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Abstract. To understand the molecular mechanisms of the
influence of caffeine (CAF) on DNA functioning, molecular
mechanics calculations of the interaction energy of CAF with
nucleic acid bases and base pairs have been performed. The
calculations reveal three types of mutual CAF-base (and
CAF-base pair) arrangements corresponding to minima of
the interaction energy. Besides well-known stacking mutual
positions of the molecules, two other types of arrangements
are revealed and studied. One of these arrangements corre-
sponds to the nearly in-plane position of CAF and base (or
base pair) and the formation of a single hydrogen bond.
Another type of minimum corresponds to nearly perpen-
dicular arrangements of the molecular planes and the
formation of intermolecular hydrogen bonds. These two
arrangements are possible both for individual nucleic acid
monomers and for DNA duplexes. The calculations suggest
the molecular mechanisms of the influence of CAF on DNA
interactions with other biologically active molecules.
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Introduction

Caffeine (CAF) is one of the most widely and regularly
consumed biologically active substances [1]. The main
action of CAF is mood altering. It acts as a stimulant of
the central nervous system [2]. This is the reason for
consumption by most humans of various of CAF-con-
taining beverages, such as coffee, tea, chocolates and
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colas. Another action of CAF is cardiovascular [3]: it
influences blood pressure. At the same time CAF has an
effect on various other biological processes, including
DNA functioning; for example, it has been shown that
CAF is capable of reducing the toxicity of a typical DNA
intercalator such as ethidium bromide [4, 5], and the
efficacy of a number of aromatic anticancer drugs, such
as doxorubicin and its analogues, and of mitoxantrone,
ellipticine etc. [6, 7, 8]. There is evidence of inhibition of
DNA repair by CAF [9, 10, 11].

Some aspects of the biological activity of CAF result
from interactions with nucleic acids. Addition of CAF
affects the binding of aromatic drugs with DNA [12, 13,
14], and the changes in binding of drugs and other
aromatic molecules with DNA are due both to the
competition of drug and CAF for DNA binding sites
and to the formation of CAF-ligand complexes [13, 14].
Thus, complexation of CAF with nucleic acid compo-
nents and with biologically active substances is of great
importance from the viewpoint of both fundamental and
applied science.

In this paper we describe the results of molecular
mechanics computations of interactions of CAF with
nucleic acid bases and base pairs in relation to CAF
effects on DNA functioning.

CAF is a purine derivative, 1,3,7-trimethylxantine
(Fig. 1). It contains three hydrogen-bond acceptors
(atoms O2, O6 and N9), three methyl groups, but has no
proton—donor groups; hence CAF cannot form com-
plexes containing two hydrogen bonds either with other
CAF molecules or with any of the DNA bases. By
searching the minima of interaction energies between
CAF and nucleic acid bases or base pairs, the various
possibilities of CAF binding to nucleic acids and their
fragments have been examined. To the best of our
knowledge, there are no such systematic computations
on these systems either by molecular mechanics or by
quantum mechanical methods.



Fig. 1. The structure and atom numbering of the caffeine (CAF)
molecule

Three types of minima of interaction energies between
CAF and nucleic acid bases and base pairs have been
revealed. The first type corresponds to stacking or a
nearly parallel arrangement of the aromatic rings of the
molecules, and resembles a base—base stacking minimum.
The second type of minimum refers to a nearly in-plane
position of the two aromatic molecules. These minimum-
energy arrangements are stabilized by hydrogen bonds
between one of the CAF hydrogen-bond acceptors (02,
06, N9) and a hydrogen-bond donor group of the base.
One more type of energy minimum corresponds to a
substantially nonplanar, nearly perpendicular arrange-
ment of the aromatic rings of the two molecules. These
minima are the most important ones from our viewpoint.
The last two types of minima may be due to interaction
of CAF with both bases of monomeric DNA units and
base pairs in undisturbed DNA duplexes.

