Eur Biophys J (1995) 23: 399-406

Molecular dynamics simulations

European
Biophysics Journal

© Springer-Verlag 1995

of excimer forming (+)-anti-BPDE-DNA adducts in aqueous solution

S. Sen!, A. Grislund®

! Department of Medical Biochemistry and Biophysics, University of Ume4, S-90187 Umes, Sweden
2 Department of Biophysics, Stockholm University, S-10691 Stockholm, Sweden

Received: 16 May 1994 / Accepted: 22 September 1994

Abstract. The chemical carcinogen (+)-anti BPDE prefe-
rentially binds covalently to the guanine base in the mi-
nor groove of DNA. Fluorescence spectroscopic studies
have shown that the BPDE molecules bound to DNA can
interact in their photo-excited state giving strong excimer
fluorescence when bound to poly(dGdC) - poly(dGdC). It
was suggested that the formation of such excited state com-
plexes is most probable when the two (+)-anti-BPDE bind
to guanines of adjacent base pairs on the two different
strands of the DNA. In the present work a model for such
an excimer forming DNA-BPDE double adduct system has
been constructed and shown to be stable over a 300 ps mo-
lecular dynamics simulation in a water box. The model is
a d(CG); - d(CG); molecule with two BPDE molecules
bound to the guanines at the 4th position on each strand,
located in the minor groove and each oriented towards the
5" end of the modified strand, respectively. The results of
300 ps MD simulation show that the two BPDE chromo-
phores exhibited on the average a relative geometry fa-
vourable for excimer formation. The local structure at the
adduct position was considerably distorted and the helix
axis was bent. The modified bases were found to be paired
through a stable single non-Watson Crick type of hydro-
gen bond.
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Introduction

Benzo(a)-pyrene is a well known environmental pollutant
of the polyaromatic hydrocarbon group (Baum 1978;
Grimmer and Pott 1983) and becomes a strong carcinogen
after its metabolic activation to a highly reactive derivative
benzo (a)-pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE)
(Dipple 1985, Thakker et al. 1985). It has been shown that

Correspondence to: A. Grislund

the metabolic reaction can generate four different stereo-
isomers, (+)-syn and (+)-anti, all of which have carcino-
genic activities of different degrees. In mammalian
systems, the (+)-anti isomer has been identified as the most
mutagenic one (Cooper et al. 1983; Jerina et al. 1991). It
binds covalently to DNA. The reaction is stereo specific
and the covalent binding to DNA takes place almost ex-
clusively by a trans addition of the exocyclic amino group
N2 atom of the guanine base to the C10 carbon atom of
the benzylic ring of the BPDE molecule (Weinstein et al.
1978; Thakker et al. 1985).

Efforts have been made to characterize the structure of
the (+)-anti-BPDE-guanine adduct in DNA by using dif-
ferent physico-chemical techniques (Geacintov 1988;
Grislund and Jernstrém 1989; Jernstrom and Grislund
1994). From linear dichroism studies it has been shown
that the long axis of the pyrene chromophore is oriented
at an angle of less than 35° relative to the average helix
axis of the DNA molecule (Geacintov et al. 1978; Unde-
man et al. 1983; Eriksson et al. 1988). Recently solution
structures based on high resolution 'H-NMR studies have
been presented for (+)-anti-BPDE and the (—)-anti-BPDE
bound to a DNA oligomer (Cosman et al. 1992; de Santos
et al. 1992). It has been verified that in both cases the C10
atom of the BPDE molecule is bound to the guanine N2
atom situated in the minor groove. The adduct in the case
of the (+)-isomer is oriented towards the 5" end of the mod-
ified strand while, in the other case, it is oriented towards
the 3" end. In each case one face of the adduct was found
to be exposed to the solvent. It was also reported that the
double helical structure of the oligonucleotide was only
minimally perturbed by the formation of the (+)-anti-
BPDE adduct (Cosman et al. 1992). Molecular mechani-
cal studies are in agreement with these results. For
(+)-anti-BPDE it has been found that the 5’ side alignment
is energetically the most favourable one and that the ad-
duct does not cause much destabilization of the DNA
structure (Rao et al. 1989; Weston et al. 1990).

