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Embden-Meyerhof pathway (EMP) in tandem with 2-C-methyl-D-erythritol 4-phosphate pathway (MEP) is commonly used
for isoprenoid biosynthesis in E. coli. However, this combination has limitations as EMP generates an imbalanced
distribution of pyruvate and glyceraldehyde-3-phosphate (G3P). Herein, four glycolytic pathways—EMP, Entner-Doudoroff
Pathway (EDP), Pentose Phosphate Pathway (PPP) and Dahms pathway were tested as MEP feeding modules for isoprene
production. Results revealed the highest isoprene production from EDP containing modules, wherein pyruvate and G3P
were generated simultaneously; isoprene titer and yield were more than three and six times higher than those of the EMP
module, respectively. Additionally, the PPP module that generates G3P prior to pyruvate was significantly more effective
than the Dahms pathway, in which pyruvate production precedes G3P. In terms of precursor generation and energy/
reducing-equivalent supply, EDP+PPP was found to be the ideal feeding module for MEP. These findings may launch a new
direction for the optimization of MEP-dependent isoprenoid biosynthesis pathways.
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Introduction

Isoprenoids, also known as terpenes or terpenoids, belong to a
large and highly diverse group of compounds which have been
utilized or at least have the potential use for biofuels, biopharma-
ceuticals, nutraceuticals, flavors, fragrances cosmetics, and agri-
chemicals production [1-5]. Isoprene is one of the simplest
members of isoprenoids, a valuable starting material for the
synthesis of rubber, elastomers and isoprenoid medicines [6].
Isoprene is naturally produced by many plants but due to its volatile
nature (b.p. 34°C), its collection from plants is difficult [7]. Hence,
much attention and effort have been directed toward isoprene
production through metabolically engineered microorganisms [8,9].

Two metabolic pathways, the mevalonate pathway (MVA) and
2-C-methyl-D-erythritol 4-phosphate pathway (MEP), have been
mntensively studied and applied in the microbial production of
isoprene. The MVA is mainly present in eukaryotes and Archaea,
which commences with the co-condensation of acetyl-CoA to form
acetoacetyl-CoA. Meanwhile, the MEP which starts with the
condensation of pyruvate and glyceraldehyde-3-phosphate (G3P)
to form 1-deoxy-D-xylulose-5-phosphate (DXP), is typically found
in most bacteria. Although these two pathways begin with different
precursors, both culminate with the production of two universal 5-
carbon isoprenoid precursors, isopentenyl pyrophosphate (IPP)

and dimethylallyl pyrophosphate (DMAPP) [10,11]. The DMAPP
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can be converted to isoprene by isoprene synthases (IspS), which
are cloned from plants and heterologously expressed in microbial
hosts [8,9].

Although isoprene production from the native MEP in E. coli
has already been accomplished, the reported titer and yield were
low thus require further optimization [12]. In E. coli, the whole
MEP-dependent isoprenoid biosynthesis pathway can be parti-
tioned into two modules: (1) the feeding module which generates
pyruvate and G3P from sugar substrates and (2) the MEP module
which produces isoprene as the final product (Figure 1). Previous
studies have highly focused on optimizing and balancing the MEP
module [1,8,12]. On the other hand, only a few studies have
focused on modifying the feeding module [13,14]. Much attention
has been given to the Embden-Meyerhof pathway (EMP), the
most commonly used feeding module in isoprenoid biosynthesis.
These studies sought to balance the distribution between pyruvate
and G3P pools by tweaking the EMP. But so far, no effort toward
exploiting other feeding modules has been reported.

