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SYNOPSIS

Each atropisomer of CB45 and CB91 was enantioselectively metabolized by human CYP2B6

and rat CYP2B1. These metabolites were predicted by designing docking models.
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ABSTRACT

Although polychlorinated biphenyls (PCBs) were commercially banned half a century ago,
contamination of the environment and organisms by PCBs is still observed. PCBs show high
persistency and bioaccumulation, resulting in toxicity. Among PCBs, chiral PCBs with more than
three chlorine atoms at the ortho-position exhibit developmental and neurodevelopmental toxicity.
Because toxicity is dependent on the atropisomer, atropisomer-specific metabolism is vital in
determining toxicity. However, structural information on enantioselective metabolism remains
elusive. Cytochrome P450 (CYP, P450) monooxygenases, particularly human CYP2B6 and rat
CYP2B1, metabolize separated atropisomers of 2,2'.3,6-tetrachlorobiphenyl (CB45) and
2,2'.3.4' 6-pentachlorobiphenyl (CB91) to dechlorinated and hydroxylated metabolites. Docking
studies using human CYP2B6 predict 4’-hydroxy (OH)-CB45 from (aR)-CB45 as a major
metabolite of CB45. Di-OH- and dechlorinated OH-metabolites from human CYP2B6 and rat
CYP2BI1 are also detected. Several hydroxylated metabolites are derived from CB91 by both
P450s; 5-OH-CBO1 is predicted as a major metabolite. CB91 dechlorination is also detected by
identifying 3-OH-CB51. Stable conformation of PCBs in the substrate-binding cavity and close
distance to P450 heme are responsible for high metabolizing activities. As hydroxylation and
dechlorination change PCB toxicity, this approach helps understand the possible toxicity of chiral

PCBs in mammals.

1. INTRODUCTION
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Cytochrome P450 (CYP, P450) monooxygenases are primarily involved in the metabolism of
xenobiotic compounds in organisms. These reactions, such as hydroxylation, dealkylation, and
dehalogenation of the compounds, influence their fate. For example, toxic foreign compounds are
easily excreted from the body after reactions with P450s, resulting in decreased toxicity.! CYP-
mediated transformation products allow for conjugation with hydrophilic moieties in further
excretion mechanisms, such as Phase II reactions. Polychlorinated biphenyls (PCBs) are
ubiquitously detected in the environment and organisms because they show remarkable persistency
and bioaccumulation owing to their high hydrophobicity. Hereby, it is known that PCBs are one
of the most serious anthropogenic pollutants and are registered as persistent organic pollutants.’
PCB toxicity is often expressed as dioxin-like toxicity, which includes carcinogenicity,
teratogenicity, and immunotoxicity, mediated by an aryl hydrocarbon receptor.® Although this type
of toxicity is particularly caused by dioxin-like PCBs with one or no chlorine atoms at the ortho-
position of PCBs, neurodevelopmental toxicity in particular is induced by chiral PCBs.* The
atropisomerism in PCBs occurs in cases where at least one ortho-position of each ring bears a
chlorine atom. Chiral PCBs are composed of two atropisomers that are non-superimposable mirror
images. These have the same physical and chemical properties and exist at a 1:1 ratio in a
commercial chiral PCB. However, biased ratios are often observed in the environment® and
organisms, such as earthworms,® zebrafish,” and whales,? as well as in humans.? This ratio change
is caused by metabolism, and it unleashes the atropisomer-specific toxicity of chiral PCBs.
Atropisomer-specific stress responses are often observed. The contents of amino acids and lipids
decrease in earthworms treated with (+)-2,2',3,4’,6-pentachlorobiphenyl (CB91) but not after
treatment with (—)-CB91,° and some antioxidant enzyme genes are suppressed in zebrafish brains

treated with (-)-CB91.” Furthermore, atropisomer-specific toxicity has been reported to result in
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higher mortality in adult zebrafish treated with (—)-CB91 than those treated with (+)-CB91,'°
and the exposure of rats with (-)-2,2',3,3',6,6’-hexachlorobiphenyl (CB136) leads to adverse
neurodevelopmental outcomes due to binding to a ryanodine receptor (RyR).!! Although it is
known that decrease in one atropisomer due to enantioselective metabolism by P450s becomes a
critical point to express toxicity, the underlying mechanisms remain unclear. 2,2',4,6'-
Tetrachlorobiphenyl (CB51) has been enantioselectively metabolized to 3'-hydroxy (OH)-CB51
with approximately 0.2 of the enantiomeric fraction (EF) and 3',4’-diOH-CB51 by microsomes

from rats treated with the CYP2B subfamily inducer phenobarbital.'?

Chiral pentachlorobiphenyls,
such as CB91 and 2,2',3,5',6-pentachlorobiphenyl (CB95), have also been hydroxylated in liver
tissue slices prepared from mice treated with phenobarbital.'* Human CYP2B6 produced 5-OH-
CB91 than 4-OH-CB91 and 3-OH-2,2",4,4',6-pentachlorobiphenyl (3-OH-CB100).'* These results
strongly suggest that the CYP2B subfamily, particularly human CYP2B6 and rat CYP2BI, is
responsible for the metabolism of chiral PCBs. These P450 species also metabolize 2,2',3,6-
tetrachlorobiphenyl (CB45), CB91, and CB95 to hydroxylate metabolites enantioselectively.'?

