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Interactions of double stranded nucleic acids were studied with 4,9-diazapyrenium compounds, including
monofunctional monocationic derivatives [4-methyl- (1) and 4-benzyl- (2)], monofunctional dicationic

derivatives [4,9-dimethyl- with substituents H- (3) or Ph- (4) in the 5,10 positions and Me- (5) in the 2,7-

positions], and bifunctional derivatives [4,4'-p- (6) and m- (7) xylylene bridged], which were described in the
preceding paper. NMR spectra indicate intercalation for all ligands, with line width increases of up to 70 Hz.
Thermal melting experiments and UV or fluorescence titrations were used to characterize affinities; these are
essentially independent of the number of charges present in the ring systems, in line with negligible electrostatic
binding contributions and with the corresponding affinities towards nucleotides (reported in the preceding paper).
Substituents at the pyrenium rings have relatively little influence on the binding, with the exception of two phenyl
groups, which lower the affinity, probably due to steric hindrance. Several melting curves are biphasic; in particular
with the RNA-type polyA-polyU one observes transition points above and below the original denaturation point.
Ligands containing two diazapyrenium rings bridged either by a m- or by a p-xylylene unit show distinctly higher
affinities for the latter, and in Scatchard analyses a ligand to nucleotide ratio of n = 0.08, suggesting bisintercalation.
Viscometry, however, shows a rather uniform length increase of the calf thymus DNA double helix with slopes of

a = 1.1, similar to the known monointercalator ethidium bromide (a = 1.0). The monofunctional compounds exhibit

NI

some noteworthy RNA selectivity.

Introduction

Intercalation of aromatic compounds in double stranded (ds)
nucleic acids is of paramount significance for many biologically
and medicinally important interactions.! The underlying bind-
ing mechanisms have been the focus of numerous investigations
with partially contradicting mechanistic conclusions,” but it is
clear that the stacking between nucleobases and ligands
increases with the size of the ligand n-surfaces. Classical inter-
calators such as ethidium bromide { (EB) or acridines therefore
show strong affinities and are the basis of many applications in
molecular biology and medicinal chemistry."* Recently Wilson
et al.* have discovered that intriguing antiviral properties of EB
are related to rather strong intercalation with RNA. In view of
this, the strong stacking interactions of 4,9-diazapyrenium
derivatives with nucleotides, and the anticancer activity dis-
cussed in the preceding paper,’® it was of interest to study the
behaviour of the same compounds towards ds nucleic acids.
The new ligands can be promising candidates for the develop-
ment of RNA selective binders, and also shed light on the
importance of positive charges within the aromatic ligand
moiety, which has been under debate.®

The novel dicationic 2,7-diazapyrenium ligands (Chart 1)
combine the molecular features of pyrene, methylviologen and
other heteroaromatic nucleic acid intercalators.” The inter-
calation of such compounds and their use for DNA cleavage by
visible light and subsequent electron transfer has been demon-
strated already.”® The new systems studied in the preceding
paper with nucleotides also comprise potential bisintercalators,
and may lead to particularly efficient new systems also for
photocleavage and/or phototherapy of cancer. In the present

+ IUPAC name for ethidium bromides is 3,8-diamino-5-ethyl-6-phenyl-
phenanthridin-5-ium bromide.

work the interaction of the new derivatives with ds nucleic acids
is studied by melting analysis, by fluorescence and UV/Vis as
well as by NMR spectroscopy and viscometry.

Results
Methods

Melting experiments (see Tables 1, 4 and 5, Fig. 1) were con-
ducted as described in the literature;® they usually show with
intercalating agents melting point increases. The UV and fluor-
escence titrations (see Fig. 2) were analysed with Scatchard
equation and nonlinear fitting,"® which allows simultaneous
determination of the binding constant K; and the ratio n of
bound ligand to nucleotide (see Tables 2 and 3). NMR-
spectroscopic data (see Fig. 4) were evaluated in analogy to
earlier papers; !! intercalation is usually characterised by upfield
shifts of the ligand stacked between the nucleobases and by
substantial line width increase (see Table 6). Viscosity meas-
urements, which were performed with an automated device,
indicate intercalation by the slope of plots of helix length
increases (obtained from viscosity changes) vs. the ligand-
nucleobase ratio r (see Fig. 3)."2

Discussion

With monofunctional pyrenium compounds (Chart 1, Table 1)
there is no difference between 1, 3 and 5 (with one, two and four
methyl substituents, respectively) regarding their thermal stabil-
isation effect on CT-DNA (for r=0.3: AT, =11.5°C £0.1),
although 1 carries only one charge. This leads to the conclusion
that in this series the binding affinity is only due to stacking
interactions, and barely to any electrostatic forces. This
observation is completely in line with the nucleotide affinities to
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Chart 1 Overview of ligand structures 1-7 and the 2,7-diazapyrenium.

these compounds, which also do not depend on the number of
charges present in ligand or nucleotide (see preceding article,
ref. 5).

