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ABSTRACT: The interactions of three bis-netropsins (bis-Nts), which are potent cata-
Iytic inhibitors of DNA-binding enzymes, with three double-stranded oligonucleotides
(OLIGs), which contain sites of different specific affinities for each bis-Nt, were ana-
lyzed. Raman spectroscopy was performed for selective monitoring of modifications of
the bis-Nt or the OLIG structure upon bis-Nt-DNA binding, and surface-enhanced
Raman scattering spectroscopy (SERS) was an additional tool for topology studies of
ligand-DNA complexes. The spectral data showed conformational changes of both
partners (bis-Nt and OLIG) upon complexation. Structural variations of bis-Nts ap-
peared to be dependent on a bis-Nt-OLIG binding constant and were found to be small
in the specific DNA binding and highest for nonspecific binding of bis-Nt with the
corresponding OLIG. The conformational changes of the OLIGs were varied with a
bis-Nt-OLIG binding constant in the same manner. The bis-Nts seemed to induce a
perturbation in the OLIG's structure, as well as in the positions of their direct binding.
These DNA structural modification effects may explain the inhibition of DNA-binding
enzymes in the variety of very distinct DNA-enzyme binding sites by bis-Nts reported
previously. © 2000 John Wiley & Sons, Inc. Biopolymers (Biaspectroscopy) 57: 272-281, 2000
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INTRODUCTION

The well-known antibiotic netropsin (Nt) and its
derivatives bind noncovalently to AT-rich double-
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stranded DNA stretches' and are capable of in-
hibiting numerous DNA-binding enzymes such as
gyrase, human DNA topoisomerases | and IlI,
DNAse, and so forth. The DNA binding of these
classical nonintercalators is extremely sequence
specific. The Nts bind to DNA within the minor
groove through the hydrogen bonds between ni-
trogen atoms of their amide groups (Fig. 1) and
02 atoms of thymines and/or N3 atoms of ad-
enines of DNA. This molecular mechanism of AT-
specific DNA binding by the Nts, which was first
proposed by Zasedatelev et al.?® and later con-
firmed by X-ray analysis*® and NMR spectrosco-
py,°® served as a theoretical basis for synthesis
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of novel Nt analogs (bis-Nts) consisti ng of two Nt
moieties linked with aflexible spacer.®*° The bis-
Nts cover a whole turn of the DNA double helix,
and the sioemflcny of their binding rises dramat-
icaly.™

Recent studies demonstrated that certain bis-
Nts possess a severa-fold higher antitumor and
antiviral activity than Nt that is due to modula-
tion or |nh|b|t|on of the different DNA- bmdmg
enzymes.**® We previously synthesized a series

v

’
bis-Nt{->->) H ° 1 b ’N>
I\\O CH;3

BISNETROPSIN-DNA INTERACTION 273

H
gt o
N6 [\—gnv\m“z

Distamycin

4

I
<
'I

‘cn,

?’* Qﬂe .

(N H

H.N/
cHl ©

The chemical structures of netropsin, distamycin, and bis-netropsins.

of high sequence-specific bis-Nts™ and analyzed
their ability to bind DNA and inhibit a number of
DNA-directed enzymes.®** Very recently we de-
scribed a few effects of several new bis-Nts on the
human DNA topoisomerase |, an important clin-
ical target of antitumor drugs: the disappearance
of some of the topoisomerase | specific DNA cleav-
age sites; enhancement of some other sites; and,
moreover, induction of the new DNA cleavage
sites by the bis-Nts.** All these effects that deter-
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mine the potential of bis-Nts for inhibition of hu-
man topoisomerase | and, consequently, their an-
titumor activity, require detailed analysis of the
structural features induced by these ligands on
the DNA level. Although the 3-dimensional struc-
tures of Nt complexes with DNA are established,
no structural data exist on molecular interactions
of bis-Nts within the DNA complexes.