However, structural information of P450 species in predominant formation of metabolites from

one atropisomer of chiral PCBs is limited.

The objective of this study is to investigate the enantioselective metabolism of CB45 and CB91
using human CYP2B6 and rat CYP2B1 with insights from docking models of P450s and each
atropisomer. The total production amount of CB45 is approximately 2,000 metric tons that are
relatively high among chiral PCBs,!® and CB91 has been detected in river water.> Therefore, the
metabolic fate of these PCBs is of great concern. To clarify the mechanisms of enantioselective
metabolism, atropisomers isolated from racemic CB45 and CB91 were subjected to metabolism

experiments using human CYP2B6 and rat CYP2BI1. These approaches easily provide clear
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structural insights because docking models of P450s and each atropisomer of chiral PCBs can be
constructed. The prediction and identification of the hydroxylation position of CB45 have not yet
been reported. Furthermore, the investigated CB congeners were chosen because the difference in
one chlorine atom was expected to yield additional information on the effect of structure on the
enantioselectivity of CYP-mediated hydroxylation (Figure 1). This provides critical information

on the structural relevance of PCB metabolism by P450s.



107

(aR)-CB91 (aS)-CB91

108  Figure 1 Chemical structures of atropisomers of 2,2'.3,6-tetrachlorobiphenyl (CB45) and
109  2,2'.3,4',6-pentachlorobiphenyl (CB91).
110
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2. MATERIALS AND METHODS

2.1. Chemicals Atropisomers of both CB45 and CB91 were separated from racemic CB45
(299% purity) and CB91 (=99% purity) (AccuStandard, New Haven, CT, USA), respectively, by
HPLC on a chiralcel OJ-H column (Daicel Co., Osaka, Japan) under the conditions reported
previously (Figure S1).!7 (aS)-CB45 and (aS)-CB91 were contained in the first elution, and (aR)-
CB45 and (aR)-CB91 were in the second elution (Figure S1A, B).!® Enantiomeric excess values
were determined by the percentage difference of peak areas between atropisomers: (aS)-CB45,
(aR)-CB45, and (aS)-CB91 showed 100%, and (aR)-CB91 did 98% (Figure S1A, B). Absolute
configuration of separated atropisomers of CB45 and CB91 was determined by comparison of
experimental and theoretical spectra (Figure S1C, D). Experimental spectrum of the first fraction
of CB45 was referred from the result of Guo et al.!® Experimental spectrum was obtained in hexane
(ca. 7.7 uM) for the second fraction of CB91. Theoretical spectra for aS and aR atropisomers for
CB45 and CB91 were calculated at the RI-CC2/aug-def2-TZVPP//B-LYP-D3/def2-TZVP level.
The calculated rotational strengths in length gauge were scaled to one-half and were expanded by
Gaussian functions and overlapped where the width of the band at 1/e height is fixed at 0.5 eV and
the excitation energy was red-shifted by 0.6 eV. The first and second fractions from racemic CB45
and CB91 were determined as (aS)-CB45 and (aS)-CB91, and (aR)-CB45 and (aR)-CB9I,
respectively. Atropisomers of CB45 and CB91 were dissolved in dimethyl sulfoxide (>99.0%
purity, Nacalai Tesque, Inc., Kyoto, Japan) at 3.4 and 3.1 mM, respectively. As an internal standard
and a syringe spike, *C-labeled hydroxylated (OH)-PCBs (MHPCB-MXA: ['*C2]-4-Hydroxy-
3',4'-dichlorobiphenyl, ['*Ci2]-4-hydroxy-2',4',5'-trichlorobiphenyl, [**C12]-4-hydroxy-2’,3",4",5'-
tetrachlorobiphenyl,  ['*Ci2]-4-hydroxy-2',3,4',5,5"-pentachlorobiphenyl,  [!*Ci2]-4-hydroxy-

2'3,3",4",5,5"-hexachlorobiphenyl, [!*Ci2]-4-hydroxy-2,2',3,3",4",5,5'-heptachlorobiphenyl, and
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[*C12]-4-hydroxy-2,2',3,4',5,5',6-heptachlorobiphenyl), and ['3Ci2]-2,3’,4',5-tetrachlorobiphenyl
(CB70) were used (Wellington Laboratories, Guelph, Canada), respectively. The standard 3'-OH-
CB51 was kindly provided by Dr. T. Okumura (Environmental Pollution Control Center, Osaka
Prefecture, Osaka, Japan). Human CYP2B6 and rat CYP2B1 were used as enzymes heterologously
produced in recombinant insect cells, in which microsomes also contain NADPH-cytochrome

P450 oxidoreductase and cytochrome bs (BD Biosciences, San Jose, CA, USA).

