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Abstract: The monapinone coupling enzyme (MCE), a fungal multicopper oxidase, catalyzes the
regioselective C–C coupling between tricyclic monapinone A (the primary substrate) and other
monapinones (secondary substrates) to produce atropisomeric biaryl homo- or heterodimers. In
this study, mono-, bi- and tricyclic compounds were tested to determine whether they worked as
secondary substrates for MCE. Among 14 cyclic compounds, MCE utilized semivioxanthin, YWA1,
1,3-naphthalenediol and flaviolin as secondary substrates to produce non-natural heterodimers. The
atropisomeric biaryl heterodimers produced by MCE from monapinone A and semivioxanthin were
isolated, and their structures were elucidated by NMR and MS. These findings indicate that MCE
recognizes bi- and tricyclic compounds with a 1,3-dihydroxy or 1-hydroxy-3-methoxy benzene ring
as a secondary substrate.

Keywords: multicopper oxidase; secondary substratespecificity; monapinone coupling enzyme;
biaryl compound; C-C coupling

1. Introduction

Dinapinone A (DPA) (Figure 1a), a homodimer of monapinone A (MPA) with a biaryl
dihydronaphthopyranone skeleton, was isolated from the culture broth of the fungus
Talaromyces pinophilus FKI-3864 as an inhibitor of triacylglycerol accumulation in mam-
malian cells [1,2]. Several dinapinones (DPs), heterodimers of five different monapinones
(MPs), were also isolated from the same culture broth [3]. Recently, we reported that DPA
enhances lipid droplet degradation in mammalian cells by inducing autophagy [4]. Biaryl
compounds similar to DPA, such as xanthomegnin, isochaetochromin and vioxanthin,
are produced by many microorganisms [5–7]. Biaryl dimer compounds exhibit structural
diversity according to the monomer combination (homodimers or heterodimers) and the
pattern of monomer connection (i.e., head to head, body to body or head to body), some
of which produce stereoisomerism arising from a restricted biaryl hinge rotation, which
is termed atropisomerism [8,9]. Organic synthesis approaches to produce carbon-carbon
biaryl axes have been achieved by oxidative couplings, including Suzuki-Miyaura coupling
and Negishi coupling [10,11]. Although these coupling reactions are very useful in both
medicinal and industrial applications, the synthetic control of these divergent biaryl dimers
remains a challenge. In contrast, natural biaryl dimers appear to be biosynthesized in regio-
and/or stereoselective manners. Intriguingly, DPs of 8-8′ regioselective dimers of MPs
have been produced as a mixture of P- and M-form atropisomers [1]. Several oxidative
enzymes, such as cytochrome P450s and laccases, which are responsible for coupling
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monomeric compounds to produce biaryl dimers, have been identified [12–15], although
the biosynthetic mechanisms involved remain to be elucidated. Recently, we purified a
monapinone coupling enzyme (MCE) from Talaromyces pinophilus FKI-3864, that catalyzes
the regioselective coupling of MPA at the C-8 position to produce DPA (a mixture of atropi-
somers DPA1 (M-form) and DPA2 (P-form)) [16]. Based on the amino acid sequence, MCE
is a member of the family of multicopper oxidases (MCOs), which are widely distributed
in nature. Importantly, unlike known MCOs, MCE shows high substrate specificity and
regioselectivity. In a previous study, we showed that MCE recognizes MPA or MPE as a
primary substrate and MPs (MPA to MPE) as secondary substrates to catalyze the C8-C8′

regioselective coupling reaction, resulting in the production of the homodimers DPA or
DPE or the heterodimers DPAB, DPAC, DPAD, DPAE, DPEB, DPEC or DPED [17]. These
dimers were produced as a mixture of P- and M-form atropisomers [16]. However, the
utilization of cyclic compounds other than MPs with MCE has not been examined. In this
study, we investigated the substrate specificity and regioselectivity of MCE for several
mono-, bi- and tricyclic compounds.
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Figure 1. The activity of MCE produced in P. pastoris. (a) Structures of DPA1 and DPA2. (b) The MCE
activity of the culture supernatant from P. pastoris transformed by pPIC9(mock) (upper panel) and
pPIC9:mce (lower panel). Twenty microliters of culture supernatant were used for analysis of the
MCE reaction, and the reaction products were analyzed by UFLC equipped with an ODS column.
* Background peak coming from the culture supernatant was observed close to DPA. (c) Analysis of
the amounts of the atropisomers DPA1 and DPA2. The MCE reaction product in the supernatant of
the pPIC9:mce transformants was analyzed by HPLC equipped with a C-30 column.
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2. Results and Discussion
2.1. Preparation of MCE by the Pichia pastoris Expression System

