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Abstract Cytochrome P450 BM-3 with the mutations A74G, F87V, and L188Q could
catalyze indole to produce indigo and indirubin. To further enhance this capability, site-
directed and random mutageneses on the monooxygenase domain of P450 BM-3 mutant
(A74G/F87V/L188Q; 3X) were performed. The mutant libraries created by error-prone
polymerase chain reaction were screened using a colorimetric colony-based method on agar
plates followed by a spectroscopic assay involving in absorption of indigo at 670 nm and
NADPH at 340 nm in microtiter plate. Three mutants (K434R/3X, E435D/3X, and D168N/
A225V/K440N/3X) exhibited higher hydroxylation activity toward indole in comparison to
parent enzyme. Moreover, using saturation site-directed mutagenesis at amino acid
positions 168, 225, 434, 435, and 440, two P450 BM-3 variants (D168H/3X, E435T/3X)
with an up to sixfold increase in catalytic efficiency (kcat/Km) were identified, and the
mutant D168H/3X acquired higher regioselectivity resulting in more indigo (dimerized 3-
hydroxy-indole) compared to parent mutant (93 vs72%).
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Introduction

Indigo is a widely used dye, and its synthesis played a critical role in development of the
chemical industry in the nineteenth century [1, 2]. Until nowadays, chemical synthesis
dominates in indigo production [3]. However, that the chemically synthesized indigo
provoked the environmental pollution has urged scientists to seek for a green alternative for
indigo production. Several microbial dioxygenases have been found to oxidize indole into
3-hydroxy-indole, which spontaneously forms indigo [4, 5], and this reaction catalyzed by a
bacterial naphthalene dioxygenase expressed in Escherichia coli was utilized for a process
development [6, 7].

An alternative approach is oxidation of indole by a suitable cytochrome P450
monooxygenase with an appropriate specificity. Cytochromes P450s comprise a ubiquitous
superfamily of heme-containing enzymes, which is a potentially useful class in catalysis of
diverse oxygenation reactions. Recently, CYP2A6, 2C19, and 2E1 [8–10] involved in the
detoxification of xenobiotic compounds were found to be entangled in the metabolism of
indole leading to indigo. Also, a mutant of cytochrome P450 BM-3 from Bacillus
megaterium can efficiently hydroxylate indole to the hydroxylated products leading further
to indigo and indirubin [11].

P450 BM-3 from B. megaterium is a self-sufficient natural fusion protein consisting of a
P450 heme monooxygenase and a NADPH-dependent diflavin reductase. This composition
is responsible for very high turnover rates, rendering this protein attractive for practical
applications. To expand its capability in the oxidization of a wider range of unnatural
substrates, the enzyme has been modified by protein engineering [12–17]. Predictions based
on crystal structures in the case of the oxidoreductase catalyzed reactions are rather
complex because catalytic efficiency and the enzyme specificity are usually connected to
loop flexibility that can be affected by a number of factors such as disulfide bridges,
prolines in turns, and hydrogen bonding interactions. Compared to rational design, directed
evolution, a widely used dynamic tool for protein engineering independent of crystal
structures, draws its power from iterative cycles of random mutagenesis and screening of
mutants. Combination of random mutagenesis and site-directed mutagenesis is very
promising for engineering P450 enzymes with new functions and can be used to enrich the
knowledge of the structure–function relationship of these enzymes. The P450 BM-3 with
mutations at A74G, F87V, and L188Q (3X) has been obtained by a combination of site-
directed and saturation mutagenesis; whereas, we also noted that the triple mutant (3X)
produced a side product indirubin, a heterodimer of 2- and 3-hydroxyindole [11] as well as
product indigo. Herein, evolution of this enzyme were implemented in terms of further
increase of its indole-hydroxylating activity as well as higher regioselectivity by error-prone
polymerase chain reaction (PCR) and saturation mutagenesis, with a final aim of more
efficient indigo production.

Materials and Methods

Chemicals and Enzymes

All chemicals were of analytical grade or higher quality and purchased from Fluka (Buchs,
Switzerland) or Merck (Darmstadt, Germany); restriction endonucleases, T4 DNA ligase, Taq
DNA polymerase, and Pfu DNA polymerase were obtained from Fermentas (Germany).
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Bacterial Strains

Escherichia coli DH5a strain was used for collecting the mutant libraries; E. coli BL21
(DE3) strain was used for recombinant expression of the P450 monooxygenases. All strains
were stored in 50% glycerol at −80 °C and cultivated as recommended by the suppliers.

