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In earlier studies on damage to model DNA systems caused by low-energy electrons, we considered electrons

that attach either to cytosine’s lowest-orbital or to a P=O s*-orbital of a phosphate unit. We examined
a range of electron kinetic energids (e.g., representative of the Heisenberg width of the low&stesonance
state of cytosine), and we determined how the rates of cleavage of the-gingsphate €O o-bond depend

on E and on the solvation environment. In thee® attachment study, we showed that electrons of ca. 1.0 eV
could attach to form a*-anion, which then could break either'ad8 5 O—C o-bond connecting the phosphate

to either of two attached sugar groups. In the present study, we extend the base-attachment aspect of our

work and consider electrons having kinetic energies below 1 eV attaching to thymine’s lotvesbital,
again examining the energy and solvation dependence of the resulting rateOof-Bond cleavage.

I. Introduction T . 1 AI

There has been considerable recent intéiesthe fact that 2-DSBs i
low-energy electrons (i.e., electrons below ionization or elec- -
tronic excitation thresholds) have been observed to damage _e 1r -
DNA and in the mechanisms by which this can occur. This g =
group’s involvement in the study of how low-energy electrons £ E ol |
may damage DNA was nurtured by experiments from Boudaiffa £k L ' . L
et al.2 who observed single strand breaks (SSBs) to occur in g .2 8r SSBs B
DNAZ3 when electrons having kinetic energies as low as 3.5 eV o % st
were used to irradiate their samples. An example of the kind of 2 ab ]
data they found is shown in Figure 1.

The existence of peaks in the SSB yield plots combined with 2r 7
knowledge from the Burrow group of the enerdies which or . . . .-
the w*-orbitals of DNA's four bases attach electrons (see, for £ _ 100 Lossof C
example the electron transmission data of Figure 2) lead the ® .;' 8| supercoiled
authors of ref 2 to suggest that the SSBs likely occur as the £% s DONA
incident electron is captured to form an anion that likely involves =
occupancy of a base*-orbital, after which some bond (note § % AT ]
well, in ref 2 it is not determined which bond breaks in the <3 2r 7]
SSB) is ruptured to cause the SSB. & 0 L L L .

Qo

However, because the SSB peaks in Figure 1 occurred at 3 10 15 20
energies ¥3.5 eV) considerably above the lowest-orbital Incident electron energy (eV)
energies of the bases shown in Figure 2, the authors of ref 2Figure 1. Plots of yields of single strand breaks (SSBs) and double
suggested that so-called core-excited resonances are likelystrand breaks (DSBs) per incident electron for dry samples of DNA
involved. These resonances involve, for example, attaching an(from ref 2).
electron to ar*-orbital and simultaneously exciting another
electron from ar- to asw*-orbital. We ch tosine-containing f b tosi
It thus appeared that electrons with energies5 eV could € chose a cylosine-containing fragment because cytosine

attach to DNA bases and induce SSBs. However, which bondsanOl thymine have the lowest energyorbitals, and we decided
are broken in the SSBs and the details of the rhechanism Of'.to consider whether even lower energy electrons than studied

bond rupture were not yet resolved. We therefore undertook " re_f 2 might al_so i_nduce SSBs. That is, we proceeded to
two theoretical studié$ in which we excisetla base-sugar- consider, for the first time to our knowledge, whether even lower
phosphate unit (shown in Figure 3) of DNA and used theoretical €nergy electrons could cause SSBs by attaching to DNA's bases.
simulations to further probe these matters. In particular, we considered what happens when an electron is
‘ - - attached to a base*-orbital (of cytosine in our simulations)

h* A.d(t"esf hCOd”eSpO”dence to this author. E-mail: simons@ pecause the experimental evidence (see Figure 2) clearly shows
chemieTy-uan ecs. that such events can occur at energies below 3.5 eV (even below

T University of Utah.
* University of Gdansk. 1 eV for cytosine and thymine).
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Figure 2. The vertical lines show the energies of ireorbitals of
the DNA bases and of uracil (from ref 4).

Figure 3. Fragment of DNA excised for study in refs 5 and 6 showing
the cytosine-sugar-phosphate fragment and the bond that ruptures.
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Figure 4. Energies of the neutral (filled symbols) and the anionic (open

symbols) cytosinesugar-phosphate fragment vs—=©O bond length
(A) as isolated species (top two plots) and witk= 78 (bottom two
plots).

