J. Phys. Chem. B001,105,9643-9652 9643

Structural Basis of Topotecan—-DNA Recognition Probed by Flow Linear Dichroism,
Circular Dichroism, and Raman Spectroscopy

Sergei Streltsovi Alyona Sukhanova} Andrey Mikheikin, T Sergei Grokhovsky!$ Alexei Zhuze
Irina Kudelina, " Konstantin Mochalov,' Vladimir Oleinikov, "' Jean-Claude Jardillier,* and
Igor Nabiev*

EA3306, Institut Fdératif de Recherche 8 “Biomolécules”, UFR de Pharmacie,

Universitede Reims Champagne-Ardenne, 51100 Reims, France, Laboratory of DNA-Protein Recognition,
Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Moscow 117984, Russia,
Center for Medical Studies, Usmérsity of Oslo, Norway, and Shemyakirgbinnika Institute of Bioorganic
Chemistry, Russian Academy of Sciences, Moscow 117871, Russia

Receied: March 29, 2001; In Final Form: July 9, 2001

Camptothecin (CPT) and its clinically important antitumor derivative topotecan (Tpt) were traditionally
described as unigue antitumor compounds exhibiting no affinity toward DNA alone or DNA topoisomerase
| (topl) alone but interacting with both the enzyme and the DNA within the so-called ternary cleavable
complexes. We present here the first experimental data on the molecular structure and geometty of Tpt
DNA complexes in solution. Tpt interacts with DNA within the DNA minor groove and demonstrates the
preferential binding to GC-rich DNA. The flow linear dichroism (FLD) spectra show that the Tpt binds DNA
only in lactone form and its chromophore forms the angle nearfyvét the DNA long axis. Induced
circular dichroism (CD) data independently confirm conclusions about Tpt preferable orientation drawn from
the FLD experiments. The Raman spectroscopy data confirm the FLD and CD results and further demonstrate
direct interactions of Tpt lactone ring with dG. The capability of Tpt to bind DNA in the minor groove of
GC-rich DNA regions must be taken into account when considering molecular structure of ternary cleavable
complexes of CPTs, DNA, and topl in solution.

Introduction stranded DNA structures in the absence of tdjIhe data on
. N the sequence specificity of the FIDNA binding are contradic-
The humgn DNA topoisomerase ! (tqpl) 'F‘h'b'mfs OT Fhe tory. Yao et al. reported sequence specificity of Tpt lactone
camptothecm'(CET) family exhibit their {inm.umor ac't|V|ty binding to duplex DNA which was comprised of alternating
through stabilization of the topIDNA reaction intermediate purine—pyrimidine sequences that contained'dWhereas Yang

k“°W_” asa cleav_able cor_npléx:.or many years, th? CPT Was et al. claimed specific Tpt binding to dGdC rather than to dAdT
described as a unique antitumor compound exhibiting no affinity sequence¥’

toward the DNA alon&® or the topl aloné.It was proved to Two th tical models of bindi f CPT to th lent
be able to interact with both the enzyme and the DNA, forming wo theoretical models of binding o 0 the covalen
topl-DNA complex have been recently proposed, both at-

a ternary complex, thus preventing the DNA strand religation .
after top:-DNA specific recognition and DNA single-strand tempting to account for the results of numerous CPT strueture
cleavage reactiorfs activity studies and top1l mutagenesis datal3Neither model
In the past decade, the mixed observations of the possibk—zeXpIains the requirement for a guanine at thé position of
interaction between CI’DT or derivatives with the DNA have been the DNA scissile strand in the process of DNA cleavage by
topl in the presence of CPT drugs. Both models suggest

reported in the literaturg? According to the theoretical “drug- . . -
e . . involvement of the 20-OH group of CPT (Figure 1) in a donor
Z’tjat(ém]%ugog‘efoci:liﬁ drzz;gclintglr\laAct \t/)v;g;tkr;e 22‘? tkl)%Sire a};g:r H-bond with an enzyme side chain functional group, whereas
P ’ P some very recently synthesized CPT derivatives bind the-topl

rFT;(Lajtl:“er:t]lg St)\;vsct)eg}nrigg?l/ bl':]d ot;%/aﬁ:aéﬁ?g dgrril\e/];et?\?gga'lrlc))/ gec(j:gr.l DNA binary complex despite the absence of a substituent at
Y, Y imp : 1op C-20 capable of contributing a donor H-boHdAdditionally,

((j-:_r%tc):tgn(\j/v;tr;\ntggﬁgll-gregﬁ dsehdovénN% t|)§ ?ﬁgagrethogrm&?\;?;tmg the crystal structure of topl without DNA was not solved
studies, the lactone form of Tpt Wa's shown to be capable of although Fhe absenc_e of enzyme structure modifications upon
binding, noncovalently to both double-stranded and single- DNA binding was claimed based on analysis of the topNA
complex X-ray structure. On the contrary, the Raman spectros-
copy comparative studies of topl and of its complex with the
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Figure 1. Dependence of the DNA and of the DNA-bound topotecan linear dichroism on the DNA concentration. Panel A: Reduced linear
dichroism LD(DNA) at 260 nm as a function of DNA concentration in the flowing solution (1 mM cacodylate buffer [@B). Panel B: LD
(Tpt)/LD" (DNA) values measured at 390 nm (the maximum of LD spectrum of DNA-bound topotecan), as a function of DNA concentration. The
signals are recorded i2 h (solid line, 1), in 24 h (dashed line, 2), and in 48 h (dotted line, 3) after preparation of the-DptAomplexesCrp

= 1.4 x 10* M (1 mM cacodylate buffer, pH= 6.8, cuvette path length 0.1 cm). Insert: chemical structure of topotecan.

