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Production of Z-type farnesyl diphosphate (FPP) has not been reported in Escherichia coli. Here we
present the fusion enzyme (ILRv) of E. coli E,E-FPP synthase (IspA) and Mycobacterium tuberculosis
Z,E-FPP synthase (Rv1086), which can produce primarily ZE-FPP rather than E,E-FPP, the predominant
stereoisomer found in most organisms. ZE-farnesol (FOH) was produced from E. coli harboring the
bottom portion of the MVA pathway and the fusion FPP synthase (ILRv) at a titer of 115.6 mg/L in 2 YT
medium containing 1% (v/v) glycerol as a carbon source and 5 mM mevalonate. The ZE-FOH production
was improved by 15-fold, compared with 7.7 mg/L obtained from the co-overexpression of separate IspA
and Rv1086. The ZE-FPP was not metabolized in native metabolic pathways of E. coli. It would be of
interest to produce ZE-FPP derived sesquiterpenes from recombinant E. coli due to no loss of ZE-FPP
substrate in endogenous metabolism of the host strain.

Sesquiterpene

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Isoprenoids are synthesized from 5-carbon (C5) building blocks
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP), which are generated either from 2-C-methyl-p-erythritol
4-phosphate (MEP) pathway or mevalonate (MVA) pathway (Bloch
et al.,, 1959; Rohdich et al., 2002). The head-to-tail condensations of
IPPs and DMAPP, where the growing hydrocarbon chain of an
isoprenoid allylic diphosphate is added to IPP, generate long
isoprenyl diphosphates (Lange et al., 2000). The C10 resulting from
the condensation of IPP and DMAPP is geranyl diphosphate (GPP),
and the addition of a second IPP results in C15 farnesyl diphosphate
(FPP) (Fig. 1). These chain elongations can proceed in two possible
stereospecific configurations, E and Z, for the newly formed double
bonds. Thus, the stereospecific reaction catalyzed by an FPP synthase
results in FPP products with four different potential configurations
(EE, EZ, ZE and ZZ) (Thulasiram et al., 2007). The E- and Z-FPP
synthases serve in these stereochemistry reactions, respectively.
Most FPP synthases, including Escherichia coli IspA, have been
characterized as all E-double bond forming enzymes, producing E,
E-FPP (Fujisaki et al., 1990). E,E-FPP is known to be utilized for
biosynthesis of essential cellular components such as cholesterol,
farnesylated proteins, ubiquinones and dolichols in living organisms
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(Ashby and Edwards, 1990; Clarke, 1992; Matsuoka et al., 1991; Zhang
et al,, 1993). Few Z-FPP synthases have been cloned and identified to
date, although long-chain (C40-C200) isoprenyl synthases are found
to catalyze Z-isoprenyl condensation in general (Bugg and Brandish,
1994). Rv1086 from Mycobacterium tuberculosis has been identified
as a ZE-FPP synthase catalyzing Z-condensation of GPP with IPP
(Schulbach et al., 2000).

