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Abstract Metabolic engineering facilitates the rational devel-
opment of recombinant bacterial strains for metabolite over-
production. Building on enormous advances in system biolo-
gy and synthetic biology, novel strategies have been
established for multivariate optimization of metabolic net-
works in ensemble, spatial, and dynamic manners such as
modular pathway engineering, compartmentalization meta-
bolic engineering, and metabolic engineering guided by
genome-scale metabolic models, in vitro reconstitution, and
systems and synthetic biology. Herein, we summarize recent
advances in novel metabolic engineering strategies.
Combined with advancing kinetic models and synthetic biol-
ogy tools, more efficient new strategies for improving cellular
properties can be established and applied for industrially
important biochemical production.
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Introduction

Metabolic engineering is an efficient approach to developing
industrially useful bacterial strains for the microbial produc-
tion of biofuels, fine chemicals, and pharmaceuticals on in-
dustrial scales (Chen and Nielsen 2013; Paddon and Keasling
2014; Stephanopoulos 2012). Significant socioeconomic ben-
efits of microbial fermentation, such as environmentally
friendly processes and sustainability, have drawn the attention
of researchers seeking to develop fermentation methods for
chemical and fuel production, which are promising as substi-
tutes for petroleum-based production techniques. Bio-based
production of biochemicals such as artemisinin, omega-3
eicosapentaenoic acid, and 1,4-butanediol has been success-
fully achieved on industrial scales (Paddon and Keasling
2014; Xue et al. 2013; Yim et al. 2011).

Several common challenges must be overcome to develop
metabolically engineered strains for industrial production.
First, how can we coordinate the heterologous pathway and
primary metabolism of a production host to optimize cellular
properties using a holistic approach? Second, how can we
improve strain efficiency while avoiding the problem of elim-
inating one rate-limiting step and introducing another bottle-
neck in product synthesis and cell metabolism? Third, how
can we achieve a balanced pathway in vivo to fine-tune all the
reactions in the synthetic pathway? Fourth, how can we colo-
calize pathway enzymes to enhance catalytic efficiency with-
out changing enzyme mobility? Finally, how can we regulate
metabolic pathways dynamically? Novel metabolic engineer-
ing strategies have been developed to manage these chal-
lenges in metabolic pathway optimization in the context of
system biology and synthetic biology, which expand the tools
available for the accurate fine-tuning of metabolism. These
novel strategies are genome-scale metabolic model (GEM)-
guided engineering, modular pathway engineering, in vitro
reconstitution-guided metabolic engineering,
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compartmentalization metabolic engineering, and systems and
synthetic biology-guided metabolic engineering (Table 1).

Because the aforementioned challenges are encountered
frequently, the corresponding strategies to overcome them
are necessary and practical for strain improvement.
However, the developments of these novel metabolic engi-
neering strategies have not been systematically summarized.
Herein, we summarize advances in metabolic engineering
strategies and propose a kinetic modeling-based engineering
strategy combined with highly efficient synthetic biology
tools. We hope that the principles and strategies discussed
and systematically compared in this review will provide guid-
ance for identifying specific problems in metabolic pathways
and further optimizing synthetic pathways. System biology
and synthetic biology-based strategies significantly facilitate
strain improvement through metabolic engineering.

GEM-guided metabolic engineering

System-level quantitative prediction of cellular behavior from
GEMs is used in metabolic engineering to identify strategies
for metabolite overproduction, especially for nonobvious ma-
nipulation targets (Becker et al. 2007; McCloskey et al. 2013;
Xue et al. 2013). High accuracy of prediction by GEMs is
needed for identification of engineering strategies for rational
strain design. Newly developed modeling methods, prediction
algorithms, and extended optimization of heterologous protein
production further enhance prediction accuracy and expand
the application of GEMs in metabolic engineering. Moreover,
novel GEMs of industrially important strains have been re-
constructed and applied to metabolic engineering. Therefore,
we focus herein on the most recent advances in modeling
methods for target identification, development of prediction
algorithms, and applications of industrially important strains.

