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Abstract

The shikimate pathway is indispensable for the biosynthesis of natural products with aromatic moieties. These products have
wide current and potential applications in food, cosmetics and medicine, and consequently have great commercial value.
However, compounds extracted from various plants or synthesized from petrochemicals no longer satisfy the requirements
of contemporary industries. As a result, an increasing number of studies has focused on this pathway to enable the biotech-
nological manufacture of natural products, especially in E. coli. Furthermore, the development of synthetic biology, systems
metabolic engineering and high flux screening techniques has also contributed to improving the biosynthesis of high-value
compounds based on the shikimate pathway. Here, we review approaches based on a combination of traditional and new
metabolic engineering strategies to increase the metabolic flux of the shikimate pathway. In addition, applications of this
optimized pathway to produce aromatic amino acids and a range of natural products is also elaborated. Finally, this review

sums up the opportunities and challenges facing this field.
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Introduction

The shikimate pathway is indispensable for maintaining the
normal metabolism of cells and is ubiquitously present in
plants, animals and microorganisms [6, 14]. In E. coli, vari-
ous carbon sources are converted into phosphoenolpyruvate
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(PEP) and erythrose-4-phosphate (E4P) through the glyco-
lysis pathway (EMP pathway) and the pentose phosphate
pathway (PP pathway), respectively. Subsequently, both PEP
and E4P are transformed into 3-deoxy-p-arabino-heptulo-
sonate-7-phosphate (DAHP), which is the initial substrate
of the shikimate pathway. The condensation of PEP and E4P
is catalyzed by DAHP synthetase in E. coli, which is coded
by aroF, aroG, and aroH [59], which makes it challenging
to increase the reaction flux toward the shikimate pathway.
DAHP is subsequently transformed into chorismic acid
(CHOR) through six reactions [20, 61, 64, 32] (Fig. 1). In
addition, there are also bypass pathways related to shikimate
formation, such as the quininic acid pathway and the gallic
acid pathway (Fig. 1) [34, 36]. These fundamental pathways
are crucial for the synthesis of many high-value compounds.
For example, chorismic acid, quininic acid and gallic acid
deriving from these pathways act as important intermediates
or precursors for the manufacturing of a number of natural
products, which are usually extracted from various plants or
are synthesized chemically. However, plant extraction and
chemical synthesis have many disadvantages such as envi-
ronment contamination, high energy consumption, and low
yields [6]. Hence, the development of alternative microbial
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Fig.1 a Schematic representation of approaches used to adapt the
shikimate pathway for biotechnological purposes. TktA transketolase
1, PpsA phosphoenolpyruvate synthetase, PykAF pyruvate kinases I
and p II, AroF AroG and AroH 3-deoxy-7-phosphoheptulonate syn-
thase, AroB 3-dehydroquinate synthase, AroD 3-dehydroquinate
dehydratase, YdiB shikimate dehydrogenase/quinate dehydrogenase,
AroE shikimate dehydrogenase, AroL and AroK shikimate kinases
1 and 2, AroA 3-phosphoshikimate 1-carboxyvinyltransferase, AroC
chorismate synthase, UbiC chorismate lyase, PobA p-hydroxyben-
zoate hydroxylase, EntC isochorismate synthase, PchB isochoris-
mate pyruvate lyase, EntAB 2,3-dihydro-2,3-dihydroxybenzoate
dehydrogenase and enterobactin synthase component B, PprA PhPA
reductase from the fungus Wickerhamia fluorescens, DHBA-1-M
2,3-dihydroxybenzoic acid 1-monoxygenase, HpaBC 4-hydroxyLphe-
nylacetate 3-hydrolase, SMO and CDO salicylate 1-monoxygenase
and catechol 1,2-dioxygenase, HQT hydroxycinnamoyl-CoA quinate

