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ABSTRACT Recent studies have demonstrated that caffeine can act as an antimutagen and inhibit the cytoxic and/or
cytostatic effects of some DNA intercalating agents. It has been suggested that this inhibitory effect may be due to
complexation of the DNA intercalator with caffeine. In this study we employ optical absorption, fluorescence, and molecular
modeling techniques to probe specific interactions between caffeine and various DNA intercalators. Optical absorption and
steady-state fluorescence data demonstrate complexation between caffeine and the planar DNA intercalator acridine orange.
The association constant of this complex is determined to be 258.4 ± 5.1 M-1. In contrast, solutions containing caffeine and
the nonplanar DNA intercalator ethidium bromide show optical shifts and steady-state fluorescence spectra indicative of a

weaker complex with an association constant of 84.5 ± 3.5 M-'. Time-resolved fluorescence data indicate that complex
formation between caffeine and acridine orange or ethidium bromide results in singlet-state lifetime increases consistent with
the observed increase in the steady-state fluorescence yield. In addition, dynamic polarization data indicate that these
complexes form with a 1:1 stoichiometry. Molecular modeling studies are also included to examine structural factors that may
influence complexation.

INTRODUCTION

Caffeine (1,3,7-trimethylxanthine), theophylline (1,3-
dimethylxanthine), and theobromine (3,7-dimethylxan-
thine) (See Fig. 1 for structures of caffeine and DNA-
intercalating compounds) represent a class of molecules
with conjugated planar ring systems that constitute the
most widely distributed naturally occurring methylxan-
thines. Caffeine is regularly consumed from dietary
sources including coffee, tea, cola beverages, and choc-
olate. The estimated average intake of caffeine for per-
sons over the age of 18 is 2.5 mg/kg/day (Dews et al.,
1984). This relatively high daily consumption, as well as
the abundance of methylxanthines (primarily caffeine) in
dietary substances, has stimulated extensive research into
the question of methylxanthine toxicity particularly with
respect to coronary heart disease and cancer (Bertrand
et al., 1970; Jick et al., 1973; Mann and Thorogood,
1975; Rall, 1980; Curatolo and Robertson, 1983; Dews
et al., 1984; Pozniak, 1985). Caffeine has been shown to
inhibit enzymes required for DNA synthesis, cause an
increase in chromatin condensation, increase the length
of the GI phase, and exhibit antimutagenic activity
against N-methyl-N'-nitro-N-nitrosoguanidine (Borodina
et al., 1979; O'Neal, 1979; Levin, 1982; Roberts, 1984;
Kunicka et al., 1990; Selby and Sancar, 1990). In the
presence of DNA-modifying agents, high concentrations
of caffeine (>10 mM) appear to enhance cell mortality

Received for publication 9 May 1995 and in final form 2 October 1995.

Address reprint requests to Dr. Randy Larsen, Department of Chemistry,
University of Hawaii, 2545 The Mall, Honolulu, HI 96822. Tel.: 808-956-
5731-; Fax: 808-956-5908; E-mail: rlarsen@gold.chem.hawaii.edu.
i 1996 by the Biophysical Society
0006-3495/96/01/443/10 $2.00

(Roberts, 1984). At lower concentrations, however, caf-
feine can protect against nucleotide damage caused by
several DNA-intercalating agents such as 14-hydroxy-
daunomycin hydrochloride (DOX), novantrone (NOV),
ethidium bromide (EBR), and ellipticine but has no effect
on nucleotide damage caused by hydroxyurea or cisplati-
num (Ross et al., 1979; Kimura and Aoyama, 1989;
Traganos et al., 1991). These studies have further dem-
onstrated that caffeine can alter the absorption spectrum
of a model DNA intercalator, acridine orange (3,6-bis-
(dimethylamino)acridine hydrochloride; AO) by forming
a r-v complex with the dye in aqueous solution, sug-
gesting a role for caffeine as an interceptor molecule
(Traganos et al., 1991; Kapuscinski and Kimmel, 1993).
Although it is evident that caffeine interacts with model
intercalators in solution, the structural nature of such
complexes is uncertain.

