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Low-energy electrons (LEES) are increasingly recognized as a of the molecules in their neutréd cationic13 and anionié®® radical
significant contributor to DNA damage and resultant cellular states. While several reports suggest the reliability of both of these
radiation damagéLEEs below 15 eV are produced copiously (4 methods?2-14 none have reported their use for shape resonances.
x 10* per MeV energy deposited) along the tracks of the energy We therefore have tested this approach by calculation of excitation
deposited?|t is well-established that LEEs lead to induce a variety energies for a number of DNA/RNA bases for which experimental
of damages within DNA such as single- and double-strand breaks shape resonance energies have been repét{sde Table 1 and
(SSBs and DSBs) as well as base damage and relédsether, Table S2 for details in Supporting Information). As seen in the
lllenberger and co-worketextensively studied the LEE induced Table 1 both methods give reasonable estimates for the shape
fragmentation or dissociation of nucleobases and ribose derivédives. resonance energies for DNA bases; however, TD-B3LYPfails
In addition to these experimeridkfforts, a variety of theoretical® for 5-dTMPH radical anion. Therefore, we present TD-BH&HLYP
efforts have been made in recent years to understand the detailedesults here.
mechanisms of LEE induce strand breaks. To understand the mechanism of DNA strand breaks, a knowl-

Simons and co-worketgroposed the DNA base as the site for edge of the potential energy surface (PES) along #he @y bond
electron attachment as a shape resonance. Subsequent transfer sfretch in 5>dTMPH is of utmost importance. For this reason, we
the electron from the base to the sugar phosphate bond is proposedcanned the PES by stretching the-@®s bond (Figure 1) from
to result in the G-O bond dissociation and a strand breaks. This the equilibrium bond length of the anion radical ¢fdarMPH in
concept was supported by theoretical calculations at the Hartree the neutral geometry (vertical surface, Figure 1) and the optimized
Fock (HF) levet and more recently supported by DFT calculatibns. anion radical (adiabatic surface, see Figure S1 of Supporting
An alternative mechanism was proposed by Li etdahvolving Information) to 2.0 A in steps of 0.1 A using B3LYP/6-31G*. At
the direct addition of the electron to the sugar phosphate portion each fixed G—Os bond length on each PES, vertical excitation
of the DNA, considered a sugaphosphatesugar (SP—S) energies were calculated using TD-B3LYP and TD-BH&HLYP
model, and found that ££-0O3 and G—Og bond dissociation to methods. In the present study, for the adiabatic surface, we find
be ca. ¢10.0 kcal/mol). However, the initial state was not a that TD-BH&HLYP predicts the three lowest excitation energies
valance-bound state but a “dipole-bound” anionic statelore asa(T) — a(T)*, #(T) — o(PO4)* andx(T) — o(S)* type (here
recently, we investigated the LEE induced strand break mechanismT, PO4, and S correspond to thymine, phosphate, and sugar in 5
by considering both vertical and adiabatic pathways fer-Os dTMPH) having transition energies 3.03, 3.40, and 3.85 eV,
bond dissociation after electron attachment'td BMPH S Surpris- respectively. We found that these transitions are the dominant single
ingly we found that the energy barrier fo€0s bond breaking excitation having~61%, ~87%, and~87% contribution, respec-
in the vertical state~9.0 kcal/mol) is lower than the adiabatic tively. However, TD-B3LYP substantially underestimates these
state ¢-15.0 kcal/mol). Experiments by Sanche e? alpport the energies in the adiabatic and especially in the case of the TNI where
possibility of LEE attachment on the base which initiates the SSB it fails (see Supporting Information).
in DNA in gas phase. On the other hand, the recent experiments To understand LEE resonance interactions, it is important to
by lllenberger and co-worketsled them to propose a direct investigate excited states of the TNI. TNI formation plays a key
mechanism of LEE induced SSB formation in which the excess role in DEA mechanism of strand breaks as well as in resonance
electron directly attaches to the sugar phosphate group. We noteformation223.6Thus, the excited states of8TMPH radical anion
LEE resonances form transient negative ions (TNI), which are were also calculated at the geometry of the neuttalTMPH.
equivalent to excited states of the electron adduct of the parentThese TD-BH&HLYP calculations show the same first three excited
molecule. Since such resonances can be in the continuum, the studgtates as found for the adiabatic case but at lower energy and with
of molecular excited states by methods using compact basi8 sets an altered ordering (see Figure 1). TD-BH&HLYP predicts three
that reject the continuum may provide insight on the nature and lowest excited states agT) — o(PO4)*, n(T) — a(T)*, #(T) —
mechanism of LEE induced strand breaks. o(S)* in nature having excitation energies 1.42, 1.68, and 2.06 eV,

In the present Communication, we used the time-dependentrespectively. The secondT) — 7(T)* transition energy (1.68 eV)
density functional theory (TDDFT) to study the lowest excited states is in good agreement with the 1.742*) eV as predicted by ETS?
of the B-thymidine monophosphate’'(8TMPH) radical anion as for thymine (Table 1). This gives us confidence in ttfesurface.

a model of DNA. The ground-state geometries 6tB5MPH in We note that ther* MO also extends into the sugar phosphate
neutral and in radical anionic states were fully optimized at the (Figure 1). Experiments with DNA show that LEEs near 2 eV also
B3LYP/6-31G* level of theory and the vertical excited states of induce SSB formation, and attachment ta”astate is invoked®

the B-dTMPH radical anion were calculated using B3LYP and The ground-state singly occupied molecular orbital (SOMO) is
BHandHLYP (BH&HLYP) functionals and the 6-31G* basis set of & type and localizes over the thymine ring as already found in
as implemented in the Gaussian 03 progtain.recent years, TD- the earlier studie$:® As the G—Os bond stretches the barrier
B3LYP has emerged as a prominent tool to study the excited statesheight increases and at the transition state (TS) we find the barrier
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Table 1. Vertical Excitation Energies (AE, eV) of Transient
Negative lon (TNI) of DNA/RNA Bases Calculated Using
TD-B3LYP/6-31G* and TD-BH&HLYP/6-31G* Methods and Their
Comparison with Available Experimental Values?

directly but can be populated by vibronic coupling wite@) —
7(T)* statel8199Thus, while ther—o* transitions are difficult to
observe;r — r* transitions are bright® and readily populated. A
m* and o* coupling would then lead to a rapid dissociative process

AE S
resulting in DNA strand cleavage.
transition molecule B3LYP BH&HLYP Expbe
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thymine 0.29 41*) providing the computational time to perform these calculations.
T — 7 1.38 1.89 1.7142%)
7T — ¥ ) 3.86 4.46 4-055(13:) Supporting Information Available: Full reference 11, tables of
. cytosine - Lo 2-25’@*) excitation energies, and figures showing energy level diagram and
;_}Z* 147 506 4'50%*; orbitals of 3-dTMPH radical anion. This material is available free of
adenine ' ' 0.5474:%) charge via the Internet at http:/pubs.acs.org.
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Figure 1. Lower curve: Potential energy surface (PES) of thd BMPH
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