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Abstract: The anionic base pairs of adenine and thymine, (AT)~, and 9-methyladenine and 1-methylthymine,
(MAMT)~, have been investigated both theoretically and experimentally in a complementary, synergistic
study. Calculations on (AT)~ found that it had undergone a barrier-free proton transfer (BFPT) similar to
that seen in other dimer anion systems and that its structural configuration was neither Watson—Crick
(WC) nor Hoogsteen (HS). The vertical detachment energy (VDE) of (AT)~ was determined by anion
photoelectron spectroscopy and found to be in agreement with the VDE value predicted by theory for the
BFPT mechanism. An AT pair in DNA is structurally immobilized into the WC configuration, in part, by
being bonded to the sugars of the double helix. This circumstance was mimicked by methylating the sites
on both A and T where these sugars would have been tied, viz., 9-methyladenine and 1-methylthymine.
Calculations found no BFPT in (MAMT)~ and a resulting (MAMT)~ configuration that was either HS or WC,
with the configurations differing in stability by ca. 2 kcal/mol. The photoelectron spectrum of (MAMT)~
occurred at a completely different electron binding energy than had (AT)~. Moreover, the VDE value of
(MAMT)~ was in agreement with that predicted by theory. The configuration of (MAMT)~ and its lack of
electron-induced proton transfer are inter-related. While there may be other pathways for electron-induced
DNA alterations, BFPT in the WC/HS configurations of (AT)~ is not feasible.

Introduction of adenine (the sites that are connected to sugars in DNA) is
predicted by theory to yield Hoogsteen, reversed Hoogsteen,
and two stacked structures as similarly stable geomeétries.

as guanine (G) and cytosine (C), exist as the well-known Experimental studies of the gas-phase, neutral base pairs, GC
Watson-Crick (WC) pairs, AT and GC, in DNA. Hydrogen GG, and CC, found that the most stable pairing configuration

bonding between the complementary bases is very specific, andn GC is similar to that of WC, but with the tautomer of cytosine

it is the baS|.s for the high informational fidelity of DNA. Reverse in the enol form? Other experimental work has mimicked WC
Watson-Crick, Hoogsteen, and reverse Hoogsteen are also ..~ ~. :
pairing in AT by studying gas-phase, neutral complexes of

possible pairing configurations, and they are found in RNA and 2-aminopyridine2-pyridonet5

other biological structures. - . .
G h tudi b . ford th unity t Electron binding to the gas-phase, nucleic acid bases and base
as-pnase studies ot base pairs afiord the opportunity opairs has been studied both experimentally and theo-

examine the inherent hydrogen-bonding interactions of nucleic
acid bases without local environmental effects. For neutral pairs, (3) rle(l)rslzl7 Plitzer, Ch.; Kleinermanns, K.; de Vries, Mur. Phys. J. 2002
calculations find the most stable structure of the gas-phase, (4) Roscioli, J. R.: Pratt, D. Weroc. Natl. Acad. Sci. U.S.8003 100, 13752.

The nucleic acid bases, adenine (A) and thymine (T) as well

guanine-cytosine dimer to correspond to the Watsd@rick (5) 1F£iy,8%.3¢.: Mier, A.; Frey, H.-M.; Leutwyler, SJ. Chem. Phys2004
structure, while the most Stable_ gas—_phase adeﬂh}fmine pair (6) Hendrické, J. H.; Lyapustina, S. A.; de Clercq, H. L.; Bowen, K.JH.
does not correspond to a biologically relevant struchdre. Chem. Phys199§ 108, 8.

. . . . (7) Schiedt, J.; Weinkauf, R.; Neumark, D. M.; Schlag, E. @hem. Phys
Methylation of the N1 position of thymine and the N9 position 1008 239 511.

(8) Periquet, V.; Moreau, A.; Carles, S.; Schermann, J. P.; DegfignC.J.
Electron Spectrosc. Relat. Pheno2®0Q 106, 141.

t . . .
iJohns Hopk;nst’nlzerSIty. (9) Hendricks, J. H.; Lyapustina, S. A.; de Clercq, H. L.; Snodgrass, J. T.;
; University of Gdask. Bowen, K. H.J. Chem. Phys1996 104, 7788.

