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Abstract We constructed a biosynthetic pathway of iso-
prene production in Escherichia coli by introducing iso-
prene synthase (ispS) from Populus alba. 1-deoxy-D-
xylulose 5-phosphate synthase (dxs), 1-deoxy-D-xylulose
5-phosphate reductoisomerase (dxr) and isopentenyl diphos-
phate (IPP) isomerase (idi) were overexpressed to enhance
the isoprene production. The isoprene production was im-
proved 0.65, 0.16, and 1.22 fold over the recombinant BL.21
(pET-30a-ispS), respectively, and idi was found to be a key
regulating point for isoprene production. In order to opti-
mize the production of isoprene in E. coli, we attempted to
construct polycistronic operons based on pET-30a with
genes dxs, dxr, and idi in various orders. The highest iso-
prene production yield of 2.727 mgg 'h™" (per dry weight)
was achieved by E. coli transformed with pET-30a-dxs/dxr/
idi. Interestingly, the gene order was found to be consistent
with that of the metabolic pathway. This indicates that order
of genes is a significant concern in metabolic engineering
and a sequential expression pattern can be optimized accord-
ing to the biosynthetic pathway for efficient product
synthesis.

Keywords Isoprene - Escherichia coli - Biosynthesis -
Ordered coexpression

Introduction

Isoprene is the monomeric building block of the most di-

verse and abundant groups of biological organic compounds
referred to as isoprenoids. As a feedstock in the synthetic

X. Lv-H. Xu - H. Yu (IX)

Institute of Bioengineering, Department of Chemical and
Biological Engineering, Zhejiang University,

Hangzhou, People’s Republic of China 310027

e-mail: yuhongwei@zju.edu.cn

chemistry industry, it has significant potential and is widely
used in the synthesis of rubber, spices, medicines, and
pesticides. Currently, the industrial supply of isoprene is
limited to petrochemical sources. Considering the growing
energy crisis and environmental pressures, there is an urgent
need to seek feasible substitute approaches.

The biosynthesis of isoprene was first described in plants in
1957 (Sanadze 1957). A series of plants were reported to emit
1-2 % of their fixed carbon as isoprene (Kesselmeier and
Staudt 1999; Monson and Fall 1989). Nevertheless, as iso-
prene is gaseous above 34 °C, it is impractical to harvest this
hydrocarbon from plants. With the development of biosynthe-
sis, isoprene produced by microorganisms provides a feasible
approach. Isoprene is poorly soluble in water, so it can be
condensed from the gas phase in fully enclosed bioreactors,
with no need for additional purification of the liquid product.
Although no ispS (isoprene synthase) gene has been elucidat-
ed in any microorganism, over-expression of ispS gene from
plants can effectively endow microorganisms with the prop-
erty of isoprene production from their own metabolism. At
present, ispS has been cloned and characterized from Poplar
(Populus alba, Populus tremuloides) (Miller et al. 2001;
Sasaki et al. 2005) and kudzu vine (Pueraria montana)
(Sharkey et al. 2005).

There are two distinct pathways leading to the biosyn-
thesis of key isoprenoid intermediates, isopentenyl diphos-
phate (IPP) and dimethylallyl diphosphate (DMAPP): the
mevalonic acid pathway, which operates in eukaryotes, ar-
chaea and the cytosol of higher plants; and the methyl-
erythritol-4-phosphate (MEP) pathway, which is present in
prokaryotic bacteria, green algae and the chloroplasts of
higher plants (Kuzuyama 2002; Lichtenthaler 2000). As
the common engineering strain, Escherichia coli uses the
MEP pathway to produce isoprenoids. The MEP pathway,
which initiates with the glycolytic intermediates pyruvate
and glyceraldehyde-3-phosphate and ends with the DMAPP
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and IPP, consists of seven subsequent enzymatic steps. As
numerous reports have shown, the main rate-limiting
enzymes within the MEP pathway were found to be 1-
deoxyxylulose-5-phosphate synthase, 1-deoxyxylulose-5-
phosphate reductoisomerase, IPP-DMAPP isomerase
(Albrecht et al. 1999; Kajiwara et al. 1997; Kim and
Keasling 2001; Matthews and Wurtzel 2000). Success has
been achieved in the enhancement of isoprenoid production
through regulation methods such as eliminating the rate-
limiting steps and engineering regulation networks.
However, research on isoprene production by regulating
the metabolic flux of the MEP pathway has been limited,
and has focused only on the overexpression of dxs or dxr for
isoprene production enhancement. Xue et al. reported that
the yield of isoprene in Bacillus subtilis was increased by
40 % over the wild-type strain by overexpressing dxs, but no
improvement was observed in the overexpression of the dxr
(Xue and Ahring 2011). It was also found that heterologous
expression of dxs and dxr from B. subtilis in the E. coli
harboring ispS resulted in a 2.3-fold enhancement of iso-
prene production (Zhao et al. 2011). Until now, no report
about the effect of idi on the production of isoprene has been
released, nor has there been any coexpression of the genes
dxs, dxr, and idi to study their synergetic effect.

