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We have theoretically analyzed the hydrogen bonding of two artificial nucleobases (3- and
5-methyl-6-aminouracil) with the natural DNA bases using the generalized gradient
approximation (GGA) of density functional theory at BP86/TZ2P level. The analysis of the
monomers provides the possibility to distinguish the different active parts of molecules and the
interactions with natural nucleobases have been determined. Another purpose of this work is to
clarify the relative importance of electrostatic interaction vs. orbital interaction in the hydrogen
bonds between the artificial base and the natural DNA base. At variance with widespread belief,
the orbital interaction component in these hydrogen bonds is found to contribute about 40% of
the attractive interactions and is thus of the same order of magnitude as the electrostatic
component, which provides the remaining attraction. According to our theoretical results both
candidates are potential artificial nucleobases for incorporation in DNA.

Introduction

The design of new, artificial nucleobases is one of the premier
tasks in nucleic acid research due to their potential role in
regulating gene expression.' Until the late 1980s, the investiga-
tion of the interaction of such new compounds with natural
bases was possible only through experimental techniques. In
view of the fact that high throughput synthetic techniques (i.e.,
combinatorial chemistry) are scarcely available in this field,
the development of a new nucleobase is a very time consuming
process.

From the beginning of the 1990s, the increasing computer
capacities and the more sophisticated program codes provide
new possibilities to narrow down suitable (classes of) candidate
molecules, in advance of the costly experimental explorations.
Although the computational model systems are often strongly
simplified compared to the species used in experiments, it
turned out that in certain cases they are really well applicable.>*

Previously, we reported about the capabilities of the
new, artificial nucleobases 3-methyl-6-aminouracil (1a) and
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1 Electronic supplementary information (ESI) available: Fig. SlI:

Total bonding energy of 3-methyl-6-aminouracil and 5-methyl-

6-aminouracil with natural nucleobases. Table S1: Cartesian coordi-

nates of all calculated duplex systems. See DOI: 10.1039/b803593h
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Fig. 1 3-Methyl-6-aminouracil (1a) and 5-methyl-6-aminouracil (1b).

S-methyl-6-aminouracil (2b, see Fig. 1) to form duplex and
triplex complexes with natural DNA bases.* Here, species 1a
and 1b served as models for more complex 3- and 5-substituted
6-aminouracils, respectively. Although the applied level of
theory was the simple exchange only Hartree-Fock method in
the previous work, the binding preference order corresponded
well to the results of present higher level investigations.

In the present paper, we present a more sophisticated
description of the chemical behaviour of the candidate mole-
cules 1a and 1b in various Watson—Crick and other types of
complexes with natural DNA bases, using the Amsterdam
Density Functional (ADF) program’® at BP86/TZ2P.° This
level of theory was recently shown to perform very satis-
factorily in describing the stability and geometry of simple
as well as multiply hydrogen-bonded systems.>**¢ The main
purpose is the analysis of the different possible base-pair
arrangements (e.g. Watson—Crick or Hoogsteen type and their
reverse forms) of the new compounds where H-bonds play a
central role in the formation of complexes. The MO analysis of
the monomers let us explain the differences of the interaction
energies in those cases where the structure of the complexes
seems to be similar. In this way, one can distinguish active and
less active parts of the molecules.

The article is structured in the following way: after a brief
summary of the theoretical and computational background we
introduce the investigated monomers and their duplex
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arrangements. First the electronic structure of monomers, then
the general results of the duplex calculations will be analyzed.
Finally, we consider the incorporation of these artificial bases
into natural DNA.

