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The radicals and anions generated from thdébxyriboadenosine molecule were studied using the carefully
calibrated computational scheme describe@lirem. Re. 2002 102, 231. The method employs three different
density functionals in connection with a doulgelus polarization and diffuse functions, DZR-, basis set.

For all species considered, the optimized geometries, energies, and second derivatives were obtained. The
adiabatic electron affinities (AEAS), vertical electron affinities (VEAS), and vertical detachment energies
(VDEs) were determined. The nature of the radicals and anions was investigated, analyzing, respectively, the
spin densities and the highest occupied molecular orbitals. Natural population analysis was applied to examine

the electron distributions. Prediction of substantial positive AEAs in the range of 8.89 eV was supported
by the analysis of the VEAs (0.68.44 eV) to correlate geometry perturbations with the AEA values. Vertical
detachment energies are in the range of £3.85 eV. The energetic order found for the radicals is C(aliphatic)
< N(amino) < O(hydroxyl) < C(aromatic). The radical created at @as found to be the most stable, due
to delocalization of the unpaired electron on the adenine moiety. The anion energies follow the trend N(amino)
< O(hydroxyl) < C(aliphatic) < C(aromatic). Four of the five aliphatic anions are subject to dissociative
behavior. This finding has several biological implications and may explain the possible degrees of damage to
the DNA double strand.

1. Introduction

There is broad scientific interest in the replication, translation,
and transduction of genetic information stored in DNA. A major,
but less understood, problem is the chemistry of DNA damage
and how this is reflected in the living cell metabolidiamages
to the genetic information and strand breaks in the structure
may be caused by different factors, for example, reaction with
chemical species or interaction with highly energetic photons
and electrons. These sources of damage have been investigated
experimentally on both DNA and some model systems involving
radicals?~” photons$™1° and electron$' 14 Some of these
sources of damage are correlated among themselves. For

- o . . . Figure 1. Numbering scheme of'2leoxyadenosine. The atoms are
example, irradiation of a water containing medium will produce indicated with the following colors: C gray, H white, N blue, and O

hydroxyl radicals and also electrons. This makes the problem o The |etters a and b are used to distinguish between hydrogens linked
more complex, as different effects must be taken into consid- tg the same atom.

eration.

Comprehension of the mechanisms underlying these experi-Poth semiempirical and DFT metho#fs:® Concerning the sugar
mental observations requires the chemistry of the basic com-ng, Several authors have investigated ribosejebxyribose,
ponents to be known. DNA is commonly viewed as a polymer and their radicals at Hartred-ock and correlated levels of

of nucleotides. Each nucleotide is composed of a phoshate grougN€ory. but no work on the anionic states is knoWr? ,
linked to a 2-deoxyribose ring, which is in turn linked at the A number of aspects of the adenine nucleoside and nucleotide

Cy position to a purinic or pyrimidinic base. have already been studied: the crystal strudgg@ﬂ the gas
Many theoretical and experimental studies have elucidated phase structure obtained by ion mobility methethe chem-

the chemistry of the nucleic acid components. The free nucleic Istry Of.tWO radicals derived frqm adgn05|ﬁ§and a ggneral
acid bases have been studied by different authors from boththeoretlcal stud)gof the nucleoside radical anions by Richardson
the experimentah15-21 and theoreticd? 26 points of view. and co-workerst

Several theoretical investigations of the isolated adenine radicals L‘he talrg_ of tfhti prﬁseqttres?z:chb Is to contrlbuie t?Dtl\kl]i
and anions have been conducted to determine the energeti(gn erstanding of the chemistry ol the basic components o

ordering and to predict the electron affiniti2™2% The y investigating the radicals produced frorad2oxyadenosine

; : : : . (2'-dAdo) by removing one hydrogen atom. The structure and
adenine-thymine base pair has been investigated by means Ofnumbering scheme of 21Ado used in this article are depicted

. . : in Figure 1. In this paper we adopt the standard nomenclature
* Corresponding author E-mail address: hfs@uga.edu. . - . . .
t Scuola Normale Superiore di Pisa. used in SaengerBrinciples of Nucleic Acid Structur@ With
* University of Georgia. Figure 1 in view, it should be noted that adenosine radicals are
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Figure 2. Qualitative structures of the radicals and anions optimized with the B3LYP/BZkethod.

H H ring. For 2-deoxydenosine, there are four major dihedral angles
b ﬁ;ﬁﬁj‘,’l‘]‘g"i\,ﬂ/ﬁmz (B, v, €, andy) and one ribose ring (Figure 3). The starting
76.7° . . A .
168.0° Anon 21015 1366 O number of conformations to be considered is huge, 41 472. The
40.5° s 1413 | L . application of conformational searches to nucleosides, and a
1317 1383 1414 : iori i i i
WO 319 Nt % G\Sﬂ fortiori to nucleotides, is challenging. _ _
0T s Lo 1339 LT \N1 In this research, we face the conformational problem in a
i fyes / s a6 much more intuitive manner. Since the B DNA form is
1.101 . AU . . . .
not P8 H Ca 1385 || L0 124 considered the most important one for biological systérms;

H1108 1428 133\ s _c, M Co. optimized the 2dAdo molecule starting from a conformation
\cv ey a1 Ng/ 4\ = 2\ id%ntical to B DNA, where the phosphgrus atoms connected to
- 5 535 1450 1371 1342°N3 1340 o0 H o

HY s 12 1420, 1480 1452 13 e Oz and Gy were substituted by hydrogen atoms.

