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We have carried out ab initio electronic structure calculations on a portion of DNA, the results of which
provide support for a mechanism that produces single-strand breaks (SSBs) with low-energy electrons. This
mechanism involves attaching a low-energy electron (ca. 1 eV)sd arbital of a DNA base to form a
shape-resonance state. This anion then undergoes a sugghosphate €0 bond rupture over a small
barrier to produce SSBs. In addition to supporting the efficacy of such a mechanism, our results suggest that
solvation plays a crucial role in the rate of SSB formation when such very short-lived shape resonances are
involved. In particular, they suggest that either #ffeanion must be rendered electronically stable by solvation

or its detachment lifetime must be several orders of magnitude longer in the solvated species than in the
nonsolvated species.

I. Introduction concluded that the DNA SSBs are initiated by resonant electron
attachment to some DNA components (base, deoxyribose,
phosphate, or hydration water), followed by bond dissociation.
They also suggest that DSBs are caused by subsequent reactions

It has been suggestethat ionizing radiation impinging on
living cells produces secondary electrons with kinetic energies
in the 1-20 eV range and that it is these; Iow-engrgy electrons of the products of SSBs with other DNA components.
that cause many of the lethal DNA lesidn&e., single- and h d ined the kind of hani
double-strand breaks, SSBs and DSBs, respectively). Secondary In the prgsent study, we examine the Ind of mechanism
electrons in the above energy range are created in nuinbers Sudgested in the Sanche work in further detail using ab initio
(~5 x 10° per MeV of deposited energy) that make them the electronic structure methods that include solvation effects.
most abundant species created by ionizing, (x-, or 4°) However, we focused on processes occurring at even lower

radiation. The yields of SSBs and DSBs caused by such electrqn energies where attachment into the I(_)Wiésnrbitals
electrons have been obserdéd be 8.2x 104 and 2x 104 of conjugated fragmerftof DNA is most plausibl€. That is,
strand breaks per electron, respectively. These values are 10 V€ examined ther* sh_ape-resonance state rather than the
100 times the yields induced by even higher-energy—@% h!gher-energy core-gxuted resonances of ref 2. Our efforts are
eV) photons. It also was noted that the electrons need not possesdiécted toward probing the potential energy landscape of such

energy in excess of DNA's ionization threshold ZE eV) aLnlonS formed v(;a_ elehctron attachm?ntftb orbltalslbot_h in "
to induce these strand breaks. the absence and in the presence of aqueous solvation. More

In recent experiments from the Sanche grésplid samples precisely, we explored the ngture of the energﬁy Surf"’.‘c? along a
of clean DNA containing its structural wafewere irradiated coordinate that leads to the kind of SSBs obs dadiation-

with beams of low-energy electrons for a specific duration at a induced lesions in DNA' Our findings suggest that . .
beam current density of 2.2 1012 electrons s! cm2 and a 1. SSBs are very unlikely to occur at rates competitive with
well-defined kinetic energyE. After irradiation, the DNA the rates of ele_ctro_n detachment from the metastable 1-eV shape-
samples were tested for single- and double-strand breaks. Thd€sonance anion in the absence of water solvent but
energy dependence of the observed SSB and DSB yields showed 2. SSBs can indeed occur at rates consistent with observed
1. that SSBs and DSBs occur even for rather low-energy Yields and via the proposed resonant capture mechanism for
electrons E ~ 5—7 eV, which is below the 7.5 eV ionization ~ 1-€V electrons if the DNA is stabilized by water solvation.
threshold of DNA); These data thus suggest that the evidence provided for core-
2. that the SSB and DSB yields depend on the electron beamexcited resonances being involved in strand breaks likely extends
energyE in a manner that suggested attachment of the electronsto even lower-energy electrons that produce shape resonances
in some resonance process (i.e., there were peaks in the plotdut only if the DNA is strongly solvated.
of yield vs E); and
3. that no significant SSBs for electrons with energies in the ||. Methods
1 eV range (i.e., in the range studied in the present paper)
occurred. To examine the entire DNA molecule using the type of ab
In other recent work, it has been sugge&tbat core-excited initio electronic structure tools needed for this study is currently