Theoretical background

The Kohn-Sham (KS) molecular orbital formulation of
density functional theory has been successfully used from the
beginning of the seventies. The KS method yields in principle
exact energies. In practice, with the available approximate
exchange and correlation functionals, rather accurate total
energies can be computed. Thus, we have the special situation
that a seemingly one-particle model (an MO method), in
principle, completely accounts for the bonding energy. The
overall bond energy AE between two bases in a base pair is
analyzed using a quantitative bond energy decomposition
scheme:”®

AE = AEprep + AVelslal + AEpyui + ZI‘AEgi (1)

Here AE,,., is the amount of energy required to deform the
separate bases from their equilibrium structure to the
geometry that they acquire in the pair. AV, corresponds
to the classical electrostatic interaction between the unper-
turbed charge distributions of the prepared (i.e. deformed)
bases and is usually attractive. The Pauli repulsion AFEp,,;
comprises the destabilizing interactions between occupied
orbitals and is responsible for the steric repulsion. Finally,
the last term in eqn (1) is the orbital interaction energy AE,;
which can be further decomposed into the contributions from
each irreducible representation I' of the interacting system
using the extended transition state scheme developed by
Ziegler and Rauk.”® This further decomposition is most
informative in the case of clear o—n (or A’~A") separation,
e.g., in our systems with Cg symmetry. This has previously
provided valuable insight into H-bonded systems.”

The orbital interaction AE,; in any MO model, and there-
fore also in Kohn—Sham theory, accounts for charge transfer
(i.e., donor—acceptor interactions between occupied orbitals in
one moiety with unoccupied orbitals of the other, including
the HOMO-LUMO interactions) and polarization (empty/
occupied orbital mixing on one fragment due to the presence
of another fragment).

Computational method

All calculations were performed using density functional
theory (DFT) as implemented in the Amsterdam Density
Functional (ADF) program developed by Baerends and
others.> The Becke exchange functional was used in combina-
tion with the correlation functional suggested by Perdew.® The
MOs were expanded using triple-{ basis set augmented with
two polarization functions (TZ2P).® This level of computation
provides good agreement with other high level calculations, as
has been shown in previous papers.**?¢

Equilibrium structures were optimized using analytical gra-
dient techniques.'® As a first step, all investigated systems were
optimized with 10~ accuracy for the maximal gradient force
and for the energy change without any restriction. Next, the

Cs symmetry constraint was switched on in rest of the cases
and the final geometry was determined with 10~° accuracy.
Nevertheless for those systems whose buckle angle was signi-
ficant or steric repulsion occurs between the two fragments, a
fully unconstrained optimization was also performed with the
same criteria as in the Cs case. For the optimized structures,
the Voronoi deformation density (VDD) atomic charges'!
were calculated.

Investigated systems

The two forms of the substituted aminouracils are shown in
Fig. 1, where the intended connection points to the sugar-
phosphate or peptide nucleic acid chain are closed by methyl
groups. The primary consequence is that the S-substituted
molecule provides additional bonding capacities by the new
N-H group in position 3. This way, it is richer in possible
duplex arrangements, as one can notice in Fig. 2 and 3 in
which we present all the calculated complexes of the modified
aminouracils with natural DNA bases. Although there are in
principle several other possibilities, we focused on those
systems whose interaction energy is considerable (final
geometries of the optimized systems can be found in the ESI¥).

Energy level and VDD charge investigation of the
two nucleobases

The energy level structure of the nucleobases la and 1b is
analyzed. The order, differences or shifting of the levels show
how the reactivity of a molecule is modified due to the change
in structure or environment.¥ In Table 1 we present the energy
values (in eV) of the two highest occupied o-orbitals
(6-HOMO-1), 6-HOMO) and the two lowest unoccupied
c-orbitals (c-LUMO, o-LUMO + 1) for three cases, namely
the two methyl substituted 6-aminouracils (left and right
panels) and a purely hydrogen-closed form (in the middle).
Furthermore, in Fig. 4, the results of the VDD charge analyzes
are illustrated for these systems. Comparing the VDD charges,
the systems are very similar: they are almost not affected by the
substitution of a hydrogen atom by a methyl group.

