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Abstract

Fluorescence binding studies of harmane to the elemental components of the nucleic acids were undertaken to
investigate the origin of the interaction between the drug and DNA. Most of the tested substrates have been found
to induce hypochromism in the absorption spectrum of harmane and to quench its fluorescence. The quenching
process induced by the nucleobases and their nucleosides is mainly due to the formation of ground state 1:1
complexes. However, in the case of the mononucleotides a dynamic quenching component is also observed. This
quenching component is likely due to the excited state interaction of harmane with the phosphate group of the
nucleotides. UV-vis spectral changes and quenching measurements have been used to quantify the ground state
association constants of the complexes and the quenching rate constants. © 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The B-carbolines or 9 H-pyrido[3,4-blindoles [1],
comprise a class of drug-binding alkaloids that
are widely distributed in nature. These alkaloids
occur in plants [2] and also, as tryptophan pyroly-
sis products, in tobacco smoke [3] and charred
meats [4]. Mammalian B-carboline alkaloids are
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presumed to be formed in humans upon alcohol
consumption [5].

B-carboline derivatives possess cytotoxic and
mutagenic or co-mutagenic properties [6—11], and
some of them have been tested, in vitro, in cancer
chemotherapy [12]. Some B-carbolines have shown
to bind readily to double stranded DNA and, to a
lesser extent, to single stranded RNA. Recently,
McKenna and Towers [13] have shown that some
of these compounds are photoactive. In the pres-
ence of long wavelength UV radiation some (-
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carboline alkaloids are capable of inactivating
several bacteria and viruses [13,14] and they also
cause chromosomal damage in hamster cells [15].

Despite the growing interest in the cytotoxic
properties of B-carbolines, the fundamental
biochemical phenomena underlying these proper-
ties have been scarcely investigated and remain
still rather speculative. Supposedly, the cytotoxic
action of these drugs is related to their interac-
tion with DNA for which they exhibit a very high
affinity. Since B-carbolines have the planar conju-
gated polycyclic aromatic structure of the typical
intercalating dyes, most of the workers favour
intercalation of B-carbolines between DNA base
pairs [9—-11]. However, neither the exact nature of
the attractive forces nor the specific sites of bind-
ing are known.

To get a better insight into the nature of be-
tacarbolines—DNA binding, we have carried out a
fluorescence study of the interactions of harmane,
1-methyl-9 H-pyrido[3,4-blindole, a representative
member of the betacarboline series, with the
buildings blocks of DNA: the pyrimidine and
purine bases, their nucleosides and their mononu-
cleotides. Owing to the low solubility of most of
these substrates and the strong emission of har-
mane, fluorescence provides a very sensitive spec-
troscopic tool for this purpose.

2. Experimental

The nucleobases cytosine (C), thymine (T),
uracil (U), adenine (A) and guanine (G); the
mononucleosides 2’'-deoxycytidine (Cd), 2’-de-
oxythymidine (Td), uridine (Ud), 2’-deoxyadeno-
sine (Ad) and 2’'-deoxyguanosine (Gd); and the
mononucleotides 2’-deoxycytidine-5'-monophos-
phate (pCd), 2’-deoxytymidine-5’-monophosphate
(pTd), urydine-5'-monophosphate (pUd), 2’-de-
oxyadenosine-5'-monophosphate (pAd) and 2'-
deoxyguanosine-5'-monophosphate (pGd) were
commercial products (Aldrich, Sigma, Merck) of
the best available quality (= 98%) and were used
without further purification. Harmane 98%, H,
was supplied by Sigma-Aldrich Quimica.

Stock solutions at the higher concentration al-

lowed by the solubility of the nucleic substrates
were made in NH,-NH,Cl, pH=8.7 (/=02 M)
buffered aqueous solutions. Stock solutions
~107* M of H were prepared in 10% v/v
methanol-water. Solutions for spectroscopic
measurements contained fixed concentration of H
and varying concentrations, always in excess, of
the other substrates, and 1% v /v of methanol. At
the pH of these solutions more than 95% of H
was present in the ground state as the neutral
form (pK, = 7.34) [16]. However, it is to be note
that, upon excitation, the basicity of the pyridinic
nitrogen atom of the H ring is greatly enhanced
[17] and the neutral species protonate during the
lifetime of their singlet excited states. Therefore,
the H pyridinic protonated cations are the emit-
ting species in these media.

