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Low Energy Electron Interactions with Uracil: The Energetics Predicted by Theory
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Low energy electrons (LEES) induce strand breaks and base damage in DNA and RNA via fragmentation of
molecular bonding. This includes the formation of hydrogen atoms freriildnd C-H bond dissociations
in the bases thymine, cytosine and uracil, respectively. To better understand the dissociation of uracil induced
by LEEs, we theoretically characterized the potential energy surfaces (PESs) alonghhand C-H bonds
of the uracil anion, as well as the energetics involved. The PESs show that an activation barrier of less than
1 eV exists for the N—H dissociation with rather flat PES beyond-d = ~1.5 A. The PESs for £&-H and
Cs—H show larger barriers, which increase monotonically with bond stretching. All thid Bihd C-H bond
dissociations are endothermic; the adiabatic PESs suggest the energy threshold for formation of hydrogen
from N—H and C-H bonds are in the order: 0.78 {NH) < 1.3 (N\s—H) < 2.2 (G—H) < 2.7 eV (G—H).

The H-deleted uracil radicals (U-yl radical family) are found to have exceptionally high adiabatic electron
affinities, namely, 3.46 (N, 3.8 (N), 2.35 (G), and 2.67 eV (€). During the H bond breaking process of

an uracil transient anion, these electron affinities compensate the extra energy needed to breal tire N
C—H bonds. This process may therefore explain the large hydrogen yield found experimentally from uracil
upon attachment of LEEs. Potential applications of this process for the synthesis of uracil analogues using
LEE irradiation are suggested.

Introduction For example, the EAs were calculateth be 3.6, 4.0, 2.5, and

2.8 eV for U-yl radicals at site N N3, Cs, and G, respectively.

By comparing the EAs to the binding energy of hydrogen at
these sites, it was calculafedith the P2MP2 methdd that

the energy thresholds for H abstraction are 0.8, 1.4, 2.7, and
2.2 eV, respectively. These thresholds reflect the overall energy
change, but it is of interest to have a detailed potential energy
surface (PES) along the bond stretch to better describe the course
of H abstraction.

The PES for G—H bond in the uracil anion has been char-
acterized* This work characterizes the PES and the energetics
involved in fragmentation oéachof the C-H and N—H bonds
in the uracil anion and thus provides a more detail de-
scription of the unimolecular dissociation pathways of the uracil
anion after attachment of a LEE. We note that there are two
type of anions of uracil observed experimentally at sub-ex-
citation energie$>19 dipole-bound and valence-bound anion.
Because dipole-bound anions are formed via electron capture
in the long range portion of the potential of the permanent dipole
of a molecule, they are likely to be absent in the condense phase,
particularly within a cellular environment. In fact no such states
have so far been observed in the condense phdsEnus, we
focus our investigation to the PESs representing the valence-
bound anions, which are more biologically relevant. However,
calculations for negative ion species with low EAs often find
that the dipole-bound state mixes with the valence states. In
this work we find that DFT calculations are confined to valence
states.

It is now well established that low energy electrons (LEES)
can cause DNA damage including strand breaks, via fragmenta-
tion of its basic constituents (e.g., the DNA bases, deoxyribose
phosphate backbone, and structurgDj'~’ At energies below
15 eV, dissociative electron attachment (DEis)a major mech-
anism leading to the dissociation of these basic constitdénts.
Other cellular macromolecules such as RNA are expected to
be damaged by LEEs in a similar manner. Recent experiféhts
in the gas phase have confirmed that LEEs induce substantial
fragmentation in uracil, thymine, and cytosine via DEA. The
most efficient DEA reaction involves the attachment of a LEE
to form a temporary anionic base that dissociates into a negative
ion plus a hydrogen atom. It was found that for uracil, such a
DEA process can occur even with electron energy well below
1 eV8In anucleic acid several electronvolts would be required
to produce the H-atom from uracilsNH or C—H sites because
the most active Nsite is the site of the ribose attachmént.
The resulting H atoms would be quite damaging, as they may
form sugar radicals by hydrogen abstraction, which could lead
to a strand break. It was also found that LEEs can induce ring
fragmentation of DNA bases, such as thymine and halo-
uracils1t12

The reason uracil dissociates so easily on LEE attachment
has been attributed to the high electron affinities (EA) of the
U-yl radicals® which are formed by detaching one of the four
hydrogen atoms at theiNNs, Cs, or Gs positions. The energy
released by the binding of an electron to the U-yl radical reduces

the overall energy needed to fragment artor C—H bond.
Methods

* Corresponding author. E-mail: sevilla@oakland.edu. Tel: (248)370- iz At ; ; ;
2328, Fax. (248)370-2321. All geometry optimizations, as well as the adiabatic potential
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Figure 1. Adiabatic potential energy surfaces of anionic uracil along
each N-H or C—H coordinate, calculated at the B3LYP/6-8G(d)

level. Energy relative to that of the optimized anion in the equilibrium
state. Zero point energy is not included.

