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5-Deoxy(iso)flavonoids are structural representatives of phenylpropanoid-derived compounds and play critical
roles in plant ecophysiology. Recently, 5-deoxy(iso)flavonoids gained significant interest due to their potential
applications as pharmaceuticals, nutraceuticals, and food additives. Given the difficulties in their isolation from
native plant sources, engineered biosynthesis of 5-deoxy(iso)flavonoids in a microbial host is a highly promising
alternative approach. However, the production of 5-deoxy(iso)flavonoids is hindered by metabolic flux imbal-
ances that result in a product profile predominated by non-reduced analogues. In this study, GmCHS7 (chalcone
synthase from Glycine max) and GuCHR (chalcone reductase from Glycyrrhizza uralensis) were preliminarily
utilized to improve the CHR ratio (CHR product to total CHS product). The use of this enzyme combination
improved the final CHR ratio from 39.7% to 50.3%. For further optimization, a protein-protein interaction
strategy was employed, basing on the spatial adhesion of GmCHS7:PDZ and GuCHR:PDZlig. This strategy further
increased the ratio towards the CHR-derived product (54.7%), suggesting partial success of redirecting metabolic
flux towards the reduced branch. To further increase the total carbon metabolic flux, 15 protein scaffolds were
programmed with stoichiometric arrangement of the three sequential catalysts GmCHS7, GuCHR and MsCHI
(chalcone isomerase from Medicago sativa), resulting in a 1.4-fold increase in total flavanone production, from
69.4 mg/L to 97.0 mg/L in shake flasks. The protein self-assembly strategy also improved the production and
direction of the lineage-specific compounds 7,4’-dihydroxyflavone and daidzein in Escherichia coli. This study
presents a significant advancement of 5-deoxy(iso)flavonoid production and provides the foundation for pro-
duction of value-added 5-deoxy(iso)flavonoids in microbial hosts.

1. Introduction 2001). Subsequent enzyme-catalyzed modification reactions, such as,

hydroxylation, methylation, acylation, glycosylation, and prenylation,

Flavonoids represent a class of polyphenolic plant secondary me-
tabolites. Compounds belonging to this class are composed of a Cg-C3-Cg
skeleton and harbour hydroxy groups at characteristic positions of the
three ring system (Dooner et al., 1991; Koes et al., 1994). To date, more
than ten flavonoid subclasses have been identified in plants including
chalcones, dihydrochalcones, aurones, flavanones, flavones, iso-
flavones, dihydroflavonols, flavonols, coumestans, petrocarpans,
anthocyanidins, flavans, etc. (Ververidis et al., 2007; Winkel-Shirley,
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decorate the flavan-skeleton, giving rise to more than 9000 known fla-
vonoids (Arita and Suwa, 2008; Williams and Grayer 2004). Despite this
tremendous number of flavonoids, compounds belonging to this class
can be simply grouped into two groups, hydroxy- and 5-deoxyflavo-
noids, depending on the presence/absence of the C5-stable hydroxy
group. Interestingly, the former group members are widespread in the
plant kingdom, ranging from mosses to angiosperms, whereas the
members of the latter group are restricted, predominantly to legumes
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(Koes et al., 1994; Naoumkina et al., 2010).

5-Deoxy(iso)flavonoids (with lead structures liquiritigenin, daidzein
and formonoetin) are characteristic metabolites of Leguminosae. Such
compounds are typically phytoalexins, naturally acting as an early
metabolic defense strategy against pathogen attacks. Members of this
class are also function as symbiotic signals toward Rhizobium bacteria
involved in nitrogen fixation (Welle et al., 1991; Graham, 1991). In
recent years, 5-deoxyflavonoids have been extensively investigated due
to their potential applications as pharmaceuticals, nutraceuticals, and
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food additives for humans (Chouhan et al., 2017; Zhao et al., 2018). For
example, liquiritigenin, a 5-deoxyflavanone mainly isolated from the
roots of Glycyrrhiza sp., exhibits antitumor activity and a cytoprotective
effect against oxidative stress (Xie et al., 2012; Kim et al., 2004). The
well-known 5-deoxyisoflavones daidzein and its glycoconjungates,
mainly found in soybeans, play an important role in the prevention of
breast cancer (Choi and Kim, 2008), osteoporosis (Strong et al., 2014),
and postmenopausal syndromes (Chen et al., 2019).

Traditionally, the major source of 5-deoxy(iso)flavonoids is a direct
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Fig. 1. Overview of the flavonoid biosynthesis pathway in plants. PAL: phenylalanine ammonia lyase; TAL: tyrosine ammonia lyase; C4H: cinnamate 4-hydrox-
ylase; 4CL: 4-coumarate:CoA ligase; CHS: chalcone synthase; CHR: chalcone reductase; CHI: chalcone isomerase; FNS: flavone synthase; IFS: 2-hydroxyisoflavone
synthase; HID: 2-hydroxyisoflavanone dehydratase. The yellow arrow represents the predominant 5-hydroxyflavonoid pathway, and the orange arrow represents
the 5-deoxy(iso)flavonoid synthetic pathway. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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extraction from plant materials. However, this approach suffers from
several drawbacks, such as the long maturity periods, unreliability due
to the unexcepted seasonal changes, and a huge variation in the flavo-
noid content from different plant varieties (Tsai et al., 2008; Zhu et al.,
2017). Some value-added flavonoids can also be obtained through
chemical synthesis, which often requires the use of hazardous chemical
catalysts, or extreme reaction conditions (Jha et al., 1981). Besides,
there are also critical challenges in the accurate substitute position and
chiral synthesis (Lim et al., 2001; Mavel et al., 2006). Engineered mi-
crobial cells represent an attractive alternative production platform for
flavonoids in terms of the low energy requirements, low waste emis-
sions, environmentally friendly feedstocks, and the potential for
large-scale production (Chemler et al., 2006; Katsuyama et al., 2008).

In plants, flavonoids are synthesized via parallel phenylpropanoid
routes, starting from either phenylalanine or tyrosine (Weisshaar and
Jenkins, 1998; Dixon and Steele, 1999) (Fig. 1). The initial steps are
catalyzed by phenylalanine ammonia lyase (PAL)/tyrosine ammonia
lyase (TAL) to form the phenylpropanoids cinnamic acid or p-coumaric
acid, respectively. Cinnamate 4-hydroxylase (C4H) is required for the
hydroxylation of cinnamic acid to yield p-coumaric acid, which is sub-
sequently converted to its CoA thioester by the activity of 4-coumaryl:
CoA ligase (4CL). Subsequently, chalcone synthase (CHS, a polyketide
synthase), catalyzes the condensation of p-coumaryl-CoA as the starter
unit and three molecules of the extension unit to form 4,2,4',6'-tetra-
hydroxychalcone (naringenin chalcone), which is then converted to
naringenin in the presence of chalcone isomerase (CHI). Naringenin
serves as the common precursor to generate either 5-hydroxyflavone by
the activity of flavone synthase (FNS), or to form 5-hydroxyisoflavone
by the catalytic activity of isoflavone synthase (IFS) and 2-hydroxyiso-
flavanone dehydratase (HID). Interestingly, in legumes, an additional
polyketide reductase (chalcone reductase, CHR) is involved in the
condensation step that leads to formation of 4,2',4'-trihydroxychalcone
(isoliquiritigenin), the common precursor of 5-deoxy(iso)flavonoids
(Fig. 1).

