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Characterization of the Gene Cluster CYP264B1-geoA from
Sorangium cellulosum So ce56: Biosynthesis of
(+)-Eremophilene and Its Hydroxylation

Alexander Schifrin,” Thuy T. B. Ly,™ ® Nils Giinnewich,”” Josef Zapp,' Verena Thiel,™
Stefan Schulz,” Frank Hannemann,” Yogan Khatri,” and Rita Bernhardt*®!

Terpenoids can be found in almost all forms of life; however,
the biosynthesis of bacterial terpenoids has not been inten-
sively studied. This study reports the identification and func-
tional characterization of the gene cluster CYP264B1-geoA
from Sorangium cellulosum So ce56. Expression of the enzymes
and synthesis of their products for NMR analysis and X-ray dif-
fraction were carried out by employing an Escherichia coli
whole-cell conversion system that provides the geoA substrate
farnesyl pyrophosphate through simultaneous overexpression

Introduction

Terpenoids, the largest group of natural products, comprise
more than 55000 different molecules. They are classified ac-
cording to the number of isoprene units in their structures.”
All terpenoids are biosynthesized by the mevalonate (MVA)
pathway in archaebacteria and most eukaryotes, and by a me-
valonate-independent pathway (methyl erythritol pathway,
MEP) in most eubacteria. Both pathways lead to the universal
linear precursors geranylpyrophosphate (GPP), farnesylpyro-
phosphate (FPP) and geranylgeranylpyrophosphate (GGPP).*3!
The astonishing structural diversity of the terpenoids arises in
consecutive biosynthetic steps: terpene synthases (TSs; or ter-
pene cyclases) convert the pyrophosphates into linear, mono-
or multicyclic terpenes (or terpene alcohols);"™ then, the ter-
penes are derivatized by terpene-modifying enzymes, such as
cytochromes P450 (Scheme 1).5#
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of the mevalonate pathway genes. The geoA product was
identified as a novel sesquiterpene, and assigned NMR signals
unambiguously proved that geoA is an (+)-eremophilene syn-
thase. The very tight binding of (+)-eremophilene (~0.40 um),
which is also available in S. cellulosum So ce56, and its oxida-
tion by CYP264B1 suggest that the CYP264B1-geoA gene clus-
ter is required for the biosynthesis of (4)-eremophilene deriva-
tives.

P450s
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Scheme 1. Biosynthesis pathways of terpenoids. GAP: glyceraldehyde-3-
phosphate; IPP: isopentenylpyrophosphate; DMAPP: dimethylallylpyrophos-
phate; GPP: geranylpyrophosphate; FPP: farnesylpyrophosphate; GGPP: ger-
anylgeranylpyrophosphate; TSs: terpene synthases; P450s: cytochrome
P450s.

TSs share a common alpha-helical fold and two highly con-
served motifs (the aspartate-rich motif DDXXD/E and the NSE/
DTE triad) in the active site; these bind three essential divalent
cations (Mg®" in most cases)."™ Sequence similarity between
TSs is rather low. This explains the structural variety within the
active site and the broad spectrum of terpene skeletons.

Cytochromes P450s (heme monooxygenase enzymes) are
ubiquitously distributed in all forms of life. They serve as the
most important metabolizers of xenobiotics, and they are in-
volved in the biosynthesis of natural products” The most
common reaction catalyzed by cytochromes P450 is the intro-
duction of an oxygen atom into nonactivated carbon-hydro-
gen bonds, thereby resulting in hydroxylation of the sub-
strate.” The substrates, with various structures from simple al-
kanes to highly substituted steroids and polyketides, are con-
verted regio- and stereo-specifically by cytochromes P450.%% %
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Biosynthetic pathways involving both TSs and cytochromes
P450 are known in plants,"""¥ fungi,"™ and more recently bac-
teria."*?¥ Volatile mono- (two isoprene subunits) and sesqui-
terpenoids (three isoprene subunits) are postulated to serve as
means of chemical communication in animals, plants, insects,
and microorganisms.?'=%*

For industrial production, plant terpenoids are of particularly
high value,”¥ because of their wide application as flavors and
fragrances such as the grapefruit odorant (+)-nootkatone
(Scheme 2, 1b),**3% as highly potent pharmaceuticals like the

eremophilane

3 4 5

Scheme 2. Eremophilane type sesquiterpenes: 1a (+)-valencene; 1b
(+)-nootkatone; 2 5-epiaristolochene; 3 (—)-aristolochene; 4 (—)-eremophi-
lene; 5 (+)-eremophilene.

