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Abstract

Background Dopaxanthin is a natural pigment betaxanthins family member with the highest antioxidant and free
radical scavenging activities. However, its relatively low content in plants limited the wide range of applications. Cost-
efficient microbial production, therefore, showed an attractive alternative.

Results Here, an Escherichia coli strain equipped with the de novo biosynthetic pathway for hyperproducing dopax-
anthin was constructed by combining metabolic engineering and protein engineering. Firstly, a high-performance
rate-limiting levodopa 4,5-dioxygenase (DODA) was mined and characterized based on sequence similarity searching
followed by whole-cell catalysis and de novo synthesis strategy. Then, the catalytic efficiency of DODA was increased
34 times with directed evolution. The mutated DODA significantly facilitated the production of dopaxanthin,

with an increase of 40.17% in plasmid expression and 64.11% in genome expression, respectively. Finally, through con-
necting the blocked pathway from 3-dehydroshikimate to levodopa (.-DOPAOPA) and enhancing the expression

level of DODA, a titer of dopaxanthin of 22.87 g/L was achieved from glucose as feedstock, which is 286 times higher
than that in the previous report.

Conclusion This work not only established a promising platform for the environmentally friendly production
of dopaxanthin but also laid a foundation for the commercialization of other betalain.
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Introduction Amanita and Hygrocybe [3]. The most significant appli-

Betalains are water-soluble N-heterocyclic hydrophilic
pigments divided into yellow-orange betaxanthins and
red-violet betacyanins [1]. They were mainly found in the
Caryophyllales order of plants [2] and the higher fungi
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cation of betalains is that they can be used as food col-
orants and dietary supplements under the E-162 code in
the European Union [4] and as the additive 73.40 in the
21 CER section of the Food and Drug Administration
(FDA) in the United States [5].

Dopaxanthin is an essential molecule of betaxanthins,
containing dihydroxyl groups that possess the highest
antioxidant and free radical scavenging activities [6, 7].
It can be further converted into betanin, the core mol-
ecule of betacyanins, with several enzymes, including
O-glycosyltransferase [8]. As a natural yellow-orange
pigment, dopaxanthin provides another shade and bioac-
tive constituent for the coloration and health benefits of
foods and beverages [9, 10]. Dopaxanthin can be found in
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Glottiphyllum [11, 12], Portulaca [13], and Lampranthus
[14]. However, its low content in plants hampers poten-
tial applications.

Recent discoveries led to the completion of the core
betalain dopaxanthin biosynthetic pathway puzzle,
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paving the way from extraction to plant cell suspen-
sion cultures and microbial production. As illustrated
in Fig. 1, dopaxanthin is derived from the tyrosine
metabolism pathway, followed by 3-hydroxylated to
form L-DOPAOPA, and L-DOPAOPA is subsequently
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Fig. 1 Schematic diagram of dopaxanthin production by Betalain-Platform E. coli. Abbreviation: Glc, glucose; G6P, D-glucose 6-phosphate; Ru5P,

D-ribulose 5-phosphate; F6P, D-fructose 6-phosphate; X5P, D-xylulose 5-
G3P, D-glycerate 3-phosphate; GAP, D-glyceraldehyde 3-phosphate; S7P,
D-erythrose 4-phosphate; PYR, pyruvate; DAHP, 3-deoxy-D-arabino-hept
-DOPA, 3,4-dihydroxy-L-phenylalanine; BA, betalamic acid; PPP pathway,

phosphate; R5P, D-ribose 5-phosphate; F1,6BP, D-fructose 1,6-bisphosphate;
D-sedoheptulose 7-phosphate; PEP, phosphoenolpyruvate; E4P,

ulosonic acid 7-phosphate; DHS, 3-dehydroshikimate; L-Tyr, L-tyrosine;

, pentose phosphate pathway; TCA, citrate cycle; PTS, phosphotransferase

system; GalP, galactose H(+) symporter; Glk, glucokinase; Pgi, glucose-6-phosphate isomerase; TktA, transketolase I; PykA, pyruvate kinase II; PykF,
pyruvate kinase I; AroF™", feedback relieved 3-deoxy-7-phosphoheptulonate synthase; Arof, shikimate dehydrogenase; TyrA™", feedback relieved

prephenate dehydrogenase; HpaB, 4-hydroxyphenylacetate 3-hydroxyla

se; HpaC, flavin reductase; DODA, DOPA-4,5-dioxygenase
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oxidized to unstable 4,5-seco-DOPA by DODA. This
compound is then non-enzymatically rearranged to
betalamic acid, the core chromophore in all betalains.
Betalamic acid spontaneously undergoes a Schiff-base
condensation with L-DOPAOPA via its reactive aldehyde
group to produce dopaxanthin. Several studies about the
heterologous synthesis of dopaxanthin were reported
recently. Cell cultures of Celosia argentea were developed
to produce betaxanthins dopaxanthin and miraxanthin V
and the betacyanins betanidin and decarboxy-betanidin
with a relatively low titer after eight days of culture [10].
Hou and coauthors engineered E. coli to produce betax-
anthin by overexpressing HpaBC and MjDODA [15].
They obtained various betaxanthins and betacyanins,
including dopaxanthin, by feeding different amino acids
and amines to strain BTA6. Maria Alejandra Guerrero-
Rubio and coauthors employed whole-cell catalysis to
produce four different betaxanthins and two betacyanins,
the titer reaching 79.96 mg/L for dopaxanthin, through
supplementing L-DOPAOPA to betalamic acid-contain-
ing broth which was created by GdDODA-containing
E. coli [16]. Besides prokaryote E. coli, there also were
many efforts to produce dopaxanthin in yeast. Dopaxan-
thin was produced in Saccharomyces cerevisiae through
combinatorial assembly of twelve DODA variants and
eleven tyrosine hydroxylase variants by implementing a
highthroughput engineering method coupled with the
fluorescence-activated cell sorting technique [17]. This
method significantly enhanced the efficiency of enzyme
combination screening, thereby allowing engineered
yeast to in vivo produce high content of dopaxanthin,
avoiding the common method of producing dopaxanthin
in E. coli—the addition of precursors L-DOPA and amino
acid.

