Phytochemistry 78 (2012) 20-28

journal homepage: www.elsevier.com/locate/phytochem

Contents lists available at SciVerse ScienceDirect

Phytochemistry

Functional characterization of four sesquiterpene synthases
from Ricinus communis (Castor bean)

Xinkai Xie®!, James Kirby?, Jay D. Keasling

a,b,c,d,e,x

2 California Institute of Quantitative Biosciences (QB3), University of California, Berkeley, CA 94720, United States

b Department of Chemical and Biomolecular Engineering, University of California, Berkeley, CA 94720, United States
€ Bioengineering, University of California, Berkeley, CA 94720, United States

d Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United States

€ Joint BioEnergy Institute, 5885 Hollis Street, Emeryville, CA 94608, United States

ARTICLE INFO

Article history:

Received 6 September 2011

Received in revised form 16 February 2012
Available online 27 March 2012

Keywords:

Castor bean

Ricinus communis
Euphorbiaceae
Genome mining
Secondary metabolism
Terpenoids

ABSTRACT

Genome sequence analysis of Ricinus communis has indicated the presence of at least 22 putative terpene
synthase (TPS) genes, 13 of which appear to encode sesquiterpene synthases (SeTPSs); however, no SeTPS
genes have been isolated from this plant to date. cDNAs were recovered for six SeTPS candidates, and
these were subjected to characterization in vivo and in vitro. The RcSeTPS candidates were expressed
in either Escherichia coli or Saccharomyces cerevisiae strains with engineered sesquiterpene biosynthetic
pathways, but only two (RcSeTPS1 and RcSeTPS7) produced detectable levels of product. In order to check
whether the engineered microbial hosts were adequately engineered for sesquiterpene production, a
selection of SeTPS genes was chosen from other plant species and demonstrated consistently high sesqui-
terpene titers. Activity could be demonstrated in vitro for two of the RcSeTPS candidates (RcSeTPS5 and
RcSeTPS10) that were not observed to be functional in our microbial hosts. RcSeTPS1 produced two prod-
ucts, (—)-o-copaene and (+)-3-cadinene, while RcSeTPS7 produced a single product, (E, E)-o-farnesene.

o-Farnesene
3-Cadinene
o-Copaene

Both RcSeTPS5 and RcSeTPS10 produced multiple sesquiterpenes.

© 2012 Published by Elsevier Ltd.

1. Introduction

Ricinus communis (Euphorbiaceae) is an economically signifi-
cant plant, due in large part to its production of castor oil, which
is used as a food additive, flavoring, lubricant, cosmetic ingredient,
and in traditional medicine to heal wounds. Another important as-
pect of this plant is that the seed contains an extremely toxic pro-
tein, ricin, which is one of the most toxic substances in nature
(Knight, 1979). Safety concerns regarding exposure to ricin has
led to a prohibition of widespread planting of R. communis in the
US. The genome sequence of R. communis was completed recently,
in part to uncover the biosynthetic genes for ricinoleic acid, the
major component of castor oil, and ricin (Chan et al., 2010). During
this process, a group of gene products were annotated as terpene
synthases (TPSs) through multiple gene-prediction programs and
homology searches against the sequence database (Chan et al.,
2010). TPSs are a group of enzymes that catalyze the formation
of low molecular weight terpene metabolites including hemiterp-
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enes (C5), monoterpenes (C10), sesquiterpenes (C15), and diter-
penes (C20), which can be further oxidized and modified to
generate terpenoids. Currently, more than 60,000 members of the
terpenoid family are known, and a wide assortment of structures
has been elucidated (http://dnp.chemnetbase.com/).