Thus, this study particularly aims to find a more efficient feeding
module for MEP that would improve the isoprene production. Four
glycolytic pathways in £. colz such as (1) EMP, (2) Entner-Doudoroff
pathway (EDP), (3) Pentose Phosphate Pathway (PPP) and (4)
Dahms pathway were investigated as MEP feeding modules. These
pathways differ in terms of their modes of G3P and pyruvate
generation. In EMP and PPP, G3P generation precedes pyruvate
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Figure 1. Participation of MEP-dependent isoprene biosynthesis pathway into two modules. Gene symbols and the enzymes they
encode (all genes were from E. coli except where noted): dxs, DXP synthase; ispC, DXP reductionisomerase; ispD, DXP-ME synthase; ispE, CDP-ME
kinase; ispF, MECPP synthase; ispG, HMBPP synthase; ispH, HMBPP reductase; idi, IPP isomerase; ispS, isoprene synthase (P. alba). Pathway
intermediates: G3P, glyceraldehyde-3-phosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; MEP, 2-C-methyl-D-erythritol 4-phosphate; CDP-ME,
4-diphosphocytidyl-2-C-methyl-D-erythritol; CDP-MEP, 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate; MECPP, 2-C-methyl-D-erythritol 2,4-
cyclopyrophosphate; HMBPP, 1-hydroxy-2-methyl-2-(E)-butenyl 4-pyrophosphate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophos-

phate; DHAP, dihydroxyacetone 3-phosphate.
doi:10.1371/journal.pone.0083290.g001

whereas Dahms pathway proceeds otherwise, wherein pyruvate is
generated prior to G3P. Only EDP simultaneously produces the
two MEP precursors in one reaction. Based on these glycolytic
pathways, five different feeding modules were constructed by using
native or engineered F. coli strains; their performances in isoprene
production were experimentally compared.

Materials and Methods

Strains and plasmids

All strains and plasmids used in this study are listed in Table S1 in
File S1. E. coli W3110 was purchased from ATCC whereas E. coli
BW25118 and E. coli Agnd::Kan™ were obtained from National
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BioResource Project (NIG, Japan). Construction of E. coli AxylA
was detailed elsewhere previously [15] whereas E. coli Apgi was
constructed by deleting pgi gene in E. coli BW25113. The pgi gene
disruption cassette was amplified with relevant primers (Table S2 in
File S1) using pKD3 as template. E. coli Agnd Apgi was derived from
E. coli Agnd::Kan™ with pgi deletion. Gene disruption and elimination
experiments were performed according to the protocols in OPEN-
WETWARE [16]. The plasmid pKD46 was used as the Red
recombinase expression vector while pCP20 was used as the
resistance gene eliminating plasmid. To express the relevant genes
under the control of the T7 promoter, the 69734 ADE3
Lysogenization Kit (Novagen, EMD Millipore, USA) was used to
integrate an ADE3 prophage into the E. cofi host chromosome.
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The plasmid pET28a-xdh harboring the gene of D-xylose
dehydrogenase (Xdh) was constructed according to a previous
work [17]. The codon-optimized isoprene synthase gene (ispS) of
Populus alba (GeneBank: AB198180.1) was purchased from Bioneer
(South Korea) and was ligated into pACYCDuet-1 using Ndel and
Bglll to create pACYC-spS. The DXP synthase gene (dxs) was
ligated into pACYC-ispS using BamHI and FEcoRI, followed by
further ligation of the IPP isomerase gene (id7) using Bglll and Xhol.
This plasmid was denoted as pACYC-dxs-idi-ispS. For the construc-
tion of pACYC-dxs-ispG-idi-ispS, the HMBPP synthase gene (uspG)
was also ligated into pACYC-dxs-idi-ispS using Sacl. All primers used
for the construction of plasmids were listed in Table S2 in File S1.

Culture conditions

A 160 mL serum bottle containing 40 mL of semi-defined
medium, consisted of M9 salts, 5 ¢ L™ yeast extract, 10 g L™
required carbon source and 1 mM thiamine pyrophosphate (TPP),
was utilized for the cultivation of the strains for isoprene
production. For strains containing plasmids, relevant antibiotics
were also added into the medium. The serum bottle was
moculated with 1 mL of overnight culture and incubated with
150 rpm agitation at 37°C. Isopropyl B-D-1-thiogalactopyrano-
side (0.5 mM IPTG) was added when the optical density (ODgq)
of the culture reached 0.3 AU. For isoprene accumulation, the
serum bottle was sealed with silicone plug after IPT'G addition and
then transferred into 30°C shaking incubator (150 rpm) for 48 h of
cultivation.

