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Fig. 1. Purification of rTBT-bp1 detected by SDS-PAGE. (A) Detection of His-tagged
(TBT-bp1 fractionated by affinity chromatography: lane 1, flow-through material;
lane 2, eluate at 50mM imidazole; lane 3, eluate at 150 mM imidazole; lane 4,
eluate at 450 mM imidazole. (B) Detection of final sample of His-tagged rTBT-bp1
fractionated by gelfiltration chromatography. STD is molecular weight standard.

Table 2
Results of N-terminal amino acid sequence analysis. Band 1 and 2 are upper and
lower band of final sample, respectively.

N-terminal amino acid sequence

APTPEETSQLVSPVS
APTPEEXXQLV

Band 1 (upper)
Band 2 (under)

3.2. TBT binding assay

A binding assay indicated that rTBT-bp1 bound TBT. After
incubation of the rTBT-bp1 solution (38 wM) with TBT solution
(380 M) at 15°C for 16 h, the mixture was fractionated by gel fil-
tration chromatography. rTBT-bp1 was detected in fractions 18 and
23, and the peaks for TBT were corresponded to those for the pro-
tein (Fig. 3). This result indicated that rTBT-bp1 bound TBT because
the molecular weight of rTBT-bp1 and TBT were 35 kDa and 289 Da,
respectively. The molar ratios of rTBT-bp1 to TBT in fractions 18 and
23 were 6:1 and 4:1 (rTBT-bp1:TBT), respectively. The molecular
weights of rTBT-bp1 estimated from the elution times were 27 kDa
for fraction 18 and 3.2kDa for fraction 23. These values did not
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Fig. 2. SDS-PAGE of purified and deglycosylated TBT-bp1: lane 1, control glycopro-
tein; lane 2, deglycosylated control glycoprotein; lane 3, purified TBT-bp1; lane 4,
deglycosylated TBT-bp1. The arrow indicates glycosidase F. STD is molecular weight
standard.
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Fig. 3. Elution profile of mixture containing rTBT-bp1 and TBT obtained by gel fil-
tration chromatography on a TSK gel G2000SWxI column.

agree with the values determined by means of SDS-PAGE analysis
(i.e., 30 and 35 kDa).

3.3. In vitro assay of restoration of osteoblastic activity inhibited
by TBT in cultured scales of goldfish

The results of the assay for the ability of rTBT-bp1 (10-7 M) to
restore osteoblastic activity inhibited by TBT are shown in Fig. 4A.
The osteoblastic activities in the scales of the TBT treatment group
significantly lower than those of the control (10-8 M: P=0.032;
10-7M: P=0.006; 10-°M: P=0.0006). In contrast, osteoblastic
activities were recovered in the group of co-treated with rTBT-
bp1 (10-7M) and 10-8 or 10-6M TBT, although at 10-6M TBT
osteoblastic activity remained significantly inhibited (Fig. 4B,
P=0.036). These results indicate that rTBT-bp1 restored osteoblas-
tic activity inhibited by TBT.

The results of a similar assay conducted with nTBT-bp1 (107
M) are shown in Fig. 4C. Osteoblastic activity was restored in all
the groups co-treated with nTBT-bp1 (10-7 M)and TBT (108,107,
or 10-6M). The nTBT-bp1 restored osteoblastic activity as well or
better than rTBT-bp1.

4. Discussion

We obtained histidine-tagged rTBT-bp1 by means of baculovirus
gene expression system in silkworm larvae (Fig. 1). The predicted
molecular weight of rTBT-bp1, which consists of 280 amino acid
residues, is approximately 30kDa. This value corresponds to the
molecular weight calculated for the lower band (band 2) observed
on the SDS-PAGE. However, the molecular weight of the upper
band (band 1) was estimated to be 35 kDa. The difference between
the molecular weight of the two bands might be due to glycosy-
lation modification in the endoplasmic reticulum of the silkworm
cells.nTBT-bp1 purified from blood of Japanese flounder is reported
to be 42% glycosylated with N-linked sugar chains (Shimasaki
etal., 2002). In the expression system using silkworm larvae, some
recombinant glycoprotein is expressed in various glycoforms (Wu
et al., 2002; Kato and Park, 2007). Kato and Park reported that the
signal peptide might relate to glycosylation of two types of fusion
proteins produced in Bm5 cells. In our expression system, the sig-
nal peptide of TBT-bp1 originating from Japanese flounder would
have contributed to these two types of rTBT-bp1.

The TBT binding assay strongly suggests that rTBT-bp1 retains
a binding ability by folding into the same structure as nTBT-bp1.
Shimasaki et al. (2002) reported that the binding ratio of nTBT-bp1
to TBT is 30:1.

In gel filtration analysis, rTBT-bp1 and TBT co-eluted in the same
two fractions 18 and 23. SDS-PAGE analysis indicated that molecu-
lar weights of proteins eluted during the gel filtration analysis were
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Fig. 4. Effects of (A) TBT, (B) TBT puls rTBT-bp1, and (C) TBT plus nTBT-bp1 on
osteoblastic activity in cultured goldfish scales after 6 h of incubation. The alkaline
phosphatase (ALP) activity was determined as a mesure of osteoblastic activity. *,
** and *** indicate statistically significant difference to the level of activity in the
control scales, at P<0.05, P<0.01, and P<0.001, respectively.

30 and 35 kDa, respectively. These were confirmed to be rTBT-bp1
by N-terminal amino acid analysis. However, molecular weights of
27 kDa and 3.2 kDa were calculated for fractions 18 and 23, respec-
tively. The result of gel filtration of glycoprotein tends to change
according to its carbohydrate content, shape, adsorption and so
on (Andrews, 1965). The rTBT-bp1 proteins in both fraction bound
TBT, despite the proposed difference in glycosylation. This result

suggests that glycosylation of TBT-bp1 did not contribute to the
protein’s ability to bind TBT.