Further characterization of the properties of the
(+)-anti-BPDE-DNA adducts by fluorescence spectros-
copy showed that strong excimer fluorescence was emit-
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ted from the bound BPDE-molecules in poly(dGdC) -
poly(dGdC), while it was considerably weaker in the case
of calf thymus DNA (Eriksson et al. 1988; Eriksson et al.
1990) or other synthetic polynucleotides (Eriksson et al.
1993). This observation suggested that the covalent adduct
formation can occur at closely spaced guanines where the
adducts can interact with each other. To probe the possible
location of the excimer forming BPDE-DNA adducts, in
our earlier work (Eriksson et al. 1993) we investigated dif-
ferent base sequences in polynucleotides, such that each
sequence could give rise to a BPDE-DNA adduct pair of
a particular geometry. For example, in some sequences ad-
ducts could bind to both strands, while in others they could
bind only to the guanine bases on the same strand. The flu-
orescence spectroscopic data, supported by parallel mo-
lecular modelling and potential energy minimization cal-
culations (in vacuum) suggested that in order to obtain a
ground state geometry favouring an excimer forming
BPDE-DNA adduct pair, the two (+)-anti-BPDE mole-
cules should bind to the guanines on neighbouring base
pairs in the minor groove on the different strands of the
polynucleotide (Eriksson et al. 1993). It is worth mention-
ing here that a very similar ligand pair geometry has re-
cently been observed in X-ray crystallographic studies of
two distamycin A molecules bound in the minor groove of
a DNA oligonucleotide (Chen et al. 1994).

Molecular dynamics simulation is a powerful theoret-
ical and computational approach to the study of the struc-
ture and molecular motion of macromolecules. In our pre-
vious work we performed the potential energy minimiza-
tion calculations of a double BPDE adduct in vacuum only.
The pyrene chromophores of the BPDE adduct are known
to be highly hydrophobic in character and their behaviour
in an aqueous environment is of interest in the understand-
ing of the geometry and effects of a double BPDE adduct
on the DNA structure. In the present work we have ex-
tended our previous theoretical work (Eriksson etal. 1993)
by performing an MD simulation of a model DNA-double
adduct system (each adduct in its ground state) in a water
box. The purpose was twofold: i) to characterize the dy-
namics of the double BPDE adduct and to see if the rela-
tive geometry of the adduct pair exhibits features favour-
able for excimer formation during dynamics in the explicit
presence of water molecules and ii) to study the structural
deformation of the DNA at the location of such an adduct-
pair after dynamic refinement.

To our knowledge, this is the first report where the mo-
lecular dynamics of two closely bound DNA-adducts of
BPDE has been addressed theoretically. Experimentally
the dynamics of excimer forming BPDE adducts has pre-
viously been studied by time resolved fluorescence spec-
troscopy (Graslund et al. 1992). It was found that all BPDE
adducts, whether emitting fluorescence as monomers or
excimers, had rapid local mobility on a subnanosecond
time scale. The present simulation (300 ps) shows that the
DNA-BPDE double adduct model system is a stable and
well behaved chemical system on a time scale approach-
ing the experimental one. The double helical form of the
DNA remained intact over the course of the simulation but
a local bending of the helix axis at the adduct-pair loca-
tion was induced by the adduct pair. The two BPDE mole-

cules resided well within the minor groove with a small
portion extruded outside of the double helix. Most of the
time the chromophores of the adduct pair kept closely par-
allel and had a significant area of overlap between them.
From the comparison between MD simulations in water
and in vacuum, it seems that the explicit presence of the
surrounding water molecules confines the adduct pair
more closely within the minor groove of the DNA and re-
duces their relative sliding motion.

