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ABSTRACT

The formation of intermolecular DNA triple helices
offers the possibility of designing compounds with
extensive sequence recognition properties which may
be useful as antigene agents or tools in molecular
biology. One major limitation of this approach is
that these structures are generally restricted to homo-
purine·homopyrimidine target sites. This review
describes the strategies that have been employed to
overcome this drawback and outlines the potential for
triplex formation at mixed sequence DNA targets.

INTRODUCTION

The formation of triple-stranded nucleic acids was discovered in
1957 from biophysical experiments on synthetic polynucleotides
in which 2:1 mixtures of poly(U) and poly(A) were found to form
a specific three-stranded structure (1,2). Interest in these structures
increased dramatically in the late 1980s with the realisation that
triplex-forming oligonucleotides could be used as DNA sequence
reading agents (3,4), with potential uses as antigene agents and
tools in molecular biology (5–10). Two main classes of triple
helix have been characterised which differ according to the
orientation and base composition of the third strand. Pyrimidine-
rich third strands bind parallel to the duplex purine strand and
include T⋅AT and C+⋅GC triplets, whereas purine-rich oligonucleo-
tides bind in an antiparallel orientation and include G⋅GC, A⋅AT
and T⋅AT triplets. (In the following, the notation X⋅ZY denotes a
triplet in which the third strand base X interacts with a ZY base
pair forming hydrogen bonds to base Z.) The structures of these
triplets are shown in Figure 1. In both motifs the third strand lies
in the DNA major groove where it forms specific interactions
with substituents on the duplex bases. The details of the structures
and applications of these standard triplexes have been considered
in several recent reviews (5–10). Parallel triplexes generally
require conditions of low pH, necessary for protonation of the
third strand cytosines, whereas the formation of antiparallel
structures is pH independent. Both triplex motifs are strongly
stabilised by the presence of divalent metal ions, which are

thought to screen the charge interactions between the three
negatively charged phosphodiester backbones (11,12).

Problems

Despite their exquisite sequence recognition properties there are
several outstanding problems which limit the use of triplex-based
technologies. Amongst these are the pH dependency of the C+⋅GC
triplet (requiring the synthesis of novel cytosine analogues), the low
stability of triplexes compared with their duplex counterparts
(requiring the addition of stabilising ligands or duplex-binding
agents), poor cellular uptake and nuclease instability. A further
problem, which is addressed in this review, is that all the triplets
described above involve third strand recognition of only the
purine base of the duplex base pairs. Recognition of pyrimidine
residues is harder to achieve and usually restricts triplex
formation to homopurine·homopyrimidine tracts. Overcoming
this restriction, to include recognition of pyrimidine residues, will
significantly increase the potential use of triplexes and much
effort is currently directed at extending the triplex recognition
code to include all possible base sequences. The studies outlined
below describe some of the strategies which have been employed
for recognising pyrimidine interruptions using either natural
bases or synthetic base analogues.

PYRIMIDINE RECOGNITION

Natural bases

Several studies have attempted to define a general triplex
recognition code by examining the stability of all possible base
triplet combinations using natural DNA bases (13–18). Using this
approach G⋅TA and T⋅CG consistently emerge as the best triplets
for pyrimidine recognition. Each of these triplets, which are
described in detail below, contain only one hydrogen bond to the
third strand base and so are less stable than the triplets used for
recognising purine residues. The T⋅CG triplet can be accommodated
within both parallel and antiparallel triplexes, while G⋅TA is
limited to parallel structures. As a result there are currently no
natural bases for specifically recognising a TA inversion within
an antiparallel complex, though C⋅TA appears to be the least
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Figure 1. Chemical structures of parallel triplets T·AT and C+·GC (top) and antiparallel triplets G·GC, A·AT and T·AT (bottom).

Figure 2. Structures of the G·TA triplet (left) and the T·CG triplet in both parallel and antiparallel orientations.

unfavourable combination (16). The chemical structures of G⋅TA
and T⋅CG triplets are shown in Figure 2. Other mismatched
triplets cause a large decrease in stability, which is greater at the
centre than at the ends of the triplex (19–21). For antiparallel
GT-containing oligonucleotides it has been suggested that point
mutations at the 3′-end of the third strand have a greater effect on
triplex formation than changes at the 5′-end (21).

