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Abstract—Interaction of topotecan (TPT) with caf thymus DNA, coliphage T4 DNA, and
poly(dGdC) -poly(dG-dC) was studied by optical (linear flow dichroism, UV-vis spectroscopy) and quantum
chemical methods. The linear dichroism signal of TPT bound to DNA was shown to have positive sign in the
range 260-295 nm. This means that the plane of quinoline fragment (ringsA and B) of TPT forms an angleless
than 54° with the long axis of DNA, and hence the TPT molecule cannot intercal ate between DNA base pairs.
TPT was established to bind to calf thymus DNA as readily as to coliphage T4 DNA whose cytosines in the
major groove were all glycosylated at the 5th position. Consequently, the DNA major groove does not partici-
patein TPT binding. TPT molecule was shown to compete with distamycin for binding sitesin the minor groove
of DNA and poly(dG-dC) - poly(dG-dC). Thus, it was demonstrated for the first time that TPT bindsto DNA at
its minor groove.
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INTRODUCTION

This study is a continuation of a series of papers
dealing with the interaction of topotecan (water-solu-
ble camptothecin derivative), human DNA topoisomerase
I inhibitor, with double-helical polydeoxyribonucle-
otides (previous communication see [1]). Alkaloid
camptothecin (CPT) from Camptotheca acuminata
was isolated in 1966 [2]. CPT was found to inhibit
rapidly and efficiently the synthesis of nucleic acidsin
eukaryotic cells, although it did not interact directly
with enzymes participating in DNA or RNA biosyn-
thesis [3]. Subsequent studies have established that
CPT binds to DNA-DNA topoisomerase | (topo 1)
covalent complex, weakly adsorbs on linear DNA
[4-6], and does not interact with isolated topo | [7].
Although the interaction of CPT and its analogs with
DNA is studying longer than twenty five years, their
localization on DNA is still unknown. A number of
authors supposes CPT and its derivatives to be inter-
calated between DNA base pairs [4, 6, 8, 9]. These
authors argue that the interaction of molecules of this
family with DNA results in induced CD of negative

sign and hypochromism of the long-wavelength, not
overlapping with DNA, absorption band of the ligand
[4, 6]. One of the models of DNA/topo I/CPT triple
complex suggests that CPT molecules intercalate
between DNA base pairs [10]. An angle between the
long-wavelength electron transition dipole moments
(ETDM) of bound CPT molecule and the long axis of
DNA was determined by electrical linear dichroism to
reveal the orientation of CPT molecul e with respect to
DNA base pairs. It proved to be 57°-59° [11]. This
angle value is intermediate between the angles for
known intercalators, 62°-76° [12], and angles <55°
characteristic of molecules localized in the DNA
minor groove [13]. Therefore the authors of work [11]
are disposed to think that CPT binds to DNA in the
major groove because CPT binding to DNA causes
induced CD of negative sign in CPT absorption band,
whereasit isknown that molecules bound at the minor
groove as a rule have positive sign of induced CD
[14]. The authors of [6, 15] also suppose CPT family
molecules to be localized in the DNA major groove.
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Fig. 1. Chemical structure of camptothecin and topotecan.

Topotecan (TPT, NSC609699) is a CPT analog
(see Fig. 1) used in clinic under the name of hycamtin
in the treatment for a number of oncological diseases
[10]. It isreadily solublein water, which facilitates its
physicochemical studies. We have shown recently
that, on the one hand, TPT molecules (see Fig. 1) form
dimers in solution [16], and on the other hand, DNA
molecules acquire ability to interact with each other
when combine with TPT [1]. The aim of thiswork is
to determine the localization of TPT on DNA. We
used linear flow dichroism (LD). This method detects
only TPT molecules bound to DNA, which is very
important for such weakly interacting with DNA
ligands as CPT and its analogs. On the other hand, this
method enables one to determine the orientation of the
guinoline chromophore plane (ringsA-B) of TPT mol-
ecule with respect to the long axis of DNA, i.e., to the
plane of its base pairs.

We showed recently, that TPT formed several types
of complexes with DNA in solutions of low ionic
strength [1]. It should be noted that similar conclusion
about CPT molecules was made even in paper [4], but
it was based upon the curvature of adsorption iso-
therm. According to [17, 18], such interpretation
would be unambiguous only if CPT molecule occu-
pies one base pair on DNA, but this was not shown in
these works.

We have established that TPT is localized in the
DNA minor groove upon binding. Thisresult pertains
only to TPT-DNA complex that has negative LD+,

EXPERIMENTAL

Materials. Topotecan from SmithKline Beecham
was kindly provided by Professor I.R. Nabiev, it was
purified and analyzed for homogeneity as described in
[16]. Sodium cacodylate, calf thymus DNA, and
coliphage T4 DNA were from Sigma. Distamycin A
(Dst) from Servawas used without additional purifica-
tion. The concentration of initial Dst solution was
1.08-10* M. It was dissolved in a 1:1 (vol.) metha-
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nol—dimethylsulfoxide mixture. We used poly(dG-
dC) -poly(dG-dC) from P.-L. Biochemicas. Both
DNAs and poly(dG-dC) - poly(dG-dC) were dissolved
in 1 mM sodium cacodylate buffer, pH 6.8, followed
by dialysis at 4° against the same buffer with itstriple
replacement. The duration of dialysis stage was at
least 12 h, the ratio of DNA/buffer solution volumes
in the dialysis was 1:15. The concentrations of calf
thymus DNA, poly(dG-dC) -poly(dG-dC), coliphage
T4 DNA, and Dst were determined spectrophotomet-
rically using molar extinction coefficients: €, =
6600, €,5; = 8400, €54, = 6800, €553 = 34000 M~' cm™,
respectively [19-21]. The concentrations of DNAS
and poly(dG-dC) -poly(dG-dC) are given in moles
(bp) per liter.