The primary findings of our earlier studies are summarized
below in Figure 4 and Table 1. In Figure 4, we plot the energy
of the cytosine-sugar-phosphate fragment as the phospkate

J. Phys. Chem. B, Vol. 108, No. 18, 2008801

TABLE 1: Barriers (kcal mol ~1) along the C-O Bond
Length for Various Electron Kinetic Energies E (eV) and
Various Solvent Dielectric Constantse (for the
Cytosine—Sugar—Phosphate Fragment)

electron energ¥
0.2 0.3 0.8 1.0 1.3 15

barrier € = 1.0) 156 151 121 112 9.0 84
barrier € = 4.9) 183 185 131 105 102 8.0
barrier ¢ =10.4) 190 198 137 105 105 84
barrier € = 78) 281 218 113 9.5 53 51

electron and with an electron attached to cytosine’s lowgst
orbital. In this example, the energy of the excess electron is 1
eV. We plot these data both for an isolated (i.e., nonsolvated)
fragment as is representative of the dry DNA samples used in
ref 2 and when solvated by a medium characterized by a
dielectric constant of 78. We performed the solvated-fragment
simulations to gain some idea of how large an effect solvation
might have on the SSB formation process we were considering.

The crucial observation to make is that the anion surface has
a barrier near 1.9 A and subsequently drops to lower energy as
R is further increased, while the neutral-fragment surface
monotonically increases witR indicative of homolytic cleavage
of the C-0O bond.

We carried out such simulations for a range of enerfies
for the electron that attaches to tleorbital because, as Figure
2 clearly shows, these metastabt&anion states have sub-
stantial Heisenberg widths that derive from their short lifetimes.
We varied the electron enerdgyto span the reasonable range
of these widths. For eadh value, we carried out simulations
with the cytosine-sugar-phosphate unit surrounded by a
dielectric medium of various solvation strengths (as character-
ized by the dielectric constanrtin the polarized continuum
model (PCM) of solvatiof). In Table 1, we summarize how
the barrier on the anion surface depends on the electron energy
E and the solvent dielectric strength

We estimated the rates of<® bond breakage by taking the
frequency at which a typical €O bond vibrates (ca. 18s1)
and multiplying by the probability? that thermal motions can
access the barrier height: P = exp(—A/KT). For example,
when a 1 e\electron attaches to cytosine, the barrier height is
11 kcal moi! and we predict SSBs involving phosphataigar
O—C o-bond cleavage occurs at ca.1g1. Because the rate
of electron autodetachment from th&-anion state is ca. 16—
10 s, this suggests that only 1 in ca.”010° suchzz*-anions
will undergo SSB. This work was the first time such low-energy
electrons were predicted to cause such SSBs via this mechanism.

In the present work, we describe an extension to consider
what happens when such low-energy electrons attach to thymine
rather than to cytosine. Again, we note that thymine and cytosine
have the lowestr*-orbital energies so it makes most sense to
consider these two bases early in our investigations.

Il. Methods

Because most of the methods used to carry out these
calculations were detailed in ref 5, we will not repeat such a
description here. Instead, we will review only those methods
that are specific to the metastability of the anion states or to
our treatment of the solvation environment.

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 0.3 eV electron to the

sugar G-C bond is stretchéoth in the absence of the attached z*-orbital of thymine, we needed to alter our atomic orbital
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Figure 5. Energies of the neutral fragmenrt< 1.0, solid squares = 4.9, solid triangleg = 10.4, solid circleg = 78, solid diamond) and of the
m*-anion (¢ = 1.0, half-filled squares = 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.

: Arhi ; TABLE 2: Barrier Energies (kcal mol ~1) and C—0O Bond
basis set to produce t-orbital having an energy of 0.3 eV. Lengths R (A) at the Barrier for Various Electron Energies

We did so by scaling the exponents of the most diffasgpe E (eV) and Solvation Strengthe (for the
basis functions on the atoms within the thymine ring to generate Thymine—Sugar—Phosphate DNA Fragment)
a lowestz*-orbital on thymine with this energy. Of course, we
had to perform independent orbital exponent scaling to achieve