None of reported studies about heterologous bio-
synthesis of betalain molecules addressed the low per-
formance of the first key enzyme, DODA. Hence, it is
urgent to elevate DODA performance through protein
engineering. The titer of critical precursor L-DOPA, syn-
thesized by engineered strains,was also low. Moreover,
several reported strains even could not produce L-DOPA,
which could only be replaced with a feeding strategy.
These defects pushed up the cost of microbial synthesis
of betalain and hindered its scientific and commercial
application.

To achieve an L-DOPA-hyperproducing strain, sev-
eral vital enzymes in the DHS-hyperproducing starting
strain, including AroE, TyrA, and HpaBC, were up-reg-
ulated by the high-expression-level part. The strain thus
constructed produced L-DOPA with the highest titer
reported so far. To funnel the high content of precur-
sor L-DOPA to dopaxanthin, an effective dioxygenase
WDODA that was lacking in the de novo synthetic
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pathway of dopaxanthin was mined through sequence
similarity searching, whole-cell catalysis and flask fer-
mentation based on the reported DODAs. Subsequently,
the VWDODA was inserted into the genome of L-DOPA-
hyperproducing strain with a high-expression-level part.
The conceived strain produced a high titer of dopax-
anthin, exceeding previous reports. Although a high
concentration of dopaxanthin was obtained, the large
amount of residual L-DOPA indicated the insufficient
activity of the wild-type VWDODA. Therefore, an effec-
tive protein evolution strategy was designed to improve
the performance of VwWDODA. The catalytic efficiency
of DODA was increased significantly with this strategy
and the titer of dopaxanthin was dramatically enhanced
by the facilitation of evolved DODA. Pocket prediction
based on structural modeling showed that the improve-
ment in catalytic efficiency was caused by the reduced
volume of catalytic pockets and the increase of catalytic
openings. Furthermore, the biosynthetic pathway was
optimized to enhance the production efficiency of dopax-
anthin. Finally, a promising platform strain was estab-
lished, which could de novo produce 22.87 g/L natural
pigment dopaxanthin with a yield 286 times higher than
the previous report.

Materials and methods

Strains, plasmids, primer sets, and DNA manipulation
methods

Tables S1-S4 showed strains, plasmids, primer sets, and
nucleotide sequences included in this study. WJ060
(Table S1), which could produce 90 g/L 3-dehydroshiki-
mate [18] was genetically modified to produce dopaxan-
thin. The pTLY series plasmids were propagated in DH5«
using LB medium. The DODA sequences were codon-
optimized and synthesized by Tsingke Biotech (Beijing,
China). Plasmid pet30-Py;;_¢; was achieved by inserting
Pyr1.93 sequence [19] between Xbal and BamHI site of
pet30a (+). All the accession numbers and correspond-
ing sequences are listed in Table S4. To produce dopax-
anthin, cassettes Py _o3-Vvdoda and its mutants were
seamlessly inserted into ygiD, ldhA, or pflB loci through
Red-mediated homologous combination [20]. Successful
mutants were verified by PCR and sequencing.

Mining high-efficiency DODA

The phylogenetic tree of DODAs was constructed
using MEGA-X software based on the protein sequence
comparisons of AmDODA, MjDODA, and BvDODA
homologs from different betalain-producing species.
25 sequences were selected based on no less than 45%
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identity. Multiple sequence alignments were performed
using the ClustalW program and processed to generate
a maximum likelihood phylogenetic tree for molecular
evolutionary analysis.

The pTLY1 to pTLY25 series plasmids, which were
verified by sequencing, harboring the genes of differ-
ent DODAs, were then introduced into BL21(DE3). A
single colony was grown overnight in LB broth at 37 °C
and 220 rpm. 1% overnight culture was inoculated into
50 mL LB broth with an ODg,, of 0.03-0.05 and grown
at 37 °C and 220 rpm. When ODyy, reached 0.6, 1 mM
IPTG was supplemented for the following 5-6 h induc-
tion at 30 °C and 220 rpm. Whole-cell catalysts were
harvested through a centrifuge at 5000xg for 5 min.
The catalysis reaction was carried for 12 h or 24 h in
10 mL PBS buffer (0.01 M, pH 6.0) containing 10 mM
L-DOPA and 1.0 or 5.0 ODg, whole-cell catalyst at 20,
30, or 37 °C. The supernatant of the catalysis mixture
was subjected to dopaxanthin determination. After-
ward, the DODAs that produce higher concentrations
of dopaxanthin were further compared under the pH
range from 6.0 to 7.5.

Establishment of mutant library and high throughput
screen

To improve the activity of VWDODA, the mutant
library of the Vvdoda gene was created by error-prone
PCR. The PCR reaction volume is 50 pL, consisting of
1 uL EasyTaq® DNA Polymerase (Transgene, Beijing,
China), 5 pL 10 x Buffer, 0.2 mM dNTPs, 3 mM MgSO,,
0.4 mM MnCl,, 0.2 uM sense and antisense primers,
and 1 ng DNA template. The amplification reaction
was carried out as follows: 94 °C for 3 min; 94 °C for
30s, 55 °C for 30 s, 72 °C for 1 min, repeated 30 times;
72 °C for 5 min. The gel-purified fragments were ligated
to BamHI and Hindlll-digested plasmid pet30a-Py; o3
using NEBuilder® HiFi DNA Assembly Kit (NEB, USA)
and then transformed into host strain TLYB1.