Only the monofunctional compound 4 (with two phenyl
substituents) shows values for CT-DNA which are increased by
40-50% in comparison to 1, 3, and 5, with for example AT, =
16.1 °C for r =0.3. In slight contrast, the smaller stability con-
stant K, of 4 with CT-DNA compared to eg 1 found by
fluorescence-spectroscopy (see Tables 2 and 3) might be due to
an easier insertion of the sterically hindered compound 4 in a
CT-DNA-duplex which has already started unwinding at
higher temperatures, rather than in CT-DNA at room temper-
ature. Intercalators with bulky substituents, for example in the
side chain, are known as “threading intercalators”; they also
give smaller binding constants because of a less complete over-
lap with the adjacent base pairs, caused by the intercalator axis
being perpendicular to the base pair long axis.”* The two phenyl
groups directly attached to the intercalation moiety of 4 should
also lead to such a geometry and to a decreased constant,
whereas the melting which reflects a beginning opening of the
base pairs at higher temperatures could facilitate a better over-
lap: It could lead also to a stabilising interaction of the phenyl
groups in both grooves, resulting in a higher melting point
increase. However, the difference in AT, and in the UV-derived
K, value between ligands 1 and 4 is not far from the experi-
mental error, and the constants measured by UV are the same
for 1 and 4 (see Table 3).

The UV and fluorescence-derived equilibrium constants K
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Table 1 AT, values (°C) of 1, 3, 4, 5, and 7 in low salt citric acid buffer
pH=5.0¢

r

0.1 0.2 0.3
1 CT-DNA 5.9 9.0 114
PolydA-polydT 1.1 2.1 3.1
PolyA-polyU —2.6/+5.1 —4.4/+7.0 —6.0/+8.4
3 CT-DNA 5.9 9.2 11.6
PolydA-polydT 0.9 1.8 2.4
PolyA-polyU —1.2/+3.6 —2.0/+5.2 —2.2/+6.3
4 CT-DNA 9.1 13.1 16.1
PolydA-polydT 0.9 1.5 2.7
PolyA-polyU —1.6/+3.8 —2.1/+5.0 —4.0/+59
5 CT-DNA 5.9 9.3 11.5
PolydA-polydT 2.0 32 4.1
PolyA-polyU —2.3/+4.6 —4.0/+6.2 —5.2/+7.4
7 CT-DNA 14.5 22.0 26.4
PolydA-polydT 5.8% 13.1 17.1
PolyA-polyU —3.2/+6.0 —3.6/+7.3 —3.8/+7.7

“r, molar ratio of ligand/nucleic acid phosphate; CT-DNA: calf thymus
DNA; ionic strength I=0.025 M; error in AT,: £0.5°C. ® Biphasic
behaviour, the second transition could not be determined.

and the ligand/nucleotide ratios n (Table 3) with the ligands 1
and 2 bearing one charge are similar to those with EB, although
somewhat lower (with EB K=9.5x 10° M™!, with 1 and 2
1-2 x 10°M ™), and agree with the expected monointercalation.
The doubly charged 4 shows weaker binding, which as dis-
cussed above is due to the presence of the two bulky phenyl
rings. It is interesting to note that the observed order of Kj
values for CT-DNA parallel those found in binding of nucleo-
tides® with 4 being the weakest nucleotide binder.

Similarly to those with CT-DNA, the AT,, values for polydA-
polydT for the monofunctional compounds are quite low (for
r=0.3 between 2.4 and 4.1 °C), compared to other classical
intercalators. These show a melting point increase of polydA-
polydT of 4.1 °C and more, even in a buffer of much higher
ionic strength than the one used here (e.g. with acridine orange
or methylene blue).* The AT,, values of polydA-polydT for all
four monofunctional compounds are nearly the same.