2.2. Monitor of P450-mediated hydroxylation of CB45 and CB91 The reaction solution
contained 3.4 uM (aS)- or (aR)-CB45, or 3.1 uM (aS)- or (aR)-CB91, P450 enzymes, 3.3 mM
MgClz, 100 mM potassium phosphate buffer (pH 7.4), and NADPH regenerating system (5 mM
NADPH, 5 mM glucose-6-phosphate, and 1 unit glucose-6-phosphate dehydrogenase) in a total
volume of 0.5 mL. All reagents in the biochemical experiments were purchased from Nacalai
Tesque. The reaction was started by adding 80 nM human CYP2B6 or rat CYP2BI, and the
mixture was incubated for 120 min at 37°C with continuous shaking. The NADPH-dependent
reaction was confirmed using the same reaction mixture without NADPH as a control to show the
involvement of P450s to the reactions. The reaction was terminated on ice, and 20 uL. of 50 ng/mL
13C-labeled OH-PCB dissolved in acetone (>99.5% purity, FUJIFILM Wako Pure Chemical Corp.,
Osaka, Japan) was added. The hydroxylated metabolites were extracted twice with 2 mL of n-
hexane (>96.0% purity, Kanto Chemical Co., Inc., Tokyo, Japan) and derivatized by methylation
as described previously.! In brief, after dryness of the extracts by nitrogen stream 3 M of
KOH/ethanol and dimethyl sulfate were added. The mixture was heated at 70°C for 30 min, and
then 10% sodium chloride was added with vigorous mixing. The derivatized metabolites were
extracted twice with 2 mL of n-hexane. After elimination of water by anhydrous sodium sulfate

and addition of n-nonane, the volume of the solution was reduced by nitrogen stream. All reagents
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in the methylation experiments were purchased from FUJIFILM Wako Pure Chemical.
Quantification and identification of the metabolites were performed by gas chromatography and
high-resolution mass spectrometry (GC/HRMS) as reported previously (Table S1, S2).2° In brief,
the peak area was measured, and the metabolite amounts were calculated by the calibration curve.
However, as there are no commercially available OH-PCB standards, relative amounts of OH-

metabolites were calculated from the calibration curve using synthetic standards (Table S3).

2.3. Construction of docking models of human CYP2B6 or rat CYP2B1 and CB45 and
CB91 The crystal structure of human CYP2B6 (PDB: 3I1BD) was used,?! and rat CYP2BI1 structure
was constructed based on the X-ray crystal structure of human CYP2B6 using the “Mutate
monomers” tool in SYBYL Biopolymer (Tripos).?? Docking models of human CYP2B6 and rat
CYP2BI1 with (aR/aS)-CB45 and (aR/aS)-CB91 were constructed using Surflex Dock in SYBYL

8.0 (Tripos, St Louis, MO, USA) as described previously.?

2.4. Quality assurance/quality control The biochemical experiments were replicated 4-5
times. Data are presented as mean =+ standard deviation for production of metabolites. The recovery
rates for hydroxylated metabolites were calculated using an internal standard ('*C-labeled OH-
PCBs) and a syringe spike (['*C12]-CB70) at 55%—157% and 66%—134% for mono-hydroxylated
and di-hydroxylated tetrachlorobiphenyls and mono-hydroxylated pentachlorobiphenyls,

respectively.

3. RESULTS AND DISSCUSSION

3.1. Detection of CB45 and CB91 metabolites produced using human CYP2B6 and rat

CYP2B1 by GC/HRMS For biochemical experiments using recombinant human CYP2B6 and

10
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rat CYP2BI1, atropisomers isolated from racemic CB45 and CB91 were used as a substrate. Two
different NADPH-dependent mono-OH-tetrachloro metabolites, M1 and M2, were detected from
(aR)-CB45, and only M1 was detected from (aS)-CB45 using microsomes containing human
CYP2B6 (Figure 2A). Rat CYP2B1 produced mono-OH-tetrachloro metabolite M1 from both
atropisomers (Figure 2B). Three mono-hydroxylated trichloro metabolites, M3-MS5, were
produced from (aR)-CB45 using human CYP2B6 and M5 was produced on using rat CYP2B1
(Figure 2C, D). Two different di-OH-tetrachloro metabolites, M6 and M7, from (aR)-CB45 and
(aS)-CB45, were detected using human CYP2B6 and rat CYP2BI1, respectively (Figure 2E, F).
From (aS)-CB45 and (aR)-CB45, no di-OH metabolites were detected using human CYP2B6 and
rat CYP2BI, respectively. No obvious peaks representing metabolites were detected when
NADPH was not added to the reaction mixture (Figure S2). The recovery rates for hydroxylated
metabolites were confirmed using an internal standard and a syringe spike, as describe in the

materials and methods.