Methods of computation

The methods of computation of interaction energies for CAF-
CAF, CAF-base and CAF-base pair complexation resemble
those for base—base interactions [15]. The energy of the base—base

Table 1. Coefficients for 6-12 and 10-12terms of atom—atom po-
tential functions. The first row for each atom pair corresponds to
the 6th-power term (A4, AS kcal/mol) or to thelOth-power term
(4,19, A' kcal/mol). The second row corresponds to the 12th-
power term (Bj;, A'? keal/mol). Hydrogen atoms H1, H2 and H3
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interactions was calculated as a sum of pairwise interactions of all
atoms constituting the molecules. Each atom—atom interaction
consists of a Coulomb term and a Lennard-Jones 6-12 term,
commonly used in molecular mechanics calculations (Eq. 1). For
descriptions of interactions of hydrogen atoms capable of forming
hydrogen bonds, the 6-12 term is substituted by a 10-12 term

(Eq. 2).
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In these equations ry; is the distance between atoms i and j, and
e; and e; are charges on atoms i and j (calculated by the semiem-
pirical methods of quantum chemistry and reproducing the
experimentally determined di]i)oole moments of molecules). The
coefficients 4, By, 4;; ~ and ij ) are adjustable parameters, which
were somewhat recently changed [16] compared to our previous
studies (e.g. Ref. [15]). The adjustment of these parameters results
in better agreement with experimental data for the interaction
energies between bases in a vacuum, for interatomic distances in
hydrogen-bonded base pairs and for the distances between base
planes in crystals of nucleic acid monomers [16]. These coefficients
are listed in Table 1. The main changes in the refinement of the
potentials refer to interactions of atoms participating in hydrogen
bonds (H1, N3 and O) with each other and with other atoms. These
changes do not disturb other correlations between the results of
calculations and the experimental data mentioned in our earlier
paper [15].

The model molecules of 1-methylpyrymidines and 9-methylp-
urines were considered to avoid hydrogen bonding for the atoms
that participate in glycoside bonds of nucleic acids. The energy was
calculated and minimized as a function of variables corresponding
to the displacements of one molecule with respect to another along
x-, y- and z-axes, to rotations around these axes and to intramo-
lecular rotations around the single bonds connecting methyl groups
to the aromatic rings. The geometry of the nucleic acid bases cor-

are capable of forming hydrogen bonds, aromatic and aliphati-
chydrogens, respectively; Cl1 and C2 are aliphatic and aromatic
carbons,respectively; N1 is the nitrogen of the amino group; N2
and N3 are pyrrolo and pyridino nitrogens, respectively; O is the
carbonyl oxygen

Atom H1 H2 H3 C1 C2 N1 N2 N3 (@)
H1 35 35 40 76 100 80 126 9,070* 10,670*
5,914 5,914 7,740 53,940 25,700 29,200 24,150 27,000 31,100
H2 35 40 40 100 126 105 126 146 121
5,914 7,740 7,740 70,600 61,700 53,700 53,700 58,700 17,800
H3 40 40 40 100 126 105 126 146 121
7,740 7,740 7,740 70,600 81,600 62,000 71,400 78,300 42,200
Cl1 76 100 100 250 316 264 316 367 305
53,940 70,600 70,600 512,000 601,000 464,000 538,000 598,000 349,000
C2 100 126 126 316 400 477 400 464 385
25,700 61,700 81,600 601,000 704,000 947,900 630,000 699,000 406,000
N1 80 105 105 264 471 280 334 391 455
29,200 53,700 62,000 464,000 947,900 421,000 488,000 544,000 664,000
N2 126 126 126 316 400 334 400 440 616
24,150 53,700 71,400 538,000 630,000 488,000 565,000 537,300 816,000
N3 9,070* 146 146 367 464 391 440 550 465
27,000 58,700 78,300 598,000 699,000 544,000 537,300 705,000 413,000
(6] 10,670* 121 121 305 385 455 616 465 400
31,100 17,800 42,200 349,000 406,000 664,000 816,000 413,000 240,000

aA!_/_(IO)
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responds to the averaged crystal structure; it was not changed as
compared to in our previous works [15, 16]. The geometry of the
CAF molecule is that from the CAF monohydrate crystal [17].
Heterocyclic ring geometries were fixed during minimization.
Standard gradient minimization techniques were used throughout
the work. Minimizations were started from various mutual mole-
cule positions, corresponding both to suggested complex configu-
rations (e.g. stacking or hydrogen-bonded ones) and to arbitrarily
chosen configurations obtained by random displacements and
rotations of one molecule with respect to another one.