ASCR. ] (10) Desfranois, C.; Abdoul-Carime, H.; Schermann, JJPChem. Phys1996
' Pacific Northwest National Laboratory. 104, 7792.
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retically!*=24 to determine the energetics and mechanisms irradiation3® It has been suggested that the radical ion distribu-
involved in electron transfer and radiation-induced damage in tion is dependent on proton-transfer reactions between the base
DNA. When biological tissue is irradiated with ionizing radia- pairs. Base pair anions are also susceptible to proton tré#sfer.
tion, free radicals and low energy electrons are produced, andin related work, our joint theoretical/experimental studies found
both are involved in processes that ultimately lead to biological proton transfer to play a pivotal role in the mechanism by which
damage. While historically radicals have received more atten- dimer anions composed of a nucleic acid base (NAB) and a
tion, the role of electrons is becoming more appreciated. Recent-weak acid (HX) internally rearrange themsel&s** Our
ly, for example, it has been found that low energy electrons computational results have implied that the excess electron is
initiate complex reactions leading to strand breaks in DRI&:26 localized on the nucleic acid base and that the electron
Molecular nucleic acid bases typically have large dipole attachment might be accompanied by a barrier-free proton
moments. Gas-phase, experimental studies of electron-transfer (BFPT) from the weak acid to the anionic base, resulting
nucleobase interactions found that they often formed dipole in an anionic complex composed of a hydrogenated base radical
bound aniong: 111619 |solated conventional (valence) anions and a deprotonated acid as shown below.
were found to be unbound (or weakly bound), but in any case,
all could be stabilized with a sufficient number of solvent
molecules~8 Vertical electron affinities were measured by . . . .
electron transmission spectroscopy of transient (temporary) The computatlons also predicted the vertical deta_lchment energies
anions?” Adiabatic electron affinities (E4 of nucleobases of the_resultlr]g complexes. Our megsured vert|_cal detachment
valence states have been predicted by theory to decrease in thEnergies, Wh,'Ch could not t?e explained by a s.|mple solvanpn
following order: uracil (U)~ thymine (T) > cytosine (C)> model, were in agreement with those cglculated |n.th(.a.theoret|cal
adenine (A)> guanine (G)528 portion of the project, thereby supporting the reliability of the

Rydberg electron transférstudies of the gas-phase base pair Ca:?]uﬁt:d rrizl;l:]st" studv. we report our ioint experimental/
anions: Y-, Ay, (AT)", T,7, as well as negative ion P Y, P J P

photoelectron spectroscopic studfeS of the pairs: U-, To", ;ﬁ?éfrflﬁ:liztr:%gfrﬁzltzn:tChC?nr?nF:etj(aesseOf;?seT:lﬂa’;n Iglt?e?r(]:c;se
[1-(CHg)T]>~, and [1,3-(CH).U],~, found that most are valence y yithy pairs. . ’
) ; - . - we have chosen to methylate the positions of adenine and
anions. The only exception was, T for which both dipole . - .
. . thymine that are bonded to deoxyribose and ribose molecules
bound and valence anions were obserfe@omputational in DNA and RNA respectivelv. Our goal is to study the effect
studied®-23:31-34 of gas-phase, base pair anions have mainly ! » Fespectively. Jurgoal | udy

ocused on (6C)amd (AT) n WC confuratons, owng o %S0 Sae T e ATar renT oo
the presence and function of the neutral WC configuration in

DNA. Their results on (AT) will be compared with ours below. cgnﬂguraﬂons of these . dlmers. correspond to blologlcglly
. . . ignificant ones. We do this by taking advantage of the following
Proton-transfer processes are important in mutagenesis, an

l th tical studies h . tigated proton t for | ynergy between experiment and theory. Theory can calculate
severalt egre ical studies have investigated proton ranster Ny, o, giycture and vertical detachment energies for these dimer
base pair§*—37 Proton-transfer reactions are also important in

the initial stabilizati f radical i f d durina DNA anions, while experiment can measure their vertical detachment
€ initial stabilization of radical lons formed during energies. When measured and computed vertical detachment

NAB-+-HX + € = NABH"+-X~ (1)

(12) Desfranois, C.; Abdoul-Carime, H.; Schulz, C. P.; Schermann, $dience
1995 269 1707.

(13) Abdoul-Carime, H.; Cloutier, P.; Sanche,Radiat. Res2001, 155 625.

(14) Carles, S.; Lecomte, F.; Schermann, J. P.; Deghian€.J. Phys. Chem.
A 200Q 104, 10662.

(15) Sevilla, M. D.; Besler, B.; Colson, A.-@. Phys. Chem1995 99, 1060.

(16) Oyler, N. A.; Adamowicz, LJ. Phys. Chem1993 97, 11122.

(17) Oyler, N. A,; Adamowicz, LChem. Phys. Lett1994 219, 223.

(18) Roehrig, G. H.; Oyler, N. A.; Adamowicz, IChem. Phys. Letll994 225

energies for a given system are in agreement, our confidence
in the computed geometrical configuration grows stronger.

Methods

Experimental Details. Anion photoelectron spectroscopy (PES) is
conducted by crossing beams of mass-selected negative ions and fixed
frequency photons and energy-analyzing the resultant photodetached

(19) %?605éhrig G. H.: Oyler N. A.: Adamowicz, L1. Phys. Chem1995 99 electrons. This technique is governed by the following energy-
14285, ' ' ' ' conserving relationship:

(20) Li, X.; Cai, Z.; Sevilla, M. D.J. Phys. Chem. 2002 106, 9345.

(21) Richardson, N. A.; Wesolowski, S. S.; Schaefer, H. F. JlIPhys. Chem.
B 2003 107, 848.

(22) Al-Jihad, I.; Smets, J.; Adamowicz, . Phys. Chem. 200Q 104, 2994.

(23) Kumar, A.; Knapp-Mohammady, M.; Mishra, P. C.; SuhaiJSComput.
Chem.2004 25, 1047.