In our previous work, the purification of MCE from the dinapinone-producing fungus
T. pinophilus FKI-3864 was inefficient (low production, low yield and time-consuming).
Although recombinant MCE has been expressed in Escherichia coli and Aspergillus oryzae [16],
the cell lysate prepared from MCE-expressing E. coli did not show MCE activity. On
the other hand, A. oryzae produced active recombinant MCE, but the process was still
inefficient. These data suggest that post-translational modification, such as glycosylation,
is important for the expression of MCE activity. Therefore, a Pichia pastoris expression
system was tested because this system has been successfully utilized to obtain fungal
laccases (belonging to the MCO) in high yield [18,19]. The cDNA of MCE was cloned into
the pPIC9 Pichia expression vector, which contains an alpha secretion signal, to create the
pPIC9:mce expression plasmid. Then, P. pastoris KM71 was transformed by pPIC9:mce
or empty pPIC9 to establish MCE expressing P. pastoris KM71(pPIC9:mce) or the control
strain P. pastoris KM71(pPIC9), respectively. In this expression system, recombinant MCE
was secreted into the culture supernatant due to the pPIC9 vector-derived alpha secretion
signal. MCE activity was observed in the four-day-old culture supernatant of P. pastoris
KM71(pPIC9:mce) but not in the control strain P. pastoris KM71(pPIC9) (Figure 1b). Next,
we investigated the ratio of the atropisomers DPA1 and DPA2 produced by the recombinant
MCE, which was quantified by comparing peak areas obtained from HPLC equipped with
a reversed-phase C30 column, according to our previous method [16]. The DPA1:DPA2
ratio was 1:3.6 (Figure 1c), which was equivalent to that of the original MCE isolated from
T. pinophilus FKI-3864 [16]. These results indicated that the P. pastoris system was efficient
for MCE production.

2.2. MCE Substrate Specificity

We previously reported that MCE requires MPA or MPE as a primary substrate,
whereas MPB, MPC and MPD can be used as secondary substrates to produce het-
erodimers [16]. The substrate specificity of MCE to couple other cyclic compounds as
a self-coupling substrate has not been studied. Therefore, we tested a total of 14 mono-, bi-
and tricyclic compounds as substrates of MCE (Figure 2). Each compound was subjected
to the MCE reaction, and the reaction product was analyzed by UFLC (UV detection) and
LC-MS. From the catalytic properties of MCE, the molecular weight of the dimeric reaction
product, if produced, can be estimated, and the reaction products were detected at the
estimated [M-H]− by LC-MS analysis. As a result, no reaction products (homodimers)
were observed, indicating that all tested compounds did not work as primary substrates
for MCE. On the other hand, in the presence of MPA, semivioxanthin (SVX), YWA1,
1,3-naphthalenediol and flaviolin yielded non-natural reaction products (Figure 3a–d),
suggesting that these four cyclic compounds can work as secondary substrates of MCE
to yield heterodimers. Among the four compounds, SVX is the preferable substrate for
MCE, since the MPA and SVX reaction products were detectable in UFLC and the peak
area was comparable to that of DPA. On the other hand, reaction products from the other
three compounds (YWA1, 1,3-naphthalenediol and flaviolin) were only detected in LC-MS
but not in UFLC. Furthermore, it was speculated that MCE catalyzed C–C bond formation
between the C-8 position of MPA and the carbon between the hydroxy group and the hy-
droxy/methoxy group on the benzene rings of the bi- and tricyclic compounds (Figure 3e),
as these chemical features are important for secondary substrates of MCE. Furthermore,
MCE is likely to produce non-natural atropisomeric heterodimers from MPA and these four
secondary substrates, as observed from the LC-MS chromatograms (two peaks appeared in
Figure 3b,c).



Catalysts 2021, 11, 1015 4 of 11

Catalysts 2021, 11, x FOR PEER REVIEW  4  of  11 
 

 

these four secondary substrates, as observed from the LC‐MS chromatograms (two peaks 

appeared in Figure 3b,c). 

 

Figure 2. Cyclic compounds used to examine the substrate specificity of MCE. 

