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INTRODUCTION

DNA-binding molecules constitute a large part of all
anticancer drugs, emphasising their paramount
medicinal significance [1]. Very often, the intensive
study of natural products with respect to their
binding characteristics paved the way towards a
systematic elaboration of more potent drugs, with
the ultimate goal of achieving high sequence
selectivity. DNA recognition in nature mainly
follows four different paths: efficient binding agents
either target the phosphodiester backbone, inter-
calate into the base pairs, or occupy the minor or
major groove. Natural highly charged polyamines,
such as spermine and spermidine, which are present
in cell nuclei in micromolar concentrations, non-
specifically attack the phosphodiester backbone and
form multiple salt bridges [2]. This is also the domain
of numerous unspecific cationic DNA binders; thus,
amphiphiles, dendrimers and polymers have been
developed as transfection agents [3]. Polythiophenes,
which also recognise the DNA/RNA phosphate
backbone, have recently been presented as colour
sensors for the hybridisation of ssDNA [4]. Small
molecules usually intercalate or insert into the minor
groove [5]. Flat aromatic cations, such as aminoacri-
dines and actinomycin, or bis-intercalators, such as
sandramycin, seek m-stacking stabilisation by maxi-
mal base-pair overlap and intercalate preferentially
into pyrimidine-purine sites, with the general
consequence of DNA distortion [6]. Polyamides
with repeating pyrrole units and terminal proto-
nated nitrogens such as distamycin represent the
prototype of minor groove binders; during their

investigation, the origin of their marked AT
preference was identified as shape selectivity for
the narrow groove walls, optimising van der Waals
interactions. AT-rich regions are narrow (3-4A),
whereas GC-rich tracts are much wider (=8A).
Importantly, it was found that groove binders
generally do not significantly change the DNA
conformation. Unravelled tunable sequence selectiv-
ity and binding efficiency was later achieved with
hairpin polyamides presented by the Dervan group
[7]. Although most regulatory proteins dock onto the
wider, shallower major groove, which offers much
more hydrogen bonding sites and thus more
information, very few natural products are known
to bind selectively to this important region. In
addition, most of them gain their free binding energy
from intercalation and/or further alkylate DNA
bases [8]. This is also the case with the very few
artificial major groove binders known today, such as
the crosslinking agents: nitrogen mustard, melpha-
lan or cisplatin [9]. Interestingly enough, the zinc
finger [10] and the leucine zipper motif [11], two
typical protein domains which fit snuggly into
DNA’s major groove, have similar dimensions
(averaged a-helix diameters of ~1.3nm) and also a
comparable overall topology of a large basic cylinder
with a polar protic face reading the nucleic bases on
the groove’s floor. Recently, Hannon et al. presented
the first example of an artificial noncovalent major
groove binder, a tetracationic metallo-supramolecu-
lar cylinder with a size of ~2 X 1nm [12]. This
tetracationic [Fe,L;]*" ligand binds tightly to the
floor of the major groove and induces DNA bending
and intramolecular coiling. Later, the same group
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FIGURE 1 (a) Synthesis of calixarene dimers with alkyl spacers of varying length (1-4). (b) Synthesis of calixarene dimers with varying

cationic bridging units (5, 6).

found that this molecule also stabilises three-way
junctions in DNA strands [13].

RESULTS AND DISCUSSION

We have recently discovered that dimeric calixarenes
[14] with six anilino groups at their upper rims bind