Non-native metabolic pathways are often introduced in
production hosts for heterologous metabolite production,

Table 1 Comparisons of various metabolic engineering strategies

and they compete with native metabolism for substrate and
force flux in a target direction. GEMs with non-native path-
way were used for identification of manipulation target; how-
ever, prediction accuracy of added reactions under artificial
promoters is unknown, which decrease the accuracy for pre-
diction (Yim et al. 2011). Introducing constraint for descrip-
tion of heterologous reaction in GEMs is needed for enhanc-
ing prediction accuracy of GEMs with non-native reactions.
To this end, a new modeling method, proportional flux forc-
ing, was developed for quantitative prediction of GEMs with
heterologous pathways (Ip et al. 2014). In proportional flux
forcing, flux ratio of heterologous pathway from metabolite
node of native pathway and heterologous pathway was
constrained as a certain value and expressed as a set of mass
balance constraints, which enabled incorporation of propor-
tional flux forcing with a flux balance analysis (FBA) method.
The authors verified the effectiveness of their proportional
flux forcing modeling method by identifying manipulation
targets for enhancing free fatty acid production in
Escherichia coli (Ip et al. 2014).

Campodonico et al. (2014) developed a more efficient
algorithm, the GEM pathway predictor, which optimizes the
computational process and introduces reaction specification
analysis. Owing to its novel features, the GEM pathway
predictor algorithm combined with a growth-coupled strain
design method enabled the synthetic pathway design of 20
chemicals and predicted all feasible pathways with theoretical
yields in E. coli. The prediction of synthetic pathways pro-
vides detailed guidance for strain construction and
improvement.

GEM-based strain improvement has not only been applied
to biochemical overproduction but also be generalized for
heterologous enzyme overexpression. Using in silico simula-
tion, Nocon et al. (2014) engineered the central metabolism of
Pichia pastoris for improved recombinant protein production.
Specifically, the recombinant protein production reaction was
first integrated into a GEM. Next, simulation based on

Metabolic engineering strategies Advantages

Disadvantages

Genome-scale metabolic model
guided metabolic engineering
Modular pathway engineering

Unobvious target identification

experiments
In vitro reconstitution of pathway Identification of rate-limiting step
enzymes based metabolic
engineering
Pathway compartmentalization Enhancing catalytic efficiency by
engineering colocalization of pathway enzymes

without synthetic scaffold

Systems and synthetic biology
guided metabolic engineering
pathway

Optimizing pathway in one round

Obtaining insight of cell metabolism and
realizing dynamic control of metabolic

Lacking kinetics of metabolic reactions
Lacking dynamic control during product synthesis

lacking dynamic metabolite changes for investigating
regulation mechanism and target identification

Only for eukaryote
detailed understanding of regulation mechanism of synthetic

pathway and successful synthetic circuit construction are
needed
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enforced objective function and minimization of metabolic
adjustment was performed, leading to the identification of
manipulation targets for overexpression, which directly relat-
ed to strengthening pentose phosphate pathway (ZWF1I,
SOL3, GND2, RPEI, TKLI, and TALI) and TCA cycle
(MDH1 and GDH3). The prediction results demonstrated that
more NADPH and ATP redox equivalent and energy provi-
sion benefited for redox equivalent and energy consuming
recombinant protein overproduction process.
Overexpressions of ZWF1, SOL3, MDHI, and GDH3 were
positive for improved recombinant protein production, which
demonstrated the high accuracy of prediction by GEM for
heterologous enzyme production.

Based on the successful application of GEMs in the meta-
bolic engineering of model microorganism such as like E. coli
and Saccharomyces cerevisiae (McCloskey et al. 2013; Xu
etal. 2012, 2013a), the GEMs of industrially important strains
such as Candida glabrata, Ketogulonicigenium vulgare
WSH-001, and Bacillus megaterium WSH002 have also been
reconstructed (Xu et al. 2013b; Zou et al. 2012, 2013). In
silico metabolic engineering has further enhanced their cellu-
lar properties for industrial production. C. glabrata is an
industrial strain used for pyruvate production and shows
promise for further engineering for the overproduction of
downstream products of pyruvate such as malate and acetoin.
In engineered C. glabrata for malate overproduction, in silico
FBA did not in agreement with experimental data for malate
synthesis, which indicated lack of constraint which was also
the potential bottleneck for production in malate synthetic
pathway. Further investigation of transcription level of malate
transport and malate intracellular concentration demonstrated
that transport of malate across the plasma membrane was the
bottleneck of malate production. Overexpressing the malate
transporter SpMAEL from Schizosaccharomyces pombe sig-
nificantly enhanced malate production, which was 1.8-fold
than without SP)MAE]1 overexpression (Chen et al. 2013).

