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Triplex formation with double-stranded DNA (dsDNA) by oli-
gonucleotides has potential for applications in attractive
technologies such as gene therapy and genetic diagnosis.
However, triplex-forming oligonucleotides (TFOs) can only
recognize homopurine strands in homopurine-homopyrimid-
ine regions in dsDNA, either through Hoogsteen or through
reverse-Hoogsteen hydrogen bonds. A straightforward and

powerful approach to overcoming this sequence limitation is
the development of artificial nucleic acids capable of recog-
nizing specific pyrimidine-purine interruptions (i.e., a CG or
TA base pair) in triplex formation. This review describes arti-
ficial nucleic acids, especially those containing non-natural
nucleobases, developed to recognize CG or TA base pairs in
dsDNA targets.

Introduction

Triplex formation between double-stranded DNA
(dsDNA) and an oligonucleotide, called a triplex-forming
oligonucleotide (TFO), is an attractive principle applicable
to various nucleic acid technologies.!'! It would, for exam-
ple, allow the down/up-regulation of the transcription of
target genes and the induction of mutations of target genes
for in vivo applications. Many in vitro applications of TFOs
have already been performed.

The recognition of dsDNA by TFOs to form triplexes
is classified into two types: parallel and antiparallel motifs
(Figure 1). In a parallel motif, a pyrimidine-rich TFO binds
to the purine strand of dsDNA to form T-AT and proton-
ated C (C*H)-GC triplets through Hoogsteen hydrogen
bonds. G can also form a G-GC triplet with a GC base
pair, although the stability strongly depends on the se-
quence.? In an antiparallel motif, A (or T) and G in a TFO
recognize AT and GC base pairs, respectively, in dsDNA
through reverse-Hoogsteen hydrogen bonds. Although tri-
plexes in both motifs are constructed through the formation
of strong and sequence-selective hydrogen bonds, there are
several inherent problems of triplex formation with TFOs
consisting of natural nucleic acids.

The first problem is the low stabilities of the resulting
triplexes under physiological conditions. In a parallel motif,
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for instance, because C in a TFO has to be protonated to
have affinity towards a GC base pair, stable triplex forma-
tion requires a low pH. To overcome this problem, nucleo-
bases that serve as substitutes for C have been developed. In
particular, 5-methylcytosine (M°C),1*! 2-aminopyridine (P)!
and 2-amino-3-methylpyridine (M°P)“ nucleobases (Fig-
ure 2), which enable the stable recognition of a GC base
pair at neutral pH, are widely used. In addition, intercala-
tors or sugar modifications of nucleotides are also effective
in increasing the stability of parallel triplex DNA.F!

In an antiparallel motif, depending on the situation, a G
forming a base triplet with a GC base pair easily causes
aggregation in the presence of a physiological amount of
monovalent cations, so the development of G analogues to
prevent the formation of aggregates such as G-quartets has
also been studied.l) It has also been shown that insertion
of the bulge pyrenylethynylphenyl moieties (twisted interca-
lating nucleic acids, TINAs) centrally in G-runs of TFOs
disrupts formation of G aggregates and promotes the for-
mation of stable antiparallel triplexes at physiological pH
values and monovalent ion concentrations.[”]

The second problem is the limitations of the target se-
quence of dsDNA. In each motif, recognition by the TFO
is generally restricted to only the homopurine region in the
dsDNA, as shown in Figure 1. This sequence limitation is
considered fatal from the point of view of practical use in
various applications based on triplex formation. A straight-
forward and powerful approach towards overcoming this
limitation is the development of nucleobases capable of rec-
ognizing CG or TA base pairs in a sequence-selective man-
ner. Indeed, some natural nucleobases can interact with CG
or TA base pairs. In a parallel motif triplex, T is known to
interact with a CG base pair and also forms a stable T-AT
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triplet.®] A single hydrogen bond between the 2-carbonyl
group of T and the 4-amino group of C is formed, as shown
in Figure 3 (a).’! G also selectively recognizes a TA base
pair,®1% and the structure of a G-TA base triplet, as shown
in Figure 3 (b), has been elucidated by NMR studies of an
intramolecular triplex.'J Any positive interaction between
G and the 5-methyl group of T, such as shape complemen-
tarity, can also be considered, because a G-UA triplet is not
stable.['? In an antiparallel triplex, T has a weak interaction
with a CG base pair,['>!¥l based on the formation of a hy-
drogen bond between the 4-carbonyl group of T and the 4-
amino group of C (Figure 3, ¢).I'> On the subject of the
recognition of pyrimidine-purine interruptions, a large
number of nucleobases derived from these natural base trip-
lets have been developed. An alternative approach based on
use of molecular modelling to design nucleobases contain-
ing hydrogen donors and/or acceptors at suitable positions
for hydrogen bond formation with interruptions has also
been pursued (Figure 4). Furthermore, the problem of the
quite slow nature of triplex formation has also been ad-
dressed; the use of TFOs bearing positively charged moie-
ties to overcome this problem has been investigated. Many
reviews on TFOs including artificial nucleosides to form
triplex DNA have been published.>!¢! In this microreview
we focus on the artificial nucleobases so far developed that
directly recognize CG or TA base pairs in triplex formation.