Figure 2. Calculated SOMOs at the equilibrium geometry 1.01 A and
dissociativeo* state (1.99 A) at B3LYP/6-3tG(d). The equilibrium

. . : ion i dominantly in the* state.
provided in the Gaussian 98 program pack&gEhe accuracy SN IS Precominsnty if HIgs Siae

of this level of theory has been well demonstrated elsewiéfe.

It should be pointed out that no dipole-bound state contribution
to the uracil’s equilibrium anionic state is found at this level of
theory2® Adiabatic potential energy surfaces (PES) along the
C—H or N—H bond stretch were calculated using optimization
keyword opt=ModRedundant, with the S action code in the
additional input, which performs geometry optimization for each
point along the specified range of<E{/N—H distances, from
~1 up to 3.0 A. The optimized geometries found along the co-
ordinates were further verified by frozen distance optimizations,
which also served to obtain information about the charge/spin
distributions and molecular orbital symmetry. Transition states
are located by specifying opQST2 keyword, with the geom-
etries of equilibrium uracil anion and the dissociative state as
input.

With the optimized geometries, frequency calculations (with-
out scaling) were performed at B3LYP with the aug-cc-pVDZ . . .
basis set to obtain zero-point corrections to energy (ZPE), the ~ N the current work for the uracil NH and C-H dissocia-
sum of electronic and thermal enthalpié$)(and the sum of ~ tons we find that ther* and theo™ states exist as well. The
electronic and thermal free energi@)(These values were used 77 @nd theo™ states characteristics are visually shown in Figure
to calculate “gas phasetH andAG for each reaction. Energy 2, which shows the SOMO of uracil eqwhprlum gmor_l rqdlcal
calculations at the CBS®level were also performed for com-  (Mostly z* state) and the SOMO of the anion radical in its
parative purposes. CBS-Q calculations give excellent results for State at a local minimum (N-H = 1.99 A). The purer* and
bond dissociations and electron affinities with average errors ¢* States each have a separate potential energy surfaces (PES).
reported for bond dissociations as less than 1 kcal/mol (maxi- FOr €xample, Figure 3 shows several PESs along therN

Multiple low lying PESs had been reported fog-€H and
Cs—X’s of halouracil aniong*2>Two Cs—H PESs were fourld
to correspond to the uracil anion either in planar or nonplanar
geometry, with that in nonplanar geometry lying slightly lower
than that of the planar geometry, as expected, because the most
stable uracil anion is nonplan#r.Three low lying PESs of
anionic halouracils were descridédilong the G—X coordi-
nate: a purer* and aoc* state PESs in planar geometries, and
a lower lying nonplanar mixed state PES in which the nonplanar
mostly 7* state becomes a mostly* state at the crossing of
the two pure states PESs. It is interesting to note that all the
C—H and N—H PESs of uracil anion show much larger barriers
to dissociation than to dehalogenation of the anionic 5-bromo-
uracil (1.88 kcal/mol) and 5-chlorouracil (3.99 kcal/m#ljut
the anionic halouracils have transitional line shapes similar to
those of anionic uracil's NH PESs.

mum ca. 2.3 kcal/mol) for a large range of systéhBor ex- bond: one planar* state at short distances, one planar localized
ample, benzene €H bond dissociation at the CBS-Q level is 0" State at long distances (H atom and U-ythat branches to

in excellent agreement with experiment with yrd 1 kcal a projected localized antibonding orbital, and a_calc_ulatéql
difference. state (based on a symmetry conserved calculation) in which a

dipole-bound contribution becomes dominant at the short
distance minima. The energy of this state is substantially too
high and is not realistic because the basis set used is not
1. Potential Energy Surfaces (PES)Figure 1 shows the  sufficient for describing a true dipole-bound state. Nevertheless,
adiabatic anionic PESs along each-N or C—H bond, calcu- the calculations suggest the tendency, i.e., in a reverse process
lated at the B3LYP/6-31G(d) level, without ZPE corrections.  in which the H atom approaches and forms theHCbond, the
The PESs along the two-NH coordinates lies lower than the  electron will be ejected into a dipole-bound state if symmetry
two C—H'’s. Apparent transitional maxima are found along the is maintained and the system is not allowed to cross over to
N—H PESs near the point of crossing of thitand o* surfaces the lower energy-bound* state. The lowest energy nonplanar
(see below) but are basis set dependent and diminish with themixed state shown in Figure 1 provides the low energy path
larger basis set aug-cc-pVDZ. However, thel@ PESs exhibit between the initial mainlyr* state and final nonbonding*
a monotonically increasing potential as the bond stretches.  state. The surface at the energy minima at short distances is

