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ABSTRACT

We have compared the covalent binding of two Stereoisomeric
benzo(a)pyrene-7,8-diol-9,10-epoxides to histones. From rat
liver nuclei exposed to carcinogenic [3H]-(Â±)-7/',8f-dihydroxy-
9f,10f-oxy-7,8,9,10-tetrahydrobenzo(a)pyrene ([3H]BPDE-I) or
noncarcinogenic [3H]-(Â±>-7r,8f-dihydroxy-9c,1 Oc-oxy-7,8,9,10-
tetrahydrobenzo(a)pyrene ([3H]BPDE-II), H1 and core histone

fractions were prepared by differential acid extraction. The spe
cific activity (dpm/mg protein) of the core histone fraction for
[3H]BPDE-I was much higher than that of [3H]BPDE-II. Alterna
tively in the H1 histone fraction, the binding level of [3H]BPDE-I
was lower than that of [3H]BPDE-II. By reverse-phase high
performance liquid chromatography, the analyses of BPDE iso-

mers binding to histones showed that histones H2A and H1
were heavily labeled by [3H]BPDE-I and -II, respectively. In
particular, the ratio of specific activities for BPDE-I to II in peak
C3, which mainly contains H2A-2 variant, was higher than those
of other histone H2A variants and other core histones. These
results indicate that the BPDE isomers have differential binding
affinities to histones. The covalent binding of BPDE-I to histone
H2A (especially H2A â€¢2 variant) may be important in the potential
carcinogenic effects in nuclei.

INTRODUCTION

Benzo(a)pyrene, one of the carcinogenic polycyclic aromatic
hydrocarbons, is metabolically activated to chemically reactive
derivatives in mammalian cells (1-5). Of these derivatives, BPDE3

is thought to be the ultimate carcinogenic form of benzo(a)pyrene
(6, 7) and has two diastereomers, BPDE-I and BPDE-II. Recent
studies have shown that BPDE-I is a much stronger carcinogen
than is BPDE-II (8) and Slaga ef al. (9) have reported that the
(+)-enantiomer of BPDE-I is a stronger tumor initiator than is the
(-)-enantiomer in two-stage skin tumorigenesis.

It is known that BPDE covalently binds to macromolecules
(DNA, RNA, and proteins) in nuclei (6, 10, 11). Several investi
gators have shown that the binding level of BPDE-I to DNA is
higher than that of BPDE-II in vivo (12, 13) and in vitro (14). In
addition, the (+)-enantiomer of BPDE-I has higher binding ability
to DNA than the (-)-enantiomer (15). In this case, the differential

DNA binding of BPDE isomers in mammalian cell nuclei appears
to be related to carcinogenic response.

In mammalian cell nuclei, DNA is not found free but is com-

plexed with protein in chromatin. The basic structural unit of
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chromatin is called the nucleosome, which is composed of a core
particle and the internucleosome DNA linker. The core particle is
composed of two molecules each of histone H2A, H2B, H3, and
H4 and about 146 base pairs of DNA (16-18). Histone H1, which

is important in forming the higher order structure of chromatin,
is associated with the linker portion of nucleosomal DNA (19-
21). Previous studies have shown that BPDE-I selectively binds

to histones H2A and H3 in hamster embryo cell nuclei, mouse
cells, and human cells, but not histones H2B, H4, and H1 (11,
22, 23), and more recently we have shown that BPDE-I mainly

binds to histone H2A in rat liver nuclei (24). Although differential
binding of BPDE isomers to DNA is well known, the binding
specificities of the diastereomers to histones have not been well
studied.

In the present experiments, we have quantitatively examined
the binding of BPDE diastereomers to rat liver histones by using
HPLC which can analyze the histone variants as described
previously (24). The results showed that the two isomers of
BPDE have differential binding abilities to histones in nuclei.