Thanks to the full elucidation of the flavonoid biosynthetic pathway
and the rapid development in the fields of genetic and metabolic engi-
neering, significant progress has been made in the heterologous syn-
thesis of flavonoids in engineered hosts (Fowler and Koffas, 2009;
Leonard et al., 2007, 2008; Lyu et al., 2017; Wu et al., 2014a, 2014b).
Complete flavonoid biosynthesis pathways, e.g. for the production of
naringenin, pinocembrin, apigenin, quercetin, kaempferol, scutellarin,
and baicalein have been reconstructed in microbial host systems in last
decades (Cao et al., 2016; Jones et al., 2015, 2017; Li et al., 2019; Liu
et al., 2018, 2020; Miyahisa et al., 2006). Various strategies have also
been successfully employed to improve the engineered production of
flavonoids, and several flavonoids have reached industrially relevant
titers (Leonard et al., 2008; Leonard and Koffas, 2007; Wu et al., 2014b).
In constrast to these successes, to date, the heterologous synthesis of
5-deoxy(iso)flavonoids in microbial hosts has been only sporadically
investigated (Yan et al., 2007; Rodriguez et al., 2017; Stahlhut et al.,
2015). An engineered E. coli strain expressing genes coding for Pc4CL2
(4CL-2 from Petroselinum crispum), MsCHR (CHR from M. sativa), PhCHS
(CHS from P. crispum), and MsCHI (CHI from M. sativa) led to the pro-
duction of liquiritigenin starting from p-coumaric acid (Yan et al., 2007).
However, the titer of liquiritigenin was only one quarter of that of
naringenin, indicating an imbalanced metabolic flux ratio of favoring
production of the 5-hydroxyflavonoid over the 5-deoxyflavonoid.
Currently, this challenge of ratios of competing products makes avail-
able engineering approaches unsuitable for the large-scale production of
5-deoxyflavonoids.

In the present work, we set efforts to redirect flavanoid metabolic
flux into the reduced branch for the production of 5-deoxyflavonoids. A
pair of preferred enzymes GmCHS7/GuCHR were selected from five
plant species, and subsequently used for the reconstitution of liquir-
itigenin synthetic pathway in E. coli. By introducing a protein-peptide
interaction system PDZ-PDZlig to gather GmCHS7 and GuCHR, the

Metabolic Engineering Communications 13 (2021) e00185

ratio of liquiritigenin in final product was promoted. Stoichiometric
arrangement of GmCHS7, GuCHR, and MsCHI was designed by protein
assembly scaffolds, but failed to further improve the CHR ratio. What'’s
more, the protein self-assembly strategy was also used in de novo syn-
thesis of linear 5-deoxyflavone and 5-deoxyisoflavone metabolites 7,4'-
dihydroxyflavone, daidzein in E. coli.

2. Materials and methods
2.1. Strains, plasmids and chemicals

Escherichia coli DH10B was used for plasmid propagation and all
plasmid constructions. E. coli BL21(DE3) was selectively used for the
expression of heterologous genes and production of flavonoids. The
compatible vectors pCDFDuet-1, and pET28a (Novagen, Germany) were
used for the expression of multiple genes. The vector pET21c (Novagen,
Germany) was used for protein scaffold assembly. All restriction en-
zymes and T4 ligases were purchased from NEB. All constructs were
either amplified with Primerstar Max DNA Polymerase (Takara Bio Inc.,
Beijing) or the ClonExpress II One Step Cloning Kit (Vazyme Biotech Co.,
Ltd, Nanjing). Authentic chemical standards of naringenin chalcone,
naringenin, 7,4'-dihydroflavone and apigenin were purchased from
Yuanye Bio-Technology Co., Ltd (Shanghai). Isoliquiritigenin, liquir-
itigenin, daidzein, and genistein were purchased from Meilun Biotech-
nology Co., Ltd (Dalian).

2.2. c¢DNA isolation and gene cloning

RNAs were isolated from leaves of Glycine max, roots of Glycyrrhiza
uralensis, and Arabidopsis thaliana. Full length cDNAs were obtained
from total RNA by reverse transcription and PCR using PrimerStar Max
mix (Takara). Primers were designed based on the sequences with
Genebank accession numbers. GuCHS (ARH02397), and GuCHR
(D86559) were amplified from G. uralensis, GmCHS7 (NP_001340309),
GmCHRS5 (LC309095), GmIFS (AAF45142), and GmHID (AB154415)
were isolated from G. max, and AtCHS (NP_196897) was obtained from
A. thaliana. CrCPR(X69791, cytochrome P450 reductase from Cathar-
anthus roseus) was synthesized by GenScript (Nanjing) with codon
optimization for E. coli. GuCHS and GuCHR were cloned into the pET21c
vector between the Ndel/BamHI sites. GmCHS7, GmCHR5, and AtCHS
were cloned into pET21c between the Ndel/Xhol sites. GmIFS, CcCPR
and GmHID were cloned into the pRSFDuet-1 vector between the Ncol/
Xhol sites. All primers are listed in Table S1.

2.3. Genetic reconstruction of the 5-deoxyflavonoid pathway

The plasmids pYH51 and pYHS55 were used as the original plasmids
for assembly of the 5-deoxyflavonoid pathway(Li et al., 2019). The
plasmid pYH51 was first linearized with restriction endonucleases
BamHI and EcoRI. The DNA fragment BamHI-T7-RBS-GuCHR-EcoRI,
containing the GuCHR coding sequence, T7 promoter region and RBS
(ribosome binding site), was amplified with primers BamHI-T7 GuCHR-F
and EcoRI-GuCHR-R using pET21c-GuCHR as a template. The obtained
fragment BamHI-T7-RBS-GuCHR-EcoRI was then inserted into the line-
arized pYH51 to generate pYH70. Meanwhile, the DNA fragment Hin-
dIII-T7-RBS-GuCHR-Notl was amplified with primers HindIII-GuCHR-F
and NotI-GuCHR-R, and inserted into the HindIII/Notl digested pYH55 to
result in pYH88. In a similar way, the T7-RBS-GmCHRS5 sequence was
inserted into the linearized pYH55 to form pYH137. The DNA fragment
T7-RBS-PcCHS of pYH88 was replaced by T7-RBS-GuCHS,
T7-RBS-AtCHS, and T7-RBS-GmCHS7 to give pYH89, pYH102, and
pYH141, respectively. The DNA fragment T7-RBS-PcCHS of pYH137
was replaced by the aforementioned sequences to yield pYH138,
pYH139, and pYH140.