This is in accord with the fact that the electronegativity of a
hydrogen atom and a methyl group are not very different as
compared to that of the heteroatoms. Moreover, as the oxygen
atoms have negative electrostatic potential as well as a
lone-pair-type orbital amplitude and the hydrogen atoms of
the aromatic and amino N—H bonds have positive electrostatic
potential as well as N-H antibonding c* acceptor-orbital
amplitude, the artificial bases posses the right electronic
structure for achieving favorable electrostatic and donor—
acceptor orbital interactions when forming a pair with a
natural base.

In Table 1 the numbers were taken from the Cs-symmetric
cases because in most of the calculations we applied this
constraint. It has been previously shown® that the effect of
constraining the nucleobase geometry to Cs symmetry on the
bond energy of natural Watson—Crick pairs (which are close to
C, symmetric) is in most cases very small or zero (see also
later). In this way, the separation of the 6 and ©= MOs is clear
which is important in our analysis since the c-orbitals have a
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Fig. 2 The calculated duplex systems of 5-methyl-6-aminouracil with methylated adenine (2a-2f), cytosine (2g-2j), guanine (2k—20) and thymine
(2p—2u). The connections to the backbone chain are closed by methyl groups (encircled in the structures). The numbers refer to the optimized
distances (in A) and angles (in degrees) at the symmetric restricted case. The H-bond angle is shown only for instances where the deviation from
180° is larger than 5°.

primary role in H-bonding: the o-type lone-pair orbital of the than the total m-type orbital interaction energy.>’ Finally,
heteroatom donates charge into the unoccupied o* N-H since the interaction is proportional to the energy level gap

antibonding orbitals of the other fragment.” Furthermore, between the interacting ¢ and o* orbitals, the shift or the
for the natural DNA bases the sum of the o-type orbital order of levels provides some insight into the bonding
interaction energies is usually one order of magnitude larger capabilities of nucleobase candidates.”
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Fig. 3 The calculated duplex systems of 3-methyl-6-aminouracil with methylated adenine (3a, 3b), thymine (3¢, 3d), guanine (3e-3g) and cytosine
(3h-3j). The connections to the backbone chain are closed by methyl groups (encircled in the structures). The numbers refer to the optimized
distances (in A) and angles (in degrees) at the symmetric restricted case. The H-bond angle is shown only for instances where the deviation from

180° is larger than 5°.

Table 1 The c-HOMO-1, c-HOMO, ¢-LUMO and ¢-LUMO + 1
energy values (in eV) of 3-methyl-6-aminouracil, 6-aminouracil and
5-methyl-6-aminouracil molecules

3-Methyl-6- 5-Methyl-6-
Orbital aminouracil 6-Aminouracil aminouracil
c-LUMO+ 1 0.146 0.053 —0.055
o-LUMO —0.951 —1.044 —0.988
c-HOMO —5.895 —6.003 —5.996
o-HOMO-1 —6.826 —7.026 —6.939

We have found that the energy levels shift very slightly due to
the exchange of a hydrogen atom by a methyl group (see Table 1).
This is in line with previous work®” in which it was shown that
substituting a hydrogen atom by a methyl group at the nitrogen
atom which is linked in DNA to the phosphate-sugar backbone,
leaves the hydrogen bonds in the natural DNA base pairs AT
and GC essentially unaffected. For both artificial bases the
c-HOMO has the largest lobe on the O4 atom. The absolute

Fig. 4 VDD charges (in a.u.) of the 3- and 5-methyl substituted (left
and right panel, respectively) and the purely hydrogen closed form
(middle panel) of 6-aminouracil.

HOMGOs are in the m-electron system and they have higher
orbital energy in the methyl substituted cases. The absolute
LUMOs also have n-symmetry and their energies are also raised
by the methyl substitution. The energy level of other o orbitals
are shifted up slightly but the changes are very small and the
3- and S-substituted isomers are accordingly expected to provide
very similar interaction energies under analogous circumstances.

