
Structural Basis for the Binding Affinity of Xanthines with the DNA
Intercalator Acridine Orange

Mark B. Lyles,† Ivan L. Cameron,*,† and H. Ralph Rawls‡

Departments of Cellular and Structural Biology, University of Texas Health Science Center at San Antonio,
7703 Floyd Curl Drive, San Antonio, Texas 78229, and Restorative Dentistry, Division of Biomaterials,
University of Texas Health Science Center at San Antonio, 7703 Floyd Curl Drive, San Antonio, Texas 78229

Received September 16, 1999

Caffeine (CAF), a methyl-substituted xanthine, interacts with polyaromatic DNA intercalators
and has been hypothesized to interfere with their intercalation into DNA. Optical absorption
spectroscopy was used to determine the binding affinities (Kassoc) and structural effects of a
series of methyl-substituted xanthines and a series of methyl-substituted uric acids (8-
oxoxanthine) with the known DNA intercalator acridine orange (AO). There is evidence that
complexation occurred (Kassoc g 150 M-1; binding curve saturation ∼ g50%) between AO and
1,7-dimethylxanthine (155 M-1), 1,3-dimethylxanthine (theophylline, 157 M-1), 1,3,7-trimeth-
ylxanthine (CAF, 256 M-1), 1,3-dimethyl-8-chloroxanthine (413 M-1), 1,3,7,9-tetramethyl-8-
oxyxanthine (tetramethyl uric acid or TMU, 552 M-1), and theophylline ethylenediamine
(aminophylline, 596 M-1). No definitive evidence of complexation occurred between AO and 16
other substituted xanthines or purines, although there was some evidence of weak complexation
(Kassoc < 150 M-1) between AO and eight of the sixteen. Three common structural similarities
were identified among those compounds found to form significant bonding with AO: (i) the N1
or N3 on the xanthine structure must be substituted with a methyl group; (ii) oxygen or chlorine
substitution at C8 increases binding affinity to AO when resonate states remain unchanged;
and (iii) Kassoc increases with an increase in number of methyl group substitutions on the 1-
or 3-methylxanthine core structure. These results are explained on the basis of complex
stabilization due predominately to hydrophobic attraction, with a contribution from charge
transfer between donor and acceptor components. This information can be used in the
manipulation of the physical or chemical characteristics of biologically active polyaromatic
molecules.

Introduction

All known polyaromatic DNA intercalators have the
potential to disrupt the normal function of cellular DNA
and can lead to mutagenesis, carcinogenesis, and even
cell death.1-3 Many carcinogenic chemicals damage
DNA, either in their parent form or after metabolism
by cellular enzymes, and for numerous classes of
chemicals, the active forms are strong electrophiles.4-6

Several strategies for the chemoprevention of cancer
aim to block this initial DNA damage, either by altering
the metabolic pathways away from activation and/or
toward detoxification or by “scavenging” the reactive
electrophiles.7,8 Antimutagenic agents that trap or
scavenge mutagens and carcinogens have been termed
“interceptor molecules” or “desmutagens” and may
represent an important first line of defense against
carcinogens and mutagens.8-11

Review of the literature6,12-19 suggests that caffeine
(CAF), a widely ingested trimethylxanthine, may be able
to reduce the cytostatic/cytotoxic activity of agents that
share three common properties: (i) they are planar
polyaromatic molecules;1,3,4 (ii) they can interact with
double-stranded DNA (dsDNA) via intercalation;20-24

and (iii) they can form noncovalent complexes with

planar polarizing compounds such as CAF.25-28 When
added simultaneously with or immediately before the
intercalating agent, CAF has been reported to diminish
the cytotoxic effects of the chemotherapeutic drugs
doxorubicin (DOX) and novantrone in a variety of cell
lines.14-15 Additionally, CAF reduced the cytotoxicity of
the DNA intercalator, ethidium bromide, by reducing
its ability to enter cells.29 The proposed mechanism
responsible for the reduction in cytotoxicity by DNA
intercalators is the formation of a noncovalent complex
between the xanthine and the intercalator.7,16,17,27,30,31

This study was conducted to better understand the
chemical structures that influence complexation be-
tween xanthines and polyaromatic DNA intercalators
such as acridine orange (AO). Specifically, experiments
were designed to determine the relationship between
substitutions on the xanthine core and the resulting
Kassoc values for complexation with AO. Once the specific
structural modification(s) is/are identified, plans call for
testing the ability of those xanthines to interfere with
intercalation of AO and other polyaromatic mutagens
and carcinogens into dsDNA. The specific aims of this
first study were to (i) determine the Kassoc of various
substituted xanthines with AO via spectrophotometric
analysis, (ii) compare and contrast the structural dif-
ferences of various substituted xanthines as they affect
Kassoc, and (iii) determine if a significant correlation
exists between substitutions on the xanthine core
structure and Kassoc with AO to allow for the prediction
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and/or design of xanthines for the complexation of
polycyclic aromatic hydrocarbons (PAHs). It is antici-
pated that a better understanding of the role of complex
formation between intercalating agents such as AO and
interceptor molecules such as xanthines will open
avenues for practical applications and therapies.

Results

Shifts in the Absorbance Spectrum of AO upon
Addition of Increasing Concentrations of Various
Modified Xanthines. The spectral shift (red), shown
in Figure 2A, in the optical adsorption maximum of AO
upon the addition of a particular xanthine, indicates the
possibility of a complex being formed between the two
compounds. The optical spectrum of AO at 10 µmol is
displayed in Figure 2A and exhibits an absorption band
in the visible region with a maximum at 495 nm. Upon
the addition of 1,3-dimethylxanthine (theophylline), for
example, this maximum shifts to 507 nm. This red shift
in the absorption maximum of AO in the presence of
theophylline provides a convenient method for deter-
mining the association constant for the complex formed
between AO and theophylline. The optical difference
spectrum of the AO-theophylline complex in solution
displays a single isobestic point, characteristic of only
two absorbing species in solution. The determination of
the association constant, Kassoc, is determined from the
curve in Figure 2C. Using the equation ∆A ) K(∆Amax)-
[X]/(1 + K[X]) (see eq 3, Methods section), the calculated
Kassoc value for the AO-theophylline complex is 157.0
( <0.1 M-1. The other xanthines were similarly ana-
lyzed, and their Kassoc constants are reported in Table
1.