The melting curves of RNA-type polymer polyA-polyU
showed an unusual behaviour: addition of every ligand pro-
duced biphasic curves with one transition higher than the
original denaturation point of polyA-polyU, and another one
lower (see Fig. le). With increasing ligand to polymer ratio,
these effects become much more pronounced. The melting pro-
files resemble those of the triple helical polyA-2polyU."* The
first melting step would correspond to a triple helix going to
double helical polyA-polyU and polyU; the second step would
represent the transition of the duplex to the single strands. It
has been observed that ligands such as porphyrins*® induce the
formation of a triple helix out of a mixture of single stranded
polyA and polyUs; it is feasible that some ligands also favour the
formation of a triple helix out of the already present double
helical polyA-polyU according to the equilibrium: 2polyA-
polyU = polyA-2polyU + polyA. Furthermore, the inter-
calator ethidium bromide is known to lower the T,, of the
triplex transition of polyA-2polyU '® whereas it shows a stabil-
isation of the duplex polyA-polyU; the same pattern is valid for
the binding of ethidium bromide to mixed AT- and GC-
containing short triplex sequences.” In order to shed light on
the question whether pyrenium compounds can induce triple
helix formation, a mixing-curve'® has been obtained by moni-
toring the absorbance of polyA-—polyU-mixtures in various
ratios at different wavelength in absence or presence of ligands



Table 2 Spectroscopic properties of 1 and 6 and their complexes with calf thymus DNA, poly(dA-dT), and poly(dG-dC),

UV/Vis A, /nm (¢/dm® mol ™ cm ™)

poly(dA-dT), poly(dG-dC), CT-DNA
Compound Fluorescence A,/ complex complex complex
1 350/420 388 nm (10010) 389 nm (4213)* 389 nm (3585)* 393 nm (5025)°
6 392/430 393 nm (15400) 395 nm (10856)¢ 394 nm (10378)¢ 395 nm (10916)¢

“ Changes in electronic absorption spectra of compounds 1 and 6 upon titration with calf thymus DNA, poly(dA-dT), and poly(dG-dC), exhibit
isosbestic points at 397 and 402 nm respectively, which points toward only two spectroscopically active species present (bound and free compounds).
b Calculated values for 100% complex formed. ¢ Experimentally obtained values for 100% complex (further additions of substrate did not produce

any change in dye spectra).
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Fig.1 Melting curves of nucleic acids with ligands. Measuring conditions see footnotes to Table 1, Table 5 and Experimental section, ligand/nucleic
acid ratios indicated from left to right: (a) 6 and CT-DNA at low ionic strength, 7; from left to right 0.0; 0.025, 0.05; 0.075; 0.125. (b) 6 and CT-DNA
at high ionic strength, 7; from left to right 0.0; 0.025; 0.05; 0.075; 0.125. (c) 7 and CT-DNA at low, /; from left to right 0.0; 0.025; 0.05; 0.075; 0.15. (d)
6 with polydA-polydT at low, I; from left to right 0.0; 0.025; 0.05; 0.1; 0.2. (¢) 1 with polyA-polyU at low, I; from left to right 0.0; 0.1; 0.2; 0.3; 0.5.

(data not shown); this serves to establish the stoichiometries of
eventually formed complexes. Afterwards, all these samples
were investigated in thermal denaturation experiments (data
not shown). The mixing curve showed only a straight line going
from the absorbance of pure polyU to the (lower) absorbance

of polyA without any inflection point. This indicates that
neither a double nor a triple helix is formed. The decrease in
absorbance of polyA at pH 5.0 compared to pH=7.0, and
compared to the value for polyU at both pH is attributed to the
formation of a polyAH*-polyAH*-double helix in acidic
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Table 3 Binding constants (K;) and ratio n (bound ligand to DNA phosphate) for 4,9-diazapyrenium compounds, ethidium bromide (EB) and calf
thymus DNA, poly(dA-dT), and poly(dG-dC), obtained from Scatchard binding isotherms*

n(105K/M ™)

Fluorescence UV/Vis
CT-DNA poly(dG-dC), poly(dA-dT), CT-DNA poly(dG-dC), poly(dA-dT),
EB 0.17 (9.5) 0.25(10.2) 0.25(11) — — —
1 0.12(1.1) 0.17 (0.7) 0.17(0.5) 0.14 (0.5) 0.17 (0.5) 0.17 (0.3)
2 0.11(1.8) — — —t — —
4 0.16 (0.4) — — 0.16 (0.52) — —
6 0.08 (98.7) 0.23 (42) 0.16 (44) 0.15 (x9) 0.13 (x9) 0.17 (x°)
7 0.14 (5.7) — — — — —

“pH=4.5, I=0.1. ®* Too small changes in the electronic absorption spectra for accurate calculation. ¢ Due to large K, the total ligand to DNA
phosphate ratio r becomes smaller than n (bound ligand to DNA phosphate ratio) only when 80-100% complexation is reached. This prevented

accurate calculation of K.

