubebane quiterpenes have been intensely investigated by
theoretical calculations® and experimental data.* 2 *° The
promiscuous reactions show the involvement of common cationic
intermediates. We thus could propose a comprehensive reaction
mechanism, which explains the occurrence of all observed
cadalanes and cubebanes in the volatile fraction of S. cellulosum
So ce56 (Scheme 2, black, red and blue), in the sce6369 expressing
in E. coli strain (Scheme 2, black and green), and, in addition, in
the previously reported sce6369 expressing S. avermitilis strain
(Scheme 2, pink and red).”” A reaction mechanism including
enantiomers of the terpene structures has been suggested and
included as supporting information (Supporting Information,
Scheme 1).

FPP isomerizes to NPP to enable the 1,10 cyclization to the
germacradienyl cation (Scheme 2, A). The following 1,3-hydride
shift to yield the allylic cation B is energetically favoured. B can
directly undergo cyclopropanation to bicyclogermacrene (14) or
terminal proton loss to germacrene D (8). An intramolecular
nucleophilic attack of the 1,10 double bond in B continues the
reaction cascade. The C-C bond formation leads either to a
cadinane-type (C) or a muurolane-type (D) tertiary carbocation.
The trans-decalin intermediate C is a branching point for the
formation of the diastereomers T-cadinol (29) and a-cadinol (31)
by water quenching as well as the formation of y-cadinene (16)
and a-cadinene (20) by hydrogen abstraction. The latter one can
isomerize to B-cadinene (Scheme 2, pink) by de- and re-
protonation. The cis-decalin intermediate D is deprotonated to -
cadinene (17). Hydride shifts of C and D lead to tertiary allylic
cations (E and H) or tertiary carbocations (F and G), which are the
key intermediates for the synthesis of cubebanes. Cation E can be
deprotonated to (+)-10-epi-zonarene (12). Deprotonation of H
gives bicyclosesquiphellandrene (Scheme 2, pink) or cadina-3,5-
diene (3). The latter one can aromatize to trans-calamenene (18).
Water quenching of G at C-4 gives the fully saturated cubebol
(15). Water attack at C-1 leads to cubenol (30). The 1,2-hydride
shift turning carbocation C into F involves the epimerization of the
methyl group at C-10. This epimerization paves the way to the
products 10-epi-o-cubebene (1), 10-epi-B-cubebene (2),
7BH,10BH-cadina-1(6),4-diene (5), cis-muurola-4(15)5-diene (6),
through proton abstraction and to the major products 10-epi-
cubebol (19) and 1,10-di-epi-cubenol (28) through nucleophilic
attack of water. The conversion of F to the final products 1, 2, 5, 6,
19, and 28, whether it is direct or over the intermediates | or J,
proceeds always under retention of the stereochemistry at C-7
and C-10.

Screening for Terpene Synthase Orthologs in Myxobacterial
Genomes

Since myxobacteria possess a complex physiology and are
considered as potential sources of novel natural products,SI’ > the
inherited TS genes could have a multitude of influences on the
biosynthesis of natural terpenoids. So far, only few studies on
myxobacterial TSs and their products have been performed.

4| J. Name., 2012, 00, 1-3
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cellulosum TSs cel1440, sce6369, and sce8552, we searched for
homologue TSs in all 27 sequenced myxobacterial species
available in the NCBI and the JGI-IMG genome databases.

11

A

Figure 1.Selected ion chromatogram (SIM) of sesquiterpenes with m/z 204.A) The
sesquiterpenes in the extract of volatiles of S. cellulosum So ce56; B) The
sesquiterpenes produced by sce6369 in E. coli whole-cell cultures.

