World Journal of Microbiology and Biotechnology (2019) 35:33
https://doi.org/10.1007/511274-019-2606-0

REVIEW q

Check for
updates

Recent advances in the applications of promoter engineering
for the optimization of metabolite biosynthesis

Ning Xu'2 - Liang Wei' - Jun Liu'2

Received: 23 October 2018 / Accepted: 23 January 2019 / Published online: 31 January 2019
© Springer Nature B.V. 2019

Abstract

Cell metabolism in living organisms is largely regulated at the transcriptional level, and the promoters are regarded as basic
regulatory elements responsible for transcription initiation. Promoter engineering is an important technique to regulate gene
expression and optimize metabolite biosynthesis in metabolic engineering and synthetic biology. The rational and precise
control of gene expression in the multi-gene pathways can significantly affect the metabolic flux distribution and maximize
the production of specific metabolites. Thus, many efforts have been made to identify natural promoters, construct induc-
ible or hybrid promoters, and design artificial promoters for fine-tuning specific gene expression at the transcriptional level
and improving production levels of the metabolites of interest. In this review, we will briefly introduce the architecture and
function of both prokaryotic and eukaryotic promoters, and provide an overview of several major approaches for promoter
engineering. The recent achievements and advances by promoter engineering for the optimization of metabolite biosynthetic
pathways in multiple widely-used model microorganism, including Escherichia coli, Corynebacterium glutamicum and Sac-
charomyces cerevisiae, will also be extensively discussed.

Keywords Promoter - Gene expression - Pathway optimization

Introduction

Metabolic engineering is a powerful tool for the design, con-
struction, modification and optimization of metabolic path-
ways in biological cells with the goals of improving cellular
properties and generating desirable products (Chae et al.
2017; Keasling 2012; Yadav et al. 2012). The optimal flux
balance of metabolic pathways is an important prerequisite
for the production of various chemicals, bio-fuels or pharma-
ceuticals in industrial applications (Chen et al. 2018; Raman
and Chandra 2009). In recent years, more and more studies
have focus on the optimization of metabolic and regulatory
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processes at different cellular levels (Chen et al. 2018; Eng-
strom and Pfleger 2017; Lee et al. 2011, 2012; Redden et al.
2015). The engineering toolboxes can be categorized into at
least six different aspects: (i) DNA-based engineering strate-
gies, such as promoter engineering and terminator engineer-
ing; (ii) RNA-based engineering strategies, such as RNA
switch and transcription factor engineering; (iii) protein-
based engineering strategies, such as protein engineering
and cofactor engineering; (iv) genome-based engineering
strategies, such as multiplex genome-scale engineering and
genome editing techniques; (v) metabolite-based engineer-
ing strategies, such as structural synthetic biotechnology and
compartmentalization engineering; (vi) other novel engi-
neering strategies, such as transporter engineering, biosensor
engineering, and morphology engineering. Generally speak-
ing, the employment of these powerful engineering tools
will be conducive to overcoming metabolic bottlenecks, and
thereby improving cell growth and metabolite production
(Chen et al. 2018). The promoters with the needed charac-
teristics provide a very powerful tool in genetic engineering,
because precise control of key enzymes in specific meta-
bolic pathways will typically maximize microbial growth
or product formation. Therefore, promoter engineering is
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considered as a useful platform for the targeted manipulation
of transcriptional activity in biotechnology.

The fine-tuned gene expression of metabolic pathways
is a critical step to control the flux of cellular metabolism
(Chen et al. 2018; Raman and Chandra 2009; Troein et al.
2007). Since the promoters substantially influence gene
expression levels, promoter engineering has been proposed
as one of the most efficient strategies of fine-tuning tran-
scriptional control (Alper et al. 2005; Blazeck and Alper
2013; Chen et al. 2018). The promoters can be engineered
to achieve precise strengths with a broad range of transcrip-
tional capacities, enabling the tunable gene expression at
the transcriptional levels. However, the limited numbers of
available endogenous promoters are often bottlenecks for
the fine-tuned transcriptional controls. At present, the strate-
gies of promoter engineering are majorly implicated in the
construction of promoter library, the replacement of native
promoter, the modification of promoter architecture, and the
rational design of the hybrid promoter (Blazeck and Alper
2013; Chae et al. 2017; Chen et al. 2018; Deaner and Alper
2018). Promoter engineering has been successfully applied
in many industrial model microorganisms, such as Escheri-
chia coli (Hwang et al. 2018), Corynebacterium glutamicum
(Yim et al. 2013) and Saccharomyces cerevisiae (Portela
et al. 2017).