For protein engineering of GmCHS7 and GuCHR, the fusion protein
GmCHS7:GuCHR was achieved by overlap extension PCR (Hilgarth and
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Lanigan, 2020). The fragment coding for the fusion protein
GmCHS7-(GGGGS)2-GuCHR was obtained by two rounds of PCR. The
first round was performed by using NotI-GmCHS-F/GmCHS7-GuCHR-R
and GmCHS7-GuCHR-F/XhoI-GuCHR-R as primers, and the second
round by using NotI-GmCHS-F/XhoI-GuCHR-R. The final fragment was
inserted into the Notl/Xhol digested pYH55 to generate pYH152.

For construction of the two-protein complex of GmCHS7 and
GuCHR, genes encoding for PDZ and PDZlig were cloned in a way that
the proteins are fused to the C terminal of GuCHR and GmCHS7,
respectively, via (GGGGS), as a (Table S2, S3). The obtained PCR
products GmCHS7:PDZ and GuCHR:PDZlig were successively assembled
into the pCDF-Duet-1 harboring Pc4CL (Petroselium crispum 4CL,
KF765780), RtPAL (Rhodotorula toruloides, AAA33883), and MsCHI
(Medicago sativa, KF765782) between HindIll/Notl/Xhol. The plasmid
pYH153 was finally obtained. Another plasmid pYH149, which was
contransformed with synthetic scaffolds to recuit GmCHS7, GuCHR and
MsCHI, was also generated in the same way. Three separated protein
ligands, PDZlig, SH3lig, and GBDIlig were infused at the C terminus of
the aforementioned individual pathway enzymes, respectively. All
constructed plasmids were further verified by colony PCR and Sanger
sequencing (Sangon Biotech).

2.4. Construction of synthetic scaffolds

Scaffolds were built by tethering multiple protein-protein interaction
domains, including PDZ (a-synthrophin domain PSD95/DIgA/Zo-1 from
Mus musculus), SH3 Crk domain from M. musculus), GBD (the GTPase
binding domain from N-WASP from Rattus rattus) (Table S2), via fifteen-
amino acid (GGGGS)s linkers using the BioBrick strategy (Shetty et al.,
2008) (Table S2, S3). The PDZ fragment was initially introduced into
pET21c within the Ndel and Spel/Xhol restriction enzyme sites. The
fragment consisting of a DNA sequence encoding the N-terminal linker
(GGGGS)3, and the interaction domain, was cloned into pEASY leaving it
with 5 flanking Xbal and 3’ Spel/Xhol restriction enzyme sites. These
basic parts were combined in desired arrangements by digesting the
ultimate upstream part with Spel and XholI and the downstream part with
Xbal and Xhol, followed by ligation. The cohesive ends created by Spel
and Xbal are compatible for ligation and destroy both of these recog-
nition sites after ligation. Thus, the resulting composite part maintains
the original unique restriction enzyme pattern for further addition of
other parts. In this manner, synthetic scaffolds were constructed by
iterative addition of parts.

2.5. Bacterial media and cultivation conditions

Lysogeny broth (LB) (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L
NaCl), Terrific broth (TB)(12 g/L tryptone, 24 g/L yeast extract, 5 g/L
glycerol, 17 mmol KH5PO4, 72 mmol KoHPO4), M9 minimal medium
(11.3 g/L M9 salts, 5 g/L D-glucose, 2 pM MgSOy4, 0.1 pM CaCly) sup-
plemented with 1000 x trace metal mix (0.03 g/L H3BOs, 1 g/L Thia-
mine, 0.94 g/L ZnCl,, 0.5 g/L CoCl,, 0.38 g/L CuCly, 1.6 g/L MnCly, 3.6
g/L FeCly), and MOPS minimal medium (Neidhardt et al., 1974) sup-
plemented with 5 g/L glucose and an additional 4 g/L NH4Cl were used
for bacterial fermentation. E. coli cells used for gene cloning, plasmid
propagation, and inoculation preparations were cultured at 37 °C in LB
medium supplemented with appropriate antibiotics. The working con-
centrations of antibiotics were kanamycin (50 pg/mL), chloramphenicol
(34 pg/mL), ampicillin (50 pg/mL), and streptomycin (40 pg/mL).
Various combinations of antibiotics were added into cultures of E. coli
strains harbouring different plasmids for production of individual
flavonoids.

For the production of flavonoids in recombinant E. coli strains, 100
pL of an overnight seed culture was inoculated into 10 mL of LB, TB, M9,
and MOPS. After the ODgop reached 0.4-0.5, 0.3 mM isopropyl-f-D-
thiogalactoside (IPTG), and 0.5 g/L of L-tyrosine (final concentration)
were added to the cultures. 0.3 mM p-coumaric acid was added when
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producer did not express PAL. All fermentation was performed at 22 °C
for 48 h. At the end of fermentation, 1 mL culture aliquot was disrupted
by sonication and extracted twice with an equal volume of ethyl acetate.
After centrifugation, the supernatant was evaporated to dryness and
dissolved in 200 pL methanol for HPLC analysis.

2.6. Analysis of flavonoids

20 pL of each sample was analyzed by high-performance liquid
chromatography (HPLC) on an Ultimate 3000 HPLC system (Thermo-
Fisher Scientific) equipped with a photodiode-array (PDA) detector.
Naringenin and liquiritigenin were measured at 280 nm using a Thermo
syncronis Cig column (250 mm x 4.6 mm; particle size, 5 pm) main-
tained at 30 °C. Naringenin chalcone, isoliquiritigenin, 7,4’-dihydro-
flavone, and apigenin were measured at 340 nm, daidzein and genistein
were measured at 260 nm. Obtained products were separated by
acetonitrile (solvent A) and water (containing 0.1% formic acid, solvent
B) at a flow rate of 1.0 mL/min under the following conditions: 20-55%
solvent A for 20 min, 55-100% A for 10 min, 100% A for 5 min, 100-
20% A for 2 min and 20% A for 4 min. For the analysis of daidzein and
genistein, the conditions were slightly modified: 10-30% solvent A for
20 min, 35-50% A for 10 min, 50-100% A for 2 min, 100% A for 5 min,
100-10% A for 2 min and 10% A for 4 min. Identification of the target
compounds was achieved via matching their retention time and their UV
spectrum with authentic standards. The compounds were quantified
based on calibration curves of various concentrations of standards using
peak area. The data shown in this study were generated from three in-
dependent experiments.