taxanes in tumor therapy,®'*? and the anti-malarial drug arte-
misinin.®¥ Cytochrome P450s are able to perform terpenoid
hydroxylations®3? in a way that is superior to synthetic
chemistry concerning selectivity and efficiency.**> Escherichia
coli and Bacillus megaterium have proven to be valuable hosts
for in vivo cytochrome P450 bioconversions of terpenoids.*’*"
Heterologous combinations of TSs and cytochromes P450 as
whole-cell biocatalysts show a high biosynthetic potential.*"

The increasing number of sequenced bacterial genomes
has revealed a large number of putative TS" and cytochrome
P450 genes.”™ The most widespread bacterial TS genes are 2-
methylisoborneol (2-MIB) synthase,***' germacradienol/geo-
smin synthase,"®*! and epi-isozizaene (EIZ) synthase.l'®'®*
However, the number of functionally characterized TSs has in-
creased only very recently.***” Because of the low sequence
similarities within the TS and cytochrome P450 families, it re-
mains impossible to determine their physiological roles only
from the available amino acid sequences. Functional character-
ization of the enzymes and structural analyses of their prod-
ucts are the only methods to elucidate their natural roles. The
most common approach for structural analyses of the volatile
terpenoids is GC/MS in El mode combined with MS databas-
es,” like NIST®Y or Massfinder,"” and GC retention indices.
However, this technique is not applicable for the identification
of new structures.

Here we report the functional analysis of a gene cluster con-
sisting of CYP264B1 (sce8551) and the terpene synthase geoA
(sce8552) from the myxobacterium Sorangium cellulosum
So ce56. CYP264B1 is one of 21 cytochrome P450s in S. cellulo-
sum So ce56,°>*” and has previously been shown to catalyze
selective hydroxylation of (4)-nootkatone (1b) and the noriso-

[42]
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prenoids o- and [(-ionone; however, smaller monoterpenes
and bigger diterpenes and steroids were not able to bind.
geoA is one of three putative TS genes in S. cellulosum
So ce56."' The in vitro enzymatic activity of geoA was exam-
ined, and E. coli whole-cell systems for the production of
higher yields of the geoA and CYP264B1 products were devel-
oped. In addition, the molecular structure of geoA was eluci-
dated by 'H NMR, *C NMR, 2D-NMR, GC/MS, X-ray diffraction,
and polarimetry; the in vivo CYP264B1 products were analyzed
by GC/MS.

Results and Discussion

Bioinformatic analysis of the gene sequences, and vector
construction

In the genome of S. cellulosum So ce56, a TS gene (sce8552) is
located 63 bp downstream of CYP264B1 (sce8551), thus sug-
gesting a putative gene cluster for TS and cytochrome P450.
ORF sce8552 (annotated geoA in the NCBI database) is predict-
ed to be a germacradienol/geosmin synthase.”***” Both the
aspartate-rich motif (81-DDAYD-85) and the NSE triad (231-
NDYFSLGKE-239) are present within its amino acid sequence.

For overexpression of geoA and CYP264B1, their nucleic acid
sequences were optimized by employing the JAVA Codon
Adaptation Tool (http://www.jcat.de)®® and the Rare Codon
Caltor (http://people.mbi.ucla.edu/sumchan/caltor.html). All
E. coli rare codons were replaced.

In addition to their expression vectors (pET_geoA and
pET22b_CYP264B1), vectors pAC-MvGo (Figure 1A) and pET-

A) B)

CmR Adx EcoRI

HindIIL Fpr

Go pAC-MvGo pETC40FA

Mva  Hindlll/

P kinase Kphl
Spel
DPMVA
iso:::grase decarboxylase Cdo
PMVA
kinase Ndel

Figure 1. A) pAC-MvGo for geoA product synthesis, and B) pETC4oFA for syn-
thesis of the oxidized geoA product in E. coli whole-cell systems; Gene ab-
breviations: Go: geoA; C4o: CYP264B1; Fpr: E. coli ferredoxin reductase; Adx:
Bos taurus adrenodoxin.

C40FA (Figure 1B) were constructed for E. coli whole-cell con-
version systems. For in vivo geoA synthesis, MVA pathway
genes from Streptomyces sp. strain CL190 were co-expressed.
For in vivo sesquiterpene oxidation by CYP264B1, the heterolo-
gous electron-transfer system consisting of Fpr and Adx®” was
used for the co-expression.

