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We extended our earlier study on single strand break (SSB) formation in DNA induced by low-energy electrons
that attach to DNA bases*-orbitals. In particular, we examined a range of electron enerfipsepresentative

of the Heisenberg width of the lowest-resonance state of cytosine, and we considered how the SSB rates
depend ork and on the solvation environment. Moreover, we evaluated the adiabatic through-bond electron
transfer rate with which the attached electron moves from the base, through the deoxyribose, and onto the
phosphate unit. Our findings show that the SSB rate depends significantly on the electronEeasdyypon
the solvation environment near the DNA base. For example, in solvation characterized by a dielectric constant
of 4.9, the rates range from &t 10 s as the electrons’ kinetic energy varies from 0.2 to 1.5 eV. We also
find that the rate of through-bond electron transfer is not the factor that limits SSB formation; rather, it is the
rate at which a barrier is surmounted on the anion’s energy surface and it is this barrier that deffeads on

on solvation.

I. Introduction probably best described as having solvation environments more
appropriate to a gas-phase sample than to in vivo DNA.
Certainly, both the experimental findings and our theoretical
study related to such samples of DNA must not be used to draw
more general conclusions about DNA in other environments.
However, we believe that the results obtained on such DNA
can offer insight into what can happen in living organisms under
very specific circumstances that we detail later.

The model system treated in ref 2 consisted of the cytosine-
containing fragment shown in Figure 1 but with the negative
charge in each phosphate group terminated by protonation,
which we used to simulate the presence of the tightly associated
countercations that certainly are present in the samples of ref
1. That is, the system has no net charge prior to attaching a
single excess electron and the phosphate groups are neutral.

After placing an electron into the lowest unoccupied molec-
ular orbital (LUMO) of the cytosine unit,we examined the
‘energy landscape of the resulting-anion and found that the
C—0O bond labeled above was much more susceptible to
cleavage than it was in the absence of the attached electron.

There are many ways by which DNA can be damaged, but
in this work we focus only on the effects of free (i.e.,
nonsolvated) electrons in inducing lesions because recent
experimental resultshave shown that even very low energy
electrons may be implicated, although the mechanism by which
such damage occurs still needs to be elucidated. It is this
mechanistic goal that forms the primary emphasis of this work,
which is an extension of our earlier stuéhA broader perspec-
tive about DNA damage can be found in several review sotirces
that overview the other myriad of chemical, radiative, and
electron-initiated mechanisms by which DNA suffers damage.

In our earlier effort, we reportédresults of a theoretical
simulation that suggested the mechanism for DNA damage that
may be operative in the experiments of ref 1. Specifically, we
suggested that DNA undergoes-O bond cleavage at the bond
connecting the deoxyribose and phosphate units via a mecha
nism in which a low-energy electron enterg’aorbital of one
of DNA'’s bases, after which the electron migrates through the

adjoining dgoxyribose unit and _into Flazé-orbit_al of the C-O That is, homolytic cleavage of this-€ bond in the absence
bond mentioned abqve, at which tlme a single strand break of the attached electron requires ca. 100 kcalthdh contrast,
(SSB) occurs producing a carbon radical and a phosphate 9rOURGy the anion, rupture of this same-@ bond required
anion. o ) . surmounting only a 13 kcal mot barrier. The origin of this

By no means is this mechanism suggested to be dominant oreytremely large change in the energy needed to break #@ C
even operative in gll cases, but it is likely to pe involved in the pond lies in the very large (ca. 5 eV) electron affinity of the
experiments detailed in ref 1. These expenmbmls_re pre- neutralized phosphate group (ROP—O that is formed as the
formed on DNA samples that had been deposited onto & c_q pond breaks. Therefore, we suggested that, although the
tantalum substrate and subjected to vacuum desiccation thatncigent electron initially attaches to a basé-orbital, it
removed all but ca. 2.5 water molecules per base pair (i.e., theeventually makes its way, through the intervening deoxyribose,
so-called structural Water)._As aresult, these rather dry samplesypig the oxygen atom of the phosphate group formed when the
no doubt had countercations closely bound to the DNA'S c_( pond breaks. The migration of the electron is illustrated
phosphate groups, thus rendering these groups charge neutrg}, Figure 2. Of course, this process also creates a carbon radical
and thus not repulsive to an added electron. Such samples argenter on the deoxyribose, and this radical can subsequently

induce further damage in neighboring regions of the DNA.