Interestingly, very few terpenes or terpenoids have been identi-
fied from the extracts of R. communis (Darmanin et al., 2009; Sitton
and West, 1975; Tan et al., 2009). Terpenes, mainly monoterpenes
and sesquiterpenes, and terpene derivatives are primary compo-
nents of the essential oils of many plants. A standard extraction from
the aerial parts of R. communis yielded only a small amount of
essential oil containing three monoterpenes and one sesquiterpene,
B-caryophyllene (Darmanin et al., 2009). To date, a total of three
diterpene synthases (DiTPSs), including two casbene synthases
and one neocembrene synthase, have been characterized (Kirby
et al., 2010; Mau and West, 1994), while no SeTPSs have been iso-
lated and characterized from this plant. In general, SeTPSs in plants
are localized in the cytosol and catalyze the formation of acyclic,
monocyclic, bicyclic, and tricyclic products from the substrate (E,
E)-farnesyl diphosphate (E, E)-FPP (1) (Fig. 1) while monoterpene
synthases (MoTPSs) and DiTPSs are localized in the plastid (Chen
et al., 2011; Kirby and Keasling, 2009). Consequently, MoTPSs and
DiTPSs containing N-terminal transit peptides of around 62-64
amino acids that target these proteins to the plastid are longer than
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Fig. 1. Proposed cyclization pathway of RcSeTPS1 to form (+)-8-cadinene (2) (route A) and (—)-o-copaene (3) (route B) from farnesyl diphosphate (1).

SeTPSs containing no signal peptide (Bohlmann et al., 1998; Martin
et al., 2004; Williams et al., 1998). In one exception to this rule, two
SeTPSs from tomato were localized in the plastid and used (Z, Z)-FPP
as substrate to produce sesquiterpenes (Sallaud et al., 2009).

The main purpose of this research was to identify and charac-
terize potential cytosolic SeTPSs in R. communis using a genome
mining strategy. Four SeTPSs from R. communis were functionally
characterized, and they were found to produce either single, dou-
ble, or multiple sesquiterpene products. In vivo production of ses-
quiterpenes in the engineered microbial hosts using the SeTPSs
from R. communis was relatively less effective when compared to
a random selection of SeTPSs from other plant sources.

2. Results and discussion

2.1. Sequence analysis of SeTPS genes in R. communis
and gene isolation

Given that TPSs appear to have evolved independently in differ-
ent plant lineages (Bohlmann et al., 1998), the sequences of the
three characterized DiTPSs from R. communis (Kirby et al., 2010;
Mau and West, 1994) were used to identify other TPSs in the re-
cently released genome sequence. The predicted SeTPSs from that
search were then used to search for other possible SeTPSs. This list
was narrowed to a total of 22 TPSs with predicted amino acid
lengths of >450, including the three DiTPSs. Since SeTPSs were tar-
geted that are localized to the cytosol and the peptide length of the
three plastidic DiTPSs is around 600 amino acids, TPSs with chain
length of 540-550 amino acids were predicted to be potential SeT-
PSs. Allowing for errors in genome sequencing and automated in-
tron prediction, a wider range of candidates were included that
ranged in predicted peptide lengths from 476 to 587 amino acids.
Thus, from the 22 candidate TPSs, a total of 13 putative SeTPSs
were selected for further analysis (Table 1).

In order to obtain the putative SeTPS cDNAs, mRNA was first
isolated from fresh leaves of R. communis plants, some of which
were treated in advance with the elicitor methyl jasmonate (MeJA),
and used as template for RT-PCR. Full length cDNAs were amplified
using primers designed from the genome sequence of each pre-
dicted SeTPS (Table S1). Of the 13 SeTPS candidates, cDNA products
for six of them were isolated, while the other seven could not be
amplified (Section 4). The seven genes that could not be recovered
by RT-PCR may be silent under our growth conditions or could be
expressed in tissues that were not tested (Chen et al., 2003; Tholl
et al., 2005). Sequencing results from the six putative SeTPS cDNAs
established that the predicted peptides generated by genome
sequencing and automated annotation were not always accurate
(Table 1). The predicted peptide lengths of these six cDNAs range
from 547 to 572 amino acids, close to the expected peptide length
of a cytosolic SeTPS. Single differences in our predicted peptide se-
quences were found in two of the SeTPSs, RcTPS1 (T481S, where T
is our sequence) and RcSeTPS13 (R205L), relative to the published
genome sequence. The peptide lengths of the RcSeTPS5 and
RcSeTPS7 cDNAs are 76 and 43 amino acids longer, respectively,
than the automated genome sequence predictions.

The encoded proteins of RcSeTPS1, RcSeTPS3, RcSeTPS5,
RcSeTPS7, RcSeTPS10, and RcSeTPS13 were aligned (Fig. 2). The
aspartate-rich metal binding motif 1, DDXXD, that catalyzes the
cleavage of the diphosphate group of the prenyl diphosphate are
conserved in all six putative SeTPSs, along with the second metal
binding motif, (N,D)D(L,1)X(S,T)XXXE, or a modified version of this,
(N,D)D(L,I)X(I)XXXE.