Results and Discussion
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60 TABLE 1: Energetics for Infinite Separation in the Gas
Phase (kcal/mol, ZPE correction included): Uracil Anion (or
Neutral) — U-yl~ + H

anion as reference  neutral as referenggs g
' Hsite method AE AH AG AE AH AG AE°

40 . /planarx*stats N;  DFT® 21.47 2237 15.72 16.40 17.71 9.84 185

50 . projected localized valence o* state
T »

CBS-@ 19.47 20.07 13.47 19.43 20.02 12.26
‘ Ns DFT  33.90 34.95 27.96 28.82 30.28 22.08 32.3
hm“Z@fi"*ﬁ'lenﬂeﬂ"‘stﬁ'te\ CBS-Q 31.49 32.08 25.00 31.45 32.04 23.78

*7 Cs DFT 66.30 67.46 60.12 61.23 62.79 54.24 62.3

CBS-Q 64.78 65.38 58.02 64.74 65.33 56.80
Cs DFT 52.33 53.31 46.53 47.26 48.64 40.65 50.7
CBS-Q 51.36 51.95 45.16 51.31 51.91 43.95

aB3LYP/aug-cc-pVDZ, based on geometry optimized at B3LYP/
6-31+G(d). P At 298.15 K.¢ P2MP2 method.

20 +

Relative Energy (kcal/imol)

energy input of at least 0.8 eV is necessary for the dissociation
| ; | — to occur. At 0 eV an electron should not be able to induce DEA
18 2 22 24 28 in uracil. In fact, the experimental observatiaf uracil anion

N-H distance (A) fragmentation near 0 eV is now recognized as an artf&tt.
Figure 3. Uracil anion radical PESs along the;NH coordinate, 2. Energetics.More accurate energetics data are necessary
calculated at the B3LYP/6-31G(d) level. The green curve represents  besides the PES to show the general tendency. Two sets of data
the planar valencer* state in which symmetry is conserved during \yere calculated for the dissociation of the uracil anion: one is

the calculation. On allowing for molecular relaxation the lowest energy P _ . ;
blue curve is found, which starts at short distances within a maifly by DFT B3LYP/aug-cc-pVDZ//6-31G(d); the other is by the

state and at long distances, crosses to*astate. Conservings* complete basis set method (CBS&QJ.able 1 lists theA\E, AH,
symmetry and calculating from long (2.6 A) to short distances we find @ndAG calculated by both methods for dissociation of an uracil
the same energies until 1.4 A at which the calculations deviate to lower anion into infinite separationf@ H atom and a fragment U-yl
energies by mixing with a diffuse state (not shown). The red section is ion. These values were also calculated using neutral uracil as

0.8 1 12 1.4 16

a projection of an expected localized state to short distances. reference.
1.00 For the uracil anion as reference, the values by DFT are ca.
] - 2.5 kcal/mol systematically higher than those by CBS-Q. How-
0.90 ever, with neutral uracil as reference, DFT is generally lower
] than CBS-Q by ca. 2.5 kcal/mol. This difference arises from
0.80 ! the difference of electron affinity of uracil calculated by each
] method, which are 0.22 eV (5.1 kcal/mol) by B3LYP/ aug-cc-
0.70 4 pVDZ and 0.002 eV (0.04 kcal/mol) by CBS-Q. With this
] exception, both methods are in good agreement. These levels
0601 of theory (especially CBS-Q) are sufficient to give reasonably
050 - accurate predictions of the bond dissociation energy. However,
& for the CBS-Q method, which involves multiple step calculations
0.40 ] at HF, MP2, QCISD(t), and MP4 leveté,we find that the
] —%—N1-H energy difference between the neutral and the anion is negligible;
030 1 this suggests no significant binding of the electron to the neutral
] ——N3-H molecule. This brings in the possibility that diffuse states such
0.20 ] —= C5-H as the dipole-bound anionic stétenix with the valence state.
Support for this possibility comes from a check of the natural
0.10 =+~ C6-H bond orbital analysis for the CBS-Q calculation, which shows
about one-third of an electron is in diffuse Rydberg type orbitals
0.00