Three different dechlorinated OH-tetrachloro metabolites, M8, M9, and M10, obtained from
CB91 using human CYP2B6 were NADPH-dependent (Figure 3B). From (a$)-CB91, M8 and
M10 were produced, and M9 and M 10 were produced from (aR)-CB91. M8 had the same retention
time as the standard 3'-MeO-CB51 (Figure 3A, B). In contrast, rat CYP2B1 produced one OH-
tetrachloro metabolite, M10, from (aS)-CB91 (Figure 3C). Two different OH-pentachloro
metabolites, M12 and M13, were detected in a NADPH-dependent manner when human CYP2B6
was used for metabolism of (a$)- and (aR)-CB91 (Figure 3D). In addition to M12 and M13, M11
was also detected after (aS)-CB91 metabolism by rat CYP2B1 (Figure 3E). No metabolite peaks

were observed when NADPH was not added (Figure S3).

11
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Figure 2 Chromatograms of mono-hydroxylated tetrachloro (A, B), mono-hydroxylated trichloro
(C, D), and di-hydroxylated tetrachloro (E, F) metabolites produced from 2,2'.3,6-
tetrachlorobiphenyl (CB45) by human CYP2B6 (A, C, E) and rat CYP2BI1 (B, D, F), as analyzed
by gas chromatography/high-resolution mass spectrometry (GC/HRMS).

The enzymatic reactions with human CYP2B6 and rat CYP2B1 were performed for 120 min at
37°C in the reaction solution contained 3.4 pM (aS)- or (aR)-CB45, 3.3 mM MgClz, 100 mM
potassium phosphate buffer (pH 7.4), and NADPH regenerating system. The reaction was started
by adding 80 nM human CYP2B6 or rat CYP2B1. The hydroxylated metabolites were extracted
and derivatized by methylation. Quantification of the metabolites were performed by GC/HRMS.
Mono-hydroxylated tetrachloro, mono-hydroxylated trichloro, and di-hydroxylated tetrachloro
metabolites are shown as M1 and M2 (A, B), M3-MS5 (C, D), and M6 and M7 (E, F), respectively.
Upper and lower panels represent the metabolism of (aS)-CB45 and (aR)-CB45 as substrates,

respectively.
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Figure 3 Chromatograms of mono-hydroxylated tetrachloro (B, C) and pentachloro (D, E)
metabolites produced from 2,2',3,4',6-pentachlorobiphenyl (CB91) by human CYP2B6 (B, D) and
rat CYP2B1 (C, E), as analyzed by gas chromatography/high-resolution mass spectrometry
(GC/HRMS).

The enzymatic reactions with human CYP2B6 and rat CYP2B1 were performed for 120 min at
37°C in the reaction solution contained 3.1 pM (aS)- or (aR)-CB91, 3.3 mM MgClz, 100 mM
potassium phosphate buffer (pH 7.4), and NADPH regenerating system. The reaction was started
by adding 80 nM human CYP2B6 or rat CYP2B1. The hydroxylated metabolites were extracted
and derivatized by methylation. Quantification of the metabolites were performed by GC/HRMS.
S1 is the authentic standard, 3'-Me0O-2,2'4,6'-tetrachlorobiphenyl (CB51) (A). Mono-
hydroxylated tetrachloro and pentachloro metabolites are shown as M8—10 (B, C) and M11-13 (D,

14
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3.2. Prediction and identification of CB45 and CB91 metabolites Isotope ratios of
methylated CB45 metabolites were shown in Figure S4 and summarized in Table S4. Actual ratios
of the standards were almost identical to the theoretical ratios. The metabolites M1, M2, and M5—
M7 showed similar isotope ratios to actual and theoretical ratios. In contrast, isotope ratios of M3
and M4 showed difference to actual and theoretical ratios, indicating that these two metabolites
are not OH-metabolites. The patterns of monitored fragment ions of CB45 metabolites showed
that M1 and M2 had higher peaks in [M+2-COCH3]" than those in [M-CICH3]" (Figure S6A-D).
When the peak of [M+2-COCHs]" was high, the substituted hydroxyl group existed at the mera-
or para-position.?* The peak of M5 in [M-CICH3]" was higher than that in [M+2-COCH3]" (Figure
S6E, F). These results indicate that M1 and M2, and M5 have an OH-group at the meta- or para-,

and ortho-position, respectively.

Isotope ratios of methylated CB91 metabolites were described in Figure S5 and summarized in
Table S4. Similar isotope ratios of the metabolites M8—M13 were observed to theoretical and
actual ratios, indicating that these are OH-metabolites. Among OH-tetrachloro metabolites from
CB91, M8 and M9 showed higher peaks in [M+2-COCH3]" compared to those in [M-CICH3]",
indicating that these have an OH group at the meta- or para-position of the biphenyl ring (Figure
S7A, B). M8 was identified as 3-OH-CBS51 based on the retention time (Figure 3A, B).
Furthermore, M10 showed a reverse pattern as M8 and M9, and M10 had an OH-group at the
ortho-position (Figure STA-C). All OH-pentachloro metabolites showed higher peaks in [M+2-
COCHs]" than those in [M-CICH3]", indicating hydroxylation at the meta- or para-position (Figure
S7D, E, F). These results support the structural prediction of M11-M13 from the results of relative

