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Abstract: In order to address problems
such as aging, cell death, and cancer, it
is important to understand the mecha-
nisms behind reactions causing DNA
damage. One specific reaction implicat-
ed in DNA oxidative damage is hy-
droxyl free-radical attack on adenine
(A) and other nucleic acid bases. The
adenine reaction has been studied ex-
perimentally, but there are few theoret-
ical results. In the present study, ade-
nine dehydrogenation at various sites,
and the potential-energy surfaces for
these reactions, are investigated theo-
retically. Four reactant complexes
[A--OH]J have been found, with bind-

and +40.8) kcalmol™' below A+ OH;,
respectively. Thus the lowest lying
[A--OH] complex faces the highest
local barrier to formation of the prod-
uct (A—H)'+H,O. Between the transi-
tion states and the products lie six
product complexes. Adopting the same
order as the reactant complexes, the
product complexes [(A—H)---H,O] lie
at —10.9, —22.4, (-24.2 and —18.7),
and (—20.5 and —17.5) kcalmol™!, re-
spectively, again relative to separated
A+OH'. All six A+OH — (A—H)'+
H,0 pathways are exothermic, by
-03, —-14.7, (-17.4 and -7.8), and
(=13.7 and —7.8) kcalmol™!, respec-
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tively. The transition state for dehydro-
genation at Ny lies at the lowest energy
(=5.4 kcalmol™! relative to A+OH’),
and thus reaction is likely to occur at
this site. This theoretical prediction
dovetails with the observed high reac-
tivity of OH radicals with the NH,
group of aromatic amines. However,
the high barrier (37.1 kcalmol ™) for re-
action at the Cg site makes Cg dehydro-
genation unlikely. This last result is
consistent with experimental observa-
tion of the imidazole ring opening
upon OH radical addition to Cg. In ad-
dition, TD-DFT computed electronic
transitions of the Ny product around

ing energies relative to A4+OH’ of
32.8, 114, 10.7, and 10.1 kcalmol ™.
These four reactant complexes lead to
six transition states, which in turn lie
+4.3, =54, (—3.7 and +0.8), and (-2.3

Introduction

Cellular DNA contains the complex hereditary information
of living organisms. Organisms must maintain the integrity
of their DNA in order to remain healthy and propagate.
Both normal metabolic activities, and environmental effects
can damage DNA.'"®! When damage accumulates to the
extent that it can no longer be repaired, three major prob-
lems may occur. These are senescence, programmed cell
death, and carcinogenesis, and are manifested by aging, neu-
rological syndromes, and cancer. Thus, the identification and
repair of DNA damage is an important factor in improving
human health and longevity. A tremendous amount of re-
search has focused on the causes of DNA damage, both exo-
genously and endogenously. Oxidative damage of cellular
DNA by free radicals may be a significant factor in human
carcinogenesis.’>**l There are several reactive oxygen spe-
cies commonly present in biological systems. Of these, hy-
droxyl free radical ("OH) appears to be the most damag-
ing.***3 Normally, hydroxyl radical is present at low con-
centrations, due to the metabolism of oxygen. Higher con-
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420 nm confirm that this is the most
likely site for hydrogen abstraction by

dehydrogena- .
hydroxyl radical.

centrations are caused by respiratory bursts, or acute expo-
sure to oxidizing agents such as ionizing radiation®® or
UVA solar light.®” Solar radiation is strongly implicated in
the induction of human skin cancers, including squamous
cell and basocellular carcinoma, along with malignant mela-
noma.P”!

Approximately half of the damage caused by OH radicals
occurs on nucleobases. Nucleobases are the structural units
which carry genetic information in DNA and RNA. The five
principal nucleobases are guanine (G), cytosine (C), adenine
(A), thymine (T), and uracil (U). Thymine is only present in
DNA, while only RNA contains uracil. Of the four DNA
nucleobases, guanine is the most likely to be attacked by
OH radicals. The probability that guanine will suffer an ini-
tial ‘OH attack is 36 %, while adenine, thymine, and cytosine
have initial attack probabilities of 24, 22, and 18 %, respec-
tively.®®! Because of this, the one-electron oxidation of gua-
nine is of great interest, particularly oxidation by OH radi-
cal. The gas-phase dehydrogenation reaction of guanine
with OH radical was studied by Colvin and co-workers!"!
using Car—Parinello molecular dynamics in 2002. Ny, is pre-
dicted to be the most favorable site for dehydrogenation.
Guanine can under go ‘OH addition at its C, or Cg positions;
however, this is less favorable than N;; dehydrogenation. Of
the two addition products, the Cg-hydroxylated radical is
more stable. Compared to the N;; dehydrogenation product,
the Ny dehydrogenated product lies 1.9 kcalmol ' higher in
energy, and the N, dehydrogenated product is 3.4 kcalmol ™
higher. Dehydrogenation at Cg is strongly disfavored, being
26.9 kcalmol™' higher in energy at the B3LYP/6-31++G-
(3df,3pd) level. The free-energy dehydrogenation reaction
barrier is predicted to be lowest for Ny (0.15 kcalmol ™), fol-
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lowed by Ny; (0.86 kcalmol ™) and Cg (9.64 kcalmol ™). Be-
cause of the low barriers for Ny and N;;, these reactions may
occur spontaneously, even at low temperatures. For the Cg
position, dehydrogenation occurs at a reasonable rate at
room temperature but would be slow at low temperatures.