Approaches Based on a Parallel Motif

In 1992, Dervan’s group developed 4-(3-benzamido-
phenyl)imidazole (D3, Figure 5) as a nucleobase designed

to recognize a CG base pair through two hydrogen
bonds.17-181 This approach pioneered the use of artificial
nucleobases for pyrimidine-purine recognition. However,
D3 showed affinity (by affinity cleavage assay) not only
towards a CG base pair but also towards a TA base pair.
From 'H NMR studies the recognition of pyrimidine-
purine base pairs by D3 was found to be the result of inter-
calation by D3 at the 3’-site of the target base pair.!]

The capabilities of carbocyclic nucleosides L1 or L2 (Fig-
ure 5) as partners for a CG base pair in triplex formation
were also evaluated.” Through quantitative DNase I foot-
printing analysis, it was concluded that L1 and L2, like D3,
acted as intercalators in order to show affinities towards
pyrimidine-purine base pairs. In addition, imidazolo[4,5-/]
quinoline nucleobases (e.g., N2Q, Figure 5) or the debutyl-
ated analogue (Z) of the nucleobase developed by Zimmer-
man’s groupl?!l as a receptor for a CG base pair at the nu-
cleoside level showed low affinities with slight preferences
for a GC base pair.?% '

With the aid of '"H NMR studies in organic solvent with
nucleoside monomers,?2) Zimmerman’s group designed a
[6-(3-ethylureido)-1-oxoisoindolin-2-yljmethyl  nucleobase
for a CG base pair.[*3! However, UV melting experiments
indicated that the nucleobase showed little affinity for any
base pairs.

Weisz’s group found by NMR measurements in dichloro-
methane at the nucleoside monomer level that 4-(3-ureido-
phenyl)imidazole, with a similar structure to D3, was a key
receptor for a CG base pair.?Y 4-[3-(3-Butylureido)phenyl]-
imidazol-1-yl nucleobase (D4, Figure 6) was tested in TFOs
for affinity and selectivity for base pairs by UV melting ex-
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Figure 1. Structures of canonical base triplets and orientations of
individual strands in triplex DNA. a)Parallel motif triplex.
b) Antiparallel motif triplex. Abbreviations of nucleobases in TFOs
are shown in bold.

periments.!?>) Although D4 had a strong preference for AT
and GC base pairs over a CG base pair, a triplex containing
a D4-CG triplet exhibited a melting temperature (7},) value
approximately 3 °C higher than that of a T-CG triplet at
physiological pH. The N-alkylated urocanamide nucleoside
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Figure 2. Structures of nucleosides containing S-methylcytosine
(MeC), 2-aminopyridine (P) and 2-amino-3-methylpyridine (MeP)
nucleobases.
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Figure 3. Structures of non-canonical base triplets. a) T-CG triplet
in parallel motif triplex. b) G-TA triplet in parallel motif triplex.
¢) T-CG triplet in antiparallel motif triplex. Abbreviations of nu-
cleobases in TFOs are shown in bold.
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Figure 4. Recognition sites based on hydrogen bonds in pyrimidine-
purine base pairs.

(U2) was also explored for CG base pair recognition as a
result?9) of NMR experiments performed with nucleoside
monomers (Figure 6).2”1 However, the TFO including U2
had only a weak affinity for dsSDNA with a CG base pair.
The 2',4’-BNA/LNA modification (Figure 7), indepen-
dently developed by Wengel’s group?® and by ourselves,*]
in a TFO stabilizes the canonical triplex with dSDNA with-
out loss of sequence-selectivity.?*! We thus evaluated a com-
bination of 2',4’-BNA/LNA and five-membered heteroaro-
2877
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Figure 5. Structures of nucleosides containing artificial nucleo-
bases.
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Figure 6. Structures of nucleosides containing artificial nucleo-
bases.

