MuTATIONAL HOT SPoTs IN DNA:
WHERE BIOLOGY MEETS PHYSICS

BY JULIA A. BERASHEVICH AND TAPASH CHAKRABORTY

he human body is made up of many organs which

are built from different types of cells performing

various functions. The cells are the basic units of

life. Several hundred thousand cells are repro-
duced every day to replace the aged and damaged cells.
Most cells have a similar structure, they contain several
functional components surrounded by a membrane pro-
tecting them from accidental damage. One of the most
important components of the human cell is the nucleus,
where necessary information for cell functionality and
reproduction is stored. These instructions are coded in the
genes - a part of the deoxyribonucleic acid (DNA) mole-
cule.

DNA is the key molecule for cell reproduction and func-
tionality. The structure of the DNA molecule is schemati-
cally presented in Figure 1 (a). This molecule is a linear
polymer with a double-helical secondary structure where
two strands are twisted around each other. Each strand
contains a sugar-phosphate backbone and the attached
bases connected to an opposite strand by hydrogen bonds.
The hereditary information is coded by four unit bases:
adenine (A), guanine (G), cytosine (C) and thymine (T).
The structure of these bases allows formation of proper
stable base pairs through the hydrogen bonds. The gener-
al rule for base pairing is that, thymine can only bond with
adenine (T-A), while cytosine can only bond with guanine
(C-G) (see Figure 1 (a)). This property is called comple-
mentarity [,

SUMMARY

A lot of issues in modern science are inter-
disciplinary in nature and require coordinat-
ed efforts from physics, chemistry, biology
and many other disciplines. The phenomena
of mutation of the DNA code is one of those
problems. The oxidative damage of DNA is a
significant source for mutations in living
cells that results in aging, carcinogenesis
and many types of human cancers, plus it is
linked to diseases such as AIDS, Parkinson's
disease, Alzheimer's disease, and rheuma-
toid arthritis. Originally, mutation of the
hereditary code was considered to be prima-
rily a biological problem, but later investiga-
tions have clearly revealed that it requires
contributions from physicists as well.

How does our body control the processes of cell reproduc-
tion and functionality? The mechanism of cell reproduc-
tion consists in division of an undamaged cell - the parent
cell which splits into two daughter cells. Prior to cell divi-
sion nuclear division occurs when the parent DNA is
duplicated. The duplication process consists of replication
of the parent DNA into two new DNA molecules that pro-
vide transmission of hereditary information to the next cell
generation. Schematically, replication of the DNA mole-
cule is shown in Figure 1 (b). For the cell functionality,
reading of instructions is produced by the transcription of
DNA into RNA (Ribonucleic acid) molecules, using DNA
as a template. The transcription process differs from repli-
cation only by its products, where the parent DNA causes
the formation of a new RNA strand complimentary to one
of the DNA strands. This RNA is then transported out of
the nucleus where it is translated into specific protein mol-
ecules that make our bodies function. The groups of three
bases within the RNA strand are used for coding a single
amino acid within the resulting protein structure. It is sim-
ilar to the way we store information in our everyday life
using the binary code where a set of 0 and 1 can code any
data.

DNA replication is crucial for cell functionality and repro-
duction and can be treated as the most important process
in cell life. Infringement of replication or damage to the
DNA molecule can induce mutations of the hereditary
information thereby diminishing or altering cell function-
ality. DNA mutations result in aging, carcinogenesis and
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many types of human cancers, plus it can
directly cause diseases such as AIDS,
Parkinson's disease, Alzheimer's disease, and
rheumatoid arthritis. Not surprisingly, under-
standing the damage and mutation mechanisms
in the DNA molecule has become an important
topic in medicine and biology.

DNA DAMAGE

More than several thousand DNA damage per
human cell occur every day due to several fac-
tors, some of which are often mentioned in the
popular press, such as the oxidants, ionizing
radiation, ultraviolet radiation and toxic chem-
icals. In addition, there are less publicized

Fig. 2 The scheme for mutation of the G-C base pair into T-A base pair in the DNA mol-
ecule through oxidation of guanine.
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sources as well, such as hydrolysis, metabolism
and alkylation. Cells have mechanisms for
repairing the DNA damage which can be divided into three
general categories: base excision repair (repair of a single dam-
aged nucleotide), nucleotide excision repair (repair damage of
2 - 30 bases) and mismatch repair (for repairing mispaired
bases). The existing repair mechanisms cover most of the DNA
damage in nature and operate by the rule that the undamaged
strands of the double helical DNA structure can be a template
to repair the damaged strand. However, accidental failures in
the repair process result in irreversible mutations where the
DNA structure is not damaged but the hereditary code is
changed. The frequency of DNA mutations directly depends on
the regularity of the mutagenetic damage. Only some types of
damage are highly mutagenetic.