Of the 22 different xanthines tested, six were deter-
mined to have substantial (g150 M-1) association
constants. An additional eight compounds showed some
evidence of complex formation with AO. These 14

compounds are listed in Table 1 along with the wave-
length (nm) at which the binding constant was derived,
the concentration range of the xanthine tested (µM), the
percent saturation of the binding curve, the Kassoc (M-1)
value, the regression analysis (R2) value, the number
of resonance states (RS, discussed later), and the
number of substituted methyl groups (no. CH3). None
of the seven purines tested revealed any substantial
binding affinity with AO.

Figure 1. Structural diagrams of the DNA intercalator AO
and selective xanthines found to form complexes with AO.
Legend: (A) 1-methyl xanthine; (B) 1,3-dimethyl xanthine
(theophylline); (C) 1,3,7-trimethyl xanthine (CAF); (D) 1,3,7,9-
tetramethyl-8-hydroxy xanthine (tetramethyl uric acid); and
(E) 3,6-bis[dimethylamino]acridine (AO).

Figure 2. Spectral analysis and Kassoc determination for the
theophylline-AO complex. (A) Optical absorbance spectra of
the theophylline-AO complex in the absence (I) and presence
(II) of theophylline. A spectrum of the theophylline-AO
complex contains 5 mM of theophylline and 10 µM of AO in
solution and has been adjusted for dilution. (B) Absorbance
difference spectra of AO titrated with theophylline. Spectral
analysis was performed on a series of AO titrations with
theophylline. Absorbance values were obtained and adjusted
to take into account the effect of dilution. The initial interca-
lator (AO) concentration was 10 µM in 5 mM HEPES buffer
at pH 7.0. Theophylline was pipetted into the AO solution in
1 µL aliquots from a 50 mM stock solution. The resulting plot
shows the presence of a single isobestic point, indicative of only
two species in solution. (C) The curve used for the determi-
nation of the Kassoc value between theophylline with AO, as
described in the Methods section, is illustrated.
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Effect of the Position and Amount of N-Methy-
lation and Electron Affinity of Substituents on
Complexation Affinity. Examination of the chemical
structure of those compounds that were found to have
substantial binding with AO identified three common
structural similarities: (i) the N1 or N3 on the xanthine
core structure must be substituted with a methyl group;
(ii) oxygen or chlorine substitution at C8 increased Kassoc
when the number of resonance states remained un-
changed; and (iii) Kassoc increased with an increase in
the number of methyl group substitutions, with an
excellent empirical fit (R2 ) 0.99) to a second-order
polynomial equation.

Compounds without methyl group substitution such
as xanthine and 8-hydroxyxanthine (uric acid) did not
complex with AO, as determined by optical titration. Of
the six compounds that exhibited significant Kassoc
values, all had a methyl group substituted at N1 and
carbonyl groups at C2 and C6. Alternatively, compounds
without a methyl group at N1 of the xanthine base
structure, but having substituted methyl groups in other
positions (3-methylxanthine, 7-methylxanthine, 3,7-
dimethylxanthine, and 7-methyl-8-oxyxanthine), showed
little or no affinity to complex with AO except for 3,7-
dimethylxanthine (theobromine). The compounds 1-me-
thylxanthine, 1-methyl-8-oxyxanthine, 1,3-dimethyl-8-
oxyxanthine, and 1,3-dimethyl-8-chloroxanthine have
carbonyl groups at C2 and C6 and a methyl group
substituted at N1, yet failed to exhibit any significant
binding affinity for AO. The only difference between
1-methylxanthine, which has a binding affinity for AO
of 79.2 ( 2.0 M-1, and 1-methyl-8-oxyxanthine is a
carbonyl group at C8. Likewise, the only difference
between 1,3-dimethylxanthine (theophylline), with a
binding constant of 157.0 ( <0.1 M-1, and 1,3-dimethyl-

8-chloroxanthine or 1,3-dimethyl-8-oxyxanthine is the
presence of an atom with high electron affinity (oxygen
or chlorine, respectively) substituted at C8. The presence
of a carbonyl group at C8 significantly reduces the
binding ability of mono- and dimethyl-substituted xan-
thines except for the tetramethyl-substituted TMU,
which exhibits a lower binding affinity than aminophyl-
line, and also contains a total of four methyl groups.

Discussion
The discussion that follows is intended to support the

conclusion that the binding of AO to substituted xan-
thines can be modified by specific R-group substitutions
in three systematic ways. The formation of a complex
between AO and xanthine derivatives may be predicted
based on the theoretical energy state of that particular
xanthine. Also discussed is the correlation between the
Kassoc and the ability of some xanthines to increase
solubility of another PAH, benzo[a]pyrene, and potential
applications of the findings from this study.

Proposed Model for Complex Formation be-
tween Xanthines and AO. The solublization capacity
(solvent effect) of CAF was first described by Brock and
co-workers38 in 1938 and subsequently detailed by
Keilin39 and Weil-Malherbe.40 Solubilizing molecules of
this type require such factors as planarity, source
ionization, and electron-donating properties, which are
fulfilled by methylxanthines such as CAF.42,43 These
planar compounds and some derivatives are also able
to self-associate in “stacks” in solution44 as well as
intercalate into dsDNA.45,46

The ability of substituted xanthines to form molecular
complexes with planar polyaromatic hydrocarbons such
as AO is controlled to a large extent by the overall
energy state of the xanthine molecule.20,21,47,48 The

