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Abstract

1. We previously reported that flavone and flavanone interact spectrally with cytochrome P450
(P450 or CYP) 2A6 and 2A13 and other human P450s and inhibit catalytic activities of these P450
enzymes. In this study, we studied abilities of CYP1A1, 1A2, 1B1, 2A6, 2A13, 2C9, and 3A4 to
oxidize flavone and flavanone.

2. Human P450s oxidized flavone to 6-and 5-hydroxylated flavones, seven uncharacterized mono-
hydroxylated flavones, and five di-hydroxylated flavones. CYP2A6 was most active in forming 6-
hydroxy-and 5-hydroxyflavones and several mono-and di-hydroxylated products.

3. CYP2A6 was also very active in catalyzing flavanone to form 2”-and 6-hydroxyflavanones, the
major products, at turnover rates of 4.8 min~1 and 1.3 min~1, respectively. Other flavanone
metabolites were 4"-, 3"-and 7-hydroxyflavanone, three uncharacterized mono-hydroxylated
flavanones, and five mono-hydroxylated flavones, including 6-hydroxyflavone. CYP2AG6 catalyzed
flavanone to produce flavone at a turnover rate of 0.72 min~1 that was ~3-fold higher than that
catalyzed by CYP2A13 (0.29 min~1).
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4. These results indicate that CYP2A6 and other human P450s have important roles in
metabolizing flavone and flavanone, two unsubstituted flavonoids, present in dietary foods.
Chemical mechanisms of P450-catalyzed desaturation of flavanone to form flavone are discussed.
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Introduction

Many plant flavonoids are found in nature (Tanaka et al., 2010; Tanaka and Brugliera, 2013)
and these natural products show various biological properties, e.g. anti-allergic-, anti-
inflammatory-, anti-oxidative, anti-microbial-, anti-tumorgenic-, and anti-mutagenic
activities, thus preventing cancer, heart disease, bone loss, and a number of diseases (Arct
and Pytowska, 2008; Kale et al., 2008; Walle et al., 2007; Zhang et al., 2005; Martens and
Mithdfer, 2005). Different pathways of flavonoid metabolism in various plants may
determine how these plants produce biologically active compounds and colored materials
(Akashi et al., 1998; 1999; Tanaka and Brugliera, 2013; Tanaka et al., 2010; Du et al., 2010;
Berim and Gang, 2013). The biological activities have been shown to vary with the number
and substitution positions of hydroxyl and/or methoxy groups in flavonoid molecules
(Hodek et al., 2002; Kim et al., 2005; Zhang et al., 2005; Wale, 2007; Walle and Walle,
2007; Walle et al., 2007; Shimada, 2017).

Inhibition of cytochrome P450 (P450 or CYP) enzymes by structurally diverse flavonoids
has been extensively studied in our and other laboratories (Shimada et al., 2010; 2013; Kim
et al., 2005; Moon et al., 2006; Breinholt et al., 2002; Doostdar et al., 2000). Human P450s
1A1, 1A2, 1B1, 2A6, 2A13, 2C9, and 3A4 are inhibited by various flavonoids (Dooster et
al., 2000; Shimada et al., 2010; 2013; Tsujimoto et al., 2009), and these phenomena have
been suggested to influence human health because these P450 enzymes play important roles
in the activation and detoxication of endogenous and xenobiotic chemicals (Hodek et al.,
2002; Guengerich, 2015; Walle et al., 2007; Guengerich et al., 2003; Shimada 2017). In fact,
we and other investigators have reported that several oxidative metabolites of flavone, such
as 3-, 5-, and 7-hydroxyflavone, 5,7-dihydroxyflavone, and 3,5,7-, 4,5,7-, and 5,6,7-
trihydroxyflavone are more potent to interact with and inhibit human P450s than flavone
itself (Shimada et al. 2010; 2013; Hodek et al., 2002; Tsujimoto et al., 2009). Little is,
however, known how flavone is metabolized by human P450 enzymes to oxidative products
(Uno et al., 2015), although several reports have indicated that flavanone is metabolized by
rat liver microsomes and recombinant human CYP1A1, 1A2, and 2B6 to several oxidative
metabolites (Kagawa et al., 2004; Nikolic et al., 2004; Uno et al., 2013).