The UV-vis absorption spectra were recorded
on a Perkin Elmer Lambda-5 spectrophotometer.
Stationary fluorescence measurements were car-
ried out in a Perkin Elmer 650-40 spectrofluo-
rometer interfaced to a PC for the recording and
handling of the spectra. A Perkin Elmer data
processor 650-0178 was used to obtain corrected
spectra (thodamine-B as quantum counter). The
fluorescence lifetimes of the systems were mea-
sured with an Edinburgh Analytical Instruments
CD-900 spectrometer employing the time corre-
lated single photon counting technique. The
source was a nanosecond flashlamp filled with H,
(0.4 bar) operating at 6.8 kV and with a repetition
rate of 40.0 kHz. The decay curves with 2 X 10*
counts at the maximum were deconvoluted and
the quality of the fits analysed by the randomness
of the residuals, the reduced x? and the distribu-
tion analysis of the lifetimes [17]. All the fluores-
cence measurements were carried out with aer-
ated solutions under temperature controlled con-
ditions (25 4+ 0.1°C). Dilute solutions of harmane
(~10~* M) were used to avoid inner filter effects
and reabsorption phenomena.

3. Results and discussion
3.1. UV-vis absorption and fluorescence spectra

As it is shown typically for the Td—HN system



M. Balén et al. / Biophysical Chemistry 80 (1999) 41-52 43

NH, o o NH, o
CH,
N)IN> HN)Jj[N> HN Jj HN
]\N T HzN/KN "I‘ o)\'i‘ O)\"l‘ O)\T
H H H H H
) (G) M ) (u)
N )
NH, i CH, HN
N N
I\N N> HZN/,\ NN o)\N O)\N HOH.C \
HoHG HOH.C o HOHG ) HOHC o ) o
L, OH OH OH OH
(Ad) (Gd) (1d) (Cd) (Ud)
NH,
NG © 2§
HO—P—O—CH, HO—P—O—CHZ o
|
OH OH
OH OH
(pAd) (pGd)
o NH, 't
CH, )j HN
HN N
o )\N ﬁ 5 )\N ﬁ O)\N
Ho—h—o—CH, . HO—P—O—CH, o HO—P—O—CH,

OH OH
OH OH

(pTd) (nCd) (pUd)




44 M. Balén et al. / Biophysical Chemistry 80 (1999) 41-52

in Fig. 1, the electronic absorption spectrum of H
in the presence of increasing amounts of the
nucleic acid constituents showed a decrease in
the peak intensities. The degree of hypochromic-
ity varies with the nature of the nucleobase, but
only small differences are seen when the base is
replaced by the corresponding nucleoside or
mononucleotide. This suggests that neither ribose
nor the phosphate are essential for the interac-
tion with H.

The appearance of isosbestic points in the ab-
sorption spectra is clear evidence that harmane
and the nucleic acid constituents form stoichio-
metric complexes in the ground state. Assuming a
1:1 stoichiometry for the complexes, their associa-
tion constants K can be estimated by using the
following Benessi—Hildebrand equation

1 1 L
AD (SH-B_SH) [H]O

1 1
* Kg'(SHAB - SH)'[H]O .m

(D

where ey.5 and ey are the molar extinction
coefficients of harmane—base complex, H-B, and
H, respectively, at the titration wavelength. AD is
the change of absorbance relative to the com-
pletely free H at this wavelength.