matic nucleobases such as oxazoles and imidazoles in the
recognition of  pyrimidine-purine  interruption in
dsDNA 1321 TFOs incorporating 2',4’-BNA/LNAs with 2-
phenyloxazol-5-yl (pO®) or imidazol-1-yl (I®) nucleobases
showed no stabilization of the triplexes formed with
dsDNA containing a CG base pair whereas a 2',4'-BNA/
LNA with the oxazol-5-yl nucleobase (OP) did show an ap-
parent interaction with a CG base pair (Figure 7, a). In
general, a heteroatom at the a-position — but not the B-
position — of the glycosyl bond in a five-membered nucleo-
base might play a role in the recognition of the CG base
pair (Figure 8). It was reported by Dervan’s group that a 4-
phenylimidazol-1-yl nucleobase had weak affinity for all
base pairs, which is comparable to what has been observed
for natural mismatch base triplets.l!” This might also sup-
port our idea shown in Figure 8. In contrast, the affinity
and selectivity of a 2',4’-BNA/LNA with 2-(N-methylbenz-
amido)thiazole (TzP) towards a TA base pair were found to
be significantly superior to those observed with a G-TA
triplet (Figure 7, a).1*31 Examination of the effect on the ad-
joining triplets suggested that the recognition of a TA base
pair by TzB did not seem to be based on intercalation, but
2878
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further studies will be required to clarify the mode of re-
cognition. Recently, we also screened 18 variants of 1-sub-
stituted 1,2,3-triazole nucleobases, easily obtainable
through Cul-catalysed alkyne/azide cycloaddition reactions
between an oligonucleotide bearing an ethynyl unit and az-
ide compounds.[*¥ The triazole-based nucleobases generally
appeared to have affinities in the order CG > TA > AT =
GC base pairs at neutral pH. In particular, a 1-(4-ureid-
ophenyl)triazole nucleobase showed high CG-selectivity
with stability similar to that of T with a CG base pair, be-
cause the 4-ureido group contributed to a significant de-
crease in binding affinity with a TA base pair (Figure 7, b).
To elucidate the mode of recognition of a CG base pair by
the triazole moiety and the role of the ureido group, further
detailed investigations including NMR studies will be
needed.
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Figure 7. Structures of a) 2’,4’-BNA/LNA monomers, and b) a nu-
cleoside with an artificial nucleobase.
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Figure 8. Proposed schemes for recognition of a CG base pair by
oxazol-5-yl and imidazol-1-yl nucleobases as examples.

Designs of nucleobases based on the T-CG base triplet!®!
have also been developed. The first examples are the
N*modified cytosines reported by Miller’s group in 1993
(Figure 9, a).13%1 N*-(3-Acetamidopropyl)cytosine (R =
NHCOMe), for example, could interact selectively with a
CG base pair in the triplex DNA at pH 7.0. The T, value
and AT, the difference between the Ty, value with a CG
base pair and those with other base pairs, were 19 °C and
=11 °C, respectively, whereas a canonical triplex showed a
Ty, value of 32 °C. The synthesis was very distinctive and
was achieved by transamination of cytosine in the TFO
with propane-1,3-diamine in the presence of sodium bi-
sulfite followed by acetylation. N*-(6-Amino-2-pyridinyl)-
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cytosine nucleobase was also developed; its affinity towards
a CG base pair in UV melting experiments was comparable
to that observed in a canonical C*H-GC triplet, although
the nucleobase also showed high affinity towards an AT
base pair.l?®-37] The recognition seemed to involve an un-
usual imino tautomerization of the nucleobase as shown in
Figure 10. The 6-amino group was shown to play an essen-
tial role in the interaction with a CG base pair by compari-
son with the result obtained with an analogue without the
amino group, which had no affinity towards a CG base
pair. Moreover, it was reported by Dervan’s group that the
6-benzamido derivative showed CG- and TA-selectivity as
an intercalator.?% To target an TA base pair, Miller’s group
also designed cytosine derivatives in which carboxylic acid
groups were predicted by molecular modelling to interact
with the 6-amino group in A of the TA base pair (Figure 9,
b).38] UV melting experiments showed that N*-(3-carb-
oxypropynyl)cytosine nucleobase in a 15-mer TFO selec-
tively recognized a TA base pair of dsDNA (15 bps), with
a Ty, value (Tris buffer, pH 7.0) 7 °C higher than that of
a triplex containing the corresponding G-TA triplet. The
nucleobase did not seem to interact with a UA base pair at
all. In contrast, when MOPS buffer (pH 7.0) was employed,
high GC-selectivity was observed. These results suggested
that formation of an ion pair between the carboxylic acid
group of the nucleobase and a Tris cation was necessary to
induce the TA-selectivity. N*-(3-Carboxytriazolyl)cytosine
nucleobase had affinity in a gel shift assay towards TA, UA
and CG base pairs in addition to a GC base pair.
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Figure 9. Structures of nucleosides contining modified cytosine nu-
cleobases.
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Figure 10. Proposed schemes for recognition of CG and AT base
pairs by N*-(6-amino-2-pyridinyl)cytosine nucleobase.

The modified cytosine nucleobases shown in parts a and
b of Figure 11 were developed for a CG base pair by
Guzzo-Pernell’s group® and by McLaughlin’s group,i“”
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respectively. The semicarbazide derivative (R = H) had
moderate CG-selectivity in triplex DNA at pH 7.0 (AT, =
3 °C), although the stability was less than that of the M°C-
CG triplet (Figure 11, b).
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Figure 11. Structures of nucleosides containing modified cytosine
nucleobases.