Table 1. Results of Spectrophotometric Analysis for the Determination of Binding Affinities (Kassoc) between AO and Substituted
Xanthines (Mean ( SE)

compounds
λmax
(nm)

concn
(µM) % satnb

Kassoc ( SE
(M-1) R2

RS
(no. CH3)

purine 509 25-2199 *c ∼2 .9914 2 (0)
6-methylpurine 25-805 0 2 (1)
6-chloropurine 10-383 0 2 (0)
1-methyl-6-aminopurine 507 25-1247 * ∼14 2 (1)
3-methyl-6-aminopurine 507 25-1507 ∼7 44.5 ( 0.2 .9996 2 (1)
O-methylguanine (2-amino-6-methoxypurine) 511 25-745 * ∼2 4 (1)
guanine monophosphate 50-455 0 4 (0)
xanthine (2,6-dioxypurine) 50-475 0 5 (0)
1-methylxanthine 511 50-536 * 79.2 ( 2.0 .9818 3 (1)
3-methylxanthine 545 50-762 * ∼10 4 (1)
7-methylxanthine 25-708 0 4 (1)
1,3-dimethylxanthine (theophylline) 508 248-10 000 61.7 157.0 ( <0.1 1.000 2 (2)
3,7-dimethylxanthine (theobromine) 503 20-412 * 94.5 ( 1.3 .9951 3 (2)
1,7-dimethylxanthine 506 171-10 000 61.7 155.3 ( 3.1 .9956 2 (2)
1,3,7-trimethylxanthine (CAF) 511 495-25 000 86.5 255.7 ( 4.8d .9987 1 (3)
1,3-dimethylxanthine ethylenediamine (aminophylline) 510 25-1503 47.4 596.2 ( 6.5 .9976 1 (4)
uric acid (8-oxyxanthine) 10-338 0 7 (0)
1-methyl-8-oxyxanthine 50-1622 0 5 (1)
7-methyl-8-oxyxanthine 5-305 0 6 (1)
1,3-dimethyl-8-oxyxanthine 509 1000-5000 16.2 38.5 ( 2.2 .9660 4 (2)
1,3-dimethyl-8-chloroxanthine 508 10-5000 67.4 412.5 ( 11.7 .9970 2 (2)
1,3,7,9-tetramethyl-8-oxyxanthine 511 25-1644 47.6 551.5 ( 9.0 .9945 1 (4)

a Compounds are grouped on the basis of increasing numbers of carbonyl groups substituted around the purine core structure. The
wavelength (λ) in nm of the maximum possible deviation on the delta curve, the square of the correlation coefficient (R2) of best fit of
delta absorbance data (see text for equation), and the concentration range over which the xanthine was analyzed are also shown. A Kassoc
(M-1) value of zero indicates that no measurable association was detected. The number of resonance states is listed under RS with the
number of methyl groups indicated in parentheses at the far right of the table. b The percent saturation of the binding curve as calculated
by the formula: Kassoc [X]/(1 + Kassoc[X]) × 100. c Percent saturation is less than 10%. d As validation of our procedure, the Kassoc value of
the CAF-AO complex was found to be 256 M-1, which corresponds closely with the value reported by both Larsen et al. (1996) and
Kapuscinski and Kimmel (1993) of 258 M-1.
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energy state of a specific substituted xanthine, the
electron-donating molecule, is dependent on five main
characteristics: (i) the number of potential resonance
states, (ii) the electron-donating or -withdrawing char-
acteristics of the R-group substituents, (iii) the polarity
of the R-group substituents, (iv) the degree of steric
hindrance by the substituted R-groups, and (v) the
physical and chemical characteristics of the solvent
system. The characteristics of the solvent system can
significantly contribute to complex formation or inhibit
it altogether.48-51 The stabilization of the complex, once
formed, depends on the overlap between the highest
filled molecular orbital of the donor molecule and the
lowest unfilled molecular orbital of the acceptor mol-
ecule (AO in the present case). The extent of this overlap
depends on the symmetries of these two orbitals and
the relative orientations of the molecules.49

Additionally, the energy state of the electron-accept-
ing molecule is also significant. In all cases, the forma-
tion of a molecular complex must be thermodynamically
sound; i.e., in the absence of significant changes in
entropy, there must be a reduction in the overall energy
states of both molecules for complexation to occur.
Specifically, as the energy state of the donor molecule
increases, e.g., through R-group substitution, the po-
tential for complexation increases due to the greater
stabilization energy available. This explains the ob-
served increase in Kassoc values. The relationship be-
tween potential resonance states of the xanthine mol-
ecule and Kassoc suggests that the number of resonance
states is a good indicator of the relative energy state of
a molecule. Thus, as the number of resonance states
increases, the relative energy of the molecule decreases
and the driving force for complex formation is reduced.
Our results suggest that the formation of a complex
between AO and substituted xanthines follows a model
first proposed by McKeown et al.47 where the sandwich-
like stacking of two planar molecules forms π-π inter-
actions. The alternate stacking of polarizing and polar-
izable molecules (dipole-dipole or dipole-induced dipole)
results in van der Waals attraction between the mol-
ecules and leads to the formation of stable com-
plexes.48,50,51

The hydrophobic effects of the methyl groups are also
expected to contribute strongly to the stabilization of
the complex through entropic rather than enthalpic
phenomena.52,53 The hydrophobic effects of the methyl
groups are due to entropy gain when two hydrophobic
molecules form complexes with one another in water,
since water molecules are released from their clathrate-
like (low entropy) structures about each of the separated
hydrophobic molecules, before complex formation.54,55

Generally, the energy of the excited state is lowered
relative to that of the ground state by interactions with
solvent molecules, in this case water. The ground state
generally has a much smaller dipole moment than the
excited state; hence, the solvent stabilization energy is
smaller in the ground state than in the excited state,
thus leading to a red-shifted absorption spectrum.56 A
similar effect should be relevant due to the interaction
of the PAH (AO) molecule in the ground and excited
state with the polarizable xanthine molecule.

To elucidate the nature of the stacking interactions,
we compared the resulting Kassoc values of the xanthine

complexes with AO. By forming a complex, the two
interacting molecules, i.e., the xanthine and AO, ef-
fectively reduce the overall surface area that each
molecule exposes to the surrounding water molecules.
This leads to the displacement of some water molecules
localized near each methyl group and to their inclusion
in the general net of hydrogen bonds. Thus, the number
of the contacts of methyl groups with water decreases,
in agreement with the known hydrophobicity properties
of these groups. The observed “protection” of methyl
groups of xanthine molecules during stack formation is
a typical manifestation of the hydrophobic effect. In the
classical case, the stability of the “protected” hydropho-
bic molecules or groups is caused by the entropy effect.

