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ABSTRACT: The formation of hydroxynitropyrene (OHNP) via a NO, OH
1

photochemical reaction of 1-nitropyrene (1-NP) was demonstrated )
using a UV irradiation system. The photoreaction of 1-NP in methanol “ hv “
gave products that were hydroxy-substituted at position 1 and mono- OO 1 B OG

nitro-substituted at positions 2, 3, 5, 6, and 8 [1-hydroxy-x-nitropyrenes

3
NO,

(1-OH-%-NPs); x =2, 3, 5, 6, and 8]. 1-OH-2-NP and 1-OH-5-NP have 5 5

been identified in ambient airborne particles for the first time. On the
contrary, these two OHNP isomers were not found in standard

1-nitropyrene 1-hydroxy-x-nitropyrene

(x=2,3,5,6,and 8)

reference materials (SRM) 1650b and SRM 1975, which are typical

samples of diesel exhaust particles (DEPs). The concentrations of the other OHNP isomers in the DEP samples were much lower
than the concentration of 1-NP, which is a representative nitro-derivative polycyclic aromatic hydrocarbon that is emitted directly
from combustion sources. On the other hand, significantly higher concentration ratios of SOHNP (=1-OH-3-NP + 1-OH-6-NP +
1-OH-8-NP) to 1-NP were observed in ambient airborne particles than in the DEP samples. In ambient airborne particles, the mean
ZOHNP/1-NP concentration ratio of 1.4 was 35 times higher than that in SRM 1650b and 470 times higher than that in SRM 1975.
The diurnal concentration of 1-NP, which was observed at a typical residential area in Osaka, Japan, increased early in the morning
and late in the evening, suggesting that automotive emissions contributed to the occurrence of 1-NP. The OHNP concentrations
also rose in the morning, and variations of OHNP concentrations similar to those of 1-NP were observed during the daytime.
However, the concentrations of OHNPs did not increase in the evening rush hour, and were low at night, i.e,, in the absence of
sunlight. These results support the idea that atmospheric OHNPs are predominantly formed via secondary formation processes; i.e.,
photochemical reactions of 1-NP are expected to have a significant effect on the occurrence of OHNPs in the atmosphere.

B INTRODUCTION

Nitrated polycyclic aromatic hydrocarbons (NPAHs) are a
class of mutagens/carcinogens found in the atmosphere, and
some of them exhibit stronger mutagenicity/carcinogenicity than
their parent polycyclic aromatic hydrocarbons (PAHs)." Some
types of NPAHs are formed via gas-phase reactions of semivo-
latile PAHs. For example, 2-nitropyrene is formed from the
gas-phase reaction of pyrene with OH radicals in the presence
of NO,,? and 2-nitrofluoranthene is formed via two pathways,
ie., OH or NOj radical-initiated reactions in the gas phase.2
On the contrary, 1-nitropyrene (1-NP), one of the most abun-
dant NPAHs in the atmosphere, is a representative NPAH
formed through combustion of fossil fuels such as diesel fuel®
1-NP taken up by humans and animals is transformed to
various metabolites such as hydroxynitropyrenes (OHNPs) in
the presence of cytochrome P450 enzymes.” Several isomers
of OHNP, such as 1-hydroxy-3-nitropyrene (1-OH-3-NP, equi-
valent to 3-hydroxy-1-nitropyrene), 1-hydroxy-6-nitropyrene
(1-OH-6-NP, equivalent to 6-hydroxy-1-nitropyrene), and 1-hy-
droxy-8-nitropyrene (1-OH-8-NP, equivalent to 8-hydroxy-1-
nitropyrene), have also been observed in airborne particles® and
diesel exhaust particles (DEPs).>%” Several studies have found
that most OHNP isomers have lower mutagenic activity than the
parent 1-Np.”7? Recently, however, we have found that 1-OH-3-

W ACS Pub“ca’[ions © 2011 American Chemical Society

NP, 1-OH-6-NP, and 1-OH-8-NP act as endocrine disruptors, i.
e, they act as estrogenic, antiestrogenic, and antiandrogenic
compounds,’® which may cause dysfunction of human and
wildlife endocrine systems, abnormal development of reproduc-
tive systems, and immunodeficiencies. In view of the influence of
OHNPs on human health, we need to learn more about their
environmental concentration levels, sources and behavior.
Numerous photoreaction studies of 1-NP have been performed
both in solvents (e.g, methanol,''™"> benzene,'>* aceto-
nitrile,">'® dimethyl sulfoxide (DMSO),'®!” 2-propanol,'>'®
diisooctylphthalate,'” carbon tetrachloride,”® 3-methylpen-
tane,® toluene," ethanol,"® hexane,’* and cyclohexane!320)
and on solid substrates (e.g., glass plates,21 silica,'® coal fly ash,>?
cellulose,"? diesel soot particles,”® and wood smoke particles*?).
The products of these reactions include OHNPs such as 1-hy-
droxy-2-nitropyrene (1-OH-2-NP),"" 2-hydroxy-1-nitropyrene
(2-OH-1-NP),"® and 9-hydroxy-1-nitrolpyrene (9-OH-1-NP)**
as well as 1-hydroxypyrene (OHPy),'" pyrenediones,'”*" and
pyrene.'! So far, only one of these OHNPs, 9-OH-1-NP, has been
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detected in airborne particles.'* Although 1-OH-3-NP, 1-OH-6-
NP, and 1-OH-8-NP have been observed in ambient samples,’
there is not yet any evidence that they are formed from the
photoreaction of 1-NP. In this study, therefore, we examined the
formation of OHNPs including 1-OH-3-NP, 1-OH-6-NP, and
1-OH-8-NP from photochemical reactions of 1-NP by laboratory
experiments in order to clarify the occurrence of atmospheric
OHNPs. The photochemistry of chemicals associated with com-
bustion particles is believed to occur in an organic liquidlike layer
surrounding an elemental carbon core.”* However, the organic
phase of ambient aerosols i Isvery complex, and the composition of
it remains very uncertain.'® Therefore, we selected methanol as a
simple chemical model of aerosol surface, although it can not be
regarded as a “complete” aerosol model system. Furthermore,
some particle-associated OHNP isomers that were found in the
laboratory photoreaction products were also detected in the
atmosphere and diesel engine exhaust.

