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Two isomeric acridizinium–adenine conjugates, along with
three model compounds (i.e. two 9-(N-alkylcarboxamido)-
acridizinium salts and one 9-{N-[(dimethylamino)alkyl]-
carboxamido}acridizinium salt) were prepared from the cor-
responding carboxyacridizinium salts. The interaction of
these compounds with calf thymus DNA was studied by
spectrophotometric and viscosimetric titrations, LD spec-
troscopy, and thermal DNA denaturation experiments. Both
of the acridizinium–adenine conjugates and the N-alkyl-
carboxamides intercalate into calf thymus DNA with moder-
ate affinity [K ≈ 104 M–1 (DNA concentration in bp)]. In con-
trast, the N-[3-(dimethylamino)propyl]-substituted carbox-
amide exhibits a significantly higher binding constant under
identical conditions (K ≈ 105 M–1). The association of the ac-
ridizinium derivatives with abasic-site containing DNA was
assessed by thermal denaturation experiments with synthetic

Introduction

Abasic sites, apurinic or apyrimidinic (AP) sites, are com-
monly observed mutagenic or carcinogenic DNA lesions.[1]

They are formed as intermediates either in the enzymatic
repair of damaged DNA (e.g. during the removal of modi-
fied nucleic acid bases), or by the influence of exogenous
factors.[2] Recently, attempts have been made to design
molecules which bind to AP sites selectively and interfere
with the enzymatic repair processes of the AP endonucle-
ases. Although this process is not desired in healthy tissue,
the suppression of DNA repair may be employed to assist
antitumor drugs, whose efficiency is reduced by the cellular
repair of the drug-induced DNA damage.[3] Among the
most promising lead structures,[4] that were designed to
bind selectively to abasic sites, are the intercalator–nucleic
acid base conjugates such as 1 and 2.[1,5] These compounds
include (i) a nucleic acid base that intercalates into the
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double-stranded oligonucleotides, which contained one (TX)
or no abasic site (TA). The acridizinium–adenine conjugates
stabilize the DNA with the abasic position slightly more than
they do the regular duplex, as indicated by the difference of
the induced melting-temperature shifts between the TX and
TA duplexes (∆∆Tm ≈ 4 °C) at a ligand/DNA ratio r of 0.5.
Most notably, a significantly more efficient stabilization
(∆∆Tm = 9.6 °C) of the abasic duplex is achieved by the
aminoalkyl derivative, namely 9-{N-[3-(dimethylamino)-
propyl]carboxamido}acridizinium salt, which does not carry
an adenine substituent. These results indicate that the design
of abasic-site-targeting ligands must not necessarily involve
the attachment of a nucleic acid base to the DNA intercalator.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

abasic site and forms hydrogen bonds with the nucleic acid
base in the opposite strand; (ii) a DNA intercalator, which
provides a significant, but non-specific affinity for DNA;
and (iii) a linker unit with DNA-binding and/or DNA-
cleaving properties. These molecules may act as artificial
nucleases or inhibitors of DNA repair.[6] Notably, recent
studies have shown that the nucleic base is not absolutely
necessary for the action of the AP site binders of the de-
scribed type. Thus, compound 3, in which the nucleic acid
base is omitted, also binds preferentially to abasic DNA
sites and induces DNA photocleavage in their proximity.[7]

In our efforts towards the establishment of annealed quin-
olizinium derivatives (acridizinium) as a versatile platform
for DNA-targeting drugs,[8] we intended to synthesize acrid-
izinium–nucleobase conjugates. We proposed that such con-
jugates may, as do compounds 1 and 2, represent a class
of abasic site binders. However, in contrast to 1 and 2 the
acridizinium–nucleobase conjugates may also be used to in-
duce DNA lesions close to the abasic site upon irradiation
with near-UV light, since it has been shown that the acridiz-
inium ion acts as an efficient photosensitizer.[9] Herein we
present the synthesis of acridizinium–adenine conjugates
and acridizinium carboxamides, along with the first studies
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on the DNA-binding properties of these compounds. Al-
though it is well known that the binding affinity of conju-
gates to abasic sites is enhanced by the amino groups of the
linker due to the increased positive charge of the ligand
upon protonation, we chose to employ amide functionali-
ties instead for the construction of the linker. Since the
amino functionality may induce DNA-strand cleavage close
to the abasic position even without irradiation,[3] it would
interfere with our future studies of the photoinduced DNA
damage.

Results and Discussion

Synthesis

The N-substituted carboxamidoacridizinium were pre-
pared from the known 9-carboxyacridizinium (7a)[10] and
the previously unknown 3-carboxyacridizinium (7b) tetra-
fluoroborates. The latter was synthesized from commer-
cially available methyl 6-methylnicotinate (4), which was ox-
idized with selenium dioxide to methyl 6-formylnicotinate
and subsequently protected as acetal 5 (Scheme 1). The
quaternization with benzyl bromide, followed by the acid-
induced cyclodehydration of the salt 6 gave the acid 7b,
which was further converted into its tetrafluoroborate salt
by ion metathesis.
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Scheme 1. Synthesis of 3-carboxyacridizinium tetrafluoroborate
(7b). Reagents and conditions: (i) SeO2, 1,4-dioxane/water, 65 °C,
1 h; (ii) HO(CH2)2OH, pTsOH, toluene, reflux, 20 h, 36%; (iii)
PhCH2Br, DMSO, room temp., 13 d, 54%; (iv) aqueous HBr, re-
flux, 20 h, 90%; (v) aqueous HBF4, 77 %.

To find appropriate conditions for the amide synthesis,
coupling reactions of the 7a with selected amines were con-
ducted (Scheme 2). Notably, the amidation of this acid by
several methods, such as coupling with dicyclohexylcar-
bodiimide (DCC) or N,N�-carbonyldiimidazole (CDI)[11]

led to decomposition of the acridizinium core due to the
nucleophilic addition of the amines to position 6 of the ac-
ridizinium ion, and no amide could be isolated. In contrast,
the corresponding amides were prepared in good yields by
the mixed-anhydride method (Scheme 2). Thus, the treat-
ment of 7a with isobutyl chloroformate in acetonitrile in
the presence of a mild base (N-methylmorpholine) afforded
a salt of the mixed anhydride, which was allowed to react
with selected amines in situ, to give the amides 8a–d. The
use of stronger bases, such as N-ethyldiisopropylamine
(“Hünig’s base”) or N-ethylpiperidine, led to the formation
of large amounts of decomposition products. The crude
amides were subjected to ion exchange and isolated as tetra-
fluoroborates 8a,b or as the chloride/hydrogen chloride salt
8c.

Scheme 2. Synthesis of 9-carboxamidoacridizinium salts. Reagents
and conditions: (i) NMM, iBuOCOCl, MeCN, –20 °C to room
temp., 18 h.
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Since strong bases interfere with the synthesis of carbox-
amidoacridizinium salts, preparation of conjugates 11a and
11b started from the attachment of a linker to the adenine
residue, with coupling to the acridizinium cation in the last
step (Scheme 3). Thus, ethyl 4-(adenin-9-yl)butyrate (9)[12]

was treated with an excess of 1,4-diaminobutane in re-
fluxing 1-propanol or in ethylene glycol at 100 °C to give
the amide 10, which was subsequently allowed to react with
the isomeric acridizinium carboxylic acids 7a or 7b under
the conditions optimized for the synthesis of model amides
8a–b. In this case, the reaction was performed in anhydrous
DMF because of the low solubility of the intermediate 10
in acetonitrile. The acridizinium–adenine conjugates 11a
and 11b were purified by the reversed-phase chromatog-
raphy and isolated as bis(trifluoroacetate) salts.

