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ARTICLE INFO ABSTRACT

Keywords: Metabolic engineering of microbial strains for the production of flavonoids of industrial interest has attracted
Flavonoids . great attention due to its promising advantages over traditional extraction approaches, such as independence of
Phenylpropanoic acids plantation, facile downstream separation, and ease of process and quality control. However, most of the con-
Isoflavonoids icrobial . ffer £ 1 . . 1 el 1 s

Anthocyanins structed microbial production systems suffer from low production titers, low yields and low productivities,
Flavonols restricting their commercial applications. One important reason of the inefficient production is that the expression
Flavones conditions and the detailed functions of the flavonoid pathway enzymes are not well understood. In this review,

we have collected the biochemical properties, structural details, and genetic information of the enzymes in the
flavonoid biosynthetic pathway as a guide for the expression and analysis of these enzymes in microbial systems.
Additionally, we have summarized the engineering approaches used in improving the performances of these
enzymes in recombinant microorganisms. Major challenges and future directions on the flavonoid pathway are

also discussed.

1. Introduction

Flavonoids are a class of polyphenolic compounds naturally present in
plants, which contain a C6-C3-C6 skeleton (Fig. 1). These compounds
are produced against biotic and abiotic stresses when plants are exposed
to external stimuli such as pathogen invasion, environmental stresses,
physical injury, etc. (Chouhan et al., 2017; Treutter, 2006). In plants, the
biosynthesis of flavonoids starts with the deamination of phenylalanine
or tyrosine to cinnamic acid or coumaric acid by phenylalanine ammonia
lyase (PAL) or tyrosine ammonia lyase (TAL) (Fig. 2). Next, cinnamic acid
or coumaric acid is converted to corresponding CoA ester under the ac-
tion of 4-coumarate: CoA ligase (4CL). The CoA ester is subsequently
condensed with malonyl-CoA at a 1:3 M ratio by chalcone synthase (CHS)
to form chalcone, which is then isomerized to form (2S)-flavanones
catalyzed by chalcone isomerase (CHI). Flavanones can be modified by
various enzymes, such as hydroxylases, glycosyltransferases, and meth-
yltransferases, to produce diverse flavonoids. For example, hydroxylation
of (2S)-flavanones at C3-position by flavanone 3p-hydroxylase gives rise
to dihydroflavonols, whose reduction is then catalyzed by dihydro-
flavonol  4-reductase = (DFR) at C4-position to  produce

leucoanthocyanidins. Leucoanthocyanidins are reduced by leucoantho-
cyanidin reductase (LAR) to generate flavan-3-ols. Leucoanthocyanidins
or flavan-3-ols under the action of anthocyanidin synthase (ANS) can be
used to synthesize anthocyanidins, which are then glycosylated at C3 by
flavonoid 3-O-glucosyltransferase (3GT), yielding anthocyanins (Zha and
Koffas, 2017). Diverse modifications such as hydroxylation, methylation,
prenylation and glycosylation can occur to the baseline flavonoid mole-
cules, giving rise to a large number of flavonoids with diverse structures
and different properties.

Flavonoids are very important for physiological activities of plants
and they also have wide applications for humans. A wide range of fla-
vonoids have been used as pharmaceuticals, nutraceuticals, and food
additives, etc. (Chouhan et al., 2017; Trantas et al., 2009). Traditionally,
the major way of supplying flavonoids is extraction from plants. How-
ever, this method has a few limitations, such as heavy dependence on
land and climate, seasonal and regional fluctuations in supply, and var-
iations in flavonoid content from different sources (Tsai et al., 2008; Zhu
et al., 2017). Another way of providing flavonoids is chemical synthesis,
which, however, often requires the use of chemically hazardous catalysts,
and is only limited to flavonoids with simple chemical structures (such as
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Fig. 1. The core skeleton of flavonoids. The common flavonoids contain six subgroups, including flavanone, flavone, flavonol, flavanol, flavanonol, and anthocyanin.
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Fig. 2. The flavonoid biosynthesis pathway in plants. The enzymes marked in bold red are the ones described in this review. PAL, phenyl ammonia lyase; TAL,
tyrosine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate: CoA ligase; CHS, chalcone synthase; CHI, chalcone synthase; FNSI, soluble flavone syn-
thase; FNSII, membrane-bound flavone synthase; FHT, flavanone 3b-hydroxylase; FLS, flavonol synthase; F3H, flavanone 3-hydroxylase; DFR, dihydroflavonol 4-
reductase; LAR, leucocyanidin reductase; ANS, anthocyanidin synthase; HO, hydroxylase; OMT, O-methyltransferase; GT, glycotransferase; PT, prenyltransferase.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

