ow Very Low-Energy (0.1-2 eV) Electrons Cause
' DNA Strand Breaks

Jack Simons

Chemistry Department, University of Utah, Salt Lake Ciry, UT 84112, USA
E-mail: simons@chemistry.utah, edu
URL: htp:fsimons.hec.utoh.edu

Abstract
ur recent theoretical and others” experimental findings are overviewed conceming the mechanisms by which
very low-energy (0.1-2 eV) free electrons attach to DNA and cause strong (ca. 4 eV) covalent bonds to break.
e computational tools needed to deal with the metastable shape resorance anions that arise in these processes
discussed and illustrations of their applications to the particular case of DNA damage are provided. Our
imary conclusions are that (i} attachment to base 7* orbitals in the above energy range most likely resnits
in cleavage of sugar-phosphate C—O o bends, (i) the rates of C—O bond cleavage can be as high as 1070 51
and (jii) bond cleavage initiated by electron attachment to phosphate P=Q 7 bonds is less likely involved, The
experiments that motivated our theoretical work are discussed as are later experimental findings that confirm our

predictions about the nature of the efectron attachment event and about which bonds break when strand breaks
form. T

Contents
1.

Introduction 171

- Where do very low-energy electrons attach to DNA and what bonds are broken? 172
2.1. The DNA fragments studied ’ 173

2.2. Review of our findings . 174

2.3. Our proposed mechanism for sugar-phosphate C-0 ¢ bond cleavage 175

2.4. Subsequent experimenial verifications 177
3. Methods used to characterize the energies of the metastable anions 178
3.1 How the rates of bond cleavage are estimated 178
3.2. Stabilization methods 179

3.3. Nuclear charge scaling as applied to efeciron attachment to phosphate P—0 7* orbitals 183

4. Summary 186
Acknowledgements 187
References 187

1. INTRODUCTION

In the past few years, the author’s research group has been involved in [1-3] using elec-
tronic structure theory to characterize mechanisms by which electrons with kinetic energies
in the 0.1 to 2 eV range attach to and subsequently fragment strong chemical bonds (e.g.,
having dissocjation energies near 4 ¢V} in DNA. Our work in this area was inspired by very
novel experimental findings [6] from the Sanche group in which strand breaks in dried (i.e.,
having only the structural water molecules intact) DNA were produced by electrons having
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Fig. 1. The yield of single strand breaks (middle panel) per attached electron as a function
of the kinetic energy of the incident electron (taken from Fig. 1 of Ref. [6]).

Kinetic energies as low as 3.5 eV. The yields of single strand breaks (SSBs) were observed
to depend on the energy of the incident electron in a manner (see Fig. 1) that suggested
(because peaks and valleys appeared) some kind of resonant process was involved.

Based on the energies at which the peaks in the SSB plots occurred, it was suggested
that the bond breaking that causes the SSB is initiated by the incident electrons attaching
tolthe DNA bases’ &* orbitals to form core-excited resonance states (e.g., asine™ + 72 —>—
xlz*?),

However, we knew from data of the Burrow group [7] that electrons of even lower kinet
energies can attach to low-lying =* orbitals of the bases of DNA to form shape resonanc
anions. In particular, the Burrow data indicated that all DNA bases have shape resonanc
states lying considerably below (e.g., in the 0.1-2 eV range as shown in Fig. 2) the 3.5 ¢
strand break threshold found in the Sanche experiments. This led us to wonder wheth
even lower energy electrons than used in Ref. [6] could induce strand breaks in DNA b
forming shape rather than core-excited resonances.

2. WHERE DO VERY LOW-ENERGY ELECTRONS ATTACH TO DNA:;.-
AND WHAT BONDS ARE BROKEN?

Knowing that shape resonances typically have shorter lifetimes (with respect to autodt
tachment) than core-excited resonances, we anticipated finding that although the DN
bases indeed can attach electrons at energies considerably below 3.5 eV, the shape res
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‘Fig. 2. The electron transmission spectra of the four DNA bases showing the energies
vertical lines) at which the low-energy m* orbitals occur (taken from Fig. 1 of Ref. [7]).

nances thus formed decay so quickly that the yield of bond breakage is extremely low.
This would be consistent with the Sanche data showing no strand break yield in the energy
range where shape resonances are expected. Nevertheless, because it was clear to us from
Ref. [6] that experimental limitations preciuded those workers observing strand breaks
at such lower energies, we decided to explore this possibility further, and our results are
detailed in Refs. [1-5].