electron energ¥

sr*-orbital energies of 0.25, 0.3, 0.45, and 1.0 eV. By scaling 0.25 03 045 10
the exponents of the atomic orbital basis functions, we are able barrier (gas phase) 1301 1285 1046  8.26
to match the kinetic energy of the incident electron to the total ~ barrier € =4.9) 16.65 1510 1419  10.34
(kinetic plus potential) energy of the electron in the cytosine Eg:{:g:g; %254) 212.'3:? %g:gg %g:fg ég'fS
m*-orbital. This matching is crucial for describing such meta-  Ratparrier (gas phase) ~ 1.85 1.85 1.85 1.80
stable states. Rat barrier € = 4.9) 1.90 1.90 1.85 1.80
To describe the effect of surrounding solvent molecules and Rat barrier € = 10.4) 1.90 1.90 1.95 1.80
the zr-stacked and hydrogen-bonded bases on the electronic Ratbarrier ¢ =78) 2.00 2.00 1.85 1.75

energy and geometry of our model DNA fragment, we employed

the polarized continuum (PCM) solvation motieithin a self-

consistent reaction field treatment, and we performed all A. Energy Profiles. In Figure 5, we show plots of the

calculations using the Gaussian 98 progfdrielectric con- electronic energies of the neutral antt-anion species with

stants of 1.0, 4.9, 10.4, and 78 were included to gain appreciationvarious (PCM) solvent dielectric constants for the endggyf

for how strongly the most important aspects of the resulting the attached electron ranging from 0.25 to 1.0 eV.

data depend on the solvation strength. Notice that the thyminer*-anion is electronically unstable
The energy profiles that we obtain as functions of theGC (by an amoung) in the gas phase but becomes electronically

bond length connecting the sugar and phosphate groups of ourstable and thus not subject to autodetachment even for solvation

model thymine-deoxyribose-phosphate system describe varia- strengths nea¢ = 5. Also note that all of the anion surfaces

tion in the electronic energy of the fragment and its anion with rise in energy as the-€0 bond lengtiR is initially stretched;

all other geometrical degrees of freedom “relaxed” to minimize they then reach a barrier, after which they fall to lower energy

the energy. In duplex DNA, there clearly are constraints placed asR is further stretched.

on the geometry of the thyminelexoyribose-phosphate groups As noted, we performed such calculations for electron kinetic

(e.g., hydrogen bonding and-stacking) that do not allow all  energiesE equal to 0.25, 0.30. 0.45, and 1.0 eV. The energies

geometrical parameters to freely vary. As such, the energy of the barriers on the anion surfaces (relative to the minimum

profiles we obtain provide lower bounds to the barriers that must nearR = 1.4 A) as well as the values of the-© bond length

be overcome to effect-€0 bond cleavage. However, we found R at which these barriers occur are summarized for varus

that the changes in the remaining bond length8.04 A) and ande values in Table 2.

valence angles<5°) are quite small as we “stretch” the-© The z*-anion energy profiles in the absence of solvent (i.e.,

bond. Hence, we do not think the unconstrained energy profiles for e = 1.0) suggest that €0 bond rupture requires surmount-

result in qualitatively incorrect barriers in relation to the situation ing a 8-13 kcal moi? barrier (depending on the electron energy

in DNA. E) but that the fragmentation process is exothermic in all cases.

Ill. Results
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(a) For nonsolvated DNA (as used in the experiments of ref
2), only atE values above 0.45 eV will SSB formation be within
7 orders of magnitude of the autodetachment rate.

(b) For moderately or strongly solvated DNA, the anion is
electronically stable so competition with autodetachment is not
an issue. In such cases, the rates of SSB formation range over
many orders of magnitude, but are usually larger at higher
values and for smaller dielectric constants.

(c) For a dielectric constant near 5, which may be representa-
tive of native DNA, the SSB rates range fron?16 10° st as
the electron’s kinetic energy varies from 0.25 to 1.0 eV.

C. Rates of Through-Bond Electron Transfer. For each
value of the C-O bond lengtiR, there are two anion diabatic

C-O Bond Length states that need to be considered to examine the through-bond

Figure 6. Representative plots of the neutral (black) aridred) and electron-transfer event. The first consists of the DNA fragment

o* (blue) diabatic anion energies as functions of the@bond length with the excess electron attached to thymine*sorbital at an

R energyE (that can range from 0.25 to 1.0 eV). The second
consists of the DNA fragment with the excess electron occupy-

The exothermicity results primarily from the large electron ing theo*-orbital of the G-O bond. The latter state lies at much

affinity (ca. 4 eV) of the neutralized phosphate group that is higher energy foR values neaReq (1.45 A) because it places

generated when the €0 bond ruptures and the attached two electrons into the €0 bonding orbital and one into the

electron migrates to the O—PQOsH; unit. Several trends inthe  c—Q antibonding orbitab*. However, as the €0 bond is

data summarized in Table 2 are worth noting: stretched, the energy of thist-anion state drops sharply as