Protein expression and purification

The purification of both TS and CYP264B1 was performed by
affinity chromatography. In SDS-PAGE the masses of purified TS
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Figure 2. Analysis of purified proteins: A) SDS-PAGE of purified geoA gene product (GeoA) and purified CYP264B1; M: protein marker. B) UV-visible absorbance
spectrum of oxidized CYP264B1 (4 um) (—) and (4)-eremophilene (125 pm) bound CYP264B1 (-----). C) CO-difference spectrum of CYP264B1.

(~40 kDa) and CYP264B1 (~45 kDa) were in a good agreement
with their predicted molar masses (38 and 46 kDa, respectively;
Figure 2A). The UV-visible spectrum of CYP264B1 showed
a characteristic Soret peak at 417 nm (Figure 2B). The observed
CO-difference spectrum was stable for 1-2 min and did not
show any appearance of a 420 nm peak (Figure 2C), whereas

the 450 nm peak increased with time.*™ The yield of
CYP264B1 after the purification, as determined by
the  CO-difference  spectrum  method, was
864 nmol L™,

Product analysis

A functional analysis of the gene cluster CYP264B1-
geoA was conducted by structural characterization of
the enzymatic products. In the first step, in vitro con-
version by purified TS was performed to determine
the molecular masses by GC/MS. Then, E. coli whole-
cell conversion systems were used for the production
of milligram quantities of the GeoA and CYP264B1
products for NMR and X-ray diffraction analyses.

In vitro conversion of FPP by geoA

In vitro conversion of FPP by the geoA TS resulted in
a single 204 Da product (Figure 3A), which corre-
sponds to a sesquiterpene with the chemical formula
C,5H,, (Figure 3B). A comparison of the EI-MS data of
the sesquiterpene with the NIST Database (NIST/EPA/
NIH Mass Spectral Library, Data Version NIST 05) gave
eremophilene and valencene as the first two prelimi-
nary hits; both compounds have an eremophilane
skeleton (Scheme 2). The GC/MS run of (+)-valencene
(1a), as an internal standard, showed that the geoA
sesquiterpene product and 1a are different com-
pounds (Figure 3C). Therefore, 1a was excluded.

In vivo conversion of mevalonolactone by geoA

For a detailed structural analysis of the TS sesquiter-
pene product by NMR and X-ray diffraction, milligram
quantities were produced in vivo with an E. coli
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whole-cell system and mevalonolactone as the substrate,
rather than FPP (expensive with and tedious and time consum-
ing purification of the sensitive terpene synthase). Thus, E. coli
was transformed with vector pAC-MvGo, which harbors MVA
pathway genes from Streptomyces sp. strain CL190 as well
geoA. The purified TS and the strain produce the same single

A) TS product B) |41
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t/ min
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(+)-valencene
TS product
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Figure 3. Total ion chromatograms (TICs) of terpenoids obtained by GC/MS. A) TIC of the
in vivo conversion of mevalonolactone with E. coli harboring pAC-MvGo. B) Mass spec-
trum of the TS sesquiterpene product. C) TIC of the in vivo conversion of mevalonolac-
tone with E. coli harboring pAC-MvGo with (4)-valencene (1a) as internal standard.

D) TIC of the in vivo conversion of the TS sesquiterpene product with E. coli harboring
PETC40FA. E) Mass spectrum of the monohydroxylated/epoxidized TS product. F) TIC of
the S. cellulosum So ce56 extract.
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sesquiterpene product with a mass of 204 Da. The yield of the
purified (+)-eremophilene was ~19 mg L™" per day in E. coli
cell culture.

Structural analysis of the TS sesquiterpene product

3C,'H NMR, 2D NMR and X-ray diffraction analyses of the puri-
fied sesquiterpene confirmed its relative stereochemistry in ac-
cordance with the structure of eremophilene (enantiomer 4 or
5).

The specific rotation of the purified product was determined
as [a]® =+131.7 (c=1.0, CHCl,). The absolute value is thus in
agreement with previously reported data for enantiomer (—)-
eremophilene (4) ([a]3' = —142.5).5% Therefore, the purified ses-
quiterpene was unambiguously identified as (+)-eremophilene
(5; Figure 4; Figures S1-S7 in the Supporting Information).

Figure 4. Crystal structure of (+)-eremophilene (5) at the 50 % probability
level; gray arrows indicate key HMBC coupling interactions (H—C); the com-
plete set of HMBC interactions are given in Scheme S1 and Figure Sé.

