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Monooxygenases exhibiting high activity and differing regioselectivity for the dietary isoflavone metabolite

equol were discovered among enzymes in the HpaBC family by a genome mining approach. These
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(S)-Equol is a biologically active molecule synthesized from the
dietary soy isoflavone daidzein by the gut microflora. This
molecule has recently attracted much attention due to reports
that it has various health-benefiting properties. For example,
(S)-equol is a powerful antioxidant, exhibiting much greater
antioxidant activity than the biosynthetic precursor daidzein.*
(S)-Equol also exhibits estrogenic activity.” Interestingly, the
binding affinity of (S)-equol for estrogen receptor B (ERp) is
higher than that for ERa. In addition, (S)-equol specifically
binds 5a-dihydrotestosterone and sequesters it from the
androgen receptor.” Recent reports indicated that these prop-
erties of (S)-equol ameliorate menopause symptoms and meta-
bolic syndrome, enhance bone health, and prevent skin aging.*
Although (S)-equol has various health-benefiting properties,
only 30-50% of individuals in most populations metabolize
daidzein to (S)-equol in the gut.* Several microorganisms that
convert daidzein to (S)-equol have been isolated, resulting in the
marketing of (S)-equol produced via microbial fermentation as
a nutritional supplement.*

In addition to (S)-equol, various analogues have exhibited
high potential for use as nutritional supplements or pharma-
ceuticals. For example, dehydroequol (or phenoxodiol) is
currently undergoing phase III clinical trials for the treatment
of ovarian cancer.® Hydroxyequols are also promising candidate
biologically active molecules. The biological activities of poly-
phenols differ based on the number and position of hydroxy
groups in the structure, and hydroxylated analogues often
exhibit enhanced biological activity.® For example, compared
with resveratrol, piceatannol (a hydroxylated analogue of
resveratrol)  exhibits = more-pronounced  effects  on
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enzymes enabled the one-step product-selective synthesis of 3'- and 6-hydroxyequols from equol and

melanogenesis inhibition, collagen synthesis, and vaso-
relaxation.” Among hydroxyequols, 5-hydroxyequol reportedly
exhibits greater antioxidant activity than (S)-equol.® 5-Hydrox-
yequol also preferentially binds ERa over ERP, similar to the
natural estrogen 17f-estradiol in terms of selectivity.’ In addi-
tion, as hydroxylated analogues are often generated via oxida-
tive metabolism of exogenous compounds in mammals,
analysis of the biological activity (including toxicity) of synthetic
analogues is important.*® Indeed, (S)-equol is metabolized to 3'-
hydroxyequol and 6-hydroxyequol as the primary products in rat
and human liver microsomes." However, the biological activi-
ties of 3’-hydroxyequol and 6-hydroxyequol have yet to be
elucidated, in part due to the difficulty of preparing these
commercially unavailable compounds. It was reported that 3’
hydroxyequol was synthesized from 2-hydroxybenzyl acetate
and aryl-substituted enol ether through Diels-Alder reaction
followed by reductive cleavage of the methoxy group.'> Oxidants
and/or oxidation catalysts that hydroxylate (S)-equol might
provide a relatively easy and cost-effective approach for the
synthesis of hydroxyequols. Although reactions using such
compounds are difficult to carry out using chemical methods,
biocatalytic methods could enable regioselective hydroxylation
in just one step. To date, however, there have been no reports
describing enzymes that exhibit such activity for (S)-equol.

In this study, we searched for enzymes that can convert (S)-
equol to hydroxyequols. The two-component flavin-dependent
monooxygenase HpaBC is a candidate for such activity.
Enzymes in the HpaBC family consist of a flavin-dependent
monooxygenase (HpaB) and an NAD(P)H:flavin oxidoreductase
(HpaC) and catalyze hydroxylation reactions using molecular
oxygen as an innocuous oxidant under ambient conditions.*
HpaBC monooxygenases play a physiological role in oxidative
metabolism of 4-hydroxyphenylacetate. The HpaBC mono-
oxygenase from Pseudomonas aeruginosa PAO1 (HpaBCp,)
reportedly catalyzes the hydroxylation of a variety of aromatic
compounds, including p-coumaric acid and resveratrol to the
corresponding o-diphenol compounds.”** We first explored the
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catalytic potential of HpaBCp, for equol hydroxylation using
whole-cell assays with HpaBCp,-expressing E. coli. Reaction
conditions previously optimized for resveratrol were employed,
with some modifications.” When (S)-equol (10 mM) was incu-
bated with the transformed E. coli cells in a microtube con-
taining 250 pL of reaction mixture, high-performance liquid
chromatography (HPLC) analysis exhibited a very small product
peak (retention time, 13.2 min) in addition to the substrate peak
(14.0 min) (Fig. 1). The product peak was not detected in the
reaction with E. coli cells carrying the empty vector without the
hpaBCp, gene (Fig. 1). However, due to low yield, we could not
identify the product.