routes is an increasingly important trend in the large-scale
production of natural products. With the development of
metabolic engineering and synthetic biology strategies, great
progress has been made in the construction of microbial cell
factories for the production of increasingly complex natu-
ral products. In many cases, a well-defined model organism
such as E. coli is preferable as a cell factory for the synthesis
of certain natural products. It is considered a perfect plat-
form host for the development of industrial production due
to its genetic tractability, favorable growth conditions and
availability of versatile genetic manipulation tools [57]. This
review mainly summarizes recent advances in increasing the
flux through the shikimate pathway by diverse metabolic
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transferase from Nicotiana tabacum, FIAABCI L-phenyllactate dehy-
dratase components, FevV L-tyrosine ammonia lyase from Streptomy-
ces sp. WK-5344, 4CL 4-coumarate-CoA ligase, CHS chalcone syn-
thase from Petunia hybrid, CHI chalcone isomerase from Medicago
sativa, CPR cytochrome P450 reductase from Catharanthus roseus,
F3'H flavonoid 3'-hydroxylase from G. hybrid, CAA caffeic acid, CA
cinnamic acid, CHA chlorogenic acid, HT hydrolysable tannins, MA
muconic acid, PG pyrogallol, PhLA phenyllactate, SA salicylic acid,
AN arbutin, ED eriodictyol, NG naringenin, NGC naringenin chal-
cone, CatA catechol 1,2-dioxygenase from Klebsiella pneumoniae
strain CICIM B7001, EntX 2,3-dihydroxybenzoate decarboxylase
from Pseudomonas putida strain KT2440. Idh-Ipox L-phenylalanine
oxidase and L-lactate dehydrogenase, PAL phenylalanine ammonia
lyase, FDCI ferulic acid decarboxylase, tCA ferulic acid, SR Styrene.
b, ¢ and d include chemical structure mentioned compounds in (a)

engineering strategies and the utilization of this pathway for
the synthesis of high-value compounds in E. coli.

Strategies for enhancing the metabolic flux
through the shikimate pathway

A prerequisite for the industrial biosynthesis of aromatic
compounds via the shikimate pathway is the enhancement of
its flux. The main metabolic engineering strategies include
the engineering of transport systems, the trim of competing
pathways and the optimization of critical enzymes.
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E. coli can assimilate several carbon resources through
different specific transport systems, whereby some sub-
stances utilize more than two transport routes (Fig. 2A)
[51, 57]. Different transport routes have crucial effects on
the final distribution of carbon flux between the shikimate
pathway and cell growth, and researchers used diverse car-
bon sources such as glucose, glycerol, xylose, fructose, and
sucrose and engineered their transport routes in E. coli [1,
24, 25, 70]. Glucose enters into the cell by either PTS or
the non-PTS route (Fig. 2B), whereby the former utilizes
a phosphate from PEP in the process of glucose transport
[27]. However, PEP is an important precursor of metabolic
routes that converge into the shikimate pathway. Therefore,
reducing the consumption of PEP through PTS modifica-
tion is an important strategy to increase the metabolic flux
into the shikimate pathway. The glucose PTS is composed
of IICB", enzyme IIAS", HPr and enzyme I encoded by
ptsl, ptsG, ptsH, and crr, respectively. Accordingly, ptsH
was knocked out to decrease the consumption of PEP for
the improvement of L-tryptophan production [42]. In a dif-
ferent approach, PTS was replaced by non-PTS that con-
sists of glucokinase (encoded by glk), galactose permease
(encoded by galP) and H" [4,70] (Fig. 2B). This strategy can
effectively decrease PEP consumption. In addition, different
carbon sources were employed as substrates to increase the
shikimate pathway flux as well [37]. The highest yield and
production rate of shikimate were obtained in glucose and
glycerol medium, respectively. Xylose and glucose, as fer-
mentative substrates, enter cells through different transport
systems. Consequently, Ranjan et al. [59] used them to syn-
thesize the first compound of the shikimate pathway, DAHP.

The trim of competing pathways is also an important
strategy for improving shikimate flux. This approach can
effectively reduce byproduct synthesis and carbon resource
depletion. For example, pta (encoding acetate kinase) and
ackA (encoding acetate kinase) were deleted to reduce the
accumulation of acetate and waste of carbon source [68].
In addition, the overexpression of ppsA (encoding phos-
phoenolpyruvate synthetase) (Fig. 1) and the knockdown
of pykAF (encoding pyruvate kinases I and II) (Fig. 1) are
usually chosen to convert more pyruvate into PEP [12],
and overexpressing tktA (encoding transketolase 1) [38,
47, 48] (Fig. 1) can increase the pool of E4P, which is also
an important intermediate. In recent years, the develop-
ment of biotechnology has made it possible to switch off
relevant genes at desirable time points using biosensors to
balance cell growth and product accumulation. Gupta et al.
[29] used pathway-independent quorum sensing circuits to
control the metabolic flow by regulating the expression of
pfkA (encoding 6-phosphofructokinase I) and aroK (encod-
ing shikimate kinase 1) at proper times. This method is
superior to the traditional method of adding an inducer and
realizes dynamic control, since the inducer may reduce the

growth or productivity of the strain and increase the cost of
fermentation.