Acetoin is another industrially useful compound that can be
synthesized directly from pyruvate. For overexpression of
acetoin in C. glabrata, FBA was initially implemented to
identify the optimum synthetic pathway for acetoin synthesis
with maximal flux. Acetoin overproduction (1.14 g/L) was
achieved by constructing a synthetic pathway based on in
silico simulation (Li et al. 2014a). In the optimization of an
acetoin-overproducing strain that followed, the reaction cata-
lyzed by glycerol-3-phosphatedehydrogenase was found to be
the rate-limiting step via FBA with a GEM of C. glabrata.
Therefore, overexpression of glycerol-3-
phosphatedehydrogenase substantially increased the acetoin
titer to 5.45 g/L (Li et al. 2014b). B. megaterium and
K. vulgare are production strains for 2-keto-L-gulonic acid,
the direct precursor of vitamin C, in a mix culture system (Gao
et al. 2014). GEMs of B. megaterium and K. vulgare have
been constructed to analyze the synthetic process of the mix

culture system. Sulfate and coenzyme A metabolic module
analysis of a GEM of K. vulgare revealed that deficiencies of
sulfate metabolism limited the cell growth of K. vulgare
(Huang et al. 2013). Because glutathione contains sulfate, it
can be used to supply sulfate to alleviate the metabolism
limitation for cell growth of K. vulgare. Production of 2-
keto-L-gulonic acid and growth of K. vulgare increased by
20.9 and 38.7 %, respectively, after glutathione addition to the
mix culture system of B. megaterium and K. vulgare.

Modular pathway engineering

The optimization and balancing of multigene pathways are a
challenge for strain improvement. Debottlenecking one rate-
limiting step often introduces another constraint in pathway
engineering. Therefore, multiple rounds of strain construction
and screening are needed for strain improvement, which is
inefficient and time-consuming. Modular pathway engineer-
ing has emerged as a promising strategy to solve the above
problem, which artificially divides metabolic pathway in to
various modules, constructs artificially controlled modules
with various expression levels, and assemblies of multiple
modules simultaneously for generating strain library
(Ajikumar et al. 2010; Juminaga et al. 2012). One round strain
library generating and screening via modular pathway engi-
neering can identify engineered strains with balanced meta-
bolic fluxes (Fig. 1). This strain improvement technique has
been successfully applied to the production of various bio-
chemicals using model production host and has been system-
atically summarized (Biggs et al. 2014), but the tools and
methods for how to realize artificially controlled module
construction and module assembly have not been described
in detail. Herein, we focus on advances in the tools and
methods for realizing modular pathway engineering.

The construction of multigene metabolic pathways based
on compatible plasmids has resulted in target compound pro-
duction (Xu etal. 2013c; Zhang et al. 2012). Fine-tuning these
pathways is key to further enhance product yield and avoid the
toxicity of intermediate accumulation. Therefore, the expres-
sion levels of pathway enzyme were first regulated by chang-
ing promoters and expression copy numbers. This strategy has
yielded high-level production of fatty acids, (2S)-
pinocembrin, and resveratrol in E. coli (Xu et al. 2013c; Wu
et al. 2013a, b). In addition to promoter and expression copy
number optimization, modular control of the ribosome bind-
ing site has been exploited to modularly control enzyme
expression levels (Zelcbuch et al. 2013). A series of ribosome
binding sites with several orders of multitude in expression
strength were applied in a modular cloning strategy for carot-
enoid biosynthesis pathway construction. Fine-tuning the ex-
pression level of this multistep pathway was achieved by
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Fig. 1 Modular pathway
engineering for module control
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characterizing the strain library developed through modular
ribosome binding site assembly.

