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ABSTRACT The human intestinal anaerobe Eubacterium ramulus is known for its
ability to degrade various dietary flavonoids. In the present study, we demonstrate
the cleavage of the heterocyclic C-ring of flavanones and flavanonols by an oxygen-
sensitive NADH-dependent reductase, previously described as enoate reductase,
from E. ramulus. This flavanone- and flavanonol-cleaving reductase (Fcr) was purified
following its heterologous expression in Escherichia coli and further characterized.
Fcr cleaved the flavanones naringenin, eriodictyol, liquiritigenin, and homoeriodic-
tyol. Moreover, the flavanonols taxifolin and dihydrokaempferol served as substrates.
The catalyzed reactions were stereospecific for the (2R)-enantiomers of the flavanone
substrates and for the (2S,3S)-configured flavanonols. The enantioenrichment of the
nonconverted stereoisomers allowed for the determination of hitherto unknown fla-
vanone racemization rates. Fcr formed the corresponding dihydrochalcones and hy-
droxydihydrochalcones in the course of an unusual reductive cleavage of cyclic
ether bonds. Fcr did not convert members of other flavonoid subclasses, including
flavones, flavonols, and chalcones, the latter indicating that the reaction does not in-
volve a chalcone intermediate. This view is strongly supported by the observed
enantiospecificity of Fcr. Cinnamic acids, which are typical substrates of bacterial
enoate reductases, were also not reduced by Fcr. Based on the presence of binding
motifs for dinucleotide cofactors and a 4Fe-4S cluster in the amino acid sequence of
Fcr, a cofactor-mediated hydride transfer from NADH onto C-2 of the respective sub-
strate is proposed.

IMPORTANCE Gut bacteria play a crucial role in the metabolism of dietary fla-
vonoids, thereby contributing to their activation or inactivation after ingestion by
the human host. Thus, bacterial activities in the intestine may influence the benefi-
cial health effects of these polyphenolic plant compounds. While an increasing num-
ber of flavonoid-converting gut bacterial species have been identified, knowledge of
the responsible enzymes is still limited. Here, we characterized Fcr as a key enzyme
involved in the conversion of flavonoids of several subclasses by Eubacterium ramu-
lus, a prevalent human gut bacterium. Sequence similarity of this enzyme to hypo-
thetical proteins from other flavonoid-degrading intestinal bacteria in databases
suggests a more widespread occurrence of this enzyme. Functional characteriza-
tion of gene products of human intestinal microbiota enables the assignment of meta-
genomic sequences to specific bacteria and, more importantly, to certain activities,
which is a prerequisite for targeted modulation of gut microbial functionality.
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Flavonoids are secondary plant constituents that have attracted growing interest
because of their health-promoting benefits (1). Such effects depend on their

bioavailability, which may vary due to interindividual differences in absorption and
metabolism (2). Following their ingestion, flavonoids are in general poorly absorbed
and, thus, poorly metabolized by intestinal bacteria (3, 4). Identification of the bacterial
species responsible for flavonoid conversion in the gut has therefore been expedited in
recent years (5). However, knowledge of the involved bacterial enzymes is still limited.

The strict anaerobe Eubacterium ramulus is one of the most extensively studied
flavonoid-degrading gut bacteria. It converts members of various flavonoid subclasses,
such as flavonols, flavanonols, flavones, flavanones, and isoflavones (6–8). Moreover, E.
ramulus is highly prevalent in the human intestine, reaching cell counts of 107 to 109

per g fecal dry weight (9, 10).
Three enzymes from E. ramulus involved in the degradation of flavonoids have been

characterized so far, and the corresponding genes have been identified: chalcone
isomerase (CHI), enoate reductase (ERED), and phloretin hydrolase (Phy) (11–13). CHI
was reported to catalyze the C-ring fission of flavanones (e.g., naringenin) to chalcones
(e.g., naringenin chalcone) followed by the ERED-catalyzed reduction of the chalcones
to the corresponding dihydrochalcones (e.g., phloretin) (Fig. 1A) (11, 12). Phy cleaves
the dihydrochalcone to monophenolic metabolites [e.g., 3-(4-hydroxyphenyl)propionic
acid and phloroglucinol] (Fig. 1A) (13). Besides acting on flavanones, CHI was shown to
catalyze the ring contraction of flavanonols (e.g., taxifolin) to isomeric auronols (e.g.,
alphitonin) (Fig. 1B) (14).

To further characterize CHI, we aimed to compare the conversion rates for taxifolin
and naringenin by adding ERED from E. ramulus as an auxiliary enzyme to monitor
naringenin conversion as reported by Gall et al. (12). ERED was described to catalyze the
NADH-dependent reduction of naringenin chalcone formed by CHI to give phloretin
(12). During optimization of the CHI and ERED concentrations in the assay, we observed
complete conversion of naringenin to phloretin even in the absence of CHI. Based on
this finding, ERED from E. ramulus was characterized in the present study and found to
be an NADH-dependent flavanone- and flavanonol-cleaving reductase (Fcr).

RESULTS

To characterize Fcr in detail, the enzyme was expressed in Escherichia coli and
purified under anoxic conditions. The anaerobically grown recombinant E. coli cultures
converted naringenin to phloretin (250 �M within 2 h of incubation), whereas under
oxic conditions, naringenin conversion did not occur, although a much higher cell
density was reached (see Fig. S1 in the supplemental material). Based on SDS-PAGE
analysis, Fcr was expressed efficiently also in aerobically grown cells (data not shown)
but was inactivated by oxygen. E. coli cells carrying the empty cloning vector did not
convert naringenin either under anoxic or under oxic conditions.

The cell extracts prepared from Fcr-expressing E. coli grown anoxically converted
naringenin at a maximal rate of 1.38 �mol min�1 (mg protein)�1. Fcr was purified from
cell extracts of recombinant E. coli to apparent homogeneity (see Fig. S2A) with a yield
of up to 7.3%. The observed size of 70 kDa is in agreement with the enzyme’s
calculated molecular weight of 75 kDa. Native PAGE revealed a main band of
130 kDa, indicating a dimeric structure (Fig. S2B). In addition, minor bands occurred
at 230 and 380 kDa. The purified enzyme catalyzed the cleavage of naringenin to
phloretin in the presence of NADH at a specific activity of up to 15.6 �mol min�1

(mg protein)�1. No activity was observed in the absence of the coenzyme or when
NADH was replaced by NADPH. The purified Fcr was sensitive to oxygen and
freezing. Using anoxic conditions, freezing at �20°C resulted in a complete loss of
activity. While bovine serum albumin (0.5 mg ml�1) and dithiothreitol (1 mM) did
not protect the enzyme, the addition of glycerol (20% [vol/vol]) before freezing
maintained 21% of the initial Fcr activity. Storage of the enzyme in an oxygen-free
atmosphere at 4°C for 2 days preserved 93% of the activity.