(24) Wesolowski, S. S.; Leininger, M. L.; Pentchev, P. N.; Schaefer, H. F., Il
J. Am. Chem. So001, 123 4023.

(25) Huels, M. A.; Hahndorf, I.; lllenberger, E.; SancheJLChem. Physl998

hv = EBE + EKE @)

wherehv is the photon energy, EBE is the electron-binding energy,
and EKE is the measured electron kinetic energy.

(35) Gorb, L.; Podolyan, Y.; DzieKaki, P.; Sokalski, W. A.; LeszcZhi, J.

108 1309. J. Am. Chem. So@004 126, 10119.
(26) Boudéiffa, B.; Cloutier, P.; Hunting, D.; Huels, M. A.; Sanche, $cience (36) Hayashi, T.; Mukamel, Ssrael J. Chem2004 44, 185.
200Q 287, 1658. (37) Zoete, V.; Meuwly, MJ. Chem. Phys2004 121, 4377.
(38) Steenken, SChem. Re. 1989 89, 503.

(27) Aflatooni, K.; Gallup, G. A.; Burrow, P. DJ. Phys. Chem. A998 102,
6205 (39) Gutowski, M.; Dakowska, I.; Rak, J.; Xu, S.; Nilles, J. M.; Radisic, D.;
Bowen, K. H., JrEur. Phys. J. D2002 20, 431.

(40) Dgébkowska, I.; Rak, J.; Gutowski, M.; Nilles, J. M.; Stokes, S. T.; Radisic,

. D.; Bowen, K. H., JrPhys. Chem. Chem. PhyZ004 6, 4351.

(30) Radisic, D.; Stokes, S. T.; Lyapustina, S.; Bowen, K. H., Jr. In preparation. (41) Hardiezyk, M.; Dgbkowska, I.; Rak, J.; Gutowski, M.; Nilles, J. M.; Stokes,

(31) Richardson, N. A.; Wesolowski S. S.; Schaefer, H. F.,JllAm. Chem. S. T.; Radisic, D.; Bowen, K. H., Jd. Phys. Chem. B004 108, 6919.
Soc 2002 124, 10163. (42) Hardrezyk, M.; Bachorz, R.; Rak, J.; Gutowski, M.; Radisic, D.; Stokes,

(32) Colson, A.-O.; Besler, B.; Close, D. M.; Sevilla, M. D. Phys. Chem. S. T.; Nilles, J. M.; Bowen, K. H., JJ. Phys. Chem. B003 107, 31.
1992 96, 661. (43) Hardrezyk, M.; Rak, J.; Gutowski, M.; Radisic, D.; Stokes, S. T.; Bowen,

(33) Smets, J.; Jalbout, A. F.; Adamowicz, Chem. Phys. Let2001, 342, K. H., Jr.Israel J. Chem2004 44, 157.

342. (44) Dgbkowska, |.; Rak, J.; Gutowski, M.; Nilles, J. M.; Stokes, S. T.; Bowen,
K. H., Jr.J. Chem. Phys2004 120, 6064.

(28) Li, X:; Cai Z.; Sevilla, M. D.J. Phys. Chem. 2002 106, 1596.
(29) Lyapustina, S. Ph.D. Thesis, Johns Hopkins University, Baltimore, MD,
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The apparatus has been described previotisknions were

as the neutral AT dimer and (ii) a structure that results from

produced in our supersonic expansion, nozzle-ion source, where aintermolecular proton transfer (PT) from adenine to thymine. In both
mixture of the two individual nucleic acid bases of interest was heated cases, the stabilization energies were evaluated with respect to the

to approximately 186200°C and co-expanded with-12 atm of argon
through a 25m nozzle. A negatively biased hot filament, placed very

energy of neutral adenine and the anion of thymine.
Electron vertical detachment energies, direct observables in our PES

close to expansion, injected low-energy electrons into the jet, which in experiments, were evaluated as a difference between the energy of the
the presence of an axial magnetic field, formed a microplasma. Anions neutral and anionic complex at the geometry of the fully relaxed anion.

were then extracted and mass-selected with’ai@gnetic sector mass
selector, having a resolution 6f400. The mass-selected ion beam was

A difference in Gibbs free energy between the neutral and the anion at
their corresponding fully relaxed structures is denoted EBE

then crossed with an intracavity laser beam, and the photodetached Throughout our computational study we used a notation in which
electrons were energy-analyzed with a hemispherical electron energythe symbols of nucleic acid bases were followed by superscripts and

analyzer. Typical resolution of our electron energy analyzer is 25 meV,

and photodetachment was accomplished wi00 circulating Watts
of 2.54 eV photons. The photoelectron spectra of (adeftimgmine)
and (9-methyladenirel-methylthymine) were both calibrated against
the well-known photoelectron spectrum of €¥