We observed that the germacra-1(10)E,5E-dien-11-ol/geosmin
synthases (sce1440) are widespread among myxobacteria and
thus, orthologs with over 50% sequence identitiy and over 65%
similarity have been identified in 15 out of the 27 myxobacterial
species (Supporting Information, Table 1 and Figure 1). Eight gene
sequences related to the type Il TS sce4636 were found in only
four myxobacteria (Supporting Information, Table 2 and Figure 2).
Since sce4636 does not convert FPP, its homologs are not likely to
contribute to the production of sesquiterpenes in myxobacteria.
The 10-epi-cubebol synthase (sce6369) has seven homologous
genes with sequence identities between 24% and 34% (similarities
from 38% to 47%) within myxobacterial genomes (Supporting
Information, Table 3 and Figure 3). The (+)-eremophilene synthase
(sce8552) shares 68.9% identity (81.2% similarity) with a gene
from the related S. cellulosum strain So00157-2. Sequence
identities with the other twelve related genes range in between
22% and 30% (similarities between 37% and 47%) (Supporting
Information, Table 4 and Figure 4).

Functional orthologs of the 10-epi-cubebol synthase and (+)-
eremophilene synthase from other strains have not been
described yet. However, various TSs producing cubebane-and
cadalane-type compounds have been characterized in
actinomycetes.5 The genes include epi-cubebol synthase
(Streptosporangium roseum DSM 43021)** epi-cubenol synthase
(Streptomyces griseus),4’ > §-cadinene synthase (Streptomyces
c/avu/igerus),34 y-cadinene synthase (Chitinophaga pinensis DSM
2588),”* T-muurolol synthases (S. clavuligerus, Roseiflexus
castenholzii DSM 13941).12’ 243 addition, studies of the
myxobacterium Chondromyces crocatus showed the presence of
(+)-eremophilene (11), cubenol (30) and other cadalanes (cadina-
1,4-diene, o-muurolene, zonarene) among the volatiles.”® Its
genes related to 10-epi-cubebol synthase (WP_050430829) and
(+)-eremophilene synthase (WP_012241161) are considered to be
highly promising candidates for the synthesis of the corresponding
terpenes. Taken together, this data provides the availability of

This journal is © The Royal Society of Chemistry 20xx
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sets of different TSs which can be used for biotechnological  products are necessary to assign the gene functions

purposes. However, experimental analyses of these TSs and their

Wi
A
16y-cadinene 29 F-cadinel  31g-sadinel 12 g—a:i@zépi: 6 6is-MuFola: :
arene 4(15),5-diene A
T AN
1 10:6pi-G-6ubEbERE

i “ 1

é‘ Y §hlft /@

A © 4R m

AN
p-eadinene H o £ e
shift
Fl_ \/@ m Zieéplﬂeubébéﬁé
A
1,10 ; : :
2N isom: 2N eyel. 2N & c
N — = — —
| PP |
PPO FEONS N
EPP NPP A 8
/

A:
PN :
; PN
d 17 §-
o (F@ , l/ §-6adinene 5 (4 76H, 10pH-
‘\ cadina-
14 pieyels: 8 germasrens b 1(6) 4-diene
gEffaerene
&adin
v 3,6-diene oH
PN
18 trans-ealamenens HO™ o 8
A: A :
PN PN PN
15 eubebs! 30 eubenel

bieyele:
§esquiphellandrene

Scheme 2.Proposed mechanism for the biosynthesis of cadalane- and cubebane-type sesquiterpenes by sce6369; sesquiterpenes observed in S. cellulosum and the sce6369
expressing E. coli strain are represented in black; sesquiterpenes observed only in S. cellulosum are represented in blue; sesquiterpenes observed only in the sce6369 expressing
E. coli strain are represented in green; sesquiterpenes observed in S. cellulosum and the sce6369 expressing Streptomyces avermitilis SUKA22" are represented in red;
sesquiterpenes observed only in the sce6369 expressing S. avermitilis SUKA22" are represented in pink; cadina-3,5-diene (3) was observed in S. cellulosum as well as both E. coli
and S. avermitilis SUKA22 expressing sce6369™

Table 1.Sesquiterpenes identified in an extract of volatiles of S. cellulosum So ce56 and the corresponding terpene synthase (TS) genes. ST: sesquiterpene, I:
retention index, MS: mass spectrum, NMR: nmr spectrum, n.d.: no corresponding TS gene determined