50 uL transformed TLYB1 was pooled and spread on
an LB plate with 50 mg/L kanamycin. Seed culture was
prepared by inoculating 96 single colonies into 96-well
plates (LSYGEN, Tianjin, China) containing 500 uL of
LB medium, with one single colony per well. The plate
was incubated overnight at 37 °C and 800 rpm on an
orbital shaker (ZQZY-88CV, Zhichu Instruments,
China). Subsequently, 50 uL of the seed culture was
transferred to a new 96-well plate containing 500 puL of
NBS medium [18] in each well. The plate was further
incubated at 37 °C and 800 rpm for 36 h. Afterward,
20 pL of the supernatant from each well was diluted
with 180 pL of ddH,O, and absorbance at 471 nm was
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measured with a multifunctional microplate reader
(M2E, Molecular Devices, USA).

Purification and characterization of VvDODA, VvDODA'%V
and VvDODA!103V/R114A

The TLYA19, TLYA26, and TLYA27 with VwDODA,
VWDODASY and  VwDODAI3V/RIAA respectively,
were inoculated into 50 mL LB medium with an ODg,
of 0.05. The cultures were grown at 37 °C and 220 rpm.
When ODy, reached 0.6-0.8, 1 mM IPTG was supple-
mented for subsequent 4 h induction at 30 °C. Bacteria
were harvested, washed with 0.9% NaCl, suspended in
binding buffer (30 mM Tris, 200 mM NacCl, pH 8.0), fol-
lowed by homogenization with homogenizer JN-100C
(JNBIO, Guangzhou, China) at 800 bar. Target proteins
were purified by gravity-flow chromatography using a
nickel-charged resin Ni-NTA Agarose (GenScript). The
solubility and purity of the target protein are visualized
through SDS-PAGE analysis. Protein concentrations
were determined by the dye-binding method of the Brad-
ford assay (Solarbio). Bovine serum albumin was used as
the calibration standard.

The kinetic parameters of V/WDODA and each mutant
protein to L-DOPA were determined at 37 °C by incu-
bating 1.0 uM of the enzyme with a concentration
range from 1.0 to 6.0 mM of L-DOPA in sodium phos-
phate buffer (50 mM, pH 7.0) with a spectrophotometer
(Molecular Devices SpectraMax M2e, USA). The data
was collected every 10 s for 5 min. Product formation
was monitored by the increase in absorption at 414 nm
over time, and the initial rate of product formation (uM/
min) was calculated by linear regression, assuming the
molar absorptivity coefficient (g) at 424 nm to be 24,000/
(M cm) for both products [21]. The specific activity at
each substrate concentration was plotted. The value of
Km and Vmax was fitted through a non-linear regres-
sion method using the Michaelis—Menten equation.
The crude enzyme activity of TLYB7 and TLYB8 was
determined by incubating 100 uL of the 10 ODy, dis-
rupted bacteria supernatant with 10 mM of L-DOPA in
1 mL volume. The supernatant of TLYB6 was used as a
reference.

To determine the effect of pH and temperature on
DODA activity, a 1 mL 50 mM sodium phosphate buffer
mixture was prepared, the pH of the buffer was adjusted
to 6.0, 6.2, 6.5, 6.7, 7.0, 7.2, 7.5, and 8.0, and the temper-
ature was set to 20, 25, 30, 37, 40, 45, 50, 55 and 60 C.
10 mM L-DOPA and 1.0 pM protein were used in the
reaction mixtures for 5 min.

Fermentation conditions and metabolites assay
For flask fermentation, a single colony was inocu-
lated into a 50-mL flask containing 20 mL LB medium
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and incubated overnight at 37 °C and 800 rpm. The
overnight culture was inoculated at a ratio of 1:50
into 10 mL NBS medium (20 g/L Glucose, 3.5 g/L
KH,PO,, 6.5 g/L K,HPO,-3H,0, 3.5 g/L (NH,),HPO,,
025 g/L MgSO,7H,0, 15 mg/L CaCl,2H,0,
1.6 mg/L FeCl;-6H,0, 0.2 mg/L CoCl,-6H,0, 0.1 mg/L
CuCl,-2H,0, 0.2 mg/L ZnCl,, 0.2 mg/L Na,MoO,-2H,0,
0.05 mg/L H3BOs). The fermentation lasted 36 or 48 h at
220 rpm and 37 °C. If necessary, 50 pg/mL of kanamycin
was added.

Fed-batch fermentations were performed with a 5-L
bioreactor (Biotech-5BG, Bxbio, China). A single colony
was grown overnight in 20 mL LB medium at 220 rpm
and 37 °C. Then, all the overnight culture was transferred
to 180 mL LB medium for another 12 h of cultivation. The
200 mL seed culture was transferred to the 5-L bioreac-
tor containing 1.8 L initial fermentation medium (7.5 g/L
K,HPO,-3H,0, 2 g/L MgSO,-7H,0, 1.6 g/L (NH,),SO,,
0.0756 g/L FeSO,-7H,0, 2 g/L Citric acid, 4.525 mg/L
MnSO,-H,0, 20 mg/L Na,SO,, 6.4 mg/L ZnSO,, 4 mg/L
CoCl,-6H,0, 0.6 mg/L CuSO,-5H,0). The glucose
(600 g/L) was fed to maintain the glucose concentration
of fermentation broth at 0.1-5 g/L after the initial glu-
cose (30 g/L) was exhausted. The pH was automatically
maintained at 6.0 using 25% NH;-H,O, and the fermen-
tation temperature was maintained at 37 ‘C. The stirring
rate ranged from 300 to 950 rpm, and the ventilation rate
was set at 1-2 vvm to maintain the dissolved oxygen level
at 20% saturation. Samples were collected every 4 h to
analyze dopaxanthin, glucose, and L-DOPA content in
the fermentation broth.