In more recent work, Chatgilialoglu and co-workers ex-
perimentally studied the reaction of the OH radical with
guanosine and 8-bromoguanosine using absorption spectros-
copy, in an effort to reevaluate the ambient reactivity of
guanine moieties toward ‘OH radicals.”” A broad band at
616 nm implies that the major reaction between guanine
and the OH radical is hydrogen abstraction from NH,, fol-
lowed by tautomerization. Hydroxyl radical addition at the
C, position is less important.

There is controversy concerning Chatgilialoglu’s interpre-
tation of his guanine experiments.” Previous studies indi-
cated ‘OH radical adds to the C,, Cs, or Cg positions on
purine bases and their derivatives."**! These hydroxylated
radicals and the subsequent ring-opening or dehydration re-
actions have been characterized by their redox proper-
ties.'”*>*] Even though direct hydrogen abstraction by ‘OH
radical may not, at present, be known to be the predomi-
nant reaction with guanine, it is important to study all the
ways in which free radicals can cause oxidative DNA
damage.

Adenine has the second highest initial ‘OH attack proba-
bility, so it is also of great interest. Hydroxyl radical typical-
ly adds to the double bonds of adenine to yield C,, Cs, and
C; radical adducts.***# Of these three products, the
A40OH radical constitutes more than 81 % of the hydroxylat-
ed radicals generated.*! The A40OH radical adduct is a
weak oxidant. However, like guanine, A4OH can lose a
water molecule and become a strong oxidant, the (A—H)
radical. The second most abundant radical product is
AS8OH, which comprises about 18 % of the radicals generat-
ed. This radical is actually predicted to form the products
8-hydroxyadenine, 5-formamido-4,6-diaminopyrimidine
(FAPy), (FAPyG), and 5'-cyclo-2'-deoxy-adenosine.””! Vieira
and Steenken studied the transient species formed during
the aqueous reaction of OH radical with adenine. Using a
combination of conductance, optical detection, and absorp-
tion spectroscopy, they monitored the reaction of the OH
radical with fully alkylated adenines, such as N° N°-dime-
thyladenosine, and N° N°, 9-trimethyladenine.™*! Either de-
hydroxylation or dehydration can occur when OH radicals
add at C, or Ci; sites. This is evidenced by a decrease in opti-
cal density (OD) at 400 nm. If the OH radicals add at the G
site, ring-opening occurs and the OD at 330 nm increases. A
2008 study by Naumov and Sonntag’! confirmed the earlier
indications that OH radicals form an adduct with adenine at
the C, position. The adduct undergoes proton or hydrogen
transfer, followed by dehydration, to form an Ng-dehydro-
genated radical. On the other hand, if the C8 adduct is
formed, ring-opening occurs. The product is 5-formamido-
4,6-diaminopyrimidine (FAPy). X-ray radiation™*=" or OH
radicals"** can attack the C,, Cg, Ny, Ng;, or Ng, positions
directly, producing neutral radicals or ionized species.[***"
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In the realm of quantum chemistry, a plethora of highly
interesting large systems have not yet been explored, includ-
ing many DNA subunits. For sufficiently small species, wave
function methods yield excellent results, accurate to within
1 kcal mol 12331 This chemical accuracy is only possible for
systems with a limited number of chemically active elec-
trons. On the other hand, density functional theory (DFT)
holds promise for very large systems.”*> It is typically
more accurate than Hartree—Fock theory and semi-empirical
methods, but is efficient enough to be applied to large mole-
cules. Because of this, DFT is an effective method for quan-
tum chemistry applications.

Neutral adenine® and five dehydrogenated adenine radi-
cal derivatives®” have been considered in previous theoreti-
cal studies. However, the mechanisms of crucial dehydro-
genation reactions have not been fully unravelled. Specifi-
cally, the energetics and associated transition states for de-
hydrogenation of adenine by OH radical (A+'OH—'A—
H+H,0) are not known. The present study elucidates the
potential energy surfaces for dehydrogenation of adenine by
‘OH radical. The corresponding reaction pathways and ener-
getics are provided, and should shed light on related bio-
chemical experiments.