2.3. Isolation and Structural Elucidation of MPA‐SVX 

Since  the amount of heterodimers produced  from MPA and SVX  (secondary sub‐

strate) by MCE was highest among the four secondary substrates, we isolated this non‐

natural heterodimer to confirm its structure. MPA (5 mg) and SVX (5 mg) were incubated 

with 300 U of MCE in a total volume of 150 mL for 24 h at 50 °C. After incubation, the 

reaction solution was extracted with ethyl acetate  (twice, 150 mL each). The combined 

ethyl acetate extracts were subjected to ODS column‐equipped HPLC to obtain MPA‐SVX 

(4.5 mg) as a mixture of atropisomers (Supplementary Figure S1). The atropisomers were 

further purified by HPLC using a C30 column, yielding atropisomers MPA‐SVX1 (1) (1.0 

mg) and MPA‐SVX2 (2) (1.8 mg) (Supplementary Figure S2). The molecular formulas of 1 

and 2 were both assigned as C38H43O12 based on high‐resolution ESI‐MS (m/z, both found 

691.2676, calcd 691.2689 for C38H44O12 [M + H]+). These data revealed that 1 and 2 are ad‐

ducts of one MPA molecule and one SVX molecule bound by a C–C bond. To confirm the 

structures of 1 and 2, 1D and 2D NMR analyses were performed (Figure 4a, Supplemen‐

tary Figures S3–S10). The 1H and 13C NMR chemical shifts of 1 and 2 in CDCl3 were as‐

signed and compared to those of DPA [2], and the connectivity of all proton and carbon 

atoms was confirmed by HSQC analysis (Supplementary Table S1). The proton and car‐

bon signals derived from the alkyl chain of MPA and SVX were retained in both 1 and 2, 

but one aromatic proton each from both MPA and SVX disappeared. Therefore, a C–C 

bond was formed between the tricyclic skeletons of MPA and SVX. In the 1H NMR spectra 

of 1 and 2, the signals from 5/5′‐H at 6.96 ppm and 6/6′‐H at 6.71 ppm, which are identical 

to those of MPA and SVX, were retained, and the signal from 8‐H at 6.54 ppm found in 

MPA and SVX disappeared (Figure 4a). In addition, 1H‐13C long‐range couplings of 2J and 
3J  were  observed  in  the  HMBC  spectra  of  1  from  6/6′‐H  (δ  6.71  ppm)  to  C‐5/5′  (δ 

116.24/116.05 ppm) and C‐8/8′ (δ 108.17/108.08 ppm), from 5/5′‐H (δ 6.96 ppm) to C‐6/6′ (δ 

Figure 2. Cyclic compounds used to examine the substrate specificity of MCE.

2.3. Isolation and Structural Elucidation of MPA-SVX

Since the amount of heterodimers produced from MPA and SVX (secondary substrate)
by MCE was highest among the four secondary substrates, we isolated this non-natural
heterodimer to confirm its structure. MPA (5 mg) and SVX (5 mg) were incubated with
300 U of MCE in a total volume of 150 mL for 24 h at 50 ◦C. After incubation, the reaction
solution was extracted with ethyl acetate (twice, 150 mL each). The combined ethyl acetate
extracts were subjected to ODS column-equipped HPLC to obtain MPA-SVX (4.5 mg) as
a mixture of atropisomers (Supplementary Figure S1). The atropisomers were further
purified by HPLC using a C30 column, yielding atropisomers MPA-SVX1 (1) (1.0 mg)
and MPA-SVX2 (2) (1.8 mg) (Supplementary Figure S2). The molecular formulas of 1 and
2 were both assigned as C38H43O12 based on high-resolution ESI-MS (m/z, both found
691.2676, calcd 691.2689 for C38H44O12 [M + H]+). These data revealed that 1 and 2 are
adducts of one MPA molecule and one SVX molecule bound by a C–C bond. To confirm the
structures of 1 and 2, 1D and 2D NMR analyses were performed (Figure 4a, Supplementary
Figures S3–S10). The 1H and 13C NMR chemical shifts of 1 and 2 in CDCl3 were assigned
and compared to those of DPA [2], and the connectivity of all proton and carbon atoms was
confirmed by HSQC analysis (Supplementary Table S1). The proton and carbon signals
derived from the alkyl chain of MPA and SVX were retained in both 1 and 2, but one
aromatic proton each from both MPA and SVX disappeared. Therefore, a C–C bond was
formed between the tricyclic skeletons of MPA and SVX. In the 1H NMR spectra of 1
and 2, the signals from 5/5′-H at 6.96 ppm and 6/6′-H at 6.71 ppm, which are identical
to those of MPA and SVX, were retained, and the signal from 8-H at 6.54 ppm found in
MPA and SVX disappeared (Figure 4a). In addition, 1H-13C long-range couplings of 2J
and 3J were observed in the HMBC spectra of 1 from 6/6′-H (δ 6.71 ppm) to C-5/5′ (δ
116.24/116.05 ppm) and C-8/8′ (δ 108.17/108.08 ppm), from 5/5′-H (δ 6.96 ppm) to C-6/6′

