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Abstract

Changes in atropisomer composition of chiral polychlorinated biphenyls (PCBs) and their mono-
and di- hydroxylated metabolites (OH- and diOH-PCBS) via rat cytochrome P450 2B1 (CYP2B1)
mediated biotransformation were investigated in vitro. Rat CYP2B1 could stereoselectively
biotransform chiral PCBs to generate meta-OH-PCBs as the major metabolites after 60 min
incubations. Non-racemic enantiomer fractions (EFs: concentration ratios of the (+)-atropisomer
or the first-eluting atropisomer over the total concentrations of two atropisomers) of 5-OH-PCBs,
were 0.17, 0.20, 0.85, 0.77 and 0.41 for incubations with PCBs 91, 95, 132, 136 and 149,
respectively. CYP-mediated stereoselective formation of diOH-PCBs from OH-PCBs was
observed for the first time. After 60 min stereoselective biotransformation, the EFs of both 4-OH-
PCB 95 and 5-OH-PCB 95 changed from racemic (i.e., 0.50) to 0.62 and 0.46, respectively. These
transformations generated statistically non-racemic 4,5-diOH-PCB 95, with EFs of 0.53 and 0.58
for 4-OH-PCB 95 and 5-OH-PCB 95 incubations, respectively. Biotransformation of PCBs 91 and
136 also generated 4,5-diOH-PCB 91 and 4,5-diOH-PCB 136, respectively. These in vitro results
were consistent with that observed for stereoselective PCB biotransformation by rat liver
microsomes and in vivo. Biotransformation interference between two atropisomers of PCB 136
was investigated for the first time in this study. The biotransformation process of (-)-PCB 136
was significantly disrupted by the presence of (+)-PCB 136, but not the other way around. Thus,
stereoselective metabolism of chiral PCBs and OH-PCBs by CYPs is a major mechanism for
atropisomer composition change of PCBs and their metabolites in the environment, with the
degree of composition change dependent, at least in part, on stereoselective interference of
atropisomers with each other at the enzyme level.

INTRODUCTION

Non-racemic atropisomer distribution of chiral polychlorinated biphenyls (PCBs) have been
detected in many biota, both in the wild and the laboratory.1-2 Differential accumulation of
the individual atropisomers of chiral PCBs in biota (species-specific, organ-specific and
congener-specific) indicates that they are subject to different stereoselective metabolic
processes, toxicities and fate in the biosphere. For example, the activation of ryanodine
receptors and other cellular targets, and consequent disruption of Ca2* signaling by chiral
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PCBs, are stereoselective processes in organisms and thus different atropisomers may cause
different neurotoxicities.3-

Stereoselective biotransformation by cytochrome P450 isozymes (CYPS) is a major
mechanism for the atropisomer composition change of chiral PCBs in biota.”2 PCBs are
oxidized by CYPs to generate PCB arene oxide intermediates and/or OH-PCBs, the former
of which can be converted to OH-PCBs by epoxide hydroxylase.1% However, the individual
stereoisomers of a chiral chemical can bind to CYPs with different affinities and thus have
different biotransformation kinetics, which can be affected by the presence of other
xenobiotics or endogenous chemicals.® Therefore, it is plausible that the two atropisomers of
a chiral PCB could disrupt the enzymatic biotransformation processes of each other, as
previously observed for (+)- and (-)-PCB 132 with rat CYP2B1.% However, unanswered
questions still remain due to limitations of these earlier studies, including low purity and/or
concentration of CYPs and enantiopure PCB atropisomers, short incubation times and lack
of analysis of metabolites.% 11

OH-PCBs have been found in many species in vitro or in vivo.12-19 These metabolites are
also of environmental concern because they can result in dysfunction of thyroid and
estrogenic activities, 10 disruption of the homoeostasis of vitamin A,29 disorder in neuronal
and brain development,2! cytotoxicity and oxidative stress in cells,22 and interference with
the metabolism of xenobiotics in other organisms.23 Atropisomer accumulation of OH-PCBs
in biota may also result in stereoselective toxicities.

Previous studies82425 found that 5-OH-PCBs were formed stereoselectively as the major
metabolites of chiral PCBs by rat liver microsomes and tissue slices. Atropisomer
enrichment of OH-PCB 136 and the formation of diOH-PCBs in the livers of rats and mice
were also observed in vivo.2% 27In vitro, rat CYP2B1 could biotransform chiral PCBs
stereoselectively to form OH-PCB metabolites.” However, specific metabolites could not be
identified due to lack of standards’, nor were the EFs of OH-PCBs determined. Thus,
although it is reasonable to presume that CYPs are the major enzymes responsible for
stereoselective formation of OH-PCBs in animals, specific pathways for stereoselective
biotransformation of PCBs to form specific OH-PCBs remain unclear. In addition, diOH-
PCBs were also detected in some organisms as metabolites of PCBs.28-30 These metabolites
can be formed through hydroxylation of OH-PCBs3! by CYP2B132 in rat liver
microsomes.31: 33 However, the stereoselectivities of this hydroxylation of OH-PCBs and
the formation of diOH-PCBs by purified CYPs are unknown.

