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ABSTRACT: The association of dicationic polycyclic ligands, namely, four diazoniapentaphene derivatives,
three diazoniaanthra[l&anthracenes, diazoniahexaphene, and a partly saturated hydroxy-substituted
diazoniapentaphene with double-stranded and triple-helical DNA, was investigated by spectrophotometric
and viscosimetric titrations, CD and LD spectroscopy, DNA melting experiments, and molecular modeling
studies. All experimental and theoretical data reveal an intercalative DNA-binding mode of the
diazoniapentaphenes and diazoniaanthragla®thracenes; the latter have approximately 10-fold higher
affinity for the DNA duplex. CD spectroscopic investigations and molecular modeling studies show that
only one azonianaphthalene part of the ligand is intercalated between the DNA base pairs, whereas the
remaining part of the ligand points outside the intercalation pocket. In contrast, the diazoniahexaphene is
a DNA groove binder, which binds selectively to [poly(dAd)At low ligand-to-DNA ratios < 0.15),

the diazoniahexaphene also behaves as an intercalator; however, all spectroscopic and viscosimetric data
are consistent with significant groove binding of this ligandrat 0.2. Studies of the interaction of
diazoniapolycyclic ions with triplex DNA reveal a preferential binding of both diazoniapentaphenes and
diazoniaanthra[1,2Janthracenes to the triplex and stabilization thereof. These properties are more
pronounced in the case of the hexacyclic diazoniaanthrajarthracenes; however, the diazoniahexaphene
shows no preferential binding to the triplex. The DNA binding properties of the diazoniapentaphene
derivatives remain essentially the same upon variation of the positions of nitrogen atoms or substitution
with methyl groups. In contrast, the interactions of the diazoniaanthraJarhracence isomers with
triplex DNA are slightly different. Notably, the 14a,16a-diazoniaanthraf]a®thracene is among the

most efficient triplex stabilizers, with a 9-fold larger binding affinity for the triplex than for the DNA
duplex. Moreover, the diazoniapentaphene and diazoniaanthigfinthracene derivatives represent the

first examples of triplex-DNA binders that do not require additional aminoalkyl side chains for efficient
triplex stabilization.

The investigation of the interactions of nucleic acids with (4). However, only a few ligands are known that bind to the
small-molecule ligands is an active research area, and theDNA by the intercalative mode exclusively, i.e., by insertion
latter compounds represent targets for drug design inbetween the neighboring base pairs of DNA. A vast number
anticancer therapyl( 2). Along these lines, especially of ligands, which have an intercalating part endowed with a
important are the ligands capable of structure- or sequence-ariety of substituents, bind to the DNA by a mixed mode,
selective binding to nucleic acids, since such compounds maysijnce the substituents occupy the DNA grooves upon binding
purposefully influence the biological functionality of genetic 54 thus determine the selectivity and binding energetics of

material in vivo @). _ the ligand. Thus, in the case of the “classical” intercalator
The condensed poly(hetero)aromatic compounds are usu-

. ) ~>“ethidium, the phenyl ring occupies the minor groove,
ally regarded as representative DNA intercalators, especially

it th lectron-deficient h d i resulting in an overall heterogeneous DNA bindirag §).
I they possess electron-deticient or charged aromatic CoreSay the same time, even relatively small changes in the
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Chart 1: Structures of Annelated Quinolizinium lohs3 dsDNA, as compared with the monocharged derivatives, in
and Diazoniapolycyclic lond—7 combination with an almost exclusive intercalative binding
m 7 ‘ mode @6). Moreover, a significant preferential binding to
oNF N7 ‘iEN\/‘ the triple-helical DNA poly(dA)-[poly(dT)] was observed,
1 2 O A% most pronounced in the case of diazoniaanthrafla?-
thracenesba and 5b (27). Herein, we report a systematic
® investigation of the DNA binding properties of an extended
series of diazoniapolycyclic salts (termed “DAPS”), including
e oX y p the unsubstituted and methyl-substituted diazoniapentaphenes
QY‘ 2_2';\> oot ok _ 4a—e, the three isomeric diazoniaanthra[B&nthracenes
R ZY z 2A 6 . . .
2A < @ 5a—c, the recently described diazoniahexaphénand a
A partly saturated, hydroxy-substituted diazoniapentaphene

R!

Q XYz R'R? Qxyz Me, S . : 2 . .
derivative7. With this series in hand, we tried to establish
4a CCNNHH 52 C C NN 2 —/ —\& the influence of (i) the shape of the ligand (angukes-e
4 NN CCHH NNl e & and 6, and helicene-like5a—c), (ii) the position of the
AN o M bridgehead nitrogen atoms, and (iii) the methyl substituents
4e CNNCH Me A=BF 4 on the DNA binding properties of DAPS with respect to

duplex and triple-helical DNA, and we used a combination

In view of the complexity of the ligandDNA recognition of the physicochemical techniques, such as spectrophoto-
process, a study with model compounds, which possess onlymetric titrations, linear (LD) and circular dichroism (CD)
one DNA-binding mode, is desired. Such an investigation spectroscopy, viscosimetric experiments, DNA thermal de-
might reveal the base or sequence preference of thenaturation studies, and molecular modeling, to achieve this
intercalating chromophore, unmodified by the side-chain goal.
substituents. However, the investigation of the DNA binding
properties of unsubstituted arenes and heteroarenes, such £XPERIMENTAL PROCEDURES
anthracene, pyrene, and acridine, is hampered by their low Ligands and Buffer SolutionSynthesis and characteriza-
solubility in water, and the attachment of the water-soluble tion of the investigated compounds have been described
side groups, which at the same time may influence the DNA previously 0—25). The identity and purity of all ligands
binding properties, is necessard3(-15). We have shown  were confirmed by'H and 3C NMR spectroscopy and
earlier that the quinolizinium cation represents a promising elemental analysis data. Stock solutions of all ligands (1 mM)
platform for the DNA-binding ligands, since the annelated were prepared in HPLC-grade DMSO or acetonitrile. All
derivatives of this ion are very water-soluble due to the buffer solutions were prepared from purified water (resistivity
presence of an intrinsic positive chardes) Thus, benzo-  of 18 MQ cm™) and biochemistry-grade chemicals. Prior
[blquinolizinium (acridizinium) cation 1) (Chart 1) and to use, the buffer solutions were filtered through a PVDF
naphthoquinolizinium derivatives are unsubstituted het- membrane filter (pore size of 0.4&n). ETN buffer [10 mM
eroaromatic compounds, capable of binding to double- TRIS, 1 mM EDTA, and 10 mM NaCl (pH 7.0)] or BPE
stranded DNA (dsDNA) 17, 18). A combination of spec-  buffer [6.0 mM NaHPQ,, 2.0 mM NaHPQ,, and 1.0 mM
trophotometric and spectrofluorimetric titrations, linear and NaEDTA, with a total Na& concentration of 16.0 mM (pH
circular dichroism spectroscopy, and primer-extension analy- 7.0)] was used for thermal denaturation experiments with
sis was used to show that these compounds bind to the DNAdsDNA. BPES buffer [BPE buffer containing additional 185
by a combination of intercalation and association with the mM NaCl (pH 7.0)] was used for thermal denaturation
phosphate backbone, with a slight preference for GC-rich studies with triplex DNA.
over AT-rich DNA regions 18). Recently, we have extended Nucleic AcidsCalf thymus DNA (ctDNA, type I, highly
our studies of unsubstituted cationic heterocycles to other polymerized sodium salt) and salmon testes DNA were
four-ring polyacenes, namely, linear and angular dibenzo- purchased from Sigma (St. Louis, MO). They were dissolved
quinolizinium derivative® and3, which may be considered in an appropriate buffer at a concentration ef2Lmg/mL
as water-soluble analogues of tetracene and chryseneand left at 4°C overnight. After being treated (10 min) in
respectively 19). We have demonstrated that both derivatives an ultrasonic bath, the solution was filtered through a PVDF
exhibit an intercalative mode of binding to dsDNA with membrane filter (pore size of 0.4bm) to remove any
moderate binding constant& &= 1-7 x 10° M™1) and a insoluble material. Polynucleotides [poly(dAdZ,)]poly-
slight preference for association with GC-rich DNA regions. (dGdC)}, poly(dA)-poly(dT), and poly(dT) were purchased
At the same time, both derivatives preferentially bind to the from Amersham Biosciences (Piscataway, NJ) and used
triple-helical DNA over the duplex form, although the affinity without further purification or treatment. Triplex poly(dA)-
and selectivity of the binding depend significantly on the [poly(dT)], was prepared by mixing equimolar amounts of
shape of the aromatic system. poly(dT) and poly(dA)-poly(dT), each dissolved in BPES

