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EFFECTS OF STRUCTURAL VARIATIONS ON THE HYDROGEN BOND PAIRING
BETWEEN ADENINE DERIVATIVES AND THYMINE®
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The hydrogen bonding between substituted adenines and thymine was investigated by density
functional theory computations at the B3LYP/6-311+G(2d,2p) level. The effect of 20 different polar sub-
stituents at position 8 in adenine was examined in detail. Three different theoretical parameters, reflecting
the electrostatics at the atoms involved in hydrogen bonding, were applied. An excellent correlation be-
tween electrostatic potentials at the bonding atoms in the monomer adenines and interaction energies was
derived (Eqn. 2). It can be employed in designing bioactive adenine derivatives that are able to bind with
a finely adjusted strength to thymine bioreceptor sites. NBO and Hirshfeld atomic charges are found to be
less successful as reactivity predictors in these interactions.
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E®EKTHU HA CTPYKTYPHUTE BAPUJALIUUN BP3 CIIAPYBABETO
HA AJZEHUHCKU JEPUBATH 1 TUMHH CO ITIOMOIII HA BOAOPOJIHO CBP3YBAIE

HctpaxyBaHo € BOJIOPOJHOTO CBP3YBame IMOMEIY CYNCTUTYHPAaHU aJleHWHH U THMHUH CO MOMOLI
Ha TPECMETKH CIIOpen TeopHjaTa 3a (DYHKIIMOHAT Ha eJEeKTPOHCKaTa rycTHHa Ha HuBoTO B3LYP/6-
311+G(2d,2p). deranuo e m3ydyyBan edexkror Ha 20 pasjgvyHH MOJAPHHU CYINCTUTYCHTH Ha aJCHUH BO
nosunujata 8. IlpuMeHeTH ce TpH pa3NUYHH TEOPETCKUM MapaMeTpH KoM ja pedueKTupaar
eNIeKTPOCTATHKATa HAa aTOMUTE BKIYYCHH BO BOJOPOJHOTO CBp3yBame. JJoOMeHa e oJUIMYHa Kopeanuja
noMmery eJeKTPOCTATCKUTE IIOTCHLHjald Ha CBP3yBayKUTE AaTOMH BO MOHOMEPHHTE aJCHHHH H
HMHTEpakoHuTe eHepruu (p-ka 2). Toa Moxe na ce NpUMEHH IpU AM3ajHUpame Ha OHOaKTHBHHU
aJICHMHCKH JepHBaTH KOW MOXXaT Jia ce CBp3aT co (HUHO HaroJeHa jayuHa CO THMHHCKUTE
6uopenenropcku cajroBu. Hajneno e neka t.H. NBO u Xupmdunnosure (Hirshfeld) aromckn noinexn
ce MOMAJIKY YCIENIHH KaKo MPETCKaXyBayH Ha PEaKTMBHOCTA BO OBHUE MHTEPAKIUH.

Kayunu 306opoBu: JIHK Oasen map; axeHWH; THMHH, BOJOPOJHO CBP3YBame€; E€JIEKTPOCTATCKH
MTOTEHIIN]jaJl; ATOMCKH TOJTHEXH

* Dedicated to Academician Gligor Jovanovski on the occasion of his 70" birthday.
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1. INTRODUCTION

Hydrogen bonding [1-4] plays a key role in
various biological processes, including pairing of
nucleobases [4, 6], protein folding [7, 8], enzyme
catalysis [9, 10], and other interactions in biosys-
tems. Hydrogen bonding influences the solubility
of biologically active ligands and the way they
bind to bioreceptors [11]. Quantitative characteri-
zation of the ability of biological receptors (nitro-
gen bases in nucleic acids, amino acid units in
proteins) to form hydrogen bonds is, therefore, of
particular importance in the design of bioactive
structures. Experimental and theoretical investiga-
tions on hydrogen bonding involving structural
fragments of biopolymers are the subject of con-
tinuing interest [12-15]. Literature data reveal that
structurally modified DNA bases may possess
substantial biological activity [16-28]. For exam-
ple, halogenated pyrimidines have been shown to
possess well-expressed anti-tumor, anti-bacterial
and anti-viral effects [20]. In the molecular design
of drugs, substituted nucleic acids are used to en-
hance the stability of DNA pairs [21]. Analyzing in
detail the influence of structural variations on bio-
logical activity can also provide information on the
mechanisms of action of bioactive molecules.