(1) The barrier occurs at nearly the samevalue for all shown in Figures 4 and 5. In fact, the--anion eventually
solvents and for alE values, although there seems to be a trend evolves, at larg®, into the phosphate anion and a deoxyribose
to smallerR values at higheE. This same trend was observed carbon radical. Because the neutralized phosphate group has a
in our earlier cytosine worR. large electron binding energy (ca. 4 eV), thisanion’s energy

(2) Among all solvation environments, the barrier ranges from is very low at largeR. It is this large electron affinity that
7 to 25 kcal/mol and is smaller for high values than for low  provides much of the thermodynamic driving force forQ
E values. Some of this trend likely derives from the fact that, bond cleavage in the mechanism treated here. In Figure 6, we
at higherE, there is more energy present in the anion and thus show qualitatively how the energies of these two anion diabatic
less energy is needed to access the barrier. Again, a similar trendstates and the neutral bassugar-phosphate vary witifR.
was seen for cytosirnfe. As the G-O bond length approaches 1.9 A, th&-anion

(3) Moreover’ the barrier tends to grow as the solvation state has decreased enough in energy (because the orbital OVerIap

strength increases at lo values and to decrease as the Of the carbon and oxygen has decreased) to render its energy
solvation strength increases at higtievalues. equal to that of ther*-anion. At suchR values, these two

diabatic states couple and undergo an “avoided crossing” to
produce a pair of adiabatic states whose regions of avoidance

¥ Anion

Energy

Neutral

o* Anion

(4) Only fore = 1.0 is the anion electronically metastable;
for all othere values, the anion lies below the neutral forRll P ; )
values and is thus electronically stable. Again, this is what was &'® shown in Figure 7 (for varlou%valu_es) f‘?f the thymine
observed in our earlier cytosine study. This is especially SUgarphosphate system we are dealing with.
important to note because it suggests that, even in a modest 1N€ energy spacingE between the two adiabatic curves at
solvation environment such asstacking might afford, the their point of closest approach can be used to estimate the rate

anions are likely electronically stable and thus not susceptible & Which the excess electron, originally localized on thymine’s
to autodetachment. sr*-orbital, moves through the unfilled (i.e., virtual) orbitals of

the intervening deoxyribose and into the-O o*-orbital. The

of SSB formation via the mechanism we are studying here, we 25;@”?;?3?:@2 z;g;rleozz rtinge frl%lmg 2;(1)1 0 0.24 eV and
use the method outlined earlier: rate10™ exp(—A/KT) sL. P ) X 2UTS
Using barrier heighta\E of 5, 10, 15, 20, and 25 kcal md In Figure 8 we show the orbital containing the excess electron

which characterize the range shown in Table 2, we obtain ratesat twoR \_/alutis. A.t the smalleR, the electron is localized on
of 6.3 x 10°, 1.3 x 105, 2.7 x 1%, 6 x 10-2, and 1x 10°5 the thymines*-orbital, but asR moves beyond ca. 1.9 A, the

electron moves through the deoxyribose and onto the phosphate

B. Predicted Rates of SSB FormationTo estimate the rates

s71, respectively. As we show in the following section, these i
rates are slower than the rates at which the attached electror?™t
undergoes through-bond electron transfer (i.e., from the thymine,
through the sugar, and onto the phosphate), and thus it is thes
rates that we suggest limit the rates of SSB formation whenever Qur ab initio simulations have been aimed at studying the
the mechanism being examined here is operative. rates at which very specific single strand breaks may occur in
Recall that the autodetachment lifetimessdfanion states DNA after a free electron is attached to a base within the DNA.
of DNA’s bases are expected to be ca- o 107 s when The particular mechanism studied here likely will be operative
the base is not solvated or has not undergone relaxation to formonly when the negatively charged phosphate groups closest to
the electronically stable anion structure. Also, note from Figures the base to which the electron attaches have nearby counter-
5 and 6 that ther*-anion (of thymine) is metastable only fer cations or some other positive charges that render them né&utral.
=1.0. That s, for all the solvent environments considered here, This was, of course, the case for the DNA molecules used in
the r*-anion is electronically stable with respect to the neutral the original experimenisthat attracted our interest in this
DNA fragment. These observations suggest the following: phenomenon. Only in such situations will the electron transfer

aVv. Summary
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Figure 7. Avoided crossings between the adiabatfe and o*-anion states for the nonsolvated thymirgugar-phosphate fragment at varioks
values.