1600 ] N
1400 ]
1200 i
1000 -

. T
800 o
600 -

Relative intensity (a.u.)

400 M T T T T T
0.0 0.5 1.0 1.5 2.0 2.5
¢(DNA)/10~4 mol dm—3

1.0 4

AN

0.8 A \

389 nm)

0.7 T

Absorbance (4

06 - —

0.0 0.3 0.6 0.9 1.2 1.5
¢(DNA)/10-2 mol dm~3

Fig. 2 Fluorimetric (A) and UV/Vis (B) titrations of 1 with CT-DNA.
Experimental (O) and calculated (—) data according to Scatchard equa-
tion by nonlinear least square analysis. Measuring conditions, see foot-
notes to Table 3 and Experimental section.

solutions,'® where the adenine bases are protonated at N1. Also
the melting curves of each sample (data not shown) exhibited
only the melting transition of polyAH"-polyAH™ at about
81 °C. This stable polyAH"-polyAH*-complex might be the
reason that a formation of polyA-polyU-duplex or polyA-
2polyU or 2polyA-polyU triplexes cannot be detected: The helix
displacement equilibrium polyAXB + polyC— polyA + polyB-
C is shifted to the side of the more stable helix with higher
melting temperature,® e.g. to polyAH"-polyAH" with ~81 °C
instead of polyA-polyU with ~25 °C. So neither in the mixing
curve nor in the melting profiles is there evidence of triple helix
formation by pyrenium ligands under these conditions. The
observed biphasic behaviour of the polyA-polyU-transitions
upon addition of the ligand must therefore be due to other
structural features in different regions of the polymer upon lig-
and binding.?!

The AT, values for polyA-polyU with the monofunctional
compounds lie between —2.2 and —6.0 °C for the first and
between +5.9 and +8.4 °C for the second denaturation step
(r=0.3). For the same ligand, the stabilisation values for
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Fig. 3 Helix length extension (L/L,) vs. ligand/DNA phosphate ratio
plot for 1, 6 and 7 at pH = 5.0. Measuring conditions see footnotes to
Table 1 and Experimental section. Results: a = 1.1 (for 1); 1.1 (for 6); 1.0
(for 7).

polyA-polyU are more than twice as high as those for polydA-
polydT. The ratios of AT, (polyA-polyU)/AT,(polydA-polydT)
give for all monofunctional compounds values between 1.8 (5)
and 2.7 (1). This shows a selectivity for the RNA-polymer
which is better than that for proflavine (r=1.2) or acridine
orange (r = 1.5) and comparable with that for ethidium bromide
(r=24)*

For the bifunctional compound 7, with two pyrenium
moieties and two positive charges, the AT, values for CT-DNA
are more (2 to 4 °C) than twice as high as those for the corre-
sponding monomer 1 (Table 4), which can also be seen in the
high ionic strength buffer (Table 5) and is consistent with the
binding constant to CT-DNA in this buffer (five times larger
than that for 1, Tables 2 and 3). This result would speak for
bisintercalation, but has also been observed with groove
binders like benzimidazoles and bisbenzimidazoles binding to
polydA-polydT: addition of one more charge or one more
aromatic moiety can produce a dramatic enhancement of the
thermal melting points.?? Responsible for this effect is a binding
contribution by hydrophobic and polar interactions at the
edges of the minor groove. Groups which are capable of hydro-
gen bonding like hydroxy-, methoxy- and amino groups gave
only a negligible contribution.?®



