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Extension of DNA triple helix formation to a neighbouring (AT), site
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Abstract We have used DNase I footprinting to examine the
formation of intermolecular triple helices at a fragment contain-
ing the target sequence A, (AT)s*(AT):T;,, using oligonucleo-
tides designed to form parallel T- AT and G- TA triplets. We find
that, although (TG), does not form a complex with (AT),- (AT)g,
T,,(TG)¢ forms a stable structure producing a clear footprint
which includes the (AT), portion of the target site. This complex
is not formed in the presence of magnesium, but can be stabilised
by either manganese or a triplex-binding ligand.
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1. Introduction

The formation of intermolecular DNA triple helices offer a
means for achieving artificial DNA sequence recognition [1,2].
In this strategy a synthetic oligonucleotide binds within the
duplex major groove forming specific hydrogen bonds to sub-
stituents on the base pairs [3]. Two types of triple helices have
been described which differ according to the orientation of the
third strand. In the most studied motif the third strand is pyrim-
idine-rich and runs parallel to the duplex purine strand. Within
this motif the best characterised triplets are T-AT and C*-GC
[4]. In the second motif the third strand largely consists of
purines and is oriented antiparallel to the duplex purine strand,
generating G- GC, A-AT and T-AT triplets [5].

Recognition of mixed sequence DNA is hampered by two
major restrictions. Firstly the C*-GC triplet requires condi-
tions of low pH (<6.0). Secondly recognition is generally lim-
ited to the duplex purine strand, so that triplexes can only be
formed at homopurine homopyrimidine sequences. Recent
work has demonstrated that, within the parallel motif| it is also
possible to form G-TA [6-14] and T-CG [7,8,15] triplets, al-
though these each contain only one hydrogen bond and are
thought to be less stable than T+ AT and C*+ GC. To date most
studies with these alternative combinations have used se-
quences containing only one G- TA (or T CG) triplet, although
two G- TA triplets were present in a complex formed on the 3’
long terminal repeat of HIV DNA, separated by four canonical
triplets [6]. It has been suggested that the stability of G-TA is
affected by the nature of the surrounding bases and may be
stabilized by adjacent T-AT triplets [11,14]. NMR studies on
the G- TA triplet have suggested that, as well as containing a
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hydrogen bond between the guanine 2-amino group and the O4
of thymine, there is potential for an additional weak interaction
with a thymine on an adjacent base pair [11,14]. In addition
there appears to be a strong stacking interaction with a third
strand thymine on the 5 side.

In this paper we examine whether it is possible to recognise
regions of alternating AT using a third strand consisting of
alternating GT, generating a structure containing alternating
T-AT and G-TA triplets (Fig. la,b). We have used a DNA
duplex containing the sequence A, (AT)s (AT)T,; and have
compared its interaction with (TG), and T,,(TG),. The latter
should generate a triplex containing a block of T-AT triplets
adjacent to the region of alternating G- TA and T AT (Fig. l¢).
We have also examined the ability of a triplex binding ligand
(Fig. 1d) [16] to stabilise these structures.

2. Materials and methods

2.1. Chemicals and enzymes

Oligonucleotides were purchased from Genosys Biotechnology Inc.
and used without purification. These were dissolved in water and stored
at a concentration of | mM at —20°C. DNase I was purchased from
Sigma and stored at —20°C at a concentration of 7,200 U/ml. Restric-
tion enzymes and reverse transcriptase were purchased from Promega.
The triplex-binding naphthoquinoline derivative, shown in Fig. 1d, was
a gift from Dr L. Strekowski, Department of Chemistry, Georgia State
University. This was stored as a 20 mM stock solution in dimeth-
ylsulphoxide at —20°C, and diluted to working concentrations immedi-
ately before use.

2.2. DNA fragment

The preparation of plasmid k2 has been previously described [17].
This consists of a Sau3Al fragment of human DNA, cloned into the
BamHI site of pUC19, and contains the sequence (TA),, T,,. The cloned
sequence contains an internal HindlIII site so that digestion with Hin-
dIII and Bsofl followed by labelling with [a-2P]JdATP using reverse
transcriptase yields two fragments of 105 and 161 base pairs, the longer
of which contains the sequence (TA),,T,, [17,18]. This DNA fragment
was separated from the rest of the plasmid on a 6% non-denaturing
polyacrylamide gel. This was eluted from the polyacrylamide gel slice
and dissolved in 10 mM Tris-HC], pH 7.5, containing 0.1 mM EDTA.