Leumann’s group designed the simple 5-methylpyrimid-
inone nucleobase *HT (Figure 12), lacking the 4-amino
group of M°C, for a CG base pair.*!! In UV melting experi-
ments at pH 6.5, the 15-mer TFO containing a single “HT
component with a 2'-deoxyribose sugar unit was found to
form the most stable triplex with dsDNA containing a CG
base pair, with a AT}, value of more than 4 °C, although
the stability of the *"T-CG triplet (T}, = 28.3 °C) was al-
most the same as that of M*C-CG (T, = 27.1 °C). Replace-
ment of the surrounding M°C by P (Figure 2) for a GC base
pair led to an increase in stability and selectivity of “HT
towards a CG base pair. A proposed binding scheme of
4HT with a CG base pair with an additional weak C-H+-O
interaction®? is shown in Figure 13. A combination of the
“HT nucleobase and a 2’-O-aminoethyl sugar modification
(2'-AE)#31 — 2’-AE-*HT (Figure 12) — increased the stability
of the resulting triplex without loss of sequence selectiv-

O El

N
OH OH O~y OH
4HT 2'-AE-4HT Q

Figure 12. Structures of nucleosides and of a 2'-AE monomer com-
bined with an artificial nucleobase.
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Figure 13. Proposed recognition scheme for a *HT-CG triplet.
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ity.#3-461 All 2’-AE-modified TFOs (15-mers) containing
five “HT nucleobases could stably form triplexes with the
corresponding dsDNA containing five CG base pairs.*4
The Q nucleobase shown in Figure 12 was also designed
and evaluated.[*”) It recognized a GC base pair rather than
a CG base pair in triplex DNA.

Mclaughlin’s group compared the affinities of P (shown
in Figure 2) and of 2-aminopyrimidine (2APm, Figure 14)
towards CG and GC base pairs with that of C by UV melt-
ing experiments.*8] Of these, 2APm formed the most stable
triplet with a CG base pair at pH 7.0. In addition, 2APm
led to a drastic destabilization (relative to C or P) of the
triplex formed with dsDNA containing a GC base pair,
probably due to the prevention of protonation of 2APm by
its low pK, (pK, = 3.3).

OH
2APm
Figure 14. Structure of 2APm.

We designed a simple 2-pyridone (PD) as a nucleobase
without the functional groups either of T or of C to recog-
nize an AT or a GC base pair, respectively.*>11 In UV
melting experiments at physiological pH, the affinity and
selectivity of PD towards a CG base pair appeared to be
comparable with those of 4T, although the CG recognition
scheme for PD (Figure 15) was different from the “T-CG
triplet as shown in Figure 13. Moreover, a 2-pyridone moi-
ety attached to a 2’,4’-BNA/LNA (P53, Figure 16) led to an
increased T, value of 9 °C without loss in CG selectivity
(ATm = 9°C).*) The presence of the 5-methyl congener
(MePB, Figure 16) in a TFO gave a triplex formation result
similar to that seen with PB% With use of a 15-mer TFO
containing four 2',4’-BNA/LNA components bearing natu-
ral nucleobases and three P® units, the efficient formation
of a triplex containing three PB-CG triplets with the target
dsDNA was observed under physiological conditions. How-
ever, by comparison with 2',4’-BNA/LNA without a nu-
cleobase (HB, Figure 16), it was demonstrated that a 2-pyr-
idone nucleobase should be capable of recognition both of
a CG base pair and of an AT base pair. A 2',4’-BNA/LNA
moiety bearing a 1-isoquinolone nucleobase (iIQB, Fig-
ure 16) was thus designed to produce steric repulsion
against an AT base pair and the base pair recognition capa-
bility of iQ® in a TFO was investigated (Figure 17).52531 As
expected, results of T}, measurements with a 15-mer TFO
showed that the affinity of iQ® towards an AT base pair
was greatly decreased — by 8 °C relative to that of P and
almost the same as that of HB.[? The stability of the iQB-
CG triplet, as measured by the T}, value, however, was 4 °C
less than that of the PB-CG triplet, probably due to steric
hindrance by the benzene ring in the 1-isoquinolone nucleo-
2880
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base. On the other hand, a pyridone derivative containing
three aromatic rings (bPB, Figure 16) displayed a slight TA-
selectivity and the bPE-TA triplet was significantly more
stable than a G-TA triplet.*3 Examination of the neigh-
bouring group effect suggested that bPP acts, like D3, as an
intercalator to produce affinity towards a TA base pair. We
have recently developed a 2’,4'-BNA/LNA system bearing
a simple pyridine nucleobase (Py®, Figure 16) for a CG base
pair.l’ The ability of Py® to recognise a CG base pair in
triplex formation was the same as or greater than that of
PB. A pyridine moiety as the core structure of a nucleobase
for a CG base pair might thus be attractive for allowing
further modifications to improve the recognition ability.