The intrinsic differences in the chemical behaviour of O2
and O4 atoms of 1a and 1b are expected to be larger than the
effect caused by methyl substitution. As mentioned before, the
largest lobe of the c-HOMO orbital is centered at the O4 atom
while the c-HOMO-1 has the largest distribution on the O2
atom. This asymmetry stems from the pyrimidine ring and not
from the methyl substituent. When the hydrogen bond
changes from the O2 to the O4 atom, e.g. 2q vs. 2r, the latter
provides a stronger interaction energy (see next section). The
c-HOMO-1 and the c-HOMO functions of the 5-substituted
molecule 1b are shown in Fig. 5 (5a and 5b, respectively). The
unoccupied orbitals o*LUMO, o*LUMO+1 and
o*-LUMO +2 are also given in Fig. 5 (5¢, 5d and Se, respec-
tively). These orbitals have clearly antibonding character in
the arylic as well as the amino N-H bonds.

Interaction energy and optimized structure of the
duplex systems

In Table 2 we present the energy decomposition of the total
interaction energies according to the calculation method
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Fig. 5 The c-HOMO-1 (5a), 5-HOMO (5b), c*-LUMO (5¢), c*-LUMO+ 1 (5d) and o*-LUMO + 2 (5e) orbitals of 5-methyl-6-aminouracil.
White atoms: hydrogen; light grey: nitrogen; dark grey: oxygen. The dark and light regions of the orbitals correspond to positive and negative signs

of the wave function value, respectively.

described in the theoretical background section. One can see
that the orbital interactions AE,; play an important role in the
hydrogen bonds and constitute a sizeable component of
36-43% of the total bonding forces AV + AEy;. This is in
good agreement with the results of previous studies on natural
and modified base-pair systems.® Furthermore, Table 2 also
shows that the o-type orbital interactions are one order of
magnitude larger than the m-type ones. For comparison we
mention that the interaction energy of the natural base pairs
are —13.0 kcal mol™' for the adenine-thymine (A-T) and
—26.1 kcal mol™! for the guanine—cytosine (G—C) base-pair
(values taken form ref. 3b) according to the same type of
calculation. Taking into account the basis set superposition
error (BSSE) an BSSE-corrected B3LYP/6-31G** calculation
yields —12.3 and —25.5 kcal mol™! interaction energies for
A-T and the (slightly nonplanar) G-C base pairs, respec-
tively.'? Furthermore, MP2/6-31G** yields —11.8 and
—23.4 kcal mol™', respectively, using HF/6-31G** optimized
geometry.12

Returning to our investigated systems, Table 2 shows that the
interaction energies of the artificial base pairs are in most of the
cases closer to the adenine—thymine level, but in two arrange-
ments they approach the guanine—cytosine bonding energy. In
the case of the 2h and 3i, the numbers of the H-bonds reveal the
similarity with the G—C pair, but for 3e and 2m, we must take
into account the bifurcations. As it is well known, the proton
acceptor heteroatom can interact with more than one hydrogen
atom in a bifurcated H-bond. In Table 3, we present those
arrangements where bifurcation can occur.

Table 3 shows that single (e.g. 2s) or double (2m, 3e)
bifurcation can be distinguished in these systems. As the inter-
action energy is roughly proportional with (1/r)'2, where r is the

bond length, it is clear that the second interaction is very weak
in those situations where only one bifurcation is presented.

Finally, we should note that it is difficult to separate the
difference in the total energy caused by the presence of the
bifurcation or the changes of the participating heteroatoms
(e.g.: 2n vs. 20). We can interpret clearly the total energy
difference as the natural consequence of the appearance of the
bifurcations only in the double bifurcations. These systems are
examples requiring a detailed study on bifurcated hydrogen
bonds, which will be published elsewhere.

Now, we focus on the differences between systems optimized
under the constraint of Cs symmetry and fully optimized
systems (i.e., in C; symmetry). We see that energy differences
can amount to about 1 kcal mol™!. This is mainly due to the
repulsion in the flat geometry, which can occur between two
hydrogen atoms or two oxygen atoms coming too close
together. In the fully optimized geometry the system can relax
(see, for instance 2d and 2i in Fig. 2).