2.1. The DNA fragmenis studied

In each of our studies, we examined a fragment of DNA using ab initio electronic struc-
ture methods to determine which bond(s) would be most susceptible to cleavage when an
electron is attached to a low-energy 7* orbital. The fragments included

a. the cytosine (C)-sugar—phosphate fragment shown in Fig. 3a,

b. an analogous fragment with cytosine replaced by thymine (T) (C and T have the lowest-
lying 7* orbitals, so we began our studies with them),

c. the fragment containing three 7-stacked C bases shown in Fig. 3b, and

d. the sugar—phosphate—sugar fragment shown in Fig. 3c.

We undertook the latter study because we wanted to address the relative probabilities for
electron attachment to the phosphate group’s P=0 =™ or to a base m* orbital.
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Fig. 3. DNA frag'ments studied in Refs. [1-5] (see text for explanation). a: taken from
Ref. [1], Fig. 1; b: taken from Ref. [4], Fig. 4; c: redrawn figure from Ref. [8].

2.2. Review of our findings

The primary findings of our efforts were that:

a. Attachment of electrons in the 0.1-2 eV range (into Cor T * orbitals) to form sha
resonances can produce covalent bond cleavages. '

b. A sugar-phosphate C-O o bond is the bond whose cleavage requires surmourting th
Jowest barrier (i.¢., in the 0.2-1 eV range, depending on the energy at which the electroits

" attaches to the base within the Heisenberg width of the shape resonance).

c. Cleavage of a base-sugar N-C bond can also oceur, but at significantly lower i
because this bond cleavage Tequires surmounting a larger barrier than for the sug
phosphate C--O bond. ;

d. The thermodynamic driving force that causes the sugar—phosphate C-O bond to
the lowest barrier is the huge (ca. 5 eV) electron affinity of the phosphate radical gen
ated by breaking this C-O bond.
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g. 4. Energies of neutral (filled symbols) and anionic (open symbols) cyto-
e-containing DNA fragment of Fig. 3a vs. C-O bond length (A) in the absence of any
Ivation (top two plots) and with solvation characterized by dielectric constant & = 78
ottom two plots). Taken from Ref. [1], Fig. 2.

Electron attachment to the P=0 7 bond of the phosphate moiety requires electrons of
" considerably higher energy (> 2 V) than for attachment to base ™ orbitals.

" The fraction of C-O o bond that cleave when an electron is attached, which is deter-
mined from the relative rates for surmounting the barrier noted above and the rates of
autodetachment, can be as high as 10~* for electrons in the 1 eV range.

2.3, Our proposed mechanism for sugar-phosphate C~O o bond cleavage

To understand how electrons having kinetic energies in the 0.1-2 eV range can fragment
a C~O ¢ bond whose dissociation energy is ca. 4 eV, we show in Fig. 4 some potential
energy profiles that are characteristic of all of the findings of Refs. [1-5L '

Let us focus on the top two plots in Fig. 4, which relate to the cytosine-sugar-phosphate
fragment shown in Fig. 3a in the absence of any solvation (as appropriate to the ex-
periments of Ref. [6]). The potential energy profiles appropriate to the thymine—sugar—
phosphate fragment as well at the two fragments shown in Figs. 3b and 3¢ display similar
characteristic shapes (i.e., the electron-attached state’s energy rises, passes over a barrier,
and then falls) although the beights of the barriers differ from fragment to fragment. The
essential issue to understand is what causes these profiles to have barriers and what deter-
mines how steeply the curves fall at large R.

The data represented by the filled circles in Fig. 4 describe the variation in the energy
of the neutral cytosine—sugar—phosphate unit in the absence of any attached electron as
a function of the sugar—phosphate C-O bond length (R). If followed to much larger R-
values, the energy of this curve approaches ca. 90 keal mol~!, which is the dissociation
energy for homolytic cleavage of the C-O bond. The data represented by the open circles
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Fig. 5. Qualitative plots of the (diabatic) energies of the anion states in which the excess
electron occupies the base 7* orbital and in which the electron occupies the C-O ¢* orbital
as well as the variation of the energy of the neutral molecule.

in Fig. 4 describes the variation in the energy of the corresponding unit with an electron
attached. Specifically, the electron has been placed into a s7* orbital of the cytosine base
lying (vertically) ca. 1 eV above the energy of the neutral thus forming a metastable shape
resonance. !