In this study, we determined if flavone and flavanone are catalyzed by human P450s to
oxidative metabolites using recombinant (purified) CYP1A1, 1A2, 1B1, 2A6, 2A13, 2C9,
and 3A4 expressed in Escherichia coli. These P450 enzymes were reconstituted with
NADPH-P450 reductase and 65 (in cases of CYP2A6, 2A13, 2C9, and 3A4) with the
substrates flavone and flavanone, and the resulting products were analyzed with LC-MS/MS.
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Molecular docking analysis of interaction of flavone and flavanone with CYP2A6 and 2A13
is also reported.

Materials and methods

Chemicals

Enzymes

Flavone and flavanone (Figure 1) were obtained from Wako Pure Chemicals (Osaka, Japan);
the oxidation products 5-, 6-, and 7-hydroxyflavone (OHF), 5,7-and 7,8-dihydroxyflavone
(diOHF), and 6-and 7-hydroxyflavanone (OHFva) were obtained from Sigma-Aldrich (St.
Louis, MO, USA) or Wako Pure Chemicals. 2"-, 3"-, and 4" -Hydroxyflavanones were kindly
donated by Dr. Yukinori Yubuta (Tottori University). Other chemicals and reagents used in
this study were obtained from the sources described previously or were of the highest quality
commercially available (Shimada et al., 2016a: 2016b).

In this study, we used only wild-type of human P450 enzymes (.1 designation). The
expression /n E. coli and purification of human P450 enzymes have been described
previously (Parikh et al., 1997; Sandhu et al., 1993; 1994; Han et al., 2012). CYP1A1, 1A2,
1B1, 2A6, 2A13, 2C9, and 3A4, NADPH-P450 reductase, and &5 were purified from
membranes of recombinant £. coli as described elsewhere (Parikh et al., 1997; Sandhu et al.,
1993; 1994; Guengerich, 2015; Han et al., 2012; Shimada, 2017).

Oxidation of flavone and flavanone by P450 enzymes

Oxidative metabolism of flavone and flavanone by P450 enzymes was determined in a
standard incubation mixture (0.25 ml) containing a reconstituted monooxygenase system
consisted of each purified P450 (50 pmol), NADPH-P450 reductase (100 pmol), &5 (100
pmol, in the cases of CYP2A6, 2A13, 2C9, and 3A4), L-a -dilauroyl-sn-glycero-3-
phosphocholine (DLPC) (50 1g), and an NADPH-generating system (0.5 mM NADP+, 5
mM glucose 6-phosphate, and 0.5 unit of yeast glucose 6-phosphate dehydrogenase/ml)
(Yamazaki et al., 2002, Shimada et al., 2015). Flavone and flavanone were dissolved in
(CH3)2S0 as 10 mM stock solutions and were added at the final solvent concentration
<0.5%, v/v.

Incubations were carried out at 37 °C for 20 min, following a pre-incubation time of 1 min
before adding an NADPH-generating system. Each reaction was terminated by the addition
of 0.5 ml of ice-cold CH3CN. The mixture was mixed vigorously (with a vortex device) and
centrifuged at 10,000 x g for 5 min. The upper CH3CN layer was collected and stored at
-20 °C; an aliquot of this layer was analyzed with LC-MS/MS.

LC-MS/MS analyses were performed using an HPLC system (ACQUITY UPLC I-Class
system; Waters, Milford, MA) coupled to a tandem quadruple mass spectrometer (XevoTQ-
S; Waters) by the methods described earlier, with modifications (Kakimoto et al., 2015;
Shimada et al., 2016c¢). Chromatographic separation was performed on an octadecylsilane
(C1g) column (CORTECS Cyg, 100 x 2.1 mm i.d., 1.6 x4m; Waters) at 45 °C. The gradient
elution was done using a mixture of solvents A (10 mM ammonium acetate containing 0.1%
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formic acid) and B (5% methanol in acetonitrile containing 0.1% formic acid) with B
increasing from 20% (v/v) to 80% (v/v) over 16 minutes, at a flow rate of 0.2 ml/min.

MS/MS analysis was performed in a positive electrospray ionization mode with capillary
voltage of 3000 V and cone voltage of 30 V. Collision energies of 20 eV, 30 eV, and 35 eV
were used for analyzing flavanone and mono-hydroxylated flavanones, for flavone and
mono-hydroxylated flavones, and for di-hydroxylated flavones, respectively. The selected
reaction-monitoring mode was used to identify and quantify flavone and flavanone and their
products. The product ions (/2 223 for flavone, 239 for mono-hydroxylated flavones, 241
for mono-hydroxylated flavanones, and 255 for di-hydroxylated flavones) were scanned to
obtain mass spectral chromatograms.

