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Abstract

Two types of heterogeneity of adducts are illustrated and discussed utilizing non-line narrowed (S, « S laser
excitation) and line-narrowed (excitation into the (0,0) origin band) fluorescence spectra at low temperatures.
The first type (type A) is due to structurally distinct and /or energetically inequivalent conformers. The second
one (type B) is provided by an inhomogeneous environment of DNA and polynucleotides. In light of the
above, the non-exponential photodissociation kinetics of the (+)-anti-BPDE-DNA and -polynucleotide
adducts have been reanalyzed in terms of a dispersive first order chemical reaction, where the inhomogeneous
effects are explicitly included. It is demonstrated that the DNA structure shows considerable inhomogeneous
broadening, and that type B heterogeneity is responsible for the dispersive photodissociation process. The
latter is accounted for by a Gaussian distribution of activation energies, with the center of the distribution at
~ 600 meV and the full width at half-maximum equal to ~ 50 meV (~ 2 kT). Photolabile { + )-anti-BPDE-
DNA and -polynucleotide adducts are identified as quasi-intercalated (site I) (+)- and (—)-cis-BPDE. The
calculated concentrations of cis-BPDE adducts in DNA and polynucleotides from the kinetic data are in very
good agreement with the cis-BPDE adduct concentrations obtained from the spectral and/or chemical
analysis. The average photodissociation rate and the photodissociation quantum yield of cis- and trans-BPDE
adducts are also estimated.
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1. Introduction

Extensive investigation, reviewed recently by
Geacintov [1] and Grislund and Jernstrom [2],

Correspondence to: Dr. R. Jankowiak, Ames Laboratory, U.S.
Department of Energy, lowa State University, Ames, IA 50011
(USA).

established that the covalent binding of tumori-
genic (+)-enantiomer and the non-tumorigenic
(~)-enantiomer of trans-7,8-dihydroxy-anti-9,10-
epoxy-7,8,9,10-tetrahydrobenzo[a] pyrene (BPDE)
to double-stranded native DNA and polynu-
cleotides, e.g. paly(dG-dC) - pol{dG-dC), gives
rise to a distribution of adducts. The BPDE-ad-
ducts, which depend on the enantiomer, are char-
acterized either as the external site II type (solvent
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exposed binding site) or as quasi-intercalative site
1 type (with significant carcinogen-base stacking
interaction [3-5]) adducts. It has been shown [6,7]
that near ultraviolet light of relatively low fluence
causes a selective photodissociation of site 1
adducts, while site II adducts are considerably
less photolabile. The kinetics of photodissocia-
tion, without theoretical analysis, have been dis-
cussed in terms of chemical heterogeneity. For
example, (+)-anti-BPDE-DNA adducts were
characterized by a fast photodissociation rate

(kg =2x 1077 s7") for site I and a slow rate
(kg =2.2% 1077 s71) for site II type adducts
[6,7].

However, over the last few years it has become
clear that many physico-chemical reactions occur-
ring in random media, e.g. glasses and proteins,
follow a non-exponential kinetics {8-14]. Gener-
ally, the rate of an elementary electronic process
in disordered solids can be site specific, giving
rise to dispersion. For example, it has been shown
that the reversible photochemical transformation
of a spiropyran molecule into the merocyanine
form in a polymer matrix [15] can be understood
in terms of a dispersive reaction [16]. Also, stud-
ies of the annealing kinetics of light-induced
metastable dangling bond defects in hydro-
genated amorphous silicon provided the anneal-
ing energy distribution, which was responsible for
the observed non-exponential behavior [17,18].
Further, non-photochemical hole-growth and

spontaneous hole filling kinetic data of a number
of molecules and /or ions in glasses and /or poly-
mers were also successfully modeled in terms of a
dispersive kinetics [8,11-13,19].

In disordered solids, there are two types of
physical heterogeneity. The first type, herein re-
ferred to as type A, is due to structurally {(chem-
ically) distinct and energetically inequivalent
macromolecular sites that, for example, a given
adduct of BPDE-DNA {(or BPDE—globin), can
occupy. The recently resolved (0,0) fluorescence
bands (generated with non-line narrowed §, «< §;
laser excitation at 77 K and fluorescence quench-
ing) with wavelengths at ~ 378.0 nm, 379.3 nm,
380.6 nm {20] and 382.7 nm [21] for (+)-anti-
BPDE-DNA are a manifestation of type A het-
erogeneity (see Section 2). These adducts were
designated as (+)-j, where j ranges from 1-4. It
was also shown that the (—)-anti-BPDE enan-
tiomer is chemically more heterogeneous [22,23],
yielding five different adduct types, denoted as
(=), where j ranges from 1-5 [20]. However,
our recent unpublished results indicate that (—)-5
may be a physical complex since its concentration
depends on the sample age. Thus, the chemical
heterogeneity of adducts from (—)-anti-BPDE
and (+ )-anti-BPDE may be similar although the
relative distributions of (—)4 and (+)+ type
adducts are dissimilar. This might be due to dif-
ferences in orientation for the (+)4 or (=)
conformers for each j-value. The structures of

OH

trans- BPDE-N2-dG

cis- BPDE-N2-dG

Fig. 1. Structures of trans-BPDE-N2-dG and cis-BPDE-N?-dG adducts, which in DNA and poly(dG-dC}- poly(dG-dC) adopt
external {site II) and quasi-intercalated (site 1) configuration, respectively.



trans-BPDE-N%-dG and cis-BPDE-N 2-dG which
in DNA and polynucleotides adopt different con-
formations of adducts, are shown in Fig. 1.

