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The behavior of benzo[a[pyrene-7,8-dione (BPQ) in aqueous solution and its interaction with native DNA was
investigated using conventional absorption and linear dichroism (LD) spectroscopy. The appearance of a broad
absorption maximum at long wavelengths and its proportional relationship to solvent polarizability suggested
that BPQ adopts a aggregated state for all solutions examined. Disappearance of this absorption band at higher
temperatures in aqueous solution also supported BPQ aggregation. When associated with DNA absorption
spectral properties were essentially the same as that in aqueous solution. However, two isosbestic wavelengths
were found in the concentration-dependent absorption spectrum of the BPQ-DNA complex, suggesting the
presence of at least two or more DNA-bound BPQ species. Both species produced LD spectra whose
magnitude in BPQ absorption region is larger or comparable to that in the DNA absorption region, suggesting
that the molecular BPQ plane is near perpendicular relative to the local DNA helical axis. Therefore, BPQ
molecules are aligned along the DNA stem in both DNA-aggregated BPQ species.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
environmental pollutants that are thought to cause cancer.
The chemical carcinogenesis of PAHs, including benzo[a]-
pyrene (BP), a representative compound of the PAH family,
has been a subject of intense study. In living cells, BP is
metabolized to a variety of carcinogenic derivatives, includ-
ing (£)-anti-7p,8a-dihydroxy-9a,10a-epoxy-7,8,9,10-tetra-
hydrobenzo[a]pyrene (anti-BPDE),'* a radical cation that
arises from one-electron oxidation at the C6 position on
BP>7 and benzo[a]pyrene-7,8-dione (referred to as BPQ,
Figure 1).%'° 4nti-BPDE damages DNA by forming pre-
dominantly N?-deoxyguanosine adducts within DNA,*
while the radical cation forms depurinating adducts at the
N7 position of adenine and the N7 and C8 positions of
guanine.>’ 7,8-Dihydroxy BP, which is the active form of
BPQ, can be produced by the action of dihydrodiol dehydro-
genase.”!! A variety of pathways resulting in damage to
DNA by 7,8-dihydroxy BP, including oxidative DNA damage
and the formation of DNA adducts, are known.'"""’ Reaction
of BPQ with DNA yields multiple adducts; the predominant
species are believed to consist of BPQ-deoxyguanosin

adducts.'®1°
)

(e}
Figure 1. Chemical structure of BPQ.

In order to elucidate the mechanism of BPQ-DNA adduct
formation, the elucidation of structural information regard-
ing the physical complex that forms between BPQ and DNA
may be essential. In the case of anti-BPDE, the structure of
the anti-BPDE-DNA complex has been investigated exten-
sively by various methods, including linear dichroism (LD)
and fluorescence techniques.® Upon mixing with DNA,
anti-BPDE rapidly intercalates between DNA base-pairs, at
which point it either hydrolyzes to non-toxic benzo|a]pyrene-
7,8,9,10-tetraol or forms adducts with DNA, mainly with
guanine.”! Similarly, it is natural to assume that BPQ must
associate with DNA prior to chemical reaction with the
components of DNA. However, to our knowledge, there is
no information available on the structure of the physical
complex formed between BPQ and DNA. Therefore, in this
work, we investigated the structure of the BPQ-DNA com-
plex and the behavior of BPQ under various solution condi-
tions mainly by means of normal absorption and LD spectro-
scopic analysis. We report the existence of at least two
distinctive structures in the BPQ-DNA complex that are
dependent on the [BPQ]/[DNA] ratio employed.

Experimental

Chemicals. All chemicals were purchased from Sigma-
Aldrich except for BPQ, which was purchased as a powder
from MRIGlobal. BPQ was dissolved in THF prior to use.
DNA were dissolved in a 5 mM cacodylate buffer (pH 7.0)
containing 1 mM ethylenediaminetetraacetic acid (EDTA)
and 100 mM NaCl by gentle shaking at 4 °C, followed by
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several times dialysis in a 5 mM cacodylate buffer (pH 7.0).
The latter buffer was used for the BPQ-DNA binding study.
The concentrations of DNA and BPQ were determined
spectrophotometrically using the extinction coefficients of
€258 nm = 6,700 cm "M ! and €347 nm = 39,893 cm "M ! (as
provided by MRIGlobal) in buffer for DNA and in THF for
BPQ, respectively. Aliquots of BPQ in THF were added to a
DNA solution to obtain the desired mixing ratio, R, which is
defined as the ratio [BPQ]/[DNA base], and volume correc-
tions were made. Typically less than 10 uL of BPQ in THF
was added to 2 mL of the desired solutions for absorption
measurements in the various solutions.