MATERIALS AND METHODS

Chemicals. [3H]BPDE-I and [3H]BPDE-II were supplied by the Cancer

Research Program of the National Cancer Institute, Division of Cancer
Cause and Prevention, Bethesda, MD. These BPDE stocks were evap
orated, redissolved, and stored in absolute ethanol at -20Â°C. HPLC

grade acetonitrile and methanol were purchased from Fisher Scientific.
Preparation and Labeling of Nuclei. Nuclei were prepared from rat

livers (male F-344 rats) as described previously (24, 25). The freshly

prepared nuclei were washed and resuspended in 0.25 M sucrose, 15
HIM Tris (pH 7.4), 0.05 mw spermidine, 0.15 mw spermine, and 0.1 mw
phenylmethylsulfonyl fluoride (24). The nuclei (20 A26o/ml)were incubated
with 8 UM [3H]BPDE-I or -II for 15 min at 37Â°C. The incubated nuclei

were washed with the 0.25 M sucrose buffer described above containing
2 HIM EDTA and then extracted with ether. The final nuclear pellet was
suspended and stored in the same buffer at -20Â°C.

Preparation of Nuclear Protein Fractions. H1 and core histone
fractions were prepared by differential acid extraction of 0.35 M NaCI-

washed nuclei as described in our previous paper (24). After dialysis of
the fractions against water containing 0.1 mw phenylmethylsulfonyl flu
oride, each histone fraction was washed four times with an equal volume
of ethyl acetate and then lyophilized. Relative amounts of histones were
determined by fluorescamine reaction with bovine serum albumin as a
standard.

HPLC Analysis of Histone Binding. The binding of BPDE isomers to
histones was analyzed by HPLC as described previously (24). The
histone fractions were applied to an Aquapore RP-300 column at 35Â°C.

The H1 histone fraction was eluted with a 40-min linear gradient from 33
to 50% acetonitrile. The core histone fraction was eluted with a 60-min

linear gradient from 58 to 80% nonpolar solvent, which contained 50%
acetonitrile and 50% methanol; for both analyses, the polar component
of the mobile phase was 100 ITIMsodium perchlorate:10 mw phosphoric
acid. These eluates were monitored at 230 nm and the radioactivity of
each fraction was determined by liquid scintillation counting.
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Identity of BPDE-labeled Histones. To obtain high levels of radioac

tivity for fluorography, rat liver nuclei were labeled as described above
with [3HH+)-BPDE-l (1380 mCi/mmol). The histone fractions were pre

pared and electrophoresed on a slab gel of 12% polyacrylamide contain
ing 6.0 M urea, 0.5% acetic acid, and 60 mw Triton X-100. The electro

phoresed slab gel was stained with Coomassie Brilliant Blue, and then
the distribution of radioactive BPDE-I was determined by fluorography

(26).

RESULTS

Binding of Isomers to Histone Fractions. The freshly pre
pared rat liver nuclei were exposed to each radioactive stereo
isomer for 15 min at 37Â°C as described in "Materials and
Methods." In preliminary experiments, we found that inclusion of
Mg2+ and Ca2+ in the incubation buffer resulted in release of

significant amounts of DNA from the nuclei during incubation,
probably due to the endogenous nuclease activity described by
Hewish and Burgoyne (27). The levels of polyamines in our buffer
are sufficient to maintain native chromatin structure without
activating the nuclease; less than 1.0% of the total DNA in the
nuclei was released during incubation with BPDE isomers (data
not shown). Table 1 shows the specific activities of the histone
fractions for both [3H]BPDE isomers. H1 and core histone frac

tions, which were extracted with 5% perchloric acid and 0.4 M
HCI, respectively, did not contain any nonhistone proteins (24).
[3H]BPDE-I was more effective in binding to core histones than
to histones H1 ; [3H]BPDE-II binding levels to both histone frac

tions were similar. The specific activity of the core histone fraction
for [3H]BPDE-I was 2.3 times higher than that for [3H]BPDE-II.

In contrast to this, the specific activity of the H1 histone fraction
for [3H]BPDE-I was lower (0.66 times) than that for [3H]BPDE-II.