Table4 AT, values (°C) of 1, 6 and 7 in low salt citric acid buffer pH = 5.0¢

0.025 0.05 0.075 0.1 0.125 0.15 0.2 03
1 CT-DNA — 3.5 — 5.9 — 75 9.0 11.4
PolydA-polydT ~ — 0.5 — 1.1 - 1.7 2.1 3.1
PolyA-polyU — —~1.5/+3.8 — —2.6/+51 —3.5/459  —44/+70 —6.0/+8.4
6 CT-DNA 1.2¢ 3.3% 5.8° 10.4¢ — — — —
PolydA-polydT  1.5° 4.8/23.1 8.827.5  11.3/28.5  20.5/31.0 31.1 34.1 37.6
PolyA-polyU  —7.1/482 —7.1/48.7 —7.5/+8.3 —7.4/+84 —7.4/¢ ¢ ¢ ¢
10% DMSO CT-DNA L.1* 2.3% 4.5t 8.6° — — — —
7 CT-DNA 2.0/14.8 43/15.9 13.0 14.5 17.1 18.7 22.0 26.4
PolydA-polydT  2.0/5.6 2.9/6.3 5.1/10.8  A5.8° 10.8 11.3 13.1 17.1
PolyA-polyU ~ —1.3/+32 —2.0/+4.6 —2.5/+52 —32/+60 — —3.5/46.9 —3.6/+73 —3.8/+7.7
10% DMSO CT-DNA 1.4/12.1 3.1/15.0 58/17.4 144 — — — —

“ See footnotes to Table 1, I=0.025 M; ® T,, derived from the first transition step. ¢ No regular curves with deflection points. ¢ Determination not

possible.
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Fig. 4 NMR spectra of 1 at pH = 5.0. Measuring conditions see foot-
notes to Table 6 and experimental section; upper trace: without ligand;
lower trace: ligand/nucleotide ratio r = 1.7.

The melting point increases for 7 with polydA-polydT are
5-6 times higher than for its monofunctional analogue 1 (e.g.
AT, =17.1°C for r=0.3), which could be due to a possible
binding of one aromatic moiety and the m-xylylene bridge in
the groove. A number of classical intercalators like mitox-
antrone, diazaphenanthrene, quinacrine and adriamycin also
show high affinities to polydA-polydT* with AT, values
between 13 and 23 °C, and almost all of them have cationic
groups or side chains which give an additional groove binding
contribution. Although the melting temperature of polydA-
polydT is increased more efficiently by 7 than by any mono-
functional compound, we still observe a lower affinity of 7 to
polydA-polydT than to CT-DNA. From the thermal denatur-
ation experiments, it seems that all the monofunctional com-
pounds and 7 exhibit a preference for GC-rich sequences in
CT-DNA, but UV- and fluorescence titrations of 1 and 6 with
alternating polymers poly(dA-dT), and poly(dG-dC), (Table 3)
gave rather similar binding constants to AT - as well as to GC
- basepairs. For 6, differences in calculated values of n and Ky

Table 5 AT, values (°C) of 1, 6 and 7 with CT-DNA in &igh salt citric
acid buffer pH = 5.0¢

r 1 6 7

0.025 — 1.6° 1.3
0.05 0.7 3.8° 2.1
0.075 — 8.9 3.0
0.1 1.2 12.3 3.5
0.125 — 13.1 43
0.15 1.7 — 4.6
0.2 2.2 — 5.8
0.3 3.0 — 7.2
0.5 3.8 — 9.6

“ See footnotes to Table 1, except: ionic strength 7= 0.12 M. ® Biphasic
behaviour, the second transition could not be determined.

between calf thymus DNA and alternating polymers (poly(dA-
dT), and poly(dG-dC),) are possibly due to conformational
differences between these polymers.

The AT,, value for 7 with the RNA-type polyA-polyU at the
ratio of r=0.1 is comparable with that of 1 at r=0.15 (both
with respect to stabilisation and destabilisation; see also Table
4), followed by a levelling off for the values at higher ratios than
0.1 to ca. —4.0/ca. +8.0 due to saturation. Compound 7 does
not show a RNA selectivity anymore, the values for polydA-
polydT are larger than for polyA-polyU.

Both the K, and n obtained from Scatchard analysis (Fig. 2)
of the bi-functional diazapyrenium derivatives 6 and 7 with CT-
DNA show striking differences: K, and n for 7 with m-xylylene
bridge are in the range observed for the monofunctional diaza-
pyrenium derivatives 1, 2, 4 and ethidium bromide, with K for 7
being around five and three times that of monofunctional 1 and
2, respectively. However for 6 with p-xylylene bridge, K, is more
than 50 times larger than K exhibited by monofunctional 2 and
close to two orders of magnitude larger than that of monofunc-
tional 1. These results, together with the fact that the ligand to
nucleotide ratio n of 0.08 is well below the range characteristic
for monointercalators suggest bisintercalation of 6 to CT-DNA.