Sesquiterpenes form a large family of natural products derived
from the universal precursor FPP. Most FPP synthases associated
with sesquiterpene biosynthesis are E-type synthases. E,E-FPP is
thus assumed as the substrate of sesquiterpene synthases, although
it remains to be proven whether E,E-FPP is indeed their preferred
substrate (Faraldos et al., 2010). In fact, previous studies suggest
that Z-type (E,Z-, ZE- and ZZ-) FPPs may be preferred for the
synthesis of some sesquiterpenes. For example, crude enzyme
extracts from cotton converted ZE- or Z,Z-FPP to &-cadinene at a
higher efficiency than E,E-FPP conversions (Heinstein et al., 1970).
The cyclization of endo-bergamotene, a sesquiterpene found in
tomato, was favored from ZE-FPP rather than E,E-FPP owing to
stereochemical constraints in the reaction (Coates and Denissen,
1988). More recently, a santalene and bergamotene synthase (SBS)
from tomato has been reported to use ZZ-FPP as its sole substrate
(Sallaud et al., 2009). Based on these literatures, it is worthwhile to
tailor an enzyme to efficiently produce Z-type FPPs for industrial
sesquiterpene production. We have reported the biosynthesis of E,
E-farnesol (FOH) from engineered E. coli where an exogenous MVA
pathway was introduced to supply IPP and DMAPP and IspA was
overexpressed to enhance the EE-FPP pool (Wang et al., 2010).
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Fig. 1. Scheme of E,E- and Z,E-FOH synthesis pathway. The IPP and DMAPP precursors are synthesized by either the MEP or MVA pathway. E,E-FPP is synthesized by IspA
through the condensation of 1 DMAPP and 2 IPPs. Rv1086 catalyzes the condensation of GPP and IPP to form ZE-FPP. Abbreviations of the pathway intermediates are as
follows: DMAPP, dimethylallyl pyrophosphate; IPP, isopentenyl pyrophosphate; GPP, geranyl pyrophosphate; EE-FPP, E,E-farnesyl pyrophosphate; ZE-FPP, ZE-farnesyl
pyrophosphate; E,E-FOH, E,E-farnesol; Z,E-FOH, ZE-farnesol. The enzyme abbreviations are as follows: IspA, E,E-FPP synthase; Rv1086, ZE-FPP synthase of M. tuberculosis;

phosphatases, unknown endogenous phosphatases of E. coli.

It was suggested that E,E-FOH formation relies on endogenous
phosphatases, which usually have broad substrate specificities and
can hydrolyze a range of phosphoesters including FPP (Touze et al.,
2008; Wang et al., 2011a). Therefore, it is potentially possible to
synthesize Z-type FOHs from engineered E. coli harboring Z-type
FPP synthases instead of IspA. In this paper, we present the fusion
enzyme (ILRv) of E. coli E,E-FPP synthase (IspA) and Mycobacterium
tuberculosis Z,E-FPP synthase (Rv1086) which can dominantly
produce ZE-FPP rather than E,E-FPP in E. coli.

2. Materials and methods
2.1. Strains and growth conditions

Strains used in this study are listed in Table 1. E. coli DH5a was
used as a host strain for plasmids construction and FOH produc-
tion. The FPP synthase gene (ispA) was deleted by Red/ET recom-
bination (Gene Bridges GmbH, Germany) to create E. coli DH5«a
AispA, which was used as a host strain for growth rescue study.
The kanamycin resistance cassette for the ispA deletion was
amplified from E. coli SF7N genomic DNA (Fujisaki et al., 2005)
using the primers DispA-F and DispA-R (Table 1). E. coli BL21 (DE3)
was used as a host strain for protein purification.

E. coli DH5a was grown at 37 °C in 2 YT (16 g/L tryptone, 10 g/L
yeast extract, and 5 g/L NaCl) medium for plasmid constructions. E. coli
strains used for FOH production and growth rescue study were
cultivated at 29 °C in 2 YT medium containing 1% (v/v) glycerol and
01 mM IPTG. Mevalonate was supplied at 5mM for culture of
recombinant E. coli harboring pSSN12Didi plasmid, which contained
the bottom portion of the MVA pathway (Yoon et al., 2009, 2006). The
decane-overlaid two-phase culture for FOH production was performed
as in the previous report (Wang et al, 2010). All cultivations were
performed in duplicate. E. coli BL21 (DE3) was grown at 22 °C in LB
(10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl) medium for
protein purification. Antibiotics of ampicillin (100 pg/ml), chloramphe-
nicol (50 pg/ml) and kanamycin (50 pg/ml) were added as required.