Scheme 3. Synthesis of the acridizinium–adenine conjugates 11a,b.
Reagents and conditions: (i) H2N(CH2)4NH2, nPrOH, reflux, 10 h,
86%; (ii) 7a or 7b, NMM, iBuOCOCl, DMF, –20 °C to room
temp., 18 h, 11a: 47%, 11b: 54%.

Association with Regularly Paired DNA

To assess whether carboxamidoacridizinium salts bind to
DNA in general, the binding affinities of 9-carboxamido-
acridizinium salts 8a–c and the acridizinium–adenine con-
jugate 11a to double-stranded (ds) polynucleotides were in-
vestigated by spectrophotometric titrations and by thermal
denaturation studies with calf thymus DNA (ct DNA). In
the latter experiments a known intercalator, namely profla-
vine (12),[13] and the parent acridizinium cation 13 were
used as reference compounds.

Upon interaction with DNA, pronounced changes in the
absorption spectra of derivatives 8a,b and 11a,b were ob-
served (Figure 1). The intensity of the 0–0 transition bands
of these derivatives decreases significantly (hypochromic ef-
fect), the long-wavelength absorption maximum is shifted
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by about 5 nm to shorter wavelengths, red-shifted shoulders
appear, and clear isosbestic points are conserved at any li-
gand/DNA ratio. Remarkably, the complete binding of the
derivatives 8a,b, and 11a is achieved only at relatively high
ligand/DNA ratio (r � 20), whereas in the case of derivative
8c saturation is achieved at a significantly smaller ligand/
DNA ratio. The fitting of the binding isotherms to the
neighbor-exclusion model[14] gives the values of the DNA-
binding constants. Thus, acridizinium derivatives 8a and 8b
as well as the conjugates 11a–b bind to DNA with relatively
small binding constants, K = (1–3)�104 –1 (Table 1),
which are comparable to that of the parent acridizinium ion
13 (1.2�104 –1).[15] At the same time, derivative 8c has a
significantly higher affinity towards ds DNA (K =
1.5�105 –1).[16]

Figure 1. (A) Spectrophotometric titrations of ct DNA to com-
pounds 8a (A, c = 50 µ), 8c (B, c = 60 µ), 11a (C, c = 100 µ)
and 11b (D, c = 100 µ) in phosphate buffer. The arrows indicate
the changes of the intensity of the absorption bands upon the ad-
dition of DNA (0–10 m).

Moreover, flow linear dichroism (LD) spectroscopic
studies were performed with amides 8a and 8b (Figure 2, A
and B). Thus, in the hydrodynamic field of a rotating cu-
vette the DNA bases exhibit a negative LD signal at λmax ≈
260 nm, the intensity of which increases significantly upon
the addition of compound 8a or 8b. This increase already
shows that the interaction of 8a or 8b with DNA leads to
a stiffening of the DNA which results in a better orientation
of the macromolecule in the flow field. Moreover, upon as-
sociation with DNA both acridizinium derivatives 8a and
8b exhibit negative LD bands in the long-wavelength range
(350–450 nm, where the DNA bases do not absorb), which
indicates an intercalative binding mode.[17] The reduced LD
spectra (LDr = LD/A) of compounds 8a and 8b in the pres-
ence of DNA are nearly constant between 300 nm and
375 nm, thus confirming a dominant intercalative binding
mode.
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Table 1. Binding affinities of acridizinium derivatives 8a–c, 11a–b, 13 and proflavine to polymeric ds DNA, as determined from the
thermal denaturation studies and spectrophotometric titrations.

Entry Ligand Induced ∆Tm [°C][a] at ligand/DNA ratios r Ka �10–4 [–1][b]

ct DNA [poly(dAdT)]2
r = 0.2 r = 0.5 r = 0.2 r = 0.5

1 8a 0.4 0.5 n.d.[d] n.d.[d] 2.1
2 8b 0.2 0.8 0.5 0.9 2.7
3 8c 7.4 11.9 8.5 15.9 15.0
4 11a 0.3 0.8 0.2 0.4 1.1
5 11b 0.6 0.7 0.2 0.9 2.9
6 12 10.1[c] 15.6 18.4 24.0 n.d.[d]

7 13 1.2 2.6 1.6 3.5 1.2[e]

[a] Experimental conditions: cDNA = 40 µ DNA in BPE buffer, [Na+] = 16 m; estimated error: 0.2 °C. [b] Binding constant to ct DNA,
determined by fitting the data from spectrophotometric titrations to the McGhee–von Hippel model.[14] [c] Literature value: 11.5 °C;
ref.[12] [d] Not determined. [e] Ref.[15]

Figure 2. LD (top panels) and reduced LD (bottom panels) spectra
of compounds 8a (A) and 8b (B) in the presence of ct DNA at
ligand/DNA ratios r = 0 (a), 0.04 (b), 0.08 (c), and 0.2 (d).

An additional proof for the intercalation of the carbox-
amidoacridizinium salts 8b, 8c, and 11a was provided by
viscosimetric titrations (Figure 3). Thus, upon the addition
of these derivatives to ct DNA the viscosity of the solution
increases significantly, which is characteristic of DNA-inter-
calators,[18] as shown by comparison with proflavine (12).
In the presence of groove binders, the viscosity of DNA
solutions usually does not increase. Nevertheless, as com-
pared to proflavine (12), the carboxamidoacridizinium salts
8b and 8c lead to a significantly smaller increase in the rela-
tive viscosity of the DNA solution, which indicates that in
general the association of the acridizinium carboxamides
leads to a significantly less pronounced stiffening of the
DNA as compared with proflavine-DNA complexes. Pre-
sumably only a small part of the acridizinium intercalates
in the binding pocket (i.e. with the long molecular axis per-
pendicular to the long axis of the binding pocket) such that
the DNA does not need to unwind significantly to accom-
modate the intercalator. Notably, the addition of conjugate
11a has only a small influence on the viscosity of the DNA
solution. It may be assumed that due to the steric demand
of this compound the intercalating residue occupies an even
smaller area of the intercalation pocket, leading to an al-
most negligible change of the DNA structure.
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Figure 3. Viscosimetric titration of compounds 8b (filled circles),
8c (empty circles), 11a (squares), and proflavine (triangles) to ct
DNA (average length of 200 bp) at 25 °C.