The vibronic absorption bands of molecules
imbedded in glass, polymer, protein and nucleic
acid matrices exhibit severe site inhomogeneous
broadening (I',;,), which is the result of an ana-
lyte or probe molecule in a solid host adopting a
very large number of energetically inequivalent
sites [23]. Laser-based line narrowing spectros-
copies, such as fluorescence line narrowing (FLN)
[24,25] and spectral hole burning [13,26], have
provided detailed information on [, since, in its
absence, these spectroscopies are not operative,
For example, hole burning has been used to show
that I',, ~50-200 cm ™" at low temperatures for
chlorophylls and other cofactors in photosyn-
thetic antenna and reaction center complexes [27].
Similarly, FLN has led to I -values for macro-
molecular DNA and globin covalent adducts
{(from polycyclic aromatic hydrocarbon metaboli-
ties) which lie in the range ~ 200-300 cm™!
[20,21,24,25]. We will refer to the structural het-
erogeneity which gives rise to this type of band
broadening as tvpe B. This is a second type of
heterogeneity (B) which can be viewed as having
its physical origin in the inherent statistical fluc-
tuations in the structure of the host matrix. That
is, what one would view as a chemically and
structurally well-defined site for the chromophore
is, nevertheless, subject to heterogeneity from
subtle but spectroscopically significant structural
fluctuations of the host. These fluctuations lead
to variations in the intermolecular interaction
energies which are very small in comparison to
normal chemical bond energies.

Recently, using spectral hole-burning (HB) it
has been shown that daunomycin (antitumor drug)
which intercalates into oligonucleotides of d(AT),
and d(CG); exhibits inhomogeneously broadened
absorption bands [28]. A factor of 60 difference in
the hole burning quantum vyields for two struc-
turally distinct daunomycin-oligonucleotide com-
plexes was observed and ascribed to the signifi-
cant differences in the environment of the inter-
calated daunomycin.

In this paper an alternative explanation of the
photodissociaticn results taken from Refs. [6] and
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[7] is presented. We will establish that type B, not
type A as previously suggested [6,7], is responsi-
ble for the non-single exponential photodissocia-
tion kinetics of DNA and polynucleotide adducts
from the (+)- and (—)-anti-BPDE. It is argued,
that the dispersive kinetics arises from the fact,
that the adducts sit in configurationally inequiva-
lent environments, e.g., a particular adduct type
can assume a large number of conformational
substates. Therefore, we postulate that in the
case of DNA-adducts, the photodissociation reac-
tions occurring for any particular adduct type,
e.z., (+)-DNA, follow dispersive kinetics, e.g.,
“easy” reactions will go first, since any physical
quantity that depends on the interaction among
neighboring sites must be subject to a distribution
[8-14]. Thus, we expect that in kinetic studies of
photodissociation the inhomogeneous effects
must be explicitly included, since these adducts
are expected to dissociate with different rates. It
will be shown that the non-exponential depen-
dence of the photodissociation process can be
accounted for by a Gaussian distribution of acti-
vation energies. Finally, an attempt is made to
correlate the labile BPDE-adducts with their
chemical composition.

2. Experimental
2.1 Instrumentation

The fluorescence line-narrowing spectroscopy
system employed in these studies has been de-
scribed in detail [20,21,24]. The excitation source
was a Lambda Physik FL-2002 dve laser pumped
by a Lambda Physik EMG 102 MSC excimer
laser. Fluorescence was detected with a Princeton
Instruments IRY-1024/G/R /B intensified
blue-enhanced gateable photodiode array. Gated
detected was accomplished using a lambda Physik
EMG-97 zero drift controller to trigger a FG-100
high-voltage gate pulse generator, which provides
adjustable delay and width of the detector’s tem-
poral observation window. Samples were dis-
solved in 30 uL of either 5:4:1 glycerol-H,0-
EtOH or H,0 in quartz tubes, taken through
several freeze-pump-thaw degassing cycles,
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sealed, cooled to 4.2 K, and probed with the laser
in the (0,1) and (0,0) excitation regions.

Laser-excited fluorescence spectra at 4.2 K,
obtained under non-line-narrowing conditions (S,
« §, excitation), were measured by using an SRS
Model SR280 boxcar averager (Stanford Re-
search) equipped with two Model SR250 proces-
sor modules for channels A and B. Channel A
was used to monitor the fluorescence signal, while
channel B was used to monitor the pulse-to-pulse
intensity jitter of the excimer pumped dye laser.
All spectra reported were normalized for pulse
jitter. The boxcar averager was interfaced through
a SR245 computer interface module with a PC-
compatible computer for data acquisition and
analysis.

Kinetic experimental data were taken from
Refs. [6] and [7] (see Section 5).

2.2 Materials

The DNA and polynucleotide adducts from
the (+)- and (—)-anti-diol epoxide of benzolal-
pyrene (for the fluorescence studies) were kindly
provided by Prof. N.E. Geacintov (New York
University). The preparation procedure was pre-
viously described [3-7]. The adducts (~ 1% bases
modified) were diluted to a concentration {pyrenyl
chromophores) of ~ 1075 M.