As shown typically for the Td—H system in the
inset of Fig. 1, the plots of the experimental data
according to Eq. (1) gave straight lines for all the
systems studied. Therefore these results confirm
the 1:1 stoichiometry of the complexes. The asso-
ciation constants, K, obtained from the slopes
and intercepts of these plots are reported in Table
1. Unfortunately, due to the low solubility of
some substrates, the small changes observed in
the absorption spectra of some systems were so
small that prevented the spectrophotometric
titration. Hence, their association constants could
not be determined.

As stated previously, at pH = 8.7 the fluores-
cence spectrum of H shows the typical band at
434 nm corresponding to the emission of its pyri-
dinic protonated cations. The addition of the nu-
cleic substrates quenches the fluorescence inten-

sity of the H cations without affecting neither the
shape nor the maxima of the spectrum, as it is
typically shown in Fig. 2 for Td. The quenching
efficiency varies with the nature of the nucle-
obase. Otherwise, while the nucleosides have
similar quenching efficiency than their corre-
sponding bases, mononucleotides quench the H
fluorescence much more efficiently. Since the
characteristics of the quenching processes of the
bases and the nucleosides are different from those
of their mononucleotides we will discuss them
separately.

3.2. Quenching of the harmane fluorescence by the
nucleobases and their nucleosides

Excepting Gd and Ad, the quenching of the H
fluorescence by the nucleobases and their
mononucleosides follows the Stern—Volmer equa-
tion

b1k I8 )

where [, and I represent the fluorescence inten-
sities in the absence and in the presence of the
base or the nucleoside. Interestingly, as the data
in Table 1 reveals, there is a close correspon-
dence between the K association constants de-
termined by absorption spectroscopy and the
fluorimetric Kg, Stern—Volmer constants. This
fact suggests that the quenching observed in
steady state experiments is mainly static, i.e. due
to the ground state association. Other evidence
for the static nature of the quenching comes from
the influence of the temperature. As it is ex-
pected for a static quenching, our experimental
observation indicates that its efficiency diminishes
as the temperature increases.

This hypothesis about the static nature of the
quenching is further reinforced by the observa-
tion that in acetic acetate pH=15.5 buffered
aqueous solutions, the quenching of the fluores-
cence of H by the addition of the bases or their
nucleosides becomes practically negligible. In
these media, cations are the predominating H
species in both, the ground and the singlet excited
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Fig. 1. Absorption spectra of harmane in the presence of varying concentrations of thymidine: ——) 0 M; (« + - +) 0.02 M; (- — -)
0.04 M; (= + + =) 0.06 M and (— — —) 0.04 M.

states. Therefore, this result shows that the bases
do not interact with the H cations neither in the
ground nor in the excited state.

To get further insight into the fluorescence
quenching mechanism of the bases and their nu-
cleosides, the fluorescence decays of H in solu-
tions containing varying concentrations of these
substrates were measured. The fluorescence of H

in buffered pH = 8.7 aqueous solutions decays
monoexponentially with a lifetime of 13.9 + 0.1
ns. However, in the presence of the nucleobases
and their nucleosides the decays are clearly non-
exponentials. The only exception is the U-H sys-
tem, whose fluorescence decays could still be
analysed using a single exponential function. In
the other systems, although the use of bi- or three
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Table 1

Ground state association constants, K, and Stern—Volmer
quenching constants, Kgy, at 298 K for the interaction of
harmane with some nucleobases and nucleosides

KM Key M7

C 44+04 48+0.2

Cd 49+0.2 46+0.2

T 29.7+0.5 39.14+0.7 (278 K)
30.0 + 0.6 (298 K)
21.7+ 0.5 (313 K)

Td 29.2+0.8 22.7+0.3

Ud 91+04 8.1+0.8

exponential functions improve the fits, they were
not completely satisfactory from a statistic point
of view.

