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� The PpBMT crystal structure
identified key amino acids in
bergaptol conversion.

� Protein engineering was used to
obtain PpBMT mutants with
improved activity.

� A high-activity mutant was used to
produce bergapten for
pharmacological analysis.
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Bergapten has long been used in combination with ultraviolet A irradiation to treat depigmentation dis-
order. However, extremely low bergapten contents in plants and difficulties in synthesizing bergapten
have limited its application. Here, we developed an alternative bergapten-production method. We first
determined the crystal structures of bergaptol O-methyltransferase from Peucedanum praeruptorum
(PpBMT) and the ternary PpBMT–S-adenosyl-L-homocysteine (SAH)–bergaptol complex to identify key
residues involved in bergaptol binding. Then, structure-based protein engineering was performed to
obtain PpBMT mutants with improved catalytic activity towards bergaptol. Subsequently, a high-
activity mutant was used to produce bergapten for pharmacological-activity analysis. Key PpBMT amino
acids involved in bergaptol binding and substrate specificity were identified, such as Asp226, Asp246,
Ser265, and Val320. Site-directed mutagenesis and biochemical analysis revealed that the V320I mutant
efficiently transformed bergaptol to produce bergapten. Pharmacological-activity analysis indicated that
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bergapten positively affected hair pigmentation in mice and improved pigmentation levels in zebrafish
embryos. This report provides the first description of the catalytic mechanism of coumarins-specific O-
methyltransferase. The high-activity V320I mutant protein could be used in metabolic engineering to
produce bergapten in order to treat depigmentation disorder. This structure–function study provides
an alternative synthesis method and important advances for treating depigmentation disorders.
� 2019 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Melanin is produced by melanocytes through a rate-limiting
tyrosinase-catalysed reaction. Abnormal melanin accumulation
often causes dermatological problems, such as age spots and viti-
ligo [1,2]. Hence, the regulation of melanogenesis is a key method
in treating depigmentation disorders, and numerous candidate
agents targeting signalling pathways involved in melanin synthesis
have been developed [3–5]. Of all compounds involved in treating
depigmentation disorders, linear furocoumarins (such as psoralen
and bergapten) are widely used in clinical trials (Fig. S1) [6–8].
However, their sources are mainly limited to plant extract and
low abundance and season- or region-dependent sourcing limits
their widespread application [6]. Using solvents for extraction or
excavation raises environmental concerns [9,10].

Metabolic engineering of microorganisms or plants shows pro-
mise for addressing these problems, and many efforts have suc-
ceeded [11–13]. Nevertheless, few reports have described
metabolic engineering for coumarin production because their
biosynthetic mechanisms are largely unsolved [14,15]. Therefore,
it is urgent to clarify the catalytic mechanisms of the proteins
involved in coumarin biosynthesis to improve the catalytic activity
to enhance the yield of target coumarins through metabolic engi-
neering. In addition, proteins with high catalytic activity can also
be used as candidate enzymes in synthetic biology to complete a
target pathway [16]. Protein engineering is an industrially promis-
ing method for tailoring biocatalysts, and generating enzymes with
good activity to produce target compounds is also desirable in
microorganisms [17–20]. However, the success of methods
depends on accurate knowledge of the catalytic mechanisms and
key amino acid residues mediating substrate binding.

To develop an alternative method for bergapten production and
to generate a candidate protein for metabolic engineering, we pre-
viously cloned and functionally authenticated the bergaptol-
specific O-methyltransferase (OMT) from P. praeruptorum (PpBMT)
[21]. However, the activity of PpBMT needs to be improved [21].
Herein, the crystal structures of apo-PpBMT and a ternary
PpBMT–SAH–bergaptol complex were first determined by X-ray
diffraction with resolution of 2.0 and 2.2 Å, respectively. Then,
computer-aided rational design was employed to improve the
activity of PpBMT. A candidate mutant (V320I) with high catalytic
efficiency was obtained for bergapten production. The produced
bergapten positively affected mouse hair pigmentation and
improve pigmentation in zebrafish embryos. The work provides a
deep understanding of the substrate preferences and catalytic
mechanism of PpBMT-mediated coumarin O-methylation, and also
lays the foundation for metabolic engineering to increase the
potential applications of coumarins.
Materials and methods