In the context of our investigations of polyannelated buffer at a concentration of approximately 1 mM (bases and
quinolizinium derivatives, we have prepared and investigated base pairs, respectively), heating the mixture td°G0n a
a range of polyheterocycles (diazoniapolycyclic ions) con- water bath, and slowly cooling it to 4C overnight.
taining two quinolizinium fragments and consequently a Concentrations of nucleic acid samples were determined by
dicationic chromophore20—25). Our preliminary studies UV absorbance measurements of a diluted (1:20) stock
have shown that the compounds of this type, such as 12asolution, using the published values of the extinction
14a-diazoniapentapher®, have an increased affinity for  coefficients £8). The quality of nucleic acids samples was
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checked by comparing their melting temperatures with the by fitting to the electrostatic potential maps (CHELPG

published data at identical buffer compositio28,(29). If

method) 86).

not stated otherwise, the DNA concentrations are expressed (1) Duplex Intercalation Site PreparationThis study

in nucleobase units.

Spectrophotometric titrationgrere performed according
to the established protocols in ETN buffer at 25 (30).
The hypochromicityH of the ligands upon binding to DNA
was calculated with the equatidth= 1 — Epna/Eo, Where
Eo, andEpna are the integrated extinction coefficients of the
free ligand and of the ligardDNA complex in the long-
wavelength range (368600 nm), respectively3().

Linear and Circular Dichroism Spectroscopy.inear
dichroism spectra of the liganehucleic acid complexes were
recorded in ETN buffer in a flow cell on a Jasco J500A

involved the use of consensus dinucleotide intercalation
geometries d(ApT) and d(GpC) initially obtained using
NAMOT2 (Nucleic Acid MOdeling Tool, Los Alamos
National Laboratory, Los Alamos, NMB7). The d(ApT)
and d(GpC) intercalation sites were contained in the center
of a decanucleotide duplex of sequences-&(bBATA-3');

and d(5-GCGCG-3),, respectively. The decamers in the
B-form were built using the “DNA Builder” module of
Molecular Operation Environment (MOE, version 2005.06)
(38). The decanucleotides were minimized using the Am-
ber94 all-atom force field39) implemented by MOE, until

spectropolarimeter equipped with an IBM PC and a Jasco Jthe root-mean-square (rms) value of the Truncated Newton

interface. Partial alignment of the DNA was provided by a
Wada-Kozawa linear-flow device32) at a shear gradient
of approximately 800 rpm. The concentration of DNA in

samples for LD spectroscopy was 2.27 mM, and ligand-to-

DNA ratios () of 0, 0.04, 0.08, and 0.2 were used. Data

method (TN) was<0.1 kcal mot* A~1, To model the effects
of solvent more directly, a set of electrostatic interaction
corrections was used. The MOE suite implemented a
modified version of the GB/SA contact function described
by Still and co-workers 40). These terms simulate the

evaluation and determination of binding geometry were electrostatic contribution to the free energy of solvation in a

performed as described previousB8(34). The CD spectra
were recorded at a DNA concentration of @@ and ligand-

continuum solvent model.
(2) Molecular Docking ProtocolDiazoniapolycyclic salts

to-DNA ratios of 0, 0.04, 0.2, and 0.4 on a Jasco J800 were docked into both intercalation sites using the flexible
apparatus. The spectra presented here represent results ¢flOE-Dock methodology. The purpose of MOE-Dock is to

four averaged scans.

Viscosimetry of DNA Solution¥iscosimetric measure-
ments were performed in a micro-Ubbelohde capillary
viscosimeter thermostated at 28@. The viscosimeter was
filled with 2.5 mL o a 1 mM (bp) solution of sonicated
ctDNA (Trevigen, Gaithersburg, MD; average length of
200 bp) in BPE buffer. The aliquots {20 uL) of the

search for favorable binding configurations between a small,
flexible ligand and a rigid macromolecular target. Searching
is conducted within a user-specified three-dimensional dock-
ing box, using the “tabgearch” protocol41) and MMFF94
force field @2). Charges for diazoniapolycyclic salts were
imported from the Gaussian output files. MOE-Dock per-
forms a user-specified number of independent docking runs

solution of the ligand in the same buffer (5 mM) were added (55 in the presented case) and writes the resulting conforma-

by means of a microsyringe, until the final concentration of

tions and their energies to a molecular database file. The

the ligand in the viscosimeter reached 0.2 mM. After each resulting DNA-diazoniapolycyclic salt complexes were

addition, the sample was thoroughly mixed by bubbling air

subjected to MMFF94 all-atom energy minimization until

through the liquid and equilibrated for several minutes, and the rms value of the conjugate gradient we® 1 kcal mof™*

the flow times were determined in triplicate.

The specific viscosity of the DNA solutions was calculated
with the equation; = (t — to)/to, wherety is the flow time
of the buffer solution and is the flow time of the DNA
solution. The §/n0)*® values, wherey, andy are the relative

A-1, GB/SA approximation has been used to model the
electrostatic contribution to the free energy of solvation in a
continuum solvent model.

(3) Binding Free Energy CalculationThe binding free
energies were calculated using the MM-GBSA free energy

viscosities of the DNA solutions in the absence and presencecalculation method43). In this method, the free energy of
of varied concentrations of ligand, respectively, were plotted inhibitor binding, AGing, is obtained from the difference

versus the ligand-to-DNA ratiar).

DNA thermal denaturation studiesere performed ac-
cording to the established protoco7), using BPE buffer
for dsDNA and BPES buffer for triplex DNA poly(dA)-
[poly(dT)].. The samples were heated from 20.0 to 9O
at a rate of 0.2C/min, while the absorbance was monitored
at 260 nm. The melting temperaturds,| were determined
from the first-order derivatives of melting curves.

Computational Methodologiesll modeling studies were

between the free energy of the receptligand complex
(Gepy) and the unbound receptoGgy) and ligand Gig)
according to the following equation:

AGbind = chx - (Grec+ GIig)
The binding free energyAGuing) Was evaluated in four

DNA—molecule complexes obtained as docking results.
AGping Was calculated as a sum of changes in the energy of

carried out on a 12-CPU cluster running under openMosix three different contributions: (i) a force field terrs) for
architecture. The structures of diazoniapolycyclic cations bond, angle, torsional, van der Waals, and electrostatic

were optimized using Hartred~ock calculations with the

potential energies, (ii) a polar solvation free energy part

6-311++G(d,p) basis set. The quantum chemistry calcula- (AGcs), calculated according to the generalized Born ap-

tions were carried out with Gaussian 985). Harmonic
vibrational frequencies were obtained from RHF/6-8#1G-

(d,p) calculations and used to characterize local energy
minima (all frequency real). Atomic charges were calculated

proximation model44), and (iii) a nonpolar contribution to
the solvation free energyAGne):

AGpjng = Epr + AGgg + AGyp
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AGp =7y x SASA 10
where SASA represents the solvent accessible surface area 8
of the solute whiley is an empirical parameter (0.005 kcal
mol-1 A2,