The most common type of damage is the single-strand break.
This break arises in the cells spontaneously [2l. The repair
mechanism for this damage is highly efficient. Sometimes this
damage can turn into a DNA double-strand break which is then
the most difficult damage to repair. However, the double-strand
break is the most unusual DNA damage and is potentially lethal
for the cells. The other common damage of the DNA molecule
is the loss of one base due to hydrolysis or thermal disruption.
This damage most often can be successfully repaired by the
base excision repair mechanism. Therefore, the most common
damage is mutagenetically poor. The most frequent mutagenet-
ic damage is caused by deamination (loss of amino group) and
oxidative damage both of which can result in irreversible muta-
tion.

It is now widely accepted that among all types of DNA dam-
age, oxidative damage is the most cancer causing transversion
mutation. Moreover, oxidative damage was also found to
increase the frequency of mutations induced by deamination
damage [3]. The mechanism of oxidative damage occurs as fol-
lows: The metabolism, ultraviolet radiation, ionizing radia-
tions, environmental pollutions and several intracellular
sources can cause the formation of the reactive oxygen species
(ROS) in our system which are highly reactive molecules that
can damage all sorts of cellular components. The DNA mole-
cule within the nuclei is surrounded by many types of proteins

which can protect the DNA from the oxidative damage. The
protection is based on the positive charge of these proteins at
physiological pH that can successfully bind a ROS. However,
oxidative stress in the nucleus may result in the oxidation of
proteins, their modification into hydroperoxides, and cross link
formation between the proteins and DNA. These processes
may rapidly decrease the protection susceptibility of the pro-
teins [*]. The degeneration of physiological functionality of our
body with age and morphological age-changes are associated
with the oxidative stress as well [*]. The age-related progressive
accumulation of oxidative damage also causes corruption of
cell functionality and reproduction.

DNA MUTATIONS

Why does oxidative damage lead to DNA mutations? The
process of oxidative damage and consequent mutations are
sketched in Figure 2. The contact of the ROS with the DNA
molecule can occur directly with the resultant base oxidation or
with participation of proteins and protein-hydroperoxides,
when a radical cation is inserted into DNA. The induced radi-
cal reacts with water and also leads to base oxidation.
Experimental investigations have shown that the %ot spots for
oxidative damage in the DNA molecule are the guanine bases,
either single or stacked [*l. The guanine base has the lowest
ionization potential among all bases in the DNA molecule and
is the preferred spot for the oxidative damage. However, the
oxidative damage of guanine can occur even if the ROS incor-
poration is far from the guanine location [°). Therefore, it has
been proposed [®7] that a radical cation can migrate over the
DNA chain until it reaches a guanine base which acts as a trap
for the positive charge. The oxidative damage accompanied by
a long-range charge transfer is called the long-range oxidative
damage. The product of the oxidative damage - oxidized gua-
nine G, - is a premutagenic lesion that can pair with adenine
as well as cytosine during DNA replication. Replacement of the
cytosine by the adenine, i.e., appearance of a G -A pair, is
known as mispaired damage. The mismatch repair mechanism
corrects a mispaired A-C and T-G more efficiently than G-A
and T-C [8]. Failure in the mismatch repair results in mutation
of the genetic code (Figure 2). The mutation frequencies of
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G,,-A mispaired damage lies in the range 1-5% depending on
the pair bonding and its stability [°]. This value is considerably
large if we consider the number of DNA damage events in a
cell per day (more than 100,000). An example of the lethality
of DNA mutation and hence oxidative damage can be found in
the famous cloning procedure. Here the source of genes for
cloning is only from one parent. With age, the parent cells
accumulate ROS and in particular, the DNA accumulates muta-
tions caused by the ROS. Therefore, using genes of adult ani-
mals plus the additional damage of the embryonic cell that
occurs during culturing in the laboratory, cause the irreversible
gene mutations that may lead to early death of cloned ani-
mals [19], In nature, the problem of DNA mutations is mitigat-
ed by participation of the gene set from both parents in embry-
onic cell division. In that case, identification of the defective
genes leads to switching of the gene duplication process from
one gene set to another.

