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(S)-Equol, a gut bacterial isoflavone derivative, has drawn great attention because of its potent use for relieving female post-
menopausal symptoms and preventing prostate cancer. Previous studies have reported on the dietary isoflavone metabolism of
several human gut bacteria and the involved enzymes for conversion of daidzein to (S)-equol. However, the anaerobic growth
conditions required by the gut bacteria and the low productivity and yield of (S)-equol limit its efficient production using only
natural gut bacteria. In this study, the low (S)-equol biosynthesis of gut microorganisms was overcome by cloning the four en-
zymes involved in the biosynthesis from Slackia isoflavoniconvertens into Escherichia coli BL21(DE3). The reaction conditions
were optimized for (S)-equol production from the recombinant strain, and this recombinant system enabled the efficient con-
version of 200 pM and 1 mM daidzein to (S)-equol under aerobic conditions, achieving yields of 95% and 85%, respectively.
Since the biosynthesis of trans-tetrahydrodaidzein was found to be a rate-determining step for (S)-equol production, dihydro-
daidzein reductase (DHDR) was subjected to rational site-directed mutagenesis. The introduction of the DHDR P212A mutation
increased the (S)-equol productivity from 59.0 mg/liter/h to 69.8 mg/liter/h in the whole-cell reaction. The P212A mutation
caused an increase in the (S)-dihydrodaidzein enantioselectivity by decreasing the overall activity of DHDR, resulting in unde-
tectable activity for (R)-dihydrodaidzein, such that a combination of the DHDR P212A mutant with dihydrodaidzein racemase
enabled the production of (3S,4R)-tetrahydrodaidzein with an enantioselectivity of >99%.

he daidzein metabolite (S)-equol is produced by the human

gut microbiota, and it has drawn a significant amount of at-
tention as a result of its estrogenic properties in the human body
that lessen postmenopausal symptoms in female patients (1). (S)-
Equol binds effectively to the type B estrogen receptor but not to
the type a receptor, preventing menopausal symptoms without
increasing the incidence rate of breast cancer. Since many other
estrogenic chemicals that have been used to reduce menopausal
symptoms have increased the incidence rate of breast cancer, such
selectivity for the receptor subunit is critical to the development of
any estrogenic reagents (2, 3).

Most (S)-equol-producing bacteria (4-6) that are known to
convert daidzein to equol belong to the Coriobacteriaceae, includ-
ing Slackia, Eggerthella, and Adlercreutzia (6-8). However, the first
gene identification for equol metabolism was reported for the
non-Coriobacteriaceae microbe Lactococcus sp. strain 20-92 (9—
11). Similar identifications of equol metabolism in Slackia sp. have
also been reported (12, 13). According to these reports, daidzein is
converted to (S)-equol by four enzymes (Fig. 1): daidzein reduc-
tase (DZNR), dihydrodaidzein reductase (DHDR), tetrahydro-
daidzein reductase (THDR), and dihydrodaidzein racemase
(DDRC). DZNR reduces daidzein to (R)-dihydrodaidzein [(R)-
DHD] enantioselectively (9, 11). (R)-DHD is subsequently race-
mized to (S)-DHD either through tautomerization at C-3 or by
DDRC activity (9). DHDR is involved in the reduction of (S)- and
(R)-DHD to trans- and cis-tetrahydrodaidzein (trans- and cis-
THD), respectively (10). Only trans-THD can be converted enan-
tioselectively to (S)-equol by THDR (7). In the case of THDR, a
radical mechanism was suggested to produce (S)-equol from
(3S,4R)-trans-tetrahydrodaidzein (14).
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The production of (S)-equol by use of gut bacteria was previ-
ously reported in some papers and patents (15-18). According to
these reports, Slackia sp. YIT 11861 is more productive than any of
the other strains, including Slackia sp. TM-30, Lactococcus gar-
vieae strain 20-92, and Gram-positive bacterium do03 (15). How-
ever, the use of any equol-producing bacteria has a common dis-
advantage in that these bacteria exhibit oxygen-sensitive growth.
Even though experiments have been carried out to overcome such
oxygen-labile properties of cell growth to produce dihydrodaid-
zein by using a laboratory evolution method, the oxygen sensitiv-
ity is still serious and the cell growth rate is quite low, so produc-
tion is difficult to achieve at an industrial scale (19). Recombinant
strains have been constructed that are able to convert daidzein to
(S)-equol orits precursors (11, 12). But previous studies identified
and/or characterized only the enzymes involved in each step of the
biosynthesis of (S)-equol, and since then, no reports have focused
on producing (S)-equol by using recombinant strains.
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FIG 1 Conversion of daidzein to (S)-equol by gut bacteria. The scheme shows the pathway from daidzein to (S)-equol as reported previously (9). DZNR,
daidzein reductase; DDRC, dihydrodaidzein racemase; DHDR, dihydrodaidzein reductase; THDR, tetrahydrodaidzein reductase. The stereochemistry of

tetrahydrodaidzein produced by DHDR was confirmed in this study.

In the present study, we developed a recombinant strain that
can produce (S)-equol from daidzein under aerobic conditions.
The enzyme expression and reaction conditions for (S)-equol
production by whole-cell bioconversion were examined and op-
timized, and to increase the yield and productivity of (S)-equol,
mutation of DHDR was attempted to improve its reactivity and/or
to shift its enantioselectivity toward (S)-DHD and away from (R)-
DHD. The P212A mutation was identified to improve the (S)-
equol productivity, and the DHDR P212A mutant was character-
ized, revealing that the mutation improved not only (S)-equol
productivity but also (S)-DHD selectivity. Using this uninten-
tional advantage of the mutant, we suggested a novel preparation
method for trans-THD and cis-THD with a high rate of enantiose-
lectivity. The results were analyzed in terms of the pH depen-
dency, enantioselectivity, and stereochemistry of the products.
Furthermore, the improvement in productivity rather than in the
final yield of (S)-equol implies that other enzyme reaction steps
might be the rate-determining steps (RDS) in reactions with
higher substrate concentrations.