(4) Determination of the Transition Dipole Momerithe w
transition dipole moments were calculated using the semiem- — 02X/
pirical AM1 Hamiltonian and the configuration-interaction 0ol
method implemented in HyperChem5 employing the 10
energy-minimized ground-state geometry. The CI calcula-
tions involved the five highest occupied and five lowest %]
unoccupied molecular orbitals and a total of 51 singly excited
configurations.
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RESULTS 02
Binding of DAPS to Double-Stranded DNA 0.0 0.0
Spectrophotometric Titrationg.he interaction of DAPS e Wave,;‘f;’m,nm 200 %00 Wave.:fsm,nm °0

with D.NA was mo_mtored by spectrophot(_)metnc titrations Ficure 1: Spectrophotometric titrations of stDNA{@.1 mM)
of their solutions in an aqueous buffer with salmon testes 5 compoundstb, 4e 5a, and6 at a ligand concentration of 20

DNA (stDNA). Representative spectrophotometric titrations xM. Arrows indicate the changes of the intensity of the absorption
are shown in Figure 1 (for the corresponding graphs of the bands upon addition of DNA.

other derivatives, see Figure S1 of the Supporting Informa-
tion). Along with a significant hypochromism (2(B0%) and ~ Table 1. DNA Binding Constants) and Binding Site Sizes] of
a partial loss of the fine structure of absorption bands, the ?i't"’r‘gggl'nasf"'ycy‘:"c lonst—6 Determined from Spectrophotometric
absorption maxima of most DAPS exhibit bathochromic

shifts of 5-10 nm upon formation of a complex with DNA, ligand H (%) K(x10° M) n (bpy’
relative to the free ligands (Table 1). Moreover, several 4a 43 5.F° 2.8
isosbestic points were detected in each case. In the case of 4P 21 18 2.0

T : ) 4c 28 1.2 25
the spectrophotometric titration of DNA to diazonia- 4d 20 18 25
hexaphenes, hypochromism and red shifts of absorption 4e 29 1.8 25
maxima were observed (Figure 1); however, an isosbestic 5a 19 6.4 2.0
point was maintained only at the end of the titration, i.e., at gg gg gg-% %‘2)
DNA-to-ligand ratios of>1.3, whereas at lower concentra- 6 57 4.9 0.9
tions of DNA, no isosbestic point was observed. Finally, the 7 25 nd nd
addition of the DNA resulted in an only minor hypochromic

: e a Experimental conditions: ETN buffer [L0 mM TRIS, 1 mM EDTA,
effect in the case of derivative (not shown). and 10 mM NaCl (pH 7.0)] at 25C. ® Hypochromicity (in the 306
The binding isotherms, derived from the spectrophoto- 500 nm range) of the ligands upon formation of a complex with DNA.

metric titrations, were represented as Scatchard plots, which®Apparent binding constant$Binding site sizes (in base pairs),
were analyzed according to the model of McGhee and von ce}lculated from fitting of the binding isotherms to'the I_\/Icghe_en

. . - Hippel model.® From ref26 and from spectrofluorimetric titrations.
Hippel (30, 46) to estimate the apparent association constant ot determined.
(K) and the number of base pairy covered by the ligand

molecules upon binding to the DNA (Table 1). The binding ) )
site sizes were in the 2-2.5 bp range for all DAPS; atthe ~ Where only the ligands absorb (Figure 2, top panels). The

same time, the values of the binding constants depend onf€gative LD signals in the long-wavelength regions (300
the structure of DAPS. Diazoniapentapheriss-e have 450 nm) indicate that the transition dipole moments and thus
similar binding constants @2 x 10° M-1), whereas the the -systems of ligandda—e, 5a—c, and6 are coplanar to

hexacyclic derivatives have significantly higher DNA affinity —the ones of the nucleic bases upon binding to the DNA. The
(~5 x 10° M~ for 5b and50). In the case of compourg) addition of the ligands also leads to a significant increase in

the apparent binding constant x 10° M~1) is actually a the magnitude of the LD sigr_lal of the absorption_ baqd of
combination of at least two binding constants, as the the DNA bases¥260 nm), which usually reveals stiffening
photometric DNA titration indicates more than one binding ©f the DNA molecule and a better orientation of the DNA
mode, and the two binding constants could not be resolvedMolecules along the flow lines.

from the available data. In the case of compound only a weak LD signal in the
Linear Dichroism SpectroscopWe used LD spectroscopy region of the ligand absorption (36@20 nm) was observed
to evaluate the binding modes between ligadse, 5a— in the presence of DNA. Interestingly, the LD signalof

¢, 6, and7 and DNA, with the DNA molecules being oriented negative at low ligand-to-DNA ratios but becomes bisignate
in a hydrodynamic field (flow linear dichroism38, 34). at higher ligand loadingr[= 0.20 (Figure 5I)]. At the same
Except for compound, the LD signals of complexes of time, the addition of this compound to the DNA results in a
DNA with DAPS are negative at different ligand-to-DNA moderate decrease in the magnitude of the LD signal of the
ratios (0.04, 0.08, and 0.20) both in the UV region, where DNA bases, which indicates an interaction between dsDNA
the DNA and the ligands absorb, and at longer wavelengths,and 7.
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Ficure 2: Linear dichroism (LD, top panels) and reduced LD (| Bottom panels) spectra of compountis—e, 5a—c, 6, and7 in the
presence of stDNA (2.27 mM, in bases) at different ligand-to-DNA ratios (black fo10, magenta for = 0.04, green for = 0.08, and
orange for = 0.20); the more intense LD signals of DNA and ligahcesult from a new setup in this particular experiment, which allows
better orientation of the DNA in the flow cuvette.

The reduced LD spectra [LB3= LD/As, (Figure 2, bottom The CD spectra of complexes of diazoniahexaplGanih
panels)] of DNA-ligand complexes provide further informa- DNA reveal a bathochromic shift of the positive CD signal
tion about the average orientation of the transition moment of the DNA (Figure 3), and an isoelliptic point at 280 nm
of the dye relative to those of the DNA bases and allow us was observed. In contrast to DABS—e, 5a, and5b, which
to distinguish between homogeneous and heterogeneougxhibit moderate negative ICD signals, diazoniahexaphene
binding. Except for those of compoun almost constant 6 shows a strong (8 mdeg iat= 0.2), well-resolved positive
LD, spectra over the range of 33@00 nm were observed, ICD signal in the region of 336450 nm. Finally, addition
indicating an almost exclusive intercalation of DAPS into of compound? to DNA does not lead to significant changes
dsDNA. In the regions wheré > 420 nm, a significant  in the CD spectrum of stDNA, whereas a weak positive ICD
fluctuation of the LD signal was observed because of the signal (0.2 mdeg) of the ligand was observed in the long-
low absorbance of the ligands at these wavelengths. wavelength region (Figure 3).

Circular Dichroism Spectroscopyn the case of DAPS Viscosimetric TitrationsThe interaction of the ligands with
4b—eand5a—c, the CD spectra of stDNA exhibit a moderate DNA has an effect on the hydrodynamic properties of the
increase in the magnitude of the positive CD signal of DNA solutions of the biopolymers4y). At low ligand-to-DNA
(275 nm) in the presence of increasing concentrations of ratios ¢ < 0.2), the intercalation of the ligands between the
DAPS (Figure 3). Additionally, induced CD (ICD) signals DNA base pairs leads to the elongation of the biomacro-
are observed in the regions of the absorption of the ligandsmolecule and increases the viscosity of the solution. In the
(300—-450 nm), which are usually negative-Q.2 to —1.8 case of ethidium bromide, which was chosen as a reference
mdeg atcona = 30 uM); however, in the case of diazonia- compound, a linear dependence of the cubic root of the
pentaphenda, a weak positive ICD was observed [1.3 mdeg relative viscosity on the ligand-to-DNA ratio was observed
atr = 0.4 (Figure 3)]. In the cases df and5b, the ICD (Figure 4) with a slop& of 0.92, which is consistent with
signals of the ligands were bisignate and additional weak literature data48). The diazoniapentapherie and diazo-
positive ICD bands were observed, which are indicative of niaanthra[l,2a]anthraceneba behave similarly, leading to
the exciton interactions between the bound ligarg8#. ( an increase in the viscosity of the DNA solutions, albeit with
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Ficure 3: CD spectra of compoundie—e, 5a—c, 6, and7 in the presence of stDNA (30M in bases) at different ligand-to-DNA ratios
(black forr = 0, magenta for = 0.04, green for = 0.20, and orange far = 0.40). Note the different scale in the case of compounds
6 and?7.