Besides cleaving naringenin, purified Fcr reductively cleaved the flavanones erio-
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dictyol, liquiritigenin, and homoeriodictyol (structures in Fig. 2A) at product formation
rates of 36%, 15%, and 10%, respectively, relative to that of naringenin (Fig. 3; see also
Table S1). Eriodictyol was converted to 3-hydroxyphloretin and liquiritigenin to davi-
digenin. The product of homoeriodictyol conversion showed an absorption maximum

FIG 1 Reported conversion of the flavanone naringenin (A) and the flavanonol taxifolin (B) by enzymes
from Eubacterium ramulus. CHI, chalcone isomerase; ERED, enoate reductase; Phy, phloretin hydrolase.

FIG 2 Cleavage of flavanones (A) and flavanonols (B) catalyzed by Fcr.
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of 288 nm, which is identical to that of the substrate. Due to the unavailability of a
standard reference for the expected dihydrochalcone, this compound was isolated
from enzymatic assay mixtures and its structure elucidated. Based on the exact mass of
303.0921 determined by liquid chromatography-mass spectrometry (LC-MS) in the
negative ionization mode, the compound was identified as the expected 3-(4-hydroxy-
3-methoxyphenyl)-1-(2,4,6-trihydroxyphenyl)propan-1-one (calculated exact mass of
303.0874) (structure in Fig. 2A). Two other flavanones, hesperetin and isoxanthohumol
(structures in Fig. 4), were not cleaved by Fcr-containing cell extracts.

The purified Fcr also converted the flavanonols dihydrokaempferol and taxifolin
(structures in Fig. 2B) at product formation rates of 46% and 40%, respectively, relative
to that of naringenin (Fig. 3; Table S1). The absorption maxima of the products arising
from dihydrokaempferol (289 nm) or taxifolin (290 nm) were similar or even identical to
those of the substrates dihydrokaempferol (291 nm) and taxifolin (290 nm). Since
authentic standards of the expected hydroxydihydrochalcones are not commercially
available, both compounds were isolated from the enzymatic assay mixtures and
subjected to LC-MS analysis in the negative ionization mode. The product of dihydro-
kaempferol conversion showed an exact mass of 289.0732, which indicates that it was
2-hydroxy-1-(2,4,6-trihydroxyphenyl)-3-(4-hydroxyphenyl)propan-1-one (calculated ex-
act mass of 289.0718) (structure in Fig. 2B). Based on its determined exact mass of
305.0670, the taxifolin product was identified as 2-hydroxy-1-(2,4,6-trihydroxyphenyl)-
3-(3,4-dihydroxyphenyl)propan-1-one (calculated exact mass, 305.0667) (structure in
Fig. 2B).

Flavonoids of other subclasses, such as the flavonol quercetin, the flavone apigenin,
the flavan-3-ols catechin and epicatechin, and the isoflavanones dihydrodaidzein and
dihydrogenistein (structure in Fig. 4), were not cleaved by Fcr-containing cell extracts
or the purified enzyme.

The transformation of only 50% of the racemic naringenin followed by its further
conversion at much lower rates was observed with intact Fcr-expressing E. coli cells,
resulting cell extracts, or the purified enzyme and indicated the stereospecificity of the
catalyzed reaction. Chiral high-performance liquid chromatography (HPLC) analysis
confirmed that exclusively (R)-naringenin was accepted as a substrate and converted to
achiral phloretin (Fig. 5A and B). The preference of Fcr for the (R)-enantiomer was also
observed for the other flavanone substrates, i.e., eriodictyol, liquiritigenin, and homo-
eriodictyol. In the case of the flavanonols dihydrokaempferol and taxifolin, which have
two chiral centers, only the (2S,3S)-stereoisomer was converted (for dihydrokaempferol,
see Fig. 5C and D). This was confirmed in control experiments with Fcr-containing cell

FIG 3 Comparative kinetics of substrate conversion (A) and product formation (B) by purified Fcr. Racemic substrates were used at 500 �M.
Each substrate and its corresponding product are depicted by the same symbol: naringenin and phloretin (Œ), eriodictyol and
3-hydroxyphloretin (Œ), liquiritigenin and davidigenin (o), homoeriodictyol and 3-(4-hydroxy-3-methoxyphenyl)-1-(2,4,6-trihydroxy-
phenyl)propan-1-one (�), dihydrokaempferol and 2-hydroxy-1-(2,4,6-trihydroxyphenyl)-3-(4-hydroxyphenyl)propan-1-one (�), taxifolin
and 2-hydroxy-1-(2,4,6-trihydroxyphenyl)-3-(3,4-dihydroxyphenyl)propan-1-one (e).
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extracts using the two (2R,3R)-stereoisomers, which were converted at rates of less than
1% compared to that of the (2S,3S)-analogues. The time-dependent ratios of flavanone
enantiomers and flavanonol stereoisomers in the course of incubation with purified Fcr
are depicted in Fig. 6A to F.

Spontaneous flavanone racemization may interfere with the rate and the extent of
enzymatic product formation. Therefore, we determined the racemization half-lives of
the four flavanone substrates under assay conditions. Because of commercial unavail-
ability of enantiomers or low stability, we used preparations enriched in the
remaining (S)-enantiomer after enzymatic conversion of the racemate by Fcr.
Enantiomers of naringenin and liquiritigenin were relatively stable, exhibiting
half-lives of 11.8 h (k � [1.63 � 0.26] 10�5 s�1) and 12.1 h (k � [1.59 � 0.24] 10�5

s�1), respectively, while those of eriodictyol and homoeriodictyol rapidly racemized,
with half-lives of 60 min (k � [19.4 � 1.9] 10�5 s�1) and 44 min (k � [26.1 � 2.4]
10�5 s�1), respectively (see Fig. S3).