In the present study, we address the questions raised above by the previous studies. Rat
CYP2B1 was used in our experiment because it could stereoselectively biotransform chiral
PCBs.” We hypothesized that 5-OH-PCB was the major metabolite of chiral PCB by rat
CYP2B1 biotransformation and the formation of OH-PCB was a stereoselective process;
that 4-OH-PCB and diOH-PCB metabolites could also be formed in this biotransformation
process as minor products; and that chiral OH-PCBs could be stereoselectively
biotransformed by rat CYP2BL1 to produce non-racemic diOH-PCBs. In addition, we also
hypothesized that an increase in concentration of one atropisomer will decrease the
biotransformation activity of its antipode, and that disruption in biotransformation activity
when both atropisomers are present to varying degrees, stereoselectively or otherwise, will
affect the formation of hydroxylated metabolites. To our knowledge, this is the first time
that purified CYP isozymes are shown to produce OH-PCBs stereoselectively, which in turn
are stereoselectively metabolized to diOH-PCBs.

Environ Sci Technol. Author manuscript; available in PMC 2014 November 05.
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EXPERIMENTAL SECTION

Chemicals and Regents

Racemic 2,2',3,4',6-pentachlorobiphenyl (PCB 91), 2,2',3,5',6-pentachlorobiphenyl (PCB
95), 2,2',3,3',4,6'-hexachlorobiphenyl (PCB 132), 2,2',3,3',6,6'-hexachlorobiphenyl (PCB
136), 2,2',3,4',5',6-hexachlorobiphenyl (PCB 149), surrogate standards 2,4,6-
trichlorobiphenyl (PCB 30), 2,2',3,4,4',5,6,6'-octachlorobiphenyl (PCB 204) and 2°,3,3',4’,
5,5'-hexachlorobiphenyl-4-ol (4-159), and internal standards 2,3,4',5,6-pentachlorobiphenyl
(PCB 117) and 2,3,3',4,5,5"-hexachlorobiphenyl (PCB159) (all purities >99%) were
purchased from Accustandard (West Haven, CT) and stock solutions were prepared in
acetone. Rat CYP2B1 (CYP2B1 itself+CYP reductase+cytochrome bs), insect cell control
supersomes (CYP reductase+cytochrome bs) (stored at —80°C until use) and NADPH
regeneration system (solution A: 31 mM NADP™*, 66 mM glucose-6-phosphate and 66 mM
MgCl, in water; solution B: 40 U/ml glucose-6-phosphate dehydrogenase in 5 mM sodium
citrate) (stored at —20°C until use) were purchased from BD Biosciences (San Jose, CA).

Individual PCB 136 atropisomers were isolated as previously published.1! The following
authentic PCB metabolite standards were synthesized as described previously:11:32 3-
methoxy-2,2',4,4',6-pentachlorobiphenyl (3-100, NIH-shift metabolite of PCB 91); 2,2',3,4',
6-pentachlorobiphenyl-4-ol (4-91); 2,2',3,4',6-pentachlorobiphenyl-5-ol (5-91); 3,4-
dimethoxy-2,2',4',5,6-pentachlorobiphenyl; 3-methoxy-2,2',4,5',6-pentachlorobiphenyl
(3-103, NIH-shift metabolite of PCB 95); 2,2',3,5',6-pentachlorobiphenyl-4-ol (4-95); 4-
methoxy-2,2',3’,5,6’-pentachlorobiphenyl (4°-95); 2,2',3,5',6-pentachlorobiphenyl-5-ol
(5-95); 3,4-dimethoxy-2,2',5,5',6-pentachlorobiphenyl; 3-methoxy-2,2'3'4,4',6-
hexachlorobiphenyl (3’-140); 2,2',3,3',4',6-hexachlorobiphenyl-4-ol (4’-132); 2,2',3,3',4',6-
hexachlorobiphenyl-5-ol (5’-132); 3,4-dimethoxy-2,2',3',4',5,6-hexachlorobiphenyl; 2,2',3",
4,6,6'-hexachlorobiphenyl-3-ol (3’-150); 2,2',3,3',6,6'-hexachlorobiphenyl-4-ol (4-136); 2,2,
3,3',6,6'-hexachlorobiphenyl-5-ol (5-136); 3,4-dimethoxy-2,2',3',5,6,6'-hexachlorobiphenyl;
3-methoxy-2,2',4,4'5',6-hexachlorobiphenyl (3°-154); 2,2',4' 5,5',6-hexachlorobiphenyl-3-ol
(5-149). Standard solutions were prepared in isooctane for methoxy-compounds and in
methanol for hydroxy-compounds.

The following abbreviations are used for diOH-PCBs: 4,5-91, 4,5-95, 4°5°-132 and 4,5-136
for 3,4-dihydroxy-2,2',4',5,6-pentachlorobiphenyl, 3,4-dihydroxy -2,2',5,5',6-
pentachlorobiphenyl, 3,4-dihydroxy-2,2',3',4',5,6-hexachlorobiphenyl and 3,4-dihydroxy
-2,2',3',5,6,6'-hexachlorobiphenyl, respectively.