Biomass analysis

Cellular growth was measured in terms of ODggg. For the
calculation of biomass production, a standard curve of dry cell
weight was correlated with ODggo. Samples were collected in
2 mL pre-weighed pre-dried centrifuge tubes and were pelleted at
8,000 g for 10 minutes. After discarding the supernatant, the
pellets were washed twice with distilled water and dried at 105°C.
One ODggp unit was equivalent to 0.29 g L~ 'of dry cell weight.

Isoprene analysis

Prior to isoprene analysis, the sealed serum bottle was incubated
at 60°C for 20 min after the cultivation was finished. Isoprene
concentration at the headspace of the serum bottle was analyzed
by GC HP6890 equipped with flame ionization detector (FID) and
HPFFAP column (50 mx20 um x34 pum) was used. Nitrogen was
used as carrier gas at a linear velocity of 1 mL min ™", The column
temperature was maintained at 50°C. Identity of the product was
confirmed by comparison with a commercial standard (Sigma-

Aldrich, USA).

Carbon source analysis

For carbon source analysis, culture sample was pelleted by
centrifugation and the collected aqueous supernatant was analyzed
in Waters HPLC equipped with Bio-Rad Aminex HPX-87H
Column (300x7.8 mm). The eluent (5 mM H,SO,) was pumped
at a flow rate of 0.4 mL min~'. The column temperature was
maintained at 55°C and the peaks were detected using a Waters
2414 refractive index detector.

Results

Analysis of the four glycolytic pathways as feeding
modules

The feeding module comprises the carbon flow from a sugar
substrate to the two precursors of pyruvate and G3P. In the first
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step of MEP pathway (Figure 1), one mole of DXP is formed via
equimolar condensation of pyruvate and G3P. Thus, limitation in
either G3P or pyruvate could sufficiently reduce the DXP
production and consequently decrease the isoprene production.
In this regard, an ideal feeding module must provide and maintain
an equitable balance between pyruvate and G3P pools, as well as
supply them at full stream. To meet such criteria, all of the four
known glycolytic pathways involved in glucose and/or D-xylose
metabolism in E. coli, which have been or can be used as MEP
feeding modules for isoprene production were investigated
(Figure 2).

In native E. coli, glucose is mainly metabolized by the EMP
pathway, which has been widely used in isoprenoid biosynthesis.
However, the main limitation of EMP as MEP feeding module is
its imbalanced generation of pyruvate and G3P precursors
(Figure 2). Previous studies reveal that further modification of
the EMP module to redistribute pyruvate and G3P pools partially
increased its efficiency [13,14,18]. On the other hand, EDP is
another glycolytic pathway responsible for glucose metabolism in
E. coli [19,20]. EDP simultaneously produces pyruvate and G3P as
it generates the two precursors concurrently with a common
cleavage reaction (Figure 2). Thus theoretically, EDP can maintain
an equitable distribution between G3P and pyruvate pools, which
could be a more efficient MEP feeding module than the EMP. On
the other hand, EDP is not active when native E. coli strain is
grown in the presence of glucose but gluconate addition or
blockage of the EMP pathway could activate it [21,22].

PPP is the sole pathway for D-xylose metabolism in native E. coli
and is similar to EMP in generating the two precursors; G3P is
imitially produced followed by pyruvate. Recently, a new D-xylose
metabolic pathway, the Dahms pathway, was constructed in . coli
K12 family strain [15,23]. Contrary to PPP, Dahms pathway
initially produces pyruvate prior to G3P (Figure 2). Both PPP and
Dahms pathway can be used as feeding modules for isoprene
production from D-xylose but their efficiencies have not been
compared before.

