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epoc ABSTRACT: N-Methyl-8-aminophenathridinium–uracil and –adenine conjugates possessing a nucleobase attached
at the phenanthridinium 8-amino group by a trimethylene spacer were prepared in the form of water-soluble
hydrogensulfate salts. Spectroscopic characteristics of the conjugates reveal the formation of folded conformations in
water characterized by intramolecular aromatic stacking between the phenanthridinium unit and the tethered
nucleobase. The conjugates form 1:1 complexes in water with either complementary or non-complementary
nucleotides, giving log Ks values between 1 and 2 and showing a lack of any base recognition. Also, the binding
studies with single-stranded polynucleotides showed no preference of conjugates to polynucleotides containing
complementary nucleobases. At pH 5, the N-methylphenanthridinium–adenine conjugate exhibited preferred binding
to double-stranded (ds-) polyAHþ, whereas its protonated analogue bound preferably to polyU. The results reveal that
the presence of protonated or permanently charged intercalator units in the conjugates dramatically changes their
binding preferences for polynucleotides. Copyright # 2003 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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INTRODUCTION

Intensive research during the last two decades has shown
that single-stranded (ss-) domains of DNA and RNA are
of the paramount importance for life processes in living
cells.1,2 Among different types of ss-domains, the abasic
sites have attracted a lot of interest owing to their
important role in the DNA repair system.3 Since many
of the antitumor drugs act by modifying (i.e. alkylating)
nucleobases in DNA,4 molecules that bind specifically at
such lesions and inhibit the DNA repair system may
potentiate the action of antitumor drugs.5 The importance
of adenine in the study of abasic sites can be demon-
strated by in vitro experiments with DNA polymerases.
Namely, polymerases preferentially incorporate dA op-
posite to an abasic site (the so-called ‘A-rule’), a selec-
tivity that is not fully understood and cannot be explained
by thermodynamic or structural studies.6 In the last

decade, pH-dependent properties of nucleobases, espe-
cially adenine and cytosine, have also been a subject of
intensive research.7 It has been shown that the pKa value
of adenine at the N1 position (see Fig. 1) is strongly
dependent on the local surroundings such as stacking
interactions, possibility of participation in hydrogen
bonding and charge stabilization. Protonated adenine
readily forms a number of different types of hydrogen
bonds, resulting in a variety of non-canonical base pairs
of high biological importance.7 In a number of recent
publications, the synthesis of molecules designed for
recognition of DNA abasic sites has been reported.8

The molecules incorporate three structural units: (a) an
intercalator unit for strong binding to DNA, (b) a nucleic
base for recognition of the complementary non-paired
base at the abasic site and (c) a linker connecting the
intercalator and the base of a suitable length and flex-
ibility to allow pairing of a tethered base with that at the
abasic site. In addition to binding at abasic sites, one
paper also describes the recognition of n-propyladenine
by proflavine–thymine conjugate in aqueous media.
However, it was pointed out that there was no direct
evidence of hydrogen bonding between complementary
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nucleobases.9 It appears that this type of conjugate may
also act as receptor molecules capable of recognizing
complementary nucleosides or nucleotides in water or
may bind strongly to ss-polynucleotides at sequences
containing complementary bases. Intrigued by the possi-
bility of nucleotide recognition by such conjugates, we
have prepared a series of N5-protonated phenanthridi-
nium–adenine and –uracil derivatives [Fig. 2(B)] with
different lengths of aliphatic linkers and studied their
interaction with nucleotides and polynucleotides in aqu-
eous media.10,11 Such conjugates showed a lack of any
recognition of complementary nucleotides, but the ade-
nine conjugate exhibited interesting selectivity toward
complementary polyU.11 Binding studies were per-
formed at a non-physiological pH of 5, since the proto-
nation of phenanthridine nitrogen was necessary to
provide a sufficient solubility of the conjugates in water.
In the next step, we synthesized the N5-methylated

phenanthridinium conjugates shown in Fig. 2(A). Owing
to the permanently charged phenanthridinium unit, such
conjugates should be sufficiently soluble in water at the
physiological pH of 7 and their binding preferences
toward nucleotides and polynucleotides could be altered
compared with those of the protonated phenanthridinium
conjugates in acidic conditions. Here, we report on
binding studies of uracil and adenine conjugates 7 and
8, respectively, and on the reference derivative 6 lacking a
tethered base with nucleotides and double-stranded (ds-)
and ss-polynucleotides at pH 5 and 7. They all show that
their binding preferences change dramatically with re-
spect to those of the protonated analogues. We also report
on the unique selective binding of 8 to the polyAHþ

double helix formed by polyA at pH 5. To find an
explanation for the observed selectivity, a model of
ds(AHþ)4 with intercalated compound 8 was built and
geometry optimizations were carried out using quantum
chemical methods.