Usually, two methods are applied to coexpress heterologous
genes. One is using a vector with independent promoters or
internal ribosome entry site (IRES). Promoter interference
sometimes occurs with the use of heterologous promoters,
i.e., transcription from one promoter suppresses transcription
from another (Emerman and Temin 1984). Using the IRES
method, more than two genes connected by IRES sequences
can be efficiently expressed from a single promoter (Ghattas et
al. 1991). Nevertheless, the target genes’ number is limited to
its restriction sites. The other one is using two compatible
systems. ColE1-derived plasmid is the most attractive candi-
date due to its wide application and high copy number.
However, many ColEl-compatible plasmids (such as pl15A-
derived plasmids) are of low copy numbers, which makes it
difficult and time-consuming to construct vectors and also
reduces the level of mRNA transcription (Johnston et al.
2000). Using two incompatible plasmids was reported as a
new method for protein coexpression in E. coli and compen-
sates for the deficiency of using two compatible plasmids
(Yang et al. 2001). Therefore, a combination of using incom-
patible plasmids and the IRES method might provide a feasible
strategy to coexpress several genes.

In this work, an isoprene synthase from P. alba was
introduced to construct a pathway of isoprene production
in E. coli. To achieve the coexpression of multiple genes, an
expression system was established by combining two in-
compatible plasmids (pET-32a and pET-30a) and the IRES
method together. Based on this expression system, the genes
dxs, dxr, and idi were overexpressed and coexpressed for
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enhancing the production of isoprene. In addition, we
attempted to optimize the isoprene production in trans-
formed E. coli by constructing polycistronic operons with
rearranged gene orders to investigate whether the gene order
affects the final product yield.

Materials and methods
Bacterial strains, plasmids, and culture conditions

E. coli BL21 (DE3) (Novagen, USA) was used for gene
cloning and expression. E. coli K12 AB200068 (CCTCC) was
used for amplification of dxs, dxr, and idi genes. Plasmids
pET-32a and pET-30a (Novagen, USA) were used as vectors
for ispS, dxs, dxr, and idi expression. All E. coli strains were
cultivated in Luria—Bertani (LB) medium at 37 °C with shak-
ing (200 rpm), supplemented with antibiotics (100 pg/ml of
ampicillin or 50 pg/ml of kanamycin) as needed.