Therefore, the TS is considered a (+)-eremophilene synthase.

A multitude of eremophilane-type sesquiterpenes have been
isolated from different plant species and structurally elucidated
by NMR, including the (+)-nootkatone (1b) precursor (+)-va-
lencene (1a),** 5-epiaristolochene (2),°” the precursor of the
phytoalexin capsidiol,®” (—)-aristolochene (3),*” and (—)-ere-
mophilene (4).°* The structure of 4 has been a topic of discus-
sion in a multitude of publications,*®*%°" because the NMR
signals from the nonfunctionalized hydrocarbons have similar
chemical shifts and coupling constants. None of these studies
gave a complete assignment of the corresponding atoms in
the '"H NMR spectrum.

When Hochmannova et al. first described the structural anal-
ysis of eremophilene isolated from Petasites officinalis and Peta-
sites albus, the NMR data were sufficient to show the existence
of a trisubstituted double bond and an exo-isopropylidene
group.® Piers and Keziere obtained 4 by chemical synthesis
and explained properly its configuration. '"H NMR signals could
clearly be assigned for H-1, H-12, H-13, H-14, and H-15,%*% as
confirmed by Krepinsky etal.,”® and Joulain and Kénig.””
However, because of multiple coupling and superposition of
the 'H NMR signals, the assignment for the secondary and ter-
tiary carbons was hindered. Although N&f and co-workers syn-
thesized various eremophilane derivatives (including 4) and
compared them by assignment of their *C NMR spectra, there
is ambiguity in the assignment of the signals of C-8 and C-9.
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The present work included HSQC (Figure S5), and HMBC
(Figure S6) data for 5 (Figure 4), the enantiomer of 4, thus
completing N&f's work for the assignment of the signals for
tertiary carbon atoms C-4 and C-7, and secondary carbons C-8
and C-9. In the HMBC spectrum, the H-13 signal (0 =1.71 ppm,
brs, 3H) shows % coupling with C-11 (0 =149.99 ppm) and *J
coupling with C-12 (6 =108.20 ppm), as well as the signal at
0 =38.46 ppm, which can only belong to C-7. The signal from
the two H-3 couples were via *J with C-1 (0 =120.43 ppm), C-5
(6=38.04 ppm), and C-15 (0=20.19 ppm), and via % with C-2
(60=25.41 ppm) and C-4 (6 =36.94 ppm). Thus, the '>C signal
at 36.94 ppm is exhibited by C-4. The adjacent carbon atoms
(8 and 9) couple with each other’s H atoms via *J.

The 3C signal at 28.37 ppm couples with H-1 (0 =5.32 ppm),
H-7 (0=2.01 ppm) and the 'H signals at 1.67 and 1.65 ppm,
which are bound to the carbon atom at 30.05 ppm. These 'H
signals (besides the '>C signal at 28.37 ppm) couple with C-6
(0=39.73 ppm), C-7 (0=38.46 ppm), C-10 (0=144.02 ppm),
and C-11 (0 =149.99 ppm). The peak at 28.37 ppm belongs to
C-9, and the peak at 30.05 ppm belongs to C-8 (Figure 4).
Thus, we unambiguously determined all 'H and *C NMR sig-
nals for 5 (Table 1). The product was obtained as single crys-
tals, which were subjected to X-ray diffraction. The result con-
firmed the NMR data.

Table 1. NMR data: Chemical shifts and multiplicities of (+)-eremophilene
in CDCl;, "H NMR (500 MHz), *C NMR (125 MHz) (Figure S1-54).
C atom BCNMR [6 in ppm] "HNMR [d in ppm, m]
1 120.43 532, m
2 25.41 2.02, m; 1.93, m
3 27.07 1.43, m, 2H
4 36.94 1.50, m
5 38.04 -
6 39.73 1.51, m, 2H
7 38.46 201, m
8 30.05 1.67, m; 1.65, m
9 28.37 237, m; 1.94, m
10 144.02 -
Il 149.99 -
12 108.20 4.70, m; 4.68, m
13 21.52 1.71, brs, 3H
14 20.19 0.90, s, 3H
15 16.00 0.85, d, J=6.45 Hz, 3H

Most importantly, (+)-eremophilene (5) was also detected as
one of the most abundant among a multitude of sesquiterpe-
noids in the cell extract of S. cellulosum So ce56 (Figure 3F).
This confirms the importance of this new compound in myxo-
bacterial metabolism.