G⋅TA triplet

The formation of the G⋅TA triplet was first proposed by Griffin
and Dervan (13) from affinity cleavage experiments examining
each of the triplet combinations across a TA inversion in a parallel
DNA triplex. The properties of this triplet have since been
examined in detail using both inter- and intramolecular triplexes.

Intermolecular studies. Inclusion of a single G⋅TA triplet within
a longer T⋅AT flanking sequence was shown by footprinting
studies to form a stable and specific complex (14); similar results

were obtained by thermal denaturation studies (15). More recent
work has examined the stability of triplexes containing multiple
adjacent G⋅TA triplets and has suggested that each additional
G⋅TA causes a 30-fold decrease in third strand affinity (22).
Complexes containing up to three adjacent G⋅TA triplets at the
centre of a parallel triplex can be formed but require the presence
of a triplex-binding ligand (22). Formation of the G⋅TA triplet
requires the 2-amino group of the third strand guanine; placing
inosine opposite a TA base pair, generating an I⋅TA triplet, does not
lead to stable triplex formation (13). The preferred glycosidic angle
of the guanine base has been studied by using 8-bromoguanosine in
place of G. This pseudobase, which adopts the syn arrangement,
showed no triplex-forming ability, suggesting that the guanine
adopts an anti configuration in the G⋅TA triplet (13). This
property, which is common to parallel T⋅AT and C+⋅GC triplets,
has been confirmed by several NMR studies (23,24). Using
deoxyuridine in place of thymine at a TA base pair (i.e. forming
a G⋅UA base triplet) gives a triplex with significantly lower
thermal stability than G⋅TA (25), suggesting that the 5-methyl
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group of thymine is involved in stacking or hydrophobic
interactions. The G⋅TA triplet is more stable when flanked by
T⋅AT than C+⋅GC (19), an effect which arises from the presence
of an additional hydrogen bond to thymine in the adjacent T⋅AT
triplet (see below).

Other studies have examined the possibility of targeting duplex
regions of (AT)n with GT-containing oligonucleotides, generating
complexes containing alternating G⋅TA and T⋅AT triplets (26).
Although blocks of alternating T⋅AT and G⋅TA triplets alone are
not stable, even in the presence of a triplex-binding ligand, these
complexes can be induced to form by attaching this region to an
adjacent block of consecutive T⋅AT triplets. In this way the duplex
A11(AT)6·(AT)6T11 can be targeted with the third strand
T11(TG)6, although this interaction still requires the presence of
Mn2+ or a triplex-binding ligand. Further studies have shown that
these complexes can be extended to longer (AT)n tracts (up to
n = 11) (27) and can be stabilised with shorter T⋅AT tracts. The
stability of these complexes increases with the length of the (AT)n
tracts suggesting that the region of alternating G⋅TA and T⋅AT
triplets makes a positive contribution to triplex stability. Similar
complexes containing a few C+⋅GC triplets in the anchoring tail
are more stable and form in the presence of Mg2+, without
addition of a stabilising ligand (27). This is consistent with the
observation that C+⋅GC imparts a greater stability to triplex
structures than T⋅AT (28–30) and raises the possibility that one
means of facilitating triplex formation at pyrimidine inversions is
to increase the stability of the surrounding canonical T⋅AT and
C+⋅GC triplets.

Intramolecular triplexes. NMR studies on short intramolecular
(fold-back) triplexes, in which the three strands are linked
together producing a single molecule consisting of seven or eight
triplets, have revealed further features of the G⋅TA triplet
(23,24,31–34). Of the two amino protons that could be used by
guanine to bind the thymine O4 group, the structure using the proton
closest to N3 is favoured, since this leads to optimized stacking
interactions and a more regular phosphodiester backbone (34).