PD o
H
N-H..
-0
m »\Sﬁ\
M
N N \ N
“w( \\E’"-w )=
c N G

H

Figure 15. Proposed recognition scheme for a CG base pair by PD.
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Figure 16. Structures of 2',4’-BNA/LNA monomers bearing (or
not bearing) artificial nucleobases.

Figure 17. Design concept behind a 1-isoquinolone nucleobase.

Brown’s group developed N-methylpyrrolo[2,3-d]pyrim-
idin-2(7H)-one, which possesses functional groups of 1T
for CG base pair recognition, as a core nucleobase structure
(Figure 18).5°-7 It is also easy to introduce further func-
tionality on the 6-carbon of the core to improve the re-
cognition ability. Evaluation of MP, AEP and ~PP (Fig-
ure 18, a) was performed by means of T}, experiments and
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quantitative DNase 1 footprinting analysis.>>) Holistic in-
terpretation of the results indicated that the order of affinity
for a CG base pair was “PP = MP > AEP = T and that
these artificial nucleobases had CG-selectivity. This also im-
plies that the 3-aminopropyl side chain at the 6-position is
better than the 2-aminoethyl side chain for affinity to a CG
base pair.

OH

R = Me (MP), CH,CH,NH, (AEP)
or CH2CH20H2NH2 (APP)

R =H (P"P), NH, (*P), NHACc (A°P)
NHCONH; (YP) or NHC(NH)NH, (°P)

Figure 18. Structures of nucleosides containing 6-substituted N-
methylpyrrolo[2,3-d]pyrimidin-2(7 H)-one nucleobases.

Php Ap Acp Up and P (Figure 18, b) were further de-
signed as ring-fused analogues of PP with potential for
additional stacking interactions.’®>) However, their re-
cognition properties in triplex formation seemed to depend
on the TFO sequence [e.g., a sequence rich in 5-(3-amino-
prop-1-ynyl)-dU (pdU, Figure 19)1*8 in place of T as a
partner to an AT base pair or a sequence with few pdU
modifications]. Eventually it was concluded that AP was the
optimum analogue for the recognition of a CG base pair
(Figure 20). As a partner for a CG base pair, P in conjunc-

x
NH

SN
(@]

N~ =0

pduU

Figure 19. Structure of pdU.

I AN
N/N

Figure 20. Proposed recognition scheme for an “P-CG triplet.
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tion with a sugar modification such as 2’—AE might be
promising.

Seidman’s group investigated the triplex-forming abilities
of TFOs containing 11 kinds of N*-monosubstituted cytos-
ine nucleobases for CG base pair recognition to target the
Hprt gene, which has a single CG interruption.® The nu-
cleobases were typically prepared from triazolylated U by
treatment with the appropriate primary amines. This syn-
thetic approach can allow the preparation of various deriva-
tives by modification after the construction of the TFO se-
quence (i.e., post-elongation modifications). Binding assays
and UV melting experiments with the fully 2'-O-methyl-
modified TFOs indicated that a N*-(2-guanidinylethyl)-5-
methylcytosine nucleobase (Figure 21) had the highest af-
finity and selectivity for a CG base pair. The T}, value and
AT, with a CG base pair were 54 °C and =16 °C, respec-
tively, whereas those of T with an AT base pair to form a
canonical T-AT triplet were 59 °C and =12 °C, respectively.
In the case of a 2'-O-methyl-modified TFO containing a
2'-AE cluster,%% the AT, value with a CG base pair was
significantly decreased to =8 °C, although the AT}, value
observed for the T-AT triplet was =11 °C. However, this
nucleobase would be one of the most suitable partners of a
CG base pair. The recognition scheme provided by molecu-
lar dynamics (MD) simulations is shown in Figure 21. The
guanidine moiety appeared to have no interaction with any
phosphate backbone.

Me
_—N / NH H +
: N
It
H N-H
H COH
H FE
“Heg N
g LN
N H- N)\ \ N
=N~ ¥
C O--H-N" g
H

Figure 21. MD-simulation-based recognition scheme for a CG base
pair by a N*-(2-guanidinylethyl)-5-methylcytosine nucleobase.

We performed systematic investigations based on UV
melting experiments on the recognition properties of 16
variations of N,N-disubstituted cytosine nucleobases, syn-
thesized by post-elongation modifications, in triplex DNA
formation.[!] Screening of azacycloalkane derivatives of
different ring sizes showed the affinities towards a CG base
pair decreasing in the following order of ring size: four =
five > six = seven. This is presumably due to the bulkiness
imparted by the large six- or seven-membered rings (Fig-
ure 22). The CG-recognition abilities of azacycloalkane de-
rivatives containing four- or five-membered rings were al-
most the same as those of T or C. Moreover, investigations
on ring-substituted azacycloalkane cytosine nucleobases as
shown in Figure 23 demonstrated that the (3.S)-hydroxy-
pyrrolidino derivative and its C,-symmetric (3R,4R)-di-
hydroxypyrrolidino analogue stabilized the triplet with a
2881
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CG base pair without any stabilization with other base
pairs relative to an unsubstituted pyrrolidino derivative. In
contrast, further stabilization by other nucleobases was not
observed. Finally, 4-[(3R,4R)-dihydroxypyrrolidino]pyr-
imidin-2-one nucleobase gave the best result, in the form of
a Ty, of 33 °C, which was 4 °C higher than that observed
with a T-CG triplet, and a ATy, value of =15 °C with a CG
base pair, which was equal to that of T with an AT base
pair (Figure 24). This combination with sugar modifica-
tions might further improve affinity and selectivity towards
a CG base pair.