Creation of P450 BM-3 Mutant Libraries by Error-Prone PCR

Error-prone PCR was performed on the monooxygenase domain of the gene (about
1,466 bp), coding for the triple mutant P450 BM-3(A74G/F87V/L188Q) cloned into the
pET28 (a+) vector. A BamHI recognition site was inserted by site-directed mutagenesis
between the monooxygenase and the reductase domain, resulting in a silent mutation.
Mutagenic buffer (50 μl) was prepared, containing 10 pmol of dNTPs (unbalanced dNTPs),
20 pmol of each primer, about 1 ng of template DNA and MnCl2 in the range of 0–0.2 mM.
After denaturation for 3 min at 95 °C, all PCR reactions were repeated 26 cycles (95 °C for
1 min, 47 °C for 2 min, 72 °C for 2 min). After that, the reaction medium was held at 72 °C
for 2 min. Subsequent restriction of PCR products and original plasmid with the NheI and
BamHI endonucleases and ligation by T4-DNA ligase were done by standard methods [18].
The ligation mixtures were transformed into E. coli DH5a competent cells (Novagen, CA,
USA), which was plated on Lauria–Bertani (LB) agar containing kanamycin (30 μg/ml)
and incubated overnight at 37 °C. After the addition of 2 ml LB medium, the colonies were
scraped and shaken in a thick suspension for 3 h at 37 °C. Plasmid preparation was
performed using the QIA prep_ miniprep kit (Qiagen).

Creation of Saturation Site-Directed Mutants

Saturation site-directed mutagenesis was carried out using a few pairs of oligonucleotide
primers. The sequences of oligonucleotides were listed in Table 1. The target amino acid
positions were coded by NNN, where N = A, G, C, or T. The reactions were carried out as
described in the Stratagene Quik Change™ site-directed mutagenesis protocol [19]. After
reaction, 10 U of DpnI was added to the products and incubated at 37 °C for 2 h to digest
the template DNA.

Target sites Oligonucleotide sequences

168 5′-CAGCTTTTACCGANNNCAGCCTCATCC-3′
5′-GGATGAGGCTGNNNTCGGTAAAAGCT-3′

225 5′-GCAGATCGCAAANNNAGCGGTAGCG-3′
5′-CGCTTTGTTCACCGCTNNNTTTGTGC-3′

435 5′-CGAGCTGGATATTANNNAAACTTTAA-3′
5′-CGTTAAAGTTTNNNTAATATCCAGCTC-3′

434 5′-CGAGCTGGATATTNNNGAAACTTTAACG-3′
5′-CGTTAAAGTTTCNNNAATATCCAGCTC-3′

440 5′-GAAACTTTAACGTTANNNCCTGAAGG-3′
5′-CCTTCAGGNNNTAACGTTAAAGTTTC-3′

Table 1 Oligonucleotide
sequences used for site-saturation
mutagenesis.

Target amino acid position was
coded by degenerated codon
NNN, where N = A, G, C, T
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Phenotypic Selection Based on Color Formation

About 10 ng mutant library plasmid DNA was used to transform competent E. coli
BL21 (DE3) cells (Novagen, CA, USA) by a standard protocol [18]. A portion of 200 μl
from each E. coli BL21 (DE3) transformation was plated on agar plates and incubated
overnight at 37 °C and then were placed into cold room (16 °C) until blue positive colonies
appeared.

Library Screening

Each blue colony was picked from the agar plates and placed into 200 μl LB broth
supplemented with kanamycin for selection (30 μg/ml) in 96-well plates (master plates).
Enzyme expression was performed in 1.2-ml deep-well plates containing 600 μl Luria–
Bertani medium supplemented with kanamycin (30 μg/ml). Cells were grown at 37 °C and
200 rpm and induced with 0.5 mM IPTG at an OD578 0.7–1.0. After incubation at 30 °C
and 200 rpm for 12–16 h, the cells were collected by centrifugation at 3,220×g for 30 min,
treated with lysozyme (1 mg/ml) and DNAse (1 μg/ml), and then frozen and thawed. The
crude cell extracts were obtained by centrifugation at 14,000 rpm for 10 min, and the
supernatant was used for the activity assay in the primary screening. About 180 μl
supernatant aliquots were transferred into new 96-well plates for screening. Indole
(200 μM) in DMSO (1%) was added to the lysate, and the plates were incubated for
10 min at room temperature before NADPH (500 μM) solution was added. Indigo
production were measured at room temperature at 670 nm 30 min using FLUO star 403
spectrophotometer (BMG Lab Technologie, NC, USA), and product concentration was
calculated using ɛ=3,900 M−1·cm−1. In parallel, NADPH (500 μM) consumption rate was
measured at room temperature at 340 nm and calculated using ɛ=6,200 M−1·cm−1. The
background signal originating from the NADPH oxidation without addition of the substrate
served as a negative control.