In this review, we provide an overview of promoter engi-
neering techniques and their biotechnological applications.
The review will focus on the diverse nature of various pro-
moter motifs, and the major strategies for promoter engi-
neering. The recent achievements and advances in control-
ling specific gene expression at the promoter levels are fully
discussed in three well-studied model microorganisms.

Promoter architecture and function

Promoters are referred to specific noncoding DNA
sequences, which are typically in the range 100-1000
base pairs from the transcriptional start point and can act
as indispensable regulatory signals of transcription initia-
tion (Kanhere and Bansal 2005). A specific sequence of
the promoter is essential for the efficiency of transcription
initiation and then for the expression level of a targeted
gene (Solovyev et al. 2010). In prokaryotes, the promoters
can be directly recognized by the RNA polymerase with
an associated sigma factor. However, several transcription
factors are often required for the binding of an RNA poly-
merase II to promoter in eukaryotes (Butler and Kadonaga
2002; Paget and Helmann 2003). The strength of promoter
activity is also affected by the changes in abundance or
conformation of regulatory proteins (Hernandez-Garcia
and Finer 2014). Considering that the promoters substan-
tially contribute to the levels of transcription initiation,
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promoter engineering is widely used as a powerful tool
for regulating gene expression.

In prokaryotes, the full promoters are typically com-
posed of core promoter and upstream regulatory elements
(UP element) (Estrem et al. 1999; Kanhere and Bansal
2005) (Fig. 1). Core promoter is the minimal portion of
the promoter required to initiate transcription, which typi-
cally consists of two conserved motifs at nucleotide (nt)
positions — 35 and — 10 relative to the transcriptional start
point (TSP). The statistical consensus sequences within
the — 35 and the — 10 region have been widely character-
ized in detail in the gram-negative bacteria E. coli (Mitch-
ell et al. 2003; Rangel-Chavez et al. 2017). Many promot-
ers of E. coli genes have consensus sequences TATAAT
in the — 10 element and TTGACA in the — 35 element,
and a typical spacer length between these two motifs is
17 + 1 nt. However, the nucleotides of the — 10 and — 35
elements are much less conserved in the gram-positive
bacteria C. glutamicum (Patek et al. 2013; Patek and Nes-
vera 2011). The consensus sequences of the C. glutamicum
—35 region and the extended — 10 region are known as
ttgnca and gnTAnanTng (capital letter indicates nucleo-
tides occurring at the position in more than 80% of pro-
moters; small letter indicates nucleotides occurring at the
position in more than 40% of promoters) (Dostalova et al.
2017, Patek and Nesvera 2011). In addition, one or more
UP elements are present in some prokaryotic promoters
(Estrem et al. 1999; Ross et al. 1998). The TG dimer posi-
tioned 1 nt upstream of the — 10 element and the variable
AT-rich region located upstream of the — 35 element are
also shown to obviously increase promoter activity in E.
coli (Patek and Nesvera 2011). However, the E. coli-type
UP-element has not yet been reported in C. glutamcium.

Eukaryotic promoters usually span a wide range of
DNA sequences, which are more complex and diverse than
prokaryotic promoters (Blazeck and Alper 2013; Kanhere
and Bansal 2005) (Fig. 1). The promoters are majorly rec-
ognized by RNA polymerase II and other transcription fac-
tors in eukaryotes, typically containing a TATA box (con-
sensus sequence TATAAA). Additionally, the promoter
region also has several upstream activating sequences
(UASSs), such as CAAT-box, GC-box and E-box (Dolfini
et al. 2009; Lubliner et al. 2013; Redden and Alper 2015).
Interestingly, only 20% of the promoters in the yeast S.
cerevisiae contain a consensus TATA box, and about 80%
of yeast genes are classified as TATA-less genes (Yang
et al. 2014). Although some studies reported that a rigid
DNA located 100-200 nt upstream of the start codon or a
GAE-containing region can assist in the assembly of the
transcriptional machinery at TATA-less promoters (Seizl
et al. 2011; Tirosh et al. 2007), more core elements are
needed to identify for the better understanding of yeast
promoters.
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Fig.1 The promoter architectures and putative conserved motifs of
three widely-used model organisms. a A schematic diagram of typi-
cal E. coli promoters. Five promoters, including rrnB P1, rrnD Pl,
lacUV5, trp and tac, are selected to show their structural features.
These promoters contain the consensus —10 TATAAT and —35
TTGACA motifs, and a typical spacer between these two regions is
17+1 nt. b A schematic diagram of typical C. glutamicum promot-
ers. The promoters of four housekeeping genes, including dapA, gdh,