The complexes of TPT with DNAs and poly(dG-
dC) - poly(dG-dC) were prepared from concentrated
solutions of polydeoxyribonucleotides (=1-102 M)
and a concentrated TPT solution (1.8-10* M). Optical
measurements were performed in three days after com-
plex preparation except for specially noted cases due to
the low rate of DNA-TPT complex formation [1].

Spectral measurements. Absorption spectrawere
measured on a Cary 118 spectrophotometer. CD spec-
tra were obtained on a Roussel-Jouan Jobin-Yvon
Mark I11 dichrograph. LD spectra were recorded with
the use of specially designed add-on unit to this
dichrograph [22].

LD, is the difference in the absorption of light
polarized parallel and perpendicular to the flow and is
determined by the formulawhich isafunction of three
independent variables (a, S A)) [23]:

LD, = (Aj—Ad), = 32(3cos’a —1)SA,, (1)

where A, A, and A are the absorptions of light polar-
ized parallel and perpendicular to the flow and of non-
polarized light, respectively, at wavelength A; Sisthe
factor of orientation ability of macromolecule in a
flow, which dependsonitslength, rigidity, solvent vis-
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Fig. 2. Concentration dependence of LD of free DNA mea-
sured at 280 nm and of LD of TPT-DNA complex measured

at 390 nm. TPT concentration is 1.05-10° M. Curve 1,
TPT-DNA complex (right axis); curve 2, free DNA (left
axis). ImM cacodylate buffer, pH 6.8. Average flow rate

gradientis~700 st optical path length of cuvetteis0.1 cm.

cosity, etc.; a isthe angle between ETDM correspond-
ing to light absorption at wavelength A and flow direc-
tion. At flow rate gradients used (<700 s'), LD is
observed only for sufficiently long double-stranded
polynucleotides in a free state or as complexes with
low-molecular ligands.

Below we will often use reduced LD (LD,):
(LD, = ((Aj=A),)/A, = 3/2(3cos’a —1)S. (2)

Quantum chemical calculation of quinoline and
lactone fragments of topotecan molecule. TPT mol-
ecule consists of two weakly bound with each other
chromophore systems [24]. Therefore we used quino-
line and lactone fragments of TPT molecule for quan-
tum chemical calculations. The quinoline fragment
consisted of rings A and B and contained methyl sub-
stituents at 2 and 6 positions, i.e., at the junction of
ring B to ring C. The lactone fragment consisted of
rings D and E and contained methyl substituents at 3
and 4 positions, i.e., at the junction of ring D to ring
C. All quantum chemical calculationswere performed
using INDO/S method in vacuum [25].

RESULTS AND DISCUSSION

Does TPT intercalate between DNA base pair s?
To answer this question, it is necessary to determine
the angl e between the plane of quinoline chromophore
of TPT molecule and the long axis of DNA. For this
purpose, preliminary we obtained a curve of TPT
binding to DNA. Portions of concentrated DNA solu-
tion were added to 1.05-10- M TPT solution, and LD
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was measured at 390 nm (in the long-wavelength
absorption band of TPT) in the absence of overlapping
with DNA absorption band. The dependence obtained
isshown in Fig. 2, curve I. The fact of appearance of
LD inthe TPT absorption band (outside DNA absorp-
tion band) indicates TPT binding to DNA. The depen-
dence obtained is an S-shaped curve and reaches sat-
uration at DNA concentration about 3.5-10* M, i.e.,
all TPT molecules prove to be bound to the polymer at
this DNA concentration. For comparison, curve 2 in
Fig. 2 shows concentration dependence of LD of free
DNA measured at 280 nm. The latter dependence is
linear. Thus, the S-shaped binding curve (Fig. 2, curve 1)
reflects just TPT binding to DNA. We analyzed this
shape of curve for TPT binding to DNA in our previ-
ous paper [1].