The influence of the ligands 8a–c and 11a on the thermo-
dynamic stability of ds DNA was investigated by thermal
denaturation experiments (Table 1). Notably, the N-alkyl-
substituted amides 8a and 8b as well as the conjugate 11a
have only a marginal effect on the stabilization of ds DNA,
as indicated by a very small increase of the DNA melting
temperature (∆Tm � 1 °C; all data hereafter refer to a li-
gand/DNA ratio r of 0.5). This effect was much smaller
than the one induced by proflavine (∆Tm = 15.6 °C) and
even the one induced by the parent compound 13 (∆Tm =
2.6 °C). In contrast, the aminoalkyl-substituted derivative
8c stabilizes the ds DNA significantly against thermal dena-
turation (∆Tm = 11.9 °C).

Overall these results show that the carboxamidoacridiz-
inium ligand is, in principle, a DNA intercalator as shown
unambiguously by the representative flow LD spectroscopic
and viscosimetric data (Figures 2 and 3). Moreover, the LD
spectroscopic data demonstrate that the increasing steric
demand of the N-terminal amide substituent does not inter-
fere with intercalating properties, as shown by the compari-
son of 8a (R = nBu) and 8b (R = iPr). Nevertheless, the
evaluation of the data from the photometric titrations re-
veals a low affinity of the acridizinium carboxamide ligand
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to ds DNA as demonstrated by the rather low binding con-
stants of 8a and 8b (Table 1), whose affinity to DNA is
comparable to that of the parent compound 13. In addition,
the DNA duplex is not significantly stabilized by these in-
tercalators, as shown by the very small increase of DNA Tm

in the presence of the ligand (Table 1). Thus, other than
donor substituents, such as the amino substituent,[15] the
carboxamide functionality does not have a significant influ-
ence on the affinity of the acridizinium ligand towards
double-stranded DNA. The DNA-binding constants of
compounds 11a and 11b are comparable to those of 8a and
8b (Table 1); moreover 11a and 11b do not stabilize the
DNA duplex, either, indicating that the introduction of the
adeninyl-alkyl substituent does not have a significant im-
pact on the interactions of the acridizinium unit with the
regularly paired ds DNA. Nevertheless, it may be assumed
that the π system of the acridizinium unit in 11a and 11b
overlaps with the nucleic acid bases to a lesser extent than
that of 8a and 8b. This assumption is supported by two
observations: i) The hypochromic effect of the long-wave-
length absorption band of 11a and 11b upon the addition
of DNA is less pronounced than the ones observed for 8a
and 8b (Figure 1) and ii) 11a has a significantly smaller in-
fluence on the viscosity of DNA solutions than the acridiz-
inium derivatives 8a and 8b (Figure 3), which may be ex-
plained by a significantly reduced penetration of the inter-
calating part into the DNA.

As compared with derivatives 8a and 8b, the aminoalkyl-
substituted carboxamidoacridizinium salt 8c has a signifi-
cantly higher affinity towards the DNA duplex, most likely
due to the attractive electrostatic interaction of the amino
functionality, which is protonated in neutral aqueous solu-
tions, with the negatively charged DNA. This assumption is
in agreement with the well-known ability of the aminoalkyl
substituent to enhance the binding affinity of a given li-
gand.[19] Moreover, in contrast to the carboxamidoacridiz-
inium salts 8a and 8b, a significant stabilization of ds DNA
was observed upon the addition of compound 8c (Table 1),
because the aminoalkyl substituent in compound 8c pro-
vides a high affinity for ds DNA due to its additional cat-
ionic charge, which results in an efficient stabilization of the
DNA duplex against thermal denaturation. A similar effect
has been demonstrated for acridine derivatives.[20] Although
the binding affinities of derivatives 8b and 8c are signifi-
cantly different, the increase of the viscosity of a DNA solu-
tion upon the addition of these ligands is essentially the
same (Figure 3). Considering that an increase in the vis-
cosity is usually induced by an intercalator, whereas groove
binders do not have an influence, it may be concluded that
both compounds 8b and 8c intercalate into DNA, with the
intercalating part (i.e. the acridizinium) having more or less
the same orientation within the binding site. In the case
of compound 8c the aminoalkyl substituent is presumably
accommodated in the grooves, which leads to an increase
of the binding affinity and DNA stabilization (see above);
however, it does not contribute to the overall change of the
viscosity of the solution, which may explain the similar in-
fluence of 8b and 8c on the viscosity of DNA solutions.
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Interaction with Abasic Sites

The interaction of the model compounds 8a–c and acrid-
izinium–adenine conjugates 11a–b with abasic-site-contain-
ing DNA structures was studied by the thermal denatur-
ation of ds oligodeoxyribonucleotides (ODNs) in the ab-
sence or presence of these compounds (Figure 4, Table 2).

Thus, the undecamer TX was used as DNA with an ab-
asic site, whereas the paired oligonucleotide TA was used
for comparison. Because of the instability of the natural
abasic sites and in accordance with established protocols,
the abasic oligonucleotide (ODN3) contained a chemically
stable tetrahydrofuran analogue of the deoxyribose residue.
The Tm values of both oligonucleotides are slightly lower
than the ones reported previously (Tm = 36.9 °C and
56.0 °C for TX and TA duplexes, respectively), presumably
due to irreproducible differences in the buffer composition.
Notably, none of the compounds investigated, except for 8c,
had an influence on the denaturation of the fully paired TA
duplex, as indicated by ∆Tm (TA) values that lie within the
experimental error range (i.e. within 0.5 °C). In the case of
the aminoalkyl-substituted carboxamide 8c, a small stabiliz-
ing effect is observed (∆Tm = 2.0 °C at r = 2.0), which indi-
cates a significant association of this compound with the
TA duplex. At the same time, compounds 11a–b show a
small, but significant stabilization of the abasic site-contain-
ing TX duplex, and the observed induced shifts of the Tm

increase with the increasing concentration of the ligand.
Thus, the acridizinium–adenine conjugates 11a–b show
∆Tm values of about 7 °C at r = 2.0, with the compound
11b being slightly more efficient than the isomer 11a. For
comparison, the N-butyl-substituted derivative 8b stabilizes
the TX duplex to a lesser extent (∆Tm = 3.0 °C). Most no-
tably, a very efficient stabilization of the TX duplex is
achieved by the compound 8c, which shows a ∆Tm value of
13.3 °C at r = 2.0.

The selectivity of the ligands for the abasic site may be
expressed by the ∆∆Tm values [∆∆Tm = ∆Tm (TX) –
∆Tm (TA)] at a certain ligand concentration (Figure 5).
Thus, compound 8c has a significant preference for the
DNA that contains an abasic site (∆∆Tm value of 9.6 °C at
r = 0.5), with saturation of the binding at r � 1.0. The
selectivity of the conjugates 11a–b is less pronounced, and
the saturation does not take place even at r = 2.0. The
∆∆Tm values of these compounds, as well as those of com-
pound 8b, reflect a low affinity for the fully paired TA du-
plex.

The slightly enhanced affinity of 11a–b to abasic DNA
structures, as compared to that of the corresponding fully
paired oligonucleotides, may be explained by the interaction
of the adenine moiety with the unpaired thymine of the
abasic DNA, which contributes to the overall DNA-binding
properties of the conjugate. Nevertheless, the selectivity of
conjugates 11 is relatively small compared to that of acri-
dine–adenine conjugates such as 1 and 2, most likely be-
cause 11a and 11b lack the amino groups which, in their
protonated form, provide additional binding affinity by
electrostatic interaction with the DNA grooves.[3] As it has
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Table 2. Binding affinities of 9-carboxamidoacridizinium salts 8b–c and conjugates 11a and 11b to TX and TA duplexes, as determined
from the thermal denaturation studies.