If the attached electron is forced (e.g., by constraining the orbital occupancy used in our
wave fanction to retain its 7*! character) to remain in the cytosine 7* orbital, the energy
of this electron-attached state would parallel that of the nentral molecule and rise by nearly '
90 kecalmol~! as the C-O bond cleaves. However, because our quantum wave function
allows the orbital occupancy of all the electrons to be optimized, something different hap
pens. As suggested qualitatively in Fig. 5, another anion state in which the excess electron °
occupies the C-O ¢* orbital also comes into play as the C—O bond is siretched. ;

Specifically, near the equilibrium C-O bond length, the o*-attached anion is much
higher in energy than is the *-attached anion; this is why the shape resonance state at _
1 eV is a base * state. Howeaver, as the C—O bond lengthens, its o orbital rises in energy
and its o* orbital decreases in energy: the latter being shown in Fig. 5. The rate at which the
o* orbital falls as R increases is determined by the electron affinity of the phosphate rad:
ical that forms when the C—O bond breaks. At a C-O bond length near 1.9 A (see Fig. 4)
the 7*! and o*! anion states’ diabatic energies become equal. It is near such a crossing tha
the configuration interaction (CI) between these two states is strongest. The resulting CI
which is automatically included in our ab initio calculation, allows the wave function to
smoothly evolve from 7*! to o*! character as R passes through the crossing region. Again,
it is important to emphasize that the reason the ¢ *-attached anion’s energy drops strongly,
as R increases lies in the very high (ca. 5 eV) electron affinity (EA) of the oxygen sif
of the phosphate radical. In fact, it is because the phosphate radical’s EA is considerably
larger than the EA of the base nitrogen-centered radical formed when a base-sugar N-C

1 By eliminating the outgeing continuum component of the basis functions used to describe this state, we €
able to foree the attached electron to remain in the z* orbital as we subsequently stretch the C-O bond to generai®
the open-circies data.
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Fig. 6. Energy profile for the neutral (filled squares) and anion (open squares)
thymine—sugar-phosphate unit as a function of the thymine-sugar C~-N bond length (taken
from Fig, 7 of Ref. [4]).

bond breaks that the barrier to sugar—phosphate C-O bond cleavage is lower than that for
" base-sugar N—-C bond cleavage. An example of the energy profile for C-N bond cleavage
in the thymine—sugar—phosphate system studied in Ref. [4] is shown in Fig. 6 for the case
in which 0.8 eV electrons attach to the thymine 7 * orbital.

In summary, the strand breaks we studied are generated when

a. an electron having kinetic energy appropriate to enter a low-lying 7 * orbital of a DNA
base strikes and enters such an orbital to form a shape resonance, after which
“b. a through-bond electron transfer event occurs if the sugar—phosphate C-O o bond is
elongated (e.g., through normal vibrational motions) to near 1.9 A allowing a barrier to
be surmounted and 7* /o* configuration interaction to take place, .
c. producing a o*-attached anion that promptly fragmenis to yield a carbon radical and a
(very stable) phosphate-site anion.

The rate of the throngh-bond electron transfer from the base 7* to the sugar—phosphate
C—O o* orbital was estimated by examining the avoided crossing of the 7* and o™* anion
states near the C-O bond length of 1.9 A. The energy splitting 8 E was then used to compute
the rate and values in the 1013 s~! were obtained. As we show later, this through-bond
transfer rate is considerably faster than the rate at which the barrier on the anion’s energy
surface near 1.9 A is surmounted, so the latter is the rate-limiting event in producing SSBs.

2.4. Subsequent experimental verifications

To our pleasure, subsequent to our studies suggesting that shape resonances could induce
strand breaks in DNA, new measurements {9] were carried out at even lower electron ki-
netic energies and strand breaks were indeed observed as Fig. 7 illustrates.