RESULTS AND DISCUSSION

Synthesis

As outlined in Scheme 1, trifluoromethylsulfonate salts 1
and 2 were prepared from the corresponding 8-tosyl-
protected phenanthridines,10 by reaction with an excess
of methyl trifluoromethylsulfonate in dichloroethane (at
room temperature, under argon) and subsequent depro-
tection by trifluoromethylsulphonic acid in situ.12

Compound 5, however, could not be prepared in this
way owing to the simultaneous methylation at one of

Figure 1. Hydrogen bonding between protonated adenines
(N1) in ds-polyAHþ

Figure 2. (A) Phenanthridinium–nucleobase conjugates 7 and 8 and the reference phenanthridinium derivative 6; (B)
previously studied N5-protonated phenathridinium analogues

Scheme 1. (a) CF3SO3CH3, ClCH2CH2Cl, Ar, r.t.; (b) CF3SO3H, ClCH2CH2Cl, Ar, r.t.
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heterocyclic adenine nitrogens. Therefore, N5 of N-3-
bromopropyl-N-tosyl-8-amino-6-methylphenanthridine
was methylated in the first step, giving the triflate salt 3 in
a 52% yield. In the next step, 3 was reacted with a large
excess of adenine in the presence of NaH, giving the
phenanthridinium salt 4 in 18% yield. Finally, the tosyl
protection was removed by reaction with trifluoromethyl-
sulfonic acid, to give 5 in a 80% yield (Scheme 2).

Exchange of lipophilic trifluoromethylsulphonate an-
ion for hydrophilic hydrogensulfate was performed by
mixing the acetonitrile solutions of compound 1, 2 or 5
with a 10-fold excess of tetrabutylammonium hydrogen-
sulfate in acetonitrile, yielding precipitation of the corre-
sponding hydrogensulphate salts 6–8 [Fig. 2(A)].13

Spectroscopic properties

In the electronic absorption spectra of 6–8 taken from
an aqueous solution, changes in absorbance obey the
Lambert–Beer law in the concentration range 1� 10�6–

1� 10�4 mol dm�3. The absorption maximum of 8 at
268 nm is blue shifted compared with reference 6
(Table 1), owing to the additive absorption maximum of
the attached adenine (�max¼ 262 nm). The red shift of
another absorption maximum of 8 (�max¼ 449 nm,
Table 1) and a pronounced hypochromic effect compared
with reference 6 strongly support intramolecular stacking
interactions between the phenanthridinium unit and the
tethered nucleobase. Hypochromicity observed in the
spectra of uracil conjugate 7 vs reference 6 is less
pronounced than that of 8 and there is almost no shift
of maxima. The latter can be explained by the smaller
aromatic surface of uracil compared with adenine and
therefore weaker stacking interactions of the former with
phenanthridinium moiety. It is interesting that the hypo-
chromicity observed for permanently charged uracil
conjugate 7 is significantly stronger than that found for
the previously reported protonated phenanthridine–uracil
analogue under the same experimental conditions.10

Since the pKa of all of the N5-protonated phananthridine

Scheme 2. (a) CF3SO3CH3, ClCH2CH2Cl, Ar, r.t.; (b) NaH, dry DMF, Ar, r.t.; (c) CF3SO3H, ClCH2CH2Cl, Ar, r.t.