3. Results
3.1 Heterogeneous distributions of adducts

All broadening mechanisms for absorption
bands can be categorized as either homogeneous
or inhomogeneous. Homogeneous broadening is
that which is the same for each and every chemi-
cally identical molecule in the ensemble. In this
work, however, we are interested in the site inho-
mogeneous broadening which is the result of the
fact that an analyte in a disordered host (DNA,
proteins) can generally adopt a very large number
of energetically inequivalent sites (different indi-
vidual molecular micro-environments). At room
temperature DNA is no longer looked upon as a
static macromolecule but rather a dynamic struc-

ture in which all DNA-adduct configurations
(from type B heterogeneity) are likely to be in
dynamic equilibrium, However, at low tempera-
tures most of the configurations that are ther-
mally accessible at room temperature (depending
on cooling rate) should be trapped. In this case
we speak about “frozen in” disorder. Of course
this also has to be true for all structurally distinct
adduct types which originate from type A hetero-
geneity. Here it is reasonable to assume that for
type A heterogeneity structurally distinct adducts
(e.g., (+)-1-DNA of site II type and (+)-3-DNA
of site I type), though continually fluctuating at
room temperature, do not lose the strong ener-
getic preference for the external (site II) and for
intercalated (site 1) adducts types. For example,
the average equilibrated energy minima for the
(+)-1-DNA and (+)-3-DNA must be different,
as recently demonstrated by novel energy mini-
mization and molecular dynamic simulation stud-
ies [31].

Fig. 2A shows, as an example, the (0,0) fluores-
cence origin bands for (+)-anfi-BPDE-DNA at
T=42 K. Spectra a and b were obtained by
selective laser excitation at A, =346 nm and 355
nm, respectively. Spectrum a, with (0,0) band at
~378 nm, corresponds to the major {~ 90%),
site 1I type adducts, (+)-trans-anti-BPDE-N>-
dG, referred to as (+)1 [20]. Spectrum b is
characteristic of site I type adducts ((+)-cis-anti-
BPDE-N?dG) assigned to (+)-3 adduct (~ 10%
[20,21]). These well-resolved (0,0) bands clearly
illustrate the type A heterogenity. Spectral char-
acteristics of site 1 type adducts from (= )-anti-
BPDE in DNA and poly(dG-dC) - poly(dG-dC) at
T = 4.2 K are summarized in Table 1. (+)1-DNA
and (+)-3-DNA (or (- )-1-DNA and (-)-3-DNA
from {—)-anti-BPDE) can be also distinguished
at room temperature [7,32] with fluorescence
maxima at ~ 381 nm and ~ 383 nm, respectively.

However, the (0,0) origin bands in disordered
materials, as demonstrated by [30] FLN and HB
spectroscopies [25,29,33-36] are also inhomoge-
neously broadened. At low temperature, the fluo-
rescence (0,0) origin bandwidth is given roughly
by FWHM = [, + Se,,, where § is the
electron-phonon coupling strength (Huang-Rhys
factor) and w,, is the mean frequency for phonons
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Fig. 2. {A) Inhomogeneously broadened (0,0) origin fluores-
cence bands of (+)-1-DNA (site II type) and (+)-3-DNA
(site I type) adducts. Spectra a and b were obtained at 7= 4.2
K under non-line-narrowing conditions for A, = 346 nm and
355 nm, respectively. From the width of (0,0 bands, the
inhomogeneous broadening (type B heterogeneity) can be
estimated (see text). (B) Line-narrowed fluorescence profile
of the (0,0) transition of (+)-1-BPDE-DNA adduct. The
spectrum consists of an origin zero-phonon line (ZPL) coinci-
dent with A_, =378.83 nm and, to lower energy, phonon
side-band (PSB) with a mean phonon frequency w,, =28
em™L Iy = 3.5 cm™!, obtained with spectral resolution of
~3em~! (see text).

Table 1
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which couple to the electronic transition [37]. The
low-temperature widths of the (0,0) fluorescence
bands (obtained under no-line narrowing condi-
tions, e.g., §, « S, excitation) of (+)-1 DNA and
(+)-3-DNA are ~180 cm™! and ~330 ecm™},
respectively. Similar values were obtained for
(=)-1-DNA and (-)-3-DNA adducts from (-)-
anti-BPDE. When broadband and/or §, « § ex-
citation (as in Fig. 2A) is used, all adducts are
excited and an inhomogeneously broadened fluo-
rescence made up of contributions from many
different sites (¢.g., within the (+)-1 type adduct)
is observed. If, instead, as iilustrated in Fig. 2B a
monochromatic source within the (0,0),,,, origin
band is used, only those adducts having transi-
tions resonant with the laser excitation within the
homogeneous linewidth (I, ) are excited and a
line-narrowed fluorescence from this isochromat
is observed, demonstrating type B heterogeneity.
Figure 2B shows the zero-phonon line (ZPL) of
(+)-1-BPDE-DNA adduct obtained for 70 ns
delay time (the width of the observation window
~ 50 ns) to remove the laser light. This spectrum
was obtaied at low laser light intensity (J ~2
mW/cm?) with A =378.83 nm at T=42 K.
The width of the ZPL, I'p; =3.5 cm™', was
slightly broader than the instrumental resolution
(~ 3 cm™"). The deconvolution of the instrument
function would indicate the homogeneous line-
width of ~0.2 cm™!. A zero-phonon transition is
one for which no net change in the number of
phonons accompanies the eclectronic transition.
Building to higher energy on ZPL in Fig. 2B is a

Spectral characteristic of site 1 type adducts from (+)- and (—)-BPDE enantiomer in DNA and poly(dG-dC)- poly(dG-dC)

(=(dG-dC),) at T=4.2 K in standard glass, A, = 335 nm

Adduct Fluorescence R® 2y,000) Quenchable Conformation
origin A(0,0); nm cem ™! by acrylamide

(+)-3-DNA 380.6 115 330 no intercalated

{-)3-DNA 380.6 09 310 no intercalated

(+)-3-(dG-dO), ~380.5° -¢ ~ 250" no intercalated

(—)-3-(dG-dC), 380.6 10 250 no intercalated

& R is the ratio of the intensity of the fluorescence origin to that of the prominent ~ 1400 em ™! vibronic band, see Refs. [1] and

[20].