This article presents the first Raman and sur-
face-enhanced Raman scattering (SERS) spec-
troscopy study of three new antitumor bis-Nts
[bisNt(<->), bis-Nt(-><-), and bis-Nt(->->), Fig. 1]
and their complexes with three different 20-mer
double-stranded oligonucleotides (OLIGs). The
sequence of each OLIG provides at least a 10-fold
higher binding constant for one of the bis-Nts
studied.’”*® The spectral data analysis enabled
the characterization of structural modifications of
the bis-Nts and the OLIGs upon their specific or
nonspecific binding.

MATERIALS AND METHODS

Chemicals

The bis-Nt(<->) was synthesized as described in
the literature.*® Synthesis of bis-Nt(-><-) and bis-
Nt(->->) will be published in the future.

Single-stranded oligonucleotides 5-CAAAGAC-
TTAGTTTTAAAAA-3 [1], 5-TTTTTAAAACTA-
AGTCTTTG-3 [2], 5-CAAAGACTTAGAAAATT-
TTT-3' [3], 5-AAAAATTTTCTAAGTCTTTG-3
[4], 5-CAAAGACTTAGAAAAAAAAA-3 [5], and
SATTTTTTTTTCTAAGTCTTTG-3' [6] were syn-
thesized by Eurogentek (Belgium) and purified by
polyacrylamide gel electrophoresis as described
by Sambrook et al.'* The double-stranded oli-
gomers (OLIGs) [1] + [2], [3 + [4], and [J] + [6]
were prepared by mixing equal molar quantities
of two complementary strands in the water. These
mixtures were annealed at 95°C for 15 min fol-
lowed by overnight cooling to room temperature.
Then the solutions were evaporated to dryness
and dissolved in TE buffer (10 mM Tris-HCI, pH
8.0, 1 mM EDTA) to a find concentration of 12
mM. The quality of annealing was tested by UV-
vis and polarized fluorescence spectroscopy as de-
scribed in the literature.*” The data showed 100%
formation of double-stranded oligomers. Ligand-
OLIG complexes were prepared by mixing equal
molar quantities of bis-Nt and OLIG.

The concentrations of the OLIGs were deter-
mined by UV-vis, using a molar extinction coeffi-

cient (e = 13,200 M cm™) calculated for 1 bp
of the OLIGs. The same method was used for the
measurement of bis-Nt concentrations with a mo-
lar extinction coefficient (6305) of 40,000 M~'
cm™.*" The 50-m.L final stock solutions of nucle-
otides were used for preparation of the complexes
and further spectral measurements.

The OLIGs [ + [2 (OLIGl), [3 + [4
(OLIG2), and [5] + [6] (OLIG3) are known as
"specific' for the binding of bisNt(<->), bis
Nt(-><-), and bis-Nt(->->), respectively, and "non-
gpecific’ for each of the two other bis-Nts. The
specificity is determined by the fact that the bind-
ing constants of bisNt(<->) with OLIGI, bis
Nt(-><-) with OLIG2, and bisNt(->->) with
OLIG3 (specific binding) are at least 10-fold
higher than their corresponding binding con-
stants with each of the two other OLIGs (nonspe-
dfic binding).**"*®

Raman and SERS Spectroscopy

Raman and SERS spectra were recorded with a
Ramanor HG-2S (Jobin Yvon) spectrometer; a
514.5-nm line of an argon laser (Spectra Physics,
model 164-03) was used for excitation. The irra-
diation power on the sample did not exceed 30
mW in the SERS and 200 mW in the Raman
scattering experiments. All spectra were regis-
tered with scanning at a 1 cm™ step and an
integration time of each point of 0.7 s for SERS
and 3 s for Raman spectra.

Silver hydrosol was prepared by reduction of
silver nitrate with sodium citrate and was used as
a SZIERS—active substrate as described by lanoul et
al.