(two-electron, one-hole) resonance states were most likely Prohibitive. Therefore, we had to select a portion of the full
involved in this &5 eV) energy range. The Sanche group DNA molecule that would be representative both of the electron

attachment and the-€0 bond rupture events that we wish to
T Part of the special issue “John C. Tully Festschrift". examine. In this our first study of the possibilities that present
* Corresponding author. E-mail: simons@chemistry.chem.utah.edu.  themselves, we chose to excise a portion of the DNA containing
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basis set! the RHF and UHF methods being used on the neutral
and anion, respectively. Because th& anion is not an
electronically stable species but is metastable with respect to
electron loss, we had to take additional measures. In particular,
we selected the above rather modest basis not only because it
is small enough to render our calculations feasible but also
because it produced @ LUMO with an energy near 1 eV.
This energy is near where the experiments determined there to
be a shape-resonance stat€hus, this basis allowed us to
simulate the behavior of a* state formed by attaching 1-eV
electrons. Another attractive feature of this basis set is that the
o* anion was electronically stable at the Koopmans’ theorem
level even though it is unstable by ca. 1 eV at the SCF level.
This fact allowed us to identify efficiently the cytosin# orbital

] ] o ) that should be occupied to compute the energy of the metastable
Figure 1. Fragment excised from DNA containing cytosine base, sugar, anion
and phosphate groups. The-O bond cleaved in SSB formation is ) .
marked with an arrow. One may wonder why we did not choose to use a correlated
treatment such as a density functional theory (DFT) treatment.

1. a cytosine base that contains the delocalized orbital systemCertainly, such calculations would not have been significantly
to whoses* orbital an electron would be attached and more computer-intensive. However, we deemed this approach

2. a sugar moiety characteristic of all such fragments of DNA, MOt t0 be optimal because of the well-known difficulties in
which connects the cytosine to interpreting the DFT orbital energies. That is, because DFT
3. a phosphate group attached to the sugar by th® Gond orbital energies do not offer zeroth-order approximations to

that is ruptured in SSBs. In Figure 1, the fragment we excised .e'eCtFO" binding energies, we knew it would be difficult to

from DNA to study in this research effort is shown, and the identify properly the desired 1-eV shape-re_sopance state that

C—0 bond broken in SSBs is labeled with an arrow we wanted to study. For these reasons, we limited our calcula-

Having chosen the representative fragment, our strategy wag'ons the_ SCF level. )

to proceed as follows: To de_scrlbe the effect of surrounding water molecules on the
1. We “terminated” the-C—Os and—OPQOs~1 radical centers electronic energy and geometry of our model DNA fragment,

(formed when we cut bonds within the DNA) of our fragment we employed the polarized continuum (PCM) solvation m&del

within a self-consistent reaction field treatment, and we

by adding H atoms; we also protonated th©PQ;~1 anion i - ;
site to neutralize it® The former was done to eliminate the Performed all calculations using the Gaussian 98 progfam.
Because of the size of our model system, it would be

radical centers generated by our artificial excising of the . N, . . L

fragment from intact DNA. Such centers, if not so terminated computationally prohibitive to include in our ab initio calcula-

would provide artificial electron attachment sites that would tions the large number of water _molecules r_1e_eded to solvate
the DNA fully. Moreover, even to include explicitly the ca. 2.5

obscure ther* binding site we wish to emphasize. ! lecul b thouaht o b i o
2. We carried out a series of ab initio electronic structure VA€ molecules per base thought o be present in ret 2's
experiments would have been difficult to simulate. Hence, we

calculations on the neutral and anion formed by adding an were forced to use as simple and cost-effective a solvation model
electron to ther* LUMO. For the neutral, P
as was reasonable.

a. the sugarphosphate €0 bond lengthR was stretched, B fthe | . f the DNA tth ;
in steps of 0.05 A, from 1.40 A, which is near its equilibrium ecause ot the farge size of the DINA fragment, the nature
of the metastabler* state, and our desire to include solvation,

length, to large distances (2.20 A) where the @ bond is 8 .
broken and the SSB has occurred we have been forced to use theoretical methods (small basis

b. At each value oR. the other iﬁternal coordinates of the sets, neglect of electron correlation, approximate treatment of
neu.tral DNA fragment ,were varied to minimize the electronic solvation) tha_t cannot be expected to provide quanutatl\{ely
energy (computed at the restricted self-consistent field (RHF) accurate predictions. As such, our approach has been designed
level for this closed-shell species). to produce results that may suggest whether the proposed

3. For thesr* anion, we repeated steps a and b above but electron attachment to formset shape resonance followed by
used the unrestricted HartreBock (UHF) approximation for ¢-0 b0||1d r?pture C.OU|d be a meChan'Sm E‘olrl SSB;]S in D’\:{A"
this open-shell system Our results also pro.wd.e us an opportunity to follow the attac gd

