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Studies on the Unique RNA Duplex Destabilization by an Azoniacyclophane —
NMR Titrations with Mono- and Oligonucleotides of the RNA and DNA Types
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The mechanism of the unique destabilization of a folded
RNA by the azoniacyclophane CP66 has been investigated
by complexation studies with mono- and short single-
stranded oligonucleotides as models. For the mononucleo-
tides, NMR titrations revealed only a slight difference of
binding free energy AG between RNA-type nucleotides com-
pared to DNA analogues, with AAG values of up to 1.3 kJ/
mol. The complexation-induced NMR shifts (CIS values)
both in the ligand and in the cyclophane were also similar for
deoxyribo- and ribonucleotides, suggesting similar inclusion
geometries in both series. Similar observations had been
made earlier on the CIS effects of denatured single-strand
polymers. Titrations with dinucleotides showed a slight pref-
erence for ribose derivatives, with AG = -11.2 kJ/mol for ApA
and -13.2 kJ/mol for ApG, and -9.9 kJ/mol for dApdA. With
the dinucleotides and with selected tri- and tetranucleotides,

the NMR shielding effects indicated stronger binding to ad-
enine amongst the nucleobases, with a preference for the 5'-
end position where available. In view of the small affinity
decrease from ribose to deoxyribose derivatives, possible dif-
ferences in the geometric disposition of the cyclophane to-
wards the major groove of the duplexes were analysed with
a simplified point charge model. The phosphates in the RNA
groove indeed matched the cationic ammonium centres of
the ligand less well than did those in the larger B-DNA
groove. The conclusion from these results is that the destabil-
ization of duplex RNA relative to that of duplex DNA is
caused at least in part by the differences in interaction be-
tween CP66 and the duplex species and not the single-
stranded species.

(O Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Therapeutic targeting of RNA is not as well developed
as that of DNA and proteins, and the many structures and
functions of RNA suggest that it is an under-utilized target.
Rational design of drugs that target RNA is in its initial
stages!' =71 and has been largely focused around the amino-
glycoside class of compounds.['*8] Few compounds that se-
lectively interact with RNA through intercalation or minor
groove interactions have been identified,” although com-
pounds that selectively interact with DNA through these
modes are well developed.l' '] Aminoglycosides have
been shown to target the RNA major groove, and a number
of these compounds are valuable antimicrobial
therapeutics.>-2°~23 The development of synthetic agents
that selectively interact with RNA is thus of considerable
interest both for possible medicinal uses and for their con-
tribution to understanding of RNA interaction mechan-
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isms. Cationic cyclophanes are attractive agents as semi-ri-
gid scaffolds for construction of agents that can target the
RNA grooves. Cationic libraries based on a macrocyclic
piperazinyl polyazacyclophane scaffold with various func-
tionalities have been synthesized and shown to exhibit po-
tent activity in disrupting the TAR-Tat complex.?¥ Librar-
ies with a 13-membered ring were most active, whereas lib-
raries with a 15-membered scaffold were inactive. Libraries
with a large variety of side chains have been synthesized
and tested for inhibition of TAR-Tat complexation, and
compounds displaying ICs, values of 80 and 90 nm have
been generated by this method.

Azoniacyclophanes of the CPnn type (Figure 1), which
feature conformationally rather rigid structures, have been
shown to complex nucleosides and nucleotides with effici-
encies depending on the number n of methylene groups sep-
arating the diphenylmethane units.”*! The most favourable
interaction energetics with the bases are shown by CP66,
the cyclophane with » = 6. Binding comparison of the com-
plexation free energies, AG, of mononucleosides and
mononucleotides with CPnn compounds suggests that elec-
trostatic attraction between the ammonium centres of the
cyclophanes and the nucleotide phosphate is responsible for
a large part of the AG. An additional driving force stems
from cation-w interactions of the CPnr ammonium centres
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Figure 1. Structure of CP66

on the aromatic ligand moieties.[>>) We have previously re-
ported that cyclophanes, depending on the n value, can
either stabilize or destabilize RNA duplexes. When n = 3
(CP33), a large stabilization of RNA is obtained, with n =
4 (CP44) one observes a smaller, yet still noticeable stabil-
ization of RNA, but a particularly large one of DNA. How-
ever, CP66 can cause complete denaturation of folded RNA
polymers.”l In sharp contrast, only stabilization of the
DNA double helix is observed for all n values. Upfield
NMR shifts of the CPrr methylene protons to similar ex-
tents occur upon interaction of CP66, but not of CP44,
with unfolded DNA or RNA, and on complexation with
mononucleotides, which attests to inclusion of nucleobases
within the CP66 cavity. With double-stranded DNA there
are no significant upfield shifts or signal broadenings of the
cyclophane protons, in line with the absence of intercalation
and therefore with groove binding. The aim of this investi-
gation was to analyse the possible mechanism of the unique
selective destabilization of folded RNA with CP66 and to
lay the grounds for possible further improvement in such
selective destabilization. The intriguing difference between
the activities against RNA and against DNA was investig-
ated by measuring complexations with alternative 2-oxy-
and 2-deoxynucleotides and oligonucleotides.