Other assays

P450 and protein contents were determined by the methods described previously (Omura
and Sato, 1964; Brown et al., 1989).

Docking simulations of flavone and flavanone into CYP2A6 and 2A13

Crystal structures of CYP2A6 bound to 4,4 -dipyridyl disulfide (PBD 2FDY), an inhibitor of
CYP2AG6 (Fujita and Kamataki, 2001), and CYP2A13 bound to pilocarpine (PDB 3T3S)
have been reported and were used in this study (Yano et al., 2006; DeVore et al., 2012;
Shimada et al., 2016b). Simulations were carried out after removing each ligand from these
P450 structures using the MMFF94x force field described in the MOE software (ver.
2015.10, Computing Group, Montreal, Canada). Ligand-interaction energies (U values) were
obtained by use of the program ASEdock in MOE. Lower U values are indicative of stronger
interaction between a chemical and the enzyme.

Kinetic analysis

Kinetic parameters were estimated by nonlinear regression analysis of hyperbolic plots using
the program Kaleida-Graph (Synergy Software, Reading, PA, USA) or GraphPad Prism
(GraphPad, La Jolla, CA, USA). Correlation coefficients were determined using the Curve
Fit program of Cricket Graph (version IlI).

Results

Oxidation of Flavone by Human P450 Enzymes

Flavone was incubated with reconstituted monooxygenase systems containing CYP1A2 and
2A6, and the products obtained were analyzed by LC-MS/MS for detecting mono-
hydroxylated products using the transitions /7/z239>165 (solid line) and 239>129 (dotted
line) (Figure 2). Because CYP2AG6 produced a very little amount of mono-hydroxyflavone
M2, only the chromatogram obtained with CYP1A2 is shown in Figure 2A. At least nine
mono-hydroxylated products (OHF M1 and 50HF were not included because their elution
time was 3.7 min and 11.2 min, respectively) were formed on incubation of flavone with
CYP1A2 and CYP2A6 and one of them (retention time, 6.6 min) was identified as 6-
hydroxyflavone (60HF) (Figures 2A and 2E). A number of fragment ions were detected in
60HF (Figure 2E) and the major m/z102.9 (phenylacetylene ion) and /m/z136.9
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(hydroxylated quinoid-type ion) (Sasaki et al., 1966; Das et al., 1973; Kagawa et al., 2004
Nikolic and Breemen, 2004) were also found in the products oxidized at A-ring, such as
standards 50HF and 7OHF (results not shown), as well as 60HF (Figure 2E). Similar
patterns of these fragments were detected in uncharacterized OHF M4 and OHF M7 (Figure
2C and 2D, respectively) and also in OHF M1 (results not shown), suggesting that these
metabolites are the products oxidized at A-ring. On the other hand, OHF M3 was found to
contain major fragments of /7/2120.9 (quinoid-type ion) and /m/z118.8 (hydroxylated
phenylacetylene ion) (Figure 2B), suggesting that the product is oxidized at B-ring and such
fragment ions were also found in uncharacterized OHF M1, M5, and M6 (data not shown).

We also examined mass chromatograms with trace at /m/z 255>153, showing formation of
di-hydroxylated metabolites of flavone with CYP2A6 (Figure 3A). LC chromatographic
separation showed the formation of three di-hydroxyflavones and comparison of
fragmentation patters of these products was carried out with that of a standard 5,7-
dihydroxyflavone (Figure 3E). The suggested chemical structures of fragment of /7/z102.9
(phenylacetylene ion) and /m/z 152.9 (dihydroxylated quinoid-type ion) with 5,7diOHF (and
also with 7,8diOHF, results not shown) was shown in Figure 3E and we found similar
fragment patterns in diOHF M3 (Figure 3B) and diOHF M5 (Figure 3D), indicating that
these products are di-oxidized at A-ring. Fragments with /7/z 134.9 (dihydroxylated
phenylacetylene ion) and m/z121.0 (quinoid-type ion) in diOHF M4 were found to be
different and were suggested to be di-oxidized at B-ring (Figure 3C).