tightly to double-stranded DNA molecules, irrespec-
tive of their number of base pairs [15]. Binding
occurs without significant (de)stabilisation or con-
formational distortion, as evidenced by unchanged
melting curves and CD spectra. It is, however,
accompanied with drastic changes in UV absorption
intensities, indicating a specific interaction with the
chromophores of the nucleic bases. Such inverted
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and magnified UV absorbance is not observed with
similar guanidinium-based calixarene monomers,
recently reported by the Ungaro group. They
achieved strong DNA binding and subsequent
transfection with various guanidinium-decorated
calixarene derivatives; these, however, most likely
attach to the double-stranded phosphodiester back-
bone, by utilising multiple electrostatic interactions,
as evidenced by AFM techniques [16]. Since
calixarenes are too large for intercalation or minor
groove insertion, and the anilino groups are hardly
protonated at neutral pH, strong experimental
evidence is produced for major groove binding
[17]. Specifically, pK, titrations on the ammonium
calix[4]arenes revealed decreasing pK, values for
each single NHJ group starting from pK; = 5.0 and
pK> = 4.5 down to even lower basicities. From these,
it was calculated that at pH 7 only one group of each
calixarene in the dimer is protonated, resulting in a
maximum net charge of +2. The assumed binding
mechanism was further supported by complete
displacement of intercalated ethidium bromide as
well as a superior interaction with RNA, whose
major and minor grooves have similar dimensions as
that of the calixarene ligand [18]. It was reasoned that
this new class of synthetic major groove binders has
the potential of sequence-selective DNA recognition,
with the prospect of deliberate specific interference
with gene expression.

In this respect, two immediate questions must be
answered. [1] In order to distinguish between gene
promoters, a base sequence of at least 5-6 bp must be
spanned and specifically recognised. However, if the
simple alkyl spacer is elongated from 4 to 10 atoms in
the bridge, will this lead to a significant loss of
affinity for DNA’s major groove? [2] In order to
compete with regulatory proteins, affinities must
simultaneously be optimised up to the nanomolar
level. Additional hydrogen bonds between polar
groups in the bridge and the nucleic bases at the floor
of DNA’s major groove may not suffice and should
be further complemented by favourable strong
noncovalent interactions. Will, for example,
additional positive charges introduced into the
bridging unit tighten the complex between DNA
and its calixarene ligand?

After the prototype molecule 1, which inserted
into the major groove of 12bp dsDNA with 10 pM
affinities, we have now synthesised a whole series
of related compounds with varied bridging units.
In one series, the alkyl bridge between both
calixarenes was varied in successive steps of C-2
ethylene units from 4 to 6 and 8 up to 10 carbon
atoms. The longest derivative should be able to
span 7bp of the major groove. In a second series,
we introduced two full positive charges directly
into the bridging alkyl chain or alternatively into
its close vicinity. From these derivatives, we hoped

to receive the answers on the above-detailed
questions.

The synthetic routes followed the main strategic
path, already outlined in our preliminary communi-
cation. Construction of a tri-Boc-protected tetraa-
mino-calix[4]arene was followed by double amide
coupling with doubly activated diacids. A final
deprotection of all six urethanes with TFA yielded
the target molecules 1-4 as hexa(trifluoroacetate)
salts. Thus, the first series was prepared from diacid
dichlorides with central C4, C4, Cg and C;g carbon
chains (Fig. la). In spite of their increasing
lipophilicity, all these compounds could be dissolved
completely in aqueous Hepes buffer with 50% added
methanol. They all carry two positive charges at
neutral pH.

For a medium size spacer with internal cationic
groups, we chose a linear no natural amino acid
derivative, i.e. ethylene diamine diacetic acid which
corresponds to a diaza-Cg spacer. Attachment of the
cations in the close vicinity of the spacer’s main
chain was achieved by introducing a double branch
into the amino acid molecule—as in pimelic acid.
Both bis(amino acids) were activated with
HCTU/CI-HOBt and doubly coupled to the tripro-
tected calixarene. [19] Since the additional amino
groups were likewise protected as Boc moieties, they
were removed simultaneously with all the other
calixarene Boc groups leading directly to the desired
target molecules 5 and 6. These carried two full
additional positive charges, i.e. they were isolated as
octacations (Fig. 1b). Unfortunately, the two
additional charges did not suffice for rendering the
whole calixarene dimers water soluble. Thus, for a
better comparison, all consecutive DNA-binding
experiments were carried out in the same 1:1
water/methanol mixture containing 1mM Hepes
buffer. At neutral pH, the two representatives of
series II thus carry four positive charges.
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FIGURE 2 Binding isotherm for the complexation of 12bp
dsDNA with tetracationic pimelic acid-based calixarene dimer 6.
Note the sharp kink around the equivalence point indicating
extremely strong binding (K, = 6 x 10°M™").
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TABLEI Stoichiometries and association constants obtained from fluorescence titration experiments between fluorescein-labelled 12 bp