Computational Methods

The generalized gradient approximation exchange-correlation B3LYP
functional was employed in this work. This method has predicted reason-
able results for DNA bases, base pairs, and anions®**! in previous re-
search. This functional is a combination of Becke’s 3-parameter HF/DFT
hybrid exchange functional (B3)!” with the dynamical correlation func-
tional of Lee, Yang, and Parr (LYP).[%)

The B3LYP method is adopted along with double-C quality basis sets
with polarization and diffuse functions (denoted as DZP++). The
DZP ++ basis sets are created by augmenting the Huzinaga-Dunning set
of contracted double-C Gaussian functions with one set of p-type polari-
zation functions for each H atom and one set of five d-type polarization
functions for each first-row atom. To complete the DZP++ basis, one
even-tempered s diffuse function was added to each H atom, while even-
tempered s and p diffuse functions were centered on every heavy atom.
The even-tempered orbital exponents were determined according to the
prescription of Lee [Eq. (1)].* in which a;, a,, and a; are the three
smallest Gaussian orbital exponents of the s- or p-type primitive func-
tions for a given atom (a; < a, < as).

e o
Gaiffuse = 5 (Ot_z + a—2>(11 1)

The final DZP++ set contains six functions per H atom (5s1p/3slp) and
nineteen functions per C, N, or O atom (10s6p1d/5s3p1d). There are 220
contracted functions for the adenine molecule, 245 functions for adenine-
OH complexes, and 214 functions for dehydrogenated adenine molecules.
This combination of functionals and basis sets has the tactical advantage
that it has previously been used in comprehensive benchmark studies!®!
of a wide range of electron affinities.

The binding energies for reactant complexes (A--OH) (BE1) and for
product complexes [(A—H)--H,O]" (BE2) were evaluated according to
the following definitions given in Equations (2) and (3).

BE1 = E(A) + E(OH")—E[(A - - - OH)] @)

BE2 = E(A) + E(OH')—E['(A—H) - - - H,0] 3)

Chem. Eur. J. 2010, 16, 11848 -11858
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The dissociation energy for reactant complexes (A--OH)" (DE1) and for
product complexes [(A—H)--H,O] (DE2) were evaluated according to
the following definitions given in Equations (4) and (5).

DEI1 = E[(A—H)] + E(H,0)—E[(A - - - OH)'] (4)
DE2 = E[(A—H)| + E(H,0)—E[(A—H) - - - H, 0] (5)

Computations of optimized geometries, harmonic vibrational frequencies,
natural populations,*®! and intrinsic reaction coordinates (IRC)"
were performed with the QChem package,” which was also used for
time-dependent DFT (TD-DFT) treatment of excited electronic states.

Results and Discussion

The structure and numbering scheme for adenine are shown
in Figure 1. The optimized geometries of neutral adenine
molecule, hydroxyl radical, and neutral water molecule are

Hg

Figure 1. IUPAC numbering of atoms for adenine.

displayed in Figure 2. The optimized geometries of dehydro-
genated adenine radicals in the isolated forms are shown in
Figure 3. The stability sequence of these radicals is A—Hy>
A—Hg, > A—Hy; > A—H, > A—H;. Microhydration with one
water molecule in the dehydrogenation reactions does not
change this stability order. The relative energies are sum-
marized in Table 1. The Ny-dehydrogenated adenine is the

Adenine

Hydroxy radical

H.0
W 0.968 0.968
0.983

Figure 2. Optimized geometries of isolated adenine, hydroxyl radical and
water, with bond lengths in A.
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C2 dehydrogenated adenine

C8 dehydrogenated adenine

Figure 3. Five optimized structures for (A—H) radicals, that is, structures
resulting from the removal of one hydrogen atom from adenine. Bond
lengths are in A.

Table 1. Energies (AE, in kcalmol™!, ZPVE corrected values in paren-
theses) of the five dehydrogenated adenine radicals [(A—H)’] plus water,
relative to separated adenine plus OH radical. Also reported are reaction
enthalpies (AH, in kcalmol '), entropies (AS, in calmol '), and Gibbs en-
ergies (AG, in kcalmol ™) for A+OH"—(A—H) +H,0.

AE AH AS AG

—17.36 (-17.88) —030 333 -1.30
—14.75 (-1527) -053 207 -1.14
—13.67 (-1420) -0.54 2.04 -1.15
—7.85 (—8.06) 024 528 -1.34
—0.30 (—0.43) 024 4.04 -0.906

Ny-dehydrogenated adenine
Ng,-dehydrogenated adenine
Ng;-dehydrogenated adenine
C,-dehydrogenated adenine
Cg-dehydrogenated adenine

most stable radical, followed by the two N¢-dehydrogenated
products. Dehydrogenation reactions at nitrogen sites are all
exothermic, with enthalpy changes of —0.30 for Ny, —0.54
for Ng;, and —0.53 kcalmol ™" for Ng,. Carbon site dehydro-
genated adenine radicals are much higher in energy (9.52
(9.82) for C, site, 17.06 (17.46) kcalmol ™! for Cg site) than
the No-radical. In addition, at the carbon site, these dehydro-
genation reactions are endothermic; the enthalpy changes
are both 0.24 kcalmol™'. Nevertheless, the changes in the
Gibbs energy for all six dehydrogenation reactions are nega-
tive (—1.34, —0.96, —1.30, —1.15 and —1.14 kcalmol ™ for

www.chemeurj.org
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C,, Cg, Ny, and two Nj sites, respectively) at room tempera-

ture. Thus, these reactions are thermodynamically favored.
A natural population analysis (NPA) for neutral adenine

is presented in Figure 4. Adenine has five hydrogen atoms.