2.2. Characterization of RcSeTPSs in vivo and comparison of product
titers to other SeTPSs

To screen the products from the putative SeTPS genes, the six
full-length ¢cDNAs were first cloned into expression vectors and
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Table 1
Putative SeTPS candidates from R. communis.
Name Protein ID GenBank accession #  Predicted length®  Actual length®  Closest characterized homologues ~ Products
(% identity)
RcSeTPS1 XP_002522812  JN315864 558 558 (—)-germacrene D synthase (—)-o-copaene, (+)-3-cadinene
[Vitis vinifera] (57%)
RcSeTPS2 XP_002523635 550
RcSeTPS3 XP_002523475 547 547
RcSeTPS4 XP_002513346 563
RcSeTPS5 XP_002523468  JN315865 476 552 Casbene synthase Multiple products
[Triadica sebifera] (43%)
RcSeTPS6 XP_002513369 555
RcSeTPS7 XP_002518579  JN315866 521 564 Farnesene synthase (E, E)-o-farnesene
[Pyrus communis] (56%)
RcSeTPS8 XP_002519897 551
RcSeTPS9 XP_002515692 584
RcSeTPS10  XP_002533355  JN315867 551 551 (—)-o-terpineol synthase Multiple products
[ Vitis vinifera] (69%)
RcSeTPS11  XP_002513266 573
RcSeTPS12  XP_002534394 587
RcSeTPS13  XP_002518583 572 572
XP_002513334 614 Neocembrene synthase®
XP_002513340 601 Casbene synthase (CAS1)“
XP_002513343 599 Casbene synthase (CAS3)"

2 In amino acids, as annotated from genome sequence.
b The predicted peptide length from derived cDNA.
¢ The functions of these DiTPSs were confirmed previously.

expressed in Escherichia coli and Saccharomyces cerevisiae strains
engineered for enhanced isoprenoid production (Redding-Johan-
son et al., 2011; Ro et al., 2006). These two optimized hosts are
capable of producing several hundred milligrams of amorphadiene
per liter, primarily as a result of enhanced mevalonate pathway
flux to synthesize the precursor (E, E)-FPP (1) (Fig. 1). The purpose
of testing production in two different hosts was to circumvent

problems associated with codon usage, protein expression,
solubility, and activity that may exist in one host but not the other.
In this case, however, each of the RcSeTPSs behaved similarly in
both hosts, either producing a detectable product or not. Product
yields observed from expression in S. cerevisiae were higher than
the corresponding yields in E. coli. RcSeTPS1 produced two sesqui-
terpene products, and RcSeTPS7 produced a single product (Figs. 3
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Fig. 2. Sequence alignment of RcSeTPS1, 3, 5, 7, 10, and 13 using ClustalW2. Amino acids completely conserved are highlighted in black boxes. Those with similar properties

are enclosed in open boxes. The conserved metal-binding motifs DDXXD and (N,D)D(L,

DX(S, T, DXXXE are marked with stars.
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Fig. 3. GC-MS analysis of the sesquiterpene products formed from RcSeTPS1. (A) Total ion count (TIC) chromatogram of two products of RcSeTPS1 together with an internal
standard B-caryophyllene (4) for quantification. (B) Mass spectrum of peak 1. (C) Mass spectrum of authentic (—)-o-copaene (3) with the same retention time as peak 1. (D)
Mass spectrum of peak 3. (E) Mass spectrum of the product from characterized 5-cadinene synthase, which has the same retention time as peak 3.

and 4). However, expression of the other candidates, namely
RcSeTPS3, 5, 10, and 13, failed to yield detectable products in either
host (data not shown). The two products of RcSeTPS1 were identi-
fied as (—)-a-copaene (3) (~60%), which was confirmed by GC/MS
analysis alongside a commercial authentic compound, and
(+)-3-cadinene (2) (~40%), which was confirmed by expressing a
characterized cotton (+)-3-cadinene synthase in the same host
and comparing the products by GC-MS (Fig. 3) (Yoshikuni et al.,
2006). The titer of (—)-a-copaene (3) at 48 h was 9 mg/L in S. cere-
visiae and around 7 mg/L in E. coli, and the titer of (+)-3-cadinene
(2) was 6 mg/L in S. cerevisiae and 3.5 mg/L in E. coli (Fig. 3, only