The TA base pair in the G⋅TA triplet shows little perturbation
from a Watson–Crick conformation. However, the presence of G
in an otherwise pyrimidine-rich strand produces some local
changes in the structure of the third strand and the guanine is tilted
out of the average plane of its TA target, avoiding steric clash with
the thymine 5-methyl group. This produces a favourable stacking
interaction between guanine and the thymine on its 5′-side
(34,35). This interaction is thought to be a major determinant in
the stability of the G⋅TA triplet (33). In this orientation an
additional hydrogen bond can be formed between the unused
amino proton of guanine and the duplex thymine of the
3′-adjacent T⋅AT triplet (23,32,34). As a result G⋅TA is more
stable when flanked by T⋅AT than C+⋅GC, as shown in affinity
cleavage experiments (19). In order to facilitate these structural
changes, the sugar pucker of the third strand guanine changes
from C2′-endo to C3′-endo, positioning the sugar in a more
favourable position within the backbone. The third strand also
undergoes a slight overwinding at the TpG step and an
underwinding at GpT, leading to a somewhat compressed and
extended backbone conformation. This improves the base
overlap at TpG and reduces the stacking at GpT (23). Model
building studies have also suggested that the G⋅TA triplet causes
a displacement in the position of the third strand deoxyribose
group (36).

T⋅CG triplet

The stable interaction of thymine with a CG base pair in a parallel
triplex was first proposed by Yoon et al. (37) who used
electrophoretic mobility shift analysis to distinguish between
triplex and duplex DNA forms. Since this triplet contains a single
hydrogen bond between O2 of thymine and the exocyclic N4 of
cytosine it is weaker than the canonical T⋅AT triplet. In most
reports, T⋅CG appears to be weaker than G⋅TA (25,35). This
hydrogen bonding pattern can also be adopted by a third strand
cytosine, generating a C⋅CG triplet. Indeed, several reports have
also suggested the C⋅CG triplet as a candidate for recognition of
CG (38,39). The preference for a third strand pyrimidine for
recognition of CG can also be attributed to its lower steric
hinderance, since a purine in this position would clash with the
exocyclic amino group of cytosine (20). The T⋅CG triplet can be
formed in both parallel (40) and antiparallel (41,42) structures.
As with G⋅TA, up to three consecutive T⋅CG triplets can be
accommodated within a DNA triplex if the interaction is
stabilised by a triplex-binding ligand (22). The third strand T can
be replaced with U, generating a stable U⋅CG triplet. It is
interesting to note that an antiparallel U⋅CG base triplet has been
proposed to occur in the catalytic domain of group I introns (43).

Parallel T⋅CG triplets. NMR studies with a 7mer parallel
intramolecular triplex show that the T⋅CG triplet is stabilised by
a single hydrogen bond between the O2 of thymine on the third
strand to the free C4-amino proton on the duplex cytosine.
Structurally, the T⋅CG triplet is similar to G⋅TA; the pairing
alignments of T⋅C and G⋅T are identical in the two triplets. The
base twist either side of the thymine residue of T⋅CG shows
similar degrees of over- and underwinding as with G⋅TA. These
perturbations may extend to the bases on either side of the third
strand thymine. Surprisingly, small structural changes are evident
in the purine duplex strand of a T⋅CG-containing triplex, although
their basis is unclear. The sugar conformation also adopts a
C3′-endo pucker to minimise backbone distortions (40).