amounts of CB91 metabolites in the previous reports.'*

16



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

3.3. Activities on production of CB45 and CB91 metabolites using human CYP2B6 and
rat CYP2BI1 The activity on the production of M1 from (aR)-CB45 by human CYP2B6 tended to
be much higher than that of other CB45 metabolites (Figure 4A). The major metabolite produced
by rat CYP2B1 was also M1 (Figure 4B). However, M2 was not detected in the present study.
Mono-OH-trichloro metabolite M5 and di-OH-tetrachloro metabolites M6 and M7 tended to be
produced in much less quantities than the mono-OH-tetrachloro metabolites M1 and M2 by human
CYP2B6 (Figure 4A, C, E). M2, and M5-M7 were enantioselectively produced from (aR)-CB45
by human CYP2B6. Mono-OH-trichloro metabolite, M5, was produced from (aR)-CB45 with rat
CYP2BI1 (Figure 4D). Interestingly, M6 and M7 were produced from (aS)-CB45 by rat CYP2BI1,
wherein M6 production tended to be higher than that of M7 (Figure 4F). Di-OH-metabolites were
also detected as metabolites of other chiral PCBs, such as CB95, 2,2',3,3',4,6'-hexachlorobiphenyl
(CB132), CB136, and 2,2',3,4",5',6-hexachlorobiphenyl (CB149).!® Most CB45 metabolites were
produced from (aR)-CB45 (Figure 4). Warner et al. reported that CB45 is enantioselectively
metabolized by human CYP2B6 and rat CYP2B1, resulting in changes in EFs.!® In particular, the
amount of one atropisomer of CB45 was rapidly reduced by rat CYP2BI1, and a high EF value
(0.822) of CB45 was observed. These results support our results that the activity on the production
of M1 from (aR)-CB45 was much higher than that produced from (aS)-CB45. However, the
changes in EF values on using human CYP2B6 and rat CYP2B1 were opposite'’; EF values of
racemic CB45 were shifted to 0.822 and 0.437 by the incubation of rat CYP2B1 and human
CYP2B6, respectively, indicating that different atropisomers were metabolized by these P450s. It
may be caused by the metabolic inhibition due to competition between atropisomers in racemic

CB45.%
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The dechlorinated OH-tetrachloro metabolites M8, M9, and M10 tended to be produced by
human CYP2B6 to a similar extent (Figure 5SA). However, M8 and M9 were not produced from
(aR)-CB91 and (aS)-CB91, respectively. In previous reports of chiral PCB metabolism by P450
species, no dechlorinated metabolites have been reported yet, although dechlorination of PCBs is
observed in case of non-chiral 3,3'.4,4',5-pentachlorobiphenyl (CB126) metabolism by rat
CYP1A1.2° Dechlorination of PCBs decreases their half-life and bioaccumulation as well as
hydrophobicity.?” Therefore, it is one of the important steps to decrease its toxicity. The generated
amount of OH-pentachloro metabolite M13 from (aS)-CB91 was greater than that produced from
(aR)-CB91 by human CYP2B6, and the activity on the production of M13 from (aR)-CB91 tended
to be similar to that of M8, M9, and M10 (Figure 5A, C). The activity on the production of M12
by human CYP2B6 and rat CYP2BI1 tended to be much higher than that of other CB91 metabolites
(Figure 5C, D). In contrast, activity on the production of M10 on using rat CYP2B1 was
comparable to M10 produced by human CYP2B6 (Figure 5A, B). However, M11-13 were more
abundantly produced by rat CYP2B1 than human CYP2B6 (Figure 5C, D). Human liver
microsomes catalyze the metabolism of CB91 to 3-OH-CB100 as a major metabolite, 5-OH-CB91,
and 4-OH-CB91.2% In contrast, human CYP2B6 produced much higher amounts of 5-OH-CB91
than 4-OH-CB91 and 3-OH-CB100.!* These results suggest that human CYP2B6 is primarily
responsible for the production of 5-OH-CB91, but other P450 species contained in liver
microsomes also contribute to CB91 metabolism. Enantioselective production of 5-OH-CB91 was
not clearly observed under metabolism by human CYP2B6.!° In this study, the activity on the
production of M12 by human CYP2B6 tended to be higher than that of M13 from (aS)-CB91 and
(aR)-CBO1. From the previous results of formation pattern of hydroxylated metabolites, M12 and

M13 have been predicted as 5-OH-CB91 and 4-OH-CB91, respectively.!* In contrast, rat liver
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302

microsomes produce 5-OH-CB91 enantioselectively.”’ Furthermore, 5-OH-CB91 is more
abundantly produced by rat CYP2B1 compared to other metabolites.*® These results also support
that M12 and M13 are 5-OH-CB91 and 4-OH-CB91, respectively. In addition, M11 was predicted

to be 3-OH-CB100 from the relative amount of 3-OH-CB100 to 5-OH-CB91 and 4-OH-CB91.'4
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Figure 4 Activity on the production of 2,2',3,6-tetrachlorobiphenyl (CB45) metabolites using

human CYP2B6 (A, C, E) and rat CYP2B1 (B, D, F).