LD and light absorption (A) spectra of TPT-DNA
complex in the long-wavelength absorption band of
TPT were measured at DNA concentration 3.5-104 M
and TPT concentration 1.05-107° M. Then, LD, spec-
trum was obtained with the use of formula (2). It has
been shown abovethat all TPT isbound to DNA under
these conditions (see Fig. 2, curve 1). This condition
issubstantial because by definition LD, = LD/A, where
LD and A must refer only to bound ligand. LD value
always refersto bound ligand. As arule, both free and
bound ligand make contribution to the absorption.
Generally speaking, it is difficult to separate these
contributions. Therefore LD, was determined under
conditionswhen al TPT was bound to DNA. Figure 3a
shows absorption spectrum of bound TPT at concen-
tration of 1.05-10° M, Fig. 3b shows LD spectrum of
TPT at the same concentration, and Fig. 3¢ shows LD,
spectrum of TPT. It should be noted that LD spectrum
in thiswavelength region has negative sign. According
to formula (1), negative sign of LD indicates that cor-
responding ETDMs of bound TPT molecule form
angle with the long DNA axis larger than 54°. We
measured light absorption and LD at 280 nm of free
DNA at several concentrations to determine the strict
value of thisangle. Then its LD, was found using for-
mula (2) to be 0.226 + 0.007. DNA bases are known
to form the angle of 70° with the long axis of DNA
[12]. Therefore the value of Sfor free DNA may be
calculated with the aid of formula (2). It proved to be
0.233 £ 0.007 under our experimental conditions.
After that, assuming parameter Sto be constant upon
TPT-DNA complex formation, we calculated the
angles between the long axis of DNA and long-wave-
length ETDM in TPT molecule bound to DNA. They
proved to be in the region of 62°—64°. It isinteresting
to note that virtually the same values of angle
(57°-59°) between the long-wavelength ETDM in
CPT molecule bound to DNA and the long axis of
DNA were obtained in work [11].

It was shown earlier that association of several
DNA moleculeswith each other took place upon inter-
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action of TPT with DNA [1]. In this case, it is reason-
able to suppose that the orientation ability parameter
Sfor molecules of resultant complex will increase in
comparison with that of free DNA molecules. Let us
assume that parameter S doubles, then the angle
between the long-wavelength ETDM of TPT mole-
cule bound to DNA and the long axis of DNA will
change insignificantly, to 59°.

It should be noted that CPT molecule, in contrast
to TPT (see Fig. 1), has neither positively charged
dimethylaminomethylene group in the 9 position [16]
nor hydroxy group in the 10 position. Nonethel ess, the
long-wavelength ETDMs in CPT and TPT molecules
form almost the same angle with the long axis of
DNA. CPT and TPT molecules themselves in such
complex with DNA seem to be oriented in almost the
same manner with respect to the long axis of DNA.
Thus both the compounds, in spite of slight difference
in structure, appear to form the same type of complex
with DNA.

Although the values of angles (57°-59°) obtained
in[11] are closeto the anglesfor typical intercalators,
69° = 7°, the authors are disposed to consider that
CPT molecule does not intercalate between the base
pairs but is positioned in the DNA major groove. The
values of angles (62°—64°) obtained by us are in the
region of permissible angle values for intercalating
molecules.

Nonethel ess, we continued to study the orientation
of the chromophore of quinoline fragment of TPT
molecule with respect to DNA base pairs. We deter-
mined the orientations of ETDMsin the quinoline and
lactone fragments of TPT molecule using quantum
chemical calculations. Figure 4 shows approximate
mutual arrangement of the quinoline and lactone frag-
ments in TPT molecule. The dimethylaminomethyl-
ene group in the ring A was supposed in calculations
to be protonated [16].

ETDM for the quinoline and lactone fragments of
TPT molecule were found by quantum chemical cal-
culations. They are presented by vectors in Figs. 4a
and 4b, respectively. The strengths of corresponding
oscillators are shown by digits in parentheses. Long
arrows marked with letter p indicate the projections of
vectors of static dipoles in the quinoline and lactone
fragments of TPT molecule on the plane of corre-
sponding chromophores because they, as distinct from
ETDM, are not in these planes but form certain angles
with them. This angle is 18° for quinoline fragment,
with the vector being directed to the same side as the
dimethylaminomethylene group. This angle is —26°
for the lactone fragment, with vector pointing away
from the deviation of ring E from the plane of ring D.

These results indicate that two long-wavelength
ETDMsin the fragments of TPT molecule (at 306 and
302 nm) are virtually parallel to each other. The
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Fig. 3. Absorption spectra (A), linear dichroism spectra
(LD), and reduced linear dichroism spectra (LD,) for com-
plex of 1.05-:10° M TPT with 35.10% M DNA.
(a) Absorption spectrum; (b) linear dichroism spectrum;
(c) LD, spectrum; other conditions as in the caption to
Fig. 2.

ETDMs of neighboring transitions usually form a
considerable angle with each other. But this is true
only when the transitions belong to the same chro-
mophore system. In our case, ETDM at 306 nm relates
to the chromophore system of the quinoline fragment
of TPT molecule, while ETDM at 302 nm pertains to
the chromophore system of its lactone fragment. The
second ETDM of the quinoline chromophore is only
at ~260 nm, which is expected to form an angle of
~100° with its own long-wavelength transition. The
calculations were made for vacuum, therefore the cal-
culated wavel engths corresponding to ETDM maxima
are shifted to the short-wavelength spectral region as
compared with their position observed in experiment.
Moreover, the absorption bands of TPT molecule are
split probably because of interaction with solvent. The
approach used, separation of TPT molecule into two
fragments, allowed us to establish that ETDM at
306 nm refers to the quinoline fragment of TPT mol-
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Fig. 4. Orientation of electron transition dipole moments (ETDM) in the fragments of TPT molecule: (a) in quinoline fragment
(rings A, B); (b) in lactone fragment (rings D, E). ETDMs are shown by vectors. Neighboring digits in parentheses are the corre-
sponding oscillator strengths. Vectors marked with letter p show directions of static dipoles of quinoline and lactone fragments of
TPT molecule. Mutual arrangement of these fragments in the figure corresponds approximately their position in TPT molecule.

ecule, while the ETDM at 302 nm belongs to the D
ring of the lactone fragment that explains the reason of
parallelism of corresponding ETDMs. On the other
hand, our previous calculation of TPT molecule as a
whole (seeFig. 6ainwork [16]) showed that the direc-
tions of long-wavelength ETDMs to the first approxi-
mation were virtually the same as those for the lactone
and quinoline fragments separately. Such a coinci-
denceisagood verification for the applicability of this
guantum chemical method.