. Table 2: DNA Binding Properties of Ligands from Thermal
1151 ¢ Denaturation Studiés
- -
. inducedATn, (°C)
e 140] CtDNA [poly(dAdT)].
E ligand r=0.2 r=05 r=02 r=05 base selectivity
= proflavine 10.1 (119 15.6 18.4 24.0 AT
1.054 1 1.2 (&) 26(3) 1.6(2 3.5(4) AT
e 4a 12.1 19.0 11.3 16.2 GC
i 4h 11.8 175 8.5 15.4 GC
1.00¥" 4c 12.1 17.6 8.4 15.2 GC
00 01 02 4d 13.0 20.5 10.0 17.0 GC
. . ' 4e 12.6 18.1 8.3 14.9 GC
Ligand-to-DNA ratio r 5a 15.4 30.2 138 23.3 GC
Ficure 4: Effect of ethidium bromide and DAP&, 5a, and6 on ob 16.7 304 19.8 32.8 AT
: : . . . 5¢c 18.7 28.6 18.8 28.7 none
the relative viscosity of a solution of ctDNA (1 mM bp in BPE g 151 217 254 350 AT
buffer) at 25°C. The dotted lines represent linear fits of experi- 7 20 5.8 3.4 7.4 AT
mental data.

a Experimental conditionscona = 40uM (bp) in BPE buffer, [Na]
. . = 16 mM; estimated error of£0.2 °C. P Based on comparison of
slightly smaller slopes (0.86 and 0.82, respectively). At the AT, (ctDNA) andAT.[poly(dAdT),] values.© From ref29. 4 From ref
same time, the increase in the viscosity seems to reach19. ¢Biphasic curveT determined from the midpoint of the transition.

saturation at lower values as compared to ethidium. fThermal decompositipn of the ligand was qbsgwed at temperatures

Notably, the addition of diazoniahexaphefieads to a much ~ ©f 70 °C but did not influence th@n determinations.

less pronounced increase in the viscosity of DNA solutions

(k= 0.57 atr < 0.1 andk = 0.33 atr > 0.1). strengths of buffer (BPE buffer) so that the melting transi-
DNA Thermal Denaturation Studie$he DNA binding tions could be observed at moderate temperatures, and to

properties of diazoniapolycyclic ions were studied by thermal allow a direct comparison with other known DNA ligands

denaturation experiments with two types of dsDNA, calf (29). Proflavine (3,6-diaminoacridine), an intercalator whose

thymus DNA (ctDNA, 42% GC) and an alternating poly- DNA binding properties are well-documentet®¢-51), and

nucleotide [poly(dAdT)]. The stabilizing effect of the ligands  the parent system, the acridizinium ioh),(were used as

was investigated under incomplete saturation conditions, i.e.,reference compounds. Ti€T, values for the diazoniapoly-

at ligand-to-DNA ratios ) of 0.2 and 0.5, and at low ionic  cyclic salts are presented in Table 2. For two representative
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Ficure 5: (A and B) Thermal denaturation profiles of [poly-
(dAdT)]2 duplex €ona = 40uM bp in BPE buffer) in the presence
of 4b (A) and 5b (B) at ligand-to-DNA ratios () of 0, 0.1, 0.2,
0.3, 0.4, 0.5, 1.0, and 2.0. Arrows indicate the shift of the melting
curves with increasingvalues. (C) Plot of ligand-inducem, shifts

vs ligand-to-DNA ratio.

ligands, diazoniapentaphed® and diazoniaanthra[l1,8-
anthracenéb, the influence of the ligand-to-DNA ratios on
the DNA melting profiles was studied over a broader range
(0.1-2.0) of r values (Figure 5).

At low ionic strengths, all diazoniapolycyclic salts, except
for derivative 7, stabilize the double-stranded DNA with
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Ficure 6: Influence of the total Na concentration on th&,,
transitions of [poly(dAdT)] in the absence®) and presence afb
(O) at a ligand-to-DNA ratio of 0.5.

to GC-rich DNA regions. However, compoun8b and 6
display preferential high-affinity binding to [poly(dAdT)]
The diazoniahexaphen@ shows an exceptionally strong
stabilization of [poly(dAdT)} (AT, = 35°C atr = 0.5),
while its binding to ctDNA is less pronounced.

In contrast, derivativd has much weaker effects on the
melting transition of DNA. The induced, shifts AT
5—7 °C atr = 0.5) are in the range which is characteristic
for weak DNA binders, such as acridiziniuth and the
unsubstituted acridiné2g), and a slight preference for AT-
rich DNA is observed. Moreover, a drift in the DNA melting
profiles is induced by this compound, which we attribute to
its partial thermal decomposition. For these reasons, this
compound was excluded from the further DNA binding
studies.

Dependence of Melting Temperatures on lonic Strength.
Because the thermal denaturation experiments with triplex
DNA needed to be performed at ionic strengths higher than
those used for the dsDNA due to the instability of the triplex
at low ionic strengths (in the absence of divalent cations or
polyamines), we first examined the influence of the salt
concentration on the melting behavior of dsDNA in the
presence of selected DAPS ligands. It is known thattig
values, obtained under different ionic strength conditions,
cannot be directly used for comparison of the binding
affinities of the ligands for DNA, since the melting temper-
ature of DNA depends strongly on the salt concentration even
in the absence of ligand$2). On the other hand, binding
of the ligands to the DNA also depends on the salt
concentration, due to the competition between the positively
charged ligands and the monovalent salt cations for available

respect to thermal denaturation to a very large extent. ThatDNA binding sites, as well as on the overall charge of the

is, the diazoniapentaphenéa—e increase the temperatures
of the helix—coil transition of ctDNA by 18-20 °C (ATn)

ligand (63). This dependence is complicated and cannot be
analyzed completely in the absence of the thermodynamic

atr = 0.5. This stabilization is much more pronounced than parameters (enthalpy of binding) obtained by independent
the one induced by the monocationic acridizinium AT, methods. Moreover, in this work, mainly subsaturating ligand
= 2.6°C) and is comparable to the one induced by proflavine concentrations were used, which allow a better comparison
(AT = 15.6°C). Especially large effects are observed for between different ligands but cannot be analyzed, with
diazoniaanthra[1,2]anthracene$a—c (AT, ~ 30 °C atr respect to the binding thermodynamics, by the established
= 0.5). Although thermal denaturation experiments with the methods %4, 55). For these reasons, the influence of the salt
[poly(dGdC)} duplex were not possible under the conditions concentration on the melting behavior of DNA was evaluated
that were employedT, > 100 °C), a comparison oATy, empirically by the measurementsf values of the double-
values observed with ctDNA (42% GC) and those obtained stranded polynucleotide, [poly(dAdT)jin the presence and
with [poly(dAdT)], allowed us to evaluate the base selectivity absence of a representative ligattglat the same concentra-
of the ligands. Thus, most diazoniapolycyclic salts exhibit a tions, but under various ionic strength conditions (Figure 6).
slightly larger stabilization of ctDNA compared to the [poly- The melting temperature of the [poly(dAdT)duplex in
(dAdT)]> duplex, presumably due to the preferential binding the absence of the ligand is linearly dependent on log]Na
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in the range of salt concentrations between 16 and 200 mM,
as characterized by the empirical Schildkralifson equa-

tion (52, 56). In the presence of subsaturating amounts of
ligand, theT, expresses a complex behavior; that is, at low
Na" concentrations ([Ng < 50 mM), the melting temper-
ature of the liganede DNA complex is almost independent of
the salt concentration. With an increasing salt concentration,
the melting temperatures asymptotically approach the ones
that are observed in the absence of the ligand. At these salt
concentrations, the binding constant of a ligand is reduced
to a level that does not significantly contribute to the binding
and stabilization of the double helix. It should be emphasized
that the salt influence is especially important for the
diazoniapolycyclic ligands, as these are doubly positively
charged species.