Computational Details. We have applied primarily the density
functional theory method with Becke’s three-parameter hybrid func-
tional (B3LYP)Y"~*° and the 6-3%G** (6d) basis set® The ability of

the B3LYP method to predict excess electron-binding energies has

subscripts. These indices tell us, respectively, which atoms are proton
donors and proton acceptors in a hydrogen-bonded network for a given
base pair; see Figures 1 and 2. For examp@& stands for the
adenine-thymine base pair bound via two hydrogen bonds:—N9of
adenine interacting with O8 of thymine and NB from thymine
interacting with N3 of adenine. The Watse@rick is labeled as fi°

Ths. For the numbering of the atoms, see Figure 1. The anionic
structures are preceded by a prefix “a”.

recently been reviewed, and the results were found to be satisfactoryReSUItS

for valence-type molecular aniofsThe values of electron vertical

detachment energy for valence anions of pyrimidine nucleic acid bases

are typically overestimated by 0.39.20 eV at the B3LYP level of
theory3®4°The concepts of electron vertical detachment energy (VDE)
and adiabatic electron affinity (AEA) are derived within the Bern

Photoelectron ResultsThe photoelectron spectra of (AT)
and (MAMT)~ recorded with 2.54 eV photons are shown in
Figure 3. The vertical detachment energies of these two spectra
are very different, their values being separated by about 1 eV.

Oppenheimer approximations and are related to characteristic featuresT N€ photoelectron spectrum of (ATxonsists of a broad peak
of potential energy surfaces of the neutral and the anion; see Figure 1with maximum at~1.7 eV, while the photoelectron spectrum

in ref 51.

of (MAMT) ~ consists of a broad peak with a maximum-&t.7

All geometries presented here have been fully optimized without eV.

any geometrical constraints, and the analysis of harmonic frequencies

Let us consider the (AT)spectrum. Both thymine?-52and

proved that all of them are also geometrically stable (all force constants aeniné?14form dipole bound anions, and photoelectron spectra

were positive). The relative energies of neutral complexes are defined

with respect to the energy of the Watse@rick neutral complex,

whereas in the case of anions they are defined with respect to the anioni

Watson-Crick pair.
The stabilization energidssap Of neutral complexes are calculated

as a difference between the energy of the complex and the sum of the'

energies of fully optimized isolated monomers. Therefigg,obtained

C

of dipole bound anions are characterized by single narrow peaks
at low electron-binding energiésAlso, while solvent stabiliza-
tion results in spectral shifts to higher electron binding energies,
they are quite small for dipole bound anions. Thus, since the
actual spectrum of (AT)is broad and sits at a relatively high
electron-binding energy, it is clear that (AT)s not dipole

in this way includes deformation energies of the monomers. Basis setbound T~ solvated by A or dipole bound Asolvated by T.

superposition error has not been corrected for, as it was predicted in

the earlier studié8that it shall not exceed 2 kcal/mol and is of a similar

It is also clear that (AT) is not the valence anion of one of
its components solvated by the neutral molecule of the other.

value for each base pair arrangement. Therefore, it does not alter theyf jt were, it would be T-(A), because as mentioned above, the

relative order of different configurations. The value Bfa, for an
anionic complex is obtained by subtracting from the energy of the (AT)

dimer the energy of fully relaxed neutral adenine (A) and the energy

of fully relaxed anion of thymine (T). This approach is justified by

the fact that in every anionic complex investigated by us in this study
an excess electron is always localized on the thymine moiety. In addition

to the stabilization energie€san We calculated stabilization free
energiesGsap The latter result from correcting the valuesEfa, for
zero-point vibration terms, thermal contributions to energy, the pV

electron affinity of thymine is larger than that of adenifé®

One can get a reasonable idea of what the photoelectron
spectrum of T(A) should look like by examining the measured
photoelectron spectrum of TH20).” The VDE of T-(H.0) is

0.8 eV, while its threshold energy is 0.4 eV. The VDE of (AT)

on the other hand, is 1.7 eV, while its threshold energy is 1.1
eV. They are very dissimilar. The comparison betwee(HO)

and T(A) is valid because the dipole moments of adefine

terms, and the entropy terms. These terms were calculated in the rigidand watet* are similar (2.5 and 1.86 D, respectively), and in

rotor-harmonic oscillator approximation for= 298 K andp = 1 atm.
On the basis of our previous results?* we assumed that the

any case, water is a powerful solvating agent that produces
maximal spectral shifts. Thus, (ATshould not be characterized

attachment of an electron to the AT dimer may result in two stable but 35 the T(A) anion molecule complex. Our calculations, in fact,
distinct structures: (i) a structure with the same set of hydrogen bonds clearly predict that (AT) undergoes BFPT. Moreover, our

(45) Coe, J. V.; Snodgrass, J. T.; Friedhoff, C. B.; McHugh, K. M.; Bowen, K.
H., Jr.Chem. Phys1986 84, 618.

(46) Neumark, D. M.; Lykke, K. R.; Andersen, T.; Lineberger, W. Rhys.
Rev. A 1985 32, 1890.

(47) Becke, A. D.Phys. Re. A 1988 38, 3098.

(48) Becke, A. D.J. Chem. Phys1993 98, 5648.