Lo oy e oes S e A e Energies, optimized structures, vibrational frequencies, and
’ / N Logs 1103 | /o M spin densities were determined using three generalized gradient
TS A S G VT o approximation (GGA) exchange-correlation functionals: B3LYP,
1106 /1’566 e 1679° BLYP, and BP86. These are combinations of Becke’s exchange
5 1536 | 1.09 i - i
T0oe 0969 (G143 H100s rae funct!onals [the three-parameter HF/DFT 'hybr|d exghange
138,60 0969 1 L% 7160 functional (B3}2 or the pure exchange functional (8)with
Y o84 the dynamical correlation functional of Lee et al. (LY¥Ppr

46
Figure 3. Bond lengths and major dihedral angles in the closed-shell that of Perdew (P86} . . .
neutral 2-dAdo, radicall, and the closed-shell anid) predicted at All computations were performed using douldleuality basis

the B3LYP/DZP++ level. sets with polarization and diffuse functions, DZP. The
) S _ _ DZP++ basis sets were constructed by augmenting the Huzi-

also involved in vitamin B12 reactions, but with no OH group nage-Dunning”#8sets of contracted doubGaussian func-
attached to atom £ tions with one set of p-type polarization functions for each H
. atom and one set of five d-type polarization functions for each
2. Theoretical Methods ~C, N, and O atomdy(H) = 0.75,04(C) = 0.75,a(N) = 0.80,

Several general considerations may be addressed concemningng ay(0) = 0.85). To complete the DZP+ basis, one even-
the adenosine structure. The conformational spaces of thetempered s diffuse function was added to each H atom, while
nucleosides and nucleotides are considerably _corrfﬁl‘&and even-tempered s and p diffuse functions were centered on each
different ways of solving the problem of finding the lowest peayy atom. The even-tempered orbital exponents were deter-

energy conformation may be formulated. In a typical confor- mined according to the prescription of Lee and Schatfer:
mational search, one selects a certain number of starting

structures, representative of the conformational space, and 1% O
optimizes them. One might set up a conformational search that Citfuse = 5 a, + Es 0y
will generate twelve different values for each dihedral angle,

with a spacing of 39 and two conformations for each ribose whereay, oy, andog are the three smallest Gaussian orbital
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exponents of the-sor p-type primitive functions for a given  TABLE 1: Total and Relative Energies of the Radicals
atom @ < oz < ag). The final DZP++ set contains 6 functions ~ Derived from Adenosine (in kcal/mol)

per H atom (5s1p/3slp) and 19 functions per C, N, or O atom B3LYP BLYP BP86
(10s6p1d/5s3pld), yielding a total of 420 contracted functions

g . - relative+ relative+ relative+
for the adenosine molecule and 414 for the adenosine radicalsstructure relative ZPVE  relative ZPVE relative ZPVE

and anions. . ) . 1¢ 00 0.0 0.0 0.0 0.0 0.0

This DZP++ basis set has been used in systematic calibrative 3 c, 2.0 1.9 1.6 15 2.2 2.0

EA studie$§® on a wide range of molecules. These combinations 5 gs' 3.8 3.2 4.2 4.8 4.2 4.2
; i ; 7 Cz 4.4 4, 5. 5.7 5. 5.

of functionals and basis set have been shown to predict electron s o3 67 loa o8 106 103

affinities with average errors less than 0.12 eV in the case of a 3 ij'a 101 10.2 98 101 114 116

closed-shell anion and the corresponding open-shell neutral. An 13 Ng,  11.0 11.1 10.8 11.1 12.3 12.5

unrestricted version of DFT was used for the radicals and the 15 Os  12.1 11.9 10.5 10.5 11.3 11.2

restricted form for the anions. All structures were optimized 17 Os  11.7 12.0 12.2 12.3 13.3 13.4

using analytic gradients with tight convergence criteria. Nu- ;? gz g'g ég'i %2'2 ;2'2 %i'g %i'?

merical integrations were performed using the GAUSSIARL94

default grid consisting of 75 radial shells with 302 angular points

per shell. Vibrational frequency evaluations were done on all the anti arrangement, while the base has a flat structure except

radicals and on all the stable anion structures; no scaling factorfor the amino group hydrogens that are not coplanar with respect

was applied. to the two adenine rings. The-N\C glycosyl bond length is
Adiabatic electron affinities were computed as the difference 1.452 A, compared to the experimental crystallographic value

between the absolute energies of the appropriate neutral andfound for 2-deoxyadenosine monohydréfe1.472 A. The

anion species at their respective optimized geometries largest deviation in the dihedral angles is observegf(ils—
Os—Cs—Cy), which has a theoretical value of 177 versus214
AEA = E i~ Eanion in B DNA.%6 Here, it is important to consider that in DNA the

values of the structural parameters are strongly dependent on
The vertical electron affinities were computed as the energy the neighborhood of the nucleotide and that, locally, large
difference between the neutral species and the anion speciesgeviations from the average values are observed. This candidate
both at the optimized neutral geometry structure was used to generate all the radicals and anions
VEA = E E considered in the present in_vestigation. The_total energy at the
anion (neut opt) B3LYP/DZP++ level for this conformation is-888.504 30

: : Hartree.
The vertical detachment energies were computed as the energy i . . .
difference between the neutral species and the anion species, S_ta_rtlng from an A.DNA conformatlon_, we obtained a _f|naI
both at the optimized anion geometry op’qmlzed structure with @endoconformatu_)n at the sugar ring.
This form was found to be less stable with respect to the C
endq the energy difference being very small, less than 0.3 kcal/
mol. The starting structures for the radicals were thus obtained
For all of the radicals, plots of the total spin density were by removing one hydrogen atom from the-€ndo 2'-dAdo
computed. This quantity is given in standard DFT methods by molecule. The anion structures were obtained starting from the

neut (neut opt)

VDE = Epeyt (anion opty~ Eanion (anion opt)

the difference between the densitymfandj electrons: optimized radical geometries.
3.1. Geometry and Energetics3.1.1. 2-dAdo RadicalsThe
o) = p*(r) — pﬁ(l’) optimized structures of the radicals and anions computed at the

B3LYP/DZP++ level are sketched in Figure 2. The total and
relative energies of the radicals are reported in Table 1. The
numbering scheme adopted is such that the radicals are ordered
with increasing energy computed at the B3LYP/DIZP level,

and each radical structure is followed by its anion. Thd&do
molecule contains 13 hydrogen atoms, but only 11 of the
possible radicals have unique structures. This is because there

The total spin density allows us examine the extent of
delocalization of the unpaired electron within the molecular
framework. For the anions, the HOMOs were computed at the
B3LYP/DZP++ level and plotted. Natural population atomic
(NPA) charges were determined using the B3LYP functional
and the DZR-+ basis set with the natural bond order (NBO)

. . 55 .
analysis of Reed and Weinhdtd. _ _ are two carbon centersg@nd G, each having two hydrogen
This paper is a contribution to the chemical physics of 4ioms that are equivalent when abstracted and the structure is

biomolecules in the gas phase. For two reasons, we have nojy,timized. The radicals obtained by rearrangement of the 11
considered solvent effects. The first is practical: the consider- 4 jicals considered here are not investigated, except for the

ation of solvent effects by continuum models would necessarily previously studie®i(5'R)-5',8-cyclo-2-deoxy-7-adeonosy! radi-
degrade the theoretical results. Second, we hold the view that.,| This has an energy 6#887.858 75 hartree, compared to

the deepest understanding of biochemistry will emerge when 6 energy oft, —887.850 34 hartree. Thus, the former structure

the gas phase systems have first been reliably characterizedjiog 5 3 kcal/mol lower in energy.