naringenin) due to the presence of multiple active functional groups such microbial cells can be employed to synthesize flavonoids in a sustainable
as hydroxyls and the requirement for accurate modifications of such and economical manner by metabolic engineering approaches (Chemler
groups at particular positions (Wang et al.,, 2015). As an alternative, and Koffas, 2008; Wang et al., 2016b).
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Microbial cell factories hold some distinct advantages over plant
extraction and chemical synthesis in terms of flavonoid production. For
example, this strategy is ecofriendly, has facile downstream processing,
and provides stable production. Microbial strains can be easily grown,
and sophisticated metabolic engineering tools are available for elaborate
metabolic engineering modifications. Moreover, this approach also has
the potential to produce new flavonoid derivatives which may have novel
pharmaceutical or nutraceutical applications (Fowler et al., 2011; Leo-
nard et al., 2008). Metabolic engineering of microbes for the production
of flavonoids has been carried out for two decades, and the microbes
engineered include E. coli, Saccharomyces cerevisiae, Streptomyces ven-
ezuelae, and Corynebacterium glutamicum (Kallscheuer et al., 2017; Pan-
dey et al., 2016). A variety of flavonoid compounds has been successfully
synthesized in these microbial strains. However, the production ability,
including titer, yield and productivity, has not fulfilled the industrial
requirements.

To optimize the microbial cell factories of flavonoid production for
industrial applications, many efforts have been attempted to optimize the
introduced pathways, including selection of gene orthologues, pro-
moters, and ribosome binding sites, enhancement of cosubstrate supply,
and regulation of product relocation. The relevant work has been well
summarized in recent reviews (Chouhan et al., 2017; Pandey et al.,
2016). However, the performances of the resultant strains still do not
meet the requirement for commercial applications. Given that the
pathway enzymes are key to efficient bioproduction, and that the
detailed information of many of these enzymes is still under exploration,
it is critical to find novel insights from these enzymes and propose new
approaches to optimize the pathways and improve the production titers.

In this review, we summarize the major enzymes involved in flavo-
noid biosynthesis, and review their biochemical properties, structural
details, and genetic information. In addition, we cover the strategies
applied for functionally expressing these enzymes in recombinant mi-
crobes to improve flavonoid production.

2. Plant enzymes involved in the biosynthetic pathway of
flavonoids

Construction of an efficient microbial platform to produce diverse
flavonoids in microorganisms requires an extensive understanding of the
metabolic pathway enzymes in their natural hosts, i.e., plants, and their
expression conditions in engineered microbial hosts. Such information is
dependent on the exploration of kinetics of the enzymatic reaction, the
substrate preference, the structure, the enzyme evolution, the biochem-
ical properties, etc., which will be the focus of this section.

2.1. PAL/TAL

PAL or TAL catalyzes the first step of the general phenylpropanoid
pathway, the nonoxidative deamination of phenylalanine or tyrosine.
This step is a joint reaction common to the production of many metab-
olites including flavonoids, coumarins, phytoalexins, and lignin (Fig. 2).
The deamination reaction is carried out using a 3,5-dihydro-5-methyli-
dene-4H-imidazole-4-one (MIO) prosthetic group to activate the sub-
strate, which is formed through spontaneous cyclization and dehydration
of an alanine-serine-glycine segment of the polypeptide backbone in the
active site of PAL (Schroeder et al., 2008). This enzyme is present in the
form of a tetramer, and is inhibited by its product trans-cinnamic acid
and the phenylalanine analogue aminoxyphenylpropionic acid (Mavan-
dad et al., 1990).