Table 1. Molar extinction coefficients, absorption maxima of 7, 8 and references 6, Ade-C3 and Ura-C3, fluorescence
emission intensities and maxima of 6–8 pH 7, Na cacodylate buffer, 0.04mol dm�3

UV–Vis Fluorescence emission

Compound �max (nm) ��max
a (nm) " (mol�1 cm2) H (%)b �max (nm) ��c (nm) Int(6)/Int(X)

6 279/438 — 44.16/4.26 — 575 — —
7 278/438 �1/0 33.2/3.1 25/27 552 23 0.94
8 268/449 �11/þ11 18.68/1.5 61/65 541 34 4.0
Ade-C3 262 — 13.73 —
Ura-C3 267 — 9.92 —

a Shift of the maxima calculated as �max(6)��max(7 or 8).
b Hypochromic effect at �¼ 279 nm estimated as: {["(6)� "(7 or 8)]/"(6)}� 100.
c ��¼�(6)��(7 or 8).
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conjugates is 6, close to 91% of the uracil conjugate
should be protonated at pH 5.10 Consequently, the ob-
served difference in hypochromicity for 7 and its analo-
gue, the protonated uracil conjugate, indicates that the
strength of intramolecular stacking depends on the charge
distribution of phenanthridinium units.

The fluorescence emission of 6–8 is linearly dependent
on concentration up to 5� 10�6 mol dm�3. The excita-
tion spectra of all compounds studied are in good agree-
ment with their UV–visible spectra. The emission
maxima of nucleobase conjugates 7 and 8 are signifi-
cantly blue shifted compared with reference 6 (Table 1).
Since the blue shift of ethidium bromide emission occurs
upon its intercalation in ds-polynucleotides, the same
observation for 7 and 8 additionally supports the intra-
molecular base-on-phenathridinium stacking. Again, the
tethered adenine of 8 induced a significantly stronger
emission change of the phenanthridinium unit than uracil
of 7 (Table 1).

1H NMR spectra of 6–8 in D2O (�10�3 mol dm�3)
were fully assigned by means of one- and two-dimen-
sional techniques and also by analogy with previously
reported derivatives.10 Taking into account the previously
reported self-association constants Ksa for ethidium bro-
mide (EB, Ksa¼ 180 mol�1 dm3)14 and protonated phe-
nanthridinium–nucleobase conjugates (estimated Ksa¼
102 mol�1 dm3),10 only about 20% of self-association for
6–8 could be expected in the concentration range used for
1H NMR measurements. However, the low solubility of
the compounds and appearance of broad signals pre-
vented the accumulation of sufficiently accurate NMR

data for calculation of the self-association constants.
Comparison of the chemical shifts of phenanthridinium
protons of 7 and 8 with those of the reference derivative 6
reveals strong upfield shifts of the H7 and H9 protons of
both nucleobase conjugates (Fig. 3).

The same observation has been reported for protonated
phenanthridinium conjugates and was found to originate
mostly from the intramolecular base-on-phenathridinium
stacking interactions rather than from intermolecular
stacking.10 The tethered base protons of 7 and 8 also
show significant upfield shifts relative to those of the
reference derivatives Ade-C3 and Ura-C3 (Fig. 3). These
findings are in accord with the results of UV–visible and
fluorescence experiments, corroborating that both 7 and 8
form folded conformations with intramolecular base-on-
phenathridinium stacking. The strongest upfield shift was
observed for the phenanthridinium C6-methyl protons of
8, indicating their close proximity to stacked adenine.
The magnitude of shielding effects is higher for adenine
conjugate 8 than for uracil conjugate 7, which is in accord
with previous observations of a stronger stacking of
intercalators with purine than with pyrimidine nucleo-
bases.15,16

Interactions with nucleotides

Addition of nucleotides to aqueous solutions of 6–8
induces significant changes in their fluorescence
emission, allowing the determination of the binding
constants (logKs, Table 2) and stoichiometries of the

Figure 3. Induced chemical shifts�� (ppm) (��phen¼ �7,8� �6, *��¼ �adenine–8, uracil–7� �Ade-C3, Ura-C3) by intramolecular self-
stacking in 7 (&) and 8 (*)
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conjugate–nucleotide complexes. Processing the fluores-
cence titration data for 6–8 and various nucleotides gave
the best fit for the 1:1 stoichiometry of complexes in each
case. The calculated binding constants (Ks) were of the
same order of magnitude as those found for ethidium
bromide15,16 and protonated phenanthridinium conju-
gates.10 No significant charge dependence was observed
for the binding of AMP2�, ADP3� and ATP4� series
either, suggesting the dominant role of intermolecular
�–� stacking interactions between the phenanthridinium
unit of the conjugate and a nucleobase of the nucleotide,
and only a minor contribution of the electrostatic binding.
No significantly different affinity of 7 and 8 toward
complementary nucleotides was observed. Hence, as in
the case of protonated phenanthridinium conjugates, no
recognition of the complementary nucleotide could be
achieved by permanently charged conjugates.

