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Indigoids, a class of bis-indoles, have long been applied in dyeing, food, and pharmaceutical industries. Recently,
interest in these ‘old’ molecules has been renewed in the field of organic semiconductors as functional building
blocks for organic electronics due to their excellent chemical and physical properties. However, these indigo
derivatives are difficult to access through chemical synthesis. In this study, we engineer cytochrome P450 BM3
from an NADPH-dependent monooxygenase to peroxygenases through directed evolution. A select number of
P450 BM3 variants are used for the selective oxidation of indole derivatives to form different indigoid pigments
with a spectrum of colors. Among the prepared indigoid organic photocatalysts, a majority of indigoids
demonstrate a reduced band gap than indigo due to the increased light capture and improved charge separation,
making them promising candidates for the development of new organic electronic devices. Thus, we present a
useful enzymatic approach with broad substrate scope and cost-effectiveness by using low-cost HyO5 as a cofactor
for the preparation of diversified indigoids, offering versatility in designing and manufacturing new dyestuff and
electronic/sensor components.

1. Introduction introduction of substituents could induce varied optical and electronic

properities such as absorption, charge carrier transport properties,

The natural pigment indigo is an old and widely used vat dyestuff
due to its safety and extraordinary spectral properties [1]. The inter-
molecular N-H--O—C hydrogen bonds play an essential role in molec-
ular packing [2]. Indigo is also an ambipolar organic semiconductor
with well-balanced electron and hole mobilities in transistors [3,4]. The
natural semiconductor appears to be a promising option for fabrication
of fully biodegradable and biocompatible organic electronics. Indigo
used to be made from the indigo and woad plants. Today, natural indigo
is almost entirely replaced by synthetic indigo.

Substituted indigo derivatives are termed as indigoids, which are
potential candidate compounds in dyeing, pharmaceutical, food, and
semiconductor industries [5]. For example, the indigo derivatives 6,
6'-difluoroindogo, 6,6"-dichloroindigo, 5,5-dibromoindigo, 6,6-dibro-
moindigo (Tyrian purple), 6,6-diiodoindigo, and 5,5-diiodoindigo have
shown prospective applications in organic electronics [6-8]. The
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transistor characteristics, LUMO energy levels, as well as the electrical
performance in organic field-effect transistors (OFETs) [7].

Indigo has extremely low solubility in water and most of organic
solvents, and is only soluble in a small number of polar protic solvents
such as DMSO and DMF. It has a high melting point >300 °C, because of
stabilization resulted from inter- and intramolecular hydrogen bonding
and n—n stacking [9]. These properties largely limit its use and further
derivatization. Indigo is chemically synthesized from 2-nitrobenzalde-
hyde and acetone in alkaline media [10]. Indigo carmine is made from
indigo and sulfuric acid [11]. Multiple dihalogenoindigos, such as 5,
5’/6,6-dibromoindigo, 5,5’/6,6-dichloroindigo, and 5,5’/6,6-difluor-
oindigo, have also been synthesized via different approaches [12,13].
However, these classical synthetic approaches for indigo and indigoids
would cause irreversible environmental pollution, some of which start
from expensive raw materials, thus being unsustainable. By contrast, the
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enzymatic synthesis of indigo/indigoids with controllable regiose-
lectivity under mild conditions is environmentally friendly and
economically attractive.

Many oxygenases have been reported to catalyze the oxidative
coupling of indoles to form indigo [14-17], such as naphthalene diox-
ygenase [18], phenol hydroxylases [18], xylene oxygenase [19],
toluene-2/4-monooxygenase [20,21], peroxygenases [18],
flavin-containing monooxygenases [22], and cytochrome P450 mono-
oxygenases (P450s) [23]. Among these oxidative enzymes, P450s are
very attractive targets due to their broad substrate spectra, catalytic
versatility, and function fabricability by multiple engineering strategies
[18,24-26]. Thus, a growing number of applications of P450s in bio-
catalysis and biotransformation, as well as in green synthetic chemistry
have been emerging [27]. In particular, P450 BM3 (CYP102A1) origi-
nated from Bacillus megaterium is a preferred candidate for P450-based
biocatalysis because of its superb catalytic efficiency (turnover num-
ber: ~200 sec™! towards some fatty acid substrates) and expandable
substrate scope [28]. This bacterial soluble enzyme consists of a P450
domain naturally fused to a diflavin NADPH reductase domain, thus
circumventing the requirement of separate redox partner proteins by
most of native P450s. Moreover, it has been reported that some P450
BM3 mutants could use H,O5 as an alternative cofactor to costly NAD(P)
H [29-31], thereby further lowering the cost of P450-mediated bio-
syntheses of indigo/indigoids and other compounds.

In our previous study, we designed and validated a novel “multi-
enzymes-for-multi-substrates” (MEMS) directed evolution model, by
which a number of P450 BM3 mutants were identified to be capable of
efficiently converting indole into indigo by using NADPH as electron
donor [32]. In this work, we adopted colorimetric method to detect the
oxidative products of indole and its derivatives by using the alternative
cofactor HpO». As a result, we successfully developed several productive
P450 BM3 peroxygenases for enzymatic synthesis of diversified indi-
goids. The different electrical substituents (electron-withdrawing and
electron-donating groups) and positions of these functional groups
(substituents at 4-, 5-, 6-, and 7-positions of the phenyl ring) changed the
intramolecular proton transfer, thus resulting in various photophysical
properties of indigoids.