B EXPERIMENTAL SECTION

Experimental Setup for Photoreaction of 1-NP. Photoreac-
tion of 1-NP was performed in a Pyrex sleeve (1 cm in thickness)
which surrounded an annular Pyrex vessel (6.6 cm i.d. X 60 cm
length) (Supporting Information (SI) Figure S1). The external
sleeve has a port for sampling the photoreaction products and the
precursor 1-NP. The radiation equipment has six black-light
lamps (20 W, Toshiba, FL20S-BLB) and a cooling dev1ce for
1sotherma1 reaction conditions at 299 & 2 K. The 1 X 10> mol
L™ of 1-NP in methanol in the external sleeve was irradiated by
the black light lamps placed around the reaction vessel under the
presence of air. The total incident photon flux reaching to the
surface of the sleeve measured with a Hatchard-Parker actin-
ometer using potassmm ferrioxalate photoreduction was 5.2 X
10" photons cm™> s~ . Products collected after 2 h of the
reaction were 1dent1ﬁed by liquid chromatographic—tandem
mass spectrometric (LC/MS/MS) analysis by comparing with
the retention times and fragmentation patterns of authentic
standards after acid—base and preparative hlgh-performance
liquid chromatograph (HPLC) fractionations. 'H NMR, gas
chromatographic—mass spectrometric (GC/MS), and exact
mass analyses were also performed for identification of the
photoreaction product of which an authentic standard was not
available. Quantification of the reaction products was performed
by HPLC equipped with a chemiluminescence detector (HPLC/
CL) without any sample purification in order to avoid the loss of
the products through the purification steps. The irradiation
experiments of 1-NP in different solvents [ethanol, acetonitrile,
and acetonitrile/water (3/1, v/v)] were also performed by the
same procedure to evaluate the solvent effects on the isomer
distribution of the photoreaction products.

Airborne Particle Collection. Airborne particles were col-
lected at the rooftop level of a three-story building approximately
10 m above ground level at Osaka Prefecture University, Sakai,
Osaka, Japan. This sampling site is located in a slightly polluted
residential area. The sampling campaign was performed using a
high-volume air sampler (Kimoto Electric, model 120) on quartz
fiber filters (QFF; Advantec MFS, QR100), at a flow rate of 1500 L
min ", during May 12 and 14, 2003 with a regular collection time
of 3 h per filter; thus, 20 sample filters were obtained. The airborne
particle samples were stored at 253 K until subjected to analysis.

Extraction of Soluble Organic Fractions from DEP and
Airborne Particulate Samples. Standard reference materials

(SRM) 1650b (diesel particulate matter) and SRM 1975 (diesel
particulate extracts) was obtained from U.S. National Institute of
Standards and Technology (NIST). Soluble organic fractions
(SOFs) were extracted from SRM 1650b using Soxhlet extrac-
tion technique according to the previous literature.> SRM 1975
was dissolved in methanol at an appropriate concentration.”®
The airborne partlculate samples were prepared according to the
previous report ® (details are presented in SI). An aliquot of each
of the sample solutions without any purification was subjected to
the quantification by HPLC/CL. Correction for chemical loss of
OHNPs on a QFF by ozone during the ambient sample collec-
tion was performed for the quantification of the part1c1e~asso—
ciated OHNPs (SI Table S1) according to the previous report.”

Sample Fractionation. In order to identify the OHNPs in
a.lrborne particles and in 1-NP photoreaction products by MS
and/or 'H NMR analyses, sample fractionation was performed.
Details are presented in SL

Analytical Instrumentation. LC/MS/MS analysis was per-
formed as previously described” using the Agilent 1100 series LC
system (Agilent Technologies) with an API 4000 Q-Trap tandem
mass spectrometer (Applied Biosystems) equipped with an electro-
spray ionization (ESI) interface and operated in a negative ion mode.
The mass spectrometer was operated under multiple reaction
monitoring (MRM) mode, and the monitored precursor (Q1)
and product (Q3) ions were m/z 262 and 232, respectively. The
structures of 1-NP photoreaction products were elucidated using the
enhanced product ion (EPI) scan mode (details are presented in SI).

An HPLC system with column-switching and chemilumines-
cence detection was employed for OHNPs and 1-NP quantifica-
tion as reported previously”® (details are described in SI).

Details of '"H NMR, GC/MS, and exact mass analyses
performed in this study are presented in SL

Chemicals. 1-OH-3-NP, 1-OH-6-NP, 1-OH-8-NP, and their
deuterates were synthesized according to the previously reported
procedure.* 1-OH-2-NP was synthesized by nitration of
OHPy by 4-nitro-4-methyl-2,3,5,6-tetrabromo-2,5-cyclohexa-
dien-1-one (NCHD) in diethyl ether at room temperature for
2 h according to the literature.””*® Each OHNP isomer was
purified by preparative normal phase HPLC (SUPELCO, Su-
pelcosil PLC-SI, 21.2 mm id. X 250 mm, eluted with CH,Cl,
containing 0.5 mM CH3;COOH at 10 mL/min). To identify the
synthetic compounds, their EI-MS and "H NMR spectra were
compared with literature data.®'"**73° NCHD was purchased
from Tokyo Chemical Industry Co., Ltd. 1-NP and OHPy were
obtained from Sigma-Aldrich Co. Deuterated I-NP (1-NP-d,)
was obtained from C/D/N Isotopes Inc. All solvents and other
chemicals used were HPLC or analytical grades from Wako Pure
Chemical Ind., Ltd.

Measurement of CO and O;. Concentration of CO in the
atmosphere was monitored throughout airborne particulate sam-
pling using an NDIR CO analyzer (Thermo Electron, MODEL
48). Concentration of atmospheric O3 was obtained by public
environment monitoring stations in Sakai, Osaka, Japan.

Computational Methods. Optimization of the geometry and
calculation of atomic spin densities for the pyrenyloxy radical were
performed by density functional theory (DFT) method at B3LYP/
6-31+G(d) level of theory using the Gaussian 03W programs.