Self-association of CAF molecules and CAF-base
stacking

Like many aromatic heterocyclic molecules CAF has
energy minima corresponding to stacking self-associa-
tion. This process has been investigated using both
experimental [14, 18, 19, 20, 21] and computational [21,
22] techniques. According to an NMR study [14, 18, 20]
CAF molecules in aqueous solutions form stacks with
substantial overlap of the aromatic rings, with about 90°
rotation of one molecule with respect to another, and
with an interplane distance of about 3.4 A.

A search for minima in the interaction energies for
two CAF molecules was performed starting from the
position of one molecule above another and various
angles of rotations around the axis perpendicular to the
plane of the heterocyclic ring. Both parallel (face-to-
back) and antiparallel (face-to-face) arrangements were
considered. These computations reveal seven local min-
ima, all of them corresponding to nearly parallel
arrangements_of the rings, to interplane distances from
3.37 to 3.42 A and to energy values between 10.9 and
11.9 kcal/mol. Similar to the minima of the energy of
interaction between two stacked DNA bases, these
minima are rather flat, i.e. substantial consistent mutual
shifts and rotations are possible without an increase of
the interaction energy by more than 0.5 kcal/mol.

Two of the minima found are displayed in Table 2
and Fig. 2, one for face-to-back and one for face-to-face
arrangements of molecules; they are considered to cor-
respond most closely to the experimental data. In
addition with the general features mentioned previously,
there is qualitative correlation between the interproton
distances in the calculated structures and published
experimental data on intermolecular nuclear Overha-
user enhancement (NOE) measurements [21]. NOE

Fig. 2a,b. Stacking arrangements of two CAF molecules in two
calculated local energy minima of CAF-CAF interactions. a Face-
to-back and b face-to-face arrangements

Table 2. Energy values, inter plane distances and angles for two
calculated local energy minima of caffeine (CAF)-CAF interac-
tions. Mutual arrangements of the molecules are shown in Fig. 2

Arrangement E (kcal/mol) Interplane Interplane
distance (A) angle

Face-to-back -11.1 3.40 3.1

Face-to face -11.1 3.42 0.6

techniques allow pairs of hydrogen atoms rather close to
each other to be detected and the distance between them
to be estimated. It appears that the distances between
H8 and C7 hydrogens and between C1 and C3 hydro-
gens are larger than 6 A, consistent with the absence of
NOE contacts between these nuclei in 1-D NMR
experiments [21].

The closest interproton distance in the calculated
structures is for hydrogen atoms of methyl groups in the
first and in the seventh positions of the ring, which
corresponds to the most intensive NOE peak in the
NMR experiment. As the minima are flat and several
minima have rather similar CAF-CAF interaction
energies, one might expect superposition of a few types
of rather different configurations for molecules in
aqueous solutions. The most probable configurations
are selected by interactions with the surrounding water.

There are several stacking minima for interactions of
CAF with each of the bases of DNA. Only one mini-
mum for parallel (TT) and one for antiparallel (T!)
CAF-base arrangements is displayed (Table 3, Fig. 3).
Other minima may correspond to considerably different
mutual arrangements of molecules, and all the com-
ments on the influence of surrounding water for CAF—
CAF minima are valid for CAF-base minima as well.

In-plane association of CAF with nucleic acid bases.
Energy minima with a single N-H...N or N-H...O
hydrogen bond

There are a few minima of such type for each DNA base,
corresponding to all pairwise combinations of CAF
acceptor atoms and base hydrogens capable of forming
hydrogen bonds. For some such combinations, two or
more energy minima with rather different CAF-base
arrangements may exist. A rather close (but not short-
ened) contact between the methyl group of CAF and a
negatively charged atom of the base arises in most of the
situations corresponding to such minima. One minimum
is considered here for each CAF-base pair. The mutual
arrangements of the molecules in these minima are
presented in Fig. 4 and the values of the energy in these

