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ABSTRACT

eomycin is a widespread anticancerous drug, the biological activity
of which having been extensively studied. Its metal ion-chelating portion
has been shown to cleave DNA whereas the role of the bithiazole moiety is
still questionable. In order to elucidate this problem some 2',4-disubstitu-
ted bithiazoles structurally related to the "tripeptide S" moiety of bleomy-
cin were synthesized and their interaction with DNA was studied using 4Tm,
fluorescence, EPR and viscometry techniques. The results of 4Tm and fluo-
rescence quenching determinations were in favour of a binding of the bithia-
zole part by an intercalation process. Nevertheless, the use of the
spin-label probes indicated only a partial intercalation of the ring between
the base-pairs. Moreover, viscometry data which clearly exhibited a slight
decrease of DNA length in the presence of bithiazole derivative led to the
proposal of a binding model involving a partial insertion of a thiazole ring
which wedges in between the bases at a bending point of DNA.

INTRODUCTION

Bleomycin (BIm) is an antitumour antibiotic drug employed for the
treatment of lymphomas, squamous cell carcinomas and testicular carcinomas
(1). In fact, it is the generic name of closely related natural glycopepti-
des which differ only in the substituent on their heterocyclic unit (2,3).
The biological activity of bleomycin involves two well defined parts of the
molecule. A metal ion-chelating portion is able to form with iron (II) and
molecular oxygen an active complex which generates free radicals responsible
for the cleavage of DNA. On the other hand, a bithiazole containing moiety
contributes to the binding of bleomycin to DNA.

DNA-binding and DNA-cleaving are believed to be the two essential steps
of the cytotoxic process (4). The metal-binding properties of bleomycin and
the role of the iron(II)-bleomycin-oxygen complex in the initiation of the
chain of reactions leading to single and double-strand DNA scissions is well
documented (5-10) but the exact involvement of the bithiazole group in
bleomycin action on DNA has yet to be established. Whether the bithiazole
intercalates between DNA bases or simply binds in the minor groove is
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questionable. The coplanarity of the bithiazole rings (11) and their paral-
lelism to the aromatic rings of DNA bases (12) are in favour of an interca-
lation process such as already suggested by Murakami (13) on the basis of
model studies.

Binding of bleomycin to DNA has been studied by a variety of techniques
including nuclear magnetic resonance (NMR), quenching of bithiazole fluo-
rescence (14), equilibrum dialysis (12,15) and circular dichroism (16).

None of them demonstrate unambiguously the location of bithiazole rings
in the DNA helix.

In addition, according to NMR studies of the poly (dA-dT)-bleomycin
complex, the non exchangeable bithiazole protons do not exhibit the large
upfield shifts seen for protons of classical intercalators (17-19).

Furthermore, if the work of Povirk et al( 12) indicates that binding of
bleomycin relaxes supercoiled DNA, suggesting that part of the drug interca-
lates between base pairs, bleomycin is also reported, on the basis of
viscosity study (14), to cause an only modest increase in the length of DNA
indicating that binding of bleomycin is not intercalative in nature.

This prompted us to reinvestigate the problem and in an effort to
obtain more detailed information about the binding of bleomycin, the inter-
action with calf thymus DNA of some synthetic 2,4-disubstituted bithiazoles
structurally related to the "tripeptide S" moiety of bleomycin was under-
taken by using electron paramagnetic resonance (EPR) spectroscopy, variation
of thermal denaturation of DNA ( 4Tm), fluorescence spectroscopy and visco-
metry techniques.

The bithiazoles are substituted by aminoalkyl chains on 2' and/or
4-positions since this seems to be an important feature involved in the
DNA-bleomycin binding process. Moreover the role of the cationic terminus in
the formation of electrostatic bindings with the backbone phosphates has
been emphasized and was taken in account in the elaboration of our experi-
mental models. In the case where these molecules are used as reporter probes
in EPR and fluorescence spectroscopy studies, a nitroxide group or a fluo-
rescent chromophore is linked to the end of different length spacers (Fig.
1).