;\3\?33»

Figure 22. Putative steric repulsion between artificial cytosine nu-
cleobases and a CG base pair.

NHR
8 e U‘S’ Fﬁ@ ©
o, ¥
OH oH HO  OH HO  OH
O@) (j’m (R)h R) <S>F§(S>
\ |

Figure 23. Structures of nucleosides containing N,N-disubstituted
cytosine nucleobases.

=H, CHO
or CONH,

é\NiN\/J’

\l \

L H H
N- H“"d

O--. N
c H-N" g

H

Figure 24. Proposed recognition scheme for a CG base pair by the
4-[(3R,4R)-dihydroxypyrrolidino]pyrimidin-2-one nucleobase.

For recognition of a TA base pair, a nucleobase S (Fig-
ure 25), containing two unfused aromatic rings and an acet-
amide unit directly attached to 2’-deoxyribose, was de-
signed by Sun’s group.? S could recognize a TA base pair
with some discrimination relative to other base pairs and
the S-TA triplet was significantly more stable than a G-TA
triplet. Replacement of the aminothiazole part of S with
aniline drastically reduced the affinity towards a TA base
pair, clearly indicating that the aminothiazole component
2882
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was integral to TA recognition. It was considered that TA
recognition by S, unlike in the case of D3, was through
hydrogen bonds, and not through intercalation. As well as
S, various analogues such as B;, S;, S, and S,; were also
investigated (Figure 25).16364 S was found to be the best
nucleoside for a TA base pair.[¢3]

Ho_\&ase
OH

Base =
Ac Me Me
‘NH
3“‘( N‘( AC\NH Me~NH
=N
\%\@
O NH Oj/NH \ NH
s S, S, Sa B,

Figure 25. Structures of nucleosides containing artificial nucleo-
bases.

Fox’s group attempted triplex formation with dsDNA
containing all four base pairs by TFOs containing BAU
(Figure 26),1651 MeP (Figure 2), PP (Figure 18, a) and S for
recognition of AT, GC, CG and TA base pairs, respec-
tively.[¢] Fluorescence melting experiments and a DNase I
footprinting assay showed that a stable triplex could be
formed with 19 bps of dsSDNA containing two CG and two
TA base pairs at physiological pH. However, no sequence-
selectivity was observed. The S appeared to lose TA selec-
tivity and bound to a CG base pair when TFOs containing
BAU in place of T were used. On the other hand, Fox’s
group demonstrated that 2'-AE-modified S (2'-AE-S) was
superior to S for recognition of a TA base pair through
triplex formation in a pHrange from 5.0 to 6.0 (Fig-
ure 27).1°7) Further investigations of 2'-AE-S for TA base

NH,

0
A
[ NH

N
HO o 0

OH O~y
BAU

Figure 26. Structure of BAU.

S (0] Q\(\

RTTL g
\

N—

Me O-~ Hen H H Me

2\(N Heon? Y :7

Ns\< EN J;J
A

Figure 27. Proposed recognition scheme for an S-TA triplet.
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pair recognition should be very interesting. Moreover, a 2'-
methoxyethyl S (2’-MOE-S) monomer was recently devel-
oped by Brown’s group and its triplex stability in conjunc-
tion with 2'-substituted analogues of M°P shown in Figure 2
was evaluated.[%®] In the future, more detailed results of base
pair recognition abilities of 2’-MOE-S may also be ex-
pected.

Fresco’s group used deoxyribonucleosides bearing 2-
aminopurine and 2,6-diaminopurine as G analogues.®”l The
affinities of these nucleobases towards a TA base pair were
significantly less than that of G and they did not show TA
selectivity. This result, based on NMR studies, suggested
that some additional factor contributing to the stability of
the G-TA triplet though only the 2-amino group of G was
essential for the recognition of a TA base pair. Moreover,
2'-AE derivatives with G or 2-aminopurine as nucleobase
components seemed to produce decreases in the stabilities
with a TA base pair.44

Nielsen’s group reported the interesting result that a 3-
0x0-2,3-dihydropyrazine nucleobase (E, Figure 28) attached
to a peptide nucleic acid (PNA) could recognize a TA base
pair with high selectivity in a PNA-DNA-PNA triplex,
though the stability appears to be significantly less than
that of a canonical triplet in the triplex (Figure 28).7% The
binding affinity and selectivity of a PNA containing E
towards dsDNA containing a TA base pair could be prom-
ising.