The enzymatic reactions with human CYP2B6 and rat CYP2B1 were performed for 120 min at
37°C in the reaction solution contained 3.4 pM (aS)- or (aR)-CB45, 3.3 mM MgClz, 100 mM

potassium phosphate buffer (pH 7.4), and NADPH regenerating system. The reaction was started
by adding 80 nM human CYP2B6 or rat CYP2B1. The hydroxylated metabolites were extracted

and derivatized by methylation. Quantification of the metabolites were performed by gas

chromatography/high-resolution mass spectrometry. Mono-hydroxylated tetrachloro (A, B),

mono-hydroxylated trichloro (C, D), and di-hydroxylated tetrachloro (E, F) metabolites were

analyzed. Data are presented as mean + standard deviation (n = 4-5). N.D., not detected. M1 was

predicted to be 4-OH-CB45. As M3 and M4 detected in Figure 2C were not OH-metabolites,

activities were not shown in the graph.
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Figure 5 Activity on the production of 2,2',3,4',6-pentachlorobiphenyl (CB91) metabolites using
human CYP2B6 (A, C) and rat CYP2BI1 (B, D).

The enzymatic reactions with human CYP2B6 and rat CYP2B1 were performed for 120 min at
37°C in the reaction solution contained 3.1 pM (aS)- or (aR)-CB91, 3.3 mM MgClz, 100 mM
potassium phosphate buffer (pH 7.4), and NADPH regenerating system. The reaction was started
by adding 80 nM human CYP2B6 or rat CYP2B1. The hydroxylated metabolites were extracted
and derivatized by methylation. Quantification of the metabolites were performed by gas
chromatography/high-resolution mass spectrometry. Mono-hydroxylated tetrachloro (A, B) and
pentachloro (C, D) metabolites were analyzed. Data are presented as mean + standard deviation (n
=5). N.D., not detected. M8 was identified as 3'-OH-2,2',4,6'-tetrachlorobiphenyl (3'-OH-CB51).
MI11-13 were predicted as 3-OH-2,2',4,4',6-pentachlorobiphenyl (3-OH-CB100), 5-OH-CB91,
and 4-OH-CB91, respectively.
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3.4. Docking models of CYP2B subfamilies with CB45 and CB91 In the docking studies of
human CYP2B6, two amino acids, F206 and L363, were found to play crucial roles in CB45
conformation in the substrate-binding cavity. Although the 2'-position of (aS)-CB45 crashed with
L363 in human CYP2B6, the 6'-position of (aR)-CB45 did not show any crash (Figure 6A, B).
These findings indicate that (aR)-CB45 accommodates more stably in the cavity than (aS)-CB45,
leading to high hydroxylation activity. These results support that the major metabolites are from
(aR)-CB45 (Figure 4A, C, E). The hydroxylation position of (aR)-CB45 was predicted using the
docking model of human CYP2B6 (Figure 6C). The stable accommodation of (aR)-CB45 in the
cavity brings the 4’-position of (aR)-CB45 close to heme at 3.1 A. As a result, it is likely that 4'-
OH-CBA45, designated as M1, was produced (Figure 6D). This is supported by the results that M1
has an OH-group at the meta- or para-position (Figure S6). The docking models of rat CYP2BI1
toward (aS)-CB45 and (aR)-CB45 also supported the same results for enantioselective metabolism
and the hydroxylation site (Figure S8 and Figure 6C). It is also possible that the 5’ or 3'-position

of CB45 preferentially reacts with the resonance effect of the chlorine atom at the 2'-position.

Docking models of human CYP2B6 with (a$)-CB91 and (aR)-CB91 did not show any
structural conflicts in the substrate-binding cavity of human CYP2B6 (Figure 7A). Therefore, there
may not be much difference between M12 produced from (aS)-CB91 and (aR)-CB91 with the help
of human CYP2B6 (Figure 5C). M12 and M 13 were predicted as 5-OH-CB91 and 4-OH-CB91 by
comparing the patterns of the activity with that of the previous reports (Figure 5C and Figure 7B).!*
Docking models showed that the 5-position of CB91 was at a closer distance from heme (6.0 A)
than the 4-position (6.4 A) (Figure 7A). Because the nearest position to heme can be reacted
preferentially, 5-OH-CB91 will be produced more than 4-OH-CB91. The CI group at the 2'-

position of (aS)-CB91 was more relaxed in the cavity of rat CYP2B1 than that of (aR)-CB91
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(Figure 7C). It seems that M12 was produced from (aS)-CB91 (Figure 5D). Lu et al. reported that
the EF value of 5-OH-CB91 is quite low, indicating that one atropisomer of CB91 is primarily
metabolized by rat CYP2B1.%° These results are consistent with our results that (aS)-CB91 is
enantioselectively metabolized by rat CYP2B1 (Figure 5B, D). Interestingly, the docking model
of human CYP2B6 with (aS)-CB91 with another conformation revealed that the 3-position of
CBO1 is close to heme (Figure 7D). This conformation produces two metabolites, 3'-OH-CB51
and 3-OH-CB100, designated as M8 and M11, respectively (Figure 7E). This is consistent with
the results displayed in Figure S7 and reveal the positions of hydroxylation, indicating that M11

has an OH-group at the meta- or para-position of CB91.