To clarify whether flavonoid conversion by Fcr involves the formation of chalcone
intermediates, we tested several chalcones as substrates. Following incubation of
isoliquiritigenin (300 �M) with Fcr-containing cell extract in the presence of NADH,
liquiritigenin and davidigenin were formed within 5 h at low concentrations of 21 and
1.9 �M, respectively (structures in Fig. 7A). A similar liquiritigenin concentration of
23 �M was also observed after 5 h when the enzyme was absent, indicating sponta-
neous cyclization of isoliquiritigenin. Analogously, incubation of butein (300 �M) (struc-
ture in Fig. 7A) with Fcr-containing cell extract in the presence of NADH over 5 h
resulted in the formation of two products, P1 (ca. 3.4 �M) and P2 (ca. 1.5 �M), while P1

FIG 4 Compounds not converted by Fcr.
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(ca. 5.0 �M after 5 h) was also observed in the absence of Fcr. P1 and P2 are assumed
to represent the cyclized flavanone and the corresponding dihydrochalcone, respec-
tively (structures in Fig. 7A), but standard reference compounds were not available.
Using identical assay conditions, the prenylated chalcone xanthohumol (structure in
Fig. 7B) remained unchanged. The results obtained for isoliquiritigenin and butein
suggested that, as reported previously (11), these chalcones spontaneously cyclize to
the corresponding flavanones, which are subsequently cleaved by Fcr (Fig. 7A). To
support this hypothesis, we applied the synthesized 4,4=-dihydroxychalcone (structure
in Fig. 7B), which cannot cyclize due to missing hydroxy groups in the relevant
positions. Incubation of this chalcone with Fcr-containing cell extract and NADH did not
result in reduction to 4,4=-dihydroxydihydrochalcone, which was confirmed by applying
the synthetized standard compound. In line with these results, the purified enzyme also
did not convert any of the chalcones mentioned above. Taken together, the conversion
of flavonoids by Fcr did not involve a chalcone structure. Instead, Fcr catalyzed the
reductive ether cleavage of the heterocyclic C-ring of certain flavonoids. However, the
ether bond present in the monocyclic 5-methoxyresorcinol (structure in Fig. 4) was not
cleaved by Fcr-containing cell extract.

Since Fcr was originally described as ERED, we tested whether cinnamic acid or
4-hydroxycinnamic acid (structures in Fig. 4), which are typical substrates of bacterial
EREDs, are reduced to 3-phenylpropionic acid and 3-(4-hydroxyphenyl)propionic acid,
respectively. However, neither of these compounds was converted by Fcr-containing
cell extracts.

FIG 5 Chiral HPLC analysis of flavonoid conversion by purified Fcr. Chromatograms of selected samples are depicted. From racemic
naringenin (NAR) present at 0 h (A), phloretin (PHL) was formed only from the (R)-enantiomer after 0.5 h of incubation (B). From racemic
dihydrokaempferol (DHK) present at 0 h (C), the corresponding hydroxydihydrochalcone (HDHC) was formed only from the (2S,3S)-
stereoisomer after 1.5 h of incubation (D).
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DISCUSSION

Gut bacteria play a crucial role in the conversion of bioactive dietary compounds,
including flavonoids (4). The number of bacterial species found to convert flavonoids
has steadily increased, and their activities have been assessed (5). However, the
majority of the underlying pathways and corresponding enzymes are still unknown or
have not yet been characterized. E. ramulus has been identified as a prevalent human
gut bacterium involved in the conversion of dietary flavonoids (6–8, 15).

Herein, the enzyme encoded by the ERED gene in E. ramulus DSM 16296 (KF154735,
protein accession number AGS82961) was demonstrated to cleave several flavanones
and flavanonols in an NADH-dependent manner. Previously, this enzyme was heter-
ologously expressed in E. coli, purified as a protein with an apparent molecular weight
of 70 kDa, and described as ERED, catalyzing the reduction of naringenin chalcone to
phloretin (12) (Fig. 1). By combining ERED with CHI, Gall et al. observed the conversion
of naringenin to phloretin; coexpression of ERED and CHI led to transformation of
eriodictyol and homoeriodictyol in addition to naringenin (12). Based on this report, we
intended to use ERED as an auxiliary enzyme in order to compare the rate of taxifolin
conversion by CHI (14) to that of naringenin conversion. Unexpectedly, it turned out
that phloretin formation from naringenin depended on ERED but not CHI concentration
and occurred even in the absence of CHI.

Fcr under anoxic conditions NADH-dependently cleaved the following flavanones
and flavanonols at decreasing rates: naringenin � dihydrokaempferol � taxifolin �

eriodictyol � liquiritigenin � homoeriodictyol (Fig. 3). A hydroxy or methoxy group at

FIG 6 Ratios of flavanone enantiomers and flavanonol stereoisomers in the course of substrate conver-
sion by purified Fcr. Data are based on chiral HPLC analysis of samples that were analyzed by achiral
HPLC as shown in Fig. 3. Flavanones naringenin (A), eriodictyol (B), liquiritigenin (C), and homoeriodictyol
(D) comprised (S)-enantiomers (�) and (R)-enantiomers (Œ). Flavanonols dihydrokaempferol (E) and
taxifolin (F) comprised (2R,3R)-stereoisomers (�) and (2S,3S)-stereoisomers (Œ).
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the C-3= position of the B-ring (Fig. 2) attenuated the cleavage, as evidenced by
comparing naringenin with eriodictyol or homoeriodictyol. The influence of the
flavanonol-specific hydroxy substitution at C-3 of the C-ring was not really clear.
Dihydrokaempferol was cleaved less efficiently than naringenin; however, similar rates
were observed for taxifolin and eriodictyol. It is noteworthy that the hydroxy group at
C-5 of the A-ring present in naringenin but not in liquiritigenin greatly favored
enzymatic cleavage. Substitution of the hydroxy with a methoxy group at the B-ring
C-4= position prevented the corresponding flavanone, hesperetin, from being cleaved.
Isoxanthohumol, which lacks the free C-5 hydroxy group and carries an additional
prenyl moiety at C-8, also did not serve as a substrate. Members of flavonoid classes
other than flavanones and flavanonols were not accepted as the substrates. These
included flavan-3-ols without the carbonyl group at C-4 of the C-ring and isoflavanones
carrying the aromatic substituent at C-3 of the C-ring.