"Part of the special issue "Fritz Schaefer Festschrift'. One might wonder why the incident electrons cannot attach
% Sﬁ{vrgfgi’y”g}”gtgﬁfh‘“' Fomall: simons@chemistry.ta.edu directly to the C-O bond (more correctly, be captured into the
8 University of Gdansk. o*-orbital of this bond) and thus cause this bond to break in a
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Figure 1. Excised fragment of DNA containing cytosine (circled) showing theGCbond that ruptured (arrow) in the simulations of ref 2.

cleavage on the anion surface mentioned above and estimating
the frequency at which the-@0 bond vibrates to be & 1013

s71, we predicted the rate for passage over the barrier to be ca.
10* st at 298 K, the temperature used in ref 1. Because the
intrinsic autodetachment lifetimes of suati-anion states of
DNA bases are thoughto be near 10'3 s, we concluded in

ref 2 that SSBs induced by this mechanism would occur for
only one in 16 attached electrons and thus not pose substantial
health concerns if the DN&*-anions were not further stabilized
(e.g., by z-stacking, solvation, or geometric relaxatipn
However, additional simulations carried out in ref 2, in which
the DNA fragment was strongly solvated (using a solvent
dielectric constant of 78) showed that th&-anion can be
rendered stable (i.e., unable to undergo autodetachment), in
which case competition between SSB formation and detachment
would not take place. Moreover, it was shown that such
solvation did not substantially alter the height of the barrier that
must be surmounted for-€0 bond rupture to occur, so SSB
formation was again predicted to occur at a rate of c4.s10

but with unit SSB yield per attached electron. In the present
work, we extend these solvation studies to include dielectric
constants more representative of what the bases, deoxyribose,
and neutralized phosphate groups are likely to experience in
Figure 2. Orbital occupied by the attached electron on the cytosine living organisms.

(bottom) and for elongated-€0 bond lengths (top) where the electron Before moving on to discuss this work, it is important to again

has migrated to the phosphate group. stress that the entire mechanism studied in ref 2 probably would

more direct manner. Certainly, such dissociative electron NOt be operative if the phosphate groups did not have counter-
attachment processes are known to occur. The problem withcations (or, in our case, protons) tightly bound to render them
this suggestion lies in the fact that, near the equilibriumaC neutral. _Hence, the findings obtained hg_re, which aIsp involve
bond length, the €0 o*-orbital lies too high in energy to be ~ Protonating the phosphate groups to facilitate comparison to the
accessed by the very low energy electrons we studied. At higheréXPeriments of ref 1, will likely only be relevant to DNA
electron kinetic energies, direct dissociative electron attachmentMolecules in living systems that, at the time of electron
may be involved, but probably not in the experiments of ref 1 attachment, find the phosphate groups ngarest the base to \{vhlch
and certainly not in our simulations. However, as we detail later, the electron attaches bound to counterions or other positive
this *-orbital does come into play in the mechanism proposed charges in close proximity.

in ref 2 once the €0 bond becomes elongated (e.g., due to  In the present paper, we extend our earlier study in several
thermal vibrations). In particular, once this bond is stretched directions:

sufficiently, the energy of the*-anion decreases and allows a. We consider a range of energies (0125 eV) for attaching

the attached electron to flow from the cytosireorbital, onto the electron to cytosine’s lowest-orbital, which is found in
the C-O o*-orbital, and eventually into the very attractive electron transmission experiments to lie ca. 0.5 eV abthe
phosphate group. neutral cytosine. Exploring such a range of energies is important