0.418 0.421
(g e

Figure 4. Natural population analysis (NPA) for neutral adenine.

Three of these H atoms are attached to C,, C;, and Ny,
while two bond to N. From Figure 4, it is clear that hydro-
gens bound to nitrogen atoms (Ny and Ny) are more posi-
tively charged. The positive charges on the five hydrogen
atoms are in this order: Hy>Hg, >Hg >Hg>H,. Thus, all
hydrogen atoms are vulnerable to OH radical attack. In ad-
dition, all the carbon atoms are positively charged in A.
They may be attacked by OH radical. Since we are interest-
ed in dehydrogenation reactions, all hydrogen atoms, and
carbon atoms directly attached to hydrogens (C, and Cy),
will be considered as OH radical attack sites.

Six different reaction pathways are found for [A+OH —
reactant complexes —TS —product complexes—(A—H) +
H,0]. Ten intermediate adenine—OH complexes (1-10) and
six transition states (TS1-TS6) for OH radical reacting with
adenine are presented in Figures 5 and 6, respectively. The
numbering schemes correspond to increasing energy, rela-
tive to separated adenine and OH radical. All energies are
in kcalmol ™!, with ZPVE corrected values in parentheses.
The energy profiles along the six pathways are displayed in
Figure 7. For each pathway, optimized geometries of ade-
nine-OH reactant complexes, transition states, and product
complexes are shown in Figure 8-13. The corresponding rel-
ative energies are shown in these figures and in Table 2.

N, dehydrogenation: In the vicinity of the most positively
charged hydrogen atom (Hy), the OH radical attaches to ad-
enine through two hydrogen bonds (see Figure 8). This
forms the reactant complex 9, in which the hydrogen bond
lengths of O-+Hy and Ny+H are 2.290 and 1.837 A, respec-
tively. As the reaction progresses from reactant complex 9,
the O--H, distance decreases to 1367 A in TS2, then to
0.980 A in the product complex 2. However, the Ny—H,
bond length increases from 1.019 A in the reactant complex
9, to 1.147 A at TS2, and finally to 1.957 A in the product
complex 2.

For this reaction pathway (green in Figure 7), the reactant
complex 9 has a binding energy of 10.66 (8.84 including

11852 ——
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-24.21
(-22.94)

22.45 -20.47
(-20.79) (-19.24)
-18.69 -17.47
(-16.71) (-15.18)

-11.39 -10.91
(-9.13) (-8.87)
-10.66 -10.15
(-8.13)

(-8.84)

Figure 5. Numbering of the ten adenine—OH and (A—H)-H,O radical
complexes. Relative energies(in kcalmol™, ZPVE corrected values in pa-
rentheses) are indicated with respect to separated adenine and hydroxyl
radical.

ZPVE) kcalmol™ relative to separated adenine plus OH
radical. The transition state TS2 also lies below the separat-
ed reactants, by 3.68 (5.47) kcalmol . The local barrier for
this reaction pathway is predicted to be 6.98 (3.37) kcal
mol ' relative to reactant complex 9. This is higher than the
transition state for abstraction of Hg,, but lower than that of
Hy, (discussed in the following sections). This reaction re-
sults in the lowest energy product complex 2, which lies
24.21 (22.94) kcalmol™ below separated adenine plus OH
radical and 13.55 (14.10) kcalmol ' lower in energy than re-

Chem. Eur. J. 2010, 16, 11848 -11858
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Figure 8. Optimized geometries for the hydroxyl radical attack on ade-
nine position (Ny)H,. Included in the figure are the reactant complex (9),
transition state (TS2), and product complex (2). Bond lengths are in A.
Relative energies (in kcalmol ™!, ZPVE corrected values in parentheses)
are given with respect to separated A+ OH.

actant complex 9. The dissociation energy for 2 is predicted
to be 6.85 (5.06) kcalmol™' with respect to separated (A—
Figure 6. Numbering of the six A+OH—(A—H)+H,O transition states. Hy)" plus water. It should be noted that although H, is not
Relé.ltiv.e energi.es (in kcalmol !, ZPVE corr.ected values in pare.ntheses) present in nucleosides and nucleotides, N, dehydrogenation
are indicated with respect to separated adenine and hydroxyl radical. is still important for the experiments involving nucleobases.