We have also performed the MD simulations in vacuum
using various starting structures differing in the relative
geometry of the two adducts. The aim was to investigate
to what degree the above mentioned features (parallel or-
ientation and overlap area) are related to the input struc-
tures of the adducts.

Methods
Program and parameters

Starting structures were obtained from molecular model-
ling performed by the graphics package HYDRA Iris Re-
lease 1.2, Polygen Corporation England, obtained from R.
Hubbard, University of York, York, UK. All potential en-
ergy minimization and molecular dynamics calculations
in this study were done with the program CHARMM and
the standard parameters version 19 (Brooks et al. 1983;
Nilsson and Karplus 1986). The hydrogen atoms were con-
sidered explicity and the covalent bonds of the hydrogen
atoms were constrained by the SHAKE (van Gunsteren
and Berendsen 1977) algorithm with a tolerance of 0.0001
A. The non-bonded interaction cutoff was set to 10 A. A
switching function was used for the non-bonded interac-
tion terms in the range 8.0 A to 9.0 A so that it behaves
smoothly at the cutoff point. The nonbonded pair list was
updated every 10 steps. The hydrogen bond distance cut-
off was set to 7.5 A and the hydrogen bond angle cutoff
was set to 100 degrees. The switching function for hydro-
gen bond distance was used within the range 5.5 A to
6.5 A. The switching function for hydrogen bond angle
was used in the range 60 to 80 degrees. The hydrogen bond
pair list was regenerated every 10 steps. For the dynamic
simulations a time step of 1.0 fs was used. The TIP3P
water model (Jorgensen 1983) was used to simulate the
water molecules. For solution calculations we used a
dielectric constant equal to 1.0 and included sodium coun-
terions. In the vacuum simulation we used a distance de-
pendent dielectric constant (Nilsson and Karplus 1986).
The screening effect of the charges due to counterions was
included by reducing the charges of the phosphate groups,
the standard procedure for vacuum simulations.

For the (+)-anti-BPDE molecule we used the same pa-
rameters as in the previous study (Eriksson et al. 1993).
We used partial atomic charges as given by Hingerty and
Broyde (1985). The N2-C10 bond length was set to 1.44
A according to Aggarwal et al. (1983), with a force con-
stant of 350 kcal/mol A=2. The force constants for the di-
hedral and improper angles in the chromophore parts were
set to a higher value of 550 kcal/mol rad™ to maintain the
planarity of the chromophores.



Model building

As a model of the excimer forming DNA adducts sug-
gested by our previous work (Eriksson et al. 1993), we
used a d(CG); - d(CG); oligonucleotide with two (+)-anti-
BPDE bound to the guanine residue at 4th position (marked
by *) from the 5" end of each strand as shown below.

5'CGCG*CG3’
3’GCG*CGC5’

To obtain a reasonable set of starting coordinates for the
two excimer forming (+)-anti-BPDE adducts bound to the
oligonucleotide, we used the docking facility in the graph-
ics package HYDRA. The coordinates for the (+)-anti-
BPDE molecule were taken from the crystal structure of
Neidle et al. (1982). The coordinates for d(CG), - d(CG),
were generated as standard B-form DNA with HYDRA.
Then the two (+)-anti-BPDE adduct molecules were linked
to the oligonucleotide. In placing the adducts we oriented
the long axis of each chromophore towards the 5" end of
its modified strand in agreement with the NMR studies on
single BPDE adducts (Cosman et al. 1992). The BPDE-
DNA complex was created by the patch residue technique
in the CHARMM-20 (Brooks et al. 1983) package for sub-
sequent potential energy minimization and molecular dy-
namics calculations.