Let us now return to our discussion of what our earlier study because ther*-anion states of DNA's bases are not “sharp”
concluded. Using the ca. 13 kcal mélbarrier to CG-O bond bound states; they are metastable resonance states having finite
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lifetimesot (and hence Heisenberg energy widdfy. We need The energy profiles that we obtain as functions of theGC

to explore energies spanning the widths of cytosine*s bond length labeled in Figure 1 describe variation in the
resonance state to see how the barrier toQCbond rupture electronic energy of the cytosine-containing fragment and its
changes as this energy is varied. As discussed above, knowinganion with all other geometric degrees of freedom “relaxed” to
this barrier is critical to being able to predict SSB formation minimize the energy. In duplex DNA, there clearly are
rates. The special techniques used to describe an electron havingonstraints placed on the geometry of the cytositexoyri-
kinetic energy in the 0.:21.5 eV range that attaches to a base bose-phosphate groups (e.g., hydrogen bonding-asthcking)
sw*-orbital are detailed in the Methods section. that do not allow all geometric parameters to freely vary. As

b. We consider a range of solvation environments for the such, the energy profiles we obtain provide lower bounds to
DNA fragment that we use to model the SSB formation process. the barriers that must be overcome to effeet@bond cleavage.

In ref 2 we considered only nonsolvated and strongly solvated However, we found that the changes in the remaining bond
(i.e., e = 78) fragments in order to consider what we believe lengths 0.04 A) and valence angles§°) are quite small as
are likely limiting cases. In the present work, we include other we “stretch” the C-O bond. Hence, we do not think the
solvation cases including dielectric constants near 4, which likely unconstrained energy profiles result in qualitatively incorrect
is more indicative of native DNA. Ultimately, we intend in  barriers.

future work to perform simulations including neighboring

(hydrogen bonded anet*-stacked) bases to more properly Ill. Results

model the native environment of such DNA fragments. How-
ever, we think it prudent to first examine a range of solvation
environments to see how the energy barriers and other findings
depend on solvation.

c. We use stabilization-type meth&d& determine the
intrinsic rate at which the attached electron moves from the
cytosine’sar*-orbital, through the dexoyribose, and onto the
C—0O o*-orbital. Although the rate-limiting step for forming
SSBs turns out to be the rate at which thermal motions cause,. . — 1.0) suggest that €0 bond rupture requires surmount-

th_e _C—O bond to access the barrier on the energy surface, it is ing a 8-16 kcal mot L barrier (depending on the electron energy
stillimportant to know how fast the attached electron undergoes E) but that the fragmentation process is exothermic in all cases.

this through-bond electron-transfer event. The. staplllzatlon As discussed earlier, the exothermicity results primarily from
me_thod used here allows us to compute the adiabatic rate aty, large electron affinity of the neutralized phosphate group
which the through-bond electron-transfer process takes place._o_pO3H2 generated by bond rupture. In Table 1, we collect
II. Methods from Figure 3 values of the barrier heights along the@bond
length for various dielectric constants and variéalues, and
we show the value oR at which the barrier occurs in each
case. Several trends are worth noting:

1. The barrier occurs at nearly the samevalue for all
solvents and for alt-values, although there seems to be a trend
to smallerR-values at higheE.

2. Among all solvation environments, the barrier ranges from
5 to 28 kcal/mol and is smaller for highvalues than for low
E-values. Some of this trend likely derives from the fact that,
at higherE, there is more energy present in the anion and thus
less energy is needed to access the barrier.

3. Moreover, the barrier tends to grow as the solvation
strength increases at lol-values and to decrease as the
solvation strength increases at higlievalues.

4. Only fore = 1.0 is the anion electronically metastable;
for all othere values, the anion lies below the neutral for all
R-values and is thus electronically stable.

B. Predicted Rates of SSB FormationTo estimate the rates
of SSB formation, we consider the vibrations of the @ bond
that must rupture. As is typical of most<O single bonds, this
bond is found to vibrate at a rate of ca.»3 10" s™. The
probability P that this C-O bond stretches, through thermal
activation at 298 K, enough to surmount a barrieA® is

A. Energy Profiles. In Figure 3, we show plots of the
electronic energies of the neutral antt-anion species with
various (PCM) solvent dielectric constants for energies of the
attached electron ranging from 0.2 to 1.5 eV. The neutral-
fragment plots are included to illustrate at what electron energies
and solvent conditions the anion is electronically stable and
when it is not.