B RESULTS

Photoreaction of 1-NP. Figure S3 in SI shows a profile of the
preparative HPLC with UV absorption for the products from
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Figure 1. LC/MS/MS chromatograms for (a) standard solutions and (b) photoreaction products of 1-NP; m/z 262—232.

photoreactions of 1-NP in methanol. Six chromatographic peaks
were observed in the chromatogram as symbolized by A, B, C, D,
E, and F. The retention times of peaks A, B, D, E, and F were the
same as those of authentic 1-OH-2-NP, OHPy (1-hydro-
xypyrene), 1-OH-6-NP, 1-OH-8-NP, and 1-OH-3-NP, respec-
tively. When analyzed by LC/MS/MS, fraction I containing peak
A yielded one peak (Figure 1b-2), and fraction II containing
peaks C, D, E, and F yielded four peaks (Figure 1b-1). By
comparing the retention times and the MS/MS spectra of these
peaks with those of the authentic standards, four known OHNPs,
1-OH-2-NP, 1-OH-3-NP, 1-OH-6-NP, and 1-OH-8-NP, were
identified. For these compounds, the molecular-related ion m/z
262 ([M — H] ) together with the characteristic fragment ions
m/z232 (M —H —NO] ™) and 216 ((M — H — NO,] ™) were
detected in an EPI full scan analysis (SI Figure $4). 1-OH-3-NP,
1-OH-6-NP, and 1-OH-8-NP were found in 1-NP photoreaction
products for the first time. The unknown compound that was
eluted at 23.6 min in the LC/MS/MS chromatogram (peak 1 in
Figure 1b-1) was also observed in the LC/MS/MS analysis of
fraction III obtained by the HPLC fractionation (Figure 2),
which corresponds to the peak C in SI Figure S3. This compound
also gave a characteristic MS/MS spectrum with a molecular-
related ion m/z 262 and fragment ions m/z 232 and m/z 216 in
EPI mode (Figure 2). The similarity between the fragmentation
patterns of the unknown compound and known OHNPs in-
dicates that the unknown compound is an isomer of OHNP. The
structure of the unknown compound obtained by the preparative
scale photoreaction was then determined by analysis of its 'H
NMR spectrum. On the basis of chemical shifts and coupling

patterns (SI Figure S5), the unknown compound contained in
the fraction III was identified as 1-hydroxy-S-nitropyrene (1-OH-
5-NP). 'H NMR (acetone-ds, O in ppm, J in Hz): 7.80 (d, 1H,
H-2,7=8.5),8.17 (d, 1H, H-9,7=9.0), 8.18 (t, 1H, H-7, ] = 7.9),
835 (d, 1H, H-8, ] = 7.6), 8.46 (d, 1H, H-3, ] = 8.5), 8.49 (d, 1H,
H-10,]=9.0), 8.83 (dd, 1H, H-6, ] = 8.1, 0.8), 9.00 (s, 1H, H-4).
The results of MS and UV spectrum analyses are as follows: EI-
MS m/z (rel. int. %): 263 ([M]*, 80), 233 ([M — NO] ¥, 100),
217 ([M — NO,]™, 53), 205 ([M — CNO,] T, 38), 189 ([M —
NO, — COJ%, 76), 176 (53), 94 (53), 88 (80). Exact mass
calculated for C;sHyNO3: m/z 263.0582. Found: m/z 263.0590
(A =+2.7 ppm). UV (methanol) A, (nm, rel. £ %): 385 (28),
365 (15), 330 (59), 270 (100). HPLC purity of 1-OH-5-NP
obtained by the preparative HPLC fractionation of the photo-
reaction products was determined at 254 nm to be =92%.
Standard solution of 1-OH-S-NP in this study was prepared
from known amount of the purified 1-OH-5-NP, and was used to
quantify 1-OH-5-NP in the photoreaction products and airborne
particles. Two kinds of hydroxylated 1-NP, i.e,, 2-OH-1-NP and
9-OH-1-NP, were previously reported as 1-NP photoreaction
products as well as 1-OH-2-NP.'*!> However, the EI-MS and/or
UV absorption spectra for the compound eluting in fraction III
were quite different from those for 2-OH-1-NP and 9-OH-1-NP
in the previous reports."*"* Although 1-OH-5-NP, which is
equivalent to 4-nitro-8-hydroxypyrene, has been reported to be
ametabolite of 4-nitropyrene,®" this study is the first to show that
it is also a photoreaction product of 1-NP.

OHNPs in DEPs and Ambient Airborne Particles. Table 1
shows the concentrations of OHNPs and 1-NP in SRM 1650b,
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Figure 2. LC/MS/MS chromatogram (m/z 262—232) and MS/MS spectrum for fraction III of the 1-NP photoreaction product obtained by the

HPLC fractionation.

Table 1. Concentrations of Hydroxynitropyrenes and 1-Nitropyrene and Concentration Ratio of Hydroxynitropyrenes to

1-Nitropyrene in Airborne Particles, SRM 1975, and SRM1650b”

1-OH-2-NP 1-OH-3-NP 1-OH-5-NP
airborne particlesb 3.4¢ 0.9¢ 4.1
SRM1975°¢ n.d. 0.011 n.d.
SRM1650b° n.d. 0.09 n.d.

1-OH-6-NP 1-OH-8-NP 1-NP SOHNP/1-NP¢
163 157 23.7 14
0.030 0.019 18° 0.003
0.32 025 15 0.04

“ Abbreviations are as follows: 1-OH-x-NP, 1-hydroxy-x-nitropyrene (x =2, 3, 5, 6, and 8); 1-NP, I-nitropyrene; n.d., not detected. Detection limits of
HPLC analysis employed for 1-OH-2-NP and 1-OH-5-NP were 17 fmol and 0.3 fmol, respectively (S/N = 2). * Mean values of 20 ambient samples
collected during May 12—14, 2003, at Sakai, Osaka, Japan (see text and Table S2 for detail). Given in units of fmol m™>. “Given in units of mg kg_l.
4 Calculated using 0.5 of the minimum detectable values as concentrations lower than the quantification limits. See Table S2 for detail.  112% of the value
certified by NIST (16.4 £ 0.2 mgkg™ 1).781% of the value certified by NIST (182 £ 02 mgkg ™ ").8 SOHNP = 1-OH-3-NP + 1-OH-6-NP + 1-OH-8-NP.

SRM 1975, and airborne particles collected in May, 2003, at a
residential area in Osaka, which were determined by the HPLC/
CL method. The DEP samples contained 1-OH-3-NP, 1-OH-6-
NP, and 1-OH-8-NP but not 1-OH-2-NP or 1-OH-5-NP (SI
Figure S6). Manabe et al. and Schuetzle also found 1-OH-3-NP,
1-OH-6-NP, and 1-OH-8-NP in DEPs at concentrations of
10—100 ug g~ ' of diesel particulate extract.>” In the airborne
particulate samples, on the other hand, 1-OH-2-NP and 1-OH-5-
NP were detected for the first time, as well as 1-OH-3-NP, 1-OH-
6-NP, and 1-OH-8-NP (SI Figure S7). The mean concentrations
of airborne particle-bound 1-OH-2-NP, 1-OH-3-NP, 1-OH-5-
NP, 1-OH-6-NP, and 1-OH-8-NP were 3.4, 0.9, 4.1, 16.3, and
15.7 fmol m ™, respectively. The concentrations of 1-NP asso-
ciated with airborne particles (9.8—72.0 fmol m™>) were com-
parable to those reported elsewhere in Japan.*>** The OHNPs in
airborne particles were also identified, but not quantified, by LC/
MS/MS (SI Figure S8). The molecular-related ion, m/z 263
(IM — H]7), together with the characteristic fragment ions, m/z

232 ([M — H — NOJ]7) and 216 (M — H — NO,] ") were
observed, and the fragmentation pattern for each peak obtained
from the airborne particulate sample was consistent with that for
the authentic OHNP (SI Figure S9).