On the other hand, viscometry (Fig. 3) shows a slope close to
a=1.0 for 7, which is even a little lower than that for the
monomeric analogue 1 (a = 1.1); also 6 does not exhibit much
different behaviour (a = 1.12). As a reference, ethidium bromide
gives a slope of a=1.0 in this buffer as well as in PIPES10
buffer.* The viscosity results agree with the behaviour of bifunc-
tional 9-aminoacridine compounds linked via the amino nitro-
gens by methylene chains of various length.** Four methylene
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Table 6 NMR shift differences Ad (ppm)“ and peak halfwidth increases W, (Hz)® at various ligand/DNA phosphate ratios r*

r=1.7 r=0.86 r=0.57
Ao Win Ao Win Ao Win
4 H3/H8 —0.003 10 —0.010 18 —0.025 33
H2/H7, HI/H6 +0.001 6 —0.007 18 —0.010 32
Phenyl-H +0.010 3 +0.00 16 —0.015 27
+0.00 —0.006 —0.017
3 HS5/H10 —0.008 11 —0.010 36
H3/H8, H1/H6 —0.012 13 —0.023 18
H2/H7 —0.017 9 —0.026
1pH=5.0 H5 —0.053 39 33
H10 —0.034 62
H1/Heé, H3/H8 —0.076 63
H2/H7 —0.079 44
1pH=7.0 H5 —0.053 29
H10 —0.0995 30
H1/He6, H3/H8 —0.104 63
H2/H7 —0.133 58

“AJ error £0.001 for W, <30 Hz; £0.004 for W,, > 30 Hz; unless noted otherwise. * W,,, error =5 Hz, unless noted otherwise. ¢ Measuring

conditions: 298 K; I=0.04 M, ¢(drug) = 1 mM.

groups together with the two nitrogens attached to the acridine
ring are not sufficient in length to allow bisintercalation even
if only one base pair is included in the intercalation site (“one
base pair sandwich” model). The same can be assumed with
6 linked by a p-xylylene unit which is close in length to a hexa-
methylene bridge or a tetramethylene bridge containing
two nitrogens, respectively. Drugs which are known to act as
bisintercalators usually possess longer linkers.?® The viscometry
results would suggest rather monointercalation also with 6,
with binding of the second aromatic unit in the groove, but do
not entirely rule out bisintercalation.

The thermal denaturation curves for the bifunctional ligand 6
in low salt citric acid buffer are completely different from the
curves with all other compounds (see for example Fig. 1c)
examined here: upon addition of 6 the first transition from
ds- to ss-nucleic acid becomes shallower and flatter, with a
decreasing absorbance, and the final step of the curve becomes
continuously steeper and larger in absorbance (Fig. 1a). With
increasing ligand to DNA-phosphate ratio the two regions
merge resulting in one transition at temperatures above 90 °C.
At ratios r> 0.1, one cannot determine even by graphical
methods a midpoint of the curves with CT-DNA. Therefore the
reported numbers for 6 with CT-DNA (Table 4) rely basically
on the first transition. The values with 6 for the first step lie
more or less in the same range, like those of the first transitions
of the biphasic curves of 7 (for r=0.025 and 0.05), and 4 to
7 °C lower than the melting point differences of the mono-
phasic curves of 7 at the respective ratios of r = 0.075. The
same behaviour can be seen in DMSO-containing low salt citric
acid buffer which was applied in order to obtain a complete
melting curve: all AT,, values were, as expected, lower, but again
it was not possible to reach the final part of the CT-DNA
curves of 6. The melting increases for the first denaturation step
of 7 are still in the same range as 6 at all measured ratios.