Kinetic analysis of formation of several oxidation products of flavone was determined using
incubation time of 20 min and protein concentration of 0.1 zM CYP2AG in the reconstituted
monooxygenase system (Supplemental Figure 1); our preliminary studies showed that
formation of flavone and flavanone metabolites by CYP 2A6 increased linearly for about 40
min and P450 concentrations up to 0.2 M (results not shown). CYP2A6 oxidized flavone to
OHF M3 at a high rate, followed by formation of OHF M6, OHF M4, and OHF M5, having
K values of 15, 39, 14, and 21 uM, respectively (Supplemental Figure 1A). The K, values
of formation of other flavone oxidation products of 60HF, OHF M2, OHF M7, and OHF
M5 by CYP2A6 were 20, 24, 28, and 10 pM, respectively (Supplemental Figure 1B).

Formation of flavone metabolites (5OHF, 60HF, three diOHFs, and seven uncharacterized
mono-hydroxylated ones) by seven human P450 enzymes was determined using LC-MS/MS
(Figure 4). Since we did not have standards of several mono-and di-hydroxylated products,
the formation of these products was compared with peak integral response catalyzed by
individual P450 enzymes (see horizontal axis). The most abundant peak formed on
incubation of flavone with CYP2A6 was OHF M3 (maximum value, 1,400 x 10°), followed
by OHF M6 (1,000 x 10°), OHF M4 (600 x 10°), OHF M5 (500 x 10°), and 60HF (60 x
10%), indicating that formation of the former four mono-hydroxylated products was greater
than 60HF, although quantities could not be determined except that formation of 60HF was
calculated to be 0.22 nmol/min/nmol CYP2A6 (Table 1). In many cases, CYP2A6 was most
active in catalyzing flavone to oxidative products, except that formation of diOHF M1, M3,
and M4 and OHF M2 with CYP1A2 was equal to or more than for CYP2AG6 (Figure 4).
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The turnover numbers for formation of 5O0HF, 60H, and 7OHF by seven forms of human
P450 enzymes were determined. Two metabolites (50HF, 60HF) were formed by CYP2A6
at the highest rates, and 7OHF was not formed by any of these P450 enzymes (Table 1).

Oxidation of Flavanone by Human P450 Enzymes

Flavanone was incubated with CYP2A6 and products formed were determined with LC-
MS/MS analysis using the transition /7/2223>129 (Figure 5). HPLC chromatograms
showed a major peak of retention time at 8.7 min (Figure 5C), similar to that of standard
flavone (Figure 5A). Comparison of mass fragments derived from chromatographic peaks
from standard flavone (Figure 5B) and incubates with CYP2A6 (Figure 5D) indicated
oxidation of flavanone at C2 or C3 position of the C-ring to form flavone by CYP2AG6. The
suggested chemical structures of fragments of m/z102.9 (phenylacetylene ion), m/z121.0
(quinoid-type ion), and /m/292.0 ion (after abstraction of CO) were included in the figure
(Figure 5D).

Several oxidative products other than flavone were detected on incubation of flavanone with
CYP1A2 using the transitions /z241>121 (Figure 6A), 241>131 (Figure 6B), and
241>137 (Figure 6C) on LC-MS/MS analyses. CYP1A2 produced four mono-hydroxylated
flavanones, 4"OHFra, 3"OHFra, 2"OHFra, and OHFra M2 with m/z241>121 (Figure 6A)
and 70H, 60H, OHFraM1, and OHFraM3 with m/z241>131 (Figure 6B) and 241>137
(Figure 6C). Major fragments obtained from products (e.g. 4 OHFva and 3" OHFva) that
were the oxidation products with modification flavanone at the B-ring contained /m/z120.9,
118.9, and 92.9 (as indicated in the suggested chemical structures in Figure 6); these
fragment patterns were well correlated with those of standard products and incubates of
flavanone with CYP1A2, e.g. 4 OHFva, 3"OHFva, and OHFva M2 (Figures 6D, 6E, and
6F). Similarly, oxidation products at A-ring contained major fragments of 7/2136.9 and
102.9, and these fragments of standard 60HFra, 7OHFra, and OHFva M3 were well
correlated with those from the incubates of flavanone with CYP1A2 and CYP2A6 (Figures
6G, 6H, and 61). Correlations of these fragment patterns in standard mono-hydroxylated
flavanones and those in products from incubates with CYP1A2 and CYP2A6 were made
(Supplemental Table 1). It was evident that the fragment patterns obtained from oxidation
products at A-ring, such as 60HFva and 7OHFva, were well correlated with those of OHFva
M1 and OHFva M3, when the intensities (peak height) were compared with major fragments
of m/z102.9, 131.0, 136.9, 80.9, 108.9, 106.8, 77.2, 78.8, and other minor fragments (total
of 37 fragments) (Supplemental Table 1). On the other hand, the patterns obtained from
oxidation products at B-ring, such as 2"-, 3"-, and 4 -OHFva, were well correlated with that
of OHFva M2, when fragments of m/z120.9, 92.9, 64.9, 118.9, 64.9, 90.9, 146.8, 152.2,
164.8, and others (total 37 fragments) are considered (Supplemental Table 1). These results
suggest that M1 and M3 are the products oxidized at A-ring and M2 is at B-ring.