Entry Ligand Induced ∆Tm [°C][a] at ligand/DNA ratios r[b]

TX duplex TA duplex

r = 0.5 r = 2.0 r = 0.5 r = 2.0

1 8b 1.6 3.0 0.2 0.1
2 8c 10.8 13.3 1.2 2.0
3 11a 3.4 5.9 0.5 0.2
4 11b 4.3 6.6 0.3 –0.3

[a] Experimental conditions: cDNA = 5 µ in aqueous phosphate buffer, [Na+] = 38.1 m; estimated error: 0.5 °C. [b] The r values refer
to the molar concentration of the oligonucleotide duplexes.

Figure 4. Thermal denaturation profiles of TX duplex (A) and TA
duplex (B) (cDNA = 5 µ in ODN buffer, [Na+] = 38.1 m) in the
presence of compound 8c at ligand/DNA ratios r of 0, 0.2, 0.5, 1.0,
1.5 and 2.0. Arrows indicate the shift of the melting curves with
increasing r values.

Figure 5. Plot of the ∆∆Tm values for compounds 11a (filled
squares), 11b (squares), 8b (filled circles) and 8c (circles) vs. ligand/
DNA ratio r.

been shown already that adenine may be generally used as
a connection point to abasic sites, and we showed in this
study that the carboxamidoacridizinium salt intercalates
into DNA, it may be concluded that the linker between
these two units does not fit well between the abasic site
and the intercalation site of the acridizinium and this has
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a significant impact on the low selectivity. Presumably, an
unfavorable conformation of the amido-alkyl linker results
in steric interactions with the DNA backbone. In contrast,
the most efficient stabilization of the abasic-site-containing
oligonucleotide TX is achieved by compound 8c, which car-
ries no adenine substituent. Although this compound shows
the most pronounced binding to the fully paired polynucle-
otides among the tested acridizinium derivatives, it exhibits
a pronounced selectivity for DNA with abasic structures,
which makes it comparable with the conjugates 1a–c (e.g.
∆∆Tm = 10.5 °C for 1c at r = 0.5 under similar condi-
tions).[5a]

As shown by the studies with ct DNA and [poly-
(dAdT)]2, the relatively high affinity of 8c for DNA as com-
pared with that of 8a,b and 11a,b is caused by the associa-
tion of the aminoalkyl substituent in the DNA groove.
Moreover, the selective binding of acridizinium salt 8c to
abasic positions in DNA is in agreement with a recent re-
port that the aminoalkyl-substituted acridine derivative 3,
which also carries no adenine moiety, has a high preference
towards abasic sites in DNA. Thus, it may be proposed
that, as shown for compound 3, upon interaction with ab-
asic oligonucleotides the intercalating acridizinium part of
the ligand 8c is located in the abasic pocket, while the posi-
tively charged aminoalkyl substituent provides an ad-
ditional stabilization of the ligand-DNA complex by an as-
sociation with the minor groove.

Conclusions

The initial intention of this work was the synthesis of
ligands that bind to abasic positions according to the estab-
lished design of nucleic acid base–intercalator conjugates.
Indeed, the corresponding acridizinium–adenine conjugates
11 exhibit a slight but significant selectivity towards AP
sites. Nevertheless, the most surprising result is that the de-
rivative 8c, which was initially synthesized for comparison
purposes, has the highest selectivity towards AP sites of all
the compounds tested in this series. Considering similar re-
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sults with the acridine derivative 3,[7] it may be proposed
that, complementary to the intercalator–nucleic acid base
conjugates, aminoalkyl-substituted intercalators may be
employed as promising platforms for the design of ligands
that bind selectively to abasic sites. That is, the recognition
of an abasic pocket may be achieved not only by nucleic
acid bases or base analogues, but also by intercalators
which have an appropriate geometrical shape and π-stack-
ing properties. This approach may offer advantages con-
sidering the synthetic difficulties when handling nucleo-
bases, as their functionalization of nucleic acid bases by the
reaction with electrophiles is often unselective, and the nu-
cleic-base residues may cause the conjugates to be poorly
soluble. Moreover, another drawback of intercalator–
nucleobase conjugates, such as 1a–d and 11a–b that should
be considered is the competition between the intercalator
moiety and the nucleic acid base for occupation of the
abasic site, which may limit the abasic-site selectivity of
such conjugates.

Experimental Section
Materials and General Instrumentations: All commercially available
chemicals were reagent-grade and used without further purifica-
tion. The melting points are uncorrected. Mass spectra (ESI in pos-
itive-ion mode) were recorded at a source voltage of 6 kV. NMR
spectra were measured with a Bruker Avance 400 (1H: 400 MHz,
13C: 100 MHz) spectrometer; chemical shifts are given in ppm (δ)
versus an internal standard, TMS. Unambiguous proton NMR as-
signments were established by means of 1H-1H COSY experiments
(data not given). TLC was performed with RP-18 silica gel sheets
(Macherey–Nagel Alugram RP-18W/UV254) with an eluent of 1 

aqueous HCl/MeCN (80:20).

Methyl 6-(1,3-Dioxolan-2-yl)nicotinate (5):[21] Selenium dioxide
(freshly sublimed from HNO3, 2.32 g, 20.9 mmol) dissolved in 1,4-
dioxane/water (6:1, 14 mL) was added dropwise over 30 min to a
stirred at 60–65 °C solution of methyl 6-methylnicotinate (4, 3.14 g,
20.8 mmol) in 1,4-dioxane (6 mL). After completion of the ad-
dition, the reaction mixture was stirred at 60–65 °C for 1 h, cooled
to room temperature, and filtered through a pad of Celite. The
filtrate was evaporated to dryness, dissolved in toluene (40 mL),
and ethylene glycol (2.30 mL, 2.59 g, 41.8 mmol) was added, fol-
lowed by p-toluenesulfonic acid monohydrate (1.19 g, 6.26 mmol).
The reaction mixture was heated at reflux with a Dean–Stark water
separator for 20 h, cooled to room temperature and poured into
saturated aqueous Na2CO3 (50 mL). After separation of the or-
ganic layer, the aqueous layer was extracted with toluene
(3�20 mL). The combined organic layers were washed with water
(20 mL), dried with anhydrous Na2SO4, and the solvent was re-
moved in vacuo. The residue was purified by flash chromatography
(SiO2; eluent: CH2Cl2/MeOH, 98:2). After evaporation of the sol-
vents in vacuo, ester 5 (1.56 g, 36% yield) was obtained as a pale
yellow low-melting solid. 1H NMR (400 MHz, CDCl3): δ = 3.95
(s, 3 H, CH3), 4.11–4.16 (m, 4 H, OCH2), 5.90 [s, 1 H, CH-
(OCH2)2], 7.62 (d, 3J = 8 Hz, 1 H, 5-H), 8.33 (dd, 3J = 8, 4J =
2 Hz, 1 H, 4-H), 9.21 (d, 4J = 2 Hz, 1 H, 2-H) ppm.