The data accumulation of 10 independent
scans with time averaging was used for Raman
spectra recording. The stability of the samples
during laser irradiation was controlled by com-
parison of the spectra as a function of time. The
spectra of free (unbound) bis-Nts and OLIGs were
obtained by subtracting the spectrum of the
buffer from the corresponding bis-Nt-buffer and
OLIG-buffer spectra. The spectra of bis-Nt-
OLIG complexes were obtained by the same pro-
cedure. The standard buffer spectrum was sub-
tracted from the experimental spectra until the
water band at 1645 cm™* was removed. The spec-
tra were treated with LabCalc (Galactic Indus-
tries) software as described in the literature.”
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Table I. Assignments of Bands in Raman Spectra of Netropsin (Nt) and Bis-Nt

Calculated
Frequencies
Observed Frequencies (cm™") (em™")
Bis-Nt(<) Bis-Nt(—<) Bis-Nt(——) Nt® Bis-Nt® Assignment
1007 1007 1007 1010 1007 Ring (P6)° in-plane vibration
1033 1033 1033 1041 C—C stretching
1089 1090 1087 1066 1087¢ Ring (P5)° in-plane vibration
' Interplane C—H bend and
1148 1146 1146 1145 stretch
Interplane C—H bend and
1160 1159 1160 stretch
Interplane C—H bend and
1196 1196 1196 1209 stretch
Breathe ring in-plane
1235 1237 1235 1230 1230 vibration
1273 1278 1270 1278 1278 Amide III
C—C, C==C ring stretch in
1362 1352 1362 1354 1359 plane
1405 1408 1407 1392 C—N ring stretch
1422 1422 1420 1412 1420 Ring (P4)° in-plane vibration
Ring (P3)° out of plane
1450 1450 1446 1440 1448¢ vibrations
. Ring (P2)° out of plane
1478 1479 1478 1477 1470¢ vibrations
" 1560 1560 1560 1554° Ring in-plane vibration
Amide II + ring (P1)° in-plane
1578 1579 1578 1583 15849 vibration
1618 1622 1623 1620-1640 1625 Amide |

® The data are from Refs. 22 and 23.

5 The frequencies were calculated for the fragment of bis-Nt containing pyrrole, peptide, and propy! groups.

¢ The notation is from Ref. 23.

4 Vibrations are sensitive to the interaction of the pyrrole ring hydrogen and oligonucleotide.

RESULTS AND DISCUSSION

Raman and SERS Spectra of Bis-Nts in Solution

Assignments of almost al the bands in the Ra-
man spectra of Nt and distamycin (Dst) were pub-
lished previously.??® The majority of these
bands are assigned to the vibrations of the pyrrole
rings and the amide groups of the drugs. Because
the main spectral features of bis-Nts and Nt are
very similar, the interpretation of the Raman-
active modes of bis-Nts may certainly be based on
those for Nt (Table 1). The only remarkable dif-
ference between the Nt spectrum published pre-
viously and the bis-Nts spectra recorded in our
work is localized in the 1060-1090 cm™* spectral
region. Our computer modeling of the vibrational
modes of bis-Nts shows that the upshift of the
band at 1066 (Nt) to 1090 cm™* (bis-Nt) is due to

the propyl groups at the N position of the bis-Nt
pyrrole rings (instead of the methyl groups of Nt).
We also found that the bands at 1090, 1420, 1450,
1478, and 1578 cm™* are mainly determined by
vibrations of the hydrogen of the pyrrole ring.
The characteristic bands in the Raman and
SERS spectra of bis-Nts (Fig. 2) are largely coin-
cidental. The resemblance of these spectra indi-
cates that the electromagnetic mechanism domi-
nates in the total surface-induced enhancement.
This mechanism should not be related to chemi-
sorption of the bis-Nt molecule and distortion of
its conformation.?* This fact alows the interpre-
tation of SERS spectra to be based on the assign-
ment of Raman bands (Table ). A thorough com-
parison of the Raman and SERS spectra revealed
the differences in the relative intensities of bands
bearing information on the orientation of the mol-
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Figure 2. Raman (spectrum 1) and SERS (spectrum
2) spectra of bis-Nt(«>). See the Materials and Methods
section for details.

ecule relative to the SERS-active surface. In par-
ticular, the relative intensities of vibrations of the
pyrrole ring at 626, 1085, 1404, and 1579 cm™
are increased in the SERS spectrum, compared
with the corresponding Raman spectrum. So, we
can conclude that the bis-Nts adsorb on the
SERS-active surface via their pyrrole rings.
Therefore, the plane of the pyrrole ring is not
expected to be parallel to the SERS-active sur-
face, because in this case the enhancement of the
ring vibrations due to the electromagnetic field
component normal to the surface would be mini-
mal.?