Although the change in the entropy opposes the
association of xanthines and AO, Ts’o et al.57 proposed
the existence of a positive entropy contribution hidden
in the general negative entropy value. This contribution
may arise from the hydrophobic interaction with the
solvent.58 If hydrophobic interaction between the xan-
thine molecule and the water results in a more highly
ordered structure for the interfacial water, this struc-
tured water probably would have a lower entropy than
ordinary water. Formation of a stacking complex from
the hydrated xanthine accompanied by the decrease in
molecular surface area would decrease the amount of
ordered water and increase its unitary entropy. Forma-
tion of a stacking complex results in a decrease in the
amount of ordered water as compared to the hydrated
monomers. The association of xanthine and AO mol-
ecules leads to the appearance of a water structure that
is energetically more preferable around a stack than
around monomers. This is the main reason for the
stability of stacked complexes in water.

In a study of the fluorescence quenching of human
serum albumin by xanthines, Gonzalez-Jimenez and co-
workers59 showed that the quenching mechanism was
due to the formation of a xanthine-albumin nonfluo-
rescent complex and that the quenching of the protein
fluorescence depends on the number and position of the
methyl groups on the xanthines tested. They also
reported that the binding process is exothermic and
probably hydrophobic with hydrogen bonds playing a
significant role in the stabilization of such complexes.
Of the three xanthines tested, the fluorescence intensity
was quenched by CAF > theobromine > theophylline,
implying that the quenching of protein fluorescence
depends on the number and position of the methyl
groups. It was also reported that the major contributing
factor in the stabilization of the complexes is enthalpic
rather than entropic in origin. Furthermore, it was
suggested that hydrophobic bonds can be involved in
the association process because xanthine stays in con-
tact with the tryptophan reside on albumin, which lies
in a microenvironment that is essentially hydrophobic,
and in this region, fats, drugs, and other hydrophobic
materials bind.60 They suggested that hydrophobic
interactions and hydrogen bonding could be the domi-
nant physical forces behind the formation and stabiliza-
tion of the xanthine-albumin complexes.

Geocintov and co-workers55 have shown that the
covalent binding of the planar PAH benzo[a]pyrene diol
epoxide (BPDE), with small single-stranded oligonucle-
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otides, is facilitated by hydrophobic binding interac-
tions.61 These noncovalent interactions, especially the
hydrophobic π-π stacking interactions, are reflected in
red shifts in the absorption spectra and diminished
molar extinction coefficients of the aromatic pyrenyl
residues of BPDE. These data mimic the results from
our experiments on the interaction of AO with certain
xanthines and further suggest the importance of these
interactions on the inhibition of DNA intercalation by
mutagens and carcinogens as well as the potential to
remove PAH intercalators from DNA.

Theoretical Basis of Electron Donor-Acceptor
Interaction. According to McGlynn,49 complex forma-
tion can occur, as depicted in Figure 3, when one
molecule acts as an electron donor (D) and another
molecule acts as an electron acceptor (A). In this case,
the electronic configuration of the ground (lowest en-
ergy) states of the separate molecules, A and D, is
stabilized by the delocalization provided through the
transfer of charge from D to A. This stabilization is the
driving force to form the complex. The greater the
contribution of the charge transfer state, D+A-, to the
electronic state of the complex, the greater the stabiliza-
tion. This stabilization of electronic states is shown in
Figure 3, which depicts the potential energy diagram
arising from complex formation (taken from McGlynn49).
Thus, another important factor influencing Kassoc in the
xanthine-AO complexes may be the extent of resonance
stabilization available from the transfer of charge
between donor and acceptor.

The first excited state of the complex is stabilized even
more than the ground state by charge transfer. Thus,
the energy of the transition from the ground state of
the complex to the first excited state is decreased, or
red-shifted, as compared to the noncomplexed compo-
nents. This red shift is in turn influenced by any factor
that alters the electronic configuration of the donor or
acceptor molecules. In the present case, we have studied
the influence of substituents on the electronic configu-
ration of xanthine structure (the donor) with AO (the
acceptor) by observing the absorption spectra of xan-
thine-AO complexes.

Relationship between Kassoc and N-Methylation,
C8 Substitution, and the Number of Resonance
States of the Xanthine Core Molecule. The forma-
tion of a complex between any two molecules can only
occur when it is thermodynamically advantageous for
the complex to exist.48 Because the formation of a
complex allows for a reduction in the overall energy
state of a molecule, it would be less thermodynamically
advantageous for a lower energy molecule to form a
complex than for a higher energy molecule. Thus, as the
energy of a molecule decreases, the probability of that
molecule forming a complex also decreases. Results from
this study suggest that the overall energy state of the
xanthine molecule, and therefore its potential to form
a complex with AO, is due to three important factors:
(i) the number of potential resonance states, (ii) the
amount and position of N-methylation, and (iii) the
chemical characteristics of the R-group substituted at
the C8 position of the xanthine ring. All of these factors
can influence the π-orbital charge distribution, the
hydrophobicity of the molecule, the electronic energy
state, and, therefore, the thermodynamic potential for
the formation of a complex.

Resonance states occur within molecules when, quan-
tum mechanically, they are able to exist simultaneously
in different structural forms that delocalize the elec-
tronic density. This can occur with a “floating” double
bond as seen in the five-membered ring in xanthine or
with a double bond that is in equilibrium with a single
bond as in tautomeric compounds such as those formed
by uric acid. When the resonance states for the mol-
ecules tested were counted, those with only one reso-
nance state were found to have the higher Kassoc values
(see Table 1). Conversely, those molecules with four or
more resonance states exhibited little or no complex
formation. Examination of the Kassoc values for both
substituted xanthines and uric acids vs the number of
resonance states (Table 1) shows that as the number of
resonance states increases, Kassoc values decrease sig-
nificantly. This response can be empirically fitted to a
second-order polynomial function (R2 ) 0.98). Among
the dimethyl-substituted xanthines, 3,7-dimethylxan-
thine with three potential resonance states has a 41%
lower Kassoc value than 1,7- or 1,3-dimethylxanthine,
both of which have only two potential resonance states.
The lower Kassoc value for 3,7-dimethylxanthine suggests
that there is a lower energy state associated with the
higher number of potential resonance states. Both 1,3-
dimethylxanthine and 1,7-dimethylxanthine have two
potential resonance states and have a similar Kassoc
value. Structurally, both molecules differ only by the
position of the second substituted methyl group on the
xanthine core, at either the N3 or the N7 position,
suggesting that the position of the second methyl
substitution contributes little if any to the stability of
the complex. Additionally, the difference in Kassoc be-
tween 1,3-dimethylxanthine and 1,3-dimethyl-8-chlorox-
anthine, both with only two potential resonance states,
must be due to the difference in the chemical charac-
teristics between hydrogen and chlorine. These observa-
tions suggest that the number of potential resonance
states in which a molecule can exist in addition to the
chemical characteristics of the R-group substituents
exerts a substantial influence on the energy state of the