The tuning of enzymes and proteins, including modify-
ing and optimizing enzyme structure [47] and introducing
heterologous enzymes [38], is also an effective approach to
further increase the flow through the shikimic acid pathway.
These modification strategies can release feedback inhibi-
tion of specific enzymes or accelerate the channeling of
substrates.

With the rapid development of bioinformatics and metab-
olomics, large amounts of metabolic information can be
collected in a specific database, which in turn allows the
simulation of intracellular metabolic pathways and enables
the rational engineering of the shikimate pathway. A widely
used, albeit expensive method is 1*C metabolic flux analy-
sis, which enables the accurate measurement of intracellu-
lar fluxes [66, 74]. What’s more, to verify the successful
modification of target genes and understand the physiologi-
cal and metabolic state of the production strains, several
mathematical models have been built. For example, the
combination of dynamic metabolic modeling and response
surface methodology was employed to construct a model for
improving shikimate production in E. coli [53]. In this study,
fermentation parameters of time course of biomass, glucose
concentration, yeast extract concentration and shikimic acid
concentration were collected and then these parameters were
optimized using response surface model. This model facili-
tated improvement of fed-batch process.

Application of the shikimate pathway
for the biosynthesis of aromatic compounds

To manufacture diverse value-added compounds applied in
cosmetics, foods, pharmaceuticals and related fields, many
studies focused on the shikimate pathway. In this section,
we summarized some successful cases of using the afore-
mentioned methods to modify the shikimate pathway of E.
coli to synthesize high-value-added compounds. The prod-
uct spectrum includes aromatic amino acids, chorismic acid,
quininic acid (QA), gallic acid (GA) and their derivatives
(Fig. 1 and Table 1).

3-dehydroquinc acid, 3-dehydroshikimic acid
and their derivatives

In E. coli, QA and GA are derived from 3-dehydroquinc
acid (DHQ) and 3-dehydroshikimic acid (DHS), respectively
[22] (Fig. 1). From the point of view of their structures, both
have multiple hydroxyl groups and one carboxyl group on
the benzene ring, which makes them potential precursors of
high-value-added compounds.
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Fig.2 (A) Import pathways of some common carbohydrate sub-
strates into E. coli cells. ® a XylFGH is a high-affinity ABC trans-
porter that imports xylose into the cell. b XylE is a low affinity mod-
ule that conveys xylose into the cell. ¢ Xylose enters the cell through
hyperosmotic diffusion, which is controlled by XylAB ® E. coli
absorbs xylose via three different routes. a Fructose enters E. coli
via the membrane-spanning enzyme E2™ that is encoded by fruAB.
b Fructose is transported by the mannose-transport system encoded
by the manXYZ operon. ¢ Fructose diffuses into the cell via an iso-
form of the major glucose permease of the PTS system (PtsG-F) ®
Sucrose enters the cell via either the PTS or a non-PTS route specific

for sucrose. a Sucrose enters the cell via ScrY and EII*" (encoded
by scrA). b CscB permease encoded b assists the passive transport
of sucrose @ L-arabinose is transported into the cell through two
independent inducible pathways. a A low-affinity system consists of
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AreE. b A high-affinity system consists of AreFGH.® Glycerol is
metabolized in E. coli in three ways to form dihydroxyacetone phos-
phate (DHAP): a The glycerol kinase (GlpK) and aerobic glycerol
3-phosphate dehydrogenase (GlpD) route. b The GlpK and anaerobic
glycerol 3-phosphate dehydrogenase (GlpABC) route. ¢ The fermen-
tative glycerol dehydrogenase (GldA) and DHA kinase (DhaKLM)
route. (B) Overview of the glucose transport routes of E. coli. After
glucose diffuses into the periplasm through OmpC, OmpF, or LamB,
it can enter the cell via the enzyme IICBCY, enzyme ITIAS®, HPr and
enzyme I encoded by ptsl, ptsG, ptsH, crr. They constitute the glu-
cose PTS (phosphoenolpyruvate dependent carbohydrate phospho-
transferase system); GalP imports glucose using the proton motive
force. Subsequently, glucose is phosphorylated by Glck; MgIABC

also mediates glucose import and then Glck phosphorylates glucose
[39,51]
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Table 1 Overview of studies utilizing the shikimate pathway to produce compounds in E. coli