® Fluorescence origin and 2y, (v is defined in Fig. 1A) were estimated from FLN data at T=4.2K.

¢ Not measured.
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broader phonon sideband (PSB} with the average
phonon frequency @, ~ 28 cm ™! Then, for ex-
ample, for (+)-1-BPDE-DNA adducts, with
=28 cm™! (see Fig. 2B) and S ~ 0.3 (estimated
by HB and FLNS), a value of I, ~ 170 cm™! is
obtained. The inhomogeneous broadening for
(£)-3-DNA adducts with @, ~30cm™!, and S ~
3 (estimated by FLNS, and excitation spectra [20],
data not shown) is estimated to be broader, ap-
proximately I, =240 cm~'. We believe that this
type of inhomogeneity present at room tempera-
ture (“frozen-in” at low temperature) is responsi-
ble for type B heterogeneity.

Next, using FLNS, we will demonstrate that in
fact it is primarily the DNA, itself, which provides
this type of inhomogeneous broadening for the
BPDE adducts. Figure 3 presents FLN spectra
obtained with A, = 369.6 nm (vibronic excitation)
for (+)-anti-BPDE-DNA in standard glass (A)
and in pure water only (B) (T=4.2 K). This
wavelength is that which was used to obtain mul-
tiplet origin structure for (+)-1-DNA adduct in
the 500-800 cm ! region. The spectra in Fig. 3
are virtually indistinguishable and it is apparent
that the inhomogeneous broadening of BPDE-
DNA in H,O is comparable to that observed for

579
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Fig. 3. Comparison of FLN spectra of (+ )-anti-BPDE-DNA

for experimental conditions which provide as the major adduct,

(+)1, in a standard glass (A) and water (B), respectively.

Agy = 369.6 nm, T =4.2 K. Zero-phonon lines (ZPL) are la-
beled with excited-state vibrational frequencies.

the same adduct in glasses. This is also the case
for other adducts e.g., (+)-3-DNA, though in the
latter case the zero-phonon lines (ZPL) are very
weak, due to much stronger electron-phonon cou-
pling (S ~3) observed for these quasi-inter-
calated species [20]. Since water does not form a
glass at low temperature, and a change in solvent
does not significantly affect the spectra, we con-
clude that the disorder (inhomogeneous broaden-
ing) stems mostly from disordered DNA and not
from the glass-forming solvent molecules. Hole
burning phenomenon on BPDE-DNA /H,0 and
BPDE-DNA /standard glass systems has been
also observed. Non-exponential decay (bleaching)
of the ZPL at 579 cm ™! in Fig. 3A has also been
observed. This kind of dispersion is due to a
distribution of the tunneling relaxation rates with
an average tunneling parameter A, ~ 10.5 and the
width of its distribution o, ~ 0.8 (calculated with
eq. (7) from [19], for Paw,/kg=6.13 X107 s71),
data not shown, proving that the DNA environ-
ment is in fact largely inhomogeneously broad-
ened.

4. Theory of dispersive photodissociation

In our mathematical description of the pho-
todissociation of labile BPDE-DNA and BPDE-
polynucleotide adducts we use the treatment of
dispersive kinetics as has been formulated by
Bissler and Richert [8,10,11] and Jankowiak and
Small [12,13,19].

The quantitative treatment of the problem is
based on the assumption that all the photodisso-
ciation reactions are first-order which has been in
fact observed by Zinger et al. [6]. Then one can
write the following general equation for the
BPDE-DNA adducts:

Pa
i( BPDE-DNA adducts) Ag, A, = (A +A4,)"
kF

,
= DNA + BPTs + A (1)

where BPTs (= benzo[alpvrene tetraols) repre-
sent the photodissociation product, Ag and A,
stand for the density of stable and labile DNA



adducts, respectively; Po is the induced absorp-
tion rate, defined below; ky is the reciprocal
lifetime of the excited adducts and r| is defined
by eq. (3). A similar equation can be written for
polynucleotide adducts.

Since the photodissociation follows a mono-
molecular decay, the concentration change of
adducts as a function of time is:

d
'E([As]ﬁ’ [ALL)=rslAs]+r[AL] (2

where rg and 7, are the dissociation constants
for stable and labile adduct types, respectively.
These decay constants are thermally activated

r(E) =, exP[—(Em_E)f/kT] (3)

where i =S,L; r,(E) is the rate of the individual
photodissociation reaction and AE,=(E_ - E),
denotes the spread of activation energies within
mean value E, = AE . =(E,_ ~ E,),. Equation (1)
demonstrates that the depletion of (Ag+A,)
adducts and buildup of photoproducts (BPTs),
under the condition of small quantum yield of
photodissociation, r; <<k, are governed by the
following rate constant:

R(E)=(Povy/ke) 'exP[_(Em—E)f/kT]
(4)

