Interactions of Nucleic Acid Bases with Catechol:

UV Studies

FAHAD A. AL-OBEIDI and HANNA N. BORAZAN *

Abstract O0 UV absorption studies on weak interactions of adenine,
cytosine, thymine, and uracil with catechol in aqueous solutions
containing 0.1 N HCI gave evidence for the formation of charge
transfer complexes. The absorptions of these complexes were found
in the UV region at longer wavelengths than those of the pure com-
ponents. It was possible to calculate various thermodynamic pa-
rameters and molar extinction coefficients at different wavelengths.
The biological significance of the results is discussed.
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Catechols are widely distributed in nature and have
many biological and biochemical actions (1-3). Catechol
forms the aromatic nucleus of the sympathomimetics,
the catecholamines.

Nucleic acids carry the genetic information required
for the synthesis of different types of proteins and en-
zymes (4, 5). Therefore, nucleic acids seemed to be
possible targets for the action of many drugs, either
directly or indirectly. The interactions between nucleic
acids and some drugs were studied previously (6). In-
direct actions were attributed to the interference of
drugs with protein synthesis; some induce and others
inhibit protein synthesis (7, 8).

To shed some light upon the nature of the adrenergic
receptors, the nature of the complexes between bio-
polymers and those compounds needs to be investi-
gated. To be systematic in these studies, the interactions
between nucleic acid bases and catechol in aqueous
solutions containing 0.1 N HCIl were investigated
spectroscopically at different temperatures.

EXPERIMENTAL

Catechol!, thymine!, cytosine!, a standard solution of hydrochloric
acid!, adenine?, and uracil? were obtained commercially. All chemicals,
except catechol, were used without further purification. Catechol was
purified by sublimation under reduced pressure (9) and kept in
dark-brown bottles in a refrigerator. The sublimed catechol had the
correct melting point (104°).

The solutions studied, prepared by dilution, contained a fixed
concentration of nucleic acid bases (0.02 M) with different concen-
trations of catechol (0.3-0.8 M) in 0.1 N HCI. All solutions were freshly
prepared and their spectra were recorded in rectangular 1-cm path-
length cells within 12 hr. Most operations were performed in a room
with subdued lighting, to minimize photooxidation of catechol, at
18-20°.

The spectrophotometer® was checked and calibrated by using oxide
film* at the beginning of each experiment. A thermostated cell holder*

I BDH Chemical Co., Poole, England.

2 Hopkin and Williams Chemical Co., Chadwell Heath, Essex, England.
3 Perkin-Elmer UV-visible model 402.

4 Holmium.
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was used to maintain constant temperatures throughout the mea-
surements.

When working at temperatures below room temperature, the cell
holder was connected to a constant-temperature circulator and re-
frigeratord. To avoid water condensations at the surfaces of the cells
at low temperatures, the cell compartment was flushed with nitrogen

as.
¢ The baseline was recorded before running the spectra of a given set
of solutions, using 0.1 N HCI in the cells of sample and reference
compartments. The absorbance was measured by fixing wavelengths
to minimize errors arising from steepness of the absorption spec-
tra.

RESULTS

At the wavelengths investigated, the UV absorbances of catechol
and all nucleic acid bases, when measured separately at different
concentrations, were temperature independent. The absorbances
depended only on concentration, as one would expect if no form of
interaction is taking place.

The representative spectra presented in Fig. 1 show that the UV
absorptions of the mixed substances were shifted from the absorptions
of the individual pure substances toward longer wavelengths, Similar
spectra were obtained for the other combinations studied. In most
cases, the absorption spectra of the mixed substances were outside
the region of absorptions of the pure compounds.

To calculate the absorbances of a complex, the absorptivities of the
reacting compounds were calculated at different wavelengths. The
absorbance of a complex at a given wavelength was estimated from
the difference between the absorbance of a mixture and the sum of
the absorbances of the pure components at concentrations identical
to those used in the mixture. The experimental data used to calculate
equilibrium constants (Table I) were actually measured in regions
where the absorption of the free components was as small as possible
and that of the complex was appreciable. The accuracy of the mea-
surements was +0.005 absorbance unit.