MATERIALS AND METHODS

Chemicals. Daidzein and dihydrodaidzein were purchased from Sigma-
Aldrich and Toronto Research Chemicals Inc. (North York, Ontario,
Canada), respectively. All other chemicals were purchased from Sigma-
Aldrich. Dihydrodaidzein racemate was separated and prepared by using
a high-pressure liquid chromatograph (HPLC) equipped with a Chiralcel
OJ-H column (Daicel Chemical Industries, Japan). Each enantiomer was
confirmed by chiral HPLC analysis, and no tautomerization or racemiza-
tion of the separated DHD enantiomers was detected in hexane or etha-
nol. (S)-DHD and (R)-DHD had retention times of 10 min with a sharp
peak and 39 min with a broad peak, respectively, in the eluent (hexane:
ethanol [60:40]) ata 1-ml/min flow rate. The unusually large difference in
their retention times arose from use of a different chiral column (Chiralcel
OJ-H column) under normal-phase conditions, whereas most other
researchers have utilized other chiral columns under reversed-phase
conditions. It has been claimed that (S)-DHD is eluted first, followed
by (R)-DHD (9, 20). Additionally, comparison with the retention
times of (R)-DHD produced by purified DZNR and of (S)-DHD race-
mized from (R)-DHD by purified DDRC confirmed the assignment.
Chiral analysis of THDs was also performed under the same conditions
as those for DHD analysis.
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Cloning and construction of recombinant strain. Slackia isoflavoni-
convertens DSM 22006 was cultured on Columbia blood agar plates with
5% sheep blood at 37°C under anaerobic conditions. S. isoflavonicon-
vertens genomic DNA was extracted by use of an Exgene Cell SV genomic
DNA purification kit (Geneall, South Korea) and was used as a PCR tem-
plate. Four genes, namely, dzr (gene ID 409131878; encoding DZNR), ddr
(gene ID 409131876; encoding DHDR), tdr (gene ID 409131875; encod-
ing THDR), and ifcA (gene ID 409131872; encoding DDRC), were ampli-
fied by PCR with a set of designed primers, and the PCR products were
cloned into the pRSFDuet-1 (dzrand ifcA) and pCDFDuet-1 (ddr and tdr)
expression vectors by use of specific restriction enzyme sites at multi-
cloning sites 1 and 2, respectively (Table 1). All the cloned gene se-
quences were verified, and there were no errors compared to the gene
sources. FastDigest restriction enzymes were purchased from Thermo
Scientific. The two expression vectors were transformed simultaneously
into Escherichia coli BL21(DE3) (Novagen) by heat shock, and the trans-
formed colonies were selected on an LB agar (10.0 g/liter tryptone, 5.0
g/liter yeast extract, 10.0 g/liter sodium chloride, and 15.0 g/liter agar)
plate containing kanamycin (50 pg/ml) and streptomycin (50 g/ml). A
single colony was inoculated with 3 ml of LB with two antibiotics and
was grown overnight. The transformants were named tDDDT-WT or
tDDDT-PA depending on the presence of the P212A mutation in the
pCDFDuet-1 vectors. The transformants were then used for the whole-
cell reaction. For the enzyme purification, ddr and ifcA were individually
cloned into pCDFDuet-1 and pET24a, respectively, and transformed into
BL21(DE3). The description and notation for all transformants are listed
in Table 2, and the recombinant strains were stored at —80°C for further
experiments.

Site-directed mutagenesis of DHDR. A previously established proto-
col (21) was used to make amino acid mutations at residues P212 and
H182 of DHDR. The mutations were introduced into the pCDFduet-1-
ddr construct by PCR (Herculase II fusion DNA polymerase) using spe-
cific mutagenesis primers (Table 1), and all constructs were confirmed by
sequencing.

Whole-cell reaction with (S)-equol-producing recombinant E. coli.
The tDDDT-WT or tDDDT-PA transformant was grown in LB broth
medium (50 ml) containing 50 pg/ml of kanamycin and 50 wg/ml of
streptomycin at 37°C until reaching an optical density at 600 nm (ODyy,)
of 0.6 to 0.8. Isopropyl-thio-B-p-galactopyranoside (IPTG) was then
added to a final concentration of 0.1 mM, along with 0.1 mM FeSO, as the
source of the iron-sulfur cluster of DZNR. After the IPTG induction, cells
were grown at 18°C for 12 h and were subsequently harvested by centrif-
ugation, washed with phosphate-buffered saline (PBS; 8.00 g/liter sodium
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TABLE 1 Primers for cloning and site-directed mutagenesis”

Gene target or primer name Restriction enzyme site

Primer sequence (5" to 3")

Primers for cloning

dzr BamHI
Notl

ifcA Ndel
EcoRV

ddr BamHI
Notl

tdr Ndel
Kpnl

Primers for site-directed mutagenesis
of DHDR

P212A_F

P212A_B

H182Y_F

H182Y_B

ATAAGGATCCGATGCAGCACGCGAAATA
ATATAGCGGCCGCTACACCATGCGCGCTAC
ATAATCATATGAAAGCTCAACTGAATC
ATAAGATATCCTAGTGGTGATGATGGTGATGCTCAGCGTCCACGTC
ATAAGGATCCGATGGCACAAGAGGTTAAG
ATATAGCGGCCGCTTAGGCGATTTCGCCCTG
ATAATCATATGGCAGAATTCGACGTTG
ATAAGGTACCTCAGTGGTGGTGGTGGTGGTGCATGTTTGCAATCGCGTG

CCGTGACCGCCGGCCTGGTGTG
CCAGGCCGGCGGTCACGGAATTG
CAGGCATGCTACGCCGCCGCCAAG
GGCGGCGGCGTAGCATGCCTGCGG

@ dzr and ifcA were cloned into the pRSFDuet-1 vector at multicloning sites 1 and 2, respectively. ddr and tdr were cloned into the pCDFDuet-1 vector at multicloning sites 1 and 2,
respectively. dzr and ddr had an N-terminal 6 X His tag sequence that was originally positioned in the plasmids, whereas ifcA and tdr had a C-terminal 6 XHis tag sequence followed

by a stop codon. In the case of sole cloning of ifcA, the pET24a vector was used, and the C-terminal cloning primer was modified by replacing the EcoRV restriction site with a

