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Oligomers with Intercalating Cytosine —
Cytosine™ Base Pairs and Peptide Backbone:
DNA i-Motif Analogues**

Ulf Diederichsen*

The ends of chromosomes are built up of telomeric DNA
with an up to 1000-fold repeating guanine-rich DNA and
complementary cytosine-rich sequence.l'! The organization of
guanine strands in tetrads based on a guanine donor/acceptor
pattern that allows for simultaneous pairing by the Watson—
Crick and Hoogsteen sides is a familiar structural motif.”!
Surprisingly, however, the cytosine-rich oligomers are also
able to form tetramers since pyrimidine molecules lack a
Hoogsteen side they contribute less to the complex stability
through stacking interactions. Nevertheless, at pH 4.5-6.5 the
semiprotonated C—C" base pairs are formed in the reverse
Watson — Crick mode with three hydrogen bonds building up a
parallel double strand; two C-C* pairing double strands
intercalate and stabilize the structure in a four-stranded
complex.P! The interaction of consecutive base pairs is
provided only by the stacking of the exocyclic carbonyl and
amino groups that are oriented with opposed dipoles
(Scheme 1). This base-pair arrangement makes a considerable
contribution to the stabilization of the pairing complex as
indicated by a base-pair distance of only 3.1 A. DNA
tetramers containing C—C* pairing were called i-motif in
reference to intercalating double strands, and were described
by Gehring et al. in an NMR structural analysis of the DNA
oligomer d(TCCCCC) that forms an i-motift®! and by Chen
et al. with an X-ray structure of d(C,).™ In the meantime, the
intercalating C—C* double strands that form C tetrads were
established as a structural motif.’! Unwinding of the double
helix is required to facilitate intercalation and leads to a
helical twist of only 12.4-16° in the DNA i-motif. As part of
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1%

Scheme 1. Arrangement of consecutive C—C* base pair planes of
an alanyl-PNA tetrad analogous to the DNA i-motif.

Scheme 2. Part of the alanyl-PNA tetrad formed analogous to the DNA i-motif:
Oligomers H-(Gly-AlaC),-Lys-NH, (2) and H-(Gly-AlaC),-Lys-NH, (ent-2) pair in

our ongoing investigation of alanyl-PNA (PNA =
peptide nucleic acids),! cytosine - cytosine self-pairing
gained our interest because we expected alanyl-PNA
to be a suitable i-motif analogue by mimicking backbones that
are close to linear.

Alanyl-PNA consists of a regular peptide backbone with an
alternating configuration of the alanyl amino acids, which
have nucleobases connected in the  position of the side chain.
This arrangement leads to the favorable formation of double
strands with an extended backbone. The linearity of alanyl-
PNA pairing complexes is structurally inherent since the
distance of two consecutive side chains is close to the stacking
distance of 3.4 A that is found in DNA. An alternating
configuration of the nucleo amino acids is required for
orientation of the nucleobases on the same side of the
backbone.

To study C-C pairing we synthesized the octamers H-
(AlaC-AlaC),-Lys-NH, (1) and H-(AlaC-AlaC),-Lys-NH,
(ent-1; AlaC=p-(cytosine-1-yl)alanine amino acids; amino
acids with D configuration are underlined; lysine amide was
introduced for solubility reasons).”l The nucleobase distance
hampers intercalation since further extension of the backbone
is not possible. In contrast, the oligomers H-(Gly-AlaC),-Lys-
NH, (2) and H-(Gly-AlaC),-Lys-NH, (ent-2) contain a glycine
unit as every second amino acid thus providing a spacer that
facilitates the intercalation of linear double strands
(Scheme 2). Because of the pairing selectivity of alanyl-
PNA the oligomers had to be synthesized in both enantio-
meric forms: since the reverse Watson — Crick mode offers the
only possibility for C—C pairing, antiparallel strand orienta-
tion with base pairs formed by heterochiral nucleo amino
acids or parallel backbone orientation with homochiral base
pairs were required.[!

We examined the formation of pairing complexes and their
stability by temperature-dependent UV spectroscopy by
measuring the cooperative destacking of nucleobases as a
sigmoidal increase in absorption (hyperchromicity) with
raising temperature. The self-pairing tendency of oligomers
1, ent-1, 2, and ent-2 as well as pairing of the equimolar
mixtures of the enantiomers 1+ent-1 or 2+ent-2 was
examined at pH7 (100mm NaCl, 10mm Na,HPO,/H;PO,)
and pH4.5 (100mm NaCl, 80 mw tris-acetate).! At pH 7 none
of the oligomers showed any indication of pairing, which is in
agreement with the lack of pyrimidine — pyrimidine recogni-
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an antiparallel double strand. Two of these double strands stabilize by interpenetra-
tion.