2. Materials and methods
2.1. Materials

Antibiotics and chemicals were purchased from SolarBio (Beijing,
China) and Sigma Aldrich (St. Louis, MO, USA). KOD-Plus Neo DNA
Polymerase was obtained from TOYOBO (Osaka, Japan). The kits for
plasmid extraction and DNA purification were purchased from OMEGA
Bio-Tek (Norcross, GA, USA) and Promega (Madison, WI, USA). His-
tagged protein purification used Qiagen Ni-NTA resin (Valencia, CA,
USA), Millipore Amicon Ultra centrifugal filters (Billerica, MA, USA),
and PD-10 desalting columns from GE Healthcare (Piscataway, NJ,
USA). Oligonucleotides synthesis and DNA sequencing were conducted
by Sangon Biotech (Shanghai, China).

2.2. General experimental procedures

High resolution Q-TOF mass spectrometry data were acquired on a
maXis ultrahigh-resolution TOF system (Bruker Daltonik, Germany).
Masses of negatively charged ions were calibrated using aqueous sodium
formate as an internal standard. The reaction samples were analyzed by
HPLC/HRMS with a Triart C18 column (5 pm, 4.6 mm x 250 mm, YMC
Co., Ltd., Japan). Two solvent reservoirs, containing solvent A, water
+0.1% (v/v) TFA and solvent B, methanol + 0.1% (v/v) TFA, were used
to separate the indigoid components, under gradient elution. The
gradient elution profile was as follow: 0-8 min, 60% solvent B; 8-23
min, 60-100% solvent B; 23-25 min, 100% solvent B; 25-26 min, 100-
60% solvent B; 26-30 min, 60% solvent B. The analytes were quantified

453

Synthetic and Systems Biotechnology 8 (2023) 452-461

at 254, 550 and 600 nm. Separation of products was performed with a
flow rate of 1 mL min~!. Nuclear magnetic resonance (NMR) spectra
were acquired on a Bruker 600 MHz spectrometer (Bruker BioSpin
GmbH Co., Rheinstetten, Germany). NMR data were processed using
MestReNova software.

2.3. Construction of expression vectors

In our previous study [13], we constructed a P450 BM3*(i.e., P450
BM3 F87A) mutants library and identified several mutant enzymes
capable of oxidizing indole through high-throughput screening. In these
reactions, the catalytically required electrons are provided by NADPH
and transferred to the heme-iron reactive center via the fused reductase
domain of P450 BM3*. To use HO3 as an alternative cofactor to costly
NADPH, in this study we also initiated these enzymatic reactions with
H0,. To further investigate the potential use of HoO; as a cofactor in
place of a redox partner system, we constructed a truncated version of
P450 BM3* with the 1-455 amino acid residues (covering the whole
heme domain, while losing the reductase domain), referred to as P450
BM3T, by amplifying the full-length DNA sequence of the heme domain
using  the  primers 5-ATGACAATTAAAGAAATGCC-3' and
5-AAGCGGAATTTTTTTCGATTTTG-3 .

2.4. Reaction screening in 96-well plates

Single colonies were randomly picked and inoculated into 300 pL of
LB medium containing 50 pg/mL kanamycin (LBay) in sterilized 96-
deepwell plates. The cultures were shaking incubated at 37 °C, 220
rpm overnight. The overnight culture (40 pL) in each well was trans-
ferred into a new sterilized 96-deepwell plate pre-containing 400 pL of
TByan media (supplemented with 50 pg/mL kanamycin, 1 mM thiamine,
and the rare salt solution: 25 pM FeCls-6H20, 4 pM ZnCly, 2 pM
CoCly-6H20, 2 pM NayMo04-2H50, 2 pM CaCly, 3 pM CuSO4 and 2 pM
H3BO3) [33] and shaked for 3 h at 37 °C, 220 rpm. Then, the P450
enzyme expression was induced by addition of 0.2 mM (final concen-
tration) isopropyl-p-p-thiogalactopyranoside (IPTG) and 0.5 mM (final
concentration) 5-aminolevulinic acid into each individual wells and
cultivated at 20 °C, 220 rpm for 20 h. The cells were pelleted by
centrifugation at 3700 g for 10 min and stored at —80 °C for later use.
The freeze-thaw cell pellets were resuspended in 50 mM potassium
phosphate buffer (pH 7.4) (200 pL/well) containing 100 mg/L lysozyme,
300 U/mL DNase I, and 10% Triton X-100. The 96-well plates were
centrifuged and the supernatants were transferred to a new microtiter
96-well plate, to which 0.5 mM of indole and 20 mM H30;, were added.
The plates were incubated at 30 °C for 1 h before reactions
measurement.