The obtained products were also analyzed by Ultra performance
liquid chromatography (UPLC)-electrospray ionization (ESI)-high-reso-
lution (HR) mass spectrometry (MS). Data were acquired using a Q
Exactive hybrid quadrupole Orbitrap mass spectrometer (Thermo Sci-
entific) equipped with an Acquity UPLC BEH C;g column (2.1 x 50 mm,
1.7 pm). The mobile phase consisted of methanol (0.1% formic acid,
solvent A) and Hy0 (solvent B). A linear gradient was set as follows:
0.0-10.0 min, 5%-100% A; 10.0-12.5 min, 100% A; 12.5-15.0, re-
equilibrate to the initial condition. The flow was 0.25 mL/min. The
mass acquisition was performed in negative and positive ionization
mode over a range of 100-1000 m/z.

3. Results
3.1. Reconstruction of the liquiritigenin biosynthesis pathway in E. coli

Yan et al.,(2007) reported that the titer of liquiritigenin was only 1/4
of that of naringenin when gene coding for Pc4CL, MsCHR isolated from
Medicago sativa, PhCHS and MsCHI were expressed in an engineered
E. coli strain. To construct a more efficient pathway for liquiritigenin
production, we first focused on searching for a preferred CHR enzyme
with high substrate affinity or high turnover. Liquiritigenin represents a
characteristic 5-deoxyflavanone and substantially accumulates in Gly-
cyrrhiza sp. We speculated that a substrate-specific CHR with high ac-
tivity, and involved in the synthesis of liquiritigenin, exists in this
species. Thus, we used MsCHR for G. uralensis whole-genome searching
(https://www.ncbi.nlm.nih.gov/bioproject/350202). We obtained only
one CHR sequence hit (named GuCHR), which showed high amino acid
similarity (99% identity) with a reported polyketide reductase
(GGPKR2, BAA13114) from G. glabra (Hayashi et al., 1996).

Subsequently, the gene encoding GuCHR was amplified from
G. uralensis cDNA and ligated into the plasmid pYH51 (Li et al., 2019),
already containing Pc4CL, PhCHS, and MsCHI, to generate pYH70.
E. coli BL21(DE3) harboring pYH70 was used for liquiritigenin produc-
tion. HPLC analysis showed that two new products were observed in all
culture media (LB, TB, MOPS, M9) with the addition of 0.3 mM p-cou-
maric acid (Fig. 2A and C). A product was eluted at 11.78 min, which
had a retention time identical to that of authentic liquiritigenin
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Fig. 2. Reconstruction of the liquiritigenin pathway in E. coli. (A) The engineered strain E. coli BL21(DE3) carrying pYH70 (pCDF-Pc4CL-PcCHS-GuCHR-MsCHI)
was cultivated with 0.3 mM p-coumaric acid after 48 h fermentation in LB, TB, MOPS, and M9 medium. The green and red bars indicate the yield of liquiritigenin
(Liq) and naringenin (Nar), respectively. The blue lines indicate the CHR ratio (the yield of CHR product to total CHS product) in the final cultures. Error bars indicate
the standard deviations of three replicates. (B) The engineered strain E. coli BL21(DE3) carrying pYH88 (pCDF-Pc4CL-RtPAL-PcCHS-GuCHR-MsCHI), was cultivated
with 0.5 g/L L-tyrosine (final concentration), after 48 h fermentation in LB, TB, MOPS and M9 medium. (C) HPLC analysis of the fermentation product with E. coli
BL21 (DE3) harbouring pYH70 in different media. The samples were detected at 280 nm. (D) The MS spectrum of synthetic liquiritigenin with E. coli BL21 (DE3)
harbouring pYH70 in M9 medium. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 2C). The identity of the product was further confirmed by a high
resolution mass spectrum with a m/z value of 257.0800 [M+H]"
(Fig. 2D, S1C), consistent with the authentic liquiritigenin standard
(Fig. S1A). An accompanying product, eluting at 13.75 min (Fig. 2C),
also accumulated alongside liquiritigenin and was identified as the
unreduced product narigenin by HPLC-MS analysis (Fig. S1B, S1D). The
identity of the products were also confirmed by comparing their UV
absorption spectra, and mass spectrum with the authentic standard
(Fig. S2).

To reduce the cost of the fermentation, we further explored L-tyro-
sine as the precursor for liquiritigenin production. To achieve this goal,
RtPAL was introduced into the aforementioned vector pYH70 to
generate a final construct pYH88. The strain E. coli BL21(DE3) harboring
pYH88 produced a maximum level of 21.2 mg/L liquiritigenin and 23.5
mg/L naringenin in M9 medium after incubation for 2 days with sup-
plementation of 0.5 g/L tyrosine (Fig. 2B, S3). The final product gave the
highest CHR ratio of 47.4% (Fig. 2B). Based on these preliminary results,
M9 medium was employed for further fermentation processes.

3.2. Optimize synthetic pathway via orthologous CHSs and CHRs
selection

Although the introduction of GuCHR successfully led to the pro-
duction of liquiritigenin, the competing pathway leading to naringenin
was still predominant in the recombinant host. However, compared to
previous work (Yan et al., 2007), our utilization of GuCHR herein
instead of MsCHR highly improved the CHR ratio. This result indicated

that targeting the branch point of reduced and non-reduced direction
through bioprospecting of CHR from various plant sources is an
important strategy for fine-tuning 5-deoxyflavonoid biosynthesis. CHS is
another rate-limiting enzyme that mediates the condensation of phe-
nylpropanoic acid-CoA and malonyl-CoA to form the respective chal-
cone, hence, the adaptability of CHS and CHR would affect reduced and
unreduced flavonoid distribution.

Based on this speculation, our next metabolic engineering strategy
focused on the selection of CHS orthologous enzymes in addition to
CHRs from individual plant species. Thus, except for PcCHS and GuCHR,
three additional CHS genes, AtCHS from A. thaliana, GmCHS7 from
G. max, GuCHS from G. uralensis, alongside GmCHR5 were carefully
chosen and orthogonally used for the reduced branch pathway optimi-
zation. Constructs pYH89, pYH102 and pYH141 were assembled with
GuCHR, alternatively combining it with the aforementioned CHSs, and
RtPAL, Pc4CL, MsCHI to yield different combinations (Fig. 3). The re-
sults showed that the constructs pYH88, pYH89 and pYH102 exhibited
nearly equal ability to synthesize liquiritigenin and naringenin (Fig. 3).
However, pYH141 led to a significant increase in the titers of both lig-
uiritigenin (36.3 mg/L) and naringenin (35.9 mg/L), and in addition,
exhibited an improved CHR ratio of 50.3%. The other combinations
including the replacement of GuCHR with GmCHRS5 (resulting in the
four constructs pYH137-pYH140), gave extremely low titers of liquir-
itigenin (range from 3.0 to 9.8 mg/L), indicating the weak catalytic
activity of GmCHRS5 (Fig. 3).
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engineering 5-deoxyflavanone producers, carrying orthologous CHSs and CHRs,
were cultivated with 0.5 g/L L-tyrosine (final concentration). The samples were
detected at 280 nm. Error bars indicate the standard deviations of
three replicates.