Protein Expression and Purification

Protein expression and purification were performed as previously described [20].
Concentration of correctly folded P450 enzymes was determined from the CO-difference
spectra of the reduced heme iron as reported elsewhere [21].

Determination of Kinetic Parameters

The assay was carried out in preparations containing 10–250 mM indole solution in DMSO
(10 μl), 100 mM Tris–HCl buffer (850 μl) and parent-type and mutated P450 BM-3
(0.6 nmol) in a final volume of 1 ml. Kinetic constants were determined using indigo assay
[11], and all values were measured at least in triplicates. The Michaelis–Menten parameters
were determined by standard methods.

NADPH Consumption Assay

The NADPH consumption assay was performed as described elsewhere [14]. The observed
rates of NADPH consumption were corrected for the slow background reaction that was
observed with substrate but without enzyme.
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Product Analysis by HPLC

Purified enzymes (2.4 μM P450) were incubated with 10 mM indole in DMSO (1%) in
100 mM Tris–HCl buffer, pH 8.2 for 10 min at room temperature before the NADPH
(500 μM) solution was added. Aliquots were taken at zero and 120 min, and 3-methylindole
(10 μg) was added before extraction as an internal standard. Products were extracted with
CH2Cl2, air-dried, dissolved in a 15%CH3CN in 50 mM Tris–HCl (pH 7.5, v/v), and injected
onto a Hypersil ODS C18 reverse-phase column (4.6×250 mm, Aglient 2100 system). The
column was eluted at a flow rate of 1 ml/min with the following gradient: 0–15 min: 15%
CH3CN, 85% 50 mM potassium phosphate, pH 7.5; 15–30 min: 15 to 40% CH3CN
gradient; 30–40 min: 40 to 50% CH3CN gradient; 40 to 45 min: 50 to 15% CH3CN gradient;
45–55 min: isocratic with 15% CH3CN (all v/v). Retention time was determined using
authentic references: indole, Rt 34.7 min; indirubin, Rt 38.4 min; indigo Rt 42.5 min.

Protein Modeling

Modeling of the P450 BM-3 enzyme was guided by the structure of P450 BM-3 obtained from
the Protein Data Bank [22, 23]. Models of the P450 BM-3 mutants were created by the
program Swiss PDB using the structure of P450 BM-3 PDB ID: 1BVY) as a template [24]. As
substrate’s molecule, a model of indole was created using the molecule builder of SYBYL.

Results

Random Mutagenesis for Higher Activity of P450 BM-3 on Indole

The triple mutant of P450 BM-3(A74G/F87V/L188Q) has previously been demonstrated to
hydroxylate indole producing indigo and indirubin. For further improvement of the enzyme
activity towards indole, error-prone PCR was performed. After one round of random
mutagenesis, five mutant libraries were produced by error-prone PCR with different
mutagenic factors. A convenient colorimetric colony-based method based on the known
ability of the triple mutant to oxidize endogenous indole to indigo in vivo was adopted for the
primary screening, resulting in macroscopic blue colonies [11]. The color of colonies was
dependent on enzyme activity and protein expression. This approach allowed rapid visual
screening of thousands of colonies on LB plates without addition of exogenous indole.

To identify the influence of MnCl2 concentration on the mutagenic efficiency, the ratio
of blue “active” colonies on each library to the total number of colonies was calculated. It
was found that the amount of blue colonies decreased as the concentration of mutagenic
factor MnCl2 increased. The fraction of blue colonies reached 40% in the library created by
adding 0.05 mM MnCl2 during error-prone PCR. No blue colonies were found when the
concentration of mutagenic factor MnCl2 was 0.2 mM. With 0.10 mM and 0.15 mM
MnCl2, the fraction of colonies with blue color could reach 17 and 5%, respectively.

The secondary screening was performed in microtiter plates. Li et al. [11] reported that
enzyme activity assay can easily be measured by monitoring indigo production at 670 nm at
1 ml-scale or larger scale. Here, all reaction components in the indigo-assay method
constructed by Li were downscaled to fit the 96-well plate scale. In parallel, NADPH assay
in microtiter plates was also applied as a complement to indigo assay lessening the
screening error.
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Through the iterative screenings from a total of approximately 6,000 colonies produced
by error-prone PCR, several candidates were chosen and subsequently characterized by
nucleotide sequence analysis, as shown in Table 2. Sequence analysis revealed two mutants
with one additional amino acid substitution, K434R and E435D, respectively, and one
mutant with three additional amino acid substitutions D168N, A225V, and K440N.