HindlIII restriction site. All genes were expressed under the control of the T7 promoter.

chloride, 0.20 g/liter potassium chloride, 3.58 g/liter disodium hydrogen
phosphate-12H,0, and 0.27 g/liter potassium dihydrogen phosphate, pH
7.2),and resuspended in 200 mM potassium phosphate buffer (KPB) (pH
8.0). The pH of the reaction buffer in the whole-cell reaction mixture was
first optimized for the most equol production, because the whole-cell
reaction includes four enzyme reactions and many other reaction param-
eters, e.g., substrate/product solubility, cell viability, and redox balance
also depend on the pH of the reaction solution (see Fig. S1 in the supple-
mental material). After each whole-cell reaction, the pH of the reaction
solution was measured, and no change was observed. The initial ODg,
was set to 10, with 2% (wt/vol) glucose as a carbon source for cells and
with an isoflavonoid substrate (daidzein or dihydrodaidzein), and bio-
transformation with the resting cells was executed in a 5-ml reaction vol-
ume in a 20-ml glass vial with gentle shaking (100 rpm) at 30°C. At dif-
ferent time points during the reaction, 200-pl aliquots were sampled from
the reaction mixture, and the reaction was stopped by the addition of 200
wl of ethyl acetate (EA) with vigorous vortexing. After centrifugation at
14,000 X g for 5 min, 140 pl of the EA layer was evaporated using a
centrifugal vacuum concentrator (Biotron, South Korea). The samples
were then dissolved in 140 wl of methanol for HPLC analysis.

HPLC analysis. The reaction samples prepared from the whole-cell
reaction or enzyme assay were analyzed via an HPLC (YoungLin, South
Korea) equipped with a C, 4 column (5-pm particle size; 4.6 by 250 mmy;
Vydac). Twenty microliters of reaction sample was injected for the HPLC
analysis. The mobile phase was composed of a mixture of solvent A (0.1%
trifluoroacetic acid-water) and solvent B (acetonitrile), and metabolites
were separated by increasing the concentration of solvent B under the
following conditions: an isocratic elution for 5 min with 10% solvent B, a
linear gradient for 15 min with 10 to 25% solvent B, an isocratic elution for
9 min with 25% solvent B, a linear gradient for 2 min with 25 to 10%

TABLE 2 Transformant notation

Transformant Plasmid(s)

tDDDT-WT pRSFDuet-1 (dzr/ifcA) + pCDFDuet-1 (ddr/tdr)

tDDDT-PA pRSF Duet-1 (dzr/ifcA) + pCDF Duet-1
[ddr(P212A)/tdr]

tDHDR-WT pCDE (ddr)

tDHDR-PA pCDF [ddr(P212A)]

tDDRC pET24a (ifcA)
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solvent B, and an isocratic elution for 5 min with 10% solvent B. The flow
rate was 1 ml/min, and metabolites were detected with UV light at 280 nm.

For the statistical comparison of (S)-equol production levels between
the wild-type and P212A mutant strains, the ¢ test was used, and a differ-
ence was considered significant if the P value was <0.05.

Recombinant enzyme expression and purification. The tDHDR-
WT, tDHDR-PA, and tDDRC transformants were grown in LB broth
medium until the ODy,, reached 0.6, and IPTG was then added to a final
concentration of 0.1 mM. After IPTG induction, the cells were cultured
for 4 h at 30°C, and the cells were then harvested by centrifugation and
subsequently washed with PBS. The prepared cells were resuspended in
100 mM KPB (pH 7.0) containing 1 mM phenylmethylsulfonyl fluoride
and were disrupted using a sonicator (Misonix) in an ice-cooled bottle.
The total pulsing time was 5 min (3 s on, 8 s off) with a 21-W powered
microtip. The cell lysates were centrifuged at 14,000 X g for 30 min at 4°C,
and supernatant samples were prepared for enzyme purification. The en-
zymes were purified using a Ni-nitrilotriacetic acid (Ni-NTA) His tag
purification kit (Qiagen Korea Ltd., Seoul, South Korea), and purification
was then carried out utilizing the Ni-NTA resin. The Ni-NTA-bound
enzymes were washed twice with 50 mM sodium phosphate buffer (pH
8.0) containing 300 mM NaCl, 10 mM imidazole, and 0.1% (vol/vol)
Tween 20 and were further washed with the same buffer containing 30
mM imidazole. The enzymes were eluted with the same buffer containing
250 mM imidazole, and finally, the eluents were dialyzed against 100 mM
KPB (pH 8.0) to remove imidazole, NaCl, and Tween 20. Purified en-
zymes were subjected to 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) to confirm the purity of the enzymes (see
Fig. S2 in the supplemental material), and the enzyme concentrations
were determined according to the Bradford assay, with bovine serum
albumin (BSA) as the standard (22).

Glucose dehydrogenase (GDH) from Bacillus subtilis was also cloned,
expressed, and purified, according to a method reported elsewhere (23),
for regeneration of NADPH in the enzyme assay. All purified enzymes
were stored at —80°C with 30% glycerol in the relevant buffer.

Enzyme assays. Enzyme assays were performed at 37°C under aerobic
conditions, with a final reaction volume of 200 pl. The solution contained
100 mM KPB (pH 6.0; the approximate optimum pH for reductase activ-
ity of DHDR), 0.5 mM NADPH, and purified enzyme at a final concen-
tration of 0.5 WM. After 5 min of incubation at 37°C for enzyme activa-
tion, the reaction was started by adding 2 .l of a 10 mM stock solution of
DHD racemate or each enantiomer of DHD in dimethyl sulfoxide
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FIG 2 (A) (S)-Equol production by a recombinant E. coli BL21(DE3) strain (tDDDT-WT), with initial daidzein concentrations ranging from 0.2 to 5 mM. (B)
Concentrations of four metabolites, including daidzein (DZN), dihydrodaidzein (DHD), trans-tetrahydrodaidzein (trans-THD), and (S)-equol (EQL). Daidzein
(1 mM) was used as the substrate, and the concentrations along the reaction time were recorded.