Interactions with polynucleotides

Spectroscopic titrations. Interactions of 6–8 with ct
DNA as the representative of a ds-polynucleotide at pH
5 were studied by fluorimetric titrations. Addition of ct
DNA resulted in a 3.4-fold increased emission of the
reference compound 6 and only 1.7- and 1.6-fold that of 7
and 8, respectively. For comparison, the fluorescence of

EB (as reported previously)17 increased 20-fold. The
binding constants for 6–8 (logKs¼ 5.2–5.9) and [bound
ligand]/[polynucleotide phosphate] ratios (n¼ 0.08–
0.20) calculated from titration data according to the
Scatchard equation17,18 are similar to those determined
for EB (logKs¼ 6.1, n¼ 0.2), within the error of the
method.19 These results show that the conjugates bind to
ct DNA by intercalation with similar affinity as EB and
that the presence of a spacer and a tethered nucleobase
does not greatly alter the intercalation ability of phenan-
thridinium unit. Only slightly lower values of n deter-
mined for 8 relative to reference 6 and EB indicate a
somewhat less dense intercalation, probably due to steric
hindrance imposed by the linker and the adenine.

UV–visible and fluorimetric titrations of 6–8 with ss-
polynucleotides were performed at physiological condi-
tions (pH 7) and also at pH 5 for comparison with
previously studied protonated analogues [Fig. 2(B)].11

In all titrations, addition of ss-polynucleotide to the
solutions of 6–8 induced a hypochromic effect in the
UV–visible spectra and an increase in fluorescence
(Table 3). In general, addition of polyA resulted in
more pronounced spectroscopic changes than the addi-
tion of polyU. This observation can be explained by a
larger aromatic surface and hence a stronger stacking
between the phenanthridinium unit and purine nucleo-
bases but it also points to stacking interactions being the
dominant binding force that stabilizes such complexes.

Upon addition of polyA under acidic conditions (pH
5), the spectroscopic changes of 6–8 (hypochromic and
bathochromic effects in UV–visible spectra and fluores-
cence increase) were significantly more pronounced than
at a neutral pH. It is well known that protonated polyAHþ

at pH 5 forms a double helix (Fig. 1).2b In ds-helix, the
base pairs provide a larger surface for stacking with
intercalated phenanthridinium than single bases in ss-
polyA at pH 7. In contrast, spectroscopic changes in-
duced by addition of polyU were found to be independent
of pH since the polynucleotide remained single-stranded
at both pH values.

Table 2. Binding constants (logKs) for 6–8 toward nucleo-
tidesa,b

Compound AMP ATP GMP UMP

6 1.6� 0.04 2.0� 0.1 2.00� 0.13 1.6c

7 1.7� 0.07 1.9� 0.04 2.1� 0.04 1.5c

8 2.1� 0.05 — 1.8� 0.06 1.7� 0.1
EB 1.6 — 1.6 1.2

a Fluorimetric titrations were performed at pH 6 (I¼ 0.1 mol dm�3, Na
cacodylate buffer).
b AMP2�¼ adenosine monophosphate; ATP4�¼ adenosine triphosphate;
GMP2�¼ guanosine monophosphate; UMP2�¼ uridine monophosphate.
c Only 50% of complexation was reached, allowing only estimation of
binding constant.

Table 3. Spectroscopic properties of complexes 6–8 with ss-polynucleotidesa

PolyA PolyU

UV–Vis Fluorescence; �Ib UV–Vis Fluorescence; �Ib

Compound pH �Ab (%) d�exc¼ 325/440 nm (%) �Ab (%) d�exc¼ 325/440 nm (%)