Construction of recombinant plasmids and transformation

The nucleotide sequence of the P. alba isoprene synthase
(GenBank accession No. AB198180) without its predicted
chloroplast transit peptide was optimized to the preferred
codon usage of E. coli and synthesized by Sangon Biotech
(Shanghai. China). The gene was amplified using ispS-
BamHI (F) and ispS-HindIlI(R) as primers and cloned into
pET-32a between restriction sites of BamHI and Hindlll.
The resulting plasmid was designated as pET-32a-ispS (1,
Fig. 1). The genes dxs, dxr, and idi were amplified by PCR
using E. coli K12 genomic DNA as a template. The dxs gene
was amplified using primers dxs-Ncol (F) and dxs-BamHI
(R) and then ligated into the pET-30a digested with Ncol
and BamH]I to create pET-30a-dxs (2, Fig. 1). The dxr gene
was amplified using primers dxr-BamHI (F) and dxr-HindIll
(R) and inserted into pET-30a between the restriction sites of
BamHI and Hindlll to create pET-30a-dxr (3, Fig. 1). The
idi gene was amplified using primers idi-Hindlll (F) and idi-
Xhol (R) and inserted into pET-30a between the restriction
sites of HindlIl and Xhol to create pET-30a-idi (4, Fig. 1).
In the construction of these polycistronic operons (5-10,
Fig. 1), the RBS and its surrounding sequence originated
from pET-30a (AATAATTTTGTTTAACTTTAAGA
AGGAGATATACAT) (Liu and Yu 2012) were introduced
upstream of the second and third gene for coexpressing all
the genes as separate proteins. These genes dxs, dxr, and idi
were inserted into pET-30a among the restriction sites of
Kpnl, BamHI, Sacl, and Xhol randomly, generating the
operons: pET-30a-dxs/dxr/idi, pET-30a-dxs/idi/dxr, pET-
30a-dxr/dxs/idi, pET-30a-dxr/idi/dxs, pET-30a-idi/dxs/dxr
and pET-30a-idi/dxr/dxs (5-10, Fig. 1). For the genes clon-
ing, dxs was amplified by PCR from E. coli K12 genomic
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DNA using primers dxs-Kpnl (F) and dxs-BamHI (R) (for
pET-30a-dxs/dxr/idi, pET-30a-dxs/idi/dxr), tbs-dxs-BamHI
(F) and rbs-dxs-Sacl (R) (for pET-30a-dxr/dxs/idi, pET-
30a-idi/dxs/dxr), tbs-dxs-Sacl (F) and rbs-dxs-Xhol (R) (for
pET-30a-dxr/idildxs, pET-30a-idi/dxr/dxs); dxr was ampli-
fied by PCR from E. coli K12 genomic DNA using primers
dxr-Kpnl (F) and dxr-BamHI (R) (for pET-30a-dxr/dxs/idi,
pET-30a-dxr/idi/dxs), rbs-dxr-BamHI (F) and rbs-dxr-Sacl
(R) (for pET-30a-dxs/dxr/idi, pET-30a-idi/dxr/dx s), tbs-dxr-
Sacl (F) and rbs-dxr-Xhol (R) (for pET-30a-dxs/idi/dxr,
pET-30a-idi/dxs/dxr); idi-Kpnl (F) and idi-BamHI (R) (for
pET-30a-idi/dxs/dxr, pET-30a-idi/dxr/dxs), idi was ampli-
fied by PCR from E. coli K12 genomic DNA using primers
rbs-idi-BamHI (F) and rbs-idi-Sacl (R) (for pET-30a-dxs/idi/
dxr, pET-30a-dxr/idi/dxs), tbs-idi-Sacl (R) and idi-Xhol (R)
(for pET-30a-dxs/dxr/idi, pET-30a-dxr/dxs/idi), respectively.
All the primers were shown in Table 1.

rbsldn' rbs -— (10)

These recombinant plasmids with kanamycin resistance
were separately transformed into E. coli BL21 (pET-32a-
ispS) competent cells using a heat pulse at 42 °C and then
spread on LB agar plate containing kanamycin (selection for
pET-30a) and ampicillin (selection for pET-32a).

Method to confirm incompatible plasmids’ coexistence
and coexpression under antibiotic pressure in E. coli

The method for confirming the coexistence of incompatible
plasmids is based on the method reported by Yang et al.
(2001). Colonies (harboring incompatible plasmids) were
picked from plates containing fresh cotransformed cells
and cultured in liquid LB medium with selective pressure
(ampicillin and kanamycin). Samples were taken from lig-
uid cultures every 4 h and diluted appropriately. Each sam-
ple was spread both on selective LB agar plate and non-