Figure 28. Proposed structure of an E-TA triplet.

Approaches Based on Antiparallel Motifs

Jayaraman’s group evaluated the base pair recognition
capabilities, based on a T-CG triplet (Figure 2, c¢), of 2'-
deoxynucleosides containing T, U and 5-halogenated U as
nucleobases by gel shift assay.'“l Although all of the nucleo-
bases displayed AT selectivity in the manner shown in Fig-
ure 1 (b), 5-fluoroU bound most strongly to a CG base pair
in the triplex formation. In the case of pyridin-4-one as a
nucleobase simplified for CG base pair recognition, the af-
finity towards a CG base pair was substantially decreased
relative to that by T.

Dervan’s group studied the affinities of 2’'-deoxynebular-
ine (N, Figure 29) towards different base pairs in dsDNA
with formation of triplexes at physiological pH values and
temperatures by affinity cleavage assays.’! The affinities
decreased in the order CG = AT >> GC = TA; both the
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N-CG and the N-AT triplets probably included single hy-
drogen bonds to N as shown in Figure 29. The stability of
the N-CG triplet was comparable to that of a T-CG triplet

but the selectivity towards a CG base pair was poor.

I\l"/‘,"L 7%
!I/ N ,’N
N N | N N
& 8
=N =N
H\ N

N‘H"*O H~N,H.-vO
B \%H » LT
c N
H

Figure 29. Proposed structures of N-CG and N-AT triplets.

Revanker’s group designed 2'-deoxyformycin A (F) for a
CG base pair, the proposed recognition mode of which is
shown in Figure 30.72 Although the F-CG triplet appeared
to distort the canonical triplex structure, a gel shift assay
with a 36-mer TFO found that the triplex containing three
F-CG triplets was 10 times more stable than that containing
three G-CG triplets. Evaluation of the binding affinities of
F towards other base pairs will be needed to estimate the
capability of F as a partner for a CG base pair. Screening
of simple azoles such as pyrazole, imidazole, 1,2,4-triazole
and tetrazole was also carried out.[”>74 The results indicate
that they had affinities towards a TA base pair and that the
pyrazole nucleobase also had TA selectivity. The mode of
recognition might be shape-fitting between a TA base pair
and the small azole ring, but not through hydrogen bond
formation. However, the base triplets appear to be slightly
weaker than a T-CG triplet.

o

H

Figure 30. Proposed structure of an F-CG triplet.

Sasaki’s group developed a W-shaped nucleoside ana-
logue (WNA) containing additional tetrahydrofuran and
aromatic rings (Figure 31, a).’>7°! The tetrahydrofuran
ring placed the nucleobase in the correct position for re-
cognition of a pyrimidine-purine interruption and the aro-
matic ring provided an increase in the stability of the triplex
through stacking. The base pair recognition ability of the
WNA appeared to depend considerably on the sequence
contexts. When a G-GC triplet was formed at the 5'-site of
the WNA moiety in a TFO, WNA-BT (base = T, R = H)
2883
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was able to bind to a TA base pair in a strong and se-
quence-selective way.’>7¢! The presence, however, of an
A-AT triplet at the 5'-site of WNA-BT apparently destroys
the affinity of WNA-BT for any base pairs.

(a) (b)
NH2 Me O
) B B
N NH
HO o Til r\ll.
Base i i
oH © AP MP

Figure 31. a) General structure of a WNA. b) Structures of AP and
MP nucleobases.

WNA-BC (base = C, R = H) only effectively recognized
a CG base pair in the case of G-GC and A-AT triplets at
the 5'- and 3'-sites of WNA, respectively.

In addition, the affinities of the WNA derivatives
towards each base pair in the triplex were considerably in-
fluenced by the substituent on the aromatic ring. The m-
bromo derivative of WNA-BT (base = T, R = m-Br) was
able to target a CG base pair in dsDNA in G-GC and A-
AT triplets at the 5'- and 3’-sites of WNA, respectively,
whereas the p-bromo derivative selectively formed the base
triplet with a TA base pair only when both sides were A-
AT triplets.l’® p-Amino derivatives of WNA-BC and WNA-
BT showed decreased selectivities towards a CG and a TA
base pair, respectively, perhaps due to non-selective interac-
tion of their amino groups with the phosphate backbone
of the target dsDNA.U"] Investigation of WNAs bearing 3-
aminopyrazole (AP) or 4-methylpyrazol-3-one (MP) nu-
cleobases showed that WNA-BAP was capable of recogniz-
ing a CG base pair in G-GC triplets at both 5’- and 3’-sites
of WNA (Figure 31, b).[78