2.5. Protein expression and purification

Escherichia coli BL21(DE3) cells carrying a plasmid encoding a P450
BM3" variant were grown overnight in LBy, media (37 °C, 220 rpm).
The overnight seed culture was used for 1:100 (v/v) inoculation of 0.5 L
TByan medium containing 1 mM thiamin and the rare salt solution. The
E. coli cells were grown at 37 °C for additional 2-3 h until ODgg reached
0.4-0.6, at which IPTG was added to a final concentration of 0.2 mM to
induce gene expression, and 0.5 mM 5-aminolevulinic acid was sup-
plemented as the heme synthetic precursor. Expression was conducted
at 20 °C, 150 rpm, for 20 h. Cultures were then centrifuged at 6000 g for
10 min to pellet cells. The protein purification was carried out by
following the previously developed procedure [34]. Purified proteins
were flash-frozen by liquid nitrogen and stored at —80 °C for later use.

2.6. P450 enzyme concentration determination

P450 BM3" enzymes were purified according to the procedures
described previously [35,36]. The functional P450 concentrations were
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determined from the CO-reduced difference spectra [37] using the
extinction coefficient of €450_490 = 91,000 M tem L

2.7. In vitro reactions

Invitro reactions of P450 BM3" mutants were performed according to
the previous report [32] using HoO5 as cofactor. The standard assay
contained 1 pM P450, 1 mM substrate, and 60 mM H305 in 100 mM
potassium phosphate buffer (pH 8.0). The reactions for turnover number
(TON) determination contained 0.1 M P450 BM3! enzyme, 1 mM
indole, and 60 mM H30,. The reaction was stopped after incubation of
the reaction mixture at 30 °C for 30 min or 1 h by adding 100 pL
methanol. The supernatants were used for calculation of substrate
consumption.

2.8. Indigoids extraction and UV/Vis spectroscopy

The engineered P450 BM3” mutant was used to synthesize indigoids.
However, all resulting indigoids had poor solubility in water and com-
mon organic solvents. The indigoid-containing precipitates were thor-
oughly washed three times with water to remove ions and denatured
proteins. Purified precipitates were then dissolved in DMSO for UV/Vis
spectroscopic analysis. The absorption spectra of samples were recorded
in the 250-800 nm range using an Agilent 1220 HPLC system with in-
tegrated UV-Vis detector. The isomer ratios were calculated based on
their maximum absorption peaks.

2.9. Structural determination of products

Indigoid products were isolated from the in vitro enzymatic reactions.
The products 6,6-dibromoindigo and 6,6-dibromoindirubin were char-
acterized by 'H NMR on a Bruker AVANCE NEO 600 MHz spectrometer
with a 5 mm TCI cryo-probe. For 6,6-dibromoindigo, the reduced sol-
uble leuco forms were synthesized for 'H NMR analysis due to the low
solubility. About 2 mg of 6,6-dibromoindigo was reacted in a solution of
20 mg NaOH, 20 mg NayS;04 and 500 pL DO at 80 °C [38]. All the
obtained indigo derivatives exhibited an extremely low solubility in
common organic solvents, making their NMR characterization quite
challenging. Thus, most of these compounds were monitored by UV-Vis
detector and confirmed by high-resolution mass spectroscopy.

2.10. Electronic properties of products

Photocurrent-time curves were tested using a potentiostat
PGSTAT302 N Metrohm Autolab electrochemical station (Utrecht,
Netherlands). The standard three-electrode configuration was used in
electrochemical test with the photocatalyst-coated FTO as the working
electrode, a Pt plate as the counter electrode and a saturated calomel
electrode as the reference electrode. A 0.1 M NaOH solution was used as
the electrolyte. FTO glasses were coated via the following steps: 4 mg of
sample was added to 1 mL of alcohol and 10 pL of Nafion mixture, and
200 pL suspension was dropped onto FTO glass and dried in a vacuum
oven. Photocurrent values were expressed according to the following
equation.

APhotocurrent value = |Photocurrent,, — Photocurrenty |

Absorption spectra were calculated from the acquired UV/Vis data
via the Kubelka-Munk transformation [39]:

(ahv)* =A(hv — E,)

where h is the Planck constant, A is the characteristic constant, Ej is the
optical band gap energy, and v is the frequency.
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3. Results
3.1. Screening of P450 BM3* mutants for indigo production