The z*-anion energy profiles in the absence of solvent (i.e.,

Because most of the methods used to carry out these
calculations were detailed in ref 2, we will not repeat such a
description here. Instead, we will discuss only those methods
that are used in this work but that did not appear in our earlier
paper.

Because ther*-anion is not an electronically stable species
but is metastable with respect to electron loss, we had to take
additional measures to make sure that the energy of the anion
relative to that of the neutral fragment shown in Figure 1 was
correct. That is, to describe attaching a 1.0 eV electron to the
sr*-orbital of cytosine, we needed to alter our atomic orbital
basis set to produce & -orbital having an energy of 1.0 eV.
We did so by scaling the exponents of the most diffusiype
basis functions on the atoms within the cytosine ring to generate
a lowestr*-orbital on cytosine with this energy. Of course, we
had to perform independent orbital exponent scaling to achieve
mw*-orbital energies of 0.2, 0.3, 0.8, 1.0, 1.3, and 1.5 eV (the
specific energies studied here). By scaling the atomic orbital
basis functions’ exponents, we are able to match the kinetic
energy of the incident electron to the total (kinetic plus potential)
energy of the electron in the cytosing-orbital. This matching
is crucial for describing such metastable states.

To describe the effect of surrounding solvent molecules and
the m-stacked and hydrogen-bonded bases on the electronic P = exp(~AE(505)/298)
energy and geometry of our model DNA fragment, we employed
the polarized continuum (PCM) solvation motieithin a self- whereAE is given in kcal mot! and 505= 1/R with R being
consistent reaction field treatment, and we performed all the ideal gas constaR®= 1.98 x 10~ kcal (mol K)~1. Hence,
calculations using the Gaussian 98 progfaBielectric con- an estimate of the average rate of SSB formation can be
stants of 1.0, 4.9, 10.4, and 78 were included to gain appreciationobtained by multiplying the vibrational frequency by the
for how strongly the most important aspects of the resulting probability of accessing the barrier: »3 10 exp(—AE(505)/
data (e.qg., barrier heights, through-bond transfer rates) depend298). Using barrier heightAE of 5, 10, 15, 20, and 25 kcal
on the solvation strength. mol~1, which characterize the range shown in Table 1, we obtain
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Figure 3. Energies of neutral fragmen¢ & 1.0, solid square¢ = 4.9, solid triangle;e = 10.4, solid circle;e = 78, solid diamond) and of
m*-anion (¢ = 1.0, half-filled squareg = 4.9, half-filled triangle;e = 10.4, half-filled circle;e = 78, half-filled diamond) fragment at various

electron energiek and various solvation dielectric constants.

TABLE 1: Barriers (kcal mol ~1) along the C—0O Bond Length for Various Electron Kinetic Energies E (eV) and Various
Solvent Dielectric Constantse as Well as the Value ofR (A) Where the Barrier Occurs?

electron energ§ 0.2 0.3 0.8 1.0 1.3 1.5
barrier € = 1.0) 15.6 15.1 12.1 11.25 9.0 8.38
barrier € = 4.9) 18.3 18.5 13.1 10.47 10.2 7.95
barrier € = 10.4) 19.0 19.8 13.7 10.51 105 8.38
barrier € = 78) 28.1 21.8 11.3 9.5 5.3 5.1
R at barrier € = 1.0) 1.95 1.95 1.875 1.85 1.80 1.8
Rat barrier ¢ = 4.9) 1.95 1.95 1.85 1.85 1.80 1.8
R at barrier € = 10.4) 1.95 1.95 1.85 1.8 1.80 1.8
Rat barrier ¢ = 78) 2.05 2.10 1.90 1.8 1.75 1.75

aBarrier heights of 5, 10, 15, 20, and 25 kcal migbroduce G-O rupture rates of 6.% 10°, 1.3 x 10°, 2.7 x 1% 6 x 1072, and 1x 10°s7?,

respectively.