(49) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(50) Frisch, M. J. et alGaussian O3revision B.01; Gaussian, Inc.: Pittsburgh,
PA, 2003.

(51) Rienstra-Kiracofe, J.C.; Tschumper, G. S.; Schaefer, H. FChiém. Re.
2002 102 231.

measured VDE value for (AT)is in agreement with our
calculated VDE value for a (AT) dimer anion that has
undergone BFPT. Also note that the spectrum of (AT

(52) Defranois, C.; Abdoul-Carime, H.; Carles, S.; Periquet, V.; Schermann,
J. P.; Smith, D. M. A.; Adamowicz, LJ. Chem. Phys1999 110, 11876.
(53) Bakalarski, G.; Grochowski, P.; Kwiatkowski, J. S.; Lesyng, B.;

Leszczyiski, J.Chem. Phys1996 204, 301.
(54) Clough, S. A.; Beers, Y.; Klein, G. P.; Rothman, L.5.Chem. Phys
1973 55, 2254.
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N0 N3
ANI a7

MAL'MT

MAL'MTy, MAYMT,

Figure 1. Optimized structures of neutral complexes of (i) adenine with thymine and (ii) 9-methyladenine with 1-methylthymine.
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@) S

aA.w‘.a,fmem aA::g T :)i
VDE =2.01 eV VDE =1.30 eV

\ aMAWMT aMAW'MT,
VDE =0.78 eV VDE =0.77 eV
Figure 2. Unpaired electron orbital plotted with a contour line spacing of 0.03 tihfor the two most stable anions of (i) AT pair and (i) MAMT pair.
similar to that of the thymineglycine dimer aniort® which is stabilization energies and free energies are presented in Table
an analogous system that has undergone BFPT. 1. The stabilization energies vary froml12.4 to—16.8 kcal/

Let us now turn to the spectrum of (MAMT) In contrast to mol. This range closely resembles the one obtained from the
the spectrum of (AT), the spectrum of (MAMT) is similar to MD-quenching and MP2/6-31G*(0.25) calculatiob®—11.7
the spectrum of T(H.0), suggesting that (MAMT) can be to —16.6 kcal/mol. Moreover, the relative stability of hydrogen-
described as (MT)YMA). While the photoelectron spectrum of  bonded structures determined at the B3LYP level matches
(MT)~(H20) is not available for comparison, it is no doubt almost exactly the one obtained previous¥ Thus the B3LYP
similar to that of T (H.O), because methylation only tends to method provides a qualitatively correct description of stationary
change electron binding energies slightly, for exampleg-EA points on the potential energy surface of the AT complex. Both
(uracil) ~ EA4(thymine)!®28 Thus, in (MAMT)", the excess  the MP2 and B3LYP theoretical approaches place the Watson
electron is probably associated with MT, implying that this Crick arrangement as the secomghst stable among the

dimer anion should be characterized as an (MBnion adenine-thymine complexes in the gas phase. Perusal of Table
interacting with a neutral MA molecule, that is, the anion 1 also reveals that the most favorable proton acceptor and donor
molecule complex, (MT)(MA). Certainly, there is no experi-  pairs for hydrogen bonding in neutral clusters are O7 and N1H

mental signature of BFPT in the photoelectron spectrum of this of thymine and N3 and N9H of adenine.

system. In agreement with this assessment, our calculations also ANSTML is the most stable neutral complex, which involves
characterize (MAMT) as (MT) (MA), and our measured VDE ~ N9H of A and N1H of T in hydrogen bonding. These sites,
value is consistent with our calculated VDE value for this however, are bound to sugar units in DNA and cannot participate

system. in hydrogen bonding in biological conditions. The dominance

. of Amg'l'g% demonstrates that the gas phase AT pair cannot
Computational Results serve as a model of biologically relevant interactions. A
Neutral Complexes.In the case of the adenir¢hymine pair, methylation at N9 of A and N1 of T is desirable to exclude

a combination of three proton donor and acceptor pairs of these sites from hydrogen bonding.

adenine with three proton donor and acceptor pairs of thymine ~ Indeed, for the MAMT family only four s’\'ltructures are
leads to nine possible, planar, cyclic H-bonded complexes. ThePossible, with the Hoogsteen structure (AVITG; being the
neutral AT complexes are displayed in Figure 1, and their (55) Soner, J.; LeszcZgki, J.; Hobza, PJ. Phys. Chem1996 100, 1965.
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Table 1. Values of Stabilization Energy (Estab) and Stabilization

. . R Free Energy (Gstab) @s Well as Their Relative Values (AE and AG)
(Adenine-Thymine) with Respect to the Watson—Crick Pair for the Neutral
Adenine—Thymine and 9-Methyladenine—1-Methylthymine
Complexes Calculated at the B3LYP/6-31+G** Level?