In vitro biotransformation experiments

Details on incubation methods were previously published.”- Briefly, incubations were
conducted in glass tubes containing 10 pmol of rat CYP2B1, 50 L of solution A, 10 pL of
solution B, 1000 ng PCB or OH-PCB, and potassium phosphate buffer (110 mM, pH 7.4) in
1 mL total volume at 37°C for 60 minutes. Incubations were intended to generate enough
products for enantioselective analyses. Hence, relatively high concentrations (1000 ng/mL)
of PCBs or OH-PCBs were used, and enzymatic biotransformation activities may not
necessarily be linear over the entire period of the incubation as previously observed®.
Incubations were terminated with 1 mL ice-cold methanol and immediately extracted. PCB
95 was used as a positive control substrate for 60 minute incubations. Different chiral PCBs
were incubated with CYP control supersomes instead of rat CYP2B1 for 60 minutes as
negative controls. Incubations were done in triplicate except for the control samples.

To understand better how the stereoisomers of a chiral contaminant may interfere with their
enzymatic biotransformation, individual atropisomers of PCB 136 were isolated and used in
the biotransformation experiment. We added the same concentration (500 ng/mL) of one
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atropisomer of PCB 136, i.e., (+)-PCB 136 or (-)-PCB 136, in the incubations and then
varied the concentration (0, 100, 250, or 500 ng/mL) of its antipode i.e., (-)-PCB 136 or (+)-
PCB 136 in that incubation. Please see the Support Information (SI) for more details.

Chemical extraction and clean-up

Extraction methods are also detailed elsewhere.’-? Briefly, PCBs 30, 204 and 4-OH-PCB
159 were added as surrogate standards after the incubations were terminated to the test
tubes. The incubations were further denatured using HCI and 2-propanol, vortexed for 1 min
and centrifuged for 10 min. The liquid supernatant was then washed with KCI and extracted
with 6 mL of 1:1 (v/v) methyl-t-butyl ether (MTBE)/hexane. The organic phase was
collected and partitioned with 6 mL of 1:1 (v/v) 1 M KOH/ethanol to separate the OH-PCBs
from the neutral organic phase. PCBs in the neutral organic fraction were purified using an
acidified silica gel column (3 g, 22% H,S0O4) and eluted with 20 mL of 15% (v/v)
dichloromethane/hexane. PCB fractions were solvent-exchanged to hexane, and PCB 159
was added as an internal standard. OH-PCBs in the aqueous fraction were then acidified by
H,S0O4 and back-extracted into MTBE/hexane (1:1, v/v). The organic phase containing OH-
PCBs was derivatized with diazomethane into their respective methoxy-PCBs (MeO-PCBs).
The MeO-PCB fraction was purified using a 5 g column of the acidified silica gel and eluted
with 50 mL of 1:1 (v/v) dichloromethane/hexane. MeO-PCB fractions were solvent-
exchanged to hexane and PCB 117 was added as an internal standard. Every extraction step
was repeated three times for each sample.

The average and standard deviations of PCBs 30 and 204 recoveries were 91+17% and
79+9% respectively, and PCB concentrations were corrected based on the average
recoveries of PCBs 30 and 204 in each sample. Likewise, the recovery of 4-OH-PCB 159
was 82+22%. MeO-PCB concentrations were corrected by the recovery of 4-OH-PCB 159
in each sample except for PCB 132 which had co-elution issues.2’ PCB concentrations were
determined using PeakFit v4.12 (Systat Software, San Jose, CA) to deconvolute
chromatographic peaks and maintain consistentency with previous studies.? 34 For the same
reason, integration of Meo-PCB peaks were performed using the valley-drop method.8

Instrumentation and measurements

PCBs were quantified using an Agilent 5890 gas chromatograph with a $3Ni-ju electron
capture detector (ECD) and a Chirasil-Dex (CD) column (25 mx0.25 mm internal diameter
(i.d.)x0.25 um dy, Agilent, Santa Clara, CA).”-® One pL samples were injected in the
splitless mode at 250 °C with helium as carrier gas and at a constant column head pressure
of 0.71 bar. Initial oven temperature was held at 60°C for 2 min, then ramped at 10°C/min to
160°C, ramped at 1°C/min to 210°C, held for 25 min. The detector temperature was 320°C.

MeO-PCB congeners were quantified using an Agilent 7890A gas chromatograph with

a 53Ni-ECD detector and SPB-1 or Equity-1 column (60 mx0.25 mm i.d.x0.25 pm df,
respectively; Supelco, St. Louis, MO). The following temperature program was used: 150°C
for 2 min, then 30°C/min to 200°C, 1°C/min to 230°C, 10°C/min to 300°C, hold for 15 min,
with the constant helium flow of 2 mL/min. The injector and detector temperatures were
280°C and 300°C, respectively.?’