Construction of five feeding modules

Based on these four glycolytic pathways, five feeding modules
were established individually and exclusively in E. coli. For feeding
module 1, EMP is native in £. coli and was hardly affected by other
pathways when glucose is used as the sole carbon source. For the
construction of feeding module 2, EMP was blocked by disrupting
the pgi gene in E. coli BW25113 to activate EDP. Previous studies
indicated that glucose was mainly metabolized through PPP and
partially through EDP after pgi was disrupted [22,24]. For the
construction of feeding module 3, both pgi and gnd genes were
disrupted to block EMP and PPP, respectively, leaving out EDP as
the only available pathway for glucose glycolysis (Figure 2). For
feeding module 4, PPP is the only active glycolytic pathway in
native F. coli when D-xylose is used as the sole carbon source. For
the designed feeding module 5, the xpl4 was disrupted to block the
PPP for D-xylose metabolism. This was followed by the
introduction of a D-xylose dehydrogenase (Xdh) encoding gene
from Caulobacter crescentus into xplA-disrupted strain for the
conversion of D-xylose to D-xylonate (Figure 2). As a final step
for feeding module 5, an intact Dahms pathway was constructed
by combining Xdh encoding gene with E. coli native D-xylonate
catabolic pathway [15,25].

It is noteworthy to point out that for each of the feeding module
established above, its insulation is a relative concept, ie. the
meaning of insulation is founded on the narrow definition of
glycolysis—from a sugar substrate to pyruvate. For instance, in
modules 2 and 3, EMP blockage can also affect the carbon flux in
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Figure 2. Four glycolytic pathways present in E. coli. EMP, Embden-Meyerhof pathway; PPP, pentose phosphate pathway; EDP, Entner-

Doudoroff pathway.
doi:10.1371/journal.pone.0083290.g002

TCA cycle and other secondary pathways [22,26,27], which could
result in the redistribution between pyruvate and G3P pools in the
cell. However, since the redistribution occurs at the “post-
glycolysis” level, this issue was not considered during the
construction of the feeding modules.

Optimization of MEP module for isoprene production

The codon-adapted spS gene was ligated into p4CYC-duet vector
and expressed in E. coi BW25113 (DE3) for the isoprene
production. As the control, E. coli BW25113 (DE3) host without
spS gene was also tested. Results showed that after 48 h of
cultivation in M9 medium containing yeast extract and glucose,
only <4 mg L' isoprene was produced by E. coli BW25113
(DE3)/ pACYC- ispS, while none was detected in the control strain.
To increase the isoprene production to a level at which the five
feeding modules could be appropriately compared, the MEP
module was first optimized by overexpressing the E. coli native
DXP synthase gene dxs and isopentenyl diphophate isomerase
gene idi. This was followed by optimization of the culture medium
via 1 mM TPP addition and adjustment in the Carbon: Nitrogen
ratio (data not shown). These approaches resulted in an isoprene
titer of 35.3%2.5 mg L™'. A recent study showed that over-
expressing the HMBPP synthase gene (ipG) can significantly
increase isoprenoid production [28]. Therefore, the E. coli native
1spG was further over-expressed along with dxs and id:. Integration
of all the optimization efforts resulted in isoprene titer of
714*+1.4 mg L' (Figure S1). This concentration was easily
detected in GC (Figure S2) and was found repeatable with slight
fluctuations in shake flask experiment (s.d. <3%), hence can be
used for feeding module comparison.

Comparison of the five feeding modules

With the optimized MEP module and culture medium, the
performance of each of the five feeding modules was tested for
isoprene production. Both feeding modules 2 (EDP+PPP) and 3
(EDP) exhibited significant increase in isoprene production
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(Figure 3). With feeding module 2, the isoprene titer was 3.1 folds
higher whereas the yield was 6.8 times better than those of feeding
module 1 (EMP). Meanwhile, the titer and yield in feeding module
3 were 3.1 and 7.5 times higher, respectively, than those of module