Antiparallel T⋅CG triplets. Due to the rotatable nature of thymine,
the T⋅CG interaction can also be formed within a purine motif
antiparallel triplex (16,41,42,44). These studies generally incorpor-
ate a T⋅CG triplet at the centre of a G⋅GC- and A⋅AT- or
T⋅AT-containing triplex. Various base analogues have been tested to
determine the important functional groups in this interaction (45). In
particular studies with oligonucleotides containing pyridin-2-one
and pyridin-4-one suggest that the O4 of thymine plays an important
role in this interaction. One study with 5-halogenated-dU analogues
showed that 5-fluoro-2′-deoxyuridine has a slightly higher affinity
for CG inversions than T and was much better than the 5-iodo or
5-bromo derivatives (45). In contrast, a 19mer oligonucleotide
directed against a target site in the hamster adenine phosphoribosyl-
transferase gene showed no difference in stability between 5-fluoro-
uracil, thymine or imidazole for recognition of a CG inversion (46),
though in this case it should be noted that the unmodified
oligonucleotide bound with very high (sub-nanomolar) affinity.
NMR studies have shown that the thymine carbonyl group used to
bind the CG base pair is transposed from O2 in the parallel motif to
the O4 group in antiparallel complexes (41,42). Such an observation
is in keeping with a different ribose–phosphate arrangement adopted
by the third strand in R⋅RY complexes. Despite their opposite strand
orientations, the parallel and antiparallel forms of the T⋅CG
triplet are nearly superimposable (41), underlining their structural
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Figure 3. Structures of the synthetic base analogue 1-(2-deoxy-β-D-ribofuranosyl)-4-(3-benzamidophenyl)imidazole (D3), deoxynebularine bound to CG (N·CG) and
AT (N·AT), N4-(3-acetamidopropyl)cytosine bound to CG (AcPrC·CG), N4-(6-amino-2-pyridinyl)C bound to CG (AmPyC·CG) and deoxyformycin bound to CG (F·CG).

similarities. Both possess anti glycosidic bonds, C3′-endo sugar
pucker and a slight 5′ tilt by the thymine residue to maintain the
π-stacking interaction along the helix long axis. Molecular dynamics
simulations suggest that the antiparallel T⋅CG triplet can be further
stabilised by a water-mediated hydrogen bond between the thymine
N3 hydrogen and the guanine carbonyl group at C6 (44).

Abasic sites

An alternative strategy for triplex formation at pyrimidine-
containing sites is to avoid the offending pyrimidine residue by
skipping a base in the third strand or opposing it with a non-
selective residue. This has been attempted using oligo-
nucleotides containing abasic sites such as 1,2-dideoxy-D-ribose
(46,48). However, this residue produces triplexes with low stability,
especially when multiple linkers are used in each oligonucleotide.
This low stability is thought to be due to the loss of base stacking
interactions in the third strand. The least destabilizing abasic linker
described to date is propanediol, which has been shown to read over
CG pairs in the Ha-ras promoter and prevent access of the Sp1
protein (49,50). It seems that triplex-forming oligonucleotides
containing abasic sites are unlikely to be generally useful since not
only are they less stable, due to the loss of essential stacking
interactions, but there is a loss of stringency at this site.

Novel base analogues for pyrimidine recognition

Stable recognition of pyrimidine inversions by base analogues
presents two major problems. First, pyrimidine bases only present

one hydrogen bonding site within the major groove, in contrast to
purines which for selective recognition can involve two hydrogen
bonds. As a result triplets for recognition of TA and CG are
generally much weaker than T⋅AT, C+⋅GC, A⋅AT or G⋅GC.
Secondly, any compound used to recognise TA must avoid steric
clash with the 5-methyl group of thymine. Nonetheless, a few
synthetic nucleoside analogues have been prepared which
selectively interact with pyrimidines in a homopurine triplex site,
though there has been greater success in recognising CG than TA.
Figures 3–5 summarise the chemical structures of some compounds
which have been designed to bind at TA or CG inversion sites.

One of the first examples of a pyrimidine-selective third strand
base used a functionalised benzimidazole nucleus (Fig. 3, top
left), 1-(2-deoxy-β-D-ribofuranosyl)-4-(3-benzamidophenyl)imida-
zole (D3) (51). This base generated stable triplets at both TA and
CG Watson–Crick base pairs, with much lower stability when
placed opposite GC and AT; the rank order of triplet stability was
D3⋅TA = D3⋅CG > D3⋅AT > D3⋅GC. Although this synthetic base
analogue was originally thought to discriminate between YR and
RY pairs by shape-selective recognition of YR, NMR studies
have subsequently shown that it acts by intercalating adjacent to
TA or CG base pairs at the duplex YpR step, instead of directly
interacting within the major groove (52,53).