In the present study we have employed optical absorption
spectroscopy, steady-state and time-resolved fluorescence,
and molecular modeling techniques to obtain a better un-
derstanding of the relationship between the forces involved
in formation of caffeine-intercalator complexes. Specifi-
cally, we have determined the binding constants and stoi-
chiometry for caffeine complexes with two distinctive DNA
intercalators, EBR and AO. Although caffeine complexes
with AO have been previously described, this is the first
determination of binding stoichiometries and the first direct
evidence of caffeine complexation with EBR (Traganos
et al., 1991; Kapuscinski and Kimmel, 1993). We have also
examined energy-minimized structures of caffeine com-
plexed with the DNA intercalators NOV, DOX, AO, and
EBR as well as caffeine complexes with aromatic model
compounds.
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partment of Botany, University of Hawaii). Caffeine, EBR, and AO stock
solutions (50 mM) were prepared in 5 mM HEPES, pH 7.0.

Optical titrations were performed in a 1-cm quartz optical cell housed in
a thermoelectrically modulated cell holder to maintain a constant temper-
ature. Spectra were obtained on a Milton Roy Spectronic 3000 diode array
spectrophotometer. Optical titrations were carried out by diluting a dye
stock solution to 10 ,uM in 2 ml of 5 mM HEPES, pH 7.0. Aliquots of the
caffeine stock solution were then titrated and absorption spectra were
recorded after each addition. Difference spectra were obtained by subtract-
ing the uncomplexed dye spectrum from the dye spectrum in the presence
of caffeine corrected for dilution. Caffeine-dye binding constants were then
determined by the following equilibrium expression:

D + L = D-L

where D, L and D-L represent dye (AO or EBR), caffeine, and complex,
respectively. This leads to the following equation for the association
constant (K):

AA (orAF) = KA[L]/(I + K[L])

where AA (or AF) is the change in absorbance (or fluorescence) after each
addition of caffeine (AA or AF Ac [D-L]), A or (F) is the absolute absor-
bance (or fluorescence) of the intercalator in the absence of caffeine, [L] is
the total caffeine concentration after each addition. Fits of the binding
curves were performed by nonlinear least squares analysis with Enzfitter
software.

Steady-state fluorescence spectra were obtained using an SLM 8000C
spectrofluorometer (SLM Aminco, Champaign, IL) modified with data
acquisition electronics and software from ISS (Champaign, IL). Time-
resolved fluorescence was obtained using an ISS K2 multifrequency and
phase modulation spectrofluorometer. Excitation of each sample was ac-
complished using the 514-nm line from an argon ion laser (Spectra-Physics
model 2045). The resulting emission above 550 nm was observed through
a Schott RG570 cutoff filter. For lifetime measurements the exciting light
was polarized parallel to the vertical laboratory axis, whereas the emission
was viewed through a polarizer oriented at 550 (Spencer and Weber, 1970).

The multifrequency phase and modulation approach for time-resolved
fluorescence relies on intensity modulation of the excitation source, and the
phase shift and relative modulation of the emitted light, with respect to the
excitation, are determined (Spencer and Weber, 1969; Jameson and
Hazlett, 1991). Lifetimes are then calculated according to the following
equations:

Novanrone tan[P] = )T'P

HsCvNfN

091N

CHM

Caffeine

FIGURE 1 Structural diagrams of the DNA intercalators used in this
study.

MATERIALS AND METHODS

Caffeine (Scientific Products, Irvine CA), HEPES (Sigma Chemical Co.,
St. Louis, MO), and AO (Sigma) were used without further purification.
Ethidium bromide was generously donated by Dr. Clifford Morden (De-

M = [1 + (WTM)2]-1/2

where P is the phase shift, M is the relative modulation (the AC/DC ratios
of the excitation and emission waveforms), and o is the angular modulation
frequency. Two independent lifetime determinations, rp and rT are thus
obtained. An emitting system characterized by a single exponential decay
will yield identical phase and modulation lifetime values irrespective of the
modulation frequency. In the case of heterogeneous emitting systems
(multiple non-interacting fluorescent species), the phase lifetime will be
less than the modulation lifetime and those values will furthermore be
dependent upon the modulation frequency, namely, decreasing as the
modulation frequency increases (Spencer and Weber, 1969). The measured
phase and modulation values may be analyzed as a sum of exponentials by
using a nonlinear least squares procedure (Jameson et al., 1984; Jameson
and Gratton, 1983) wherein the goodness of fit to a particular model (for
example, single or double exponential) is judged by the value of the
reduced x2 as defined by:

i = I {[Pc - Pm/oP] + [Mc- Mm/aM]}/(2n f -1)

where the sum is carried out over the measured values at n modulation
frequencies andf is the number of free parameters. The symbols P and M
correspond to the phase shift and relative demodulation values, respec-
tively, and the indices c and m indicate the calculated and measured
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values, respectively; eP and e correspond to the standard deviations of
each phase and modulation measurement, respectively.