2.2. Construction of plasmids

Standard molecular biology techniques were used to carry out
plasmid construction (Sambrook and Russell, 2001). The Rv1086 gene
encoding Z-type FPP synthase was amplified from the genomic DNA of
Mycobacterium tuberculosis H37Rv (ATCC 25177D-5) through PCR
reaction with primers Rv1086-F1 and Rv1086-R. The PCR product
was digested with BamHI and Xhol and cloned into the BamHI/Sall
sites of pTrc99A vector to create the pTRv1086 plasmid. The

pTispARv1086 plasmid was constructed by integrating the PCR
product of the Rv1086 gene amplified with primers Rv1086-F2 and
Rv1086-R into the BamH]I/Sall sites of pTispA (Wang et al., 2010). For
the construction of the pTispALRv1086 plasmid, the Rv1086 gene was
introduced into BamHI/Sall sites of pTispAL where the stop codon
(TAA) of ispA gene was replaced with an oligonucleotide encoding a
(GGGGS), peptide linker (Wang et al., 2011b). For the construction of
the pETispALRv1086 plasmid, the ispALRv1086 fragment cut from
pTispALRv1086 by EcoRI and HindIll was inserted into the EcoRI/HindIII
sites of pET28a (Novagen, Darmstadt, Germany). The plasmids and
PCR primers used in this study are listed in Table 1.

2.3. Site-directed mutagenesis

Mutants of ispALRv1086 were generated using the PCR-
based QuickChange site-directed mutagenesis kit (Stratagene, Santa
Clara, CA) according to the manufacturer's instructions. Primers
ispAS8OF_F and ispASF-R were used to generate ispAS2°"LRv1086.
Primers Rv1086Y°”"_F and Rv1086Y°”"-R were used to generate
ispALRv1086Y1%7C, Each of the mutated ispALRv1086 was sequenced
by Solgent Corp. (Daejeon, Korea) to ensure that only the appro-
priated mutations had been incorporated.

2.4. Analysis of FOH products

FOH production was quantified by gas chromatography (GC) as
described previously (Wang et al., 2010). Briefly, a gas chromatograph
(Agilent Technologies 7890A) equipped with a flame ionization
detector (FID) and an autosampler was used. Samples were injected
into HP-INNOWAX column (19091 N-133, 30 m in length, 0.25 mm in
internal diameter, and 250 um in film thickness) at a split ratio of
1:10. The oven temperature was initiated at 50 °C for 1 min and
increased at rates of 25 °C/min to 150 °C and then 10 °C/min to
250 °C where it was held for 1 min. Nitrogen was used as the carrier
gas with an inlet pressure of 39 psi. The detector was maintained at
260 °C. Full mass spectra were generated by scanning m/z range
within 35-300 for FOH identification. The Z,E-FOH and E,E-FOH were
identified comparing mass spectra and retention time with the
available authentic standards (Supplementary Fig. S1). Quantification
of Z,E-FOH and E,E-FOH was carried out using a standard curve of E,E-
FOH (Sigma-Aldrich, St. Louis, MO) (Supplementary Fig. S2).