For comparison with quantum chemical calcula-
tions, Fig. 5 shows absorption spectraof TPT: curve 1
for free and curve 2 for bound compound. In both
cases, TPT concentration was 9.9-10° M, and DNA
concentration was 3.6-10 M. According to [1], DNA
is completely filled with TPT molecules under these
conditions. Indeed, free TPT shows absorption bands
in the regions 370-390, 320-330, 260-280 and
220 nm, which agree well with the data obtained by
guantum chemical calculations (see Fig. 4). The com-
parison of the absorption spectra of free and bound
TPT (see Fig. 5, curves 1 and 2, respectively) indi-
cates negligible alteration of the long-wavelength
absorption band of TPT upon formation of TPT-DNA

complex. We assume this is true also for the short-
wavelength absorption bands of TPT.

Although LD, values and corresponding to them
angles were determined in sufficiently wide spectral
range from 310 to 410 nm, we could find angle only
between virtually parallel long-wavelength ETDMs
(at 327 and 382 nm, see Fig. 5) rather than between
the plane of quinoline chromophore and the long axis
of DNA molecule. Thisisillustrated by Fig. 6awhere
rectangle represents schematically a TPT molecule
whose one of ETDMs designated by letter C forms
with the polymer long axis designated by F an angle
of 90°, although the ligand plane is parallel to the
polymer long axis. On the other hand, it is known
from geometry that only perpendicular to two crossed
lines laying in a plane is perpendicular to the plane.
Thisisillustrated by Fig. 6b. The polymer long axis
designated by letter F forms right angles with two
crossed ETDMs of TPT molecule designated by let-
ters C and D, hence the polymer long axisand the TPT
chromophore plane will also form right angle.

To answer the question on the orientation of the
guinoline chromophore plane of TPT molecule with
respect to the long axis of DNA, we had to study the
short-wavelength region of TPT spectrum where it
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Fig. 5. Absorption spectra of free and bound to DNA TPT. Spectrum 1, free TPT (9.9-10‘6 M); spectrum 2, complex containing
9.9-10%M TPT and 3.6-10* M DNA. Optical path length of cuvetteis 1 cm. Buffer asin the caption to Fig. 2.

overlapped with the absorption band of DNA bases.
Thistask is complicated by several circumstances.

We have shown earlier that at least three days are
necessary for the formation of the studied type of
TPT-DNA complex [1]. Moreover, it wasfound in [4]
that CPT closein structureto TPT could cleave sugar—
phosphate backbone upon interaction with ring super-
coiled DNA (observations were accomplished in 6 h
after complex preparation). This cleavage may cause
a shortening of DNA molecule and hence decrease in
itsL D owing to reduction of orientation ability param-
eter S of macromolecule. This effect may be avoided
if LD is measured immediately after TPT addition to
DNA. This leads to the loss of quantitative (incom-
plete TPT binding to DNA) but not qualitative assess-
ment of LD alteration upon TPT bindingto DNA. Fig-
ure 7 shows dependence of LD values measured at 280
and 390 nm (curves 1 and 2, respectively) on the time
of complex formation at concentrations 4.04-10° M
DNA and 9.92-10° M TPT. According to [1], the
binding of TPT is maximal under these conditions.

The experiment lasted for about 45 min, the mea-
surements were carried out discretely each 5 min, a
solution of TPT-DNA complex was kept in the dark
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between the measurements. Therefore DNA decom-
position in the presence of TPT is very unlikely over
such a short time. Figure 7 (curve 2) shows both the
growth of LD amplitude at 390 nm and its drop at

(a)

90°

Fig. 6. Two possible orientations of polymer long axisrela-
tive to ETDM of TPT molecule. (a) The long axis (F) of
polymer is perpendicular to C, one ETDM of TPT mole-
cule. (b) Thelong axis (F) of polymer is perpendicular to C
and D, two intersecting ETDMs of TPT molecule. The
plane of TPT chromophore is shaded.
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Fig. 7. Dependence of LD values of TPT-DNA complex
measured at 280 and 390 nm on the time of complex forma-
tion. Curve 1 is the dependence of LD g, (l€ft axis); curve 2

is the dependence of LD3qq (right axis). The complex con-

tained 4.04-10° M DNA and 9.92-107° M TPT. Other con-
ditions asin the caption to Fig. 2.

280 nm (curve 1). The growth of the amplitude of LD
signal at 390 nm is known to reflect TPT-DNA com-
plex formation. It is naturally to assume that the drop
in the amplitude of LD signal at 280 nm is explained
by the same reason.