The calculated values of phase and modulation are obtained by the
equations:

P = tan-4[S(w)/G(w)] M2 = S(co)2 + G(co)2

where the functions S(w) and G(w) have different expressions depending
on the fitting model used (Weber, 1981).

For the fit using a sum of exponentials, the functions S(c) and G(w) are
given by:

S(cO) = E3fjWT/(i + W2r2)

G(co) = Efl(l + w'2ri) Ef = 1

where the index i depends on the number of exponentials used for the fit;
f1 is the contribution to the steady-state fluorescence of the ith component;
Ti is its lifetime and w is the angular frequency of light modulation.

In addition to fluorescence lifetime determinations, the multifrequency
phase and modulation method permits the characterization of the rotational
modes of fluorophores (Gratton et al., 1984; Weber, 1977; Lakowicz et al.,
1985). Such information is obtained by differential polarized phase fluo-
rimetry (also known as dynamic polarization). In this approach, the sample
is illuminated by parallel polarized light, the intensity of which is modu-
lated at high frequencies. The phase delay between the parallel and per-
pendicular components of the emission (4) and 4),) are determined and
the differential tangent function (A(I) for a single, spherical rotator may be
calculated as:

~~~ ~~18cor,,R
= tanl [(k2 + 02)(1 + ro- 2r02) + 6R(6R + 2k +fro)

where A(F is the phase difference, w is the angular modulation frequency,
r. is the fundamental anisotropy, k is the radiative rate constant (1/i), and
R is the rotational diffusion coefficient. Analysis of the phase delay (or
modulation ratio) versus frequency curves thus permits the characterization
of a fluorophore's rotational parameters.

Energy-minimized structures of the various caffeine-dye complexes
were generated using HyperChem (Autodesk) software. The force field
employed for these calculations is MM2 with default parameters provided
with the software. Conjugate gradient methods were used to search for
geometry-optimized structures with a convergence criterion of 0.001
kcal/A. Energy-minimized complexes were obtained by first geometry
optimizing each component of the complex in vacuum. These geometry-
optimized components were then brought together in a face-to-face orien-
tation and to within van der Waals radii and re-optimized. Relative binding
energies were determined by subtracting the sum of the geometry-opti-
mized energies of the isolated components from the total energy obtained
for the geometry-optimized complex.

RESULTS

Optical titrations and steady-state fluorescence
of caffeine with complexing agents

The optical spectra of AO is displayed in Fig. 2 A. The
spectrum exhibits an absorption band in the visible region
with absorption maxima at 493 nm. Upon addition of caf-
feine, the absorption maxima of AO shifts to 499 nm. The
red-shift in the absorption maxima ofAO in the presence of
caffeine provides a convenient method for determining the
equilibrium constants of complex formation. This method is
demonstrated in Fig. 2 B, which displays optical difference

0.20

- 0.10
0

U)

-0.10
360 410 460 510

Wavelength (nm)

FIGURE 2 (A) Optical absorption spectra of the caffeine-AO complex in
the absence (I) and presence (H) of caffeine. (B) Absorption difference
spectra of AO titrated with caffeine. Intercalator concentration is 10 J,M in
5 mM HEPES buffer, pH 7.0. Caffeine is titrated in increments of 1 mM
from a 50 mM stock solution. Spectra of the caffeine-intercalator com-
plexes contain 5 mM caffeine.

titrations of AO with caffeine. The optical difference spec-
trum of the caffeine-AO complexes displays a single isos-
bestic point characteristic of only two absorbing species in
solution. In addition, the corresponding binding curve (Fig.
3 A) fits well to a model in which the caffeine and interca-
lator form a 1:1 complex. The binding constant for the
caffeine-AO complex was determined to be 258.4 ± 5.1
M 1. Similar titrations involving EBR and caffeine re-
vealed no detectable change in the absorption maxima of
EBR found at 478 nm up to a final concentration of 10 mM.
Upon addition of EBR to a solution containing 50 mM
caffeine, however, the absorption maxima ofEBR shifted to
482 nm consistent with a weakly bound complex.

Steady-state fluorescence of AO and EBR in the absence