SSB rates of 6.3« 10°, 1.3 x 105, 2.7 x 10, 6 x 1072, and 1

x 1075 s71, respectively. As we show in the following section,

of DNA's bases are expected to be ca=#0s when the base
is not solvated or has not undergone relaxation to form the electronically stable so competition with autodetachment is not
electronically stable anion structure. Also, note from Figure 3 an issue. In such cases, the rates of SSB formation range over

that thesz*-anion (of cytosine) is metastable only fer= 1.0.
That is, for all the solvent environments considered here, the E-values and for smaller dielectric constants.

sr*-anion is electronically stable with respect to the neutral DNA

fragment. These observations suggest the following:

these rates are slower than the rates at which the attached a. For nonsolvated DNA (as used in the experiments of ref

electron undergoes through-bond electron transfer, and thus it1), only atE-values near 1.5 eV will SSB formation be within

is these rates that we suggest limit the rates of SSB formation 3 orders of magnitude of the autodetachment rate. This likely

whenever the mechanism being examined here is operative. is why the experiments of ref 1 did not observe appreciable
Recall that the autodetachment lifetimesadfanion states

SSB formation at energies below ca. 3.5 eV.
b. For moderately or strongly solvated DNA, the anion is

many orders of magnitude, but are usually larger at higher
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c. For a dielectric constant near 4, which may be representa-

tive of native DNA, the SSB rates range from°16 10 st as
the electron’s kinetic energy varies from 0.2 to 1.5 eV.

C. Rates of Through-Bond Electron Transfer. For each
value of the C-O bond lengthR whose variation plays such a
crucial role in the SSB formation event, there are two anion

states that need to be considered to examine the through-bon
electron-transfer event. The first “diabatic” state consists of the
DNA fragment with the excess electron attached to cytosine’s

swr*-orbital at an energyE (that can range from 0.2 to 1.5 eV).

The second consists of the DNA fragment with the excess

electron occupying the*-orbital of the C-O bond. As noted

in the Introduction, this latter state lies at much higher energy

for R-values neaReq (1.45 A) because it places two electrons
into the C-0 bonding orbital and one in the-€ antibonding
orbital. However, as the €0 bond is stretched, the energy of
this o*-anion state drops sharply as shown in Figure 4. In fact,
the g*-anion eventually evolves, at lard® into the phosphate

J. Phys. Chem. A, Vol. 108, No. 15, 2003003

value ofR, where the electron occupies the cytosirfeorbital,

and at largdR, where the electron resides between the phosphate
and sugar groups. It is the rate of this through-bond electron-
transfer event that the energy spacings shown in Figure 5 allow
us to estimate. The above plots and Figure 2 clearly show that
the attached electron can indeed migrate “smoothly” from the
swr*-orbital of cytosine and onto the phosphate. We again note
that the deduced through-bond electron-transfer rates are much
faster than the rates at which the barriers shown in Figure 3 are
accessed. For this reason, the overall rate of electron migration
and of SSB formation will be determined by the rate at which
the barriers on the surface are surmounted, not by the through-
bond transfer rate.

IV. Summary

Our ab initio simulations have been aimed at studying the
rates at which very specific single strand breaks occur in DNA
after a free electron attaching to a base within the DNA. The
particular mechanism studied here likely will be operative only
when the negatively charged phosphate groups closest to the
base to which the electron attaches have nearby countercations
fr some other positive charges that render them neutral. This
was, of course, the case for the DNA molecules used in the
original experimentsthat attracted our interest in this phenom-
enon. Only in such situations will the electron transfer from
the base’st*-orbital to the phosphate group be energetically
as favorable as in this case.

We view the sequence of events taking place in this
mechanism as follows.

1. An electron having kinetic enerdyin the range 0.21.5
eV (as studied here) attaches to the lowesbrbital of cytosine.

This state has a maximum in its attachment cross sefatiear
0.5 eV but extends considerably above and below this energy;

anion and a deoxyribose carbon radical. Because the neutralizedNis iS why we compute rates f& values between 0.2 and 1.5
phosphate group has a large electron binding energy (ca. 5 eV) eV for this single resonance state. The incident electron cannot

this o*-anion’s energy is very low at largR. It is this large
electron affinity that provides much of the thermodynamic
driving force for C-O bond cleavage in the mechanism treated
here.

As the G-O bond length approaches 1.9 A, th&-anion

enter the GO ¢*-orbital directly because this orbital’'s energy
is too high when the €0 bond is near its equilibrium distance.