An Agilent 1260 apparatus (CA, USA) with a DAD
detector was used for calibration curve drawing and
metabolite determination. 10 uL sample was loaded onto
an Innoval C-18 column (250X 4.6 mm, 5 um, Agela tech,
Tianjin, China) and separated by isocratic elution com-
posed of 80% solvent A and 20% solvent B at UV 280, 414
and 471 nm. Solvent A comprised 99.9% distilled and
deionized water with 0.1% phosphoric acid, and solvent
B comprised 100% methanol. The flow rate was 0.8 mL/
min, operated at 30 °C. The culture media were centri-
fuged for 10 min at 14,000xg, and the supernatants were
analyzed.

Purification and characterization of dopaxanthin

For the MS analysis of dopaxanthin in fermentation
broth, 10 pL of filtered supernatant was subjected to
HPLC-HRMS analysis using an Agilent 1290 appara-
tus (CA, USA) equipped with an Innoval C-18 column
(250% 4.6 mm, 5 pm, Angela tech, China) and coupled
to a Bruker Daltonics microTOF-QII mass spectrom-
eter fitted with an electrospray source operated in posi-
tive mode. To accurately quantify the concentration
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in the fermentation and catalytic broth, we need to get
authentic dopaxanthin. 20 mL supernatant from the
5-L scale-up fermentation broth of TLYB4 was injected
into a preparative dynamic axial compression column,
which was filled with pentafluorophenyl bonded silica
gel (25050 mm, 10 pm, Hanbon Sci and Tech, China).
Elution was performed at UV 280 and 471 nm using
a gradient of acetonitrile (solvent C) and 0.1% acetic
acid aqueous (solvent D): 0—10 min, 100% solvent D;
10-35 min, 100%—90% solvent D; 35-40 min, 90%—20%
solvent D; 40—100 min, 20% solvent D. Multiple fractions
were collected, followed by validation using analytical
Innoval C-18 column (250X 4.6 mm, 5 pm, Angela tech,
China). This process was repeated 25 times, and the col-
lected fractions were merged and dried. The dried sam-
ple prepared from rotary evaporation was again injected
into the preparative dynamic axial compression column
and eluted with 100% solvent D for 10 min and 20% sol-
vent D for 15 min, resulting in a solution of dopaxan-
thin. The acetonitrile and acetic acid were then removed
through rotary evaporation, followed by freeze-drying
to obtain authentic dopaxanthin. The dopaxanthin con-
tent was quantified by linear fitting of concentration
and LC peak area. The calibration curve equation is
Y =49,501 X X +19.84 at wavelengths of 471 nm, while Y
represents LC peak area and X represents dopaxanthin
concentration (g/L) (Fig. S1).

Results

Screening high-performance dioxygenase

DODA was the first critical enzyme for dopaxanthin
synthesis. To mine the efficient DODA enzymes for
dopaxanthin production, 25 DODA enzymes (Table S4)
were selected based on the criterion that the amino acid
identity of target sequences exceeded 45% when com-
pared with reported enzyme AET43288.1 (DODA from
Beta vulgaris) [22], WP_012222467.1 (DODA from Glu-
conacetobacter diazotrophicus) [23] and QGV12702.1
(DODA from Amanita muscaria) [24] for test. It could
be seen that these 25 enzymes were divided into two
clades. The upper clade was composed of Agaricales, bac-
terial, and alga-originated DODAs, and the lower clade
was composed of Caryophyllales, silkworm, and E. coli-
originated DODAs (Fig. 2a).

When the recombinant plasmids harboring the
DODA enzymes (Table S2) were introduced into E.
coli (Table S1), 20 recombinant enzymes exhibited var-
ious levels of DOPA-4, 5-dioxygenase activity except
KAF9464553.1, KAF8352199.1, WP 000188362.1,
CAE45178.1, and BAH66636.1 (Fig. 2a). Most of
recombinant DODA enzymes facilitated dopaxanthin
production with the increase of catalytic time, tem-
perature and whole-cell concentration at pH 6.0 except
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AcDODA, BmDODA and BpDODA, and these three
enzymes showed higher activity at 30 ‘C other than
37 °C (Fig. 2a). Among the 25 enzymes, AmDODA and
VwDODA presented the higher catalytic activity, yield-
ing 84.86 and 114.61 mg/L of dopaxanthin, respec-
tively, when the catalytic temperature was 37 C and
whole-cell concentration was 1.0 ODg,, (Fig. 2a). The
production of dopaxanthin further increased to 166.81
and 227.47 mg/L when 5.0 ODg,, whole-cell was used
(Fig. 2a).