An inverse effect and more evaluable curves could be
obtained in high salt citric acid buffer: at r = 0.075 and higher,
there is only one broad melting step, comparable to curves with
7 (Fig. 1c). At r < 0.075, the biphasic behaviour could be due to
an insufficient saturation of the nucleic acid by 6. For the
monophasic curves, the values for 6 are about three times larger
than those for 7, and 5 to 10 times larger than the respective
numbers for 1 (Table 5). In slight contrast, the binding con-
stants to CT-DNA show, in comparison to the melting point
results, a much more pronounced decrease of 100:5:1 for 6
versus 7 and 1. However, viscosity data (see above) support the
same binding mode for both compounds with one aromatic
unit intercalating, and the other one binding in a groove. The
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higher AT, values for 6 indicate a better binding with the ligand
containing a p-xylylene bridge in comparison to the meta-
disubstituted phenyl unit in the ligand.

The melting curves of the polydA-polydT with 6 (Table 4;
Fig. 1d) show a biphasic behaviour for r < 0.15, however, the
low melting temperature of polydA-polydT itself (~47 °C) here
allowed determination of the second transitions. For r > 0.15,
the curves become monophasic with only the second melting
step. A comparison of the values for r=0.2 (34.1°C) and
r=10.3 (37.6 °C) with the respective ones of 7 gives an increase
of more than ~20 °C in the stabilisation of polydA-polydT by 6
compared to 7. Also the biphasic curves for r < 0.15 show in
both transitions larger AT,, values for 6 than for 7. The first step
AT,, values for 6 with polydA-polydT are comparable with, or
even higher than those of the same compound with CT-DNA.

For polyA-polyU, there are already high values for both
stabilisation and destabilisation at low r <0.025. The fast
saturation of polyA-polyU with 6 is consistent with the
number # of bound ligand to CT-DNA phosphates obtained by
Scatchard analysis (Table 3) which is half as large for 6
(n=0.07) as for 7 (n = 0.14).

NMR titrations with CT-DNA could be performed with 1, 3
and 4 (the last at different pH values), but due to solubility
problems not with the bifunctional compounds 6 and 7. At the
chosen measuring concentrations, 3 and 4 showed no evidence
of self-association in the concentration range between 1 X 107*
and 1 x 1072 M, indicated by the small shift changes < 0.003
ppm. This is in line with the reported weak self-association
constant of ethidium bromide of about 400 1 mol *.?¢ In con-
trast, 1 exhibited strong downfield shifts of up to 0.04-0.1 ppm
upon dilution. Unfortunately, no limiting shifts for the mono-
mer and the dimer could be derived from dilution experiments
as the concentration range was limited to the observation of
linear parts due to sensitivity and solubility problems. Already
at a ligand—-DNA phosphate ratio of r=1.7 (with the ligand
still in excess), 1 shows upfield shifts of —0.03 up to —0.08 ppm
at pH = 5.0, and concomitant large line broadenings of 40 to 70
Hz, clearly indicating intercalation of the aromatic units
between the nucleobase pairs (Table 6, Fig. 4). At pH=7.0,
1 gives larger upfield shifts (—0.053 to —0.133 ppm). In the
case of 3, the upfield shifts and line broadenings at r=1.7
are less pronounced (—0.01 till —0.02 ppm; ~10 Hz), but
with DNA phosphate in excess (r=0.86) a line broadening
typical for intercalation of 18-36 Hz is observed; the upfield
shifts still remain quite low compared with 1. For 4 the shift
changes at = 1.7 and r = 0.86 are comparable with those of a
groove binder: small upfield and downfield shifts < £0.01 ppm.



However, at r = 0.86 the line broadenings are close to the values
typical for intercalation (16 to 18 Hz). At a higher DNA phos-
phate excess (r = 0.57), the line broadening increases to up to 33
Hz with upfield shifts of up to —0.025 ppm. The absence of
larger upfield shifts can be due to fast exchange between pro-
tons more or less exposed to the nucleobase shielding cones and
their deshielding edges. Distinct line width increases are, how-
ever, a more reliable indicator of intercalation, even in the
absence of larger shielding effects.

Experimental
Solutions

Low salt citric acid buffer contained 0.01 M citric acid adjusted
to pH =5.0, high salt citric acid buffer contained 0.0243 M
citric acid and 0.0514 M Na,HPO, (pH =5.0); for pH =4.5,
0.0273 M citric acid and 0.0455 M Na,HPO,, respectively. The
phosphate buffers used for NMR measurements contained 0.02
M Na,HPO, in D,0, adjusted to pH=7.0 (pD =7.4) or pH =
5.0 (pD = 5.4), respectively.