shows production in S. cerevisiae). The product of RcSeTPS7 was
identified as (E, E)-o-farnesene (6), which was confirmed by
matching to a major peak in a mixture of farnesenes commercially
available, and by searching against the NIST MS database and the
Essential Oils HP-Chemstation library (Fig. 4) (Adams, 1995). The
product of the characterized (E)-pB-farnesene synthase (B-FS) from
Artemisia annua matches another major peak of the farnesene mix-
ture, which further supports the assignment of (E, E)-ca-farnesene
(6) to the RcSeTPS7 product (Fig. 4) (Picaud et al., 2005). The titer
of (E, E)-o-farnesene (6) was 70 mg/L in S. cerevisiae and 12 mg/L in
E. coli at 48 h. To test if codon usage was the primary reason for the
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Fig. 4. GC-MS analysis of the sesquiterpene product of RcSeTPS7. (A) Total ion chromatograms of the RcSeTPS7 products mixed with B-caryophyllene (4) as an internal
standard for quantification (trace a) and the products from E-p-farnesene synthase also including p-caryophyllene (4) as an internal standard for quantification (trace b). (B)
Mass spectrum of peak 3. (C) Mass spectrum of component from the standard farnesene mixture with the same retention time as peak 2.

lack of products observed when the other RcSeTPSs were expressed
in our engineered microbial hosts, RcSeTPS3 was subjected to
codon optimization and subsequently expressed in S. cerevisiae
for comparison to the non-codon-optimized cDNA. However, the
codon optimized RcSeTPS3 did not produce detectable levels of ter-
pene product either (data not shown).

In order to determine the extent to which our microbial hosts
may be limiting the functional expression of SeTPSs and generation
of detectable sesquiterpene product levels, several known SeTPSs
were randomly selected from other plant species based on avail-
ability and ease of access and expressed in our hosts under the
same conditions used for the RcSeTPSs. Amorphadiene synthase
(ADS) and B-FS from A. annua (Martin et al., 2003; Picaud et al.,
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2005), three germacrene A synthases including AaGAS from A. an-
nua (Bertea et al., 2006) and LTC1 and LTC2 from lettuce (Bennett
et al., 2002), vetispiradiene synthase (VS1) from Hyoscyamus muti-
cus (Back and Chappell, 1995), a-humulene synthase (ZSS1) from
Zingiber zerumbet (Yu et al., 2008), 5-epi-aristolochene synthase
(EAS) from Nicotiana attenuata (Bohlmann et al., 2002), and a codon
optimized §-guainene synthase (AcC2) from Aquilaria crassna (Ku-
meta and Ito, 2010) were selected for expression in E. coli (Fig. 5A).
ADS, AaGAS, LTC1, LTC2, AcC2, ZSS1, codon optimized germacrene
A synthase Sc1 from Solidago canadensis (Prosser et al., 2002), and
codon optimized germacrene A synthase IdGAS from Ixeris dentata
(Kim et al., 2005) were selected for expression in S. cerevisiae
(Fig. 5B). All of the selected SeTPSs produced significant quantities
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Fig. 5. In vivo sesquiterpene production by expression of different SeTPSs in microbial hosts. (A) Titers of sesquiterpenes produced by E. coli, measured at the end of 72-h
culture. (B) Titers of sesquiterpenes produced by S. cerevisiae, measured at the end of 72-h culture.
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of sesquiterpene products in our hosts, with titers ranging from 75
to 450 mg/L in E. coli and 94 to 290 mg/L in S. cerevisiae. It was
interesting to note that ZSS1 produced the lowest sesquiterpene ti-
ter of the SeTPSs expressed in E. coli, while it produced the highest
titer in yeast (Fig. 5), highlighting the utility of testing both a pro-
karyotic and eukaryotic host for expression of plant TPS genes. The
higher levels of a-humulene observed in yeast may be the result of
many factors, including codon usage, protein solubility, mRNA and
protein stability, and specific activity in the host environment. The
two codon optimized germacrene synthases (Scl and IdGAS),
however, did not yield higher product titers than the non-
codon-optimized germacrene synthases (AaGAS, LTC1, and LTC2),
suggesting a limitation in the utility of basic codon optimization

(to generate a high codon adaptation index), and consistent with
the results obtained with codon optimized RcSeTPS3. Nevertheless,
all of the SeTPSs selected from plants other than R. communis pro-
duced relatively high titers of sesquiterpenes in both hosts, indicat-
ing that the SeTPSs isolated from R. communis are not as efficient in
these optimized hosts for sesquiterpene production.