Hobza et al. [22—24] applied high-level theo-
retical computations in evaluating the hydrogen
bond interaction energies for pairs of DNA bases.
Historically, hydrogen bonds were considered to
be mostly electrostatic in nature [25-32]. It has
been shown, however, that a number of alternative
guantum mechanical terms also contribute to the
overall hydrogen bond energies. Thus, the overall
interaction energy is a complex function of several
terms: electrostatic, charge-transfer, dispersive,
guantum exchange as well as smaller contributions
from higher order terms [33-38]. Bickelhaupt et al.
[33, 34] showed that Watson-Crick base-pair inter-
actions associated with the charge transfer from the
free electron pair of O or N to NH o* acceptor
orbital of the other base is comparable in magni-
tude to the electrostatic interaction.

Kawabhara et al. [21], Bickelhaupt et al. [33—
35], and Meng et al. [40-42] examined by theoreti-
cal computations the effect of substituents on the
hydrogen bonding of modified DNA base pairs.
Bickelhaupt et al. [35, 39] investigated how the
strength and length of hydrogen bonds is influ-
enced by the introduction of F, CI, and Br substitu-
ents at position 8 in the purine (Scheme 1) and at
position 6 of the pyrimidine nucleobases. The same
authors analyzed in particular [34] the impact of
substituents (NH, NH,, NH3*, O, OH, and OH,")

at position 8 in the purine ring and in position 6 in
the pyrimidine cycle on interaction energies for
hydrogen-bonded complexes of substituted gua-
nines with cytosine derivatives. Meng et al. [40—
42] investigated the effect of CHs;, CH50, F, and
NO, substituents on the adenine-thymine base
pairing.

Popelier et al. [43] examined by theoretical
DFT computations at the B3LYP/6-311+G(2d,p)
level the effects of 42 substituents on the interac-
tion energy of the cytosine-guanine base pairs.
They considered the influence of both electron-
with drawing and electron-accepting substituents
on positions 5 and 6 in cytosine. As expected, the
presence of electron-accepting substitutuents leads
to less stable base pairs with guanine. These au-
thors established correlations between interaction
energies and reactivity descriptors, derived from
analysis of quantum chemical topology (QCT-
descriptors). Later, the same authors [44] examined
how the interaction energies between the same
guanine-cytosine base pairs vary under the influ-
ence of substituents at position 8 of guanine.

In the present research, we apply alternative
theoretical descriptors — electrostatic potential at
nuclei (EPN) and atomic charges — in analyzing the
relationships between structural variations in ade-
nine and hydrogen bonding for the adenine-
thymine base pair.

2. COMPUTATIONAL DETAILS

Density functional theory (DFT) computa-
tions at the B3LYP/6-311+G (2d, 2p) level [45-47]
for a set of 20 hydrogen-bonded adenine-thymine
complexes, containing various substituents at posi-
tion 8 of adenine were performed. All computa-
tions employed the Gaussian 09 program [48].
Optimized structures were verified to be minima of
the potential energy surfaces with the aid of har-
monic frequency computations. The interaction
energies are corrected for basis set superposition
error (BSSE) using the counterpoise method [49].