Binding of Diazoniapolycyclic lons to Triple-Helical DNA

DNA Thermal Denaturation StudieBhermal denaturation
experiments were used to investigate the binding of diazo-
niapolycycles to triple-helical DNA, namely the poly(dA)-
[poly(dT)], triplex, which is readily prepared from poly(dA)-
poly(dT) and poly(dT) and is stable at neutral pH values.
As in reported protocols2@), thermal denaturation studies
with triplex DNA were performed under the conditions of
relatively high ionic strength ([Ng = 200 mM), to eliminate
the interference of otherwise used buffer components, such
as polyvalent metal cations (Mg or polyamines, which
may also stabilize the triplexs{). Under these conditions,
the melting profiles of the poly(dA)-[poly(dTyltriplex are
biphasic: whe,>2 = 42.8°C, the triplex dissociates into
the poly(dA)-poly(dT) duplex and a single-stranded poly-
(dT) (Hoogsten transition), whereas Wheg ™1 = 74.8°C,
the remaining double helix dissociates (Wats@rick
transition). The diazoniapolycyclic ions have a pronounced
influence on the melting behavior of the triplex DNA (Figure
7). Thus, at low ligand-to-DNA ratiog (< 0.5), diazonia-
pentaphene$a—einduce large shifts of the triplex-to-duplex

Fraction absorbance change
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FIGURE 7: Melting profiles of poly(dA)-[poly(dT)} in the presence
of DAPS 4b, 5b, and6 at ligand-to-DNA ratiosr) of 0, 0.1, 0.2,
0.3, 0.4, and 0.5¢pya = 40 uM (base triplets) in BPES buffer.
Insets show the dependencelgf shifts [AT* 2 (®) and AT 21
(O)] on the ligand-to-DNA ratio.

transition to higher temperatureAT,® 2 = 14—17 °C atr

= 0.5 (Table 3)]. At the same time, the temperature of the AS Determined by Thermal Denaturation Studies

Table 3: Stabilization of the Poly(dA)-[Poly(dE)[riplex by DAPS

duplex denaturation is only slightly affectef{2 ' = 0.7—
1.3°C). These observations show that, under the conditions

that were employed, saléa—e are capable of selective
binding to and stabilization of the triple-helical DNA. It
should be noted that at the high ionic strengths used in these
experiments, in contrast to the melting experiments with
double-stranded DNA which were performed at lower ionic
strengths (16 mM N see Table 2), the interaction of the
ligands with DNA is suppressed to such an extent that it
almost does not lead to a thermodynamic stabilization of the

r=0.2 r=0.5

ligand AT,372 N AT372 ATp2 1
proflavine 4.5 0.4 6.6 1.3
4a 11.3 1.0 17.1 1.3
4b 10.3 0.6 16.5 0.7
4c 11.3 0.5 17.5 0.9
4d 11.6 0.8 17.4 0.9
de 8.6 0.6 13.7 0.7
5a 26.3 0.7 34.1 5.8
5b 22.8 2.6 27.1 9.9
5c 27.7 3.6 31.6 10.2
6 7.7 7.2 12.9 7.9

duplex DNA, whereas the stabilization of the less thermo-
dynamically stable triplex motif becomes prominent.
Compared to derivativegla—e, diazoniaanthra[l,2]}-

a Experimental conditionscona = 40 uM (base triplets) in BPES

buffer, [Na'] = 200 mM; estimated error ifm, determinations of
+0.2°C.

anthracene5a—c have an even more pronounced influence
on the thermal stability of the triple-helical DNA. Thus, at

isomer5a shows an exceptionally high selectivity at low

ligand-to-DNA ratios of 0.5, these compounds increase the values; that is, at = 0.2, the induced,®> 2 shift is 26°C

temperature of the Hoogsten transitiailg,®2) by ~30°C;

and thus far larger than those observed with diazoniapen-

in the case oba, the two melting transitions merge almost taphenesla—e, whereas the\T,> 1 is only 0.7°C.
Notably, diazoniahexaphen@ has the lowest triplex-
more severe shifts of the temperature of the duplex-to-coil versus-duplex selectivity among the investigated DAPS.

completely ar > 0.3. However, these ligands also induce

transitions. This effect is most pronounced in the casgbof
and5c¢ (ATy? "~ 9—10°C atr = 0.5), indicating that these

Thus, this compound stabilizes the triplex DNA to a lesser
extent than diazoniapentaphenes and diazoniaanthralfl,2-

compounds have lower triplex-versus-duplex selectivity. The anthracenesXT> 2= 12.9°C vs 14-17 °C for compounds
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of DNA to compounds, an isosbestic point is not conserved,
an indication of significant heterogeneous binding. The
absorption of all the ligands, except fa@r is significantly
reduced (hypochromism value of 280%) in the presence

of DNA, which indicates a strong electronic interaction
between ther-electrons of the ligands and those of nucleic
bases. For comparison, the large hypochromism is charac-
teristic of the anthracene derivatives which are intercalated
into the DNA (11).

The linear dichroism data provide further information
5b about the mode of binding of DAPS to dsDNA, namely, the
FiGURE 8: Molecular models of diazoniapentaphete(left) and orientation of the chromophore of the ligands bound to the
diazoniaanthra[1,2Janthracene5b (right) intercalated into the ~ DNA helix. Thus, intercalation of the aromatic ligands, such
[poly(dGdC)} duplex (see Experimental Procedures for details); as anthracene and acridine derivatives, results in a perpen-
dsDNA is represented by its Connolly’s surface. dicular orientation of the chromophore plane and transition
dipole moments with respect to the DNA helix axis (i.e.,
coplanar with the nucleic bases), which gives rise to negative

4a—e atr = 0.5). At the same time, the temperature of the

duplex denituratior_l is increased significantlyT ™ = LD signals of the bound ligands, such as the ones of the
7.9°C atr = 0.5), indicating a strong preference for the p,cjeic bases that have the same relative orientation of the
duplex form of DNA in this case. 7-system. At the same time, the ligands bound in the DNA

grooves are oriented with an angle of approximately, 45

Molecular Modeling Studies which results in positive LD signals.

To further assess the structure of the ligamNA Diazoniapentaphenegb—e, diazoniaanthra[l,2jan-
complex, molecular modeling investigations were performed thracene$a—c, and diazoniahexaphereexhibit negative
with diazoniapentaphenée and diazoniaanthra[l&lan- induced LD signals in the presence of DNA, which are

thracenebb. These calculations show that the intercalation indicative of the intercalative binding mode, as reported
of these ligands into DNA is an exergonic process. In Figure previously for compoundta (26). At the same time, the

8, the best docking pose of compourdgspanel A) andbb reduced LD spectra are nearly constant in the region of the
(panel B) intercalated into the [poly(dGd&luplex is shown absorption of the ligands at all ligand-to-DNA ratios, which
(cf. Supporting Information for presentation with “Ofbta- confirms that one binding mode is adopted exclusively under

tion). As compared to diazoniapentaphene derivatheg these conditions. Thus, the LD spectroscopic analysis of the
diazoniaanthra[1,2janthracen&b provides a relatively large  ligand—DNA complexes clearly demonstrates that the dia-
overlap area between the intercalator and the two DNA basezoniapolycyclic derivativedt and 5 intercalate into DNA.
pairs that constitute the intercalation pocket; i.e., one These observations are fully consistent with the viscosimetric
azoniaanthracene part 6b is accommodated in the inter-  studies, because the latter revealed an influence of ligands
calation site with the other azoniaanthracene moiety pointing and 5 on the viscosity of the DNA solution which is
inside the DNA groove. Indeed, the theoretical energies of characteristic of intercalators, as demonstrated by comparison
intercalation support the idea thath is more effective as an  with ethidium bromide. In contrast, diazoniahexaphéne
intercalator than derivativéein both AT and GC intercala-  appears to have much less influence on the viscosity of the

tion sites (AT site AGping-s0 = —17.1 kcal/mol VsAGping-se DNA solutions, which may indicate an at least partial
= —10.2 kcal/mol; GC siteAGping-sp = —16.8 kcal/mol vs contribution of the groove binding mode. Notably, this
AGyping-4¢ = —9.8 kcal/mol). observation is inconsistent with the LD spectroscopic experi-
ments which show tha exclusively intercalates at ligand-
DISCUSSION to-DNA ratios up to 0.2. However, a detailed inspection of

the change in the viscosity of DNA solutions with an increase

Binding of DAPS to the Double-Stranded DNA in the concentration d reveals two linear parts of the plot,