Promoter engineering approaches

It has been reported that the severe disturbances of meta-
bolic homeostasis could not improve product yields, but
will increase metabolic burden for the host cells (Chen et al.
2018; Raman and Chandra 2009). In general, the constitu-
tive promoters are considered to give stable gene expression
levels and the inducible promoters are only active under the
specific circumstances (Patek and Nesvera 2011). However,
a precisely temporal and spatial control of gene expression
levels requires various promoters with different strengths
over a range of several orders of magnitude. Many strate-
gies have been employed for promoter engineering, such
as promoter library to screen synthetic promoters with
diverse transcriptional strengths, promoter replacement to
construct endogenous promoters with desired transcrip-
tional strength, and synthetic ribosome-binding site (RBS)
regulation to generate novel promoters with the varying
mRNA translation efficiencies (Blazeck and Alper 2013;
Chen et al. 2018) (Fig. 2). Moreover, the main approaches
for rapid construction of synthetic promoter library include
site-directed mutagenesis, error-prone PCR (Ep-PCR),

CAAT motif

CAAT motif ~ TATA motif

ilvA, and gap, are selected to illustrate the consensus domains within
the —35 and extended — 10 motifs. ¢ A schematic diagram of S. cer-
evisiae promoters. The strong promoter of TDH3 gene (encoding
3-phosphate dehydrogenase) is selected to display the possible motifs
of yeast core promoter and upstream activating sequences (UAS).
TFBSs indicate the potential binding sites for specific transcription
factors, such as RAP1 and GRF2. Two CAAT motif are also found in
the UAS region of TDH3 promoter

sequence randomization of non-conserved region, hybrid-
promoter engineering, and rational design of transcription
factor-binding sites (TFBSs). In the past few decades, pro-
moter engineering strategies have been extensively explored
in many important industrial strains, including E. coli, C.
glutamicum, S. cerevisiae, Streptomyces and lactic acid
bacteria. The representative instances are summarized in
Table 1.

Site-directed mutagenesis

The statistical consensus sequence does not guarantee a
most efficient promoter, because the promoters ought to be
evolved to serve basic physiological requirements rather than
achieve the highest transcriptional strengths (Kiryu et al.
2005; Patek and Nesvera 2011). Some less highly conserved
nucleotides around the consensus region may significantly
affect the activity of the promoter, which could be used as
targets for the rapid construction of stronger or weaker pro-
moters. For example, base alterations of the extended — 10
element of C. glutamicum dapA promoter from AGGTAA
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Fig.2 General scheme of promoter engineering for the optimization
of metabolite biosynthesis. Promoter libraries are mainly constructed
by site-directed mutagenesis, error-prone PCR (Ep-PCR), sequence
randomization of non-conserved region (NCR), hybrid-promoter
design, and transcription factor-binding sites (TFBSs) modification.
Promoter replacement and synthetic ribosome-binding site (RBS)

CCT to TGGTATAAT obviously improve promoter activity
(Vasicova et al. 1999). Site mutations of the — 35 region of
C. glutamicum gdh promoter from TGGTCA to TTGACA or
TTGCCA can also significantly increase promoter strengths
(Asakura et al. 2007). Moreover, the introduction of a TG
dimer 1 nt upstream of the — 10 region contributes to the
increase of specific promoter activity both in E. coli and
C. glutamicum (Burr et al. 2000; Patek and Nesvera 2011).
Although this method may generate specific stronger or
weaker promoters, it cannot rapidly build large-scale pro-
moter libraries with desired strength.
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Metabolite analysis

regulation are also important approaches to achieve desired promot-
ers. Promoters with varying strengths can be assembled with the cor-
responding genes of the target pathway to generate a random library
of combinatorial pathways. The engineered strain can be identified
after high-through screening and metabolite analysis. Note P pro-
moter, G gene