MATERIALS AND METHODS
Materials

Bleomycin was used as obtained from Roger Bellon laboratories and was a
mixture of 60% bleomycin A2, 30% Bz and 10% of other bleomycins.
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Figure 1 : Structures of Bleomycin A2 (BIm) and of synthetic bithiazole
derivatives (1-9).

Synthetic probes

The synthesis of the bithiazole derivatives used for thermic denatu-
ration and fluorescence studies was previously described (20) and is close
to the principle of the preparation of the spin-labeled bithiazole
derivatives used in the EPR study (21). The spin-labeled probes bear their
nitroxide group either in the vicinity of the bithiazole rings, with the
piperidinooxy moiety linked to the heterocycle itself,or at the cationic
termini (Fig. 1). Fluorophors used in the fluorescence polarization study
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were obtained following the general procedure of Weigele (22) and used
without isolation.
DNA solutions

Calf thymus DNA (type I, highly polymerized ; Sigma Chemical Co.) was
used throughout the experiments . U.v. and fluorescence measurements were
conducted in phosphate buffer, pH 6.9, whereas viscometry experiments were
done in 0.01 SHE buffer, (9.4 mM NaC1/2 mM HEPES (N-(2-hydroxyethyl)pipera-
zine-N'-2-ethanesulfonic acid)/10 uM EDTA (ethylenediaminetetraacetic acid)
buffer, pH 7.0) as described by Wakelin and Waring (23).

For EPR determinations, DNA (200 mg) was dissolved in 1 liter of 0.1
SSC buffer (0.15 M NaC1/0.015M sodium citrate, pH 7.0).

The concentration expressed in terms of the nucleotide as a unit of DNA
was determined spectrophotometrically at 260 nm by using a molar absorption
coefficient of 6600 M.cm™! (24).

Methods

Absorption coefficients and "melting" curves were measured by using a
Uvikon Kontron 810/820 spectrophotometer coupled to a Uvikon Recorder 21 and
a Uvikon Thermoprinter 48. Samples were placed in a thermostatically con-
trolled cell-holder (10 mm path length). The cuvette was heated by circula-
ting water from a Haake unit set. The temperature inside the cuvette was
monitored by using a thermocouple in contact with the solution. The absor-
bance at 260 nm was measured over the range 20-95°C with a heating rate of
1°C/min. The "melting" temperature Tm was taken to be the mid-point of the
hyperchromic transition.

Fluorescence spectra were recorded at 20°C on a Jobin-Yvon J-Y-3
spectrophotofluorometer equipped with an X-Y recorder. A1l measurements were
made in a 1 cm 1ight path cuvette in a 0.05 M sodium borate buffer pH 9.0.

Fluorescence polarization studies have been achieved using a Spectro-
fluopolarimeter SLM 4048. The degree of linear polarization of the fluoro-
phors bithiazole-fluorescamine free or bound to DNA was measured at 20°C.
The freshly prepared samples were excited with linearly polarized light at
365 nm. The ratio of the intensities of the emitted vertically and horizon-
tally polarized light was measured after passing a 480 nm cutoff filter. The
fluorescence anisotropy factor was calculated using the following equation :

1, /1,-1

I, /1,+2
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Helical lengthening measurements were made by using a Ubbelohde semi-
micro dilution viscometer. Temperature was maintained at 20 + 0.01°C in a
thermostatically controlled water bath. Flow times were electronically
measured to an accuracy of 0.1 s (Schott ABS/G type detector). Calf thymus
DNA was sonicated as described by Wakelin and Waring (23). Solutions were
filtered through 0.45 um Millipore filters before measurements. Unwinding
studies using closed circular DNA (a generous gift of Dr P. Lemay) were
performed essentially as described by Saucier et al (25) and Revet et al
(26) on the same apparatus described above. The viscometer contained 2.0 ml
of a 150 uM solution of DNA. Drugs were added in increments of 5-10u1 from a
stock solution (c = 150 pyM). Flow times were measured with an accuracy of
0.1 s, Ethidium bromide was used as reference inducing an unwinding angle of
26°, according to Wang (27).