2.3. DNase I footprinting

The radiolabelled fragment (1.5 ul) containing the target site was
mixed with 1.5 ul oligonucleotide and 1.5 ul of 30 M triplex binding
ligand (or 1.5 ul buffer), giving final oligonucleotide concentrations of
between 100 and 0.1 M and, where appropriate, a triplex binding
ligand concentration of 10 #M. The oligonucleotides and triplex bind-
ing ligand were dissolved in 10 mM Tris-HCI, pH 7.5, containing either
5 mM MgCl, or 5 mM MnCl,. These complexes were left overnight to
equilibrate at room temperature. Digestion was initiated by adding 2
ul DNase I (0.01 U/ml, dissolved in 20 mM NaCl, 2 mM MgCl,, 2 mM
MnCl,) and the reaction was stopped after 1 min adding 4.5 ul of 80%
formamide containing 10 mM EDTA. The products of reaction were
separated on 10% polyacrylamide gels, containing 8 M urea, and run
at 1500 V for 2 h. Gels were fixed in 10% acetic acid before drying at
80°C and subjected to autoradiography at ~70°C using an intensifying
screen. Bands were assigned by comparison with Maxam-Gilbert se-
quencing lanes specific for guanine and adenine.
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Fig. 1. (a) Structure of the T AT triplet. (b) Structure of the G- TA triplet. (c) Schematic representation of the triple helix formed between the duplex
A(AT)s (AT)(T,, (boxed) and T,,(TG);. (d) Triple helix-binding ligand 1 [15].

3. Results

Fig. 2 shows the results of DNase I footprinting studies with
(TG), and T, ,(TG)s, performed with magnesium as the divalent
cation, on a fragment containing the sequence (TA),;Ts,. Look-
ing first at the patterns in the control it can be seen that, as
previously noted [17,18], the T, tract is a very poor substrate
for the enzyme whereas (TA),, yields clear cleavage bands cor-
responding to the ApT steps; no cutting is evident for the TpA
steps, or at the lowest ApT step. In the presence of (TG)s the
cleavage pattern is hardly affected; all the bands within the
(AT), tract are still evident (small differences in the cutting
pattern are due to variations in the extent of digestion). This
suggests that, under these conditions, a block of alternating AT
can not be recognised by a third strand consisting of alternating
GT.

In an attempt to increase the strength of any weak interaction
we repeated the experiment in the presence of a known triplex-
binding ligand the structure of which is shown in Fig. 1d [16].
This compound increases the melting temperature of
polydA -2polydT [16] and, at a concentration of 10 uM, in-
creases the binding of TsCs to the target sequence A¢Gy-CeTy
by at least 100-fold [19]. The results with this compound are
also presented in Fig. 2 and reveal that it does not induce the
interaction of (TG), with its target site. The inability of this
triplex-binding ligand to stabilise the interaction of (TG)s with
(AT)s" (AT)¢ could be due to either the inherent instability of
the G- TA-containing triplex, or because it possesses some se-
quence selectivity and does not bind to structures containing
the G-TA triplet.

We have sought further to increase any weak interaction by
linking the third strand (TG), to a block of thymines, which

should be capable of forming a triplex with the adjacent block
of A, T,, generating the structure shown in Fig. lc, containing
seventeen T-AT and six G-TA triplets. The interaction of
T, (TG), with the target sequence A;,(AT)s- (AT),T,, is shown
in the right-hand panel of Fig. 2. Once again we find no evi-
dence for any interaction, suggesting that the six G- TA triplets
are sufficient to destabilise the complex with the seventeen
T-AT triplets. However, in the presence of 10 uM triplex-
binding ligand, a clear DNase I footprint can be seen at the
lower end of the (TA), tract; the lowest five bands are either
attenuated or absent. Since the last ApT step is not cut in the
control this reduction in cleavage exactly matches the putative
target site. These changes are evident at oligonucleotide con-
centrations as low as 0.1 uM. Since DNase I cleavage of the T,
tract is extremely poor it is not possible to assess the interaction
of the T,, portion of the third strand with the A, - T, portion
of the target.