In our previous study, we constructed a P450 BM3* mutant library
containing 2016 mutants using the combinatorial active-site saturation
test (CAST) strategy by selecting eleven active-site residues. The eleven
active-site residues of P450 BM3* were divided into six groups,
including L75/V78, F81/A82, A180/L181, A184/L188, A328/A330 and
1263 [32] (Fig. 1). This grouping could enhance the cooperative effects
with minimal screening efforts. The screening numbers were lowered by
adopting the NDT codon degeneracy, which would theoretically attain
100% and 85% coverage for the mutation sites with one and two resi-
dues, respectively. The NDT codon degeneracy would generate 12
amino acids (Phe, Leu, Ile, Val, Tyr, His, Asn, Asp, Cys, Arg, Ser, Gly)
with diverse side chain properties, while excluding most cases of
structurally similar amino acids [40]. The starting enzyme P450 BM3*
was termed for convenience as the F87A mutant of P450 BM3 with an
enlarged active site to accommodate a broader spectrum of substrates.
Notably, P450 BM3* was unable to recognize indole with either NADPH
or HyO5, as cofactor (Fig. S1). Of the screened 2016 variants, 625 mutant
enzymes from the P450 BM3*mutant library were able to oxidize indole
into differently colored products [32]. It is well-known that indoxyl can
spontaneously dimerize to form the blue stain indigo and a minority of
indirubin as side product (Fig. 2). In this study, by re-screening the 625
P450 BM3* mutants with cheap HoO5 instead of expensive NADPH using
a colorimetric method, we identified ten mutant enzymes that
exhibited-relatively high activity to hydroxylate indole into indoxyl.
Next, we expressed the ten mutant enzymes in the truncated version
(referred as to P450 BM3") without the whole reductase domain (un-
necessary when using HyO2 as cofactor). As expected, these ten P450
BM3" mutants were indeed capable of catalyzing the indole dimeriza-
tion in presence of HpOy (Table 1). By sequencing the ten expression
plasmids of the P450 BM3'-derived indoxyl-producing mutants, we
found that the key mutation sites included A82, A180, L181, A184, and
1188, which could serve as starting points for further engineering to
obtain more active enzymes.

V78
4 L75
s A328

1263
A82

Fig. 1. The selected mutational sites of P450 BM3* (PDB ID code: 2X80). The
key amino acids grouped into six sites are shown as sticks with different colors.
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Indigo-like and indirubin-like derivatives

1-42 derivatives 1-42P
R1 R2 R3 R4 R1 R2 R3 R4
11P H H H H 22 NO, H H H
2/2P Br H H H 23/23P H NO, H H
3/3P H Br H H 24/24P H H NO, H
4/4P H H Br H 25 H H H NO,
5/5P H H H Br 26/26P CN H H H
6/6P F H H H 27/27P H CN H H
7/7P H F H H 28/28P H H CN H
8/8P H H F H 29/29P H H H CN
9/9P H H H F 30/30P H F, H H
10/10P Cl H H H 31/31P H H Fs; H
11/11P H cl H H 32/32P H 1 H H
12/12P H H Cl H 33 COOCH, H H H
13/113P H H H Cl 34/34P H COOCH, H H
14/14P H F cl H 35 H H COOCH;, H
15/15P H F Br H 36 OCH, H H H
16/16P F H H Br 37/37P H OCH, H H
1717P H F H Br 38 H H OCH; H
18/18P CHO H H H 39/39P H H H OCH,
19/19P H CHO H H 40 COOC,H; H H H
20/20P H H CHO H 41/41P H COOC,H; H H
21/21P H H H CHO 42/42P H H H COOC,H;

Fig. 2. Dimerization of various indole derivates by P450 BM3"™. Each product is a mixture of indigo-like and indirubin-like derivatives.

It is noteworthy that a small group of P450s (e.g., CYP152s) adopt the
peroxide shunt pathway for catalysis by using HyO, as cofactor [41].
However, this pathway is inefficient or even inaccessible for most P450s,
probably due to their inherent functional and structural limitations.
P450 BM3 can be transformed into the peroxygenase versions by
introducing an acid-base functional group through site-directed muta-
genesis or by engineering the water tunnels to enhance H>O, access to
the heme-iron reactive center [42]. The mutated residues for the ten
active mutant enzymes (i.e., P450 BM3™ 10 jnvolve asparagine, serine,
tyrosine, phenylalanine, histidine, isoleucine, arginine, and valine
(Table 1). The relatively high H,Oo-dependent activities of these mu-
tants might result from the improvement of HyO, accessibility to the
reactive center.

Motivated by these screening results, we overexpressed and purified
the ten mutants from Escherichia coli BL21(DE3), all of which showed a
signature peak at the wavelength of 450 nm in their CO-reduced dif-
ference spectra (Fig. S2). Using 96-well plates for indole reaction
screening of the 625 mutant enzymes, we employed 20 mM Hy0, based
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on a previous report [31]. To optimize the P450 activity, 5, 20, 40, 60,
and 70 mM of H50, were chosen to drive the indole oxidation reactions
mediated by the best P450 BM3T mutant A184N L188S (named as P450
BM3™). Among the tested concentrations, 60 mM Hy05 exhibited the
highest activity (Fig. S3). Of note, when 60 mM H505 was fed in batches
(20 mM H,0, was added to the P450 BM3"! reaction system every 20
min within 1 h), the substrate conversion ratio was determined to be
61.3 + 3.4%, which was almost the same as that of the reaction (65.3 +
4.2%) with 60 mM H50, added at once in the beginning. Under the
optimal H02 concentration, all the mutants showed high regiose-
lectivity (>90%). P450 BM3™! achieved a maximum turnover number
(TON) of 1226 (Table 1). The yields and rations of indigo and indirubin
were determined by monitoring their maximum absorption peaks at 609
and 541 nm using authentic standards as references (Fig. S4).

3.2. Expanding the substrate scope to yield indigo derivatives

In the past decade, indigoids have been found to exhibit promising
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Table 1
Indole oxidation catalyzed by P450 BM3" mutants in the presence of H,Os.