If we compare systems 2p and 2s with bonding energies of
—13.9 and —15.6 kcal mol™", respectively, systems 2q and 2t
with bonding energies of —9.0 and —9.5 kcal mol !, respec-
tively, and systems 2r and 2u with bonding energies of —13.9
and —15.6 kcal mol™', respectively, we see that the most
strongly bound system of each pair of systems is that with a
hydrogen bond formed with the O4 oxygen of thymine (2s, 2t
and 2u). It has been shown previously,>*” that the 5-HOMO of
thymine is mainly a lone pair on the O4 and higher in energy
than the c-HOMO-1, which is a lone pair on the O2. There-
fore, a hydrogen bond formed with the O4 atom which has the
strongest amplitude from the higher energy c-HOMO results
in a slightly stronger bond than a hydrogen bond formed with
the O2 atom.
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Table 2 Analysis of the total bonding energy AE between the base
pairs (in kcal mol™"). All calculations were performed in Cy symmetry,
except for “NS” which are unconstrained optimizations in C;
symmetry

AEl’auli AVelstat AEgl AEﬂol Ab:oi Ab:int AE‘prep AE

2a 40.3 -329 -21.0 -1.7 =227 —153 23 —13.0
2b 370 -304 —-19.0 —1.5 -20.5 —139 2.0 —11.9
2¢ NS 36.7 —32.2 —-21.7 -17.2 24 —14.8
2c 343 -30.1 —188 =23 -21.1 —16.8 2.2 —14.7
2d NS 324 293 —194 —162 24 —13.8
2d 27.9 —-252 —153 =22 -174 —147 2.1 —12.6
2e 335 -293 -17.2 —-1.5 —18.7 —145 1.8 —12.7
2f 35.1 -30.7 —-182 —-1.6 —199 —-154 1.9 —13.5
2g NS 194 215 —123 —-144 12 —13.1
2g 190 -21.1 —-10.6 —1.5 —12.1 —143 04 —13.9
2h 504 —47.6 —28.0 —4.4 -324 -29.7 3.6 —26.0
2i NS 29.7 —24.1 —-17.6 —12.0 2.1 -9.9
2i 26.7 212 —-142 -1.8 —-16.0 —10.5 1.7 -8.7
2j NS 340 273 -20.5 —13.8 2.3 —11.5
2j 30.9 -249 —-168 -2.0 —18.8 —12.8 2.1 —10.7
2k NS 264 289 —-163 —18.8 1.6 —17.3
2k 26.7 -293 —-143 -22 -16.5 —19.1 1.3 —17.8
2INS 177 —20.4 —11.2 —14.0 0.7 —13.3
21 17.3 -20.7 =97 —-15 —11.1 —14.5 0.7 —13.7
2m 46.5 —44.0 263 —44 -30.7 —-28.2 4.4 —23.8
2n 344  -291 —188 =25 -21.3 —16.0 25 —13.5
20 423 -350 -235 -3.1 —-26.6 —19.3 34 —159
2p 32.7 -28.6 —17.8 -24 -20.2 —16.1 2.2 —13.9
2q 256  -21.5 —13.1 —-1.3 —-144 —-104 13 -9.0
2r 304 247 -—l6.1 —-1.6 —17.7 —12.0 1.7 —10.3
2s 37.1 -32.1 -20.5 -2.8 -233 —183 2.7 —15.6
2t 28,6 —-232 —I51 —1.5 —16.5 —11.1 1.6 -9.5
2u 336 -266 —18.1 —-1.8 —19.9 —13.0 2.0 —10.9
3aNS 370 323 —-21.8 —-17.1 2.3 —14.7
3a 34,5 -30.0 —189 -23 -212 —16.7 2.1 —14.6
3b NS 320 —-29.0 —19.0 —16.0 2.3 —13.7
3b 27.8 —-25.0 -—152 -22 -174 —145 19 —12.6
3c 334 290 —-182 -24 -20.5 —-162 22 —139
3d 37.7 -324 -20.8 -2.8 -23.6 —18.2 3.8 —14.5
3e 470 —441 266 —44 -31.0 -28.1 44 —23.7
3f NS 17.8 -20.4 —-11.3 —-139 0.7 —13.2
3f 174  -205 -9.7 —-14 -112 —142 0.7 —13.5
3g NS 26.1 —28.6 —16.1 —18.6 1.7 —16.9
3g 266 —290 —142 -22 -16.5 —189 1.2 -17.7
3h NS 18.6 —20.6 —11.8 —13.8 0.9 —12.9
3h 18.8 -209 -105 —-1.5 —11.9 —13.9 0.8 —13.1
3i 49.5 —469 -27.6 —44 -32.0 -294 34 —26.0
3j 3.2 =306 —154 -2.6 —18.0 —174 24 —15.0