Sesquiterpenoid | Mass, Empirical formula Identification So ce56 Extract TS gene
1 10-epi-a-cubebene 1395 204, Cis5Ho4 MS, | X sce6369
2 10-epi-pB-cubebene 1440 204, Cis5Ha4 MS, | X sce6369
3 cadina-3,5-diene 1453 204, C15Hz4 MS, | X sce6369"
4 (E)-p-farnesene 1456 204, CisHaa MS, | X n.d.
5 7BH,10pH-cadina-1(6),4-diene 1460 204, CisHaz4 MS, | X sce6369"
6 cis-muurola-4(15)5-diene 1469 204, Cis5Ho4 MS, | X sce6369
7 y-gurjunene 1480 204, Cis5Ho4 MS, | X n.d.
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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8 germacrene D 1489 204, Cy5Hazs MS, | DOI: 10‘105@%@%5&?&
9 ST 1493 204, CsHa4 MS sce6369
10 ST alcohol 1495 222, C15H260 MS sce6369
11 (+)-eremophilene 1496 204, CysHas MS, I, NMR™, polarimetry sce8552!%
12 10-epi-zonarene 1499 204, CysHo4 MS, | sce6369
13 ST 1499 204, CysHas MS n. d.
14 bicyclogermacrene 1503 204, CisHas MS, | sce6369"
15 cubebol 1517 222, C15H260 MS, | sce6369
16 y-cadinene 1522 204, CysHas MS, | sce6369"
17 S-cadinene 1524 204, Ci5Ho4 MS, I, NMR sce6369
18 trans-calamenene 1530 202, Cy5Has MS, | sce6369"
19 10-epi-cubebol 1537 222, C15H260 MS, I, NMR sce6369
20 a-cadinene 1543 204, CisHas MS, | sce6369"”
21 ST alcohol 1549 222, Cy15H260 MS sce6369
22 ST alcohol 1558 222, C15H260 MS sce6369
23 ST alcohol 1573 222, C15H260 MS sce6369
24 ST alcohol 1576 222, C15H260 MS sce6369
25 ST alcohol 1590 222, C15H260 MS sce6369
26 germacra-1(10)E,5E-dien-11-ol 1594 222, Cy15H260 MS, I, NMR sceld40
27 ST alcohol 1609 222, C15H260 MS sce6369
28 1,10-di-epi-cubenol 1616 222, C15H260 MS, I, NMR sce6369
29 T-cadinol 1642 222, C15H260 MS, | sce6369
30 cubenol 1649 222, C15H260 MS, | sce6369
31 a-cadinol 1655 222, Cy15H260 MS, | sce6369

[a] reported here and in Ref. *?
[b] these cadinanes and cubebanes have not been found in the sce6369 expressing E. Coli extract, however, their occurrence can be reasonably deduced from the reaction

mechanism

f. 16 f. 12

[c] reported in Re and in Re
[d] reported only in Ref.
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Conclusions

We used a combined approach to assign the sesquiterpenes
present in Sorangium cellulosum So ce56 to their corresponding
genes: Besides the direct analysis of the myxobacterial volatiles,
each of the four TSs (sce1440, sce4636, sce6369, and sce8552) was
individually overexpressed in E. coli. Simultaneous co-expression of
the mevalonate pathway genes provided FPP as a TS substrate in
vivo.

Out of the 17 sesquiterpenes identified among the volatiles of the
myxobacterium (Figure 1A and Table 1), (+)-eremophilene (11) and
germacradienol (26) could be unambiguously assi%ned as products
of their corresponding specific TSs sce8552™ and sce1440,
respectively. Among the remaining sesquiterpenes, mainly of the
cadalane- and cubebane-type, seven (1, 2, 3, 6, 8, 17, and 19) were
observed in the extract of the sce6369 overexpressing E. coli strain
identifying this TS as the most versatile one of So ce56. 10-Epi-
cubebol (19), the main product of sce6369 and also one of the most
abundant terpenes in the cell extract of So ce56, designates the
enzyme function. In contrast, o-cadinene (20) was previously
detected in a sce6369 overexpressing S. avermitilis strain along with
cadina-3,5-diene (3), B-cadinene, and bicyclosesquiphellandrene.12
This difference in the product spectrum of sce6369 might be due to
conformational changes of the enzyme in different environments.
As shown before, TS selectivities are strongly dependent on the
plasticities of the enzyme’s active sites. Another possibility for the
observed differences in the product patterns could be subsequent
reactions catalyzed by autologous enzymes of the various
expression strains. To the best of our knowledge, differences in the
product spectrum of the same TS, overexpressed in different hosts
have not been reported yet and, thus, should be investigated in
more detail.