[b]

Mutant names Mutations TON Indigo : indirubin
P450 BM3™ A184N 1188S 1226 + 63 92:8
P450 BM3™ A184N L188Y 1002 + 46 92:8
P450 BM3™ A184N L188F 883 + 52 91:9
P450 BM3™ A184N L188H 810 + 43 90:10
P450 BM3™ A1801 L181F 732 + 52 94:6
P450 BM3™ A180R L181H 523 + 32 91:9
P450 BM3"7 A184N L188N 407 + 26 93:7
P450 BM3™ A1801 L181Y 321 + 22 95:5
P450 BM3™ A82F 303 + 26 94:6
P450 BM3™1° A180F L181V 240 + 18 95:5

# TON: Turnover numbers (TON) were determined based on the decreased
amounts of indole from triplicated reactions in 30 min.

® Indigo : indirubin: the ratios between indigo and indirubin were quantita-
tively determined by monitoring their maximum absorption peaks using HPLC.
Reaction conditions: 0.1 pyM P450 BM3T enzyme, 1 mM indole, and 60 mM H,0,
in 100 mM potassium phosphate buffer (pH 8.0), at 30 °C.

semiconductor properties [43]. Indigo, tyrian purple, and several other
indigo derivetives have been successfully incorporated as active layers
in organic field-effect transistors (OFETs) and shown good performance
in inverter circuits [3,43]. In this study, enzymatic syntheses of indigo
derivatives substituted with various functional groups were investigated
by using the optimal mutant enzyme P450 BM3™!. The indole de-
rivatives with hydrogen atoms at 4-, 5-, 6-, and 7-position of the phenyl
ring replaced by different functional groups were selected to form po-
tential organic semiconductor molecules upon the P450-catalyzed
dimerization (Fig. 2). The substituent groups included the electron
withdrawing groups (-NO,, -CN, —-CF3, -COOH, -F/Cl/Br/I, -COOCyHs,
and —-CHO) and electron donating groups (-OCHg3) to achieve different
photophysical and electrochemical properties of the resultant indigoids.
Due to hyperconjugation, the ~OCH3 group acted as electron donors
when attached to a © system. We did not test the substituents at some
specific positions due to their commercial unavailability.

Among the 42 tested indole and derivatives, 35 monomers were
dimerized into the corresponding dyes via the oxidative coupling re-
actions mediated by P450 BM3™! (Fi g. 3). It was shown that the selected
mutant could convert almost all indole derivatives (1-21, 26-32) with
substituents at 4-, 5-, 6- and 7-position of the phenyl ring.

P450 BM3™! predominantly produced symmetric indigoids for all
reacting substrates, with relatively fewer asymmetric indigoids. Sub-
strates with a Cl substituent at C4 position (10), an I substituent at C5
position (32), and two substituents of F and Br at C5 and C7 positions,
respectively (17) exhibited the highest product specificity (symmetric :
asymmetric = 99:1). Exceptions included 12 and 34, which had a
symmetrical : asymmetrical product ratio of 41:59 and 38:62 (Table 2),
respectively. With regard to the activities of P450 BM3™! towards the
reacted indole derivatives, only 37 exhibited a relatively low TON
(<1000). For substrates 2-5, the Br substituent at positions 5 and 7 gave
a higher TON than the same substitution at positions 4 and 6. The
dihalogenoindigoids 2P and 3P with a Br substituent at C4 or C5 posi-
tions showed high regioselectivity (>90%) than at C6 or C7 positions
(the ratios of symmetrical : asymmetrical derivatives were 59:41 or
68:32, respectively). As for the substrates 6-9 bearing F substituents, the
corresponding products 6P-9P were obtained with TONs reaching up to
1500 and a symmetrical : asymmetrical ratio of 98:2, 91:9, 86:14, and
70:30 respectively. For substrates 10-13, the substitution positions gave
little effect on the ratio of symmetric and asymmetric indigoid products,
with the proportion of symmetric indigoids >89%. Substrates with F or
Cl substituents at the C6 position appeared to exhibit lower TTNs
compared to those with substituents at the C4, C5, or C7 positions. The
transformation was also successful with dihalogen-containing substrates
14-17, trifluoro substrates 30 and 31, and nitrile-containing substrates
26-29, achieving >1200 TONs with a symmetrical : asymmetrical ratio
>92%. The substrates with an aldehyde substituent at C4 or C5 positions
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of the benzene ring (18 and 19) exhibited low selectivity compared with
the C6 or C7 positions (20 and 21). However, when the substituent
groups were -NO, (22-25), -COOCH3 (33-35), -OCH3 (36-39), and
—COOC;Hs5 (40-42), the P450 enzyme could only oxidize a part of these
substrates with the substituents at some specific positions. For substrates
22-25, the NO, substituent at the C5 and C6 positions (23 and 24) led to
the selectivity of 61:39 and 76:24 respectively. However, when the NO,
group was located at the C4 or C7 position (22 and 25), no reaction
occurred. The presence of an electron-donating OCHjs group at the C5 or
C7 positions of the benzene ring (37 and 39) resulted in TONs of 965 +
14 and 2036 + 24 and the selectivity of 96:4 and 85:15, respectively.
However, when the OCH3 group was located at the C4 or C6 position (36
and 38), no product was detected. Of the tested substrates containing
ethyl 1H-indole-carboxylate substituents at the C4, C5, or C7 positions
(40-42), only those with the C5 substitution yielded the indigoid
product (41P). Taken together, these reactivity results suggest that the
effects of different substituent groups and their positions on the benzene
ring on product formation do not follow an obvious pattern. The
mechanisms behind the substrate specificity and oxidative selectivity
remain unknown and require further studies.