The identity of hydroxylated metabolites, as their methoxylated derivatives, was confirmed
on an Agilent 7890A gas chromatograph with a 5975C mass spectrometry detector and a
HP-5 column (30 mx0.32 mm i.d.x0.25 pm d¢, Agilent, Santa Clara, CA). The following
temperature program was used: 100°C for 1 min, then 5°C/min to 280°C with the constant
helium flow of 1.5 mL/min. The ions monitored were m/z 356 and 358 for mono-
methoxylated pentachlorobiphenyls, m/z 384 and 386 for di-methoxylated

Environ Sci Technol. Author manuscript; available in PMC 2014 November 05.
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pentachlorobiphenyls, m/z 390 and 392 for mono-methoxylated hexachlorobiphenyls, and nv
z 420 for di-methoxylated hexachlorobiphenyls. The injector, source and quadrupole
temperatures were 280°C, 230°C and 180°C, respectively.2’

To facilitate the enantioselective analysis, EF determinations of MeO-PCBs were performed
using an Agilent 7890A gas chromatograph equipped with two 83Ni-pECD detectors, a CD
column (30 mx0.25 mm i.d.x0.39 pm df) and a ChiralDex B-DM (BDM) column (30
mx0.25 mm i.d.x0.12 pm d¢; Supelco, St. Louis, MO). Two columns were used to help
confirm enantiomeric composition, both of which could resolve all MeO-PCB congeners
studied. The following temperature program was used: 100°C for 1 min, 10°C/min to 140°C,
hold for 460 min, 1°C/min to 200°C, hold for 35 min with the constant helium flow of 3 mL/
min. The injector and detector temperatures were held at 250°C. For incubation samples
containing PCB 132 and its metabolites, the final temperature was 160°C to optimize
isomer/atropisomer separation.8

Data Analyses

The enantiomer fraction (EF) was defined as EF=E(+)/(E(+)+E(-)), where the elution order
of (+) and (-) atropisomer is known (PCBs 132, 136 and 149),35:36 or EF=E1/(E1+E2)
where the elution order is unknown. Prism 5 (GraphPad Software, La Jolla, CA) was used
for plotting and statistical analyses. The t-test and one way ANOVA were used for data
analyses, with statistically significant levels at 0.05 (please see figure captions for details).

RESULTS AND DISCUSSION

Stereoselective biotransformation of chiral PCBs

PCBs 91, 95, 132, 136 and 149 were chosen as substrates because they are widely detected
in organisms as non-racemic residues3”: 38 and are neurotoxic.3-® Depletions of PCBs 91,
95, 132, 136 and 149 were 25%, 17%, 11%, 21% and 4% after 60 min incubation,
respectively. PCBs 91 and 95 were biotransformed more rapidly than PCBs 132 and 149,
but similar with PCB 136 (Fig. 1A1). It is well-established that the biotransformation rate of
PCBs depends on the presence of unsubstituted vicinal meta and para positions,10 as well as
substrate sizes,39 binding positions and affinities to enzymes.® All these congeners, except
for PCB 149, were stereoselectively biotransformed by rat CYP2B1 (Fig. 1Al and 1A2).
The biotransformation activities of E1-91, E2-95, (-)-132 and (+)-136 were significantly
higher than their respective antipodes (Fig. 1A1). Accordingly, the EFs of PCBs 91, 95, 132
and 136 changed from the racemic value (i.e., 0.50) to 0.45 (not statistically different), 0.57,
0.55 and 0.47, respectively. In contrast, PCB 149 was slightly biotransformed by rat
CYP2B1, but with no apparent stereoselectivity (Fig. L1A1). All atropisomer composition
patterns observed in the present work were consistent with previous rat CYP2B1-mediated
in vitro experiments.”- ® One possible mechanism for the stereoselective biotransformation at
the molecular level is that the binding orientation and affinities of two atropisomers with a
specific enzyme are not exactly the same.® Consequently, these interaction differences could
result in different biotransformation kinetics of the two atropisomers of a congener.

Likewise, the atropisomer composition patterns of PCBs 91, 95, 132 and 136 observed in the
present study (Fig. 1A2) were consistent with previous rat liver microsomal experiments.
For example, the EFs of PCBs 91, 95, 132 and 136 after 30 min microsomal incubations
were 0.43, 0.64, 0.61 and 0.40 respectively,8: 24 which were similar to our observations (Fig.
1A2). The slight differences in EFs observed between the present study and previous
literature might be due to differences in initial substrate concentrations, rat CYP2B1 content,
involvement of other CYPs in microsome incubation, incubation time, and chromatographic
integration methods.” 9 34 Taken together, all these observations demonstrate that CYP2B1

Environ Sci Technol. Author manuscript; available in PMC 2014 November 05.
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is one of the enzymes responsible for the stereoselective biotransformation of these chiral
PCB congeners in rat liver. However, PCB 149 after 30 min biotransformation by rat liver
microsomes was significantly non-racemic with an EF of 0.46,8 in contrast to our
observation of no significant atropisomer composition change in the present study. This
difference in atropisomer composition pattern of PCB 149 suggests that CYPs other than
CYP2B1 in the liver microsomes might have been involved. Phase I biotransformation was
unlikely to affect stereoselectivity in that case, because cytosolic phase 1l enzymes and co-
factors of cytosolic and microsomal phase Il enzymes are removed during the preparation of
microsomes by differential centrifugation.