Decreasing DNA oxidative damage and preventing mutation in
the hereditary code has recently become an important chal-
lenge for researchers. The widely applied method of decreasing
oxidative damage is by using antioxidants such as vitamin C,
which can efficiently counteract DNA mutations ['!]. Another
method is based on blockading long-range oxidative damage. It
is known that some people have a genetic predisposition to
cancer because they are born with DNA mutations in particular
genes. Examination of their gene sequence, detection of the hot
spots for oxidative damage and blockade of the radical migra-
tion to these spots, could help prevent the crucial mutations.
The blockade could be performed by the creation of a transfer
channel around the hot spot absorbing the free radicals and
leading to eventual neutralization. Clearly, charge migration in
DNA is indeed a subject where biological interest overlaps
with the physics aspect of the problem to be discussed below.

Since the 1990s when it was discovered that the mutational hot
spots occur at the stacked guanine bases 2], investigations of
charge migration in the DNA molecule and related topics
became important for biophysicists, chemists and physicists.
Of particular interest are the mechanisms of charge migration
and the influence of the DNA sequences and the surrounding
environment on the efficiency of the charge migration.

CHARGE MIGRATION THROUGH DNA

How does the DNA molecule conduct charge? The overlapping
of the m-electrons of the stacked bases and formation of the
7 clouds above and below the bases result in a © pathway for
charge migration along the DNA. For the hole migration, the
energies of the highest occupied orbital of the bases form a
potential profile on a © pathway, regulating the rate of charge
migration. Guanine is known to be the base with the lowest
ionization potential, and the stacking of several guanines pro-
vides even lower potential. Therefore, guanine (G), duplex
guanine (GG) and triplex guanine (GGG) are traps for a hole
migrating through the DNA. Adenine, cytosine and thymine,
on the other hand, mostly play the role of potential barriers.
DNA molecules can then be described as an assembly of poten-
tial barriers and wells.
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The charge transfer in condensed matter is a pure physical
problem. In the past century this problem was extensively stud-
ied, starting from the charge transfer description within classi-
cal mechanics to the quantum theory. From the quantum theo-
ry it is well known that there are two possible mechanisms for
charge migration through the potential barrier - quantum
mechanical tunneling and incoherent hopping ['3]. Domination
by one of these mechanisms over the other mostly depends on
the height and width of the potential barrier as well as the tem-
perature. In a DNA duplex, when the number of A:Ts is three
or less, the hole propagation occurs by tunneling. For addition-
al A:Ts, the commonly accepted idea is that, in the time it takes
to tunnel beyond three As, a few holes acquire enough thermal
energy to jump onto the bridge made out of As and then move
by incoherent, nearest-neighbor hopping between the As, and
eventually reach the hole trap. Such a behavior has indeed been
observed experimentally in Refs. [14] (Figure 3). Here, for a
thin barrier formed by stacked T-A pairs (< 2-3 base pairs),
tunneling from the donor (Sa - stilbenedicarboxamide or a sin-
gle guanine) to the acceptor (Sd - stilbenediether or the triple
guanine), characterized by the exponential dependence on the
barrier width, has been found to be the dominant mechanism
(open symbols). For the thick barrier, the prevalence of the
incoherent hopping was observed - the weak distance depend-
ence introduced by the closed symbols in Figure 3. In solid
state physics, this situation can be easily simulated by a tight-
binding Hamiltonian or a system of kinetic equations that
includes the temperature effects. These two models have been
widely used for simulation of the charge transfer in the DNA
molecule [13:15:16],
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Fig. 3 The experimental data for dependence of the charge transfer
rate through DNA molecule on the number of A-T pairs
between the donor and the acceptor [14]. Open symbols are for
tunneling and filled symbols are for incoherent hopping.
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However, the charge transfer in a biological system is rather an
interdisciplinary problem combining the physical as well as the
biological and the chemical aspects and can not be adequately
solved by pure physical approaches developed for the rigid lat-
tice. The picture of charge migration in the molecular structure
is not so simple because of high flexibility of the geometry and
interactions with the solvent environment. Any change of the
charge density at the DNA sites causes geometry distortion of
the states and change of electrostatic interactions with the sur-
rounding environment. Therefore, the electronic structure of
the active sites and their energy are not constant during the
charge transfer along the molecular chain.

