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Abstract

Time-resolved fluorescence studies have been performed on (4 )-anti-7,8-dihydrodiol-9,10-epoxy-
benzo[a]pyrene adducts in double-stranded poly(dG-dC) - (dG-dC). Part of the adduct population gives rise to
excimer fluorescence. The heterogeneous fluorescence emission decay curves at 22°C could be resolved into
three components with lifetimes: 0.4 ns, 3 ns and 24 ns for the total fluorescence (monomer and excimer
emission), and 0.5 ns, 5 ns and 24 ns, respectively, for excimer emission alone. The relative amplitudes for the
longer lifetimes were larger for the pure excimer population than for the mixed population. The fluorescence
polarization anisotropy decay curves were resolved into two components of rotational correlation times: 0.4 ns
and 25 ns for the total fluorescence and 0.3 ns and 33 ns for the excimer fluorescence. We interpret the two
rotational correlation times to correspond to local motion of the adduct and segmental motion of the

polynucleotide, respectively.
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1. Introduction

Benzolalpyrene diol epoxides are considered
to be the ultimate carcinogens of benzo[alpyrene
(BP). (+)-anti-7,8-dihydrodiol-9,10-epoxy-benzo
[a]pyrene (BPDE) is the most tumorigenic one of
four possible stereoisomers. It binds covalently
with high specificity to guanine in double stranded
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DNA. Previous optical studies have revealed a
significant spectral heterogeneity of these
adducts. The plane of BPDE is on an average
localized at a 20° angle with the helix axis, most
likely in the minor groove of DNA. The DNA
structure is probably locally disordered or bent at
the site of the adduct [1-4].

When BPDE is bound to poly (dG-dC) - (dG-
dC), one part of the adduct population can give
rise to excimer fluorescence [5,6]. In the present
investigation we have studied the fluorescence
emission decay and polarization anisotropy decay
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properties in experiments where we have tried to
select fluorescence from monomer or excimer
populations of the BPDE adducts, using syn-
chrotron light as the source of excitation. The
evaluation of the fluorescence polarization
anisotropy decay curves gives for the first time
dynamic information on the time scale of motion
of the carcinogenic BPDE adducts in a nucleic
acid.

2. Materials and methods

(+)-anti-BPDE was reacted with poly(dG-dC)
(dG-dC) as previously described [6] and fol-
lowed by extensive dialysis against 1 mM Na
cacodylate buffer, pH 7.0, 10 mM NaCl. The
concentration of the poly(dG-dC) - (dG-dC) was
measured spectrophotometrically at 255 nm and
was adjusted to be in the range 0.12-0.18 mM
(based on an absorption coefficient e,s5 = 8,400
M™' cm™! per nucleotide unit [7]). A typical
modification ratic (BPDE per nucleotide) was
0.5%, judged from the optical absorption at 345
nm of the BPDE adduct (e;,5 = 29,000 M~ ! cm™!
[8]. A 0.2-ml sample was placed in 2 S mm X 5
mm quartz cuvette.

Fluorescence and polarization anisotropy de-
cay processes were studied at the beamline for
time-resolved spectroscopy at the MAX-synchro-
tron laboratory at Lund, Sweden [9-11]. The syn-
chrotron operating in the single bunch mode had
a light pulse of Gaussian shape with a variance of
60 ps. A monochromator with a band width of 9
nm was used on the excitation side, whereas edge
filters (high wavelength pass) from Schott-Jena
were used on the emission side for optimum
fluorescence signal intensity. Polarized and unpo-
larized components of the decay were measured
by the time-correlated single photon counting
technique using a microchannel plate detector.

Four different data sets were collected [12,13}:
synchrotron light, dark current, I | and 7, where
I, is the perpendicular intensity and [ is the
magic angle intensity relative to the polarization
of the exciting light pulse. The decay was fol-
lowed for 40 ns and the synchrotron pulses were
repeated every 108 ns. The time spent on each
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mecasurement was typically one hour, cycling
through collection in the different data sets every
80 s. All measurements were performed in the
presence of 0.5 M acrylamide to minimize the
fluorescence contribution from contaminating
benzo[a]pyrene-7,8,9,10-tetraol, a highly fluores-
cent hydrolysis product of BPDE or its polynu-
cleotide adduct [14].

The analysis of the data is based on the con-
cept of discrete fluorescence decay and polariza-
tion anistropy decay components and was de-
scribed in [13]. The important features are sum-
marized here.