@ Springer



2360

Appl Microbiol Biotechnol (2013) 97:2357-2365

Table 1 Primers used in the work

Primers?®

Sequences of oligonucleotides(5'—3")"

ispS-BamHI (F)
ispS-Hindlll (R)
dxs-Ncol (F)
dxs-BamHI (R)
dxr-BamHI (F)
dxr-Hind1Il (R)
idi-HindI11 (F)
idi-Xhol (R)
dxs-Kpnl (F)
rbs-dxr-BamHI (F)
rbs-dxr-Sacl (R)
rbs-idi-Sacl (F)
rbs-idi-BamHI (F)
rbs-idi-Sacl (R)
rbs-dxr-Sacl (F)
rbs-dxr-Xhol (R)
dxr-Kpnl (F)
dxr-BamHI1 (R)
rbs-dxs-BamHI (F)
rbs-dxs-Sacl (R)
rbs-dxs-Sacl (F)
rbs-dxs-Xhol (R)
idi-Kpnl (F)

CGCGGATCCGATGTGTTCTGTTAGCACT

CCCAAGCTTTTAACGTTCAAACGGCAGG

CATGCCATGGCTATGAGTTTTGATATTGCCAAAT

CGCGGATCCTTATGCCAGCCAGGCCTTGATT

CGCGGATCCATGAAGCAACTCACCATTCTG

CCCAAGCTTTCAGCTTGCGAGACGCATCAC

CCCAAGCTTGCATGCAAACGGAACACGTCATT

CGGCTCGAGTTATTTAAGCTGGGTAAATGCA

CGGGGTACCATGAGTTTTGATATTGCCAAAT
CGCGGATCCAATAATTTTGTTTAACTTTAAGAAGGAGATAT ACATATGAAGCAACTCACCATTCTG
CGAGCTCTCAGCTTGCGAGACGCATCAC
CGAGCTCAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCAAACGGAACACGTCATT
CGCGGATCCAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCAAACGGAACACGTCATT
CGAGCTCAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCAAACGGAACACGTCATT
CGCGGATCCAATAATTTTGTTTAACTTTAAGAAGGAGATAT ACATATGAAGCAACTCACCATTCTG
CGGCTCGAGTCAGCTTGCGAGACGCATCAC

CGGGGTACCATGAAGCAACTCACCATTCTG

CGCGGATCCTCAGCTTGCGAGACGCATCAC
CGCGGATCCAATAATTTTGTTTAACTTTAAGAAGGAGATAT ACATATGAGTTTTGATATTGCCAAAT
CGAGCTCTTATGCCAGCCAGGCCTTGATT
CGAGCTCAATAATTTTGTTTAACTTTAAGAAGGAGATAT ACATATGAGTTTTGATATTGCCAAAT
CGGCTCGAGTTATGCCAGCCAGGCCTTGATT

CGGGGTACCATGCAAACGGAACACGTCATT

idi-BamH1 (R)

CGCGGATCCTTATTTAAGCTGGGTAAATGCA

* F forward primer; R reverse primer

b Restriction sites were underlined

selective control plate. The ratio of the number of colonies
on the selective agar plate to that on the non-selective agar
plate represents the proportion of E. coli cells carrying both
plasmids to total E. coli cells when the samples were taken.
Co-transformants were also inoculated into liquid LB medi-
um without antibiotics as control. Plating was done on the
two kinds of plates in the same way as described above, and
the colonies were also counted. Coexpression of recombi-
nant plasmids was analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).

Expression and purification of recombinant proteins

E. coli BL21 (DE3) strains containing recombinant vectors
were grown in 50 ml LB medium to an ODgy of 0.5 and
induced by 0.5 mM isopropyl (3-D-thiogalactoside (IPTG)
for 4 h. After cultivation, cells were harvested by centrifu-
gation (4,000 rpm for 10 min), washed with PBS buffer and
resuspended in 50 mM Tris—HCI (pH 8.0). Cells were me-
chanically disrupted by ultrasonication. The supernatants
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were then analyzed by 15 % SDS-PAGE. Gel band intensity
was determined using a Gel-Pro Analyzer 6.0 (Media
Cybernetics, Bethesda, MD). For isoprene synthase purifi-
cation, the supernatants were pretreated with filters, purified
with AKTA Purifier FPLC purification system equipped
with HisTrap™ HP column (GE Healthcare, Sweden) and
desalted with gel column.