One can suppose several reasons to explain the
drop in the amplitude of LD signal at 280 nm upon
TPT-DNA complex formation, namely: (1) changein
the inclination angle of DNA bases with respect to the
long axis of DNA (angle a informula 1), (2) decrease
in the orientation ability of TPT-DNA complex as
compared with free DNA (reduction of parameter Sin
formula 1), athough this explanation is unlikely
because the complexation of TPT with DNA appears
to be accompanied by association of several DNA
molecules with each other [1] and hence the orienta-
tion ability of such a complex must increase; (3) a
contribution of positive LD signal corresponding to
bound TPT molecules.

If two first assumptions are true, the LD spectrum
of TPT-DNA complex should be similar to that of free
DNA inaccordancewith formulal,i.e., LD, =(3-LD,,
where indices 1 and 2 refer to free DNA and its com-
plex with TPT, while B is a proportionality factor.
Thisequality is valid for all wavelengths within this
region including the corresponding spectral maxima:
LDax. 1 = B-LDpa - Lt us normalize each of spectra
by its maximal value and subtract first normalized
spectrum from the second one to produce LD, /LDy > —
LD,/LD, 1- Replacement of LD, in this expression
by B-LD, and LD, | by B-LDpq » Will result in zero.
If the third assumption istrue, the shape of normalized
LD spectrum of TPT-DNA complex hasto differ from
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Fig. 8. (8) LD spectraof DNA in the absence (1) and in the
presence of TPT (2). (b) Difference spectrum between LD
spectrum of TPT-DNA complex and LD spectrum of free
DNA normalized by their maximal values. Free DNA con-

centration is 2.94-10* M. The complex contained

2.94-10* M DNA and 1.7-10™ M TPT. Other conditions
asin the caption to Fig. 2.

the shape of normalized spectrum of free DNA and the
above manipulation will not produce zero. To ascer-
tain which of these assumptions is true, first we
recorded the LD spectrum of free DNA at concentra-
tion of 2.94-10% M (Fig. 8a, curve 1), then a small
portion (1:45 by volume) of TPT at concentration of
8.25-10* M was added (to concentration 1.7-10° M
in solution) so that the dilution of DNA could be
neglected and LD spectrum was recorded again
(Fig. 8a, curve 2). Both the spectra were normalized
by their maximal magnitudes. Then normalized spec-
trum 1 was subtracted from normalized spectrum 2.
The resultant LD spectrum is shown in Fig. 8b. We
must remind that the amplitudes of normalized spectra
are within the range from 0 to 1, and therefore the dif-
ference between these spectrais far less. There is ho
statistical spread of pointsin Figure 8b in the neigh-
borhood of zero point as would be expected if the first
two assumptions prove to be valid. The figure shows
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two positive maxima at 272 and 285 nm. Let us com-
pare this spectrum with that of free TPT shown in
Fig. 5. The latter has a maximum at ~265 nm and a
shoulder at ~275 nm. Since a slight bathochromic
shift is observed in spectrum of TPT upon its interac-
tion with DNA (see Fig. 5), which is evident from the
long-wavelength band of TPT, we may consider as a
very good coincidence the bands at 265 nm of TPT
absorption spectrum (see Fig. 5) and at 272 nm from
the LD difference spectrum (see Fig. 8b) aswell asthe
bands at 275 nm (see Fig. 5) and 285 nm (see Fig. 8b).
Thus, a superposition of the positive LD signal from
TPT molecules bound to DNA on the negative LD sig-
nal from DNA takes place in the region 260-295 nm
upon TPT addition to DNA.

This confirms the above assumption that positive
LD value from bound TPT molecules reduces the
amplitude of total LD signal in the region 260—
295 nm. Consequently, the short-wavelength ETDMs
of bound TPT molecule form angle less than 54° with
the long axis of DNA. Then, the angle between the
plane of the quinoline chromophore of TPT molecule
and the long axis of DNA is not larger. The molecules
having such a position of chromophore plane with
respect to the long axis of DNA cannot intercalate
between nucleotide pairs of DNA because thisangle a
cannot be lesser 60° for any known intercalators.
Indeed, the value of angle a for typical intercalatorsis
70° for ethidium bromide, 82° for proflavine, and 61°
for actinomycin D [12].

Thus, in the case of TPT binding to DNA, thereis
such a disposition of ligand molecule relative to DNA
base pairs when one ETDM in TPT molecule lays vir-
tually in the plane of bases, whereas another forms a
considerable angle with this plane.

Such an arrangement of TPT molecul e with respect
to the long axis of DNA is unusua but not unique.
Similar orientation, having negative LD in one absorp-
tion band of bound ligand and positive LD in another
band, was observed by us for furan analog of distamy-
cin A [26] and by Nordén for methyl green [27].

This arrangement of ETDM in TPT molecule may
result (upon analysis of only long-wavelength region
of spectra of TPT molecule bound to DNA) in errone-
ous conclusion on the intercalation of this molecule
between DNA base pairs because induced CD of neg-
ative sign is observed for this molecule upon binding
to DNA. As a matter of fact, the negative sign of
induced CD indicates only that the direction of the
corresponding long-wavelength ETDM in bound mol-
ecule almost coincide with the twofold symmetry axis
of DNA molecule directed to the minor groove of the
polymer [28]. Nonetheless, ligand molecule itself
may be turned around this axis with respect to the
plane of DNA bases by significant angle like in the
case of TPT molecule.
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Fig. 9. Dependence of the share of TPT bound to DNA
(LD/LDypgy) 0n DNA concentration in solution. 1 (light cir-

cles), caf thymus DNA; 2 (black circles), coliphage T4

DNA. Solutions contained 1.36-10™ M TPT. Other condi-
tions asin the captureto Fig. 2.