Binding and conversion of (+)-eremophilene (5) by
CYP264B1

For the characterization of CYP264B1, purified 5 ((++)-eremophi-
lene, its natural substrate) was employed for binding and con-
version studies. The binding of 5 with CYP264B1 showed
a high spin shift (~99%; Figure 2B), and very tight binding was
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Figure 5. Spectral change of CYP264B1 with various concentrations of
(+)-eremophilene; inset: spectral shifts induced by (4)-eremophilene bind-
ing to CYP264B1.

observed (Ky 0.40 um; Figure 5). Both findings suggest the
physiological relevance of 5 as a geoA product. During in vivo
conversion, at least six products were observed in the extrac-
tion of 5 (Figure 3D). The most abundant one (t;=15.8 min,
Figure 3D) had a monoisotopic mass of 220 Da, which corre-
sponds to a monohydroxylated or epoxidized sesquiterpene
with the formula C;sH,,0 (Figure 3E). The same product was
also observed in an extract of a whole-cell system containing
two strains, one harboring the plasmid pAC-MvGo and the
other with pETC40FA (data not shown). We also observed mul-
tihydroxylated products P,—P, (Figure 3D) during the in vivo
conversion of 5. However, because of the low abundance of
the products, the precise masses could not be accurately mea-
sured. (Figure S8-S12). Although we attempted to purify the
monohydroxylated (+4)-eremophilene product, we could not
obtain it in a sufficient amount because of degradation or deri-
vatization during the purification. Nevertheless, none of the
CYP264B1 products were detected in a cell extract of S. cellulo-
sum So ce56 (Figure 3F), thus suggesting further conversion or
derivatization of the products by this bacterium.

Conclusion

We have proven the functional role of the gene cluster consist-
ing of geoA and CYP264B1 from the myxobacterium S. cellulo-
sum So ce56 by structural analysis of its sesquiterpenoid prod-
ucts. The geoA TS synthesizes the previously undescribed ses-
quiterpene (4)-eremophilene (5); the sesquiterpene hydroxy-
lase CYP264B1 converts this compound into various products.

To the best of our knowledge, this is the first description of
an (+)-eremophilene synthase and its product (5), which is the
natural substrate of CYP264B1. Although Ghalib et al. reported
the presence of 5 in the CHCl; extract of Cinnamomum iners,
only GC/MS-TOF was employed for the analytical approach
and product characterization. As this technique is not suitable
for the determination of absolute stereochemistry, an unam-
biguous identification of 5 was not performed.®® The detec-
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tion of 5 as one of the most important sesquiterpenoids in the
volatile fraction of the S. cellulosum So ce56 extracts proves its
importance in myxobacterial metabolism (Figure 3F).

CYP264B1 oxidizes 5 (its physiological substrate) to various
products (Figure 3D). The most abundant product has a mass
of 220 Da, thus suggesting a monohydroxylated or epoxidized
(4)-eremophilene derivative (Figure 3E). It is likely that this
molecule is an intermediate in the biosynthesis of multioxi-
dized eremophilanes or other (+)-eremophilene derivatives.

An eudesmane-type sesquiterpene adenoside with antibac-
terial properties has been isolated from S. cellulosum
KM1003.%" The fungal multioxidized eremophilene derivative
sporogen-AO 1 has been found to have cytotoxic, phytotoxic,
and antiviral properties.”®”" Oxidized plant eremophilanes in-
cluding petasins have been reported to have anti-inflammato-
ry?? and cytotoxic effects.””

Myxobacteria are known producers of terpenoids.”*”* In the
genome of S. cellulosum So ce56, a terpene pathway gene clus-
ter is also evident,”® thus probably highlighting a need for the
TS product. As myxobacteria are known to form fruiting bodies
upon starvation,”® single cells need to communicate in order
to facilitate the complex lifestyle,”” and the emission and sens-
ing of such volatile terpenes could be a mechanism of chemi-
cal communication. Trace amounts of eremophilene have also
been detected in the volatiles extracted from another myxo-
bacterial species, Chondromyces crocatus, though its stereo-
chemistry has not been elucidated.” (—)-Eremophilene (4) has
been isolated from a multitude of plants.®*”*®" |t was also
found in extracts of the coral Plexaurella fusifera,®® and has
been synthesized by different chemical methods.®** This
work proves the existence of pairs of enantiomers of natural
products: the (—)-enantiomer in plants and the (4)-enantiomer
one in bacterium. This provides indirect proof of parallel evolu-
tion of enantiocomplementary TS enzymes in different species.