Carbon resource Product Application Titer References
Glucose 3-dehydroshikimic acid Precursor 60 g/L (bioreactor) [70]
Sorbitol/glucose Shikimate Precursor 1.077 g/L (shake flask) [46]
Glucose/fructose 6.54 g/L (shake flask) [1]
Glucose N/A [34]
Glucose 3.12 g/L (shake flask) [12]
Glucose 0.11 g/L (shake flask) [29]
Glycerol 0.886 g/L (shake flask) [47]
Glycerol 5.33 g/L (shake flask) [38]
Glucose 60 g/L (bioreactor) [53]
Glucose Chlorogenic acid L-phenolics 0.078 g/L (shake flask) [8]
Glycerol/glucose Pyrogallol Food, agricultural 1.035 g/L (shake flask) [65]
Glycerol/glucose Salicylic acid Pharmaceuticals 1.2 g/L (shake flask) [40]
Glycerol/glucose Muconic acid Plastics 1.5 g/L (shake flask) [40]
Glucose Arbutin Pharmaceuticals 4.19 g/L (shake flask) [67]
Glucose/glycerol L-Dopa Parkinson’s medication 25.53 g/L (bioreactor) [21]
Glycerol L-Dopa Parkinson’s medication 12.5 g/L (bioreactor) [13]
Glucose P-coumaroyl shikimates Antioxidants 0.236 g/L (shake flask) [8]
Glucose Anthranilate Intermediate 14 g/L (bioreactor) [4]
Glucose L-Trp Precursor and food additive 55.12 g/L (bioreactor) [68]
Glucose 16.3 g/L (bioreactor) [28]
Glucose 45.5 g/L (bioreactor) [42]
Glucose 10.15 g/L (bioreactor) [27]
Glucose 25.5 g/L (bioreactor) [50]
Glucose 36.3 g/L(bioreactor) [43]
Glucose Violacein Anti-cancer 1.75 g/L (bioreactor) [19]
Glucose Violacein Anti-cancer 4.25 g /L (bioreactor) [72]
Glucose Deoxyviolacein Anti-cancer 0.35 g/L (shake flask) [2]
Glycerol L-Phe Precursor and food additive N/A [24]
Glucose 47 g/L (bioreactor) [45]
Glucose 62.47 g/ (bioreactor) [15]
Glucose 72.9 g/L g/L (bioreactor) [49]
Glucose Phenyllactic acid Inhibitor 1.62 g/L (shake flask) [71]
Glucose Cinnamic acid Cosmetics 1.7 g/L (bioreactor) [54]
Glucose/glycerol Styrene Plastics 0.35 g/L (shake flask) [41]
Glucose L-Tyr Precursor and food additive N/A [52]
Glucose 3 g/L (shake flask) [11]
Glucose Eriodictyol Anti-inflammatory 0.107 g/L (shake flask) [73]
Glucose Caffeic acid Thermoplastics/precursor 0.0379 g/L (shake flask) [35]

The QA present in fruits is an intermediate in the syn-
thesis of chlorogenic acid. Cha et al. employed glucose as a
carbon resource to synthesize QA in engineered E. coli using
a co-culture system. In this approach, one strain was used to
synthesize caffeic acid from L-tyrosine (Tyr), and another
strain transformed caffeic acid and quinate into chlorogenic
acid (CHA) using hydroxycinnamoyl-CoA quinate trans-
ferase (HQT) from Nicotiana tabacum. However, the pro-
duction of caffeic acid from L-Tyr was subject to inhibition

by high concentrations of the substrate, which directly influ-
enced chlorogenic acid production [8].

GA is an important intermediate in the synthesis of
hydrolysable tannins [55] which is a polyphenol substance,
and also acts as a primary anti-inflammatory agent and an
active component responsible for reducing coronary arterial
disease (CAD) and arterial thrombosis [3]. Shikimate dehy-
drogenase (encoded by aroFE) is essential for GA synthesis
in E. coli. Muir et al. [55] overexpressed aroE to enhance
the yield of GA. In addition, GA can also be synthesized
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from chorismic acid. The pobA gene (encoding p-hydroxy-
benzoate hydroxylase) from Pseudomonas aeruginosa was
introduced into E. coli, after which a new mutant of this gene
with improved activity was developed and used to synthesize
GA [10]. In this report, PobA was rationally engineered by
the structural analysis and rational design. They found that
the enzyme with Y385F and T294A has higher catalytic
activity which is a fourfold increase, compared with the
reported Y385F mutant.