Upon binding of CPT family moleculesto DNA, a
number of authors[4, 6] observed hypochromic effect
(see, for example, Fig. 5) aso in the long-wavelength
absorption band of this ligand. This effect may be
caused both by interaction of virtually parallel to each
other ETDMs of theligand and base pair and by ashift
of monomer—dimer equilibrium for TPT molecules
toward larger dimer formation in the presence of
DNA, which is aso accompanied by hypochromic
effect [16]. Consequently, the hypochromic effect in
the DNA absorption band also can not serve as unam-
biguous evidence for the intercalation of TPT mole-
cule.

Thus, the results obtained indicate the lack of
intercalation of TPT molecule between DNA base
pairs, moreover, they provide a possibility to explain
the data obtained previously by other authors [4, 6,
11] without using the intercalation hypothesis.

TPT doesnot bind in the DNA major groove. To
refine the TPT localization on DNA, we compared the
curves of TPT binding to caf thymus DNA and
coliphage T4 DNA obtained by LD measurements at
390 nm. In coliphage T4 DNA, all cytosines at the 5th
position are known to be linked to glucose residues
[29], which are disposed in the DNA major groove
and prevent binding to any ligand at this groove. To
obtain binding curves, portions of concentrated solu-
tion of these DNAs were added to TPT at concentra-
tion 1.36:10° M and LD values were measured at
390 nm. The addition of DNA was continued until
both the dependences reach a plateau, i.e., until all
TPT became bound to DNA. Since these DNAS has
different length, the obtained dependences were nor-
malized by their maximal values for convenience in
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Fig. 10. a and b are dependences of LD3yq and LD3gp,
respectively, for TPT-DNA complexes and free DNA on
Dst concentration in solution. 1 (black squares), complex of

1.05-10°M TPT with 1.15-10*M DNA; 2 (black circles),

1.15-10% M DNA; 3 (light circles), 4.13-10% M DNA.
Other conditions as in the caption to Fig. 2.

comparing the binding curves with each other. Figure 9
shows these curves in the normalized view (LD/LD,,)-
Curve 1 and curve 2 correspond to TPT binding to calf
thymus DNA and to coliphage T4 DNA, respectively.
Both the curves have the same S-shaped profile and
coincide with each other. If TPT moleculesarelocated
only in the DNA major groove upon binding, so no
binding at all would be observed to coliphage T4
DNA. If both the grooves are equally available for
TPT binding, then the inaccessibility of the major
groove of coliphage T4 DNA would result in a right
shift of the curve for coliphage T4 DNA relative to the
curve for calf thymus DNA because twofold concen-
tration of coliphage T4 DNA would be necessary to
equalize the number of potential binding sites on these
DNAs.

The coincidence of TPT binding curvesfor coliphage
T4 DNA and calf thymus DNA indicates that the DNA
major groove does not participate in TPT binding.

STREL’'TSOV et al.

Competition of TPT with distamycin A for bind-
ing sites in the minor groove of both DNA and
poly(dG-dC) -poly(dG-dC). To revea the role of the
DNA minor groove in the TPT interaction with DNA,
we studied the competition between distamycin anti-
biotic and TPT for binding sites on DNA because Dst
is known as a ligand that combines with DNA at the
minor groove with high binding constant [30]. TheLD
spectrum of Dst bound to DNA has positive sign [31],
its maximum is at 320 nm, i.e., in the shorter wave-
length region in comparison with the maximum of
TPT bound to DNA (390 nm) that enables indepen-
dent detection of interaction of two these compounds
with DNA by LD method.

In order to determine whether Dst and TPT mole-
cules compete for binding sites on DNA, portions of
concentrated Dst solution were added to solutions of
calf thymus DNA at concentrations of 4.13-10* M
and 1.15-10* M in a free state and as the complex
containing 1.15-10* M DNA and 1.05-10° M TPT
and LD values were measured at 320 and 390 nm. The
obtained dependences of LD3,, and LD3q, 0n Dst con-
centration are shown in Figs. 10a and 10b, respec-
tively. Curve 1 refers to TPT-DNA complex, curve 2
relates to DNA at concentration 1.15-10* M, and
curve 3 corresponds to 4.13-10“% M DNA. Curves 3
and 2 in Fig. 10a virtually coincide throughout the
range of concentrations until curve 2 reaches a pla-
teau. Since DNA concentrations for these curves dif-
fer by afactor of about 4, such behavior of the curves
indicates that all added Dst bindsto DNA. Thus, there
is a high constant of Dst binding to DNA that agree
well with literature data[32]. Curve 2 reachesthe pla-
teau at Dst concentration of 3.3-:10° M, i.e,, at the
ratio one added (and as follows from above one
bound) Dst molecule per 2.8 bp of DNA, whichiscon-
sistent with data from [21]. One Dst molecule occu-
pies 5 bp of DNA on monomeric binding [33, 34],
consequently the obtained result indicates preferably
dimeric binding of Dst to DNA under our conditions.