When this approach is combined with microsolvation studies  he ragical energies are spread over a range of 26 kcal/mol.
(not currently possible with more than a few solvent molecules), The three functionals used predict minor differences in the

a comprehensive understanding should emerge. energetic order; the following analysis is based on the B3LYP

3 Results functional results. The radicals produced at aliphatic centers are
: more stable with respect to those produced on heteroatoms (N
Optimization of 2-dAdo in the B DNA conformation (as  and O) and on aromatic C; the observed energetic trend for the

explained in the Introduction) resulted in a structure that is in radicals is

good agreement with the average B DNA parameters: the ribose

ring having a G-endoconformation and the purine group in C(aliphatic)< N(amino) < O(hydroxyl) < C(aromatic)
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The geometry of the aliphatic radicals generally differs (without ZPVE correction) to be-13.8 kcal/mol. The experi-

substantially from that of the closed-shell neutratAdo only mental valué® obtained by means of field-ionization mass
around the radical center. The carbon center goes from aspectroscopy is-13.0 kcal/mol.
tetrahedral sphybridization to a planar or almost planar?sp Suppose we pair the'-2dAdo nucleoside to thymine and

hybridization. This causes planarity at the radical center, generate radical by hydrogen abstraction; a raw estimated
resulting in an almost flat radic8land an intermediate geometry  energy difference between the unrotated paired structure and
for the other aliphatic radicals. The conformation of the ribose the rotated nonpaired structure is 10.2 kcal/mol, with the paired
ring is Gy-endofor all the species except for the flat ring radical ~ structure being the more stable. This means that in this model
9. Significant distortions are observed for radiGalin which the base is not able to rotate along the glycosyl link easily
case planarity leads to a more “open” structure, and this can bebecause of the ca. 10 kcal/mol barrier. In DNA, we have to
seen from the distance betweegahd G, which is a measure consider additional constraints, and this will probably exclude
of the distance of the nucleic acid base with respect to the completely the rotation that we are considering.
backbone phosphate chain. The deviation is large considering The rationalization of the stability order of the other four
that in 2-dAdo the distance £-Os is 3.6 A while in radical3 radicals is based on the simply established fact that the radicals
the value increases to 5.0 A. 3, 5, and7 have an oxygen atom in anposition that can give
The conformation of the adenine group with respect to conjugation while the less stakedoes no#® Radicals5 and7
the ribose ring, measured by the dihedral angle are interesting, since they involve atoms that are essential for
x (O4—C1—Ng—C,), experiences an exception in radical the DNA strand integrity. For both those species, the bond length
Detailed structure information for radicdl and anion2 is between the radical center and the neighbor atoms decreases.
presented in Figure 3. Generally, in B DNA an anti conformation ~ The radicals produced on heteroatoms and on aromatic
is found, withy ~ —10C; in 2’-dAdo this angle is equal to  carbons are higher in energy with respecttoy more that 10
—125.2. For radicall, we found that the adenine framework kcal/mol. The isolateédenineradical energetics were inves-
is rotated andy = 178. The dihedrals pertaining to the tigated in a previous papétand the following order was found
backbone £, v, €) do not differ from the values found in'-2 (B3LYP/DZP++ with ZPVE):
dAdo. Relevant geometric distortions are observed in the
proximity of the radical center; in particular, the bond with atoms 11 (0.00 kcal/mol)< 13 (1.07 kcal/mol)<

Cz, Og, and N shorten by 0.040.06 A. The five member ring 19(7.18 kcal/mol)< 21 (14.84 kcal/mol)
of the adenine framework is also affected, in particular the two
bonds N—Cg and N—C,. This compares with the'21Ado results (B3LYP/DZR-+ with

For the aliphatic radicals the observed stability order is ZPVE):

1@1)>4Q@>503)>3[1M>2(9 11 (0.00 kcal/mol)< 13 (0.90 kcal/mol)<

which differs from the order computed for thymidiné 53 19(7.95 keal/mol)< 21(15.85 kcal/mol)

diphosphoric acid radicals studied at the ROB3LYP/6-31G*//

ROB3LYP/3-21G* leveP For the latter molecules the order It is seen that the results do not change substantially in going

from the nucleic acid base to the nucleoside. This would suggest

found is that similar results may be found for the nucleotides. Extending
4(3)>506B)>110)>37)>2(9 those results to the base pair is not possible since hydrogen
bonding interactions with the counter base can have a significant
The torsion motion involving the dihedral angfeand the influence on the energetics, depending on which radical is
high stability of radicall are both features that are not observed considered.
for the thymine derivative but are possible fdrdAdo, since Geometrical changes for the radicals produced on heteroatoms

the unpaired electron in the p orbital ofyGcan undergo and on aromatic carbons are less pronounced with respect to
conjugation with the adenine framework. Delocalization of the the aliphatic radicals. All the structures have a-é&hdo
unpaired electron will lower the energy of the system, such an conformation at the ribose ring. Radicdls and13 created at
argument being based on the particle-in-a-box model. All this the amino group nitrogendthave the remaining hydrogen atom
can happen only if the glycosyl link undergoes a torsional coplanar to the adenine framework. The other radical structures
motion and the p orbital of £is in phase with ther cloud of do not exhibit this feature. Details of the structure of radichl

the adenine molecule. This is not possible in the thymine are given in Figure 4. The major dihedral angles show very
derivative, probably because there is no extensive delocalizationsmall difference with respect to-8Ado, thus indicating that

of the unpaired electron on the pyrimidine ring. the ribose ring is unaffected by radical production; this is also

The latter result is quite interesting, since in DNA the rotation confirmed by the bond lengths which have similar values to
about the glycosidic bond will break the coplanarity of the two the closed-shell neutral molecule. The glycosil link is also
nucleic acid bases in the base pair. The loss of coplanarity resultsunaffected. Substantial changes in the bond lengths of the
in the break of two hydrogen bonds of the base pair and thus inadenine part are observed and interpreted as an effect of
a strand opening. delocalization of the unpaired electron on theloud.