Kinetic analysis showed that K}, values of formation of 2"OHFva, flavone, 60HFva, and 4
"OHFva were 12, 18, 11, and 13 pM, respectively (Supplemental Figure 2A). The K}, values
of other flavanone products, OHFva M1, OHFva M2, 3°’OHFva, OHFva M3, and 7OHFva,
were 49, 41, 19, 39, and 15 M, respectively (Supplemental Figure 2B).
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Flavanone metabolism by seven human P450 enzymes was determined and compared
(Figure 7). As in a case for flavone metabolism, we compared relative intensities of
oxidation of flavanone by measuring peak height at indicated fragments (/m/2) in the figure.
Again, CYP2A6 was found to be very active in catalyzing flavanone and the results suggest
that the major oxidation products—2"OHFva, 60HFva, and flavone, which had higher peak
response (vide infra)— were the major oxidation products with CYP2A6, and the turnover
number were determined to be 4.8, 1.3, and 0.72 nmol/min/nmol CYP2AGB, respectively
(Table 2). Formation of flavone from flavanone was found in CYP2A13, with a turnover
number of 0.29 min~1, but other P450s examined were not so active in this reaction (Figure
7 and Table 2). Interestingly, CYP2A6 also produced several oxidation products with minor
quantities on incubation of flavanone, e.g. OHF M3, OHF M4, OHF M5, OHF M6, and
60HF. CYP1AZ2 catalyzed oxidation of flavanone to form 3"OHFva-, 4 OHFva -, 7OHFva,
OHFva M2, and OHFva M3 more efficiently than did CYP2A6 (Figure 7).

Molecular Docking of Interaction of Flavone and Flavanone with CYP2A6 and 2A13

These results suggest that CYP2AG is highly active in catalyzing oxidation of flavone and
flavanone to the observed products. We determined molecular interactions of these
flavonoids with CYP2A6 and compared those with CYP2A13 (Figures 8 and 9). Crystal
structures of CYP2AG6 bound to 4,4 -dipyridyl disulfide (PBD 2FDY) (Yano et al., 2006) and
CYP2A13 bound to pilocarpine (PDB 3T3S) (DeVore et al., 2012) were used for analyses.

The distances between C2, C3, and C6 of flavone and iron center of CYP2A6 2FDY were
calculated to be 5.42, 4.13, and 6.03A, respectively, and those of the flavone and the
CYP2A13 3T3S iron were 7.55, 7.01, and 3.55A, respectively (Figures 8A and 8B). The
ligand-interaction energy (U value) of interaction of flavone with active site of CYP2A6 was
found to be —33.4, which was low compared with that of CYP2A13 (U= -16.5).

On the other hand, the molecular interaction of flavanone with CYP2A6 and 2A13 was
found to be different in that the A-ring of flavanone was far from the iron center of
CYP2A13 as compared with that of CYP2A6 (Figure 9). Distances between C2, C3, C6, C2
", and C4 of flavanone and the iron center of CYP2A6 was calculated to be 5.09, 4.36, 5.32,
6.90, and 9.28A, respectively, and C2, C3, C6, C2°, and C4 of flavanone the CYP2A13 was
6.73, 6.69, 10.7, 4.35, and 4.35A, respectively (Figures 9A and 9B). The interaction of
flavanone with active site of CYP2A6 (U value = —33.1) was not so different from that of
CYP2A13 (U=-31.2).