Isoprene synthase assay

Isoprene synthase activity was assayed using a modified
procedure of Lehning et al. (1999): by mixing 0.1 ml of
1 M MgCl,, 2.2 ml of ISB, 0.5 ml of 0.1 M DMAPP (in
ISB) and 2.2 ml of purified isoprene synthase. ISB consists
of 50 mM Tris—HCI, 12 mM MgCl,, 5 % glycerol and 2 mM
dithiothreitol. The mixture was incubated in 17 ml gas-tight
vial at 37 °C for 2 h. Gas from the headspace of sealed
cultures was sampled with gas-tight syringe and analyzed by
gas chromatography (GC) equipped with a flame ionization
detector and HP-FFAP column.
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Quantification of isoprene production

The strains containing recombinant vectors were grown in
50 ml LB culture (100 pg/ml ampicillin and 50 pg/ml kana-
mycin) at 37 °C with shaking until ODg reached 0.5. 2 ml of
culture were transferred to sealed vials and added with 0.1 mM
IPTG at 37 °C with shaking (200 rpm) for 2 h. Gas sample from
the headspace of the sealed cultures was analyzed with GC.

Growth curve experiments of recombinant strains

The recombinant strains were grown in 5 ml LB medium
(100 pg/ml of ampicillin or 50 pg/ml of kanamycin) over-
night at 37 °C with shaking and then diluted into 50 ml LB
medium (100 pg/ml of ampicillin or 50 pg/ml of kanamy-
cin) to an OD of 0.015. The OD was tested at 600 nm every
30 min. Each sample was measured in triplicate. And when
ODyg of the culture reached approximately 0.3, IPTG was
added to a final concentration of 0.1 mM.

Results
Construction of the isoprene metabolic pathway in E. coli

IspS from P. alba was cloned into pET-32a and the expres-
sion was analyzed by SDS-PAGE. The band corresponding
to the size of ispS (81KDa), which harboring the N-terminal
TrxiseTag™/His*Tag®/SeTag™/enterokinase configuration
of pET-32a, was visible in SDS-PAGE gel (Fig. 2a, lane
2). The enzyme assay was performed as described. After a
2-h incubation at 37 °C, an isoprene-specific peak was
detected with the same retention time (4.1 min) as the
authentic standard. To identify whether the isoprene meta-
bolic pathway is constructed successfully in E. coli (pET-

Fig. 2 SDS-PAGE analysis of a kbDa M 1 2

ispS and isoprene production 116 = —
assays. a M Protein molecular 1spS
weight marker; Lane I: E. coli 66
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Fig. 3 Effect of antibiotic pressure on coexistence of pET-32a-ispS
and pET-30a-dxs in E. coli. The columns show the proportions of cells
that are resistant to both kanamycin and ampicillin in total £. coli cells
after culturing the cotransformants for certain time: the b/ue represents
liquid culture medium containing 50 pg/ml kanamycin and 100 pg/ml
ampicillin; the blank represents liquid culture medium without anti-
biotics. Error bars represent standard deviations from the means

32a-ispS), gas samples from the headspace of sealed vial
cultures were analyzed by gas chromatography. It was found
that E. coli BL21 (pET-32a-ispS) can accumulate 1.0 mg/g
isoprene in 2 h, while the control strain produced little
isoprene about 0.05 mg/g (Fig. 2b). Then, the enhancement
of isoprene production should be attributed to the codon
optimized isoprene synthase introduced.