The CG base pair has been recognised within an antiparallel
triplex using 2′-deoxynebularine (N) (54; Fig. 3). An oligonucleo-
tide containing two N residues formed a specific complex on
plasmid DNA at a 15 bp site containing two CG base pairs within
an oligopurine tract. Within the sequence context studied the N⋅CG
triplet stabilised the triple helix by 1 kcal mol–1 compared with an
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A⋅CG mismatch. However, this base analogue also forms a stable
triplet with adenine and the rank order of stability is N⋅CG = N⋅AT
>> N⋅GC = N⋅TA. Figure 3 (top centre and right) shows possible
hydrogen bonding interactions for the N⋅CG and N⋅TA triplets.

Arguably the best base analogues described to date for stable
recognition of CG within a parallel triplex are based on
N4-substituted cytosine derivatives (55–58). The first of these to
be described was N4-(3-acetamidopropyl)cytosine (55; Fig. 3,
bottom left). The Tm of complexes containing X⋅CG triplets was
greatest for X = N4-(3-acetamidopropyl)C, although N4-(3-amino-
propyl)C formed a significant though less stable complex. In
contrast, N4-(3-carboxypropyl)C and N4-(3-butyl)C did not form
stable triplets at CG. These results, together with model building
studies, suggest that the 3-amino hydrogen of N4-(3-aminopropyl)C
or the amide hydrogen of N4-(3-acetamidopropyl)C form hydrogen
bonds to the O6 carbonyl of guanine in the CG base pair. No stable
triplexes were observed on placing N4-(3-acetamidopropyl)C
opposite TA or AT, though a triplet of lower stability was
observed at GC. The observation that this base, possessing a
flexible side chain, could support triplex formation, opened the
possibility that further analogues with more rigid side chains
might form more stable triplets. A further analogue with such a
rigid side chain is N4-(6-amino-2-pyridinyl)C (Fig. 3, bottom
centre; 56,57). Molecular modelling studies with this base
analogue suggested that the pyridine ring is capable of spanning
the major groove, placing the 6-amino group close to the O6 or
N7 of G. This group is essential for complex formation since
(2-pyridinyl)C does not form a stable triplet at CG. Formation of
the imino tautomer may also generate a second hydrogen bond
with the N4-amino group of the CG base pair. It is also likely that,
as well as providing a rigid platform for positioning the hydrogen
bonding groups, the side groups participate in stacking interactions
with the neighbouring base pairs. It should also be noted that this
analogue appears to form two distinct triplex structures, one of
which may involve intercalation of the base analogue in a similar
manner to that observed with D3 (57). This analogue also forms
a stable triplet with AT base pairs, which is more stable than the
canonical T⋅AT triplet. This interaction may involve an additional
hydrogen bond to N7 of A so that the third strand base is attached
by three hydrogen bonds.

Simple azole-2′-deoxyribonucleosides have been proposed as
non-specific base analogues for binding to pyrimidine interruptions
within antiparallel triplexes (58,59). The analogues were designed
in anticipation that the azole ring would be small enough to avoid
steric clash with the inverted base pair, while retaining stacking
interactions within the third strand. A family of azoles, including
pyrazole, imidazole, 1,2,4-triazole and 1,2,3,4-tetrazole, were
tested against sites containing three pyrimidine inversions and
were shown to bind at least 100- to 1000-fold more tightly than
oligonucleotides containing natural bases. These analogues also
bound to GC pairs, though with lower affinity than guanine, but
showed no interaction with AT pairs. Oligonucleotides containing
imidazole and tetrazole groups bound to both TA and CG. The
triazole analogue showed weaker binding to CG, while pyrazole
showed no interaction with CG, binding only to TA and GC (58).
Other groups have also used azole-containing oligonucleotides
for both parallel and antiparallel triplex formation at mixed
sequence target sites, though their binding is not strong (60).