Stereoselective biotransformation of chiral PCBs by different types of enzymes might be
one of the major reasons for the tissue-, species- and congener-specific atropisomer
accumulation observations in vivo. The atropisomer composition signatures of PCBs 95 and
132 measured in this study were consistent with the previous in vivo observations for rats
(EFs>0.5),%0: 41 suggesting that CYP2B1 mediated biotransformation might be one reason
for the atropisomer composition change of these congeners in rats. Similar EFs of PCB 95
were also detected in thick-billed murre, ivory gull, ringed seal,37 and harbour porpoises,38
indicating that CYP 2B1-like enzymes mediated biotransformation might be involved in
these high tropic level species. However, different composition patterns of chiral PCBs were
observed in some species. The EFs of PCBs 95 and 136 were about 0.3 and 0.7,
respectively, in C57BI/6 female mice tissues after oral administration.2%: 42 These results
indicate that, besides CYP-mediated biotransformation, other processes (e.g. induction of
CYP-enzymes by drugs or environmental contaminants,24 25 modulation of CYP activity by
other chemicals (e.g., gold nanoparticles),*3 phase I metabolism, or active transport
processes) cannot be excluded as factors contributing to the atropisomer composition
changes of PCBs in vivo.

Stereoselective formation of hydroxylated PCBs

Hydroxylated metabolites were detected in the incubations of parent PCB congeners,
dominated by meta-substitution into the 2,3,6-trichlorinated ring to generate 5-OH-PCBs (or
5’-OH-PCB for PCB 132) (Fig. 1B1 and Fig. S1). The unsubstituted vicinal meta and para
positions of 2,3,6-substituted PCBs make them amenable to oxidation by CYP2B
isozymes.39 The yields, expressed as the percent of 5-OH-PCB over the initial PCB amount
in the incubation, of 5-OH-PCBs were 5.4%, 12%, 5.9%, 19%, 1.6% for PCBs 91, 95, 132,
136 and 149, respectively. In addition, 4-OH-PCB metabolites were detected by GC-ECD
analysis as minor products from incubations of PCBs 91, 95 and 136. The formation of these
metabolites could not be confirmed by GC-MS due to the low levels of these metabolites in
the incubations.

After 60 min, approximately 22%, 71%, 53%, 90%, and 46% of PCBs 91, 95, 132, 136 and
149 of the depleted PCBs were converted to the corresponding 5-OH-PCBs metabolites,
respectively. In contrast, relatively lower amounts of the observed depletion of PCBs 91
(less than 1%), 95 (about 25%) and 136 (less than 5%) were converted to their 4-
hydroxylated and 4,5-dihydroxylated metabolites. This rough mass balance calculation
suggests that the remaining fraction of the parent PCBs might have been biotransformed to
currently unidentified metabolites, including other OH-PCB or arene oxide metabolites.
Indeed, some unidentified peaks were observed in the chromatograms (e.g., metabolites of
PCB 95, Fig. S1B), which was consistent with previous observations in rat liver
microsomes.8 We could not identify the arene oxide intermediates in the present study
because the experiment was not designed for collecting these intermediates.

The formation of 5-OH-PCBs as major metabolites of PCBs by rat CYP2BL1 in our
experiments was consistent with previous work.32 Similar results were observed previously

Environ Sci Technol. Author manuscript; available in PMC 2014 November 05.
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in the biotransformation of dichlorobiphenyls mediated by phenobarbital-induced (i.e.,
CYP2B enriched) CYPs in rat liver microsomes.33 Waller et al.32 found that rat CYP2B1
generated 5-136 as the major metabolite of PCB 136. However, the yield rank order of 5-
OH-PCB metabolites in previous rat liver microsomal studies (i.e., PCB 91 at 20% yield,
PCB 95 at 8.8%, PCB 132 at 16%, PCB 136 at 22% and PCB 149 at 2.6%)8 24 differed
somewhat from that of the present work (i.e., PCB 136 at 19%, PCB 95 at 12%, PCB 132 at
5.9%, PCB 91 at 5.4%, and PCB 149 at 1.6%). The obvious differences in the yields for
5-91 and 5’-132 suggests that other CYP isoforms, other than that mediated by CYP2B1,
might be involved in the formation of these metabolites in liver microsomes. The formation
of NIH-shift metabolites of chiral PCBs in the rat liver microsomes, not observed in the
present study, confirmed the involvement of enzymes other than rat CYP2B1. Thus,
different OH-PCBs may be formed by specific metabolic pathways. Certainly, differences in
incubation conditions may also contribute to the noted differences in product formation.
Similar comparisons can be made with previous in vivo work. For instance, 5-95, 5’-132 and
5-136 were identified as the major metabolites of the corresponding parent PCBs in
rats.274445 A|| these observations taken together indicate that CYP2B1 is a major
contributor to the metabolism of chiral PCBs to 5-OH-PCBs in rats in vivo as well as in vitro
regardless of the contribution of other CYP isoforms.