The energy of radical at the geometry of the £endo?2'- Radicals15 and 17 are both created at oxygen atoms. The
dAdo (with the constraing = —125° as found for 2dAdo) is structure for radical5is depicted in Figure 5. Fdr5the G —
predicted to be higher by 3.6 kcal/mol, this being the lowering C4 bond length increases (1.52-A 1.60 A) while the G—Ox
in energy when the conformation changes from the B DNA- bond length decreases (1.42-A 1.35 A) with respect to 2
like to the rotated radical minimum. If this additional stabiliza- dAdo. In this case, the other variations in the geometry are
tion was not possible, the energetic order would probably agree observed near the radical center, the dihedral angles show minor
with the one obtained for the thymine derivative. differences, and the adenine framework is essentially unaffected.

The base pairing energy of adenine with thyminetA — A similar result is found forl7: the G—C4 bond length
AT, is estimated by Richardséhat the BSLYP/DZP-+ level increases (1.54 A~1.60 A) and the g—0g3 distance decreases
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Figure 4. Bond lengths and major dihedral angles in the closed-shell
neutral 2-dAdo, radicalll, and the closed-shell anidr2, predicted at
the B3LYP/DZPt++ level.
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Figure 5. Bond lengths and major dihedral angles in the closed-shell
neutral 2-dAdo, radicall5, and the closed-shell anidi§, predicted at
the B3LYP/DZPt++ level.

(1.43 A— 1.37 A). Radicalsl5 and 17 cannot be formed in

Evangelista and Schaefer

TABLE 2: Relative Energies of the Stable Anions Derived
from Adenosine (in kcal/mol)

B3LYP BLYP BP86
relative+ relative+ relative+
structure relative ZPVE relative ZPVE relative ZPVE
16 Os 0.0 0.0 0.0 0.0 0.0 0.0
12 Nga 0.7 1.6 0.9 1.9 1.6 2.8
14 Ngp 1.2 2.2 15 25 2.1 3.4
22 Cg 5.0 5.0 a a a a
18 Os3 7.4 7.4 6.9 6.8 8.2 8.3
2 Cr 20.9 21.1 19.2 19.5 18.9 19.3
4 Cy 32.0 30.5 b b b b
20 C, 45,5 45.2 45.9 45.6 46.9 46.8

aBLYP and BP86 predict that anion structl22 collapses to that
of anion 16."BLYP and BP86 predicts that anion structude
dissociates.

intermediate situations, but in our case it can be applied without
misgivings. From the experimental point of view, this means
that for certain radicals the AEA cannot be determined by means
of techniques that rely on the formation of a stable anion, for
example as required in photoelectron spectroscopy experi-
ments30

The energetic order of the anions candaetially expressed
as

N(amino) < O(hydroxyl) < C(aliphatic)< C(aromatic)

with some exceptions that will be considered in the following
discussion. Among the radicals produced at the aliphatic
carbons, onlyl gives a stable anion. Anio®, like radical1l,

has the adenine fragment almost coplanar with respect to the
sugar ring, withy = 168 (see Figures 2 and 3). Carbon atom
Cy has an sphybridization, and the glycosyl link is longer than
in1(1.39 A— 1.44 A) and similar to the bond length in-2
dAdo. The two links with the adjacent atomg énd Qy increase

in length, assuming values similar to the ones found in the
neutral 2-dAdo. The only difference in the dihedral angles is
observed for the hydroxyl groupg @nde), probably because
they tend to orient toward the negative charged site, allowing
for electrostatic interaction to increase. Optimization of anion
2 constraining they dihedral angle to the value found fof-2
dAdo (y = —125°) gives a structure that is 10.5 kcal/mol higher
in energy. This compares with the theoretical pairing energy of
AT, —13.8 kcal/mol; thus, our model predicts that in ann

DNA, since the oxygen atoms are part of the phosphate groups.the adenine moiety will be paired to the thymine base, with a
Abstracting a hydrogen atom from the two aromatic carbon stabilization with respect to the rotated form of less than 4 kcal/
atoms results in only small geometry distortions with respect mol.

to 2-dAdo; major geometrical relaxations are observed in the

The B3LYP functional predicts for aniof a structure that

adenine framework and are localized near the radical center. Inis similar to 2-dAdo, with an sp hybridized G and a very

radical21, one effect is the “opening” of the molecule that can
be underlined by considering the-©0s distance increase with
respect to 2dAdo, 3.60 A— 3.95 A. This might be caused by
the loss of hydrogen &l which can interact in '2dAdo with
Os.

3.1.2. 2-dAdo AnionsThe total and relative energies of the

long Gs—Os bond length, 1.61 A, compared to 1.43 A ik 2
dAdo. This is symptomatic of a possible bond break, but the
structure may still be considered to be viable. In contrast, with
the BLYP and BP86 functionals, heterolytic dissociation of the
Cs—0s bond, leading to the hydroxyl anion (Ol is predicted.
The picture in this case is thus different depending on the

anions are listed in Table 2. The anions generated from the functional. BLYP and BP86 agree that the hydroxyl group

radicals adding an extra electron may be divided into two

formed will abstract a proton from the molecule. However, in

categories. In the first category, we have all those species thatBLYP the reaction is with the hydrogen atom linked t@,O
preserve the connectivity of the original radicals, showing only while in BP86 the reaction occurs withgHwhich is linked to
discrete geometrical distortions with respect to the starting the purinic carbon € The product of this reaction is a water
structure. In the second category, we put all those anions thatmolecule and the respective anion. Both of these reactions are
have a different connectivity with respect to the analogous predicted to be exothermic by more that 60 kcal/mol. In DNA
radical and show drastic geometrical changes. In the secondthis reaction would be interpreted as a bond break at the C
category, we observe a dissociation of one, or more than one,Os link, forming a phosphate group that in turn corresponds to

bond. Clearly this classification has some problems with

a single strand break (SSB). In the latter case, it would be
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SCHEME 1: Decomposition Reactions of the Aliphatic Radicals 3, 5, and 9
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only the bond lengths near the;@nd O sites are affected by

considering the rearrangement reaction. The reaction of radicalformation of the anion (see Figure 5). In anib the distance

3 with an electron, leading to the loss of a hydroxyl group from
the G position, was considered, and this reaction is also
reported in Scheme 1 for clarity:

radical3+e —
(9-adenosyl)-2-methylene-tetrahydro-furan-3toOH™

Here, the energy changAF, is found to be slightlynegatve:
—8.1 kcal/mol. This indicates that the dissociation reaction is
energetically favorable.