structure? Egan AE Gab AG
T Family
ANSTNL -16.81  —4.03 328 —4.36
ANIOTSS -1413  —-1.35 -0.39  —1.47
ANCTOS -13.05  —0.27 0.48  —0.60
%‘ Tos Family
S ANSToS -1450 -1.72 -135  -243
< ANIOTYS (Hoog) -1357  —0.79 042 —0.66
5 ARIOTRS (WC) -12.78 0.0 1.08 0.0
3 r . ’ ’ TS Family
% ANTTRS -14.06 —1.28 -112  —2.20
% (9-Methyladenine-1-Methylthymine) ANLOTNS ~1334 —056 057 —051
ol ANIOTNS -12.45 0.33 1.26 0.18

9-Methyladenine-1-Methylthymine
MT 5s Family

MARN MT 3 (Hoog) -1362  —0.88 0.08 -0.70

MARIE MTR3 (WC) —12.74 0.0 0.78 0.0
MT5s Family

MARNMTRS -13.34  —0.61 0.26 —0.52

MARTMTRS -12.21 0.53 1.13 0.35

aAll quantities in kilocalories per mol@.A2IT22 stands for an
adenine-thymine dimer stabilized by two hydrogen bonds (for the sites
numbers and structures, see Figure 2; D1#Aproton donor/acceptor site
T T T—T—T—T of adenine, D2/A2= proton donor/acceptor site of thymine); M stands for

20 15 1.0 05 0.0 "methylated",
EBE (eV) of isolated thyminé® A neutral molecule of isolated thymine
has a symmetry plane. However, occupation of the antibonding

Figure 3. Photoelectron spectra of (adenirthymine) and (9-methyl- . . . :
adenine-1-methylthymine) recorded with 2.54 eV photons. st orbital by an excess electron induces buckling of the ring

because nonplanar structures are characterized by a less severe
most stable. The B3LYP stabilization energies span a range fromantibonding interaction. The same kind of ring distortion takes
—12.2 to —13.6 kcal/mol, again in good agreement with the place in all aAT and aMAMT complexes upon an excess
MP2 results {11.2 to—12.6 kcal/mol)2® The differences in  electron attachment.
Estab for complexes with methylated and unmethylated bases As a consequence of the excess charge, the stabilization
do not exceed 0.24 kcal/mol. Thus, methylations have only energies in anionic complexes can be as large-23.9 kcal/
minor effects on the energies of hydrogen bonds. mol, compared with the largest stabilization energy-df6.8

It is worth noticing that the relative stability of AT complexes kcal/mol in neutral complexes. One may also notice that in
may be incorrectly predicted when based on the values of protonanionic complexes the most favorable proton acceptor and donor
affinity (PA) and deprotonation enthalpy (DPE) of the centers pair involves O8 and N3H, whereas in neutral complexes the
involved in hydrogen bonding (see Table S-1 for the reference O7 and N1H sites led to the most stable hydrogen-bonded
data). For example, the Watse@rick pair (ANN}Ong) differs structures. This change in the most favorable binding sites is
from the Hoogsteen pair Q#% 2‘,3) only by the proton acceptor related to the characteristic charge distribution of the unpaired
site on adenine. However, the PA values for the N1 and N7 €lectron, which is primarily localized in the G&4—C5-C6
sites (224.3 and 216.2 kcal/mol, respectively) would suggest region of thymine®®*=*4 The most favorable binding sites of
that the WC pair is more stable than the Hoogsteen pair, whereagidenine are the same in the neutral and anionic complexes: N3
the theoretical results suggest otherwise. and N9H.

Anionic Complexes. The results of B3LYP/6-3:G** The valence anionic state of isolated thymine is adiabatically
calculations for anions of various hydrogen-bonded AT and Unbound with respect to the neutral, though vertically bound
MAMT complexes are summarized in Table 2, and representa- PY 0-46 ‘?V‘}O The solvation of T with adenine leads to not
tive structures are displayed in Figure 2. A common feature of only vertically but also adiabatically bound anionic states at
anionic wave functions identified by us for the AT and MAMT  the B3LYP/6-31-G** level of theory; see the values of EBE
complexes is that the excess electron is localized wharbital and VDE in Table 2. The two anionic structuresi@Ry; and

of thymine, in close resemblance to the valence anionic state@AwansT"*% which are the most stable in terms Bfn and
Gstab are also characterized by the largest values of VDE and

(56) Kabeld&, M.; Hobza, P.J. Phys. Chem. B001, 105 5804. EBEg.
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Table 2. Values of Stabilization Energy (Estab), Stabilization Free consistent with the maximum of the PES peak for MAMat
Energy (Gstab), Their Relative Values (AE and AG) with Respect to 0.7 eV: see Figure 3

the Watson—Crick Pair, Electron Vertical Detachment Energy ’ ! 9 ’
(VDE), and Adiabatic Electron Binding Energy (EBEg) for the . .

Anionic Adenine—Thymine and 9-Methyladenine—1-Methylthymine Discussion

Complexes Calculated at the B3LYP/6-31+G** Level?