The doublet at 1404/1444 cm \ which can be
used for evaluation of the access of the molecule to
the SERS-active surface,® is particularly illus-
trative in a comparison of Raman and SERS spec-
tra. For examPIe the ratio of the bands at 1404
and 1444 cm’" is 0.5 in the Raman spectrum and
09 in the SERS spectrum. An increase in the
intensity of the C—N vibration of the pyrrole ring
at 1404 cm* relative to the ring vibration at 1444

(|1404/|1444) should be determined by reori-
entatlon of bis-Nt molecules u upon interaction
with the SERS-active surface.®* Consequently,
this parameter (11404/11444) May be used for iden-
tification of the orientation of the pyrrole rings of
bis-Nts in their complexes with DNA.

Raman Spectra of Oligonucleotides in Solution

Three OLIGs, each containing the AT-rich se-
guence specific for only one of the three bis-Nt

molecules,'® *® were used in the Raman experi-

ments. The Raman spectra show that al three
OLIGs are in the B conformation. The spectra of
both free and bis-Nt-bound OLIGs contain B-form
marker bands at 838 cm’ (—O—P—O— anti-
symmetric stretch) and 1090 cm™* (PO, symmet-
ric stretch).?®

Modifications of Bis-Nts Structure
upon DNA Binding

Figures 3-5 show the Raman spectra of free bis-
Nts, as well, as the spectra of bisNt(<->), bis-
Nt(-><-), and bis-Nt(->->) bound with OLIGI,
OLIG2, and OLIG3, respectively. The major dif-
ferences in the spectra are observed in the regions
of amide and pyrrole vibrations summarized in
Table II.

The amide | region (1610-1670 cm™) reflects
modifications of the bis-Nt structures induced by
DNA binding. The analysis of the spectra re-
vealed that interaction with the DNA resulted in
upshifts of the amide | bands of the bis-Nts. For
each bis-Nt studied, this upshift was the smallest
for gpecific substrate binding and much larger
when nonspecific sequences were employed (Ta
ble 11). The most prominent changes were found
for bis-Nt(-><-)-OLIGs complexes: OLIG2 (spe-
cfic) binding results |n a 11 cm™ shift of the
amide | band (1622 cm™), whereas OLIGs 1 and
3 (nonspecific) induce a 29 cm™* shift of the same
band. The least changes were observed for bis-

Raman intensity

1 ] i .
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Wavenumber, cm’

Figure 3. Raman spectra of bis-Nt(<) and bis-
Nt(e)-oligonucleotide complexes: bis-Nt(«») (spectrum
1), bis-Nt(<)-OLIG1 complex (spectrum 2), bis-Nt(«>)—
OLIG2 complex (spectrum 3), and bis-Nt(«<)-OLIG3
complex (spectrum 4). See Figure 1. for the notations.
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Figure 4. Raman spectra of bis-Nt(—«) and bis-
Nt(—+)-oligonucleotide complexes: bis-Nt(—«) (spec-
trum 1), bis-Nt(—«)~OLIG1 complex (spectrum 2), bis-
Nt(—«)-OLIG2 complex (spectrum 3), and bis-
Nt(—«)-OLIG3 complex (spectrum 4).

Nt(->->)-OLIGs binding, but even for this ligand
a 10 cm™ shift of the amide | band was detected
when complexed to both specific and nonspecific
OLIGs (Table I1).

Finaly, analysis of the amide | region indi-
cated that the largest shifts were induced by in-
teractions of each bis-Nt with its nonspecific
OLIGs and were the smallest when bis-Nts bound
to specific OLIGs (Table I1).