Many PALs, no matter of plant origin or microbial origin, present TAL
activity, and are also termed TALs. Interestingly, almost all the PALs and
TALs show activity towards both phenylalanine and tyrosine, whereas
most of these enzymes have a higher preference for phenylalanine over
tyrosine (Vannelli et al., 2007). The TAL from the red yeast Rhodotorula
glutinis (RgTAL) has the strongest substrate preference for tyrosine over
phenylalanine and the highest specific activity although the TAL activity
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is around half of its PAL activity (Vannelli et al., 2007). Therefore, it is the
most commonly used TAL for microbial production of flavonoids with
tyrosine being the substrate.

Although PALs and TALs share many similarities and sometimes can
be used interchangeably, in certain cases, a high TAL activity with low
PAL activity is necessary for the highly efficient production of certain
compounds that use tyrosine as the precursor, such as naringenin. Given
that the crystal structures are available for PALs from Rhodobacter
sphaeroides, Rhodosporidium toruloides, and Petroselinum crispum, as well
as histidine ammonia-lyase from the bacterium Pseudomonas putida
(Louie et al., 2006), homology modeling and rational design based on
structural information can help with the generation of novel TALs with
higher tyrosine specificity and activity.

2.2. 4CL

In plants, 4CLs are present in multiple isoforms and encoded by a gene
family. These enzymes belong to the adenylate-forming enzyme family
and catalyze the formation of phenylpropanoic acid-CoA complexes,
which are further utilized for biosynthesis of phenylpropanoids. The
catalytic process of 4CLs contains two steps, in which the substrate is
converted to adenylate intermediate and then to thioester (Li and Nair,
2015).

4CLs are present in the form of multiple isozymes, which exhibit
distinct substrate affinity that appears to coincide with specific metabolic
functions (Lavhale et al., 2018). Physiological studies have shown that
specific isoforms of 4CLs are differentially regulated upon exposure to
diverse stimuli, leading the metabolic flux toward particular metabolites
as desired, such as lignin for structural support, flavones and flavonols for
UV protection, anthocyanins as pigments for the attraction of pollinators
and seed distributors, and isoflavonoids and furanocoumarins as phyto-
alexins for pathogen defense (Douglas, 1996). Thus, 4CLs are one of the
key branch point enzymes in the phenylpropanoid pathway, regulating
the production of different phenylpropanoids according to the needs of
plants.

4CL genes can be classified into two broad groups. Class I 4CL genes
play important roles in the biosynthesis of lignin and other phenyl-
propanoid derivatives, and are found in most dicotyledonous plants, such
as Arabidopsis At4CL1 and At4CL2, Populus Pt4CL1, and soybean Gm4CL2
Pt4CL1 (Sun et al., 2013). Class II 4CL genes are associated with the
production of flavonoids and antitoxins, and are mainly found in
monocotyledonous plants and gymnosperms, as well as certain dicoty-
ledonous plants, such as Arabidopsis At4CL3, Pt4CL2, and rice 4CL.
Evolutionary studies indicate that 4CLs separately evolve after monocot
and dicot segregation (Cukovica et al., 2001). Given the diverse functions
and substrate preferences of 4CLs, the selection of appropriate gen-
e/enzyme for flavonoid production is of great importance. For example,
in vitro assays show that 4CL from Petroselinum crispum has higher
enzymatic activity than that from rice or Plagiochasma appendiculatum
(Zang et al., 2019).

In the heterologous expression of 4CLs, Santos et al found 4CL-medi-
ated suppression of TAL activity and recovery of TAL activity through
adequate pathway balancing, suggesting that accumulation of
coumaroyl-CoA could inhibit the activity of TALs, which was not
observed in previous in vivo or in vitro studies (Santos et al., 2011).