The electrostatic potential at nuclei was first
introduced by Wilson [50]. Politzer and Thruhlar
[51] defined the electrostatic potential at nuclei Y

(Vy) by Egn. (2):

VA p(r)
V, =V(R,)= A dr (1
=VRY) A§)|RA—RY| I|r—RY| o

In this relationship, the singular term for nu-
cleus Y is excluded. Z, is the charge of nucleus A at
position R,, and p(r) is the electron density func-
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tion. Following the original findings [53-57] that
EPN values define quantitatively the ability of
molecules to form hydrogen bonds, the EPN index
was extensively applied in describing both hydro-
gen bonding and chemical reactivity of various
molecular systems [58-65]. In a recent review, we
surveyed the application of EPN in quantifying
various molecular properties of aromatic systems
[62]. In contrast to other theoretical parameters that
characterize local molecular properties such as
atomic charges, the electrostatic potential at nuclei
is a rigorously defined quantum mechanical quanti-
ty. The 1/r dependence of EPN (Eqn. 1) determines
considerably greater contributions to Vy of nega-
tive and positive charges in close vicinity of nucle-
us Y when compared with longer distance charge
variations resulting from structural alterations [63].

3. RESULTS AND DISCUSSION

As is known, hydrogen bonds in the ade-
nine-thymine base pair are formed between the
hydrogen atom from the amino group of adenine
and the carbonyl oxygen atom of thymine, and
between the N3-H hydrogen atom in thymine and
the free electron pair at the N1 nitrogen atom in
adenine (Scheme 1). We examined a set of 20
complexes of substituted at position 8 adenine
derivatives with thymine (Scheme 1).

H6'
o N7 N6—H6------ 04 CH;
S c8% \ / A\ /
C5=C6 C4—C5
No_ 7/ \ /
H9~"""™C4 N1------ H3—N3 C6—H6
A\ / \
N3—C2 C2—NI1
\ / \
H2 02 Hl
Scheme 1

X =H, CHs, OC,Hs, OCH3, OH, NH,, N(CHjy),, F, Cl, Br,
CCH, CHO, CCl3, COCHg, CF3, COCI, CN, COF, NO,, NO

In this research, we conducted quantum me-
chanical computations aiming at quantifying the
effects of structural variations in adenine on the
hydrogen bonding interaction (pairing) with thy-
mine. As already discussed in the introductory
section, derivatives of the nucleobases have been
shown to possess biological activities and potential
for clinical applications [16-28]. It was also of
interest to analyze the impact of structural changes
on the geometries of the formed complexes. We
focused on evaluating parameters describing the
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variations in electrostatic properties in the adenine
moiety at the hydrogen bonding sites. In an earlier
study, we demonstrated [57] by applying Moro-
kuma energy decomposition analysis [29, 66-68]
that the different quantum mechanical terms con-
tributing to hydrogen bonding energies correlate
almost perfectly with the electrostatic energy term.
Thus, it is anticipated that parameters, characteriz-
ing molecular electrostatics, can be successfully
employed in discussing the hydrogen bonding be-
tween nucleobases. Since the base pair complexes
are formed at particular atomic centers in the mol-
ecules, quantities associated with properties of
individual atomic sites are appropriate in examin-
ing these interactions. We evaluated with the aid of
DFT computations three types of electronic param-
eters: natural bond orbital (NBO) charges [69],
Hirshfeld atomic charges [70], and electrostatic
potentials at the nuclei (EPN). It should here be
underlined that, as expressed in Eqn. 1, the EPN
values (V) depend on both electron density and all
positive nuclear charges in a molecule. Thus, var-
iations in the nuclear charges of the distant substit-
uent X may affect the Vy value at the hydrogen
bonding sites. Nevertheless, the dominant contri-
butions to Vy come from the immediate neighbor-
hood of atom Y as result of the 1/r dependence in
Egn. 1. Since the atoms in the vicinity of N1 and
N6 atoms in adenine remain the same throughout
the investigated series (Scheme 1), it can be con-
sidered that the shifts of Vy (Y = N1, H6) upon the
distant structural variations (at position C8) are
dominated by electron density variations near at-
oms Y. Numerous successful application of EPN as
a reactivity index for hydrogen bonding and chem-
ical reactivity confirm the credibility of this hy-
pothesis [53-65].