Figure 3. Potential energy curves arising from the resonance
of the dative-bond and no-bond electronic states in complexes
of xanthines and AO. ID is the ionization potential of the donor
(D; i.e., xanthine), and EA is the electron affinity of the acceptor
(A; i.e., AO). For the ground state, N represents the energy of
the complex between A and D (AD), whereas E represents the
energy for the excited state. The X-axis represents the distance
between the two components of the complex A and D, as they
approach one another from infinity with relative orientations
that are the same as at the equilibrium intermolecular
separation (McGlynn, 1958).
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xanthine molecule. Consequently, the position of the
substitution on the ring structure has only a minor
contribution if the number of resonance states is not
changed by a shift in the position of the R-group.

A simple way of increasing the electron donor proper-
ties of purines or xanthines is N-methylation. The
degree to which such methylation increases these
properties depends on the chemical structure and, for
a given compound, on the position of the alkyl group.
On the basis of molecular orbital theory, the position of
N-methylation of the xanthine core structure should
increase the electron donor properties with N3 > N7 =
N9 > N1.62 In uric acid, however, the activation of its
electron donor properties should occur for N-methylation
at N7 > N3 > N9 . N1. As seen in Tables 1 and 2, a
pattern of increasing Kassoc values between substituted
xanthines and AO occurred with increasing N-methy-
lation. With each addition of a methyl group to the
xanthine core structure, Kassoc approximately doubles.
Binding affinity (Kassoc) vs methyl group substitution
was plotted using the exponential formula Y ) start ×
exp(K × X), where the plot begins at Y ) start and
increases exponentially with rate constant K with a
doubling equal to 0.69/K. Nonlinear regression analysis
was also performed and resulted in no significant
deviation from the exponential equation (P ) 0.429)
with an R2 value of 0.99. Thus, a high correlation exists
between the number of methyl substitutions on the
xanthine ring and the resulting Kassoc value.

The results illustrated in Table 1 indicate that bind-
ing affinity (Kassoc) is also affected by the position of the
methylated nitrogens around the xanthine core. Among
the monomethylated xanthines, both 1-methylxanthine
and 3-methylxanthine were found to exhibit some
evidence of weak binding affinity to AO as determined
by spectrophotometric analysis, but the binding was not
definitive (i.e., Kassoc < 150 M-1 and limited concentra-
tion range, i.e., saturation < 10%). However, a single
methyl substitution at N7 resulted in no detectable
evidence for AO complexation (saturation < 10%).
Examination of the xanthine core structure shows that
the N1 position on the ring is situated between two
double-bonded oxygen groups, whereas N3 is near only
one double-bonded oxygen at C2, while N7 has no double-
bonded oxygen nearby. It is proposed that the electron-
directing effect of a methyl group enhances the reso-
nance between the lone pair N7 p orbital electrons and
the neighboring oxygen groups. This in turn contributes
significantly to the electron density of the π-electron
cloud in the vicinity of the ring structure. It is therefore
postulated that the contribution to the formation of π-π
bonds between the AO and the monomethyl-substituted
xanthines is enhanced by this nearest neighbor effect,
with methyl substitution having the greater effect at
N1 > N3 > N7 = N9. This result suggests that there is
some contribution to the stability of the complex due to
the elevated energy state of the core molecule through
the loss of two resonance states, in addition to the
electron donor contribution from the methyl group.

In the case of 1,3-dimethylxanthine ethylenediamine
(aminophylline), there are two theophylline groups
attached to ethylenediamine. Aminophylline exists in
solution as 1,3-dimethyl xanthine (theophylline) bonded
ionically at the N7 position of the xanthine core and the

nitrogen at each end of the ethylenediamine linker
molecule. The chemical structure of aminophylline in
solution can thus best be described as 1,3-dimethylx-
anthine with an ethylenediamine theophylline R-group
ionically bonded at the N7 position. The resulting Kassoc

value suggests that the loss of a resonance state,
together with the increased electron donor capacity of
the R-group at N7, significantly enhances the ability of
theophylline to complex AO by 280% as compared to
63% enhancement with the substitution of a methyl
group at N7 in the case of CAF (1,3,7-trimethylxan-
thine).

The influence of the number of methyl groups on Kassoc

is less obvious when there is a simultaneous substitu-
tion of either oxygen or chlorine at the C8 carbon. As
can be seen in Table 1, the substitution of a carbonyl
group at C8 significantly decreases the ability of AO to
bind with methyl-substituted xanthines (e.g., Kassoc for
1,3-dimethyl-8-oxyxanthine is 38.5 M-1). By examina-
tion of Figure 1, it can be seen that in the xanthine core
structure, the double bond at C8 can resonate between
N7 and N9 and the hydrogen-substituted carbon at C8.
With a carbonyl substitution at C8, resonance of the
double bond between C8 and N7 or N9 is enhanced and
allows for an additional resonate state to exist when the
oxygen at C8 tautamerizes between the carbonyl and
the hydroxyl form. Simultaneously, the dipole moment
of the molecule has significantly decreased and shifted
away from the six-membered ring toward the oxygen
at C8, becoming more centralized over the core struc-
ture. With the substitution of chlorine at C8, the double
bond can still resonate between N7 and N9, but the
π-electron cloud will be less centered above and below
the planar rings of the xanthine and, therefore, will be
displaced toward the chlorine atom with its higher
electron affinity. These features appear to enhance Kassoc

about 10-fold. It should be noted that the addition of
methyl group substitution at N7 and N9 tends to offset
the electron affinity effects of the carbonyl at C8 and
the resulting change in the dipole moment. Therefore,
the substitution of a carbonyl group in the C8 position
creates a mobile or resonate hydrogen (between N7 and
N9) that is not possible in the trimethylxanthine or the
tetramethyl uric acid molecules.

