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Finding Adiabatically Bound Anions of Guanine
through a Combinatorial Computational
Approach**

Maciej Harariczyk and Maciej Gutowski*

Anions of nucleic acid bases may be formed by trapping low-
energy electrons produced in living cells by high-energy
radiation. Recent experiments suggested that single- and
double-strand breaks develop in DNA exposed to low-energy
electrons.!! Furthermore, charged nucleobases play a critical
role in electron and hole transfer in DNA.”* Anionic states
of nucleic acid bases have been intensively studied both
experimentally and theoretically. On the basis of calculations,
guanine is believed to have the lowest electron affinity among
the nucleobases.”” This is consistent with the results of
electron spin resonance experiments on y-irradiated DNA, in
which the anion is divided between the pyrimidine but not the
purine bases.”

Gas-phase experiments on guanine are scarce because this
nucleic acid base easily decomposes at elevated temperatures.
Burrow and co-workers reported a vertical electron affinity of
—0.49 eV for guanine and assigned it to a hydroxy (enol)
tautomer.”” We have recently determined—at the coupled
cluster level of theory with single, double, and perturbative
triple excitations (CCSD(T))!'"l—a negative adiabatic elec-
tron affinity (AEA) of —0.49 eV for the canonical tauto-
mer.!"! In contrast to earlier experimental and computational
predictions, we demonstrate here that guanine supports
anionic tautomers that are adiabatically bound with respect
to the neutral canonical tautomer by as much as 8kcal
mol ', as calculated at the CCSD(T) level of theory. These
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tautomers do not result from proton transfer between the
electronegative atoms N or O, which were studied in the past
for the neutral and anionic species. Instead they result from
enamine—imine transformations, that is, a proton is trans-
ferred between the N and C atoms. Some of these anionic
tautomers do not require a proton transfer from the N9
position (see Figure 1). Thus, they might exist in DNA or
RNA, in which N9 is connected to a
sugar unit. The new anionic tauto-
mers might affect the structure of
DNA and RNA, and might initiate

AE+ZPVE | kecal mol™

further studies we selected the following: 1) the most stable
valence anion a,,G53), Which has no hydrogen atom
attached to NO9; 2)three valence anions that might be
biologically relevant because a hydrogen atom is attached
t0 N9 (a,uGycs avaONamaes: and a,,Gaiyes): and 3) the
valence anions a,, Gy s and a,, Gy (s, which are based on
the two most stable tautomers of neutral guanine (Figure 2).
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methyleytosine!™ and uracil,' also
result from enamine-imine transfor-
mations, though a biologically rele-
vant adiabatically bound anion has
not been identified so far. Second, a
combinatorial computational
approach was invoked in the current
study to identify the most stable
anionic tautomers, without a bias dictated by stereotypes
developed from studies on neutral tautomers of nucleic acid
bases, that is, a proton being transferred between N or O
atoms.™

The computational screening of the anionic tautomers of
guanine was started from a buckled molecular framework of
heavy atoms among which five hydrogen atoms were
distributed. We imposed the follow-
ing constraints: zero or one hydrogen
atom on N1, C2, N3, C4, C5, C6, N7,
and N9; one or two hydrogen atoms
on N2 or C8; zero, one, or two
hydrogen atoms on O4 (Figure 1).
With these constraints we generated
499 initial structures including the E
and Z tautomers as well as rotamers
of imino and hydroxy groups. These
structures were divided into three
groups: 2N2 (amino tautomers), N2c,
and N2t (imino tautomers with a
hydrogen atom at N2 arranged cis
or trans with respect to N1). Addi-
tionally, each group was divided into two subgroups C8 and
2C8, depending on the number of hydrogen atoms attached to
C8. We use the notation G, where “a” is the group and
subgroup and “b” is a string of heavy atoms to which the
remaining hydrogen atoms are connected. The anionic species
bear a prefix a,,.

We found that 2.81% of all screened structures are
adiabatically stable at the B3LYP/6-31+ + G** level of
theory, with the range of stability at 0.4-12.2 kcalmol ™. For
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Figure 1. The heavy
atoms of guanine; the
cis and trans positions
for N2 and O4 are
shown.
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Figure 2. The relative electronic energies of the various tautomers studied, corrected for energies
of zero-point vibrations (AE+ZPVE), as well as the electron vertical detachment energies (VDEs).
The adiabatially bound anions are on the left and right sides. In the middle, the two most stable
tautomers of the neutral and their accompanying valence anions are shown.