We report here the combined flow linear dichroism (FLD),
circular dichroism (CD), and Raman spectroscopy study of-Tpt
DNA interactions in the absence of topl. Tpt chromophore is
found to be oriented at the nearly 5&ngle to the DNA long
axis and involved in interaction with the DNA base(s). The
competitive DNA binding by Tpt and distamycin A followed
with the FLD spectroscopy revealed that the Tpt may bind the
DNA within the minor groove. FLD spectroscopy of Tpt binding
with calf thymus DNA and bacterophage T4 DNA further
confirmed this conclusion, and comparative analysis of its
binding with the different DNA polymers demonstrated pref-
erential binding with dG rather than with dA or dT. The Raman
spectra reveal the nature of interaction of Tpt with DNA and
with each of DNA nucleosides and provide direct evidence of
H-bonds formation between the Tpt D and E rings and dG within
the Tpt=-DNA complexes.

Experimental Section

Materials. Calf thymus DNA, bacteriophage T4 DNA, the
double-stranded poly(dAdT)poly(dA—dT) polymer, and Na-
cacodylate were purchased from Sigma. Poly(dA)poly(dT),

poly(dG—dC)poly(dG-dC), and poly(dG)poly(dC) polymers
were purchased from AL Biochemicals. All DNAs were
solubilized in the 1 mM cacodylate buffer (pH 6.8) for 3 days
and further dialyzed 3 times against the same buffer. Each
dialysis was performed for 12 h. Concentrations of calf thymus
DNA, bacteriophage T4 DNA, poly(dAdT)poly(dA—dT),
poly(dG—dC)poly(dG-dC), poly(dA)poly(dT), and poly(dG)-
poly(dC) were determined by UWis using the molar extinc-
tion CoeffiCientSEze(): 6600,6262 = 6600,6254= 8400,6260=
6000, andeys3 = 7400, calculated for one base of DNA.

Hycamtir® (topotecan, Tpt, Figure 1, insert) was supplied
by SmithKline Beecham and purified by the HPLC. The molar
extinction coefficient for Tpt was determined by WVis and
was found to besgo = 20 000 Mt cm™L. Distamycin A (Dst)
was purchased from Serva and used as received. Molar
extinction coefficientsgs = 34000 M- lcm~1 was used for the
distamycin A concentration determinatiéh.

Tpt—DNA complexes were prepared from thex210™4 M
Tpt stock solution in 1 mM cacodylate buffer (pH 6.8) and the
1 mM DNA stock solution in the same buffer as that of the
probes, with a fixed concentration of Tpt and varied concentra-
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tions of DNA. The complexes were incubated for 72 h. The
samples for analysis of competitive Tpt and distamycin A
binding with the DNA were prepared by addition of the
distamycin A from the 1 mM stock methanol solution to the
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anday, is the angle between the direction of the bound ligand
electronic transition and the DNA long axis%3

In expression 2, the LTb.|.)/LD'(DNA) ratio does not depend
on Shut depends ony, being characteristic of the geometry of

Tpt—DNA complexes prepared as described above. ligand—DNA complex. It is important to note that the I(D.l.)/

Spectroscopy.UV —vis spectra were recorded with a Cary- |LD'(DNA) ratio characterizes the geometry of the ligailaNA
118 UV-vis spectrophotometer, and CD spectra were obtained complex only under condition when practically all ligand
with a JASCO 500C dichrograph. molecules are bound to the DNA.

Raman spectra were excited with the 647.1 nm line of a |t the chromophore of the bound ligand has only one
krypton laser (Spectra Physics, model 164-03) using 200 mW electronic transition, expression 2 presents the angle between
of radiant power at the sample. The spectra were collected ongjrection of this electronic transition and the DNA long axis. If
a Ramanor HG-2S (Jobin Yvon) spectrometer with an Anaspec the chromophore of the bound ligand has different nonparallel
300S premonochromator. All spectra were registered upon gjectronic transitions, the measurements of thé(bD) at the
scanning at 2 cmt step, and the integration time of each point - ¢orresponding wavelengths, followed by application of expres-
was 3 s. Data accumulation of 3@0 independent scans with  sjon [2], enables determining an orientation of the plane of the
time averaging was used. The stability of the samples during hound ligand chromophore relative to the DNA long axis. The
laser irradiation was controlled by comparison of the spectra simplest situation corresponds to the case when the ligand's

as a function of time. The spectra of unbound Tpt, ngcleosides,chromophore is perpendicular to the DNA long axis. In this
DNA, and complexes of Tpt with DNA and nucleosides were case, the values afy, for all nonparallel ligand’s electronic

obtained by subtracting the standard buffer spectra recorded atransitions are nearly the same and are close fo BOthis
exactly the same conditions from the corresponding Tpt/buffer, particular situation, the value of L'(b.Il.) does not depend on
nucleosides/buffer, and DNA/buffer spectra. The spectra of Tpt the wavelength and should be presented by the line parallel to
within the complexes with DNA and nucleosides were obtained the wavelength axis of the graph.