Because the DNA samples used in Refs. [6] and [9] contained all four bases, it was
not possible to infer whether the electron attachment takes place at any particular base(s).
However, because all four bases have their lower-energy =™ resonance states in the 0.1-
2 eV range, the data strongly suggest that the strand breaks are taking place by formation
of such =* shape resonances as our earlier predictions claimed. In fact, in Ref. [9] it is
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Fig. 7. Yield of DNA strand breaks as a function of electron kinetic energy showing SSBs
occurring in the 0.1-2 eV range studied in Refs. [1-5] (taken from Fig. 1 of Ref. [91).

even emphasized that the shape of the strand-break yield plot of Fig. 7 is quite similar to
the known shape of the IDNA bases’ electron attachment cross-sections, further supporting
our claim that it is to the base 7* (and not* phosphate P==0 7* or any ¢*) orbital that
attachment occurs. ‘

Another experimental result that supports of our proposed model (in particular of what
bond is cleaved) has also recently appeared [10]. In these experiments, oligonucleotide
tetramers (CGTA and GCTA) were exposed to electrons and the products of irradiation
were examined by high-pressure liquid chromatography. The findings of these experiments
show primarily cleavage of the phosphodiester (sugar~phosphate C—0) bond in line with
our prediction. It should be noted, however, that although this is the first determination by
chemical analysis of the products formed in S5Bs, the electron energy used (10 eV) was
higher than in our simulations. Only at such hi gh energies could enough product be formed
to permit the chemical analysis to be carried out. So, although these findings are supportive
of our mechanism, it would be nice to have data from such a chemica] analysis of products
formed by lower-energy electrons.

3. METHODS USED TO CHARACTERIZE THE ENERGIES
OF THE METASTABLE ANIONS :

3.1. How the rates of bond cleavage are estimated

Before discussing the main tools we use for characterizing metastable electronic states,
let us briefly specify how we estimate bond cleavage rates from the energy profiles we
generate. For example, from data such as appears in Fi g. 4, the rates of C-O bond cleavage

2 Itis possible that, at higher electron energies, attachment to the phosphate P=0 7* or various o* orbitals can
occur and that SSBs can thereby be formed.
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stimated by taking the C-O vibrational frequency (ca. 103 5~1) and multiplying by
5quﬂibrium Boltzmann probability
exp(—E*/kT)
P=——
q
At the bond stretches enough to reach the bartier height E*. As noted earlier, the barrier
é{ghts found - when electrons are attached to cytosine or thymine range from 0.2 to 1 eV,
a result of which the estimated T = 298 K (as in Ref. [6]) C-O bond cleavage rates
nge from 1010 to 10~% s~!. Because the autodetachment rate of a 7* shape resonance
expected to be near 101 571, and recalling that we estimated the through-bond electron
transfer rates to be ca. 103 s1, our bond cleavage estimates suggest that at most one in 10#
scent 7 * anions will undergo C~O bond rupture. Moreover, because we observed that the
g.ilbwer barrier heights E* occurred when the electron enters the higher-energy component
the 7r* resonance, we expect the quantum yield for forming C-O bond fragmentation fo
e higher at such energies.
Finally, we note that, unlike the case in Refs. [6] and [9] where the DNA was dry, when
significant solvation is present, the 7 anion state can be rendered electronically stable (see
Fig. 4). In this case, competition between bond cleavage and electron detachment is irrel-
evant. Instead, transfer of the m*-attached electron from base to base via the :f-stacking
framework, which is thought to occur at rates of ca. 1012 s~! competes with the bond
* cleavage rates discussed above. Of course, when strong solvation is present, as it is in
* living organisms, the phosphate groups will not be rendered neutral by closely associated
counter cations as is likely the case in Refs. [6] and [9]. An electron attached to a DNA base
 adjacent to a negative phosphate unit will not be able to undergo the through-bond electron
transfer discussed above because this phosphate group will not provide an attractive poten-
tial to the attached electron. Instead, the attached electron likely will migrate through the
7 -stacking framework to another base. However, even in a solvated environment, a fraction
F of the phosphate units have nearby counter cations that render them neutral. Once the
attached electron reaches a base near such a neutral phosphate, it has a chance to cause a
C-0 bond cleavage. The result of solvation then is to reduce the rate of strand breaks from
near 10!V s~1 by the fraction F.

{1

3.2. Stabilization methods

In cases such as we are discussing in this work, the anion formed by near-vertical electron
attachment (o a base m* orbital is electronically metastable, but can bscome electroni-
cally stable along the pathway leading to bond cleavage. An example is offered by the
data shown in Fig. 4 which pertains to attaching an electron with ca. 1 eV of kinetic en-
ergy to a low-energy w* orbital of cytosine. As the sugar—phosphate C—O bond stretches
beyond the barrier at 1.9 A, the anion potential surface drops below that of the neutral
at which point the anion becomes electronically stable. Of course, in this case, at very
large C-O distances, the anion lies ca. 5 eV below the neutral because of the extremely
high electron affinity of the phosphate group. Although the treatment of the stable anion’s
Bom-Oppenheimer electronic energy can be handled using conventional variational or
perturbative methods with standard atomic orbital basis sets, such is not the case at geome-
tries where the anion is electronically metastable. In the latter cases, the anion’s resonance
state is embedded within a continuum of states corresponding to the neutral molecule plus
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a free electron. As such, a rigorous treatment of these resonance states should involve
a quantum scattering approach, which, however, is not feasible for the large molecular
systems studied here. :