During the years 1956 to 1965, a successful approach to
describe the electron transfer between molecules in solution
was developed by Rudolph A. Marcus, who incorporated with-
in his theory the quantum mechanical and chemical aspects of
the problem [17). However, because of an important assumption
made that the transfer reaction occurs between two active
groups separated by the solvent molecules, its application to
the investigation of charge transfer in complex molecules is not
fully correct. The active sites participating in the charge trans-
fer in large molecules most often are not separated by highly
mobile water molecules, but by not so mobile molecular
objects. In the case of DNA, the distance between the neigh-
boring nucleobases is so small (3.4 A) that presence of any
other molecules is very unlikely. Taking into account all these
issues, a more accurate polaron model for charge migration in
the polymer and DNA molecules has been developed ['8]. This
theory is based on coupling of the charge density at the active
states and the geometry distortion of these states during the
polaron propagation. Moreover, this model has been found to
be highly effective for investigation of charge transfer in poly-
mer molecules [1°]. However, application of the polaron model
to DNA remains questionable. For example, important issues
that can completely change the predicted behavior of the
polaron, are the polaron size and its dependence on the DNA

structure and the environment [20:211,

Because of intense experimental investigations of the DNA
molecule the charge migration has been extensively studied for
different environmental conditions and for a wide range of
DNA sequences. For example, variation of the DNA conduc-
tance from an insulator to a metallic behavior and the contra-
dictory transport characteristics with decreasing temperature
have been reported [20-22], There are also intriguing magnetic
properties of DNA observed in experiments [23]. However,
because of the complexity of the charge transfer phenomena in
molecular structures, the widely used models, such as the tight-
binding approach, the system of kinetic equations and the
polaron model, are all inadequate to explain these observed
phenomena. In fact, it is safe to conclude that for charge migra-
tion in DNA only one problem has been solved successfully so
far, albeit only for the simplest types of DNA sequence, i.c., the
description of the charge transfer through potential barriers by
competition of the quantum tunneling and incoherent hopping

(Fig. 3). An important problem now is to find an adequate the-
ory that includes the temperature effect and also the contribu-
tion of the solvent environment.

The problem of charge migration in the DNA molecule is
important not only for issues associated with the DNA muta-
tions discussed above, but are also important for application of
DNA in molecular electronics. The miniaturization of the com-
ponents of the electronic circuits in semiconductor microelec-
tronics has reached a saturation level and any further decrease
of the device size is limited mostly by the lithographic technol-
ogy. This problem has generated a growing interest in the sci-
entific world in molecular electronics. The interest is motivat-
ed by several factors: charge migration, molecular recognition
and self-assembly properties. Self-assembly of the molecular
building blocks into well-structured systems allows us to solve
a problem of the limitation of physical manipulation during
fabrication of the nanosize devices. Moreover, any damage to
the structure of the molecular and electrical elements can be
repaired as well by the molecular recognition property without
any physical contact. An example of the application of the self-
assembly properties of the DNA molecule is presented in
Figure 4[24, The DNA molecules are incorporated into the
supramolecular arrays and programmable self-assembled two-
dimensional nanogrids are constructed. This grid is then used
as templates for neatly organizing gold nanoparticles. The
structure thus obtained with clusters of gold atoms has many
useful potential applications, from drug delivery or cancer-
treatment directly at the damaged site in the human body to
digital data storage. Because of these important possibilities, it
is now widely believed in the scientific community that molec-
ular electronics is perhaps the most promising technology in
the near future.

DNA molecules

Fig. 4 The self-assembled DNA nanogrid with attached gold
nanoparticles. The cross structure of the DNA template is
composed of four DNA branch junctions.

In conclusion, charge transfer in the DNA molecule is the focal
point for developing an anti-mutation medical treatment, for
example for people with the genetic predisposition, and for
application of the DNA molecule in molecular electronics. Our
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