CB45 metabolites were highly produced when using human CYP2B6 compared to CB91
metabolites (Figure 4A and Figure 5C). One possible explanation is that the distance between
CB45 and the heme iron of P450s is much closer than the distance between heme iron and CB91,
and CB45 and CB91 are at 3.1 A and 6.0 A in the substrate-binding cavity of human CYP2B6,
respectively. (Figure 6C and 7A). Close distance creates more opportunities to react, resulting in
high amounts of the metabolites.?® Difference in the distance is due to the different conformations
of CB45 and CB91. CB45 is vertically accommodated in the cavity because there is no CI group
at the 4'-position of CB45 compared to CB91, resulting in close distance between it and the heme

iron (Figure 6C, Figure 7A).

Another important factor related to the activity as well as the distance of PCBs to the heme iron
and shape of the substrate-binding cavity configurated by amino acids is a volume of the cavity.
Volume can determine the basic size of compounds that can be accommodated. It is reported that

human CYP2B6 has a larger volume (559 A®) than rat CYP2B1 do (472 A%).2? The cavity volumes
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Figure 6 Preference of (aR)-2,2',3,6-tetrachlorobiphenyl (CB45) metabolism and a predicted
hydroxylated metabolite produced by human CYP2B6.

Docking models of human CYP2B6 toward (a$)-CB45 (A) and (aR)-CB45 (B) are described. The
green stick in CB45 indicates a chlorine atom. Amino acids described in blue and orange constitute
the human and rat substrate-binding cavities, respectively. Steric hindrance between chlorine at
the 2'-position of (aS)-CB45 and a side chain of amino acids, such as L363, constituting the human
CYP2B6 cavity, is observed. Human and rat substrate-binding cavities are superimposed, and the
distance between the 4’-position of the main conformation of (aR)-CB45 and heme iron is specified

(C). M1 was predicted to be 4'-OH-CB45 (D).
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Figure 7 Structural basis of 2,2',3,4',6-pentachlorobiphenyl (CB91) metabolism and predicted
hydroxylated metabolites on using human CYP2B6.

The docking models of (aS)-CB91 and (aR)-CB91 with human CYP2B6 to predict M12 and M13
are described (A, B). The substrate-binding cavities of human CYP2B6 (light blue) and rat
CYP2BI1 (orange) docked with (aS)-CB91 are superimposed (C). The docking model of human
CYP2B6 with (aS)-CB91 to show M8 and M11 is described (D, E). Green bars in CB91 indicate
chlorine atoms. M8 was identified as 3'-OH-2,2',4,6'-tetrachlorobiphenyl (3'-OH-CB51). M11-13
were predicted to be 3-OH-2,2',4,4',6-pentachlorobiphenyl (3-OH-CB100), 5-OH-CB91, and 4-
OH-CBO1, respectively.
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3.5. Proposed pathways of metabolism of CB45 and CB91 by human CYP2B6 and rat
CYP2B1 The major mono-OH-tetrachloro metabolite of CB45 produced by human CYP2B6 is
M1, which is predicted to be 4'-OH-CB45 (Figure 8). This metabolite was enantioselectively
produced from (aR)-CB45. It is presumed that M2 undergoes meta-hydroxylation of the
monochlorophenyl ring or meta- or para-hydroxylation of the trichlorophenyl ring. Furthermore,
it is presumed that some of the mono-OH-metabolites are intermediates of di-OH-metabolites M6
and M7. Dechlorination with hydroxylation is another pathway to produce M5, albeit minor. Most

CB45 metabolites are produced from (aR)-CB45.

CB91 is primarily metabolized to M12, predicted as 5-OH-CB91, and was enantioselective
metabolized by rat CYP2B1 but not by human CYP2B6 (Figure 9). It has also been observed in
vivo that CB91 detected in breast milk showed nearly racemic composition in all samples.?! 3'-
OH-CBS51 designated as M8 was the sole identified metabolite of CB91. Some metabolites, such
as M10 and M12, produced by human CYP2B6 did not exhibit enantioselectivity. Moreover, it
has been reported that the substrate-binding cavity of human CYP2B6 is larger than that of rat
CYP2B1.22 Large cavity may accommodate both atropisomers without any atropisomer-specific
steric hindrance. The structures of the metabolites M11-M13 were predicted by our results and

previous results, #1330
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Figure 8 Proposed metabolic pathways for metabolism of 2,2',3,6-tetrachlorobiphenyl (CB45) by
human CYP2B6 and rat CYP2BI1.