2.5. SDS-PAGE and native-PAGE analyses of IspA-Rv1086 (ILRv)
fusion protein

The IspA-Rv1086 (ILRv) fusion protein was purified from E. coli
BL21 (DE3) harboring pETispALRv086. The culture was grown at
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Names Descriptions References
E. coli strains
BL21 (DE3) F~, ompT, hsdSg(rg~, mg~), dcm, gal, A(DE3) Novagen
SF7N F, A7, IN(rrnD-rrnE)1, rph-1, AispA::FRT-Kan-FRT (Fujisaki et al., 2005)
DH5a F, fhuA2, A(argF-lacZ)U169, phoA, ginV44, ®80 A(lacZ)M15, gyrA96, recAl, relAl, endA1, thi-1, ATCC
hsdR17(r¢~, mg*+)
SN-C DH5a containing pSSN12Didi and pTrc99A This study
SN-Rv DH5a containing pSSN12Didi and pTRv1086 This study
SN-I DH5a containing pSSN12Didi and pTispA This study
SN-IRv DH5a containing pSSN12Didi and pTispARv1086 This study
SN-ILRv DH5a containing pSSN12Didi and pTispALRv1086 This study
SN-IS89F Ry DH5a containing pSSN12Didi and pTispAS8°FLRv1086 This study
SN-ILRvV107¢ DH5a« containing pSSN12Didi and pTispALRv1086V1°7¢ This study
DH5a AispA DH5a AispA::FRT-Kan-FRT This study
WT-C DH5a containing pTrc99A This study
MU-C DH5a AispA containing pTrc99A This study
MU-I DH5a AispA containing pTispA This study
MU-Rv DH5a AispA containing pTRv1086 This study
MU-ILRv DH5a AispA containing pTispALRv1086 This study
MU-IS8F Ry DH5a« AispA containing pTispAS8°FLRv1086 This study
Plasmids
pTrc99A Py lacl?; pBR322 ori; Amp®
pTRv1086 Pyc:: Rv1086; lacl?; pBR322 ori; Amp®R This study
pTispA Pyt ispA; lacl?; pBR322 ori; AmpR (Wang et al., 2010)
pTispARv1086 Pyt ispA, Rv1086; lacl?; pBR322 ori; AmpR This study
pTispALRv1086 Py ispALRv1086; lacl; pBR322 ori; AmpR This study
pTispAS8FLRv1086 Pyc:: ispASS9FLRY1086; lacl?; pBR322 ori; Amp® This study
pTispALRv1086Y107¢ Py ispALRv1086V1%7C; lacl¥; pBR322 ori; AmpR This study
pETispALRv1086 Pry:: his6 tag-ispASS°LRv1086; lacl; pBR322 ori; Kan® This study
pSSN12Didi Pjac:: mvaK1, mvaK2, mvaD, idi; p15A ori; CmR (Yoon et al., 2006; Yoon et al., 2009)
Primers
Rv1086-F1 TAGGATCCATGGAGATCATCCCGCCGCG This study
Rv1086-F2 TGGATCCAGGAGGTAATAAACCATGGAGATCATCCCGCCGCG This study
Rv1086-R ATCTCGAGTTACCTGCCGTAGCTGCGATGC This study
ispAS8OF_F GAGTGTATCCACGCTTACTTTTTAATTCATGATGATTTACCG This study
ispAS8OF_R AAAGTAAGCGTGGATACACTCAACGGCGGCAGC This study
Rv1086 V107C_F CATCACCGATGGCGTGGAAGAGATCTGCGC This study
Rv1086 V197C-F CTTCCACGCCATCGGTGATGATCTCGATG This study
DispA-F GCGTACAAATTCTGCTGTCTGAC This study
DispA-R CAACAGTCGTAACTCCTGGGTG This study

Note: Start codons or stop codon are in bold, enzyme sites are underlined, and ribosome binding site is in italics.

37 °C to OD600=0.6 to 0.8 before inducing with 0.1 mM IPTG and
dropping the temperature to 22 °C. The culture was grown for an
additional 20 h and then harvested by centrifugation and dis-
rupted by sonication in 20 mM phosphate buffer (pH 7.9) contain-
ing 400 mM NaCl and 10 mM imidazole. Soluble His-tagged
proteins were purified by a nickel-nitrilotriacetic acid-agarose
column (Invitrogen, Carlsbad, CA). The purified ILRv protein was
analyzed on 12% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) using Bio-Rad (Hercules, CA) mini gel electrophoresis
apparatus following the Laemmli's procedure (Cluis et al., 2011).
To determine oligomers formed by the purified ILRv protein,
Native-PAGE was used to separate protein complex at 4 °C in the
absence of SDS. Gels were visualized by Coomassie-blue staining.