2.3. CHS

CHS catalyzes the condensation of one molecule of phenylpropanoic
acid-CoA and three molecules of malonyl-CoA to form one molecule of
chalcone. CHSs belong to the family of type III polyketide synthases
(PKSs), which exist as homodimers based on a ketosynthase domain (Dao
et al.,, 2011). Type III PKSs belong to the “initiation enzyme” group
characterized by a Cys-His-Asn catalytic triad. In contrast, type I and type
II PKSs, which contain a Cys-His-His catalytic triad, are “elongation en-
zymes” (Dao et al., 2011; Yu et al., 2012). CHSs and other type III PKSs,
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such as stilbene synthase, curcuminoid synthase, and pentaketide syn-
thase, can take different numbers of malonyl-CoA molecules to form
diversified skeleton structures, followed by various modifications to form
a wide range of secondary metabolites. Type III PKSs show very high
similarity in the amino acid sequences, indicating that they may evolve
from the same origin and diverge into different groups during long-term
evolution due to the requirement of plants to cope with environmental
challenges.

The crystal structures of CHS from Alfalfa and apples are available.
The active pocket of Alfalfa CHS and STS from Pinus sylvestris was
determined and reconstituted (T132A or S131A mutation) to produce
both chalcones and stilbenes (Austin et al., 2004). Other mutations in the
active sites not only change the reaction types, but also invert the sub-
strate specificity. For example, the active site of CHS from Hypericum
sampsonii was mutated to L263M-F265Y-S388G and the triple mutant
showed higher substrate affinity of benzoyl-CoA than 4-coumaroyl-CoA
(Liu et al., 2003).

In metabolic engineering of microorganisms to produce flavonoids
and other phenylpropanoids, the CHS-catalyzed reaction is a critical step.
The condensation is a dual-substrate reaction, and requires the supply of
malonyl-CoA, which is involved in many cellular reactions (Wu et al.,
2015). However, it is very difficult for CHSs to compete for malonyl-CoA
binding with other endogenous enzymes which have very efficient
reactivity with malonyl-CoA after thousands of years of evolution in
nature. So far, metabolic engineering efforts have mainly focused on
selection of CHS gene orthologues from different plants, whereas direct
protein engineering to improve the specific activity has not been
reported.

2.4. CHI

CHIs catalyze the intramolecular cyclization of chalcones to form
tricyclic (2S)-flavanones. Chalcones can spontaneously cyclize in solu-
tion to produce an enantiomeric mixture of flavanones, so expression of
CHIs in plants guarantees the generation of biologically active (25)-fla-
vanones for plants (Jez and Noel, 2002). Furthermore, the rate of
enzyme-catalyzed cyclization is 10”-fold higher than that of the sponta-
neous cyclization (Jez and Noel, 2002).

CHIs are generally grouped into two classes according to their sub-
strates. Class I CHIs can only convert 6’-hydroxychalcone into 5-hydrox-
yflavanone and are ubiquitous among plants (Shimada et al., 2003). Class
II CHIs, mostly found in leguminous plants, can convert both
6’-hydroxychalcone and 6’-deoxychalcone to 5-hydroxyflavanone and
5-deoxyflavanone, respectively.

The intramolecular cyclization reaction catalyzed by CHIs requires a
hydroxyl group at the 2/-position in chalcone. The reaction begins with
the deprotonation of the 2'-hydroxyl of chalcone, causing the 2'-oxy
anion to attack the p-carbon atom of the a, p-unsaturated double bond to
produce the 2'-acidic hydroxyl group (Yin et al., 2019). The catalytic
activity of CHI is pH-dependent. For example, the activity at pH 6 is about
half of that at pH 7 (Jez and Noel, 2002).

Researchers have identified more than 3,000 nucleotide sequences of
CHIs and have tested their expression in E. coli and S. cerevisiae (Yin et al.,
2019). A 926 bp-CHI from Ginkgo biloba L. was successfully expressed in
E. coli and its activity was confirmed by the formation of flavonoids
(Cheng et al., 2011). The expression of CHI from Millettia pinnata was
conducted in S. cerevisiae, which enhanced yeast’s tolerance to salt
treatment (Wang et al., 2013). Additionally, overexpression of CHIs has
been used in hairy roots to confirm their functions and their enhancing
effects on flavonoid levels (Li et al., 2006). These studies demonstrate
that CHI-catalyzed reaction is a rate-limiting step in flavonoid biosyn-
thesis, and efficient expression of CHIs in microorganisms is essential for
construction of microbial cell factories for flavonoid production.
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2.5. Hydroxylases

Hydroxylation of flavonoids is an important post modification for the
biosynthesis of a diverse range of flavonoids. To generate diversity in
structural chemistry of flavonoids and to produce novel therapeutically
or neutraceutically functional compounds, flavonoids are hydroxylated
by various hydroxylases.