The following simple mathematical model:

A+D=AD (Eq. 1)

is proposed for calculating the equilibrium constants from the Ben-
esi-Hildebrand equation:

(Ag) _ 1 1
A)‘AD €)‘AD KCADQAD(DO)

where (A¢) and (Dg) are the initial concentrations of the reactant
species, A 4D is the absorbance of the complex at the wavelength A,
ex?D is the molar absorptivity, and K 4P is the equilibrium con-
stant.

The values of K.AD and ¢, may be obtained graphically from the
slope and intercept of a plot of (Ao)/A\AD versus 1/(Dy), with (Ao)
being kept constant. To minimize experimental errors, the slopes and
intercepts were determined by the method of least squares. Plots of
Eq. 2 for cytosine—catechol and uracil-catechol combinations are
presented in Figs. 2 and 3, respectively. The intercepts calculated
varied slightly with temperature for all combinations studied. By
assuming the molar absorptivities to be constant over the temperature
range studied, an average value was calculated from the values ob-
tained when working at different temperatures. Thus, intercepts
drawn in Figs. 2 and 3 actually represent the average.

Various thermodynamic parameters for different interactions be-
tween nucleic acid bases and catechol were calculated from the fol-
lowing equation:

(Eq. 2)

0

log K =~ 5 303RT

+ constant (Eq. 3)

5 Model FK2, Haake Instrument Co.
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Figure 1—Absorption spectra of 0.8 M catechol (——) and 2 X 10~2
M cytosine (- - -). The O-0-0 line represents a difference spectrum
of 0.8 M catechol plus 2 X 10~2 M cytosine versus 2 X 10~2 M cy-

tosine. All solutions were in 0.1 N HCL, and the measurements were
at 18°.

Therefore, a plot of log K versus the reciprocal of the absolute tem-
perature, 1/T, should give a linear slope of —AH?%/2.303R if the stan-
dard enthalpy change of the reaction, AH?, does not depend on tem-
perature; R is the gas constant. The Gibbs free energy change of a
reaction, AGY, can be related to changes in the standard enthalpy,
entropy, AS9, and equilibrium constant according to the following
relationships:

AG® = AH? — T AS?® (Eq. 4)
AG®=-RTInK (Eq. 5)
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Figure 2—Plots of (Ag)/AAP versus 1/(Do) of catechol solutions
containing cytosine in 0.1 N HCl at different temperatures. Cytosine
total concentration, (Ag), = 2 X 10~2M, and catechol total concen-
trations, (Do), = 0.3-0.8 M; A\AD represents the absorbance of the
complex at the wavelength. Curves have same intercepts as that of
18°. They were separated to avoid crowding.

Table [—Equilibrium Constants (K), Standard Free Energy
(AG®), Standard Enthalpy (AH°), and Standard Entropy
(AS°) Changes Associated with the Interactions of Nucleic
Acid Bases with Catechol in Aqueous Solutions Containing
0.1 N HCI Together with Molar Absorptivities (€) at
Different Wavelengths (\)

AR, cal/deg/’mole
kcal/mole +0.1

K,
Tempera- M™!

ture +0.5° +0.01 kcal/m’ole

Adenine—Catechol

9° 1.69 —0.294
18° 1.59 —+0.264 —1.015 —2.6
37° 1.44 —0.226

A =340 nm; € = 21

Cytosine—Catechol

18° 1.00 0.000
25° 0.93 0.027 —3.295 —11.3
37° 0.71 0.203

A=340nm; € =100 A =350 nm;€=43.5

Thymine—Catechol

8° 1.64 —0.276
18° 1.40 —0.194 —2.541 —8.1
25° 1.27 —0.139

A=310nm;e="71.4

8° 1.30 —0.146
18° 1.10 ~—0.055 —2.615 —8.8
25° 1.01 —0.003

A=3l4nm;€=47.2

Uracil—Catechol

6° 0.64 0.246
18° 0.51 0.374 —2.842 —11.0
25° 0.48 0.410
37° 0.39 0.518

A=306nm;€e=119.8

6° 0.49 0.394
18° 0.38 0.533 —3.564 —14.0
25° 0.32 0.625
37° 0.26 0.745

A=310nm;e=96.1

Representative plots of Eq. 3 are shown in Figs. 4 and 5. The slopes
and intercepts were also calculated statistically. The thermodynamic