For the melting and viscometry experiments calf thymus
(CT)-DNA (Aldrich) was dissolved in low salt citric acid buffer
(for NMR, phosphate buffer), sonicated and filtered through a
0.45 pm filter. PolydA-polydT and polyA-polyU (both from
Sigma) were dissolved in the buffer. The phosphate concen-
trations were determined spectrophotometrically at A = 260 nm
by using & = 6600 1 mol ! cm™* for CT-DNA and 6000 1 mol !
cm™! for the polymers.

UV and fluorescence titrations

These were performed at room temperature in aqueous buffer
(citric acid-Na,HPO,, pH 4.5) at constant ionic strength
(I=0.1 M). Aliquots of DNA solutions were successively
added to the solution of the respective 4,9-diazapyrenium or
phenanthridinium derivative at 1-5 % 107 M concentration
and fluorescence or UV spectra recorded. After corrections
for dilution, the titration data were processed according to
Scatchard equation by nonlinear fitting, assuming the binding
sites for intercalation as the concentration of the substrate.
To exclude the possible inner filter effects at high nucleic acid
concentration the excitation wavelengths used in fluorimetric
titrations were higher than 350 nm. As checked by UV, in
this range no nucleic acid absorptions at their highest con-
centrations used in fluorimetric titrations could be observed.
Measurements with 3 and 5 were hampered by lack of stability
in the absence of DNA.

Thermal melting curves

These were obtained with a Cary 1 Bio UV/Vis-spectro-
photometer (Varian) connected with a temperature-controller
(Varian) and interfaced to a PC. A thermistor fixed into a refer-
ence cuvette was used to monitor the temperature. The nucleic
acid was added to 1 ml of buffer in quartz semi-microcuvettes
of 1 cm path length, and the concentration was determined by
measuring the absorbance at 260 nm. Experimental concen-
trations for CT-DNA were ca. 8 X 1075 mol 17!, for polydA-
polydT and polyA-polyU ca. 4 x 107° mol 17, The melting
curves were recorded at different compound-to-nucleic acid
phosphate-ratios (r) by following the absorption change at 260
nm as a function of temperature with a heating rate of 0.5 °C
min~!. The absorbance of the ligands, and their absorbance
change with temperature were subtracted from every curve, and
the absorbance scale was normalized. T, values are the mid-
points of the transition curves, determined from the maximum
of the first derivative or graphically by a tangent method?’ (in
cases where a complete melting profile could not be obtained,
as with ligand 6 and CT-DNA, the final tangent was drawn
through the increasing final part of the curves). AT,, values
were calculated subtracting T, of the free nucleic acid from T},

of complex. Every AT, value reported here was the average of
at least two measurements, the error in AT, is £0.5 °C.

Viscometry measurements

These were conducted with an automatic Ubbelohde micro
viscometer system AVS 350 (Schott) connected to a PC. The
temperature was maintained at 25 0.05°C with a Schott
thermostat CT 1450. Aliquots of drug stock solutions were
added to 3.2 ml of 5% 107* M CT-DNA solution in low salt
citric acid buffer, with a compound to DNA phosphate ratio
r less than 0.15. Dilution never exceeded 4% and was corrected
for in the calculations. The flow times were measured at least
five times optically by light barrier with a deviation of +0.02 s.
The viscosity index a was obtained from the flow times at
varying r according to eqn. (1),® where T, tpna and ¢, denote
the flow times of buffer, free DNA and DNA complex at
reagent/phosphate ratio r, respectively; L/L, is the relative DNA
lengthening. The L/L, to r-plot was fitted to a straight line that
gave slope a. The error in a is £0.1.

LILy=[(t, = t)(toxa — )] =1+ ar (1)

NMR Spectra

These were obtained with a Bruker AM 400 spectrometer at
25 °C with a drug concentration of 1 mM; the number of scans
was about 500. Titrations were conducted adding aliquots of
CT-DNA (in 20 mM phosphate buffer) to 0.5 ml of drug solu-
tion over a range of drug-DNA phosphate ratios of 1.7 to 0.57.
Samples were referenced to TMS as an external standard. Data
were processed either on the spectrometer or on a PC with the
program WIN-NMR (Bruker); the line broadening was set to
15 Hz in all spectra to improve the signal-to-noise ratio. The
line broadening increase was determined subtracting the width
of the signals at half height in the spectrum without DNA from
those in the spectra with DNA. Errors are given in the foot-
notes of Table 6.
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