In view of the difficulties found to fit these
decays to simple exponential functions, we have
carried out a distribution analysis of their fluo-
rescence lifetimes. The data in Table 2 show that
in the presence of the nucleobases, two lifetime
components are usually observed in the decays.
The longer values, T,, are very close to that of H
cations in water. Hence, the shorter lifetimes, T,,
can be assigned to the H-nucleobase complex. It
should be also noted that the contribution, a,, of
the complex to the total fluorescence signal is
small. Therefore, on the basis of the steady state

500 550

Wavelength (nm)

Fig. 2. Fluorescence spectra of harmane in the presence of varying concentrations of thymidine: ———) 0 M; (o ® ® ®) 0.01 M;

(---)0.02M and (- @ @ -) 0.04 M.
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Table 2
Distribution analysis of the fluorescence decays of harmane in NH,~NH,Cl (pH = 8.7) buffered aqueous solutions containing low
and high concentrations of pyrimidine nucleobases and nucleosides

[Basel/M 7, /18 (o))’ 7,/18 ()"
C 0.01 14 +1(99.5) 4.8+0.2(0.5)
0.04 15.14 0.2 (97.6) 32+(0.4)
T 0.006 13 +1(98.8) 574£02(1.2)
0.024 13 +£1(97.0) 4.5+ 0.4 (3.0)
Td 0.02 14 +1(96.3) 37+02@3.7
0.08 14 + 1 (94.6) 5340454
Ud 0.006 14 + 1 (100) -
0.024 14 + 1 (100) -
Ud 0.02 14 + 0.1 (100) 41+0.4(1.9)
0.08 15+ 1(98.1)

“The parameters o represent the relative contribution (%) of the respective species to the total fluorescence signal.

and time resolved fluorescence measurements, we
conclude that the quenching of H fluorescence by
the nucleobases and their nucleosides is almost
exclusively due to the formation of very weakly
fluorescent 1:1 association complexes.

To get a better insight into the nature of the
forces involved in these complexes, we thought
interesting to study the influence of the tempera-
ture on their association constants. For this pur-
pose, we have selected the T-H complex because
of the greater value of its association constant. A
van’t Hoff plot of the logarithm of the K¢, (= Kg)
values vs. the inverse of the absolute temperature
gives AH= —17.1 kJ mol™!, and AS=-28J
mol~! K~! for the enthalpy and the entropy of
ground state T-H complex formation, respec-
tively.

The values of these thermodynamic parameters
are within the range expected for hydrogen bond-
ing and for charge transfer interactions. However,
hydrogen bonding is known to shift to the red
approximately 10—15 nm the absorption spectrum
of H [18,19]. Therefore, the experimentally
observed hypochromism discredits the involve-
ment of this type of force in the binding of the
complexes. Furthermore, the formation of intra-
molecular hydrogen bonds in a strongly ionising
solvent as water seems rather unlikely. Besides,
spectroscopic data do not provide evidence on
intermolecular CT interactions between H and

the nucleobases. Thus, we did not observe a new
CT absorption band in the spectra of H upon the
addition of the nucleobases. Neither the electron
affinities nor the ionisation potentials of the bases
correlate with the observed sequence of associa-
tion constants. In conclusion, the experimentally
observed hypochromic effect in the absorption
spectrum of H upon the addition of the DNA
bases seems rather unlikely to be due to hydrogen
bonding or charge transfer interactions.

Hypochromism is due to strong interaction
between the electronic states of the interacting
chromophores. Since the strength of this elec-
tronic interaction is expected to decrease with the
increase of the distance between the chro-
mophores, hypochromism has been generally sup-
posed to be a consequence of ‘vertical’ or stack-
ing interactions. Therefore, we are tempted to
suggest this arrangement for the complexes
formed between H and DNA elemental compo-
nents. The driving force for association may come
from van der Waals interactions which would be
increased by maximising aromatic—aromatic con-
tact.

