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ABSTRACT the oligonucleotide binds parallel to the purine strand of the duplex,
) ) ) ) ) o forming TeA*T and C-G*C* canonical Hoogsteen base triplets
Oligonucleotide-directed triple helix formation is mostly (10-14){ii) in the (G,A)- or purine-motif, the oligonucleotidmbs
restricted to oligopyrimidine  oligopurine sequences of to the oligopurine strand of the duplex through reverse Hoogsteen
double helical DNA. An interruption of one or two hydrogen bonds, giving rise toG*G and TA*A base triplets
pyrimidines in the oligopurine target strand leads to a (15,16); iii) in the (G,T)- or purinpyrimidine mixed-motif, the
strong triplex destabilisation. We have investigated the third strand binds to the oligopurine strand in the duplex by
effect of nucleotide analogues introduced in the third forming &G*G and TA*T base triplets through either Hoogsteen
strand at the site opposite the base pair inversion(s). We (parallel) or reverse Hoogsteen (antiparallel) hydrogen bond
show that a 3-nitropyrrole derivative (M) discriminates formation (5,17,18). The orientmn of the (G,T)-containing
GeC from C+G, AT and TeA in the presence of a oligonucleotide is directed by the number ¢fGpA-3 and
triplex-specific ligand (a benzo[e]pyridoindole derivative, 5'-ApG-3 steps within the target sequence and length of G and
BePlI). N6-methoxy-2,6-diaminopurine (K) binds to an A tracts (17,18). It is worthaiicing that an oligonucleotide
AeT base pair better thana T A, G+C or C+G base pair.  containing T, C and G has been shown to bind in a parallel
Some discrimination is still observed in the presence orientation with respect to the target oligopurine st(@s.
of BePl and triplex stability is markedly increased. It was reported that a well known DNA intercalator, ethidium
These findings should help in designing BePI-oligo- bromide, could stabilise poly(dA3poly(dT) (20). However, it
nucleotide conjugates to extend the range of DNA destabilised a (T,C)-motif tripleg21). A family of tetracyclic
sequences available for triplex formation. aromatic compounds, benzo[e]pyridoindole (BePI) derivatives,
exhibited a preferential stabilisation of (T,C)-motif triplexes
INTRODUCTION rather than the underlying dupl¢&2). Other ligands, such as

benzo[g]pyridoindole (BgPIY23), cordyne (24), quinacrine
The sequence-specific recognition of double-helical DNA25), anidoanthraquinone derivativ€d6) and nphtylquinoline
(dsDNA) through oligonucleotide-directed triple helix formation,derivative (27) have been shown togwide significant and
also called ‘antigene strategy’, is a topic of considerable interestlective stabilisation of triple helices. A structure—function
in developing oligonucleotide-based tools in molecular biologgnalysis of several series of benzopyridoindole derivatives
and therapeuticg1,2). Tiple helix-forming oligonucleotides indicated that both the shape of the heterocycle and the position
(TFOs) can compete with the binding of prote{8s4) and of positively charged aminoalkyl side chains play an important
impede transcription of a specific gef®-9). Reognition of  role in triplex stabilisatioi28). In aldition, it turns out that BePI
DNA by TFOs is achieved by hydrogen bonding interactions inot only stabilises the (T,C)-motif triple helices but also induces
the major groove of target dsDNA between the bases in thiee formation of triple helices with an antiparallel (G, T)-containing
oligonucleotide and the purines already engaged in Watson—Crittkird strand that were not formed in the absence of lig2eg
hydrogen bonding with the complementary pyrimidine bases Several studies have been carried out to assess the destabilisinc
(10-12). On the basis of base sequence cdtiggosind the effect of a base pair inversion in the target sequence (30-34). The
relative orientation of the phosphate—deoxyribose backbone v$e of non-natural nucleotide analogue allows stable triplex
the third strand, the triple helices can be broadly categorised irfarmation when the target oligopurine strand is interrupted by one
three motifs (see 12 for a review): (i) in (T,C)- or pyrimidine-motif,pyrimidine (35). We have prgously reported that an acridine
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derivative incorporated within an oligopyrimidine TFO can
strongly stabilise triple helices formed at non-perfect oligo-
pyrimidinesoligopurine sequencg86,37).