3.3. Structural identification

The two products of the 1 dimerization reaction catalyzed by P450
BM3™! were confirmed to be indigo and indirubin (98:2) by retention
time comparison with authentic standards. Mechanistically, indigo is
produced via indoxyl, which subsequently condenses into indigo, while
indirubin is generated by the reaction of indoxyl with isatin (i.e., indole-
2,3-dione, which is resulted from 3-hydroxylation and subsequent 2-hy-
droxylation of indole) (Fig. 2). Thus, we speculated that all the indigoid
dyes could be formed in the same dimerization manners. To confirm the
hypothesis, the two dimerization products of 4 were purified by semi-
preparative HPLC. Their structures were determined to be 6,6-dibro-
moindigotin and 6,6-dibromoindirubin by 'H NMR analysis (Figs. S5
and S6). Due to commercial unavailability of authentic standards, other
indigoids were identified based on LC-MS analysis and their UV-Vis
spectral properties derived from different dimerization modes (Figs. S7
and S8). Moreover, both indigo and indirubin derivatives are potential
organic semiconductor molecules that can produce even richer hues
when combined. Consequently, we did not separate the mixture result-
ing from the enzymatic reaction and directly used it for the following
transient photocurrent response tests and quantitative color analysis.

3.4. Photophysical properties

The color and absorption maximum of an indigoid dye depend on the
type and position of the substituents on the benzene rings. The spec-
troscopic properties of the derivatives (Fig. 3 and S7) were found to be
similar to those of indigo and indirubin. Prior to characterizing indigo/
indirubin derivatives, we examined the optical and electrochemical
properties of indigo and indirubin. The absorption maxima of indigo and
indirubin were determined to be 609 and 541 nm in 80% methanol,
respectively, consistent with the previous report [44]. All the indigoid
dyes prepared by P450 BM3™! were formed through the same dimer-
ization ways. The spectral properties for symmetrical/asymmetric
dimerization products with the same substituent(s) could be readily
distinguished by their UV-Vis spectroscopy. In this study, all absorption
spectra of indigo derivatives were recorded using HPLC UV-Vis spec-
troscopy in 80% methanol (Fig. S7). The colorful indigo derivatives
exhibited maximum absorbance at 570-650 nm, while indirubin de-
rivatives showed an absorption band between 510 and 580 nm,
depending on the identity and location of the substituents. These results
are well consistent with previously reported spectroscopic parameters
[45-47].

Specifically, the absorption spectra of 2P, 3P, 10P, and 11P with
their Br or Cl substituents at C4 or C5 positions appeared quite similar to
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RGB (108, 51, 66) RGB (1, 21, 68) RGB (10, 36, 51) RGB (5, 32, 62) RGB (97, 44, 88)
34P 35P 37P 39P 41P

Fig. 3. The structures and colors of the indigoids produced by P450 BM3™ . RGB values of the prepared dyes are obtained using the Photoshop’s Color Picker.
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Table 2
P450 BM3™! as the biocatalyst in the oxidative transformation of indole and its
derivatives.

Substrates TON * symmetric : asymmetric "
1 1226 + 63 92:8
2 1206 + 33 98:2
3 2263 + 29 92:8
4 1557 + 42 59:41
5 2142 + 43 68:32
6 1535 + 22 98:2
7 1970 £ 17 91:9
8 2014 + 42 86:14
9 2291 £ 55 70:30
10 1677 + 20 99:1
11 1495 + 39 90:10
12 1978 + 29 41:59
13 2191 £ 16 90:10
14 1761 + 23 89:11
15 1953 £ 19 88:12
16 2082 + 34 93:7
17 1760 + 22 99:1
18 1073 + 16 80:20
19 2331 £+ 37 52:48
20 1433 £ 21 92:8
21 1810 + 63 90:10
23 1783 + 40 61:39
24 1697 £ 18 76:24
26 2061 + 22 91:9
27 1679 + 19 72:28
28 1767 + 35 70:30
29 1086 + 10 93:7
30 1663 + 15 98:2
31 1292 + 23 92:8
32 1107 £ 15 99:1
34 1182 + 37 38:62
35 1713 £ 23 87:13
37 965 + 14 96:4
39 2036 + 24 85:15
41 1756 + 26 92:8

@ TONs were calculated by averaging at least three independent experiments.
General reaction condition: 0.1 pM P450-BM3™! enzyme, 1 mM substrate, and
60 mM H,0, in 100 mM phosphate buffer (pH 8.0), 30 °C. The reactions were
performed for 30 min in order to calculate TONSs.

b symmetrical : asymmetric: the ratios of indigo and indirubin derivetives
were determined by monitoring their maximum absorption peaks using HPLC.