Chorismic acid derivatives

Chorismic acid, the end product of the shikimate pathway,
plays vital roles as a key intermediate in the metabolism
of aromatic compounds (Fig. 1). Salicylic acid (SA) is one
of the most essential aromatic monomers derived from
chorismic acid and a precursor in the synthesis of aspirin
(AN) [56] and muconic acid (MA) [40]. For example, Qian
et al. used high-throughput screening technology based on a
biosensor to identify SA high-producer strains [58]. In this
report, a combinatorial library was constructed by compris-
ing a series of ribosome binding site sequences correspond-
ing to a range of predicted protein translation initiation rates,
including entC (encoding isochorismate synthase), pchB
(encoding isochorismate pyruvate lyase), aroL (encoding
shikimate kinases 1), ppsA, tktA and aroG™". Then a biosen-
sor with AraC-Pp,-lacZ sensor-reporter system was used to
screen high SA production strains. Compared with conven-
tional methods, this method can be used to quickly and accu-
rately select target strains from large libraries. Moreover, Lin
et al. produced SA in engineered E. coli by expressing iso-
chorismate synthase and introducing isochorismate pyruvate
lyase from Pseudomonas fluorescens. SA production of the
engineered strain reached 1.2 g/L [40]. Subsequently, they
used SA as precursor for the synthesis of MA via a partial
degradation pathway composed with salicylate 1-monoxy-
genase (SMO) and catechol 1,2-dioxygenase (CDO). In the
report, SMO (encoded by nahG°’) with the highest activity
had been identified.

Besides, Arbutin (AT), which is widely used in the phar-
maceutical and cosmetic industries due to its well-known
skin-lightening effect, as well as antioxidant, antimicrobial,
and anti-inflammatory activities, was synthesized from
chorismic acid. In one metabolic engineering strategy, the
flavin adenine dinucleotide-dependent 4-hydroxybenzoate
1-hydroxylase (MNX1) from Candida parapsilosis CBS604
and arbutin synthase (AS) from Rauvolfia serpentina were
introduced into E. coli, and then enhancing shikimate
pathway was used to further increase the AT production,
resulting in 3.29 g/l AT [67]. Pyrogallol (PG) also was
synthesized from chorismic acid in E. coli via expressing
an efficient 2,3-dihydroxybenzoic acid (2,3-DHBA) 1-mon-
oxygenase that was identified among a series of oxygenases

@ Springer

and hydroxylases based on structural similarity of their the
substrates and products [65]. Of note, this work introduced
a biological reaction that was not known in nature—the con-
version of 2,3-DHBA into PG.

It is prerequisite for overproduction of AN, MA, SA, PG
and AT to increase shikimate pathway flux. The construction
of minimum chassis cells is considered as a promising strat-
egy to effectively synthesize these natural compounds. For
example, free-chromosome engineering could offer a refer-
ence to construct a minimum chassis cells [18]. This engi-
neering was the removal of native chromosome by double-
stranded breaks made by heterologous I-Ceul endonuclease
and the degradation activity of endogenous nucleases, which
resulted in simple cells. Synthetic genetic circuits were intro-
duced into these simple cells to express target genes and then
obtain target metabolites. These simple cells maintained
the ability of expression of target genes, and the expres-
sion of these genes was not disturbed by native chromo-
some. Besides, genes of glycolysis pathway which are able
to regenerate ATP and NADH/NADPH were assembled to a
plasmid with tight regulatory system. Then the plasmid was
introduced into these cells to extend their longevity. For this
strategy, there are two advantages: elimination of disruption
from chromosome and artificial design of genetic circuits.