Measurements. LD is one of the most powerful spectro-
scopic techniques for determining the orientation of DNA-
bound drugs relative to the DNA helical axis.**?? LD is
defined by Aj-Ai, where Ay and A, are the absorbances
measured with the polarization vector of the incident light
beam oriented parallel and perpendicular, respectively, relative
to the flow direction. Reduced LD (LD"), a dimensionless
quantity, is obtained by division of LD by isotropic absorp-
tion. LD is related to the angle, a, that specifies the
orientation of the transition moment of drug relative to the
local DNA helical axis (optical factor O) and the orientation
ability of the drug-DNA complex in the flow (orientation
factor S).

LD'(A) = % = §x O() = 1.552 F(3cos’a,-1) (1)
Here, F;=¢&(1);/Z&(1); denotes the contribution of ith
component to the absorption at the particular wavelength A.
In general, a larger or comparable LD" magnitude in the
drug’s absorption region compared to the DNA absorption
region suggests that the ligand molecular plane is parallel to
DNA base planes, or perpendicular to the local DNA helical
axis. However, a positive signal in the drug’s absorption
region has been observed for the drug bound at the minor
grooves.

Absorption spectra were recorded on either Jasco V 550 or
Cary 500 instruments. LD spectra were measured on either
J-715 or J-810 spectropolarimeters (Jasco, Tokyo, Japan)
equipped with an inner rotating flow cell. All measurements
were performed at room temperature except otherwise
specified. Measured LD is divided by isotropic absorption to
give the reduced.

Results

Absorption Spectra of BPQ in Various Solutions. The
absorption spectra of BPQ in various solutions are shown in
Figure 2(a). In aqueous solution, the spectrum consisted of
two broad bands centered at ~324 nm and ~586 nm. As the
polarity of the solution decreased, the maximum at the
longer wavelength shifted to a shorter wavelength. Vibronic
structures started to appear for both short- and long-
wavelength absorption bands as the polarity decreased. For
instance, the vibronic structures in the pyrene absorption
region at 329 nm and 344 nm were apparent in hexane. The
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Figure 2. (a) Representative absorption spectrum of BPQ in vari-
ous solutions. [BPQ] = 2.4 uM. Solid curve (number 1): in water;
dashed curve (number 3): in ethanol; dotted curve (number 7): in
hexane. Absorption spectrum in water is enlarged twice for easy of
comparison. (b) The maximum frequency at the lowest energy with
respect to the solution polarizability. From number 1 through 7, the
solution is water, acetonitrile, ethanol, acetone, THF, DMSO and
hexane.

broad absorption band at the long wavelength shifted to a
shorter wavelength of 420-580 nm in hexane. In ethanol,
these two absorption bands were observed at ~347 nm and
567 nm with a shoulder at ~334 nm. A fair correlation was
found when the maximum frequencies of the absorption
bands at lower energies (long wavelengths) were plotted
with respect to solvent polarizability (Figure 2(b)), suggest-
ing that the absorption band at the long wavelength is related
to the stacking or self-association of BPQ.

The absorption spectra measured at a variety of pHs are
depicted in Figure 3. As shown, the shape of the BPQ ab-
sorption spectrum in aqueous solution was strongly dependent
on the solution pH. In the pH range of 2.0-10.0 (using the 5
mM cacodylate buffer), the absorption spectrum was charac-
terized by two broad bands with their maxima at ~324 nm
and ~586 nm, as mentioned above. However, in the pH
range 10.0-12.0, a drastic change in absorption spectrum
shape was observed in both the pyrene absorption region and
the long-wavelength region. The broad band at the longer
wavelength started to disappear, with the appearance of a
vibronic structure at 300—360 nm as the pH increased. At pH
12.0, the absorption spectrum of BPQ was characterized by
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Figure 3. Absorption spectrum of BPQ (5.0 uM) at the various
pHs in 5 mM cacodylate buffer. To the arrow direction, pH is 9.0,
10.0, 10.5, 11.0, 12.0. Note that the vibronic structures are
apparent at high pH and that the absorption spectra are identical at
the pH below 9.0. Insertion: Change in absorbance of BPQ at 345
nm with pH.