Discussion

Formation of flavone from flavanone has been reported in several laboratories using rat liver
microsomes and recombinant human CYP1AL, 1A2, and 2B6 enzymes (NiKolic and van
Breemen, 2004; Kagawa et al., 2004). Similar reactions have been observed with substituted
flavanones with plant P450s, where CYP93G2 (Oryza sativa (rice)), CYP93B1 (Glycyrrhiza
echinata,(licorice)) and CYP93B10 (Medicago truncatuld) function as a flavone 2-
hydroxylase (F2H), while CYP93GL1 (O. sativa), CYP93B2 (Gerbera cultivars), CYP93B6
(Perilla frutescens), and CYP93B3 (Antirrhinum majus, snapdragon) catalyze flavone
synthase Il (FNSII) activities to desaturate flavanones to form the respective flavones (Lam
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et al., 2014; Akashi et al., 1998; 1999; Kitada et al., 2001; Du et a., 2010; Fliegmann et al.,
2010).

Mechanistically there are two major routes of formation of flavone from flavanone by P450s
(Figure 10). In both cases the reaction begins with hydrogen abstraction from the C2 or C3
carbon of C-ring. Oxygen rebound gives 2-or 3-hydroxyflavanone. 3-Hydroxyflavanone was
reported as a product of flavanone by Nikolic and van Breeman (2004). 2-
Hydroxynaringenin was reported as a product of naringenin, as well as a (glycosylated) ring-
opened product (Du et al., 2010) (expected because the 2-hydroxyflavanone is a hemiketal).
(The assignments of these cited structures were based only on mass spectral fragmentation.)
An alternate pathway involves a direct desaturation, as shown in Figure 10. We favor this
latter possibility, in that we did not detect any 2-or 3-hydroxy flavanone products (although
we can only assume that OHFva M1 and M3 are not 2-or 3-hydroxylated products; these
products were suggested to be the oxidation products at A-ring of flavanone (Figure 6 and
Supplemental Table 1). Kagawa et al. (2004) reported a kinetic deuterium isotope effect of
1.5 for the conversion of flavanone to flavone by rat liver microsomes, but this result is not
revealing as to what the mechanism is or, if desaturation occurs without hydroxylation,
which hydrogen atom is abstracted first. Clear evidence has been observed for P450-
catalyzed desaturation reactions in the absence of dehydration (Guengerich and Kim, 1991;
Wang et al., 1991; Kaminsky et al., 1980; Johnson et al., 2017; Guengerich, 2001; Rettie et
al., 1987; Guan et al., 1998; Fasco et al., 1978; Nagata et al., 1986). Usually desaturation is a
minor pathway relevant to hydroxylation in mammals, but in the case of human CYP27C1
the hydroxylations of vitamin A4 are very minor pathways relative to desaturation (Johnson
etal., 2017). In the present case, also, no hydroxylated products were detected. (However,
P450s catalyzing predominantly only desaturases are known in plants (Morikawa et al.,
2006; Arngvist et al., 2008) and yeast (Skaggs et al., 1996; Kelly et al., 1997). Non-heme
desaturases are important in oxidation of fatty acids and some other alkanes, and a few
residues have been shown to alter the balance of desaturation and hydroxylation (Broun et
al, 1998; Broadwater et al., 2002).

Our results showed that CYP2A6 oxidized flavanone to form 2"-and 6-hydroxyflavanone at
turnover rates of 4.8 and 1.3 nmol/min/nmol CYP2AGB, respectively. Uno et al. (2013; 2015)
have reported the turnover number of formation of 2"-and 6-hydroxyflavanone at 0.32 min~1
and 0.2571, respectively, by wild-type CYP2A6 and did not report formation of flavone from
flavanone. It should also be noted that CYP2A6, 1A1, 1A2, and 2A13 produced 6-
hydroxyflavone as well as 6-hydroxyflavanone on incubation of flavanone, although
formation of the former metabolite was very low (Table 2). It is not known whether 6-
hydroxyflavone is formed v7a the oxidation of flavone or 6-hydroxyflavanone when
incubated flavanone with P450 enzymes. The former reaction, flavone 6-hydroxylation, was
catalyzed by CYP2A6, 1A1, 1A2, and 2A13 at rates of 0.22, 0.031, 0.016, and 0.003
nmol/min/nmol P450 when flavone was used as a substrate (Table 1).