3.3. Effects of CHS and CHR protein complexes

It is well known that the shorter the spatial distance between CHS
and CHR, the shorter the transient time and distance of the unstable
intermediate, and the higher the synthetic efficiency. To achieve this
goal, two strategies were adopted in this study. Firstly, translational
fusion of multiple enzymes in successive steps is an efficient method for
improving enzyme performance (Yan et al., 2008). Hence, a fusion
protein GmCHS7:GuCHR was constructed with a flexible linker
(GGGGS); between the two proteins that is encoded by the final plasmid
pYH152 (Fig. 4A). The second strategy involved the construction of
protein  complexes using engineered interactions between
well-characterized interaction domains and their specific ligands. This
strategy has been used to improve the catalytic efficiency of enzymes in
vivo/in vitro (Dueber et al., 2009; Kang et al., 2019; Yang et al., 2017). A
pair of protein-peptide interaction domains (PDZ, PSD95/Dlg1/zo-1)
and its ligand (PDZ ligand) from metazoan cells (Dueber et al., 2009)
was selected for the self-assembly of GuCHR and GmCHS7. A short
peptide (GGGGS), was used to link target GuCHR to the PDZ domain
yielding GuCHR:PDZ and the same linker (GGGGS) was used to connect
GmCHS7 and the PDZ ligand yielding GmCHS7:PDZlig. Through the
interaction of the protein-peptide (PDZ-PDZlig), GuCHR:PDZ and
GmCHS7:PDZlig were designed to self-assemble and form a double
enzyme complex that enables the substrate to be directly transferred
from GmCHS7 to GuCHR. The GuCHR:PDZ and GmCHS7:PDZlig,
together with Pc4CL, RtPAL, and MsCHI were assembled into
pCDFDuet-1 yielding the plasmid pYH153 (Fig. 4A).

In advance, to assess whether GuCHR:PDZ and GmCHS7:PDZlig were
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successfully assembled, interaction between these two proteins was
assayed by bimolecular fluorescence complementation (BiFC). GuCHR:
PDZ and GmCHS7:PDZlig were fused with the N-terminus (1-155) and
C-terminus (156-273) of an eGFP (enhanced green fluorescent protein)
fragment, yielding GuCHR:PDZ-NeGFP and GmCHS7:PDZlig-CeGFP,
respectively. As shown in Fig.4B and Fig. S4, the co-expression of
GuCHR:PDZ-NeGFP and GmCHS7:PDZlig-CeGFP in N. benthamiana led
to a visible green fluorescence, suggesting the direct interaction between
GuCHR:PDZ and GmCHS7:PDZlig. In contrast, no interaction was
observed between GmCHS7 and GuCHR without PDZ-PDZlig. The
aforementioned results indicated the successful association of GuCHR
and GmCHS? in the presence of PDZ and its ligand.

Compared with the production in E. coli BL21(DE3)-pYH141, the
yield of liquiritigenin and naringenin were reduced to 21.6 mg/L and
20.4 mg/L, respectively, in E. coli BL21(DE3)-pYH152, in which
GmCHS7 and GuCHR were attached via a fusion protein. On the con-
trary, their yields were dramatically boosted to 44.5 mg/L, and 31.8 mg/
L, respectively, in E. coli BL21(DE3)-pYH153, in which GmCHS7 and
GuCHR were connected via protein-peptide interaction. The CHR ratio
was improved to be 54.7%, suggesting a successful re-direction of the
carbon metabolic flux to the 5-deoxyflavanone branch to a certain
extent.

3.4. Enzyme stoichiometric arrangement by protein assembly scaffolds

The designed double protein complex of GmCHS7 and GuCHR not
only improved the metabolic flux, but also diverted the flavonoid
pathway towards the reduced branch. However, the GmCHS7:PDZ and
GuCHR:PDZlig only provided a rigid 1:1 ratio of individual enzymes. In
order to explore the effect of modulating enzyme stoichiometry in the
synthetic complex of more enzymes, tethered scaffolds, in various ar-
rangements, were constructed to optimize the pathway. Three pairs of
protein-protein interaction domains PDZ, SH3, GBD (Table S2) and their
ligands (PDZ ligand, SH3 ligand, and GBD ligand) were applied to design
a regulation machinery (Table S3). The separated PDZ ligand, SH3
ligand, and GBD ligand were correspondingly fused to the C-termini of
GmCHS7, GuCHR, and MsCHI via a flexible linker (GGGGS),, respec-
tively (Fig. 5A). Finally, the plasmid pYH149 (pCDF-Pc4CL-RtPAL-
GmCHS7:PDZlig-GuCHR:SH3lig-MsCHI:GBDIig) was constructed.

A matrix of scaffolds was test with the architecture (N-terminus to C-
terminus) of PDZ(,)SH3(,)GBD(p). The binding domains PDZ, SH3, and
GBD were linked together by a fifteen amino acid peptide (GGGGS)3 and
were used to target GmCHS7, GuCHR, and MsCHI, respectively. Fifteen
designed scaffolds were generated and E. coli BL21(DE3) was individu-
ally co-transformed with pYH149 (Table S4) into BL21(DE3). Strain
BL21(DE3) harboring pYH149 and pET21c (PyS¢Gy) was set as a control.
Compared to the control, the scaffold P1S;G; slightly reduced the titer of
total flavanones, suggesting a possible metabolic burden as a conse-
quence of scaffold proteins overexpression under a strong promoter.
Production improvements depended on the number of single domain
repeats in the scaffolds (Fig. 5B). For example, the scaffolds P1S1G; and
P;S2G; that differ by one SH3 domain resulted in production of different
flavonoid titers of 60.0 mg/L and 71.1 mg/L, respectively. However, the
addition of two repeated SH3 domains in P;S4G; reduced the flavanone
production to 61.0 mg/L. In the same way, scaffolds P1S1G3 led to a
higher titer than P;S;G;, indicating the positive effect of the GBD
domain, whereas, the P1S;Gy slightly reduced the final titer. Details of
the mechanisms through which scaffolding increases metabolic effi-
ciency are still not known. Curiously, the PDZ domain played the most
important role in flavonoid production in view of 60.0 mg/L from
P151G1, 67.4 IIlg/L from P2SIG1; and 95.6 mg/L from P451G1. As ex-
pected, scaffold P4S2Gq, with a 4:2:1 ratio of PDZ domain: SH3 domain:
GBD domain, improved the flavanone titer 1.4-fold compared to the last
strain E. coli BL21(DE3) harbouring pYH149, showing a maximum
production level of 97.0 mg/L (49.5 mg/L of liquiritigenin and 47.5 mg/
L of naringenin). However, none of the scaffolds significantly increased
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the obtained products. The samples were detected at 280 nm.

the CHR ratio.