EPR measurements were recorded on a Varian E-109 X-band spectrometer
with an E-238 cavity operating in the TM110 mode. A 100 KHz high-frequency
modulation was used with a 20 mW microwave power. The sample solutions were
dispensed into a flat quartz cell. The preparation of a bithiazole-DNA
complex in solution was performed by stirring a solution of a spin-labeled
bithiazole derivative with a DNA solution in 0.1 SSC buffer at room tempe-
rature. The mixture could then be studied directly.

RESULTS

Melting temperature studies

The effects of Bim and analogues 1, 2 and 3 on the Tm of the helix-coil
transition are shown in Table 1. First, it can be noted that BIm causes a
slight increase in the thermal denaturation temperature of calf thymus DNA,
indicating a weak but significant stabilization of the helix.

Previous data on the reaction of bleomycin derivatives with DNA have
been reported. Whereas phleomycin increased the Tm of E. Coli DNA (28),

Table 1
Compounds Blm 1 2 3
4Tm +4° +4.5°  +5° +7°

Effect of BIm, 1, 2 and 3 (0.5 X 107% M) on the Tm of the
helix-coil transition of calf thymus DNA (107' M) in phosphate
buffer (pH 6.9). The concentration expressed in terms of the
nucleotide as a unit of DNA was determined spectrophotometrica11¥
at 260 nm by using a molar absorption coefficient of 6600 M. cm
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Figure 2 : Fluorescence quenchipg of Bim (A), 1 (B) and 2 (C) by calf thymus
DNA 5 with 2.5 x 10 "M BIm, 1 and 2 in 0.05 M sodium bgrate
buffer pH 9.0 ; goncentratigns of DNA are : 0.05 x 10"'M, 1 x
10 'M, 1.5 x 10 "M, 2 x 10 M.

bleomycin A2 in the copper-containing form did not significantly affect the
Tm of DNA (29).

The 4Tm values observed for bithiazole derivatives 1 and 2 are compara-
ble to those of BIm, indicating comparable DNA binding strengths.

In addition, it is found that 3 shows a much larger 4sTm and then causes
a greater stabilization of the helix than respectively Bim, 1 or 2, sugges-
ting that the presence of an additional positive charge further enhances the
stability of the drug-DNA complex.

Fluorescence spectra

For BIm at pH 9.0, excitation and emission maxima lie at 300 and 355 nm
respectively. At the same pH, addition of DNA to BIm quenches fluorescence
at 355 nm (Fig. 2). Furthermore, there was no shift in maximum emission
wavelength.

The fluorescence spectra of 1 and 2 in the presence of calf thymus DNA
at different concentrations and pH 9.0 are shown in Fig. 2. The excitation
and emission maxima are 297 and 363 nm respectively. By adding increasing
concentrations of DNA, the fluorescence of 1 and 2 was quenched analogously
to BIm with 50% maximum extinction in both cases.

Polarization fluorescence studies
The fluorescence anisotropy factors obtained for the bithiazole-
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Table 2

DNA uM 0 25 50 75 100 125 150 175 200
ra 0.036 0.036 0.036 0.036 0.038 0.037 0.033 0.037 0.038
rs 3.021 0.022 0.020 0.021 0.024 0.024 0.023 0.022 0.020

Effect of increasing concentrations of calf thymug DNA.on fluo-
rescence anisotropy of adducts 4 and 5 (2.5 X 10 M) in phosphate
buffer (pH 6.9) at 20°C.

fluorescamine adducts, 4 and 5 issued from 1 and 2, at 20°C, pH 9.0 and in
the presence of increasing concentration of DNA are listed in Table 2.

Although direct intensity measurements were expected to vary as a
result of a binding of the bithiazole to DNA, the polarization values
remained constant over a wide range of concentrations.