Figure 1 illustrates key geometrical parame-
ters of some optimized complexes. In Table 1, the
shifts of interaction energies (AAE) with respect to
the unsubstituted adenine-thymine base pair (see
footnotes to Table 1) are juxtaposed to the estimat-
ed lengths of the two formed hydrogen bonds.
While the shifts of interaction energies between the
different complexes as induced by the polar sub-
stituents at position 8 of adenine are rather small,
the changes in hydrogen bond lengths are substan-
tial. The variation of the N...H length reaches
about 0.06 A and the O...H hydrogen bond length
varies within 0.04 A. As expected, very good cor-
relations between interaction energies and varia-
tions of hydrogen bond lengths are obtained. Fig-
ure 2 illustrates these dependences.
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Fig. 1. Optimized structures of selected
hydrogen-bonded complexes between substituted
adenines and thymine

Table 1

B3LYP/6-311+G(2d,2p) calculated values of cor-
rected energy of hydrogen bonding (AE®", kcal/mol),
effects of substituents in position C® in the adenine
heterocycle on interaction energies (AAE, kcal/mol),
and hydrogen bond lengths (4) in the complexes of
adenine derivatives with thymine

Substituent  AE®"™ AAE lNa.o (NI
H -11.579 0.000 1.924 1.845
CH; -11.500 0.079 1.935 1.838
OC,H;s -11.365 0.213 1.937 1.839
OCHj, -11.382 0.197 1.937 1.838
OH -11.378 0.201 1.936 1.842
NH, -11.355 0.223 1.942 1.835
N(CHj3), -11.290 0.289 1.949 1.830
F -11.524 0.055 1.922 1.852
Cl -11.571 0.008 1.918 1.854
Br -11.588 -0.009 1.920 1.853
CCH -11.636 -0.057 1.919 1.849
CHO -11.806 -0.227 1.900 1.864
CClg -11.757 -0.178 1.905 1.860
COCH;4 -11.718 -0.139 1.910 1.858
CF; -11.750 -0.172 1.905 1.862
COCl -11.912 -0.333 1.888 1.870
CN -11.857 -0.278 1.896 1.868
COF -11.913 -0.334 1.890 1.869
NO, -11.947 -0.368 1.884 1.876
NO -11.983 -0.404 1.884 1.873

Correlation coefficients® 0.991 0.972

SAAE(X) = AEPT(AXT ) — AE®"(AT).

PCorrelation coefficients for the relationships between AAE
and the lengths of hydrogen bonds in the substituted adenine
complexes with thymine.
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Fig. 2. Plots of variations of interaction energies (AAE) vs.
ru..o (A) and ry._u (B) hydrogen bond lengths in complexes
of substituted at position 8 adenines with thymine

The principal focus in this research is to
examine in detail the possible link between pro-
perties of monomeric ligands, in our case substi-
tuted at position 8 adenines, and hydrogen bonding
energies of the formed complexes. Such relationship
may facilitate the design of suitable bioactive
ligands that would be able to bind to specific nucleic
acid target sites. The thymine nucleobase in the
present case has the role of a model bioreceptor.
The introduction of substituents is an approach for
fine-tuning the binding abilities of molecular ligands
to the target bioreceptor sites. As mentioned, we
evaluated three types of molecular parameters that
are expected to quantify the reactivities of the
substituted adenines in the studied interactions. In
Table 2 we compare the estimated variations of
interaction energies with the shifts of atomic
electrostatic potentials (AVys, AVyy) at the N6-H6
hydrogen and N1 nitrogen atoms in monomeric
adenines, as well as the changes of NBO and
Hirshfeld atomic charges at the binding atomic sites.
The definitions of terms are provided in the
footnotes below Table 2.
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As discussed, AAE measures the effect of
substituents at position 8 in Adenine on the energy
of hydrogen-bonding. A negative value of AAE
means that the substituted complex is more stable
than the unsubstituted base pair. Electrostatic po-
tentials at nuclei for the monomeric adenines are
obtained as standard option from GaussianQ09 [48].
The shifts of EPN for the amino group hydrogen
atom (Scheme 1) are given in column 3 of Table 1.
For easier interpretation, the variations of EPN
under the influence of substituents are presented as
shifts of EPN with respect the value in the parent
adenine molecule. A good correlation between
AAE and AVys is found. Figure 2 illustrates the plot
between these quantities.