& DISCUSSION

The concentrations of 1-NP in SRM 1650b and SRM 1975
determined by the HPLC/CL method (Table 1) in this study, 15
and 18 mg kg™, were 81% and 112% of the values certified by
NIST, respectively.>*** The concentrations of DEP-associated
1-OH-3-NP, 1-OH-6-NP, and 1-OH-8-NP, 0.09—0.32 mg kg™’
for SRM 1650b and 0.01—0.03 mg kg™ " for SRM 1975, were
much lower than that of 1-NP. The concentration ratios of
YOHNPs (= 1-OH-3-NP + 1-OH-6-NP + 1-OH-8-NP) to
1-NP in SRM 1650b and SRM 1975 were 0.04 and 0.003,
respectively, while the mean concentration ratio of YOHNPs
to 1-NP associated with airborne particles was 1.4; i.e,, the value
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Figure 3. Diurnal concentrations of (a) OHNPs and (b) 1-NP and CO together with 1-OH-8-NP during May 12— 14, 2003, at Sakai, Osaka. The
concentration of each OHNP was corrected based on its degradation rate during high volume air sampling. Errors shown were calculated from one
standard deviation derived from the correction method employed in this study. See ref 26 for details.

of YOHNPs/1-NP in ambient airborne particles was higher than
that in DEPs by factors of about 35 and 470. The low XOHNPs-
/1-NP ratio in DEPs estimated as 0.04—0.2 by Schuetzle
favorably compares with our results.® The difference in the ratio
between in DEPs and in airborne particles implies that some
OHNPs are formed in the atmosphere. Little is known about the
concentrations of OHNPs in airborne particles. Ambient air-
borne concentrations of hydroxynitro-PAH isomers (MW 263,
mainly OHNPs and hydroxynitrofluoranthenes) reported to be
about 0.01 ng m > (40 fmol m™>) by Nishioka et al. were well
consistent with our results.*® Gibson et al. also quantitatively
analyzed airborne particle-bound OHNPs, although they did not
determine each OHNP isomer independently.” At sites, in
Delaware and Bermuda, concentrations of OHNPs, as a mixture
of 1-OH-3-NP, 1-OH-6-NP, and 1-OH-8-NP, were also found to
be higher than that of 1-NP; the ratio of ZOHNPs/1-NP in the
airborne particles ranged from 1.7 to 21, suggesting secondary
formation of OHNPs in the atmosphere, although they did not

confirm the reaction pathway.® Our inability to detect either
1-OH-2-NP or 1-OH-5-NP in DEP samples also strongly sup-
ports the atmospheric secondary formation of OHNPs, because
these OHNP isomers were found in the airborne particles.
Figure 3 and Table S2 in SI show diurnal concentrations of
OHNPs with the standard errors in 3-h averaged samples of the
airborne particles obtained in this study between May 12 and 14,
2003. The diurnal variations in concentrations of particle-asso-
ciated OHNP isomers during the sample collection were similar.
This suggests that a dominant formation process of these
OHNPs is identical, and that the OHNPs have very similar
chemical removal rates from the atmosphere. The diurnal
changes of 1-NP and 1-OH-8-NP in airborne particles collected
between May 12 and 14 are shown in Figure 3b with the
concentration of CO, which was measured during the same
period of time. The CO concentration was in the range 0.3—1.4
ppmv. The diurnal variations of the concentrations of CO and
1-NP, both of which are primarily emitted by combustion
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processes, particularly the combustion of automotive fuels, were
similar; ie., the concentrations increased early in the morning
and late in the evening. The OHNP concentrations were also
elevated in the morning, and variations of OHNP concentrations
similar to that of 1-NP were observed during the daytime
(6:00—18:00). On the other hand, the concentrations of OHNP
isomers did not increase in the evening rush hour, and were low at
night (18:00—6:00), i.e,, in the absence of sunlight. The observed
diurnal variability of OHNPs clearly indicates that OHNPs origi-
nate from not only vehicle emissions but also secondary formation
in the atmosphere, probably via the photoreaction of 1-NP.

Van den Braken-van Leersum et al. proposed that the first step
of the 1-NP photoreaction in methanol is the formation of a
nitrite intermediate via both intramolecular nitro—nitrite rear-
rangement and C—N bond dissociation-recombination mecha-
nisms, and that the second ste}; is generation of nitrogen oxide
(NO) and pyrenyloxy radicals."" The NO radicals are expected to
recombine with the pyrenyloxy radicals at various carbon posi-
tions followed by the formation of OHNPs, although only 1-OH-
2-NP was found in their study. In our study, four other OHNP
isomers were first identified as 1-NP photoreaction products
together with 1-OH-2-NP. These five isomers were also found in
airborne particles. Thus, the mechanism of the 1-NP 1photoreac—
tion proposed by van den Braken-van Leersum et al."* may also
be responsible for the formation of atmospheric OHNPs.
According to their study, the coupling between NO and pyr-
enyloxy radicals is predicted to occur at the carbon of the cleaved
fragment with high spin density. The DFT-calculated spin
densities of pyrenyloxy radical were high at carbon positions 2,
5,6, 8,and 9, but quite low at position 3 (SI Figure S10). Pohlers
et al. obtained similar spin densities for the pyrenyloxy radical by
a calculation at the AM1-RHF level of theory.>” These calcula-
tions are consistent with the preferential production of OHNP
isomers nitrated at positions 2, S, 6, and 8 over position 3,
although 1-OH-9-NP was not observed in our photoreaction
experiment or in our ambient samples. The isomer distribution of
OHNPs in airborne particles was slightly different from that in
the photoreaction experiment products in the solvent; the
photoreaction in methanol was highly selective for the formation
of 1-OH-2-NP (SI Table S3). The photodecomposition of
NPAH in a solvent or on a solid surface strongly depends on
several factors, such as the type of solvent, the physical and
chemical nature of the substrates, and the presence of other
chemicals."***** Figure S11 in SI shows the distributions of
OHNP isomers obtained from the photoreaction of 1-NP in
various solvents as in the case of methanol. The highest relative
yield of 1-OH-2-NP was obtained in methanol (44%), followed
by ethanol (30%), acetonitrile/water (3/1, v/v) (14%), acetoni-
trile (9%). The preferential formation of 1-OH-2-NP observed in
the photoreaction in hydroxylic and viscous solvents such as
alcohol may be attributable to the cage effect; the solvent cage
surrounding the reactant is expected to inhibit the migration of
the dissociated NO radical, resulting in preferential recombina-
tion of NO with the neighboring carbon atom of the pyrenyloxy
radical. Another possible formation pathway of OHNPs in
ambient air is a reaction of OHPy on the particles, which can
be produced from photoreactions of 1-NP or pyrene,'"*®
with gaseous nitrating species such as NO,, HNO3, and N,O:s.
Several researchers reported the reactions of particle-associated
PAHs such as pyrene and fluoranthene with the gaseous nitrating
species.*®*! The NPAH isomers formed from the heterogeneous
reactions are the same as those formed from electrophilic