Computational detail

Potential energy minimization protocol. To obtain an en-
ergetically suitable coordinate set for the adduct system
the initial docked structure was refined according to the
following protocol. First, the potential energy of the
docked structure was minimized by 300 steps of the con-
jugate gradient minimization method in vacuum with the
Powell algorithm to relax initial strains and to remove un-
favourable van der Waals contacts. Ten sodium counter-
ions were then introduced to this refined structure by plac-
ing each of them at a distance of 3.6 A from the respec-
tive phosphorous atom on the line which starts from the
phosphorous atom and bisects at the line joining the two
phosphate oxygen atoms (O1 and O2) (Singh et al. 1991).
To solvate the whole system it was placed in a previously
equilibrated cubic water box of dimension 31.0432 A, con-
taining a total of 1000 TIP3P water molecules. All the wa-
ter molecules with any atom closer than 2.8 A to any atom
of the DNA-adduct system were removed. Periodic bound-
ary conditions were used by the image facility in the
CHARMM program (Brooks et al. 1983). The final system
consisted of a total of 2779 atoms. The resulting system
was energy minimized in 500 steps of the conjugate gra-
dient minimization method with the Powell algorithm,
keeping the DNA-adduct system harmonically constrained
by a force constant 20 kcal/mol A=, This was done in or-
der to allow the local adjustment of the water molecules
alone to eliminate any residual geometrical strain after the
removal of the overlapping water molecules (Herzyk et al.
1982; Singh etal. 1991). The potential energy of the system
was then minimized further without any constraint on the
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solute molecule by 1000 steps for the conjugate gradient
minimization method by the Powell algorithm. We did not
follow any gradient criteria for these minimization pro-
cesses. The final refined structure was used as the starting
structure for the subsequent molecular dynamics simula-
tions.

For energy minimization in vacuum, we minimized the
potential energy of the DNA-adducts for 1000 Powell
steps.

Dynamics simulation protocol. The Verlet algorithm with
a 1.0 fs time step was used to calculate the classical equa-
tions of motion for the atoms during dynamics. The water
box containing the DNA-double-adduct system after the
energy minimization steps was first gradually heated from
98 K to 298 K during the first 1.0 ps. Every 50 fs veloc-
ities from a Gaussian distribution were given to each atom
in the system. During the next 2.0 ps, equilibration was
performed by assigning velocities to all atoms. The system
was allowed to equilibrate further for another period of
10.0 ps without any velocity reassignment but velocity re-
scaling was allowed. The last two steps were subjected to
a window check in the temperature range 298+5 K. The
resulting system was finally allowed to follow a dynamic
simulation for a further period of 287.0 ps. To keep the
temperature reasonably constant, velocity rescaling was
done at a frequency of 1000 steps if the average tempera-
ture was outside the range 298+5 K during this time. Over
the whole period of simulation, the trajectory coordinates
were saved every 200 fs for analysis. The total length of
the simulation time was 300 ps including the early heat-
ing and equilibration periods and the restart facility was
used as needed. The same protocol was followed for the
simulation in vacuum.

Instrumentation

The graphics modelling and docking processes were per-
formed on a Silicon Graphics Personal Iris 4D/25G work-
station and the potential energy minimization and dynam-
ics simulations were carried out on a Silicon Graphies In-
digo X524 4000 workstation. The CPU for one ps simu-
lation in water needed about 100 min, whereas in vacuum
about 9 min was needed.