Usually, amide Il vibrations are sensitive to
NH-group bonding. For instance, Dst binding to
the DNA induces a downshift of the amide III
band, indicating that the NH group of Dst is H
bonded to the DNA bases.?® Our data show that
spectral features in this region strongly depend
on the specificity of the drug binding. As can be
seen from Table Il, the spectral changes induced
by DNA binding are sequence dependent: the
smallest downshift of the amide Ill band isin the
specific binding, and the biggest is for nonspecific
binding. It should be noted also that the down-
shift of the amide IIl band in the spectra of com-
plexes of bisNt(<->) with all the OLIGs is much
smaller than that of bis-Nt(-><-) and bis-Nt(->->)
:omplexed to DNA (Table 11).

The effects of the DNA binding on the pyrrole
vibrations in the 1420-1450 and 1550-1580 cm™*
regions were found to be very similar to those for
imide 11 vibrations. These bands changed their
position and relative intensities when the bis-Nts
boundto DNA and may serve as an indicator of
bis-Nt-OLIGinteraction.
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SERS spectroscopy gives additional informa
tion on changes in the orientation of the bis-Nt
pyrrole rings. Fortunately, the SERS spectra of
OLIGs do not overlap with the bands of bis-Nts.
Thus, the spectral changes related to interactions
of bis-Nt with DNA can be unambiguously inter-
preted. The SERS spectra of al the bis-Nts in
complex with OLIG3 were analyzed. The major
changes in the SERS spectra of bis-Nts upon
binding occurred in the 1440-1450 cm™ region
(pyrrole vibrations). The li404/l1444 ratio for bis-
Nt(«») decreased upon binding to OLIG because of
the relative decrease of the G—N vibration of the
pyrrole ring at 1404 cm™® (with a shoulder at
1417 cm™), so the 11404/l1444 value dropped from
0.9 to 0.7. Thus, upon interaction with the DNA,
the li404/l1444 ratio changed toward the value
characteristic for Raman spectra of bis-Nts in so-
lution. Therefore, binding in the minor groove
partly prevents interaction of the iV-propylpyrrole
groups of bisNt(«») with the SERS-active sur-
face. In the SERS spectrum of the bis-Nt(-»«-)-
OLIG3 complex, the l1404/11444 ratio aso changed.
However, the C—N vibration band of bis-Nt(-»«-)
grew and the ly44/l1444 value rose from 10 to 14.
Hence, unlike bisNt(<->), the DNA binding of bis-
Nt(-»«-) was accompanied by relocation of the
molecule within the complex so that the pyrrole
moieties gained more access to the SERS-active
surface. DNA binding of bis-Nt(->->) did not &-
fect the SERS spectrum of the ligand, so neither
the relative intensity nor the position of the CG—N

Raman intensity

1100 1200 1300 1400 1500 1800 1700
Wavenumber, cm’’

Figure 5. Raman spectra of bis-Nt(——) and bis-
Nt(——)-oligonucleotide complexes: bis-Nt(—»—) (spec-
trum 1), bis-Nt(——)-OLIG1 complex (spectrum 2), bis-
Nt(—»—)-OLIG2 complex (spectrum 3), and bis-
Nt(——)-OLIG3 complex (spectrum 4).
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Table II. Positions and Frequency Shifts (em™?!) of Amides I and III Raman Bands of Bis-Netropsin (Bis-Nt)

Induced by DNA Binding

Bis-Nt(«) Bis-Nt(—«) Bis-Nt(——)
Amide 1 Amide III Amide I Amide III Amide I Amide III
Unbound 1618 1273 1622 1278 1623 1270
OLIG1 1632 (14) 1266 (7) 1650 (28) 1261 (17) 1639 (16) 1258 (12)
OLIG2 1637 (19) 1264 (9) 1633 (11) 1264 (12) 1639 (16) 1260 (10)
OLIG3 1638 (20) 1264 (9) 1651 (29) 1261 (17) 1633 (10) 1265 (5)

The frequencies and shifts (cm™"!) of the amide bands in the Raman spectra of the bis-netropsin—(specific OLIG) complexes are-

in bold.