Anion 6 is dissociative in nature at the4€0,4 bond, and
this entails an opening of the ribose ring. The glycosyl bond
length is increased, going from a value of 1.45 A ird2Ado to
1.60 A, this being symptomatic of a possible bond breakage.
The dissociation reaction at the-XC glycosyl and the rear-
rangement of the ribose ring were studied at the B3LYP/
DZP++ level (see Scheme 1):

radical5+e —
9-adenosyl anior- 3,5-dihydroxy-4-pentenal

The energy change iSE = —53.0 kcal/mol, demonstrating that
the reaction is extremely exothermic. The homolytic cleavage
of the glycosidic bond by reduction of radicalwas found to
have apositive AE, showing that the negative charge is more
stable on the adenine moiety with respect to the product of
decomposition of the ribose ring (see NPA).

Anion 8 is the only structure that has a-@ndoconformation
at the ribose ring. The hydrogen connected tpor@igrates to
Cs, giving simply a different conformer of anial6. Dissocia-
tion of the glycosyl link is also found for aniod0. The

Os—Cg is shorter than for'2dAdo, 3.60 A— 2.87 A, and this
is caused by the interaction of the negatively chargedv@h
hydrogen H. This anion L6) is the lowest lying energetically
of those considered in the present study, probably both for the
high acidity of the hydroxyl group and the stabilization of the
anion by intramolecular interactions. Anioh8, which is
pedagogically created by removal of a hydrogen atom fram O
lies 7 kcal/mol higher in energy, giving us an idea of how strong
is the interaction that stabilizes anid®, since in the former
anion no stabilization from interaction with hydrogen atoms can
occur.

The anions generated (qualitatively) at the nitrogen atoms
and aromatic carbons have the following relative energetic order:

12N, (0.0) < 14N, (0.6) < 22 C, (3.4) < 20C, (43.6)

These results may be compared to the analogous isolated
adeninepredictions?®

12N, (0.00) < 14Ny, (0.5) < 22 C, (18.3) < 20C, (43.8)

We see that the ribose ring does not affect the energetic ordering
and that the only discrepancy is found for anit® This can

be easily explained looking at the geometry of ani8) in
which the carbanion centergGnteracts with the polarized
hydrogen of the @ hydroxyl group by hydrogen bonding. This
has an effect on the 43-Cg distance, making it shorter than in
2'-dAdo, 3.60 A— 2.73 A. Since in the DNA structure the
hydroxyl group connected to=Cis replaced by a phosphate
group, this stabilizing effect would not affect ani@2. Thus,

in DNA anion 22 will be higher in energy with respect to the

energetics of the bond break were computed at the B3LYP/ most stable anion; in this case, the energy should be intuitively

DZP++ level of theory (see Scheme 1):

radical9 +e —
9-adenosyl anior+ 1,2-didehydro-1,2-dideoxyribose

This reaction is highly exothermi®\E = —59.2 kcal/mol.

ca. 18 kcal/mol higher with respect to the most stable anion
12, as in adenine. The BLYP and BP86 functionals both predict
that in anion22 the hydrogen atom #will migrate directly to
Cs, giving a structure that corresponds to ani

Large geometrical distortions at the ribose ring are observed
for the two anionsl2 and 14 created at the amino group (see

The anions generated at the oxygen atoms do not show largeFigure 4). The ribose ring adopts in both cases ane@®do

deviations from the '2dAdo geometry. In anio@6, for example,

conformation that corresponds to an “open” structure; the
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dihedral angled is indicative of this, going from a value of TABLE 3: Adiabatic Electron Affinities (eV) of the Radicals
142 in radicalllto 106 in anion12. This is quite remarkable ~ Derived from Adenosine, with ZPVE Corrected Values in

because the endoconformation of the ribose ring is usually ~arentheses

considered a potential energy barrier for the interconversion of structure B3LYP BLYP BP86
the G-endoto Cz-endoand never as a minimum. Inspection 1 Cr 1.33 1.33 153
of the low vibrational frequencies of aniod® and14 showed (1.36) (1.36) (1.56)

that they arereal, thus confirming that the geometries are 3 Ca 0.94 a a
minima. The @—Cg distances are, respectively, 4.74 and 4.72 1 N (%'gg) aé - az 28
A. The amino group hydrogen is coplanar with the adenine 6a (2.65) (2.56) 2.78)
plane; this was also found only for the related radiddlsand 13 Neb 2.66 257 2.80
13. Bond lengths in the adenine framework differ substantially (2.66) (2.57) (2.80)
from both the closed-shell neutral@Ado and radicall1. 15 Os 2.77 2.62 2.84
Last in the energetic order is found ani@f created at the (2.79) (2.66) (2.88)
2 . . 17 Oz 2.43 2.40 2.58
C, center, which is in an isolated portion of the molecule, and (2.47) (2.44) (2.62)
no interaction with other residues can stabilize the negative 19 C 1.03 0.99 1.14
charge. The conformation at the ribose ring is-€hdq and (1.10) (1.07) (1.22)
the adenine group is rotated with respect to the usual anti form 21 Ce 3.14 3.30 3.40
(3.19) (3.34) (3.47)

(y: —126° — 173), being almost coplanar with the ribose ring.
The optimized geometries of the stable anions were also used *BLYP and BP86 predict that aniohis not stable.