by subtracting the spectra of DNA or nucleosides from the 0jation of Directions of the Transition Electric Dipoles
spectra of corresponding complexes. The spectra were subjecteds 14 tecan. Geometrical parameters of Tpt chromophore
to curve dsecomposmon, when necessary, using the Sp_eCtracakZFigure 2, insert) were calculated using the semiempirical model
software:® All spectra were reproduced 3 times for different  A\11 24 parameters of excited state were determined using the

preparations of the sample. INDO/S methoct® Minimum 19 occupied, and 19 unoccupied

FLD spectra of DNA and drugDNA complexes were  mgjecylar orbitals (723 configurations) were taken into account
recorded with JASCO 500C dichrograph equipped with the jp the calculations of configuration interaction.

linear dichroism option to transform circular polarized light to
the linear one. The self-made flow cell with optical length 1
mm and volume 200 mL was used for orientation of DNA in

the flow8 Only the molecules of significant length (polymers) Dependence of the LI(DNA) and LD'(b.1.)/LD"(DNA) on
or the ligands bound to such polymers may be oriented in the the DNA Concentration. Figure 1A shows the dependence of
flow and to induce the FLD signdf.The FLD of the polymers  ne LD(DNA) at 260 nm on the concentration of DNA in the
and of the polymer-bound ligands is defined as the difference fiowing solution. In the DNA concentration range of 6:3.5
between absorption of light polarized parallel and perpendicular . 10-4 M bp used for the study of the TPDNA binding, the

to the direction of the flow: LD= A; — A Another value,  yajye of LD(DNA) is equal to (-0.266). This value was used
known to be more convenient for the studies of ligamiNA in the all further calculations.

interactions, is the so-called reduced linear dichroism"LD To determine the DNA concentration at which all Tpt

defined as LD = LD/A, were A 1S absorption of the ligand molecules are bound with the DNA and to calculate the angle
molepules bound to the nonoriented DRAFor the DNA between the plane of the Tpt chromophore and the DNA long
solution, the value of LDat 260 nm axis, we have measured L(D.l.)/LD"(DNA) values as a function

of DNA concentration. The measurements of FLD were
performed in the absorption maximum of DNA-bound Tpt (see
below) at the constant (1.4 10~> M) Tpt concentration

were a is the angle between the direction of the DNA base  Figure 1B shows variations of the I(D.l.)/LD"(DNA) ratios
pair electronic transition corresponding to absorption at 260 nm as a function of DNA concentration. The FLD signals were
and the direction of the DNA long ax#8 This angle, determined  recorded in 2, 24, and 48 h after preparation of the DNA/Tpt
by electric linear dichroism technique for the B-form of the calf complexes (curves-13, respectively). The data of Figure 1B
thymus DNA, was shown to be 72! ParametelS does not show that the kinetic of TptDNA binding is quite slow. All
depend on the wavelength of the LD measurement. It shows curves have the same form and differ only in the absolute values
the degree of DNA orientation in the flow and depends on the of the LD'(b.l.)/LD"(DNA) ratios.

speed of the flow, the geometry of the cell, the viscosity of  The time-dependent decrease of the'(bD.)/LD'(DNA)
solution, etc. When the ligareDNA interaction is concerned,  ratios is a result of hydrolysis of the Tpt's lactone ring at
parameteSmay be excluded when the following expressionis physiological pH. This kinetic may be followed by the
used: fluorescence as descrit¥&énd in our experimental conditions
(1 mM cacodylate buffer, pH 6.8) was found to be extremely
slow: only 14% of Tpt was hydrolyzed within 2 h, and only
27% of Tpt was hydrolyzed within 24 h. Moreover, the extent
of Tpt hydrolysis, determined from the fluorescence spectra,
was found to be correlated exactly with the extent of the
decrease of L¥b.l.)/LD"(DNA) ratio in the FLD measurements

Results

LD"(DNA) = *,53 cos apy, — 1) 1)

LD'(b.I.)/LD'(DNA) = (3 co$ oy, — 1)/(3 cod 72° — 1)
2

where LD(b.l.) and LD(DNA) are the LD values in the regions
of absorption of bound ligand (b.l.) and of DNA, respectively,
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Figure 2. UV—vis and LD spectra of topotecan and of topoteeBMNA complexes. Panel A: U¥vis spectrum of the free Tpt (1) and U\Wis

(2) and LD (3) spectra of the TBDNA complex.Crp = 1.4 x 1075 M, Cpna = 2.25x 1074 M (1 mM cacodylate buffer, pH= 6.8; cuvette path

length, 1 cm for UV-vis and 0.1 cm for LD experiments). Insert: Projections of the vectors of transition electric dipoles on the plane of the
topotecan A-D ring system with the protonated nitrogen of dimethylaminopropylene group and protonated hydroxy group of the ring-A: The “
sign corresponds to deviation of the vector in the direction corresponding to the deviation of the plane of lactone ring E from the plane of the ring
system A-D. Panel B: LD spectrum of the TptDNA complex. The spectrum is obtained by division of LD spectrum on the-U¥ spectrum

of the Tpt=DNA complex (both spectra are presented in Panel A, curves 3 and 2, respectively).