3.3. Quenching of the harmane fluorescence by the
mononucleotides

As previously stated, mononucleotides quench
the fluorescence of H more efficiently than their
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corresponding nucleobases and nucleosides. How-
ever, the Stern—Volmer plots of this quenching is
not linear, but deviate upwards. This shows that
both ground and excited state interactions are
involved in the quenching of the H fluorescence
by the nucleotides. The existence of a dynamic
component in the quenching is also confirmed by
time-resolved fluorescence experiments. Thus, the
lifetime of the H cations diminish progressively
with the increasing of the concentration of the
mononucleotide. Therefore, these quenching
processes can be analysed according to the fol-
lowing kinetic Schekme 1 [20]:
fe

H' + Q (HQ)"
Kbe
ke + ki K¢+ KCj
K
H + Q S (HQ)

According to this scheme, the nucleotide Q
reacts with H to form complexes C in the ground
and in the singlet excited states. Upon light ab-
sorption at the wavelength of excitation (extinc-
tion coefficients ey and &), both the free H and
the complex C fluoresce (rate constants k; and
k{) or they undergo radiationless transitions (rate
constants k; and kf). Under photostationary con-
ditions, i.e. d{lH*]/d¢ = d[C*]/dt = 0, and for ex-
citation at an isosbestic point the following equa-
tion can be obtained for the above kinetic scheme

1 a+t R(1 — o) + ky. 15 + Rk;,7,[Q] 3)
I, 1+ky15 + ke7,[Q]

where the fluorescence lifetimes of free H, 7,
and the complex, 1§, are given by 7, =1/(k; + k;)
and 7§ =1/(kf+kS); I,=kJ[H*], and =
k[H*]+ kF[HQ*] denote the fluorescence inten-
sities in the absence and in the presence of the
nucleoside, respectively ((H*],) is the concentra-
tion of excited H for [Q] = 0; o = [H]/[H], is the
degree of dissociation of the complex, R the ratio
between the quantum yields of the complex and
the free harmane and k;, and k. are the excited
state rate constants of complex formation and
complex dissociation, respectively.

Eq. (3) can be put in the following form

[Q] _ 1+ kbch
- T K
=1/ " Ko LET. km]u -R)
kfeTo[Q]
+ KG
T+K,lQ] © kfe”’}(l —R

4

Plots of [Q] /(1 — I /1) vs. [Q] have been found to
have very good linearity for pCd, pTd and pUd,
Fig. 3. This implies that, under the experimental
conditions, the term Kg/(1 + K[Q)D is negligi-
ble as compared to k7,. Although the low solu-
bility of most of the nucleotides prevented the
determination of their ground state association
constants, if we assume that they are similar to
that of their corresponding bases, this approxima-
tion seems to be plentifully justified. Thus Eq. (4)
can be simplified to

[Q]  1+kyrs 1
A-1/1)  kery(1—R) Ta=R Q] 5)

which can be furthermore rearranged to give

a-1/1y)

o] - B8U/L)-RB (6)
where B=k;1,/(1 +k,.15). Eq. (6) allows to
obtain B directly from the slope and R indirectly
from the intercept. Plots of this type for the
pyrimidine mononucleotides appear in Fig. 4. The
values of B and R obtained from these plots are
collected in Table 3. The values of ky 7, and
k.75 can be obtained separately from a non-lin-
ear regression analysis of the equation

1 _ 1+ kyotS + Rk;.7,[Q] )
Iy 1+ ko 7§ + k7o [Q]

which can be obtained by rearranging Eq. (5).
The results obtained from this analysis show that
the term k.75 above is almost negligible. There-
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Fig. 3. Plots of the quenching data of the harmane fluorescence by the mononucleotides pCd (@), pTd (O) and pUd (v) according

to Eq. (4).

fore, the formation of excited state complexes is
practically an irreversible process.

Otherwise, the dynamic quenching seems to be
related with an electrostatic interaction between
the excited H cations and the phosphate dianions.
Thus, in NH;-NH,CI (pH = 8.7) buffers, phos-
phate, added as sodium salt, dynamically quenches
the harmane fluorescence. The Stern—Volmer
plots of I,/I and 7,/7 vs. phosphate concentra-
tion give a mean value of 9.7 X 10° M~! s! for
the bimolecular rate constant of this quenching
process.