Kinetic parameters (Table 2) demonstrated that three mutants had higher catalytic
activities towards indole than the parental enzyme. The mutant 3X/D168N/A225V/K440N
was most efficient (125 min−1·mM−1 vs 78 min−1·mM−1). Although no dramatic
enhancement of activity was observed during indole oxidation catalyzed by the new
mutants, the reduced Km values reflected higher affinities of these enzymes to indole.

Identification of a Critical Residue Using Saturation Site-Directed Mutagenesis

For the further improvement of enzyme activity and the identification of the target residues,
five libraries were created using site-directed saturation mutagenesis at amino acid positions
225, 168, 434, 435, 440, respectively. The blue active colonies were randomly picked and
analyzed according to the aforementioned screening procedure. About 1,000 colonies from
five libraries were investigated in 96-well microtiter plates. Thirty-five colonies with higher
activity during screening were subjected to DNA sequence analysis. Lastly, only 12
mutants were revealed with amino acid alterations. To quantify these mutants in detail,
production of indigo was assayed individually at 670 nm using crude extracts (0.6 μM
P450 BM-3) and 2 mM substrate concentration (Fig. 1a, b).

Figure 1b showed that four mutants 3X/A225P, 3X/A225Q, 3X/A225F, and 3X/A225G
had approximately the same activity as the parental enzyme even if amino acids proline,
glutamic acid were largely different from the original amino acid ananine considering their
polarities, structures etc., which could illuminate that amino acid in position 225 played a
null role in the relationship between structure and function of P450 BM-3.

A set of single mutation in position 440 has not been found by saturation mutagenesis
although thousands of colonies were screened. Until now, we cannot deduce what kind of
role position 440 played in hydroxylating indole. The further experiment is in progress to
validate the 440 position effect.

Three other mutants (3X/D168H, 3X/K434G, 3X/E435T) with distinctly changed
activities (Fig. 1a, b), which were confirmed several times in parallel experiments, were
purified by Ni-NTA to measure kinetic parameters. Synchronously, a model was
constructed on the basis of the X-ray structure of P450 BM-3 and indole was docked in
the binding pocket (Fig. 2). The positions of the mutated amino acids and the heme were
indicated, as shown in Fig. 2. Kinetic parameters of mutants 3X/D168H, 3X/E435T, and
3X/K434G were summarized in Table 3.

Table 2 Kinetic parameters of P450 BM-3 mutants constructed by error -prone PCR in reaction with indole.

P450 BM-3 mutants Km (mM) kca (min−1) kcat/Km(min−1 mM−1) Coupling efficiency (%)

WT nd nd nd nd
3X 2.2 171 78 18
3X/E435D 1.9 178 104 20
3X/D168NA225VK440N 1.5 187 125 27
3X/K434R 2.0 175 87 18

3X The triple mutant A74G/F87V/L188Q, nd not detectable
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Fig. 2 Model of P450 BM-3 with indole bound. Mutations sites are shown. The heme is visible in the lower
left corner
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Two mutations, D168H and E435T, led to a further increase of kcat value. And a highest
affinity (0.8 mM) and catalytic efficiency (563 min−1·mM−1) were observed in mutant 3X/
E435T (Tables 2 and 3). Mutation K434G led even to a remarkable decrease in activity,
although the 3X/K434R mutant evolved by error-prone PCR showed a slightly increased
catalytic efficiency (Table 2). A reasonable explanation could be supposed that a basic
arginine or lysine at position 434 is more beneficial for enzyme activity than a small
uncharged glycine.

In general, all the mutants had quite low coupling efficiencies (8–27%) between
NADPH oxidation and indole hydroxylation. For the mutant 3X/D168H, the NADPH
oxidation rate was almost improved eightfold faster than that of the parental enzyme,
whereas its indole-hydroxylating activity was increased only threefold (600 min−1 vs
171 min−1; Table 2). The lowest coupling efficiency and highest hydroxylation activity of
the mutant 3X/D168H among all of mutants engineered in this paper can hardly be
explained from the model, as position 168 was located on the surface of the protein
molecule and cannot affect activity or substrate binding directly (Fig. 2).