In the case of the AO-CAF system, the spectral
change is quite similar to that observed for the AO-
DNA intercalation complex,63 suggesting the occurrence
of comparable interaction between the chromophore and
the hydrophobic surface of the aromatic compounds such
as CAF or DNA base pairs. It is well-known that the
monomerizing (disaggregating) capacity of weakly polar
solvents, R-cyclodextrin, and detergents originates from
the reduction of the degree of dye solvation. This is due
to these compounds interposing between the dye mol-
ecules and the water molecules.64,65 Under these condi-
tions, hydrophobic interactions between stacked dye
chromophores (dimers) can completely disappear and
absorption spectra characteristic of the dye monomers
are obtained.

Stockert66 observed that aromatic cosolutes such a
methylxanthines, o-phenanthroline, and tannin modify
the absorption and emission spectra of dye solutions in
a similar way to organic solvents and nucleic acids,63,67
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thus being useful as model systems for the spectral
study of dye interactions with cellular substrates.

Cationic dyes with a planar structure such as AO bind
to nucleic acids by two different mechanisms: an
external interaction with phosphate groups (a metach-
romatic effect) and the intercalative binding mode in
which the dye chromophore is located between two base
pairs.68,69 The corresponding interaction mechanism is
based on the occurrence of hydrophobic and dipolar
forces between the dye and the hydrogen-bonded purine
and pyrimidine bases. Intercalation leads to the isola-
tion of dye monomers within the intercalative sites,69,70

with the former prevented from interaction with wa-
ter.68 Therefore, this hydrophobic binding mode to
double-stranded nucleic acids results in a monomerizing
effect on the absorption features of the intercalated dye,
which is reflected by hypochromic and bathochromic
shifts of the main peak.27,71

Organic solvents, as well as the internal space of
R-cyclodextrin and detergent micelles, provide the same
hydrophobic weakly polar environment that occurs in
the intercalative cavity of nucleic acids. Likewise, this
seems to be the explanation for the monomerizing
capacity of aromatic compounds used in this study. In
the simplest formulation, hydrophobic interactions be-
tween DNA, AO, and planar xanthines can be repre-
sented as stacked complexes.

Correlation between the Kassoc and the Enhance-
ment of PAH Solubility. Table 2 compares the Kassoc
values found in Table 1 with the solubility values
reported by Weil-Malherbe.40,41 The effect of structural
changes on the interaction of xanthines with AO follows
closely those described by Weil-Malherbe in his studies
of the solubilization of polyaromatic hydrocarbons with
purine bases. The structural differences among a purine,
hypoxanthine, xanthine, and uric acid core molecule are
the number and presence of oxygen groups bonded to a
carbon atom at C2, C6, or C8 of the purine base structure.
Purine has no substituted oxygen groups whereas
hypoxanthine has an oxygen group substituted at C6,
xanthine has an oxygen at C2, and C6, and uric acid has
an oxygen at C2, C6, and C8. Weil-Malherbe observed
that the solubilization of the PAH benzo[a]pyrene
increased with increasing N-methylation and, up to a

point, with increasing substitutions and increasing
electron affinity of the R-groups at C2, C6, or C8 around
the purine ring. He found that increasing the number
of carbonyl groups around the purine ring increased the
solubility of benzo[a]pyrene in all cases. However, the
substitution of a chloro, thio, or amino group might
either increase or decrease solubility. The relationship
between N-methylation (X-axis) and solubilization (Y-
axis) can be fitted, empirically, with the exponential
equation Y ) start × exp(K × X) (R2 ) 0.98). This
relationship parallels our results for the relationship
between N-methylation and Kassoc and further suggests
that the solubilization of PAHs such as benzo[a]pyrene
may be due to complex formation between the PAH and
the xanthine and therefore directly related to Kassoc.
Table 2 compares the Kassoc values and the solubility
values from Weil-Malherbe40,41 and reveals the existence
of a significant linear correlation (P ) 0.002, R2 ) 0.90)
between the two sets of data values. On the basis of
these results, solubilization can be used to screen
potential interceptor molecules for their ability to form
π-π stacking complexes with DNA. Rapid screening of
potential interceptor molecules for their ability to form
polarization bonding complexes with DNA intercalators
could be achieved using Bowman and Beroza73-77 par-
titioning values (P values) utilizing the method de-
scribed by Robbins.78

Potential Applications Based on the Interaction
between DNA Intercalators and Xanthines. Pol-
yaromatic hydrocarbons as a class of compounds contain
some of the most potent carcinogens as well as some of
the most effective antineoplastic drugs. Xanthines, on
the other hand, consist of some of the most prevalent
plant alkaloids known and are widely ingested on a
daily basis. Knowledge of the interaction of selected
xanthines with PAHs has practical applications. The
interaction of xanthines such as CAF with the antine-
oplastic drug DOX causes the reduction of blood plasma
levels of DOX and a simultaneous increase at the
intracellular level.79,80 The ability to optimize the bind-
ing affinity or Kassoc value between two interacting
classes of compounds would create novel approaches
relevant to drug therapy and delivery. For example,
enhancing target site concentration of an antineoplastic
drug such as DOX could simultaneously increase cel-
lular toxicity while decreasing systemic toxicity.81 Ad-
ditionally, interceptor molecules could potentially be
designed to bind with specific carcinogens with a very
high affinity and therefore significantly reduce their
biological effects. Finally, by using the laws of mass
action, on which polarization bonding depends, the
possibility exists for the creation of compounds for the
selective prevention and/or reversal of DNA intercala-
tion by PAHs.