Protein expression and purification

PpBMT complementary DNA was ligated into the pGEX-6P-1
plasmid to generate pGEX-6P-PpBMT (Table S1) [21]. Subse-
quently, the recombinant plasmid was transformed into E. coli
BL21 (DE3) for protein expression, according to our previous
method [21]. The protein was attached to glutathione S-
transferase-conjugated affinity resin and released overnight into
lysis buffer via on-bead 3C protease. Finally, the protein was con-
centrated to 20 mg/ml for crystallization and other assays.
Crystallization and structure determinations

To obtain the PpBMT–SAH–bergaptol (BGO) ternary complex,
we mixed PpBMT, SAH, and BGO at a molar ratio of 1: 1.2: 1.2.
The crystals were flash-frozen in liquid nitrogen for diffraction in
the Shanghai Synchrotron Radiation Facility on beamline BL19U1.
The dataset was first processed with the HKL-3000 program [22]
and further processed with programs from the CCP4 suite [23].
The collected data and structural-refinement statistics are summa-
rized in Table 1. The apo structure was solved by molecular
replacement with chain A of Protein Data Bank (PDB) structure
1KYZ as a search model using the PHASER program, and the
ternary-complex structure was solved using Autosol in PHENIX
[24,25]. The structure was manually and iteratively refined with
PHENIX and COOT [25,26]. All structural representations were pre-
pared with PyMOL (1.7.4, http://www.pymol.org). The PpBMT
structures were deposited in the PDB (www.rcsb.org/pdb/) under
accession numbers 5XG6 and 5XOH.
Enzymatic activity and high-performance liquid chromatography
(HPLC) analysis

All enzymatic-activity assays were performed in triplicate as
described previously [21]. To investigate the protein stability, pro-
tein activities were determined after storage for 4 weeks at differ-
ent temperatures (�80 �C, �20 �C, 4 �C, and 25 �C). Experiments
were also conducted in different pH values (2.5–11.5), tempera-
tures (15–60 �C), and with different ions (1 or 0.1 mM Fe2+, Fe3+,
Ca2+, Mg2+, Zn2+, Cu2+, Mn2+, Co2+, Ag+, or Ni2+) [27]. HPLC analysis
were conducted as described previously [21].
Bioinformatics analysis, docking, and computational and structure-
based protein design

For molecular docking, we employed the Schrödinger
(Schrödinger, Inc., New York, USA) and Molecular Operating Envi-
ronment (Chemical Computing Group, Inc., Montreal, Canada) pro-
grams. The experiments were conducted after preparing a target
protein with the protein-preparation wizard program in Schrödin-
ger [28–30]. To improve the catalytic activity of BMT, the ‘calculate
mutation energy (binding) protocol’ in Discovery Studio 4.1 was
used to evaluate the effects of mutations on the bergaptol-
binding affinity of BMT. The protocol performed combinatorial
amino acid-scanning mutagenesis on selected amino acid residues
neighbouring bergaptol by mutating them to other natural amino
acids. The effect of each mutation on the binding affinity (mutation
energy, DDGmut) was calculated as the difference between the

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.pymol.org


Table 1
Summary of crystallographyic data collection and refinement statistics for PpBMT-
apo and ternary complex.

5XG6 (Native) 5XOH (SeMet-SAD)

Data collection
Space group P21212 P3121
Cell dimensionshh

a, b, c (Å) 128.23, 76.11, 84 59.44, 59.44, 172.50
a, b, c (�) 90.0, 90.0, 90.0 90, 90, 120
Resolution (Å) 2.00 2.20
Rmerge 0.128 (0.362)* 0.134 (0.76)*
I/rI 19.9 (5.0)* 29.8 (2.07)*
Completeness (%) 98.7 (98.8)* 99.8 (99.76)*
Redundancy 12.1 (7.2)* 9.8 (6.9)*

Refinement
Resolution (Å) 49.03–2.00 33.06–2.20
No. of reflections 55,442 18,775
Rwork/Rfree (%) 17.1/19.9 19.7/24.9
No. of atoms
Protein 5406 2665
Water 540 59
Ligand 0 41
Avg.B-factor 32.38 54.23
R.m.s. deviations
Bond lengths (Å) 0.01 0.007
Bond angles(�) 1.27 1.03
Ramanchandran plot
Favored region 99 98.6
Allowed region 0.9 1.4
Outlier region 0.1 0

* Highest resolution shell is shown in parenthesis.
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binding free energy (DDGbind) in the mutant and wild-type
proteins:

DDGmut ¼ DDGbind mutantð Þ � �DDGbind wild� typeð Þ
DDGbind was defined as the difference between the free energy

of the complex and that of the unbound state. All energy terms
were calculated using CHARMm, and the electrostatic energy was
calculated using a Generalized Born implicit-solvent model. The
total energy was calculated as an empirical weighted sum of van
der Waals (VDW) interactions, electrostatic interactions, an
entropy contribution (-TSsc) related to side-chain mobility
changes, and a non-polar, surface dependent, contribution to sol-
vation energy. Candidate amino acids were selected for improving
catalytic activity based on the index of a low mutation energy,
which indicates a higher binding affinity. Total free-energy differ-
ences between the wild-type and mutated structures were calcu-
lated as a weighted sum of the VDW, electrostatic, entropic, and
non-polar terms (Tables S2–S4). Finally, site-directed mutagenesis
was conducted using a polymerase chain reaction-based method
with KOD-plus-neo polymerase and primers shown in Table S1.
The mutant plasmids were transformed into E. coli for protein
expression, subsequent purification, and enzyme-activity analysis.
Design of animal experiments and assessment of hair pigmentation

A wax/rosin mixture was applied to induce highly synchronized
hair growth as described previously [31]. A model of vitiligo was
generated with C57BL/6 mice by daily topical application of 2 mL
of 2% hydroquinone (HQ) to shaved areas (2 � 2 cm) of the dorsal
skin, for 12 days. To determine whether drugs could induce pig-
mentation, the mice were randomly divided into three groups: a
control group (without treatment), a model (HQ treatment), and
a bergapten group (bergapten delivered transdermally for
12 days). From days 3 to 15, the mice were treated with dermatol-
ogy drugs for one hair-growth cycle. Topical HQ and bergapten
were applied using oil-in-water emulsion creams that contained
61.3% water, 8.0% stearic acid, 8% white Vaseline, 7.0% glycerol,
6.0% octadecanol, 5.0% propylene glycol, 2.0% azone, 1.6% tro-
lamine, 1.0% sodium dodecyl sulphate, and 0.1% ethylparaben.
The HQ and bergapten concentrations were 2% and 1% (w/w),
respectively. The mice were photographed with a digital camera
(Canon, Japan) once daily after depilation to assess the hair cycle.
Hematoxylin and eosin (HE) staining was used to determine the
stage of hair pigmentation based on the morphology of the dermal
papilla and sebaceous glands. In addition, the melanin granules in
HE-stained tissue samples were visualised histochemically.

Immunofluorescence analysis

Immunofluorescence was performed as described below. Sec-
tions were dew axed, rehydrated, and immersed in citric acid buf-
fer for antigen retrieval. After washing with 0.01 M potassium
phosphate buffer (PBS), the specimens were treated with PBS con-
taining Tween 20 (PBST) for 15 min at room temperature and then
blocked for 1 h in blocking buffer (5% goat serum, 0.1% bovine
serum albumin, and 0.1% Triton X-100). Thereafter, the specimens
were incubated separately with each primary antibody at 4 �C for
24 h. After being washed with 0.01 M PBS, the specimens were
incubated with a secondary antibody in the dark inside a cassette
at 37 �C for 2 h. The specimens were washed with 0.01 M PBS
and mounted using DAPI (Invitrogen, catalogue #D3571) and pho-
tographed with a DM400B fluorescence microscope (Leica, Wet-
zlar, Germany). The semi-quantitative data obtained using the
immunofluorescence images for the control, HQ model, and ber-
gapten groups are shown in Fig. S2.

Zebrafish maintenance and chemical treatments

Wild-type zebrafish were maintained according to the guides
for the laboratory use of zebrafish in a circulating aquaculture sys-
tem. Zebrafish embryos were incubated at 28.5 �C as described by
Kimmel et al. [32]. For chemical treatments, bergapten was dis-
solved in dimethyl sulfoxide (DMSO) to prepare stock solutions
and then diluted with fresh fish water to 10, 20, or 40 lM. The
reagent 1-phenyl 2-thiourea (PTU; Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in water to prepare stock solutions and then
diluted with fresh fish water to 200 lM for all treatments. The
experimental design is shown in Fig. S3.