2. In the absence of stabilization due to surrounding hydrogen-
bonded ors-stacked bases or solvent molecules or even
vibrational relaxation, ther*-anion state can undergo electron

state has decreased enough in energy (because the carbon aftodetachment at a rate of ca'a6*.
oxygen orbitals’ overlap has decreased) to render its energy 3. Alternatively, after attachment, the-anion may undergo

equal to that of ther*-anion. At suchR-values, these two

geometric distortion and/or reorganization of the surrounding

diabatic states couple and undergo “avoided crossings” to Solvation environment to render this state electronically stable.
produce the pairs of adiabatic states whose regions of avoidancé/Ve find that even modest solvation makes #feanion stable,

are shown in Figure 5 (for various-values).
The energy spacingE between the two adiabatic curves at

so itis likely that a significant fraction of the nascerttanions
become stabilized.

their point of closest approach can be used to estimate the rate 4. As thesr*-anion’s C—0 bond vibrates (with frequenay)

at which the excess electron, originally localized on the
cytosine’sr*-orbital, moves through the unfilled orbitals of the
intervening deoxyribose and into the-© o*-orbital. The 6)E
values shown in Figure 5 range from 0.01 to 0.24 eV and
correspond to rates of 2 10'2to 6 x 1013 s~L. There appears
to be no systematic trend in thed& values as the electron
energyE varies. It is our feeling that this is probably because
it is very difficult to identify that precise geometry at which
the 7*-and o*-anion states have their minimum splitting (it is
this energy gap that define¥E). As a result, we experience
considerable numerical uncertainty in th& values that we
report, but the resultant predicted transfer rate range &-10
10" s71 likely is valid.

Recall that in Figure 2 we showed the singly occupied
molecular orbital® of our anion fragment near the equilibrium

under thermal excitation, it has some (albeit low) probability
of reaching a critical distortion at which the-©® bond’so*-
orbital and the base’s*-state become nearly degenerate. The
energyAE required to access such a stretched@bond plays
a crucial role in determining the rate (given aexp(—AE/
RT)) of C—O bond cleavage and thus of SSB formation. We
find these barriersAE to vary from ca. 5 to 28 kcal mok;
they are smallest at high&-values and they depend on the
solvation environment as shown in Table 1. The energiEs
are, in effect, the reorganization (including solvent and intra-
molecular relaxation) energy requirements for the electron-
transfer event to occur.

5. Once the barrier is reached at the stretcheddCbond
length, the attached electron promptly moves, via a through-
bond transfer process, from the baseg*sorbital, through the



3004 J. Phys. Chem. A, Vol. 108, No. 15, 2004 Berdys et al.

1] E=0.2e¥ E=03 eV
— — 124
B 1.6 = £
& £,
= 1.4 e
=111 j=1¥]
5 121 5 1.04
& s
o 1.0 5
.z b=
2 084 = 0.8
D ]
& (.61 [~
e B P o PR 0.6 : ; i : :
13 14 15 1.6 1.7 1.8 1.9 20 2.1 2.2 3 % 13 20 )

R (C-0) [A] RI (C-0) [A]

/§
VARR - /\\/

14 15 16 17 18 19 20 21 22 13 14 15 16 17 18 19 20 2.1 22 23
R (C-0) [A] R(C-0) [A]

y \/
1.8 /\
14 15 16 17 18 19 200 21 22 1.4 16 18

R (C-0) [A] R(C-0) [A

Figure 5. Avoided crossings betweert- and o*-anion states for nonsolvated DNA fragment at vari@igalues. The pairs of curves represent
the adiabatic energies of the two anion states.

E=0.8 eV E=1.0eV

=]
S
1

1.6

=]
ba
L 1

Relative Energy [eV]
=

Relative Energy [eV]

E=l5eVY

=
4
L

E=13eV

]
2

- (5]
oo =
i 1

Relative Energy [eV]

Relative Energy [eV]

=
1

[

20 20
]

vacant orbitals of the intervening dexoyribose, and onto the hoods of the phosphate groups) to make the mechanism
C—0 bond that eventually cleaves to produce the highly stable suggested here and in ref 2 important to be aware of.
phosphate ion. We find that the rate of through-bond electron
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