dsDNA and calixarene dimers 1-6

Entry Receptor DNA K.(M ™) Stoichiometry
1 Dimer 1 ds FI-DNA (12bp, 1 mM Hepes*) 8 x 10° (+23%)t 17:1%
2 Dimer 2 ds FI-DNA (12bp, 1 mM Hepes*) 7 x 10° (+25%)t 24:1%
3 Dimer 3 ds FI-DNA (12bp, 1 mM Hepes*) 8 x 10° (+24%)t 18:1%
4 Dimer 4 ds FI-DNA (12bp, 1mM Hepes*) 9 x 10° (+20%)t 21:1%
5 Dimer 5 ds FI-DNA (12bp, 1 mM Hepes*) 2 % 10° (£22%)t 18:1%
6 Dimer 6 ds FI-DNA (12bp, 1 mM Hepes*) 6 x 10° (£22%)t 12:1%

“Hepes buffer in methanol /water (1:1). ¥ Statistical error from curve fitting. ¥ From Job plots: ratios are given in receptor:DNA.

Fluorescence titrations of 1-6 were carried out
with a fluorescein-labelled 12bp DNA [20]. In all
cases, the strong fluorescence emission was fully
quenched during the titration process, indicating a
tight interaction with the calixarenes. From Job plots,
relatively large stoichiometric ratios were deter-
mined, indicating again a substantial amount of
ligand self-aggregation before or concomitant with
major groove insertion [21]. Very smooth curves
were obtained in all cases, which could be nicely
fitted to a standard nonlinear algorithm (Fig. 2).
The respective association constants were normal-
ised to a 1:1 complexation event, assuming a non-
cooperative process; they are summarised in Table I.
At first glance, it becomes obvious that elongation of
the central alkyl spacer chain from C, to C;o does not
lower the affinity of these extended dimers for
DNA’s major groove. Although no clear trend is
observed, the four corresponding K values are all
close to micromolar, with small deviations. Interest-
ingly, the stoichiometric factors even seem to
increase with increasing overall spacer length of
the ligands. This is counterintuitive and may indicate
an enhanced self-aggregation of the extended
calixarene dimers via their growing central alkyl
chains. Thus, it can be concluded that even the
significant chain extension in the bridging unit even
from C4 to Co does not lower the calixarene dimer’s
affinity towards DNA—an important prerequisite
for the construction of ligands suitable for spanning
5-6bp.

FI-DNA (double strand) with 12bp: 5-[FIJGTG
ACG AAC CTC-3' 5-GAG GTT CGT CAC-3'.

Compounds 5 and 6 clearly demonstrate the
expected affinity increase due to an elevated charge
state. However, this effect is much more pronounced
in the branched pimelic acid derivative 6 than in the
linear diglycine 5. We tentatively explain this
difference with an optimal placement of the
additional positive charges within DNA’s major
groove [22]. It is well known that minor groove
binders are drawn towards the centre of negative
charge density, which is located just above the
nucleic bases [23]. The affinity increase due to the
additional two positive charges is not dramatic, but

still amounts to roughly one order of magnitude (K4
(6) ~160nM).

The high binding constants are reflected in
ethidium bromide displacement experiments. Similar
to the preliminary tests with 1, all the other
calixarene dimers in series I (1-4) and II (5 and 6)
are able to completely expel the intercalated dye
from DNA double strands (Fig. 3) [24]. Both series
display moderate Cs, values, but especially series 1I
is characterised by extremely low CEs, values,
500-1000 times lower than those of spermine
(Table II). These findings underline again the
importance of hydrophobic forces for the inclusion
process and rule out any significant DNA backbone
recognition via ion pairs [25].