Ng, dehydrogenation: Hydroxyl

radical may also easily attack

081 Hq;, (dark blue pathway,
7 =030 Figure 7), since it is the second
most positively charged hydro-
gen atom in neutral adenine.
The optimized geometries of
the reactant complex 7, transi-
tion state (TS1), and product
complex 3 for this reaction
pathway are presented in
Figure 9. The N¢H; bond
(1.021 A) in 7 is only 0.01 A
longer than that in the isolated
neutral adenine. Hg, is hydro-
gen bonded to the attacking
OH radical, with an O--H dis-
(A-H) + H.O0 tance of 2.016 A. The hydrogen
of the hydroxyl radical links to

N,, forming another hydrogen

e i ‘ [(A-H)~H,0] bond with an H--N, distance of
E“:::"’“ 1.792 A. As the dehydrogena-
C‘(H2 d:wn) tion reaction proceeds to TSI,
-30 NZ(HZ) the Ng—Héz bond lengthens to
o N:("Z; 1.155 A, while the O--Hy, di§-

(A~OHY — Ny tance dec.reases to 1.300 A.
350k When Hg, is abstracted to form
product complex 3, the Ng+-Hg,
distance further elongates to

0.00

5

A
o
T

Relative Energy / kcal mol”!

Figure 7. Relative energies (in kcalmol ') with respect to adenine and hydroxyl radical.
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Relative Energy / kcal mol™
I
=

_ool 122,45 (-20.79)
3

Figure 9. Optimized geometries for the hydroxyl radical attack on ade-
nine position (Ng)Hg,. Included in the figure are the reactant complex
(7), transition state (TS1), and product complex (3). Bond lengths are in
A. Relative energies (in kcalmol™!, ZPVE corrected values in parenthe-
ses) are given with respect to separated A+ OH.

2.183 A, while the N,—C, bond length shortens to 1.332 A,
i.e., by 0.02 A compared to complex 7. The O—Hg, bond de-
creases to a normal water O—H bond (0.974 A) in 3.

The reactant complex 7 is stabilized by two hydrogen
bonds. The binding energy between the adenine and the at-
tacking OH radical is computed to be 11.39 (9.13 with
ZPVE) kcalmol ™. The local energy barrier (7—TS1) for the
reaction is predicted to be 5.96 (2.72) kcalmol . There is no
barrier for this reaction pathway, since TS1 lies 5.43
(6.40) kcalmol™" below separated adenine plus OH radical.
After Hg, is abstracted, the resulting water and the newly
formed (A—H)" radical are held together by two hydrogen
bonds, forming the [(A—H)-+H,O] product complex 3 with
a binding energy of 22.45 (20.79) kcalmol ™! relative to the
separated reactants. When 3 dissociates to separated prod-
ucts [(A—Hg) +H,0], the energy increases by 7.70
(5.52) kcalmol™'. Compared to the reactant complex 7, the
product complex 3 is predicted to be 11.06 kcalmol™ lower
in energy. Thus, this dehydrogenation reaction energetically
favors the [(A—H)---H,O]" complex.

Ng; dehydrogenation: In order to attack Hg (orange path-
way, Figure 7), the OH radical binds to adenine at the N;
and Ny positions through two hydrogen bonds, to form the
reactant complex 10. This reaction pathway proceeds
through transition state TS3 to form product complex 4
(Figure 10). The O-+Hg distance in 10 is found to be
2221A, a long hydrogen bond. The hydrogen in the hydrox-
yl radical is connected to N; with a hydrogen bond length of
1.812 A. In TS3, the O--Hj, separation decreases to 1.358 A,
and further shortens to 0.979 A in the product complex 4.
Meanwhile, the N¢c—Hg; bond steadily increases along the re-
action pathway, from 1.017 A in 10, to 1.121 A in TS3, to
1.985Ain 4.

11854 ——
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Figure 10. Optimized geometries for hydroxyl radical attack on adenine
position (Ng)Hg;. Included in the figure are the reactant complex (10),
transition state (TS3), and product complex (4). Bond lengths are in A.
Relative energies (in kcalmol !, ZPVE corrected values in parentheses)
are given with respect to separated A+ OH.

Let us now consider the energetics of the reaction A+
OH—10—-TS3—4—(A—Hg)'+H,0. The binding energy
for the reactant complex 10 is 10.15 (8.13) kcalmol ' com-
pared to the separated A plus OH reactants. The most im-
portant feature is that the energy of TS3 lies 2.32 (3.36) kcal
mol ™! below reactants A+OH'. The lack of any barrier with
respect to reactants shows that this process should be facile.
There is, of course, a barrier for the local approach of reac-
tant complex 10 to TS3, and that barrier is 7.83 (4.77) kcal
mol™!. Meanwhile, the product complex 4 lies 10.33
(11.11) kcalmol ™! below 10. Unlike the just-discussed Ng,
dehydrogenation product complex 3, water and the (A—H)
radical in 4 are held together only through one hydrogen
bond. The corresponding dissociation energy is 6.80 kcal
mol™! relative to separated (A—Hg,)" radical plus H,O. The
Ng; dehydrogenation is comparable to Ny, dehydrogenation
thermodynamically. However, the two pathways are distinct,
since the barrier to NH, rotation in adenine is about
14 kcalmol . Interestingly, the barrier differs slightly based
on the direction of rotation: 13.98 (13.58) or 14.53
(14.15) kcalmol~'. However, experimental discrimination
between these two pathways would require deuteration of
Hg, or Hy,.