sharp vibronic bands at 314 nm, 329 nm, and 345 nm,
similar to those observed for monomeric pyrene. At this high
pH, the broad band at ~586 nm completely disappeared,
suggesting that the band at the longer wavelength is related
to the deprotonation of the carbonyl moiety of BPQ. The
change in absorbance at 345 nm with respect to pH change is
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Figure 4. (a) Absorption spectrum of BPQ at the various
temperatures. To the arrow direction: temperature is 20, 50, 60, 70
and 80 C. (b) Absorbance of BPQ at 345 nm with respect to the
temperature.
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also shown in Figure 3 as an insert. As can be clearly seen, a
protonation—deprotonation equilibrium occurred between
pH 10.0 and 12.0. Disappearance of the broad band at the
longer wavelength and the appearance of vibronic structures
in the pyrene suggested that BPQ is in its monomeric form at
high pH.

The shape of the BPQ absorption spectrum was also found
to be dependent on temperature. The temperature-dependent
absorption spectrum of BPQ at pH 7.0 is depicted in Figure
4(a).

An enlarged absorption spectrum at long wavelength is
inserted. Figure 4(b) shows the changes in absorbance at 342
nm with respect to temperature. At a temperature below 40
°C, the appearance of the absorption spectrum was similar to
that at low pH, i.e., characterized by two broad bands at
~324 nm and ~585 nm. At 50 °C, the vibronic structure in
the short absorption band started to appear, and absorbance
at the longer wavelength was decreased. At a temperature of
70 °C, vibronic bands at 312 nm, 326 nm, and 342 nm were
apparent, while the broad band at the longer wavelength
completely disappeared. The shape of the absorption spec-
trum was similar to that obtained at a high pH. This observa-
tion suggested that BPQ forms a complex with other BPQ
molecules at a temperature below 60 °C. When the temper-
ature was further increased, a new shoulder appeared at ca.
370 nm. In the case of pyrene, a symmetry-forbidden ab-
sorption band in this region is known.?®

Absorption and LD Spectra of the BPQ-DNA Complex.
The absorption spectra of the BPQ-DNA complex were
recorded at various BPQ concentrations in the presence of a
fixed concentration of DNA. The corresponding DNA spec-
trum was subtracted from those of the mixtures, and then
resulting spectra were normalized to the highest concent-
ration of BPQ for easy comparison (Figure 5(a)).

The absorption spectra of BPQ complexed with DNA at
various R ratios showed four clear isosbestic wavelengths at
337 nm, 401 nm, 458 nm, and 586 nm, suggesting the pre-
sence of two DNA-bound BPQ species. At a low R ratio,
two broad absorption bands at 361 nm and 624 nm were
apparent (referred to as Species I). Compared to its spectrum
in the absence of DNA, this species exhibited a 38 nm red-
shift at both short and long wavelengths, and the absorbance
at the shorter wavelength increased almost two- fold (Figure
5(b)). As the R ratio was increased, a second species was
produced with two absorption bands at 327 nm and 575 nm
(referred to as Species II). The shape of the absorption
spectrum of Species II resembled but was not identical to
that of the DNA-free BPQ in aqueous solution (Figure 5(b)).
The shifts in absorption maxima compared to BPQ in the
aqueous solution were determined as 4 nm and 10 nm,
respectively, at the short and long wavelengths. The extent
of the increase in absorbance, when compared to BPQ in the
absence of DNA, was less than that of Species I. Species 11,
which dominates at a high R ratio, is likely not assigned to a
BPQ molecule that is not associated with DNA, since this
species exhibited not only changes in its absorption spec-
trum, but also displayed a strong LD signal. The equilibrium
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Figure 5. Absorption spectrum of BPQ in the presence of DNA
(panel (a)). [DNA] = 100 uM. To the arrow direction, [BPQ] =
1.8, 5.6, 8.8, 12.2, 15.6, 18.9, 22.1 and 25.3 puM. Absorption
spectrum was obtained by subtracting DNA absorption from the
complex and normalized to the highest concentration of BPQ.
Changes in the absorbance at 325 nm (open circles) and 360 nm
(closed circles) are depicted in panel (b) with respect to the [BPQ]/
[DNA base] ratio.