Results
Energy minimization in vacuum and water

Potential energy minimization was carried out for the start-
ing structure of a model of d(CGCG*CG) - d{(CGCG*CQG)
with one BPDE adduct on each strand. The docking of the
adducts on the DNA was done manually as described in
the Methods section. The potential energy minimization
calculation in aqueous solution shows that it is indeed pos-
sible to accommodate two (+)-anti BPDE adducts, bound
to the nearest guanine bases on the two different strands,
without breaking the double helical structure of the oligo-
nucleotide in solution. The RMSD value between the mod-
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ified energy minimized and the unmodified energy mini-
mized d(CGCGCQG) - d(CGCGCG) molecule in solution,
is 1.4 A. Figure 1 shows the energy minimized structure
of the model d(CGCG*CG) - d(CGCG*CG) double adduct
system in aqueous solution. A small portion of each adduct
18 exposed outside of the double helix. The modified base
pairs appear to be quite distorted and the minor groove is
widened owing to the presence of the double adducts. To
estimate the width of the minor groove of the energy min-
imized oligonucleotide, we measured the distance between
two nearest phosphorous atoms on the two strands. The
distance between two such phosphorous atoms at the ad-
ducts location (e.g. GUA-5:P on one strand and CYT-11:P
on the other strand) was found to be ~15.0 A, while, in the
case of an unmodified DNA molecule in solution, the dis-
tance at the same location is only ~11.3 A.

The energy minimized structure in aqueous solution ap-
pears to be similar to the vacuum energy minimized struc-
ture. The overall RMSD value between these two struc-
tures is 0.6 A. Two important features of the adduct pair
geometry are apparent from the stereo views of the poten-
tial energy minimized structure in water — 1) the planar
chromophore parts of the BPDE adducts are nearly par-
allel to each other and ii) they have a substantial area of
overlap between them. Clearly these features (in the
ground state) are favourable for the excimer formation.
Some parameters describing the relative geometry of the
two adducts in the starting energy minimized structures in
solution as well as in vacuum are given in Table 1.

Molecular dynamics simulations in water and vacuum

We initially tried to simulate the system in the classical
way 1.e. without any velocity reassignment or velocity re-
scaling during the final part of the simulation, but subse-
quently found that the average temperature of the system
was going down gradually during a longer simulation.
Since temperature is the most important characteristic of
arealistic dynamics simulation, we changed the dynamics
simulation protocol and kept the temperature constant by
using velocity rescaling as indicated in the methods part.

The first important result of the molecular dynamics
simulation in aqueous solution is that the d(CGCG*CG) -
d(CGCG*CG) double adduct system is a stable system
under the dynamic conditions. The double helical struc-
ture of the oligonucleotide remained intact over the simu-
lated time (300 ps). Bending of the helix axis at the adduct
location was found to develop during the dynamics simu-
lation, possibly to accommodate the two adducts more fa-
vourably into the minor groove.

Figure 2 shows the time evolution of the root mean
square deviation (RMSD) for all atoms of the structure of
the DNA-adduct pair system with respect to its starting
structure at 200 fs intervals obtained from the dynamic tra-
jectory. A rapid increase in the RMSD value in the very
early part of the simulation was observed, followed by a
steady value with rather small fluctuations in the case of
the aqueous solution, indicating that the system has
reached a steady structure.

Fig. 1. Stereo view of the energy minimized structure of the
model BPDE double adducts bound hexamer d(CGCG*CG) -
d(CGCG*CQG) in aqueous solution. The figure does not show the hy-
drogen atoms

msd (A)
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time (ps)

Fig. 2. The time evolution of the overall RMSD (including all at-
oms) of the oligomer-BPDE-adducts system

Table 1. Parameter values describing the adduct pair geometry.
p is the projection length of the line joining the midpoints of the two
chromophores on the second chromophore, 8 is the angle between
two vectors, each of which is normal to its respective chromophore
plane and S is the average separation of the two chromophores

Structure p(A) 6(°) S (A)
Energy minimized 3.1 9.5 33
in vacuum

Energy minimized 32 6.0 3.1
in solvent

Dynarmics average 4.1 11.7 32

structure after
energy minimization

To judge the suitability of the present model for excimer
formation under dynamic conditions one should probe the
relative positions of the two chromophores in their ground
state. Here we have studied two quantities, i) the time ev-
olution of the angle between the planes of the chromo-
phores and ii) the time evolution of the area of overlap be-
tween them. The parallelism between the two chromo-
phore planes was estimated by computing the angle (6) be-
tween the two vectors normal to each chromophore plane
in the structure (Fig. 3). Figure 4 shows the time course of
the angle between the two normals on the two chromo-
phore planes in solution (Fig. 4a) and vacuum (Fig. 4b)
simulations. Most of the time the normals make an angle