Synthetic biology tools, like synthetic scaffolds and syn-
thetic small regulatory RNAs (sRNA), have expanded the
strategies for controlling various modules in different expres-
sion levels (Dueber et al. 2009; Na et al. 2013). Varying ratios
of upstream and downstream pathway enzymes on scaffold
results in various strength of upstream and downstream mod-
ules. Then, strain library can be generated by assembly of
upstream and downstream modules with different strength on
scaffold. Finally, strains with balanced upstream and down-
stream modules, avoiding intermediate accumulation, can be
attained by screening strain library. To this end, various scaf-
fold systems, including synthetic protein, RNA-based, and
DNA-guided scaffolds, have been applied in different produc-
tion hosts, such as E. coli, S. cerevisiae, and Bacillus subtilis,
for modular control of upstream and downstream modules
(Conrado et al. 2012; Delebecque et al. 2012; Dueber et al.
2009; Liu et al. 2014b; Wang and Yu 2012). In addition,
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modular pathway engineering can be also achieved by syn-
thetic SRNAs, which can be used to simultaneously inhibit
several targeted gene expression. Therefore, strain library can
be obtained by changing inhibition efficiency of sSRNAs for
key genes of various branch modules. A synthetic SRNA-
based modular engineering strategy further improved N-
acetylglucosamine production after rational metabolic path-
way construction, and production reached 6.1-fold that with-
out modular pathway engineering (Liu et al. 2013, 2014a).
Typically, restriction enzyme digestion and enzymatic li-
gation have been used at gene expression levels via changes in
promoters and expression copy numbers for metabolic mod-
ular assembly. A rapid and efficient one-step assembly meth-
od has been established to facilitate modular assembly
(Coussement et al. 2014). Gibson et al. (2009) optimized their
method, which is based on the single-stranded assembly of
expression elements (including promoters and ribosome bind-
ing sites). The optimal conditions were used to combinatori-
ally optimize transcriptional, translational, and enzyme
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activity levels by introducing promoters, ribosome binding
sites, and protein variant libraries in a one-pot single-stranded
assembly method (Coussement et al. 2014). One-step assem-
bly significantly enhances the efficiency of genetic manipula-
tion for modular pathway engineering.

In vitro reconstitution of pathway enzyme-based
metabolic engineering

Rational metabolic engineering are highly dependent on the
understanding of metabolic networks and regulation
mechanisms on multiple levels, including transcription,
translation, and posttranslation. Therefore, systematical
understanding of objective pathways and related networks is
mandatory for metabolic engineering, which guides rational
pathway optimization.

Yu et al. (2011) developed an in vitro fatty acid synthesis
pathway reconstruction and steady-state analysis strategy to
unravel the kinetics of multi-enzyme systems in E. coli. The
results of their analysis successfully guided fatty acid pathway
engineering. Specifically, all of the enzymes in fatty acid
synthesis pathways, including FabA, FabB, FabD, FabF,
FabG, FabH, Fabl, FabZ, holo-ACP, and TesA, were first
overexpressed and purified. Then, the optimal ratio for fatty
acid production was identified as 1:1:1:1:1:1:10:10:30:30 via
systematic optimization of the enzyme ratio for the in vitro
fatty acid synthetic system. Finally, in vivo verification was
implemented to demonstrate the relevance of in vitro analysis
and in vivo fatty acid synthesis. Potential allosteric regulation
of fatty acid synthase system was proposed based on further
intermediate concentration analysis. The in vitro pathway
reconstruction and systematical analysis strategy provided
new pathway limitation identification for guiding metabolic
pathway. In vitro reconstitution strategy was generalized for
mevalonate pathway optimization and pathway engineering,
which further demonstrated the effectiveness of in vitro path-
way analysis for guiding strain improvement (Zhu et al. 2014).