Experimental Section

Bioinformatic analysis of the gene sequences: The coding se-
quence for CYP264B1 (sce8551) was identified previously.**** The
sequences of the genes in immediate proximity of CYP264B1 were
determined by using the BLAST algorithm (http://blast.ncbi.nlm.-
nih.gov/Blast.cgi). The open reading frame sce8552 (geoA) showed
sequence similarities with terpene synthases and was further inves-
tigated for the conserved aspartate rich DDXX(D/E) motif and NSE/
DTE triad, (N/D)DXX(S/T)XX(K/R)(D/E).

Molecular cloning: For the genes geoA and CYP264B1, E. coli ex-
pression vectors (pET_geoA and pET22b_CYP264B1) and vectors
for E. coli based whole-cell conversion systems (pAC-MvGo, pET-
C40FA) were constructed. geoA was amplified PCR from genomic
DNA of S. cellulosum So ce56 by using forward primer 5'-cca atc
ata tgt cat ctg atc gaa cta gcg-3' (Ndel restriction site in italics) and
reverse primer 5-cca ata agc ttt cag tga tgg tga tgg tga tgt cca
gcg cgce acg atc a-3’ (Hindlll site in italics). The purified PCR prod-
uct was inserted into pET-17b (Invitrogen) at Ndel and Hindlll sites
to create pET_geoA. For the construction of vector pAC-MvGo, a se-
quence-optimized geoA gene flanked by restriction sites Spel and
Hindll (Life Technologies) was synthesized and cloned at the same
restriction sites into the pAC-Mv vector,®*%! which was generously
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provided by Prof. Dr. Norihiko Misawa (Ishikawa Prefectural Univer-
sity, Ishikawa, Japan). The CYP264B1 expression vector pET22b_
CYP264B1 was obtained by cloning the sequence-optimized
CYP264B1 gene flanked by restriction sites Ndel and Hindlll (Life
Technologies) at the same restriction sites into pET-22b (Invitro-
gen). The vector pETC40FA was constructed from three fragments:
Ndel/Hindlll-flanked CYP264B1, EcoRI/Hindlll-digested pET_MRS8,"”
and Ndel/EcoRI-digested pET-17b.

Expression and purification of the geoA and CYP264B1 gene
products: A single colony of E. coli BL21(DE3) or C43(DE3) cells co-
transformed with pET_geoA and Gro12_groES-groEL®® or pET22b_
CYP264B1 was grown overnight in Nutrient Broth | (Sifin Diagnos-
tics) containing ampicillin (100 uggmL™") and  kanamycin
(50 pgmL™") at 37°C with shaking. Terrific Broth medium (250 mL)
containing these antibiotics in a 2 L Erlenmeyer flask was inoculat-
ed with overnight culture (2.5 mL) and grown under the same con-
ditions until the absorbance (Aqy,) reached 0.6-1.0. Expression of
proteins was induced with isopropyl-p-p-thiogalactopyranoside
(IPTG; 1 mm); for the expression of CYP264B1, 5-aminolevulinic
acid (0.5 mm) was added to support heme synthesis. The cultures
were left for 48 h at 28°C with shaking (100 rpm). CYP264B1 was
purified as described before.® For the purification of geoA, cells
were harvested by centrifugation (10000g, 10 min, 4°C) and then
resuspended in Tris-HCl buffer (50 mm, pH7) containing NaCl
(500 mm), imidazole (2.5 mm), mercaptoethanol (10 mm), glycerol
(10%, v/v), and Tween 20 (1%, v/v), then lysed on ice with lyso-
zyme (750 pgmL~", 1h). The cell suspension was centrifuged
(12000g, 20 min, 4°C), and the supernatant (containing the TS)
was loaded on TALON resin (Clontech). The TS was purified accord-
ing to the manufacturer’s instructions. Purity of the fractions was
assessed by SDS-PAGE. The pure fractions were pooled and loaded
on PD-10 columns (GE Healthcare) for buffer exchange (HEPES
buffer (500 pL, 50 mm, pH 7.5) containing dithiothreitol (2.5 mwm),
MgCl, (10 mm), KCI (10 mm), and glycerol (10%, v/v)). The TS was
used immediately after purification. CYP264B1 was stored at
—20°C until further use.