(δ 98.10/98.06 ppm) and from 9/9′-OH (δ 9.71/9.67 ppm) to C-8/8′ (Figure 4b). Therefore,
1 was identified as a heterodimer of MPA and SVX bound at their respective C-8 positions.
The HMBC correlations found in 1 were also observed in 2, suggesting that 1 and 2 have the
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same planar structure. The axial configurations of 1 and 2 were analyzed by optical rotation
and CD spectra (Supplementary Figure S11). Their opposite optical rotation suggested that
1 and 2 are atropisomers. In the CD spectra, 1 first exhibited a negative cotton effect at
278 nm, followed by a positive cotton effect at 260 nm. On the other hand, 2 first exhibited
a positive cotton effect at 278 nm, followed by a negative cotton effect at 260 nm. From our
previous experiments with DPA1 and DPA2 [2], the axial configurations of 1 and 2 were
elucidated to be M and P, respectively (Figure 5).
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Figure 3. LC-MS analysis of the heterodimers of MPA formed with cyclic compounds. (a–d) Ex-
tracted ion chromatogram of the MCE reaction of MPA with the indicated compound. (a) MPA-
SVX (m/z = 689), (b) MPA-1,3-naphthalenediol (m/z = 575), (c) MPA-flaviolin (m/z = 637), and
(d) MPA-YWA1 (m/z = 691). LC conditions: Capcell Core C18 (i.d. 2.1× 50 mm, maintained at 40 ◦C);
mobile phase, 25 min linear gradient of 30 to 95% CH3CN-0.1% HCOOH; flow rate, 0.4 mL·min−1.
* Background peaks coming from the culture supernatant were observed. (e) HR-MS analysis and
putative structures of the heterodimers formed with MPA and the cyclic compounds.
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2.4. Effects of the MPA-SVXs on Neutral Lipid Synthesis in CHO-K1 Cells

We previously reported that a mixture of DPA1 and DPA2 showed an inhibitory effect
on neutral lipid (cholesteryl ester (CE) and triacylglycerol (TG)) synthesis in CHO-K1
cells [1]. Therefore, we investigated the effects of 1 and 2 on neutral lipid synthesis in
CHO-K1 cells. Since a 1:1 mixture of DPA1 and DPA2 showed a potent inhibitory activity
against neutral lipid synthesis [4], a 1:1 mixture of 1 and 2 was tested in addition to the
single treatment of each at a final concentration of 14.5 µM. Compounds 1 and 2 did not
affect neutral lipid synthesis after treatment alone or as a 1:1 mixture of each atropisomer
(Figure 6). These results suggested that both alkyl side chains at C-3 and C-3′ in the DPs
are crucial for neutral lipid synthesis inhibitory activity.
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3. Materials and Methods
3.1. General

Various NMR spectra were obtained using an Inova 600 MHz spectrometer (Agi-
lent Technologies, Santa Clara, CA, USA). Optical rotations were measured with a digital
polarimeter (DIP-1000; JASCO, Tokyo, Japan). CD spectra were recorded with a CD spec-
trometer (J-720 spectropolarimeter, JASCO, Tokyo, Japan). UV spectra were recorded on a
spectrophotometer (8453 UV-visible spectrophotometer; Agilent Technologies, Santa Clara,
CA, USA). LC-ESI-MS analysis was performed using the AccuTOF LC-plus JMS-T100LP
system (JEOL, Tokyo, Japan). Monapinone A, YWA1, vanillin, flaviolin and semivioxan-
thin were from our in-house compound library. Toluene, phenol, resorcinol, naphthalene,
m-methoxyphenol, 1-naphthol, 1,3-naphthalenediol, flavanone, anthracene and biphenyl
were purchased from Fujifilm Wako Chemicals (Osaka, Japan).