Fluorescence decay curves [I,(¢f) were de-
scribed as a sum of discrete cxponential compo-
nents:

In(1) = T, exp(—t/), (1)

where 7; is a fluorescence lifetime and «; its
amplitude. The y? statistical analysis of the cal-
culated 7 (¢) convoluted with the synchrotron
pulse relative to the experimental curve is a mea-
sure of the systematic error in the “best fitting”
model curve. With a y? value close to 1, the
deviations between the model and the experimen-
tal result are mainly due to noise.

The decay of fluorescence polarization
anistropy of the system is a function of the rota-
tional correlation times as well as the fluores-
cence decay times. The rotational correlation
times p; were evaluated under the assumption
that each rotational component is associated with
all decay components (previously determined)
through

1.(1)
L(H

(IZB;‘ CXp(_t/pi))(Zaj CXP(_t/Tj))
Zaj exp( —t/1;)

1-

(2

B; is the zero-time anisotropy for component i
and p, is the corresponding rotational correlation
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time. In the second term of this expression, both
nominator and denominator are convoluted with
the synchrotron light pulse shape to obtain the
entity that (after subtraction from 1) is fitted to
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the experimentally determined ratio I, (r)/1 (t).
If the detector sensitivity difference in the I,
and [/, components is properly compensated for,
I, ()/I_(t) should approach 1 at longer times.
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Fig. 1. Fluorescence excitation (a) and emission spectra (b) of (+)-enti-BPDE-poly{dG-dC)-(dG-dC) adducts in 1 mM sodium
cacodylate buffer, 10 m M NaCl, pH 7.0 at 22°C. (a) Excitation spectra recorded with emission wavelength 400 nm (1) or 470 nm
(2). (b) Emission spectrum after excitation at 345 nm.
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3. Results and discussion

The monomer and excimer components of the
fluorescence spectra of the (+ )-anti-BBDE-poly-
nucleotide adducts in poly(dG-dC) - (dG-dC) are
distinguished by different spectral characteristics
[6]. Figure 1 and Table 1 show the main features
of the excitation and emission spectra of the two
components. For the partly resolved vibrational
components of the monomer emission the
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Table 1

Excitation and emission maxima of monomeric and excimeric
fluorescence of (+ )-anti-BPDE adducts in poly(dG-dC)-(dG-
dC) {4)

Excitation
maxima {nm) maxima (nm)

316, 330, 345 380, 400, 420
3192 334, 352 462
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Fig. 2. Fluorescence emission decay (upper frame) and polarization anisotropy decay (lower frame) curves of BPDE adducts in

poly-

(dG-dC)-(dG-dC), in 1 m M sodium cacodylate buffer, 10 m M NaCl, pH 7.0 at 22°C. The fluorescence was excited at (a) 346 nm or

(b 352 nm and recorded with a high pass filter with an edge at 360 nm or 430 nm, respectively. The plotted guantity in the

anisotropy curves is log (I, /I,). Also indicated in the lower frame is the shape of the synchrotron light pulse in arbitrary
logarithmic scale. The residual deviations between experimental and theoretical curves are indicated.
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linewidth at half height is about 15 nm, whereas
the unstructured excimer emission has a linewidth
at half height of about 120 nm. If fluorescence
emission 1s recorded at wavelengths longer than
430 nm, it will arise mainly from the excimeric
component. There was, however, no simple way
to observe only the monomeric component in the
present experiments. The best discrimination we
could achieve was to excite around 350 nm and
record all emission utilizing either a 360 nm or
430 nm cut off filter. The former contains both
monomer and excimer components and the latter
is dominated by excimer fluorescence. The light
intensity was too low to allow the use of a
monochromator on the emission side when ob-
serving the polarization anisotropy decay.
Fluorescence polarization anisotropy (FPA)
was measured as / /I, where I is the magic
angle intensity and 7 | is the perpendicular inten-
sity relative to the polarization of the exciting
light pulse. Fluorescence (I,) and polarization
anisotropy decay curves were obtained with exci-
tation and emission parameters corresponding to
a mixture of monomer and excimer or to mainly

Table 2
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excimer fluorescence (Fig. 2). It should be noted
that in the representation used here for polariza-
tion anisotropy decay, the fitted quantity is log
(1,/1,), where I, and I are the direct observ-
ables. At times close to zero this quantity should
be negative (1, /I < 1) and should approach a
value close to zero (I, /1, =1) at long times,
as is obviously the case for the curves shown in
Fig. 2.