of these two species at a low and high R ratio was accom-
panied by two isosbestic points at 337 nm and 586 nm,
suggesting that there are no other absorbing BPQ species in
the system, unless the absorption spectrum of the third
species is coincidently identical with any of the first two
species, which is highly improbable. It is notable that,
although Species II was dominant at a high R ratio, it started
to appear even at a very low R ratio (Figure 5(a), insert).
Both species appeared to be saturated at a mixing ratio
above 0.25.

LD and LD" spectra of the BPQ-DNA complex at various
R ratios are depicted in Figures 6(a) and (b), respectively.

For this measurement, the concentration of BPQ was fixed
and that of DNA was varied to obtain the desired mixing
ratios. At a glance, a strong negative band at 361 nm at a low
mixing ratio (R =0.02) was apparent. As the mixing ratio
was increased, the relative intensity of this band decreased
with the appearance of a new LD band at a shorter wave-
length. The negative LD features of both species immediate-
ly exclude the possibility that the BPQ molecule binds in the
minor groove of DNA. If the BPQ were to bind in the minor
groove, the angle of the m'«—n electric transition of the
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Figure 6. (a) LD spectrum of the BPQ-DNA complex at the
various [BPQJ/[DNA base] ratios. [BPQ] = 5.0 uM. The mixing
ratios are 0.02, 0.04, 0.06, 0.08, 0.10 and 0.12 to the arrow
direction. (b) LD" spectrum of the BPQ-DNA complex obtained by
dividing the LD by isotropic absorption spectrum. The condition
and the concentrations are the same as in the panel (a).

aromatic moiety should be 45° relative to the DNA helical
axis. Hence, a positive LD is. expected. Although not clearly
visible, a negative LD band at the longer wavelength was
apparent. The magnitude of the LD" spectrum of Species I
for both absorption bands was larger than that of the DNA at
260 nm (Figure 6(b)). A larger LD" magnitude in the drug’s
absorption region compared to that in the DNA absorption
region is typical for drugs intercalating between DNA base-
pairs;** therefore, the plane of BPQ is parallel to the DNA
base-pairs. However, in the case of Species II, a smaller
magni-tude in the drug’s absorption region appeared com-
pared to that in the DNA absorption region, suggesting that
the m'«<—m electric transition of the aromatic moiety of
Species 1II is strongly tilted with respect to the DNA helical
axis. A significant decrease in the LD" magnitude between
500 nm and 570 nm, where Species II absorption is dominant,
supported the possibility of a tilt of the BPQ plane relative to
the DNA helical axis. Essentially, the same mixing ratio—
dependent spectral properties were found for the DNA-BPQ
complex in which the concentration of DNA is fixed at 100
UM and that of the BPQ varies from 2.0 uM to 10.0 pM.

Discussion

Behavior of BPQ in Solutions. The shape of BPQ’s
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absorption spectrum in various solutions is characterized by
a weak broad band at a longer wavelength, a second absorp-
tion band in the 300-350 nm region, and another below 300
nm. Considering that the transition from the ground state to
S1 state is forbidden, the absorption band in the 300-350 nm
wavelength region represents the transition from the ground
state to the S2 electronic state, and that in the higher-energy
region represents the transition to the S3 state. The maximum
of the broad band observed in the longer-wavelength region
was proportional to the medium polarizability, reflecting the
occurrence of aggregation.”? As the polarizability increased,
the vibronic structure of the transition to the S2 state became
clearer. The shape of the absorption spectrum is affected by
both pH and temperature. At a high temperature (Figure 4),
the broad band located at the longer wavelength dis-
appeared, and the vibronic structure for the S2 transition
became clearer; in contrast, a featureless absorption band
was observed in the long-wavelength and 300-350 nm
region at a low temperature, supporting the aggregation/
stacking of BPQ at a low temperature. Change in the ab-
sorption spectrum was also associated with pH of the medium
(Figure 3). At a high pH, at which the BPQ molecule is
probably deprotonated, the broad band at the longer wave-
length disappeared, and the vibronic structure at 300-350
nm region became clear, suggesting that BPQ exists as the
monomeric form. As one of the carbonyl groups of BPQ is
protonated, the shape of the absorption spectrum resembles
that observed at a low temperature, suggesting that the
protonated BPQ species is the one involved in the formation
of aggregation/stacking. When one of the carbonyl group is
protonated, BPQ can form a dimer and/or oligomer with
other BPQs via intermolecular hydrogen-bond formation.
Therefore, it is conceivable that, in addition to the simple
n—7 interactions in the aggregated/stacked BPQ, the
formation of intermolecular hydrogen bonds is also possible.