1-Benzyl-2-(1,3-dioxolan-2-yl)-5-(methoxycarbonyl)pyridinium Bro-
mide (6): A solution of the ester 5 (1.05 g, 5.00 mmol) and benzyl
bromide (1.28 g, 0.89 mL, 7.50 mmol) in anhydrous DMSO (2 mL)
was stirred under an argon atmosphere for 13 d and then poured
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into AcOEt (50 mL). The white precipitate was collected, washed
with acetone (2�10 mL) and Et2O (2 �10 mL), and dried in vacuo
over P2O5, to give 1.02 g (54% yield) of salt 6 as a white amorphous
solid. Crystallization from EtOH/AcOEt afforded fine colorless
needles; m.p. 134–136 °C. 1H NMR (400 MHz, CD3OD): δ = 4.01
(s, 3 H, CH3), 4.21 (s, 4 H, CH2CH2), 6.14 (s, 2 H, CH2N+), 7.40–
7.50 (m, 5 H, Ar-H), 8.52 (d, 3J = 8 Hz, 1 H, 5-H), 9.12 (dd, 3J =
8, 4J = 2 Hz, 1 H, 4-H), 9.39 (d, 4J = 2 Hz, 1 H, 2-H) ppm. 13C
NMR (100 MHz, CD3OD): δ = 54.2 (CH3), 62.8 (CH2N+), 67.5 (2
C, CH2CH2), 98.9 (CH), 127.8 (CH), 129.9 (CH), 130.8 (CH),
131.0 (CH), 132.3 (Cq), 133.7 (Cq), 147.9 (CH), 148.9 (CH), 162.9
(CO) ppm. C17H18BrNO4 (380.2): calcd. C 53.70, H 4.77, N 3.68;
found C 54.17, H 4.81, N 3.68.

3-Carboxyacridizinium Bromide (7b): A solution of the salt 6
(0.87 g, 2.30 mmol) in aqueous HBr (48%, 10 mL) was heated at
reflux for 20 h. After this time, 3 mL of HBr were distilled off, the
residue was cooled to room temperature and THF (40 mL) was
added. The yellow precipitate was collected, washed with THF
(2�10 mL) and Et2O (2�10 mL), and dried in vacuo over P2O5,
to give 0.63 g (90% yield) of 7b as a yellow crystalline solid; m.p.
265–270 °C (EtOH/H2O) (dec.). 1H NMR (400 MHz, [D6]DMSO):
δ = 8.08 (dd, 3J = 8, 3J = 8 Hz, 1 H, 8-H), 8.23 (dd, 3J = 7, 3J =
9 Hz, 1 H, 9-H), 8.32 (dd, 3J = 9, 4J = 2 Hz, 1 H, 2-H), 8.46 (d, 3J
= 9 Hz, 1 H, 10-H), 8.51 (d, 3J = 8 Hz, 1 H, 7-H), 8.64 (d, 3J =
9 Hz, 1 H, 1-H), 9.35 (s, 1 H, 11-H), 9.94 (s, 1 H, 4-H), 10.74 (s, 1
H, 6-H), 14.43 (br. s, 1 H, COOH) ppm. 13C NMR (400 MHz, [D6]-
DMSO): δ = 124.7 (CH, C11); 125.0 (Cq); 125.9 (Cq); 127.1 (CH,
C1); 127.3 (CH, C10); 128.5 (CH, C7); 128.9 (CH, C2); 131.4 (CH,
C8); 135.7 (CH, C9); 136.2 (Cq); 137.5 (CH, C4); 137.8 (Cq); 142.3
(CH, C6); 164.1 (COOH) ppm. MS (ESI+): m/z (%) = 224 (100)
[M]+, 447 (80) [2 M – H]+, 670 (42) [3 M – 2 H]+.

General Procedure for the Conversion of Carboxyacridizinium Bro-
mides into Tetrafluoroborates: The salts 7a–b (0.480 g, 1.58 mmol)
were dissolved in boiling water (10 mL) and treated with aqueous
HBF4 (50%, 2 mL). After the mixture was slowly cooled to room
temperature, the tetrafluoroborate separated as a yellow crystalline
precipitate, which was collected, washed with cold water, and dried
in vacuo over P2O5.

9-Carboxyacridizinium Tetrafluoroborate (7a): Yield 98%, bright
yellow needles, m.p. (dec.) 236–240 °C; C14H10BF4NO2 (311.0):
calcd. C 54.06, H 3.24, N 4.50; found C 54.01, H 3.14, N 4.47.

3-Carboxyacridizinium Tetrafluoroborate (7b): Yield 77%, lemon-
yellow needles, m.p. (dec.) 240–244 °C; C14H10BF4NO2 (311.0):
calcd. C 54.06, H 3.24, N 4.50; found C 54.18, H 3.38, N 4.51.

General Procedure for the Synthesis of 9-Carboxamidoacridizinium
Salts: To a warm (50–60 °C) solution of the salt 7a (0.62 g,
2.0 mmol) in MeCN (30 mL), N-methylmorpholine (0.24 mL,
0.22 g, 2.2 mmol) was added; a yellow precipitate was observed.
The suspension was cooled to –20 °C under an argon atmosphere
and treated with isobutyl chloroformate (0.29 mL, 0.30 g,
2.2 mmol). The reaction mixture was stirred at this temperature for
10 min, and the precipitate slowly dissolved. The amine (2.0 mmol)
was added dropwise under vigorous stirring. The reaction mixture
was stirred for 2 h at –20 °C and warmed to room temperature
during 18 h. The suspension was evaporated to dryness; the residue
was dissolved in ca. 15 mL of warm (50–60 °C) water and treated
with a concentrated aqueous solution of NaBF4 (2.0 g, 18 mmol).
The yellow precipitate was collected, washed with water (2�5 mL)
and Et2O (2 �10 mL) and dried in vacuo over P2O5. Further purifi-
cation was achieved by column chromatography (neutral alumina,
activity grade I, eluent: CHCl3/MeOH/AcOH, 90:10:1), followed
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by evaporation of the solvent and crystallization of the residue
from MeCN/AcOEt.

9-(N-Isopropylcarboxamido)acridizinium Tetrafluoroborate (8a):
Yield 0.49 g (70%); fine pale yellow needles; Rf = 0.18. 1H NMR
(400 MHz, [D6]DMSO): δ = 1.26 (d, 3J = 7 Hz, 6 H, CH3), 4.21
(m, 3J = 7 Hz, 1 H, CHMe2), 8.03 (app. t, 3J = 7 Hz, 1 H, 3-H),
8.15 (dd, 3J = 9, 3J = 7 Hz, 1 H, 2-H), 8.29 (d, 3J = 9, 4J = 1 Hz,
1 H, 8-H), 8.53 (d, 3J = 9 Hz, 1 H, 7-H), 8.66 (d, 3J = 9 Hz, 1 H,
1-H), 8.80 (s, 1 H, 10-H), 8.90 (d, 3J = 8 Hz, 1 H, NH), 9.34–9.38
(m, 2 H, 11-H, 4-H), 10.52 (s, 1 H, 6-H) ppm. 13C NMR (100 MHz,
[D6]DMSO): δ = 22.3 (2CH3), 41.7 (CH), 122.9 (CH), 126.1 (CH),
126.2 (Cq), 126.5 (CH), 127.1 (CH), 128.4 (CH), 129.1 (CH), 131.6
(CH), 134.6 (CH), 134.8 (Cq), 137.9 (Cq), 139.2 (Cq), 140.2 (CH),
164.1 (CO) ppm. IR (KBr): ν̃ = 1546 (amide II), 1653 s (amide I)
cm–1. Chloride: Fine yellow needles, m.p. 230–235 °C.
C17H17ClN2O·H2O: calcd. C 64.05, H 6.01, N 8.79; found C 63.91,
H 5.91, N 8.81.