While the compounds formed from naringenin, eriodictyol, and liquiritigenin by Fcr
were identified by using reference standards, the products formed by C-ring cleavage
from homoeriodictyol, dihydrokaempferol, and taxifolin were characterized by mass
spectrometry as the corresponding dihydrochalcones (Fig. 2). Of these three meta-
bolites, 2-hydroxy-1-(2,4,6-trihydroxyphenyl)-3-(3,4-dihydroxyphenyl)propan-1-one
was previously described as a product of heterocyclic ring fission of taxifolin by
Eggerthella sp. strain SDG-2 (16). As already demonstrated for neohesperidin dihydro-
chalcone and phloretin (17, 18), the novel dihydrochalcones described herein may have
various interesting properties. For biological evaluation, enzymes such as Fcr may
be utilized to produce dihydrochalcones that are difficult to obtain by chemical
synthesis.

Our results show that Fcr does not reduce the C-C double bond of chalcones to form
dihydrochalcones. This was clearly demonstrated for 4,4=-dihydroxychalcone (Fig. 7B).
The small amounts of dihydrochalcones observed following the incubation of Fcr with
cyclizable chalcones most likely resulted from the enzymatic cleavage of the sponta-
neously formed flavanones (Fig. 7A). For intact E. ramulus cells, however, reduction of
xanthohumol rather than isoxanthohumol was recently reported (19). Fcr did not

FIG 7 (A) Spontaneous cyclization of chalcones to their corresponding flavanones and subsequent
cleavage by Fcr. (B) Chalcones neither spontaneously cyclized nor converted by Fcr.
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reduce C-C double bonds present in the C-ring of flavonols (e.g., quercetin) and
flavones (e.g., apigenin) and also did not accept cinnamic acids as substrates
(Fig. 4). Clostridial ERED enzymes have been shown to reduce cinnamic and 4-
hydroxycinnamic acids to 3-phenylpropionic and 3-(4-hydroxyphenyl)propionic acids,
respectively (20, 21).

Further evidence that Fcr accepts flavanones but not chalcones as substrates arises
from the observed stereospecificity. Chalcones are spontaneously formed from both
flavanone enantiomers in the course of racemization with identical rate constants. If the
chalcones were bound and converted by the enzyme, preferred transformation of a
single enantiomer would not occur. However, only one enantiomer of each of the
investigated flavanone substrates was preferentially converted (Fig. 6). An enrichment
of the nontransformed enantiomers was observed despite the competing spontaneous
racemization. The racemization kinetics of flavanones has been little studied. The
reported half-life for liquiritigenin of 6.3 h at 37°C (22) is in the same range as the value
determined herein, namely, 12.1 h at 25°C. Our data indicate that the rate of racemi-
zation at pH 6.8 depends on the presence of a hydroxy or methoxy group at the C-3=
position of the B-ring. It can be concluded that, owing to the electron-withdrawing
inductive effect of these meta-substituents, electron density at position 2 is reduced
and ring opening accelerated. Accordingly, naringenin and liquiritigenin, which lack
this meta-substituent, exhibited a 12- to 17-fold longer half-life than eriodictyol or
homoeriodictyol. The enantioenrichment depends on the rates of both racemization
and enzymatic conversion. This is obvious when comparing homoeriodictyol, a poor
substrate with fast racemization (Fig. 6D), with naringenin, an excellent substrate with
moderate racemization velocity (Fig. 6A). In the latter case, a complete enzymatic
enantioseparation was achieved. In the case of flavanonols, racemization under assay
conditions is negligible (23, 24), which is a further hint that a ring-opened derivative
does not serve as a substrate for Fcr. Moreover, Fcr hardly converted the (2R,3R)-
stereoisomers of taxifolin or dihydrokaempferol. This confirms the stereospecificity of
this enzyme on the one hand and the negligible spontaneous racemization on the
other hand.

The gene product assigned by Gall et al. was based on the amino acid motif
NXRXDXXGG, which is highly conserved in several ERED sequences (12). However, the
function of this motif is unknown. In addition, the primary sequence of Fcr exhibits a
binding motif of a 4Fe-4S cluster [CXXCXXC(X)22C] and two dinucleotide binding motifs
[GXGXXG(X)17E]. The presence of an Fe-S cluster may be the reason for the oxygen
sensitivity of the enzyme. Fcr from E. ramulus and the hypothetical flavin adenine
dinucleotide (FAD)-dependent oxidoreductase from E. oxidoreducens share the CXXC
motif, employed by many redox proteins (e.g., thiol-disulfide oxidoreductases) for the
formation, isomerization, and reduction of disulfide bonds and for other redox func-
tions. The protein sequence of Fcr from E. ramulus DSM 16296 is identical to those of
hypothetical proteins of other E. ramulus strains, including the strain E. ramulus DSM
15684T (ERK50666), present in databases and annotated as FAD-dependent oxi-
doreductases. Hypothetical gene products sharing lower levels of identity are also
found in other flavonoid-degrading bacteria, such as Eubacterium oxidoreducens
(SDB03427, 80% identity), Clostridium sp. strain SY8519 (BAK47992, 77% identity), and
Flavonifractor plautii (CUQ13575, 42% identity) (10, 25–28).