Stacking of BPQ Along the DNA Stem. When associated
with DNA in aqueous solution at pH 7.0, BPQ clearly
produced two absorbing species dependent on the R ratio.
Four isosbestic wavelengths were found for the relative
concentration-dependent absorption spectrum of the BPQ—
DNA complex, suggesting the presence of at least two or
more bound BPQ species. The broad absorption band at
longer wavelengths observed for both Species I and II sug-
gests that BPQ is in the aggregated/stacked form, even when
associated with DNA. As the R ratio increased, this absorp-
tion band shifted to the shorter wavelength, suggesting that
Species [ is in a less polar environment compared to Species
IT (having the higher R ratio form). No evidence for the
presence of monomeric BPQ bound to DNA was observed.
When the R ratio reached ca. 0.25, Species II was found to
be dominant.

Upon binding to DNA, BPQ produced a negative LD
spectrum both in the 300-350 nm and long-wavelength
regions, suggesting that the molecular plane of the BPQ
molecule is near parallel with respect to the DNA base plane.
Considering that the in-plane electric transition moment of the
groove-binding molecules tilt from the local DNA helical
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axis at about 45°, which results in a positive LD signal in the
absorption region of the bound DNA bound molecule, the
observed negative LD removes the possibility of a groove-
binding mode for BPQ. In the LD" spectra, the magnitude of
BPQ in the 360-380 nm absorption region at a high R ratio
and 320-330 nm absorption region at low R ratios was
comparable with that of DNA. At all R ratios, the LD"
magnitude at long wavelength was larger or comparable
with that in the DNA absorption region. This LD observa-
tion for the BPQ-DNA complex indicated that the molecular
plane of BPQ is near parallel relative to the DNA base plane
or perpendicular to the local DNA helical axis.*?* A
parallel binding geometry between DNA base planes and the
molecular plane of the DNA-bound drug usually indicates
an intercalative binding mode for the drug. However, given
that BPQ forms either an aggregate or stacks upon binding
to DNA, intercalation of BPQ between DNA base-pairs is
not likely to occur since the separation of DNA base-pairs—a
requirement for the intercalation of aromatic compounds—to
allow intercalation of two or more stacked aromatic compound
is impossible. In the aggregate, BPQ is aligned in a way that
its molecular plane is near perpendicular to the local DNA
helical axis. In other words, BPQ stacks along the DNA
stem. As judged from its pH-dependent absorption spectrum,
protonated BPQ might be connected by hydrogen bonds in
aqueous solution. The appearance of a similar absorption
spectrum suggested the possibility of a similar hydrogen-
bond formation mechanism of protonated BPQ upon as-
sociation with DNA. In the BPQ stack along the DNA stem,
7—7 interaction between aromatic rings might also take on an
important role. Although the exact nature of the two stacked
BPQ species cannot be specified at this stage, the complex
formed at lower R ratio is in a less polar environment than
that at high R ratios.

Conclusion

In this study, the behavior of BPQ in aqueous solution and
its interaction with native polynucleotides was investigated
using conventional absorption and LD spectroscopy. Under
physiological conditions, one of the carbonyl moieties of
BPQ is protonated; when protonated, BPQ molecules can
associate through hydrogen bonds to form a dimer. The
dimers are stacked along the DNA stem through n—m inter-
actions. Stacked BPQ can be categorized into two species
when associated with DNA. The exact nature of stacked
BPQ is unclear at this stage, and requires further investi-
gation.
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