Compared with steady-state enzyme ratio optimization,
in vitro real-time analysis of metabolic pathways provides
more information about the dynamic change of metabolites
in reaction systems (Bujara et al. 2011). By integrating in vitro
reaction system analysis and targeted mass spectrometry,
Bujara et al. performed real-time analysis of the dynamic
changes in metabolite levels in synthetic networks. First, a
cell-free extract system was assembled in the enzyme mem-
brane reactor. Second, a mass spectrometer injection system
was connected to the reaction system, allowing continuous
monitoring of dynamic metabolite changes. Perturbations of
pathway enzyme abundance were then performed to identify
strategies to improve dihydroxyacetone phosphate (DHAP)
production. Three methods for enhancing DHAP production
were identified as increasing hexokinase activity, increasing

fructose bisphosphate aldolase activity, and increasing lactate
dehydrogenase activity, respectively. These strategies were
implemented in the metabolic engineering of E. coli for
DHAP overproduction in vivo, leading to a 2.5-fold increase
in DHAP yields. In vitro real-time analysis achieved insight of
kinetics during product synthesis, which provided sufficient
information for rate-limiting step identification for guidance
of cell-free extract-based systems.

In vitro metabolic engineering is not only used to under-
stand complex networks but also has potential for biofuel
production. One important example of the latter is hydrogen
production. Myung et al. (2014) designed a whole hydrogen
production pathway based on sucrose degradation-powered
water splitting. The pathway includes sucrose degradation and
glucose-6-phosphate regeneration with 15 enzymes.
Theoretically, 12 mol H,O can be split into 24 mol hydrogen
power by 1 mol sucrose. The in vitro pathway was constructed
by adding purified enzymes, sucrose, and water in a reaction
system. The yield of hydrogen reached 96 % of the theoretical
value. Despite that low production rate and instability of
enzyme and coenzyme used in above study constrain its
large-scale production, this method proved the feasibility of
the in vitro hydrogen production approach and laid the foun-
dation for further production optimization.

Pathway compartmentalization engineering

Colocalization of pathway enzymes was widely used as an
efficient approach to enhance synergistically catalytic effi-
ciency of pathway enzymes. However, colocalizing pathway
enzymes on scaffolds may affect the protein conformation
changes, which may cause inefficient catalysis. Moreover,
scaffold colocalization may also affect the formation of en-
zyme dimer or tetramer which are only active in dimer or
tetramer form. In addition, introducing heterologous synthetic
scaffold may cause metabolic burden, which consume cellular
resource from cell growth and product synthesis for heterolo-
gous synthetic scaffold synthesis. In this context, a scaffold-
free enzyme colocalization strategy is needed to avoid inter-
mediate diffusion. In this context, Avalos et al. (2013) per-
formed proof-of-concept research of compartmentalization
engineering, which colocalized an entire metabolic pathway
in the mitochondria of S. cerevisiae. Overexpression of all of
the pathway enzymes of isobutanol synthesis enabled de novo
synthesis of isobutanol in mitochondria. Compared with the
engineering of the isobutanol synthesis pathway in the cyto-
sol, the mitochondrial colocalization technique enhanced
isobutanol production by 260 %. Compartmentalization engi-
neering enabled entire product synthesis in the mitochondria,
which avoided diffusion of intermediates in cytosol and
resulted enhanced production.
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In addition to its successful application in the pathway
engineering of S. cerevisiae, compartmentalization engineer-
ing has been generalized in Aspergillus niger. Blumhoff et al.
(2013) used a compartmentalization engineering strategy to
metabolically engineer A. niger for itaconic acid overproduc-
tion. Two pathway enzymes of itaconic acid synthesis, cis-
aconitate decarboxylase and aconitase, were targeted to the
mitochondria, leading to a 2-fold increase in itaconic acid
productivity compared with that of cytosolic overexpression.
Organelle compartmentalization engineering is a viable strat-
egy for the pathway engineering of eukaryotic production
hosts.

Systems and synthetic biology-guided metabolic
engineering

Enormous advances in system biology and synthetic biology
significantly facilitate our understanding of the regulation
principles of metabolism and create many artificial genetic
circuits (Cameron et al. 2014; Heinemann and Sauer 2010).
System metabolic engineering strategies that use omics data,

Fig. 2 Systems and synthetic
biology-guided metabolic
engineering
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pathway engineering. By comparison, dynamic regulation is
more favorable for modulating synthetic pathways.