3. Alternatively, after attachment, th&-anion may undergo
geometrical distortion and/or reorganization of the surrounding
solvation environment to render this state electronically stable.
We find that even modest solvation makes #tieanion stable,
so it is likely that a significant fraction of the nascerttanions
become stabilized.

4. As ther*-anion’s C—0 bond vibrates (with frequenay)
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
energyA required to access such a stretched@bond plays
a crucial role in determining the rate (giveniasxp(—A/KT))
of C—0O bond cleavage and thus of SSB formation. We find
these barrierd to vary from ca. 7 to 25 kcal mot; they are
smallest at higheE values and they depend on the solvation
environment as shown in Table 2. The enerdiese, in effect,
the reorganization (including solvent and intramolecular relax-
ation) energy requirements for the electron-transfer event to

occur.
Figure 8. Orbital occupied by the attached electron®ovalues below 5. Once the barrier is reached at the stretcheddCbond
1.9 A (top) and forR values beyond 1.9 A (bottom). length, the attached electron promptly moves, via a through-

bond transfer process, from the base*sorbital, through the
from the base’sr*-orbital to the phosphate group be energeti_ vacant orbitals of the intervening dexoyribose, and onto the

cally as favorable as in this case. C—0 bond that eventually cleaves to produce the highly stable
We view the sequence of events taking place in this phosphate ion. We find that the rate of through-bond electron

mechanism as follows. transfer is faster than the rate of accessing the barrier, so the
(1) An electron having kinetic enerdyin the range 0.25to  former is not the rate-l|m|.t|ng step n forming SSBs. .

1.0 eV (as studied here) attaches to the lowesobrbital of 6. Our data on the thymine-containing DNA fragment studied

thymine. This state has a maximum in its attachment cross- here are qualitatively the same as those we obtained earlier for
section near 0.4 eV but extends considerably above and belowa cytosine-containing fragment, although there are quantitative
this energy; this is why we compute rates Evalues between  differences in the bond-cleavage rates and how these rates
0.25 and 1.0 eV for this single resonance state. The incidentdepend on electron ener@yand on solvation strength

electron cannot enter the-<€® o*-orbital directly because this It should be recalled that the samples used in the experiments
orbital’'s energy is too high when the—® bond is near its of ref 2 contained dried DNA, so the degree of solvation in
equilibrium distance. those experiments was quite low. For this reason, the anions

2. In the absence of stabilization due to surrounding hydrogen formed by electron attachment in those experiments were
bonded orz-stacked bases or solvent molecules or even probably electronically metastable with lifetimes in the ¥0
vibrational relaxation, ther*-anion state can undergo electron to 10714 s range as a result of which the yield of SSBs per
autodetachment at a rate of caldf 1074 s, attached electron was quite low (in fact, SSBs were not even
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observed at the lo values considered here although they were relate to suhch neutral samplfs in which tf}:e phosphate groups do not possess
negative charges prior to electron attachment.

at E values above 3.5 eV). However, because even modest™= ) o o= e DG A Burrow, P. DU, Phys. Chem. A998

solvation is shown here to render th&-anion state electroni- 102, 6205-6207.

cally stable, the yields of SSBs per attached electron can (5) Barrios, R.; Skurski, P.; Simons, J. Phys. Chem. R002 106,

approach unity if the phosphate groups near the base to which799(16—)79B%‘:ayS 3 Anusiewicz, 1; Skurski, P.; SimonsJJPhys. Chern

the electrqn attaches are renqlered neutral by countercations Obublished online Nov 21, 2003, http://dx.doi.org/10.1021/jp035957d.

other positive charges. Certainly, such is not the case for the  (7) we terminated with H atoms theO radical centers formed by

vast majority of DNA molecules in living speciésput it may excisti_ng thﬁ fragmﬁnt Sh_OWg_ and Vge re?ﬁereﬁ nelétr?l (gy Iﬁt)fototnatipn) Ithte
H H H H _hegative charge shown In Figure on the phospnate atom to simulate

occur often enough (e.g., as cations migrate into the nelghbor the presence of the nearby countercation that no doubt is present in the dry

hoods of the phosphate groups) to make the mechanismsamples of ref 2.

suggested here and in ref 2 important to remember. (8) We focused on this particular bond because it was clear to us that
its rupture would be thermodynamically favored because of the large (ca.

- 4 eV) electron affinity of the phosphate unit that is formed upon its cleavage.
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