The decay curves were evaluated as previously
described [12,13]. The rotational correlation times
were evaluated from [, /1 using the theoretical
fluorescence decay parameters from the [, de-
cay. The results in terms of relative amplitudes,
fluorescence decay times and rotational correla-
tion times are shown in Table 2. For the fluores-
cence decay curves at least three components
were needed to yield reasonable fits { Xz close to
1). Two exponential components were generally
sufficient to fit the polarization anisotropy decay
Ccurves.,

The measurements were repeated several times
using different samples with somewhat different
adduct formation ratios. The results were repro-

Fluorescence decay and anmisotropy decay parameters of (+) -anti-BPDE adducts in poly{dG-dC)-(dG-dC) in 1 mM Na-
cacodylate buffer, pH 7.0, 10 m M NaCl, at 22°C. a; and 7, are amplitudes and fluorescence decay times, respectively, and 8, and
p, are amplitudes and rotational correlation times, respectively. The amplitudes have been normalized so that their sum adds

uptol

Emitting species Fluorescence decay parameters

A Xem @ Ty

ex @3 T2 as 73 X
(nm) (nm) (ns) (ns) (ns)
BPDE monomer 346 > 375 0.70 043 0.25 240 0.058 14.4 1.03
+ excimer 346 > 385 0.68 0.46 0.19 3.15 0.13 201 1.18
346 > 375 0.65 0.49 0.22 2.89 0.14 19.8 1.39
345 > 375 0.47 0.41 0.33 3.49 0.21 41.3 1.65
BPDE excimer 354 > 475 0.33 0.54 0.32 8.06 0.35 27.2 0.96
346 > 455 0.61 0.48 0.44 4.74 0.25 22,7 1.05
345 > 435 0.46 037 0.31 358 0.23 23.4 1
Polarization anisotropy decay parameters
’\ex ’\em ﬁl P1 BZ P2 Xz
(nm) (nm) (ns) {ns)
BPDE monomer 345 > 375 0.64 0.53 0.36 33 1.10
+ excimer 345 > 375 0.78 0.29 0.22 17 1.11
BPDE excimer 345 > 435 0.79 0.23 0.21 33 (4.97
350 > 435 0.49 0.36 0.51 33 1.09
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ducible but with large uncertainties, as shown in
Table 2 where the results of several separate
measurements are reported. Calculated mean
values for the lifetimes are 0.4 ns, 3 ns, and 24 ns
for the monomer/excimer fluorescence and 0.5
ns, 5 ns and 24 ns for the excimer fluorescence,
respectively. For the rotational correlation times
the mean values are 0.4 ns and 25 ns for the
monomer / excimer population and 0.3 ns and 33
ns for the excimer population, respectively.
Judging from the reproducibility of the results
of the different measurements, the uncertainty in
the lifetime parameters is about 20%, whereas it
is as large as 50% in the anisotropy decay param-
eters. Three important reasons for these large
uncertainties are: (1) the rather low light intensity
which leads to noisy decay curves and necessi-
tates measurement times on the order of one
hour, during which time the sample may decom-
pose to different extents in the light beam (the
fluorescence intensity is of course a result of both
the exciting light intensity as well as of fluores-
cence quantum vield, which is rather low for most
BPDE-DNA adducts [1,15]); (2) a certain inho-
mogeneity in the freshly prepared samples (al-
though chemically homogeneous, with most

BPDE adducts attached to N-2 of guanine, the

monomer—excimer distribution seems to vary
somewhat between preparations, probably due to
different rates of formation as well as loss of
adducts): (3) the current shape of the synchrotron
pulse, which varies to some extent between injec-
tions to the ring.

The results show that the BPDE populations
yielding either the mixed monomer/excimer or
the excimer fluorescence appear heterogeneous.
The BPDE population yielding excimer fluores-
cence has an overall slower fluorescence decay
process partly because of longer decay times but
mainly because of larger amplitudes for the longer
decay times (cf. refs. [6,14]). To ensure that the
longest lifetime component is not significantly
affected by a variable amount of fluorescence
from free BP-7,8,9,10-tetraol from hydrolvzed
BPDE or its polynucleotide adducts [14], we
added acrylamide acting as a fluorescence
quencher to the solvent. This may at least in part
explain the shorter lifetimes observed in this study
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compared to [6]. Processes with lifetimes on the
order of 100 ns are not well observable in the
present experiments since the synchrotron pulse
was repeated every 108 ns and the decay was
followed during 40 ns.