I Titer (mg L) ZZZ4 Yield (mg g™)
250

200

150 +

100

50

1 2 3 4 5
Feeding module

Figure 3. Isoprene titers and yields from different feeding
modules. Module 1, EMP of strain FMIS 1; Module 2, EDP+PPP of strain
FMIS 2; Module 3, EDP of strain FMIS 3, these three strains used glucose
as carbon source. Module 4, PPP of strain FMIS 4; Module 5, Dahms
pathway of strain FMIS 5, these two strains used D-xylose as carbon
source. All strains are listed in Table S1 in File S1. A 160 mL serum bottle
containing 40 mL of semi-defined medium, consisted of M9 salts, 5 g
L~ yeast extract, 10 g L™ required carbon source and 1 mM thiamine
pyrophosphate (TPP), was used for the cultivation of the strains for
isoprene production.

doi:10.1371/journal.pone.0083290.g003
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Table 1. Substrate consumption, isoprene and biomass productions from different feeding modules®.

Feeding Module Strain Substrate consumption (g L") Isoprene production (mg L") Biomass production (g L")
1 - EMP FMIS 1 7.16+0.62 71.40£1.38 1.20=0.00
2 - EDP + PPP FMIS 2 3.28%+0.12 220.78*11.68 0.81+0.01
3 - EDP FMIS 3 2.94+0.09 219.42+6.24 0.71£0.06
4 - PPP FMIS 4 5.40*0.16 58.42+1.68 0.80+0.08
5 - Dahms FMIS 5 2.11%+0.18 20.08%0.13 0.51%+0.07

runs.
doi:10.1371/journal.pone.0083290.t001

1. These results attested to the aforementioned hypothesis that the
pathways which simultaneously generate pyruvate and G3P could
be efficient as MEP feeding modules than the EMP. On the other
hand, compared with module 2, no further increase in isoprene
production was observed in module 3. This could probably be
ascribed to the lower glucose consumption of module 3, which has
limited capability of converting more glucose into isoprene
(Table 1). Another possibility could be the impairment of the
balanced pyruvate and G3P production by EDP through “post-
glycolysis” pathways due to the double disruption of pgi and gnd
genes.

The manner by which G3P is generated prior to pyruvate in
module 4 (PPP) resulted in a remarkably higher isoprene
production than if pyruvate production precedes G3P as the case
in Dahms pathway (feeding module 5). Previous studies indicated
that G3P level in the cell is the limit-determining factor for the
carbon flux toward MEP hence enhancing the G3P generating
flux could increase the isoprenoid production [13,14]. In Dahms
pathway, G3P is produced mainly from pyruvate through
gluconeogenesis reactions, which can lower the level of intracel-
lular G3P and consequently result in less isoprene production.
These results indicated that for isoprene production from D-
xylose, PPP is the preferred feeding module over the Dahms
pathway.

— 1 NADH
1 Glucose L—» 1 G3P + 1 Pyruvate 1 xylose
EMP PPP
— 1 NADPH
1 Glucose —= 1 G3P + 1 Pyruvate
1 xylose
EDP 1 ATP
Dahms pathway
—— 2 NADPH + 0.83 NADH
1 Glucose —(0.83 G3P + 0.83 Pyruvate
PPP

®Module 1,2 and 3 used 10 g L' glucose as substrate; module 4 and 5 used 10 g L™ D-xylose as substrate. Data reported were average values of duplicate cultivation

Discussion

Both MVA and MEP have been investigated and exploited for
isoprenoid biosynthesis. Stoichiometry and redox balance analysis
indicated that MEP is energetically balanced and theoretically
more efficient than MVA in converting sugars or glycerol to
isoprenoid [11]. On the other hand, recent studies indicated that a
heterologous MVA constructed in E. coli showed higher efficiency
than its native MEP [12,29], suggesting that more efforts are still
required in MEP optimization. Except for common issues of
enzyme activities and their internal balance, another obstacle that
can hamper MEP efficiency is its necessity to heterogeneously
condense two different precursors (pyruvate and G3P), while MVA
homogeneously condenses two identical precursors (acetyl-coA).
Given that both G3P and pyruvate are individually involved in
numerous other pathways, their condensation to DXP rigorously
competes with other reactions in the cell. To address the
heterogeneous condensation issue, EDP was then applied as the
MEP feeding module, as it simultaneously generates G3P and
pyruvate. Results showed that this approach remarkably increased
the isoprene production. As most studies on MEP-dependent
1soprenoid biosynthesis were mainly focused on adjusting the
EMP, which remains limited due to its imbalanced generation of
the two precursors, the presented strategy in this investigation may

