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Abstract—We describe novel oligomers with a greater propensity to form triplexes than oligomers containing only natural bases.
They consist of a polypyrimidine sequence linked head-to-head with a polypurine sequence carrying one or several 8-aminoadenine
or 8-aminoguanines. The presence of 8-aminopurines also stabilised the parallel-stranded duplex structure. © 2001 Elsevier Science

Ltd. All rights reserved.

Oligonucleotides bind in a sequence-specific manner to
homopurine-homopyrimidine nucleic acid sequences to
form triple helices.! This offers the possibility of
designing DNA- and RNA-binding molecules, which
may have several applications. A large effort has there-
fore been devoted to the design and preparation of
modified oligonucleotides in order to enhance triple-
helix binding stability.?

The synthesis of oligonucleotides containing 8-amino-
purines has been described.’7 The introduction of an
amino group at position 8 of adenine and guanine
increases the stability of the triple helix due to the com-
bined effect of the gain of one Hoogsteen purine-pyr-
imidine H-bond (Scheme 1),>*7 and the propensity of
the amino group to be integrated into the ‘spine of
hydration’ located in the minor—major groove of the
triplex structure.?’

Although the preparation and binding properties of
oligonucleotides containing 8-aminopurines have been
described, natural oligonucleotides containing 8-amino-
purines cannot bind double-stranded DNA sequences
because the modified bases are purines that are in the
target sequence rather than in the Hoogsteen strand

*Corresponding author. Tel.: +34-700-6145; fax: +34-93-204-5904;
e-mail: recgma@cod.csic.es

used for specific recognition. Here we describe the pre-
paration and binding properties of oligonucleotides
carrying 8-aminoadenine and 8-aminoguanine, con-
nected head-to-head to the Hoogsteen pyrimidine
strand. These modified oligonucleotides, which are a
special class of parallel-stranded DNA, allow the
specific recognition of single-stranded nucleic acids
by binding to a polypyrimidine strand by triple-helix
formation.

Oligonucleotide sequences (R-22: YGAA GGA GGA
GA¥-(EG)¢-*TCT CCT CCT TC, R-22A: YGAA
GGAN GGAN GA¥-(EG)s-*TCT CCT CCT TCY, R-
22G: YGAA GGNA GGNA GAY-(EG)¢-*TCT CCT
CCT TC?® where AN, GN and (EG)4 are 8-aminoade-
nine, 8-aminoguanine and hexacthyleneglycol) were
prepared using phosphoramidite chemistry on an auto-
matic DNA synthesiser. The parallel-stranded oligo-
mers were prepared as follows.® First, the pyrimidine
part was assembled using reversed C and T phosphor-
amidites and a reversed C-support. Then, a hex-
aethyleneglycol linker was added using a commercially
available phosphoramidite. Finally, the purine part car-
rying the modified 8-aminopurines was assembled using
standard phosphoramidites for the natural bases and
the 8-aminopurine phosphoramidites. The phosphor-
amidites of 8-aminoadenine and §-aminoguanine were
prepared as described previously.3~’
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Scheme 1. Hypothetical base-pairing schemes of triads containing 8-aminopurines.

The relative stability of triple helices formed by the
parallel-stranded hairpins and the polypyrimidine target
sequence (WC-1lmer: YTCT CCT CCT TC?¥) was
measured spectrophotometrically at different values of
pH (pH 4.6, 6.0 and 7.0). In all cases, one single transi-
tion was observed with hyperchromicity of around 25%
at pH 4.6 and 20% at pH 7, which was assigned to the
transition from a triplex to a random coil. Melting
temperatures are shown in Table 1. Thermal renatura-
tion was also studied by running a decreasing-tempera-
ture gradient. No differences were observed, indicating
that strand association and dissociation is fast. Repla-
cement of two adenines or two guanines by two 8-ami-
noadenines (AN) or two 8-aminoguanines (GY)
stabilised triple helix, especially at pH 6 and 7 where an
increase in the melting temperature of 5-10°C per sub-
stitution was observed (Table 1). The presence of GN
produced a higher stabilisation than AN in agreement
with previous results on different targets.>’

In order to check that the transition was due to triple-
helix formation, melting curves were performed with
hairpins (R-22, R-22A and R-22G) in the absence of the
polypyrimidine target sequence (WC-11 mer). In this
case, a single transition was also observed, but at lower
temperature and with hyperchromicity around 10-15%.
This indicates that the transition observed with WC-

I1mer (triple helix) is different from the transition
observed without WC-11mer (parallel-stranded double
helix). The control duplex formed by WC-11mer and
the corresponding polypurine strand (without the
Hoogsteen part) melted at lower temperatures than tri-
plexes (at pH 6.0) when 8-aminopurines were present
(Table 1).