Atropisomer composition changes of 5-OH-PCBs were observed in the present study (Fig.
1B2), confirming for the first time that CYP2B1 produces OH-PCBs stereoselectively.
Similar EFs were measured on both enantioselective columns used (Fig. 1B2). The average
EFs of 5-91, 5-95, 5’-132, 5-136 and 5-149 were 0.17, 0.20, 0.85, 0.77 and 0.41,
respectively. Although the biotransformation of PCB 149 by rat CYP2B1 was not a
stereoselective process, atropisomer composition change of 5-149 was indeed observed.
This might be due to the stereoselective depletion of 5-OH-PCBs to diOH-PCBs by
CYP2B1, which will be discussed in next section. Alternatively, covalent binding of OH-
PCBs with CYPs is another possible explanation.10: 31 |t was not possible to measure the
EFs of 4-OH-PCBs in our study due to the low amounts of these metabolites; however,
atropisomer composition change of 4-OH-PCB in rat CYP2B1 mediated biotransformation
might exist as was observed in rat liver microsomes.2’

Comparison of our CYP-mediated OH-PCB atropisomer composition with that from liver
microsomes® 24 and slices?®, and in vivo 27 studies (Table S1) indicates that while CYP2B1
is likely a dominant isozyme for production of 5-OH-PCB metabolites, other enzymes are
probably also involved. The EFs of 5-91, 5-95, 5’-132, 5-136 and 5-149 from incubations of
their parent PCBs with rat liver microsomes were 0.54, 0.36, 0.30, 0.70 and 0.66,
respectively.8 24 The EFs of 5-95 (EF=0.20) and 5-136 (EF=0.77) in our CYP2B1-mediated
incubations are similar, indicating that CYP2B1 plays an important role in stereoselective
formation of these OH-PCBs. However, accumulation of the antipodes of 5°-132 and 5-149
implies that other biotransformation processes (e.g., biotransformation of chiral PCBs or 5-
OH-PCBs by other enzymes) might be involved in the stereoselective accumulation of these
metabolites in rat liver microsomes. Little is known about the atropisomer composition of
OH-PCBs in vivo. Kania-Korwel et al.,2” observed non-racemic 5-136 (EF~©0.4) in the
livers of Sprague-Dawley rats after intraperitoneal injection of PCB 136, which contrasts
with the atropisomer composition pattern of 5-136 observed in rat liver microsomes
(EF=0.70) and our rat CYP2B1 incubation (EF=0.77). In female C57BI/6 mice, the EFs of
4-95 and 5-95 in the liver were about 0.20 and 0.65 respectively.28 Thus, biotransformation
by other CYP isoforms, sulfation, glucuronidation, the formation of methylsulfones via the
mercapturic acid pathway, and other factors, such as exposure pathways, ¢ should be
considered for fully understanding the atropisomer composition of OH-PCBs. The
atropisomer compositions of OH-PCBs in wild animals are unknown and should be
investigated in future studies.
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4,5-DiOH-PCBs were formed as minor metabolites of PCBs 91 and 136 by rat CYP2B1 in
the present study (Fig.1B1). Enantioselective analyses of these diOH-PCBs were not
performed because of their low concentrations. Similar diOH-PCB metabolites were
observed previously in rat and mice.8: 24 For instance, 4,5-136 and 4,5-91 were observed in
rat liver microsomes as minor metabolites.8 24 4,5-136 was also found in rat livers after
intraperitoneal injection of PCB 136.27 4’,5°-132 was detected in rat liver microsomes
previously,8 which is different from our observation. Our study may not have produced
enough 4°,5°-132 to allow detection by our GC methods, or alternatively some other CYP
isoforms might be responsible for generation of 4’,5-132 in the rat liver microsomes. 4,5-95
was found in the mice body after 39 days oral exposure.26 DiOH-PCBs were also found in
other species such as laboratory-exposed Guun rats 28 (i.e., 3°,4’-dihydroxy-PCB 101) and
fishes collected from Great Lakes (i.e., 4, 4’-dihydroxy-PCB 202).2° Regardless, our study
shows that hydroxylation of OH-PCBs by CYPs is a source of diOH-PCBs in biota, as noted
below.

Stereoselective biotransformation of OH-PCBs and formation of diOH-PCBs

To demonstrate that OH-PCBs can be stereoselectively biotransformed by CYPs and
generate non-racemic diOH-PCBs, 4-95 and 5-95 were used as model compounds. Both
OH-PCBs were biotransformed by rat CYP2B1 with 40% and 64% depletion after 60 min
and with the 5-95 having a significantly greater biotransformation activity (Fig.2A1).
Atropisomer composition change of both substrates was found, with EFs of 0.62 and 0.46
for 4-95 and 5-95, respectively. Thus, rat CYP2B1 could metabolize OH-PCBs
stereoselectively. It also suggests that OH-PCBs are potential competitors for the
biotransformation of parent PCBs since they were present in the biotransformation process
at the same time and both of them can be metabolized by CYP2B1. The higher
concentration of E2 5-95 in the incubation of PCB 95 with CYP2B1 (EF~0.20, Fig.1B2)
was consistent with the incubation using 5-95 as substrate (EF~0.46, Fig.2A2). This means
that both the stereoselective biotransformation of parent PCBs and OH-PCBs contribute to
the atropisomer composition change of OH-PCBs observed in biological systems.