Hydroxylation typically occurs at C3, C6 carbons and the B ring.
Flavanone 3-hydroxylase can add a hydroxyl at C3 position with the help
of iron and ascorbate (Zhang et al., 2018). Recently, a flavone 6-hydrox-
ylase from plant Scutellaria baicalensis was identified and the removal of
the membrane recognition signal led to functional cytoplasmic expres-
sion of this enzyme and the production of 6-hydroxylflavones (Li et al.,
2019). However, the substrate specificity of this enzyme has not been
studied.

Hydroxylation of the B ring has been extensively studied. The en-
zymes corresponding to hydroxylation at specific positions have been
discovered and tested in microbial strains, such as flavanone 3'-hydrox-
ylase for hydroxylation at C3’ position. Most of these hydroxylases are
P450 enzymes which are anchored on membranes. The hydroxylation
process requires cytochrome P450 reductases (CPRs), which are also
located on membranes such as endoplasmic reticulum membrane and
help to transfer electrons to receptors. In plants, multiple P450s can use a
single CPR and an approximate P450/CPR ratio is 15:1 (Jensen and
Mgller, 2010). So in metabolic engineering for flavonoid production,
selection of CPRs and modulation of P450 hydroxylase/CPR ratio for
optimal hydroxylation is generally required.

In nature, apart from P450 hydroxylases, there are non-P450 hy-
droxylases. Jones et al identified a non-P450 hydroxylase, HpaBC, native
to E. coli and P. aeruginosa with high activity towards phenylpropanoic
acids as well as flavanones. Expression of HpaBC could implement the
ortho-hydroxylation of p-coumaric acid and naringenin but not the
flavan-3-ol afzelechin (Jones et al., 2016).

2.6. Methyltransferases

Methylation helps to maintain the physiological functions of flavo-
noids in plants, as it improves the stability and membrane permeability of
flavonoid compounds (Koirala et al., 2016). Methylation in plants is
catalyzed by methyltransferases, which transfer S-adenosyl-L-methionine
(SAM) to flavonoids at hydroxyl groups, with a preference for
C7-hydroxyl in A ring and hydroxyls in B ring, although the reason for
such a position preference is unknown (Pandey et al., 2016).

Methyltransferases from plants are SAM-dependent caffeoyl-CoA O-
methyltransferases (OMTs). However, a few of the microbially originated
SAM-dependent OMTs are also found to methylate plant flavonoids. For
example, the OMT from Streptomyces peucetius ATCC 27952
(SpOMT2884) was functionally overexpressed in E. coli and used for the
methylation of flavonoid compounds (Kim et al., 2005). So far, the crystal
structure of the flavonoid methyltransferase Bacillus cereus BcOMT2 has
been resolved, and the SAM-binding domain and the metal-dependent
catalytic site have been identified, which provides theoretical basis for
structural analysis and engineering of other methyltransferases (Cho
et al., 2007).

In microbial production of methylated flavonoids, the supply of SAM
is a critical issue besides the substrate specificity and activity of OMTs.
The generation of SAM undergoes feedback repression by methionine
biosynthesis regulator MetJ based on the intracellular SAM concentra-
tions, thus limiting its accumulation and the rate of methylation (Cress
et al.,, 2017). To increase the availability of SAM, CRISPRi-mediated
silencing of MetJ was performed for the production of peonidin
3-O-glucoside (a methylated flavonoid compound) from catechin in
E. coli, and a twofold increase in the production titer was achieved (Cress
et al., 2017).
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2.7. Glycosyltransferases

Glycosyltransferases conduct glycosylation of flavonoids in plants.
Glycosylation, one of the most essential and common modifications, is
the process by which a sugar unit is transferred from an activated
nucleotide diphosphate sugar, such as UDP-glucose, to a flavonoid
molecule. Glycosylation increases the chemical complexity and diversity
of natural products, and introduces changes in physical and biological
properties of flavonoids, such as stabilizing the formed flavonoids or
facilitating the regulation of cellular metabolism (Weymouth-Wilson,
1997).