A realistic assumption is made that the activation
energy for a thermally activated reaction, is sub-
ject to a Gaussian distribution, The rationale is
that the self energy of a reactant embedded in an
environment with quasistatic disorder depends on
a large number of internal coordinates each of
which is subject to random spatial fluctuation
{8-14]. This generates, as we have shown previ-
ously, a Gaussian distribution function for an
experimental observable, such as the absorption
profile of a chromophore in an organic glass [30]
as long as the fluctuation amplitudes are small.
It has been shown that BPDE-DNA site [
type adducts are of cis-configuration {21,37],
which are about 100 times more labile than site 11
type (trans-configuration) adducts [6,7]. Cis-type
adducts (cis epoxide opening) of anti-BPDE-dG
(dG = deoxyguanosine) are also less stable than
their trans-isomer, as readily tested by the experi-
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mental data (unpublished observation). There-
fore, we assume that Rg < R,. Thus, we can
simplify the picture by taking into account only
labile (site I) type adducts. If the distribution of
activation energies {due to inhomogeneous envi-
ronment of quasi-intercalated site 1 type adducts)
is narrow, i.e., if |E — E,| < E, and if the devia-
tion £ — E, are random and independent of each
other, f(E) will be a Gaussian

F(E) = (o2m) " exp| - (E~Ey)’/208] (5)

If one accepts eqs. (1)—(5) as the relation describ-
ing the photodissociation of labile adducts, the
normalized distribution function f(R,) for the
dissociation rate constant is easily obtainable from
egs. (4) and (5) using the approach we developed
in Ref. [12]. Then with D(¢) defined as

([Arslo—[Acs])
[AL,S](]

D(t) = =D (1) +Dg(1)

(62)

and A4 (1) as

Aps(r) = f_woodRL,Sf(RL,S) exp[ —R 5(E)¢]
(6b)

D,(t) and Dg(¢) describe the fraction of labile
(site I) and more stable (site II) adducts which
dissociate following the UV irradiation for time ¢
with an illumination photon flux P (P =1/hv).
Here o is the absorption cross section and ¢(r )
is the quantum yield of photodissociation, de-
fined as r; /r| +kp=r /kp <1 That ¢(r) <1
has been observed experimentally [6,7]. Thus eqs.
(6a) and (b) may be solved yielding the normal-
ized concentration of dissociated adducts (C)
decaying via nonconstrained first-order reactions,
whose rate is given by eq. (4), and the rate
controlling parameter E being subject to a
Gaussian distribution function of width o, (eq.
5). Assuming that mostly labile adducts dissociate
(for the experimental condition, described in Fig.
1 caption) e.g., (R, ) > (Ry), the experimental
data may be fit to eqgs. (fa) and (b). For the
simulations we have found it convenient to em-
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ploy a particular form for A, ((¢) which is equiva-
lent to eq. (6b). Starting with

A0 =(Zmo) [ ak

— _(_EO__E_)_} exp[—Ri(E)t]

20]
(7a)

with R,(E) given by eq. (4), it is easy to show that

Xexp

D (1) = CL[I —A'lfm exp({—x?/24}

—if exp[ —AE, /kT] exp(x)} dx
(7b)

where A= [*_exp(—-x?/26})dx, & =a,/kT
and B =Pov,/k.. A similar equation can be
written for D(z), since as will be shown below,
that “stable” adducts also dissociate, though on a
much longer time scale than the labile ones [6];
v, is an attempt-to-dissociate frequency, which
has been argued to be between about 2 X 102
s™! and 5x 10" s, for most first-order reac-
tions [38]. The value of a prefactor v, is not very
sensitive in this kind of simulation, as shown in
Ref. 12, and a reasonable estimate of v;,=8X
10" 57! has been utilized in this work.

Equation (7b) is solved by numerical integra-
tion for fixed values of B (vide supra) and for
variable distribution width &, and the average
activation energy, A £,; , for labile adducts. Equa-
tion (7b) is written in such a way that the concen-
tration of labile adducts (C; - 100%) is easily ob-
tainable. The photodissociation data previously
collected by Zinger et al. [6] and Kim [7], are
reanalyzed using the above described model in
Section 5. The origin of dispersion is discussed.

5. Discussion of kinetic data

In the study of adducts dissociation it is impor-
tant to use illumination photon flux, P, values
which are sufficiently low, as used in Refs. [6] and
[7], since several studies showed that highlight
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Fig. 4. Room temperature photodissociation kinetics of (+)-
anti-BPDE-DNA [6] () and (- )-anti-BPDE-DNA (30} and
(- )-anti-BPDE-poly(dG-dC)- polw{dG-dC) adducts (X} {7].
D(r) (the percentage of dissociated adducts) is plotted versus
t (t=irradiation time, in s). The light intensity [=0.1

mW /cm? at 343+20 nm.
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intensities led to irreversible adduct photodegra-
dation [24,39]. As shown by Zinger et al. [6] and
Kim [7] the /=0.1 mW /cm?, at A_ =343 +20
nm excitation (S, « S,), the BPT molecules are
stable for the entire period of the experiment.
Interestingly, for these experimental conditions
the whole distribution of adducts is initially ex-
cited (there is no correlation between S, and S,
excited states) and essentially all adducts might
undergo photodissociation. For completeness, Fig.
4 shows the experimental data obtained earlier
[6,7], which are theoretically analyzed below. The
amount of dissociation products was determined
from a quantitative analysis of the increased fluo-
rescence vield [6,7]. Curve a describes the pho-
todissociation kinetics, as a function of time, of
the (+ )-anti-BPDE-DNA, whereas curves b and
c represent the kinetics of (—)-anti-BPDE-DNA
and (—)-anti-BPDE-poly(dG-dC) - poly(dG-dC),
respectively. These kinetic curves when plotted
on a logarithmic time scale (see data points in
Figs. 5 and 7) due to the non-linearity of D(1),
clearly indicate a heterogeneous behavior, the
nature of which will be described below.