and presence of caffeine are shown in Fig. 4. The fluores-
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FIGURE 3 (A) Binding isothermn for the optical titra-

tion of AO with caffeine. The solid line corresponds to

a binding constant of 200 ± 1.4 M-' with a 1:1I stoi-

chiometry. (B) Binding isotherm for the fluorescence

titration of EBR with caffeine. The solid line corre-

sponds to a binding constant of 84.5 ± 3.5 M- 1 and a

1:1I stoichiometry.
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cence maxima for AO and EBR, in the absence of caffeine,

are observed at 526 and 609 nm, respectively. Upon addi-

tion of caffeine, changes are observed both in position of the

fluorescence maximum and in the overall fluorescence in-

tensity. Specifically, the fluorescence maximum of AO

shifts to 532 nm whereas that of EBR shifts to 615 nm. In

addition the integrated fluorescence intensity increases by

53% for AO and 74% for EBR in the presence of caffeine.

The change in steady-state fluorescence of EBR upon ad-

dition of caffeine allows for the determination of the

bind4ing constant for this complex. A least squares fit to a

plot of fluorescence intensity versus caffeine concentration

gives a binding constant of 84.5 ± 3.5 M'1 for complex-

ation of EBR with caffeine (Fig. 3 B).

Time-resolved fluorescence studies

The results of intensity decay multifrequency phase and

modulation measurements for AO and EBR in the absence

and presence of caffeine are summarized in Table 1. Both

AO and EBR can be fit to an expression displaying single

exponential decays in the absence of caffeine with lifetimes

of 2.0 and 1.8 ns, respectively, consistent with previously

reported lifetimes for these molecules (Jameson and

Hazlett, 1991; Brun and Harriman, 1994). In the presence of

caffeine, the AO data can be fit to a single exponential

decay with a lifetime of 3.34 ns whereas that of EBR was

best fit to a double exponential decay, the major component

having a lifetime of 6.6 ns. Interestingly, the analysis of the

EBRlcaffeine lifetime data directly yielded a shorter com-

ponent of 1.8 ns; i.e., this value was not fixed in the

analysis. It seems reasonable to conclude that this compo-

nent corresponds to free EBR.

The fractional intensities observed for the lifetime com-

ponents in the EBR/caffeine case may then be related to the

relative concentrations of the free and bound EBR by as-

suming that the relative quantum yields parallel the relative

lifetime values. Hence the relative molar ratios of the bound

and free EBR are found to be 84 and 16%, respectively.

Using these relative molar ratios as well as the concentra-

tions of EBR and caffeine (30 ttM and 44 mM, respectively,
for the lifetime measurements), an equilibrium constant for

complexation formation is calculated to be -~-100 M'1,
which is consistent with that determined by steady-state

fluorescence titrations. In the case of AO the equilibrium

constant for complex formation was determined from ab-

sorption titrations to be 258.4 ± 5.4 M-1. Using this value

and the concentrations of AO and caffeine used for lifetime

measurements (30 piM and 44 mM, respectively), the rela-

tive molar ratios of bound and free AO are calculated to be

92 and 8%, respectively. The coffesponding fractional in-

tensities expected from the lifetime data then would be on

the order of 95 and 5% for bound and free AO, respectively,

assuming that the relative quantum yields parallel the rela-

A
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FIGURE 4 Steady-state fluorecence spectra of AG (A) and EBR (B) in

the absence (a) and presence (b) of caffeine. Sample conditions are as

described in Fig. 2.

tive lifetimes. The fact that the x2 (6.6) did not improve
upon analyzing for two components is a consequence of the
small difference in lifetimes between the free and bound AO
(2.0 and 3.34 ns, respectively) as well as the low relative
fractional intensity of free AO (5%). (The higher x2 for the
single exponential fit may result, in part, from the presence

of the two components.)
We have also examined the dynamic polarization of AO

and EBR in the presence and absence of caffeine (Fig. 5).
Dynamic polarization data (phase only) for EBR in the
absence of caffeine fit to a single component with a rota-