Cell culture, chemical treatments, and assays of melanin content and
cellular tyrosinase (TYR) activity

The B16F10 melanoma cell line was cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 100 U/ml
penicillin, 100 lg/ml streptomycin, and 10% (v/v) heat-
inactivated foetal bovine serum. The cells were cultured in mono-
layers in a humidified incubator at 37 �C with 5% CO2. For chemical
treatments, bergapten, psoralen, and the bergapten produced by
the purified PpBMT V320I protein (synthesis) were dissolved in
DMSO and then diluted in DMEM to a final concentration of 1,
10, or 100 lM. The melanin content and cellular TYR activity were
measured as described previously [33], with minor modifications.

Statistical analysis and graph preparation

Unless indicated, three replicates were used to obtain the data,
and the data are presented as the mean ± standard deviation (SD)
for triplicate experiments. Statistical analysis of the results was
performed using one-way analysis of variance with Tukey’s correc-
tion for multiple comparisons. *p < 0.05, **p < 0.01, and ***p < 0.001
were used to indicate the statistical significance.
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Results and discussion

BMT as a good candidate for bergapten production

Owing to efficient separation/purification techniques and
advances in pharmacological-activity research, new compounds
are continually isolated and identified, and new pharmacological
activities are frequently demonstrated [34]. However, low contents
in medicinal plants have limited widespread applications of these
compounds [9–10]. Hence, improving their contents in plants or
alternatively producing them in engineered microorganisms is
rewarding. Previously, we cloned and functionally authenticated
PpBMT [21]. Extreme stability, high solubility, and good tempera-
ture and pH tolerance made PpBMT an ideal enzyme for industrial
bergapten production by metabolic engineering (Fig. S4) [35–36].
However, the catalytic activity of the target protein needs to be
improved because bergaptol could not be completely transformed
by PpBMT, a phenomenon occurring with Ammi majus BMT
(AmBMT) and Angelica dahurica BMT (AdBMT) as well [35,37].
Structure-based rational design has helped improve the quality
of enzymes [17–20]. However, no corresponding structure
involved in coumarin biosynthesis has been solved. To improve
the enzymatic activity of PpBMT via protein engineering, the crys-
tal structure of PpBMT needed to be solved.
Overall structure of PpBMT

The crystal structures of apo-PpBMT and the ternary PpBMT–
SAH–BGO complex were first determined by X-ray diffraction at
a resolution of 2.0 and 2.2 Å, respectively (Fig. S5, Table 1). The
PpBMT crystal structure contained 17 a-helices and 9 b-sheets
and exhibited a central symmetric dimer. The N-terminal domain
involved in dimerization contained 10 a-helices (a1–a9 and a16)
and 2 b-sheets (b1 and b2), whereas the C-terminal catalytic
domain contributes to substrate binding and enzyme activity with
more b sheets (b3–b9) (Fig. 1a and Fig. 1b). Primary-sequence anal-
ysis and structural comparisons with other plant OMTs demon-
strated that PpBMT is a type-I plant OMT resembling the
Medicago sativa COMT (MsCOMT), which has a spacious and versa-
tile binding pocket constructed with more flexible loops, although
a rigid a14 helix and a four-end a15 helix was present in PpBMT
(Figs. S6 and S7) [24]. However, the chemical structures of the
OMT substrates differed to a large extent, which is determined
by the shape-selectivity of the substrate pockets and surrounding
amino acids (Fig. S8).
SAH/SAM- and bergaptol-binding sites

Thereafter, we analysed the SAH/SAM-binding site based on the
overall structure of the BMT–SAH–BGO ternary complex (Fig. 2a,
b). Most importantly, the carbonyl groups of Gly203 (motif I) and
Lys260 (motif IV) hydrogen bonded with the terminal amino group
of SAH, the hydroxyl group of Ser179 from a12 interacted with the
homocysteine moiety of SAH, and the side chain of Asp226 (motif
II) interacted with the SAH ribose hydroxyl groups (Fig. 2a, b). Con-
sidering that SAM is a common cofactor for all OMTs, which are
known to possess a highly conserved SAM-binding region
(Fig. S6) [24], the data discussed below are mainly focused on
the residues relevant to substrate (bergaptol) specificity.