as starting points for geometry optimizations of the respective ag| E 4: vertical Electron Affinities (eV) of the Radicals
radicals. In some cases, this led to lower energy miniZnag, Derived from Adenosine

and 22). These show minor rearrangements in the structures
with respect to the original radical4,(15, and21) caused by
the interaction of the two hydroxyl groups with the adenine 1
moiety. For example, the largest energy stabilization is observed g Cs 0.08 033 0.44
for the radical optimized from anio22, with the energy 7 Ca 0.08 0.34 0.44
difference with respect to radicall being very small, 0.09 eV 9 Cy 1.02 1.12 1.26
(2 kcal/mol). Optimization of the radicals starting from the 1% Nea 2.27 2.17 2.39

structure B3LYP BLYP BP86

Cr 0.19 0.36 0.46
Cs 0.35 0.59 0.69

geometry of aniong and22 led to structures that are identical = ('\)‘eb %-i? g-%g 3'3421
to those of the respective radicésand 17. The third case is 17 05' 516 213 229
represented by aniord®, 14, and20, for which the optimization 19 C, 0.14 0.33 0.44
process results in structures that are very slightly higher in 21 Cs 1.71 1.69 2.15

energy (ca. 0.01 eV) than the original radicals 13, and19.
Therefore, for these radicals there is a local minimum in the for the radicals derived from'2lAdo. This difference is most
neighbor of the respective anion minimum that is higher in clearly represented bg1, which has the highest AEA: 3.14
energy than the minima in which radicald, 13, and 19 sit. eV (B3LYP). This is rationalized by the fact that the energy
This is possible since the anions have very distorted geometriesstabilization derived from the interaction with the ribose ring
and we are comparing portions of conformational space that residues can affect only ani@2, as was already noticed in the
are far away. In this case it is very likely that there would be previous section.
more than one local minimum along the path that connects the  Radicals1 and 3, generated on the aliphatic carbons, show
two different portions of space; thus, the optimization algorithm smaller AEAs, because of the general tendency of aliphatic
can stop in one of the many minima without reaching the carbon atoms to poorly handle negative charges in tife sp
minimum that was obtained starting from tHed2do structure. orbitals. For comparison, the GHadical has an AEA of less
These results confirm the hypothesis of the complexity of the than 0.1 eV.
conformational space and show that there is no guarantee that Radicalsi5and17, produced by removing a hydrogen atom
the structures we have studied ageobal minima in the  from the oxygen atoms, have high AEAs (2.77 and 2.43 eV,
conformational spaces. However, the results for the energetics,yjth B3LYP), and this is quite easily understood since the
show that the different conformations are very near in energy, oxygen atom has a high tendency to accommodate a negative
in a range of at most a few kcal/mol. This result also implies charge.
that all the properties computed as the difference of anion and  The yertical electron affinities are reported in Table 4. These
radical energies should be understood as local. results give insight to understanding the role of geometrical
3.2. Adiabatic Electron Affinities, Vertical Electron Af- rearrangement in the stabilization of the anions and the energy
finities, and Vertical Detachment Energies.The adiabatic  release from the near-instantaneous addition of an electron to
electron affinities were computed with the three different the radicals. Further, these findings make possible a simple
functionals for those anions that are stable. In Table 3 we reportanalysis of the unstable anions that were not taken into
the values computed with and without harmonic zero point consideration in the AEA computations. The fact that the VEAs
vibrational corrections. This correction has little effect on the are lower than the AEAs for all species is symptomatic of the
relative energies; the variation is generally less that 0.15 eV. fixed geometrical rearrangement of the anion nuclei and the
The values are found to be large and spread over a range ofsimultaneous relaxation of the electronic density.

0.99-3.47 eV. In all cases, the VEAs were found to Ipesitive. For the
Comparison can be made with the previously determined aliphatic radicals the values are almost zero (0.08 e\bfand

AEAs of the radicals generated from isolatedenine?® AEA- 7), and the nature of the transient anions (bound or unbound)

(11 Ngg) = 2.55 eV, AEA@L3 Ngp) = 2.58 eV, AEAQ9 Cy) = remains uncertain because of th8.12 eV error bracket of the

0.90 eV, AEAQ1 Cg) = 2.38 eV. The relative order is different method used® We conclude that geometrical rearrangement
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TABLE 5: Vertical Detachment Energies (eV) of the Anions
Derived from Adenosine

structure B3LYP BLYP BP86
2 Cr 2.07 1.94 2.17
4 Cy 1.78 a a
12 Nea 2.80 2.67 2.90
14 Nsb 2.82 2.69 2.92
16 Os 3.17 2.92 3.16
18 Oz 2.67 2.66 2.85
20 C, 1.92 1.84 1.99
22 Cs 3.65 2.92 3.16

aBLYP and BP86 predict that aniohdissociates; see text.

plays a key role in stabilizing aniord and 4. An exception
among carbon radicals is presented by rad&&C,) with a
VEA equal to 1.02 eV (B3LYP).

Radicals produced on heteroatorit, (13, 15, and17) have
high VEA (>2 eV), confirming that the values of these AEAs
are caused by the intrinsic tendency of those atoms to accept
an excess of negative charge, with little contribution to the AEAs
caused by geometrical rearrangements.

The same analysis applied to the aromatic radié@snd
21 leads us to the conclusion that fd® (C;) the geometrical
perturbation is the major contribution to the stability of anion
20. The geometrical rearrangement also contributes substantially
in the AEA of radical21 (3.14 eV), since the VEA was found
to be much smaller (1.71 eV).

The vertical detachment energies (VDES) are listed in Table
5. Large VDEs are found for all the anions considered, with
the smallest one being found for aniéi(1.78 eV). This quantity
may be interpreted in an inverse manner with respect to the
VEA, namely, comparison with the AEAs can tell us how 4 A ,}w
important is the geometrical relaxation of the fixed nuclei in .‘
the transition to the radical from the anion. Significant differ- 5
ences between the VDEs and the AEAsL(eV) are found for J :
anions2, 4, and20. For the other anions, which are created at 19
heteroatoms, there is little difference between the VDEs and
AEAs. Here the same conclusion on the importance of geometry ,z _ 9
relaxation of the fixed nuclei applies to the radicals. As pointed i
out above, an experimental investigation of the anions based

on photoelectron spectroscopy would be able to identify only 7 . 9

of the 11 anions studied due to the instability of 4 of the aliphatic =

carbanions. Figure 6. Spin density of the radicals predicted at the B3LYP/BZP
3.3. Spin Distributions, Nature of the Anions, and Atomic level of theory.