tional correlation time (4)) of 0.101 ns (X2 = 0.86). In the
presence of caffeine the data could be fit to two components
exhibiting rotational correlation times of 0.101 and 0.162 ns

(while fixing the relative intensities according to the life-
time results, i.e., 0.043 and 0.957 for the free and bound
components, respectively; x2 = 0.67). In the case ofAO the

TABLE 1 Summary of fluorescence lifetime data and
fractional populations data for AO and EBR in the absence
and presence of caffeine

Species 1T (ns) fi T2 (ns) f2 x2

AO 2.0 1.0 2.37
AO-caffeine 3.34 1.0 6.69
EBR 1.8 1.0 3.61
EBR-caffeine 6.6 0.84 1.8 0.16 5.11

Concentrations used: caffeine, 44 mM; AO, 30 j.M; EBR, 30 t,M.

rotational correlation time of the free molecule was found to
be 0.110 ns. Unlike the EBR/caffeine case, AO in the
presence of caffeine fit well to a single rotational correlation
time of 0.152 ns (X2 = 1.0). Plots of the x2 surfaces for the
various fits are shown in Fig. 6. The fact that the rotational
correlation time is related to the effective hydrodynamic
molar volume allows for an unambiguous determination of
molecular stoichiometries for the caffeine-dye complexes.
For a spherical rotator the relationship between 4 and molar
volume is given by:

Y = V-qIRT

where TJ is the solvent viscosity, R is the gas constant, and
T is the temperature (Jameson and Hazlett, 1991). If the
approximation is made that the molar volume scales as the
molecular weight then the percent increase in correlation
time provides a measure of the increase in molecular weight
of the dye upon complexation. In the case of EBR the
correlation time increases by 49%. For a 1:1 complex the
corresponding molecular weight of the complex is increased
by 51% relative to unbound EBR. For AO the percent
increase in the correlation time is 41%. The corresponding
increase in molecular weight for a 1:1 complex is 52%.
The suggested 1:1 stoichiometry for the caffeine-AO

complex is in contrast to data reported earlier by Kapuscin-
ski and Kimmel (1993) who reported mixed aggregate com-
plexes between caffeine and AO. These authors suggest
both (AO)n-(caffeine)i-(AO)n and (caffeine)n-(AO)i-(caf-
feine)n type complexes. Interestingly, statistical thermody-
namic analysis of such models reveals an ionic-strength-
dependent binding constant of 250 M-l, which is nearly
identical (within experimental error) to the value obtained
assuming a 1:1 complex. This observation suggests that
under low ionic strength conditions caffeine forms a 1:1
complex with AO or that the caffeine-AO complex (or
mixed aggregate) is homogeneous.

Molecular modeling studies of caffeine
complexes with DNA intercalators

The results of our molecular modeling calculations obtained
for complexes between caffeine and the DNA intercalators
DOX, NOV, AO, and EBR are summarized in Table 2. The
minimized energy values for the various complexes re-
ported in the table are obtained by subtracting the sum of the
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FIGURE 5 Dynamic polarization phase data. (A)
EBR in the absence (a) and presence (b) of caffeine.
(B) AO in the absence (a) and presence (b) of caffeine.
Solid lines correspond to rotational correlation times of
0.101 ns (EBR), 0.101 ns and 0.162 ns with relative
contributions of 0.043 and 0.957 (EBR/caffeine), 0.110
ns (AO), and 0.152 ns (AO/caffeine). The limiting
anisotropy was found to be 0.37 in each case.
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minimized energy of each molecule individually from the
minimized energy obtained for the geometry-optimized
complex (Tachino et al., 1994). Thus, more negative values
of minimized energy predict a more stable complex. The
results indicate that caffeine forms a favorable complex
with all of the intercalators. The most stable of these com-
plexes being that with caffeine and AO (relative binding
energies of -21.6 kcal/mole for the caffeine-AO complex
relative to -10 to -15 kcallmole for caffeine-DOX,
caffeine-NOV, and caffeine-EBR complexes). For compar-
ison, geometry optimization was also performed for a com-
plex between caffeine and both hydroxyurea and hadicine.
In the case of hydroxyurea, it has been reported that the
addition of caffeine leads to an increase in cell death (Selby
and Sancar, 1990). It should be pointed out that both hy-