Determination of the cytochrome P450 concentration: The con-
centration of cytochrome P450 was determined at room tempera-
ture in a UV2100PC double-beam spectrophotometer (Shimadzu
Kyoto, Japan), based on the reduced CO-difference spectra
method.®™ The enzyme in potassium phosphate buffer (10 mm,
pH 7.4) with glycerol (20%) was reduced with a few grains of
sodium dithionite and divided into two cuvettes. The baseline was
recorded between 400 and 500 nm. The sample cuvette was bub-
bled gently with carbon monoxide for 1 min, and a spectrum was
recorded. The concentration of functional CYP264B1 was estimated
by using £450.490=91 mm~'cm "1

In vitro TS activity assay: The terpene cyclase assay was conduct-
ed in HEPES buffer (500 pL, 50 mm, pH 7.5) containing dithiothrei-
tol (2.5 mm), MgCl, (10 mm), KCl (10 mm), and glycerol (10%, v/v)
with the purified geoA gene product and FPP (10-30 um). The
assay was overlaid with n-hexane (500 pL) to trap the volatile ter-
penes and incubated for 1 h at 30°C; the enzymatic reaction was
stopped on ice. After incubation, the assay mixture was mixed vig-
orously, centrifuged (14000g, 1 min), and the hexane phase was
removed. The sample was extracted a second time, and the com-
bined hexane phases were concentrated (200 plL) under a stream
of N,, and analyzed by GC/MS.

E. coli whole-cell conversion of mevalonolactone to (+)-eremo-
philene (5): A single colony of E. coli C43(DE3) cells transformed
with pAC-MvGo (or pAC-Mv for the negative control) was grown
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overnight in Nutrient Broth | containing chloramphenicol
(30 pgmL™") at 37°C with shaking (100 rpm). Terrific Broth medium
(100 mL) containing chloramphenicol (30 ugmL™") in a 1L baffled
flask was inoculated with overnight culture (1 mL), and cells were
grown under the same conditions until Ag, reached 0.6-1.0. Ex-
pression was induced with IPTG (1 mm), mevalonolactone (500 um)
was added, and the flask was closed tightly. The cultures were left
for 24 h at 30°C with shaking (100 rpm). Conversion was stopped
by cooling the flask on ice, and the products were extracted twice
with ethyl acetate. The combined organic phases were dried over
MgSO, and evaporated to dryness. An aliquot (2 mL) of the organic
phase was concentrated (200 pL) under a stream of N, and ana-
lyzed by GC/MS. The whole-cell conversion extracts were kept at
—20°C until purification.

Spin-state shift and (+)-eremophilene binding: The spin-state
shift upon (+)-eremophilene binding was assayed at room temper-
ature under aerobic conditions in an UV-2101PC UV-Vis scanning
photometer (Shimadzu) equipped with two tandem cuvettes con-
taining CYP264B1 (1 um) as previously described.®® The dissocia-
tion constant (K,) of (4)-eremophilene for CYP264B1 was calculat-
ed with SigmaPlot 9.0 (Systat Software, San Jose, CA) by fitting the
peak-to-trough difference against the substrate concentration to
the non-linear tight-binding quadratic Equation (1):

AA = (Arax/2[E]) {(Kq + [E] + [S])—{ (Ko + [E] + [S])*—4 [E] [S]}"*}

where AA is the observed peak-to-trough absorbance difference at
each substrate addition, A, is the maximum absorbance differ-
ence at substrate saturation, [E] is the total concentration of
CYP264B1, and [S] is the (+)-eremophilene concentration.

E. coli whole-cell conversion of (+)-eremophilene (5) to oxidized
eremophilenes: A single colony of E. coli C43(DE3) cells trans-
formed with pETC40FA was grown overnight in Nutrient Broth |
containing ampicillin (100 pgmL") at 37°C with shaking
(100 rpm). Terrific Broth medium (100 mL) containing ampicillin
(100 ugmL ") in a 1 L baffled flask was inoculated with 1 mL of the
overnight culture, and cells were grown under the same conditions
until Agy reached 0.6-1.0. Expression was induced with IPTG
(1 mm), and 5-aminolevulinic acid (0.5 mm) was added. After 24 h
at 30°C with shaking (100 rpm) the cells were harvested by centri-
fugation (4000g) and resuspended in potassium phosphate buffer
(100 mL, 50 mm, pH 7.4) containing glycerol (4%, v/v). (+)-Eremo-
philene (5, 200 pum), IPTG (1 mm), and 5-aminolevulinic acid
(0.5 mm) were added, and the conversion was carried out for an-
other 24 h at 30°C with shaking (100 rpm) in a sealed baffled flask.
The reaction was stopped by cooling the flask on ice, and the
products were extracted twice with ethyl acetate. The combined
organic phases were dried over MgSO, and evaporated to dryness.
An aliquot (2 mL) of the organic phase was concentrated (200 pL)
under a stream of N, and analyzed by GC/MS. The whole-cell con-
version extracts were kept at —20 °C until purification.