LC-MS/MS analysis using positive electrospray ionization mode gave us information about
chemical structures of a variety of metabolites that formed through metabolism of flavone
and flavanones. Major fragment ions of m/z102.9 (phenylacetylene ion) and /m/2136.9
(hydroxylated quinoid-type ion) (Sasaki et al., 1966; Das et al., 1973; Kagawa et al., 2004
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Nikolic and Breemen, 2004) were detected in mono-hydroxyflavone metabolites that are
oxidized at A-ring, such as 5-, 6-, and 7-hydroxyflavones and also uncharacterized OHF M1,
M4, and M7 (Figure 2). The OHF M1, M3, M5, and M6 that contained major fragments of
m/z120.9 (quinoid-type ion) and m/z 118.8 (hydroxylated phenylacetylene ion) were
suggested to be the products oxidized at B-ring (Figure 2). The formation of di-
hydroxyflavones was measured with fragments of 7/2102.9 (phenylacetylene ion) and m/z
152.9 (dihydroxylated quinoid-type ion) for the di-oxidized at A-ring and m/2134.9
(dihydroxylated phenylacetylene ion) and /m/z121.0 (quinoid-type ion) for the products di-
oxidized at B-ring (Figure 3). The formation of flavone from flavanone by P450s was
determined using fragments of /7/z102.9 (phenylacetylene ion), m/z121.0 (quinoid-type
ion), and also /7/292.0 ion (minus CO from quinoid-type) (Sasaki et al., 1966; Das et al.,
1973; Kagawa et al., 2004; Nikolic and Breemen, 2004). Flavanone oxidation was also
determined using fragment ions of m/2120.9, 118.9, and 92.9 for the products oxidized at
B-ring and fragments of /7/2136.9 and 102.9 for the oxidation products at A-ring.

Molecular docking analysis suggested that there are differences in interaction of flavanone
with the iron center of CYP2A6 and 2A13. The A-ring of flavanone was located close to the
iron in CYP2A6 while B-ring of flavanone was close to the iron center of CYP2A13, when
CYP2A6 2FDY (Yano et al., 2006) and CYP2A13 3T3S (DeVore et al., 2012) were used for
analysis (Figure 9). We did not find such differences in molecular docking analysis of
interaction of flavone with these P450 enzymes, although the ligand-interaction energy (U
value) of interaction of flavone with active site of CYP2A6 was found to be lower (U= -
33.4) than that of CYP2A13 (U= -16.5) (Figure 8). Flavanone does not have an apparent
conjugated double bond at the C-ring which might control any free rotation of the B-ring, in
comparison with the case of flavone. This could facilitate different docking manners into a
small substrate pocket of CYP2AG6 (Figure 9) and a relatively larger pocket of CYP2A13 due
to the poor planar configuration of flavanone (DeVore and Scott, 2012). It is not known at
present whether or not these differences in molecular interaction of flavone and flavanone
with CYP2A6 and 2A13 relate to the catalytic differences in the oxidation of flavone and
flavanone by these P450s

Our present studies show the importance of CYP2AG6 in the oxidation of flavone and
flavanone, and we have previously shown that both CYP2A6 and CYP2A13 are the major
human P450 enzymes in the oxidation of acenaphthene, acnaphthene, pyrene, 1-nitropyrene,
1-acetylpyrene, and naphthalene, phenanthrene, biphenyl, and their derivatives, 2,5,2",5"-
tetrachlorobiphenyl, and 1-chloropyrene (Shimada et al., 2015; 2016a; 2016b; 2016c). These
results, in conjunction with our present observations, suggest that both CYP2A6 and 2A13
enzymes play important roles of metabolism of wide range of environmental and natural and
endogenous chemicals that show various pharmacological and toxicological effects in
humans.