In this study, we demonstrate that Fcr catalyzes the reductive cleavage of a cyclic
ether bond, which represents an unusual reaction. However, bacteria can cleave ether
bonds, and these conversions are catalyzed by a heterogeneous group of enzymes or
enzyme systems exhibiting different mechanisms (29). The extensively studied lignin-
depolymerizing �-etherases from sphingomonads use glutathione as a reducing co-
factor (30–32). These enzymes stereospecifically cleave the �-O-4 aryl ether bonds,
which account for 45% to 60% of linkages present in lignin. An NADPH-dependent
benzyl-ether cleavage is catalyzed by pinoresinol reductase from the soil bacterium
Sphingobium sp. strain SYK-6 (BAK65407) (33). This 36-kDa enzyme converted the lignan
pinoresinol via lariciresinol to secoisolariciresinol. A benzyl-ether reductase (Ber) from
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Eggerthella lenta DSM 2243T (WP_015759938) with a much higher molecular weight of
61 kDa catalyzes the same sequential reduction of the furo[3,4-c]furan system present
in pinoresinol (34). The primary sequence of the lignan-cleaving enzymes does not
show any similarity to that of Fcr. Containing a central Fe/S binding motif and two
C-terminal dinucleotide binding motifs and exhibiting a molecular weight of 74 kDa, Fcr
considerably resembles the 2,4-dienoyl-coenzyme A (2,4-dienoyl-CoA) reductase from
E. coli (KFB96642, 73 kDa), although the overall sequence identity of the two proteins
is only 23%. The 2,4-dienoyl-CoA reductase is an NADPH-dependent iron-sulfur fla-
voenzyme that catalyzes the reduction of unsaturated fatty acids with double bonds at
even-numbered carbon positions. Based on the crystal structure of the E. coli enzyme,
the following reaction steps were proposed: (i) hydride transfer from NADPH to FAD, (ii)
transfer of electrons, one at a time, to flavin mononucleotide (FMN) via the 4Fe-4S
cluster, (iii) transfer of a hydride ion from the fully reduced FMN to the C-5 atom of the
acyl-CoA substrate, and (iv) protonation of the C-4 atom of the substrate by a Tyr-His
catalytic dyad (35). A similar electron transfer pathway may be postulated for catalysis
by Fcr, namely a hydride transfer from NADH onto the C-2 of the substrate via FAD,
4Fe-4S, and FMN cofactors. The productive binding mode of the flavonoid substrate
might enable this hydride transfer without steric hindrance at the chiral C-2 carbon. Our
data on the enantiospecificity of the reaction provide evidence for a fine-tuned
interplay of the hydride donor and the substrate. The orientation of the sterically
demanding aryl substituent at position 2 affects the reaction course, and only com-
pounds with a defined C-2 configuration serve as substrates. The (2S)-configured
flavanones and the (2R)-configured flavanonols are homochiral and exhibit the same
crucial molecular geometry around C-2. Hence, we assume a common binding mode
involving interactions with substrate substituents, i.e., the 4=-OH and 5-OH groups,
required for conversion. Consequently, in a productive binding mode, the C-2 substit-
uent would be identically oriented.

The above-mentioned lignan reductases catalyze the enantio- or regiospecific se-
quential conversion of (�)- and (�)-pinoresinol via (�)- and (�)-lariciresinol to (�)- and
(�)-secolariciresinol, respectively, through a direct hydride transfer from the NADPH
cofactor to the substrate. Stacking interactions between the nicotinamide ring and the
substrates were deduced from the crystal structures (36). Although known, SN2-type
reactions are not common in enzymology because of the desolvated environment of
the enzyme active site (37). Thus, a hybrid SN2/SN1 substitution for Fcr-catalyzed
reactions is conceivable. The ring opening would be supported by protonation of the
ring oxygen, irrespective of a pronounced SN2 or SN1 mechanism. Also, a base should
be involved to abstract a proton from the nicotinamide. To clarify the general acid-base
mechanism for Fcr-catalyzed reductions, further investigations are needed. These
include the characterization of the involved enzyme-associated cofactors besides
NADH.

With respect to the flavonoid metabolism by E. ramulus, it can be concluded that Fcr
is responsible for the reductive ring cleavage of flavanones to dihydrochalcones. Thus,
CHI does not appear to play an essential role in flavanone conversion as was previously
assumed (11, 12). It is noteworthy that Fcr prefers (R)-configured flavanone substrates,
although (S)-enantiomers predominate in plants and, thus, in plant-derived foods
(38–40). However, besides spontaneous racemization, interconversion of enantiomers
could be accelerated by ring-opening enzymes such as CHI. The conversion of fla-
vanonols by enzymes from E. ramulus depends on the stereoisomeric form and the
availability of NADH. While (2R,3R)-stereoisomers are isomerized by CHI to the corre-
sponding auronols (14), Fcr NADH-dependently forms hydroxydihydrochalcones from
(2S,3S)-flavanonols. However, the naturally occurring flavanonols exist in their (2R,3R)-
form, which at least has been demonstrated for taxifolin (23, 41, 42). Nevertheless, the
nonnatural stereoisomers of both flavanones and flavanonols may be formed as
intermediates in the course of flavone and flavonol degradation by gut bacteria,
including E. ramulus, but the corresponding enzymes catalyzing the preceding reduc-
tion of the C-2 to C-3 double bond of these flavonoids have not been identified yet.
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MATERIALS AND METHODS
Chemicals. Naringenin, eriodictyol, phloretin, (�)-taxifolin, hesperetin, (�)-catechin, (�)-epicatechin,

apigenin, butein, and quercetin were purchased from Roth (Karlsruhe, Germany). Liquiritigenin and
isoxanthohumol were from PhytoLab (Vestenbergsgreuth, Germany). Naringenin, eriodictyol, liquiritige-
nin, homoeriodictyol, and hesperetin were identified as racemic compounds by chiral HPLC analysis.
(S)-Liquiritigenin, (�)-taxifolin, (�)-trans-dihydrokaempferol, (�)-catechin, 5-methoxyresorcinol,
4-hydroxycinnamic acid, 3-(4-hydroxyphenyl)propionic acid, and phloroglucinol were from Sigma-Aldrich
(Munich, Germany). (S)-Homoeriodictyol and hesperetin dihydrochalcone were purchased from Extra-
synthese (Genay, France). (�)-Dihydrokaempferol was from Arbonova (Turku, Finland), isoliquiritigenin
from abcr (Karlsruhe, Germany), dihydrodaidzein from Toronto Research Chemicals (Toronto, Canada),
3-hydroxyphloretin from TransMIT PlantMetaChem (Giessen, Germany), cinnamic acid from Serva
(Heidelberg, Germany), and 3-phenylpropionic acid from Acros (Geel, Belgium). Xanthohumol and
dihydrogenistein were available from previous studies (43, 44).