An alternative strategy for recognising CG inversions is to
design base analogues which reach across the major groove,
forming hydrogen bonds with the opposing guanine. This is not

Figure 4. α- and β-anomers of 4-guanidinocytidine bound to GC and CG base
pairs. In this analogue the phosphodiester backbone is positioned in the centre
of the DNA major groove; the base analogue can therefore interact with guanine
residues on either side of the major groove depending on its anomeric
configuration. Hypoxanthine nucleoside analogue 7H bound to a UA base pair
(7H·UA). Note that this involves an unconventional C-H…O hydrogen bond.
Proposed structure of the 3-oxo-2,3,-dihydropyridazine·TA PNA triplet E·TA.

possible with natural bases because of the large (3–5 Å) distortion
required to achieve hydrogen bonding on the other side of the
major groove. In this regard 2′-deoxyformycin A (Fig. 3, bottom
right) has been shown to stabilise antiparallel triplexes at CG
inversions by 10-fold, compared with oligonucleotides containing
natural bases (61). In this analogue the position of the hydrogen
bond donors is altered relative to those in guanine so that it is able
to form two hydrogen bonds with guanine on the opposing DNA
strand. Doronina and Behr (62) have suggested that the α- and
β-anomers of 4-guanidinocytidine might be capable of binding
CG and GC pairs, respectively (Fig. 4, top). In these untested
analogues it is proposed that the phosphodiester backbone might
be positioned in the centre of the major groove, in contrast to most
triplexes in which it is closer to the purine strand. If the third
strand is equidistant from the two duplex strands then guanines on
opposing strands could be recognised by different anomers.

A further insight into the possibility of pyrimidine recognition
is seen in studies with a hypoxanthine nucleoside analogue 7H.
Although this base is only capable of forming one conventional
hydrogen bond, it forms a stable triplet at GC base pairs (63,64).
This was empirically attributed to the formation of two C-H…O
hydrogen bonds flanking the conventional hydrogen bond. A
similar interaction was subsequently shown with uridine, forming
a 7H⋅UA triplet, supposedly incorporating a C-H…O bond with
the C5 hydrogen of uridine (64; Fig. 4, bottom left). In support of
this proposal no triplex was formed at a TA base pair, since the
5-methyl group of thymine obstructs the recognition process,
preventing the formation of this unusual hydrogen bond. A
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Figure 5. Recognition of CG by benzimidazole-glycyl (a), 2-methyl-8-(N′-n-butylureido)naphth[1,2-d]imidazole) (b), L1 (c) and L2 (d).

similar triplet has also been proposed for T⋅UA, although again
this is not possible with thymine in the duplex strand. Although
the 7H base recognises both GC and UA pairs its use in DNA
triplexes is limited as uracil is not a DNA base. It is therefore not
clear how the unconventional C-H…O could be incorporated into
the design of bases for specific recognition of pyrimidines.

From molecular modelling studies Mohan et al. (65) have
suggested that the xanthine nucleus might provide a useful
scaffold for designing triplex-forming bases capable of interacting
with pyrimidine inversions. Similarly, other unnatural nucleosides
have been proposed for recognition of TA (66,67) and CG base
pairs (68) on the basis of molecular modelling studies with both
A- and B-type triplex configurations. However, as yet none of
these sugestions have been confirmed by experimental studies.

One of the few examples of synthetic base analogues which
have been successfully employed for recognizing a TA inversion
is 3-oxo-2,3,dihydropyridazine (E) (Fig. 4, bottom right; 69).
This analogue, which was attached to the Hoogsteen strand of a
bis-PNA, was designed with a longer linker so as to avoid steric
clash with the 5-methyl group of thymine and a hydrogen bond
donor positioned to bind the 4-oxo group of thymine. Although
the E·TA triplet is less stable than either C+⋅GC or T⋅AT it
produces complexes with higher Tm values than positioning a G
opposite the TA pair.