droxyurea and hadicine are aliphatic and contain no conju-
gated ring systems. The results of molecular modeling stud-
ies of hydroxyurea and hadicine complexes with caffeine
gave energies that are reduced relative to the isolated mol-
ecules. The relative stabilization of the aliphatic complexes,

1 10 100

Frequency (MHz)

however, is much less than that of the caffeine complexes
with the highly conjugated intercalators. Thus, it is expected
that the nonconjugated molecules form considerably weaker
complexes in solution.
The energy-minimized structures of the caffeine-DNA-

intercalator complexes are displayed in Fig. 7. In general,
the lowest energy conformation is that in which the caffeine
is oriented directly over the conjugated ring of the various
intercalators with an average face-to-face distance of 3.46
A. It must be pointed out that the orientation of the caffeine
relative to the DNA intercalator in the geometry-optimized
complexes shown in Fig. 7 is not unique. For example,
rotation of the caffeine by 1800 relative to the DNA inter-
calator ring system does not significantly alter the relative
binding energy. The relative binding energies derived from
molecular mechanics methods can be further deconvoluted
into the individual components that make up the total en-
ergy. These include potential energies associated with bond
stretching, bond bending, dihedral bending, van der Waals
forces, and electrostatic interactions. This analysis of the
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FIGURE 6 x2 error surface for the fluorescence lifetime analysis of AO
(A) and EBR (B) in the absence (a) and presence (b) of caffeine. The x2
error surface obtained for AO and EBR in the absence of caffeine and AO
in the presence of caffeine are for fits to discrete single component fits. The
corresponding error surface for EBR in the presence of caffeine are for fits
involving two discrete components.

components is also summarized in Table 2. As expected for
face-to-face complexes, van der Waals contributions play a
dominant role in the relative energy of the complex relative
to the isolated components.
An additional point of interest is the relative differences

in structure between the various intercalators. Both DOX
and NOV are derived from an anthraquinone ring system
whereas AO and, to some extent, EBR are pyridine based.
To examine the extent to which the central ring substitutions
affect complex formation, we have examined energy-mini-
mized structures for a series of model compounds com-
plexed with caffeine. These results are summarized in Table
3. Interestingly, these results indicate only minimal effects
of central ring substitutions on energy stabilization due to

complex formation. Again the dominant component to en-
ergy stabilization are van der Waals forces.

DISCUSSION

Caffeine binding to DNA intercalators

The DNA intercalators AO and EBR both exhibit optical
absorption and singlet emission bands in the visible region
of the spectrum that are sensitive to the solvent environment
of the chromophore. The observed red-shift of the absorp-
tion and corresponding emission bands, increase in fluores-
cence yield, and increase in fluorescence lifetimes in the
presence of caffeine are characteristic of changes in the
solvent environment associated with the intercalator. In
general, excited states arising from 7i-7r* transitions (such
as the optical transitions of the DNA intercalators) are
expected to decrease in energy as the solvent becomes
increasingly hydrophobic (Bakhkshiev, 1961; Bayliss and
McRae, 1954). Complexation between caffeine and the
DNA intercalators results in the replacement of water mol-
ecules solvating the intercalator by the more hydrophobic
caffeine molecule. Thus the w-,n-* excited state experiences
a more hydrophobic environment and a correspondingly
lower energy resulting in red-shifts in the absorption and
emission bands. In addition, the exclusion of water mole-
cules surrounding the chromophore causes an increase in
the fluorescence lifetime as water is an effective quencher
of the excited state of the intercalators.

Molecular modeling techniques provide a useful method
for examining the role of specific structural aspects of a
molecule with respect to its ability to form complexes with
structurally diverse partners. Molecular mechanics tech-