Soma et al. (2014) developed a method for dynamically
regulating central carbon and product synthesis pathway by
using a metabolic toggle switch in engineered E. coli. This
switch is composed of three parts—a repressor source, a
switch plasmid, and an isopropanol pathway. During the cell
growth period, the repressor source actively represses the
isopropanol pathway. After cell growth, isopropyl-f3-p-
thiogalactoside is added to inactivate the repressor source
and switch on the isopropanol pathway and switch off cell

s
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Fig. 3 Integrating system level
data, kinetic models, and
synthetic biology tools for
metabolic engineering
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availability in fatty acid synthetic pathways in engineered
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introduced in the genetic circuit. Under the control of this
circuit, increasing the amount of malonyl-CoA upregulated
the downstream reaction of malonyl-CoA and downregulated
the upstream reaction of malonyl-CoA. In this manner,
malonyl-CoA concentration was dynamically controlled to
provide sufficient amounts for cell growth while avoiding
accumulation. The yield of fatty acid increased to an amount
2.1-fold higher than that produced without dynamic control.

Despite that synthetic circuits can accurately and dynami-
cally regulate metabolic pathway, synthetic circuit-based meta-
bolic engineering highly depends on detailed understanding of
regulation mechanism of synthetic pathway and successful
synthetic circuit construction. Generalization of dynamic con-
trol method needs fully understanding of various synthetic
pathways and development of various synthetic circuits, which
are challenges for dynamic control method application.

Prospects and conclusions

Metabolic reaction rates are determined by various factors,
including metabolite concentration, enzyme abundance, and
enzyme kinetics (Gerosa and Sauer 2011). Current research of
metabolic engineering mainly focuses on balancing enzyme
activity via control of pathway enzyme abundance in multigene
pathways, as in modular pathway engineering and in vitro
reconstitution-guided metabolic pathways. However, few stud-
ies have investigated the effects of engineering the catalytic
efficiency of pathway enzymes, especially the interactions of
proteins and metabolites in heterologous pathways (Chen and
Zeng 2013; Leonard et al. 2010). Rate-limiting steps may occur
by undesired multilevel and multilayer interactions in target
pathways, which affect product synthesis. Enhancing under-
standing of regulatory mechanisms in synthetic pathway is
helpful for identifying and removing rate-limiting steps.

Integrating system-level data, such as metabolomics and
proteomics, with kinetic models is an effective approach for
identifying regulatory mechanisms and understanding the dy-
namics of metabolic pathways (Almquist et al. 2014; Lee et al.
2014; Link et al. 2014; Weaver et al. 2014). Therefore, system
data, kinetic models, and metabolic engineering can be com-
bined as a new metabolic engineering strategy for mechanism
understanding and debottlenecking of product synthesis path-
way (Fig. 3).

Enormous advances in genome editing systems have facili-
tated the accurate and efficient modification of cell genotype,
significantly increasing the efficiency of strain library construc-
tion. RNA-guided synthetic tools for genome editing, synthetic
small regulatory RNAs, and clustered regularly interspaced
short palindromic repeat strategies are the most versatile
methods, enabling simultaneous multitarget and multilevel con-
trol in efficient and marker-free manipulations (Na et al. 2013;
Sander and Joung 2014). In addition to expanding scale of

@ Springer

strain library construction, cellular stability of engineered strain
is another important requirement for industrial production. To
this end, chemically inducible chromosomal evolution method
can be used to solve the problem of plasmid instability by
integrating synthetic pathway in the genome instead of plasmid
expression (Tyo et al. 2009).

In summary, system biology and synthetic biology-based
metabolic engineering strategies have developed rapidly and
include modular pathway engineering, compartmentalization
metabolic engineering, and metabolic engineering guided by
GEM, in vitro reconstitution, and systems and synthetic biolo-
gy. In-depth investigations of regulatory mechanisms through
the integration of omics data and kinetic models are useful
strategy to further understand the dynamics of metabolic path-
ways and identify constraints in synthetic pathways. The rate-
limiting steps identified by dynamic metabolism analysis can
be eliminated by introducing well-designed synthetic circuits
via efficient and stable genetic manipulation.
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