The bergaptol-binding site was surrounded by 8 a-helices. a1,
a2 in one monomer and a7, a8, a10–12, a15 in another monomer
interacted to establish a specific cavity for bergaptol entrance
(Fig. 1a, b). The 5-hydroxyl group of bergaptol formed two hydro-
gen bonds with the imidazole nitrogen atom of His264 and the car-
bonyl oxygen of Trp261, respectively. Additionally, bergaptol was
fixed by two hydrogen bonds with His126 to hold the 5-hydroxyl
group close to the methyl group of SAM (Fig. 2c, 2d). In addition,
aromatic amino acids (Phe158, Phe171, Trp261, and Tyr319) and
aliphatic amino acids (Leu122, Ile157, Met175, Leu312, Val315,
Met316, and Val320) were also involved in VDW forces and p–p
interactions with bergaptol (Fig. 2d). In conclusion, the hydrogen
bonds and hydrophobic effects constructed the active centre of
PpBMT, which played a crucial role in its catalytic activity. When
these important amino acids were mutated to arginine or alanine,
nearly all mutants showed abolished activity, illuminating their
significance in designing proteins with improved catalytic activity
(Fig. 3a).

Rational design, mutagenesis, and catalytic activities

Considering that PpBMT is highly temperature and pH tolerant,
and has higher stability and solubility than other BMTs [21,35,36],
we mainly focused on improving its catalytic activity based on
identifying important amino acids. Because no high-throughput
method has been developed for selecting a variant protein with
improved activity, structure-based rational design was employed
for protein design, as done previously [17–20]. We first mutated
10 important amino acids using computer-aided protein design
with Discovery Studio 4.1. By comparing the mutation energies
(Table S2), amino acid mutations with the potential for improving
protein activities, such as V320I, Y319F, S265I, I157Y, and L122R
(with low mutation energies of �0.2, 0.02, �0.11, �0.26, and
�0.41, respectively), were selected for site-specific mutagenesis
and activity analysis. The catalytic activities of mutants such as
V320I, Y319F, S265I, and I157Y increased significantly (Fig. 3a
and S9). However, the activities of L122R, H126R, and I157R,
among other mutants, decreased to some extent (Fig. 3a). We then
employed site-specific mutagenesis to design double and triple
mutants, based on the single mutants with improved activities
and the mutation energies (Tables S3 and S4). Unfortunately, no
candidate mutants with further improved activity were obtained.
A stronger hydrophobic interaction was formed between Ile320
and bergaptol (Fig. 3b), which may account for the improved activ-
ity. In addition, the relatively longer side chain of isoleucine (com-
pared to that of valine) may also enhance its performance. BGO
was trapped in a hydrophobic pocket in wild type BMT, while
Y319F mutant contributed a more hydrophobic side chain in the
pocket and reduced its steric hindrance (Fig. 3c). Hence, Y319F
mutant could also significantly enhance the affinity activity of
BMT to bergaptol (Fig. 3a). This phenomenon can be proved by
another mutation, Y319R. As expect, when Y319 was substituted
by arginine (a longer polar side chain amino acid), the activity
was totally abolished (Fig. 3a). While, when we further mutated
Ile157 to Phe157 in V320I mutant (Fig. 3d), the p–p interaction
and steric hindrance caused by Phe157 pushed the BGO away
and resulted in a poor orientation for catalysis in the I157FV320I
double mutant (Fig. 3a). Hence, V320I was ultimately selected as
the candidate high-catalytic activity mutant.

Producing bergapten using the V320I mutant to treat depigmentation
disorders

Considering the low bergapten content in medicinal plants, pro-
ducing the target compound through plant-metabolic engineering
or microbial-cell factories is potentially a useful alternative
method. Hence, we used both engineered microorganisms with a
V320I mutation and the purified V320I protein to produce ber-
gapten. However, whether bergapten produced by microorganisms
or the purified V320I protein has the same function as plant-based
bergapten remains unsolved. Because bergapten has been used in
clinical trials for treating depigmentation disorders for a long time,



Fig. 1. Overall PpBMT structure. The PpBMT dimer is shown with the monomers displayed in red or green. The SAH/BGO-binding site is located in the C-terminal region, and
the domain involved in dimerization is located in the N-terminal region (a). The secondary structure of one monomer of the PpBMT–SAH–BGO complex is displayed in the
figure with different colours (a-helixes, red; b-strands, yellow; loops, green), the SAHmolecule in represented with purple sticks, and the BGOmolecule is represented in grey
(b).