(data not shown). This correlation of the kinetic of FHRINA DNA concentration £4 x 1074 M) leads to a small decrease

binding, followed by FLD, with Tpt hydrolysis, followed by  of the LD signal.

fluorescence spectroscopy, confirms conclusion drawn in ref  UV—Vis, Linear Dichroism, and Induced Circular Dichro-

11 that only the lactone form of Tpt binds the DNA. ism Spectra of Topotecar-DNA Complexes.UV—vis and
An increase of the DNA concentration from-2) x 10~* LD spectra of TptDNA complexes were recorded under

M leads to the LD signal saturation (Figure 1B). At the DNA conditions of complete binding of Tpt molecules with the DNA

concentrations corresponding to the saturation of the signal, all (Cona = 2.3 x 1074 M). Figure 2A shows the UVvis spectrum

Tpt molecules are bound to the DNA. Further increase of the of the free Tpt (curve 1) and UWvis (curve 2) and LD (curve
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3) spectra of Tpt bound with the DNA. We detected the same
DNA-induced modifications of the U¥vis spectrum of Tpt
as those described in ref 10.

Figure 2B shows the LDspectrum of the TptDNA
complex. This spectrum is obtained by division of LD spectrum
on the UV-vis spectrum of the TptDNA complex (both
spectra are presented in Figure 2A)."ldpectrum of the DNA-

bound Tpt has a negative sign, and its shape corresponds exactl

to the Tpt UV-vis spectrum. (All three) The major (non)
antiparallel Tpt long-wavelength electronic transitions (at 390,
375, and 335 nm) are clearly identified in the LD spectrum
(Figure 2B).

The LD spectrum of Tpt DNA complex is easy to interpret.
The angles between all Tpt electronic transitions and DNA axis
are the same and, according to eq 2, are close to 55

Figure 2 (insert) shows results of quantum chemical calcula-
tions of Tpt chromophore in a vacuum. All absorption bands
of Tpt in solution are long-shifted compared with the results of

calculations, and the band at 380 nm is splitted. Calculations

show only two Tpt electronic transitions (at 352 and 301 nm)
located in the region 3606450 nm with the nearly antiparallel
orientation of the vectors of their dipole moments. The corre-
sponding bands in the Tpt UWis spectrum are found to be at
380 and 327 nm.

Figure 3 shows the ICD spectrum of the DNA-bound Tpt.
The ICD signal of Tpt DNA complex is negative in the region
350—-410 nm and contains all Tpt long-wavelengths electronic
transitions presenting in the corresponding-t\s spectrum.

Sequence Specificity of TopotecanDNA binding. The
sequence specificity of the TpDNA interaction was analyzed
by comparative FLD studies of the Tpt binding with the poly-
(dG)poly(dC), poly(dG-dC)poly(dG-dC), poly(dA—dT)poly-
(dA—dT), and poly(dA)poly(dT) polymers and with the CT
DNA and bacteriophage T4 DNA.
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Figure 4. DNA-bound fraction of topotecan6( = LD(DNA)/
LDma{DNA)) as a function of DNA concentration. Topotecan was
bound with the poly(dGdC)poly(dG-dC) (curve 1), poly(dG)poly(dC)
(curve 2), bacteriophage T4 DNA (curve 3), calf thymus DNA (curve
4), poly(dA)poly(dT) (curve 5), and poly(dAdT)poly(dA—dT) (curve

6). The measurements of FLD were done in the maxima of the LD
spectra of DNA-bound topotecan (390 nr@, = 1.4 x 105 M, 1

mM cacodylate buffer, pH= 6.8, cuvette path length 0.1 cm.

Because the DNAs used have the different length, their
degrees of orientation (paramet&rsee Experimental Section)
should be different, and the absolute LD signals, according to
expression 1, should be also different, indeed. So to compare
the affinities of Tpt to the different DNAs, the dependencies of
the fraction of the DNA-bound ligand on the total DNA
concentration have been compared. The fraction of DNA-bound
ligand (¢) may be calculated as a ratio of the LD signal for the
given DNA concentration (LD(DNA)) to the maximal value of
LD signal (LDyna{DNA)): 6 = LD(DNA)/LD ma{DNA), were
the LD signal is measured in the maximum of absorption of
the DNA-bound Tpt (390 nm).

Figure 4 shows the DNA-bound Tpt fractions as a function
of the DNAs concentrationg?y, (the value of thed, corre-
sponding to the binding of the half of the Tpt molecules) was

und to be equal to 0.034, 0.050, 0.124, 0.307, and 0.307 mM
or poly(dG—dC)poly(dG-dC), poly(dG)poly(dC), CT DNA,
poly(dA)poly(dT), and poly(dA-dT)poly(dA—dT), respectively.

It should be noted that the profiles of the all FLD spectra of
Tpt complexes with DNA polymers are very similar.

Figure 4 shows that Tpt has higher affinity for poly(¢G
dC)poly(dG-dC) and poly(dG)poly(dC) (plateaus of signal
saturation were reached at 0.1 mM DNA concentrations) than
for poly(dA—dT)poly(dA—dT) and poly(dA)poly(dT) (no pla-
teau reached up to 0.7 mM DNA concentration), whereas its
affinities for the calf thymus DNA and bacteriophage T4 DNA
are intermediate between those for dGdC-rich and dAdT-rich
polymers. The binding of Tpt to bacteriophage T4 DNA (in
which the major groove is occluded byglycosylated cytosine
residuesy’28shows that the shape of FLD curve is very similar
to this for the calf thymus DNA-bound Tpt fraction (compare
curves 3 and 4 in Figure 4). Moreover, the Tpt demonstrates
even higher affinity to the bacteriophage T4 DNA than to the
CT DNA.