Ep-PCR

Ep-PCR is a simple random mutagenesis technique
in vitro, which is considered as an effective method to
obtain DNA sequence diversity (McCullum et al. 2010).
The mutations are randomly inserted into anywhere
throughout the promoter region, providing a guarantee
for rapid construction of large-scale promoter libraries.
For example, the diversified promoter libraries of the
constitutive promoters P, tetO-1 in E. coli and TEFI in
S. cerevisiae as well as the inducible oxygen-repressed S.
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Table 1 Summary of different promoter engineering approaches in several industrially important microorganisms

Strains Engineering approaches Note (elements or parts) Expression range® Product Reference

C. glutamicum  Site-directed mutagenesis Base alterations in the extended — 10 3-6 NA (Vasicova et al. 1999)
motif of dapA promoter

C. glutamicum  Site-directed mutagenesis Base alterations in the — 35 region of 7 Glutamate (Asakura et al. 2007)
gdh promoter

E. coli Ep-PCR Bacteriophage P; -A promoter 196 NA (Alper et al. 2005)

S. cerevisiae Ep-PCR TEFI promoter 15 Glycerol (Nevoigt et al. 2006)

S. cerevisiae Ep-PCR DNA1 promoter 1.4-3.5 NA (Nevoigt et al. 2007)

E. coli Randomization of NCR E. coli — 10 and — 35 consensus regions, 349 NA (De Mey et al. 2007)
13 semi-conserved and 20 random
nucleotides

C. glutamicum  Randomization of NCR C. glutamicum — 10 and — 35 extended 47 Threonine (Wei et al. 2018)
consensus regions, conserved RBS ele-
ment and 60 random nucleotides

S. cerevisiae Randomization of NCR Two regulatory elements CT-box and 5286 NA (Jeppsson et al. 2003)
RPG-box, one consensus TATA box
and 83 random nucleotides

L. plantarum Randomization of NCR L. plantarum — 10 and — 35 consensus 1000 NA (Rud et al. 2006)
sequence and 27 randomized spacer
nucleotides

L. lactis Randomization of NCR Six well-conserved sequences, two 400 NA (Jensen and Hammer 1998)
semi-conserved and other random
nucleotides

S. lividans Randomization of NCR The — 10 and — 35 consensus regions of 160 Flaviolin (Siegl et al. 2013)
ermEpI promoter and other random
nucleotides

E. coli Hybrid-promoter design The — 10 region of the PlacUV5 pro- 2-11 NA (de Boer et al. 1983)
moter and the — 35 region of
the Pzrp promoter

S. cerevisiae Hybrid-promoter design Galp TFBSs and P g5, core promoter 50 NA (Blazeck et al. 2012)

S. cerevisiae Hybrid-promoter design Three UAS elements (UAS ¢ 5, UAS o  1-10 NA (Blazeck et al. 2012)
and UAS ), and five core promoter
motifs (Ppzyngs Pepps Prer Peve: Poar)

Y. lipolytica Hybrid-promoter design Tandem UASI1B enhancer, P, z;,, core 400 NA (Blazeck et al. 2011)
promoter, Py core promoter series

E. coli TFBSs modification One to three operator inputs in the distal, 50 NA (Cox et al. 2007)
core, and proximal regions from four
different TFs (AraC, LuxR, Lacl and
TetR)

S. cerevisiae TFBSs modification A set of synthetic promoters containing 6348 NA (Murphy et al. 2007)
one, two, and three terO2 operator sites

P. pastoris TFBSs modification Deletion and duplication of putative 27 NA (Hartner et al. 2008)
TFBSs within the AOX promoter

S. coelicolor TFBSs modification Removing or abolishing ScbR and 112 Actinorhodin ~ (Wang et al. 2013)
ScbR2 binding sites within the kasOp
promoter

E. coli Promoter replacement Replacing the native promoter with the 34 Carotenoids (Yuan et al. 2006)
strong bacteriophage TS promoter

C. glutamicum  Promoter replacement Replacing the native promoter with the NA Lysine (Becker et al. 2011)
strong sod or tuf promoter