The shift (cm™!) of the amide band in the spectra of the bis-netropsins—OLIGs complex relative to that in the spectra of

corresponding unbound bis-netropsins is shown in parentheses.

vibration changed. The SERS spectrum of the
bisNt(—>—>)-0LIG3 complex (specific binding)
was only a superposition of the SERS spectra of
the components without any noticeable spectral
modifications.

The SERS data suggested that the pyrrole
rings of bis-Nts in complex with DNA assume
various orientations, so the angles and directions
of turns of the rings for these bis-Nts should be
different. These differences in the direction of the
turns for the two ligands were demonstrated by
the character of the change in the 11404/11444 ratio
upon ligand binding to DNA.: it decreased for bis-
Nt(<=>) and increased for bis-Nt(-><-). Moreover,
the magnitude of reorientation of the pyrroles
was aso different as judged from a change in the
l1404/1 1444 ratio. At the same time, the orientation
of the pyrrole rings of bis-Nt(-»-») was not &-
fected by DNA binding.

All these results provided the evidence of sev-
eral conformational features of bisNt—DNA com-
plexes. The changes in amides | and Ill are con-
sistent with H bonding of the bis-Nts to the DNA
and modification of the torsion angle between the
pyrrole groups. This conclusion was supported by
the structure of Nt-DNA complexes® and CD data
on bis-Nt-DNA complexes.3 Moreover, the affin-
ity of bis-Nt-DNA interaction determined by a
DNA sequence was found to be in direct correla-
tion with the shifts of positions of the amide | and
amide |1l bands. The pyrrole ring vibrations were
aso affected by DNA binding. The frequency
shifts of the pyrrole vibrations were associated
with variations of the distribution of electron den-
sity caused by the interaction of the hydrogen of
the bissNt NH groups with the oligonucleotide
and by van der Waals interaction between the
hydrogens of the pyrrole ring and the hydrogen

atoms of the C2 adenine moiety.?®® These alter-
ations do not correlate with the specificity of drug
binding and can serve as an indicator of bis-Nt-
DNA interaction. Because bis-Nts are unlikely to
intercalate, this observation implies that the di-
rect interactions between other parts of the mol-
ecules and DNA induce stresses and alterations
in the bond orbitals of pyrrole rings.

Changes in Conformation of Oligonucleotides
Induced by Bis-Nts Binding

A number of important conformation-sensitive
Raman markers of oligonucleotides are obscured
by the strong Raman features of the bis-Nts. In
fact, only a few spectral regions exist with negli-
gible overlapping where unambiguous analysis of
structural transitions in the OLIGs is possible.
The Raman bands in the 670-680 and 1330-
1340 cm'™ regions in particular are well-known
spectroscopic markers of the OLIG structural al-
terations sensitive to the structure of the
furanose ring pucker of the guanine bases.?® In
our study, analysis of this region seems extremely
important because the conformational changes
can be traced not only within the Nt-specific se-
guence (normally AAAA and TTTT motifs) but
also in the vicinity of this sequence. The bands at
790 and 1206 cm™! are sensitive to the backbone
parameters and to the mutual base interaction,
respectively.?®

The change in the relative intensity of the 670
and 680 cm™ bands is sensitive to the C1'-exo-
C2-endo conformational transition of the sugar
pucker of dG.* Therefore, we compared these
bands in the Raman spectra of different bis-Nt-
OLIG complexes.

Prominent conformation changes of the gua-



Table IIX. Alterations of Raman Bands of
Oligonucleotides Near 680 and 1333 cm™! Induced by
Binding of Bis-Netropsin (Bis-Nt)

Bis-Nt(«) Bis-Nt(—«) Bis-Nt(——)
OLIG1 w? m vw
wP m vw
OLIG2 m w vw
m w vw
OLIG3 m m vw
m w vw

The letters in the table show the relative intensity of the
Raman bands at 680 and 1333 cm~!. The results for the
binding of the bis-netropsins with their specific OLIGs are
underlined.