Furthermore, a comprehensive reaction mechanism could be
established, which explains the formation of all observed cadalanes
including 5, 16, and 18, as well as germacranes 8 and 14 by sce6369
(Scheme 2). The formation of (E)-pB-farnesene (4), y-gurjunene (7)57
and the unidentified sesquiterpene 13 could not be related to any
of the examined TS.

Besides the previously described specific (+)-eremophilene synthase
(sce8552),16 scel440 was characterized as a germacra-1(10)E,5E-
dien-11-ol/geosmin synthase, sce4363 does not convert FPP. Thus,
sce6369 is the first described, however, highly promiscuous 10-epi-
cubebol (19) synthase. Volatile analysis has shown, that C. crocatus
is the only investigated myxobacterium besides S. cellulosum that
produces (+)-eremophilene (11) and cadalanes.®® As shown by our
bioinformatics analyses, orthologs of sce6369 and sce8552 might be
involved in their synthesis. Further analyses will show if the
sesquiterpene synthases in Sorangium cellulosum So ce56 are
unique throughout the bacterial kingdom or if other strains are able
to shape FPP to the same compounds.

Experimental

GC/MS analysis of the S. cellulosumSo ce56 volatiles and the E. coli
whole-cell conversion extracts

The strain So ce 56 was grown in liquid MD 1 medium as described
before.” A closed-loop-stripping-apparatus (CLSA) was used to

This journal is © The Royal Society of Chemistry 20xx
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collect the volatiles during 24 h. The volatile fraction was then
analyzed by GC/MS, according to the method of Fuhlendorff et al.*®
Terpene production in E. coli C43(DE3) cells transformed with pAC-
Mv_scel1440, pAC-Mv_sced636, or pAC-Mv_sce6369 and sampling
was conducted as described previously.16 Online GC/MS analyses of
the E. coli extracts to observe the occurrence of terpenes was
carried out on a GC/MS (Focus GC/DSQ I, Thermo Scientific)
equipped with a HP-5ms capillary column (25 m x 0,32 mm i.d., 0,52
um film, Agilent) using the previously described conditions.
GC/MS analyses for structural determination of the terEenes were
conducted according to the method of Fuhlendorff et al. 6

Bioinformatic analysis and molecular cloning of the TS genes

The coding sequences for the TSs scel1440, sce4636, sce6369, and
sce8552were identified previou_sly.18 The sequences for scel440,
sce4636, and sce6369 were amplified by polymerase chain reaction
(PCR) from the genomic DNA of S. cellulosum So ce56 using primers:
scel440 forward primer (5’-cca atcatatgt cat ctgatcgaacta gcg-3’)
and reverse primer (5’-ccaataagctttcag
tgatggtgatggtgatgtccagegegeacgatca-3’).

sce4636 forward primer (5’-ccaatcatatgtcatctgatcgaactageg-3’) and
reverse primer (5'-
ccaataagctttcagtgatggtgatggtgatgtccagegegeacgatca-3’).

sce6369 forward primer (5’-ccaatcatatgtcatctgatcgaactageg-3’) and
reverse primer (5’-ccaataagctttcag
tgatggtgatggtgatgtccagegegeacgatca-3’).

The purified PCR products were inserted into vector pCR™-Blunt II-
TOPO® using the Zero Blunt® TOPO® PCR Cloning Kit (Invitrogen).
The E. coli expression vectors pAC-Mv_scel1440, pAC-Mv_sce4636,
and pAC-Mv_sce6369 were constructed using the Ndel and Hindlll
restriction sites in analogy to pAC-MvGo (containing sce8552) from
pAC-Mv as described by Schifrin et al.’®

Product purification and NMR characterization

Products for purification were obtained from in vivo conversions
and a total reaction volume of 1.9 L. 8-cadinene (17),10-epi-cubebol
(19) and germacra-1(10)E,5E-dien-11-ol (26) were purified on silica
gel with isocratic eluent mixtures of n-hexane and ethyl acetate
(9:1). Fractions containing the products were identified via TLC in a
solvent tank containing the same eluent and stained with anis
aldehyde.