GC/MS analysis of the S. cellulosum So ce56 volatiles: S. cellulo-
sum So ce56 was grown in liquid MD 1 medium as described
before.” The cultures were connected to a closed-loop stripping
apparatus, the volatiles were collected for 24 h, and then analyzed
by GC/MS, according to the method of Fuhlendorff et al.”®

GC/MS analysis of the produced terpenoids: Each sample was an-
alyzed in a Focus GC/DSQ Il GC/MS spectrometer (Thermo Scientif-
ic) equipped with an HP-5 capillary column (25 mx0.32 mm i.d.,
0.52 um film; Agilent Technologies) with the following conditions:
inlet pressure, 50 kPa; column flow, 10 mLmin~"; injection volume,
1 uL; transfer line, 280°C; electron energy, 70.5 eV. The tempera-
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ture gradient was 50°C for 1min, increasing (10°C min™") to
310°C, and holding at 310°C for 5 min (operated in splitless
mode). The carrier gas was He (1 mLmin™"). Mass spectra were re-
corded over m/z 35-350.

Product purification and characterization: Products for purifica-
tion were obtained from in vivo conversions in a total reaction
volume of 1.9L. (4+)-Eremophilene (5) was purified on silica gel
with an isocratic eluent mixture of n-hexane and ethyl acetate
(99:1). The fractions containing the product were identified by TLC
in a solvent tank containing the same eluent and stained with ani-
saldehyde. The obtained product (12 mg) was used for NMR char-
acterization. The NMR spectra of the product were recorded in
CDCl; with a DRX 500 NMR spectrometer (Bruker). All chemical
shifts (6 in ppm) are relative to CHCl; at 0 =7.24 ("H NMR) or CDCl,
at 0=77.00 ppm ("*C NMR). The 2D NMR spectra were recorded as
gradient-selected-(gs-) HH-COSY, gs-NOESY, gs-HSQC, and gs-
HMBC. The optical rotation of 5 was analyzed on a model 241 Po-
larimeter (PerkinElmer) with (4)-valencene (1a) as the standard.

X-ray diffraction of 5: Crystals suitable for single-crystal X-ray anal-
ysis were obtained at —20°C. The data were collected at —140°C
on an AXS X8 Apex CCD diffractometer (Bruker) with graphite-
monochromatized Cu Ka radiation. Frames of 0.5° oscillation were
exposed, thus deriving data in a 6 range of 2-63.4° (completeness
~98%). Unit cell: orthorhombic, P2,2,2,, a=6.0493(4), b=
7.7094(4), c=27.274(2) A, 1271.96(13) A3, Structure solution and full
least-squares refinement with anisotropic thermal parameters of all
non-hydrogen atoms and free refinement of the hydrogen were
performed in SHELX.®” The final refinement resulted in R1=0.027.
The absolute structure could not be determined reliably.
CCDC 1009046 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif
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Terpene synthases (TSs) and cyto-
chromes P450 are key enzymes in bio-
synthesis pathways of terpenoids. We
report the functional characterization of
the gene cluster geoA-CYP264B1 from
S. cellulosum So ce56. The TS forms the
previously unknown sesquiterpene
enantiomer (+)-eremophilene, the phys-
iological substrate of the cytochrome
P450. The sesquiterpene hydroxylase
CYP264B1 conducts multiple hydroxyla-
tions on (+)-eremophilene.

HO

|
8

e

(+)-eremophilene

/CYP264B1

M

A. Schifrin, T. T. B. Ly, N. Glinnewich,
J. Zapp, V. Thiel, S. Schulz, F. Hannemann,
Y. Khatri, R. Bernhardt*

Characterization of the Gene Cluster
CYP264B1-geoA from Sorangium
cellulosum So ce56: Biosynthesis of
(+)-Eremophilene and Its
Hydroxylation

ChemBioChem 0000, 00, 0-0

www.chembiochem.org

These are not the final page numbers! 22

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chembiochem.org