Approaches in which a purine base of the alternate
strand at a pyrimidine-purine interruption site is recognized
have also been implemented. One such approach, indepen-
dently proposed by Héléne’s and Behr’s groups, is based on
the o- or B-configurations of the nucleotides, as shown in
Figure 32.5%1% Behr’s group designed 4-guanidinopyrim-
idin-2-one as a nucleobase for CG and GC base pairs,?
but no triplex formation was detectable. Timofeev’s group
tried an approach based on the use of natural nucleo-
bases.B1:82 o B-Oligodeoxycytidylates generally produced

7
i

self-associates such as the i-motif. However, when a long
(30-mer), random and non-alternating a,B-oligodeoxycytid-
ylate was used as a TFO, a- and B-protonated C (C*H) was
able to bind to TA and AT base pairs, respectively.B!l o-T
was also shown to recognize single and quintuple TA base
pairs in the chimeric a,B-TFOs, although the presence of
three dispersed TA base pairs prevented triplex formation,
probably due to the lost stacking interactions between the
base triplets.52!

Leumann’s group, on the other hand, examined hypox-
anthin-7-yl, 2-aminopurin-7-yl or 2-aminopurin-9-yl nu-
cleobases in a similar approach.’®384 When 15-mer TFOs
containing 2-aminopurin-7-yl nucleobases (a-7AP or B-
7AP, Figure 33) with a- or B-configuration at a single posi-
tion were used, a-7AP and B-7AP were able to bind selec-
tively to TA and AT base pairs, respectively. Consequently,
in an antiparallel motif triplex a-7AP was a promising can-
didate for a TA base pair, although the affinity of a-7AP
was approximately four times less than that of T towards
an AT base pair to form a canonical triplet.

N__N._NH,
HO 0 </ U
\ HO o N7
~
N
R B S
NN NH, OH
«-TAP B-TAP

Figure 33. Structures of a-7AP and B-7AP.

Gold’s group developed 2’-deoxynucleosides based on a
set of four heterocyclic nucleobases (TRIPsides, Figure 34)
with use of positional differentiation of the glycosyl bond
instead of o- or B-configurations.®>-881 The nucleobases in
the TRIPsides preferentially adopted anti conformations
due to steric hindrance between the nucleobases and the
sugar moieties. Although triplexes formed by TFOs con-
sisting of TRIPsides — oligoTRIPs — strictly belong neither
to parallel or to antiparallel motifs, they are named on the
basis of the antiparallel type (e.g., as antiTA). It was shown
that the four TRIPsides could recognize their target base
pairs in the formation of intramolecular triplexes. With re-
spect to intermolecular triplexes between oligoTRIPs and
dsDNA, the oligoTRIPs examined, such as (antiCG)s-
(antiGC)g, (antiGC)4(antiCG)s and (antiGC)s(antiTA),-

(b)

Figure 32. Approach based on a- or B-configurations of nucleotides. a) For a purine-pyrimidine base pair. b) For the pyrimidine-purine

interruption. Dashes indicate hydrogen bond formation.
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(antiGC),(antiTA)3(antiGC),, also formed sequence-selec-
tive triplexes with the corresponding dsDNA at neutral
pH.1® Triplex formation of oligoTRIPs with any dsDNA
sequence will be very interesting in terms of their practical
uses.

F antiTA
/l antiAT \)N\
Hepg Sy N
Hoh L0 Me Me _— H H
Y N-H-- -
(/N N f\?/\g N v
N / N"—H‘ )/N H\‘N
— \
N o & ;“
A T
y antiGC antiCG N
I l
x + +
Ty N
WA H HooAh
\\N \O- H- N>/\ (/\<N~H~~.O'l N,"
\

4 J H---N N---H. \ i
N N~ 7]’N N—( N N
“'1’1 N’( _H---O 4 O~y >:N ,}‘"
G N- c c N g
H H

Figure 34. Recognition of base pairs by TRIPsides (antiAT,
antiTA, antiGC, and antiCG).

Conclusions

To overcome the sequence limitation to target dsDNA
through triplex formation, many researchers have engaged
in the development of artificial nucleic acids, in particular
nucleobases. As a result, several promising candidates have
been found. However, there are still problems to be solved.
Selective recognition of a TA base pair in a parallel triplex
remains insufficient, for example; the bulkiness of the 5-
methyl group in T is considered to lead to the difficulty in
nucleobase design for TA base pair recognition. In ad-
dition, the neighbouring base pairs of pyrimidine-purine in-
terruptions both in parallel and in antiparallel motifs have
significant effects on the recognition abilities of interruption
by nucleobases and the affinities towards interruptions
often decrease significantly. However, much useful infor-
mation has been obtained to date and should contribute to
the discovery of further improved nucleobases. We believe
that targeting of dsDNA by TFOs will be a truly practical
and general strategy in the future.
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MIAS— | ANTP Vinax (min-1) K, (mM) VinasdKin ERS
KoD1 T 1.8 0.021 88 1
1 11 014 81 092
2 0.10 0.26 3.8 0.043
C 0.074 0.66 0.11 0.0013
KOD2 T 21 0.035 60 1
1 40 0.083 48 0.80
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