1,10-di-epi-cubenol (28) was purified using a setup produced by
Waters (Eschborn, Germany) containing a 2767 Sample Manager, a
2545 binary gradient pump, a 2998 PDA detector and a 3100
electron spray mass spectrometer. After separation the solvent
flow has been split using a flow splitter and a 515 HPLC pump for
makeup flow. Water containing 0.1% formic acid and acetonitrile
containing 0.1% formic acid were used as solvents for the analysis
and separation. A Waters X-Bridge column (C18, 150 x 19 mm, 5
UM) has been used with a flow of 20 mL/min for the separation. A
gradient of 60% to 95% acid containing acetonitrile in eight minutes
has been applied.

The obtained products were used for NMR characterization. The
NMR spectra of theproducts were recorded in CDCl; with a Bruker
DRX 500 NMR spectrometer. All chemical shifts are relative to CHCl3
at 6=7.26 (*H-NMR) or CDCl; at 6=77.00 (*C-NMR) using the
standard & notation in parts per million.
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Genome mining of Myxobacteria for terpene synthases

The homologues of the terpene synthase encoding open reading
frames (ORFs) of respective synthase genes from Sorangium
cellulosum So ce56 were obtained by comparing the published
genomic sequences of the myxobacteria Anaeromyxobacter
(BAZG00000000), Myxococcus xanthus DK 1622 (NC_008095),
SorangiumcellulosumSo0157-2 (NC_010162.1), Myxococcus fulvus
HW-1 (NC_015711.1), Anaeromyxobacter dehalogenans 2CP-C
(NC_007760.1), Haliangium ochraceum (NC_013440.1), Plesiocystis
pacifica (NZ_ABCS00000000.1), Stigmatella aurantiaca DW4/3-1
(NC_014623.1), Byssovorax cruenta (BBEO00000000.1), Cystobacter
violaceus Cb  vi76  (NZ_JPMI0O0000000.1), Corallococcus
(CBAX000000000.1), Myxococcus (NZ_CP012109.1), Myxococcus
stipitatus DSM 14675 (NC_020126.1), Cystobacter fuscus DSM 2262
(NZ_ANAHO00000000.2), Chondromyces apiculatus DSM 436
(NZ_ASRX00000000.1), Corallococcus coralloides DSM 2259
(NC_017030.1), Myxococcales bacterium SG8_38 (LJTNO0000000.1),
Myxococcales bacterium SG8_38_1 (LJTO00000000.1), Labilithrix
luteola (CP012333.1), Vulgatibacter incomptus (NZ_CP012332.1),
Chondromyces crocatus (NZ_CP012159.1), Archangium gephyra
(NZ_CP011509.1), Sandaracinus amylolyticus (NZ_CP011125.1),
Hyalangium minutum (NZ_JMCB00000000.1), and Enhygromyxa
salina (JMCC00000000.2).

The homologues of the genes were searched using the global NCBI
database (http://blast.ncbi.nim.nih.gov/Blast.cgi?PAGE=Proteins) or
the DOE Joint Genome Institute database
(https://img.jgi.doe.gov/cgi-bin/m/main.cgi). Thus obtained
homologous protein sequences were aligned using CLUSTAL w3e
and the radial view of an unrooted phylogenetic tree was obtained
by MEGA4 (version 4.0)59 analysis for the determination of
relatedness of the TSs from Sorangium cellulosum So ce56 with the
TSs from other myxobacterial species.