6 �35 þ525/þ170 �8 —c

7 5 �20 þ310/þ150 �15 —c

8 �10 þ260/þ120 �17 —c

6 �14 þ200/þ60 �12 —c

7 7 �20 þ110/þ40 �14 —c

8 �10 þ90/þ38 �3 —c

a Spectroscopic titrations were performed at pH 5 and 7 (I¼ 0.1 mol dm�3, Na cacodylate buffer), �max(6, 7)¼ 440 nm and �max(8)¼ 445 nm.
b Calculated as �Að�IÞ ¼ f½A0ðI0Þ � AðIÞ�=A0ðI0Þg � 100, where AðIÞ is calculated value at 100% of complex formed.
c Due to the linear dependence of spectroscopic changes on the concentration of polynucleotide, it was not possible to calculate AðIÞ value at 100% of complex
formed.
d Different excitation wavelengths (325 nm abs. shoulder; 440 nm abs. maxima) were used for the comparison of the observed emission changes.
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The observed spectroscopic changes (bathochromic
and hypochromic effects in UV–visible titrations and
fluorescence increase) are more pronounced for the
reference derivative 6 lacking a nucleobase and follow
the order 8< 7< 6 (Table 3). The UV–visible and fluori-
metric properties along with NMR results clearly suggest
the formation of folded conformations of 7 and 8 in
aqueous media. Owing to intramolecular base-on-
phenanthridinium stacking, free 7 and 8 exhibit a lower
absorbance, bathochromic shifs and lower emission in-
tensities relative to 6 lacking a tethered base. Conse-
quently, additional spectroscopic effects resulting from
binding to polynucleotides should be less pronounced for
7 or 8 than for the reference 6, showing in the free state a
stronger absorbance, non-shifted phenanthridinium bands
and higher emission intensity than the former conjugates.

No significantly increased affinity of conjugates 7 and
8 toward complementary ss-polynucleotide relative to the
non-complementary one could be observed (Table 4).
The binding constants for polyU complexes with 6–8 can
only be estimated (logKs< 3, Table 4) owing to solubility
problems at polyU concentrations >0.01 mol dm�3. The
affinity of 6 and the uracil conjugate 7 towards polyA is
the same at pH 5 and 7. In contrast, the affinity of adenine
conjugate 8 toward ds-polyAHþ formed at pH 5 is an
order of magnitude higher than that at pH 7 (Table 4,
Fig. 4); the Ks of 8 is also significantly higher than those
of 7 and the reference 6. Interestingly, the affinity order
reverses at pH 7. These results strongly suggest that some
additional specific interactions stabilize the complex of 8
and ds-polyAHþ. To prove this additional stabilization,
thermal denaturation experiments with 6, 7 and 8 and
polyA at pH 5 were performed.

The double helix of polyAHþ formed at pH 5 under the
applied experimental conditions exhibits a melting tran-
sition at 73 �C. Addition of adenine conjugate 8 resulted
in strong stabilization of ds-polyAHþ (Fig. 5: �Tm/ratio8/

polyAHþ: 2.3/0.2; 4.6/0.3; 17.0/0.5), while addition of the
reference compound 6 and the uracil conjugate 7 had no

effect on the melting transition. Hence these results are
clearly in accord with those of fluorimetric titrations for 8
and support the conclusion that the adenine conjugate 8
recognizes ds-polyAHþ (Table 4).

To account for the observed enhanced binding of 8 to
ds-polyAHþ, the molecular modelling was performed on
the ds-polyAHþ–8 intercalative complex.

The structure obtained is presented in Fig. 6. It shows
that additional interaction, besides intermolecular stack-
ing, is possible through hydrogen bonding between the
adenine N1 hydrogen of ds-polyAHþ and the adenine N-
1 of 8. These hydrogen bonds could explain the stronger
binding of 8 and increased thermal stabilization of ds-
polyAHþ.

Conjugate 8, on binding to polyU, could form the
pseudo-polyA–U complex by intercalation of phenanthri-
dinium between adjacent uracils and formation of hydro-
gen bonds between adenine of 8 and the stacked uracil.
To check this possibility, polyU saturated with adenine
conjugate 8 (ratiopolyU/8� 1) was prepared. However, no
thermal melting transition was observed, showing that the

Table 4. Binding constants (logKs) and ratios n (cbound 6–8/
cphosphate)

a for 6–8 towards ss-polynucleotidesb

PolyA PolyU

Compound pH n LogKs n LogKs

6 5 0.1� 0.05 4.3� 0.1 —c <3c

7 0.1� 0.05 4.8� 0.2 —c <3c

8 0.1� 0.05 5.3� 0.2 —c <3c

6 7 0.1� 0.05 4.8 � 0.2 —c <3c

7 0.1� 0.05 4.7� 0.2 —c <3c

8 0.1� 0.05 4.4� 0.3 —c <3c

a The correlation coefficients >0.999 correspond to given ranges of n and
logKs.
b Fluorimetric titrations were performed at pH 5 and 7 (I¼ 0.05 mol dm�3,
Na cacodylate buffer).
c Estimated value owing to <20% of complex formed, �exc¼ 320 nm and
�exc¼ 440 nm used for titration.