Aromatic amino acids

The condensation of E4P and PEP yields DAHP, which is
converted into chorismic acid through the shikimate path-
way, and further into aromatic amino acids including L-Tyr,
L-phenylalanine (L-Phe) and L-tryptophan (L-Trp). These
are crucial building blocks for many high-value-added com-
pounds. For example, in addition to being an essential amino
acid in the human body, L-Trp is the starting material for the
synthesis of numerous pharmaceuticals such as antidepres-
sants and antitumor drugs. L-Phe is also a vital ingredient
of the widely used artificial sweetener aspartame, whereas
L-Tyr is an essential dietary component for patients with
L-phenylketonuria and is also the starting material for the
synthesis of L-DOPA [21]. Because aromatic amino acids
have such a wide range of uses, there is a market in excess
of 14,000 ton/year for L-tryptophan, and the production
of L-Phe exceeds 30,000 tons/year [61]. To achieve more
efficient production of the three aromatic amino acids,
increasing numbers of studies employ renewable materials
to produce them by microbial fermentation. Various genetic
editing tools such as clustered regularly interspaced short
palindromic repeats (CRISPR) and error-prone PCR were
used to generate diverse chassis cells. Then, according to
the need of specific products, these chassis cells need to be
modified by specific biological strategies, including reduc-
ing overflow metabolism, modifying transport systems,
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de-inhibition of enzymes, and construction of co-expression
systems.

For instance, the effects of genetic manipulation of phos-
phate acetyltransferase (encoded by pta), high affinity tryp-
tophan transporter (encoded by mtr) and aromatic amino
acid exporter (encoded by yddG) on L-Trp production were
studied with the aim to reduce acetate synthesis and acceler-
ate tryptophan export [28, 43]. The combination of reducing
overflow metabolism and modifying tryptophan transport
system was a strategy to improve tryptophan production in
this study. Furthermore, due to polyhydroxybutyrate (PHB)
biosynthesis pathway diverting the acetyl-CoA, a precursor
of acetate, to PHB biosynthesis and reducing acetate secre-
tion, the pathway was introduced into E. coil for improving
L-Trp production as well [26, 50, 63, 68]. Feedback inhi-
bition and repression are ubiquitously present in E. coli.
DHAP is synthesized by enzymes encoded by the three
genes aroF, aroG, and aroH, which are, respectively, inhib-
ited by high intracellular concentrations of L-Trp, L-Phe
and L-Tyr. To circumvent this problem, aroF and aroH were
knocked out and aroG was rationally engineered to relieve
the feedback inhibition by the three aromatic amino acids,
which increased the production of L-Trp [9]. Much work
was done on enhancing the supply of available PEP, which
is the crucial precursor for L-Trp synthesis in E. coli. Com-
mon approaches include knocking out or knocking down the
PTS system [42].

The biosynthesis pathways of L-Phe and L-Tyr share
some similarities. Chorismic acid is converted to prephen-
ate by enzymes encoded by pheA/tyrA (encoding fused
chorismate mutase/prephenate dehydrogenase), and further
to L-Tyr or L-Phe by specific enzymes. L-Phe is an impor-
tant precursor for the low-calorie sweetener aspartame. To
achieve an improvement of L-Phe titer, the overflow metabo-
lism was reduced by moderating the glucose uptake rate by
inactivating the crr gene that encodes the ITAS! glucose-
specific transporter [45]. In one study, PTS was inactivated,
after which glucose facilitator and glucokinase (glf and glk)
from Zymomonas mobilis were introduced into E. coli to
replace PTS and increase the shikimate pathway flux [49].
In addition, AroK, AroL, AroA, AroC, PheA and TyrB,
which are involved in the shikimate pathway, were analyzed
using the Multi-Enzyme Reaction System to identify the
key enzyme for the improvement of L-Phe yield [15]. In
this study, the simplified steps about the identification of
key enzymes were as follows: Firstly, relative proportion of
intracellular enzyme concentration of a strain was obtained
by proteomics. Secondly, crude enzyme extract of the strain
was prepared. Then a sufficient amount of substrate was
added to the crude enzyme extract. Finally, a pure enzyme
with known concentration was added to the reaction system
of the previous step, and then the yield of the final product in
the reaction solution was detected to determine whether the