Conclusions

Results from spectral analyses of various xanthines
with the DNA intercalator AO demonstrate that specific
xanthines can complex with AO. This interaction is
attributed to a type of π-π electron orbital interaction
known as polarization bonding. Xanthines with specific
R-group substitutions modify binding affinity to AO in
three systematic ways: (i) increased with an increase
in N-methylation around the xanthine core; (ii) in-

Table 2. Relationship between the Number of Methylations on
the Xanthine Ring, the Kassoc Value with AO (this paper), and
the Ability of the Xanthine Compound to Solubilize
Benzo(a)pyrene in Water as Reported by Weil-Malherbe40,41

compounds CH3 Kassoc (M-1) solubility

1-methylxanthine 1 79b 17c

1,7-dimethylxanthine 2 155 27
1,3-dimethylxanthine 2 157 28
1,3,7-trimethylxanthine 3 256 100
1,3,7,9-tetramethyl-8-oxyxanthine 4 552 524

a Solubility units are based on a comparison to CAF, which was
given a value of 100. A nonlinear regression analysis reveals a
good fit to the exponential equation Y ) start × exp(K × X)
between the number of methyl groups substituted on the xanthine
ring and the solubility values reported by Weil-Malherbe40,41 for
xanthines with benzo[a]pyrene (R2 ) 0.98). A comparison of the
results from both the Kassoc values and the solubility values from
Weil-Malherbe shows a significant linear correlation (P ) 0.002,
R2 ) 0.90). b Percent saturation of the binding curve was less than
10%. c Because of a lack of a specific solubility value for 1-meth-
ylxanthine, the average of the solubility values reported for 3-,
7-, and 9-methylxanthine was used.
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creased by an increase in the potential energy of the
xanthine molecule, as evidence by a decrease in the
number of resonance states; and (iii) the electron affinity
and other chemical characteristics of substitutents affect
Kassoc. The dominant influence in the formation of such
complexes appears to be van der Waals interactions
resulting in maximal π-orbital overlap between the two
molecules of the complex and the hydrophobic effects
of the methyl group substitutions. Additionally, reso-
nance with a donor-acceptor charge transfer state may
also contribute to the stabilization of the complex. The
hydrophobic effect is an entropic rather than an enthal-
pic phenomena based on the exclusion of water mol-
ecules. These results suggest a possible role for CAF and
other xanthines as interceptor molecules in cancer
therapy.

We will report separately the results of our chemical
studies on the interactions between CAF, AO, and
dsDNA and our biological studies with chicken eryth-
rocytes showing the inhibition and reversibility of AO
binding to dsDNA.

Materials and Methods
Chemicals and Preparation of Stock Solutions. All

xanthines and purines used in this study were obtained
commercially at a purity of 98% or greater (Aldrich Chemical
Co., Milwaukee, WI) and were used without further purifica-
tion. Tetramethyl uric acid (1,3,7,9-tetramethyl-8-oxyxanthine)
was obtained separately from ICN Biomedicals Inc., Aurora,
Ohio. AO (3,6-bis[dimethylamino]acridine hydrochloride), >99%
purity, (Aldrich Chemical Co., Milwaukee, WI) was prepared
in a stock solution at a concentration of 50 mmol in 5 mmol
HEPES buffer (1.0 M solution, Mediatech, Inc., Herndon, VA).
AO was chosen as a representative DNA intercalator because
of its known spectral characteristics and its wide use as a
fluorescence chromophore marker for both DNA and RNA.32-36

All stock solutions and subsequent dilutions were prepared
by dissolving the appropriate weighed amount of compound
in 5.0 mmol HEPES adjusted to pH 7.0 with 0.1 M NaOH.
Examples of the molecular structure of AO and some selected
xanthines found to form complexes with AO are presented in
Figure 1.

Choice of Compounds Used in This Study. The com-
pounds used in this study were selected based on their
availability, known potential to complex with PAHs, and
varying R-group and structural differences. The primary
consideration was a purine and/or xanthine base structure
with the secondary consideration being N-methyl substitution
on the base ring structure. Additionally, specific compounds
were chosen based on varying R-group substitutions at the C8

position on the ring structure. This allowed data to be collected
to correlate the effect on Kassoc of various R-group substitutions
based solely on the unique characteristics of that R-group. The
effect of increasing the electron affinity on the purine ring was
studied by looking at purine, guanine, xanthine, and uric acid.
It should be pointed out that the purine core structure has no
carbonyl groups. Guanine, which has a carbonyl group at C6,
is indicative of a hypoxanthine core structure. Alternatively,
the xanthine core structure has carbonyl groups substituted
at C2 and C6 on the purine ring, whereas uric acid has carbonyl
groups at C2, C6, and C8.

Determination of Complex Formation and Kassoc by
Absorbance Spectrophotometry. Optical titrations (serial
additions of various xanthines to a solution of AO) were
performed on a Beckman DU-600 scanning spectrophotometer
(Beckman Instrument Co., New York, NY) using a 3 mL (1
cm light path) quartz cuvette containing 2.0 mL of a 10 µmol
AO solution. The DU-600 spectrophotometer was blanked with
2 mL of a pH 7.0 buffered 5 mmol HEPES solution over the
full range of wavelengths to be scanned prior to sample
analysis. This effectively eliminated the need to subtract the

background absorbance from the HEPES buffer. Optical
absorbance scans were performed over a wavelength range
from 400 to 550 nm. No xanthine tested produced absorbance
spectra at wavelengths longer than 400 nm. The 10 µmol AO
solution was scanned before the start of each titration series
to quantitatively monitor any changes in the absorbance
spectrum. Optical absorbance experiments were performed
using aliquots varying in volume from 1 to 20 µL taken from
prepared xanthine stock solutions (5-50 mmol) and titrated
into the cuvette containing 2.0 mL of the 10 µmol AO solution.
The solution in the cuvette was then thoroughly mixed by 10
s of shaking before scanning. All titrations were performed at
room temperature (25 ( 1 °C). The absorbance spectra were
measured in 1 nm intervals and stored in digital form.
Digitized scan data were converted to a Lotus Spreadsheet file
(*.wk1) using a conversion program supplied by the manufac-
turer (Beckman Instruments, Inc.) and then imported into a
Microsoft Excel 97 Workbook file (*.xls) and saved in this
format for further analysis. Spectral data for each titration
were combined and expressed in graphic form (Excel) (X-axis
) wavelength in nm; Y-axis ) optical absorbance) for each
xanthine titrated with AO. Initial absorbance data were
corrected for the dilution due to the addition of the xanthine
by multiplying the absorption value by an adjustment factor
determined by the volume of aliquot added.27 This manipula-
tion slightly increased the absorption value to offset the effects
of dilution. Adjusted absorption values were plotted and
compared to spectra from noncomplexed AO. This allowed for
the visualization of an expected spectral shift that occurs when
AO forms a complex with a xanthine.