Table 3. Energy values (kcal/mol) for some minima of caffeine-
base stacking interaction energies

Base Adenine Thymine Guanine Cytosine
ETD -10.5 -9.5 -13.1 -11.4
E (T -10.8 -9.6 -13.1 -10.8




Fig. 3a-h. Some stacking arrangements of CAF and bases: a,b
adenine; c¢,d guanine; e.f cytosine; gh thymine. Left and right
positions correspond to parallel and antiparallel minima, respec-
tively. The energy values are listed in Table 3

(c)
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minima and the atoms involved in the hydrogen bonds
are shown in Table 4.

The majority of the deepest minima of this type for
each base have more negative energy values when
compared to similar minima for interaction energies
between the natural bases. For guanine-CAF interac-
tions, minima with bifurcated hydrogen bonds, i.e. with
two hydrogen bonds formed by the same acceptor atom,
are found. The guanine molecule contains two hydro-
gen-bond donor groups (N1-H and N2-H21) rather
close to each other, which enables such minima to occur
with both natural and modified nucleic acid bases. The
minimum presented here is an example of a minimum
with greater (by absolute value) energy compared to the
minimum with a single hydrogen bond.

The minima listed in Table 4 and Fig. 4 correspond
to the interaction of CAF with base ring hydrogens
which can also be involved in complementary base
pairing; thus, these CAF-base arrangements are only
possible for separate bases or singled-stranded nucleic
acid fragments. There are other minima of such a type
when base hydrogens exposed in helix grooves are in-
volved. These minima are considered in Sect. 6. It is
practically impossible to observe these minima experi-
mentally in simple model systems (such as mixed solu-
tions of CAF and base) because there are other, more
favorable positions, corresponding to the minima of the
other types of interactions (Sects. 3, 5). Nevertheless,
mutual arrangements similar to those considered in this
section are possible for more complex systems, such as
DNA fragments and their complexes with intercalated
ligands.

Minima corresponding to perpendicular arrangements
of CAF-base planes

Analogous to the minima considered in the previous
section, there are corresponding minima for each com-
bination of CAF hydrogen-bond acceptors and base

(®)

Fig. 4a-d. Some mutual in-plane
arrangements of CAF and nucleic acid
bases in the local minima of interaction
energies. a CAF-adenine, b CAF-
thymine, ¢ CAF—guanine, d CAF-
cytosine. The energy values as well as the
atoms of CAF and the base involved in
hydrogen bonding are listed in Table 4

(d)
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Table 4. Energy values for minima of interaction energy
corresponding to some nearly in-plane arrangements of CAF-base.
The atoms of CAF and the base involved in hydrogen bonding are
listed

Bases Adenine Thymine Guanine Cytosine

Hydrogen-bonded N9-H61 N9-H3  O2-HI1, H21 0O6-H41
atoms

E (kcal/mol) -8.0 -9.2 -11.6 -9.2

Table 5. Values of energy and interplane angle for some nearly
perpendicular arrangements of CAF and base at the minima of the
interaction energy

Bases Adenine Thymine Guanine Cytosine

Hydrogen-bonded N9-H62 N9-H3 N9-HI, H21 N9-H4l
atoms

Angle 69.8 77.4 87.1 89.9

E (kcal/mol) -10.7 -9.7 -14.2 -12.0

hydrogen-bond donor groups. For guanine, the minima
correspond to formation of bifurcated hydrogen bonds
between the pair of neighboring hydrogens, H1 and
H21, and CAF hydrogen-bond acceptors. All the other
minima of such a type are stabilized by a single hydro-
gen bond that is practically linear.