Mode of Binding to the Duplex DNAhe diazoniapoly- i.e., one with a large slope up to< 0.1 and one part with
cyclic salts, which were investigated in this study, are cationic a significantly smaller slope at > 0.1. Thus, it may be
polyaromatic compounds that are planar structudes-¢ proposed that at low ligand-to-DNA ratio8,is an interca-
and6) or have some degree of tiltindd,e 5a—c, and7). lator, whereas with increasirgvalues, a significant contri-

These structural properties of DAPS have been determinedbution of groove binding to the overall association takes
by the X-ray structural analysis of the representative deriva- place. DNA groove binding does not result in the lengthening
tives @2, 25). of the DNA, and consequently, it does not lead to an increase
The interaction with dsDNA leads to significant changes in the bulk viscosity of the DNA solution, which explains

in the absorption spectra of all DAPS, providing evidence the much lower slope in the plot of the viscosity of the DNA
of the binding. The presence of the isosbestic points, solution versus the ligand-to-DNA ratio at> 0.15.
observed in most cases, indicates that the changes in the In contrast to the other DAPS, the partly saturated
absorption spectra are due to two states of the chromophoregderivative7 shows much weaker induced LD signals in the
namely, the free and bound ligands. Moreover, since the presence of DNA. These signals are negative at low ligand-
isosbestic points are conserved over a wide range of ligand-to-DNA ratios but become positive at higher ligand loading
to-DNA ratios, it may be concluded that one binding mode levels. Moreover, the reduced LD spectrum has different
is adopted almost exclusively. In contrast, during titration values at different ligand-to-DNA ratios. This behavior
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Ficure 9: Transition dipole moments of the first (black), second (red), and third (blue arrows) lowest-energy electronic transitions of
DAPS, as determined by the CI calculations. The dashed parts of the arrows lie behind the paper plane.

indicates that inhomogeneous binding takes place; i.e., at lowthe calculationsg§4—67). In the case of diazoniapentaphenes
ligand concentrations, it binds by intercalation with low 4aand4b, which haveC,, symmetry, the dipole moments
affinity, whereas at higher concentrations, an additional of the three lowest-energy electronic transitions lie in the
binding mode, presumably the outside stacking, with a molecular plane and are parallel to either the long or the
different orientation of the ligand, takes place. short molecular axes. In the case of compoutal the
Orientation of the Intercalator within the Binding Pocket symmetry is broken but the transition dipoles lie in the plane
The ICD signals of the ligands that develop upon addition of the chromophore, approximately along the long axis of
of DNA confirm the interaction of the ligand with the DNA  the chromophore. In the case of methyl-substituted diazo-
double helix. Moreover, the orientation of an intercalator niapentaphenedd and 4e, the in-plane symmetry is only
within the binding pocket may be deduced from the ICD slightly distorted, and the transition dipole moments are
signal, if the intercalator is positioned close to the helix axis. oriented like the ones of the parent diazoniapentaphenes (not
Thus, a positive ICD indicates a perpendicular orientation shown).
of the transition dipole moment of the ligand relative to the ~ However, the situation is more complicated in the case of
average dipole moment of the two nucleic bases that diazoniaanthra[l,2]anthracenes. DerivativeSa and 5b
constitute the intercalation site, i.e., roughly perpendicular posses<,, symmetry; however, the lateral aromatic rings
relative to the long axis of the intercalation pocket. A lie outside the symmetry plane of the cation. Consequently,
negative ICD indicates a parallel orientation of the transition some of the electronic transitions (in the caseb5of all
dipole moment of the ligand relative to the long axis of the transitions) have non-zemconstituents.
binding pocket 84, 58—60). This relationship is rather To estimate the orientation of ligands-6 relative to the
simplifying in many cases and does not take into account binding pocket, the above-mentioned relationship between
symmetry consideration${); however, in most cases, itis the sign of the ICD of the ligands and the orientation of the
sufficient to estimate the structure of the intercalation corresponding dipole moment was employed. Notably, in
complex, once the transition dipole moment of the ligand is most cases, a perfect parallel or perpendicular alignment of
known. Nevertheless, problems may occur if several transi- the transition dipole moment of the ligand relative to the
tions overlap or if the orientation of the dipole moments binding pocket is not possible, because of the steric demands
relative to the binding pocket is betweehdhd 90. In the of the ligand. For a qualitative treatment, the following
latter case, the intensity of the sign correlates with the squareapproach was used. (i) The ICD signals of the transitions
of the cosine of the angle between the transition dipole with the two lowest absorption energies were chosen, with
moment of the ligand and the so-called pseudo-dyad axis ofthe dipole moments being oriented in significantly different
the base pairs4@, 58—60). directions. (ii) Considering the size and shape of the ligand,
To discuss the ICD signals that develop upon associationin particular, the steric interactions between ligand and
of the ligands with DNA, the transition dipole moments of binding site, an orientation of the ligand relative to the long
the ligands need to be assessed. Thus, we have performedxis of the binding pocket in which both transition dipole
the configuration-interaction calculations using a semiem- moments are as close as possible to the orientation that is
pirical AM1 Hamiltonian to evaluate the origins of the long- expected according to the ICD signal were sought. With this
wavelength electronic transitions in DAPS (Figure 9). This simple model, the structure of the intercalation site was
method offers an accurate parametrization for polar organic deduced for the representative cases, namely, derivatives
molecules (including heterocyclic compounds) and transition 4c, and5b (Figure 10). In the case of derivativdb and4c,
states 86, 62, 63) and has been widely used for the quantum this model leads to almost identical structures; that is, one
chemical calculation of cationic organic dye64{67). part of the molecule overlaps with the nucleic bases with an
Moreover, although the relative probabilities of the electronic angle of approximately 4#5and 60 between the long axis
transitions, calculated by this method, often do not agree with of the naphthalene unit and the long axis of the binding
the experimental data, the orientations of the dipole momentspocket. The remaining azoniaanthracene part of the molecule
and the energies of the electronic transitions show good points outward into the groove with the long axis of the
consistency with the experimental data, especially when aanthracene parallel to the long axis of the binding pocket.
large number of electronic configurations are involved in Most notably, this binding mode is in agreement with the
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o = intercalation pocket

Ficure 10: Orientation of intercalatob, 4c, and5b relative to
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Overall, the results of the CD spectroscopic analysis of
the DNA—ligand complexes give evidence that one common
feature of compoundé and5 is the partial intercalation of
the diazoniapolycyclic cation with a azonianaphthalene unit
into the intercalation site. As there are no additional
substituent effects, the shape and size of the remaining part
of the ligand determine the overall orientation of the molecule
relative to the DNA structure. Apparently, the propensity of
the m-system to fit in the groove next to the intercalation
site should have a significant influence on the resulting
ligand—DNA complex structure and on the strength of the
association. This model may also explain why diazonia-
hexaphend appears not to be a perfect intercalator. With
one azonianaphthalene part@®intercalated into the helix,
the remaining part of the molecule will point outside the
binding site to such an extent that it exceeds the outer rim
of the DNA. The part of the molecule that is no longer
accommodated in the interior of the DNA will experience
hydrophobic interactions with the surrounding water mol-
ecules, which leads to a decrease in the overall energy of
intercalation, so that groove binding becomes a competitive
binding mode. Thus, in contrast to intercalatérand5, the
diazoniahexaphene is also to a significant extent a groove
binder.

the long axis of the intercalation pocket as deduced from the phase Binding Affinities for the DupleXWe used spectrophoto-

of the ICD signals and from the calculated long-wavelength
transition dipole moments.

molecular modeling studies of DNA-bountk that show
almost the same structure of the intercalation site.

metric titration data and results of the thermal denaturation
experiments to evaluate and compare the binding constants
for the binding of the ligands to dsDNA. The binding
isotherms from the spectrophotometric titrations were fitted