Next, the activities of AmDODA and VvDODA were
characterized under different pH conditions. The
activity of AmDODA varied slightly from pH 6.0 to 7.5.
It could synthesize up to 88.89 mg/L of dopaxanthin at
pH 6.5 in the presence of 1.0 OD,, whole-cell (Fig. 2b,
the upper part). However, the activity of VVDODA var-
ied greatly from pH 6.0 to 7.5, with the highest titer
124.06 mg/L dopaxanthin at pH 6.5 in presence of
1.0 ODg,, whole-cell (Fig. 2b, the upper part). After
supplementing 1.0 mM vitamin C, the titer of dopax-
anthin increased significantly as vitamin C acted as
an antioxidant to prevent the oxidation of L-DOPA
and betalamic acid. The AmDODA-catalyzed titer of
dopaxanthin rose from 88.89 to 180.25 mg/L, while
the VwDODA-catalyzed titer of dopaxanthin rose from
124.06 to 163.85 mg/L (Fig. 2b, the lower part).

Engineering de novo dopaxanthin production
in 3-dehydroshikimate hyperproducing E. coli
In our previous report, a 3-dehydroshikimate (DHS)
hyperproducing E. coli WJ060 (Table S1) that could pro-
duce 90 g/L 3-dehydroshikimate (DHS) with a total yield
of 33.0% mol/mol glucose was developed [18]. To channel
DHS to L-DOPA, the critical precursor of dopaxanthin,
shikimate dehydrogenase (AroE) was overexpressed by
inserting high-expression-level synthetic part Py g3 [19]
upstream of aroE in E. coli WJ060, resulting in a strain
TO001. Flask fermentation results indicated that T001 syn-
thesized 0.7 g/L L-tyrosine without any DHS accumula-
tion (Fig. 3a) after 36 h cultivation. Then, the replacement
of wild-type chorismate mutase/prephenate dehydro-
genase TyrA with Py, ¢5-driven feedback-relieved ver-
sion TyrAM®3UA35V (vegulting in the strain T002) further
enhanced L-tyrosine titer to 2.62 g/L (Fig. 3a).
Biosynthesis of dopaxanthin began with the hydroxy-
lation of L-tyrosine into L-DOPA by 4-hydroxypheny-
lacetate 3-hydroxylase HpaBC (Fig. 1). Normally, the
expression of hpaBC operon was deficient in E. coli.
The expression level of hpaB and hpaC in strain T003
achieved by inserting regulatory part Py o3 upstream
of the hpa operon, was improved 13.97 and 11.10 times
(Fig. S2). As a result, almost all L-tyrosine was hydroxy-
lated by HpaBC, achieving up to 3.36 g/L L.-DOPA at 48 h
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(Fig. 3a). Then, scale-up fermentation was conducted.
The results indicated that T003 could synthesize up to
60.0 g/L L-DOPA after 60 h with 16.8% mol L-DOPA per
mol glucose (Fig. 3b). ipaD in E. coli encodes 3,4-dihy-
droxyphenylacetate 2,3-dioxygenase, which catalyzes the
formation of 5-carboxymethyl-2-hydroxybenzoic semial-
dehyde (CHMS) from L-DOPA [25]. To avoid the degra-
dation of L-DOPA, the hpaD gene was deleted. Deletion
of hpaD did not significantly increase the L-DOPA titer
(Fig. S3). This may be caused by the fact that this gene is
usually repressed by regulator HpaR and induced by aro-
matic compound as the sole carbon source [25].

To construct a strain for de novo synthesis of dopax-
anthin, YgiD that possessed 4,5-DOPA dioxygenase
activity [26] was firstly overexpressed with regulatory
part Py os. Flask fermentation results indicated that no
dopaxanthin was synthesized by YgiD-overexpressed
strain TLYB2. Thereby, cassettes Py 93-AmDODA and
Ppi.os-VWDODA  were inserted into the ygiD site of

TLYBI, respectively, to obtain strain TLYB3 and TLYB4
(Table S1). As the fermentation time prolonged, the color
of the fermentation broth gradually changed from color-
less to yellow and finally to red. Quantitative analysis with
HPLC showed that TLYB3 and TLYB4 produced 2.41
and 2.02 g/L L-DOPA, which is lower than that of T003
(Figs. S3 and 3a). However, two new peaks at 7.2 and
11.6 min at wavelengths of 471 and 414 nm (Fig. S4a—f)
were presented in the HPLC spectrum. Accurate mass
of MS and fragmentation spectra of MS? ions indicated
that peaks at 7.2 min were dopaxanthin (Fig. S4d, e) and
peaks at 11.6 min were betalamic acid (Fig. S5g, h), which
were consistent with previous reports [24, 27]. Based
on the equation of the calibration curve (Fig. S1), 44.75
and 101.96 mg/L dopaxanthin were synthesized after
36 h flask fermentation by TLYB3 and TLYB4, respec-
tively (Fig. 3c). The higher titer of dopaxanthin pro-
duced by TLYB4 when compared with TLYB3 indicated
that VWDODA was more suitable for de novo synthesis.
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Overall, de novo synthesis of dopaxanthin is feasible by
connecting the blocked pathway from DHS to L-DOPA
and introducing appropriate dioxygenase.

Increasing dopaxanthin production with evolved VvDODA
A large amount of precursor L-DOPA and less product
dopaxanthin in the endpoint fermentation broth (Figs. 3
and S3) indicated insufficient activity of VZwDODA. To
improve VWDODA activity, a high-throughput screen-
ing method (Fig. S6), including the creation of a mutant
library by error-prone PCR that transformed into
L-DOPA-producing strain TLYB1, and screening based
on the optical absorption property of dopaxanthin at
Amax=471 nm was carried out.