parameters calculated from these equations are summarized in Table
L.
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Figure 3—Plots of (Ag)/A\AD versus 1/(Do) of catechol solutions
containing uracil in 0.1 N HCl at different temperatures. Uracil total
concentration, (Ag), = 2 X 10~2M, and catechol total concentrations,
(Do), = 0.3-0.8 M; A)AD represents the absorbance of the complex
at the wavelength. Curves have same intercepts as that of 6°. They
were separated to avoid crowding.
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Figure 4—Log K of the adenine-catechol interaction versus 1/T.
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DISCUSSION

The differences in electronegativity and charge density existing
between the molecules concerned account for the differences in their
electronic properties. A charge transfer interaction can occur between
different molecules or different regions within the same molecule as
a result of inequalities in the sharing of electrons. The absorption of
light by such weakly bonded donor-acceptor complexes is attributed
to the so-called charge transfer transition.

Catechols are known to have strong electron donor properties when
forming complexes with many substances (10). When catechol is
mixed in solution with hydroquinone, the spectrum changes rapidly
to that of a semiquinone. This effect is enhanced when oxygen is
bubbled into the solution and can be attributed to charge transfer
complex formation between catechol and oxygen; oxygen acts as the
electron acceptor and catechol acts as the electron donor. As aresult
of the formation of such a complex, the oxidative power of oxygen is
increased. Indeed, it was also observed that dehydrogenation of the
coenzyme model 1-benzyl-1,4-dihydronicotinamide pyridinium salt
is catalyzed by catechol in the presence of oxygen (11).

Nucleic acid bases also have been shown to form charge transfer
complexes with many compounds (12). In those studies, nucleic acid
bases were considered as the electron donors.

The electron donor-acceptor property of a molecule varies ac-
cording to the environment. Thus, positively charged molecules are
more likely to act as electron acceptors relative to neutral or negatively
charged ones when forming complexes. The experimental results
obtained here can be explained on a similar basis, i.e., charge transfer
complexes are formed between nucleic acid bases and catechol.

The electron donor ability of a molecule or an atom is usually
measured by the ionization potential. The magnitude of the ionization
potential is essentially equal to that of the binding energy of the
highest occupied molecular orbital. In an analogous manner, the
electron acceptor ability of a molecule or an atom can be measured
by its electron affinity. However, the electron affinity is not equal to
the binding energy of the lowest empty molecular orbital, because
adding an electron to the lowest empty molecular orbital will alter the
positions of all energy levels in the molecular or atomic orbitals.

The greater the electron affinity, the greater is the tendency of the
molecule to act as an electron acceptor; the smaller the value of the
ionization potential, the greater is the ability of a molecule or an atom
to act as an electron donor. At present, no data are available on the
ionization potential and electron affinity of catechol. Therefore, the
electron donor or acceptor ability of catechol relative to various nucleic
acid bases cannot be assigned.

Helene et al. (13), when studying the fluorescence of tyrosine or
tyramine in mixed aggregates with nucleic acid bases, demonstrated
fluorescence quenching of the phenol nucleus. They ascribed this
phenomenon to electron transfer from the excited phenol ring to the
purine or pyrimidine rings. One would expect that the electron-
donating ability of catechol is greater than that of phenol, since it
contains an extra electron-donating group. When these observations
are applied to the present studies, catechol is considered as an electron
donor and the nucleic acid bases are considered as electron acceptors.
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Figure 5—Log K of the thymine—catechol interaction versus I/T.

1t is observed from Table I that the order of the equilibrium con-
stants of the interactions between nucleic acid bases and catechol is
as follows: adenine—catechol > thymine—catechol > cytosine-catechol
> uracil-catechol. Table I also makes clear that the AH? values of
these complexes cannot be correlated with their equilibrium constants
or their AG? values. The order of their enthalpy of formation is the
reverse of that of the standard entropy change associated with such
reactions. Higher values are observed for those of the uracil-catechol
combination at a wavelength of 310 nm.