E. coli Synthetic RBS regulation A library of 12,653 synthesized con- 10,000 NA (Kosuri et al. 2013)

structs using 114 promoters and 111

RBS sites

NA not available

*Expression range represents the library range or fold changes of promoter strengths

cerevisiae DANI promoter are successfully generated by
Ep-PCR (Alper et al. 2005; Nevoigt et al. 2006; Redden
et al. 2015; Tyo et al. 2011). However, mutational biases
exhibited by Ep-PCR often affect sequence diversities of

synthetic promoters, and too many missense mutations
associated with Ep-PCR method may increase the work-
load for subsequent screening procedures.
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Sequence randomization of non-conserved
region

The consensus sequences are involved in the direct bind-
ing of core RNA polymerase, and the sequence alterations
of these defined DNA regions typically have significant
effects on the activity of the promoter (Kanhere and Bansal
2005). Although the non-conserved regions (NCR) are not
required for the direct binding of RNA polymerase, the
variable sequences may allow the recognition and spe-
cific binding of regulatory proteins to promoter, and then
change the expression level of targeted gene. Thus, the
random mutation of non-conserved region instead of the
consensus element might be a more effective approach to
yield the promoters with different expression intensities.
For example, De Mey et al. construct a synthetic promoter
library based on the E. coli — 10 (TATAAT) and — 35
(TTGACAT) consensus regions, 13 semi-conserved and
20 random nucleotides, covering 3 to 4 logs of promoter
activity in small steps of activity change (De Mey et al.
2007). Wei et al. design a large-size promoter library based
on the C. glutamicum — 10 (NNTANANT) and — 35 (NNG-
NCN) consensus regions, the conserved RBS (AAAGGA)
element and 60 random nucleotides (Wei et al. 2018). The
obtained promoters can effectively regulate gene expres-
sion and show varying strengths over a wide range. In
addition, Jeppsson et al. construct a synthetic promoter
library with a combination of conserved structures from
several S. cerevisiae promoters, including the regula-
tory elements CT- box (CTTCC) and RPG-box (ACC
CATACA), the consensus TATA box and other random
nucleotides (Jeppsson et al. 2003). These promoters are
shown to cover approximately three orders of magnitude
between the lowest and the highest activity. In addition,
Yang et al. design three broad-spectrum promoters based
on the minimal yeast promoter elements for E. coli, S.
cerevisiae and Bacillus subtilis, expanding the synthetic
biology toolbox used for different hosts (Yang et al. 2018).
On the whole, this approach is applied to rapidly gener-
ate large-scale library of promoters with varying strengths
over a wide range, and has been extensively employed for
flux optimization in metabolic pathways.

Hybrid-promoter engineering

Hybrid promoter engineering is implicated in the assembly
of upstream enhancer element and core promoter region
derived from several different promoters (Portela et al.
2017; Pothoulakis and Ellis 2018; Xu et al. 2014). This
strategy has been employed to improve the transcription
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efficiency or enable novel promoter regulation in both
prokaryotes and eukaryotes. For example, the commonly
used tac promoter of E. coli strain is a hybrid promoter,
which combines the — 10 region of the lacUVS5 promoter
and the — 35 region of the #rp promoter (de Boer et al.
1983). The hybrid promoter libraries have also been
designed for fine-tuning transcriptional control in S. cer-
evisiae (Blazeck et al. 2012). The tandem UAS elements
of hybrid promoters serve as synthetic transcriptional
amplifiers to control expression levels (Blazeck et al.
2011; Guarente et al. 1984). Therefore, the hybrid pro-
moter engineering may be a promising and efficient strat-
egy in achieving stronger promoters compared to native
promoters. However, the promoter activities obtained by
the hybrid promoter method often alter in a stepwise man-
ner, and more enhancer-core element fusions need to be
identified and tested, which often result in negative effects
on the precise control of gene expression.