Enantioselective metabolism is shown as arrow thickness, which indicates the approximate level
of hydroxylation activity. Blue/light blue and orange/light orange dotted arrows indicate the
predicted metabolic pathways by human CYP2B6 and rat CYP2BI1, respectively. Light blue and
light orange, and blue and orange arrows indicate the pathways for (aS)-CB45 and (aR)-CB45,
respectively. Red points on the biphenyl ring indicate possible hydroxylation sites. The amount of
M6 was higher than that of M7. M1 was predicted to be 4'-OH-CB45 from the docking model of
human CYP2B6 with CB45.
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Figure 9 Proposed metabolic pathways for metabolism of 2,2',3,4’,6-pentachlorobiphenyl (CB91)
by human CYP2B6 and rat CYP2BI1.

Arrow thickness shows enantioselective metabolism, indicating the approximate level of
hydroxylation activity. Blue and light blue, and light orange dotted arrows indicate the predicted
metabolic pathways by human CYP2B6 and rat CYP2B1, respectively. Light blue and light orange,
and blue arrows indicate the pathways for (a$)-CB91 and (aR)-CB91, respectively. Red points on
the biphenyl ring indicate possible hydroxylation sites. M8 was identified as 3'-OH-2,2',4,6'-
tetrachlorobiphenyl (3'-OH-CB51), as indicated by the solid light blue arrow. M11-13 were
predicted to be 3-OH-2,2',4,4',6-pentachlorobiphenyl (3-OH-CB100), 5-OH-CB91, and 4-OH-
CB91, respectively.
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3.6. Implications from structural basis of atropisomer-specific metabolism of chiral PCBs
Either of the atropisomers often have stronger toxicity than the other one and can suppress the
toxicity derived from another one, leading to racemic chiral PCBs and their atropisomers showing
different toxicities.>* Chiral environments lead to enantioselective metabolism. Therefore, it is
important to reveal the metabolic fate of each atropisomer in chiral PCBs. Furthermore, since
differences in metabolic fates between human and experimental animals influence the
extrapolation of the health risk of chiral PCBs, the mechanisms underlying species differences

should be clarified.

In this study, using human CYP2B6 and rat CYP2BI, it was revealed that each atropisomer of
CB45 and CB91 enters different metabolic pathways. Although there are several reports on CB45
and CB91 metabolism in vitro, to the best of our knowledge, this is the first report on the use of
isolated atropisomers of CB45 and CB91 as substrates for metabolism experiments. This approach
contributes to the understanding of the detailed metabolic mechanisms. In addition, it provides a
clear explanation for the structural basis of enantioselective metabolism by P450 species. Thus,
this study makes it possible to predict the metabolic fate of other structurally related chiral PCBs.
It is thought that dechlorinated and hydroxylated PCBs usually exhibit decreased toxicity due to
their increased sensitivity to further metabolic systems, such as conjugation. However, some
hydroxylated metabolites of chiral PCBs have high binding affinity to RyR, resulting in increased
toxicity.* In contrast, di-OH-metabolites showed less binding affinity. As di-OH-metabolites were
detected on CB45 metabolism in this study, further hydroxylation of mono-OH-metabolites,
eventually leading to a decrease in toxicity, should be evaluated in future docking studies of mono-
OH-metabolites to P450s. While the docking models presented herein based on the reported crystal

structures require additional experimental validation, such as co-crystallized structural elucidation,
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this study provides significant insights on the enantioselective metabolism of chiral CBs with the

human and rat CYPs.
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Isolation of atropisomers from racemic CB45 and CB91 and their CD spectra; chromatograms of
mono-hydroxylated tetrachloro, mono-hydroxylated trichloro, and di-hydroxylated tetrachloro
metabolites produced from CB45 by human CYP2B6 and rat CYP2B1; chromatograms of mono-
hydroxylated tetrachloro and pentachloro metabolites produced from CB91 by human CYP2B6
and rat CYP2B1; isotope ratios of methylated CB45 metabolites produced by human CYP2B6 and
rat CYP2B1; isotope ratios of methylated CB91 metabolites produced by human CYP2B6 and rat
CYP2BI; patterns of fragment ions of mono-hydroxylated tetrachloro metabolites of (aS)-CB45
and (aR)-CB45 and mono-hydroxylated trichloro metabolites of (aR)-CB45 produced on using
human CYP2B6 and rat CYP2B1; patterns of fragment ions of mono-hydroxylated tetrachloro and
pentachloro metabolites of (aS)-CB91 and (aR)-CB91 produced on using human CYP2B6 and rat
CYP2BI1; preferential metabolism of (aR)-CB45 by rat CYP2BI1; analysis conditions for
derivatized hydroxylated PCBs by gas chromatography/high-resolution mass spectrometry;
monitored ions of derivatized hydroxylated PCBs by gas chromatography/high-resolution mass
spectrometry; retention times and retention time indexes for hydroxylated metabolites of CB45

and CB91; and isotope ratios of hydroxylated metabolites of CB45 and CBO91.
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