At this point, the special characteristics of the

quenching produced by the purinic mononucleo-
sides and mononucleotides deserve a particular
comment. Thus, whereas Ad dynamically
quenches the fluorescence of H (K, =24.6 +£ 0.2
M), pAd produce a slight increase of its fluo-
rescence intensity. Neither of these substrates
appreciably forms complexes with H in the ground
state. On the other hand, both Gd and pGd
quench the fluorescence of H. These quenching
process are exceptionally high as compared with
the quenching produced by the other nucleic acid
components. Furthermore, the quenching effi-
ciencies of Gd and pGd are very similar and they
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Fig. 4. Plots of the quenching data of the harmane fluorescence by the mononucleotides pCd (@), pTd (O) and pUd ( v) according

to Eq. (6).

slightly diminish by decreasing the pH of the
media. Thus, the guanine ring seems to be much
more effective quencher of the H fluorescence
than the phosphate group.

The quenching of the H fluorescence by Gd
and pGd can be satisfactorily fitted using the
generalised Stern—Volmer equation:

(Zy/1) = (1 + K¢ p - [QDA + kg7 [QD ®

which derive from Eq. (3) if k.70 < k7 and
R < 1. The appropriate plot of this equation al-

lowed to obtain the k;, values of 10.8 X 10* M ™!
s”'and 7.7x10° M~ s7! and the K values
of 9.9+ 0.8 M~! and 10.5+ 0.5 M~! for Gd and
pGd, respectively. The values obtained for Kg g
are close to that of 9.2+ 0.4 M~! obtained from
spectrophotometric titration for Gd.

4. Conclusions

The results of the present study show that the
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Table 3
Parameters for the quenching of the fluorescence of harmane
by pyrimidine mononucleotides

BM™") R 10 %, /M~ s7!
pCd 3824 0.8 0.12 273
pTd 56.0 + 0.9 0.01 428
pUd 3824 0.6 0.08 2.67

elemental components of the nucleic acids induce
hypochromism in the absorption spectrum of H
and quench its fluorescence. The presence of
isosbestic points in the absorption spectra of H in
the presence of varying amounts of the nucle-
obases demonstrates the formation of ground
state complexes between the substrates. These
complexes have a 1:1 stoichiometry and they are
weakly fluorescent. The binding constants of the
complexes depend almost exclusively of the na-
ture of the heteroaromatic ring of the nucleobase.
Neither ribose nor phosphate group significantly
contribute to the binding. According to the mag-
nitude of the association constants, the affinity of
H by the nucleobases follows the order: T> G =
U>C>A.

The exact nature of the attractive forces in-
volved in the formation of the complexes is not
clear. However, some pieces of evidence let us
suggest a stacked rearrangement of the het-
eroaromatic rings of H and the nucleobase in the
complexes. Dipole—dipole and dispersive van der
Waals forces should play, therefore, a major role
in the stabilisation of the complexes.

Time-resolved fluorescence studies also sup-
port the formation of complexes between H and
the nucleobase derivatives. Moreover, these stud-
ies provide further insight on the nature of the
quenching processes produced by the nucleobases
on the H fluorescence. Thus, time-resolved mea-
surements indicate that the quenching produced
by the nucleobases and their nucleosides has es-
sentially a static origin: i.e. it is due to ground
state interactions. However, in the case of the
mononucleotides a dynamic component also
operates in the quenching. Possibly, this dynamic
component is due to a proton transfer reaction

between the excited state H cations and the phos-
phate group of the mononucleotide. In the case
of Gd and pGd, the guanine ring also contributes
to the dynamic quenching. Actually, this ring
seems to be more efficient quencher of the H
fluorescence than the phosphate group.

At the present stage of our study, we consider
premature to draw conclusions about the possible
implications of the H—nucleobase complexes in
the mutagenic and phototoxic properties of the
B-carbolines. However, our study so far show that
H is a fluorophore whose properties make it
useful in nucleic acid and cellular research. Fur-
ther work is planned to determine the character-
istics of the binding of H and other B-carbolines
to nucleotides of more complex structures.
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