Synthesis of 4,4=-dihydroxychalcone, 4,4=-dihydroxydihydrochalcone, and davidigenin. For
synthesis of 4,4=-dihydroxychalcone, 4-hydroxyacetophenone (1.36 g, 10.0 mmol) and 4-hydroxybenz-
aldehyde (1.22 g, 10.0 mmol) were dissolved in ethanol (7 ml). To the reaction mixture, 10 ml of a
60% aqueous KOH solution was added, stirred for 1 h, and kept overnight at room temperature.
Under ice cooling, the resulting deep red solution was added to 2 M HCl (100 ml). The precipitate
was filtered off, washed with water, and recrystallized from ethanol/water (4:1 [vol/vol]) to obtain a
yellow solid (0.72 g, 30%): melting point (mp) � 198 to 200°C, literature value mp � 200°C (45); 1H
NMR (500 MHz, dimethyl sulfoxide [DMSO]-d6) � 6.82 (d, 2H, 3J � 8.5 Hz, 3-H, 5-H), 6.87 (d, 2H, 3J �
8.8 Hz, 3=-H, 5=-H), 7.59 (d, 1H, 3J � 15.4 Hz, COCH�CH), 7.66 (d, 1H, 3J � 15.4 Hz, COCH�CH), 7.68
(d, 2H, 3J � 8.5 Hz, 2-H, 6-H), 8.01 (d, 2H, 3J � 8.8 Hz, 2=-H, 6=-H), 10.13 (s, 2H, 4-OH, 4=-OH); 13C NMR
(125 MHz, DMSO-d6) � 115.43, 115.91 (C-3, C-5, C-3=, C-5=), 118.73 (COCH), 126.13, 129.60 (C-1, C-1=),
130.83, 131.04 (C-2, C-6, C-2=, C-6=), 143.26 (COCHCH), 159.95 (4-OH), 162.03 (4=-OH), 187.20 (CO);
LC-MS (ESI) m/z 241 ([M�H]�), 95% purity.

For synthesis of 4,4=-dihydroxydihydrochalcone, 4,4=-dihydroxychalcone (0.17 g, 0.70 mmol) was
dissolved in dry ethanol (10 ml) and 10% Pd/C (17 mg) was added. Under ice cooling, the reaction
mixture was hydrogenated for 1 h under normal pressure. Pd/C was filtered off and the solvent was
evaporated. The crude product was purified three times by column chromatography, using ethyl
acetate/petroleum ether (1:1 [vol/vol]) twice and then dichloromethane/methanol (19:1 [vol/vol]), to
obtain a colorless solid (59 mg, 35%): mp � 140 to 143°C; 1H NMR (500 MHz, DMSO-d6) � 2.78 (t, 2H, 3J
� 7.6 Hz, COCH2CH2), 3.13 to 3.16 (m, 2H, COCH2CH2), 6.63 to 6.65, 6.80 to 6.83 (each m, each 2H, 3-H,
5-H, 3=-H, 5=-H), 7.01 to 7.04 (m, 2H, 2-H, 6-H), 7.82 to 7.85 (m, 2H, 2=-H, 6=-H), 9.08, 10.25 (each s, each
1H, 4-OH, 4=-OH); 13C NMR (125 MHz, DMSO-d6) � 29.17 (COCH2CH2), 115.14, 115.32 (C-3, C-5, C-3=, C-5=),
128.46 (C-1=), 129.30, 130.57 (C-2, C-6, C-2=, C-6=), 131.55 (C-1), 155.53 (C-4), 162.06 (C-4=), 197.57 (CO), the
COCH2 signal is obscured by the DMSO signal; LC-MS (ESI) m/z 243 ([M�H]�), 95% purity.

For synthesis of davidigenin, isoliquiritigenin (256.3 mg, 1 mmol) was dissolved in dry ethanol (20 ml)
and 15% Pd/C (40 mg) was added. The reaction mixture was hydrogenated for 60 min at 2.0 � 105 Pa.
Pd/C was filtered off, and the solvent was evaporated to obtain a light yellow solid (232.0 mg, 90%):
mp � 170 to 172°C; literature value mp � 205.9 to 206.4°C (46); 1H NMR (500 MHz, DMSO-d6) � 2.80 (t,
2H, 3J � 7.6 Hz, COCH2CH2), 3.19 (t, 2H, 3J � 7.6 Hz, COCH2CH2), 6.23 (d, 1H, 4J � 2.2 Hz, 3=-H), 6.34 (dd,
1H, 3J � 8.8 Hz, 4J � 2.3 Hz, 5=-H), 6.65 (d, 2H, 3J � 8.6 Hz, 3-H, 5-H), 7.03 (d, 2H, 3J � 8.5 Hz, 2-H, 6-H),
7.78 (d, 1H, 3J � 8.8 Hz, 6=-H), 9.10, 10.56 (each s, each 1H, 4-OH, 4=-OH), 12.60 (s, 1H, 2=-OH); 13C NMR
(125 MHz, DMSO-d6) � 29.23 (COCH2CH2), 102.55 (C-3=), 108.29 (C-5=), 112.71 (C-1=), 115.19 (C-3, C-5),
129.34 (C-2, C-6), 131.14, 133.13 (C-1, C-6=), 155.63 (C-4), 164.38, 164.87 (C-2=, C-4=), 204.00 (CO), the
COCH2 signal is obscured by the DMSO signal; LC-MS (ESI) m/z 259 ([M�H]�), 96% purity.

Melting points were determined on a Büchi 510 melting point apparatus. 1H NMR spectra (500 MHz)
and 13C NMR spectra (125 MHz) were recorded on a Bruker Avance DRX 500 spectrometer (Cologne,
Germany). LC-MS analyses were carried out on an API 2000 mass spectrometer (Applied Biosystems,
Darmstadt, Germany) coupled to an Agilent 1100 LC system (Santa Clara, CA, USA) using a Luna C18

column (50 mm by 2.0 mm, 3 �m; Phenomenex, Aschaffenburg, Germany) in gradient mode (90% water
to 100% methanol in 10 min, held for 10 min). Purity of the compounds was determined using the diode
array detector (DAD) of the LC-MS instrument between 200 and 400 nm.