Competitive Binding of Topotecan and Distamycin A with
the Calf Thymus DNA. Figure 5A shows the LD spectra of
the Tpt-DNA complexes in the presence of different concentra-
tions of distamycin A. Concentrations of DNA and of Tpt were
kept constant and equal to 2.251074 M bp, and 1.4x 1075
M, respectively-the conditions corresponding to the total Tpt
binding to DNA (Figure 1). An increase of the distamycin A
concentration induces an increase of the positive LD signal of
the DNA-bound distamycin A at 320 nm, as well as a decrease
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Figure 5. Competitive DNA binding by topotecan and distamycin A. Panel A: LD spectra of the Tpt-CT DNA complexes in the presence of
different concentrations of distamycin A (curves@). The regions of the Tpt and distamycin A signals are indicated on the spectra. The [Dst]/
[DNA bp] molar ratios are 0 (1), 0.03 (2), 0.07 (3), 0.11 (4), 0.17 (5), and 0.45 (6). Concentrations of Tpt and DNA were kept constant and equal
to 1.4 x 105 M and 2.25x 10°* M, respectively. Panel B: The magnified region of the DNA-bound topotecan LD signal in the presence of
different concentrations of distamycin A. The [Dst]/[DNA bp] molar ratios are 0 (1), 0.03 (2), 0.07 (3), 0.11 (4), 0.17 (5), 0.20 (6), 0.25 (7), and
0.45 (8). The other conditions are the same as those in panel A. Panel C: LD signals at 390 nm (maxima of the LD spectra of DNA-bound Tpt)
and LD signals at 320 nm (maxima of the LD spectra of DNA-bound distamycin A) as a function of the [Dst]/[DNA bp] molar @Etias): (

control, DNA without Tpt. O—QO): LD signal of the TptDNA complex. ¢—90): LD signal of the distamycin ADNA complex. The samples

were prepared in the same manner as that in panel A. Panel D: The same as that in panel C for the low [Dst]/[[DNA bp] molar ratios. All measurements
were proceeded in 1 mM cacodylate buffer, pH6.8, cuvette path length 0.1 cm.

of the negative signal of the DNA-bound Tpt (Figures 5A and (dG—dC) has been proceeded. Figure 6 shows that an increase
B). An increase of the distamycin A concentration up to the of the distamycin A concentration induces an increase of the
0.35 [Dst]/[DNA bp] molar ratio leads to a decrease of the LD LD signal of the poly(dG-dC)poly(dG-dC)-bound distamycin
signal of Tpt down to zero (curve 8, Figure 5B). Further increase A at 320 nm (Panel A), accompanied by the proportional
of the distamycin A concentration does not induce any decrease of signal of the poly(d@&C)poly(dG-dC)-bound Tpt
modification of the LD spectrum of DNA-bound Tpt. (Panel B). Moreover, Figure 6C shows that distamycirpaly-
Figure 5C,D shows the maximal values of the LD signals of (dG—dC)poly(dG-dC) binding induces the LD spectrum of the
DNA-bound Tpt, and of the DNA-bound distamycin A as a Same sign and the same profile as that for the binding with the

function of [Dst])/[DNA bp] molar ratios. The initial slope of

the curve corresponding to the LD signal of the DNA-bound

distamycin A ([Dst]/[DNA bp] < 0.15) is linear, whereas an

initial slope of the curve corresponding to decrease of LD signal

of the DNA-bound Tpt is not linear at the low [Dst]/[DNA bp]

ratios (Figure 5D), but it becomes linear at higher [Dst]/[DNA

for the distamycin A-DNA complex and the zero signal for
the Tpt-DNA complex) at the [Dst]/[DNA bp] ratios-0.35.

It should be noted that the contribution of the LD signal of

distamycin A in the region of 390 nm (used for analysis of-Tpt

DNA binding) is negligible (Figure 5A).

To check if distamycin A, a well-known AT-specific DNA

binder, is able to compete with topotecan for the DNA GC

Tpt—distamycin A competitive binding with poly(d&dC)poly-

DNA at the saturating concentration of the distamycin A. It
means that at our experimental conditions distamycin A forms
the same type of complexes with the DNA and poly{ef&)-

poly(dG—dC).

Raman Spectra of Topotecan in Solution and Topotecan
DNA and Topotecan—Nucleosides ComplexesThe detailed
bp] ratios. Both curves reach saturation (the maximum signal vibrational assignment of the Tpt Raman-active modes based
on the normal modes frequencies calculations and comparative
spectral analysis of CPT derivatives solutions g©HD,O, and
organic solvents will be published elsewhéteThe most
prominent bands and their assignment in the Raman spectra of
lactone form of topotecan are indicated in the top trace of Figure
7. Characteristic Raman spectral features of Tpt are as follows:
(i) A doublet of bands at 1650 and 1658 cthresults from
sequences at the low-salt conditions, the detailed analysis ofsplitting of v(C=0) vibration of Tpt lactone ring due to Fermi-
resonance with the combination tone and/or first overtone of
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Figure 7. Raman spectra of topotecan free (a) and topotecan bounded

complexes with topotecan in the presence of different concentrations with calf thymus DNA (b), with dG (c), and with dI (d). The spectra

of distamycin A. Panels A and B: LD signals at 320 nm (maxima of
the LD spectra of DNA-bound distamycin A) and at 390 nm (maxima
of the LD spectra of DNA-bound Tpt), recorded from the Fpbly-
(dG—dC)poly(dG-dC) complex and from poly(d&dC)poly(dG-dC)

in solution as a function of distamycin A concentratiof—¢): LD
signal from complex of 1.05 10> M Tpt and 8.73x 107> M poly-
(dG—dC)poly(dG-dC) (1). @—@®): LD from 4.36 x 10°% M poly-
(dG—dC)poly(dG-dC) in solution (2). O—O): LD from 8.73x 1075