Table 1. NMR titrations of deoxynucleotides with CP66

Results

Complexation with 2-Deoxymononucleotides

NMR titrations with 2-deoxymononucleotides and CP66
yielded association constants very similar to those of the
ribose analogues (Table 1). The observed complexation-in-
duced NMR shift (CIS) values for the nucleotides (Table 1),
as well as for the host CP66 (Table 2), were also close for
the ribose and the deoxyribose nucleotides (see Tables 1 and
2 and ref.?). Distinct upfield shifts were exerted by aden-
ine on the central and 3-H protons of the CP66 methylene
chain, located above the centre of the nucleobase anisotropy
cone. Upfield shifts also occurred, although to a lesser ex-
tent, during interaction with guanine, while the smaller pyr-
imidine bases — cytosine and thymine — induced almost
no CIS. Conversely, the purine nucleobase protons closely
approach the shielding cones of the CP66 biphenylmethane
units and their signals were shifted upfield by 0.41 ppm to
& = 0.57, with much smaller effects on the cytosine and
thymine. The signals of the ribose anomeric protons showed
appreciable upfield shifts, suggesting that they were in the
shielding cone of the CP66 aryl function, although it is pos-
sible that part of the shift variation of the signals of the
sugar protons was due to complexation-induced changes of
the torsion angles within the furanose ring. However, the
spacings of the sugar signals, which agreed with literature
data, changed by < 1 Hz during the titrations. By compar-

Table 2. Shift effects of nucleotides on CP66

Nucleotide®™ H, H, CH, CH; 2-H 3-H 4-H
dAMP?~ —-0.01 0.07 —0.01 —0.08 —0.03 —0.14 —0.06
dCMP?*~ —-0.01 0.01 —0.02 —0.01 < 0.005 < 0.005 —0.06
dGMP?~ 0.03 0.01 —0.01 —=0.06 —0.02 —-0.09 —0.1
dTMP?~ —0.01 < 0.005 —0.01 0.02 < 0.005 < 0.005 —0.01

[al Calculated from association constants from Table 1 with known
concentrations, as described in the text, see Figure 5. All shifts are
in ppm relative to uncomplexed material; negative signs indicate
upfield shift changes.

Guest 2-H 5-H 6-H 8-H CH; 1-HR  27.HB  H3'Rl AG,, (deoxy)  AG,, ™ (ribo)
dAMP?~ CISI —0.55 -0.57 —-0.23 —0.16

1073 K4 2.6 2.5 2.5 2.5 —-19.4 —18.7
dCMP2~ CIS -0.07 -0.09 —0.06 —-0.08

103K 1.6 1.6 1.6 1.6 —18.3 —17
dGMP?~ CIS —-0.41 —-0.18 —-0.08 -0.13

1073 K 3.5 2.1 2.8 2.3 —-19.7 —19.6
dTMP?~ CIS —0.04 —-0.05 —-0.06

1073 K 2.2 1.5 1.7 —18.6 —-17.6

[a] Signals of other protons of deoxyribose were overlapped by signals of water or host protons. ! Taken from ref.>’! and this paper.
[l Measured in D,O at pD = +8.4 = 0.02, all shifts are in ppm relative to uncomplexed material, negative sign indicates upfield shift
changes. [ Given in L/mol at 300 = 1 K, error +10%.
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ison with the values for the coupling constants given by
Lee,?”-281 one can conclude that there were no major con-
formational changes during titration. Preliminary docking
experiments showed that both AMP?~ and dAMP?~ could
be accommodated in the CP66 cavity with nearly the same
geometry.