Figure 4. Fluorimetric titration of 8 with polyA at pH 5 and
7 (I¼0.05mol dm�3, Na cacodyate buffer) using two ex-
citation wavelengths

Figure 5. First derivative of melting curves of ds-polyAHþ

(&) and 8–ds-polyAHþ complexes at the 8–ds-polyAHþ

ratios of 0.2 (*), 0.3 (!) and 0.5 (x)
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pseudo-polyA–U complex was not formed. This result is
also in agreement with the results of fluorimetric titra-
tions, showing the absence of any increased affinity of 8
towards complementary polyU (Table 4).

CONCLUSION

The spectroscopic properties and conformational charac-
teristics of novel phenanthridinium–nucleobase conju-
gates 6–8 are comparable to those of the previously
studied protonated phenanthridine–nucleobase conju-
gates.10 Folded conformations with intramolecularly
base-on-phenanthridinium stacking were found for both
series of conjugates. Intramolecular stacking is signifi-
cantly more pronounced for the adenine conjugates than
for the uracil conjugates, in accord with the known
dependence of aromatic stacking on the surfaces in
contact.16

There is no increased affinity of 7 and 8 towards
complementary nucleotides, as already found for pre-
viously studied protonated phenanthridine–nucleobase
conjugates.10 These results are at variance with the
reported recognition of propyladenine by proflavine–
thymine conjugate in aqueous media.9 Spectrophoto-
metric titrations of 6–8 with ss- and ds-polynucleotides
suggest intercalation as the dominant binding interaction
of the phenanthridinium unit under both acidic (pH 5) and
physiological (pH 7) conditions. The results of spectro-
scopic binding studies show a lack of any recognition of
the complementary polynucleotides by conjugates 7 and
8 at both pH 5 and 7. Hence both the nucleotides and
polynucleotides possessing bases complementary to
those tethered to 7 and 8 could not be recognized by
this type of intercalator–nucleobase conjugate. It can be
concluded that the hydrogen bonding between comple-
mentary bases on the phenanthridinium surface is
disfavored owing to strongly competitive hydration of
H-bond donor and acceptor sites.

It was observed that, at pH 5, the adenine conjugate
(8)–polyAHþ complex is significantly more stable than

the corresponding complexes of uracil conjugate 6 and
the reference 7 lacking the nucleobase. This can be
explained only by the additional interactions of the
adenine of 8 with ds-polynucleotide. On the other hand,
the results of binding studies for N-methylphenanthridi-
nium derivative 8 and its protonated analogue B (Fig. 1,
n¼ 3, R¼Ade)10 and polynucleotides reveal their dif-
ferent properties. The former exhibits a significantly
stronger binding to ds-polyAHþ and the latter to polyU.
Although there is no definite explanation for the observed
preferences at present, they could be a consequence of a
different density and/or distribution of the positive charge
on the phenanthridinium units of the protonated and
methylated conjugates.

NMR spectra or x-ray structural analysis of the con-
jugate–short oligonucleotide complexes is necessary to
provide a deeper insight into the specific interactions
responsible for the observed selectivity of 8 toward ds-
polyAHþ and its protonated analogue toward polyU.
Research along this line is in progress. However, relying
upon experimental data presented in this and previously
reported papers,10,11 we can stress the importance of
small structural and charge variations in the conjugates,
which can result in a dramatic change of their binding
preferences toward polynucleotides. Such variations,
however, seem to be less important for binding of simple
nucleotides in water. The results presented provide new
experimental facts relating to the structure and charge of
nucleic acid binders of intercalator–nucleobase conjugate
type that can be of high relevance for design of small
molecules capable of recognizing specific ss-regions of
DNA and RNA.

EXPERIMENTAL

General procedures. 1H NMR spectra were recorded on
a Varian Gemini 300 spectrometer operating at 300 MHz.
Chemical shifts (�) are expressed in ppm and J values in
Hz. Signal multiplicities are denoted as s (singlet), d
(doublet), t (triplet), q (quartet) and m (multiplet).