In the first round of screening, a mutant 39F6 with
enhanced activity won out of 9600 mutants. Sequencing
analysis revealed that there were two missense muta-
tions and one synonymous mutation in VwDODA: D68V,
a mutation from codon GAU to GUU, 1103V, a mutation
from codon AUU to GUU, and L104, a mutation from
codon CUG to CUA. To investigate the impact of each
missense mutation on the titer of dopaxanthin, the single
point mutation strain TLYB1-26-D68V and TLYB1-26-
1103V that containing VvDODAP®Y and VwDODA!®Y,
respectively, were developed (Table S1). The titer of
dopaxanthin produced by strain 39F6, TLYB1-26-D68YV,
and TLYB1-26-1103V is 78.37, 54.15 and 90.01 mg/L,
respectively, which was 11.64% higher, 29.64% lower,
28.2% higher than that of control strain TLYB1-26 (the
strain TLYB1lwith pTLY26) (Fig. S7). These results indi-
cated that the 1103V mutation is beneficial to the bio-
synthesis of dopaxanthin, whereas the D68V mutation is
harmful.

To further investigate the impact of these two sites on
dopaxanthin biosynthesis, saturation mutations on D68
and 1103 were performed. It was found that the majority
of strains carrying mutation at position 103 were unable
to synthesize dopaxanthin except for the strains with
VwDODA"®SL yDODAMC, or YWDODA!YV (Fig. S7).
Among them, the titer of dopaxanthin synthesized by
strain with VwDODA!"®L and VwDODA"®C decreased
by 8.5 and 29.47%, while the strain with VwDODA"%Y
increased by 18.62% when compared to that of the con-
trol group (Fig. S7). The saturation mutation at D68
weakened the dopaxanthin-producing capacity of all
strains, particularly D68P (Fig. S7).

Next, the second round of screening was carried out
to further improve enzyme activity based on the mutant
VWDODA!"%Y, and a new strain named 47D4 with fur-
ther enhanced titer won out of another 4800 mutants,
which could produce 98.4 mg/L dopaxanthin after 36 h
fermentation (Fig. S7). Sequencing analysis showed that
the codon of the 114th amino acid mutated from CGT to
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GCG, resulting in a transition from arginine residue (R)
to alanine residue (A).

Compared to that of plasmid expression, the higher
titer of dopaxanthin was achieved by genomic expression
of VWDODA (strain TLYB4 in Fig. 3c vs. TLYB1-26 in Fig.
S7). Thus, the ygiD locus of TLYB1 was replaced with
cassettes Py g3- VWDODAM"®Y and Py 45-VWDODA!Y/
RIMA resulting in the strains TLYB5 and TLYB6
(Table S1). The titer of dopaxanthin increased to 135.43
and 167.30 mg/L by TLYB5 and TLYB6, which were
32.83% and 64.08% higher than that of TLYB4, respec-
tively (Fig. 3c). The titers of L-DOPA, 1.69 and 1.40 g/L,
produced by TLYB5 and TLYB6 were lower than that of
TLYB4 (Fig. S3). This result manifested that the perfor-
mance of the strain TLYB6 with VvDODA!V/RIMA 4o
nificantly exceeded that of WT vision.

The overexpression of recombinant protein confirmed
that VWDODA and its mutants, V¥DODA"®V and
VvDODAIOBV/RIMA 4] could be solubly expressed at a
similar level in E. coli (Fig. 4a). As shown in Fig. 4b, the
optimal pH for these recombinant enzymes was 7.0, and
within the range of pH 6.5-7.5, more than 50% of their
activity was preserved. The optimal temperature for wild-
type VWDODA is 45 C. On the contrary, the optimal
temperature for VwDODA!"Y and VvDODAIOV/RILA
increased by ten degrees to 55 ‘C (Fig. 4c). The kinetic
parameter test of the three recombinant enzymes showed
that compared with the wild-type, the substrate affinity of
VwDODAMY and VwDODANBYV/RIAA jhcreased by 1.84
times and 5.37 times. The catalytic number increased by
2.26 times and 6.33 times, resulting in a 4.16 and 34 times
increase in catalytic efficiency, respectively (Fig. 4d and
Table 1).

To further probe the effect of mutations on the cata-
lytic efficiency of VWDODA, the structures of VZwDODA
and its mutants were modeled by AlphaFold3 (Fig. 5)
[28]. Catalytic pockets were predicted by PrankWeb, a
machine learning-based method for the prediction of
ligand binding sites from protein structure. According
to the prediction results, VwDODA, VWDODA"%V and
VvDODANOBV/RIMA mijsht have three, two, and two cata-
lytic pockets, respectively. Based on the size of catalytic
pocket whether large enough to accommodate L-DOPA,
metal ions, and oxygen, pocket I of the three enzymes
should be the site where the reaction occurred. The vol-
ume of pocket I of VWDODA was 793.4 A3, which was
comprised of amino acid residues H25, H27, R64, N66,
170, G71, P72, H73, E79, H106, E112, H116, T133, L134,
P142, Q144 (Fig. 5a). However, the volume of pocket I of
VwDODA%Y and VwDODA!BV/RIMA decreased to 753.9
and 691.2 A3, respectively, due to the alteration of a few
amino acids involved in pocket composition (Fig. 5b,
c). Furthermore, the longitudinal distance of pocket I
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Table 1 Parameters of dioxygenase