These results indicate that on the adducts 4 and 5 the fluorophor is
positioned so that the interaction of 1 and 2 with DNA is impeded.
Viscometry

This is a technique of choice to appreciate helical lengthening and DNA
unwinding and therefore to study the intercalative properties of drugs in
DNA. A drug is commonly admitted as an intercalator if (i) it produces a
helix extension corresponding to 3.4 X per drug chromophore ; (ii) the
chromophore is aligned parallel to these pairs ; or (iii) DNA unwinding is
produced (30).

Experiments designed to measure the helix extension produced by binding
of bithiazole 1 and 2 were performed essentially by the method of Cohen and
Eisenberg (31,32). The data were transformed directly from flow times to
values for the relative contour length using the expression

1/3
L tc - t0

Lo Itp - ¢

0

where L is the contour length in the presence of drug, Lo is the contour
length of free DNA, tc is the flow time for the complex, tD is the flow time
for pure DNA, and t, is the flow time for buffer at a given total volume.
This expression derives directly from the theory of Cohen and Eisenberg
(31,32) with the added assumption that the intrinsic viscosity approximates
to the reduced viscosity for the complexes. Results obtained with 1 and 2
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showed a small length decrease on adding each of these drugs to sonicated
DNA at pH 7.0. In order to see if no electrostatic interactions between the
positively charged bithiazole moieties and DNA occur, similar measurements
were done at pH 9.25 leading to the same observation as precedently. Such
results are to be compared with previous studies about binding of dipeptide
amides to DNA (33) where the observed shortening of the DNA helix was
interpreted as reflecting partial intercalation.

Unwinding of base pairs at and around the binding site is a necessary
consequence of intercalation. The degree of angular unwinding, measured by
the reversal of negative supercoiling in a covalently closed circular
double-stranded DNA, is conventionally calculated relative to the 26° value
for ethidium. The determination of unwinding angles using natural closed-
circular DNA means that the values are averaged over all the possible sites.
As intercalating drugs are added to superhelical DNA, the double helix is
unwound, and initially the natural right-handed superhelical turns are
removed until the DNA has no remaining superhelical structure. At this point
it is hydrodynamically equivalent to nicked circular DNA. If more
intercalating ligand is added, the double helix continues to unwind with the
formation of a left-handed superhelical structure. The maximum in a visco-
metric titration corresponds to closed circular DNA with no remaining
superhelical turns. Unwinding angles values of 16° and 17° + 1° were found
for 1 and 2 respectively. These values are smaller than that of most
intercalators. However they are higher than those measured for bleomycin
(about 12° at pH 5.5) and tripeptide S (12° at pH 8.0) (12) and can be
thought to reflect partial intercalation of the bithiazole moiety in both
cases.

EPR Spin-label studies

The usefulness of the spin-label technique to obtain information about
small molecule-macromolecule interactions has been demonstrated in various
cases (34). When a stable paramagnetic nitroxide is chemically attached to a
molecule, its EPR spectrum is sensitive to the polarity of the environnement
and to the type of motion. The spin-label method has been shown to be a very
efficient tool for providing evidence of physical binding of drugs to DNA.
Particularly, the intercalation of planar drugs in DNA has been studied (35)
and determination of affinity parameters has been established (36-38) for
9-amino acridine derivatives. The introduction of a bulky moiety such as
2,2,6,6-tetramethyl-1-piperidinyloxy or "TEMPO" into the 9-amino group did
not abolish the ability of the drug to intercalate into DNA. In dilute
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Figure 3 : EPR spectra of 6, 7, 9 (left) and 8 (right) 0.5 X 10" M in the
presence of calf thymus DNA (200mg71) in 0.1 SSC buffer (0.15 M
NaCl, 0.015 M sodium citrate : SSC), pH 7.0, at 20°C.