HPLC Analysis of Histone Binding. We have previously re
ported that HPLC is very useful in the analysis of the binding of
carcinogen to histones. Using this system, we have quantitatively
analyzed the binding of both isomers to histones. Chart 1 shows
the typical HPLC elution profiles of H1 histone fractions. These
fractions were resolved in five peaks (P1-P5) which contain five
different histone H1 variants (24). As shown in Chart ÃŒB,[3H]-

BPDE-II mainly bound to histone H1 variants in peaks P3-P5,

which consist of the major histone H1 variants (H1b, d, and e) in
rat liver (24). The binding to the histones H1 was apparently
higher than that of [3H]BPDE-I, comparing Chart 1-4 and Chart

18. On the other hand, Chart 2 shows the HPLC profiles of the

Table 1
Specific activities of histone fractions from [*H]BPDE-labeled nuclei

Specific activity (pmol/mg his
tones)

FractionsH1

histone (5% perchloric
acid extract)

Core histone (0.4 M MCI ex
tract)BPDE-I1

7.0 Â±6.3a

71 .8 Â±12.6c'dBPDE-II25.4

Â±3.7*

31 .2 Â±1.2Â°

3 Mean Â±SD of three different experiments. Statistical significance was deter

mined from the mean and SD of the difference between paired observations.
6 Significantly different (P < 0.01 ) from the specific activity of H1 histone fraction

for BPDE-I.
c Significantly different (P < 0.005) from the specific activity of H1 histone

fraction for BPDE-I.
"Significantly different (P < 0.01) from the specific activity of core histone

fraction for BPDE-II.
8 Significantly different (P < 0.02) from the specific activity of H1 histone fraction

for BPDE-II.
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Chart 1. HPLC analysis of H1 histone fraction prepared from rat liver nuclei
exposed to [3H]BPDE-I (A) or [3H]BPDE-II (B). , radioactivity; , UV
absorbance at 230 nm. Peaks P1-P5 contain five different histone H1 variants as
decribed previously (24).

core histone fractions. Using an acetonitrile:methanol:100 HIM
sodium perchlorate:10 mw phosphoric acid solvent system,
these fractions were eluted in eight peaks. These peaks, C1 to
C8, were composed of H4 plus A24, H2B, H2A-2 plus one minor
H2A variant (H2A â€¢Z), H2A â€¢1, H2A -1 plus two H2A variants, H3 â€¢
2, H3-3, and H3-1, respectively (24). The bulk of [3H]BPDE-I

radioactivity was observed in peak C3 which mainly contains
histone H2A-2 variant (Chart 2A). Significant amounts of radio
activity were observed in peaks C4, C5, C6, and C7. However,
in these peaks (C3, C4, C5, C6, and C7), there were no marked
differences in the amounts of [3H]BPDE-II radioactivity (Chart

2B). As noted previously (24), the radioactive peaks are in most
cases eluted significantly later than the main histone peaks,
presumably due to interaction between the very hydrophobic
adducts and the reverse phase column packing material. This
effect is enhanced if individually purified, unlabeled histones are
reacted with [3H]BPDE-I and then chromatographed.4

To confirm the identity of the [3H]BPDE-l-labeled core his

tones, we separated the proteins by Triton:acetic acid:urea gel
electrophoresis (Fig. 16) and determined the distribution of ra
dioactivity by fluorography (Fig. 1A). The major bands of radio
activity in the fluorogram coelectrophoresed with histones H2A-
2, H3-2, and H3-3 and with semihistone protein A24. The most
intense band in the fluorogram corresponds to H2A-2, in agree

ment with the findings of Chart 2A in which the largest radioactive
peak is closely associated with the H2A â€¢2 peak, C3. Furthermore

the identification of individual radioactive peaks with their slightly

4M.KurokawaandM.C.MacLeod,unpublisheddata.
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Chart 2. HPLC analysis of core histone fraction prepared from rat liver nuclei
exposed to [3H]BPDE-I (A) or [3H]BPDE-II (B). , radioactivity; , UV
absorbance at 230 nm. Peaks C1-C8 contain core histones as described in
"Results."
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Table 2