For such reasons of practical necessity, hybrid approaches such as the stabilization

method [11] and the nuclear charge-scaling method [12] have proven especially useful
in determining the energies (i.e., the so-called positions that represent the center of the
Heisenberg broadened state) of the resonance states. Let us consider the well known N, !
- shape resonance case to illustrate. Use of the stabilization method (SM) can be thought of
as embedding the system of interest within a finite “box” in order to convert the continuum
of states corresponding to N, +¢~ (KE) into discrete states that can be handled using more
conventional methods. By then varying the size of the confining box, one can vary the en-
ergies of the discrete Ny 4 e~ (KE) states. By varying the box size, one of the continuum
functions may have its de Broglie wavelength (and thus its KE) changed in a manner that
allows this continuum function to match (in value and derivative) the valence-range portion
of the N wave function. It is this combination of valence-range N, and asymptotic-range
continuum (properly matched in their values and derivatives) functions that corresponds to
the metastable shape-resonance state, and it is the energy where significant valence com-
ponents develop that provides the stabilization estimate of the state energy.

In the most conventional application of the SM, one uses a conventional atomic orbital
basis set that would likely include s and p functions on each N atom, perhaps some polar-
ization d functions and some conventional diffuse s and p orbitals on each N atom. These
basis orbitals serve primarily to describe the motions of the electrons within the usual va-
lence regions of space. To this basis, one would append an extra set of diffuse 7 -symmetry
orbitals (because one wishes to study a 211, resonance). These orbitals could be p, (and
maybe dr, )} functions centered on each nitrogen atom, or they could be d,; orbitals centered
at the midpoint of the N--N bond. Either choice can be used because one only needs a basis
capable of describing the long-range, L = 2 part of the metastable state’s wave function. .
One usually would not add just one such function; rather several functions, each with an
orbital exponent «; that characterizes its radial extent, would be used. Let us assume, for :
example, that a total of X such 7 functions have been used. '

Next, using the conventional atomic orbital basis as well as the K extra & basis functions, -
one carries out a calculation in which one computes many energy levels on the N, ~! anion..*
In th1s calculation, one tabulates the energies of many (say M) of the electronlc state:
of N . One then scales the orbital exponents {o;} of the K extra 7 basis orbitals by a
factor n:ay; — noy and repeats the calculation of the energies of the M lowest energies
of N, ! This scaling causes the extra 7 basis orbitals to contract radially (if 7 > 1) or to’2
expand radially (if » < 1). It is this basis orbital expansion and contraction that produces %
the expansion and contraction of the “box” discussed above. That is, one does not employ %
a box directly; instead, one varies the radial extent of the more diffuse basis orbitals to
simulate the box variation.

If the conventional orbital basis is adequate, one finds that the extra m orbitals, who
exponents are being scaled, do not affect appreciably the energy of the neutral N, molecule:
This-can be probed by plotting the Ny energy as a function of the scaling parameter 73
the energy varies little with 5, the conventional basis is adequate. In contrast to plots of
neutral Ny energy vs. #, plots of the energies of the M N5 ! anion states show significa
n-dependence as Fig. § illustrates. :
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Tig. 8. Plots of the energies of several anion states vs. the orbital scaling parameter 7. Note
e avoided crossing of state energies near 1 eV.