aqueous solution, the EPR spectrum of 9-amino-TEMPO-acridine consists of
three sharp lines which result from the anisotropic hyperfine interaction
between the unpaired electron and the nuclear spin of the nitrogen atom.
In the presence of calf thymus DNA, the EPR spectrum of the spin-label
becomes broad and asymetric, characteristic of a high degree of immobiliza-
tion of the nitroxide. To establish whether the bithiazole ring of bleomycin
could bind to DNA in a manner similar to that of 9-amino acridine, the TEMPO
substituent was chemically introduced on the ring. Moreover, varying the
distance through aliphatic chains between the nitroxide and the bithiazole
ring allowed the depth of the site to be outlined. The EPR spectra of
spin-label 6, 7, 8, and 9 in aqueous solution and in the absence of DNA were
very similar. They exhibited the classical three sharp lines with a split-
ting of 17 G between adjacent lines. In the presence of DNA, the EPR spectra
of 6, 7 and 9 did not show any modification. Only the spectrum of 8 was
different and exhibited a shortening of the third band as well as a broade-
ning of the three bands (Fig. 3). These results demonstrate that when 8
binds to DNA, the motion of the nitroxide is restricted but is not as fully
immobilized as the TEMPO moiety of the intercalated amino acridine.

DISCUSSION

Data obtained from various physico-chemical studies have been cited as
evidence for an interaction of the bithiazole moiety of bleomycin to DNA,
but the exact nature of this binding is poorly understood.

It has been claimed, on the basis of NMR studies, that the bithiazole
ring could intercalate in the nucleic base pairs. Clearly the bithiazole
aromatic CH resonances preferentially broadened in the presence of DNA
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(14) or poly (dA-dT) (17). Furthermore, in the presence of poly (dA-dT), the
aromatic resonances showed a moderate high field shift (17,19). This NMR
assay alone does not provide sufficient evidence to conclude that a complete
or a partial intercalation could occur.

The high-field shift of CSH and C5.H protons resonances could be
consistent with the placement of those hydrogens in positions where they
experience the ring-current effects emanating from the base pairs. Neverthe-
less, the very small magnitude of the chemical shift perturbations (0.3 ppm)
could be the reflect of a simple binding in the minor groove for example, or
the result of a charge and polarizability effects (39).

The identification of the bithiazole ring as an intercalator must
result from a pool of evidences given by various techniques such as 4Tm,
fluorescence and viscometry.

In particular, the studies of variations of hydrodynamic properties of
DNA in the presence of a drug are believed to be essential in determinating
the reality of the intercalation.

The interaction of the bithiazole part of bleomycin with DNA has been
here monitored by the quenching of fluorescence of the bithiazole derivative
1 and 2 in the presence of DNA. It is noticeable that the degree of quen-
ching was similar to that exhibited by BIm itself and these results confir-
med earlier works (14). Quenching is a useful tool to estimate binding
constants, but it has been assumed that this method is a sensitive measure
of non-intercalative as well as intercalative binding.

The thermal denaturation results reported here clearly demonstrate the
role of bithiazole ring in the stabilization of the DNA helix. This effect
is slight but significant and the 4Tm values obtained with probes 1 and 2
are of the same order as those of Blm. Yet it is fundamental to point out
the importance of the side chain in the binding process. The presence of
positive charges appears to be essential and this assumption is attested by
the higher 4 Tm value obtained with 3 which bears two protonated aminoalkyl
chains.

These results are corroborated by the fluorescence polarization study.
The fluorescent probes 4 and 5 do not bind to DNA. The presence of a bulky
substituent at the end of the 2' or 4-side chains causes some loss of
binding. Additionally the bulk of the fluorescamine moiety sterically could
restrict association of 4 and 5 with DNA but more surely does not allow the
formation of electrostatic bonds with the phosphate backbone. In order to
delineate the influence of the side chains on the mode of binding to DNA,
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Figure 4 : Proposed representation of the partial stacking of 6 (right) and
8 (left) with the base pairs (C-G) of DNA.

spin-labeled bithiazole derivatives and EPR technique were used. 1t has been
found that the motion of the piperidinyloxy moiety was slightly restricted
when it was directly linked to the thiazole ring A at the 4-position since
characteristic spectral changes might be observed (Fig. 3). Indeed when the
nitroxide was freely rotating (Q, 7, 9), the anisotropy was averaged to zero
and three sharp lines of equal intensities and about 14 Gauss separation
were observed. When the rotational motion of the nitroxide was reduced, high
and low field lines reduced in height and broadened (8, Fig. 3).