We next searched for (S)-equol hydroxylases using a genome
mining approach. A BLAST search of microbial genome
sequences performed using the amino acid sequence of P. aer-
uginosa HpaBy,, identified numerous HpaB homologues. Inter-
estingly, the genome sequences of Gram-negative Photorhabdus
luminescens subsp. laumondii TTO1 and Gram-positive
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Rhodococcus opacus B-4 were found to contain three hpaB
homologues encoding gene products exhibiting moderate
amino acid identity (51-72%) with P. aeruginosa HpaBp,
(Fig. S1f). It was reported that three amino acid residues,
Arg100, Tyr104, and His142, were involved in binding the
hydroxy group of the substrate 4-hydroxyphenylacetate in the
crystal structure of HpaB from Thermus thermophilus (HpaBy).**
These amino acids are conserved in the HpaB homologues
(Fig. S27). In contrast, although Ser197 and Thr198 of HpaBy,
reportedly interacted with the carboxy group of 4-hydrox-
yphenylacetate, these amino acids are not conserved (Fig. S27).
The divergent amino acid sequences of these putative gene
products indicated that they were promising candidates for (S)-
equol hydroxylation. We therefore focused on the HpaB
homologues of P. luminescens (HpaBp,.1, HpaBy,.,, and HpaBp,.3)
and R. opacus (HpaBy,.1, HpaBy,.,, and HpaB,,.3) (Table S11). As
a control, we examined HpaB from E. coli BL21(DE3) (HpaB..),
as this enzyme has been extensively studied (Table S1t).*
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Fig.1 HPLC analysis of reactions of HpaB enzymes with (S)-equol. E. coli cells carrying the empty vector (A), the hpaB,, gene (B), the hpaB,_3
gene (C), or the hpaBy.1 gene (D) were incubated with (S)-equol. Peaks 1 (at 14.0 min), 2 (at 13.2 min), and 3 (at 12.8 min) were found to
correspond to (S)-equol, (S)-3'-hydroxyequol, and (S)-6-hydroxyequol, respectively.
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Scheme 1 Regioselective synthesis of hydroxyequols using HpaB enzymes.

Each hpaB homologue was cloned and co-expressed with
hpaCy, in E. coli (Table S17). SDS-PAGE analysis revealed major
bands corresponding to HpaBp,, HpaB.., HpaB,.,, HpaB,.,
HpaB,,.,, and HpaB,,; (ca. 50-60 kDa) in the soluble fractions
of the transformed E. coli cells (Fig. S31), whereas HpaB,,.; and
HpaB.; were expressed primarily in the insoluble fractions
(Fig. S3t). Whole-cell assays using HpaB,,;-expressing E. coli
and (S)-equol as the substrate revealed a large peak (retention
time, 13.2 min) upon HPLC analysis (Fig. 1C and S47). The
product corresponding to this peak was confirmed to be formed
from (S)-equol via one-oxygen addition based on determination
of its mass. Analyses using 'H nuclear magnetic resonance
(NMR), '*C NMR, and two-dimensional NMR spectroscopic data
(Fig. S5-S81) identified the product as (S)-3'-hydroxyequol
(Scheme 1). The C-3' position of (S)-equol was regioselectively

Product (mM)

N . R . 1

hydroxylated without any detectable by-products by E. coli cells
expressing HpaB,, 3.

The production of (S)-3'-hydroxyequol was compared among
the HpaB homologues (Fig. 2). The highest catalytic activity was
exhibited by E. coli cells expressing HpaB,,.3, with 4.1 mM of (S)-
3’-hydroxyequol produced from 10 mM of (S)-equol in 24 h,
representing 17 times more product than was produced by E.
coli cells expressing HpaB,. (S)-Equol was also converted to (S)-
3’-hydroxyequol by E. coli cells expressing HpaBe., HpaBp,.,, and
HpaB,,.1, although the production was low. As equol has
a chiral center, both (R)-equol and (S)-equol are present. Both
enantiomers are currently being developed as nutraceutical and
pharmacological agents.'® We also examined catalytic activities
of the HpaB homologues with respect to (R)-equol (Fig. 2).
Efficient catalysis of the hydroxylation of (R)-equol in addition
to (S)-equol was observed with E. coli cells expressing HpaB,,.3,
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Fig. 2 Activities of HpaB enzymes toward equol. E. coli cells carrying the empty vector or respective hpaB gene were incubated with (S)-equol
(white bars) or (R)-equol (gray bars) for 24 h, and the reaction product 3’ -hydroxyequol was quantified using HPLC. Data are the average of three
independent experiments, and error bars indicate the standard deviation from the mean.
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Fig. 3 Flask-scale production of 3’-hydroxyequol by HpaB,._3. E. coli cells carrying the hpaB,-3 gene were incubated with (S)-equol (A) or (R)-
equol (B). Time courses of equol consumption (white squares) and 3’ -hydroxyequol production (black circles) are shown. Data are the average of
three independent experiments, and error bars indicate the standard deviation from the mean.