Absorption intensities in UV -vis spectra were
again drastically shifted towards higher values for
complexes with dsDNA, whereas much lower
extinction coefficients were recorded for ssDNA
complexes. This behaviour is generally reflected in
inverted and enlarged melting curves (Fig. 4).
However, contrary to our original observations
with 1 and a 20bp dsDNA, all new calixarenes
derivatives significantly stabilise the short 12bp
DNA duplex (DNA: Ty, = 34°C; DNA complexes:
Tm = 52-58°C). Since now even 1 shifts the melting
temperature from 34 to 53°C, the stabilisation seems
to depend mainly on the total DNA length rather
than on the dimer structure. We tentatively assume

100 % ——ds12bp+6
80 - ds12bp+1
60 -
Frel % 0]
20 - \\
0 —

0 05 1 15 2 25 3 35 4

CE ——

FIGURE 3 Ethidium bromide displacement from 12bp dsDNA
(c=1pM) by dimers 1 and 6 (H,O/MeOH 1:1, 9.4mM NaCl,
2mM Hepes, pH 7.1). F,j, relative fluorescence emission intensity;
CE, charge excess ratio.
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TABLE II Ethidium bromide displacement assay for 12bp
dsDNA and 1 and 6

[NaCl] C50
Ligand/DNA (mM) Nominal charge (M) CEs
1+ 12bp 9.4 +2 28 2.3
6+ 12bp 9.4 +4 9 1.5

that incorporation of aggregated calixarenes into
DNA’s major groove clamps together the dangling
ends of the short DNA duplex. Obviously, the new
calixarene derivatives 2—6 in both series also interact
with the nucleic base chromophores through inser-
tion into the major groove. At this point, the unusual
UV -vis extinctions of DNA complexed by our new
calixarene dimers and the concomitant magnified
melting curves can only be explained by a strong
noncovalent interaction between ligand and host
chromophores. No direct experimental evidence was
found for 5 and 6 to stabilise the duplex by
electrostatic crosslinking, similar to spermine and
spermidine [26].

CD curves were measured for 1 and 6 in their
complexes to dsDNA at micromolar concentrations
(Fig. 5). A close inspection reveals that both ligands
lead to a drastic conformational change towards a
geometry of the A-DNA type. The most pronounced
change occurs with 1, while the complex with
tetracationic 6 seems to be an intermediate on the
way from B- to A-DNA [27]. Clearly, the inclusion of
the (aggregated) DNA ligand induced a confor-
mational twist in the DNA molecule in order to
optimise supramolecular contacts. At this point, we
can only speculate whether the contraction of DNA'’s
major groove and the elimination of the minor
groove are pointing to an ideal conformation for the
inclusion of the monomeric ligand in a cleft of just

2_
18 ——ds 12 bp +6
' —-— 0
1.6 —+—ds 12 bp

1.4

A260
1.2 7
14

0.8 1

06+—m—m—r—F———7 "+
20 34 40 53 60 80
T/I°C ————>

FIGURE 4 UV-vis-melting curve for pimelic acid derivative 6 in
its complex with 12bp dsDNA.
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FIGURE 5 CD spectra for pure 12bp-DNA (B-DNA) and its
complexes with 1 and 6 ( ~ A-DNA).

the right size (similar to RNA clefts). Interestingly,
the nature of the bridge allows a certain confor-
mational control of the complexed DNA. This may
become valuable for a rational design of sequence-
selective DNA binders. A similar behaviour has
already been observed by Hannon with his supra-
molecular Fe(II) cylinder [12]. Finally, this result is
another indication for a major groove binding of our
artificial calixarene dimers. Most polymerases and
many endonucleases lead to a similar change if they
bind to DNA’s major groove [28]. Further impli-
cations of this induced conformational change must
be elucidated in the future.

In the future, we will try to calculate the structure
of our new DNA complexes with standard model-
ling software (MacroModel, SYBYL). Molecular
mechanics calculations, Monte Carlo and MD
simulations should reveal possible influences on
DNA conformation while binding into the major
groove. In order to find out more about a potential
self-aggregate, we will conduct a full GPC analysis
with 1, 6 and 12bp dsDNA. Absolute molar masses
referenced against pullulan standards are expected
to exceed by far the expected values for monomeric
species and pointed to tetra- or penta-meric
oligomers. Their structure remains to be elucidated,
but involves most likely van der Waals contacts
between the butoxy tails and the extended alkyl
spacers. Finally, non-denaturing gel electrophoresis
will be tried on the complex between 12bp dsDNA
and 1 or 6. Thus, direct information can be gained on
the mobility of various calixarene complexes with
DNA in the electric field.