All three curves shown in Fig. 10a have a sighty
S-shaped profile indicating the low cooperativity of
Dst binding to DNA [35]. Curve 1 obtained upon addi-
tion of Dst to TPT-DNA complex reaches a saturating
level corresponding to 2.6 bp of DNA per one bound
Dst molecule, i.e., virtually at the same Dst to DNA
concentration ratio as in the absence of TPT. The sat-
urating level for curves 2 and 1 is amost the same.
The coincidence of curves 1 and 2 could be explained
by almost the same amount of bound Dst in both
cases, i.e., complete displacement of TPT into solu-
tion. Thisresult agrees well with the fact that the addi-
tion of Dst to TPT-DNA complex causes complete
disappearance of LD signal at 390 nm corresponding
to bound TPT, see Fig. 10b, curve 1. Curve 2 in
Fig. 10b demonstrates the contribution to LD at
390 nm of Dst bound to free DNA. The observed alter-
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ationsin LD value are minor in comparison with alter-
ation in LD at 390 nm upon addition of Dst to TPT—
DNA complex, therefore the behavior of curve 1 is
explained by the displacement of TPT from DNA by
Dst molecules rather than by the result of algebraic
summation of LD signals of TPT and Dst having
opposite signs. Thus, the presence of TPT bound to
DNA does not prevent its binding to Dst because the
addition of Dst appears to cause complete displace-
ment of TPT from DNA.

Alternative explanation of these facts may consist
in that Dst molecules do not bind at all to those base
sequences where TPT does. This assumption makes it
possibleto explain the same saturating level in curves 1
and 2 (Fig. 10a) but cannot explain why the addition
of Dst resultsin disappearance of LD signal at 390 nm
in the absorption band of bound TPT (Fig. 10b). To
explain this fact, we have to add “one more epicycle”
to our assumptions, i.e., supposition that the disap-
pearance of LD signal at 390 nmis not caused by TPT
displacement from DNA but results from such an
ateration of spatial orientation of TPT molecule at
which LD value at 390 nm converts to zero according
to formula 1. This transformation occurs only for the
orientation of bound TPT molecules and has no effect
on the orientation of Dst molecules bound to DNA.
Indeed, the retention of saturating level toward LD for
Dst molecule in the presence and in the absence of
TPT indicates that the orientation of ETDM at 320 nm
for bound Dst molecules with respect to the long axis
of DNA does not change even upon possible alteration
in the orientation of bound TPT molecule. However,
the LD spectrum of Dst contains an additional absorp-
tion band at ~260 nm which refers to another transi-
tion in thismolecule [26]. The coincidence of not only
saturating level at one wavelength but a full spectrum
composed at least of two transitions evidences the
constant orientation of entire Dst moleculein the pres-
ence and in the absence of TPT in solution. Indeed, the
LD spectra of Dst in the presence (curve 1) and in the
absence of TPT molecules in solution (curve 2) coin-
cide with each other, see Fig. 11. Thus, only displace-
ment of TPT molecules from DNA by Dst molecules
can explain all experimenta data.

Let us continue to consider the result shown in
Fig. 10b. Curve 2 in Fig. 10b in contrast to curve 2 in
Fig. 10a has obvious S-shaped character, which
appears only at high filling of DNA with Dst. We sup-
pose the S-shaped character of the curve of Dst bind-
ing to DNA may be brought about by several reasons.
Upon binding to different sequences of base pairs, Dst
can have dlightly different LD spectra, cooperativity
parameters, and binding constants[30]. Thereforeini-
tially Dst will fill AT-reach DNA sites and then GC-
reach ones. Indeed, the binding constant of Dst to
ATTA sequence is 2.5-10"7 M-, whereas that to
AGGA isonly 1.8-10° M~ [36]. Notethat Dst binding
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Fig. 11. LD spectraof free calf thymus DNA, TPT complex
with caf thymus DNA, and TPT complex with
poly(dG-dC) -poly(dG-dC) in the presence of saturating
concentrations of Dst. The spectra are normalized by the
LD3y max Vaue. 1 (black sguares), complex of
1.05-10°M TPT with 1.15-10% M DNA in the presence
of 4.32-10™° M Dst; 2 (black circles), 1.15-10% M DNA in
the presence of 4.32-10° M Dst; 3 (light squares), complex of
1.05-10° M TPT with 8.73-10° M poly(dG-dC)-poly(dG-dC)
in the presence of 5.33-10° M Dst. Other conditions asin
the captureto Fig. 2.

constant rises when solution ionic strength decreases
[37], this is essential for our experiments accom-
plished in 1 mM sodium cacodylate.