Complexation with Dinucleotides

Studies with ApA and dApdA

Figure 2 shows the chemical shift changes of ApA and
dApdA at increasing concentrations of CP66. In all cases
we were only able to observe one averaged signal for both
complexed and uncomplexed nucleotide, due to fast ex-
change on the NMR timescale. Assignments and conforma-
tion of the uncomplexed dinucleotides have been described
in earlier reports.?°~321 The signals at § ~ 8.31 in both the
ApA and dApdA spectra each correspond to 8-H of the
adenosine base of the pA nucleotide (3’-adenosine). While
the signals at 6 = 8.24 for ApA and 6 = 8.06 for dApdA
correspond to 8-H of the Ap nucleotide (5'-adenosine), the
2-H protons of adenine bases usually resonate at higher
field than 8-H protons. Complexation could be monitored
until approximately 70% of completion for calculation of
the equilibrium constants (see Table 3).

o OH NH;
i
0=P-0 N Y
|t~ |
0—CHy 0-<N N/)\Hz
onon  ApPA

J ]
D U D O

H-8 “TH-8(Ap) H-2(Ap)
(pA) #p

Iﬁ(m)
)

Table 3. NMR titrations of dinucleotides with CP66

Nucleotide  Proton!? o 1073 Ki®I - CIS AG,,

ApA 8-H (Ap) 758 021 ~0.74  —145
2-H (Ap) 757 02 ~0.67

dApdA 8-H (dAp) 7.74 0.11 —-0.32 —-12.8
2-H (dAp) 7.83 0.11 -0.3

ApG 8-H (Ap)  7.19 02 ~1.06 —l4.4
2-H (Ap) 726 02 ~0.93

[a] Signals of other protons were overlapped by signals of water or
host protons. [ Given in L/mol at 328 * 1K, error in K is K
+10%. [ Measured in D,O at pD = 7.0 + 0.01 (phosphate buffer),
all shifts are in ppm relative to uncomplexed material, negative sign
indicates upfield shift changes.

Interpretation of the observed base shielding variations
was less straightforward for the dinucleotides than for the
mononucleotides, >’ since insertion in the cyclophane cavity
might be accompanied by changes in the orientation of the
nucleobases within the oligonucleotides. It is known that
such oligonucleotides are stacked in helical conformations
at low temperature, but that little energy is required to alter
or disrupt stacking.?73% Small complexation-induced
changes of the anisotropy cones between the nucleobases
may thus have an effect on the CIS values. This makes it

L

nu-a( A) H-8(dA£)H-2;d£\p) H-2(5aA)

8.3 8.2 8.1 8.0 7.9 7.8 ppm

Figure 2. Shift changes of dinucleotides ApA and dApdA upon addition of CP66 in D,O buffer, pD = 7.4 (pH = 7.0; 20 mm phosphate
buffer), at 323 K; ApA titration: 1 mm ApA, CP66 concentrations titrations curves from bottom to top: 0, 2, 4, 8, 12 mm; dApdA titration:
1 mM dApdA, CP66 concentrations from bottom to top: 0, 4, 8, 12, 20 mMm
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difficult to separate intra- from intermolecular shielding ef-
fects between host and guest. Additionally, it has been
shown that relatively small displacements in the position of
a guest relative to the host can result in shift changes greater
than 0.5 ppm.?”1 Nevertheless, several conclusions relating
to the preferred binding modes can be drawn from the ob-
served shifts.

It is clear that CP66 mostly binds to the dAp moiety of
the dinucleotide, since the corresponding pdA signals
shifted only slightly downfield upon complexation. How-
ever, the ApA ribodinucleotide showed a complexation pat-
tern with CP66 different to that of dApdA at a similar de-
gree of complexation (Figure 2). The signal of the 2-H pro-
ton of pA shifted upfield as the degree of complexation
increased, although, as with the deoxy dimer, the shift was
smaller than for the signals of protons of the Ap nucleotide.
The 8-H signal of pA shifted very slightly upfield. From
this one can conclude that the complex geometry differs at
least slightly from that with dApdA. The major conclusion,
however, is that CP66 binds the less-hindered 5’-adenine
with similar equilibrium constants in both the ribo and the
deoxyribo systems.