9-(N-Butylcarboxamido)acridizinium Tetrafluoroborate (8b): Yield
0.23 g (31%); fine pale yellow needles, m.p. 131–133 °C; Rf = 0.11.
1H NMR (400 MHz, [D6]DMSO): δ = 0.95 (t, 3J = 7 Hz, 3 H,
CH3), 1.40 (m, 2 H, CH2), 1.59 (quint, 3J = 7 Hz, 2 H, CH2), 3.37
(m, overlap with H2O, CH2NH), 8.03 (app. t, 3J = 7 Hz, 1 H, 3-
H), 8.15 (dd, 3J = 9, 3J = 7 Hz, 1 H, 2-H), 8.29 (d, 3J = 9 Hz, 1
H, 8-H), 8.54 (d, 3J = 9 Hz, 1 H, 7-H), 8.66 (d, 3J = 9 Hz, 1 H, 1-
H), 8.79 (s, 1 H, 10-H), 9.09 (t, 3J = 5 Hz, 1 H, NH), 9.35–9.37
(m, 2 H, 11-H, 4-H), 10.51 (s, 1 H, 6-H) ppm. 13C NMR (100 MHz,
[D6]DMSO): δ = 13.6 (CH3), 19.6 (CH2), 31.0 (CH2), 39.0 (CH2),
122.8 (CH), 125.9 (CH), 126.0 (Cq), 126.2 (CH), 126.9 (CH), 128.4
(CH), 128.8 (CH), 131.5 (CH), 134.4 (CH), 134.7 (Cq), 137.8 (Cq),
139.0 (Cq), 140.0 (CH), 164.7 (CO) ppm. MS (ESI+): m/z (%) =
279 (100) [M]+, 645 (5) [2 M + BF4]+. C18H19BF4N2O·1⁄4H2O
(370.7): calcd. C 58.33, H 5.30, N 7.56; found C 58.21, H 5.18, N
7.56.

9-{N-[3-(Dimethylamino)propyl]carboxamido}acridizinium Chloride
(8c): To a warm (50–60 °C) solution of the BF4

– salt 7a (933 mg,
3.00 mmol) in MeCN (45 mL), N-methylmorpholine (363 µL,
333 mg, 3.30 mmol) was added, and a yellow precipitate has sepa-
rated. The suspension was cooled to –10 °C under an argon atmo-
sphere and treated with isobutyl chloroformate (429 µL, 451 mg,
3.30 mmol). The reaction mixture was stirred at this temperature
for 15 min, and the precipitate slowly dissolved. 1,3-Bis(dimethyla-
mino)propane (413 µL, 337 mg, 3.30 mmol) and pyridine hydro-
chloride (381 mg, 3.30 mmol) in anhydrous DMF (10 mL) were
added dropwise over 10 min under vigorous stirring. The reaction
mixture was stirred for 2 h at –10 °C and warmed to room tempera-
ture during 18 h. The yellow hygroscopic precipitate was collected,
washed with MeCN (5 mL) and Et2O (2�5 mL), dissolved in
MeOH (5 mL) and passed through an ion-exchange column
(Dowex 1X8 in the chloride form). After an additional filtration
and removal of the solvent in vacuo, the residue was recrystallized
from iPrOH/MeOH, to give 0.80 g (70% yield) of 8c as dirty-yellow
amorphous solid, m.p. (dec.) 248–249 °C; Rf = 0.33. 1H NMR
(400 MHz, CD3OD): δ = 2.15 (dt, 3J = 7, 3J = 7 Hz, 2 H,
CH2CH2CH2), 2.96 (s, 6 H, CH3), 3.31 (m, overlap with CD3OD,
CH2NH), 3.61 (t, 3J = 7 Hz, 2 H, CH2NMe2), 7.98 (d, 3J = 7 Hz,
1 H, 3-H), 8.13 (dd, 3J = 9, 3J = 7 Hz, 1 H, 2-H), 8.32 (d, 3J =
9 Hz, 1 H, 8-H), 8.53 (d, 3J = 9 Hz, 1 H, 7-H), 8.60 (d, 3J = 9 Hz,
1 H, 1-H), 8.87 (s, 1 H, 10-H), 9.30–9.32 (m, 2 H, 11-H, 4-H), 10.36
(s, 1 H, 6-H) ppm. 13C NMR (100 MHz, CD3OD): δ = 26.0 (CH2),
38.0 (CH2), 43.6 (2CH3), 56.8 (CH2), 124.4 (CH), 127.9 (CH), 128.0
(CH), 128.4 (Cq), 128.5 (CH), 129.7 (CH), 130.3 (CH), 132.9 (CH),
135.6 (CH), 136.9 (Cq), 139.9 (Cq), 140.4 (Cq), 141.0 (CH), 168.4
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(CO) ppm. MS (ESI+): m/z (%) = 308 (100) [M]+, 651 (5) [2 M +
Cl]+. C19H22ClN3O·1/2HCl (362.1): calcd. C 63.03, H 6.26, N
11.61; found C 63.30, H 6.16, N 11.43.

N-(4-Aminobutyl)-4-(adenin-9-yl)butyramide (10): A solution of the
ester 9[22] (1.00 g, 4.00 mmol) and 1,4-diaminobutane (2.82 g,
32.0 mmol) in nPrOH (8 mL) was heated at reflux for 10 h, and the
reaction was monitored by TLC. After the evaporation of all vola-
tile components in vacuo, the residue was triturated with Et2O
(15 mL), the solid was collected, washed with Et2O (5 mL) and
MeCN (2 �5 mL) and dried in vacuo over KOH, to give 10 (1.00 g,
86% yield) as a white hygroscopic amorphous solid, which was
used without further purification; Rf = 0.79. 1H NMR (400 MHz,
CD3OD): = 1.45–1.50 (m, 4 H, CH2), 2.16–2.21 (m, 4 H, CH2),
2.64 (t, 3J = 7 Hz, 2 H, CH2NH2), 3.12 (t, 3J = 7 Hz, 2 H,
CH2NHCO), 4.28 (t, 3J = 7 Hz, 2 H, CH2–Ade), 8.13 (s, 1 H, Ade-
H), 8.21 (s, 1 H, Ade-H) ppm. 13C NMR (100 MHz, CD3OD): δ
= 27.2 (CH2), 27.7 (CH2), 30.9 (CH2), 33.8 (CH2), 40.2 (CH2), 42.1
(CH2), 44.4 (CH2), 120.0 (Cq, C5), 142.8 (CH, C8), 150.8 (Cq, C4),
153.7 (CH, C2), 157.3 (Cq, C6), 174.4 (CO) ppm. MS (ESI+): m/z
(%) = 147 (28) [M + 2 H]2+, 292 (100) [M + H]+. Dipicrate: M.p.
200–202 °C (EtOH). C13H21N7O·2C6H3N3O7 (749.6): calcd. C
40.06, H 3.63, N 24.29; found C 40.00, H 3.55, N 23.88.