We should first note that each of the plots of the energy of an anion state (relative to
the neutral molecule’s energy, which is independent of 77) grows with increasing 7. This
~dependence arises from the 7-scaling of the extra diffuse 7 basis orbitals. Because most
f the amplitude of such basis orbitals kes outside the valence region, the kinetic energy
s the dominant contributor to such orbitals’ energies. Because 7 enters into each orbital
‘as exp(—nar?), and because the kinetic energy operator involves the second derivative
with respect to 7, the kinetic energies of orbitals dominated by the n-scaled diffuse 7 basis
fupctions vary as n?. It is this quadratic growth with 7 that is shown in Fig. 8. For small
1, all of the 7 diffuse basis functions have their amplitudes concentrated at large-r and
‘have low kinetic energy. As n grows, these functions become more radially compact and
_their kinetic energies grow. For example, note the three lowest energies shown above in
Fig. 8 increasing from near zero as i grows. As 7 further increases, one reaches a point
at which two of the anion-state energies in Fig. 8 undergo an avoided crossing. At this
n value, if one examines the nature of the two wave functions whose energies avoid one
another, one finds that one of them contains substantial amounts of both valence and extra
diffuse 7 function character. Just to the left of the avoided crossing, the lower-energy state
contains predominantly extra diffuse 7 orbital character, while the higher-energy state con-
tains largely valence 7* orbital character. In Fig. 8, other avoided crossings occur at higher
* n-values. For each such crossing, the lower-energy eigenfunction to the left of the avoided
. crossing contains predominantly extra diffuse 7 orbital character, while the higher-energy
. state contains largely valence 7™ orbital character. | '
At any of the special values of  where two states nearly cross, the kinetic energy of the
continuum state (as well as its radial size and de Broglie wavelength) are appropriate to
connect property with the valence-region state. Tt is such boundary condition matching of
- valence-fange and long-range character in the wave function that the stabilization method
* achieves. So, at such a special n value, one can achieve a description of the shape-resonance
state that correctly describes this state both in the valence region and in the large-r region.
Only by tuning the energy of the large-r states using the n-scaling can one obtain this
proper boundary condition matching.
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If one attempts to study such metastable anion states without carrying out such a stabi-
lization study, one is doomed to failure, even if one employs an extremely large and flexible
set of diffuse basis functions. In fact, in such a large-basis calculation, one will certainly

obtain a large number of anion “states” with energies lying above that of the neutral, but

" one will not be able to select from these states the one that is the true resonance state. Most

of the states will simply be states describing an N molecule with an excess electron at
large-r and low KE, but, in the absence of the SM, none will offer a proper description of
the metastable state.

In surnmary, by carrying out a series of anion-state energy calculations for several states
and plotting them vs. 7, one obtains a stabilization graph. By examining this graph and
looking for avoided crossings, one can identify the energies at which metastable resonances
occur. It is also possible to use the shapes (i.e., the magnitude of the energy splitting be-
tween the two states and the slopes of the two avoiding curves) of the avoided crossings in
a stabilization graph to compute the lifetimes of the metastable states. Basically, the larger
the avoided crossing energy splitting § £ between the two states, the shorter is the lifetime
T of the resonance state and ¢ ~ A /S E. |

In our studies of shape resonancesin DNA fragments, we wanted to employ such a
stabilization approach. However, as can be deduced from the above discussion, such calcu-
lations require the use of quite large atomic orbital basis sets because of the need for many
extra diffuse functions whose exponents must be varied. For molecules as large as the DNA-
fragments we studied, such calculations were simply not feasible. We therefore had to find
a different way to characterize the 7 * resonance states’ electronic wave function. Knowing
the energies (i.e., positions) of the low-lying 7* shape resonance states of all four bases
from the Burrow-group experiments {7], we decided to employ atomic orbital basis sets
on the DNA base to which electron attachment occurs that would generate 7 * anion states
at the known energies.® Specifically, for each of the atoms involved in the base’s delocal-
ized sr-orbital framework, we scaled the orbital exponents of the most diffuse p, basis
functions by a common amount n and varied n until the energy of the s*-attached anion
{computed at the self-consistent field (SCF) level) relative to that of the neutral matched
the desired energy (i.c., as from the data of Ref. [7]). Of course, we also verified that the
orbital so obtained has the valence character desired by carrying out a visual inspection.
For example, in Fig. 9, we show the cytosine m* orbital we obtained for the fragment
species shown in Fig. 3a; we also show how this orbital evolves as the sugar-phosphate
C-0O bond is elongated beyond the barrier and the electron transfers through the sugar onto
the phosphate unit. -

Because we included no extra diffuse basis functions, we were not able to perform true
stabilization calculations. Instead, we simply scaled the radial extent of the basis to gener- -
ate a w* anion state at the energy we already knew taking care to make sure the resulting -
state was indeed a base xr* state. Of course, this limited approach precluded being able :
to estimate the lifetimes of such 7* resonances because our wave function contained only
its valence-range component but no-continuum component. Although such a “poor man’s”
stabilization approach should be improved upon in the future, it was the only route avail-
able to us at the time.