The metabolite observed was identified as 4,5-95 for both substrates (Fig.2B1, Fig.S2A and
Fig.S2B). The average yields of 4,5-95, expressed as the percent of 4,5-95 over the initial
concentration of the appropriate OH-PCB, were 17% and 29% for 4-95 and 5-95,
respectively. The incubation of 5-95 with rat CYP2B1 produced a significantly greater
amount of 4,5-95 than the incubation of 4-95, consistent with the higher biotransformation
rate of 5-95. Of the depleted OH-PCB congeners, 42% and 45% were biotransformed to
4,5-95 respectively. This result suggested that some unidentified metabolites or
intermediates might have been produced. This was consistent with the unknown peaks
detected in the chromatograms (Fig. S2A). The formation of 4,5-95 was also a
stereoselective process, with measured EFs of 0.53 and 0.58 for 4-95 and 5-95 incubations,
respectively. The atropisomer compaosition data of chiral diOH-PCBs in organisms are rare.
Only one study demonstrated that non-racemic 4,5-95 was detected as the metabolite of
PCB 95 in mice.28 Thus, future studies are necessary to identify the atropisomer enrichment
of diOH-PCBs in wildlife.

Interference between the two atropisomers of PCB 136

To understand better the mutual interference between enantiomers of chiral contaminants,
individual atropisomers of PCB 136 were isolated and used in the biotransformation
experiment as a model. Previous achiral work4” on PCB 136 biotransformation by human
liver microsomes (280 pmole CYP/mg protein) suggested that the Vhax and K, values were
about 5 pmole PCB 136/mg protein/min (1.8 ng PCB 136/mg protein/min) and 8.8 uM
(3200 ng/mL), respectively. In contrast, the highest substrate concentration and
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biotransformation activity in the present study (90 pmole CYP/mg protein) were about 3 uM
(1000 ng/mL) and 96 pmole PCB 136/mg protein/min (35ng PCB136/mg protein/min),
respectively. These results indicated that the biotransformation activity of chiral PCBs by rat
CYP2B1 are faster than that mediated by human CYPs, which was consistent with previous
observation.” Certainly, different incubation conditions*’ was another possible factor
contributing to the differences.

The biotransformation activity of the (—)-PCB 136 atropisomer significantly decreased with
increases in initial (+)-PCB 136 concentration (Fig. 3A1), indicating that the (+)-
atropisomer disrupted the biotransformation rate of the (—)-atropisomer. Correspondingly,
the formation of 4-136 and 4,5-136 metabolites were also significantly decreased with
increases in the initial (+)-PCB 136 concentration, which suggested that (—)-PCB 136 was
the major source of these two metabolites (Fig.4A1). While the formation of 5-136 was not
influenced by adding more (+)-PCB 136 as competitor, the atropisomer composition of
5-136 was changed. In the pure (-)-PCB 136 incubations, E1-5-136 was the only metabolite
(Fig.4AZ2). Increases in the initial (+)-PCB 136 concentration resulted in significant
decreases in formation of E1-5-136 and increases in E2-5-136 (ANOVA, p<0.0001), again
consistent with the disruption of (-)-PCB 136 metabolism by (+)-PCB 136 (Fig.4A2).

Conversely, the biotransformation activity of (+)-PCB 136 was not significantly affected by
the presence of (-)-PCB 136 (Fig. 3B1). The concentration of 4-136 and 4,5-136 in these
incubations were lower than the incubations which use (-)-PCB 136 as the major substrate
(Fig. 4A1 and 4B1). In addition, a significant increase in 4-136 formation with increases in
initial (-)-PCB 136 concentration was observed (Fig. 4B1). These results were consistent
with the observations above, which suggested that (-)-PCB 136 was the major source of
4-136 and 4,5-136. A significant decrease in E2-5-136 formation was indeed observed (Fig.
4B2) in these incubations. However, the decrease trend was not as significant as the
decrease of E1-5-136 in Fig.4B1. These results suggest that disruption in product formation
of (+)-PCB 136 metabolism by (-)-PCB 136 existed, but not as much as that of the
disruption of (-)-PCB 136 by (+)-PCB 136.

Previously, Lu and Wong found that the two atropisomers of PCB 132 could disrupt the
biotransformation process of each other in vitro.% One possible mechanism was that (-)-
PCB 132 could “inhibit” the metabolism of (+)-PCB 132 because of higher binding
affinities of (-)-PCB 132 with rat CYP2B1. However, the “inhibition” of biotransformation
activity of (-)-PCB 132 from (+)-PCB 132 could not be ruled out due to unavoidable
impurities of the (-)-PCB 132 in that experiment.® Similarly, two atropisomers of PCB 136
could bind with rat and mouse liver microsomal CYPs in a different manner.11 In the present
study, we show that the accumulation of one atropisomer of chiral PCBs (e.g., (-)-PCB 136
or (+)-PCB 132) in the biotransformation by CYPs was because its antipode (e.g., (+)-PCB
136 or (-)-PCB 132), or by extension to other chemicals, were “better” substrates of the
enzymes.