Gene cloning and heterologous expression in E. coli. The ERED-encoding gene from Eubacterium
ramulus DSM 16296 (accession number KF154735) was cloned by genetically fusing Strep-tag II to its C
terminus using the StarGate cloning system (IBA, Göttingen, Germany). The PCR mixture (12.5 �l) for
gene amplification contained 1� Q5 high-fidelity master mix (New England BioLabs, Frankfurt, Germany),
0.5 �M primers FP-CF (5=-AGC GGC TCT TCA ATG GCA GAA AAA AAT CAG TAT TTT CC-3=) and FP-CR
(5=-AGC GGC TCT TCT CCC GAT AAT TTC CAT TGC TGC GGT-3=), and 300 ng of genomic DNA. Genomic
DNA was isolated from E. ramulus using the InViSorb genomic DNA kit (InViTek, Berlin, Germany). The PCR
program was as follows: 98°C for 30 s; 25 cycles of 98°C for 10 s, 64°C for 30 s, and 72°C for 2 min; and
finally 72°C for 2 min. The gene was finally cloned in pPSG-IBA 3, and the resulting plasmid, pERED-1, was
introduced into E. coli KRX (Promega). Successful cloning was verified by sequencing the integrated
fragment using plasmid-directed standard primers T7 and PSG-rev.

E. coli KRX pERED-1 was grown either oxically in LB broth (Lennox; Roth) supplemented with
carbenicillin (100 �g ml�1; Roth) with shaking (250 rpm) at 37°C or anoxically in LB broth supplemented
with carbenicillin, cysteine HCl (0.5 mg ml�1; Roth), and resazurin (1 �g ml�1; Roth) using a gas phase of
N2/CO2 (80:20 [vol/vol]) at 37°C. Gene expression was induced by rhamnose (0.1% [wt/vol]) at an optical
density at 600 nm (OD600) of approximately 0.6 in aerobic cultures, followed by incubation at 25°C. For
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anaerobic cultures, rhamnose was added at an OD600 of approximately 0.2 and growth continued at 37°C.
For testing naringenin conversion by intact recombinant E. coli cells, a stock solution of this flavanone
dissolved in DMSO was added to the cells at a final concentration of 500 �M (final DMSO concentration,
1%) simultaneously with the induction of gene expression by rhamnose.

Preparation of cell extracts from E. coli and enzyme purification. All procedures were performed
under anoxic conditions using a MACS anaerobic workstation (Don Whitley Scientific Ltd., Shipley, UK)
containing a gas atmosphere of N2/CO2/H2 (80:10:10 [vol/vol/vol]), airtight tubes, and gassed solutions
(N2/CO2, 80:20 [vol/vol]). Bacteria were harvested by centrifugation (10,000 � g for 10 min at 4°C),
washed with 50 mM potassium phosphate buffer (PPB; pH 6.8), and subsequently resuspended in the
same buffer. Cells were disrupted by shaking with 0.1 mm zirconia-silica beads (Roth) for 20 s at 6.0 m
s�1 in a FastPrep instrument (FP120 System; MP Biomedicals, Heidelberg, Germany). Cell debris and
unbroken cells were sedimented by centrifugation (12,000 � g for 20 min at 4°C).

Purification of tagged proteins from cell extracts was performed using a Strep-Tactin Sepharose
column (1 ml; IBA) as described previously (47). Protein concentrations were determined by the Bio-Rad
Bradford assay using bovine serum albumin as a standard.

Enzyme assays. Enzyme activities were assayed under anoxic conditions in the anaerobic worksta-
tion using airlock-equilibrated solutions and N2/CO2-gassed PPB. Assay mixtures contained 50 mM PPB,
300 to 750 �M flavonoid compound (stock solution in DMSO, final DMSO concentration of 5%), 1 mM
NADH, and cell extract (20 to 200 �g protein ml�1) or purified Fcr (0.4 to 14 �g protein ml�1). Cinnamic
acids were applied at 500 �M and 5-methoxyresorcinol at 2.5 mM final concentration. For chiral HPLC
analyses, stock solutions of flavonoids (naringenin, eriodictyol, liquiritigenin, homoeriodictyol, taxifolin,
and dihydrokaempferol) were prepared in 70% (vol/vol) aqueous methanol, resulting in a final concen-
tration of 3.5% methanol. The assay mixture was incubated at 25°C. Samples were withdrawn at different
time points and mixed with one volume of methanol/acetic acid (50:2.5 [vol/vol]) to stop the reaction.
After centrifugation (12,000 � g for 5 min), an aliquot (5 to 10 �l) of the supernatant was analyzed by
reversed-phase (RP) HPLC.

Enzyme activities were calculated based on the product formation using nonlinear regression of
data points (GraFit 5; Erithacus Software, East Grinstead, UK). Initial rates, v, of product formation
were determined by using the equation [P] � v (1 – e�kt) k�1, where [P] is the product concentration
at time t and k is the corresponding first-order rate constant for the gradual deceleration of the
reaction. Initial rates of substrate consumption were determined by using the equations [S] � [S0]
e�kt and v � k [S0], where [S] is the substrate concentration at time t and [S0] is the initial substrate
concentration.

HPLC analyses. For RP-HPLC analysis, a Dionex UltiMate 3000 LC system (Thermo Scientific, Braun-
schweig, Germany) was used, which was equipped with a WPS-3000TSL autosampler, a LPG-3400SD
pump, a DAD-3000 diode-array detector, a TCC-3000 thermostatted column compartment, and a Zorbax
SB-C18 column (4.6 mm by 150 mm, 5 �m; Agilent, Santa Clara, CA, USA) and controlled by Chromeleon
software. The column temperature was kept at 25°C. Aqueous 2% (vol/vol) acetic acid (solvent A) and
acetonitrile (solvent B) served as the mobile phase in a gradient mode (B from 5% to 50% in 6 min, held
for 4 min) at a flow rate of 1 ml min�1. Detection was at 280 or 290 nm; UV spectra were recorded in the
range of 190 to 400 nm. For analysis of cinnamic and dihydrocinnamic acids, the gradient was modified
(B from 18% to 44% in 16.5 min, from 44% to 100% in 0.5 min, held for 4 min), and besides UV,
fluorescence detection (excitation at 260 nm, emission at 305 nm) was applied using a Dionex FLD-
3400RS fluorescence detector (Thermo Scientific, Braunschweig, Germany).