M poly(dG—dC)poly(dG-dC) in solution (3). Panel C: LD spectra of
CT DNA, the Tpt=-DNA complex, and the Tptpoly(dG—dC)poly-
(dG—dC) complex in the presence of saturating concentrations of
distamycin A. Spectra are normalized on the gkdD max Signal
characteristic for each spectrun®~¢) Spectrum of complex of 1.05

x 105 M Tpt and 1.15x 104 M DNA in the presence of 4.3%

1075 M distamycin A. @—@®): Spectrum of complex of 1.1% 104

M DNA and 4.32 x 1075 M distamycin A. @—0O): Spectrum of
complex of 1.05x 107> M Tpt and 8.73x 107> M poly(dG—dC)-
poly(dG—dC) in the presence of 5.38 10°° M distamycin A. The
samples were prepared in the same manner as taht in Figure 5.

the G-C stretching vibration of lactone rin§:31 The positions

and relative intensities of these bands depend on the ring strain

and conjugation within the lactone ring, where reduced ring
strain and conjugation both contribute to lowering of €=

0) frequency?! The lowering of they(C=0) frequency may
be also induced by the carbonyl binding with proton donor
group.

(i) Coupled C-O stretching and ©H in-plane bending
vibrations contribute in the band at 1309 chand the band
1563 cn1lis assigned to the ring stretching mode coupled with
v(C—0) vibration.

were obtained by subtracting of Raman spectra of free nucleosides or
DNA from the spectra of corresponding complexes. Excitation wave-
length was 647.1 nm, and the laser power on the sample was 200 mW.
The spectra were recorded in 1 mM cacodylate buffersp6i8, [Tpt]

= 10"* M; Tpt/(DNA base) and Tpt/nucleoside molar ratios were 1/25
and 1/23, respectively.

(iiiy The band at 1619 cm' corresponds to the BE ring
stretching vibrations.

Comparison of Raman spectra of Tpt in solution and in
complex with DNA (Figure 7) shows that the DNA binding
induces the following differences in the Tpt spectrum: (i) the
band at 1309 cmt is downshifted to 1304 cnt under the
complexation, (ii) the ring stretch band at 1563 @mis
downshifted to 1559 cm, (iii) the ratio of intensities within
the Fermi-resonance doublet of bands at 1650 and 1658 cm
(I165d11650 is increased from 0.6 to 0.9, and (iv) the ratio of
intensities of stretching vibrations at 1619 and 1563 Eftye1d
l1569 is decreased from 1.0 to 0.7.

To understand the Raman spectral signatures associated with
the Tpt-DNA binding, the Raman spectra of Tpt in the
complexes with the dA, dC, dT, dI, and dG nucleosides in
solutions have been recorded. Figure 7 shows that the spectral
characteristics of TptdG complex are very similar to those
for the Tpt-DNA complex: the downshift of the bands at 1309
and 1563 cm! and the same modifications of intensity ratios
l165d 11650 @nd 161411563 Raman spectra of Tpt complexes with
the nucleosides dI, dA, dC, and dT are found to be very similar
to each other (only the spectrum of Fgtl is presented in Figure
7 as an example) but different from the FR2NA and Tpt-
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dG complexes. The most interesting fact is that the Raman LD" signal (Figure 2B), but the value of this signal is much
spectrum of the Tptdl complex is very different from this for  less negative than those for typical intercalafrs.

Tpt—dG or Tpt-DNA but very similar to the spectra of Tpt Otherwise, the orientation of Tpt chromophore with respect
complexes with dA, dT, or dC. So the absence of dAGIdUP to the plane of the DNA base pairs is quite different from the
(the only one difference between the dG and dI chemical typical angles of the minor groove binders. According to the
structures) induces dramatic change in the mode of-Tpt examples presented here, orientation of the Tpt chromophore

nucleoside interaction. (arpe = 55°) is an intermediate between the typical intercalators
The common features, which distinguish Raman spectra of and the typical DNA minor groove binders. It is interesting to
Tpt complexes with dA, dC, dT, and dI from FpDNA or Tpt— note that this angle coincides with those measured for the minor
dG complexes, are as follows: groove binder bleomyci?f
(i) the band at 1309 cnt is not shifted in comparison with The Tpt molecule includes two main chromophores: the A
unbounded Tpt, _ and B rings (quinoline part of the molecule) and the D ring
(ii) the ratio l161d11563 do€s not change or increaseslieid yjth the nonaromatic hydrolyzable E ring (Figure 1, insert).
l1s6s = 1.3, whereas it decreases for the Tpt complexes with the quinoline part of the chromophore determines the main
DNA or dG, electronic properties of the CPT drugsThe Tpt molecule has