In addition, the biotransformation activity of the “competitor/inhibitor” increased to a
different extent with increases in its initial concentration, compared to that of its antipode
(Fig. 3A2 and 3B2). It is possible that the reason why we did not see any further decreases
in the biotransformation activity of (-)-PCB 136 above 250 ng/mL of (+)-PCB 136 (Fig.
3A1) is because the enzyme was saturated, as suggested in Fig. 3B2. Despite the good linear
regression found, the activity may have leveled off between 250 and 500 ng/mL of (-)-PCB
136.
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Environmental implications

The present study demonstrated that CYP2B1-mediated biotransformation plays important
roles in the atropisomer composition change of chiral PCBs and their hydroxylated
metabolites in rats. The stereoselective metabolism of racemic OH-PCBs to non-racemic
diOH-PCBs by rat CYP2B1 was confirmed as a mechanism for the atropisomer composition
change of the chiral OH-PCBs. These findings indicated that the stereoselective
biotransformation of chiral PCBs and OH-PCBs by CYPs are major sources of non-racemic
PCBs, OH-PCBs and diOH-PCBs in the environment. The disruption of both
biotransformation and the product formation of chiral compounds at the enantiomer level
were confirmed by the present study. Our findings help explain the underlying processes for
enantiomer composition change of chiral organic contaminants observed in vivo and in vitro.
There were some unidentified metabolites in the biotransformation of chiral PCBs and OH-
PCBs by rat CYP2B1, which may suggest potential exposure to these metabolites in the
environment warranting further investigation.
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Figure 1.

Stereoselective biotransformation of chiral PCBs and formation of hydroxylated metabolites
by rat CYP2B1 over 60 min incubation time, under conditions to foster generation of
metabolites. (A1) Biotransformation activities of chiral PCBs (asterisks indicate statistical
difference between two atropisomers of a chiral PCB, unpaired t-test, one-tailed p value,*
p<0.05, ** p<0.01, *** p<0.001); (A2) Enantiomer fractions (EFs) of chiral PCBs after
biotransformation (asterisks indicate statistical difference, one sample t-test, two-tailed p
value *p<0.05, different from racemic i.e., 0.5); (B1) Formation activities of mono- and di-
hydroxylated metabolites of PCBs; (B2) EFs of 5-hydroxy metabolites of chiral PCBs
determined on two different enantioselective gas chromatography columns. All the EFs are
statistically different from 0.5. CD: Chirasil-Dex column; BDM: ChiralDex B-DM column.
All data reported as meanzstandard deviation of three replicates (one sample for each
negative control). #1\Value not adjusted for recovery because the surrogate standard co-
eluted with 4,5-132; #2Not detected by GC-MS; #3Imperfect agreement of EFs between
BDM and CD column; the atropisomers of various metabolites co-eluted on both columns,
making the EF determination difficult; #4The results were confirmed on CD column using a
mass selective detector, EF = 0.31 + 0.03. Raw data are shown in Table S2 in SI.
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EFs of OH-PCBs after biotransformation

EFs of 4,5-diOH PCB 95 metabolites
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Stereoselective biotransformation of 4-95 and 5-95 and formation of 4,5-95 by rat CYP2B1,
over 60 min incubation time. (A1) Biotransformation activities of 4-95 and 5-95 by rat
CYP2BL1 (asterisks indicate statistical difference, unpaired t-test, one-tailed p value, *
p<0.05, ** p<0.01); (A2) EFs of 4-95 and 5-95 after biotransformation; (B1) Formation
activities of 4,5-95 after biotransformation of 4-95 and 5-95 by rat CYP2B1 (asterisks
indicate statistical difference, unpaired t-test, one-tailed p value, ** p<0.01); (B2) EFs of
4,5-95 as metabolite of OH-PCB 95 derivatives (asterisks indicate statistical difference from
racemic, i.e., 0.5). Values are presented as mean + standard deviation of three replicates.
Raw data are shown in Table S3 in SI.
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Figure 3.

The two atropisomers of PCB 136 interfere with each other when biotransformed by rat
CYP2BL1. (A) Incubation of 500 ng (-)-PCB 136 with various initial concentrations of (+)-
PCB 136: (Al) biotransformation activities of (=)-PCB 136, (A2) biotransformation
activities of (+)-PCB 136; (B) Incubation of 500 ng (+)-PCB 136 with various initial
concentrations of (—-)-PCB 136: (B1) biotransformation activities of (+)-PCB 136, (A2)
biotransformation activities of (-=)-PCB 136. All data reported as meanzstandard deviation
of three replicates. Different letters in Al and B1 indicate statistical difference in
biotransformation activities, p<0.05, one way ANOVA with post Tukey's multiple
comparison test. Raw data are shown in Table S4 in SI. All incubations over 60 min.
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Figure4.

The two atropisomers of PCB 136 interfere with each other when producing hydroxylated
metabolites in biotransformation by rat CYP2B1. (A) Incubation of 500 ng (-)-PCB 136
with various initial concentrations of (+)-PCB 136: (A1) formation activities of 4-136, 5-136
and 4,5-136, (A2) formation activity of the two atropisomers of 5-136; (B) Incubation of
500 ng (+)-PCB 136 with various initial concentrations of (—)-PCB 136: (B1) formation
activities of 4-136, 5-136 and 4,5-136, (B2) formation activities of the two atropisomers of
5-136. All data reported as meanzstandard deviation of three replicates. N.D. = not detected.
Asterisks in Al and B1 indicate statistical difference, *p<0.05, **p<0.01, one way ANOVA
with post Tukey's multiple comparison test. Raw data are shown in Table S4 in Sl. The
chromatograms of the metabolites of pure (-)-or (+)-PCB 136 by rat CYP2B1 are shown in
Sl (Fig. S3A and S3B). All incubations over 60 min.
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