These anionic structures were further optimized, and har-
monic frequencies were calculated at the second-order
Mgller-Plesset level (MP2), and the final energies were
then calculated at the CCSD(T) level. The aug-cc-pVDZ
basis set!'”! was used in the MP2 and CCSD(T) calculations.
The effects of hydration were included within the IEF-PCM
method with the cavity built up using the United Atom model
(UA0).I'"! The calculations were performed using Gaus-
sian03"1 NWChem,!” and Molpro software packages,*”
and the molecular structures and orbitals were drawn with
the Molden program.®"

We found that the four anionic tautomers that result from
enamine—imine transformations were adiabatically bound

with respect to both the neutral G)y¢; canonical tautomer

and the most stable neutral tautomer Gy, (5. These gas-phase
results, presented in Figure 2, are based on the CCSD(T)
electronic energies and MP2 geometries and harmonic vibra-
tional frequencies. The most stable anion a,,G5% ¢ is bound
with respect to Ghy¢s by 8.50 kcalmol™'. This anion is
characterized by a large vertical detachment energy (VDE)
of 2.426 eV. Among the three anionic tautomers that have a
hydrogen atom on N9, the anion a,,G5 5 is 8.42 kcalmol ™'
more stable than G This value is much larger than our
estimation of uncertainties of the AEAs determined at the
CCSD(T)/aug-cc-pVDZ level, which is about 1 kcalmol™.
The two other anions a,,Ghg,,csand a,,Grases are more
stable than G by 7.00 and 3.81 kcalmol ™', respectively.
The values of VDE for the last three anionic tautomers are
similar, about 1.6 eV, and still much larger than the VDE
values of anions based on the most stable neutral tautomers.

We predict that there are many anionic enamine—imine
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tautomers that are adiabatically bound with respect to neutral
guanine.

The effect of an aqueous environment on the stability of
the new anionic tautomers was tested within the PCM model
(Table 1). The new imine tautomers are again more stable

Table 1: Adiabatic electron affinities (AEAs) and electron vertical detach-
ment energies (VDEs) for the tautomers of hydrated guanine charac-
terized within the PCM model.

Tautomer AEA [eV]® VDE [eV]™
Ghce 1.329 3.381
A 1.496 2.643
Ginz.acs 2211 4.625
oot 2.026 4.424
Gores 1.953 4.566
GSa 1.861 5.350

2N2,C8

[a]e=78. [b] e=78 and 2 for the initial and final states, respectively.

than anions based on the two most stable tautomers of the
neutral molecule. Additionally, the three imine tautomers
with a hydrogen atom attached to N9 are more stable than
a,uG5 cs- Thus the tautomers with a hydrogen atom attached
to N9 might dominate in aqueous solution. These tautomers
might be susceptible to further transformations, and lesions in
the DNA might develop. For instance, the a,,G),, and
a,uGharscs tautomers cannot maintain Watson—Crick-type
hydrogen bonding with cytosine.

We suggest two formation pathways for the new anionic
tautomers. First, they might be formed through intermolec-
ular proton transfer, with acidic and basic sites interacting
with a,, G, & Second, dissociative electron attachment?*)
to Ghyes [Eq. (1)]—where (G}i5¢%)* ™ denotes a scattering

Y +e — (G — (G +H 1)
state for an excess electron and (Gyy cs) denotes a depro-

tonated guanine in the ground electronic state—can be
followed by attachment of a hydrogen atom to C8 [Eq. (2)].

(GEZCN88)7 +H — (Gﬁchzis)i (2)

We have found that this step is barrier-free.

In summary, guanine supports many adiabatically bound
valence anions, which result from enamine-imine transfor-
mations of the most stable neutral tautomers. These stable
anionic tautomers were found using combinatorial computa-
tional prescreening at the B3LYP level of theory followed by
CCSD(T)/aug-cc-pVDZ calculations. The new anionic tau-
tomers might be formed by dissociative electron attachment
followed by attachment of a hydrogen atom to a carbon atom.
These tautomers may affect the structure and properties of
DNA and RNA exposed to low-energy electrons. Chemical
transformations of DNA triggered by the new anionic
tautomers will be explored in our future studies.

Received: May 15, 2005
Published online: September 15, 2005

Angew. Chem. 2005, 117, 67436746

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Keywords: ab initio calculations - anions -
combinatorial chemistry - guanine - nucleobases

[1] B. Boudaiffa, P. Cloutier, D. Hunting, M. A. Huels, L. Sanche,
Science 2000, 287, 1658 —1660.

[2] a) Z. Cai, M. D. Sevilla, J. Phys. Chem. B 2000, 104, 6942 —6949;
b) A. Messer, K. Carpenter, K. Forzley, J. Buchanan, S. Yang, Y.
Razskazovskii, Z. Cai, M. D. Sevilla, J. Phys. Chem. B 2000, 104,
1128-1136; c) Z. Cai, Z. Gu, M. D. Sevilla, J. Phys. Chem. B
2000, 704, 10406-10411.