T R ' ' (0.338) for the uracil anion radical at its minimum. The CBS-Q
1 12 14 16 18 2 22 24 28 28 3 . .
calculation suggests the valence- and dipole-bound states are
Distance (A) quite close in energy. Experiments for uracil anion show the

Figure 4. Spin distribution on the hydrogen as it leaves uracil anion. dipole-bound state is stable by 0.0938/and the valence
Method: B3IYP/6-3#G(d). See Supporting Information for the  glectron affinity is near 0.070 e¥?® Assuming the experiments
corresponding charge distribution drawing. are correct, we would conclude the DFT calculation overesti-
dominated by a delocalizett state that has no significant effect ~mates the valence electron affinity by ca. 0.15 eV (3.5 kcal/
on the N-H or C—H bond strength. At longer distances a truly mol).
antibonding and localized* state is found in which the electron From these results it is obvious that least energy is required
is captured by the 2done orbital on the N or C atom that is  to detach a hydrogen atom fromy Mf anionic uracil, with a
bonded to the leaving H atom. The spin densities on hydrogen minimum energy input of around 20 kcal/moi-Q.87 eV),
reported in Figure 4 are an excellent reporter of the fraction of followed by Ns. Then G and G have the most difficult bonds
the localizedo™* state. to fragment (Table 1). Taking the electron affinity of neutral

The PESs shown in Figure 1 reflect the energy path for uracil into account, the threshold energies for fragmentation are
dissociation of a hydrogen atom from a valence-bound uracil ca. 18 kcal/mol (0.78 eV) for N 30 kcal/mol (1.3 eV) for I,
anion. Clearly, these paths suggest that such processes are n&0 kcal/mol (2.2 eV) for G, and 63 kcal/mol (2.7 eV) for £
thermodynamically favorable; the calculations suggest that an estimated from both DFT and CBS-Q data sets. By comparing
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TABLE 2: Energetics for N—H Separation (A) to Plateau
Minimum of the Uracil Anion Radical @
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TABLE 3: Adiabatic Electron Affinities of U-yl Radical
Family (eV)

B3LYP CBS-Q
N—H at plateau AE AE
Hsite  minimum 6-31+G(d) aug-cc-pVD2 N—-H AE
N1 1.99 22.27 23.74 (19.19) 2.97 19.01
N 2.01 36.96  37.39(32.18)

2 AE = E(N—H = 1.02 A) — E(N—H at plateau minimum) in kcal/
mol. ® Based on B3LYP/6-3+G(d) geometry¢ Values in parentheses
are ZPE corrected.

30.0

25.0 -

=

— B3LYP/6-31+G(d,p)

20.0 -

Relative Energy (kcal/mol)

15.0 ]

1 — B3LYP/6-31+G(d)
10.0 ] ——B3LYP/aug-cc-pvdz

— B3LYP/gen: 6-311++G(3df,2p)

] for N1 & H, others 6-31+G(d)
5.0 1

1 — B3LYP/gen: aug-cc-pvdz for N1

& H, others 6-31+G(d)

0.0 W

08 1 12 14 16 18 2 22 24 26 28 3
N1-H distance (A)
Figure 5. Comparison of uracil anion’s NAH potential energy surface
calculated with different methods.

these to the U-yl ion yield curve reported by Hanel et &lthe

H removed site
Nq N3 Cs Cs

B3LYP/6-31+-G(d)  3.46 (3.48) 3.78 (3.82) 2.34(2.30) 2.67 (2.68)
B3LYP/aug-cc-pVD2 3.44 (3.46) 3.79 (3.84) 2.34(2.30) 2.66 (2.66)
CBS-@ 3.49 4.16 2.38 68

ref & 3.6 40 2.5 2.8

aValues in electronvolts. Values in parentheses are without ZPE
correction.? B3LYP/6-3H-G(d) geometry¢ 298.15 K.4 P2MP2 method.

on H increases steadily. It increases more rapidly at shorter
distances, especially for the N centers, and tends toward a
saturated value of 1 beyond 1.5 A. On the other hand, the charge
distribution on H (figure available as Supporting Information)
shows that at normal NH or C—H distance, the net charge on

H is positive, which decreases quickly initially as distance
increases and approaches a neutral value of 0. Both spin density
and charge distribution on H suggest that the H is departing as
a neutral atom, the remaining fragment is, of course, a negative
ion.

The unpaired spin distribution in the uraait anion radical
at its minimum energy is localized largely at @60%; see
Supporting Information) with no substantial spin af. Chis
likely accounts for the lower barrier to dissociation fos~H
vs that found for G—H as well as the delay in spin transfer to
H in the G—H (Figure 4).