—0.83 NADH

— (0.83 G3P + 0.83 Pyruvate

— 1.25 NADH + 0.5 NAD(P)H

— 0.75 G3P + 0.75 pyruvate

—>-2.25 ATP

Figure 4. Pyruvate and G3P generation, energy and reducing equivalents production of different glycolytic pathways.

doi:10.1371/journal.pone.0083290.g004
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launch a new direction for future optimization of MEP-dependent
isoprenoid biosynthesis.

Furthermore, although the four glycolytic pathways have been
successfully classified in the perspective of precursor generation
with promising results, another important difference among them
which could not be neglected is in their energy/reducing
equivalent production patterns. As MEP needs both energy
(ATP, GTP) and reducing equivalent (NADPH) inputs (Figure 1),
the variation in energy/reducing equivalent supply is probably
another factor that determines the MEP feeding efficiency of each
module (Figure 4). Feeding modules EDP and EMP differ in terms
of reducing equivalent generation; the former produces one mole
of NADPH whereas the latter produces one mole of NADH. In
addition, EMP produces one mole of ATP more than EDP. Albeit
lower amounts of precursors are produced when glucose is
metabolized through PPP, more reducing equivalents can be
generated than those in EMP and EDP. Therefore, based on the
trade-off between precursor feeding and energy/reducing equiv-
alent supply, PPP is theoretically considered as a more ideal
feeding module than EDP. This might be one of the reasons why
feeding module 3 (EDP) has a similar isoprene production with
that of module 2 (EDP+PPP).

In addition, regardless of which module (2 or 3) is more efficient,
neither has reached its optimum state. Hence, further optimization
of these modules is still required. For module 2, aside from PPP,
more carbon flux can be directed to EDP by over-expressing edd
and eda genes. This approach may surpass the current trade-off
observed between precursor feeding and energy/reducing equiv-
alent supply. For module 3, the whole EDP needs to be enhanced
for improved glucose consumption. Overall, the combination of
EDP containing feeding modules with MEP has better potentials
in isoprenoid production. Further optimization of this combina-
tion is expected provide improvement in isoprene biosynthesis.

Conclusions

The performances of five different MEP feeding modules for
isoprene production were analyzed and experimentally compared.
Results demonstrated that the feeding modules containing EDP
exhibited the highest isoprene production titer and yield, which
were significantly higher than those of the widely used EMP. This
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finding may launch a new direction for further optimization of the
MEP-dependent isoprenoid biosynthesis pathways.

Supporting Information

Figure S1 Optimization of MEP for improved isoprene
production. A 160 mL serum bottle containing 40 mL of semi-
defined medium, consisted of M9 salts, 5 g L™ " yeast extract, 10 g
L™! Glucose and 1 mM thiamine pyrophosphate (TPP), was
utilized for the cultivation of the strains for isoprene production.
Data were average values of duplicate cultivation runs. Gene
symbol denotes the over-expressed gene in . coli BW25113 (DE3).
As the control, E. coi BW25113 (DE3) host (without isoprene
synthase gene ispS) was also cultivated wherein no isoprene
production was detected.

(TIF)

Figure 82 GC analysis of isoprene production from
strain FMIS 1. A 160 mL serum bottle containing 40 mL of
semi-defined medium, consisted of M9 salts, 5 g L! yeast extract,
10 g L™" Glucose and 1 mM thiamine pyrophosphate (TPP), was
utilized for the cultivation of the strain FMIS 1 (E. coli BW25113
(DE3)/ pACYC-dxs-ispG-idi-ispS) for isoprene production.

(TIF)

Table S1 Plasmids and strains used in this work.
DOCX)

Table $2 Primers used in this study”. * Straight underline
denotes restriction site, waved underline denotes ribosome binding
site

(DOCX)
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