Determination of Enzyme Regioselectivity

Indigo was product of oxidative dimerization of two 3-hydroxyindole molecules, whereas
indirubin was formed when both 2- and 3-hydroxyindole were produced during indole
oxidation. To determine regioselectivity of each mutant (3X/D168H, 3X/K434G, 3X/
E435T), 2.4 nmol purified enzymes were applied to hydroxylate indole and produce
sufficient amount of the hydroxylated product. Comparison of the high-performance liquid
chromatography (HPLC) profiles of the products (monitored at 240 nm) revealed
significant differences among P450 BM-3 mutants. The mutation D168H influenced the
regioselectivity of the triple mutant. A main product 3-hydroxyindole was built, leading to
indigo (93%) and indirubin (7%), whereas the parental enzyme produced 72% indigo and
28% indirubin. Hisitidine at position 168 was speculated to force the change of indole
orientation in the binding pocket. A change of regioselectivity was observed also when
another variant E435T was introduced into the triple mutant. In this case, the reaction
resulted also mainly in indigo (85%). In amino acid 435, the glutamic acid was replaced by
threonine, which might cause a conformational change of in the region of substrate
entrance. In both cases, the acidic amino acid residues (aspartic acid and glutamic acid,
respectively) at D168H and E435T had been replaced by the basic (histidine) or neutral
(threonine) amino acid.

Table 3 Kinetic parameters and product ratio of P450 BM-3 mutants constructed by saturation site-directed
mutagenesis.

P450
BM-3 Mutantsa

Km (mM) kcat
(min−1)

kcat/Km

(min−1 mM−1)
Indigob (%) Indirubinb (%) Coupling

efficiency (%)

3X 2.2 171 78 72 28 18
3X/D168H 1.2 600 500 93 7 8
3X/K434G 3.9 87 22 77 23 12
3X/E435T 0.8 450 563 85 15 26

3X The triple mutant A74G/F87V/L188Q
a P450BM-3 mutants were purified
b Product ratio in % of product mixture
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Discussion

In this study, directed evolution was employed to enhance the catalytic properties as well as
the regioselectivity of P450 BM-3 in hydroxylating indole. The feasibility of a directed
evolution depended on a facile screening assay to identify mutant colonies against a
background of thousands normal variants. Herein, simple and rapid selections of mutants
had been employed based on a colorimetric-colony assay on the agar plates in combination
with two parallel spectrophotometric assays in 96-well plates. Using the combination of
random mutagenesis and subsequent saturation mutagenesis with the described high
throughput screening system, three residues 168, 434, 435 as the important amino acid
position were identified. New P450 variants with higher activity toward indole acquired
mutations that could not be predicted on the basis of rational design, pinpointing the power
of directed evolution and aiding our further search for P450BM-3 variants with improved
catalytic efficiency.

According to the modeling, E435 and K434 were located close to each other in the 3D
structure and can form the hydrogen bonds with some amino acids at this domain. Glutamic
acid substituted by threonine at position 435 directly or indirectly broke the hydrogen
bonds between the relative amino acids at this domain, which may result in the
improvement of the flexibility of the relative side chains at this domain because in
induced-fit hypothesis by Daniel Koshland, perfect expression of catalytic activity of
enzyme depends on the rapid change of the three dimensional structure of the active site
[25]; thus, the highly flexible structure of proteins should be taken into account. Here, the
introduction of threonine at position 435 may enhance the flexibility of the enzyme, which
could conform the shape of the active site to the shape of the substrate and have a direct
impact on the substrate binding rate and equilibrium constant.

The experiments led to a mutant 3X/D168H displaying an increased NADPH turnover
rate, but highly uncoupled indole hydroxylation (Table 3). Therefore, exchange at position
168 might influence the interaction between the monooxygenase domain and an FMN-
binding reductase domain. Nevertheless, these assumptions were only provisional from
models, although the mutants 3X/D168H, 3X/E435T, 3X/K434G had dramatic effects.

The regioselectivity of P450 BM-3 during indole hydroxylation was still an arduous
challenge for the protein engineering because mutants producing indigo as a single pigment
have not been found. But the evolved enzyme obtained in this study could serve as a template
for further directed evolution. Moreover, the results obtained from this study may serve as a
basis for further elucidation of the mechanism of substrate activation by P450 BM-3. An area
of much current interest in P450 BM-3 is the combination of random mutagenesis and
rational design to expand and to focus on the potential of P450 BM-3 enzyme in the catalysis
of industrial preparations and production of new chemical compounds.
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