The flavonoid glycotransferases belong to the GT1 family (Lairson
et al., 2008). The most common glycosylation sites in flavonoids are 3-hy-
droxyl and 7-hydroxyl, although some glycosylation occurs to the 5-hy-
droxyl in A ring, and the hydroxyl moieties in B ring. The sugar units
for monosaccharide generation include glucose, rhamnose, galactose,
arabinose, and xylose. The sugar units for disaccharides are rutinose,
sophorose, and sambubiose. Some studies have shown the
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biotransformation of flavonoid glycosides in recombinant E. coli or other
microbial cells (Koirala et al., 2014; Pandey et al., 2016; Ruprecht et al.,
2019; Shrestha et al., 2018; Wang et al., 2016a). In addition, several
nucleotide sugar biosynthetic pathways are engineered in E. coli for
regioselective biotransformation and high titer production of flavonoid
glycosides (Leonard et al., 2008; Yan et al., 2008).

2.8. Prenyltransferases

Plant flavonoid prenyltransferases contain signal peptides at the N-
terminus and several transmembrane a-helices to locate them to plastids
(Stec and Li, 2012). They share common conserved aspartate-rich motifs
NQxxDxxxD and KDxxDxxGD, with the former being involved in binding
prenyl donor and the latter in binding flavonoids (Stec and Li, 2012). The
prenyl moiety increases the lipophilicity of flavonoids, thus changing
their membrane-permeation capabilities (Yang et al., 2015). Most of the
prenylated flavonoids are produced by biotransformation using plant and
fungal whole cells. The enzymes that can catalyze the formation of
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Fig. 3. The approaches frequently used in engineering of flavonoid pathway enzymes for improved functions in recombinant microorganisms. The strategies include
codon optimization, fusion expression, enzyme scaffolding (Conrado et al., 2011; Dueber et al., 2009), and removal of signal peptides for expression of P450

pathway enzymes.
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prenylated flavonoids are very limited. APT(Orf2) from Streptomyces was
identified to transfer the geranyl group to various flavonoid compounds
such as daidzein, formononetin, genistein, fisetin, naringenin, and
resveratrol (Kuzuyama et al., 2005). The prenyltransferase NovQ from
S. niveus was discovered to transfer dimethylallyl group to phenyl-
propanoids and B ring of flavonoids (Ozaki et al., 2009). A naringenin
8-dimethylallyltransferase (SfN8DT-1) from Sophora flavescens was
expressed in yeast strain W303-1A and the recombinant yeast could
produce 566 pg/L of 8-dimethylallyl naringenin from exogenously added
0.2 mM naringenin (Sasaki et al., 2009). In future studies, improving the
supply of dimethylallyl pyrophosphate by engineering native pathway
and engineering prenyltransferases can allow the efficient production of
diverse flavonoids using recombinant microbes.

3. Engineering strategies applied in improving enzyme
functionality

3.1. Codon optimization for better expression

Codon optimization is a commonly used strategy to improve the
expression of pathway enzymes (Lanza et al., 2014). Because of the
codon bias between the native plant hosts and engineered microbial
hosts, expression of plant flavonoid pathway genes in microbes is often
difficult. As a result, codon optimization is generally employed according
to the preference of codon usage in the microbial species to be used
(Fig. 3). In E. coli, the expression of flavonoid pathway genes without
codon optimization is usually successful based on our experience in
producing diverse flavonoids for two decades. However, their expression
in other microorganisms could be problematic. In C. glutamicum-based
naringenin production, expression of the non-codon-optimized pathway
genes was unsuccessful (Kallscheuer et al., 2016); however,
codon-optimization of these genes led to acceptable levels of naringenin
biosynthesis. Due to the importance of codon-optimization, it is usually
performed at the very beginning of the engineering procedure in mi-
crobial production of flavonoids.