C; Dehydrogenation: The Cg dehydrogenation pathway (ma-
genta, Figure 7) involves reactant complex 1, transition state
TS6, and product complex 8 (see Figure 11). Although reac-
tant complex 1 is a long-lived adduct, and has been charac-
terized by experiment,l”**%! it will be termed a reactant
complex for the sake of consistency. Oxygen bonds to Cg di-
rectly in reactant complex 1, instead of hydrogen bonding.
This breaks the N,=C; double bond and forms the low
energy reactant complex 1. Significant geometric changes

Chem. Eur. J. 2010, 16, 11848 -11858
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Figure 11. Optimized geometries for the hydroxyl radical attack on ade-
nine position (Cg)Hg. Included in the figure are the reactant complex (1),
transition state (TS6), and product complex (8). Bond lengths are in A.
Relative energies (in kcalmol !, ZPVE corrected values in parentheses)
are given with respect to separated A+ OH.

occur in the five and six-membered rings since the conjuga-
tion of the entire system has been disrupted. As the dehy-
dration reaction proceeds, Hg migrates away from C;, form-
ing a nearly linear (163.8°) C---H---O structure in TS6. In the
product complex 8, there are two hydrogen bonds; one of
the hydrogen atoms from the newly formed water molecule
hydrogen bonds to N; (N--Hjy distance is 1.953 A), while the
oxygen hydrogen bonds to Hy, (O--H, atomic distance is
2.050 A).

Reactant complex 1 is extraordinarily stable; the binding
energy (32.79 (29.64) kcalmol™' relative to separated A+
OH’) is much greater than that of the other dehydrogena-
tion reactant complexes. However, dehydrogenation at Cj is
disfavored for several reasons. It is predicted to have a large
local barrier (37.14 (31.53) kcalmol ') with respect to the re-
actant complex 1. In addition, only this reaction pathway
leads to a product complex (8) which lies above the corre-
sponding reactant complex (1), by 21.88 (20.77) kcalmol .
Moreover, only the transition state (TS6) of this pathway
lies appreciably (4.35 kcalmol™') above separated reactants
A+ OH;, indicating that C; dehydrogenation is unlikely at
low temperatures. These energetics may explain the experi-
mental inference that ring-opening, not dehydrogenation,
occurs when OH radical attacks the Cg position of ade-
nine.!-4

C, dehydrogenation: Astraction of atom H, from adenine is
complicated by the fact that two transition states TS4
(Figure 12) and TS5 (Figure 13) have been located (light
blue and red pathways, in Figure 7). This indicates that
there are two reaction pathways for C, dehydrogenation.
TS4 and TSS have similar geometries, except for the orienta-
tion of the OH radical. The energy difference between TS4
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Figure 12. Optimized geometries for the hydroxyl radical attack on ade-
nine position (C,)H,. Included in the figure are the reactant complex (9),
transition state (TS4), and product complex (5). Bond lengths are in A.
Relative energies (in kcalmol !, ZPVE corrected values in parentheses)
are given with respect to separated A+ OH.
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Figure 13. Optimized geometries for the hydroxyl radical attack on ade-
nine position (C,)H,. Included in the figure are the reactant complex
(10), transition state (TS5), and product complex (6). Bond lengths are in
A. Relative energies (in kcalmol !, ZPVE corrected values in parenthe-
ses) are given with respect to separated A+ OH.

and TS5, due to OH rotation, is only 0.04 (0.08) kcalmol™'.
In TS4 and TS5, atom C,, as discussed above (abstraction of
Hg), is directly bonded to a hydrogen atom, so a reactant
complex analogous to complex 1, with OH radical directly
attacking carbon, was considered. However, intrinsic reac-
tion coordinate (IRC) analyses reveal that TS4 connects the
reactant complex 9 and the product complex 5. Similarly,
TSS connects the reactant complex 10 and the product com-
plex 6. This indicates that OH radical directly attacking C,
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does not lead to dehydrogenation. In both product com-
plexes 5 and 6, two new hydrogen bonds are formed.

For these two reaction pathways, the reactant complexes
are the same as in the Ny and Ng; dehydrogenations. The
transition state TS4 for hydroxyl H pointing “down”
(Figure 12) lies 0.77 kcalmol ™' above separated A plus OH
radical. The transition state TS5 for hydroxyl H pointing
“up” (Figure 13) lies 0.81 kcalmol™! above the separated re-
actants. Inclusion of the ZPVE corrections decreases the en-
ergies to —1.34 and —1.42 kcalmol'. The local barriers for
these two reaction pathways are predicted to be 11.42 (7.42)
and 10.95 (6.79) kcalmol ' relative to the reactant com-
plexes 9 and 10. Though these local barriers are not as high
as for the C; dehydrogenation reaction, they are much
higher than those for the Ny and Ng; dehydrogenations. The
binding energies are 18.69 (16.71) and 17.47 (15.18) kcal
mol ™! below separated adenine plus OH radical for product
complexes 5 and 6. The dissociation energies are predicted
to be 10.84 (8.65) and 9.62 (7.12) kcalmol™ for the two
product complexes relative to separated (A—H,)" radical
plus water.