Since the base pairing involves simultaneous
formation of two hydrogen bonds, a more relevant
dependence should involve the EPN values at both
H6 and N1 atomic centers. The following two-
parameter equation linking AAE with AVye and
AVy; in the monomeric adenines is obtained:

AAE = 0.042AV 45— 0.061AVy; + 0.022  (2)
n=20,r=0.993

Table 2

The obtained high correlation coefficient (r
= 0.993, Eqgn. 2) shows that the interactions ener-
gies for the hydrogen bond formation of substitut-
ed adenines with thymine can be quantitatively
predicted from theoretically evaluated EPN values
for the participating atoms in the monomeric ade-
nines. Egn. 2 may be successfully applied in de-
signing ligands that would bind with an appropri-
ate strength to thymine bioreceptor sites. The same
level of theory [B3LYP/6-311+G(2d,2p)] should
certainly be applied in such theoretical modeling if
Eq. 2 is applied.

The estimated atomic charges at the same
atoms are much less successful in predicting the
hydrogen bonding energies. While the correlations
between AAE and the shifts of atomic charges
(against the values in the parent adenine) for H6
hydrogen are quite good for both Hirshfeld and
NBO charges (see Figure 4 for the case of Hirsh-
feld atomic charges), no correlations with the N1
charges are established (see the correlation
coefficients at the bottom of Table 2).

B3LYP/6-311+G(2d,2p) calculated values for the shifts of AE®" as induced by substituents at position 8 in
adenine (AAE, kcal/mol), shifts of EPN at the H6 hydrogen atom (AVyg Kcal/mol) and at the N1 nitrogen
atom (AVy;, kcal/mol) in adenine, and the shifts of Hirshfeld and NBO charges (Ag, in electrons)

Substituent AAE? AVye® AVy:° AQT(HB):  AQTU(NL)S  AQNEO(HE)! AgMNEO(N1)
H 0.000 0.00 0.00 0.0000 0.0000 0.0000 0.0000
CHj, 0.079 -3.18 -2.50 -0.0023 -0.0011 -0.0019 0.0003
OC,H; 0.213 —5.65 -3.43 -0.0049 0.0003 -0.0040 0.0042
OCHj;3 0.197 -491 -2.61 —-0.0046 0.0008 -0.0038 0.0047
OH 0.201 -3.00 -0.74 -0.0022 0.0019 -0.0020 0.0061
NH, 0.223 —6.47 —4.18 -0.0050 0.0000 -0.0040 0.0051
N(CHa), 0.289 -9.54 —6.86 -0.0070 -0.0014 -0.0058 0.0003
F 0.055 2.82 4.31 0.0010 0.0045 0.0009 0.0074
Cl 0.008 3.72 4.23 0.0020 0.0034 0.0017 0.0049
Br -0.009 3.84 4.22 0.0021 0.0033 0.0018 0.0045
CCH -0.057 3.31 2.53 0.0025 0.0008 0.0020 0.0003
CHO -0.227 10,40 8.53 0.0074 0.0027 0.0055 —-0.0001
CCly -0.178 7.78 6.68 0.0048 0.0032 0.0041 0.0020
COCH;3 -0.139 7.45 5.66 0.0059 0.0011 0.0045 -0.0015
CF; -0.172 9.04 7.98 0.0056 0.0040 0.0048 0.0032
CcocCl -0.333 14.33 12.23 0.0092 0.0047 0.0069 0.0012
CN -0.278 13.05 11.57 0.0080 0.0053 0.0065 0.0038
COF -0.334 13.80 11.84 0.0089 0.0046 0.0067 -0.5605
NO, -0.368 16.12 14.58 0.0099 0.0070 0.0076 0.0047
NO -0.404 15.46 13.13 0.0102 0.0049 0.0072 0.0010
Correlation coefficient® 0.986 0.969 0.987 0.784 0.982 0.296