those of indigo and indirubin. The dihalogenoindigos 4P, 5P, 8P, 9P,
12P and 13P with their halogen substituents at C6 or C7 positions
showed bathochromic shifts when compared with indigo and indirubin,
and the magnitude of these shifts became bigger with more electro-
negative halogen substituents: F (8P and 9P) > Cl (12P and 13P) = Br
(4P and 5P). Other strongly electron deficient substituents such as NOo
(23 and 24), CF3 (30 and 31), and CN (27-28) resulted in comparable
absorption band shifts when positioned at the same location. Notably,
when these substitutes were located at C5, there was a decrease in the
absorption band around 590 and 530 nm for the indigo and indirubin
derivatives (23P, 27P, and 30P), while a stronger absorption peak
appeared at 643/550 nm (24P) or 625/556 nm (28P) with the C6
substituents. However 6,6 -bis(trifluoromethyl)indigo/indirubin (31P)
showed similar absorption spectra at 610/539 nm compared to indigo
and indirubin. The absorption spectra of 26P and 29P, with CN sub-
stituents at the C4 or C7 positions, exhibited absorptions at 620/515 nm
and 593/534 nm, respectively. The tetrafluoroindigo (14-17P) con-
taining F/Cl/Br substituents at positions C5/6, C5/6, C4/7, and C5/7
caused opposite electronic effects. The absorption band of 16P had its
maximum at 582/519 nm, while 14P, 15P, and 17P exhibited maximum
absorption bands similar to those of indigo and indirubin (1P). For the
-COOCH3 group, the absorption spectra of C5-substituted indigoids
(34P) had a maximum absorption wavelength at 593/530 nm, while the
absorption spectra of C6 substituted indigoids (35P) were similar to
those of indigo/indirubin (1P) at 610/551 nm. The ethyl carboxylate
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group at the C5 position resulted in a products mixture (41P) with ab-
sorption maxima at 589/530 nm. The electron-donating ~-OCHs group
resulted in hypsochromic shifts when located at the C5 or C7 position,
with peaks blueshifted to 646/595 nm (37P) and 647/621 nm (39P),
respectively. The spectral changes were attributed to both the type(s)
and position(s) of substitutes. Thus, the different substituent positions
exert significant impacts on the maximum absorption wavelength of
indigoids even with the same substituents. For example, the substitution
of an electron deficient group —-NO3, at the C6 position (24), resulted in
an increase in the absorption band to 643/550 nm, while substitution at
the C5 position (23) led to a decrease to 596/535 nm. Such a bath-
ochromic/hypsochromic shift could be explained by the extension of the
conjugated system during the complexation process.

Both indigo and indirubin derivatives have intriguing colors. When
combined in a mixture, they have the ability to modulate and produce
even richer colors. The combination of these colors can create amazing
effects and add more colors to our lives. Therefore, in this study, we did
not separate the mixtures resulting from the enzymatic reactions.
Interestingly, the final colors of the enzymatic products were not only
determined by the types and positions of substituents, but also related to
the ratio between the symmetrical/asymmetrical products. For example,
4P exhibited absorption bands at approximately 595/540 nm in 80%
methanol with the ratio of 59:41 (Table 2). A bathochromic shift was
observed in the absorption spectrum of a mixture when the enzymatic
products were not separated. This also happened when the halogen
substitutions (F, Cl, and Br) were located at the C6 position. Taken
together, we envision that this enzymatic approach could be applied to
generate a variety of dyes in the future.

We utilized a red-green-blue (RGB) color model to quantitatively
analyze the enzyme-synthesized dyes. The RGB values were acquired
using Photoshop’s Color Picker. Indigo is a mesmerizing hue that strikes
a balance between violet and blue with the RGB value of (63, 15, 183)
(https://www.color-name.com/indigo-blue.color). The RGB value of
indirubin is (187, 36, 172) [48]. In this work, the enzymatic reaction
mixture containing indigo and small amounts of indirubin (1P) dis-
played an RGB color code of (19, 34, 53). An impressive triadic color
palette was generated by indigoids with varying absorption properties
through an enzymatically controlled process. When these mixed colored
components reconstructed, the blue hues could be more brighter and the
red hues could be more intense. Enzymatically adjusting the concen-
trations of the blue indigo derivatives and the reddish indirubin de-
rivatives resulted in a visually stunning color spectrum (Fig. 3).

3.5. Electrochemical properties

Organic semiconductor photocatalytic materials require high effi-
ciency and a wide spectrum of optical absorption performance. The light
absorption performance of an organic semiconductor depends on its
high occupied molecular orbital (HOMO)-low occupied molecular
orbital (LUMO) energy level (band gap). As the band gap becomes
narrow, the molecule becomes easy to be excited, and the wavelength of
light absorbed correspondingly becomes longer. Accordingly, the band
gap values were determined by Tauc plots calculated from UV-vis
spectra of the prepared indigoid organic photocatalysts (Fig. S9). Indigo
and indirubin have been reported to have a band gap value of about 2.5
eV and 2.75 eV, respectively [49]. Herein, we report the syntheses of
symmetrical and asymmetrical indigoids.