The addition of rTBT-bp1 or nTBT-bp1 with TBT exerted the
recovery of osteoblastic activity inhibited by a single exposure to
TBT at 10-7 M (Fig. 4). It is suggested that TBT-bp1 binds to TBT and
reduces its toxic effects on scale calcification or on bone tissues that
resultsin malformation. Inmedakalarvae, it was demonstrated that
the malformation of the spinal marrow and tail fin might be caused
by TBT that has been maternally transferred to the embryo (Hano
etal., 2007).In adult fish or mammals, there have been no reports of
TBT induction of abnormal bone formation. Malformation of bone
during developmental stage induced by TBT might arise from low
levels of endogenous TBT-bp1 resulting in the inhibition of calcifi-
cation. Further experiments are needed to clarify the expression of
the TBT-bp1 gene during development.

The ability of rTBT-bp1 to restore the osteoblastic activity was
lower than that of nTBT-bp1, even though it was demonstrated that
rTBT-bp1 retained a higher binding ability than nTBT-bp1. The rea-
son of this difference between recombinant and native protein is
not clear. However, we expect that TBT-bp1 has another mecha-
nism for TBT binding to protect the scales using for example sugar
chain recognition.

TBT-bps in fish may generally respond to exposure of chem-
icals. Thirteen putative TBT-bp-like proteins have been found in
eight species of teleost including medaka, zebrafish (Danio rerio),
and spotted green pufferfish (Tetraodon nigroviridis) (Satone et al.,
2008). In the brain of Japanese medaka, the expression levels of
two types of genes encoding TBT-bp-like proteins are altered by
polychlorinated biphenyls (Volz et al., 2005). The expression levels
of mRNA for TBT-bp1 were up regulated in medaka liver exposed
to 2,3,7,8-tetrachlorodibenzo-p-dioxin (Nakayama et al., 2008).
Further experiments are required to reveal the binding ability of
TBT-bps to chemicals.

In conclusion, we purified rTBT-bp1 and confirmed that it bind
to TBT. We found that TBT-bp1 bind to TBT in the body of fish and
restored osteoblastic activity inhibited by TBT. This reportrelated to
protective function of TBT-bp1 on fish body surface will be valuable
to future experiments investigating physiological functions of TBT-
bps and their homologs.
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ABSTRACT: The formation of hydroxynitropyrene (OHNP) via a NO, OH
photochemical reaction of 1-nitropyrene (1-NP) was demonstrated Ao
using a UV irradiation system. The photoreaction of 1-NP in methanol “ hv “
Inm>

gave products that were hydroxy-substituted at position 1 and mono-
nitro-substituted at positions 2, 3, 5, 6, and 8 [ 1-hydroxy-x-nitropyrenes

3
[ (T

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

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 JOHNP (=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
YOHNP/1-NP concentration ratio of 1.4 was 3 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 NO; 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.*
I-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.”~® Recently, however, we have found that 1-OH-3-

'@iv ACS Pubhcatlons @© 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,">'S dimethyl sulfoxide (DMSO),'®'? 2-propanol,'*'®
diisooctylphthalate,'®  carbon tetrachloride,”®  3-methylpen-
tane," toluene,"® ethanol,'® hexane,'* and cyclohexane!20)
and on solid substrates (e.g, glass plates,” 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 I-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 is very 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 device for
isothermal 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 . 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 partlcle—asso—
ciated OHNPs (SI Table S1) according to the previous report.”

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

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 SI.

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.®'"** 3 NCHD was purchased
from Tokyo Chemical Industry Co., Ltd. 1-NP and OHPy were
obtained from Sigma-Aldrich Co. Deuterated 1-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 Os. 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 vyielded 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 S$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 $3. 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 Il was identified as 1-hydroxy-S-nitropyrene (1-OH-
5-NP). '"H NMR (acetone-ds, & in ppm, J in Hz): 7.80 (d, 1H,
H-2,]=8.5),8.17 (d, IH, H-9, J= 9.0), 8.18 (t, 1H, H-7,] = 7.9),
835 (d, 1H, H-8, J = 7.6), 8.46 (d, 1H, H-3,] = 8.5), 849 (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,] *, 38), 189 ([M —
NO, — COJ]", 76), 176 (53), 94 (53), 88 (80). Exact mass
calculated for C,sHoNOj3: 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-$-NP, which is
equivalent to 4-nitro-8-hydrox?rpyrene, 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 344 0.9 4.1
SRM1975° n.d. 0.011 nd.
SRM1650b° nd. 0.09 nd.

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 0.25 15 0.04

“ Abbreviations are as follows: 1-OH-x-NP, 1-hydroxy-x-nitropyrene (x =2, 3, 5, 6, and 8); 1-NP, 1-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~ 3_¢Given in units of mg kgfl,
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 ). 81% of the value certified by NIST (18.2 0.2 mgkg™").* OHNP = 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
([M — H] ™), together with the characteristic fragment ions, m/z

232 ((M — H — NO]J7) 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).

W 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 819% 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‘l 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 ZOHNPs/1-NP in ambient airborne particles was higher than
that in DEPs by factors of about 35 and 470. The low ZOHNPs-
/1-NP ratio in DEPs estimated as 0.04—02 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

3329

confirm the reaction pathway.> Our inability to detect either
1-OH-2-NP or 1-OH-$-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; i.e., 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 step 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,
S, 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, 5, 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,, HNO;, and N,Os.
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-8-NP 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
[-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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