&-cadinene (17)

"H-NMR (500MHz, CDCls): 60.77, d, ) = 6.9 Hz, 3H and 0.94, d, J =
6.9 Hz, 3H (H-12 and H-13); 1.03, m (H-7); 1.15, m (H-8a); 1.59, m
(H-8b); 1.63, s, 3H (H-14); 1.65, s, 3H (H-15); 2.06-1.84, m, 6H (H-11,
H-9a, H-9b, H-3a, H-3b, H-2a); 2.50, br d, J = 9.5 Hz (H-6); 2.69, ddd,
J =12.8, 4.7 and 2.5 Hz (H-2b); 5.43, m (H-5)."*C-NMR (125MHz,
CDCls): §15.7and 21.8 (C-12 and C-13);18.5 (C-14); 21.2 (C-8); 23.6,
(C-15); 26.7 and 26.8 (C-2 and C-11); 32.0 and 32.3 (C-3 and C-9);
39.5 (C-6); 45.4 (C-7); 124.5 (C-10); 124.7 (C-5); 129.9 (C-1); 134.2
(C-4)

10-epi-cubebol (19)

'H-NMR (500MHz, CDCls): 60.77, t, J = 2.9 Hz (H-6); 0.92, m (H-5);
0.92, d, ) = 6.7 Hz, 3H and 0.95, d, J = 6.7 Hz, 3H (H-12 and H-13);
0.97, d, J = 6.8 Hz, 3H (H-14); 1.03 — 1.09, m (H-8a); 1.13 - 1.16, m
(H-8b); 1.21 — 1.26, m (H-7); 1.28, d, J = 0.7 Hz, 3H (H-15); 1.30 —
1.35, m, 2H (H-2); 1.33, m (H-3a); 1.52, m (H-9a); 1.53, m (H-3b);
1.63, m (H-11); 1.73, m (H-9b); 1.92, m (H-10). *C-NMR (125MHz,
CDCls): 617.4 (C-14); 19.2 and 19.9 (C-12 and C-13); 19.6 (C-8);
20.8 (C-6); 28.0, (C-15); 29.3 (C-2 and C-10); 30.8 (C-9); 32.9 (C-1);
33.7 (C-11); 36.4 (C-3); 41.1 (C-5); 42.4 (C-7); 80.3 (C-4)

germacra-1(10)E,5E-dien-11-ol (26)

"H-NMR (500MHz, CDCls): 61.22,d,) =2.0 Hz, 3H and 1.32,d,J =
2.0 Hz, 3H (H-12 and H-13); 1.25, d, J = 6.9 Hz, 3H (H-15); 1.33 —
1.42, m, (H-8a); 1.61 — 1.66, m, (H-8b); 1.69, br s, 4H (H-14 and H-
3a); 1.81-1.88, m, (H-8b); 2.04, br d, J = 14.8 Hz (H-2a); 2.33 — 2.43,
m, 3H (H-7 and H-9); 2.54, m, (H-2b); 2.57, m, (H-4); 5.13, m, (H-6);
5.17, d, J = 11.6 Hz (H-1); 5.80, d, J = 16.0 Hz (H-5). *C-NMR
(125MHz, CDCls): 614.7 (C-15); 16.7 (C-14); 22.0 (C-2), 23.7 (C-8);
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26.2 and 26.8 (C-12 and C-13); 32.7 (C-3); 33.8 (C-4); 41.2 (C:9); 58.9
(C-7); 71.9 (C-11); 123.6 (C-6); 130.6 (C-1); 131 {€118)/243:30(& 2k

1,10-di-epi-cubenol (28)

"H-NMR (500MHz, CDCls): 60.84, d, J = 6.9 Hz, 3H and 0.90, d, J =
6.9 Hz, 3H (H-12 and H-13); 1.01, d, J = 7.1 Hz, 3H (H-14); 1.13, sept,
J=4.9 (H-7); 1.30 — 1.32, m, 2H (H-2); 1.35 — 1.41, m (H-8a); 1.48 -
1.53, m, 2H (H-9); 1.68, s, 3H (H-15); 1.78, m (H-10); 1.96 — 2.00, m
(H-3a and H-11); 2.05, m (H-6); 2.09 — 2.18, m, 2H (H-3b and H-8b);
5.36, m, (H-1). °C-NMR (125MHz, CDCls): 613.9 (C-14); 16.6 and
21.8 (C-12 and C-13), 18.9 (C-2); 23.4 (C-15); 27.2(C-11); 27.8 (C-3);
28.5 (C-9); 31.2 (C-8); 37.1 (C-10); 41.8 (C-6); 49.1 (C-7); 72.3 (C-1);
123.3 (C-5); 133.7 (C-4)
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