To explain the differences in the various thermodynamic param-
eters in terms of the specificity of these interactions, the degree and
sites of protonation of the interacting molecules must be considered.
Pullman and Pullman (14) classified the types of nitrogen present in
nucleic acid bases and concluded that they all carry formal negative
charges. Therefore, these atoms were considered to be the sites of
protonation and alkylation. Spectrophotometric studies also indicated
the ring nitrogens to be the principal site of attack by protons. How-
ever, the electronic charge on ring nitrogens cannot be taken solely
as the measure of basicity of the nitrogen-containing haterocyclic
compounds such as purine and pyrimidine derivatives (15).

Nakajima and Pullman (16) pointed out the significance of a cou-
lombic integral between the lone pair of electrons on nitrogens and
other 7-electrons. The pKa’s of the various nucleic acid bases and the
positions of the most basic nitrogens were calculated (16). The net
electronic charges on the carbonyl oxygens of uracil and thymine were
found to be more negative compared to other atoms in the two mol-
ecules, ranging from —0.45 to —0.46. It may be concluded that the sites
of initial protonation are nitrogen numbers 1 and 3 of adenine and
cytosine, respectively, and the carbonyl oxygens of uracil and thymine.

The pKa of catechol at 25° and at an ionic strength of 0.18 was
found to be 9.173 + 0.002 (17). Therefore, all of the nucleic acid bases
and catechol are protonated at the working pH.

The complex formation between all nucleic acid bases and catechol
presumably occurs through parallel stacking. This mechanism of in-
teraction in aqueous solutions has been suggested by many investi-
gators for both self-association and complexation of nucleic acid bases,
nucleosides, and similar systems (18-21).

Structural changes in nucleic acid bases seem to play a role in de-
termining AH® and AS© values for the various interactions; for ex-
ample, introducing a methyl group into uracil to give a thymine
molecule leads to an appreciable change in these two parameters. This
change can be explained on the basis of the net effect of two opposing
factors, the steric and electronic effects imparted by the methyl group.
A great change in entropy also reflects great changes in the structure
of the solvent. As shown in Table I, a high degree of entropy change
seems to be the determining factor for the magnitude of AG? and the
formation of these complexes at the expense of AH®.



No relationship was found between the magnitude of the equilib-
rium constants and the dipole moments of the nucleic acid bases. A
fairly good correlation can be observed between equilibrium constants
and the polarizability of the bases, consistent with the observations
made by Broom et al. (19).

Table I shows the wavelength independence of the equilibrium

_constant of the reaction between cytosine and catechol that could
indicate the formation of one type of complex (22). In the case of
thymine-catechol and uracil-catechol interactions, the equilibrium
constants were, however, wavelength dependent due to the formation
of more than one type of complex in solution (22). The equilibrium
constants decreased with an increase in wavelength.

Furthermore, Borazan (23), in explaining experimental results on
complexation of the naturally occurring nucleosides and related
compounds in dilute aqueous solutions (24-27), pointed out that
multiple consecutive equilibria possibly can exist. Thus, for similar
systems, such as the present case, plots of Eq. 2 that lead to linear
slopes do not necessarily mean simple equilibrium situations as pre-
sented in Eq. 1. It may very well be that extinction coefficients of
various associated forms and combinations of equilibrium constants
for the multiple consecutive processes follow certain patterns such
that linear slopes can be generated from the equation.

Finally, it is hoped that the discovery of the charge transfer phe-
nomenon between nucleic acid bases and catechol will help in un-
derstanding the mechanism of action of catechol-containing sub-
stances in living systems at a more fundamental level.

CONCLUSION

Evidence was obtained from UV absorption studies for the exis-
tence of charge transfer complexes between nucleic acid bases and
catechol in aqueous solutions containing 0.1 N HCI. It was possible
to measure the absorbances of these complexes at different wave-
lengths in the UV region and to calculate thermodynamic parameters
together with molar extinction coefficients from a simple mathe-
matical model.

The results obtained indicate that these reactions are relatively
specific and that they have, in most cases, a high heat of formation.
In general, the equilibrium constants were found to be less than 2.
Various thermodynamic parameters calculated from working at dif-
ferent wavelengths gave different values in many cases, indicating the
formation of complexes having different stoichiometries.
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