Although it is clear that the proposed triple helix can form
under these conditions, it might be argued that the (TG), tail
does not contribute to the binding, and that the observed foot-
print results from non-specific interaction of this tail with
DNase 1. This seems unlikely since, in the absence of the (TG),
tail, the T,; portion could bind at many different locations
within the (TA),, T, target site, and would not be restricted to
the region around the (AT),, tract. The specific requirement for
the formation of G-TA triplets was checked using T,,(TA), as
the third strand oligonucleotide, replacing the G-TA with
A-AT triplets, which are not stable within this paral-
lel triplex. This oligonucleotide did not affect the DNase I
cleavage pattern (data not shown), even in the presence of the
triplex binding ligand.

Since several studies have suggested that the formation of
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Fig. 2. DNase I digestion of the fragment containing the sequence (TA),, T,, in the absence (con) and presence of (TG)s or T,,(TG),. The reactions
were performed in buffer containing 5 mM MgCl,. The right-hand side of each panel was performed in the presence of 10 uM 1. Oligonucleotide
concentrations (M) are shown at the top of each gel lane. The lanes labelled ‘con + 1’ correspond to cleavage in the presence of 10 uM 1 alone.
Tracks labelled ‘GA’ are Maxam-Gilbert formic acid-piperidine markers specific for purines. The square brackets show the position of the sequence

(TA),, T, the filled box shows the position of the (AT)T,, target site.

DNA triple helices can be affected by the nature of the divalent
cation [20,21], we have repeated these experiments in the pres-
ence of manganese. The results are presented in Fig. 3. Once
again (TG), shows no interaction with the target site, both in
the presence and absence of the triplex-binding ligand. How-
ever, T,,(TG), generates a clear footprint, even in the absence
of the ligand, which persists at concentrations as low as 1 uM.

In the absence of the ligand this footprint extends over the first
six cleavage products, slightly longer than that in the presence
of the ligand. It is also worth noting that at low oligonucleotide
concentrations, in the absence of the ligand, each of the bands
within the footprint reappears at the same time. In contrast, in
the presence of the ligand, bands towards the upper edge of the
footprint reappear at the lower oligonucleotide concentrations,
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Fig. 3. DNase I digestion of the fragment containing the sequence (TA), T, in the absence (con) and presence of (TG), or T,,(TG),. The reactions
were performed in buffer containing 5 mM MnCl,. All other details are as for Fig. 2.

while bands in the lower part of the footprint are still protected. 4. Discussion

This may indicate some fraying of the 3’ end of the oligonucle-

otide at low concentrations, suggesting that the ligand has a The results presented in this paper reveal that (TG), alone
preferential stabilizing effect on the block of T-AT triplets. can not be used for generating intermolecular triplexes at re-
Similar experiments with T,;(TA)s did not produce a DNase I gions of (AT),-(AT),. However, when this third strand is teth-
footprint (not shown), indicating the requirement for G- TA ered to a block of Ts, which form a parallel triple helix with an

triplets. adjacent block of A,-T,, it forms a specific interaction. In the
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presence of manganese or a triplex binding ligand the adjacent
block of T-AT triplets facilitates binding of (TG), to its (AT)g
target site. In the complex with T,;(TG)s, the position and
length of the footprint can not be explained by suggesting that
only the T,; end of the oligonucleotide interacts with the
A, Ty, tract, leaving the (TG), portion dangling free
in solution, but provides clear evidence for the formation of a
structure containing G-TA triplets. This is confirmed by the
lack of any interaction with T,,(TA,, even under the most
favourable conditions.

The inability of the triplex-binding ligand to stabilise the
interaction with (TG)4 alone suggests that it does not bind to
G- TA triplets. This is further evidenced by the slightly shorter
footprint observed with T;(TG), in the presence of the ligand,
suggesting that the compound only stabilises the T- AT triplet,
and may even destabilise the G- TA triplets. It is worth noting
that (AT), tracts may present the most favourable conditions
for formation of the G- TA triplet, since it had been suggested
that the third strand guanine can form an additional hydrogen
bond with the adjacent AT base pair [11]. This might also
explain why the triplex binding ligand does not facilitate the
interaction with (TG), alone, since it would disrupt this weak
hydrogen bond.

These results extend the types of sequences which may be
targeted by triplex-forming oligonucleotides and demonstrates
that specific interactions may be achieved by employing several
weaker triplets, provided that these are attached to other, more
stable, triplex forming regions. Further experiments are in pro-
gress to examine the formation of triplets containing several
T-CG triplets. However, oligonucleotides generating
these weaker triplets need to be designed with care, since they
may target other sequence using other triplet motifs. For exam-
ple we have previously used T,,(TG), to form an alternate
strand triple helix at the target site A,;,(TC)s (GA) T, [22].
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