Taking into account the above results, it could be suggested that a
"partial” intercalation of the bithiazole ring occurs in the binding to DNA,
in such a way that only the ring A is involved in a stacking interaction
with the bases.

The proposed mode of insertion is shown in Fig. 4. The thiazole B is
located outside the neighbouring base and excluded from the central region
rich in hydrogen-bondings.

Such a position and stacking of the thiazole ring A are in agreement
with the NMR data of Chien et al (14) and Chen et al (17).

The problem remains to know whether the insertion of one of the bithia-
zole could be considered as a classical intercalation. The viscometry data
are essential on this point. The unwinding angle of 17° for DNA in the
presence of 1 and 2 is the result of the thiazole insertion. However, DNA
intercalation of a planar aromatic nucleus of usual thickness (3.4 A) would
be expected to provide a relatively constant degree of unwinding. A maximum
attainable value of 26° is provided by ethidium (27) and some related
phenanthridines (40). Lower unwinding angles such as reported for acridines,
17°-20° (41,42), adriamycin, 12° (43) or daunorubicin, 10° (25) can be
attributed to reflect either strong influences changing the interaction
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Figure 5 : Proposed model for the insertion of the bithiazole part of Blm
into a DNA kink.

between the intercalated ligand and the two adjacent base pairs or the
existence of more than one type of DNA binding site available.

On the other hand helix extension studies would be of valuable interest
to get an insight in the mode of insertion of thiazole into DNA. In an
extensive series of experimental and theoretical studies, Cohen and
Eisenberg (31,32) have characterized the hydrodynamic properties of rod-1ike
segments of double-helical DNA and its complexes with ligands. They found
that the average increase in length produced by proflavine binding to DNA
was of 2.72 R per bound proflavine molecule. Saucier et al (25) also using
sonicated calf thymus DNA and other similar experimental techniques analyzed
the DNA viscosity enhancement of several planar aromatic molecules. They
found that daunorubicin and 9-methoxyellipticine gave the expected increase
in viscosity corresponding to the theoretical helix extension of 3.4 A per
bound drug molecule.

Unexpectedly, a small but significant decrease of the helix length was
observed upon binding of 1 and 2. On the basis of the preceeding results,
insertion in DNA of a ring of the bithiazole cannot be excluded but the DNA
lenghtening determinations are not in favour of an intercalative
interaction.

In fact, Gabbay and co-workers, with reporter molecules and peptides
containing small aromatic ring systems which could insert a part of their
molecule into the bases of DNA (44-47), suggested that several derivatives

6714



Nucleic Acids Research

could produce a very different effect on helix length and viscosity. One
possibility proposed is that these compounds cause a bending of the double
helix favouring a partial intercalation and resulting in a slight decrease
in length on complex formation. This concept has received support from the
X-ray analysis of intercalating drugs with dinucleotides (48).

Thus, bending of the helix at the point of insertion of the bithiazole
between base-pairs would adequately agree with the observed data (Fig. 5).

In conclusion, considering the small aromatic surface of the bithiazole
of bleomycin and the possible steric hindrances of its side chains, and
bearing in mind the above results, we propose a binding model where only one
of the thiazole ring is inserted between base pairs resulting in a slight
bending at the point of complexation.

In such a complex (Fig. 5), the bithiazole wedges in between the base
pairs which occurs at bends in a kinked DNA.

This position is in agreement with the formation of an ionic inter-
action between the sulfonium side chain and the nucleic acid backbone.
Furthermore, this 1linkage precludes the bithiazole from full overlap,
leading to "partial intercalation" such as shown by EPR and unwinding
studies. May be the introduction of longer side chains at the 2' or 4-posi-
tion of the bithiazole moiety would help in understanding the mechanism of
interaction of this planar chromophore with DNA.
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