Base pair recognition

All the natural bases and most of the synthetic base analogues
used in triplex formation function by making specific contacts
with one base (usually purine) of each base pair. As a result
recognition of pyrimidines is necessarily weaker and less
stringent since there are fewer available hydrogen bonding
positions than on the purine bases. An alternative strategy, which
has so far received less attention, is to design base analogues
which form hydrogen bond contacts with substituents on both
bases of the Watson–Crick base pair. One example of this strategy
is the N4-substituted cytosine analogues, described above
(55–57) for recognition of CG. Further examples for simultaneous
recognition of both bases in CG pairs are benzimidazole-glycyl
(70; Fig. 5a) and 2-methyl-8-(N′-n-butylureido)naphth[1,2-d]-
imidazole) (Fig. 5b; 71), although to date successful interaction
has only been demonstrated in chloroform. Lehmann et al. (72)
have also designed novel base analogues L1 and L2 for
interaction with CG pairs. These analogues should form two and
one hydrogen bonds, respectively, with CG pairs (Fig. 5c and d).
Although oligonucleotides containing these analogues bound
across CG inversions, L1 and L2 bound with similar affinities,
suggesting that the predicted hydrogen bonding patterns were not
the major factor responsible for the interaction. In addition they
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bound with similar affinities to sites containing TA inversions,
displaying a similar pattern of selectivity to D3. It therefore seems
likely that these analogues act by intercalation at CG and TA steps.

Most of the modified heterocycles described above are poorly
selective for TA or CG base pairs and bind with low affinity or
stability when incorporated into oligonucleotides. Other attempts
at designing analogues for recognition of pyrimidine inversions
have also been unsuccessful. Indeed, a salutary lesson in the
design of artificial bases is provided by Guzzo-Pernell et al. (73),
who designed a novel series of modified cytosine analogues for
TA and CG recognition, which were subsequently found not to
bind any of the four base pairs when incorporated into triplex-
forming oligonucleotides. The design of novel base analogues for
specific recognition of CG and TA still lacks a definitive solution.

Stabilisation of mismatches

One method which has been successfully employed for stabilising
triplexes is to develop ligands which bind selectively to triplex
and not to duplex DNA. Several such ligands have been described
including BePI (74,75), naphthylquinoline derivatives (76,77),
coralyne (78) and disubstituted amidoanthraquinones (79). As
well as stabilising triplexes formed at oligopurine tracts these
ligands can promote the formation of weaker triplexes, such as
those containing base mismatches. In general these ligands do not
affect the stringency of triplex formation and the relative binding
strengths of different oligonucleotide substitutions are not
affected (77). However, by increasing the strength of binding, by
up to 1000-fold, complexes can be formed at sequences for which
there are no clear rules. The naphthylquinoline derivatives have
been shown to promote the formation of triplexes at sites
containing up to three consecutive base pair inversions using
T⋅CG and G⋅TA triplets (22). Studies with BePI have shown that
the least destabilising triplets are the same in both the presence
and absence of the ligand and that the third strand base is less
important in the presence of the ligand (80). However, addition
of the ligand does provide some discrimination between different
inverted base pairs. In particular, 3-nitropyrrole discriminates CG
from GC, TA and AT pairs in the presence, but not the absence of
BePI (80).

A different approach to targeting sites containing pyrimidines
has used an internal acridine group adjacent to the base facing the
inverted purine·pyrimidine base pair (81,82). In this way, the loss
of triplex stability at the inversion is partly overcome by the
additional binding free energy of the intercalator, in a similar
fashion to that achieved by attaching an intercalator to the 5′-end
of the third strand. In the absence of a base inversion, inclusion
of an internal acridine has little or no effect on triplex stability,
possibly because it is a duplex- rather than a triplex-specific
intercalator. For targets containing CG or TA inversions the
acridine moiety increases the stability of triplexes with either
natural or synthetic bases opposing the pyrimidine base. Recognition
of the TA base pair is strongest using either acridine or
propanediol with an acridine on its 3′-side. Recognition of CG is
greatest with either cytosine with acridine on its 3′-side or guanine
with acridine on its 5′-side (81).