(DMSO). The reaction was stopped by adding 200 pl of ethyl acetate,
followed by vigorous vortexing. After 5 min of vortexing and 5 min of
centrifugation at 14,000 X g, the solvent layer was evaporated using a
centrifugal vacuum concentrator, and the products were finally redis-
solved in methanol for HPLC analysis.

For the stereospecific production of (3S,4R)-trans-tetrahydrodaid-
zein, final concentrations of 0.5 uM DHDR P212A and 5.0 .M DDRC
were used for the assay. To estimate the pH optima of the reductase and
dehydrogenase reactions, the initial rate activities were measured using
different buffers for the enzyme assay (100 mM citrate buffer, pH 5.0 to
6.0; 100 mM KPB, pH 6.0 to 8.0; and 100 mM Tris-HCI buffer, pH 8.0 to
9.0). To determine the kinetic parameters (k_, and K,,,), product forma-
tion was measured by the increase in the peak area at 280 nm, using HPLC.
The total reaction volume was set to 200 pl, with 100 mM KPB (pH 6.0)
containing 100 nM His-tag-purified enzyme, 0.5 mM NADPH, and vari-
ous concentrations (i.e., 5 to 500 wM) of each enantiomer of the DHD
substrate. All the data were fitted to the Michaelis-Menten equation by
using nonlinear curve fitting by the least-square regression method, all
enzyme assays were performed more than three times each to obtain sta-
tistically meaningful values, and the mean values and standard deviations
were recorded.

Enzymatic synthesis of trans- and cis-THD. trans-THD and cis-THD
were enzymatically synthesized by using (S)-DHD and (R)-DHD, respec-
tively, as substrates, while His-tag-purified DHDR was used as a biocata-
lyst. The reaction conditions were almost the same as those for the enzy-
matic assay protocol. In addition, GDH from Bacillus subtilis was added at
0.25 U/ml to ensure efficient NADPH regeneration, with 20 mM glucose
as a substrate (23, 24). The reaction samples were extracted with 2 vol-
umes of ethyl acetate, and the extracts were concentrated using a rotary
evaporator for further chromatographic separation. Enzymatically syn-
thesized THD enantiomers were analyzed and confirmed via HPLC with a
chiral column. The THD enantiomers were then derivatized with N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) at 50°C for 5 min and were
analyzed with a gas chromatograph-mass spectrometer (GC-MS)
equipped with an electron impact (EI) ionization source for identification
according to a previously described method (25), with some modifica-
tions. The GC oven temperature started at 65°C, was held for 5 min, and
then increased by 3°C/min to 250°C, with holding for 10 min. The ioniz-
ing electron energy was 70 eV, and the collected mass range was 50 to 600
atomic mass units (amu). The retention times for trans-THD and cis-
THD were 15.5 min and 15.9 min, respectively. The relative intensities of
the fragmental peaks for each THD diastereomer were recorded and com-
pared with previously reported data (26) (see Fig. S3 in the supplemental
material). HPLC and GC-MS analyses confirmed the purity of each THD
to be more than 95%. To determine the stereochemistry of the enzymat-
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ically produced THDs, each THD stereoisomer was dissolved in metha-
nol, and circular dichroism (CD) spectra were obtained in the range of
220 to 300 nm by using a Chirascan-Plus CD spectrometer (Applied Pho-
tophysics, United Kingdom).

RESULTS

Biosynthesis of (S)-equol from daidzein by using recombinant
E. coli BL21(DE3). Soluble coexpression of four recombinant en-
zymes (i.e., DZNR, DDRC, DHDR, and THDR) was confirmed
via SDS-PAGE. Despite their heterologous expression in E. coli,
the four enzymes were successfully overexpressed at 18, 25, and
30°C (see Fig. S4A in the supplemental material). However, the
expression levels of DZNR and DHDR were lower at 30°C than at
18 or 25°C, whereas DDRC expression showed the opposite case.
Since less conversion of daidzein to (S)-equol was observed for the
cells grown at 25 and 30°C, further induction experiments were
carried out at 18°C as the optimum (see Fig. S4B in the supple-
mental material). The heterologous expression of DZNR of Lac-
tococcus strain 20-92 in E. coli that was grown aerobically resulted
in a somewhat low enzyme activity (11), and similarly, in our case,
no conversion of daidzein was detected under vigorous shaking
conditions (200 rpm with aeration) or in a whole-cell reaction at
37°C (data not shown), suggesting that the DZNR catalytic activ-
ity is vulnerable to oxygen or to high temperatures. However, no
significant decrease in DZNR expression was observed in the re-
combinant strain under aerobic growth conditions during induc-
tion. To overcome the problem of the lack of DZNR activity, a
biotransformation reaction was carried out by using resting cells
at a fixed cell density (ODg,, = 10) under gentle shaking condi-
tions of 100 rpm at 30°C, which achieved effective reduction
conditions for whole-cell conversion without the loss of DZNR
activity.

Recombinant E. coli tDDDT-WT was used to convert between
0.2 mM and 5 mM daidzein to (S)-equol with a high conversion
yield (Fig. 2A). The rate of conversion to (S)-equol was high (over
85%) at <1 mM daidzein. However, when the daidzein concen-
tration went over 2 mM, the reaction was severely inhibited and
the (S)-equol yield was quite low. Even when the reaction time was
extended to 8 h for the reactions at 2 and 5 mM daidzein, the
low-conversion problem was not changed, and daidzein was no
longer converted into DHD or (S)-equol after 4 h. Furthermore,
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FIG 3 Effect of pH on DHDR activity. The reduction reactions (RD) of the
wild-type (WT) and P212A mutant enzymes were performed at pHs of 5.0 to
7.0. The dehydrogenation reactions (DH) of the wild-type (WT) and P212A
mutant enzymes were performed at pHs of 6.5 to 8.5.

no DHD and THD were detected at the 4- to 8-h reaction time
points, and the daidzein concentration was not decreased any-
more, suggesting that cytoplasmic DZNR activity was inhibited by
a high level of (S)-equol. The fact that DZNR activity is inhibited
by high (S)-equol concentrations was confirmed with an experi-
ment in which the recombinant strain expressed DZNR only (see
Fig. S5 in the supplemental material). In this study, we focused
only on increasing (S)-equol production at concentrations below
1 mM daidzein.