Enzyme Km (mM)  Kcat(min™')  Kcat/Km (mM~"min~")  OptimumpH  Optimum Inducing References
temperature temperature
(C) (C)
VWDODA 31.83° 0.3845° 1.208x1072 7.0 45 30 This work
WDODA%Y 17.30° 0872 5.029%1072 7.0 55 30 This work
VWDODATBV/RTT4A 5 9312 2435° 4106107 7.0 55 30 This work
BvDODA 6.9 0.095 1377x1072 85 250 20 [22]
EcYgiD 7.9 0.17 2.152x107? 85 25P 20 [26]
AmDODA 42 546 13 85 250 30 [24]
GADODA 136 0.50 3676x 107" 6.5 25P 20 [23]
BmDODA 1.06 - - 85 30 16 [30]
AcDODA 53 - - 7.0 25P 20 [29]

2The parameters of catalytic activity were obtained at 37 °C
b Effect of temperature on DODA was only tested at 25 °C
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Fig. 5 Catalytic pockets predicted by PrankWeb based on structures modeled by AlphaFold3. a WWDODA, b VWWDODA!'%Y and ¢ VWDODA!O3V/RT14A

opening in VWDODA!"%V increased and the transverse
distance decreased slightly (Fig. 5; Tables S5 and S6). As
for VWDODANOV/RIA +he transverse and longitudinal
distances of pocket I opening were both enlarged when
compared with that of VYwDODA (Fig. 5, Table S5 and S7).
The mutation of 1103V resulted in the lower left move-
ment of lid composed of R64 and N66 while the mutation
of R114A brought the right edge of the opening to move
outward (Fig. 5). The increase of catalytic opening was
beneficial for the entry of substrates while the reduction
of catalytic pockets may enhance the affinity between
proteins and substrates.

Based on the above results, the elevated titer of dopax-
anthin was triggered by two missense mutations that dra-
matically enhanced DODA performance.

Optimizing biosynthetic pathway enabling efficient
production of dopaxanthin

Upon increasing the dioxygenase performance to enable
the highest reported titer of dopaxanthin with flask fer-
mentation, fed-batch fermentations were performed in a
synthetic medium with glucose as the carbon source. The
results showed that the productivity of dopaxanthin was

low in the first 20 h but accelerated after 20 h (Fig. 6). The
stepwise increase of dopaxanthin leads to a change in the
color of the fermentation broth from brown to reddish
black (insets in Fig. 6). The strain TLYB6 with mutant
VvDODAIOBVRIMA ¢4y]d produce 21.31 g/L dopaxan-
thin, which was 573% higher than the 3.72 g/L dopax-
anthin produced by the strain TLYB4 with wild-type
VWWDODA. Nevertheless, there was still a large amount of
L-DOPA in the fermentation broth. The titer of by-prod-
uct L-DOPA reached 24.62 and 19.19 g/L for the strain
TLYB4 and TLYB6, respectively (Fig. 6b, c). To reduce
the accumulation of L-DOPA and increase the titer
of dopaxanthin, the second and third copy of cassette
Pyro3- VWDODANOBVRIMA yag ingerted into the ldhA
and pfIB locus of TLYB6, respectively, resulting in strain
TLYB7 and TLYBS8 with multiple copies of VwDODA!%Y/
RI4A (Fig. 6a and Table S1).

The expression level V'WDODANV/RIMA iy the strain
TLYB7 with two copies and TLYB8 with three copies,
semi-quantified by qRT-PCR analysis, was improved
by 2.00 and 2.83 times compared with that of the strain
TLYB6 with only one copy (Fig. S2c). The results of
crude enzyme activity determination were also similar
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(Fig. 4e). The increase in expression level led to a rise
in yield. 187.0 and 198.7 mg/L dopaxanthin was pro-
duced by the strain TLYB7 and TLYBS8 after 36 h in
flask fermentation, which was 11.98% and 18.98%
higher than that of TLYB6 (Fig. 3¢c). Scale-up fermenta-
tion indicated that strain TLYB7 produced higher levels

of dopaxanthin within 46 h of fermentation, achiev-
ing up to 22.87 g/L. However, the titer of dopaxan-
thin produced by strain TLYB8, 19.50 g/L, was slightly
lower than that of TLYB6 and TLYB7 within 46 h. This
may be attributed to the metabolic burden brought by
multi-copy expression.
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Discussions and conclusions

DODAs were found in fungi, bacteria, insects, and
plants, such as Amanita muscaria [24], E. coli [26], Glu-
conacetobacter diazotrophicus [23)], Anabaena cylindrical
[29], Bombyx mori [30], Beta vulgaris L [22], Amaranthus
tricolor [31] etc., some of which were employed for heter-
ologous biosynthesis of betalains. However, the reported
titer was relatively low, mainly due to the low perfor-
mance of DODA and the low content of critical precur-
sor L-DOPA.

In our study, homologous sequence alignment followed
by whole-cell catalysis and de novo synthesis strategy was
employed to mine novel dioxygenases from the database,
with the titer of dopaxanthin as the indicator. This means
that the high titer of dopaxanthin is inevitably due to the
superior performance of the DODA. An efficient dioxy-
genase derived from Volvariella volvacea WC 439 won
out of 25 DODAs (Figs. 2 and 3c). 114.61 mg/L titer of
dopaxanthin was produced through whole-cell catalysis,
which was higher than that synthesized using MjDODA
or GADODA [15, 16].

Starting from the DHS-hyperproducing strain WJ060,
strain T003, featured with the capability to produce the
highest titer of L-DOPA, was conceived by strengthening
the critical redox enzyme AroE [32], relieving the feed-
back inhibition of crucial enzymes TyrA by L-tyrosine,
and activating the silenced gene cluster hpabc. Beneti-
fited by the high precursor concentration (60 g/L) and
high performance of evolved DODA, 101.96 mg/L and
3.72 g/L dopaxanthin were synthesized by strain TLYB4
at the flask and scale-up fermentation levels. This titer
achieved by flask fermentation is 1.28 times that of the
highest bioreactor level of 79.96 mg/L achieved by adding
the precursor L-DOPA [16]. Compared at the scale-up
fermentation level, the titer of dopaxanthin synthesized
by the TLYB4 strain reported in this study was 46.52
times higher than previous report [16].