In the case 0bb, the procedure mentioned above appeared to the binding model of McGhee and von Hipp80( 46),

to be difficult, because in the simple two-dimensional model
it seems as if it is impossible to fit the intercalator in the
binding pocket without the introduction of significant steric

to access the values of the affinity constalit,and the
binding site sizen, which are given in Table 1. Remarkably,
all members of the diazoniapentaphene sedes-€) have

interactions between the nonintercalated part of the moleculesimilar values for the binding consta¢ & 1.2-1.8 x 1¢°
and the DNA grooves. Nevertheless, a close inspection of M™2). This indicates that variation of the position of the

the three-dimensional structure sl reveals a helicene-like

structure (see details below) that may match the DNA helix.
Thus, with one azonianaphthalene part of the ligand inter-

nitrogen atoms within the pentaphene framework, as well
as introduction of additional methyl groups, does not result
in significant changes in the DNA binding affinity. Hexacy-

calated into DNA such as in the case of diazoniapentaphene<lic derivatives 5a—c have significantly higher binding
4, the nonintercalated part, mainly the azoniaanthracene unit,constants K ~ 5 x 10° M~ for compoundssb and 5c).

may fit into the helical structure of the grooves. Again, this

The binding site covers approximately 2 bp for both series

proposed structure is in good agreement with the theoretical4a—e and5a—c, which is consistent with the intercalation

assessment of the binding mode.
Diazoniahexaphen@represents an exceptional case in this
series. Considering the positive ICD with a maximum at ca.

model.
Stabilization of the DNA DupleXhe results of the thermal
denaturation experiments, presented as ligand-induced shifts

380 nm that, according to theoretical predictions, correspondsof the melting temperature of the DNAT), do not directly

to the third lowest-energy electronic transitions (Figurg 9,

correlate with the values of association constant of ligands

band, i.e., $— S; transition), a perpendicular arrangement to the DNA, since thé\T,, values depend also on the binding
between the transition moment of the intercalated ligand and site size and additional thermodynamic parameters of binding
the long axis of the binding pocket may be proposed. (54, 55). However, since the ligands investigated in this study

Nevertheless, especially at> 0.2, the positive ICD signal

has an intensity that is significantly higher, i.e., by a factor
of 5—10, than the intensities of the ICD signals of derivatives
4 and 5, although all experiments were performed under
identical conditions. As such, a pronounced positive ICD
signal usually indicates minor groove binding and usually
overlaps the significantly weaker CD signals from interca-

bear strong structural resemblance and identical net charges
(which are independent of the buffer conditions, other than
in the case of the charges acquired by the protonation of the
amine nitrogens), their thermodynamical parameters of
binding may be expected to be very similar. Moreover, the
spectrophotometric titration data gave similar values of the
binding site size for almost all DAPS. Therefore, we used

lated ligands 33, 34); these results support the proposal based the ATy, values as an appropriate measure to compare the
on the photometric, LD spectroscopic, and viscosimetric binding affinities of the ligands for DNA. At low ionic
studies (see the discussion above), i.e., that at higher ligandstrengths (16 mM N§), all DAPS, except for derivativé,

to-DNA ratios diazoniahexapheBéinds to the duplex DNA
by groove binding rather than by intercalation.

bind to dsDNA and stabilize it against thermal denaturation
to a large extent, comparable to or extending the stabilization
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observed with other efficient intercalators, such as proflavine the groove-binding ligands, cannot take place with the
(29). Consistent with the results of the spectrophotometric unsubstituted diazoniapolycycles.

titrations, the variation of the position of the quaternary = Compound? represents a dicationic polycycle where a
nitrogen atoms in isomera—c does not influence the DNA  fully aromatic character is distorted by two3dpybridized
binding affinity significantly, although compour exhibits carbon atoms. Although the net charge of the chromophore
a slightly stronger binding (cf. thAT,, values of 19.0, 17.5,  and its geometrical size are similar to the ones of diazonia-
and 17.6°C, respectively, for stabilization of ctDNA at= pentaphenedb, the DNA binding parameters of compound
0.5). Moreover, all compounds from the diazoniapentaphene?7 are significantly lower than those of fully aromatic
series show preferential binding to GC-rich DNA structures. diazoniapolycycles (cf. data in Table 2). Notably, in the series
These findings may be rationalized by the assumption that of related, cationic protoberberine derivatives, a completely
the net charges of the ligands are efficiently delocalized opposite behavior was observed; thus, 5,6-dihydro-8-desm-
within the aromatic system, and specific interactions, e.g., ethylcoralyne binds to double-stranded polynucleotides [poly-
hydrogen bonding, between the azonia nitrogens and DNA (dAdT)], and [poly(dIdC)} with much higher affinity than

do not take place. The introduction of one or two methyl its fully aromatic analogue, 8-desmethylcoralyne, as deter-
groups into the diazoniapentaphene framework, such as inmined by DNA thermal denaturation studie&);
derivatives4d and4e, did not result in pronounced changes  Binding to the Triplex DNASince the triplex DNA is

in the induced shifts of DNA melting temperatures as unstable at low ionic strengths in the absence of divalent
compared to the unsubstituted compounds. Therefore, wecations or polyamines, thermal denaturation studies with the

may conclude that the slight deviations from the planar

poly(dA)-[poly(dT)], triplex were performed at a higher salt

structure in methyl-substituted diazoniapentaphenes doconcentration ([N& = 200 mM), which is in accordance

not have any significant effect on the DNA binding proper-
ties.

Diazoniaanthra[1,2]anthracenesba—c and diazonia-
hexaphend exhibit an even higher degree of stabilization

with the established procedure®8]. However, theAT,

values, obtained under different ionic strength conditions,
cannot be directly used for comparison of the binding
affinities of the ligands for DNA, since the melting temper-

of dsDNA. This observation reflects the fact that, as the net ature of DNA depends strongly on the salt concentration even

charges of the ligand are identical with pentacyclic com-
poundsda—e, the larger aromatic surface area results in an
enhanced affinity for dsDNA. At the same time, within the
diazoniaanthra[1,2]janthracenesb, a larger variation of
affinities and base selectivities is observed than in the
diazoniapentaphene series. Thus, compoGadshows a
stronger stabilization of GC-containing DNA, whereas isomer
5b stabilizes [poly(dAdT)] to a larger extent; in the case of
compound4c, we inferred no base selectivity. The results
of the competition dialysis assay also strongly confirm the
preferential binding ofic and5a to GC-rich dsDNA 27).
The melting curves of DNA in the presence of diazo-
niapolycyles (Figure 5) are biphasic at low ligand-to-DNA
ratios (0< r < 0.2). This behavior is especially pronounced
for the thermal denaturation of DNA in the presence of
hexacyclic ligandssa—c. It has been shown that such a
melting curve shape may be due to ligand redistribution from
the melted loops to the double-stranded regions of DNA in
the course of denaturation and, provided other binding

in the absence of ligand§1). On the other hand, binding

of the ligands to the double-stranded DNA is also salt-
dependent due to the counterion release that accompanies
the binding 62), as illustrated in Figure 6. Therefore, under
the conditions of high-ionic strength, which favor the
formation of triple-helical DNA, the binding of diazo-
niapolycycles to dsDNA is significantly weakened.

The diazoniapolycyclic salts efficiently bind to the poly-
(dA)-[poly(dT)]. triplex and stabilize it against thermal
denaturation, as characterized by th€,* 2 values (Table
3). Most importantly, diazoniapolycycles distinguish between
triplex and duplex structures, which can be seen from a
comparison of the induced, shifts AT,> 2 vs AT, ).
Thus, diazoniapentapherés—e show very good selectivity
at low to near-saturating ligand-to-DNA ratios €Or < 0.5).