with 2.2 mM of (R)-3'-hydroxyequol produced from 10 mM of
(R)-equol in 24 h. Interestingly, HpaB,,.; converted (S)-equol
more efficiently than (R)-equol in whole-cell reactions, whereas
HpaB,,., exhibited substrate preference for (R)-equol over (S)-
equol.

HPLC analyses revealed that the reaction of HpaB,. with (S)-
equol generated a small peak with a retention time of 12.8 min
in addition to a peak eluting at 13.2 min (corresponding to (S)-
3’-hydroxyequol) (Fig. S4t). Notably, the reaction of HpaB4
with (S)-equol generated a relatively large peak eluting at
12.8 min, without any detectable by-products (Fig. 1D and S47).
HpaB,,., also generated a peak at the same retention time,
which was smaller than that generated by HpaBy,.; (Fig. S4t).
Although HpaBp,; (ca. 50 kDa) is largely insoluble in E. coli cells,
solubility increases upon co-expression with the chaperonin
GroEL and the cochaperonin GroES (Fig. S97). In experiments
using E. coli cells transformed in this manner, a compound
corresponding to the peak eluting at 12.8 min was produced

Concentration (mM)

Time (h)

and confirmed to be formed from (S)-equol via one-oxygen
addition based on determination of its mass. Furthermore,
analysis by NMR spectroscopy (Fig. S10-S13+t) identified the
product as (S)-6-hydroxyequol (Scheme 1). The C-6 position of
(S)-equol was regioselectively hydroxylated by E. coli cells
expressing HpaBy,.;.

Finally, we attempted flask-scale production of 3'- and 6-
hydroxyequols using E. coli cells expressing HpaB,,; and
HpaBy,.;, respectively. Equol was incubated with respective
HpaB whole-cell catalyst in a 500 mL flask containing 20 mL of
reaction mixture. The time course of equol conversion is shown
in Fig. 3 and 4. HpaB,,;-expressing E. coli cells produced
3.5 mM (0.90 g L") of (S)-3'-hydroxyequol and 1.7 mM (0.44 g
L™ of (R)-3’-hydroxyequol from 10 mM (S)-equol and (R)-equol,
respectively, only in 90 min (Fig. 3). The rate of equol hydrox-
ylation by E. coli cells expressing HpaBy,.; was low compared
with rate of equol hydroxylation by E. coli cells expressing
HpaB,,.; (Fig. 4). Nonetheless, HpaBy,.;-expressing E. coli cells

Concentration (mM)

Time (h)

Fig. 4 Flask-scale production of 6-hydroxyequol by HpaBy,;. E. coli cells carrying the hpaBg.1 gene were incubated with (S)-equol (A) or (R)-
equol (B). Time courses of equol consumption (white squares) and 6-hydroxyequol production (black circles) are shown. Data are the average of
three independent experiments, and error bars indicate the standard deviation from the mean.
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produced 2.2 mM (0.57 g L™ ") of (S)-6-hydroxyequol and 1.0 mM
(0.26 g L™ of (R)-6-hydroxyequol from 5 mM (S)-equol and (R)-
equol, respectively, in 12 h.

Conclusions

In this study, we developed a one-step, product-selective
approach for synthesizing 3’- and 6-hydroxyequols from equol
using monooxygenases of the HpaBC family. To the best of our
knowledge, this is the first report describing enzymes that
catalyze the hydroxylation of equol. Previous metabolic studies
have suggested that (S)-equol is further metabolized in
mammals."»"” Hydroxyequols synthesized using the approach
presented here might be useful in studies evaluating biological
activity, including the toxicity of potential metabolites, as well
as in investigations of structure-activity relationships. In addi-
tion, these hydroxyequols and their derivatives could have
applications as nutritional supplements and pharmaceuticals.
Although typical HpaB enzymes from P. aeruginosa and E. coli
exhibited only low catalytic activity for equol, we identified two
novel HpaB homologues exhibiting high activity and differing
regioselectivity for equol using a genome mining approach.
Although typical HpaB enzymes have been extensively studied,
few studies appear to have examined potential exploitation of
their homologues. The results of this study suggest that other
HpaB homologues exhibiting useful catalytic activities are
present in nature. Further investigations will therefore focus on
more-intensive screening for enzymes exhibiting greater activity
and different selectivity for equol and other flavonoids for the
synthesis of valuable polyphenols.
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