We studied Dt binding to poly(dG-dC) - poly(dG-dC)
in the absence and in the presence of TPT in solution
to verify the above rather unusual assumption that
TPT molecules, being bound to DNA, change their
gpatial orientation in the presence of Dst S0 as not to
appear in LD at 390 nm. For this purpose, portions of Dst
were added to sol utions of free poly(dG-dC) - poly(dG-dC)
at concentrations of 8.73-10°M and 4.36-10°M and
a complex solution containing 8.73-10° M
poly(dGdC) - poly(dG-dC) and 1.05-10° M TPT and
LD values at 320 and 390 nm were measured. Curve 1
relates to the complex of 873-10° M
poly(dG-dC) -poly(dG-dC) with 1.05-10° M TPT,
curve 2 refersto 4.36-10° M poly(dG-dC) -poly(dG-dC),
and curve 3 corresponds to 8.73-10° M
poly(dG-dC) - poly(dG-dC). The results of LD mea-
surements at 320 and 390 nm are shown in Fig. 12a
and Fig. 12b, respectively. The addition of Dst to free
poly(dG-dC) - poly(dG-dC) led to appearance of posi-
tive LD signal at 320 nm and almost complete coinci-
dence of spectraof Dst bound to calf thymus DNA and
to poly(dG-dC) -poly(dG-dC) (see Fig. 11, spectra 1
and 3). Hence, Dst binding to the minor groove of
polydeoxyribonuclectide takes place aso for
poly(dG-dC) - poly(dG-dC).
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Fig. 12. a and b are dependences of LD3yq and LD3gp,
respectively, for TPT—poly(dG-dC) -poly(dG-dC) complex
and free poly(dG-dC) - poly(dG-dC) on Dst concentration in
solution. 1 (black squares), complex of 1.05-10° M TPT
with 8.73:10° M poly(dG-dC) -poly(dG-dC); 2 (black cir-
cles), 4.36-10° M poly(dG-dC) -poly(dG-dC); 3 (light cir-
cle), 8.73:10°M poly(dG-dC) - poly(dG-dC). Other condi-
tions asin the caption to Fig. 2.

Let us note two features of Dst binding to
poly(dG-dC) - poly(dG-dC) in afree state and in com-
plex with TPT.

(1) A very weak positive band at 390 nm appearsin
the LD spectrum of bound Dst (the spectrum not
shown) similar to that observed upon addition of Dst
to calf thymus DNA (see Fig. 10b).

(20 When the ratio of added Dst to
poly(dG-dC) - poly(dG-dC) is 1 Dst molecule per 5 bp,
slow variation of LD signal proceeds in solution: ini-
tialy, after Dst addition, the signal drops almost to
zero and then comes slowly to its equilibrium magni-
tude. These features of Dst binding require special
investigation.

Curves 3 and 2 obtained at different polymer con-
centrations (until curve 2 achieves saturation level, see

STREL’'TSOV et al.

Fig. 12a) differ negligibly that indicates that virtually
all added Dst binds to the polymer under these condi-
tions. That is, Dst shows sufficiently high binding con-
stant again but with poly(dG-dC) - poly(dG-dC) in this
case. Therefore the stoichiometry of Dst binding to
poly(dG-dC) - poly(dG-dC) can be estimated from the
saturating level of curves 2 and 3. It was found that
one Dst molecule binds to 2.5 bp of polymer, which
testifies to the dimeric character of Dst binding to
poly(dG-dC) -poly(dG-dC). Curves 1-3 shown in
Fig. 12a have more pronounced S-shaped profile than
in Fig. 10a, which indicates much more prominent
cooperativity of formation of Dst dimer on GC-rich
domains as compared with AT-rich regions of the dou-
ble-helical polynucleotide [38]. It becomes clear
therefore why cooperativity upon LD measurements
at 390 nm was detected when larger amount of Dst
was added upon titration of calf thymus DNA by Dst,
i.e., when Dst began to bind to GC-rich DNA sites.

Curve 1 corresponding to Dst binding to
poly(dG-dC) -poly(dG-dC) in the presence of TPT
and curve 3 corresponding to Dst binding to the free
polymer have almost the same saturating level. This
indicates that the amount of bound Dst is closein both
cases, i.e, Dst completely displaces TPT from
poly(dG-dC) -poly(dG-dC). Thisis also evidenced by
the behavior of curve 1 in Fig. 12b: as Dst was added
to TPT—poly(dG-dC)-poly(dG-dC) complex, the
LD3gq value (indicating the quantity of TPT bound to
the DNA) decreased to zero.

Finally, it should be emphasi zed that human topo |,
whose inhibitor is TPT, also forms contacts with the
DNA minor groove in the region of phosphodiester
bond cleavage [39]. Such coincidence of DNA bind-
ing sites for enzyme and TPT appears to be necessary
for the functioning of CPT family molecules as topo |
inhibitors.

CONCLUSIONS

The study of TPT binding to calf thymus DNA and
coliphage T4 DNA as well as competition of TPT
with Dst for binding sites on DNA and on
poly(dG-dC) -poly(dG-dC) allows us to make the fol-
lowing conclusions:

(1) the TPT molecule does not intercal ate between
DNA base pairs,

(2) the TPT molecule does not interact with the
DNA major groove,

(3) the TPT molecule competes with Dst for bind-
ing sites in the minor groove of DNA and
poly(dG-dC) - poly(dG-dC).

Thus, it has been shown for the first time that TPT,
a member of CPT family, binds to double-stranded
DNA at the minor groove upon complexation.
Vol. 36 No. 3
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We will note that the above is true for specific type

of TPT-DNA complexes, namely for complex having
negative LD at 390 nm, where DNA molecules combine
with each other in the presence of TPT molecules[1].
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