(iif) band 1658 cm* completely disappears or has very small  gingle asymmetrical carbon, located at position 20. Since the

intensity, and , Tpt has a planar and almost completely achiral chromopore,
(iv) a new spectral band near 1428 cirattributed to D-E only the molecules complexed to the asymmetric DNA matrix
rings stretching vibrations is appeared instead of the band 14374isplay induced CD. This ICD signal, which is indicative of
cm™* observed in Raman spectra of Tpt in solution or of Tpt g¢acking interactions between the drug and host DNA duplex,
complexes with DNA or dG. . _can be used to detect and to monitor any CD-active DNA
Raman spectroscopy is an extremely sensitive tool for ana|y5'5binding mode(s§® ICD signals for all the bands of DNA-bound

of the conformational and local structural DNA modifications  Tpt in the 356-450 nm region are negative (Figure 3B). The
induced by different effector®. It should be noted that N0 theory of nondegenerate and degenerate coupled oscillators
changes in the DNA Raman bands were found in the Ramanshows that the sign of ICD signals is determined by the angle
spectra of DNA-Tpt and DNA—distamycin A complexes under  petween the directions of the ligand chromophore long-axis and

the used experimental conditions. of the DNA base pair electronic transitidflf the direction of
) ) _ the polarized electronic transition of the ligand is nearly parallel
Discussion and Conclusion to the direction of the electronic transition of the DNA base

t pairs, the ICD signal should be negative. If the long axis is
issued from the DNA groove, the positive ICD signal will be
induced!® So the ICD of DNA-bound Tpt is typical for the

in the so-called “ternary cleavable complex” between the drug, nearl_y_ parallel_ orientation of its long-wavelength electronic
DNA and enzyme remains to be defined. Recent studies havetransition relative to the plane of the DNA bases, but the value

shown that the Tpt interacts directly with double-stranded DNA of this signal is much Iowgr than that for intercalators. Finally,
and this interaction stabilizes its active lactone féflthough the FLD and ICD analysis of TptDNA complexes demon-
the further NMR studies confirmed that the lactone form of Tpt Strated intermediate between the typical intercalators and typical
binds noncovalently the double-stranded and single-strandedMin0r groove binder orientation of Tpt chromophore ac-
DNA structures in the absence of toplthe data on the companied by the weak stacking interaction with the DNA base-
sequence specificity of the TpDNA binding are contradictory. ).
Yao et al. reported sequence specificity of Tpt lactone binding ~ The FLD spectra presented in Figure 4 demonstrate the DNA
to alternating purinepyrimidine sequences that contained'dT, ~ sequence preference of Tpt binding. The Tpt affinities are found
whereas Yang et al. described specific Tpt binding to dGdC to be as follows: poly(d&dC)poly(dG-dC) ~ poly(dG)poly-
rather than to dAdT sequencEsNo data on the molecular  (dC) > CT DNA (42% of GC-pairs)> poly(dA)poly(dT) ~
structure of TptDNA complexes in solution are published to ~ poly(dA—dT)poly(dA—dT). The data show that the THDNA
date. We have employed FLD, UWis, CD, and Raman affinity does not depend on the relative position of the dG and
spectroscopy to analyze the sequence specificity, geometry, andiC or dA and dT, but obviously decreases upon the decrease
molecular interactions of Tpt with calf thymus and bacteriophage 0f the dG-dC content of the DNA.
T4 DNA and with the double-stranded polynucleotides in  The FLD and ICD experiments discussed above did not help
solution in the absence of DNA topoisomerase |. to identify the DNA groove preference of Tpt binding. Analysis
FLD spectroscopy is a well-established technique for deter- of Tpt binding with the bacteriophage T4 DNA and experiments
mination of orientation of transition moment of drug chro- for competitive DNA binding by Tpt and distamycin A have
mophore with respect to the DNA helix long axf?2 An been proceeded in order to answer this question. The major
intercalating mode of liganeDNA interaction is characterized  groove of bacteriophage T4 DNA is occludeddyglycosylated
normally by a negative LDsignals in the region of the ligand’s  cytosine residue%.?® Figure 4 shows that the Tpt have even
long-wavelength absorption bantfsThe anglesx for typical higher affinity to bacteriophage T4 DNA than to the CT DNA,
intercalators are known to be as follows: ethidium bromide, and the profiles of corresponding FLD spectra for these two
70°; actinomycine D, 63; proflavine, 82; 9-aminoacridine, Tpt complexes are practically identical. So the blocking of the
70°.21 On the other hand, the DNA complexes where the ligands Tpt access to the DNA major groove with the glycosyl chains
electronic transitions are oriented nonparallel to the plane of does not influence the structure of FIDNA complexes, nor
the DNA base pares are characterized by the positive LD the Tpt affinity to the DNA. The slightly higher affinity of Tpt
signals!® The anglesa. for some of the DNA minor groove  to bacteriophage T4 DNA may be explained by higher GC
binders are known to be as follows: distamycin A’°4633 content of bacteriophage DNA compared with that of the CT
Hechst 33258, 45°* DAPI, 43—46°.35 Tpt exhibits the negative =~ DNA. Hypothesis of the minor groove DNA preference of Tpt

Although the crystal structures of noncovalent and covalen
topl complexes with the oligonucleotides have been recently
solved!213the role of CPFDNA interactions in solution and
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binding was further confirmed by the FLD analysis of competi-
tive DNA binding by Tpt and distamycin A.

Distamycin A is a typical DNA minor groove binder, which
occupies five base pair® and exhibits an extremely high
affinity of DNA AT-rich regions binding?® It should be noted
that the AT specificity of distamycin A is the most prominent
at the high ionic strength, whereas it binds pretty well the GC-
rich and mixed DNA sequences at the low10 mM NaCl)
ionic strength of solutio? Distamycin A absorption and its
positive LD signal in the DNA-bound state with the maxima at
320 nm are quite distant from this for the DNA-bound Tpt (390
nm). This makes distamycin A useful for the studies of its
competitive with the Tpt binding to DNA.