nitration reactions involving NO, ions. The addition of an
activating group such as a hydroxyl to the PAH species would be
expected to greatly increase the reactivity of the ring toward
further reaction, including nitration.® Electrophilic nitration of
OHPy by NO," preferentially leads to 1-OH-3-NP, 1-OH-6-NP,
and 1-OH-8NP as in pyrene."’ Thus, this reaction pathway
could partly participate in the formation of 1-OH-3-NP, 1-OH-6-
NP, and 1-OH-8-NP in ambient air, although the formations of
1-OH-2-NP and 1-OH-5-NP cannot be explained by this pro-
cess. Formations of 1-OH-6-NP and 1-OH-8-NP from photo-
reactions of dinitropyrenes (DNPs) have also been reported,'%**
but DNP concentrations in ambient air seem too low to
contribute to the atmospheric formation of OHNPs; the con-
centrations of DNPs are 2 orders of magnitude lower than that of
1-NP.* Several researchers reported that 1-hydroxy-2-nitro-
naphthalene and 2-hydroxy-1-nitronaphthalene were produced
from the gas-phase reactions of naphthalene initiated by OH or
NO; radicals in the presence of NO,.*** This raises the
possibility that atmospheric OHNPs are formed partly by the
radical-initiated reactions of pyrene in the gas-phase. OHPy is an
expected hydroxypyrene isomer formed from the OH radical-
initiated chemistry of gaseous pyrene.*** As described above,
OHPy is expected to be reactive toward both OH and NO;
radicals. Both the OH and NOj radical-initiated reactions of
OHPy in the gas phase could lead to OHNP formation by
analogy with the similar reactions of phenol and cresols,™
although vapor pressure of OHPy is significantly lower than
those of the other species.”’ In order to understand the factors affecting
the formation and behavior of atmospheric OHNPs, detailed kinetic
experiments and further observation of ambient OHNPs are required.
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Estrogenic and antiestrogenic activities of 19 quinoid polycyclic aromatic hydrocarbons (PAHQs) and 9 ke-
tone PAHs were evaluated by the yeast two-hybrid assay using yeast cells expressing estrogen receptor-a (ERa).
Binding affinity of PAHQs to ERa was assayed by the polarized fluorescence method using Fluormone™ ES2.
Ten PAHQs having 3-5 rings showed antiestrogenic activities. The most strongly antiestrogenic PAHQs were 1,4-
chrysenequinone and 5,6-chrysenequinone. On the other hand, benzo[a]pyrene-3,6-quinone showed the strongest
estrogenic activity. However, the other compounds tested did not show so strong estrogenic/antiestrogenic activi-
ties. Binding affinity to ER was required but not sufficient for estrogenic/antiestrogenic activities of PAHQs. The
length-to-breadth ratios of the rectangular planes surrounding the ring molecules and the distances between the
oxygen atom of the carbonyl group and farthest hydrogen atom of estrogenic/antiestrogenic PAHQs were in nar-
row ranges, suggesting a structure-activity relationship. As interactions between active PAHQ and ER, hydrogen
bonding between carbonyl groups and amino acid residues and van der Waals forces were considered.

Key words —— polycyclic aromatic hydrocarbon, quinone, antiestrogenic activity, yeast two-hybrid, structure-

activity relationship

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are
ubiquitous environmental pollutants. In recent years
there has been increasing interest in endocrine dis-
ruptors which may cause dysfunction of human and
wildlife endocrine systems leading to cancers, re-
productive system abnormalities and immune sys-
tem deficiencies.l"? Several screening tests have
been developed to evaluate the endocrine-disrupting
activities of chemicals. As for PAHS, antiestrogenic
activity was observed in a yeast assay system> and
estrogenic activity was found in MCF-7 cells.”) The
estrogenic activities of 517 chemicals were evalu-
ated by using a yeast two-hybrid assay system based
on the ligand-dependent interaction of estrogen re-

*To whom correspondence should be addressed: Institute of
Medical, Pharmaceutical and Health Sciences, Kanazawa Uni-
versity, Kakuma-machi, Kanazawa 920-1192, Japan. Tel.:
076-234-4413; Fax: 076-234-4456; E-mail: hayakawa@p.
kanazawa-u.ac.jp

ceptor (ER) and its co-activators.”

Several studies have evaluated the estro-
genic and antiestrogenic activities of hydroxy
PAHs (OHPAHSs) such as hydroxybenzo[a]pyrene
(OHBaP).#%7 Several other OHPAHs and
n-propyl  p-hydroxybenzoate were identified
as estrogenic compounds in cigarette smoke
condensate.®)’ We previously evaluated estro-
genic/antiestrogenic activities of 14 PAHs and 63
OHPAHs having 2-6 rings by yeast two-hybrid
assay and found that PAHs did not show any
estrogenic/antiestrogenic  activity, ' but several
OHPAHs having 3-5 rings showed activity. Es-
pecially, OHPAHs having 4 rings such as 3-, 4-
and 10-hydroxybenz[a]anthracenes (3-, 4- and
10-OHBaAs) and 2-hydroxychrysene (2-OHCh)
showed strong estrogenic activity. Several other
OHPAHSs having 4 rings such as 2- and 3-hydroxy-

~ benzo[c]phenanthrenes (2- and 3-OHBcPh), 2-

OHBaA and 3-OHCh showed strong antiestrogenic
activity. Both length-to-breadth (L/B) ratios of the