For chiral HPLC analyses, a Daicel Chiralpak AD-RH column (150 mm by 4.6 mm, 5 �m; Chiral
Technologies, Illkirch, France) was used. The column temperature was kept at 30°C. The mobile phase
was a mixture of 0.1% (vol/vol) aqueous trifluoroacetic acid (solvent A) and methanol (solvent B). For
analysis of samples from naringenin conversion, solvents were supplied in a gradient mode (B from 30%
to 90% in 10 min, held for 40 min) at a flow rate of 0.4 ml min�1. Samples of conversion experiments with
dihydrokaempferol, taxifolin, and eriodictyol were analyzed using a gradient (B from 30% to 90% in
20 min, held for 20 min) at a flow rate of 0.8 ml min�1. Liquiritigenin and homoeriodictyol samples were
analyzed in isocratic mode utilizing 90% B and 75% B, respectively, for 22 min at a flow rate of 0.8 ml
min�1. Modified gradients were used for the isolation of metabolites formed by Fcr from dihydrokaemp-
ferol (B, 40% for 20 min, from 40% to 90% in 10 min, from 90% to 100% in 20 min) and taxifolin (B, 30%
for 10 min, 40% for 20 min, from 40% to 90% in 10 min, from 90% to 100% in 20 min), whereas the
homoeriodictyol product was isolated according to the method described above. For analysis of samples
from spontaneous racemization tests, the mobile phase was a mixture of 0.05% aqueous phosphoric acid
and acetonitrile (70:30 [vol/vol]) at a flow rate of 0.4 ml min�1 for 40 min in the case of naringenin or a
flow rate of 0.8 ml min�1 for 20 min for eriodictyol, liquiritigenin, and homoeriodictyol. Enantiomers of
liquiritigenin, homoeriodictyol, taxifolin, and dihydrokaempferol were assigned by using the following
standard reference compounds: (S)-liquiritigenin, (S)-homoeriodictyol, (2R,3R)-taxifolin, and (2R,3R)-
dihydrokaempferol, respectively. Assignment of naringenin and eriodictyol enantiomers was performed
according to Guo et al. (48) based on the sequence of elution resulting from corresponding chiral HPLC
analysis.

Calibration curves of the corresponding standard compounds were used for quantification with the
following exceptions owing to lacking reference compounds. The products of enzymatic cleavage of
homoeriodictyol, dihydrokaempferol, and taxifolin were quantified based on calibration curves of their
respective educts. Products formed from butein (P1 and P2) were quantified by using the butein
calibration curve.
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Determination of racemization rates of flavanones. Preparations with excess amounts of (S)-
naringenin, (S)-eriodictyol, and (S)-liquiritigenin, resulting from the preferred conversion of the (R)-
enantiomer by Fcr, were used to determine the rates of spontaneous racemization. Therefore, 500 �M
each racemic flavanone was incubated in 50 mM PPB containing 3.5% methanol and 1 mM NADH
with Fcr-containing E. coli cell extract (final concentration, 152 �g protein ml�1) under anoxic
conditions at 25°C. Samples withdrawn after 10 min (naringenin and eriodictyol) or 1 h (liquiritige-
nin) were lyophilized, and residues were dissolved in 70% (vol/vol) aqueous methanol. Solutions
were diluted to final concentrations of ca. 80 �M flavanone and 3.5% methanol in 50 mM PPB and
incubated at 25°C for 9 days. To determine homoeriodictyol racemization, a stock solution of the
commercially available (S)-enantiomer was diluted to a final concentration of 150 �M. Samples
(30 �l) were withdrawn and frozen at �20°C, thawed on ice, mixed with one volume of methanol/
acetic acid (50:2.5 [vol/vol]), and centrifuged (14,000 � g for 5 min). Aliquots of supernatants (5 �l)
were analyzed by chiral HPLC.

Similar to the kinetic analysis of enzymatic activities (see above), ratios of major and minor
enantiomers were plotted versus time, and the first-order rate constants of racemization were deter-
mined by nonlinear regression of data points using the equations of exponential decay and exponential
product formation, respectively, with offsets. Standard errors refer to the nonlinear regressions.

Isolation of dihydrochalcone metabolites and LC-MS analysis. Racemic homoeriodictyol, dihy-
drokaempferol, or taxifolin (0.9 mg ml�1, approximately 3.3 mM) was incubated in 50 mM PPB
containing 3.14% methanol and 27 mM NADH with cell extract from Fcr-expressing E. coli (final
protein concentration, 50 to 100 �g ml�1) under anoxic conditions at 25°C for 45 h. Aliquots (700 �l)
were lyophilized, and residues were extracted with 200 �l methanol by vortexing for 25 min. After
centrifugation (12,000 � g for 5 min), 5-�l aliquots of the supernatant were applied to chiral HPLC
as described above. Fractions containing the corresponding product were collected manually,
pooled, and dried by vacuum centrifugation. Residues were dissolved in acetonitrile/water (1:1
[vol/vol]) and analyzed by high-resolution mass spectrometry (HRMS) on a Bruker micrOTOF-Q mass
spectrometer (Cologne, Germany) connected to a Dionex UltiMate 3000 LC system (Thermo Scien-
tific, Braunschweig, Germany) via an ESI interface as described previously (49). A Nucleodur C18

gravity column (50 mm by 2.0 mm, 3 �m; Macherey-Nagel, Düren, Germany) was used in gradient
mode (90% water to 100% acetonitrile from 2 to 10 min, held for 15 min). Purity of the compounds
was determined using the DAD between 195 and 360 nm.

Polyacrylamide gel electrophoresis. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electropho-
resis (PAGE) was performed according to Laemmli (50) using 13% resolving gels combined with 5%
stacking gels. Prestained marker proteins (Precision Plus Protein WesternC standards; Bio-Rad) were used
as molecular weight standards. Protein bands were stained with Coomassie brilliant blue R-250 (0.2%
[wt/vol] in methanol/acetic acid/water, 45:45:10 [vol/vol/vol]).

For native PAGE, precast gels with a linear gradient of 4% to 15% acrylamide (Mini-PROTEAN TGX;
Bio-Rad) were used. Gels were run in Tris-glycine buffer (10 mM Tris, 77 mM glycine, pH 8.5) at 150 V.
Marker proteins (NativeMark unstained protein standard; Life Technologies) were used to estimate
molecular weights. Protein bands were stained as described above.

Sequence analyses. DNA sequencing was carried out by Eurofins MWG Operon (Ebersberg, Ger-
many). The Vector NTI Suite 9 software package (Invitrogen) was employed to process and assemble the
sequenced DNA fragments. Sequence similarity searches were done with the Basic Local Alignment
Search Tool (BLAST, www.ncbi.nlm.nih.gov/blast).
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