tion in alanyl-PNA.[% Further, self-pairing of 1 or ent-1 as well
as the parallel pairing of enantiomers 1+ ent-1 at pH 4.5 was
not observed. Therefore, eight C—C* base pairs with three
hydrogen bonds each are not sufficient for double-strand
formation. On the other hand, a stable pairing complex (T, =
34°C, 17% hyperchromicity, each 14um; Figure 1a) was
found when intercalation of the antiparallel C—C* pairing
double strands 2 and ent-2 was facilitated. Complexation was
reversible with hysteresis and was also concentration depend-

a) 18 H-(Gly-AlaC),-Lys-NH, + H-(Gly-AlaC),-Lys-NH,
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b) 40 H-(Gly-AlaC),-Lys-NH, + H-(Gly-AlaC),-Lys-NH,
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Figure 1. UV melting curves of a) an equimolar mixture of enantiomers 2
and ent-2 (each 14 pm, 100mMm NaCl, 80mwm tris-acetate, pH 4.5, 260 nm)
and b) of pairing complex 2+ ent-2 in the presence of 9-aminoacridine
(each 15um 2, ent-2; 150 um acridine, 100mm NaCl, 80mwm tris-acetate,
pH 4.5, 260 nm).
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ent. Pairing was not observed with oligomer concentra-
tions of lower than 10um each. Furthermore, self-pairing of
alanyl-PNA 2 or ent-2 was not observed. This is in agree-
ment with parallel double strand orientation being disfavored
in the alanyl-PNA series.’] The alanyl-PNA tetraplex
2 + ent-2 is more stable than the corresponding DNA i-motif.
The melting stabilities of DNA were determined under
the same conditions as 7,=23°C (30% hyperchromicity,
14um) for the tetramer d(C,) and T7,=48°C
(35% hyperchromicity, 11um) for hexamer d(C¢) (not
shown).

In contrast to the nonoccurrence of the double strand of 1
with eight C— C* base pairs, the pairing complex 2 + ent-2 was
formed with high stability. This indicates—in analogy to the
DNA i-motif—an organization of the latter into a tetrad
based on intercalation of double strands, with each forming
four C—C* base pairs. The special stacking orientation of the
semiprotonated base pairs with opposed dipole orientation of
the exocyclic amino and carbonyl functionalities seems to
be decisive for the difference in pairing of a C—C" double
strand and a tetramer. In contrast to the DNA i-motif, the
alanyl-PNA tetrad is based on antiparallel pairing double
strands. By comparison of the overall charge of C—C* pairing
oligomers three cases can be realized: the DNA i-motif
has a negative net charge, the self-pairing DNA dimer
with an ethylene bridge between positions 3’ and 5% is
neutral, whereas alanyl-PNA 2 + ent-2 has an overall positive
charge.

Further evidence for 2 + ent-2 organization in tetrads was
obtained by gel filtration HPLC (Pharmacia Superdex-Pep-
tide PC 3.2/30). In addition to the main peak with a retention
time of 19.0 min a second small peak could be observed at
8.6 min when an aqueous buffer solution (100mm NaCl,
80mM tris-acetate, pH 4.5; flowrate 0.1 mL min~') was used as
eluent. The latter signal most likely corresponds to the
tetrameric species. In 2D NMR experiments of the 2 + ent-2
complex (500 MHz, D,0, each 2mm, 100 mm NaCl, 80 mM tris-
acetate) only peaks corresponding to the spin system of one
oligomer were observed, as expected for the highly symmetric
tetramer. Furthermore, ROESY cross-peaks were found
between the proton on C6 (H6) of the nucleobase and the
Hp protons as well as with the Ha proton of the correspond-
ing nucleo amino acid. Qualitatively this indicates a con-
formation of the nucleo amino acids with the nucleobase
oriented antiperiplanar to Ha with the H-C6 pointing
towards the backbone (Scheme 3).

0 H
N\
H Hp'
Ha

Scheme 3. The most likely preferred conformation of the nucleo amino
acids in the pairing complex 2+ ent-2. The observed ROEs (ROE =ro-
tating frame Overhauser enhancement) between H6 and Ha, Hp, and Hp'
are indicated by arrows.
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The UV melting curve of 2+ ent-2 in the presence of ten
equivalents of 9-aminoacridine showed that a degrading of the
tetramer occurs, as observed by a hypochromic effect (7,,=
34°C, about 25 % hypochromicity, reversible with hysteresis,
each 15um alanyl-PNA, 150 um acridine; Figure 1b). This
effect is likely to be caused by the association of the acridine
to the single or double strand, in a similar manner as has been
described for the DNA dimer d(AC)."! In contrast, the
addition of 9-aminoacridine did not affect the melting curve of
DNA d(C,) under comparable conditions.

Overall, the C-C* pairing in the alanyl-PNA tetrad
represents a DNA i-motif analogue. Because of the inherent
linearity of the alanyl-PNA backbone, alanyl-PNA was
expected to be a suitable i-motif mimic. This C—C" pairing
is the only exception to pyrimidine — pyrimidine recognition in
the alanyl-PNA series. Since the i-motif was not observed for
RNA, the sugar moiety and the internucleotide linkage were
thought to be essential for formation of the i-motif.'?l The
alanyl-PNA analogue indicates that the i-motif is not limited
to nucleic acids. Finally, the unusual stacking of base pairs in
the i-motif was found to be a prerequisite for the formation of
a tetrameric structure.
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