©2011 The Pharmaceutical Society of Japan
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rectangular van der Waals planes surrounding the
ring molecules and distances between the oxygen
atom of the phenol group and farthest hydrogen
atom (O-H distance) of the estrogenic OHPAHs
were in narrower ranges than those of antiestrogenic
OHPAHs. The similarity of the values of OHPAHs
to those of estradiol (E;) and diethylstilbestrol
(DES) suggested that OHPAHSs interact with the
ER through hydrogen bonding between the phenol
groups of OHPAH and amino acid residues of ER
and van der Waals fitting between benzene rings.”
PAHs are oxidized to OHPAHs, PAH quinones
(PAHQs) and ketones efc. in the presence of cy-
tochrome P450 enzymes (CYPs), epoxide hydrase
and/or aldo-keto reductase in human and animals.!?
These metabolites are also secondarily formed from
mother PAHs in the atmosphere.! Both biologi-
cal and chemical formations of OHPAHSs or PAHQs
suggest that the concentrations of these oxidized
derivatives of PAHs increase easily in animal bod-
ies. Recently, we have found that several PAHQs
show oxidative damage to cellular components and
DNA by producing reactive oxygen species (ROS)
in the redox cycling.!®? However, it is unclear
whether PAHQs have endocrine-disrupting activi-
ties. The purpose of this study was to estimate es-
trogenic/antiestrogenic activities by the yeast two-
hybrid assay and binding affinity of PAHQs by po-
larized fluorescence detection. Based on the results,

) O A ‘.
solNee “
1,2-naphtho- acenaphtho- "0
quinone quinone  1,4-phenanthrene-

{1,2-NpQ) . O (AcQ)

Q

9,10-phenanthrene- 4 4-anthra-

qumone (1,4-PhQ) quinone (9,10-PhQ)  quinone

X

we discuss the relationship between structures and
activities of quinoid PAHs.

MATERIALS AND METHODS

Chemicals —— 1,2-Naphthoquinone (1,2-NQ), ace-
naphthoquinone (AcQ), 1,4-phenanthrenequinone
(1,4-PhQ), 9,10-PhQ, 1,4-anthraquinone (1,4-AQ),
9,10-AQ, 1,4-chrysenequinone (1,4-ChQ), 1,2-
benzanthraquinone (1,2-BAQ), benzo[c]phenanthr-
ene[1,4]quinine (BcPh-1,4-Q), BcPh-5,6-Q, ben-
zo[a]pyrene[1,6]quinone (BaP-1,6-Q), BaP-3,6-Q,
BaP-4,5-Q, BaP-6,12-Q, BaP-7,8-Q, BaP-7,10-Q,
BaP-11,12-Q, $5,6,8,9-tetrahydrobenz[a]anthracen-
11{10 H}-one (BaA-11-one), benzo(a)fluoren-11-
one (BaFl-11-one), benzo[b]fluoren-11-one (BbFI-
11-one) and 1-hydroxy-9-fluorenone (1-OH-FI-9-
one) were from Chiron AS (Trondheim, Norway).
3,4-Dihydrobenz[a]anthracen-1[2 H]-one (BaA-1-
one) and 9,10-dihydrobenzo{a]pyrene-7[8 H]-one
(BaP-7-one) were from Sigma-Aldrich (St. Louis,
MO, U.S.A.). 9-Fluorenone, anthrone and ben-

zanthrone were purchased from Tokyo Chemical
(Tokyo, Japan). Structures and abbreviations of
test compounds are shown in Figs.1 and 2. Test
compounds were dissolved in ethanol and stored at
—20°C until use. All other chemicals were of the
highest quality available from commercial sources.

gh o oo

9, 10-anthra-
quinone
(14-AQ) 5 (9,10-A0Q)

1,2-chrysene-
quinone

:‘ ;‘::::amhra' benzo[c]phenanthrene (1:2-Ch)
(1,2-BAQ) [1 4]qumone (BcPh-1,4-Q) benzo[c]phenan-
threne[5,6]quinone O‘
(BcPh-5,6-Q) O‘ o]
OO 6-chrysene benzo[aﬁ)yrene-
1,4-chrysene- O quinone (5,6-ChQ)
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5 D
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Fig. 1. Structures and Abbreviations of PAHQs
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Fig. 2. Structures and Abbreviations of Ketone PAHs

Assay of Estrogenic and Antiestrogenic Activi-
ties —— Estrogenic and antiestrogenic activities of
PAH derivatives were evaluated by the yeast two-
hybrid assay method using yeast cells expressing
human ERa according to our previous reports.”?
To examine the agonistic activity, the yeast cells
were grown overnight at 30°C with shaking in syn-
thetic defined medium free from tryptophan and
leucine, and treated with each test compound in
the concentration range from 1 x 10™° M to 1 x
1079 M at 30°C for 4hr. After the incubation, the
treated cells were collected and enzymatically di-
gested with 1 mg/ml Zymolyase 20T at 37°C for
30 min. 2-Nitrophenyl-8-D-galactoside was added
to the lysate to a final concentration of 4 mg/ml.
After incubation at 30°C for 45 min, the reaction
was stopped by the addition of 1M Na,CO3. The
yeast debris was removed by centrifugation and -
galactosidase activity was assayed by measuring the
absorbance of supernatant at 415nm. The data
were representative of three independent experi-
ments. Relative effective potency of estrogenic ac-
tivity (REPg) was calculated as the inverse value of
the relative concentration of the test compound that
gave the same activity of E,. Relative effective po-
tency of antiestrogenic activity (REPAg) was calcu-
lated as the inverse value of the relative concentra-
tion of the test compound that gave the same activity
of 4-hydroxytamoxifen (4-OHT) in the presence of
1 oM E;.

Receptor Binding Assay—— The assay was
performed by using a PanVera P2698 ERa Compe-
tition Assay, Green (Takara Bio, Otsu, Japan). Four-
teen pl of Fluormone™ ES2 (FES2) and 14 pl of

ERa were mixed with 2672 ul of screening buffer
(SB) in a glass tube. The mixture was settled for 1 hr
at room temperature to form FES2-ERa complex.
Then, 50 pl of the complex solution was transferred
from the tube into a 96-well plate. Forty-eight pl of
SB and 2 pl of test solution were successively added
to the complex solution in the well and the contents
in the well were mixed. After settling the plate for
1 hr at room temperature, the polarized fluorescence
intensity of the solution was monitored by a Fluplo
monitor (Takara Bio). The control solution was a
mixture of 98 pl of SB and 2 pl of demethyl sulfox-
ide (DMSO). Positive control solution was a mix-
ture of 48 ul of SB, 50 ul of the complex solution
and 2 pl of DMSO. Negative control solution was
a mixture of 48 ul of SB, 50 ul of the complex so-
lution and 2 pl high-concentrated (= 1 x 107> M)
E; solution, respectively. Relative binding affinity
(RBA) was calculated as the inverse value of the rel-
ative concentration of the test compound that gave
the same competition activity of E; in the presence
of FES2.