3. Results and discussions
3.1. Expression of Rv1086 results in Z,E-FPP synthesis

We have previously speculated that endogenous phosphatases
can hydrolyze FPP to FOH in E. coli when intracellular FPP is elevated
to a high level. Indeed, E,E-FOH formation was triggered by over-
expression of IspA and introduction of a well-performing MVA
pathway to enhance the FPP synthesis (Wang et al., 2010). We thus
assumed that the improvement of the synthesis of Z-type FPP can

result in the production of Z-type FOH in E. coli. To test this
hypothesis, M. tuberculosis Rv1086 gene encoding a Z-type FPP
synthase was co-expressed in E. coli with the bottom portion of
MVA pathway encoded in pSSN12Didi. As expected, the functional
expression of Rv1086 resulted in ZE-FOH formation in E. coli SN-Rv
supplemented with 5mM mevalonate, while the strain over-
expressing E-tpye FPP synthase (E. coli SN-I) produced E,E-FOH as
its sole product (Fig. 2A, B and Supplementary Fig. S3). Since Rv1086
is able to catalyze only the single step reaction of GPP to FPP and
cannot use DMAPP as a substrate, the formation of Z,E-FOH reflecting
Z,E-FPP synthesis indicates that GPP is available to Rv1086 even in E.
coli with no designated endogenous GPP synthase.

The production of monoterpene in winemaking Saccharomyces
cerevisae has been reported previously (Ma et al., 2011; Ozaydin
et al,, 2013). FPP synthase of S. cerevisae is noted to contribute a
monoterpene production by releasing GPP (Fischer et al., 2011),
although it is usually thought that GPP is not released from the
catalytic site, and is entirely converted to FPP. Therefore, the
endogenous FPP synthase (IspA) would also be the most likely
player of GPP synthesis in E. coli. Moreover, the considerable
amount (39.5% of total FOH production) of ZE-FOH production
from E. coli SN-Rv hinted us to reconsider the general concept of
the directed synthesis of FPP in IspA. We hypothesized that the
endogenous IspA releases GPP after the first condensation reaction
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of DMAPP and IPP, and subsequently takes up the GPP for the
second condensation reaction of GPP and IPP for FPP formation.
The native MEP pathway supplies E. coli with DMAPP and IPP at a
low flux and the released GPP from IspA can be quickly recruited
again, which may hide the fact of GPP release from IspA before the
second condensation reaction. However, the release was unveiled
when sufficient DMAPP and IPP were supplied through the
additional MVA pathway overexpressed in cells. To support this
hypothesis, we observed geraniol synthesized from GPP in cultures
of strain E. coli SN-Rv and E. coli SN-C, but not in E. coli SN-I and E.
coli IRv (Supplementary Fig. S4). Production of geraniol offers
strong circumstantial evidence that GPP is released by IspA in the
engineered strains. The GPP accumulation in the cells was also
observed by UPLC-MS/MS (data not shown here) and overall
isoprenyl intermediates analysis is going further. Thus, ZE-FPP
synthesis is most likely the result of Rv1086 competing with IspA
for the GPP substrate released from IspA.

3.2. Re-direction of GPP flux to ZE-FPP synthesis by IspA-Rv1086
fusion chimera

It is interesting to note that the total (E,E- and ZE-) FOH
production in E. coli SN-Rv (75.3 mg/L) was significantly lower
than that in E. coli SN-I (128.0 mg/L) (Fig. 2B). As GPP is supplied
from IspA, the available amount of GPP for FPP synthesis could be
limited in E. coli SN-Rv with only a single copy of ispA gene on its
chromosome, compared to E. coli SN-I with multiple copies of ispA
gene on the pTispA plasmid. Co-overexpression of IspA and
Rv1086 in E. coli SN-IRv resulted in a total FOH production
(118.2 mg/L) comparable to that of E. coli SN-I. It also resulted in
a significant decrease in ZE-FOH production (7.7 mg/L), just to
6.5% of the total FOH production (Fig. 2B). This suggests that the
increase of GPP availability for Z,E-FPP synthesis is compromised
by GPP consumption by IspA when it is overexpressed in E. coli
SN-IRv. We thus hypothesized that the competition between IspA
and Rv1086 is influenced by both the relative amount of each
enzyme and the distance between the GPP substrate and the
enzymes (Fig. 2C). In the case of E. coli SN-Rv, RV1086 has an
advantage over IspA in the competition for GPP substrate due to its
higher enzyme level resulting from plasmid-based expression,
whereas in E. coli SN-IRv, IspA is highly competitive over Rv1086
due to its inherent proximity to GPP.