In conclusion, present results showed that human P450 enzymes oxidize flavone and
flavanone, two dietary unsubstituted flavonoids, to various hydroxylated products that were
detected LC-MS/MS analysis. Among the seven forms of P450 enzymes examined,
CYP2AG6 had the highest catalytic activities towards both flavonoids. Flavone was oxidized
at higher rates by CYP2A6 and CYP1A2 to form uncharacterized seven mono-and five di-
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hydroxylated metabolites as well as 5-and 6-hydroxyflavones. Four mono-hydroxylated
products—OHF M3, OHF M6, OHF M4, and OHF M5—uwere suggested to be formed by
CYP2A6 more rapidly than 60HF (turnover rate of 0.2271). Interestingly, CYP2A6 was
more active in catalyzing the oxidation of flavanone than flavone and we found that the
turnover rate (nmol product/min/nmol CYP2AG6) was the highest in forming 2"OHFva (4.76
min~1), followed by 60HFva (1.29 min1) and flavone (0.72 min~1). The formation of
flavone from flavanone by CYP2A6 was the highest among the seven human P450 enzymes
examined. The chemical mechanisms of desaturation of flavanone to form flavone are
proposed in this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of flavone and flavanone.
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Figure 2.

Metabolism of flavone by human CYP1A2 and CYP2A6 to form mono-hydroxylated
flavones. LC-MS chromatograms of formation of mono-hydroxylated metabolites (6OHF
and M2, M3, M4, M5, M6, and M7) with CYP1A2 (A) are shown in the upper panels of the
figure. (Formation of M-1 was not shown in these figures because the retention time of M-1
was 3. 7 min.) Detection of metabolites was made by using the transitions 77/z239>165
(solid line) and 239>129 (dotted line). The reconstructed mass chromatograms of mono-
hydroxylated metabolites of OHF M3 (B), OHF M4 (C), and OHF M7 (D) detected with
CYP2AG6 and of standard 60HF (E) are indicated in the lower part of the figure. The
suggested structures of fragments of these metabolites are included in the figures.
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Figure 3.

Metabolism of flavone by CYP2A6 to form di-hydroxylated flavones. LC-MS
chromatograms of formation of di-hydroxylated metabolites (diOHF M3, diOHF M4, and
diOHF M5) detected using the transitions /m/z 255>153 are shown in Figure 3A. The
reconstructed mass chromatograms of di-hydroxylated metabolites of diOHF M3 (B),
diOHF M4 (C), and diOHF M5 (D) and of standard 5,7diOHF (E) are indicated in the lower
part of the figure. The suggested structures of fragments of these metabolites are included in

the figures.
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Figure 4.

Metabolism of flavone by human P450 enzymes. Formation of mono-hydroxylated and di-

hydroxylated metabolites of flavone by individual forms of P450s is shown in the figure.

Detection of individual metabolites on LC-MS/MS analysis was made using the indicated

my/z and the response (intensity) was shown using peak height on the chromatograms.
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Metabolism of flavanone to flavone by CYP2A6. LC-MS/MS chromatograms of flavone
standard (A) and incubates of flavanone with CYP2A6 (C) and the mass fragments of
flavone standard (B) and flavanone metabolites with CYP2A6 (D) are shown. The suggested
structures of fragments of flavanone metabolism are included in the figure.
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LC-MS/MS analysis of metabolism of flavanone by CYP1A2 by detecting m/z241>121
(A), m/z241>131 (B), and m/z241>137 (C). Fragments of standard 4" -hydroxyflavanone
(4’-OH-Fva, D and F), 3"-hydroxyflavanone (3’-OH-Fva, E), 6-hydroxyflavanone (6-OH-
Fva, G and I), and 7-hydroxyflavanone (6-OH-Fva, H) were plotted for respective
metabolites obtained with CYP1A2 (D, E, F, and H) and with CYP2AG6 (G). Unidentified
M-2 and M-3 metabolites were plotted with standards 4’-OH-Fva and 6-OH-Fva,
respectively. The suggested structures of fragments of these metabolites are included in the

figures.
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Figure 7.

Metabolism of flavanone by human P450 enzymes. Formation of flavone and mono-
hydroxylated flavanones by individual forms of P450s are shown in the figure. Detection of
individual metabolites on LC-MS/MS analysis was made using the indicated m/zand the

response (intensity) was shown using peak height on the chromatograms.
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Figure 8.
Molecular simulation of interaction of flavone with active sites of CYP2A6 (A) and

CYP2A13 (B).
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Figure 9.
Molecular simulation of interaction of flavanone with active sites of CYP2A6 (A) and

CYP2A13 (B).
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Figure 10.
Proposed mechanisms for oxidation of flavanone to form flavone by P450 enzymes.
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