To determine a rate-determining step (RDS) at concentrations
below 1 mM, the concentration profiles of the daidzein metabo-
lites, i.e., daidzein, DHD, trans-THD, and (S)-equol, were re-
corded during the whole-cell biotransformation, and the profiles
suggested that the DHDR reaction was the RDS among the series
of enzymatic reactions (Fig. 2B). The trans-THD concentration
was generally low (<50 uM) during the reaction time, and DHD
appeared to have accumulated to a great extent and then gradually
decreased. Moreover, trans-THD was rarely detected in the HPLC
elution profiles of reactions done with daidzein concentrations
of <500 wM, suggesting that DHDR catalyzing DHD to trans-
THD was the RDS for (S)-equol production. In addition, the ac-
cumulated DHD was detected in its fully racemized form, with an
enantiomeric excess (ee) of 0% (data not shown), indicating that

DDRC was not a limiting step. The expression level of DHDR
appeared to be lower than that of other enzymes (see Fig. S4A in
the supplemental material), but its expression was optimized by
using various induction temperatures. Additionally, the sole over-
expression of DHDR in tDHDR-WT did not increase the THD
level over the DHD level, suggesting that DHDR overexpression
cannot simply increase THD production. After the findings on
increasing the THD level in the E. coli cytoplasm, protein engi-
neering was attempted to enhance the reductase catalytic activity
of DHDR to increase the cytoplasmic THD level. The engineering
results are described later.

pH effects and kinetics of DHDR. Prior to DHDR engineer-
ing, the effects of pH on DHDR activity, as well as DHDR’s kinetic
parameters and enantioselectivity, were characterized. Since
DHDR belongs to the short-chain dehydrogenase/reductase
(SDR) family, the reaction was expected to be reversible, and the
pH optima of the reduction and dehydrogenation reactions were
expected to be different, as for other SDR enzymes. In order to
determine the optimum pH for the reductase activity, an enzyme
assay was performed in the range of pH 5 to 7, with intervals of 0.5
unit. DHDR showed the highest reductase activity at a pH of
around 6.0 (Fig. 3). To measure the dehydrogenase activity,
purified DHDR was incubated with (3S,4R)-trans-THD as the
substrate in the pH range from 6.5 to 8.5, and its optimum was
identified as pH 7.5. In the pH range from 5.0 to 6.5, the reduc-
tase activity of DHDR was dominant over its dehydrogenase
activity, and the dehydrogenase activity dominated at pHs
above 7 (Fig. 3).

According to several previous studies, the cytoplasmic pH of E.
coliis maintained between 7.2 and 7.8 owing to its pH homeostasis
enacted by the prokaryotic primary proton pumps on the mem-
brane (27-30). Rapid measurement of the pH of the cytoplasm
and periplasm of Escherichia coli by green fluorescent protein flu-
orimetry enabled the observation that pH perturbation by HCI
addition was recovered in several minutes to again reach the initial
pH of 7.6 (31). Therefore, it was expected that DHDR would be a
dehydrogenase rather than a reductase under the conditions of the
E. coli cytoplasm. This inference was confirmed by use of an E. coli
transformant, tDHDR-WT, to see which reaction, reduction or
dehydrogenation, was more favorable in the cytoplasm. tD-
HDR-WT showed a low level of conversion of DHD to trans- and
cis-THD (Fig. 4A). When 100 uM DHD racemate was used, tD-

100 100 [}
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FIG 4 DHDR reduction reaction by use of a whole-cell biocatalyst. tDHDR-WT (A) and tDHDR-PA (B) were examined in the presence of 100 wM (initial
concentration) dihydrodaidzein racemate. Metabolite concentrations were recorded along the reaction time. Data points show means and standard deviations.
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TABLE 3 Kinetic parameters of purified wild-type DHDR and the P212A mutant”

(S)-DHD (R)-DHD

K., ) keat, (s) Keat, )/ Kom, (s) K., ) Keat, (r) keat, /Ko, r)
Strain (LM) (min™") (min~' pM ™) (_M) (min~ ") (min~' pM ™)
wild type 28.3 £ 6.9 328.1 = 23.5 12.00 = 3.31 102.4 £ 7.6 347 1.2 0.51 £ 0.05
P212A mutant 60.7 = 4.9 216.4 = 44.7 3.60 = 0.95 ND ND ND

?(8)- and (R)-dihydrodaidzein enantiomers were used as substrates. All enzyme assays were performed at 37°C and pH 6.0 in 100 mM KPB. The results are presented as means *
standard deviations for triplicates. ND, no detection of any product formation by the DHDR P212A mutant.

HDR-WT yielded 10 wM trans-THD from 50 M (S)-DHD [20%
yield for (S)-DHD] and about 4 uM cis-THD from 50 pM (R)-
DHD [8% yield for (R)-DHD].

The kinetics of DHDR was analyzed at pH 6, i.e., the optimum
pH for reductase activity. Since it was reported that DHDR could
convert the (S) and (R) enantiomers of DHD to trans- and cis-
THD, respectively, the kinetic parameters were measured sepa-
rately with each enantiomer (Table 3). The k,, for (S)-DHD was
about 9.5 times larger than that for (R)-DHD, and the K, value for
(S)-DHD was 3.6 times smaller than that for (R)-DHD. Wild-type
DHDR has a catalytic efficiency that is higher by a factor of about
23.5 for (S)-DHD than for (R)-DHD in terms of the k_,/K,,, ratio.
We confirmed that DHDR prefers (S)-DHD to (R)-DHD as its
substrate (9, 13).