Coexistence of pET-32a and pET-30a

Due to having the same pBR322 origin, pET-32a and pET-
30a cannot coexist without selected pressure. Therefore, we
maintained them in the same cell by taking advantage of
different selective antibiotic resistance. As shown in Fig. 3,
after continuous 24 h incubation, the two types of vectors in
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116KDa
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DXS - 66KDa

-
BAR 45KDa
35KDa

IDI —

25KDa

Fig. 4 SDS-PAGE analysis of crude protein fractions coexpressed in
recombinant E. coli BL21. M Protein molecular weight marker; Lane 1
E. coli BL21; Lane 2 BL21 (pET-32a-ispS&pET-30a-dxs). Lane 3
BL21 (pET-32a-ispS&pET-30a-dxr); Lane 4 BL21 (pET-32a-isp-
S&pET-30a-idi)

70 % of strains cultured with two antibiotics were found to
coexist stably, while 80 % of the strains cultured in liquid LB
medium without antibiotics lost the vectors. The gene expres-
sions were confirmed by SDS-PAGE analysis. Figure 4
showed that the genes ispS, dxs, dxr, and idi were all well
expressed in recombinant strains. All the above results dem-
onstrated the availability of incompatible plasmids system for
heterologous genes’ coexpression.

Overexpression of E. coli dxs, dxr, and idi

To identify the effect of dxs, dxr, and idi on isoprene
production, vectors pET-30a-dxs, pET-30a-dxr and pET-
30a-idi were constructed and introduced into the strain
BL21 (pET-32a-ispS) respectively. The expression bands
of dxs, dxr, and idi were visible on SDS-PAGE at the
predicted sizes of 72, 47, and 24 kDa. The sizes were all
5 kDa larger than that of the natural proteins due to the
configuration of N-terminal HiseTag®/thrombin/SeTag™/
enterokinase in PET-30a. As shown in Fig. 4, the relative
expression of the genes in these recombinant vectors
were present as follows: dxs (32.7 %), ispS (8.6 %) in

Fig. 5 Isoprene production by — 1.2
various engineered E. coli ﬁ)
strains. When the OD reached % 1t
0.5, 5 ml culture was transferred £
to 17 ml headspace vials for NE:/
16 h. Gas sample from the o 0-8f
headspace of the sealed cultures g
was analyzed with GC. Each 3 0.6 -
independent measurement was "8
repeated in triplicate S- 0.4 Lk
[}
[ =4
2 o2t
o,
2
= 0

BL21(ISPS)
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Fig. 6 SDS-PAGE analysis of crude protein fractions coexpressed in
recombinant E. coli BL21. M Protein molecular weight marker; 0 E.
coli BL21; 1 pET-30a-dxs/dxr/idi&pET-32a-ispS; 2 pET-30a-dxs/idi/
dxr&pET-32a-ispS; 3 pET-30a-dxr/dxs/idi &pET-32a-ispS; 4 pET-30a-
dxr/idi/dxr&pET-32a-ispS; 5 pET-30a-idi/dxs/dxr &pET-32a-ispS; 6
pET-30a-idi/dxr/dxs &pET-32a-ispS. filled blue circle dxs, filled or-
ange circle dxr, filled green circle idi

pET-32a-isps&pET-30a-dxs; dxr (20.5 %), ispS (17.2) in
pET-32a-isps&pET-30a-dxr; idi (55.2 %) and ispS
(11.3 %) in pET-32a-isps&pET-30a-idi. The production
of isoprene was analyzed with GC. Overexpression of
dxs, dxr, and idi can produce 0.77, 0.54, 1.04 mgg 'h"
isoprene respectively (Fig. 5), increasing isoprene production
0.65,0.16, 1.22 fold over the BL21 (pET-32a-ispS). The order
of these genes effect on the isoprene production was found to
follow the corresponding trend: dxr<dxs<idi.

Ordered coexpression of dxs, dxr, and idi
using polycistronic operons

In this study, polycistronic operons consisting of three iso-
prene biosynthetic genes (dxs, dxr, and idi), in which the
genes can be assembled as one transcriptional unit, were
constructed based on pET-30a. As shown in the Fig. 6, the
genes dxs, dxr, and idi were coexpressed efficiently as