Directed evolution further enhances the performance
of dioxygenases, boosting substrate affinity by 5.37 times,
catalytic efficiency by 34 times, and optimal catalytic
temperature by 10 °C (Fig. 4 and Table 1). Although par-
tial kinetic parameters of GADODA and AmDODA were
better than or comparable to those of V¥DODA1®Y/
RIMA the titer of dopaxanthin produced by GZDODA
and AmDODA-harboring strains was lower than that of
VvDODANBVRIMA both in this study (Figs. 2 and 3c)
or in other reports [16, 24]. This was caused by higher
protein expression level, more suitable optimum cata-
lytic pH value, and enhanced thermal stability of VwDO-
DAMNOV/RIMA (Fijg 4 and Table 1). The optimal catalytic
temperature of VWDODAUV/RIMA reqched 55 °C, much
higher than that of other reported enzymes (Fig. 4b and
Table 1). Its optimal catalytic pH value was 7.0, closer
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to the intracellular pH of E. coli than that of AmDODA
at 8.5 (Fig. 4c and Table 1) [33]. Additionally, the pro-
tein expression of VvDODANBV/RIMA yvas more robust,
as evidenced by the induced temperature being elevated
at 30 “C, which was higher than other reported 25 °C or
lower (Table 1).

All mutations of 1103 residue lose activity, except for
mutations I103L, 1103V, and I1103C. This may be caused
by the shortening of amino acid side chains. Of course,
further shortening of amino acid side chains could also
inactive enzymes, such as 1103A and 1103G. In addition
to changes in side chain volume, changes in hydropho-
bicity may also reduce/inactivate enzyme activity, such
as [103C, 1103S, 1103T and I103N. All mutations of D68
residue remain active, except for D68P. This may be due
to the D68 residue being far from the conserved amino
acid residue H106 [34].

The mutation of 1103V resulted in the lower left move-
ment of lid composed of R64 and N66, enlarging the lon-
gitudinal distance of pocket I opening, while the mutation
of R114A brought the right edge of the opening to move
outward (Fig. 5). The mutations of 1103V and R114A also
led to a decrease in binding energy, from —4.30 kcal/
mol between WT and substrate to —4.32 kcal/mol
between VWDODA"®V and substrate, and —4.88 kcal/
mol between VWDODA!SV/RIMA and substrate (Fig. 5).
At the same time, the number of hydrogen bonds formed
between substrate and enzyme also changed, increasing
from 6 between WT and substrate to 9 between VwDO-
DANOV/RIMA 3 d substrate. As a result, the enhancement
of enzyme performance, including enhancement in sub-
strate affinity and catalytic efficiency, could be explained
by the variation of the catalytic pocket, binding energy
and hydrogen bond number (Fig. 5, Tables S5, S6, S7 and
S8).

Given these advantages, the dopaxanthin titer
increased to 167.3 mg/L through VyDODA!0V/RIMA
containing strain TLYB6. At the scale-up fermentation
level, dopaxanthin increased from 3.72 to 21.31 g/L,
reaching a 5.73-fold and 267-fold increase when com-
pared to TLYB4 and previous report [16]. These results
conclude that a high-performance DODA conceived
through protein engineering significantly elevates the
dopaxanthin-produce phenotype. It also confirms that
high precursor promotes the synthesis of dopaxanthin.

Natural pigments own significant health and environ-
mental advantages compared to chemically synthesized
pigments. However, the acquisition of natural pigments
heavily relies on plant extraction. While plant cultivation
is land and resource-demanding, fermentation-based
processes employing genetically modified microorgan-
isms are feasible alternative natural pigment sources. To
this end, we extended the DHS-hyperproducing strain to
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synthesize yellow dopaxanthin via fermentation at dozens
of gram-scale in a bioreactor—resulting in 22.87 g/L, a
286-fold improvement compared with previous attempts
[16]. The unprecedented high titer of dopaxanthin,
achieved by addressing the rate-limiting enzyme and the
high concentration of precursor L-DOPA, significantly
reduced the cost of the fermentation and downstream
steps. It is roughly estimated that the cost of dopaxanthin
could be as low as 150 RMB/kg according to the assump-
tion that costs are distributed equally between upstream
and downstream [35]. This pure dopaxanthin cost is
comparable to or below the price of E162 (0.4—1.2% beta-
lain content) made from engineered Yarrowia lipolytica
or beetroot [35].

It was revealed that the impacts of the traditional
betanin extraction process are approximately five times
higher for human health and three times higher for both
ecosystem quality and resources compared with the
impacts of fermentation [35]. According to this result,
we also roughly infer that the fermentation-based dopax-
anthin production possesses a superior environmental
sustainability performance compared with the extrac-
tion-based process based on two criteria: higher titer
increases environmental performance [35] and higher
fermentation temperature reduces cooling water con-
sumption [36], as the titer of dopaxanthin in this study is
much higher than that of betanin in Y. lipolytica, and the
fermentation temperature is much higher (37 vs. 30 °C).

This work not only aimed to produce economically
viability dopaxanthin by developing an efficient micro-
bial factory as a controllable system but also presents
an opportunity to expand our work to the biomanufac-
turing of other plant betalains that currently are not
commercially available owing to their low native con-
tent in the respective plants.
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