enzyme was a key enzyme. Their results demonstrated that
the concentration of AroA increasing in vivo was favorable
to improve L-Phe production. Besides, because ydiB (encod-
ing shikimate dehydrogenase) and aroK (encoding shikimate
kinases) are also key genes that convert DHS to form SHK,
they were selected as the target genes for improving the
L-Phe yield [44]. In this report, ydiB and aroK were over-
expressed, which leads to the improvement of L-Phe yield
and the short of lag phase. Genetic modification of pathways
for the production of the third aromatic amino acid, L-Tyr,
is relatively simple. For example, the two major genes, arokK
and ydiB, can be overexpressed to directly increase L-Tyr
production [52]. Besides, to enable precise regulation of
L-Tyr synthesis, a constitutive promoter and 5-untranslated
region (5'-UTR) were artificially designed, resulting in the
3 g/L L-Tyr in shake flasks [11]. Contrasted by the over-
expression and knock out or down of genes, this strategy,
artificially designed 5-untranslated region (5'-UTR), could
better precisely regulate expression level of genes. In addi-
tion, Santos et al. [62] utilized a combinatorial metabolic
engineering approach for optimizing cellular phenotype
to further increase L-Tyr production based on engineered
strain. The combination of global transcriptional machin-
ery engineering and high-throughput screening was used to
improve L-tyrosine production. In this report, two separate
global transcription machinery engineering (gTME) librar-
ies of rpoA(encoding RNA polymerase subunit o) and rpoD
(encoding RNA polymerase, sigma D) were constructed
based on the mutagenesis of the RNA polymerase subunits
and then three strains with high-level production of L-Tyr
were screened via the tyrosinase-mediated conversion of
L-Tyr to the dark and diffusible pigment melanin.

Aromatic amino acid derivatives

A number of valuable natural products contain benzene
rings. Examples include L-DOPA, mandelic acid, vio-
lacein, avenanthramides and resveratrol. To biosynthesize
these compounds, many researchers used synthetic biology
to introduce heterologous genes and pathways into E. coli.
Several successful studies that utilized aromatic amino acids
to synthesize useful natural products are reviewed in this
section.

L-Trp is usually used as the starting material for the syn-
thesis of deoxyviolacein and violacein, which have multiple
pharmaceutical activities, such as antibacterial [56], antitu-
moral [17], antiviral [2], antifungal [5], antiprotozoan [33],
and antioxidant [7] effects. Several natural strains were engi-
neered to produce these compounds. The vioABCE operon
from Chromobacterium violaceum and vioD (encoding
VioD) from Janthinobacterium lividum were introduced into
E.coli to enable the synthesis of deoxyviolacein (Devio) and
violacein (Vio) from L-Trp (Fig. 1) [19]. However, before
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the vioABCDE operon was introduced into E. coli, a chassis
cell that can efficiently produce tryptophan first had to be
constructed. To solve the problem of low efficiency when
using plasmid expression, vioD was integrated into the
genome. At the same time, the supply of building blocks
including serine, chorismic acid and L-Trp was engineered
by introducing the optimized serA™ (encoding mutated phos-
phoglycerate dehydrogenase), aroG™ and trpE™ (encoding
mutated anthranilate synthase subunit) genes [60]. Subse-
quently, vioE (encoding VioE) was overexpressed to improve
the violacein yield, because VioE catalyzes the rate-limiting
step [72].

Similarly, L-Phe from chorismate can serve as a precursor
for the synthesis of a series of important compounds such as
phenyllactate, phenylacetate, phenylethanol, cinnamic acid
(CA) and styrene. L-phenylalanine oxidase from Coprinop-
sis cinereus and L-lactate dehydrogenase from Lactobacillus
plantarum were co-expressed to produce L-phenyllactate,
which has antimicrobial activity. Then a two-stage fermen-
tation process with a temperature shift was used to increase
the yield of phenyllactate (PhlA) [70]. In addition, E. coli
expressing pprA (encoding phenylpyruvate reductase, PprA)
from W. fluorescens TK1 was also able to synthesize (PhlA)
[30]. In other study, not only PhlA was synthesized by PprA
but also was it used as an intermediate to produce CA via
FidABCI from C. sporogenes (Fig. 1) [54].

L-Tyr can be converted into caffeic acid (CAA) by simul-
taneously co-expressing a fusion protein of TAL (L-Tyros-
ine ammonia lyase), 4CL (4-coumarate-CoA ligase), and
4-hydroxyL-phenyllactate 3-hydroxylase (4HPA3H) (Fig. 1).
CAA can be sued as a building block for thermoplastics and
a precursor for biologically active compounds [35]. Further-
more, L-Tyr can be transformed into eriodictyol (ED) via
six heterologous enzymes—tyrosine ammonia lyase (TAL),
4-coumarate-CoA ligase (4CL), chalcone synthase (CHS),
chalcone isomerase (CHI), flavonoid 3'-hydroxylase (F3'H)
and CPR, encoding cytochrome P450 reductase (CPR) from
R. glutinis, P. crispum, P. hybrida, M. sativa, G. hybrida and
C. roseus, respectively [73]. In this study, an appropriate
expression of these enzymes is paid attention to improve
ED yield. The genes encoding these enzymes were codon-
optimized for expression in E. coli (https://www.jcat.de/).
In addition, L-Tyr can also be converted into L-DOPA by
HpaBC (Fig. 1). A chassis cell that can effectively produce
L-Tyr was constructed by engineering aroC, aroL, aroG and
tyrB. Subsequently, hipaBC (encoding 4-hydroxyphenylac-
etate-3-hydrolase, HpaBC) was introduced into this chassis
cell to produce L-DOPA from glycerol [13]. This resulting
strain could produce 12.5 g/LL L-DOPA in fed batch.