’ electron’s charge distribution as SSBs take place and to monitor

In this manner, we geperated a “slice” through the pptentlal the energy profile during this process, thus gaining important
energy surface of the anion fragment that connectsthanion mechanistic detail

to the bond-ruptured SSB, as well as an analogous slice for the
neutral. lll. Results

4. We carried out an independent set of such calculations on
thesr* anion and the neutral in the presence of solvating water ~ A. Energy Profiles. In Figure 2 are shown plots of the
molecules and with no solvent present (so we could determine electronic energies of the neutral amtlanion shape-resonance
whether solvation was crucial to the proposed mechanism’s species both with full aqueous (PCM) solvation and without
efficacy). In these calculations, we observed that the internal solvent present. The neutral-fragment plots show that it is
geometries of the solvated and unsolvated species were quiteenergetically quite endothermic (by 35 and 27 kcal mhol
similar. without and with solvation, respectively) to rupture the @

As noted above, the electronic enefgfR) at each value of bond that is broken to produce SSBs. Thus, it is unlikely that
R was computed by optimizing the remaining internal coordi- SSBs can occur at 298 K (where the experiments of ref 2 took
nates using the SCF method with a 6+33* atomic orbital place) or even at significantly elevated temperature if the
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60 which the barrier on the surface is surmounted. In examining
0 ] this SOMO at variousRR values, we found that the character

remained much like that shown in the top of Figure 3 (-,
20 like) for all R values between 1.40 and 1.85 A. However,Ror

greater than or equal to 1.90 A (actually, beydRd= 1.864
0 | —

¢ © A), the SOMO was essentially identical to that shown at the
bottom of Figure 3. That is, the shift of electron density from
the cytosines* region onto the sugar and phosphate region
40 1 occurs over a very narrow range Bfvalues near 1.864 A.

60 | The energy profile of the solvated anion shows a slightly
reduced barrier of 12 kcal mol and an exothermicity of 17

801 kcal molt. However, the primary difference between the

. , , . . . . . . nonsolvated and fully solvated data is that titeanion lies

140 150 160 170 180 190 200 210 220 below the neutral in the latter, whereas in the former, the anion
C - O Bond Length is a metastable resonance state. This difference is crucial

Figure 2. Plots of SCF energies (kcal md) of unsolvated neutral because, for the metastable anion, SSB must occur at a rate

(®) and anionic ©) species as well as the fully solvated neutr®) ( that is competitive with electron detachment; for the fully

and anion ¢) vs the C-O bond length (A). solvated anion, SSB need not compete with autodetachment of

the 7* state to be observed.

B. Rates of SSB Versus Rates of Detachmeritet us now
consider whether it is plausible that a nascehinion shape
resonance at ca. 1 eWithout water solvent, could undergo
C—0 bond rupture to form SSB fragments within the expected
lifetimes (10 13to 10714 s) of such metastable shape-resonance
z* states. Recall that the yield of SSBs per attached electron
seems to be in the 18to 104 range (at least for the resonances
observed in ref 2). Therefore, the rate of SSB formation should
be 3 to 4 orders of magnitude less than the rate of electron
detachment. Thus, we would require the rate of SSB formation
to be (10%to 104 x (108to 104) st =10 to 10 s 1 to
produce the proper branching ratio between detachment and SSB
formation.

To estimate the rate of SSB formation, we consider the
vibrations of the G-O bond that must rupture. This bond’s
vibrational motion occurs near 1000 ctin infrared spectra,
so such bonds vibrate at a rate of ca.x310'® s71. The
probability P that this C-O bond stretches, through thermal
activation at 298 K, enough to surmount the 13 kcal Thol
barrier shown in Figure 2 i® = exp(—13(503)/298)= 3 x
10710 Hence, the average rate of SSB formation would be
expected to be ca. 8 10" (3 x 10719 ~ 10*s71, so if thesxr*

. . ) . anion’s detachment rate is as specified above, the rate of SSB
Figure 3. Singly occupied molecular orbital (SOMO) of the solvated . -
an%on comput%c)il at thepequilibrium;o distancé (bottorzw) showing the formation v_vould bg 100 slow by 5 or more c_)rderS of magnltude
7 orbital and when the €0 bond has ruptured (top). to t_)e consistent with the obgerved SSB yields. Thus, it seems

unlikely that SSBs could be induced by electron attachment to
fragment remains neutral (i.e., does not attach an electron),{n€ cytosine base's* orbital forming a shape resonance near
whether strong solvation is present or not. 1 _eV if the system is not solvated. This idea is, in fact, consistent