3.2. MCE Expression in Pichia pastoris

A Pichia expression kit (K171001, Thermo Fisher Scientific, Waltham, MA, USA) was
used as follows. A putative signal peptide (amino acids 1-21 of MCE)-truncated MCE
gene was amplified by PCR using a primer pair (fwd, ATCTCTCGAGAAAAGAGAGGCT-
GAAGCTCGGGTCCTGACGAAAAAA, and rev, GAATGCGGCCGCTTAAACTAAAG-
GATAGTGG) and pUC19:mce [16] as the template. The PCR product was cloned into
the pPIC9 Pichia expression vector (Thermo Fisher Scientific) to produce the plasmid
pPIC9:mce. All plasmid sequences were confirmed using a 3100 genetic analyzer (Thermo
Fisher Scientific). Histidine auxotrophic P. pastoris KM71 (Thermo Fisher Scientific) was
used as the host strain for the heterologous expression of MCE. pPIC9:mce was transfected
into strain KM71 by electroporation (Gene Pulser Xcell, BioRad, Hercules, CA, USA) in
accordance with the manufacturer’s instructions, and histidine nonauxotrophic transfor-
mants were selected. The obtained transformants were cultured for one day at 30 ◦C in
BMGY medium (1% yeast extract, 2% peptone, 1.34% yeast nitrogen base, 4× 10−5% biotin,
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1% glycerol, 100 mM potassium phosphate, pH 6.0) with shaking at 240 rpm. Mycelia
were collected and washed twice with PBS and then resuspended in a BMMY medium (1%
yeast extract, 2% peptone, 1.34% yeast nitrogen base, 4 × 10−5% biotin, 0.5% methanol,
100 mM potassium phosphate, pH 6.0) to an OD600 value of 1. The culture was shaken for
an additional four days, during which 0.5 mL of methanol to 100 mL of BMMY was added
every day to induce MCE expression. The four-day culture broth was centrifuged, and
the supernatant was filtered through a 0.45-µm filter (Merck Millipore, Burlington, MA,
USA). Ammonium sulfate was added to the supernatant to obtain an 80% solution, and the
mixture was stirred for 1 h at 4 ◦C. The 80% ammonium sulfate solution was centrifuged at
8000 rpm for 1 h to obtain a precipitate, and then the precipitate was suspended in 50 mM
citrate buffer (pH 6.0) and used for the MCE assay.

3.3. Substrate Specificity of MCE

The standard assay for MCE activity was performed as previously described [16]. To
determine the substrate specificity, the reaction was carried out in a reaction volume of
250 µL containing 2.5 µg of MPA, 2.5 µg of the cyclic compound and the enzyme in buffer
A (50 mM citrate buffer (pH 4.0), 10 mM CuSO4) for 20 min at 50 ◦C. The reaction was
terminated by the addition of 500 µL of EtOAc and 250 µL of H2O, and then 300 mL of
the organic layer was evaporated. The residual material was dissolved in 75 µL of MeOH
and analyzed by HPLC or LC-MS. The conditions for the HPLC analysis were as follows:
column, Shim pak XR-ODS (i.d. 2.1 × 75 mm maintained at 50 ◦C, SHIMADZU, Kyoto,
Japan); and mobile phase, 6-min linear gradient from 5 to 95% CH3CN-0.1% H3PO4; flow
rate, 0.55 mL·min−1; UV detection at 265 nm. The conditions for the LC-MS analysis were
as follows: column, Capcell Core C18 (i.d. 2.1 × 50 mm maintained at 40 ◦C, OSAKA
SODA, Osaka, Japan); and mobile phase, 25 min linear gradient from 30 to 95% CH3CN-
0.1% HCOOH; flow rate, 0.4 mL·min−1. The quantification of the M-form and P-form of
DPA was performed according to a previously described method [16]. One unit (1 U) of
MCE was defined as the amount of MCE able to produce 1 µg of DPA (mixture of DPA1
and DPA2) per hour.