*AAE(X), see Footnotes to Table 1.
"AVig = Vigg(A¥) = Vig(A). _
CAqHIrSh (H6) - AqurSh (HG) (AX ) _ AqHII’Sh (H6) (A)

4 AGNBO (Hg) = AGNEC (He) (AX) — AGMEC (Hg) (A), where AX is substituted at position 8 adenine.
®Correlation coefficients for the relationships between AAE and electronic parameters for monomeric substituted adenines.
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Fig. 2. Correlation between variations in interaction energy
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Table 3 presents the computed values of the
shifts of hydrogen bonding energies (AAE) upon
substitution in position 8 of adenine, Ng-Hg Stretch-
ing frequencies in monomeric adenines, and their
respective values in hydrogen-bonded complexes
with thymine (vn-u complex)-

Table 3

B3LYP/6-311+G(2d,2p) calculated values of shifts
of hydrogen bonding energies (AAE, in kcal/mol),
Ne-Hs stretching frequencies of bond in monomeric
adenines (Zi.u monomer, CM ) and their respective
values in hydrogen-bonded complexes with
thymine (z4.4 complex, in cm™).

Substituent AAE UN-H monomer UN-H complex
H 0 3603.7 3410.0
CH; 0.079 3601.2 3429.3
OC,Hs 0.213 3595.8 3428.0
OCH;, 0.197 3595.3 3425.5
OH 0.201 3599.9 34225
NH, 0.223 3559.7 3430.2
N(CHj3), 0.289 3592.6 3438.3
F 0.055 3603.8 3404.7
Cl 0.008 3605.7 3408.4
Br —-0.009 3605.8 3401.0
CCH —0.057 3607.2 3399.5
CHO -0.227 3608.8 3375.3
CCl, -0.178 3610.0 3384.9
COCH3 -0.139 3610.0 3387.3
CF; -0.172 3611.0 3382.9
CocCl -0.333 3607.4 3358.2
CN -0.278 3610.8 3369.1
COF -0.334 3608.2 3361.4
NO, —0.368 3608.2 3353.6
NO —0.404 3605.9 3352.4
Correlation coefficient® 0.640 0.985

2 Correlation coefficients for dependencies between (AAE) and
the stretching frequency of Ng-H ¢ bond in hydrogen-bonded
base pairs adenine-thymine (v N-H complex)

The results reveal that the N-H frequencies
in the monomeric adenines do not correlate with
the interaction energies for the hydrogen bonding
complexes. Thus, the abilities of adinine to partici-
pate in such interaction cannot be well predicted
using the values of N-H frequencies in isolated
monomers. The application of theoretical quanti-
ties, especially the Vs EPN values, offers much
more reliable description of reactivity.

In accordance with the rule of Badger and
Bauer [71] a linear dependence between the energy
of hydrogen bonding and Ng-Hg stretching frequen-
cy in the hydrogen-bonded adenine-thymine com-
plexes is established (correlation coefficient, r =
0.985). The shifts of N-H frequencies upon com-
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plexation are intrinsically related to interactions
energies, in contrast to the respective values in the
isolated monomers.

The obtained good correlation between elec-
trostatic potentials at the atoms participating in hy-
drogen bonding between substituted adenines and
thymine provides an approach for designing biolog-
ically active substances containing the adenine moie-
ty. As is well known, hydrogen bonding is one of the
main mechanisms of ligand-bioreceptor interactions.
Small changes in the structure of ligands may be
essential for their biological activity.

4. CONCLUSIONS

Density functional theory computations on
the hydrogen bonding between adenine derivatives
and thymine reveal an excellent correlation be-
tween interactions energies and electrostatic poten-
tial values at the bonding atoms. The derived equa-
tion (Egn. 2) can be employed in structure-activity
studies aimed at designing ligands able to bind
with a finely adjusted strength to thymine biore-
ceptors. Alternative quantities (atomic charges,
variations in N-H stretching frequencies in the
monomer adenines) are much less successful as
predictors of reactivities for hydrogen bonding
between these nucleobases.
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