3.5. Production of 7,4'-dihydroxyflavone and apigenin

To further determine whether the designed protein scaffolds can
improve 5-deoxyflavone production, FNSI, catalyzing the enzymatic
step from flavanone to flavone, was introduced into the liquiritigenin/
narigenin producer. The liquiritigenin producing strains were further
engineered for the production of 7,4'-dihydroxyflavone by introducing
pYH17, harboring a PcFNSI gene. The E. coli BL21(DE3) harboring
pYH141 and pYH17 was named DHF-1, E. coli BL21(DE3) harboring
pYH153 and pYH17 was named DHF-2, and a strain carrying pYH149,
pYH117 and pYH17 was named DHF-3 (all strains are listed in Table 1).
After 2 days of incubation, the cultures were analyzed by HPLC-UV and
HPLC-ESI-MS. The product eluting at 12.98 min was identified to be
7,4 -dihydroxyflavone. The retention time and UV spectra were identical
to those of authentic standard (Fig. 6A, Fig. S6). The identity of the
product was further confirmed by high resolution mass spectrometry
with an m/z value of 253.0511 [M-H]", which was consistent with the
authentic standard (Fig. S5A, S5C). Another product, eluting at 19.04
min, was identified to be apigenin by LC-MS analysis, UV absorption
spectra and high-resolution MS compared with authentic apigenin
(Fig. S5B, S5D, S6B, S6D). The titer of 7,4'-dihydroxyflavone and api-
genin was boosted 1.7-fold, and 1.1-fold by direct interaction of
GmCHS7 and GuCHR in DHF-2, compared to the strain DHF-1. The

scaffold engineering of GmCHS7, GuCHR and MsCHI in DHF-3
dramatically increased the production of 7,4'-dihydroxyflavone to
74.3 mg/L and that of apigenin to 52.1 mg/L. However, the R ratio was
not obviously improved by assembly of GmCHS7, GuCHR, and MsCHI
through scaffold protein engineering.

3.6. Production of daidzein and genistein

To validate our strategy for the improvement of 5-deoxyisoflavone
production, an isoflavonoid synthase (IFS), a cytochrome P450 reduc-
tase, together with a 2-hydroxyisoflavanone dehydratase (HID) were
introduced into the liquiritigenin producer. To achieve this, we chose
GmIFS, GmHID from G. max, and CrCPR from Catharanthus roseus based
on previous works (Akashi et al., 2005; Kim et al., 2009; Leonard and
Koffas, 2007). The infused chimera 17aGmIFS:CcCPR, constructed by
mutation of 17aGmIFS, a gene encoding for an N-terminal peptide
substituted with 17, and a truncated CcCPR was cloned into
PRSFDuet-1 between the Ncol and EcoRI sites. Next, GmHID was also
ligated into the vector between the Ndel and Xhol to create pYH164. The
final plasmid pYH164 was then introduced into the liquiritigenin/nar-
ingenin producer for isoflavanone production. The E. coli BL21(DE3)
harboring pYH141 and pYH164 was named DAI-1, E. coli BL21(DE3)
harboring pYH153 and pYH164 was named DAI-2, and the strain car-
rying pYH149, pYH117 and pYH164 was named DHF-3. After 2 days of
incubation, the cultures were analyzed by HPLC-UV and HPLC-ESI-MS.
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The product eluting at 24.88 min was identified to be daidzein, and the
product eluting at 30.13 min was identified to be genistein, by
comparing the retention time, UV spectrum and high-resolution mass
spectrum with the authentic standards (Fig. S7 and S8). The in-
termediates liquiritigenin and narigenin were still be detected owing to
the insufficient biotransformation of flavanones by the catalytic activity
of GmIFS and GmHID. However, the production of daidzein and genis-
tein were still observed to be improved in DAI-2 and DAI-3. The titer of
daidzein and genistein were 3.2 mg/L and 2.5 mg/L in DAI-2, which is
almost 2.5-fold and 2.3-fold higher than that in DAI-1 (1.3 mg/L of
daidzein and 1.1 mg/L of genistein). Their titers were further improved
to be 5.5 mg/L and 6.2 mg/L in DAI-3. The results indicated that the
double or multiple protein complex remarkably increased the metabolic
flux for the total 5-deoxyisoflavones production. The daidzein to gen-
istein ratio was measured to be 1.2, 1.3 and 0.9 in DAI-1, DAI-2, and
DAI-3, respectively. The physical proximity of GmCHS7 and GuCHR can

engineering 5-deoxyflavanone producers harboring pYH149 and individual protein

slightly divert the flux towards the reduced branch, however, the triple
protein complex engineering had a negative effect on flux branch flux
control.

4. Discussion

5-Deoxy(iso)flavonoids are a distinct subclass of flavonoids that are
predominantly distributed in Leguminosae (Aoki et al., 2000). Biosyn-
thesis of these valuable natural products in a microbial host is an
attractive alternative to chemical synthesis and extraction from plant
tissues. However, regulation of carbon flux through the phenyl-
propanoid pathway is complicated and biased towards the non-reduced
branch, rendering production of 5-deoxy(iso)flavonoid extremely
challenging.