Construction and characterization of the DHDR P212A mu-
tant. In the previous section, we identified DHDR as an RDS in the
recombinant whole-cell reaction system for (S)-equol production
from daidzein. Based on this fact, enzyme engineering of DHDR
was attempted in order to increase the DHDR activity in the
whole-cell reaction. For this purpose, we chose a site-directed mu-
tagenesis method based on a previous report about an SDR family
enzyme. Previous mutations of the 3a-hydroxysteroid dehydro-
genase/carbonyl reductase (3aHSD) from Comamonas testos-
teroni (32), which belongs to the SDR family, like DHDR, were
mimicked to obtain mutants with changes in substrate/product
binding properties or enantioselectivity. The reference suggested
that when Pro185 (which was aligned to Pro212 in DHDR) was
replaced with glycine or alanine, with a small alkyl group side
chain, the substrate binding loop in 3aHSD appeared to have
more flexibility as measured by the fluorescence of tryptophan on
the substrate binding loop. Intrigued by the previous research, we
constructed the DHDR P212A mutant by using site-directed mu-

100 100
= 80 = 80
fo i
- £
Z 40 - g 40
2
S 20 S 20
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tagenesis, performed enzyme characterization, and evaluated the
whole-cell reaction system with the overexpressed mutant.

Similarly to wild-type DHDR, the DHDR P212A mutant
showed the highest reductase activity at pH 6. However, its cata-
lytic activity (k.,,) was reduced to 66% and its K,, increased by
214%, resulting in a 30% decrease in the k_,/K,, value for (S)-
DHD (Table 3). Interestingly, the P212A mutant showed no ac-
tivity toward (R)-DHD, even with 1 wM purified enzyme and up
to 500 wM substrate, suggesting that the DHDR P212A mutant is
completely inactive on (R)-DHD. However, such an observation
was inconsistent with the results of the whole-cell reaction, which
indicated that tDHDR-PA still showed some reductase activity for
both (S)- and (R)-DHD (Fig. 4B). One possible explanation is that
the enzyme concentration in the cell after IPTG induction was
much higher than 1 uM to be able to show any remaining reduc-
tase activity, even for (R)-DHD. Time course reactions with wild-
type and P212A mutant DHDR revealed that wild-type DHDR
consumed primarily (S)-DHD, and then (R)-DHD, which corre-
sponds to its kinetics of having a lower K,,, value for (S)-DHD than
for (R)-DHD, while the DHDR P212A mutant consumed (S)-
DHD only (Fig. 5A and B).

tDHDR-PA converted 50 M (S)-DHD to 50 uM trans-THD
[100% vyield for (S)-DHD)] and 50 uM (R)-DHD to 14 uM cis-
THD [28% vyield for (R)-DHD] (Fig. 4B). The preference for (S)-
DHD over (R)-DHD was maintained in the tDHDR-PA mutant,
and the ratio of product concentrations for trans-THD and cis-
THD at the 1-h time point was 2.3 for the wild type and 3.8 for the
P212A mutant. These results appear to be inconsistent with the
fact that DHDR P212A showed a poorer catalytic efficiency than
that of wild-type DHDR (Table 3). However, it is in fact a reason-
able result, since the kinetic study was performed at pH 6, at which
no dehydrogenase activity was displayed. As a result, at pH 6.0,

~—4&—trans-THD
e N A g
== cis-THD
~/y=DHD
{3 {} + ]
0 1 2 3 4 5 6
Reaction time[min]

FIG 5 Time course reactions of purified wild-type DHDR (A) and DHDR P212A (B). Dihydrodaidzein racemate (100 M) was used as the substrate, with 0.5

WM purified enzyme. Data are means and standard deviations.
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wild-type DHDR surely showed more reductase activity than the
DHDR P212A mutant did, whereas all the reactions of DHDs and
THD:s in the cytoplasm by tDHDR-WT or tDHDR-PA would be
affected by the pH of the cytoplasm.

In addition, the DHDR H182Y mutant was also constructed by
site-directed mutagenesis to see the function or exchangeability of
His182, which was expected to be a catalytic hydrogen donor in
the case of DHDR, because most SDR family enzymes have ty-
rosine as a catalytic hydrogen donor. The S. isoflavoniconvertens
DHDR H182Y mutant showed no catalytic reductase and dehy-
drogenase activities, suggesting that His182 is the main catalytic
functional residue and cannot be replaced (data not shown).

Enantioselectivity of DHDR and production of (3S,4R)-
trans-THD. Chiral analysis revealed that the biosynthetic prod-
ucts of DHDR consisted of two forms of diastereomeric THD,
trans- and cis-THD, whereas chemical synthesis generated four
forms of THD: (3R,4S)- and (3S,4R)-THD for trans-isomers and
(3R,4R)- and (3S5,4S)-THD for cis-isomers (Fig. 6). As shown in
Fig. 6, chiral separation of a chemical preparation of THD that
yields about 30% trans- and 70% cis-THD generated two small
peaks first and then two large peaks (33). Additionally, trans-THD
had a shorter elution time than cis-THD on the C,3 HPLC col-
umn. Based on such facts, the first two peaks were assigned to
trans-isomers and the last two peaks to cis-isomers. The DHDR
P212A mutant also produced one enantiomer of trans-THD that
had the same stereochemistry as that of a trans-isomer produced
by wild-type DHDR. However, it was difficult to identify the exact
stereochemistry by using only the HPLC retention time. To eluci-
date the stereochemistry of the THDs produced by DHDR, CD
spectroscopy data were exploited (Fig. 7). According to the previ-
ous CD spectra of THDs, trans-THD and cis-THD were (3S,4R)-
trans-THD and (3R,4R)-cis-THD, respectively (34). Direct obser-
vation of the stereochemistry of THDs produced by DHDR is first
reported in the present study, and our results show that (35,4R)-
trans-THD rather than (3R,4S)-trans-THD is a direct precursor of
(S)-equol, which is the same as that verified in a previous report
(14), and that only (3R,4R)-cis-THD is generated by DHDR, as a
by-product from (R)-DHD.