4. U-yl Radical Family. The geometry of the four radicals
and their electron adducts (anions), optimized at the B3LYP/
6-31+G(d) level, are provided as Supporting Information. The
electron affinities of the U-yl radicals have been considered a
major contributing factor in the breaking offNH or C—H bonds
after attachment of an electron to urdtiTable 3 lists the
adiabatic electron affinities (AEA) of this radical family
calculated by three methods: B3LYP/6-B&(d) or aug-cc-
pVDZ basis set, and CBS-Q. The three set of data are in
excellent agreement, except that the results fooy\the CBS-Q

threshold peak at 0.7 eV is only 0.1 eV below the value found method differ significantly from those obtained by the DFT
for N;—H dissociation, whereas the highest peak located at ca. method. Clearly, the AEA of this radical family is in the order
1.1 eV is 0.2 eV below our calculated value for N3 N3 (3.8 eV)> Nj (3.46 eV)> Cg (2.67 eV)> Cs (2.35 eV).
dissociation. However, in the actual experiment thermal energies  Abdoul-Carime et af® had estimated the vertical detachment
will lower the effective barrier; thus dissociation from vibra- energy for the U-yl anion at “€ to be 3.2-3.5 eV, on the
tionally excited states, as well as possible interaction of the basis of experimental observation. We have repéttibe VDE
dissociative anion with the environment, may alter the resonanceof this anion to be 2.74 eV, calculated at B3LYP/6+33(d)
pattern. and without ZPE correction. There is a gap between the

Table 2 lists the N-H distances to the minimum in the plateau theoretical value and experimental estimate, and we were unclear
of the PES and the energy changes relative to equilibrium anion.on the reason. However, the data listed in Table 3 provide a
Energetics calculated with different basis sets give slightly likely explanation for the gap; i.e., the experimental resonance
different values. This basis set dependence is expected and ipeak used to estimate the VDE is likely the result of hydrogen
not large. lost from the N position.

Figure 5 shows the basis set dependence of the shape of the The substantially higher electron affinities at the nitrogen
PES surface for the NAH separation. Clearly, the small radical sites vs the carbon radical sites in Table 3 suggest that
transition barrier is basis set dependent and is not present inon approach of the hydrogen atom to the uracilyl anion fragment
the G—H or Gs—H surfaces although it is also present in the the energetics would be substantially different for N and
N3 —H surface. Thus, the small barrier for¥1 may be an C—H systems, as is found in the potential surfaces calculated
artifact of the calculations. However, results presented below in this work (Figure 1). Further, it is possible that the small
suggest an alternative explanation; i.e., the barrier is real for repulsive potential found for the H Uyl(N—) surfaces is real
N—H surfaces and nonexistent for-El surfaces and a result of the stability of the UyldN) system. The shapes

3. Charge and Spin Distribution as the H Atom Recedes. of the potential surfaces predict that an approaching hydrogen
Multiple fragments from dissociation of uracil or other bases atom is more attracted to the carbanion sites than nitrogen anion
after LEE attachment have been identiffdd:12Here we show sites. This is also indicated in Figure 4, which show the
the most likely products resulting from breaking of the-N reluctance of the nitrogen sites to interact toward the hydrogen
or C—H bonds. Figure 4 exhibits the spin density on the atom by spin transfer. This reluctance would have impact on
departing H as the NH or C—H distance is stretched. As can the lifetimes of these species in the gas phase. In the aqueous
be seen, as the internuclear distance increases, the spin densitghase, both types of anions would protonate quickly. Because
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we have found a substantial basis set dependence for this smalCancer Institute of Canada and the NIH NCI Grant RO1CA45424,

barrier, only improved calculations will be able to determine in joint efforts between the Faculty of Medicine of the Universite

it's true magnitude. de Sherbrooke and Department of Chemistry, Oakland Univer-
The ease of production of the uracik ldnion fragment by sity. We gratefully acknowledge use of the MACI cluster of

LEE may find potential applications in synthesis of uracil University of Calgary for part of this work.

analogues. Irradiating a mixture of uracil with potential substitute

compound with LEESs, new uracil analogues may be created. Supporting Information Available: Optimized geometry
Finally we note that recently it was pointed out in other work 0f U-yl radicals and their anion, figure comparing PES. This

thaf” “the largest contributions to the measured DEA cross Mmaterial is available free of charge via the Internet at http:/

sections in the gas-phase arise from the dipole-bound states. ..pubs.acs.org/.

Furthermore, the process yielding such fragments asH)J
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