CHR sits on the branch point of the flavonoid pathway and plays a
vital role in controlling the ratio of CHR product to CHS product.
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Table 1
Strains and plasmids used in the present work.
Plasmids Description Source or
reference
pET21c T7 promoter, pBR322 ori, Novagen
Amp®
PRSFDuet- Double T7 promoters, Novagen
1 PBR322 ori, Kan®
pCDFDuet- Double T7 promoters, Novagen
1 CloDF13 ori, Sm®
pYHS51 PpCDF-4CL-PcCHS-CHI PCDF-Duet-1 carrying 4CL, Li et al.
PcCHS, and CHI (2019)
pPYHS55 pCDF-4CL-PAL- PCDF-Duet-1 carrying PAL, Li et al.
PcCHS-CHI 4CL, PcCHS, and CHI (2019)
pYH70 PCDF-4CL-PcCHS- pCDF-Duet-1 carrying 4CL, This study
GuCHR-CHI GuCHR, PcCHS, and CHI
pYH88 PpCDF-4CL-PAL- PpCDF-Duet-1 carrying 4CL, This study
PcCHS-GuCHR-CHI PAL, PcCHS, GuCHR, and
CHI
pYH89 pCDF-4CL-PAL- pCDF-Duet-1carrying 4CL, This study
GuCHS-GuCHR-CHI PAL, GuCHS, GuCHR, and
CHI
pYH102 pCDF-4CL-PAL- pCDF-Duet-1 carrying 4CL, This study
AtCHS-GuCHR-CHI PAL, AtCHS, GuCHR, and
CHI
pYH137 pCDF-4CL-PAL- pCDF-Duet-1 carrying 4CL, This study
PcCHS-GmCHRS5-CHI PAL, AtCHS, GmCHR5, and
CHI
pYH138 pCDF-4CL-PAL- pCDF-Duet-1 carrying 4CL, This study
GuCHS-GmCHR5-CHI PAL, GuCHS, GmCHRS,
and CHI
pYH139 pCDF-4CL-PAL- pCDF-Duet-1 carrying 4CL, This study
AtCHS-GmCHRS5-CHI PAL, AtCHS, GmCHR, and
CHI
pYH140 pCDF-4CL-PAL- pCDF-Duet-1 carrying 4CL, This study
GmCHS7-GmCHRS5- PAL, GmCHS7, GmCHRS,
CHI and CHI
pYH141 pCDF-4CL-PAL- pCDF-Duet-1 carrying 4CL, This study
GmCHS7-GuCHR-CHI PAL, GmCHS, GuCHR, and
CHI
pYH149 PpCDF-4CL-PAL- pCDF-Duet-1 carrying 4CL, This study
GmCHS?7::PDZlig- PAL, GmCHS7::PDZlig,
GuCHR::SH3lig-CHI:: GuCHR::SH3lig, and CHI::
GBDlig GBDlig
pYH152 PpCDF-4CL-PAL- pCDF-Duet-1 carrying 4CL, This study
GmCHS7::GuCHR-CHI PAL, GmCHS7::GuCHR,
and CHI
pYH153 pCDF-4CL-PAL- pCDF-Duet-1 carrying 4CL, This study
GmCHS?7::PDZlig- PAL, GmCHS7::PDZlig,
GuCHR::PDZ-CHI GuCHR::PDZ, and CHI
pYH17 pET28a-FNS I pET28a carrying FNS I Li et al.
(2019)
pYH164 PRSF-17atrGmIFS:: pRSFDuet-1 carrying This study
CrCPR-GmHID 17atrGmIFS::CrCPR, and
GmHID
Strains
E. coli BL21(DE3)
DHF-1 E. coli BL21(DE3) harboring pYH141 and pYH17 This study
DHF-2 E. coli BL21(DE3) harboring pYH153 and pYH17 This study
DHF-3 E. coli BL21(DE3) harboring pYH149, pYH117, and This study
pYH17
DAI-1 E. coli BL21(DE3) harboring pYH141, and pYH164 This study
DAI-2 E. coli BL21(DE3) harboring pYH153, and pYH164 This study
DAI-3 E. coli BL21(DE3) harboring pYH149, pYH117 and This study

pYH164

However, the branch point is natively biased towards non-reduced fla-
vonoids while only a small fraction of flux is directed towards reduced
flavonoids. An engineered E. coli expressing Medicago sativa MsCHR
could produce 7.0 mg/L of liquiritigenin, that was only one quarter of
naringenin (Yan et al., 2008). Whereas, in a more recent study, an
A. mongholicus CHR was selected for the production of six flavonoids in
yeast, resulting in 3.4-fold higher titer of liquiritigenin compared to that
of naringenin (1.55 mg/L) (Rodriguez et al., 2017). Inspired by these
previous results, we adopted a genomic search analysis targeting species
that are known to accumulate reduced flavonoids, resulting in a positive
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hit, GuCHR from G. uralensis. An initial cloning of this gene into
construct pYH88 led to the production of 16.7 mg/L liquiritigenin,
which was much higher than in the previous reports (Fig. 2B). A com-
parison of the products of this GuCHR to that of GmCHRS5 from G. max
that achieved a lower liquirtigenin titer (9.8 mg/L in pYH138) (Fig. 3)
highlights the critical role that enzymes from different species play in
synthetic biology endeavors. Although most CHRs have been isolated
from Leguminosae, some CHR-like enzymes have been identified in
some non-leguminous plant species (Ballance and Dixon, 1995; Sallaud
et al., 1995; Goormachtig et al., 1999; Manning 1998), suggesting
extensive CHR mining from diverse plant species followed by activity
screening as promising strategies in improving the toolbox for 5-deoxy-
flavonoid production.

For tailoring of enzymes to improve the titer of desired products,
directed evolution based on the enzyme structure is usually the method
of choice (Xiong et al., 2017). The generation of mutants with specific
substrate affinity or high turnover rate has been widely applied for an
improved production of valuable metabolites. Rational design and
site-directed mutagenesis of CHSs was undertaken to improve their ac-
tivity, which led to positive effects on pinocembrin production (Cao
et al., 2016). Although the three-dimensional structure of chalcone re-
ductases have been well resolved, it is still difficult to identify whether
the linear polyketide-CoA intermediates or p-coumaryl-trione is the real
substrate of CHR (Bomati et al., 2005). The proposed intermediate, with
passive diffusion or spontaneous aromatization, greatly influences the
final product distribution, including the ratio of deoxychalcone to
chalcone. Due to these unresolved mechanistic issues, rational protein
engineering on CHRs to fine-tune substrate specificity or catalytic effi-
ciency remains inaccessible.

Improving the concentration of CHR would be an alternative choice
for diversion of flux toward the reduced products. The expression of an
extra copy of the chalcone synthase and chalcone reductase genes not
only improved the titer of fisetin, but also slightly improved the ratio of
fisetin to quercetin in an engineered yeast (Rodriguez et al., 2017).
However, the upper limit of deoxychalcone to chalcone, which are the
common precursors of 5-deoxyflavonoid and 5-hydroxyflavonoid com-
pounds, respectively, have been experimentally observed to be ~1:1
even in the presence of a great excess of CHR (Oguro et al., 2004). The
reason was predominantly attributed to either reloading of
polyketide-CoA intermediates onto the CHS catalytic center or the
spontaneous aromatization of the coumaryl-trione in the surrounding
aqueous solution that may compete with CHR binding and reduction and
thus limit the yield of deoxychalcone (Bomati et al., 2005).