Energetics: Table 3 reports the relative enthalpies, relative
entropies and relative Gibbs energies for the six dehydro-
genation reaction transition states. All energies are relative
to separated adenine plus OH' radical. The relative enthal-
pies and entropies are all negative for all the transition
states. Therefore, low temperatures favor all these dehydro-
genation reactions. There are two transition states with dif-
ferent OH orientation at the C, position, TS4 and TS5. The
reaction enthalpy barriers differ only by 0.02 kcalmol™, so
these two reactions may happen simultaneously, based on
the direction of the OH radical attack.

Table 2. Relative energies” (E,, in kcalmol™, ZPVE corrected values
in parentheses) of sixteen structures with respect to separated adenine
plus OH radical, and the dissociation energies (DE in kcalmol™', ZPVE
corrected values in parentheses) with respect to separated dehydrogenat-
ed adenine radical plus water.

Description E.. (A+OH) DE (A-H)+H,0

1 [Ay,~OH] —32.79 (—29.64) 32.49 (29.21)
2 [(A—H)y,~H,0[ —24.21 (-22.94) 6.85 (5.06)

3 [(A-H)y,~H,0[ —22.45 (—=20.79) 7.70 (5.52)

4 [(A-H)y,~H,0[ —20.47 (—19.24) 6.80 (5.04)
5l [(A—H)c,~H,0] —18.69 (—16.71) 10.84 (8.65)
6! [(A—H),,~H,0] —17.47 (-15.81) 9.62 (7.12)

7 [Ay,~OH] —11.39 (-9.13) —3.36 (—6.14)
8 [(A—H)¢~H,0] —-10.91 (-8.87) 10.61 (8.44)

9 [Ay,+OH] —10.66 (—8.84) —6.71 (—9.04)
10 [Ay,~OH] —-10.15 (-8.13) —3.52 (—=6.07)
TS1 Ng, position —5.43 (—6.40) —9.31 (-8.87)
TS2 N, position —3.68 (—5.47) —13.68 (—12.41)
TS3 Ng; position —2.32 (—3.36) —11.35 (—-10.85)
TS4" C,, position 0.77 (-1.42) —8.61 (—6.64)
TS5 C,, position 0.81 (—1.34) —8.65 (—6.72)
TS6 C; position 4.35 (1.89) —4.65 (—2.31)

[a] These are also the negative values of binding energies. [b] C,; is for
transition state and product of C, position reaction with a lower energy,
see Figure 10. [c] C,, is for transition state and product of C, position re-
action with a higher energy, see Figure 11.
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Table 3. Barrier heights (AH™, in kcalmol™'), barrier entropy changes
(AS*, in calmol™') and ordered Gibbs energies of activation (AG*, in k-
calmol ') with respect to separated adenine plus OH radical at 298.18 K
for the six dehydrogenation reactions [A + OH'—TS—(A-H) + H,0].

AH* AS* AG*
TS1 (N, position) —2.06 —32.67 7.68
TS2 (N, position) 232 —28.00 6.03
TS3 (N, position) ~1.81 —29.47 6.98
TS4 (C,, position) —251 ~26.22 531
TS5 (C,, position) —2.53 —27.03 553
TS6 (C, position) —2.79 —27.13 5.29

The energy profiles along the six reaction pathways (A +
OH —reactant complexes =TS —product complexes—(A—
H) +H,0) are shown in Figure 7. The most important fea-
ture is that all the transition states lie near or below separat-
ed A4+ OH’ in energy, except for TS6 on the Cg pathway.
The lack of any barrier with respect to reactants shows that
these processes, except for Cy dehydrogenation, should be
facile. Based on the transition state energies, the dehydro-
genation of Ng,(Hy,) is the most kinetically favorable reac-
tion pathway with a transition state lying 5.43 kcalmol™
below separated adenine plus OH radical. It is followed by
N, and Ng(Hg;) dehydrogenation (3.68 and 2.32 kcalmol ™!,
respectively, below separated reactants). The C, dehydro-
genation transition state energies vary based on hydroxyl
orientation; 0.77 and 0.81 kcalmol ' above separated reac-
tants, for H from hydroxyl radical pointing “down” and
“up”, respectively. Note that with the ZPVE correction
these transition states lie below the separated reactants. De-
hydrogenation at the Cjg site is energetically least favored,
with a transition state 4.35 kcalmol ' above separated ade-
nine plus OH radical.

Optical transitions: TD-DFT computed absorption spectra
for adenine, the four reactant complexes, and the five dehy-
drogenated adenine radicals are shown in Table 4. In this
context Vieira and Steenken!! recorded optical absorption
spectra in the 250-700 nm region. Their initial spectrum was
measured 2 ps after the reaction of OH radical with adenine.
Additional spectra were recorded 30 ps after completion of
the first-order transformation reaction.