® The intensity of the C2'-endo/anti dG band (680 em™!) in
relation to the Cl’-exo/anti dG plus C2’-endo/anti AT bands
(670 cm™?).

® The intensity of the C2’-endo/anti dG band (1333 cm™!)
in relation to the C1'-exo/anti band (1340 cm™!) plus the band
of the adenine vibration at 1342 cm™!,

nine-linked furanose ring were found when bis-
Nt(-><-) and bisNt(<->) were complexed with all
three OLIGs, but DNA binding of bis-Nt(->->) did
not result in any modifications within this region
(Table 11l). The DNA binding of the first two
bis-Nts was followed by a relative increase of the
680 cm’* band. Yet this increase was stronger for
bis-Nt(<->)-DNA than for bis-Nt(-><-)-DNA com-
plexes.

Supporting evidence for previous interpreta-
tions was provided by analysis of the relative
intensities within the 1333/1340 cm™* doublet.
This doublet is also characteristic for conforma-
tional changes involving the guanine bases so
that the band at 1333 cm’ corresponds to the
C2'-endo dG and the 1340 cm™ is of a Cl'-exo dG
conformation.”® As in the previous case, the sugar
pucker of dG is changed from a Cl'-exo to C2-
endo conformation on DNA binding and the rela-
tive intensities in this doublet reflect the amount
of furanose rings in the C1'-exo or C2'-endo con-
formation. If different bis-Nt-OLIG complexes
are compared, the C2'-endo dG band is always the
strongest for bisNt(<->)-DNA complexes and
weakest for the hisNt(—>—>)-DNA complexes.
Typical spectral modifications induced by the bis-
Nt(«-»)-OLIGI complexation are presented in Fig-
ure 6.

Our spectral data show that every bis-Nt stud-
ied induced loca perturbations in the OLIG con-
formation. Moreover, these structural alterations
were most significant when nonspecific DNA
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binding of a bis-Nt took place. In addition, bis-
NE——>) induced structural changes in OLIGs
were much less significant than those due to other
bis-Nts. All these results are summarized in Ta-
ble 111,

The Raman band at 1206 cm™ is assigned to
the vibration of the C2'-endo sugar pucker of dT
and is known as a sensitive marker of local con-
format|onal transitions involving thymine
bases.?® Our spectra show that the bis-Nt bindi ng
induces a downshift of this band. This shift is
most likely caused by a discrete conformation
change of the dT sugar pucker of the 0,2'endo
conformation.?® Thereby, bis-Nt also affects the
conformation of the OLIGs within the bis-Nt spe-
cfic sequences. A precise value of the downshift
was not estimated because of the weak intensity
of the bands considered in the spectra of the bis-
Nts-DNA complexes. However, it is clear that the
largest shift is induced by DNA binding of the
bisNt(<->) if compared to the bis-Nt(-><-) and bis-
Nt(->->)-DNA complexes.

The bands of the DNA phosphate groups at 790
cm are known to be classical markers of the
DNA secondary structure and are routinely used
for identification of the A, B, or Z forms of DNA.%
Bis-Nt(<->)-OLIG3 binding induced a 3 cm"!
downshift of this band. No changes of this band

>
H
&
L
=
«
E
L}
&
)) A L
650 80 N 1320 1360
Wavenumber, cm™

Figure 6. The decomposition of the 650~690 and

1320-1360 cm™! spectral regions of Raman spectra of
bis-Nt-OLIG complexes. Only those sensitive to the
alterations of the dG furanose ring pucker bands are
shown. The spectra are shown for unbound OLIG1
(spectrum 1), bis-Nt(«<>)-OLIG1 complex (spectrum 2),
bis-Nt(—«)-OLIG1 complex (spectrum 3), and bis-
Nt(——)-OLIG1 complex (spectrum 4).
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were found for bisNt(<->) bound to the OLIG1 or
OLIG2 and for bis-Nt(-»«-) and bis-Nt(-»-») com-
plexed to any of the oligonucleotides. Thus, mod-
ifications of the OLIG3 secondary structure in-
duced by bisNt(<->) correlated with the ability of
this derivative to induce the strongest perturba-
tions within the structure of the OLIG3 revealed
in the other spectral regions. Hence, bisNt(<->)
may be characterized as the derivative with the
strongest DNA structure perturbation.