Incorporation into natural DNA

Table 2 reveals that the bonding energy of the two artificial
nucleobases with one of the natural DNA bases amounts
mostly to values around the bonding energy of A-T with a
few exceptions which are more strongly bound. For a possible
incorporation into natural DNA, a pair of an artificial base
with a natural DNA base must also fit into the Watson—Crick
geometry.”” This means that the methyl groups, which are
mimicking the sugar-phosphate backbones, must be on the
same side of the Watson—Crick base pairs (i.e., on the minor-
groove side) and that the distance between the two base atoms
(carbon or nitrogen) that are connected to the sugar—
phosphate backbone (modelled here by a methyl group), must
be around 8.9 A.¥ This demand is satisfied, when 1a pairs with
adenine to form the complex 2b (distance between N9 and C5
s 9.0 A) or with guanine to form 20 (distance between N9 and
C5is 8.9 A) and when la pairs with guanine to form 3e

Table 3 Duplex structures containing bifurcated H-bonds with the
values (distances in A and angles in degrees) of the supposed second-
ary weaker bond (wavy line) at the optimized structure
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(distance between N9 and N3 is 8.8 A). The pairs between the
artificial bases and thymine or cytosine are too small to fit into
DNA. There are of course also other factors (e.g. solvent
effects'® or pH dependence®) which will determine if the
artificial bases can be incorporated. This is however beyond
the scope of this work.

Conclusions

Two methyl substituted forms of 6-aminouracil were examined
in this paper. In the MO analyses of the monomers, we found
that the orbital levels are only slightly shifted by a substitution
of a hydrogen atom for a methyl group. Also, the charge
analyses show that the molecules are very similar and capable
of forming hydrogen bonds with the natural DNA bases.
However, a difference of about 1 kcal mol™! in hydrogen
bond energy was shown when a hydrogen bond was formed to
the O4 of one of the artificial bases or thymine or to the O2 of
these same three monomers. This is not explained by the
atomic charge of the O2 and O4 atoms, because they are
almost equal, but by the higher lying MO energy level of
the lone pair on O4, which leads to a stronger interaction with
the N—H antibonding acceptor orbital on the other base.

Furthermore, it was shown that for the artificial pairs
between the methyl-substituted 6-aminouracil and a natural
DNA base the orbital interactions play an important role in
the hydrogen bonds and constitute a sizeable component of
36-43% of the bonding forces, AV + AE,;.
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The bonding energy of the two artificial nucleobases with
one of the natural DNA bases amounts mostly to values
around the bonding energy of A-T with a few exceptions
which are more strongly bound. For a possible incorporation
into natural DNA, a pair of an artificial base with a natural
DNA base must also fit into the Watson—Crick geometry.
Based on our theoretical considerations, possible candidates
are 2b, 20 and 3e. There are of course also other factors (e.g.
solvent or pH effects) which will determine if the artificial
bases can be incorporated.
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