Fig. 3. Schematic description of the geometric quantities (8) and
(p). () represents the angle between the vectors normal to each
BPDE chromophore plane and (p) represents the projection length
(AP) of the line (AB) joining the two midpoints (A and B) of the
two chromophores on the second chromophore plane

o (degrees)

o (degrees)

| 1 I 1
0 50 100 150 200 250 300

time (ps)

Fig. 4. a The tirhe evolution of the angle (8) between the two vec-
tors normal to the two BPDE chromophore planes, during MD sim-
ulation in aqueous solution. b The same in vacuum simulation

less than 30° with an average of 20°. To estimate a param-
cter describing the area of overlap we have calculated the
length (p) of the projection of the line joining the mid
points of the two chromophores on the second chromo-
phore (Fig. 3). Figure 5 demonstrates the time evolution
of this quantity in solution (Fig. 5a) and vacuum (Fig. 5b)
simulations. As the longest distance between two atoms in
the chromophore part of the BPDE molecule is about
6.8 A, one can expect some area of overlap if the projec-
tion length (p) is less than this distance. It is clear from
Fig. 5 that most of the time during the solution simulation,
the two chromophores move relative to each other keep-
ing the projection length (p) within the range 35 A (<6.8
A), indicating a fair degree of area of overlap. The time
evolution of (6) and (p) over the simulated time indicate
that the two BPDE adducts are fairly mobile. Their rela-
tive movement includes sliding as well as tilting limited
mainly in the ranges 0°-30° for (6) and 3-5 A for (p).
Both adducts were always found to be mainly within the
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Fig. 5. a The time evolution of the projection length (p) of the line
joining the midpoints of the two BPDE chromophores, on one of the
chromophores, during MD simulation in aqueous solution. b The
same in vacuum simulation

Fig. 6. Stereo view of the energy minimized dynamic average struc-
ture of the system over the last 150 ps MD simulation in aqueous
solution

minor groove with only a portion protruding outside it.
Comparing the sliding movements of the two adducts from
Fig. 5 it seems that the explicit presence of water mole-
cules in the solution simulation reduced the sliding of the
adducts relative to that in vacuum.

To estimate the average structural features, the average
structure of the model over the last 150 ps of the solution
simulation trajectory was calculated using CHARMM and
the structure was energy minimized over 500 steps of Pow-
ell algorithm (Fig. 6). The parameter values (p and 6) de-
scribing the relative geometry of the two adducts in this
average structure are given in Table 1. Clearly the average
structure has all the structural features favourable for ex-
cimer formation. We also estimated the average separation
between the two planar chromophores in the average struc-
ture simply by calculating the normal distance of each
atom on one chromophore plane from the plane of the other
chromophore and then taking the average. The average
separation was found to be 3.2 A. The chromophore plane
separation in the case of free BPDE excimers has been
found to be about 3.4 A (Prout and Wright 1968; Birks
1980).