Fig. 2. The binding sites of PpBMT. A cartoon diagram of the PpBMT in complex with SAH (a) and its local enlarged images (b) is shown. A cartoon diagram of PpBMT in
complex with bergaptol (c) and its local enlarged images (d) is also shown. The secondary structures (a-helixes and b-sheets) and the important amino acid residues
contributing atoms within 4 Å of SAH and BGO are represented with green sticks. SAH and BGO are shown in purple stick and grey, respectively. The yellow dotted line is a
hydrogen bond and the red dotted line displays the distances between the 5-hydroxyl groups of bergaptol and SAH.
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we tested bergapten for depigmentation disorder treatment in ani-
mals [6]. On days 9 and 12 after depilation and treatment, HQ-
induced vitiligo mice showed obvious whitening of their dorsal
skin (Fig. 4a). In contrast, the control and bergapten-treatment
groups showed progressive darkening of the dorsal coat. In addi-
tion, we harvested skin samples for HE staining, and morphological
observations revealed fewer histochemically identified melanin
granules in HQ mice. In addition, the number of follicular melanin
granules in the bergapten-treated group increased to reverse the
dorsal whitening. These results suggest that bergapten positively
affected hair pigmentation (Fig. 4b). However, whether bergapten
rescues the effects on pigmentation by exerting positive effects



Fig. 3. Catalytic activity of PpBMT and its mutant variants generated by computer-aided protein design. The data shown represent the mean ± SD of three replicates and the
fold-changes relative to the control (a). The bergaptol-docking results with mutants V320I (b), Y319F (c) and I157FV320I (d) are shown.

62 Y. Zhao et al. / Journal of Advanced Research 21 (2020) 57–64
on melanocyte survival remains undetermined. TYR could be con-
sidered a melanocyte marker as melanocytes can be labelled an
anti-TYR protein antibody conjugated with fluorescein isothio-
cyanate, isomer I; thus, an immunofluorescence experiment was
conducted [38]. The HQ mouse model clearly showed fewer TYR-
labelled melanocytes in the hair follicles, demonstrating that the
number of melanocytes decreased following HQ treatment
(Fig. 4b and S2). However, the melanocyte loss was reversed after
bergapten treatment. The experiment also showed that bergapten
increased TYR protein expression. HQ acts by inhibiting the enzy-
matic oxidation of tyrosinase and phenoloxidase and is also a
strong oxidant that rapidly converts to the melanocyte-toxic sub-
stances p-benzoquinone and hydroxybenzoquinone, both of which
cause skin-melanocyte loss and then depigmentation [39]. To test
whether bergapten could relieve depigmentation induced by dif-
ferent causes, a copper chelator (PTU) was used as a moulding
agent to induce depigmentation. A relatively low concentration
of bergapten increased pigmentation in zebrafish embryos
(Fig. 4c). Bergapten dose-dependently increased the melanin con-
tent and tyrosinase activity in B16F10 melanoma cells, and an
extremely significant effect was observed at a concentration of
100 lM (Fig. 5).
Conclusions

In summary, using a structure-based protein-engineering
approach, we developed an alternative method for producing rare
valuable products from medicinal plants. We determined the first
crystal structure of a coumarin-specific BMT. The well-displayed
atomic structure may favour a deeper understanding of the sub-
strate preferences and catalytic mechanism of O-methylation in



Fig. 4. Macroscopic observations of pigmentation responses after bergapten treatment. The areas showing significant colour changes in mouse dorsal skin spanned from the
neck to the tail (a, n = 10). A representative area of each group on day 12 after depilation with most hair follicles (b, n = 3). The original magnification was 100� (left) or 400�
(right). n = 10 in each group. A representative therapeutic effect of bergapten on depigmentation caused by PTU is shown (c, n = 30).

Fig. 5. Effects of bergapten on melanin contents and tyrosinase activities. The extracellular and intracellular melanin levels were determined by measuring the absorbance at
405 nm and normalized to the total protein content (a). TYR activities were measured in terms of L-DOPA oxidation using lysates obtained from B16-F10 cells after bergapten
treatment (b). The data shown are expressed as the mean ± SD (n = 3). The data were analysed by one-way analysis of variance followed by Tukey’s post-hoc test. *p < 0.1 and
***p < 0.001 vs. the control group.

Y. Zhao et al. / Journal of Advanced Research 21 (2020) 57–64 63
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coumarins. Using structure-based rational design, a candidate
mutant with improved activity in bergapten production was
obtained. The mutant protein provides a good candidate for further
metabolic engineering to produce bergapten for use in treating
depigmentation disorders. The preliminary pharmacological activ-
ity of bergapten was also estimated both in animals and cells,
which may be helpful for subsequent study of the mechanisms of
furocoumarins in depigmentation disorder treatment.
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