The 7 anion energy profile in the absence of water solvent With the observations of ref 2, where no SSBs were observed

suggests that €0 bond rupture requires surmounting a 13 kcal for 1-eV electrons.
mol~1 barrier but that the fragmentation process is exothéfmic ~ However, if thez* anion is electronically stable, as it is when
by 21 kcal motl. The exothermicity results from the large fully solvated where the barriéf is 12 kcal mot?, the
electron affinity of the “phosphate” groupO—PQO;H, generated probability of reaching the barrier would = 2 x 107°, and
by bond rupture and the negative electron affinity of the cytosine the SSB rate would be & 10* s™%. In this case, competition
group’s 7* shape resonance to which the electron initially With autodetachment is not an issue, and SSBs can occur at the
attaches. above rate. Hence, if the rate of electron loss fromvthanion
In Figure 3, we show the singly occupied molecular orbital ~ (not due to autodetachment but to processes such as radical
(SOMO) of our anion fragment (in the presence of solvation; Scavenging or chemical decay) were in thé-100° s™* range
the unsolvated case shows similar behavior) near the equilibriumand the SSB rate were § 10* s™%, as computed above, the
value of R, where the electron clearly is in the cytosing observed branching ratio for SSBs could occur. These ideas
orbital, and at largdR, where the electron resides between the suggest that the experiments of ref 2 be repeated, if possible,
phosphate and sugar groups. with samples containing substantial amounts of water solvent
These plots clearly show that the attached electron can indeed© see whether 1-eV electrons can induce SSBs.
migrate “smoothly” from ther* orbital to the phosphate, but In conclusion, it is indeed plausible that SSBs can occur at
the rate of such charge migration will depend on the rate at rates consistent with what is known from experiments by a

Relative Energy (“*/,,)
8

-100




7994 J. Phys. Chem. B, Vol. 106, No. 33, 2002 Barrios et al.

mechanism involvingr* shape resonances. However, this can OH, 1995. von Sonntag, Cthe Chemical Basis for Radiation Biolagy
happen only if ther* anion is rendered stable or metastable Taylor and Francis: London, 1987.
with a lifetime (108—107° s) with respect to any decay process (2) Boudaiffa, B.; Cloutier, P.; Hunting, D.; Huels, M. A.; Sanche, L.

that is considerably longer than that in the unsolvated case. Science (,WaSh'ngton’ D.C2Pp0Q 287(5458), 1_65_8' )
(3) Pimblott, S. M.; LaVerne, J. ARadiation Damage in DNA:

V. Summary Schre Funcion Relatoneis a Car mEeciarelh, A . Zimbrik
Our ab initio simulations of SSBs induced by attaching an (4) The samples used in ref 2 are thought to contain ca. 2.5 water

electron to ther* orbital of cytosine to form a shape-resonance Mmolecules per base pair.

state suggest that a mechanism analogous to that suggested (5) Abdoul-Carime, H.; Cloutier, P.; Sanche Radiat. Res2001, 155

. . . 3 625. In this article, the authors suggest that core-excited resonances are
earlief for SSBs in DNA induced by low-energy electrons may likely involved both because of the energy range and because such resonaces

be operative. The generalization offered in our work applies to are known to have longer lifetimes than shape resonances (a longer lifetime
the lower-energy (ca. 1 eV) shape-resonance case rather thamllows dissociation to compete with autodetachment).
to the higher-energy>( 5 eV) core-excited resonances examined (6) Attachment of low-energy electrons to DNA bases that has been

in ref 2. Specifically, our results allow us to postulate the studied using electron transmission spectroscopy is reported in Aflatooni,
following: P y P K.; Gallup, G. A.; Burrow, P. DJ. Phys. Chem. A998 102 6205.

. : : (7) Among all the components of DNA, including its water solvent, it
1. Solvation is necessary for very low-energy electrons (i.e., is the r orbitals of the bases that produce the lowest-energy unoccupied

in the few-eV range) to induce SSBs vi& shape resonances.  molecular orbitals (LUMOs), the* orbitals.