Calculation of Physical Parameters —— In order
to estimate the structural characteristics of PAH
derivatives used, the following physical parame-
ters were used. The L/B ratio of the rectangular
van der Waals plane surrounding each mother PAH
molecule was calculated with a molecular model-
ing program (CAChe Worksystem ver.4.1.1 for Ap-
ple Macintosh, Fujitsu Co. Ltd., Chiba, Japan) us-
ing the L and B values obtained from the Polycyclic
Aromatic Hydrocarbon Structure Index.!® The O-H
distance, the distance between the oxygen atom of
the carbonyl group and the hydrogen atom located
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farthest from the carbonyl group was calculated by
using a computer with a molecular modeling pro-
gram. Other conditions for calculating physical pa-
rameters were the same as in our previous report.”

RESULTS

Estrogenic Activity

An increase of B-galactosidase activity was ob-
served for several PAHQs such as BaP-3,6-Q (REPg
=23 x 10™), 1,2-ChQ (REPg = 0.5 x 10™*) and
BaP-7,8-Q (REPg = 0.2 x 10™*) (Table 1). How-
ever, the activities of these quinines were much
weaker than those of 4-OHBaA (REPg = 7.5 X
107%) which showed the strongest estrogenic activ-
ity among OHPAHs.” The other PAHQs did not

show estrogenic activity. None of the ketone PAHs
showed estrogenic activity at concentrations be-
tween 1x 107" M and 1 x 1076 M.

Antiestrogenic Activity

Significant decreases of B-galactosidase activity
were observed for 1,4-PhQ, BcPh-5,6-Q, 1,2-ChQ,
1,4-ChQ, 5,6-ChQ, BaP-1,6-Q, BaP-4,5-Q, BaP-
7,8-Q, BaP-7,10-Q and BaP-11,12-Q (Table 1).
Among them, 1,4-ChQ and 5,6-ChQ exhibited the
strongest antagonistic effect (REPag = 0.97). Their
activity of these two quinines was almost as strong
as that of 4-OHT and about a half of 3-OHBcPh
(REP,g = 1.9) which showed an antagonistic effect
in our previous report.”) None of the ketone PAHs
showed antiestrogenic activity at concentrations be-
tween 1 x 10" M and 1 x 1075 M.

Table 1. Estrogenic/Antiestrogenic Activities and Receptor Binding Affinities

Type® Abbreviation ‘REPg?, x 10~ REP;:® RBAY
Q-2 1,2-NQ <0.01 <0.01 0.94
Q-3 AcQ <0.01 <0.01 0.11
1,4- PhQ <0.01 0.65 0.78
9,10-PhQ <0.01 <0.01 0.01
1,4- AQ <0.01 <0.01 0.72
AQ <0.01 <0.01 0.14
Q-4 1,2-BAQ <0.01 <0.01 0.13
BcPh-1,4-Q <0.01 <0.01 1.07
BcPh-5,6-Q <0.01 0.76 0.33
1,2-ChQ .05 0.50 0.93
1,4-ChQ <0.01 0.97 1.03
5,6-ChQ <0.01 0.97 0.81
Q-5 BaP-1,6-Q <0.01 . 0.65 0.56
BaP-3,6-Q 2.3 <0.01 0.84
BaP-4,5-Q <0.01 0.69 0.11
BaP-6,12-Q <0.01 <0.01 —
BaP-7,8-Q 0.2 0.60 0.96
BaP-7,10-Q <0.01 0.50 0.85
BaP-11,12-Q <0.01 0.42 0.78
K-3 9-Fluorenone <0.01 <0.01 0.29
Anthrone <0.01 <0.01 0.26
1-OH-F1-9-one <0.01 <0.01 —_—
K-4 Benzanthrone <0.01 <0.01 0.25
BaA-1-one <0.01 <0.01 0.48
BaA-11-one <0.01 <0.01 —_
K-5 BaP-7-one <0.01 <0.01 0.02
BaF-11-one <0.01 <0.01 0.17
BbF-11-one <0.01 <0.01 0.33

) a) Q, quinoid; K, ketone; numbers indicate number of rings. b) Estrogenic activity of each
test compound was measured by the yeast-two hybrid assay. REPg was calculated from the value
of E; as a positive control. ¢) Antiestrogenic activity of each test compound was measured by the
yeast-two hybrid assay. REPag was calculated from the value of 4-OHT as a positive control. d)
Receptor binding affinity was monitored by the polarized fluorescence method. RBA was calculated
as the inverse value of the relative concentration of the test compound that gave the same competition

activity of Ep in the presence of FES2.
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Among OHPAHSs tested in our previous work,
hydroxylated derivatives of BaA, BcPh and BaP,
which have 4 and 5 rings, respectively, showed

antiestrogenic activity. However, PAHQs showed

a different profile. Quinoid derivatives of Ph, BcPh,
Ch and BaP having 3-5 rings showed antiestrogenic
activity.

Binding Affinity

Strong binding affinity (RBA > 0.56) was ob-
served for 1,2-NQ, 1,4-PhQ, 1,4-AQ, BcPh-14-
Q, 1,2-ChQ, 1,4-ChQ, 5,6-ChQ, BaP-1,6-Q, BaP-
3,6-Q, BaP-7,8-Q, BaP-7,10-Q and BaP-11,12-Q.
Among them, BcPh-1,4-Q and 1,4-ChQ showed
the strongest affinities which were comparable to
that of E;. It should be noted that all PAHQs
which showed estrogenic/antiestrogenic activities
had RBA > 0.18. The RBA values of ketone PAHs
tested were not strong. The RBA values were in the
range from 0.17 to 0.48. RBA of each test com-
pound is given in Table 1.

DISCUSSION

Among 28 PAH derivatives having 2-5 rings,
only three quinones, BaP-3,6-Q , 1,2-ChQ and BaP-
7,8-Q showed estrogenic activity. However, their
activities were much weaker than those of estro-
genic OHPAHs. Therefore, in the following dis-
cussion, only BaP-3,6-Q was used as an estrogenic
PAHQ. On the other hand, 10 PAHQs having 3-
5 rings exhibited antiestrogenic activity (REPAg >
0.42, Table 1). The activities of 1,4-ChQ and 5,6-

Group 1 BaR-3.6-Q

1 B,
5,6-ChQ 1,4-ChQ
= i
u M2
€ | BoPR56-Q :
& 075 [~ aP-4,5-Q i
H H = BaP-16-Q 14-PhQ :
g | n B BaP7,8Q 15 _
8 a ! &
% BaP-7,10-Q12-ChQ | H
205 BaP-11,12-Q o
] ] 11 o
= o
= w
S [
8°0.25 |~ Group 3(9,10-PhQ) e
g.:: 0.5
a 9,J0-AQ 1,4-AQ  BcPh-1,4-Q
1/ A/ _12-BAQ  Group2 \ 1.2-NQ
o B ' = Hog g
) 0225 35 0.75 T
RBA (E, = 1) :
Fig, 3. Relationship between RBA and REP,g or REPg of
PAHQs

m, antiestrogenic; O, estrogenic; O, inactive.