Compared with indigo, the prepared indigoids had narrower band
gap values ranging from 1.51 to 1.82 eV, indicating that electrons and
holes of indigoid systems were more easily separated under light irra-
diation. The presence of an electron attractor group NO on the indigo
molecules 23P and 24P had the lowest bandgap values of 1.51 and 1.56
eV, respectively, which were approximately 1.0 eV lower than those of
indigo and indirubin. The narrower band state of indigo derivatives, less
radiation electron-hole recombination, and broad light-harvesting
capability would promote the photoactivity of the materials.
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Furthermore, photocurrent response tests were used to study the pho-
tocarrier separation efficiency, which is considered a reliable basis for
evaluating the photoelectrochemical performance of photocatalysts.
Considering that both indigo derivatives and indirubin derivatives are
potential organic semiconductor molecules, the resulting mixtures were
used for transient photocurrent response tests without further purifica-
tion. Under cyclic on/off illumination, the transient photocurrent curves
of the enzymatically prepared indigoids were determined. The photo-
current values of the prepared indigoids were no less than 0.07 pA em 2
(Fig. 4, Fig. S10). With values of most indigo derivatives outclassing the
indigo, the photocurrent values of most prepared indigoids were greater
than 0.12 pA cm 2 Moreover, more than one-third of the indigoids gave
the photocurrent values that were more than twice the photocurrent
value of indigo. Notably, 4P showed the highest photocurrent value of
0.84 + 0.0058, which is 6 times higher than that of indigo. This in-
dicates that compared with indigo, 4P has more efficient photocarrier
transfer process and higher charge separation efficiency. These results
suggest that in addition to altering the energy difference between HOMO
and LUMO, the substituted functional groups also play a key role in the
charge transport that is essential for the photoelectric properties of the
prepared indigo derivatives. Using the tuned catalysts, we expect that
these indigo derivatives will provide some applicable electronics and
sensors candidates.

4. Discussion

Indigoids are a fascinating class of natural products which have
attracted interests in several application areas, such as dyeing, phar-
maceutical, food and semiconductor industries. Indigo and Tyrian pur-
ple are two dyes that have been used worldwide for quite a long time.
Indirubin is an active component of Chinese Medicine Danggui Longhui
used to treat the symptoms of leukemia, inflammation, psoriasis and
skin rashes [50]. 5,5-Dimethoxyindirubin has been found to be a potent
inhibitor of human cyclin-dependent kinases (CDK) and glycogen syn-
thase kinase-3 (GSK-3) [51]. In addition, indigoid dyes have been
considered as good active materials for battery applications and organics
electronics, due to their good stability and electrical properties [8].
Indigoids with a broad range of biological activities are also
high-mobility organic semiconductors and photoresponsive materials
[52].

Indigo is a planar molecule with a symmetrical trans structure isomer
condensing two indole rings, in which two intramolecular hydrogen
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bonds are formed between the adjacent carbonyl and imino groups.
Indirubin is an asymmetric isomer of indigo via condensation of two
indole rings, and there is only one intramolecular hydrogen bond in
indirubin. Indigo is a more conjugated planar structure than indirubin,
thereby having a lower HOMO-LUMO energy gap possess, thereby
having higher absorption wavelength [53]. The insolubility of indigoids
warrants them excellent properties of washfastness, but it may also be
the reason for why little structural analysis data are available. None-
theless, in this study we found that the indigoid (indigo/indirubin) de-
rivatives could be conveniently identified by LC-MS and UV-Vis
spectroscopy.

Modified indigo derivatives are difficult to synthesize chemically.
The improved processability and electron-transport property of indigo
derivatives by enzymatic modifications could transform them into novel
and inexpensive building blocks for organic electronics. The demand for
biocatalysts to prepare indigoids with novel properties is rising.

5. Conclusions

In this study, we reported successful production of a set of indigoids
by a simple P450/H0; system, providing a biotechnological alternative
to chemical synthesis. The enzymatic reactions described herein are
efficient under mild conditions without the requirement of expensive
redox partner proteins and NADPH [54]. Importantly, the electron
density of indigoids could be conveniently altered by introduction of
electron-donating or electron-withdrawing groups on the benzene ring
by substituting the hydrogen atoms at the 4-, 5-, 6- and/or 7-positions of
indole precursors. We found that the introduction of both
electron-withdrawing and electron-donating groups can affect HOMO
and LUMO energy levels of indigoids. These observations could be
helpful in the design of new indigoids with superior charge-transport
properties and ambient stability. A series of indigo derivatives with
extended n-conjugated system have been synthesized, characterized and
investigated as semiconductor materials [8]. The use of the HyO, as
electron acceptor will significantly lower the dye production costs in
large-scale industrial process. Altogether, our results suggest that the
enzyme engineering of P450 BM3™! should be further explored for
enzymatic synthesis of a larger number of promising indigoids. Also, the
revealed structure-properties relationships will be useful for the rational
design of a new generation of indigo-based semiconductors with
improved electronic properties for sustainable and biocompatible
organic electronics.
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Fig. 4. Photocurrents and bandgap values for indigoids of the Tauc plot.
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