1

BL21(DXR/ISPS) BL21(DXS/ISPS) BL21(IDVISPS)
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Table 2 Relative expression of
dxs, dxr, and idi in recombinant Relative pET-30a- pET-30a- pET-30a- pET-30a- pET-30a- pET-30a-
strains with polycistronic expression dxs/dxrlidi dxs/idi/dxr dxr/dxs/idi dxr/idildxs idi/dxs/dxr idi/dxr/dxs
operons
dxs (%) 17.2 14.7 14.3 14.4 11.5 12.2
dxr (%) 7.1 4.4 12.3 14.3 9.8 6.2
idi (%) 7.0 5.8 6.3 5.5 8.1 7.1

separate proteins. Due to the configuration of N-terminal
HiseTag®/thrombin/SeTag™/enterokinase upstream of the
MCS in PET-30a, the top gene of each polycistronic operon
is 5 kDa larger than its natural size. For example, the size of
dxs is 72 kDa in pET-30a-dxs/dxr/idi and pET-30a-dxs/dxr/
idi, 5 kDa larger than that in the other operons. The natural
sizes of dxs, dxr, and idi were 67, 42, and 18 kDa, respec-
tively. The relative expressions of the genes in these recom-
binant operons were present in Table 2. For all
transformants no matter of the genes order, the dxs relative
expression is higher than that of dxr and idi. Therefore, the
gene expression is related to the protein structure to some
extent. The expression was high when the gene was ordered
at the top rather than at the downstream. For example, the
dxs relative expression in pET-30a-dxs/dxr/idi and pET-30a-
dxs/dxr/idi, in which dxs was ordered as the top gene, was
more than that of the other four operons; the dxr relative
expression in pET-30a-dxr/dxs/idi and pET-30a-dxr/idi/dxs,
in which dxr was ordered as the top gene, was more than
that of the other 4 operons and so did idi. For isoprene
production, it was found that tandem coexpression of these
limiting genes can stimulate the isoprene production up to
2727, 2.463, 2.461, 1.647, 1.046, and 1.142 mgg 'h™" in
recombinant vectors ordered 1-6, respectively (Fig. 7), in-
creasing isoprene production 4.8, 4.23, 4.23, 2.5, 1.2, 1.4
fold over the BL21 (pET-32a-ispS). Compared with single
gene overexpression, the synergy of multiple limiting
enzymes contributed more to the final product yield.
Interestingly, the gene order of transform (pET-30a-dxs/
dxr/idi) with the highest isoprene production corresponded
to that of the metabolic pathway.

Fig. 7 Isoprene production in
E. coli (pET-32a-ispS)
transformants with pET-30a se-

ries plasmids, / pET-30a-dxs/
dxrlidiy 2 pET-30a-dxs/idildxr;
3 pET-30a-dxr/dxs/idi; 4 pET-
30a-dxr/idildxr; 5 pET-30a-idi/
dxs/dxr; 6 pET-30a-idi/dxr/dxs
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The effect of protein expression on cell growth

To test the effect caused by expression of isps, dxs, dxr, idi,
and isps/dxs/dxr/idi, a growth curve experiment was per-
formed. As shown in Fig. 8, the growth of strains with
protein overexpression was significantly slower than the
control, especially the BL21 (isps/dxs/dxr/idi). This is sur-
mised to be caused by great amount of energy and resource
consumption for protein synthesis.

Discussion

Applications in fuel and product biosynthesis require effi-
cient gene expression and robust performance. Therefore,
the method for the effective coexpression of multiple genes
is particularly important. In this work, we established an
expression system by combining incompatible plasmids
system with IRES method, and achieved the efficient coex-
pression of the genes (ispS, dxs, dxr, idi). In IRES method,
the genes connected by IRES sequences can be efficiently
expressed from a single promoter (Ghattas et al. 1991).
Nevertheless, the target genes’ number is generally limited
to restriction sites. The combination of incompatible plas-
mid system (Yang et al. 2001) not only increased target
genes’ number but also guaranteed the high copy number
of both plasmids. This strategy can generally also be applied
for the coexpression of multiple genes (more than three) in
other product biosynthesis.