An IspA-Rv1086 (ILRv) fusion protein was constructed with a
glycine-serine linker as an approach to facilitate the competition
of Rv1086 for GPP against IspA. The prerequisites of fusion protein
application to metabolic engineering are soluble expression of the
chimeric enzyme and maintenance of both enzymatic activities
(Albertsen et al., 2011). The solubility of the chimeric ILRv was thus
probed in an SDS-PAGE analysis (Fig. 3A). The apparent molecular
weight of monomeric ILRv was larger than its theoretical mole-
cular weight (63.2 KDa), which is consistent with the observation
of the individual proteins (Fujisaki et al., 1990; Schulbach et al.,
2001). Both IspA and Rv1086 are Mg?*-dependent homodimeric
enzymes, although there is no structure similarity between the
two prenyltransferases (Hosfield et al., 2004; Wang et al., 2008).
IspA activity is totally dependent on the homodimer formation
(Koyama et al., 2000). We observed the ILRv chimera migrating at
approximately130 kDa as a major band and 260 kDa as a minor
band in native-PAGE (Fig. 3B). It suggested that the ILRv was
generally present in a dimer form, and also likely in a tetramer
form (Fig. 3C). Moreover, the glycine-serine linker, although it will
occur less likely in nature, can be fully extended (®=180°,
¥=180°) up to approximately 3.6 nm, which is comparable to an
average diameter (5nm) of proteins in E. coli (http://redpoll.
pharmacy.ualberta.ca/CCDB/). The length can allow the Rv1086
domain of the fusion chimera to move freely around the IspA

domain (Fig. 3D). These data indicate that IspA and RV1086 are
successfully fused by the glycine-serine linker, and that the
solubility of the chimeric protein is maintained in E. coli.

We subsequently tested the FPP synthase activity of the ILRv
chimera in an ispA deletion strain, E. coli DH5a AispA. The ispA
gene is known to be very important for maintenance of proper
growth in E. coli (Fujisaki et al., 2005); consistent with this, a
severe retardation of cell growth was observed in E. coli MU-C
(Fig. 4). Plasmid-mediated expression of either IspA (MU-I) or the
chimera ILRv (MU-ILRv) restored the growth rate, demonstrating
that both proteins could complement the ispA mutant. These
results indicate that FPP synthase activity of IspA was retained in
the ILRv fusion chimera. Expression of Rv1086 (MU-Rv) failed to
rescue the damaged growth, presumably because Rv1086 cannot
utilize DMAPP as the allylic substrate for FPP synthesis (Schulbach
et al., 2001). To probe that there is no steric hindrance between
two fusion partners, we generated a variant fusion chimera, IspA-
Rv1086Y1%7C (ILRvV197€), The V107G mutation is known to inacti-
vate Rv1086, although Rv1086Y1%7C is still expressed in soluble
form (Wang et al., 2008). E. coli SN-ILRv1086 V197¢ behaved just as
E. coli SN-I, with a comparable E,E-FOH production and no Z,E-FOH
(Fig. 2B). It indicates that IspA domain of the ILRv fusion chimera
can function as the free IspA.