Alternate strand recognition

A simple strategy for extending recognition beyond simple
homopurine tracts, without the requirement for separate recognition

Figure 6. (a) Schematic representation of an alternate strand DNA triplex. The
duplex target R6Y6R6.Y6R6Y6 is bound by the third strand R6Y6R6 forming
two blocks of antiparallel R·RY triplets flanking a block of parallel Y·RY
triplets. The third strand is shown in bold italic. (b) Alternate strand recognition
across an RnYm junction. (c) Alternate strand recognition across a YnRn
junction. In these representations the helix is viewed along the DNA major
groove, with the base pairs running at an angle. Base pairs are joined by a dotted
line, while interaction with the third strand is indicated by the solid lines. It can
be seen that for recognition of RnYm the two blocks of triplets overlap at the RY
junction, while for recognition of YnRm there is a gap between the two triplex
blocks.

a)

b) c)

of pyrimidines, involves binding of blocks of purines on opposite
DNA strands (83). Recognition is achieved by a single third
strand, portions of which are targeted against single oligopurine
tracts. By linking these portions together there is a cooperative
increase in binding strength and an increase in specificity. If only
one triplex motif is employed (parallel or antiparallel) then
joining the third strands of adjacent triplexes requires either a
3′–3′ or 5′–5′ linkage, changing third strand orientation at the
junction. Linkers that have been used include 1,3 propanediol
(84), 1,2 dideoxyribose (83) and a xylose moiety (85). Base-to-base
linkage has also been reported (86,87). A modification of this
strategy, which avoids the need for unusual backbone linkers,
targets adjacent oligopurine blocks on alternate DNA strands by
combining both parallel and antiparallel triplexes in one structure
(Fig. 6a; 88). The third strand consists of both CT blocks (forming
parallel structures) and GT or GA blocks (forming antiparallel
triplexes). Since the two motifs have opposite orientations the
polarity of the third strand is maintained as the oligonucleotide
switches from one strand to the other. In these mixed motif
structures, crossing of the major groove by the third strand is not
a simple process. Because the phosphodiester backbone is tilted
relative to the helix axis, recognition across an RnYm junction
results in an overlap of two bases in the third strand, whereas for
recognition of YnRm an additional linker is required to bridge the
gap (Fig. 6b and c; 88). As a result alternate strand recognition at
RnYm junctions is generally easier than at YnRm (88–91). This
approach has been used to target the conserved long terminal
repeat sequences of HIV DNA (92), for which a single 11 base
oligonucleotide was able to bind across the strands forming a
stable alternate strand complex.

Another strategy which extends the range of sequences which
can be targeted by triplex formation uses a flexible linker to join
two oligonucleotides which form complexes at separate sites
(93). Two 12 base oligopurine duplex tracts, separated by one
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helical turn, were simultaneously bound by hybrid oligonucleotides
containing a linker of 20–25 rotatable bonds.

CONCLUSIONS

Although there has been significant progress towards resolving
many of the practical issues of triplex formation, a general
solution to the problem of mixed sequence recognition is still
elusive. G⋅TA and T⋅CG are the most stable triplets using natural
bases at pyrimidine inversions and these may have some limited
uses, which may be improved by increasing the strength of
neighbouring base triplets. There is, however, no method for
recognising TA within an antiparallel triplex. Since pyrimidine
bases offer only one potential hydrogen bonding site within the
DNA major groove, there is limited scope for designing specific
base analogues directed only at pyrimidine bases. The 5-methyl
group of thymine presents a further obstacle for recognition of TA
inversions. Attempts at recognising substituents on both bases of
the Watson–Crick pair have also been disappointing and often
involve intercalation of the proposed analogues at the YpR step,
rather than base-specific recognition. It is also clear that stable
triplex formation will require optimal stacking of the third strand
bases. In this regard it should be noted that although T⋅AT and
C+⋅GC are isohelical within a parallel triplex (94), the position of
the phosphodiester backbone varies for other base triplets,
leading to backbone distortions at each triplet step. Attempts to
target the purine base on the opposing strand may fail as a result of
poor third strand stacking as the novel base reaches across the major
groove. Successful recognition of mixed sequence DNA by triplex
formation therefore remains an elusive goal, which requires the
design, synthesis and evaluation of more novel base derivatives.
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