Analysis of the binding of BPDE isomers to histones by HPLC

Relative specific activity (pmol/
area at 230 nm x10~7)"HPLC

peakH1

histonefractionP1P2P3P4,

5Core

histonefractionC1C2C3C4C5ceC7C8BPDE-I0.1

6Â±0.06"0.52

Â±0.290.25
Â±0.100.35

Â±0.230.1

6Â±0.020.13
Â±0.021.76
Â±0.762.40

Â±0.610.95
Â±0.180.79
Â±0.360.69
Â±0.270.58
Â±0.13BPDE-II0.84

Â±0.46C1.58Â±0.19C1.34Â±0.24C1.73Â±0.51C0.11

Â±0.020.22
Â±0.04C0.63
Â±0.05C1

.50 Â±0.08C0.51
Â±0.15C0.53

Â±0.100.42
Â±0.130.37
Â±0.15BPDE-I:

BPDE-II0.20.30.20.21.50.62.81.61.91.51.61.5

* Amounts of BPDE isomers (pmol) were determined from the radioactivity of

each peak. The amounts were divided by the area of each HPLC peak traced at
230 nm.

6 Mean Â±SD of three different experiments.
c Significantly different (P < 0.05) from the relative specific activity of BPDE-I.

earlier eluting parent peak in the absorbance profile has been
confirmed by subjecting the isolated fractions to gel electropho
resis followed by fluorography to detect the radioactive proteins.5

In order to compare the specific binding abilities of both
isomers to histones, we have calculated the relative specific
activities (dpm/A23oarea) for each HPLC peak, as shown in Table

5 M. C. MacLeod, B. K. Mansfield, and J. K. Selkirk, unpublished data.

Fig. 1. Core historie fraction from nuclei labeled with [3H]-{+)-BPDE-l was sep

arated by electrophoresis on a polyacrylamide slab gel containing Triton X:acetic
aad:urea. A, distribution of radioactivity as detected by fluorography; B, distribution
of protein by Coomassie Brilliant Blue staining.

2. The binding activities of [3H]BPDE-II to histones H1 were
extremely higher than those of [3H]BPDE-I. In the core histone
fraction, [3H]BPDE-I selectively bound to the histones of peaks
C3 and C4, while [3H]BPDE-II showed lower binding to both of

these peaks. The ratio of BPDE-I to BPDE-II specific activities
was highest in peak C3 (2.8) among all of the HPLC-separated
core histone peaks, indicating a differential in the binding of the
diastereomers to different histone variants. Nevertheless these
results suggest that both BPDE isomers have more favorable
binding affinity to histone H2A than to other core histones. The
other HPLC peaks had similar BPDE-I:BPDE-II ratios, except
peak C2 which is composed of histone H2B. In this case, [3H]
BPDE-II was bound to histone H2B more than [3H]BPDE-I, but

the binding level was very low and similar to histone H4. These
results indicate that the isomers of BPDE have differential binding
specificities to histones in rat liver nuclei.

DISCUSSION

The specific binding of BPDE-I to histones H2A and H3 has

been shown in various cultured mammalian cells by MacLeod et
al. (11, 22, 23). We have also reported that some other aromatic
polycyclic hydrocarbons have similar binding specificity to his-
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tones (28). The present results in rat liver nuclei are similar to
the binding specificity of BPDE-I to core histones found in the

previous studies. Whitlock (29) has shown that the binding
activities of BPDE-I to histones are dependent on ionic strength,

which alters the nucleosomal conformation. When the histones
were first separated by our HPLC systems and then reacted
with [3H]BPDE-I in vitro, four core histones (H2A, H2B, H3, and