General Procedure for the Synthesis of Acridizinium–Adenine Conju-
gates: Carboxyacridizinium tetrafluoroborate 7a or 7b (311 mg,
1.00 mmol) was dissolved in anhydrous DMF (10 mL) and treated
with N-methylmorpholine (121 µL, 110 mg, 1.10 mmol). The solu-
tion was cooled to –25 °C under an argon atmosphere and treated
with isobutyl chloroformate (143 µL, 150 mg, 1.10 mmol). After
stirring for 10 min at this temperature, amine 10 (0.350 g,
1.20 mmol), dissolved in anhydrous DMF (15 mL), was added
dropwise over 10 min. The reaction mixture was stirred at –25 °C
for 2 h and warmed to room temperature during 18 h. Hydrogen
chloride (2.5 mL of a 1  solution in Et2O, 2.5 mmol) was added
and, after stirring for 30 min at room temperature, the reaction
mixture was evaporated to a final volume of about 2 mL. The resi-
due was triturated with MeCN (25 mL), and the pale yellow pre-
cipitate was collected, washed with MeCN (3�10 mL) and AcOEt
(2�10 mL) and dried in vacuo over P2O5, yielding the crude di-
chloride salt. A portion of the product was purified by MPLC (RP-
18; eluent: 1% aqueous TFA/MeCN, 85:15). The eluate was evapo-
rated to dryness, and the residue was recrystallized from MeOH/
AcOEt, to give analytically pure bis(trifluoroacetate) salt.

9-[N-{4-[4-(Adenin-9-yl)butyrylamino]butyl}carboxamido]-
acridizinium Trifluoroacetate Hydrogen Trifluoroacetate) (11a):
Yield of the crude salt: 270 mg (47% yield). Purified sample: le-
mon-yellow microcrystalline solid; m.p. (dec.) 181–184 °C (MeOH/
AcOEt); Rf = 0.24. 1H NMR (400 MHz, CD3OD): δ =
1.57–1.64 (m, 2 H, Acr-CONH-CH2CH2CH2CH2NH); 1.68–1.75
(m, 2 H, Acr-CONH-CH2CH2CH2), 2.19–2.29 (m, 4 H, Ade-
CH2CH2CH2CO), 3.21 (t, 3J = 7 Hz, 2 H, Acr-CONH-
CH2CH2CH2CH2NH), 3.50 (t, 3J = 7 Hz, 2 H, Acr-CONH-CH2),
4.35 (t, 3J = 7 Hz, 2 H, Ade-CH2), 7.97 (dd, 3J = 7, 3J = 8 Hz, 1
H, 3-H), 8.12 (dd, 3J = 8 Hz, 1 H, 2-H), 8.27 (dd, 3J = 9, 4J =
1 Hz, 1 H, 8-H), 8.33 (s, 1 H, Ade-H), 8.37 (s, 1 H, Ade-H), 8.50
(d, 3J = 9 Hz, 1 H, 7-H), 8.58 (d, 3J = 9 Hz, 1 H, 1-H), 8.74 (s, 1
H, 10-H), 9.23 (s, 1 H, 11-H), 9.27 (d, 3J = 7 Hz, 1 H, 4-H), 10.31
(s, 1 H, 6-H) ppm. 13C NMR (100 MHz, CD3OD): δ 27.0 (CH2),
27.8 (CH2), 27.9 (CH2), 33.7 (CH2), 40.1 (CH2), 41.1 (CH2), 45.0
(CH2), 119.8 (Cq), 124.4 (CH), 127.7 (CH), 127.8 (CH), 128.4
(CH), 128.5 (Cq), 129.7 (CH), 130.3 (CH), 132.9 (CH), 135.6 (CH),
137.0 (Cq), 140.0 (Cq), 141.0 (CH), 141.1 (Cq), 145.4 (CH), 145.6
(CH), 150.5 (Cq), 152.0 (Cq), 167.9 (CO), 174.4 (CO) ppm. MS
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(ESI+): m/z (%) = 498 (100) [M]+. C31H30F6N8O6 (724.6): calcd. C
51.38, H 4.17, N 15.46; found C 51.05, H 4.13, N 15.16.

3-[N-{4-[4-(Adenin-9-yl)butyrylamino]butyl}carboxamido]-
acridizinium Trifluoroacetate Hydrogen Trifluoroacetate (11b):
Yield of the crude dichloride: 305 mg (54%). Purified sample:
lemon-yellow prisms; m.p. 88–90 °C; Rf = 0.21. 1H NMR
(400 MHz, CD3OD): δ = 1.57–1.64 (m, 2 H, Acr-CONH-
CH2CH2CH2CH2NH); 1.68–1.75 (m, 2 H, Acr-CONH-
CH2CH2CH2), 2.18–2.28 (m, 4 H, Ade-CH2CH2CH2CO), 3.20 (t,
3J = 7 Hz, 2 H, Acr-CONH-CH2CH2CH2CH2NH), 3.51 (t, 3J =
7 Hz, 2 H, Acr-CONH-CH2), 4.33 (t, 3J = 7 Hz, 2 H, Ade-CH2),
8.06 (dd, 3J = 7, 3J = 9 Hz, 1 H, 8-H), 8.19 (dd, 3J = 7, 3J = 9 Hz,
1 H, 9-H), 8.27 (s, 1 H, Ade-H), 8.29–8.31 (m, 2 H, 2-H, Ade-H),
8.41 (d, 3J = 9 Hz, 1 H, 10-H), 8.50 (d, 3J = 9 Hz, 1 H, 7-H), 8.55
(d, 3J = 9 Hz, 1 H, 1-H), 9.17 (s, 1 H, 11-H), 9.67 (s, 1 H, 4-H),
10.37 (s, 1 H, 6-H) ppm. 13C NMR (100 MHz, CD3OD): δ = 27.1
(CH2), 27.6 (CH2), 27.9 (CH2), 33.7 (CH2), 40.1 (CH2), 41.2 (CH2),
44.8 (CH2), 111.9 (Cq), 126.3 (CH), 128.2 (CH), 128.5 (CH), 129.5
(CH), 129.6 (CH), 130.6 (Cq), 132.9 (CH), 136.0 (CH), 136.9 (CH),
138.2 (Cq), 138.3 (Cq), 139.3 (Cq), 142.5 (CH), 144.6 (CH), 148.2
(CH), 150.6 (Cq), 153.8 (Cq), 164.6 (CO), 174.4 (CO) ppm.
C31H30F6N8O6 (724.6): calcd. C 51.38, H 4.17, N 15.46; found C
51.60, H 4.30, N 15.77.