The cyclization pathway for (—)-o-copaene and (+)-6-cadinene
from RcSeTPS1 is proposed in Fig. 1. To synthesize these two com-
pounds from a single enzyme, the substrate farnesyl pyrophos-
phate (FPP) (1) could go through ionization, isomerization, and
1,10-cyclization to form the (Z, E)-germacradienyl cation. Because
the chirality at C1 is different for (—)-o-copaene (3) (S configura-
tion) and (+)-56-cadinene (2) (R configuration), the synthetic
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pathways may diverge at this point. Route A proceeds through a
1,6-ring closure and deprotonation to produce (+)-3-cadinene (2).
Route B proceeds through a 1,6-ring closure, 2,7-ring closure,
1,3-H™ shift, 1,3-CHs shift, 1,2-H™ shift, and deprotonation to
produce (—)-o-copaene (3).

2.3. Characterization of the products of RcSeTPSs in vitro

Since only two of the six SeTPSs isolated from R. communis pro-
duced sesquiterpenes in vivo, the remaining candidates were sub-
jected to in vitro characterization. Following expression in E. coli
BLR (DE3), RcSeTPS3 and RcSeTPS13 were found to form inclusion
bodies, while RcSeTPS5 and RcSeTPS10 were verified to be soluble
by SDS-PAGE and purified by Ni-NTA chromatography to 80-90%
homogeneity (Fig. S1). The purified proteins were incubated over-
night with geranyl pyrophosphate (GPP), FPP (1), or geranylgeranyl
pyrophosphate (GGPP), and products were extracted and analyzed
by GC-MS. Of the three substrates tested, only incubation of
RcSeTPS5 and RcSeTPS10 with FPP yielded terpene products, and
in both cases multiple sesquiterpene products were detected
(Figs. S2 and S3). RcSeTPS5 produced both sesquiterpene olefins
and sesquiterpene alcohols (as judged by the presence of m/
z =222 as parent ion, and MS database matches), while RcSeTPS10
produced only sesquiterpene olefins. Due to the lack of standards,
and the fact that only one sesquiterpene has been identified from
the essential oil of R. communis, these products were not identified
with any degree of certainty. Instead, the mass spectra for these
components and the structures of the best matches from the NIST
MS database or the Essential Oils HP-Chemstation library are
listed. The lack of sesquiterpene production in vivo by RcSeTPS5
and RcSeTPS10 could be due to insufficient protein levels or slow
kinetics, since only low product levels were produced in vitro even
in the presence of high protein and substrate concentrations.

2.4. Phylogenetic analysis of RcSeTPSs

The four functional RcSeTPSs, RcSeTPS1, RcSeTPS5, RcSeTPS7,
and RcSeTPS10, were subjected to phylogenetic analysis along with
several known TPSs from other plants (Fig. 6). RcSeTPS1 and
RcTPS5 clustered with the angiosperm SeTPS group Tps-a. The clos-
est homologue of RcSeTPS1 is (—)-germacrene D synthase from Vi-
tis vinifera with an identity of 57% (Lucker et al., 2004). The product
profiles of these enzymes are very different, but perhaps this is not
surprising since they share a very low level of identity. The closest
homologue of RcSeTPS5 is casbene synthase from Triadica sebifera
(Sapium sebiferum), a DiTPS with an identity of 43% (Kirby et al.,
2010). RcSeTPS7 produced a single acyclic product, (E, E)-o-farne-
sene (6), and showed the highest in vivo efficiency among all the
RcSeTPSs tested. Phylogenetic analysis established that it forms a
separate phylogenetic cluster together with other angiosperm o-
farnesene synthases from Malus x domestica, Pyrus communis, and
Populus trichocarpa (Danner et al., 2011; Pechous and Whitaker,
2004). The new cluster has a closer phylogenetic relationship to
the cluster of angiosperm MoTPSs (Tps-b) than the cluster of angio-
sperm SeTPSs (Tps-a). It is interesting that RcSeTPS10 aligned with
the cluster of angiosperm MoTPSs (Tps-b), which was exclusively
composed of MoTPSs until two TPSs were demonstrated to have
activity against both GPP and FPP (1) (Martin et al., 2010). The dif-
ference here is that RcSeTPS10 can only accept FPP (1) as substrate.
No plastidial targeting signal peptide was predicted from this
protein by the prediction algorithms ChloroP, TargetP, and SignalP.
However, not all MoTPSs in the cluster of Tps-b possess signal
peptides as evidenced by several functional MoTPSs of V. vinifera
from this cluster (Martin et al., 2010).