H4) were labeled (data not shown). This evidence suggests that
the binding specificity of BPDE-I to core histones is determined

by nucleosomal structure. Thus it could be inferred that some
portions of histones H2A and H3 are more accessible, in com
parison with histones H4 and H2B, in native nucleosomal struc
ture, so that the nucleophilic amino acids in the portions are
easily attacked by electrophilic BPDE. From neutron diffraction
studies of nucteosome crystals, Bentley ef al. (30) have sug
gested that small domains of protein derived from both the H2A-
H2B dimer and from the (H3-H4)2 tetramer project outward from
the histone core between neighboring turns of the DNA super-
helix. It is possible that the BPDE-I target amino acids in histones

H2A and H3 reside in these domains.
Recently Pelling ef al.6 have reported that both isomers of

BPDE bind heavily to histones H2A and H3 in chicken erythrocyte
nuclei but not to histones H4 and H2B. However, the results of
our quantitative analyses showed that both isomers selectively
bound to histone H2A more than to histone H3 (Table 2).
Kootstra ef al. (28) have shown that (+)-enantiomer of BPDE-I
binds to both histones H2A and H3, while the (-)-enantiomer

has much weaker binding affinity to histone H3 than to histone
H2A. Accordingly our results could be due in part to the stereo-

selective binding affinities of enantiomers of each BPDE isomer
to histones. On the other hand, Bentley ef al. (30) have reported
that the outward projections of the H2A-H2B dimers which

penetrate between the DNA turns are located at the opposite
side of the nucleosomal core particle from the H3-H4 projections.

In native chromatin structure, histone H3 is associated with
nucleosomal DNA turns near the linker DNA portion, close to the
site of interaction with histone H1 (31, 32). Therefore the pres
ence of histone H1 may interfere with the binding of BPDE to
histone H3.

Table 2 revealed that BPDE-I and -II, which differ only stereo-
chemically, selectively bound to histone H2A (especially H2A-2

variant) and H1, respectively. Several investigators have shown
that BPDE-I is a much stronger carcinogen than is BPDE-II (8,

9). Thus the binding of carcinogen to histone H2A or H3 may be
effective in the alteration of nucleosomal conformation and func
tion and thereby play some role in the complicated process of
carcinogenesis. In contrast to this, the binding to histone H1,
which has important roles to form the higher order structure of
chromatin (19-21 ), may not be significant in the biological effects
of these diol-epoxides. In addition, it is known that BPDE-II is
chemically more reactive than is BPDE-I (33) and therefore may

be scavenged by histone H1 in the nuclei before it is able to
interact with other components of native chromatin.

Several investigators showed that benzo(a)pyrene metabo
lized by rat liver microsomal enzymes bound heavily to histone
H1 (25, 34, 35) in preference to all other histones. Consequently
it is of interest which derivatives of benzo(a)pyrene mainly bind

Â°J. C. Pelling, Y. B. Shah, and T. J. Slaga. Differential binding of benzo(a)pyrene-
7,8-diol-9,10-epoxide diastereomers to two populations of mononucleosomes,
submitted for publication.

to the histone H1. Our results suggest that one of the derivatives
may be BPDE-II derived from the microsomal activation of

benzo(a)pyrene.
Among the histone H2A variants, only H2A-2 (Chart 2, peak

C3) showed a remarkable difference in the binding abilities of
the BPDE diastereomers. The H2Aâ€¢1 variant (Chart 2, peak C4)
bound to both isomers of BPDE with high binding levels, while
the binding levels of the two isomers to the minor H2A variants
(Chart 2, peak C5) were similar to those to histone H3 variants
(Table 2). Recently Grove and Zweidler (36) have reported that
nondividing tissues such as liver contain large amounts of H2A-
2 variant in histone H2A. In previous experiments, HPLC analysis
of core histones showed that 72% of total histone H2A were
contained in peak C3 as the H2A-2 variant and the minor H2A-
Z variant (24). Thus in rat liver nuclei, the binding of carcinogen
to H2A-2 variant dominates the binding situation of total histone

H2A. It will be interesting to determine the binding specificity
among H2A variants and BPDE in other mammalian cells which
have different ratios of H2A variants.
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