To synthesize these natural products, numerous heter-
ologous genes were introduced into E. coli. This can lead
to compatibility problems, such as low or no expression of
the introduced enzyme, or low enzyme activity in spite of
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good expression. These problems urgently need to be solved
before industrialization of the related bioprocesses becomes
a viable option. To the best of our knowledge, optimization
of gene sequences, replacement of expression vector or trun-
cation of peptide chain are commonly selected to solve the
successful expression of enzymes; strong promoter and ribo-
some binding site (RBS) or high copy plasmid are usually
used to overcome low expression of enzymes; the improve-
ment of enzyme activity mainly relies on rational design (by
Rosetta) or saturation mutation (by specific primer).

Concluding remarks and future perspectives

Throughout the last several decades, a multitude of natural
products derived from intermediates of the shikimate path-
way have been studied and produced in E. coli. These natu-
ral compounds have complex structures, so that chemical
synthesis or plant extraction cannot meet the requirements
of modern industry. As a result, microbial fermentation
using advanced cell factories has gradually replaced them.
An important advantage of biotechnological methods is the
possibility to use renewable and economical raw materials,
and the rapid development of metabolic engineering in the
last ten years makes it possible to rationally and quickly
construct production strains. The shikimate pathway of E.
coli was studied by numerous researchers aiming to manu-
facture the natural products mentioned above. After several
generations of efforts, the envisioned production processes
have been achieved, but there are still some challenges. For
example, due to the complexity of metabolic pathways such
as L-tryptophan synthesis, the low yield of some products
has not been solved. If this obstacle is not removed, it will
lead to a waste of resources and an increase in costs. In
successful studies, this problem was solved using non-PTS
transport and changing the culture media. However, PTS
modification can lead to adverse effects, such as growth
retardation and low productivity, and there still is no effec-
tive way to replace PTS. Presently, a non-PTS, MgICBA-Glk
transport system, has not yet been used to increase shikimate
flux. The transport system can work when sugar is present at
a very low concentration [23]. It is possible that a combined
use of the transport system and other transport systems will
be developed to solve this problem. On the other hand, the
synthesis of most natural products requires the introduction
of heterologous genes into E. coli, and their expression can
potentially disrupt the native metabolism. To overcome this
problem, researchers developed new tools such as the RBS
calculator (https://www.denovodna.com/software/) for tuned
expression, biosensors to regulate expression in real time,
and the use of multi-enzymes systems. However, there is
no universal and effective method to resolve this challenge.
Nevertheless, some important global regulators such as TyrR
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[69] and TrpR [31], as well as the regulatory factors that
control energy metabolism, have been paid increasing atten-
tion by researchers, with the aim to achieve precise regula-
tion of the shikimate pathway. In view of the development
of metabolic engineering E. coli to date, it is not difficult to
see that diverse omics approaches, new enzyme design strat-
egies and bioinformatic methods gradually become more
widespread. In the near future, the development of molecular
tools will facilitate further research on the efficient biotech-
nological production of aromatic amino acids and valuable
natural compounds. Throughout, the increase of shikimate
pathway flux is a key factor to synthesize compounds deriv-
ing from this pathway. Thus, we can well engineer this
pathway via some strategies that are shown below. Firstly,
E4P and PEP amounts are increased from heterologous
pathways constructed or mixed carbon added as substrate.
Secondly, appropriate expression level of pathway enzyme
can be identified based on dynamical parameter of chemical
reactions existing in this pathway, not just the inactivation,
knockdown and overexpression of certain genes. Thirdly,
due to the imbalance of reducing equivalent being usually
a limited step, maintaining cofactor balance may be also an
important strategy. Actually, a prominent engineering strain
constructed depends on the integrated use of several proper
strategies not just one. This review offers a broad overview
for all researchers who wish to harness the shikimate path-
way of E. coli for biotechnological purposes.
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