CONCLUSION AND OUTLOOK

In this investigation on a series of new dimeric
aminocalixarenes as major groove binders, it could
be shown that even a 10-atom alkyl bridge between
both calixarenes does not weaken the complex
formed with DNA. Additional positive charges
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further stabilise the associate (~60-fold). Most
importantly, the burial of the dimeric calixarenes
into DNA’s major groove is accompanied with a
drastic conformational change towards an A-DNA
geometry, which can to some extent be tuned by the
nature of the bridging unit between both calixarenes.
From this experimental basis, amino acids and
heterocycles can now be introduced into the bridge
in order to study their influence on DNA affinity and
selectivity.

EXPERIMENTAL PART

Representative Example for the Synthesis of
Cationic Calix[4]arene Dimers in Series 11

2,6-Bis[(tert-butoxycarbonyl)-amino]-pimelic Acid
Bis-[5,11,17-tris[(tert-butoxycarbonyl)-amino]-
25,26,27,28-tetrabutoxycalix[4]arene-23 Amide]

2,6-Bis|(tert-butoxycarbonyl)-amino]-pimelic acid
(29mg, 0.074 mmol) was dissolved in 40ml of abs.
dichloromethane/DMF (3:1) under an argon atmos-
phere. CI-HOBt (63 mg, 0.37 mmol), HCTU (62mg,
0.15mmol) and 74 pl (58 mg, 0.45 mmol) of N-ethyl-
diisopropylamine were added to the solution and
stirred for 10 min at 0°C. Then, the monomeric amine
5,11,17-tris[(tert-butoxycarbonyl)-amino]-23-amino-
25,26,27,28-tetrabutoxycalix[4]arene (150 mg,
0.15mmol), dissolved in 4ml dichlorometha-
ne/DMF (3:1), was added dropwise to the solution.
After stirring for 24 h at an ambient temperature, the
reaction mixture was washed three times with
distilled water, dried over Na,SO4 and subsequently
evaporated to dryness. The resulting residue was
purified by chromatography over silica gel (ethyla-
cetate/cyclohexane 1:2), R¢= 0.57. Yield: 141mg
(0.059 mmol; 80%). 'H NMR (500 MHz, CDCl,):
6 =1.00(m, 24H); 1.29 (m, 16H); 1.49 (s, 18H); 1.50
(s, 18H); 1.59 (s, 36H); 1.71 (m, 2H); 1.85 (m, 16H);
1.97 (m, 4H); 3.08 (m, 8H); 3.68 (m, 2H); 3.80 (m, 8H);
3.89 (m, 8H); 4.39 (m, 8H); 6.37-6.90 (m, 24H). *C
NMR (125.6 MHz, CDCly): 6 = 14.14, 14.21, 14.25,
19.35, 19.55, 19.57, 22.83, 23.31, 26.84, 28.60, 29.84,
31.27, 32.06, 32.10, 32.16, 32.39, 61.99, 72.45, 74.94,
80.06, 80.25, 119.77, 120.10, 132.14, 153.26, 153.50.
HRMS (ESI-pOS., MeOH) caled for C135H194N10026
+ Na™: m/z = 2395.4090, found: m/z = 2395.4026.

2,6-Diaminopimelic Acid Bis-{5,11,17-triamino-
25,26,27,28-tetrabutoxycalix[4]arene-23-amide}-
octakis-(trifluoroacetate) 6