5.1 (+)-Anti-BPDE-DNA and -polynucleotide
adducts

In the case of (+ )-anti-BPDE type adducts, as
shown in detail elsewhere [7,6,20] the majority of
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Fig. 5. Normalized theoretical fit (dashed line) obtained with
Eq. 7 to the experimental photodissociation products (BPT,
tetraols) growth () for (+)-anti-BPDE-DNA plotted on a
log ¢ scale. Fit obtained with o =1.1X 107" em?, v, =8%
10”2 57! and ky=0.67%x10% s~ [7] provides the concentra-
tion of site I type cis-BPDE adducts {11%) with the average
activation energy for photodissociation of 600 meV.

adducts are frans-type of site 1I (external configu-
ration). Figure 5 shows the experimental pho-
todissociation data (diamonds) along with the
theoretical fit (dashed line) which was obtained
with eq. (7b) for an average activation energy
AE, =600 meV, $=228x10° s7' and a
Gaussian width of the distribution of activation
energies of &, = 0.83. This provided the full-width
at half maximum (FWHM =24, kT v2In2)
cqual to = 50 meV, In addition the fitting proce-

Table 2
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dure gives the concentration | of labile adducts
of ~11%. These data clearly demonstrate that
all Iabile adducts have been entirely decomposed
on the experimental time scale with an average
dissociation rate of {r;) =R, exp(d{/2) =056
X 10° s7!, where R, =v, exp(—AE, /kT). The
observed increase of dissociation at times longer
than ~8x 10* seconds indicates that at these
times a slower dissociation component {character-
istic for the more stable, type I1 adducts) emerges.
Since the concentration of labile adducts, C}, is
in very good agreement with the concentration of
cis-BPDE-DNA adducts (see Table 2) (estimated
spectroscopically [6,20]), we assign the labile
adducts as (+ )-cis-anti-BPDE-N2-dG.

The AE, and & values for (+)-cis-anti-
BPDE-DNA along with the values for {r, ) and
the corresponding average quantum yield of pho-
todissociation, (¢, ) ={r ) /Kr ) + k) =083
X 1075, are given in Table 2. The value of {¢, )
for labile adducts is approximately two orders of
magnitude smaller than the quantum yield esti-
mated previously [6]. However, due to the dispet-
sion of photodissociation, which results from the
AE, distribution, the quantum vield associated
with, for example, the first £ =5% fraction of
dissociated adducts (& ) must be higher than
(¢, 7. It can be estimated, based on the model

Dispersive photodissociation preducts growth kinetic parameters for BPDE-DNA and —-polynucleotides adducts at room tempera-
ture. For the kinetic analysis a value ¢ = 1,110~ " em? and kp =0.67x10% s~ ' and ky = 1.25% 10° s~ * for (+)-anti-BPDE- and

(= )-anti-BPDE-adducts were used [7], respectively

Adducts

Percentage of site I type adducts Simulation data

etimated

Concentration  of
Spectroscopically  Chemically  site I type

Average 4
activation

Average Average
dissociation  quantum yield

{cis-BPDE) adducts, energy rate {ry) for dissociation
Cy X 100% {meV) N (¢
{4 )-Anti-BPDE~ 14 (6,7 - 11 600 0.83 056x10®° 083x10°°
DNA ~10°
{=)-Anti-BPDE~  ~30° - 29 591 0.83 079%x10%  0.63x107°
DNA
(+)-Anti-BPDE-~ 10 [40] 14 [41] ~13 598 080 055x10°  08ix107°
(dG-d0),
{—)-Anti-BPDE-~ 73-75 [7,40} 71 [41] 74 580 0.80 11 x10® 02 x107°¢
(dG-dC), ~70°

2 C,=100- C, (%) describes the concentration of site II type adducts at room temperature.

® This work.
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we developed in Ref, [19], studying the dispersive
kinetics of hole growth in disordered systems,
that in fact (¢, ) _se, for (+)-anti-BPDE-DNA,
is a factor of ~ 60 higher, indicating a moderate
dispersion of photodissociation process. Nearly
identical values of the average activation energy
and dissociation rate were obtained for (+)-anti-
BPDE adducts in polynucleotide poly(dG-dC)-
poly(dG-dC) (data not shown), as illustrated in
Table 2, Interestingly, the estimated concentra-
tion (C|) of site I type (+)-cis-BPDE adducts is
nearly the same in DNA and poly(dG-dC)-
poly(dG-dC} duplex. This may indicate that in
fact ( +)-3 adducts of (+)-BPDE enantiomer pre-
fer the G-C DNA sequence. It is noteworthy that
C, = 13% for (+)-anti-BPDE-poly(dG-dC}) -
poly(dG-dC) is in nearly perfect agreement with
recent chemical analysis in which Geacintov et al.
[41] estimated the concentration of (+ )-cis-BPDE
adducts as C| = 14%. These data prove that the
observed nonlinearity of the experimental data in
Fig. 5 stems from type B disorder, which is re-
flected by the inhomogeneous broadening of (+ -
(3) type (cis-BPDE) adducts. It is the local disor-
der (due to arrangement of certain atoms, groups
of atoms and bonds [42]) which makes the adducts
energetically different.