3.2. Fusion engineering for improved enzyme expression and activity

Codon-optimization only aims at making the gene sequences recog-
nizable by the microbial hosts; however, it does not guarantee that the
genes/enzymes can be expressed correctly. In some cases, the expression
of flavonoid pathway enzymes is confronted with enzyme misfolding and
the formation of inclusion bodies, so the soluble expression of these en-
zymes is of particular significance. A frequently used approach to in-
crease the soluble expression of enzymes is fusion of a protein or peptide
tag, which on its own is highly soluble in the host strain even at a very
high expression level, such as maltose-binding protein (MBP) and small
ubiquitin-like modifier (SUMO) (Fig. 3). For example, to engineer
C. glutamicum for the biosynthesis of cyanidin 3-O-glucoside from cate-
chin, SUMO tag was fused to the N-terminus of flavonoid 3-O-glucosyl-
transferase to improve its expression. The fusion enzyme allowed a 1.1-
fold increase in the production of cyanidin 3-O-glucoside (Zha et al.,
2018).

Beyond optimization of a single pathway enzyme for improved
expression and hence increased enzyme activity, translational fusion of
multiple enzymes in successive steps is another effective method of
improving enzyme performance (Fig. 3). Such fusions can maximize the
local concentrations of substrates for each enzyme in the fusion system,
allowing multiple reactions to proceed efficiently while minimizing the
degradation of unstable intermediates or reducing the negative effects of
toxic intermediates (Springob et al., 2003). Using this strategy, it has
been shown in E. coli that the translational fusion of flavonoid 3-O-glu-
cosyltransferase from Arabidopsis to the N-terminus of anthocyanidin
synthase from Petunia could allow better conversion of catechin to cya-
nidin 3-O-glucoside compared with the tandem expression of the two
enzymes, and the fused enzyme complex could catalyze the successive
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biochemical reactions 16.9% more efficiently than the uncoupled en-
zymes (Yan et al., 2008).

3.3. Assembly of pathway enzymes by scaffolds

Channeling metabolic intermediates efficiently to improve the per-
formance of the introduced pathway is a fundamental strategy in
pathway optimization (Wu et al., 2016). Fusion of pathway enzymes is a
common and useful strategy, but very often such direct fusion causes
misfolding and loss of function. Alternatively, DNA or protein scaffolding
provides a way of assembling pathway enzymes with enhanced catalytic
activities. To form a DNA scaffold, first, a specific DNA-binding protein
(such as zinc finger domains) is fused to each enzyme at the genetic level
(different enzymes need to be fused with different DNA-binding pro-
teins). Then, the specific DNA sequences that interact with the
DNA-binding proteins are placed on a plasmid and their copies can be
varied to simply regulate the composition of DNA-protein complex (the
DNA scaffold). Using such an approach, a threefold increase of resvera-
trol production was achieved in E. coli expressing 4CL and stilbene syn-
thase with the supplementation of 4-coumarate (Conrado et al., 2011).

Beyond DNA scaffolds, protein scaffolds are also very useful in the
regulation of enzyme performance. By adding a specific peptide ligand to
the C-terminus of each enzyme in the mevalonate biosynthetic pathway,
including AtoB, HMGS, and HMGR, the pathway enzymes formed an
enzyme complex through the binding between ligands and the three
cognate domains, which were tethered with glycine-serine linkers to
provide a protein scaffold (Fig. 3). The copies of the separate domains
could be varied to regulate the composition of the enzyme complex to
achieve highest mevalonate production (Dueber et al.,, 2009). The
modulation achieved a 77-fold increase in mevalonate production
compared to the unscaffolded pathway. Zhao et al applied this method to
the production of catechin from eriodictyol and observed only slight
improvement of the product titer (Zhao et al., 2015). The potential issue
with such protein scaffolds lies in the rigidity of the protein domains,
which could negatively affect the catalytic process.