A suspension of 0.27 mg of the octa-Boc-protected
diaminopimelic acid-bridged dimer (11 pmol) was
dissolved in 5ml of abs. dichloromethane. To this
solution, 5ml of trifluoroacetic acid was added. The
resulting solution was stirred for 22h at an ambient

temperature and subsequently evaporated to dry-
ness. Yield: 28mg (10 umol; 95%). 'H NMR
(500MHz, ds-MeOH): 6 =1.02(m, 24H); 1.36 (m,
8H); 1.63 (m, 8H); 1.74 (m, 2H); 1.88 (m, 16H); 3.15 (m,
4H);3.24 (d, 4H, ] = 13.5Hz); 3.75 (m, 8H); 3.93 (t, 2H,
] =7.5Hz); 4.01 (m, 4H); 4.09 (m, 4H); 4.48 (m, 8H);
6.10 (m, 8H); 7.05 (s, 2H); 7.08 (s, 2H); 7.31, 7.33, 7.37,
7.46 (s, 4H). >C NMR (176 MHz, d,-MeOH):
6=1449, 1457, 14.68, 14.74, 20.32, 20.39, 20.63,
20.94, 20.96, 23.89, 28.13, 30.92, 32.00, 32.17, 33.23,
33.47, 33.64, 33.84, 62.41, 73.68, 76.41, 76.48, 76.57,
117.44, 119.10, 122.44, 122.54, 122.62, 123.78, 133.37,
133.50, 136.34, 136.95, 138.06, 138.14, 139.52, 139.61,
156.07, 162.95, 163.14, 168.15. HRMS (ESI-pos.,
MGOH)Z caled for [C95H194N10026 + Na+]+:
m/z = 1594.9895, found: m/z = 1593.4728.

Oligonucleotide Structure, Which was Studied
With These Experiments

FI-DNA (double strand) with 12bp: 5'-[FIJGTG ACG
AAC CTC-3' 5-GAG GTT CGT CAC-3'.

Fluorescence Titration Experiments

Fluorescence titrations were performed with 12bp
dsDNA in Hepes-buffered solutions (1 mM, pH 7.1)
in concentrations as stated in the following. For
convenience, the host compounds 1-6 were diluted
in the DNA solutions, so that there was no change in
the DNAconcentration throughout the entire
titration. Seven hundred microlitres of these sol-
utions were filled into cuvettes and up to 500 pl of
the receptors solutions were added stepwise.
The change of the emission intensity was measured
as shown in the tables below. The binding isotherms
were fitted by nonlinear regression methods, similar
to the evaluation of NMR titrations.

Ethidium Bromide Displacement Assay

A Jasco FP-6500 spectrofluorimeter was used to
record the data. Excitation of the sample was carried
out in a 1.5ml quartz cuvette with 546 nm excitation
light and emission measured at 595nm. The buffer
solution contained 2 mmol of HEPES and 9.4 mmol
of NaCl. The pH was adjusted to 7.1 with NaOH.
Ethidium bromide was dissolved in the buffer to
provide a 1.26 uM concentration (per base pair).
After stirring for 5min and standing for 1min, the
fluorescence was measured. CEs5y values were
calculated as a ratio of positive charges in the
receptor versus negative charges of DNA in the
respective complex mixture. The CEsy values are
defined as the CE at 50% of the original fluorescence
emission intensity gained by intercalated ethidium
bromide.
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UV-vis-melting Curves With 12 bp DsDNA and
Dimer 6

The profiles of UV absorbance versus temperature
were measured using a JASCO V-550 UV-vis
spectrophotometer by monitoring the sample
absorption at 260 nm. The sample cell was equipped
with a water-circulated cell holder and the profiles
of UV-vis absorption versus temperature were
recorded. The sample cell was equipped with a
Peltier type cell holder (ETC-273T). The concen-
tration of the duplex DNA in each sample was 2 pM
in 1mM Hepes-buffered solution, pH 7.1. The
experiments were carried out by increasing the
temperature at a rate of 1.0°C/min from 20 to 80°C
and the temperature was recorded every minute
(equal to each additional 1.0°C).

Circular Dichroism Measurements

CD experiments were conducted in a quartz cuvette
in 1 mM Hepes buffer (water/methanol 1:1; pH 7.1).
The samples containing DNA (1 uM) or its complex
with calixarene dimer 1 or 6 (30 uM) were scanned
from 200 to 400 nm at a constant temperature of 20°C.
Molar ellipticities were found to be consistent with
pure B-DNA in its natural conformation and close to
A-DNA for the complexes.

SUPPORTING INFORMATION

Full experimental details on synthesis and charac-
terisation of the calixarene dimers and the fluor-
escence titrations.
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