5.2 Distribution in energy

There are several approaches one may take to
derive the activation energy distribution directly
from experimental decay and /or growth kinetic
curves. If, for example, a decay 4, ¢(¢) given by
eq. {6b) possesses a unique distribution f(R, ),
the latter can be derived by the inverse Laplace
transform of the analytic continuation of A ¢(1).
Alternatively, to derive f(R; ) one can apply
various analysis methods: e.g., nonlinear least
squares fitting [43] or the method of moments
[44]. Another approach has been recently devel-
oped by Jackson et al. [45]. These authors de-
scribed an iterative method for systematically ob-
taining distributions of annealing and/or cre-
ation energies, tunneling distances, and trap
depths for specific defect populations from elec-
tron-spin resonance transients. For example, this
method was used to obtain, based on a mono-

molecular annealing model, the distribution of
activation energies of metastable dangling bond
defects in light-soaked undoped hydrogenated
amorphous silicon (a-Si: H) [18]. Below, adopting
this approach [1,5,18] we will show that the acti-
vation energy distribution P(E,) can be deter-
mined, for {+)-anti-BPDE-DNA labile adducts
from the adduct photodissociation decay curve,
defined as y(r)=1-D(z)=[A4,]/[A4, ], It has
been shown that in good approximation

d
G0 = PED) ®)

where the activation energy is defined as:
E,=kT In(Bt) (9)

By taking the derivative of y(1) with respect to
kT In{Bt), the underlying distribution of activa-
tion energies, E,, can be derived. This can be
done if the dynamic range of experimental data is
sufficiently large, as in the case of (+)-anti-
BPDE-DNA, see Fig. 5. The derived original
activation energy distribution P(E,, 0) at time
t=10, for the above discussed (+ )-anti-BPDE-
DNA is presented in Fig. 6. Using this approach
P(E,) can be easily reconstructed step by step
from any experimental data where the distribu-
tion of kinetic parameters is involved. However,
because of the approximation introduced above

Probability (P, )

550 600 650
Activation energy (meV)

Fig. 6. Normalized probability distribution of activation ener-

gies (curve A) versus energy of the investigated labile (+)-

anti-BPDE-DNA (cis-type) adducts as derived from the

dashed curve in Fig. 5 using eq. (8). For comparison (curve B)

shows the normal distribution of activation energies obtained

with the simulated parameters of AEg = 600 meV and &, =
0.83, used to fit the data in Fig. 5,



(eq. 8), some discrepancies between the calcu-
lated curve for P(E,) (curve A, in Fig. 6) and the
Gaussian P(E,) assumed a priori (curve B) in
our simulation, were anticipated. Note that the
correct position of the peak in the distribution
(within the resolution of ~3 meV) is recovered
with some broadening especially on the low en-
ergy side. This is not surprising since curve A in
Fig. 6 was obtained from an analysis where all of
the time dependence, contained in the exponen-
tial factor in eq. (6b) has been neglected. This is
equivalent to the approximation sometimes used
in the analysis of the dispersive kinetics (for very
large dispersion) [12], which when adopted to the
time dependent photodissociation can be written
(instead of eq. 6b), as:

A =[" f(E)dE, (10)

Emin(”

In eq. (10) f(£,) is the distribution of the activa-
tion energies, and E_;(t) is the lower cut-off
energy. This simplified procedure, as shown in
Fig. 6 and discussed in Refs. [10] and [12], pro-
vides an accurate approximation only for very
large dispersion compared to the spread of event
times at fixed rate, Thus, the numerical equiva-
lence of egs. (6b) and (10) increases for increas-
ing variance of the rate-controlling parameters
responsible for dispersive kinetics.

5.3 (—)}-anti-BPDE-DNA and polynucleotide
adducts

In contrast to (+)-anti-BPDE-DNA adducts,
the { — )-anti-BPDE-DNA adducts show, on simi-
lar time scale, much larger percentage of pho-
todissociated products. The experimental kinetics
data of photodissociation of {—)-gnti-BPDE in
DNA (from Ref. [6]) and poly(dG-dC) - poly(dG-
dC) (from Ref. [7]) are depicted in Fig. 7A. The
simulation curves, which are indicated as dashed
lines, were obtained (for 8 = 1.22 X 10° 57 ') with
eq. (7b), provided: (E,) =580 meV, g, = 0.80
and C, =74% for (—)-anti-BPDE-polynucleo-
tide adducts (curve a) and {(E, ) =591 meV, &,
=0.83 and C, =29% for ~-DNA adducts (curve
B), respectively. This figure shows that, the dis-
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Fig. 7. (A) Theoretical fits (- - - - - - ) to the dissociation prod-

ucts (BPTs) growth D(r) (%), plotted versus log of irradiation
time for (- )-anti-BPDE-poly(dG-dC) poly(dG-C) (X) and
(=)-anti-BPDE-DNA (0O), respectively. The fits were ob-
tained with ¢ and v, given in Fig. § caption and with
kg=125x%10° s7! [7]. The calculated concentration of cis-
BPDE adducts is ~ 74% (a) and ~29% (b) for the polynu-
cleotide and DNA, respectively. (B) Normalized experimental
data from curves a and b (in Fig. 7A) taking into account the
estimated relative adduct concentration,

persive kinetic model is not only in very good
agreement with the experimental results, but also
provides the relative concentration of labile
adducts in these two systems (see the numbers
over the arrows) on the right vertical scale in Fig.
7A). The estimated concentration of labile
adducts is ~ 74% and ~ 29% for polynucleotide
and -DNA samples, respectively. As in the case
of (+)-anti-BPDE those numbers are in very
good agreement with the concentration of site I
type adducts in these two systems, estimated
spectroscopically, see Table 2. Remarkably, C, =
74% for (—)-anti-BPDE-poly(dG-dC) - poly(dG-
dC) obtained from simulation analysis is not only
in very good agreement with the concentration of
site 1 type adduct (cis-BPDE) obtained spectros-
copically [7,40] but also with recent chemical
analysis [41]. Therefore, as above (see Section
5.1), we correlate these adducts with cis diol
epoxide opening. Interestingly, the average acti-
vation energy for (—)-BPDE adduct in two differ-
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ent hosts are also nearly identical, with slightly
narrower &, value for -poly(dG-dC)- poly(dG-
dC). In native DNA &, is expected to be larger,
because there is more than one type of base-tri-
plet involving dG adducts. Interestingly, &, = 0.83
is similar to the width of the conformational

barrier distribution (trapped at T=42 K) in a -

chromoprotein, where & =1 has been observed
[14].