niques have been successfully applied to a number of im-
portant structural problems including chlorophyllin com-
plexes with planar mutagens (Tachino et al., 1994; Langley
et al., 1991). It appears that the primary criteria for energy
minimization of the caffeine-DNA-intercalator complex is
the centering of the caffeine ring system over that of the
DNA intercalator ring system with only a minimal contri-
bution from the relative orientation. An exception is the
caffeine-DOX complex in which the caffeine is oriented
slightly off center of the intercalator ring system. Thus, the
bulky substituent of the DOX influences the relative orien-
tation of the complex but does not appear to significantly
destabilize it. It is also of interest to note the structure of the
complex between caffeine and EBR (Fig. 7 C). The energy-
minimized structure of the EBR reveals a distinctive saddle
shape to the ring system. Previous descriptions of complex
formation between caffeine and DNA intercalators portray
complexes between caffeine and intercalators with dis-
tinctly planar ring structures. The structure of the energy-
minimized complex between caffeine and EBR indicate that
some degree of nonplanarity does not prevent complex
formation. In fact, we have observed nonplanarity or ruf-
fling in the structure of chlorophyllin, which is also known
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TABLE 2 Summary of molecular modeling calculations for caffeine-DNA-intercalating drug complexes

Complex
Total E* energyt AE§ AVStrtch AVBend AVDih AVVDW AVEEL

CF-NOV 65.054 53.056 -11.997 -0.07 -0.570 0.117 -11.436 -0.037
CF-DOX 79.711 64.623 -15.089 -0.08 -0.624 0.098 -14.437 -0.044
CF-EBR 32.310 21.772 -10.679 -0.03 -0.375 -0.007 -10.135 0.0026
CF-AO 32.451 10.836 -21.615 -1.15 -3.311 4.362 -21.40 -0.120
CF-HU 26.510 21.537 -4.973 -0.013 -0.538 0.104 -4.498 -0.028
CF-HAD 24.668 18.626 -6.042 -0.01 -0.506 0.146 -6.780 -0.026

CF, caffeine; HU, hydroxyurea; HAD, hadicine. VSteWtch = 7Kr(r-r0)2 where Kr is force constant and (r-r0)2 is the square of the bond displacement. Sum
is over the number of bonds. VBend = XKO(O- O)2 where Ke is bending force constant and (0- 0.)2 is the angle displacement. Sum is over all bond angles.
VDih = X(Vn/2)(1 + cos(n4-40)) where Vn is dihedral force constant, n is the periodicity of the Fourier term, and 4 is the dihedral angle. VVDR =
:[(Aij/Rij2)-(B-1Rj6j)] where Rij is the nonbonded distance between two atoms (R12 term describes repulsive interactions between two atoms and R6 term

describes attractive London dispersion interactions). Aij and Bij are van der Waals parameters for the interacting pair of atoms. VEEL = >2(qjqj/eRij) where
qi and qj are point charges on two atoms and Rij is the distance between two atoms. E is the effective dielectric constant.
*Mathematical sum of energy (E) for each molecule in the complex in kcal/mole.
tTotal energy calculated for a 1:1 molecular complex in kcal/mole.
5Difference between mathematical sum of energies of individual molecules and calculated energies of each complex in kcal/mole.

A

C

FIGURE 7 Top view of the geometry-optimized caffeine-DNA-intercalator complexes. (A) Caffeine-AO complex. (B) Caffeine-DOX complex. (C)
Caffeine-EBR complex. (D) Caffeine-NOV complex. Caffeine is highlighted by heavy lines.
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to form complexes with planar mutagens (Dashwood and
Gao, 1993).

Caffeine as an interceptor molecule?

The results of the molecular modeling calculations and the
optical titrations may provide a mechanistic model of inhi-
bition that is consistent with in vitro studies. Previous re-

sults obtained by Traganos et al. (1991) demonstrate that
caffeine can modulate the effects of DOX and NOV in
L1210 cells. Specifically, the addition of DOX and NOV to
L1210 cells decreases cell growth to 26 and 48%, respec-
tively, relative to control cultures. Addition of caffeine
together with either DOX or NOV results in cell growth that
is 83 and 65%, respectively, relative to control cultures. In
addition, it was discovered that the sequence in which
caffeine was added affects the degree of cell growth with
the mutagens. When caffeine is added either before or after
the mutagens, caffeine afforded no protection against the