The transition observed in the absence of WC-11mer
indicates that R22 derivatives have a parallel-stranded
structure. This structure was more stable at pH 4.6 and
in the presence of 8-aminopurines. Because one of the
structures observed in parallel-stranded DNA is a
Hoogsteen base pair,!® which may be stabilised by the
presence of 8-aminopurines, we believe that the Hoogs-
teen base pair is responsible for the stability of the par-
allel structure observed in R22 derivatives. Because the
Hoogsteen base pair is very similar to the structure that
it is expected to have in the triple helix (Scheme 1), we
believe that the hairpin derivatives described in this
work have a ‘preformed’ structure that may facilitate
the formation of triple helices. In any case, the presence
of 8-aminopurines produced the highest stabilisation
of the parallel structure ever reported in natural
oligonucleotides (between 9 and 12°C per substitution,
Table 1) even higher than the stabilisation observed in
the triplex (Fig. 1).

Table 1. Melting temperatures® (°C) for the triplex formed by hairpin derivatives and their target
WC-11mer 3'copccTCcCTCTd WC-1tmer 3'crrccTccTCT®
>'GAAGGXGGXGA>Y >'GAAGYAGYAGA®Y
R-22X (EG)g R-22Y (EG)g
>'crTccrccereT >'crrccrccereTy/
R-22A, X = 8-aminoadenine R-22G, Y = 8-aminoguanine
Hairpin Target pH 4.6 AT,b pH 6.0 A Tpb pH 7.0 A Tpb Duplex®
R-22 WC-11mer 69 0 47 0 32 0 51
R-22A WC-11mer 73 4 56 9 45 13 41
R-22G WC-11mer 76 7 59 12 51 19 38
R-22 None 46 0 25 0 — —
R-22A None 64 18 43 18 — —
R-22G None 68 22 50 25 39 —

21 M NacCl, 100 mM sodium phosphate/citric acid buffer.

AT, = T—T. of R-22 in the same conditions.

¢Control duplex [d(5GAAGYXGYXGA3).d3'CTTCCTCCTCT5)] 1 M NaCl, 100 mM sodium phosphate/citric acid pH 6.0.
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Figure 1. Binding of parallel-stranded hairpins to polypyrimidine tar-
get WC-11mer by gel shift experiments. 3?P-labelled DNA target and
the natural (R-22) or modified (R-22G) parallel-stranded hairpins
were separately annealed in a citric-phosphate buffer (pH 6) of 100
mM Na™. Binding was started by mixing 10 pL of a solution con-
taining the radiolabelled DNA target (20 nM) and 10 pL of a solution
containing hairpin at different concentrations (40 nM, 400 nM and 4
uM). The resulting solution was incubated for 30 min at room tem-
perature. Phytol loading buffer (5 pL) was added to the solution and
the mixture was analysed by running the samples on 15% native
polyacrylamide gels at 4°C.

Table 2. Energy values for the Watson—Crick and Hoogsteen inter-
action of adenine, guanine and their 8-amino derivatives and their
complementary bases (thymine and cytosine)

wC Hoogsteen®
(thymine/cytosine) (thymine/cytosine)
Adenine —13.1 —14.0
8-Amino adenine —12.8 —-19.6
Guanine —22.1 —32.3
8-Amino guanine —24.7 —35.1

2For Hoogsteen pairs G-C and 8AG-C the cytosine is considered in its
N3-H protonated form.

Binding of hairpins to target was also analysed by gel-
shift experiments. The target was labelled with [y-3°P]-
ATP and polynucleotide kinase and increasing amounts
of the hairpins were added to solution of the labelled
target. After incubation at room temperature for 30
min, the mixtures were analysed by polyacrylamide gel
electrophoresis (PAGE). The formation of the triplex
was followed by the appearance of a major band with
less mobility than the band corresponding to the target.
This binding was specific because hairpins did not bind
oligonucleotides without the target polypyrimidine
sequence (data not shown).

Theoretical calculations on the stability of Hoogsteen
and Watson—Crick pairing were performed using
AMBER-99 force-field!'! and the standard B-type geo-
metry for triplex.!? Results (Table 2) demonstrate the
stabilisation of parallel-stranded duplexes and triplexes
by the 8-amino group, while the Watson—Crick pairing
was not modified. Thus, theoretical results agree with a
Hoogsteen pairing for the parallel-stranded hairpins, as

well as with the hypothesis that improved H-bonding is
responsible for the 8-amino-induced stabilisation of the
parallel duplex.

We described the triplex stabilisation properties of
hairpins formed by a polypyrimidine part linked head-
to-head with a polypurine sequence carrying several
8-aminopurines: 8-aminoadenines or 8-aminoguanines.
These modified hairpins bind specifically to a pre-
determined polypyrimidine target by forming a stable
triplex that can be observed even at pH 7. The high
degree of stabilisation obtained with the addition of
several 8-aminopurines is especially relevant to the
development of new applications based on triple-helix
formation such as structural studies, DNA-based
diagnostic tools and antigene therapy.
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