Rational design of transcription
factor-binding sites

Both prokaryotic and eukaryotic promoters usually contain
several short sequence elements, and these motifs can medi-
ate the binding of specific transcription factors that recruit
the transcriptional machinery (Jayaram et al. 2016; Kanhere
and Bansal 2005). The binding affinity of transcription fac-
tors to specific binding sites plays an important role in pro-
moter strength and regulation (Todeschini et al. 2014). Cox
et al. develop a combinatorial library of random promoter
architectures in E. coli, in which each promoter contains up
to three incorporated operators that correspond to four dif-
ferent transcription factors (Cox et al. 2007). The resulting
library shows at least five decades of variation in promoter
activity. Murphy et al. also develop a combinatorial promoter
design to study the effects of tetO, operator position and mul-
tiplicity within the GALI promoter derived from S. cerevisiae
(Murphy et al. 2007). The result shows that increasing the
number of tetO, operator sites and/or their proximity to the
TATA box result in a stronger transcriptional repression of the
GALI promoter. Hence the refinement of promoter activity by
a direct and rational design of transcription factor-binding sites
will be a good alternative to promoter engineering. Relatively
little is known, however, about the preferred DNA binding
sites and relative binding affinity of specific transcription fac-
tors, impeding further application of this method in metabolic
engineering.
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Promoter replacement

Promoter replacement through selecting specific promoters
with various strengths is frequently used to fine-tune gene
expression of rate-limiting enzyme (Chen et al. 2018; De
Mey et al. 2010). For example, Yuan et al. increase the carot-
enoid production of E. coli by replacing the native promoter
of the isoprenoid pathway with the strong bacteriophage T5
promoter (Yuan et al. 2006). Moreover, the strong promoters
of C. glutamicum sod (encoding superoxide dismutase) and
tuf (encoding translational elongation factor EF-Tu) genes,
are also used for optimizing gene expression (Patek et al.
2013). Several S. cerevisiae strong promoters, such as the
promoters of 3-phosphate dehydrogenase TDH3, 3-phos-
phoglycerate kinase PGK and translational elongation fac-
tor TEF'1, are commonly used for engineering applications
(Partow et al. 2010). Furthermore, the heat-induced PyP;
promoters of phage A and the inducible E. coli promoters
Plac, Ptac and Ptrc are also efficient tools to regulate gene
expression. In brief, the insertion of specific promoters with
desired strengths by replacing the native promoter is a very
simple, efficient and time-saving method for the optimiza-
tion of metabolic pathways.

Synthetic RBS regulation

The alternation of RBS strength is also an efficient approach
to regulate expression levels, ranging from genetic circuits
to production pathways (Chen et al. 2018). The combina-
tion of promoter and RBS engineering will contribute to
the construction of libraries with a wider range of promoter
strengths. Moreover, this strategy can achieve expression
regulation at both the transcriptional and translational levels.
Kosuri et al. design all combinations of 114 promoters and
111 RBS sites and create a large-scale library of 12,653 syn-
thesized constructs in E. coli (Kosuri et al. 2013). The large
dataset shows the expression levels vary over four orders
of magnitude, and provides a good resource for researchers
seeking to achieve particular regulatory elements.

Applications of promoter engineering
in metabolic pathway design

Metabolism is an extensively important and complex cellular
process. No matter the modification of specific endogenous
pathways or the introduction of heterologous biosynthetic
gene clusters, it always disturbs the native metabolism in
microbial hosts, and generates flux imbalances of metabolic
pathways (Chen et al. 2018; Raman and Chandra 2009).

Thus, to balance of the overall metabolic fluxes by orches-
trating the expression of multi-genes is one of the major
challenges for strain improvement (Biggs et al. 2014). Based
on various promoter strengths, the multivariate modular
metabolic engineering for pathway optimization has greatly
increased our ability to design and generate desired micro-
bial cell factories for industrial applications.