3.4. Removal of the signal peptide to improve expression

Heterologous expression of some flavonoid pathway enzymes, such as
hydroxylases, in prokaryotes is sometimes challenging, and typically, the
genes need to be modified prior to their functional expression. Most
hydroxylases in natural flavonoid biosynthetic pathways are P450 en-
zymes, and their catalytic process requires the involvement of P450 re-
ductases. Both P450 enzymes and P450 reductases contain signal
peptides to locate the enzymes to membranes of eukaryotic organelles.
However, prokaryotes lack such organelles and the cells cannot recognize
the signal peptides with plant origin, causing the misfolding and mal-
functioning of the expressed enzymes. Thus, the elimination of signal
peptides in P450 hydroxylases and P450 reductases is generally required
(Fig. 3). For example, the first four codons of P450 F3'5'H from Cathar-
anthus roseus were removed to achieve its functional expression, and the
fifth codon was replaced with ATG as the new start codon, while the sixth
codon was changed from leucine to alanine (Leonard et al., 2006). The
new F3'5'H was fused with a truncated P450 reductase from C. roseus to
form a chimeric protein, which resulted in the successful formation of
quercetin by feeding coumaric acid. In another case, the truncated
version of flavone 6-hydroxylase from Scutellaria baicalensis showed a
10-fold higher activity than the full-length version in the production of
baicalein in E. coli, and fusion of the truncated enzyme with an expression
tag elevated the activity by another 2-fold (Li et al., 2019).

Although removal of signal peptides can improve the expression and
activity of P450 enzymes, its effect is still very limited in the sense that
the engineered enzymes heterologously expressed in microorganisms are
usually not as active as the natural enzymes produced in plants (Ajikumar
et al., 2010). A possible reason is that electron transfer performed by the
truncated P450 hydroxylases is not as efficient as that by the native
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enzymes anchored in membranes of eukaryotic organelles (Ortiz de
Montellano, 2010). Optimization of the molar ratio and the relative
distance between the P450 hydroxylase and the P450 reductase can
greatly solve this problem (Li et al., 2019); nonetheless, this process is
largely trial-and-error and time consuming. A complete understanding of
the electron transfer process in the truncated enzyme complex and
reconstruction of an efficient channel for electron transfer will give rise
to more efficient and soluble hydroxylases for application in prokaryotic
strains.

4. Conclusions and future perspectives

Metabolic engineering of pathway enzymes for microbial production
of flavonoids proves to be a promising way of supplying flavonoid
compounds for industrial applications. It also allows the biosynthesis of
rare flavonoid compounds, such as pyranoanthocyanins (Akdemir et al.,
2019; Solopova et al., 2019). With the understanding of pathway en-
zymes, researchers have successfully reconstituted the biosynthetic
pathways of various flavonoid compounds in E. coli, S. cerevisiae,
S. venezuelae, and C. glutamicum. Production of some flavonoids with the
supplementation of precursors has reached production titers of over
1 g/L (Wang et al., 2016a). In this review, we have provided the genetic,
biochemical, and expression information on the pathway enzymes and
have summarized the engineering approaches for functional enzyme
expression and improved enzyme performances.

Given the current achievements in flavonoid biosynthesis in engi-
neered microbes, the production capacity in most of the constructed
producing systems still cannot meet the requirements for industrial use.
One critical issue is that the detailed expression condition (the expression
level and the extent of soluble expression), the stability (enzyme degra-
dation), the location (enzyme diffusion and interaction with other
cellular components or compounds), the activity, and the kinetic prop-
erty of each expressed pathway enzyme in the host cell are not clearly
investigated, thus limiting our understanding of the enzyme behavior
and further hindering pathway engineering on the enzyme level for
better functionality and a higher production yield and titer.

The expression levels of pathway enzymes can be investigated by
proteomic tools, such as iTRAQ. Coupled with the metabolomics analysis,
bottleneck pathway enzymes can be identified and engineered to
improve the flavonoid pathway function. As for the location of these
enzymes, labeling technologies such as fusion of fluorescent proteins
combined with fluorescence microscopy can provide a powerful tool to
track the expression and diffusion over the whole catalytic process. It is
thus anticipated that the issues with the expressed enzymes will be
addressed with the available systems biology tools, biochemical analysis
techniques, and enzyme engineering techniques. The big stride in un-
derstanding of the enzyme reactions inside cells will drive the recon-
struction of commercially available microbial cell factories of diverse
flavonoids for applications in industry in the near future.
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