There have been four theoretical studies of the AT base pair

structure Esan Ai . _Gs‘a" AG  EBEs VDE anion, (AT)", and in each of these, the WC structural config-
o Tog Family uration was assumeéd:23 All of these found only valence
aAsTos —22.85 -7.39 -1111 -842 1465 1.30 anions, and in three of the four studies, adiabatic electron affinity
ahnanoTN308  —2389 —-8.43 -11.07 —839 1462 201 values in the range of 0-:3.36 eV were found. Noting that
aANTos -1752 —-2.06 —3.86 —1.18 9.18 091 the adiabatic electron affinity (E4 value can probably be
aaNioph —1546 0 268 0 866 0.89 estimated by going a few tenths_of an electronyolt up in energy
T Family beyond the threshold electron-binding energy in our photoelec-
o7 I . . .
aneTh 2024 -478 -852 -584 1014 052 tr_on spectra, |t_|s clear that their pre_dlcted values are in
NiopNL 1641 065 —417 —149 955 033 disagreement with any reasonable Festimate that could be
aA';I EZ ’ ’ ’ ’ ’ ’ extracted from our (AT) spectrum.
aAL Tor —1553 -0.07 -346 -078 796 026 On the other hand, these three theoretically predicted EA
oz Family values do much better at predicting the BAlue of MAMT.
aAwTor —-1746 -20  -490 -222 868 103 From our photoelectron spectrum of (MAMT) one can
aAN Ty -14.80 066 —093 175 640 0.80 estimate that the Efof MAMT is probably between 0.2 and
aANIoTN3 ~11.95 3.52 0.48 316 5.68 061 0.4 eV, and this range of values is consistent with their

predictions. One of the theoretical studies also calculates the
VDE value to be 0.6 eV, which is reasonably close to the
measured VDE of (MAMT) (i.e., 0.7 eV). As described above,
our study shows that (MAMT)is in the quasi-degenerate HS
or the WC configuration. With this in mind and recalling that
MTgy Family methylation tends to change electron-binding energies only

aMA\MTg;  —14.00 075 -090 158 558 0.69 slightly, one can see that (MAMT)is a better structural and
aMANIOVTNS  —11.20 355 —0.37 211 593 041 an energetic mimic of the WC (AT)base pair anion that was
studied by those four theoretical investigations.

Favorable deprotonation enthalpy is an important prerequisite
for BFPT to take placé?#4 The deprotonation enthalpy of the

In our previous studies on anionic complexes of thymine with N9H site of adenine in the gas phase is only 335.6 kcal/mol;
various proton donors, we reported PT from some proton donorsSe€ Table S-1. Occurrence of BFPT from this position in (AT)
to the O8 atom of 041 Here, we tested the stability of anionic further supports our previous results and is expected based on
complexes with respect to PT from A to Tindeed, the global  them. The N10H position that is involved in hydrogen bonding
minimum on the anionic potential energy surface results from N (MAMT) ™ has an acidity lower than the N9H position in
proton transfer from N9H of A to O8 of T, and the resulting gdenlng by approximately 20 kcal/mol..Our calculated acidities
structure is labeled af nsTNS8 see Figure 2. A barrier that in adenine for N1O(N7) and N10(N1) sites are 354.7 and 354.0

S . kcal/mol, respectively. Theoretical results found these to be
separates the global minimum from the \g@#ys structure is o .
only 0.25 kcalimol at the B3LYP/6-31G** level of theory. 355.0 and 354.4 kcal/mol for the same sites in 9-ethyladé¥ine.

. L - Electron attachment to the MT is not followed by the proton
This barrier is encountered on the surface of electronic energy, . .
L ) ~>transfer from MA because of the higher deprotonation enthalpy
but it disappears on the surface of free energy, after inclusion

of zero-point energies, thermal energies, and the entro termsOf the N1OH site in MA. Instead, the electron mainly occupies
P gies, gies, by the MT molecule, and thus we interpret the methylated pair as

The PES spectrum will be dominated by contributions the anjon molecule system, (MTMA)
: 9--N3 ’ ’

from the most stable AT structures (i.e, af\Tos and Before closing, we should point out that thus far we have
aAnz noTN309) with the corresponding VDE values of 1.3 and characterized the a@ TN and a&‘ngg minima on the
2.0 eV; see Table 2. The latter structure is more stable in termspotential energy surface of the (ATromplex. In the case of
of Esianby 1.0 and 2.3 kcal/mol at the B3LYP and MP2 levels  qasj-degenerate minima, the description limited to the coexist-
of theory, respectively. In terms of Gibbs free energy, the ing classical structures might not be sufficient. In view of the
d|fference |n. Stablllty .|S Sma”el’ by 1 kca|/m0| ThUS, bOth Sma” proton mass both electrons and the proton Should be
structures might contribute to the PES spectrum. Indeed, thereated quantum mechanically to include nuclear quantum effects
maximum of the PES spectrum is at 1.7 eV, in agreement with sych as zero-point vibration energy and proton tunneling. The

9-Methyladenine-1-Methylthymine
MT 5 Family
aMANIMTNs  —-16.72 —1.97 —3.66 -118 817 0.78
aMANIMTNs  —14.76 0 —248 0 7.69 0.77

@ Estab Gstan AE, AG, and EBE; are in kilocalories per mole; VDE is in
electronvolts.

the calculated values of VDE. multiconfigurational nuclear-electronic orbital metfdprovides
The most stable anionic complexes for methylated basesthe proper framework to include these effects.
correspond to the Hoogsteen aljAMIT5s and Watsor-Crick The resonance structure of the damage quantum yield versus

aMANIMT RS structures, with the former being more stable by  incident electron energy was reported by Sanche &t Bhey
2.0 and 1.2 kcal/mol in terms &E andAG, respectively; see
Table 2 and Figure 2. Both structures are characterized by a(27) Sharma, S.; Lee, J. K. Org. Chem2004 69, 7018.