Nucleic Acid Binding Studies: All buffer solutions were prepared
from purified water (18 MΩcm–1) and biochemistry-grade chemi-
cals. The buffer solutions were stored at 4 °C up to three months
and filtered through a PVDF membrane filter (pore size 0.45 µm)
prior to use. BPE buffer (6.0 m Na2HPO4, 2.0 m NaH2PO4,
1.0 m Na2EDTA; total Na+ concentration 16.0 m; pH 7.0) was
used for spectrophotometric DNA titrations and thermal denatur-
ation studies (except for the work with synthetic oligonucleotides).
ODN buffer (6.1 m Na2HPO4, 3.9 m NaH2PO4, 1.0 m

Na2EDTA, 20 m NaCl; total Na+ concentration 38.1 m; pH 7.0)
was used for thermal denaturation studies with synthetic oligonu-
cleotides. ETN buffer (1 m Na2EDTA, 10 m TRIS, 10 m

NaCl; pH 7.0) was used for flow LD studies of DNA-ligand com-
plexes.

Calf thymus DNA (type I; highly polymerized sodium salt; ε =
12824 cm–1 –1) was purchased from Sigma (St. Louis, MO, USA);
synthetic polynucleotide [poly(dAdT)]2 was purchased from Amer-
sham Biosciences (Piscataway, NJ, USA) and used without further
purification. The polynucleotides were dissolved in BPE at a con-
centration of 1–2 mg/mL–1 and left at 4 °C overnight. After being
agitated in an ultrasonic bath for 10 min, the solution was filtered
through a membrane filter to remove any insoluble material. Oligo-
deoxyribonucleotides (synthesis scale of 200 nmol, purified by RP-
HPLC) were purchased from Eurogentec S.A. (Seraing, Belgium);
their quality was confirmed by mass spectrometric analysis data
provided by the manufacturer. The lyophilized oligonucleotides
were dissolved in ODN buffer to a strand concentration of 500 µ.
Working solutions of the ligands were prepared in ODN buffer at
a concentration of 200 µ by dilution of the stock solutions (1 m

in MeOH).

Flow LD: Spectra of DNA-ligand complexes were obtained accord-
ing to the previously published procedure.[15]

Spectrophotometric Titrations with ct DNA: UV/Vis spectra were
recorded on a double-beam spectrophotometer. Except for experi-
ments at varying temperature, spectrophotometric measurements
were performed in thermostatted quartz sample cells at 20 °C.
Spectrophotometer slit widths were kept at 2 nm. Working solu-
tions were prepared by the dilution of stock solutions (1 m in
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MeOH) with BPE buffer to a final concentration of 50 µ immedi-
ately before the experiments.

To avoid dilution of the analyte solutions, the titrant solutions con-
tained ct DNA at a concentration of 1–2 m (approximately 1–
2 mg/mL) as well as the ligand at the same concentration as in the
titrated solution. Aliquots (2.00 mL) of the analyte solutions in
BPE buffer were placed into quartz spectrophotometric cells and
titrated with the titrant solutions in 0.5–2 equiv. intervals, and UV/
Vis spectra were recorded (wavelength range 300–600 nm). The ti-
trations were finished after no changes were observed in the ab-
sorption spectra upon the addition of at least three 2 equiv. por-
tions of the titrant. All spectrophotometric titrations were per-
formed at least three times to ensure reproducibility.

Data evaluation and determination of the binding constants were
performed according to published methods.[23] Thus, the concentra-
tion of the ligand bound to the DNA was calculated from Equa-
tion (1).

cb = cL � (Af – A) / (Af – Ab) (1)

cL is the bulk concentration of the ligand, Af is the absorbance at
a given wavelength in the absence of DNA, Ab is the absorbance
of the fully bound ligand, and A is the absorbance at a given ligand/
DNA ratio. The concentration of the unbound dye (c) was calcu-
lated from Equation (2).

c = cL – cb (2)

The ratio of bound ligand molecules per DNA base pair (r) was
calculated using Equation (3).

r = (cb) / (cDNA) (3)

The data were presented as Scatchard plots (r/c vs. r values) and
numerically fitted to the neighbor-exclusion model of McGhee and
von Hippel [Equation (4)],[14] to determine the values of the binding
constant (K) and the binding site size (n). The numerical fitting was
performed using the Levenberg–Marquardt non-linear curve fitting
algorithm as implemented in the software package Origin® 7.5.

r/c = K (1 – nr) {(1 – nr) / [1 – (n – 1) r]}n–1 (4)

Viscosimetric Titrations: The measurements were performed with a
micro-Ubbelohde viscometer (Schott Instruments), filled with
2.5 mL of sample solution. The flow time for the BPE buffer (pH
7.0) and of the ct DNA solution (1.0 m) under the particular con-
ditions were determined. Subsequently, samples were prepared to
give solutions with total ligand/DNA ratios from 0 to 0.2. The flow
times were measured after a thermal equilibration period of 5 min.
Each sample flow time was measured three times and an average
value was reported. Proflavine hemisulfate (Sigma) was included in
these experiments as a reference compound. The viscosity of the
solution η in the presence of a ligand was calculated from the flow
time of a sample (tL) subtracted by the flow time of the buffer
solution (t0) as η = (tL – t0) / to. The viscosity of the ct DNA
solution alone was calculated as η0 = (t – t0) / t0. The relative vis-
cosity was presented as (η/η0)1/3 according to the theory of Cohen
and Eisenberg,[18a] and plotted as a function of the ligand/DNA
ratio, r = cL � cDNA.[24]

Thermal Denaturation Studies: Aliquots of a stock solution of the
ligand (1 m in MeOH) were pipetted into Eppendorf vials and
the latter were left open until all the solvent had evaporated. The
residue was dissolved in BPE buffer. The volume of the buffer solu-
tion was calculated taking into account the concentration of the
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stock solution of the DNA, to provide a final volume of 1.00 mL.
The samples were degassed in an ultrasonic bath for 15 min. Fixed
amounts of nucleic acids (final concentration of 40 µ) were added;
the samples were mixed briefly and transferred into masked, semi-
micro quartz cells (pathlength l = 1 cm). In the case of the thermal
denaturation experiments with oligonucleotides, the samples were
prepared by mixing the two oligonucleotide strands (final concen-
tration of each strand of 5 µ) with working solutions of the li-
gands and ODN buffer, to give a final volume of 1 mL.

DNA thermal denaturation profiles were recorded on a double-
beam spectrophotometer equipped with a thermoelectric tempera-
ture controller. Samples were heated from 20.0 °C to 97.0 °C at a
rate of 0.2 degmin–1, while the absorbance was monitored at
260 nm. In the case of the experiments with the undecamers, an
additional annealing step was required (heating from ambient tem-
perature to 80 °C at 2.5 degmin–1, maintaining this temperature for
5 min, and cooling to 5 °C at 1.0 degmin–1, followed by a heating
run in which the absorption was determined). The temperatures of
DNA melting transitions, Tm, were determined from first-derivative
plots of absorbance vs. temperature. The ligand-induced shifts of
DNA melting transitions, ∆Tm = Tm (DNA–ligand) – Tm (DNA)
were plotted as a function of ligand/DNA ratio, r = cL � cDNA.
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