Based on the characteristic 5-deoxyflavonoids founded in legumes, it
is highly speculative that a CHS-CHR enzymatic complex exists, which
makes the reduced pathway efficient. However, neither GmCHS7-
GmCHRS5 nor GuCHS-GuCHR exhibited preferable ratio of CHR prod-
uct or promotional effect on carbon fluxes. Thus, we carried out
orthogonal screening of CHS and CHR from five different plant species,
including M. sativa (legume), G. uralensis (legume), G. max (legume),
A. thaliana (Brassicaceae), P. hybrida (Solanaceae) to optimize the lig-
uiritigenin production. The best performance enzymes GmCHS7-GuCHR
not only improved the CHR ratio, but also the final flavonoid titer.
Although it is not clear how the selected enzymes benefited the pro-
duction of liquiritigenin, this result highlights the importances of bio-
prospecting of genetic elements from various plant sources as an
important strategy for developing optimal biocatalysts. Oftentimes there
are several putative orthologous encoding enzymes with uncharac-
terized biochemical properties. In some cases, there are even several
homologues in a plant species. For example, there are at least nine
paralogs encoding CHS (Schmutz et al., 2010; Shimomura et al., 2015),
11 encoding CHR (Mameda et al., 2018), and 12 encoding CHI (Ralston
et al., 2005) in the soybean genome. Under these circumstances, a li-
brary of constructs with different gene combinations can be achieved
and screened for the most efficient pathway.

It is generally accepted that a short transient time or delivery
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line indicates the biomass at 600 nm. (C) The engineered 5-deoxyisoflavonoid producer cultivated with 0.5 g/L L-tyrosine (final concentration). The blue line in-
dicates the CHR ratio (the yield of daidzein to total isoflavone) in the final cultures; the red line indicates the biomass at 600 nm. (D) HPLC analysis of the
fermentation products with the flavone producer. i, Dhf (7,4'-dihydroxyflavone); ii, Api (apigenin); iii, product obtained with DHF-1; iv product obtained with DHF-
2; v, product obtained with DHF-3. The samples were detected at 340 nm; (E) HPLC analysis of the fermentation products with the isoflavonoid producer. i, Dai
(daidzein); ii, Lig; iii, Nar; iv, Gen (genistein); v, product obtained with DAI-1; vi, product obtained with DAI-2; vii, product obtained with DAI-3. The samples were
detected at 260 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

distance can reduce the diffusion of unstable intermediates, thus
conferring catalytic advantages. These conditions can be achieved
through two approaches: protein fusion engineering or protein-protein
interaction assembly. Fusions maximize the local concentrations of
substrates for individual enzymes, allowing the reaction to proceed
efficiently while minimizing degradation of unstable intermediates or
reducing the negative effects of toxic intermediates. For example, FPPS
(farnesyl diphosphate synthase) and PTS (patchoulol synthase) were
fused via a short three amino acid linker, which resulted in a 2-fold
increased production of patchoulol in E. coli (Albersen, et al., 2011).
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However, this strategy is not always useful, e.g. in case that the fused
protein adversely affects the expression levels or disrupts the enzyme
structure or prevent natural multimerization. For example, the fusion of
CHS and CHR clearly did not provide any additional advantages when
compared to free-floating enzymes in the production of fisetin (Rodri-
guez et al., 2017), and neither did we realize any significant gains in
liquiritigenin production from a GmCHS7: GuCHR chimera in this work.

Another efficient tool to facilitate artificial multi-protein complexes
is via protein-protein interaction (Liu et al., 2013). The sequential
pathway enzymes are colocalized into synthetic complexes using
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engineered interactions between well-characterized protein-protein
interaction domains and their specific ligands. These specifically orga-
nized complexes can shorten the transient time and space between en-
zymes and their substrates can prevent loss of intermediates through
diffusion or to competing pathways. The net result is improved catalytic
efficiency or tailored direction of the pathway towards the desired
product. Protein-protein interaction domains have been shown to
improve production of itaconic acid in E. coli and to enhance the
biosynthesis of resveratrol in yeast (Wang and Yu, 2012; Yang et al.,
2017). We adopted a similar strategy and engineered interaction of CHS
and CHR through GmCHS7:PDZ and GuCHR:PDZIlig in the strain BL21
(DE3)-pYH153, which improved the production of liquiritigenin to
44.6 mg/L. Compared to non-colocalized producers, this strategy
improved total titers to 76.4 mg/L and CHR ratio to 54.7%.

Recently, the sequential actions of a number of flavonoid enzymes
that are recruited onto the cytoplasmic side of ER to form metabolons
have been investigated (Stafford, 1974; Waki et al., 2016; Saito et al.,
2013; Watkinson et al., 2018). The amount of 5-deoxy(iso)flavonoids
found in soybean is mainly attributed to the isoflavonoid metabolons
(Nakayama et al., 2019). The formation of metabolons is regarded
crucial in flavonoid structural diversity and flavonoid synthetic effi-
ciency. To date, specific flavonoid metabolons have been studied in
multiple plant species. When using a heterologous platform, specific
metabolons can also be constructed by protein self-assembly to mimic
the flavonoid metabolons. Our programmed protein scaffolds are
designed to construct a deoxyflavonoid metabolon CHS-CHR-CHI with
stoichiometric control over enzymes to regulate pathway direction
regulation. However, all 15 scaffolds failed to show an achieve signifi-
cant positive effect on the CHR ratio of the final product. This could be
caused by several factors such as dynamics of the association/dissocia-
tion events of the equilibrium state (a net effect of the systems’ condi-
tions such as pH and ionic strength), that had a bearing on
protein-protein affinity and interactions. Another possible explanation
could be that the protein scaffolds only increased the concentration of
the co-localized enzymes, but not the NADPH pool, a required cofactor
for CHR. All in all, one of our artificial deoxyflavonoid metabolon,
P4S2G; significantly improved metabolic flux to yield a high titer of
flavonoids.

5. Conclusion

This work presents a proof-of-concept on redirecting biosynthetic
flux towards 5-deoxy(iso)flavonoids via orthologous gene screening and
a protein self-assembly strategy. The engineered GmCHS7 and GuCHR
complexes improved CHR ratio to 54.7%. In addition to a substantial
overall proportion of 5-deoxyflavanone, our best strain carrying a self-
assembly enzyme scaffold, P4S2G1, also enhanced the production of
flavanones by 1.4-fold (97.0 mg/L). These strategies were validated by
the production of lineage-specific flavones and isoflavones. The final
titers of flavones and isoflavones were enhanced by 3.2-fold (126.4 mg/
L), and 4.9-fold (11.7 mg/L), respectively. This work also achieved de
novo biosynthesis of 7,4'-dihydroxyflavone, daidzein and genistein from
L-tyrosine in an E. coli host for the first time. Our study presents a
promising strategy for valuable molecule production in a heterologous
platform, and highlights the utility of enzyme self-assembly for pathway
efficiency improvement.
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