mutagens. When caffeine was added along with the muta-
gens, cell-damaging effects are reversed. Taken together,
these findings imply that co-treatment facilitates complex
formation between caffeine and the mutagens and that this
results in a lower effective concentration of the intercalator
in solution. This assumes, of course, that the combined
caffeine-intercalator complex is unable to bind to DNA or

otherwise affect cellular replication.
Additional evidence for this mechanism can be found in

the energy-minimized complexes of caffeine with hadicine
and hydroxyurea. In the case of hydroxyurea, caffeine dis-
plays no protective properties against cellular damage
caused by this compound. The molecular modeling studies
show that the energetics for complexation between hy-
droxyurea and caffeine are much less favorable resulting in

a weaker complex with a lower association constant. This
phenomenon is presumably due to the aliphatic nature of
hydroxyurea, which is incapable of wr-ur complex formation
with caffeine. The result is an effective concentration of

hydroxyurea that is unaffected by the presence of caffeine in
solution.

Comparison of the complexing ability of caffeine relative
to other proposed interceptor molecules is also of interest.
Optical titrations and molecular modeling calculations of
mutagen-porphyrin and mutagen-chlorophyll complexes re-
veal significant binding constants and relative binding en-
ergies for these complexes. Binding constants for chloro-
phyllin complexes with heterocyclic amines are at least one
order of magnitude larger than that of caffeine with model
intercalators (Hartman and Shankel, 1990; Arimoto et al.,
1993; Dashwood and Guo, 1993). This trend is also re-
flected in the relative binding energies determined from
molecular modeling calculations. These binding energies
are a factor of two larger for porphyrin-mutagen complexes
relative to caffeine-mutagen complexes. Thus, although caf-
feine may play a role as an interceptor molecule, its ability
to prevent cell damage is somewhat less than porphyrin-
type interceptors.

In summary, the results of molecular modeling and opti-
cal titration studies of caffeine with DNA-intercalating
drugs demonstrates that caffeine can complex with the
intercalators via a 7r-'rr type of interaction. The dominant
force in the formation of such complexes appears to be van

der Waals interactions resulting in maximal ring overlap
between the two molecules of the complex. Complexation
between caffeine and aliphatic mutagens show much lower
binding energies relative to caffeine complexes with aro-
matic intercalators. The corresponding binding constants for
caffeine-DNA-intercalator complexes are on the order of
250 M-1 (AO) and 85 M-1 (EBR). These results suggest a

possible role for caffeine as an interceptor molecule al-
though the inhibitory effect is expected to be less than for
interceptor molecules with more extended conjugated ring
systems.

The authors are indebted to Dr. Roderick Dashwood (Department of
Environmental Biochemistry, University of Hawaii) for invaluable discus-
sion during the course of this work.

TABLE 3 Summary of molecular modeling calculations for caffeine model complexes

Complex
Total E* energyt AE§ AVStch AVBend AVDih AVVDW AVEEL

CF-BEN 22.344 15.062 -7.2825 -0.019 -2.897 0.117 -3.707 -0.0174
CF-ANT 9.427 -1.061 -10.488 0.233 -0.455 0.098 -10.07 0.00
CF-NAP 15.876 6.566 -9.310 -0.027 -0.465 0.067 -8.861 -0.0174
CF-Q 46.075 38.432 -7.642 -0.0223 0.922 4.949 -7.216 -0.029
CF-AQ 45.147 35.559 -9.592 -0.213 -1.896 6.967 -14.013 -0.123
CF-NQ 44.830 34.094 -10.736 0.147 0.919 -6.767 -5.401 0.041
CF-PYR 29.110 22.167 -6.943 -0.016 -0.500 0.137 -6.537 -0.019
CF-QL 24.634 15.366 -9.268 -0.043 -0.491 0.122 -8.826 -0.0329
CF-AC 20.030 9.853 -10.177 -0.040 -0.493 -0.149 -9.764 -0.0274

CF, caffeine; BEN, benzene; ANT, anthracine; NAP, napthelene; Q, benzoquinone; NQ, napthoquinone; PYR, pyridine; QL, quinoline; AC, anthroquino-
line. V terms are described in Table 2.
*MathematiCal sum of energy (E) for each molecule in the complex in kcal/mole.
*Total energy calculated for a 1:1 molecular complex in kcallmole.
§Difference between mathematical sum of energies of individual molecules and calculated energies of each complex in kcallmole.
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