[3] Y. A.Berlin, A. L. Burin, M. A. Ratner, J. Am. Chem. Soc. 2001,
123,260-268, and references therein.

[4] M. Bixo, J. Jortner, J. Phys. Chem. A 2001, 105, 10322 -10328,
and references therein.

[5] X. Li, Z. Cai, M. D. Sevilla, J. Phys. Chem. A 2002, 106, 1596 —
1603.

[6] S.D. Wetmore, R.J. Boyd, L. A. Eriksson, Chem. Phys. Lett.
2000, 322, 129-135.

[7] S.S. Wesolowski, M. L. Leininger, P. N. Pentchev, H. F. Schae-
fer II1, J. Am. Chem. Soc. 2001, 123, 4023 -4028.

[8] M. D. Sevilla, D. Becker, M. Yan, S. R. Summerfield, J. Phys.
Chem. 1991, 95, 3409 —3415.

[9] K. Aflatooni, G. A. Gallup, P. D. Burrow, J. Phys. Chem. A 1998,
102, 6205 -6207.

[10] P.R. Taylor in Lecture Notes in Quantum Chemistry II (Ed.:
B. O. Roos), Springer, Berlin, 1994.

[11] M. Haranczyk, M. Gutowski, J. Am. Chem. Soc. 2005, 127, 699 —
706.

[12] 1 eV =23.068 kcalmol .

[13] M. Haranczyk, J. Rak, M. Gutowski, J. Phys. Chem. A, in press.

[14] R. Bachorz, J. Rak, M. Gutowski, Phys. Chem. Chem. Phys.
2005, 7,2116-2125.

[15] P. Hobza, J. Sponer, Chem. Rev. 1999, 99, 3247 -3276.

[16] R. A. Kendall, T. H. Dunning, Jr., R. J. Harrison, J. Chem. Phys.
1992, 96, 6796 —6806.

[17] J. Tomasi, M. Perisco, Chem. Rev. 1994, 94, 2027 —2094.

[18] Gaussian 03, RevisionC.02, M.J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A.
Montgomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M.
Millam, S.S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M.
Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A.J.
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K.
Morokuma, G. A. Voth, P. Salvador, J.J. Dannenberg, V. G.
Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman,
J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc.,
Wallingford CT, 2004.

[19] NWChem, Version 4.6, E. Apra, T. L. Windus, T. P. Straatsma,
E.J. Bylaska, W. de Jong, S. Hirata, M. Valiev, M. Hackler, L.
Pollack, K. Kowalski, R. Harrison, M. Dupuis, D. M. A. Smith, J.
Nieplocha, V. Tipparaju, M. Krishnan, A. A. Auer, E. Brown, G.
Cisneros, G. Fann, H. Friichtl, J.Garza, K. Hirao, R. Kendall, J.
Nichols, K. Tsemekhman, K. Wolinski, J. Anchell, D. Bernholdt,
P. Borowski, T. Clark, D. Clerc, H. Dachsel, M. Deegan, K.
Dyall, D. Elwood, E. Glendening, M. Gutowski, A. Hess, J. Jaffe,
B. Johnson, J. Ju, R. Kobayashi, R. Kutteh, Z. Lin, R. Littlefield,
X. Long, B. Meng, T. Nakajima, S. Niu, M. Rosing, G. Sandrone,
M. Stave, H. Taylor, G. Thomas, J. van Lenthe, A. Wong, Z.

www.angewandte.de

Chemie

6745


http://www.angewandte.de

Zuschriften

Zhang, Pacific Northwest National Laboratory, Richland, Wash-
ington, 2004.

[20] MOLPRO, Version 2002.1, R. D. Amos, A. Bernhardsson, A.
Berning, P. Celani, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn,
F. Eckert, C. Hampel, G. Hetzer, P. J. Knowles, T. Korona, R.
Lindh, A. W. Lloyd, S. J. McNicholas, F. R. Manby, W. Meyer,
M. E. Mura, A. Nicklass, P. Palmieri, R. Pitzer, G. Rauhut, M.
Schiitz, U. Schumann, H. Stoll, A.J. Stone, R. Tarroni, T.
Thorsteinsson, H.-J. Werner.

[21] G. Schaftenaar, J. H. Noordik, J. Comput.-Aided Mol. Des. 2000,
14,123-134.

[22] H. Abdoul-Carime, S. Gohlke, E. Illenberger, Phys. Rev. Lett.
2004, 92, 168103.

[23] S. Denifl, S. Ptasinska, M. Cingel, S. Matejcik, P. Scheier, T. D.
Mark, Chem. Phys. Lett. 2003, 377, 74— 80.

6746 www.angewandte.de © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2005, 117, 6743 -6746


http://www.angewandte.de