ChQ were about 1/2 of the activity of 30HBcPh
(REP4g = 1.9) but comparable to the activity of 2-
OHBcPh (REPsg = 0.69).” Importantly, the data
in Table 1 show that phenol group was not always
necessary to exhibit estrogenic/antiestrogenic activ-
ities. However, ketone PAHs did not show estro-
genic/antiestrogenic activities.

In order for OHPAHs to exhibit estro-
genic/antiestrogenic activities, they must have an
affinity for ER.” Furthermore, RBA is correlated
with REPg or REPss."Y PAHQs fell into three
groups (Fig.3): RBA > 0.18 and REP,g > 0.42
or REPg = 2.3 such as 1,4-ChQ and BaP-7,8-Q,
RBA > 0.11 and REPag = 0 such as BcPh-1,4-Q
and RBA = 0 and REPag 5 REPg 50 such as 9,10-

PhQ. None of the PAHQs had RBA =0 but REPAg >

0.42. Group 1 contained 10 PAHQs, although a par-
alle] relationship was not observed between RBA
and REP,g. As an interaction of PAHQs in Group 2,
such as 1,2-NQ, may interact with ER through cova-
lent bonding to thiol groups of the protein. The data
in Fig. 3 suggest that RBA is necessary but not suffi-
cient for PAHQs to exhibit estrogenic/antiestrogenic
activities. Several PAHQs such as 1,2-NQ, 1,4-
AQ and 1,4-ChQ can covalently bind to macro-
molecules through reactive thiol residues.'> Among
these three PAHQs, both 1,2-NQ and 1,4-AQ were
in Group 2 which did not show antiestrogenic activ-
ity. 1-4-ChQ only was in Group 1 which showed
both strong binding affinity and strong antiestro-
genic activity, suggesting that the covalent bind-
ing affinity of 1,4-ChQ may contribute to its strong
antiestrogenic activity.

These results suggest that active PAHQs would
pass through the cell membrane and bind to ER
in the nucleus. Although the P,/ values of
PAHQs having 3-5 rings are smaller than those
of the corresponding OHPAHs (for example, the
computer-calculated log P values of 1,4-ChQ, and
1-OHCh were 2.459 and 4.769) the hydrophobicity
of PAHQs might be enough to pass through the cell
membrane.

The data in Table 1 showed that 11 estrogenic
or antiestrogenic PAHQs have 3-5 rings. We pre-
viously found that estrogenic OHPAHs had the nar-
row range of L/B ratios and that antiestrogenic OH-
PAHs had narrow range of OH distances which
made it easer to bind to the active site of ER.” The
computer-calculated L/B ratios and O-H distances
of PAHQs tested are plotted in Fig. 4. The L/B ratios
of active PAHQs are in the range from 1.27 (BaP-
1,6-Q) to 1.41 (BaP-7,10-Q) and in the range from
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Fig. 4. Relationship between O-H Distance and L/B Ratio of
PAHQs

m, antiestrogenic; O, estrogenic; O, inactive, O, E2.

1.7 (1,4-ChQ) to 1.8 (1,2-ChQ). The former range
contains 8 quinoid derivatives of BaP, BcPh and Ph
including estrogenic BaP-3,6-Q and the latter con-
tains 3 quinoid derivatives of Ch. Considering that
the L/B ratio of E; was 1.95 and PAHQs having 6
rings or more were not tested in this work, L/B = 1.8
might not be the upper limit. On the other hand, the
O-H distances of estrogenic/antiestrogenic PAHQs
were in the range from 8.2A (5,6-ChQ) and 11.5A
(1,2-ChQ). This range was close to the values of O-
O distances of E, (11.7 A and 11.2 A). The values of
inactive PAHQs were outside these areas with two
exceptions, 1,2-BAQ and BcPh-1,4-Q.

The phenol group (OH-3) of E, makes hydro-
gen bonds with glutamic acid (Glu)353 and argi-
nine (Arg)394 of ER and H;O and the alcohol

group (OH-17) of E; has an affinity for the nitro-

gen atom of histidine 524 of ER. In these hydrogen
bonds, the distance between Glu353 and the phe-
nol group was the shortest (2.37 A), which might be
the strongest bond. On the other hand, there is a
van der Waals interaction between E, and the bind-
ing site of ER.!617) Both the hydrogen bonding and
van der Waals interaction were also necessary for
OHPAHS to exhibit activity. Although PAHQs have
no phenol groups, the carbonyl groups might play a
role in the interaction with ER. Hydrogen bonds can
be formed between one or two carbonyl groups of
PAHQ and Glu353 and Arg394 of ER. According
to the binding scheme of E; and ER [Fig. 5 (2)],”
ER can bind to 1,4-ChQ, 1,2-ChQ and BaP-7,8-Q
[Fig. 5 (b)~(d), respectively]. BcPh-1,4-Q and 1,2-
BAQ were not antiestrogenic even though their L/B
ratio and O-H distance were in the area of active
PAHQs. This may be because the formation of hy-
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Fig. 5. Binding between E; and ER and Possible Bindings be-
tween PAHQ and ER
(a) E2; (b) 1,4-ChQ; (c) 1,2-ChQ.

drogen bond may be disturbed by aromatic rings
surrounding the carbonyl groups of BcPh-1,4-Q and
1,2-BAQ.

Our results lead to three conclusions. Sev-
eral PAHQs having 3-5 rings showed antiestro-
genic activities. The most strongly antiestrogenic
PAHQs tested were 1,4-ChQ and 5,6-ChQ, fol-
lowed by BcPh-5,6-Q, BaP-4,5-Q, 1,4-PhQ, BaP-
1,6-Q, BaP-7,8-Q, BaP-7,10-Q, BaP-11,12-Q and
1,2-ChQ. BaP-3,6-Q showed estrogenic activity.
The other PAHQs and ketone PAHs did not show
estrogenic/antiestrogenic activities. Several physi-
cal parameters such as L/B ratio and O-H distance
of antiestrogenic/estrogenic PAHQs were in nar-
row ranges, suggesting a structure-activity relation-
ship. The interaction between active PAHQs and ER
may be due to hydrogen bonding between carbonyl
groups and amino acid residues and van der Waals
forces.
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