3 Actually, because each of the 7* shape resonances have substantial Heisenberg widths, we chose to constroct =4
a range of * orbitals such that the electron-attached states’ energies (relative to the neutral) spanned this range..
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*Fig. 9. Plot of the singly-océupied * molecular orbital of the fragment shown in Fig. 3a.

On the left, this orbital is localized on the cytosine and on the right (at elongated C~O bond
length), it has evolved onto the sugar and phosphate. Taken from Ref. [1], Fig. 3.

Fig. 10. The 7} antibonding orbital of N, .

'~ 3.3. Nuclear charge scaling as applied to electron attachment to phosphate P=0 =*
orbitals

" To explain this technique, let us again consider the 2[1, shape resonance of N5. Due to

local valence potentials, there exists an attractive potential that the excess electron experi-

" ences while moving in the region of space defined by the * antibonding orbital shown in
Fig. 10. _ :

~ However, this potential well is not deep enough to produce a bound state for the ex-

cess electron, as a result of which Ny is metastable and can spontaneously decay to

' Np(X'T})-+e . In contrast, the analogous 217 states of the isoelectronic species NO and
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O;’ are electronically vertically stable with respect to their corresponding I5:+ electron-
removed species (i.e., vertically, NO lies energetically below NO™T and O;' below O%+).
A primary difference underlying this qualitative difference in the ordering of Ny /N and
the other species is the smaller nuclear charge of N compared to O.

These observations suggest a device that one can use to render metastable shape reso-
nances stable, and thus amenable to conventional (i.e., variational and perturbative) quan-
tum chemistry treatment, while subsequently estimating the energy (position) of the initial
metastable state. Specifically, if one increments (by a (small) amount Ag) the nuclear
charges of those atoms over which the shape resonance’s singly occupied molecular orbital
(SOMO) is delocalized,* one can differentially stabilize the anion relative to the neutral.
If Ag is large enough, the energy of the anion (with nuclear charges increased) will lie
below that of the neutral and thus both species’ energies can be treated using conventional
methods.

So, in the nuclear charge-scaling method, one increases certain nuclear charges by Ag
and computes the energies of the neutral and anion. For values of Ag large enough to
make the anion lie below the neutral, one plots the energy difference between the anion
and the neutral (i.e., the excess electron binding energy). One then extrapolates this plot
to Ag — 0 to obtain an estimate of the energy of the metastable anion for the actual
molecule (with Ag = 0). For anions whose energies do not lic much above the neutral
" (and which tend to be longer lived), one usually finds that very small fractional increments
in the nuclear charges are needed. In these cases, the perturbation in the electron-nuclear
attraction potential (the electrons are located at g and the nuclei at R,)

(—~Ag) | \
VZ;?II'IC“RQI (2)

introduced by replacing certain nuclear charges Z, by Zs + Agq, will be small. Hence,
perturbation theory suggests that the shifts in the anion-neutral energy differences should
vary linearly with Agq. If larger values of Ag are needed to make the anion stable, the plots
in the anion-neutral energy differences can display significant quadratic (in Aq) character;
in these cases, extrapolation is carried out using a second order (in Ag) polynomial but
only for values of Ag where the anion is stable.
An example of the use of this nuclear charge scaling device is provided in our study of :
electron attachment to the P=0 7* orbital of the sugar—phosphate—sugar unit some data of :
which is shown in Fig. 3c. As shown in Fig. 3c, subsequent to electron attachment, either of ;
two sugar—phosphate C-O bonds (labeled 3’ and 5') can rupture. In Fig. 11 we show plots
of the energies of the neutral and electron-attached species as functions of the C-O bon
lengths for the cases in which the 3 C-O bond is ruptured or the 5’ C-0O bond breaks. Fo
the anion, two energy curves are shown. One relates to the excess electron residing in th
P—0 7* orbital and the second pertains to the excess electron being in the ¢* orbital of th
C-0 bond being cleaved. To obtain the data shown at C-O bond lengths where the anio

4 It is not always necessary to place the stabilizing excess charge on the nuclei where the excess electro!

localized. For example, in our study of the metastable SOE— dianion, we increased the charge on sulfur. We m
this choice because all four oxygen atoms in this species are equivalent and we did not wish to induce artifi
symmetry breaking (see first references in Ref. [13]). On the other hand, when we recently studied the groun!
and (metastable) excited states of the O, anion, we increased both oxygen atoms’ charges (see second referé
in Ref. [13]). '
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Fig. 11. Energies of the neutral, 7 *-attached anion, and o *-attached anion as functions of
the 3’ C-0 (top) and 5" C~O (bottom) C-O bond lengths. Taken from Ref. [4], Fig. 3.

curves lie above the neutral, we used the nuclear charge scaling device detailed above as
we now discuss.