Studies with ApG and GpA

To determine possible sequence selectivity of CP66, com-
plexation between CP66 and ApG and GpA was also in-

vestigated. Shift changes of ApG and GpA upon titration
with CP66 are shown in Figure 3. Assignments for the
peaks of the uncomplexed dinucleotides were taken from
the literature.?? 321 The signals of both bases of ApG ap-
peared at lower field than those of GpA. Spectra of the
complex with ApG showed that CP66 bound selectively to
the adenine part (Ap), as with ApA. The CIS values for the
aromatic protons of Ap were large and upfield, whereas the
8-H (pG) peak moved slightly downfield. In contrast, all
proton signals of GpA moved upfield. While the signals of
the adenine protons (8-H and 2-H) of ApG showed large
shifts, those for A in GpA were relatively small. On the
other hand, the signal of the guanine 8-H proton in GpA
showed CIS values higher than those of pG 8-H in ApG,
although those values were smaller in absolute magnitude
than the values for the 8-H adenine proton in ApG. The 8-
H proton of G in ApG showed deshielding, locating this
proton outside the cavity of CP66 (Figure 4). The chemical
shift values suggested that both purines of GpA were po-
tential sites for complex formation, while the fitted curves
did not display any detectable deviations from a 1:1 stoichi-
ometry. It thus appears that either the guanosine or the ad-
enine unit was complexed with similar strength. The associ-
ation constants, K, of ApA and ApG are similar (Table 3),
in line with constants observed for AMP and GMP, which
are also similar (Table 1).

NHz N NH
N x Hg 4 | /)\
H,.(/ | i HOCHz ‘N7 NNZ TNH,
OCHzo N N/ He
o oH NH,
O OH (o] 0=P—-0 N N
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| 4 2 P
o—cnf‘o‘< | i )\ Ny N NT He
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*H-8(A A H-8(pA) |H-2(pA H-8(Gp)
rs(} 2(Ap) A‘kl-e(pG) J (PA) l
8.3 8.2 84 8.0 7.9 7.8 ppm 8.3 8.2 8.1 8.0 7.9 7.8 ppm

Figure 3. Shift changes of dinucleotides ApG and GpA upon addition of CP66 (conditions as described in Figure 2); ApG titration:
I mm ApG, CP66 concentrations from bottom to top 0, 2, 3, 4, 5 mm; GpA titration: 1 mm GpA, CP66 concentrations from bottom to

top 0, 2, 3, 5, 8 mm
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Figure 4. NMR titration isotherms for the 8-H and 2-H protons
of the adenine base and 8-H of guanine of the dinucleotides ApG
and GpA with CP66 (conditions are described in Figure 2)

In addition to the CIS values of the nucleotides, we calcu-
lated the shift changes of the CP66 protons effected by the
nucleotides. Determination of CIS values for a host present
in excess is difficult, but can be done by linear extrapolation
from the first data of the titration, if the association con-
stant is known. Plots of chemical shifts vs. the degree of
complexation of CP66 (Figure 5) yielded straight lines with
slopes equal to the CIS of the different host CP66 protons.
Surprisingly, the CIS values for CP66 (Table 4) with all di-
nucleotides exceeded the values obtained from measure-
ments with mononucleotides (Table 2). It was thus apparent
that the complexes with dinucleotides adopted conforma-
tions in which one of the two nucleobases came almost face-
to-face with the aromatic rings of the cyclophane. Prelimin-

0.020
0.015
0.010
0.005

hanges (ppm)

S o0.000 §
£ .0.005 e

hift

0005 1 3 3 1

Complexation Degree

Figure 5. Plots of the CP66 proton shifts versus degree of com-
plexation of CP66; explanation see text; for assignment see CIS
values in Table 2 (conditions are described in Figure 2)
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Table 4. Calculated shift effects of nucleotides on CP66

Nucleo- H(, H,, Hzc CHz[d] +1\]C:I'[3 CHZ[b] CHQ[L]
tide

ApG  —0.953 —0.554 —0.82 —1.197 —0.886 —1.374 —1.596
GpA —0.89 —0.683 —0.391 —1.143 —1.039 —1.157 —1.232
dApdA —1.116 —0.883 —1.596 —1.741 — —1.795 —1.868
ApA —0.109 —0.142 —0.051 —0.227 —0.007 —0.226 —0.296
ApApC —0.364 —0.182 —0.044 —0.813 —0.89 —0.995 —1.316

[al Calculated from association constants from Table 3 with known
concentrations, all shifts are in ppm relative to uncomplexed mat-
erial, negative signs indicate upfield shift changes.

ary docking experiments (not shown) indicated that con-
formations with the dinucleotide embracing either the
methylene chain or one of the phenyl rings of the CP66
host were possible. As mentioned above, we were not able
to obtain evidence for the existence of these isomeric com-
plexes by observation of separated signals, due to fast in-
terconversion between the two isomers.