3.4. Isolation of MPA-SVX1 (1) and MPA-SVX2 (2)

MPA (5 mg) and SVX (5 mg) were incubated with 300 U of MCE in a total volume
of 150 mL of buffer A for 24 h at 50 ◦C. After incubation, the reaction solution was
extracted with ethyl acetate (twice, 150 mL each). The combined organic layers were
concentrated in vacuo to give a crude material. This material was then dissolved in a small
amount of methanol, applied to preparative HPLC (PEGASIL ODS SP100 column, i.d.
20 × 250 mm (Senshu Scientific Co., Tokyo, Japan); mobile phase, 75% CH3CN-H2O (0.05%
TFA); detection, UV at 210 nm; flow rate, 8.0 mL·min−1) to yield a mixture of atropisomers
of MPA-SVX (4.5 mg). This mixture was finally purified by preparative HPLC equipped
with a C30 column (Develosil C30 column, i.d. 20 × 250 mm (Nomura Chemical, Aichi,
Japan); mobile phase, 80% CH3CN-H2O (0.05% TFA); detection, UV at 210 nm; flow rate,
8.0 mL ·min−1). Under these conditions, 1 and 2 eluted as peaks with retention times of 22
and 24 min, respectively. Each peak fraction was concentrated in vacuo to dryness to give 1
(1.0 mg) and 2 (1.8 mg) as light green solids.

MPA-SVX1 (1). Light green solid; [α]D
26-200.8 (c 0.01, MeOH); UV (MeOH) λmax 222

(ε 18,910), 268 (ε 59,903), 380 (ε 16,977); CD (CHCl3) λex termum (∆ε) 278 (−68.5), 260 (+66.5);
1H and 13C NMR data (Supplementary Table S1); ESI-MS m/z 691 (M + H)+; HRESI-MS
m/z for C38H43O12 (M + H)+, calculated: 691.2679, found: 691.2689.

MPA-SVX2 (2). Light green solid; [α]D
26 +296.8 (c 0.01, MeOH); UV (MeOH) λmax 224

(ε 19,392), 268 (ε 65,355), 380 (ε 19,669); CD (CHCl3) λex termum (∆ε) 278 (+68.6), 260 (−83.8);
1H and 13C NMR data (Supplementary Table S1); ESI-MS m/z 691 [M + H]+; HRESI-MS
m/z for C38H43O12 [M + H]+, calculated: 691.2679, found: 691.2689.



Catalysts 2021, 11, 1015 9 of 11

3.5. Neutral Lipid Synthesis in the CHO-K1 Cells Assay

Assays to determine TG, CE and phospholipid (PL) synthesis in CHO-K1 cells were
performed using our established method [20]. Briefly, CHO-K1 cells (1.25 × 105 cells)
were cultured in each well of a 48-well plastic microplate (Corning Co., Corning, NY,
USA) in 250 µL of Ham’s F-12 medium supplemented with 10% heat-inactivated FBS,
penicillin (100 units/mL) and streptomycin (100 µg/mL). The assays were conducted
when the cells were at least 80% confluent. Following an overnight recovery, 2.5 µL of
compound (1 mg/mL in methanol) and [14C]oleic acid (1 nmol, 1.85 kBq) were added
to each well of the culture. After 6 h of incubation at 37 ◦C in 5.0% CO2, the cells in
each well were lysed with 250 µL of 10 mM Tris-HCl (pH 7.5) containing 0.10% (w/v)
sodium dodecyl sulfate; the cellular lipids were extracted using methods described by
Bligh and Dyer. After concentrating the organic solvent, the total lipids were separated
by thin-layer chromatography (TLC) (silica gel F254, 0.5 mm thick, Merck) in a solvent
system of hexane:diethyl ether:acetic acid at a ratio of 70:30:1 (v/v/v) and analyzed with a
bioimaging analyzer (FLA-7000; Fujifilm, Tokyo, Japan) to measure the amount of [14C]CE
(Rf: 0.77), [14C]TG (Rf: 0.55) and [14C]PL (Rf: 0.05).

4. Conclusions

MCE was the first fungal MCO found to catalyze the regioselective C–C coupling
of tricyclic MPA to produce the atropisomers DPA1 and DPA2 [16]. From the substrate
study, MCE recognizes two substrates: the primary substrate is limited to MPA or MPE,
and the secondary has a rather wide range of substrates, such as bicyclic compounds
(1,3-naphthalene diol and flaviolin) and tricyclic compounds (semivioxanthin, YWA1 and
MPs) having 1,3-dihydroxy or 1-methoxy-3-hydroxy moieties on the terminal benzene
ring (Figure 7). In fact, a precise structural analysis of the products formed by the MCE
reaction from MPA (primary substrate) and SVX (secondary substrate) revealed that the
heterodimers were regioselectively produced as a mixture of atropisomers connected at
the C-8 and C-8′ positions. Similar to other MCOs, MCE can release both a proton and an
electron from the phenolic OH in the primary substrate to form a substrate radical, which
reacts with a radical on the second substrate to generate a C–C dimeric compound [21–24].
This MCE protein engineering will lead to the production of novel biaryl compounds.
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