Finally, E. coli SN-ILRv harboring the ILRv fusion chimera
successfully produced 115.6 mg/L of Z,E-FOH, which was 80.7% of
the total FOH production (143.3 mg/L) (Fig. 2B). The fusion of IspA
and Rv1086 (SN-ILRv) did increase the availability of GPP to
Rv1086 and resulted in a more favorable production of ZE-FPP
synthesis relative to the overexpression of Rv1086 alone (Fig. 2A, B).
If there was no contribution from chromosomal IspA to E,E-FPP
synthesis, the ZE-FOH production using ILRv could be obtained at
more than 80.7%. Thus, the spatial neighboring arrangement of
Rv1086 and IspA allows Rv1086 to effectively compete for GPP
against IspA (Fig. 2C). It is also noted that the affinities of Rv1086 for
GPP (Kpy, 7.8 uM) and IPP (Ky;, 4.5 pM) are comparable to those of
IspA (Supplementary Table. S1) (Ambo et al.,, 2008; Fujisaki et al.,
1986), and turnover numbers (kcac) of IspA and Rv1086 can play a
major role in the competing use of GPP and IPP substrates rather
than their Ky, properties. The biased Z,E-FPP synthesis from the ILRv
chimera thus imply that Rv1086 has a faster rate of turnover than
IspA. GPP synthases have been identified from some of plants and
bacteria such as Abies grandis, Arabidopsis thaliana and M. tubercu-
losis (Bouvier et al., 2000; Burke and Croteau, 2002; Mann et al.,
2011). However, the use of plant GPP synthases has not been
successful to date in achieving reasonable levels of monoterpene
production in E. coli (Carter et al., 2003). Protein engineering of FPP
synthase for GPP synthesis also suffers from a reduction in enzyme
activity (Reiling et al., 2004) (See also Section 3.3). The ZE-FPP
synthesis by IspA-Rv1086 fusion protein suggests an attractive
alternative way for GPP supply, which can be employed for
monoterpene production in a host with no available efficient GPP
synthase, if a monoterpene synthase is successfully fused with IspA
like as the IspA-Rv1086 fusion protein.

3.3. ZE-FPP is not metabolized for essential isoprenoids in E. coli

E,E-FPP lies at an important multiple branch point in the isoprenoid
pathway as a precursor for synthesis of essential isoprenoid com-
pounds such as quinones and lipid carriers. Thus, the E,E-FPP flux
towards formation of endogenous isoprenoids is a metabolic waste in
production of interesting sesquiterpenes. The waste flux to endogen-
ous isoprenoids may even be increased in cells with an enhanced
synthesis of E,E-FPP for mass production of target sesquiterpenes. If Z,
E-FPP is not metabolized for endogenous isoprenoid formation in E.
coli, it can be utilized solely for the synthesis of target sesquiterpenes.
To address whether ZE-FPP is used for synthesis of endogenous
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isoprenoids, we generated another variant fusion chimera, IspAS8°F-
Rv1086 (I%°FLRv). The S8OF mutation in IspAS®F has been known to
make the IspA mutant synthesize GPP only, although the S80F
mutation impairs the catalytic behavior of IspA (Narita et al., 1999;
Reiling et al., 2004). Thus, the variant fusion chimera, I*¥*"LRv would
produce ZE-FPP specifically and no E,E-FPP. The functional expression
of IS8FLRv was verified by ZE-FOH formation in E. coli SN- I*°FLRv
(Fig. 2B). Owing to the low capacity in stage of GPP synthesis, E. coli
SN- IS8FLRv produced less FOH than the E. coli SN- ILRv, but as much
as that of E. coli SN-Rv. It was noteworthy that the ZE-FOH proportion
was increased by 1.7-fold when comparing to that of E. coli SN-Rv. The
increased relative ZE-FOH production supports that IS®FLRv functions
to synthesize ZE-FPP (Fig. 2C). Next, the variant fusion chimera was
introduced into E. coli AispA to see whether ZE-FPP complements the
defective growth in the mutant. If the growth retardation shown in
E. coli MU-C is not observed in E. coli MU-I"®FLRy, it would suggest
that ZE-FPP can be used for the buildup of essential endogenous
isoprenoids in E. coli. The result is that cell growth of E. coli AispA was
not restored by the expression of LRy, and the growth of E. coli
MU-I8%FLRv was even worse than E. coli MU-C (Fig. 4). It is therefore
concluded that ZE-FPP is not metabolized for the synthesis of essential
isoprenoids, resulting in the poorer growth rate. Both octaprenyl
diphosphate and undecaprenyl diphosphate synthases are known to
have a slight activity of FPP synthesis from the condensation of IPPs
and short chain allylic diphosphates (DMAPP and GPP), to which the
survival or slow growth of ispA deletion mutants could be attributed
(Fujisaki et al,, 1986, 2005). The coupling of IPP and DMAPP (and GPP)
to the non-metabolizable ZE-FPP may aggravate the poor cell growth
in E. coli MU-I®FLRv and Mu-Rv than Mu-C.