3. Conclusion

In conclusion, cytosolic SeTPSs isolated from R. communis using a
genome mining strategy were analyzed and functionally character-
ized. The four functional terpene synthases that were isolated are in-
deed SeTPSs, producing single, double, and multiple sesquiterpene
products. This is the first time that SeTPSs have been characterized
from this plant and from the Euphorbiceae as far as we know. In vivo
expression of SeTPSs from R. communis in our engineered E. coliand S.
cerevesiae hosts yielded significantly lower product titers compared
to a selection of other plant SeTPSs. The fact that two RcSeTPSs were
only active in vitro may be due to low activity or low protein expres-
sion in the hosts or a combination of both.

4. Experimental
4.1. Sequence analysis

The blast algorithms were used to search for SeTPSs in R. commu-
nis based on sequence similarity in GenBank. Specifically, casbene
synthase and neocembrene synthase genes from R. communis were
used as query sequences to search for TPS genes, which served as
additional query sequences to search for more TPS genes in R. com-
munis. The predicted cDNAs were used directly for primer design.

4.2. Plant material, mRNA isolation, and cDNA amplification

R. communis was propagated and maintained outdoors as de-
scribed previously (Kirby et al., 2010). RNA was isolated from un-
treated plants alongside plants that were treated with the elicitor
methyl jasmonate (MeJA). Me]A elicitation was carried out by spray-
ing the whole plant with 100 mL 0.5 mM Me]JA in 0.1% Tween-20,
and leaf tissue samples were harvested from the plant 20 h after
treatment. The MeJA-treated and untreated leaf materials were col-
lected from the plants, immediately frozeninliq. N, and ground into
a fine power using a mortar and pestle. Total RNA was extracted
using RNeasy Plant Mini Kit (Invitrogen). Total RNA (200 pg) was
used as a template to synthesize the first strand cDNAs using Super-
Script Il RT-PCR (Invitrogen). RNaseOUT (Invitrogen) was added to
prevent the degradation of mRNA. The single strand cDNAs were
used as template for PCR using primers listed in Supplementary Ta-
ble 1 and subcloned into the Zero pCR-Blunt vector (Invitrogen).

The ADS, VS1, EAS and ZSS1 genes were available in our labora-
tory. AaGAS and B-FS genes were cloned from an mRNA prepara-
tion of A. annua. The LTC1 and LTC2 genes were obtained by
extracting mRNA from the fresh leaves of lettuce according to
the same procedure as RcSeTPS genes. Lettuce was obtained from
the University of California, Berkeley Botanical Garden. Sc1, IdGAS,
and AcC2 genes were codon optimized for expression in E. coli and
S. cerevisiae and synthesized by GenScript using their optimization
algorithm (generating a high codon adaptation index).