The quantitative results are presented for one exam-
ple of such minima for each type of DNA base (Fig. 5,
Table 5) in which the minima with nearly perpendicular
arrangements of the planes of the interacting molecules
are considered to be the most important ones. For each
base the calculations have shown that the minima of this
type are the deepest ones. However, similar to the min-
ima with two molecules in a plane, these CAF-base
arrangements are practically impossible to detect
experimentally in aqueous solutions of mixtures of CAF
and a base. Although the interaction energy in these
minima is more favorable than for stacking minima,
interactions with water molecules make stacking asso-
ciation complexes more favorable in aqueous solutions.
We suggest that the minima of such a type may be re-
vealed in experimental NMR studies of mixed solutions

Fig. 5a-d. Examples of energy minima for nearly perpendicular
arrangements of CAF and base. Energy values and interplane
angles are listed in Table 5

of CAF and nucleic acid bases. To the best of our
knowledge, no such study has been reported in the lit-
erature yet. Considering various relative CAF-base
concentrations and using the results of molecular
mechanics calculations, it would be possible to charac-
terize the most favorable CAF-base arrangements in a
nonpolar environment as a model of interactions of
CAF with DNA bases in a cell.

Interactions of CAF with complementary base pairs.
Possible patterns of major groove and minor groove
CAF-DNA complexation

All three types of minima considered in the previous
sections are possible for interactions between CAF and
both mispairs and complementary base pairs. The min-
ima corresponding to a stacking arrangement of CAF
above (and below) base pairs will not be considered in
detail here. The energy of the deepest minimum for the
interaction of CAF with the adenine:thymine base pair is
—14 kcal/mol, the angle between CAF and the base pair
plane being about 4° and the approximate interplane
distance being about 3.4 A. The energy values for these
minima are more negative when compared with the two
other types of minima, but intercalation of CAF into the
DNA duplex requires a substantial change of the helix
structure, resulting in the weakening of base stacking.
Such changes are possible when intercalation occurs for
molecules with three or four conjugated rings (like
acridine dyes or the heterocyclic part of daunomycin or
actinomycin D), where the interaction energies with base
pairs of such aromatic molecules are 2-3 times greater
than that with CAF.

More interesting minima are those corresponding to
nearly coplanar or perpendicular CAF-base pair
arrangements. The adenine:thymine base pair has only
one hydrogen, H62, capable of forming a hydrogen
bond with CAF. The deepest minimum, corresponding
to a nearly perpendicular arrangement of the CAF—-base
pair and formation of an N9...H62-N2 hydrogen bond
has an energy value of —10.6 kcal/mol. Structures close
to this minimum position can be realized in many con-
formations of B-DNA duplexes.

The guanine:cytosine base pair has two hydrogens,
H42 of cytosine and H22 of guanine, capable of forming
hydrogen bonds with CAF. The first case corresponds to
the CAF molecule situated in the major groove of the



Table 6. Values of energy and interplane angles for some minima
of the CAF-guanine:cytosine base pair interaction energies

Base Base atom CAF atom E (kcal/mol) Angle
Guanine H22 N9 -11.5 80.9
06 -11.4 57.1
02 -10.2 62.4
Cytosine H42 NO9 -11.2 89.7
06 -10.8 88.7
02 -8.0 84.2
Cytosine H42 N9 -9.1 0.5
06 -10.0 0.8
02 -7.8 18.4

duplex and the second case to the CAF molecule in the
minor groove.

Formation of a hydrogen bond between CAF and
H42 of cytosine is possible for many duplex conforma-
tions and nucleotide sequences, whilst binding to guan-
ine is only possible for certain conformations of defined
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sequences. The deepest energy minima of the interaction
between the guanine:cytosine pair and CAF are shown
in Table 6 and Fig. 6.

Conclusions

1. Molecular mechanics calculations of CAF interac-
tions with nucleic acid bases and base pairs have been
performed.

2. The calculations enable three types of interaction
energy minima to be revealed. Besides the well-
known stacking arrangement of aromatic molecules,
the energy minima correspond to nearly in-plane and
nearly perpendicular arrangements.

3. The existence of these minima enables the influence of
CAF on DNA functioning via complexation with
both biologically active molecules and double helical
DNA fragments to be explained.

Fig. 6a—f. Examples of nearly perpendicular
mutual positions of CAF and the
guanine:cytosine base pair for the local minima
of the interaction energies. For clarity, the base
pairs are somewhat inclined with respect to the
figure plane and oriented upwards by its major
(non-glycosidic) groove and downwards by its
minor (glycosidic) groove. Energy values and
interplane angles are listed in Table 6
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