Sesquiterpene synthases catalyze the buildup of alicyclic precursor
FPP into structurally diverse sesquiterpene products. There is a direct
correspondence between the absolute stereochemical configuration of
the sesquiterpene products and the inferred conformation of the

precursor FPP (Cane, 1985). To give rise to a diverse of FPP conforma-
tions, E,E-FPP undergoes multi-steps of electrophilic cyclizations,
rotations and rearrangements (Davis and Croteau, 2001). However,
such conformations sometime can be easily built from Z-type FPP.
It suggests that some sesquiterpene synthases can take up or prefer
Z-type FPP as a substrate, and ZE-FPP is indeed cyclized by cadinene
synthase, epi-aristolochene synthase, etc. (Faraldos et al., 2012, 2010;
Lopez-Gallego et al,, 2010). The epi-aristolochene synthase possesses
an almost identical catalytic efficiency (kca/Km) for both native E,E-FPP
and alternative ZE-FPP substrates (Noel et al, 2010). If a novel
sesquiterpene synthase either newly characterized or engineered can
effectively catalyze ZE-FPP to an interesting sesquiterpene product,
there will be some advantages over starting from E,E-FPP such as no
loss of ZE-FPP flux to endogenous isoprenoids synthesis and no
endogenous feed-back regulations on ZE-FPP synthesis.

4. Conclusion

Metabolic engineering of microorganisms for the production of
value-added chemicals holds great promise for industrial applica-
tions (Cluis et al,, 2011; Redding-Johanson et al., 2011; Scalcinati
et al.,, 2012). Enzymatic processes are known to catalyze reactions
with an intrinsic stereospecificity that is not easy to achieve
through chemical synthesis (Yu et al.,, 2005). In this study, we
engineered an FPP synthase by fusion of M. tuberculosis Rv1086
and E. coli IspA to produce ZE-FPP, a promising substrate for the
synthesis of sesquiterpenes. By this approach, the engineered
strain E. coli SN-IRv produced 115.6 mg/L of ZE-FOH, a 15-fold
increase over the co-overexpression of separate IspA and Rv1086.
The stereospecific formation of Z,E-FOH from Z,E-FPP also suggests
an exquisite way to analyze FPP stereoisomers generated from the
engineered strains.
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Minimizing loss of precursor metabolites is a prerequisite in
metabolic engineering approaches (Ozaydin et al., 2013). Our
results indicate that ZE-FPP is not metabolized to non-FOH
products in E. coli. The utilization of ZE-FPP for sesquiterpene
production can be an advantageous over the use of E,E-FPP as a
precursor. The entire MVA pathway has been successfully
engineered for supply of DMAPP and IPP from a simple and
inexpensive carbon source such as glycerol (Ma et al., 2011;
Martin et al., 2003; Yoon et al., 2009). The application of IspA-
Rv1086 fusion protein combined with the engineered MVA path-
way can be a good platform for the overproduction of sesquiter-
penes utilizing Z,E-FPP, when appropriate sesquiterpene synthases
are introduced into the host.
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