4.3. Expression of SeTPSs in S. cerevisiae and product characterization

All RcSeTPS and AaGAS, LTC1, LTC2, Sc1, IdGAS, AcC2, ZSS1
genes were amplified by PCR with introduction of Spel and Smal
restriction sites. They were first subcloned into the Zero pCR-Blunt
vector (invitrogen) for sequence analysis. The correct clones were
digested with the above restriction enzymes and ligated into the
expression vector pRS426 under the control of the GAL1 promoter
(Ro et al., 2006). S. cerevisiae EPY300 was used as an expression
host for sesquiterpene production (Kirby et al, 2010).
Transformation into EPY300 was conducted using the lithium ace-
tate method with selection on synthetic complete agar lacking ura-
cil, histidine, and methionine (Gietz and Schiestl, 2007).
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Transformed yeast strains were grown overnight at 30 °C on syn-
thetic complete medium with the appropriate amino acid dropped
out. These cultures were inoculated into a modified (0.2% galactose
and 1.8% glucose) YPD medium for production with 1 mM r-methi-
onine added to down-regulate squalene synthase (Paradise et al.,
2008), overlaid with 10% dodecane, and shaken at 30 °C. At 24,
48, and 72 h, dodecane samples were analyzed by gas-chromatog-
raphy mass-spectrometry (GC-MS, GC model 6890, MS model
5973 inert, Agilent) to characterize and quantify the sesquiterpene
products. The GC analytical method was as follows: hold at 100 °C
for 1 min after injection, raise to 250 °C at 50 °C/min, hold at 250 °C
for another minute. Because RcSeTPS5 produced multiple products,
the GC method was changed at the second step to a gradient of
10 °C/min. Full mass spectra were generated by scanning with
the m/z range from 45 to 230 for sesquiterpene and monoterpene
detection, and from 45 to 350 for possible diterpene detection.

4.4. Expression of RcSeTPSs in E. coli DH1 and product characterization

The SeTPS genes were amplified by PCR with introduction of
Ncol/BamHI restriction sites for RcSeTPS1, 3, 5, and 7, Nhel/BamHI
cloning sites for RcSeTPS10 and 14, and Nhel/Smal for AaGAS, LTC1,
LTC2, B-FS, VS1, EAS, AcC2, and ZSS1. They were digested with the
above restriction enzymes and ligated into pTrc99a for expression.
The resulting plasmids were cotransformed with pBbA5c-MevT-
MBIS, which contains the complete mevalonate biosynthetic path-
way for FPP production, into E. coli DH1 (Redding-Johanson et al.,
2011).

To produce sesquiterpenes in E. coli, the transformants with dif-
ferent SeTPS genes were grown at 37 °C in EZ rich medium (1% glu-
cose) supplied with 30 mg/L chloramphenicol (Cm) and 50 mg/L
kanamycin (Kan). At an ODggo of 0.5-0.6, expression was induced
by adding 1 mM IPTG, and cultures were overlaid with 10% dode-
cane and moved to a 30 °C incubator for the production of sesqui-
terpenes. At 24, 48, and 72 h, the samples were checked by GC-MS
to characterize and quantify the sesquiterpene products.

4.5. Protein expression from E. coli BLR(DE3) and in vitro enzymatic
assays

To purify RcSeTPSs for the in vitro study, RcSeTPS3, 5, 10, and 14
were cloned between the Nhel and BamHI sites of the expression
vector pSKB3, under control of the T7 promoter. E. coli BLR(DE3)
transformed with appropriate plasmids was grown in LB medium
at 37 °C to an ODgqg of 0.5, at which time 0.1 mM IPTG was added
to the culture and protein expression was carried out at 20 °C for
24 h. Cells were collected by centrifugation, resuspended in Buffer
A (50 mM Tris-HClI, pH. 8.0, 2 mM DTT, 2 mM EDTA), and lysed by
sonication. Cell debris and insoluble proteins were removed by
centrifugation (10,000g, 4 °C, 1 h). To the cleared lysate, 2 mL of
Ni-NTA resin (Qiagen) were added and SeTPSs were purified using
a step gradient of buffer A with increasing concentrations of imid-
azole. Pure (>90%) proteins were eluted using buffer A containing
250 mM imidazole, buffer exchanged into Buffer A without imidaz-
ole, concentrated, aliquoted, and flash frozen. Only RcSeTPS5 and
RcSeTPS10 were expressed in a soluble form and purified success-
fully, while RcSeTPS3 and RcSeTPS14 accumulated as insoluble
protein in inclusion bodies.

The purified enzymes were used for in vitro assays. RcSeTPS5 or
RcSeTPS10 (5 M) was incubated with 20 pg/ml GPP in 25 mM
Hepes pH 7.2, 100 mM KCI, and 10 mM MnCl,; or incubated with
20 pg/ml FPP in 25 mM Hepes pH 7.5, and 20 mM MgCl,; or incu-
bated with 20 pg/ml GGPP in 25 mM Hepes pH 7.2, 100 mM KCl,
10 mM MgCl, and 10 uM MnCl, overnight at room temperature
and extracted with equal volume of pentane two times (Lee and

Chappell, 2008). The extracts were combined and concentrated to
50 pl for analysis by GC-MS.
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