The two exponential components required to
describe the polarization anisotropy decay were
about 20-30 ns and 0.5 ns, respectively, A
straightforward interpretation is that the longer
one is associated with the motion of a whole
polynucleotide segment, whereas the shorter one
is associated with local motion of the BPDE
adduct. Obviously the time scales for the two
types of depolarizing motion is not significantly
different for the adduct populations yielding ei-
ther the mixed monomeric/ excimeric or the ex-
cimeric emission of BPDE.

The sums of the absolute values of the zero-
time amplitudes of the polarization decay compo-
nents are about (.1-0.2 for both populations.
These sums should reflect the steady-state
anisotropies in the system, and would have a
maximum value of 0.4 if the absorbing and emit-
ting transition moments were parallel [16]. A
previous steady-state measurement on immobi-
lized BPT gave a result of 0.17 for the steady-state
anisotropy [6]. Considering the relatively large
uncertainties involved in the anisotropy decay
measurements, the agreement between our L, B;
and the steady-state anisotropy is good and indi-
cates that most of the motion is accounted for in
our measurements.

The relative size of the amplitude for the
longer rotational correlation time describes the
anisotropy remaining in the system after the rapid
motion has completed its averaging. It is there-
fore dependent on the angular displacement re-
lated to the rapid motion through cos’y = (28, +
1)/3, where cos’y is an average value, and v is
the angular displacement characteristic of the
rapid motion [17]. For both populations the am-
plitude for the longer rotational correlation time
is shorter than or similar to the amplitude of the
smaller one, The absolute values of 8, are of the
order of 0.05, which gives rise to an estimated
value of y of about 30°. The results are based on
the simple model in which both components of
depolarizing motion are equally connected to all
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three decay species, which may be an oversimpli-
fication.

Studies on ethidium bromide intercalated in
calf thymus DNA fragments of different lengths
have indicated a rotational correlation time for a
“twisting” motion of 5-10 ns for a fragment
> 100 base pairs [18]). This time window for the
segmental polynucleotide motion is in approxi-
mate agreement with the longer rotational corre-
lation time observed by us for the poly(dG-dC)-
(dG-dC) adduct. The subnanosecond motion of
the BPDE adduct is reasonable for local motion
of the adduct relative to the polynucleotide, It is
on a comparable timescale with that of a fluores-
cent base analog, 2-aminopurine, when it is incor-
porated in an oligonucleotide duplex and base-
paired with thymine [19].

The detailed understanding of the origin of
the excimer fluorescence component from BPDE
in poly(dG-dC) - (dG-dC) is still lacking along with
its potential implications for the biological
(carcinogenic) effect of BPDE. One question is
whether the excimer is really an excimer between
two pyrene-derived fluorophores, or whether the
unstructured emission arises from an exciplex, i.e.
a complex between a pyrene aromatic system and
a DNA base, presumably guanine [14]. We re-
acted the dinucleotide (dG), with BPDE and
found no indication of excimer emission from the
adducts formed in this case (data not shown).
Although not conclusive, this experiment shows
that only the presence of guanine bases in the
vicinity of the BPDE adduct is not sufficient to
induce excimer fluorescence, and therefore is an
argument in favour of excimer rather than exci-
plex emission.

Another important question is whether BPDE
binding to polynuclectides is cooperative, If it is,
the cooperativity may be connected to the ap-
pearance of excimers in poly(dG-dC) - (dG-dC).
A third question concerns DNA sequence speci-
ficity for BPDE adduct formation. Double-
stranded alternating GC sequences are obviously
good substrates in vitro. A preferred sequence
may be very short, e.g. GC/CG or GCG/CGC.
If there is also cooperative binding to closely
spaced G’s on the same or opposite strands, a
result may be the observed favoured excimer for-
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mation in alternating poly(dG-dC) - (dG-dC). Ex-
cimer fluorescence in DNA sequences may then
be a marker for the presence of extensively modi-
fied and structurally changed stretches of DNA.
However, although BPDE binding sites have been
found to be markedly non-randomly distributed
in a chicken B-globin gene, no simple correlation
to guanine density along the gene has been ob-
served [20].

In conclusion, the presented studies on the
fluorescence decay and polarization decay pro-
cesses in BPDE-poly(dG-dC) - (dG-dC) adducts
reveal heterogeneous emission systems with three
lifetimes and two rotational correlation times, the
latter probably corresponding to local motion of
the chromophore and segmental motion of the
polynucleotide, respectively. The population of
the adducts giving rise to excimer emission in
many respects appears similar to that giving rise
to the mixed monomer/ ¢xcimer emission. One
apparent difference between the two populations
is, however, that the excimer-yielding population
to a higher extent exhibits longer fluorescence
lifetimes (smaller amplitude for the shortest life-
time).
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