The unsolvated fragment examined here has too large a barrier (g) stubbe, J.; Kozarich, J. V€hem. Re. 1987 87, 1107. Giloni, L.;
to surmount to produce SSBs at a rate competive with that of Takeshita, M.; Johnson, F.; Iden, C.; Groliman, AJPBiol. Chem1984
autodetachment, which, we suggest, is why the relatively “dry” 236 8608.

DNA samples used in ref 2 did not display significant SSBs (9) We should note that, in subsequent studies, we plan to carry out
for 1-eV electrons similar analyses of different fragments. For example, fragments containing

2 Solvati f ther* ani d of the SSB’ d likel thymine, guanine, or adenine will be considered.
- Solvation of thex* anion and of the SSB's products likely, (10) The protonation was carried out to produce a more realistic

depending on the degree of solvation, renders the anion eitherglectrostatic potential for the electron that we attached to the cytosine group
electronically stable or longer-lived than that in the nonsolvated to form thes* anion that we desired to study. It is likely that, in the native

case. Thus, solvation is key to allowing thestate to produce DNA, this phosphate anion site is solvated and screened by counterions to
T an extent that it no longer appears to be a negative-ion site to the electron
SSBs at any significant rate.

occupying cytosine’st* orbital. For this reason, we thought it wise to so
3. The attached electron evolves, over a very narrow range protonate this site.

of geometries, from occupying a cytosim& orbital in the (11) Ditchfield, J. R.; Hehre, W. J.; Pople, J. A.Chem. Phys1971,

initially formed anion to occupying an orbital between the sugar 54, 724. Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972, 56,

and phosphate groups in the SSB products. 2251.

The first and second points raised above suggest that SSB (12) In implementing the PCM calculation, we employed a dielectric

. . - constant (EPS- 78) that is representative of water solvation and the default
formation (induced by low-energy eI?Ctrons m* shape (sphere around each solute heavy atom) definition of the solvation cavity’s
resonances) could be reduced by mutating the base componentshape and size. Although this likely is too strong a solvation to replicate
of DNA in a way that shortens their detachment lifetimes (e.g., the environment of the DNA tested in ref 2, we wanted to compare the

; - ; _ behavior of our fragment at two extremes: nonsolvated and fully solvated
by adding electron-donatings8— groups). Conversely, any as in aqueous solution. References to the PCM model include Miertus, S.;

mutation (e.g., adding halogen substituents) that renders‘the  scrocco, E.; Tomasi, £hem. Phys1992 55, 117. Miertus, S.; Tomasi, J.
state electronically stable or very long-lived can be expected to Chem. Phys1982 65, 239. Cossi, M.; Barone, V.; Cammi, R.; Tomasi, J.
increase SSB damage rates. Chem. Phys. Letl996 255, 327.

Finally, we wish to reemphasize that, although suggestive of _ (13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

. . . M. A,; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A, Jr.;
the likely mechanism of SSB in DNA caused by low-energy Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam,gJ. M.?/Daniels, A.

electrons int* states, the findings of this initial effort are by  p.: Kudin, K. N.; Strain, M. C.; Farkas, O.: Tomasi, J.; Barone, V.; Cossi,
no means definitive. It is our plan to extend these studies by M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

ini * i Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
1. examining otherr* fragments excised from DNA (e.g., D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

fragmerjts ?Ontaining.thyminﬂ guanine, and ade.nine); ) Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
2. adjusting the orbital exponents of the more diffadeasis |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
functions on the base moiety to adjust the energy ofsthe Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

. . . . _W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
orbital to thus consider electron attachment at various energies, " Replogle, E. S.: Pople, J. AGaussian 98 revision A.7: Gaussian,

E (to see how the barrier, and thus the SSB rate, depenés on |nc.: Pittsburgh, PA, 1998.
within such usually very broad shape resonances); and (14) This exothermicity is the energy released when one moves R from
3. using ab initio molecular dynamics (rather than simply its equilibrium value to 2.2 A, where the-€ bond is essentially broken.

; ; i However, even at 2.2 A, there remains significant electrostatic and hydrogen
Sﬁarflnlng the epergyfsarfilce ?long ?jsmgle. COQ][dblnane) torl:ollow bonding attraction between the phosphate fragment and the remaining group.
the fragmentation of the™ anion to determine if bonds other  gqr the solvated species, only 17 kcal rifak required to break the-€0

than the G-O bond shown in Figure 1 are likely to rupture. bond, but subsequent removal of the phosphate ion asymptotically is 22
kcal mol* more exothermic. This extra exothermicity arises because
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