At the same time, diazoniaanthra[lalanthracene$a—c
exhibit much higher binding affinity for the poly(dA)-[poly-
(dT)], triplex, which one can see from the thermal denatur-
ation studies and equilibrium dialysis results. Among the

parameters (ligand concentration, binding site size) are hexacyclic derivatives, compoursh shows an excellent

similar, becomes especially pronounced for DNA binders
with large binding constant$4, 55). Notably, the saturation
of the helix lattice takes place only at relatively highalues
(r = 2), as reflected by the influence of the ligand-to-DNA
ratio on the induced\T,, shifts (Figure 5C), while much
smaller ratios (e.gr, = 0.5) are often termed “saturating”
(29).

The relatively high affinity of the diazoniahexaphe6e
for [poly(dAdT)],, as seen from the thermal denaturation
data, allows us to expect, in agreement with the CD

triplex-versus-duplex selectivity at < 0.2; however, at
higher ligand concentration$a and especiallypb and 5c
bind also to the duplex form. Remarkably, the diazonia-
hexaphen® has very poor triplex-versus-duplex selectivity;
in fact, at low ligand-to-DNA ratiosr(< 0.2), it stabilizes
triple-helical and double-stranded forms of DNA to a similar
extent, while at higher values, binding to the triplex form
prevails.

As in the case of the duplex binding, the variation of the
position of heteroatoms in the serida—c has almost no

spectroscopic analysis, an at least partial contribution from influence on the triplex binding properties, and the introduc-
the groove binding mode, as the minor groove binders bind tion of methyl groups into derivativetd and4eresults only

preferentially to AT-rich DNA sequence$§ 69). Indeed,

the elongated, curved shape of the diazoniahexaplene
might facilitate its placement in the minor groove of the
DNA; however, the contribution of the hydrogen bonding
with the phosphate backbone, which is often important for

in minor differences, except for somewhat poorer triplex
stabilizing properties in the case 4& It has been shown
that the positions of the heteroatoms have a large influence
on the triplex DNA binding properties in the series of the
pyridoquinoxaline derivatives7@) and in the case of
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dibenzophenanthroline¥ 3, 74). However, in the case of Chart 2: Structures of Known Efficient Triplex Binders
the diazoniapolycyclic ions, presented in this study, the HN—\ @
heteroatoms are not available for hydrogen bonding with the Q 7\ NHMe Q o O
DNA—phosphate backbone, and the charges contributed by HN@— HaNs \ ANHe
the quaternary nitrogen atoms are efficiently delocalized © N, HoN ©
within the aromatic ring system. 8 DB359

It has been shown that the extension of the aromatic ring
system from tetracyclic to pentacyclic hetarenes favors triplex derivatives 81). It is also very close to the ligand DB359
stabilization due to the larger surface area available for thefrom the series of polyaromatic diamidineAT® 2 ~
mr-stacking interactions76). It may be suggested that, ina 27 °C and AT, ~ 1 °C atr = 0.2 under identical

similar way, further extension of the-system from the  conditions), which has been described as “one of the most
diazoniapentaphene series to the six-ring diazoniaanthra[1,2+riplex-selective compounds discovere®?2).

alanthracene structureS) facilitates the triplex binding However, in contrast to the majority of the reported triplex-
properties. However, diazoniahexaphefigepresents an  DNA binders, in the diazoniapolycyclic salts the two full
exception from this trend, since, although its aromatic surface positive charges, which are essential for DNA binding, are
area is similar to that of diazoniaanthra[B&nthracenes,  |ocated on the aromatic core, and not on protonated nitrogen
it shows much worse selectivity for the triplex DNA  atoms. Therefore, the overall charge of the intercalator and
Compared to the latter Compounds. On the other hand, it haS{hus its DNA b|nd|ng properties are independent of the pH
been suggested that aminoalkyl-substituted naphthylquino-of the environment, excluding strongly alkaline media which
lines, such as3, are efficient triplex-DNA binders due to  may lead to decomposition of azonia salts due to formation
some degree of torsional flexibility in the moleculs). In of leucobases. Moreover, since protonation is not necessary
fact, it was shown by NMR and X-ray diffraction studies of to realize a positive charge in the DAPS derivatives, the
triple-helical DNA structures that the nucleic bases in a base equilibrium between unprotonated and protonated amine

triplet are not coplanar but deviate considerably from the functionality, which may interfere with the DNA association,
mean plane, inclined by angles of up to°3@propeller is excluded.

twist”) (77—79). The diazoniaanthra[l,dlanthracenes are

nonplanar compounds, which may be seen from the X-ray CONCLUSION

structure analysis of derivativee (25). Moreover, the value ] ) )

of an angle between the quinolizinium moieties of the In summary, we have shown that diazoniapolycyclic salts
dication (30.7) matches almost perfectly the propeller twist € & useful class of compounds that may be used to assess
of the nucleic bases. Therefore, it is suggested that thethe intrinsic parameters, i.e., the ones that are not influenced
nonplanarity of diazoniaanthra[ldanthracenes signifi- by additional substituents, that govern the associative interac-
cantly facilitates their interaction with the triple-helical DNA  tlONns of a ligand with double- and triple-stranded DNA.
for geometrical reasons. It may be also suggested that bindindﬁlazonlapolycycllc ions represent a structural motif with a

of these compounds to triplex DNA is associated with a Nigh selectivity toward double- and triple-helical DNA

unidirectionalP/M racemization, since the interconversion Structures. The DNA affinity is mainly determined by the
barrier should be rather low. Thus, this system may be shape of the polycyclic system and the two cationic charges,
considered as an annelated [4]helicene, the racemizationvVhereas the position of the heteroatoms has little influence
barrier of which was estimated to be about 4 kcal/ng) on the DNA binding properties. At the same time, thg binding
The nonplanarity of the nucleic bases in triple-helical DNA Mode of these compounds was different, depending on the

may also be the reason for the reduced triplex-versus-duplexShape of the polycyclic system.
selectivity of diazoniahexaphen® as compared to the (i) Angular diazoniapentaphenda—e bind to the duplex
diazoniaanthra[1,2janthracenes. Thus, its large aromatic form predominantly by the intercalation and preferably to
surface area favors the interaction with duplex DNA, the GC-rich structures. At high ionic strengths, they also bind
compared to the five-membered diazoniapentaphdaes 0 the poly(dA)-[poly(dT)} triplex with a higher affinity than
c; however, its planar shape does not facilitate the interaction for the corresponding duplex form.
with triplex DNA. Therefore, it may be concluded that a (i) The extension of the angular aromatic system to
twisted shape of the chromophore is more important for the diazoniahexaphertresults in a preferential groove binding
triplex binding properties than the simple extension of the mode at larger ligand-to-DNA ratios and a preference for
planars-system. AT-rich structures, which form a narrower minor groove.
It should be noted that the diazoniaanthrafdl@athracene This structural change also greatly weakens the affinity for
5a, which shows the highest triplex-DNA affinity among the the triplex DNA, resulting in approximately the same binding
diazoniapolycycles investigated in this study, is superior to to the duplex and triplex. We attribute this behavior to the
the triplex-DNA ligands such as the first-generation naph- unfavorable shape of the flat aromatic system, which is larger
thylquinoline8 (AT* 2~ 35°C andAT,Z 1~ 5°C atr = than the surface of the base pair of the duplex and, on the
0.2 under nearly identical conditionsjg) (Chart 2). Thus,  other hand, does not match the helical twist of the base triplet
the AT,2"1 values for 5a are significantly lower, and  of the triplex form.
although theAT.3"2? values are slightly larger for the (i) The helical-shaped diazoniaanthra[lgnthracenes
naphthylquinolines, compoungla exhibits a significantly 5a—c bind both to the duplex and to the triplex DNA by
higher selectivity for triplex stabilization. This selectivity of intercalation with a high affinity, exceeding that of com-
diazoniaanthra[1,2]anthracenéais comparable to that of  pounds4a—e. This behavior is most likely due to the
a recently reported improved series of naphthylquinoline favorable match of the shape of the chromophore, which
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allows a partial intercalation into the duplex as well as into 15
the triplex forms.
Moreover, the diazoniapolycyclic salts represent a unique

example of the triplex-binding aromatic heterocycles that do 16.

not need side-chain substituents and therefore constitute a
promising lead structure for the design of drugs whose mode
of action involves the stabilization of triplex DNA.

17.
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