(58) Webb, S.; lordanov, T.; Hammes-Schiffer,JSChem. Phys2002 117,
VDE of 0.8 eV at the B3LYP/6-3:G** level. The results are 4106.
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suggested that the process proceeds via metastable, that iglectron attachment to AT is able to induce proton transfer from
resonance, anionic states, probably localized on the nucleic basedenine to thymine with no kinetic barrier. This process can be
(NB) molecules. The interpretation was strengthened by the described as following. The electron is primarily located on the
results of electron transmission spectroscopy experiments, inO8—C4—C5—C6 portion of thymine, the molecule with the
which only temporary, that is, resonance, anionic states NBs higher electron affinity. Proton transfers from the H9N position
were detected’ In our opinion, it is premature to focus attention of adenine to the O8 position of thymine to stabilize this extra
exclusively on anionic resonance states as critical intermediatescharge, resulting in a complex that consists of hydrogenated
leading to DNA strand breaks. The agreement between the PESheutral thymine and deprotonated adenine. The anionic dimers
spectra and computational results obtained for bound anionic of AT that match this description are found to be the most stable,
states of the AT or MAMT complexes implies that bound and their calculated VDEs fall within the range observed in the
anionic states might be operational in DNA, despite the fact photoelectron spectrum of (AT) On the other hand, intermo-
that the valence anionic state of isolated T is adiabatically lecular proton transfer does not develop in (MAMT Wwhich
unbound. Clearly, the environment of ;Teven as simple as is an anion molecule complex, with electron localized on MT
the complementary base A, is sufficient to render the valence molecule, and MA acting as a solvent. Calculated VDEs for
anionic state bound; see Table 2. these most stable configurations of (MAMTare in agreement
The field of computational studies of DNA radiation damage with the measured PES VDEs. The methylation of the N9H
has been rapidly growing over the past few years, and our site in MA is responsible for lack of BFPT in (MAMT) The
contribution to the study of the anionic AT and MAMT deprotonation enthalpy of this site is approximately 20 kcal/
complexes should be viewed from a broader perspective. Themol lower than deprotonation enthalpy of the N10H, the site
group of Schaefer has recently studied DNA nucleosides andinvolved in hydrogen bonding with the O8 position of MT.
their radical anion8? They found that the values of adiabatic The global minimum of (AT) does not correspond to any
electron affinity are uniformly greater than those of the biologically relevant structure. The most stable structures of
corresponding isolated bases. The group of Simons developedMAMT) ~ correspond to Hoogsteen and Wats@rick. Cal-
a computational model for indirect dissociative electron attach- culations found Hoogsteen to be 2 kcal/mol lower in energy
ment that simplifies calculations on electronically metastable than Watsor-Crick.

anions®® The groups of Sevilla and Sanche studied the energetics ) .

hydrogen loss is the dominant channel of dissociative electron tion under Grant No. CHE-0211522. J.R. thanks the Polish State
attachment to pyrimidine bases. We are convinced that future Committee for Scientific Research (KBN) Grant 4T09A01224.
computational studies will provide critical insight into molecular M-G. thanks the U.S. DOE OBER Low Dose Radiation
mechanisms of DNA damage by low-energy electrons. Research Project. 1.D. is a holder of a Foundation for Polish
Science (FNP) Award. Computing resources were available
through: (i) a Computational Grand Challenge Application grant

The photoelectron spectra of the anionic adenitigmine from the Molecular Sciences Computing Facility (MSCF) in
and 9-methyladeninel-methyladenine, recorded with 2.54 eV the Environmental Molecular Sciences Laboratory, (i)
photons, are both characterized with broad features, but differthe National Energy Research Scientific Computing Center
significantly in measured VDEs. The maxima of measured (NERSC), and (iii) the Academic Computer Center in Gslan
spectra for (AT) and (MAMT)~ are at approximately 1.7 and  (TASK). The MSCF is funded by DOE’s Office of Biological
0.7 eV, respectively. This indicates that two different ionic and Environmental Research. PNNL is operated by Battelle for
configurations are observed in the nonmethylated and methylatedthe U.S. DOE under Contract DE-AC06-76RLO 1830.
dimers.

The theoretical results, acquired at the density functional
theory and second-order MgltePlesset levels, indicate that the

Summary

Supporting Information Available: Proton affinities and
deprotonation enthalpies obtained at the B3LYP/6-31* level
for selected sites of the canonical form of adenine and thymine.
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