The laboratory spectrum recorded 2 ps after the reaction
showed small peaks around 300 and 400 nm, with a broad
peak from 450-600 nm. In our computations, the Ng-, Ng;-,
and Ng,-dehydrogenated adenine radicals have strong transi-
tions in the 300 nm region. For N, the main transitions are
at 302 nm (f=0.050), 312 nm (f=0.068); for Ng;, 298 nm (f=
0.080); and for Ng,, 300 nm (f=0.079). These products were
not mentioned in Vieira and Steenken’s work. Vieira and
Steenken assigned the features around 400 nm to the dehy-
dration reaction of the A40OH radical.*!! However, the
‘OH+ A —A40H —A—H¢ +H,O reaction was not consid-
ered in our work, since the mechanism involves a complex
series of proton transfers. Our TD-DFT computations indi-
cate that Ng;- and Ng,-dehydrogenated adenine radical prod-
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Table 4. Vertical optical transitions (absorption spectra A in nm) of the adenine molecule, four reactant complexes, and five dehydrogenated adenine rad-
icals, predicted using the TD-DFT approach. Oscillator strengths (f) are reported for transitions >0.010 in magnitude.

A A A A A () A ) A
adenine 203 (0.096) 204 (0.035) 239 (0.034) 250 (0.202)
1 Cg site reactant complex 242 (0.068) 244 (0.035) 245 (0.018) 260 (0.022) 313 (0.135) 335 (0.032) 451 (0.013)
9 N, site reactant complex 238 (0.038) 250 (0.221)
10 N, site reactant complex 241 (0.070) 251 (0.206)
7 N, site reactant complex 240 (0.036) 258 (0.187)
C,-dehydrogenated A 245 (0.207) 259 (0.010)
Cg-dehydrogenated A 228 (0.019) 237 (0.112) 241 (0.080) 247 (0.014)
Ny-dehydrogenated A 242 (0.037) 259 (0.024) 277 (0.019) 302 (0.050) 312 (0.068) 522 (0.033)
N -dehydrogenated A 250 (0.024) 277 (0.016) 298 (0.080) 421 (0.017) 505 (0.034)
Ng-dehydrogenated A 222 (0.025) 229 (0.048) 252 (0.052) 261 (0.031) 279 (0.022) 300 (0.079) 427 (0.015) 506 (0.036)

ucts have optical transitions in this region; that is, A=
421 nm (f=0.017) and =427 nm (f=0.015), respectively.

After 30 ps, the Vieira-Steenken spectrum showed a sig-
nificant increase of optical density (OD) at about 330 nm,
compared to the 2 ps spectrum. This feature was assigned by
Steenken to the ring-opening reaction of A8OH radical.
There is also a very broad, though weak, peak in the 450—
700 nm region. As mentioned above, the Ng- and Ng,-dehy-
drogenated adenine radicals have transitions in this region.
However, none of these transitions is very strong. The Cg re-
actant complex 1 does have a strong transition at 313 nm
(f=0.135); see Table 4. It has a significant shoulder at a
higher wavelength (335 nm, f=0.032) and several weak
shoulders in the 242-451 nm region. This peak cannot be de-
finitively assigned, since we focused on dehydrogenation re-
actions of adenine in this work. The ring-opening reaction
transients and products, as mentioned before,“*#*41 may
present strong transitions corresponding to these shorter
wavelength peaks.

Conclusion

Six possible dehydrogenation reaction pathways for adenine
attacked by the hydroxyl radical have been investigated at
the B3LYP/DZP ++ level of theory. The Ng,, Ny, and N,
pathways have transition states lower in energy than sepa-
rated adenine and hydroxyl radical; —5.43, —3.68, and
—2.32 kcalmol™!, respectively. After including the ZPVE
corrections, only the Cg dehydrogenation transition state is
higher in energy than the separated reactants. This suggests
that, except for attacking at the Cg site, OH radical attack at
all other positions will lead to dehydrogenation spontane-
ously, forming an adenine radical and water. Based on ener-
getic analyses, the reactions at Ny, N¢;, and Ng, are exother-
mic, while those at C, and Cg are endothermic. Since Ny, has
the lowest lying transition state, it is the most kinetically fa-
vorable pathway for dehydrogenation. Other compatible
pathways are the dehydrogenation at Ny and Ng;. Dehydro-
genation at C, is less favorable than at the Ny and Ny, posi-
tions. For the C; pathway, though the activation energy is
4.35 kcalmol ™' relative to separated A plus OH radical, the
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local barrier is 37.14 kcalmol ' with respect to reactant com-
plex 1. These relatively high barriers indicate that Cg dehy-
drogenation is unlikely to take place; ring-opening reaction
may occur in agreement with early experiments.*"*l The
TD-DFT computed transitions of Ny at 421 nm and Ng,
427 nm agree well with the early experimental assignment
of a 400 nm band to dehydrogenation at N4 position. The Ny
position is most favorable for OH radical attack, leading to
formation of Ng-dehydrogenated adenine radicals.
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