Complexes with Larger Oligonucleotides

The sequence and positional selective binding of CP66 to
RNA was also examined with the trinucleotide ApApC and
the tetranucleotide CpApApC, which each have the same
ApA subunit as described above. Proton NMR spectra of
the aromatic region of ApApC with increasing amounts of
added CP66 are shown in Figure 6. The signals of the trinu-
cleotide at different temperatures were assigned by Lee and
Tinoco.?” At 55 °C, signals of both 8-H adenine protons
had the same chemical shift. At higher temperatures, how-
ever, the peaks corresponding to the pA base appeared at
higher chemical shift than those belonging to Ap, while at
temperatures below 55 °C, the signals of Ap had higher
chemical shifts. When CP66 was added to the solution at
increasing concentrations, only the peaks corresponding to
the protons of Ap moved significantly upfield. Some slight
upfield chemical shifts for the 2-H (pA) proton, similar to
the shifts observed in ApA for the 2-H (pA) proton, were
also observed. The peaks corresponding to the 5-H and 6-
H protons of cytosine did not undergo any significant
change. One can conclude that CP66 was binding primarily
to the Ap base through an insertion complex of the Ap base
of ApApC probably very similar to that formed with ApA.
Similar results were obtained for base selectivity in binding
of the analogous deoxytrimer (not shown). The signals of
the protons of the adenine bases shifted to a larger extent
than those of the cytosine. The shift changes of the signal
of the cytosine 5-H proton were only about one tenth those
of the purine protons. In contrast to the results for the ri-
bonucleotide, the differences between the two purine bases
were smaller, especially for the 2-H protons. The overall
shift changes of the signals of the 8-H protons were smaller
than those of the 2-H protons, but the differences between
them were larger. From these results one can conclude a
reduced preference for the 5'-adenine in the case of the de-
oxynucleotide. Although the association isotherms with

1081



FULL PAPER

M. Fernandez-Saiz, F. Werner, T. M. Davis, H.-J. Schneider, W. D. Wilson

ApApC

H-8(pA) H.z(pA)* H-2(Ap) H-5/H-6(pC)
A

JE T

CpAipAipC

*V
H-8(AI) | H-8(A1)

0
B0 D R S , N
S(Ap) H-8(Aul
Ha@ﬂw o H-5/H-6(C)
& H-2(An) H-2(A)
H-i’A(pA) H-2(Ap) H-5H-6(pC) A . i
8:3 T 8:2 T B.l‘l T 8:0 Y 1:9 T 1'.0 PP';‘ T ra|3 | 8I2 T 8!| 8‘0 Ty 7‘|9. \Ra | 7.‘8' AR | ppl"l{

Figure 6. Shift changes of tri- and tetranucleotides upon addition of CP66 (conditions are described in Figure 2); ApApC titration: 1 mm
ApApC, from bottom to top CP66 concentrations 0, 0.5, 1, 1.5, 2 mm; CpApApC titration: 0.5 mm CpApApC, from bottom to top CP66

concentrations 0, 0.25, 0.5 mm

these trinucleotides could not be evaluated with the same
accuracy as for the dinucleotides, the titration experiments
qualitatively suggested a binding constant in the same range
as those obtained for ApA and ApG.

An NMR titration of CpApApC with CP66 under the
same conditions as for the dinucleotides is also shown in
Figure 6. Assignment of the peaks was performed by com-
paring the chemical shifts with the trinucleotides ApApC
and UpApA reported by Lee and Tinoco.l?”-?8! Spectra of
CpApApC showed upfield shifts for the signals of all pro-
tons of both adenine bases on titration with CP66, al-
though the chemical shifts for signals of the first Ap base
were again larger than those of the second Ap base. Chem-
ical shift changes for the signals of both pyrimidine bases
were small. The K values obtained from fitting different
protons on the A bases were similar (Table 5), correspond-
ing to an average AG value of 13.0 kJ/mol, similar to the
results with other nucleotides. Titration experiments with
the analogous deoxy tetramer (not shown) yielded upfield

Table 5. NMR titrations of CpApApC with CP66

Proton 5 @ 1073 Kb CISkel
[L/mol]

2AHS8 8.05 0.17 —0.176

3AHS 7.962 0.28 =0.177

2AH2 7.757 0.23 —0.241

3AH2 7.671 0.17 —-0.162

1CH6 7.469 0.28 0.027

[al Signals of protons not mentioned were either overlapped with
CP66 signals or poorly resolved, signals of ribose protons in par-
ticular. ™ At 303 K in D,O at pD = +7.4 = 0.02 (phosphate buf-
fer). [1 CIS = §(100% complexation) — 8; other shifts are relative
to TMS, negative signs indicate upfield shift changes.
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NMR shifts for the purine bases (up to —0.35 ppm), indic-
ating preferred inclusion of these nucleobases in the CP66
cavity, whereas the shift of the signals of the pyrimidine
protons were distinctively smaller and downfield.