Based on this expression system, the genes dxs, dxr, and
idi were overexpressed to eliminate the repression of these
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Fig. 8 Growth curve of the wild-type strain BL21 and recombinant
strains in LB medium at 37 °C. The curves indicate the average OD600
of each culture over time. Each sample was measured in triplicate

limiting genes on IPP and DMAPP supply, which is a
limiting factor on isoprenoids production. Overexpression
of dxs, the first bottleneck in MEP pathway (Lois et al.
2000; Miller et al. 2000), resulted in significant enhance-
ment of isoprene production, which indicated that ade-
quate precursor was the base of high metabolic flux. In
the previous study, the effect of idi on isoprene production
was generally neglected (Xue and Ahring 2011; Zhao et
al. 2011). Interestingly, our results showed that idi
exhibited more significant effect on isoprene production
than dxs and dxr. In the MEP pathway, idi appeared
function as a salvage enzyme, adjusting the intracellular
concentrations of IPP and DMAPP (Kajiwara et al. 1997).
It has been extensively reported that IPP and DMAPP
were produced in a 5:1 ratio by the catalysis of IspH
(MEP pathway branch enzyme) in E. coli (Grawert et al.
2004; Rohdich et al. 2002; Xiao et al. 2008). It has been
proposed that the idi favors the production of DMAPP,
adjusting this ratio to physiologically balanced level
(Ajikumar et al. 2010). Since DMAPP is the immediate
precursor of isoprene, overexpression of idi might in-
crease the DMAPP concentration so as to significantly
enhance the isoprene production. It is suggested that idi
could be regarded as a key regulating point for isoprene
production.

To further enhance isoprene production, genes dxs, dxr,
and idi were coexpressed. The results showed that the iso-
prene production was further improved. It was revealed that
the synergy of several rate-limiting enzymes made more
contribution to the overall yield of final product than over-
expression of any single gene.

When the limiting genes were overexpressed, the balance
of the MEP pathway was important for high isoprene yield.
A series of polycistronic operons were constructed via rear-
ranging the gene (dxs, dxr, and idi) order, which resulted in
different isoprene production. Moreover, among the six
combinatorial orders of the three genes, the gene order with
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the highest isoprene production yield was consistent with
that of the metabolic pathway. This phenomenon also
appeared in the research on crtE, crtB, crtl, crtY, crtZ
order assembly for carotenoid biosynthesis reported by
Nishizaki et al. (2007). Because the gene transcription
and translation are generally coupled in prokaryotic ex-
pression system, the gene ranked in front will be trans-
lated primarily, followed by the translation of the
subsequent genes along with the mRNA transcription
for polycistronic operons in E. coli. When the order of
the limiting genes in polycistronic operons corresponds to
that of isoprene metabolic pathway (dxs—dxr—idi), the
upstream bottleneck could be eliminated, followed by
the downstream flux enhancement. Thus, the quantity of
final product could be improved. It fits the natural fine
regulation mechanism of microorganisms that the closer
the enzyme to the beginning of the pathway, the shorter
the response time of the activation of its promoter
(Zaslaver et al. 2004). Additionally, as shown in Fig. 7
and Table 2, isoprene production was closely related to
relative dxs expression. This suggested that dxs became a
key regulating point when downstream bottlenecks (dxr
and idi) were eliminated. In conclusion, the gene order in
this biosynthetic pathway is a very important determinant
for final product yield. In addition, a sequential expres-
sion pattern according to the biosynthetic pathway could
be optimized for more efficient synthesis of the product
in metabolic pathway.

Although isoprene production was improved significant-
ly in this study, many efforts are also needed to achieve the
industrial production with higher yield and lower cost. On
one hand, the productivity can be further improved by
metabolic flux regulation (such as blocking the competing
pathway through gene knockout method) and improving
isoprene enzyme activity. On the other hand, to decrease
the process cost, the fermentation conditions can be opti-
mized. For example, LB medium is not suitable for indus-
trial processes due to its price, and should be replaced by a
more industrial medium such as marine mineral culture
(M9). Moreover, although incompatible plasmids system
can be used for the coexpression of several genes, different
antibiotics led to the growth inhibition for industrial long-
term productivity. To overcome this problem, the recombi-
nant genes may be integrated into the chromosome replicon
of a host for industrial fermentation which will be conducted
in our future work.
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