Enantioselective (3S,4R)-trans-THD production was also con-
firmed by utilizing the stereospecificity of the DHDR P212A mu-
tant. To achieve a 100% conversion using DHD racemate as the
substrate, DDRC should be included in the enzyme reaction sys-
tem. Due to the enantioselectivity of DHDR P212A, (S)-DHD was
preferentially consumed, and then the remaining (R)-DHD was
racemized to (S)-DHD by DDRC. Gradually, both enantiomers of
DHD could be converted to (3S,4R)-trans-THD, and as a result,
when 0.5 uM DHDR P212A was used with 5 uM DDRC, 100 p.M
DHD racemate was converted to (3S,4R)-trans-THD, with a 93%
yield within 5 min, and no (3R,4R)-cis-THD was detected during
the reaction (Fig. 8).

Efficient (S)-equol production by use of the DHDR P212A
mutant. Integrating all the above-described findings, (S)-equol
production was performed by using two transformants, i.e.,
tDDDT-WT and tDDDT-PA. With 500 wM daidzein, the control
strain, tDDDT-WT, exhibited an 83% (413 pM) yield of (§)-
equol and a productivity of 59.0 mg/liter/h. On the other hand, the
mutant strain, tDDDT-PA, exhibited a 93% (466 uM) yield of
(S)-equol and a productivity of 69.8 mg/liter/h, which were 13%
and 18% higher, respectively, than those of the control (Fig. 9).
Except for the 0.5-h time point, the higher yield was statistically
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FIG 6 Elution profiles of four THDs. Profiles are shown for four chemi-
cally synthesized THDs (a) and enzymatically synthesized THDs (b) pro-
duced by purified DHDR using (R,S)-DHDs as the substrate. Profiles are
also shown for THDs produced by DHDR using (R)-DHD (c) and (S)-
DHD (d) as substrates. Each THD was separated and detected on a chiral
column (Chiralcel OJ-H) under elution conditions (hexane:ethanol [60:
40]) and at a 1-ml/min flow rate.
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FIG 7 Circular dichroism spectra for trans- and cis-THD produced by DHDR
were generated using a CD spectrometer. Each THD was dissolved in metha-
nol, and CD spectra were recorded in the range of 220 to 300 nm.

significant at all time points. However, the improved productivity
was observed only at initial daidzein concentrations of <500 wM,
and the higher productivity of (S)-equol in the mutant strain
seems to have been caused by the fast conversion of (S)-DHD to
(3S,4R)-trans-THD, without (S)- or (R)-DHD accumulation (Fig.
9A and B). At daidzein concentrations above 2 mM, however,
DHD did not accumulate, and daidzein consumption was severely
reduced. In such a case, the control tDDDT-WT and mutant tD-
DDT-PA strains showed almost similar profiles of (S)-equol pro-
duction, suggesting that a step other than DHDR is likely to be-
come a new rate-limiting step for (S)-equol biosynthesis (data not
shown).

DISCUSSION

In this study, DHDR from S. isoflavoniconvertens was fully char-
acterized in terms of its pH optimum, kinetic parameters, and
stereoselectivity. Although DHDRs from S. isoflavoniconvertens
(13) and Lactococcus sp. strain 20-82 (10) were previously charac-
terized based on their kinetic parameters, cofactor specificity, and
preference for (S)-DHD, the analyses were restricted only to neu-
tral pH, which prohibited a complete understanding of DHDR’s
characteristics. Moreover, previous studies (10, 13) did not assess
any of the kinetics of DHDR toward each DHD enantiomer or the
exact stereochemistry of trans- and cis-THD produced from each
DHD enantiomer. It is worth mentioning that we confirmed only
that (3S5,4R)-THD was transformed to (3S)-equol by THDR in a
biological system (14). This study also reports the first direct mea-
surement of the stereochemistry of THDs produced by DHDR
and the quantification of its (S)-DHD preference by kinetic val-
ues. The stereochemistry confirmed for the THDs revealed that no
stereochemical inversion at C-3 occurs by the DHDR reaction and
that DHDR introduces 4R stereochemistry at C-4 to both (S)- and
(R)-DHD.

DHDR is a novel enzyme that belongs to the short-chain de-
hydrogenase/reductase (SDR) family, and it has a unique catalytic
tetrad pattern (Asn, Ser, and HXXXK) that is somewhat different
from that of general SDR enzymes (Asn, Ser, and YXXXK) (10,
35). A catalytic tyrosine as a proton donor is a well-conserved
residue in SDR enzymes, but its replacement by histidine is ob-
served in some SDR family proteins. According to the Basic Local
Alignment Search Tool (BLAST [http://www.ncbi.nlm.nih.gov
/blast]) result, more than 100 proteins were aligned to have a
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FIG 8 Time course production of (3S,4R)-trans-THD from (R,S)-DHD by
purified DHDR P212A and the DDRC enzyme cocatalyzing the reaction. Di-
hydrodaidzein racemate (100 M) was used as the substrate, with 0.5 uM
DHDR P212A and 5.0 pM DDRC added to the reaction mixture. Data are
means and standard deviations.

histidine as a potential catalytic residue when the DHDR protein
sequence (protein ID AFV15451.1) was used as a template.

However, there are no scientific reports about those SDR pro-
teins having a catalytic histidine residue. In the case of DHDR
from S. isoflavoniconvertens, the tyrosine of most of the known
SDR family enzymes seems to be replaced with histidine, for
which imidazole ring (de)protonation would be engaged in sub-
strate reduction or oxidation. The histidine is likely a catalytic
residue that can affect the optimal pH values of DHDR for its
reductase and dehydrogenase activities. The optimal values are
near pH 7 (ie., 6 for reduction and 7.5 for dehydrogenation),
which is similar to one of the pK, values of the amine groups in the
imidazole ring of histidine. In the case of other SDR family en-
zymes, such as mannitol dehydrogenase from Candida magnolia
or D-arabitol dehydrogenase from Gluconobacter oxydans, the op-
timal pHs were around 6.5 to 7.5 for reduction and 8.5 to 10 for
dehydrogenation (36, 37). Therefore, the histidine residue would
lower the pH optimum for dehydrogenase activity.