To illustrate the data used to extrapolate (to Ag — 0) the anion-neutral energy plots for
all values of the C—~O bond lengths where the anion is metastable, we shown in Fig. 12 four
such plots applying to the 3’ and 5 cases and to the ¢* and =* anions.

To further illustrate the utility of the nuclear charge-scaling device, we show in Fig. 13
the P=0 #* and C-O o* orbitals obtained when the phosphorous and oxygen nuclear
charges are increased by 0.5 for the four cases whose Ag plots are shown in Fig. 12.

Before ending this section, let us return to Fig. 11 to discuss what we learned from the
study relating to attaching an electron to a P=0 n* orbital. First, our data suggest that
electrons in the range of 2 eV will be required to attach to such an orbital. In Ref. [9],
DNA strand breaks were observed with electrons below 1 eV, so these breaks likely did not
involve attachment to P=0 7* orbitals. Moreover, even when electrons of 2 eV energy or
more attach to P=0 n* orbitals, evolution of this anion along the either the 3’ or 5 C-O
bond elongation to produce bond cleavage requires surmounting a barrier of ca. 1 eV (see
Fig. 11 where the 7v* and o* anion curves cross). Our earlier work showed that the barriers
associated with C—O bond cleavage subsequent to base 7* orbital-attachment were much
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Fig. 12. SCF-level electron binding energy plots for the 7* (bottom) and ¢ * (top) anions
for certain values of the 3’ or 5’ C-O bond lengths at all of which the anion is metastable.
Specifically, for the =* anion R = 1.4 A for the 3 and 1.5 A for the 5'; for the o* anion
R = 1.8 A for both the 3’ and 5’ cases. In the 3’ C-O x* plot, displays considerable
curvature, we show two linear fits to give some idea of the uncertainty. Taken from Ref. [2],
Fig. 6.

lower. Therefore, we believe it unlikely that much of the strand break damage to DNA
occurs by P=0 7* bond attachment when the electron has a kinetic energy in the 0.1-2 eV
range. '

4. SUMMARY

In this paper, we used several of our recent studies to iHlustrate the mechanisms by whic
very low-energy (0.1-2 eV) free electrons attach to DNA to cause strong (ca. 4 V) covalen
bonds to break. We also used these examples to illustrate the special tools we use for
probing metastable electronic states. The primary conclusions of this body of work have
been that (i) attachment to base 7* orbitals to form shape resonances in the 0.1-2
energy range most likely results in cleavage of sugar-phosphate C-O o bonds, (il) |
thermodynamic driving force for this process is the large electron affinity of the phosph
unit, (ii1) the rates of C-O bond cleavage can be as high as 101951 and are determineq-
the rate at which an energy barrier on the anion’s potential surface is surmounted, (iv) be
cleavage initiated by electron attachment to phosphate P=0 r bonds is less likely involv
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5'C-O0
“13. The * and o* orbitals corresponding to the four cases detailed in Fig. 12 as the
d O charges are increased by 0.5. Taken from Ref. [2], Fig. 8.

id (v) the through-bond electron transfer from the base to the C-O o bond occurs at ca.
0"3 =1 and thus is not rate-limiting. Finally, subsequent to our works in which these
ent experiments have appeared in which (i) convincing
_2 eV electrons attach to base 7z* orbitals
hemical analysis of the products of

X

« predictions were offered, very rec
" evidence is given in support of our claim that 0.1
‘tather than to P=0 7™ or any o* orbitals, and (ii) ¢

and breaks shows that it is indeed primarily the sugar-phosphate C-O-bond that breaks.
. Before closing, it is worth noting that an excellent review appeared recently [14] cover-
ing much of the recent history of studies related to electron-induced strand breaks in DNA.
‘In that review, work on electron-induced bond cleavage in DNA bases (where H atom
“elimination and base radical anion formation occurs), in base-sugar units (where cleav-
_age of the bond comnecting the base to the sugar occurs), and in sugar—phosphate unifs
(where the sugar—phosphate C-0O bond cleaves) is overviewed. In addition, the potential
“role of dipole-bound states in effecting the ‘nitial electron attachment is also discussed in

“Ref. [14].
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