404

The base pairing at the adduct-pair location in this av-
erage structure was found to be considerably distorted. The
presence of the double adduct apparently made these com-
plementary bases incapable of forming the usual Watson-
Crick (W-C) base pairs. Instead, they were found to be ca-
pable of making one different hydrogen bond. The CYT-
9:02 is hydrogen bonded with GUA-4:HN1 (bond length
2.6 A and bond angle 166.2°). Similar H-bonding occurs
between CYT 3 and GUA 10 (bond length 2.7 A and bond
angle 161.9°). It should be noted that the GUA:HNI-
CYT:02 H-bond is not of the usual W-C type, where
GUA:HNI is H-bonded with CYT:N3. Similar H-bonds
were found also for the other BPDE adduct. We studied
the time evolution of the distance (Fig. 7a) and the angle
(Fig. 7b) between the acceptor and donor of the H-bond
between CYT-9:02 and GUA-4:HN1. The results show
that the bond length of the single hydrogen bond in the dis-
torted base pairs fluctuates within the range 2.4 A-31A
with an average 2.70 A and keeps a close linearity with
the angle fluctuating within the range 140°—180° with an
average 160.0°. These results indicate that although this
is not a normal Watson-Crick type hydrogen bonding, it is
still a relatively strong and stable bond which was main-
tained throughout the dynamics simulation. The distortion
of base pairs was found to be localized mainly to the BPDE-
adduct modified base pairs. The other base pairs were found
to maintain the usual Watson-Crick base pairing. Figure §
shows snap shots of the oligonucleotide-double adduct
system from the molecular dynamics trajectory in the sol-
vent simulation, at 100 ps, 200 ps and 300 ps.

Finally we studied the behaviour during vacuum MD
simulations of the DNA-adducts with different starting
geometries, although with the general orientation towards
the 5" end of each modified strand. These starting geome-
tries were characterized by the (6) and (p) values of the
adducts pair in each structure. The (6) and (p) values in
the initial and final average structures (over the last 50 ps
of the 100 ps MD simulation) in each case are summar-
ized in Table 2 (structures 1-12). Clearly most of these
structures show average features favourable for excimer
formation. There is no obvious correlation between input
and average dynamic structure. It should be pointed out
that the narrow width of the minor groove and the cova-
lent bonding of each adduct to the respective guanine base
restricted the possible choices of relative geometry be-
tween the adducts. Efforts to prepare a starting adduct pair
geometry with a wide angle between the adducts resulted
in bad van der Waal contacts with the DNA backbone at-
oms and as a result the energy minimization and MD cal-
culations were not possible. Structures 13—14 in Table 2
were constructed with each adduct oriented towards the 3°
end of the respective strand. These structures keep the gen-
eral orientation during the simulation, but show higher en-
ergy that structures 1-12.

Discussion

We have performed potential energy minimization and mo-
lecular dynamics simulations on a DNA-BPDE adduct
model with two adducts on consecutive base pairs on op-
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Fig.7. a The time evolution of the H-bond length GUA:N1
(-H1)-CYT:02 for one of the adduct modified base pairs. b The
time evolution of the H-bond angle GUA:N1(-H1)-CYT:02 for one
of the adduct modified base pairs

Fig. 8. Snap shots at 100ps, 200ps and 300ps from the dynamics
trajectory of the MD simulation in a water box

posite strands, in water and in vacuum. The model should
be relevant to BPDE adduct pairs in consecutive GC base
pairs which are manifested through excimer fluorescence
in the excited state. It is well known that the present meth-
ods of potential energy minimization usually lead to the



Table 2. Parameter values describing the starting and the average
adduct pair geometries in vacuum MD simulations using different
starting structures. 6, and 6, are the values of the angle between the
two pyrene planes in the initial geometry (i) and the geometry of the
dynamics average (a). p; and p, are the respective values for the pro-
jection length

Model 6 6, pd) p(A E E,
kcal/mol  kcal/mol
1 199 88 33 3.2 2377 -3239
2 257 141 40 44 2386 3451
3 138 204 59 46 2318 2706
4 17.3 265 87 54 2286  —3293
5 370 119 73 37 2407 3165
6 39 280 54 94  -2509  -3205
7 11.8 218 55 46 2376 3233
8 157 187 77 62  -247.2  -340.9
9 267 327 6.1 85 2343  -328.1
10 17.8 238 26 51  —2380  -284.6
11 208 255 50 55 2384  -313.2
12 277 319 7.0 60  -2381 -316.6
13 430 558 148 145  -1782 2045
14 39.1 582 146 149 1983 2334

nearest local minimum. Therefore we did not follow any
rigid RMS energy gradient criteria for energy minimiza-
tion. The purpose was to obtain an energetically favour-
able initial structure of the DNA-BPDE double adducts
model system for the subsequent MD calculations.