Charges.The unpaired spin densities of the radicals computed . .

with a contour value of 0.001 au are depicted in Figure 6. The character. The same conclusion was drawn for the isolated
five aliphatic radicals1, 3, 5, 7, and9) and the two oxygen  closed-shell adenine aniofThis finding is also supported by
atom radicals{5and17) display p orbital-like spin distributions ~ the fact that the anions are closed-shell species and, as noted in
at the radical centers. It the unpaired electron is partially —the geometry section, significant geometrical relaxation is
delocalized on the adenine five membered ring. observed. The HOMO of anio@ shows an antibonding

In the other six radicals generated on the ribose ring, the bulk character at the £-Os link, confirming the suspected dis-
of the spin density is found near the radical center and is limited SOciative character of this anion showed by the BLYP and BP86
to the ribose ring only. Radica® 5, and7 showz conjugation functionals.
with an oxygen atom in thet position, respectively € Os, The Weinhold natural population analysis (NPA) charges
and @, thus confirming that the higher stability of those radicals were computed. In Table 6 we report the total charge on the
with respect t® has its origin in the proximity of one oxygen ribose and on the adenine fragments for both the radicals and
atom. The nitrogen radicalsl and 13 have typicalz shaped the anions. We also computed the difference between the radical
spin densities, which are almost entirely restricted to the adenineand the anion charges to elucidate how the excess charge is
framework. The highest energy radicaBand21 are character-  redistributed between the two species following anion formation.
ized by the shape of a lone pair protruding from the radical The charge distributions for the neutral radicals are almost
center. Some delocalization effects are observed and may bddentical for all the species. The polarization of the electrons is
interpreted as hyperconjugation, since the symmetry of the spinsuch that for radicals the ribose ring is always found positively
density is not compatible with thatf @ p orbital conjugated charged in the range 0.2®.32. Richardsoi found that for
system. each of the four neutral 2leoxyribonucleosides found in DNA

Examination of the HOMOs of all the anions leads us to the the charge division is the same, with the sum of NPA equal to
expected conclusion that these species have covalent bound.31 for the ribose.
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TABLE 6: Natural Population Analysis (NPA) Charges of of the charge is accommodated og EHnd Q' atoms Agy =

the Radicals and Anions Derived from Adenosine (DZR-+ 0.06 andAgo = 0.08).

B3LYP Method)

radicals anions AP 4. Biological Implications

structure ribose adenine structure ribose adenine ribose adenine From the results reported in the previous section we draw
1 C 032 —-032 2 G -045 —055 0.77 0.23 the following picture, described visually by Scheme 2. We start
3 C 026 -026 4G -063 —037 089 011 from a primary event capable of abstracting one hydrogen atom
5 G 029 -029 6 G -052 -048 081 019 from the B DNA structure. This could be a chemical reaction
; % 8'%2 :8'32 1% G :0'61 :0'39 0.90 010 with some reactive species such as the hydroxyl radical

> . . G 0.10 —0.90 0.38 0.62 o4 . .

11 Nea 0.30 —0.30 12 Na 0.20 —1.20 0.10 0.90 (OH ) The abstraction reaction

13 Ngp 030 —-0.30 14 N, 0.21 —-1.21 0.09 0.91

15 & 027 -027 16 @ -0.63 —-0.37 0.90 0.10 R+ MH—RH+ M*

17 O 027 —-0.27 18 @ -0.64 —-0.36 091 0.09

19 G 029 -029 20 G 024 —-124 0.05 0.95 is possible only for those hydrogen atoms that can be reached

21 G 029 -029 22 G 003 —-1.03 026 0.74 by the reactants. The relative cross section for this reaction may
a Aqis the difference between the radical and anion charges for eachbe intuitively factorized in two terms, one relative to the

fragment,Aq(fragment)= g.{fragment)— ga{fragment). activation barrier energetick, (a rate constant) and a statistical

factor connected to the area available for the abstraction (

The radical that has the ribose most positively charged:is C accessibility area):

Again, this confirms the delocalization of the unpaired electron
on the adenine fragment. Ore1 ™ KeoArel

It is interesting to ask how the anion’s “last” electron will be
distributed in the molecule. Examining the last two columns of The relative rate constaki; has been associated with the bond
Table 6, we find that the charge goes, as intuitively expected, strength by the empirical formi@a
mostly to the site where the hole was created. For the stable
ribose ring radicals, we find that the sum of NPA charges on kre = @ O-3AAEcH
ribose is smaller for the aliphatic carbon radicals (0.77 and 0.89
for 2 and 4, respectively) and higher for the oxygen atom Where AAEc—y is the energy difference between two bond
radicals (0.90 fol5). Anions6 and10 are dissociated species. strengths. The values of the relative rate constag} predicted
Anion 6 follows the general trend, with the “last” electron being for the 2-dAdo aliphatic radicals are
mostly on the ribose ring (0.81), but when dissociated at the
glycosyl link, we find that the negative charge is more stable C, (1)=1.00, G(3=036, G(5=0.15,
on the adenine fragment (this was confirmed by computations C; (7)=0.11, G (9=0.01
of the energetics). Aniod0 also displays this feature; in the
optimized structure most of the charge is on the adenine structureThe other radicals, respectively the ones produced at the
(0.62). In the anions produced on the adenine framework, the heteroatoms and at the aromatic carbons, are much higher in
charge is mostly on the purine ring. Radi@dl has the lowest energy, and thus, the relative rate constant for homolytic bond
Aq (0.74) for the adenine fragment. Again, a look at the break is virtually zero.
geometry helps us understand the reason for this result. The In the B DNA form, the 5and 4 positions are accessible
interaction of G with Hs polarizes the negative charge, and from the minor groove, and a small molecule such as the
this is confirmed by the NPA, which indicates that a fraction hydroxyl radical can reach those two positions. Thpdxition

SCHEME 2: Predicted Fate of the Adenosine Radicals Generated from DNA
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is accessible, on the contrary, from the major grove. This site High energy electrons may also induce ionization reactions
is not considered to be an important abstraction site, probably leading to either the ground state or an excited electronic state
due to both the low accessibility and the low reactivitfhe of a cation
relative accessibilities of hydrogen&,{) in B-DNA are®°-5°
e +MH— (MH)" + 2e", (MH)* " + 2¢e

C,(1)=0.00, G (3=0.44, G (5 =1.00,

Cy (7)=0.19, G (9)=0.11 This cation may in turn experience different dissociation paths

producing both radicals and cations

Combining these two theoretical results, we evaluated the . . . - .
relative cross sectionsi). The highest values were found for (MH)*", (MH)" —M"+H",M" +H

the following sites: . ) .
Once one of the radicals is produced, there are two possible

