
The enhanced biological effectiveness of high linear-energy-transfer (LET) radiation is
generally attributed to a higher frequency of clustered DNA damage; however, the
chemical properties of clustered damaged that increase the potential for induction of
biological effects, such as mutations and cell death, are largely unknown. As a step
toward filling this knowledge gap, we have investigated the structure and energetics of
lesions in close proximity on duplex DNA.  The following peer-reviewed publications and
invited presentations resulted from this research:

Miller, JH, A Aceves-Gaona, MB Ernst, M Haranczyk, MS Gutowski, ER Vorpagel
and M Dupuis, Structure and energetics of clustered damage sites. Radiat. Res.
164, 582-585 (2005)

Miller, JH, MB Ernst, M Hara czyk, L ń Douali, M Gutowski, and M Dupuis, Studies of
clustered DNA damage by ab-initio quantum and classical molecular dynamics
simulations.  Invited paper at The IXth International Workshop on Radiation
Damage to DNA, May 13-17, 2006, Tekirova, Antalya, Turkey.

Douali, L, M Ernst, JH Miller and M Dupuis,  Melting free energy of DNA duplexes
with oxidized base residues and abasic Sites: A molecular dynamics
characterization.  Invited presentation and published in Proceedings of the 2006
International Multiconference in Computer Science and Computer Engineering,
June 21-24, 2006, Las Vegas, Nevada.

Hara czyk, M, JH Miller, and M Gutowski, ń Differences in electrostatic potential
around DNA fragments containing adenine and 8-oxo-adenine. An analysis based
on regular cylindrical projection. J. Molecular Graphics and Modeling, in press.

Changes in structure, hydrogen bonding, stacking properties, and electrostatic potential
induced by oxidized bases and abasic sites were investigated by ab-initio quantum
calculations performed on 3- and 5-basepair DNA fragments. Constrained geometry
optimizations were used decompose the total energy of lesion formation into a local
component at the site of base modification and non-local components associated with
reorganization of the DNA backbone and modification of hydrogen bonding between
DNA strands. Thermodynamic integration based on molecular dynamics simulations
with classical force fields was used to calculate perturbations of duplex DNA stability
due to DNA damage.  Quantum models for the non-local effects of DNA lesions,
classical free energy calculations, and experimental data were in reasonable agreement
for the amount of DNA destabilization induced by an isolated 8-oxoguanine lesion or
abasic site.  

Validation of our computational methods for isolated lesions encouraged us to apply
them to clustered DNA lesions.  Quantum calculations at the density-functional level of
theory are not practical for DNA fragments larger than 5 basepairs even with the
supercomputing capabilities available to us from a successful grand challenge proposal
to the Environmental Molecular Sciences Laboratory at the Pacific Northwest National
Laboratory.  Since the terminal base pairs of 5-mers were constrained to approximate
the effect of embedding the DNA fragment in a larger DNA molecule, quantum
calculations can only be used to investigate clustered damage in the same or adjacent
base pairs.  Classical molecular dynamics simulations and free energy calculations are
the only methods available to model large multiply-damaged sites.  Using these



classical methods, we undertook an investigation of the minimum separation between
damaged sites needed for chemical independence.

Two lesions were considered to be chemically independent if their effects on the free
energy of duplex destabilization were additive.  We estimated the minimum separation
required for chemical isolation by systematically changing the position of lesions on a
12-basepair oligonucleotide.  We performed these computationally intense calculations
for pairs of 8-oxoquanine lesions on the same and opposite strands of duplex DNA, in
adjacent base pairs and separated by one and two undamaged base pairs.  In all cases,
we found the destabilization of duplex DNA due to the lesions to be additive.  We also
calculated the free energy of duplex destabilization by an 8-oxoquanine lesion and an
abasic site on opposite strands in adjacent base pairs.  Again we found that the
contributions of the two lesions to duplex destabilization were additive.

If, as our calculations suggests, the minimum separation of chemically independent 8-
oxoguanine lesions is less than the DNA footprint of OGG1, the enzyme in the base
excision repair pathway that removes 8-oxoguanine from DNA, then the properties of
isolated 8-oxoguanine lesions can be used to model multi-lesion substrates of OGG1.
This is a great advantage in modeling the repair of multiply damaged sites because
many types of clustered damage can be constructed from our current knowledge of the
conformation of isolated DNA lesions.  Comparison of our results to models for the
induction of clustered DNA damage based on track-structure simulation provides an
estimate of the probability that radiation with a specified LET will induce lesions
sufficiently close to have strong chemical interactions.   Quantum methods must be
employed to investigate the structure and energy of such lesions; however, if our results
for 8-oxoquanine and abasic sites are indicative of other types of DNA damage, then
these systems will be small enough to make ab-initio quantum calculations feasible.