For the formation of an excimer in a covalently re-
strained system, a substantial area of overlap and a close
parallel positioning of the interacting chromophores al-
ready in the ground state are favourable because such an
excited state complex is formed by a charge transfer reac-
tion through the overlapping n-electronic clouds of the two
chromophores (Turro 1978). The potential energy mini-
mized structure in water shows that in our model system,
even in the ground state, the two adduct chromophores
have a considerable amount of area overlap and rather par-
allel orientation favourable for excimer formation (Fig. 1).
Moreover, during the dynamics over the simulated time,
the system was found to be stable (Fig. 2). The two chro-
mophores exhibited some tilting movement (Fig. 4) and
also a sliding motion relative to each other (Fig. 5). These
relative motions were found to be limited within a reason-
able range, allowing the chromophore pairs to maintain
the two features favourable for excimer formation. More-
over, in this model the average separation between the
chromophore planes of the adducts are consistent with the
separation value relevant for the case of freely diffusing
pyrene molecules exhibiting excimer fluorescence.

The double BPDE adduct seems to affect the geometry
of the associated base pairs more than has been found for
a single BPDE adduct. In a single adduct case the modi-
fied base pair was found to remain essentially intact in the
solution structure determined by NMR (Cosman et al.
1992) in agreement with calculations (Singh et al. 1991).
Here, for the double adducts, we find that the modified
base pairs are highly distorted. Each of the modified base
pairs is paired by one unusual but rather stable H-bond be-
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tween GUA:NHI and CYT:02 (Fig. 7). A bending of the
helix axis at the location of the adducts was developed,
possibly to accommodate the double adducts.

We have also studied the vacuum dynamics of several
starting structures with different relative geometries of the
two adducts. The results show that the energy minimized
dynamics average structure was independent on the start-
ing parameters in a reasonably wide range.

Excimer fluorescence in BPDE-modified DNA may be
considered as a probe for adduct formation in two neigh-
bouring base pairs. Experimental evidence for DNA struc-
ture deformation upon BPDE-adduct formation has dem-
onstrated a decrease in persistence length (Eriksson et al.
1988), DNA bending (Mao et al. 1993), and local widen-
ing of the minor groove (Singh et al. 1991; Cosman et al.
1992). All these results are presumably associated with
single adducts. The results presented here show that a dou-
ble adduct is expected to cause more pronounced local def-
ormations of the DNA. The apparent loss of two H-bonds
in the modified GC base pair should result in a signifi-
cantly destabilized helix (with disturbed base stacking
properties). At the present time, it is not known whether a
double BPDE adduct is associated with any particular bi-
ological effect of BPDE. However, the present results
show that in sequences allowing this type of modification,
the structural deformation of the DNA should be different
from sites with a mono adduct of BPDE. This is one of the
possible sources of heterogeneity in DNA structure defor-
mation, that may be at least partially responsible for the
subtle base sequence dependent patterns of BPDE induced
mutations in mammalian cells (Carothers and Grunberger
1990; Jernstrém and Graslund 1993).

Conclusions

The present study has demonstrated the feasibility of the
system d(CGCG*CQG) - d(CGCG*CG) as a model of an
excimer forming DNA-BPDE double adduct geometry.
The molecular dynamics simulation in water over a total
of 300 ps shows that the proposed structure was stable over
the simulated time and exhibited relative geometry favour-
able for excimer formation.

It is possible to accommodate two (+)-anti-BPDE ad-
ducts bound to the nearest guanine bases on the two dif-
ferent strands within a widened minor groove of the poly-
nucleotide. The energy minimized average dynamic struc-
ture shows that the base pairs involving the adducts are
considerably distorted, and are paired through a single
non-Watson-Crick type hydrogen bond formed between
the N1 of the modified GUA and O2 of the complemen-
tary CYT base in each adduct.
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