The prokaryotic model microorganisms, such as E. coli
and C. glutamicum, are well-known used industrial work-
horses for the large-scale production of various added-value
metabolites (Du et al. 2011; Lee et al. 2016). The precise
gene expression control through promoter engineering is a
critical strategy to balance the flux in the metabolic path-
ways. For example, Wu et al. optimize the resveratrol pro-
duction of E. coli by regulating the expression strengths of
three distinct modules, and the engineered strain exhibits an
almost 30-fold increase in the resveratrol production (Wu
et al. 2013). Dahl et al. employ the stress-response promot-
ers to regulate farnesyl pyrophosphate (FPP) production
by altering the isoprenoid biosynthetic pathway in E. coli,
and this strategy improves the production of amorphadiene,
the final product, by twofold over that from inducible or
constitutive promoters (Dahl et al. 2013). Shen et al. con-
struct a lycopene producer through promoter engineering,
and employ promoters with different strengths to balance
the expression of the mevalonate pathway (Shen et al.
2015). The engineered E. coli strain produces lycopene of
529.45 mg/L in the fed-batch culture. Hwang et al. show a
dissolved oxygen (DO)-dependent nar promoter library with
diverse transcriptional strengths, and evaluate the general
applications of these synthetic nar promoters in biochemi-
cal production (Hwang et al. 2018). By regulating gene
expression of specific biosynthesis pathways using the syn-
thetic promoters with different strengths, the production of
D-lactate or 2, 3-butanediol is increased by 34% and 72%,
respectively. Similarly, promoter engineering strategies are
also employed for genetically modifying C. glutamicum
strain. For example, Yim et al. isolate synthetic promoters
of various strengths, and employ the strongest promoter H36
for the secretory production of endoxylanase, achieving
yields of 746 mg/L in the extracellular medium (Yim et al.
2013). By replacing the natural promoter of the genes with
a strong promoter and other engineering approaches, Judith
et al. report de novo generation of an industrially competi-
tive L-lysine producer (Becker et al. 2011). In addition,
we also design an effective promoter library with varying
strengths over a wide range, and a promoter library-based
module combination (PLMC) technology is established for
the optimization of L-threonine biosynthesis pathway (Wei
et al. 2018). The threonine titer of engineered strain shows
6.1-fold higher than that of the control strain.

Saccharomyces cerevisiae, the best-characterized eukar-
yotic organism, is considered the ideal host for microbial
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production of biofuels, nutraceuticals, and natural products
(Du et al. 2011). The fine-tuning of gene expression is also
needed to maximize product yields in yeast. In recent years,
a strategy named the customized optimization of metabolic
pathways by combinatorial transcriptional engineering
(COMPACTER) is designed for balancing metabolic fluxes
of the heterologous multi-gene pathways (Du et al. 2012).
Based on this strategy, the researches successfully obtain a
xylose utilizing pathway with near-highest efficiency and a
cellobiose utilizing pathway with highest efficiency in S. cer-
evisiae. Moreover, a strategy combining stepwise metabolic
engineering and flux control at the transcriptional level is
designed to enhance triterpenoid production, resulting in the
p-amyrin yield of 16.30 mg/g dry cell which is best in pre-
sent reports (Zhang et al. 2015). Perhaps more commonly,
promoter engineering merely acts as one of major regulation
steps for pathway optimization. For example, by the combi-
natorial approach gene overexpression under control of the
strong constitutive promoters and other disruption strategies,
Raphael et al. achieve the highest titer of triacylglycerols in
S. cerevisiae, which is about 27.4% of the maximum theo-
retical yields (Ferreira et al. 2018).

Taken together, as a crucial tool of synthetic biology, pro-
moter engineering has shown great potentials for application
in the fine regulation of metabolic pathways. However, the
creating of appropriate pathway mutants based on promoter
libraries is often combined with high-throughput screening
method, which is an inefficient and time-consuming process.
With the development of systems biology and bioinformatics
technology, much elucidation about the structure and func-
tion of promoter core motifs or regulatory elements is still
urgently required, and more rational strategies should be
developed for the design of promoter sequence. Additionally,
using the computer-aided models to predict the expression
intensity of promoters in specific metabolic pathways will
help to more rationally select proper promoters for pathway
optimization.

Conclusion and perspective

Promoters can regulate gene expression of specific meta-
bolic pathways to control the flux of metabolism, which are
referred to essential biological elements in synthetic biol-
ogy. Therefore, the fine-tuning of metabolic flux by pro-
moter engineering provides a powerful strategy for strain
and product improvement.

In the past few years, several different promoter engineer-
ing strategies have been successfully designed and imple-
mented to allow precise control of gene expression and regu-
latory circuit for industrial applications in both prokaryotes
and eukaryotes. However, the complete rational flux design
in metabolic engineering remains difficult to achieve optimal

@ Springer

effects since pathway information is frequently not available.
Thus, the modularization and multivariate optimization of
metabolic pathways by promoters with various strengths are
likely to be useful concepts in future (Biggs et al. 2014;
Jeschek et al. 2016; Yadav et al. 2012). In addition, with
more and more promoter elements have been identified and
functionally characterized, individual promoter sequences
and regulatory elements can be designed more rationally,
thereby reducing the blindness of library construction and
the workload of subsequent high-throughput screening
process.
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