Figure 6. Optimized structure of ds-polyAþ tetramer–8 intercalative complex (only the middle two pairs of tetramers are
shown; hydrogen atoms of 8 omitted for clarity). Possible hydrogen bonding between adjacent adenine þN1-H and the N1 of 8
is indicated in (A) and (B) (distance 2.65 Å). In (C) the side view of the complex showing intercalation of the phenantridinium
unit of 8 can be seen
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Electron absorption spectra were recorded on a Varian
Cary 3 spectrometer using quartz cuvettes (1 cm). Fluor-
escence spectra were recorded on a Perkin-Elmer LS 50
fluorimeter. Mass spectra were obtained using an Extrel
2001DD spectrometer. Preparative thin-layer chromato-
graphy (TLC) was carried out using Merck Kieselgel
HF254 plates. Melting-points for phenanthridinium salts
were not determined, since these salts melt in a broad
temperature range (170–210 �C for triflate salts, 200–
280 �C for hydrogensulfate salts) followed by darkening
of the sample, that is caused by decomposition of the
permethylated phenanthridinium salt. For all products,
purity was checked by 1H NMR spectroscopy. In several
cases, a correct elemental analysis could not be obtained
owing to the polar and hygroscopic character of com-
pounds. Spectroscopic data (1H NMR, 13C NMR, HRMS,
ESMS) are available as Supplementary Material at the
epoc website at http://www.wiley.com/epoc.

UV–visible and fluorescence measurements. Nucleotides
and polynucleotides were purchased from Sigma and
Aldrich and used without further purification. Polynu-
cleotides were dissolved in sodium cacodylate buffer,
0.05 mol dm�3, pH 7, and their concentrations were
determined spectroscopically as the concentration of
phosphates. The measurements were performed in aqu-
eous buffer solution (sodium cacodylate–HCl,
0.05 mol dm�3, pH 5–7). Under the experimental condi-
tions used, the absorbance and fluorescence intensities of
6–8 were proportional to their concentrations. Spectro-
scopic titrations were performed at constant ionic
strength (sodium chloride, 0.1 mol dm�3) by adding por-
tions of nucleotide or polynucleotide solution to solutions
of the tested compound. The data obtained were corrected
for dilution. In fluorimetric titrations, an excitation wa-
velength of �max¼ 440 nm was used (where possible
checked with �exc¼ 320 nm) and changes in emission
at maxima (Table 1) were monitored. The binding con-
stants and stoichiometries of complexes of 6–8 with the
nucleotides were calculated from the concentration range
corresponding to ca 20–80% complexation by the non-
linear least-squares fitting program SPECFIT.20 The
binding constants (Ks) of 6–8 toward polynucleotides
and [bound ligand]/[polynucleotide phosphate] ratio (n)
were calculated according to the Scatchard equation18 by
a non-linear least-squares fitting method. Values for Ks

and n given in the text (ct DNA) and in Table 4 all have
satisfactory correlation coefficients (>0.999).

8-(Propyl)amino-5,6-dimethylphenanthridinium triflate
(1). 8-(Propyltosyl)amino-6-methylphenanthridine10

(230 mg, 0.57 mmol) and CF3SO3CH3 (190ml,
1.71 mmol) were dissolved in dry 1,2-dichloroethane
(5 ml) and stirred for 4 days under an argon atmosphere
at room temperature. CF3SO3H (180ml, 1.9 mmol) was
added and the reaction mixture was stirred for 2 days.
After solvent removal, a brown oil was obtained and

purified by TLC (SiO2, 10% MeOH in CH2Cl2,
Rf¼ 0.65) to give a red powder of 1 (110 mg, 46%) that
was recrystallized from CH3CN.

8-[3-(Urac-1-yl)propyl]amino-5,6-dimethylphenanthridi-
nium triflate (2). 8-(3-(Urac-1-yl)propyltosyl)(amino-6-
methylphenanthridine10 (280 mg, 0.54 mmol) and CF3

SO3CH3 (180 ml, 1.63 mmol) were dissolved in dry 1,2-
dichloroethane (7 ml) and stirred for 2 days under an
argon atmosphere at room temperature. CF3SO3H (70 ml,
0.81 mmol) was added and the reaction mixture stirred
for 2 h. After solvent removal, a brown oil was obtained
and purified by TLC (SiO2, 20% MeOH in CH2Cl2,
Rf¼ 0.16) to give a red powder of 2 (21 mg, 8%) that
was recrystallized from CH3CN.