Determination of Delta Absorbance Values and Delta
Plot. When the presence of the xanthine caused a spectral
shift, a difference absorbance plot or delta plot was obtained.
Delta plots were constructed by subtracting the adjusted
absorption spectrum of AO in the presence of the xanthine
from the initial spectrum of AO alone at each wavelength and
for each aliquot of the titration. This procedure allowed for
the creation of difference absorption values or delta absorption
values. Delta absorption values obtained in this manner (Y-
axis ) delta absorption) were plotted against wavelength in
nanometers (X-axis). The appearance of a single isobestic point
was indicative of only two species present in solution, AO and
an AO complex. Graphic representation allowed for the selec-
tion of a wavelength with the maximum sensitivity for
determining the association constant. This wavelength was
characterized by the greatest positive response in delta ab-
sorbance values observed upon addition of each aliquot of
xanthine to the AO solution. The AO-xanthine association or
binding constant was determined by the following equilibrium
expression

where I represents the intercalator (AO), X represents the
interceptor molecule (xanthine), and IX represents the AO-
xanthine complex, respectively. This leads to the following
equation for the association constant Kassoc:

where ∆A is the change in absorption after addition of a
xanthine (∆A ∝ [IX]) and becomes the Y-axis of the delta plot;
D is the delta extinction coefficient (obtained from a fitted
curve, as explained below); [X] is the xanthine concentration
(moles) in the cuvette following each aliquot addition; Po is
the concentration of the intercalator (AO) in moles; and K is
the association constant (Kassoc). To solve for K, eq 2 thus
becomes

The resulting ∆A values (Y-axis ) ∆A) were plotted against
the final xanthine concentration (X-axis ) [X]) at the λmax that
exhibited the greatest sensitivity for monitoring the formation

I + X h IX (1)

∆A ) KDPo[X]/(1 + K[X])37 (2)

∆A ) K(∆Amax)[X]/(1 + K[X]) (3)
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of the AO-xanthine complex. The ∆Amax value is the maximum
absorbance of the complex at saturation (maximum amount
of complex that can be formed at equilibrium) and is equivalent
to the delta extinction coefficient multiplied by the concentra-
tion of substrate (i.e., AO) and can be expressed as D[Po]. The
∆Amax value used to calculate the binding association constant
(eq 3) was iterated from the initial AO spectrum by two
approaches as described below.

Comparison of Binding Affinity (Kassoc) between AO
and Substituted Xanthines as Determined by Two Dif-
ferent Approaches to Nonlinear Analysis. Equation 3 (∆A
) K(∆Amax)[X]/(1+K[X])) is the binding isotherm for a 1:1
interaction as represented by the binding of AO with xan-
thines. The experimental data consist of ∆A values obtained
as a function of ligand (i.e., xanthine) concentration [X]. The
fixed wavelength is chosen to give the largest possible ∆A
value. The ∆Amax value is the maximum absorbance that can
occur when the substrate (AO) is saturated or completely
bound to ligand (xanthine). The range of xanthine concentra-
tions [X] analyzed is listed in Table 1 and should ideally cover
at least 60% of the binding isotherm or as much as is permitted
by the experimental situation (Connors, p 149).37 Percent
saturation is determined using the formula [Kassoc[X]/(1+ Kassoc-
[X])] × 100. Because of solubility restrictions by many of the
xanthines tested, only four compounds exceeded 60% satura-
tion with two compounds at approximately 50% saturation.
The ∆Amax value used to calculate the binding association
constant (eq 3) was iterated from the initial AO spectrum by
two approaches.

The first approach to determine Kassoc was to select a ∆Amax

value estimated from the experimental data followed by
experimental iteration of this value to maximize the correla-
tion coefficient of the nonlinear analysis (R2) while not deviat-
ing significantly from the model. The second approach for the
determination of the Kassoc utilized a two parameter fit where
both K and ∆Amax were allowed to float simultaneously. Results
from this second approach yielded mean values with standard
error ranges for both Kassoc and ∆Amax. Comparison of the
results between the two approaches indicates that either may
be used to determine Kassoc, and in all cases, the values
obtained for xanthines at approximately 50% saturation and
above were not significantly different (data not shown).

Fits to the association curve were determined, and a graph
was created by nonlinear least-squares analysis with Prism
software (San Diego, CA). The value of the association constant
(Kassoc) with a standard error was determined from this plot
for both approaches described above. (See Connors for a review
and discussion of the formulas described above.)37 Results from
the two approaches were compared, and the Kassoc values
having the highest R2 values and minimum standard errors
are reported in Table 1. In each case where Kassoc was
determined at xanthine concentrations below approximately
50% saturation of the binding curve, there was evidence to
indicate that if R2 > 0.99 then the resulting ∆Amax value was
a good prediction of the ∆Amax value obtained using data taken
over a wider concentration range and at xanthine concentra-
tions >50% saturation. The spectra gave evidence for complex
formation between an AO and a xanthine even when xanthine
concentrations were limited by solubility and the saturation
of the binding curve was substantially less than 50%. However,
in these cases, a binding constant could only be determined
at a low level of confidence; therefore, such values are not given
serious weight in the discussion of the results.

As validation of our procedure, the Kassoc value of the CAF-
AO complex was found to be 256 M-1, which corresponds
closely with 258 M-1, the value reported by both Larsen et
al.27 and Kapuscinski and Kimmel.35
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