Interestingly, DHDR P212A lost its dehydrogenase activity at
pH values above 7.0. Pro212 is likely to be positioned on the sub-
strate binding loop, according to its alignment to Prol85 in
3aHSD from Comamonas testosteroni (32). A P185A or P185G
mutation in 3aHSD makes the loop flexible, increasing product
release and overall catalytic activity for 3aHSD (i.e., an increase in
keao K, and K; yap), but there was no mention of any change
in enzyme stereospecificity. As a result, the P185A and P185G
mutations changed the rate-limiting step from product release
to hydride transfer. In the case of DHDR, the corresponding
substitution resulted in different changes in the enzyme prop-
erties. The introduction of the P212A mutation caused DHDR
to have decreased catalytic activity for both (R)- and (S)-DHD,
resulting in no (3R,4R)-THD formation. The underlying rea-
son for the decreased activity is not clear, as it is the opposite of
the conclusion of the previous report. One possible explana-
tion is that the hydride transfer from NADPH to DHD can be
prohibited by the P212A substitution. In contrast to the case
with 3aHSD, perhaps hydride transfer is the primary rate-lim-
iting step in DHDR, and then the P212A mutation might re-
duce the transfer rate even further.

As aresult of the improved enantioselectivity of DHDR P212A,
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FIG 9 Concentrations of four metabolites, including DZN, DHD, (35,4R)-
trans-THD, and (S)-EQL. Daidzein (500 M) was used as the substrate, and
the concentrations were recorded along the reaction time. (A) tDDDT-WT
(control strain); (B) tDDDT-PA mutant; (C) comparison of (S)-equol pro-
duction levels between the control strain (WT) and the mutant strain (P212A).
Graphs A and B show data representative of each data set. To confirm the
statistical difference between tDDDT-WT and the tDDDT-PA mutant, more
than three repeated biotransformations were performed independently, and
data shown are average values with standard deviations.

rapid enantioselective production of (3S,4R)-THD was possible
with an enzymatic method using a combination of DHDR P212A
and DDRC. In addition, the enantioselective production of
(3R,4R)-cis-THD was also possible by using only purified (R)-
DHD substrate and the DHDR wild-type enzyme (Fig. 6C). Until
now, there has been no way to prepare chiral isoflavan-4-ols
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through chemical and/or enzymatic synthesis (38). Therefore, this
is the first report to produce (3S,4R)- and (3R,4R)-isoflavan-4-ols
with a high enantiomeric excess (both above an ee of 99%).

Chiral THDs have the potential to be used as precursors for
useful isoflavonoid compounds, such as (S)-equol or dehydro-
equol (7,26, 39). (S)-Equol is well known for its estrogenic activity
in the human body to treat postmenopausal symptoms, and a
synthetic dehydroequol (or phenoxodiol) is currently undergoing
phase II clinical trials as an anticancer drug for prostate cancer
(40). In addition, the THDs themselves have anticancer activity
toward prostate cancer cells, and trans-THD was reported to be
more effective than the cis form (33). Four stereoisomers of THD,
ie., (3R,4S)-trans, (3S,4R)-trans, (3R,4R)-cis, and (3S,4S)-cis
forms, have been known to be effective at suppressing vascular
disease. trans-THD was reported to suppress neointimal hyper-
plasia by capturing superoxide anions (41), and similarly, cis-
THD inhibits ERK-1 activation and proliferation in human vas-
cular smooth muscle cells (42). However, these results were
acquired with chemically synthesized THDs that had both enan-
tiomers of each diastereomer. Therefore, the biological method to
prepare enantio-pure THDs presented here might help us to un-
derstand their individual effects on vascular disease or prostate
cancer in further detail.

Our goal was to develop a recombinant E. coli strain with an
improved (S)-equol production capacity under aerobic condi-
tions. Compared to native anaerobic bacterial culture and reac-
tion systems, this recombinant system enables aerobic microbial
growth and reaction, with a higher (S)-equol productivity en-
hanced by a DHDR mutation. The improvement in (S)-equol
productivity by introducing the DHDR P212A mutation can be
explained in several ways. First, the DHDR P212A mutation al-
most removed the dehydrogenase activity, and the reduction in
DHD became dominant with the cytoplasmic pH. Second, the
decrease in reductase activity toward both (S)- and (R)-DHD in-
creased the selectivity for (S)-DHD over (R)-DHD. The increased
selectivity can save the NADPH pool that should be used in DZNR
or DHDR reactions for (S)-equol production.

Even though the improvements in the yield and productivity of
(S)-equol were minor, this is the first report of the construction of
recombinant strains for (S)-equol production. Several strategies
can be suggested to further improve the (S)-equol production by
recombinant strains. First, protein engineering to reverse the
enantioselectivity of DZNR from the (R)-DHD preference to an
(S)-DHD preference would diminish the necessity for DDRC,
which would eventually relieve the metabolic burden of the het-
erologous expression of four recombinant genes and increase the
expression levels of the other three enzymes. Second, the maximi-
zation and balancing of reducing powers in cell cytoplasm might
possibly increase (S)-equol production. Since the full reactions
largely depend on NADPH supplied by the cell, the coexpression
of NADPH-regenerating enzymes, such as glucose dehydroge-
nase, or metabolic engineering for strain development to increase
the NADPH concentration or to balance the concentration ratio
of NAD(H) to NADP(H) would be helpful (43, 44). In addition,
the identification of the rate-determining step at high daidzein
concentrations and resolution of the product inhibition by sys-
tematic approaches or protein engineering should be the next
goals for future work.
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