A downshift of the adenine vibration band near
725 cm™* (see Ref. 31) was seen in the spectra of
bis-Nt(<->)-OLI1G compl ex% only. The value of the
shift was about 2 -:- 3 cm™. This shift was likely
caused by changes in the stacking interaction,
which was due to slight variations of the back-
bone parameters.

The following conclusions were drawn after
analysis of al the spectral data presented:

1. All DNA structural modifications induced
by binding of the bis-Nts are of a local
nature, being within the range of general
B-form conformational characteristics. De-
spite the strong AT specificity of bis-Nts for
DNA binding, pronounced DNA local struc-
tural alterations involving the guanine
bases were detected. Consequently, the
DNA structural perturbations involved not
only the sequences corresponding to bis-Nt
binding sites, but also sequences apart.

2. The strongest perturbations in the DNA
structure were induced by bisNt(<->). This
effect may have been caused by the pres-
ence of a relatively rigid linker in bis
Nt(<->) versus the other bis-Nts used in the
study. The strongest changes in the DNA
were observed when bis-Nts were in com-
plex with the nonspecific OLIGs.

3. Binding of bis-Nts did not change the back-
bone parameters of the OLIGs found in a
classica B conformation. The spectra of
free OLIGs in solution and those of their
complexes with bis-Nts both contain the
invariable B-form marker bands (838 cm™
foo the —0—P—0— antisymmetric
stretch and 1090 cm™ for the PO, sym-
metric stretch).

CONCLUSIONS

All the OLIGs used in this study have large bind-
ing constants for each of the three bis-Nts.*®"8

Moreover, each of the OLIGs contains the se-
guence that allows formation of the complex with
one of the bis-Nts with an at least 10-fold bigger
binding constant (specific binding) compared to
the other bis-Nts (nonspecific binding).

Raman spectroscopy shows that the specificity
of DNA binding of bis-Nts is determined by mu-
tual stereoconformity of bis-Nt to the topology of
specific sequences of the OLIG. Mechanicaly,
DNA binding by the bis-Nts is accompanied by
conformational distortions of both the ligand and
the OLIG. Furthermore, the structural modifica-
tion of the OLIG induced by bis-Nt binding ap-
pears not only in a bis-Nt binding site, but also in
the sequences quite apart from these sites. In the
bis-Nt molecule the torsion angles of the peptide
bonds (Fig. 1) isvaried, resulting in abend of each
of the two Nt fragments and adapting them to the
form of the OLIG's minor groove. Moreover, the
most prominent structural changes of bis-Nts and
OLIGs were observed for the nonspecific binding
of bis-Nts.

The Raman spectra reveal several conforma
tional changes in the OLIGs, including slight
modifications of the OLIG secondary structure
(alterations of the valence symmetric VI bration
band of—0—P—0— groups at 790 cm™), per-
turbatlons of the stacking interactions of adenine
(725 cm™), and local changes in the topology of
the backbone around the thymlnes (1206 cm™)
and guanines (670 -:- 680 cm™). It should be
noted that the changes of the bands in the 670
-:- 680 cm’* region are the most important be-
cause they indicate conformation of the OLIGs in
the vicinity of bis-Nt specific sequences.

The differences in the molecular mechanism of
DNA binding by bis-Nts may account for their
capacity to inhibit the catalytic activities of dif-
ferent DNA-binding enzymes. Indeed, our exper-
iments on the influence of these bis-Nts on the
activity of human DNA topoisomerase | showed
that ligands with different orientations of Nt frag-
ments modulate the enzyme activity in different
ways. 4

The second author (A.S) is supported by an ARC fd-
lowship.
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