Groove Matching as Origin of the Different Behaviour of
RNA and DNA

The difference between monoribonucleotide inclusion
and deoxyribonucleotide inclusion in the CP66 cavity is
probably too small to explain the observed destabilization
of RNA in comparison with the stabilization of DNA du-
plexes. The geometric conditions for ion-pairing of cyclo-
phane cationic amines with DNA phosphates are depicted
in Figure 7. The distances were modelled with idealized du-
plex conformations and cyclophane structures, which were
optimized with a force field (see Exp. Sect.). Only the wide
groove of B-DNA is able to accommodate CP66 with op-
timum contact between the cyclophane ammonium and the
DNA phosphate centres. The importance of this geometric
match for stabilization of nucleic acids is emphasized by
the results for CP44, a cyclophane smaller than CP66. The
highest melting point (7im) increase for the cyclophanes in
this series was observed for duplex DNA upon com-
plexation with CP44.1>°1 Consistently with the mechanism
outlined above for selective stabilization of the DNA du-
plex, the distances in CP44 gives an even better fit in the
major groove of DNA than for CP66 (Figure 7). In con-
trast, the RNA phosphate distances are too small to allow
optimum contacts between all nitrogen centres of CP66 and
the phosphate. It appears that, for duplex RNA, the intra-
cavity inclusion mechanism of the single-stranded nucleo-
tides prevails with this larger cyclophane and accounts for
the destabilizing influence of CP66 on the duplex and the
shift of the 7m to lower temperature.

Eur. J. Org. Chem. 2002, 1077—1084
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Figure 7. Geometric fitting of cyclophanes CPnn to major grooves
of B-DNA or A-RNA; charges represented by the cationic and
anionic centres

Conclusions

NMR titrations of several nucleotides with the azoniacy-
clophane CP66 have clearly shown that this host has a dis-
tinct preference for purine bases over pyrimidine bases. In
addition, it is evident that there is also a preference of this
host for the purines at the 5’-end. Comparison of ribonucle-
otides with analogous deoxynucleotides has shown that the

Eur. J. Org. Chem. 2002, 1077—1084

dramatic differences between RNA and DNA helical
stabilities in the presence of the cyclophane CP66 cannot
be due to differences in association constants between 2-
deoxyribo- and ribonucleotides. An alternative, or addi-
tional, explanation for the stabilization of double-stranded
DNA is based on a satisfactory fit of the cyclophanes into
the wider groove of DNA. The smaller RNA groove makes
the intracavity inclusion of a nucleobase upon base flipping
preferred, resulting in destabilization of the RNA helix.

Experimental Section

Substances: Adenylyl-(3',5')-adenosine (ApA), 2’'-deoxyadenylyl-
(3',5")-2'-deoxyadenosine  (dApdA), guanylyl-(3’,5")-adenosine
(GpA), adenylyl-(3’,5")-guanosine (ApG) and ApApC were pur-
chased from Sigma, the tetraribonucleotide CpApApC from Crua-
chem, the deoxynucleotides from Fluka, deoxydi-, tetra- and octan-
ucleotides from Pharmacia. All nucleotides were pure enough for
NMR experiments. The azoniacyclophane CP66 was prepared as
described earlier.?) After repetitive recrystallizations and chroma-
tographic purifications of all intermediates, the purity of the final
tetracation was higher than that of older samples. This was con-
firmed by TLC (Al,03/88% acetonitrile + 12% acetic acid). With
this solvent system it was possible to achieve separation on TLC
plates for the first time.

NMR spectroscopy: NMR experiments were performed with Varian
Plus 500 or 600 MHz or Bruker DRX 500 spectrometers in 5-mm
tubes. The experiments were carried out at temperatures as indic-
ated in the captions of the figures in D,O, at pD = 7.4 = 0.01
(0.02 M phosphate buffer, 107> M EDTA, 10~> mol/L EDTA) and
with TMS as external reference. Titrations with ApA, dApda,
GpA, ApG and ApApC were carried out as described earlier.[>°]

MM Calculations: Quanta/CHARMmMP? 4.0 with CHARMm 22
and an SGI INDY R4000/100. Waterbox simulations were done
with TIP3-type water. The size was chosen to ensure a distance of
at least two water molecules to the (periodic) boundaries.
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