C, (3)=1.00~ C, (5) =0.95> C, (7) = 0.13> ensuing path?j. The first can bﬁ the reac;ion of the radical with
_ _ one DNA residue, reaction with some other species, or a repair
€, (9)=0.01> Cy (1) =0.00 reaction. The second path entails the binding of one electron to
form an anion and represents the second step toward the damage
of the DNA double strand. This reaction competes with the first
path and can be initiated only by an electron produced from
the primary event, for example, the radiolysis of a water
C, (3)=1.00> Cy (7) = 0.73> C, (9) = 0.06> molecules or by a redu_cing s_pecies. _ _
The nature of the radical will determine the anion produced
Cy (1) =0.00 and the possible damage. According to the present research,

: . ) there are three radical sites in thledAdo molecule that, once
These results imply that the highly exposed (hgd) and high reduced, can generate damage to the DNA double strapd: C

reactive (highke) hydrogen atoms linked tofLand G are the @), Cs (5), and G (9). All those lead to an SSB. Aniof has
most important sites for radical formation when the radical is a dissociative nature with respect to the-€Cs link, a process
generated from another radical. This result may be extended to, 4t is followed by rearrangement at @ form a methylene
the other three nucleosides supposing that.the i.nﬂuence of agroup. The fragment obtained from dissociation of ardais
different base (T, G, or C) would not affect téphaticcarbon et aiso very reactive and can undergo hydrolysis of the enol
radicals’ energetic order. The interaction with highly energetic giner group to form an opened ribose ring (see Scheme 1 for
photons ¢-ray, UV) also affects DNA in many ways. One is  ,q gtrycture). Anions and10 both lead to dissociation of the
direct interaction with the nucleotides, giving dissociative Cr—Ns glycosyl link, giving the 9-adenosyl anion, a rearranged
excited states or phot(_)ionization of the nucleotides followed opened ring, and a closed ribose ring, both containing an enol
by deprotonation, that is ether group that may be hydrolyzed (Scheme 1). From the
energetic point of view, the three radicals that lead to damage
have high stability with respect to the other possible radicals
[1.9 3), 3.9 6), and 8.7 9) kcal/mol with respect td], leading

to the conclusion that they can be formed easily. As we have
pointed out before, steric effects reduce the probability of
producing radical® when the primary event is caused by a
radical.

Investigation conducted on a model dtdzoxyribose at the
MP2/6-31G* level of theory gave the following relative cross
sections for the '+-4' sites, in accord with our findings:

hw+MH — (MH)" +e =M +H + e

A second possibility is generation of radicals from the
molecular environment (for example Offom water) that can
in turn abstract a hydrogen atom from the nucleotites.

The reaction of DNA components with electrons has recently
gained much attentioH;1421.60-62 Different mechanisms are

considered to be relevant depending on the energy of the 4 E)épleorlmenkt)al ]ceVIdan?thI' theltd|sfs?hC|alt|ve hature °f”€’“?'0“5
electrons. Two energetic ranges are typically considered by an may be found In the results of the low-energy collision-

experimentalists, lowH < 15 eV) and highf ~ 15100 eV). induced dissociation experiments of Rodgers &t #hese were

At low energy, resonant mechanisms are thought to predomi- interpreted using a mephanism that involves an in?tial proton
’ transfer from the rybosil group to the phosphate anion to form

nate. For example, dissociative electron attachment can lead to” . . ) . . .

the formation of radicals and a hydride anion anions at the ribose ring. Two major deprotonation sites were
’ found, the 2 and the 5 positions on the ribose ring, that

€ + MH — (MH)* ™ — M* + H™ correspond in our case to the anions obtained from rad&als

and 9. The dissociation products derived from the unstable
Another possible mechanism for radical formation is electron anions correspond to those predicted for thel&do anions
autodetachment from the transient molecular anion, (MH)*  (Scheme 1).
This event may lead to an excited electronic state that is The formation of 58-cyclo-2-deoxy-7-adenosil radical from
dissociative in nature and can undergo homolytic bond breakageradical 5 can be one of the processes competing with the

at one bond reduction of 5. This reaction was studied in the-@Ado
molecule by Chatgilialoglu et af.who do not mention the
e +MH— (MH)* " — (MH)* + & —M"+H +¢e reduction pathway, probably because cyclization is predominant

with respect to if. The measured rate constant for the cyclization
At high energies, nonresonant mechanisms such as inelastiaeaction of5 is of the order of 1®s~1. The authorsalso expect
scattering of electrons may lead to the formation of a neutral that in DNA the rate constant will decrease considerably due
excited electronic state that may have many dissociative to both enthalpic and entropic effects. It is important to observe
channels leading to both homolytic and heterolytic bond that the geometrical rearrangement that leads to this molecular
breaking, species might have a high transition state energy in DNA,
because of the geometrical constraints that are found in the
(MH)* —M* + H°, Mt +H, M~ +H', etc. double strand and which do not exist in the model molecule
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2'-dAdo. On the contrary, the three radic8|s5, and9 produce radicals1l and13. The closed-shell anion HOMOs are found

dissociative potential energy surfaces in the anionic states, andio have the expected covalent nature for all species considered.

no transition state has to be climbed to reach the final structures. 5. The biological implication of the instability of aniors

The effect of this may be that in DNA the ratio of the reaction 6, and 10 is the generation of single strand breaks of DNA.

rates for the rearrangement and the reduction step will see theThe radicals that lead to these anions are more easily formed

reduction path favored. for both energetic and steric reasons. Reduction of radcal
Even if this discussion is centered on the radical chemistry, gives a bond break at thes©Cs link, while radicals5 and9

we stress the fact that the damage produced because of théose the base under the form of the 9-adenosyl anion. The

dissociative nature of the anions can ocdurectly if there is a reduction step, competing with other mechanisms, such as

path leading from the neutral structure to the closed-shell anions.internal rearrangement (mainly cyclization), reaction with other

The recent studies on highly energetic electtérié have reactive species, and repair reactions, determines the extent of

suggested that production of excited molecular states can leadthis type of damage.

to heterolytic dissociation, with this representing a direct
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