8-(3-Bromopropyltosyl)amino-5,6-dimethylphenanthridi-
nium triflate (3). 8-(3-Bromopropyltosyl)amino-6-
methylphenanthridine10 (500 mg, 1.05 mmol) and
CF3SO3CH3 (230 ml, 2.07 mmol) were dissolved in dry
1,2-dichloroethane (10 ml) and stirred for 1 day under an
argon atmosphere at room temperature. After solvent
removal, a brown oil was obtained and purified by TLC
(SiO2, 10% MeOH in CH2Cl2, Rf¼ 0.47) to give a light
yellow oil of 3 (350 mg, 52%).

8-[3-(Aden-9-yl)propyltosyl] amino-5,6-dimethylphenan-
thridinium triflate (4). Adenine (157 mg, 1.16 mmol) that
was previously dried and NaH (46 mg, 60% w/w,
1.16 mmol), were suspended in dry DMF (10 ml) and
stirred for 1 h under an argon atmosphere at room
temperature. To this suspension, a solution of triflate 3
(250 mg, 0.386 mmol) in dry DMF (20 ml) was added
dropwise and the reaction mixture was stirred in the dark
for 24 h under an argon atmosphere at room temperature.
After solvent removal, the residue was suspended in
CH2Cl2, filtered and washed several times with CH2Cl2.
The solution was concentrated and purified by TLC
(SiO2, 20% MeOH in CH2Cl2, Rf¼ 0.1) to give a light
gray solid of 4 (50 mg, 18%).

8-[3-(Aden-9-yl)propyl]amino-5,6-dimethylphenanthridi-
nium triflate (5). Triflate 4 (50 mg, 0.07 mmol) was
suspended in dry 1,2-dichloroethane (5 ml), then
CF3SO3H (12 ml, 0,14 mmol) was added and stirred for
1 h under an argon atmosphere at room temperature.
After solvent removal, the oily residue was crystallized
from MeOH–CH3CN–diethyl ether to give an orange
powder of 5 (32 mg, 80%).

8-(Propyl)amino-5,6-dimethylphenanthridinium hydro-
gensulfate (6). To a solution of triflate 1 (100 mg,
0.24 mmol) in dry CH3CN (1 ml), a solution of tetrabu-
tylammonium hydrogensulfate (1.6 g, 4.8 mmol) in dry
CH3CN (1 ml) was added. The precipitated product was
collected by filtration to give a red powder of 6 (60 mg,
69%).
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8-[3-(Urac-1-yl)propyl]amino-5,6-dimethylphenanthridi-
nium hydrogensulfate (7). Compound 7 was obtained as
described for 6; triflate 2 (15 mg, 0.03 mmol) and tetra-
butylammonium hydrogensulfate (260 mg, 0.76 mmol) in
dry CH3CN (1þ 1 ml) gave an orange powder of 7 (4 mg,
30%).

8-[-(Aden-9-yl) propyl]amino-5,6-dimethylphenanthridi-
nium hydrogensulfate (8). Compound 8 was obtained
as described for 6; triflate 5 (7 mg, 0.01 mmol) and
tetrabutylammonium hydrogensulfate (8 mg, 0.02 mmol)
in dry CH3CN (1þ 1 ml) gave an orange powder of 8
(4 mg, 57%).

Molecular modeling. The model of the four ds-polyAþ

pairs was built and optimized using two-layer ONIOM21

calculations with the Gaussian 9822 program. Methods in
the ONIOM calculations were UFF23 for a lower layer
and the density functional method (DFT) B3LYP/3–
21G*24 for a higher layer. Subsequently a second model
was built from the optimized ds-polyAþ units and 8,
which was manually docked between ds-polyAþ units.
Subsequent geometry optimizations for the second model
were also carried out.

To achieve the required computational accuracy and to
satisfy the computer time demands, the higher layer,
optimized at the DFT level, consisted of four protonated
adenine rings in the middle of the constructed model and
the entire compound 8, while the remaining parts of the
model were in the lower layer and calculated by the UFF
method. No constraints or restraints were applied to the
model.
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