The FLD analysis shows that distamycin A competes with
the Tpt in the process of DNA binding (Figure 5). Addition of
distamycin A does not change the profile of the LD spectrum
of the DNA-bound Tpt but affects only the absolute value of
its signal. This fact shows that the distamycirBNA binding
does not modify the structure of the FHDNA complexes.
Moreover, Figure 6 shows that at our experimental conditions,
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affinity combined with complicity of multiple modes of its DNA
binding may explain reported contradictions in conclusions about
the Tpt base preference drawn previously from the-yis'®
and NMR! experiments.

Raman spectroscopy (Figure 7) shows that the-TptiA
and Tpt-dG interactions induce the downshift of the 1309¢ém
band and an appearance of 1658 énband whereas Tpt
interactions with the other nucleosides (including dl) do not.
Variations of these two bands may reflect formation of H-bonds
involving 20-OH group (1309 cm) and carbonyl group (1658
cm™Y) of E-ring of Tpt. It's interesting to note that the distance
between hydrogen atom of 20-OH group and oxygen atom of
carbonyl group of lactone ring of Tpt (2.5 A) is equal to the
distance between hydrogen atom of amino-group and nitrogen
of ring of dG. It's reasonable to suggest that the Tg&
complex may be stabilized by two H-bonds: the first, between
carbonyl group of E-ring of Tpt and amino-group of dG, and
the second, between the 20-OH group of Tpt and nitrogen of
dG, whereas some very recently synthesized CPT derivatives
bind the top:-DNA binary complex despite the absence of a

distamycin A replaces topotecan from the GC sequences andsubstituent at C-20 capable of contributing a donor H-bdnd.

the sign and profile of LD signal for distamycin-poly(ekaC)-

Finally, the Raman spectroscopy demonstrates the dominant role

poly(dG—dC) complex are the same as those for the distamy- of dG in Tpt-DNA specific binding, which may explain the

cin—DNA complex. The last fact means that the structure of
distamycin-poly(dG—dC)poly(dG-dC) complex is very similar
to that for distamycir-DNA complex36

One may explain distamycin A-induced decrease of DNA-
bound Tpt as a result of the long-range effect of DNA structural
perturbations induced by distamycin A. It should be noted,
however, that no any effects of DNA structural perturbation

dG-preference of this interaction and provide us with the direct
evidence of participation of dG in TpDNA binding.

Also the question of whether topotecan interacts with DNA
in the absence of DNA topoisomerase | is now generally
agreed®1 the data on molecular structure of FINA
complex(es) in solution in the absence of the enzyme seem to
be very important. Our paper provides the first evidence of the

have been detected by the CD and Raman spectroscopy at thelirect D—E topotecan rings interaction with the DNA in
all drug/DNA bp ratios used in described experiments. The data solution—the complex which stabilizes the Tpt lactone foffi!
support the mechanism of direct competitive replacement of The CPTs lactone ring stabilization or destabilization in solution

DNA-bound Tpt by the distamycin A molecule rather than
dissociation of the TptDNA complexes due to the long-range
effect of the DNA structural perturbations induced by the
distamycin A.

The difference in dependences of distamycirBNA and
Tpt—DNA LD signals at the low [Dst]/[DNA bp] ratios (Figure
5D) may be explained by the AT specificity of distamycin
A—DNA binding, whereas the Tpt shows the GC specificity.
An increase of distamycin A concentration at the low ionic
strength enable to the drug to bind the GC-rich DNA regions

(in the absence of the enzyme) is important due to the fact that
the lactone form of CPTs is active whereas the carboxylate is
not. Effects of humane serum albumin, lipids and other effectors
on the stability of Tpt*4+43 and analysis of the Tpt structure

in molecular complexes with HSA in solution in the absence
of topl 444> are the subject of extensive studies.

The data in aggregate provide new insight on the molecular
basis of Tpt-DNA recognition in solution, which should be
taken into account when considering molecular structure of
ternary cleavable complexes of CPTs, DNA, and topl. CPTs

and to replace the Tpt molecules bound to these regions. Anpreferentially enhance DNA breakage by topoisomerase | at sites

increase of the distamycin A concentration up to [Dst]/[DNA
bp] = 0.2 leads to the saturation of the LD signal of distamycin
A (Figure 5C). This [Dst])/[DNA bp] molar ratio corresponds
to the maximal distamycin ADNA binding, when the molecule
occupies in the minor groove the region corresponding to five
DNA base pairs® The DNA minor groove becomes completely

with dG at the+1 position on the scissile strand, immediately
downstream of the cleavage stadG specificity of Tpt-DNA
binding found in this work may play a role in the base preference
of topoisomerase poisons in stimulating enzyme-mediated DNA
cleavage if the DNA-drug interactions are not completely
distorted upon the enzyme binding. The preliminary data on

saturated by the distamycin A molecules, and an additional ternary topoismerase-DNA—topotecan complexes in solution
increase of the distamycin A concentration does not increasewere reported recent/, and the detailed CD and Raman

its DNA binding and does not modify its spectrum, indeed.

spectroscopy analysis of these complexes is in progress in our

Figure 5C shows that at these conditions of complete saturationlaboratories now.

of DNA minor groove with the distamycin A, the signal of the
Tpt—DNA complex becomes negligible.
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