The major difference for (—)-BPDE adducts
refers to the concentration (C,) of site 1 type
adducts, which is ~ 2.6 times smaller in DNA
than in (dG-dC},. With this in mind in Fig. 7B,
we present the data from Fig, 7A in a normalized
form where the concentrations of ~-DNA and
—polynucleotide adducts from Fig. 7A were nor-
malized. This comparison clearly demonstrates
that the kinetics of photodissociation in DNA
and a double strand of poly(dG-dC) - poly(dG-
dC), though very different in appearance in Fig.
4, is in fact identical when the relative concentra-
tion (C|) of labile adducts is taken into account.
This is not surprising, since, as we have shown in
this work, in both cases the labile adducts had the
same chemical composition.

This is also in agreement with our recent low-
temperature spectroscopic findings for adducts in
random sequence DNA and an alternating du-
plex of poly(dG-dC) - poly(dG-dC), which showed
indeed very similar conformational features
[21,32]. The photodissociation activation energies
for (—)-anti-BPDE-adducts range from ~ 520 to
~ 660 meV, with the center of the distribution at
~ 590 meV and the FWHM of the Gaussian
distribution approximately equal to 50 meV (~ 2
kT). The average rate and quantum yield for
photodissociation of (—)-enfi-BPDE-DNA and
polynucleotide adducts are also listed in Table 2.
Comparing (+)- and (- )-enti-BPDE-DNA and
—polynucleotides, in contrast to Refs. [6] and [7]
only a small difference between the average re-
laxation rates, {r ), is observed. For example,
(r ) for (—)-anti-BPDE-DNA adducts is about
1.4 times larger than for their (+)-enantiomer.
However, the {¢,) value for (+)-type DNA
adducts is ~ 13 times larger than for (—)-
BPDE-DNA adducts. Likewise, a similar differ-
ence in (¢, (a factor of ~10) between (+)-

anti-BPDE- and (—)-anti-BPDE-poly(dG-dC)-
poly(dG-dC) is observed. This can be ascribed to
the differences of their average relaxation rates
and the reciprocal lifetimes (k) of the excited
adducts, as can be seen from the definition of
(¢ given in Section 5.1. The difference in
(¢, ) between the pair of (+)- and (- )-enanti-
omer adducts for the (+)-3 and (—)-3 category of
adducts has been anticipated in light of recent
spectroscopic data [20,21] which showed that site
I type adducts of these two enantiomers {though
intercalated) may be situated differently with re-
spect to the DNA, e.g. they possess different R
ratio, see Table 1. The small orientational differ-
ences may be an inherent aspect of the mirror
image nature of the (+)- and (-)-anti-BPDE
adducts, and perhaps could explain why the DNA
adopts higher concentration (~ 3 times) of (—)-
BPDE-cis-tvpe adducts. On the other hand, simi-
larities in activation energy and (r ) values for
all studied systems are not surprising, since in all
cases mostly labile (site I) (+)- and ( — )-cis-BPDE
adducts dissociated.

The dynamic range of the photodissociation
data is not sufficient to describe the more stabe
(+)-1 type adducts. Nevertheless, based on the
slower dissociation component (circles in Fig. 5A),
for the more stable adducts, assuming similar ¢,
value as for labile ones, the average activation
energy for these (+)-1 type adducts (site II,
trans-N*-dG) can be roughly estimated. Its aver-
age value of ~750 meV, is about 150 meV
higher than for ¢is-BPDE intercalated adducts.
This means that the average relaxation rate and
the average quantum yield for photedissociation
of trans-BPDE-N%dG (site II) adducts com-
pared to cis-type adducts is approximately 2-3
orders of magnitude smaller.

It is worth noting that recently for a number of
proteins, e.g., a tryptophan residues in different
proteins [46] and chlorophyll @ in photosystem II
reaction center preparation [47], a continuous
distribution of fluorescence lifetimes were ob-
served. Therefore, a question that arises is
whether or not the distribution of the fluores-
cence lifetime (7) of site I type adducts (if pre-
sent) would significantly affect the values of (£, )
and {r, ). The answer is no, since as discussed in



Ref. [10] this type of additional dispersion is
negligible compared to a fluctuation of the expo-
nential factor in.eq. (4), namely (E,-E)/kT.

In conclusion, we believe that the non-ex-
ponential photodissociation can be explained by
postulating, in analogy to a number of proteins
[14,46,47], that DNA-adducts of each particular
adduct type (from type A heterogeneity), exist in
many different conformational substates and that
the adducts in different substates possess differ-
ent activation energies for the photodissociation
reaction described by eq. (1). Since disordered
systems break ergodicity [48], the equilibrium dis-
tributions in configuration space are of little use.
Therefore, the activation energy (barrier height)
which dominate the photodissociation process de-
pends, as demonstrated, on the observation time
scale. Although we believe that the room-temper-
ature dispersion must be dynamic in nature, where
the dynamics of the system determines the inter-
conversion between conformation substates, a
static origin in which a unique activation energy is
associated with every element of a distribution of
conformational substates cannot be entirely ex-
cluded.
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