In this report, we have investigated the stabilising effect of a CHsO
triplex-specific ligand, BePlI, on triplexes formed by TFOs which ‘
may contain non-natural bases, with target oligo- \ /
pyrimidinesoligopurine sequences containing base pair inversion(s),
in order to explore the possibility of extending the range of DNA N
sequences for triplex formation. The non-natural bases used in (BePl)
this study include the 5-propynyl-pyrimidines (dU and dC),
5-nitroindole and 3-nitropyrrole, as well as a bicyclic pyrimidine ,OCHs H_ OCHs
analogue of N4-oxy-2deoxycytosine (P), a purine analogue, " \
N6-methoxy-2,6-diaminopurine (K). The analogue P shows both HN N\ N N\
T and C character, but is somewhat more T-like. It hydrogen )\\ | > )% | >
bonds with A and G giving duplexes of similar stabili{&s,39). HaN N h|' N T
The tautomeric constari{{) is not known but the closely related (K-imino)
N4-methoxyC has a value 10-30 in favour of the oximino-form
(Fig. 1) and has ap of 2.3 (40 and referencesated therein);
thus P is unlikely to form protonated base pairs or triplets. The
analogue K has &7 of 9 (in DMSO) in favour of the
oximino-form (Fig. 1)(41,42). Thus in this case, tkg should
be near to unity in agueous solution. The analogues, therefore,
provide a means of testing the effect of ambivalent hydrogen-
bonding bases in stabilising triple helices. (P-imino) (P-amino)

MATERIALS AND METHODS O,N NO:
T O
Nomenclature T N
)N

(M)

The following convention for TFOs and base triplets are used. (N

The duplexes are written as 26¥26RY, with the third strand as

14YZ. The letters X and ¥ stand for the bases involved at the basF(ia ure 1. Top: chemical structure of the BePl derivative, 3-methoxy-7H-8
pair inversion site In the O.“gOpynmldme a'."d ollgop_urlne targetmgthyl-11-((:;'5‘3.51mino-propyl)amino)benzo(e)pyrido(4,3-b)ir’1dole. Mid)g?e: the
sequences, respectively. Z is the corresponding base in TFOs. A b@g&nethoxy-2,6-diaminopurine (K) in thenti-configuration and the N4-oxy-
triplet is designated ®Y*Z, where the symbols and * indicate  cytosine (P), both shown in their imino- and amino-forms. Bottom: the
Watson—Crick and Hoogsteen hydrogen bonds, respectively. Ttenitroindole (N) and the 3-nitropyrrole (M).

C5-modified pyrimidine, propynyl-dC and propynyl-dU, are

designated as &nd Urespectively. Other non-natural bases were

also used, such as a bicyclic pyrimidine analogue of

N4-oxy-2-deoxycytosine (P), a purine analogue, N6-mettihgy- UV absorption spectrometry

diaminopurine (K), as well as 5-nitroindole (N) and 3-n|tropyrrol%riple helix stability was measured by UV spectrophotometer. All

(M) (Fig. 1). A propanediol linker (L) which mimics the natural ; i
internucleotidic distance but without sugar or any base was al ¢ DNA thermal denaturation experiments were performed on a
introduced in some oligonucleotides. _IKON 940 Spectrophotometer using quartz cuvettes of 1cm
optical pathlength. The spectrophotometer was interfaced to an
IBM-AT computer for data collection and analysis. The cell
_ _ o holder was thermostated with a circulating liquid (80%
Oligonucleotides and chemical ligand water/20% ethyleneglycol) in a Haake P2 water bath. The
temperature of the water bath was decreased from 8Ctarid
The TFOs containing P, K, N and M base analogues wethen increased up to 80 at a rate of 0.1%/min with a Haake
synthesised as described earli1,41,43,44) and the rest of the PG 20 thermoprogrammer. The absorbance at 260 was recorded
oligonucleotides (OliGold grade) were purchased from Eurogentewery 8 min. The sample temperature was measured by a
(Belgium). Oligonucleotides were ethanol-precipitated in theeflon-coated temperature probe immersed directly in a control
presence of 0.3 M sodium acetate, washed with ethanol and usenvette. All the oligonucleotide samples were prepared in 20 mM
without further purification. The concentrations of all oligo- sodium cacodylate buffer at pH 6.0 containing 100 mM sodium
nucleotides were determined spectrophotometrically using thehloride and 10 mM magnesium chloride, in the presence or in the
extinction coefficients calculated by a nearest-neighbour methaibsence of 1iM BePI derivative. The triplexes were formed by
(45). The BePI derivativgFig. 1), 3-methoxy-7H-8-methyl-11- first mixing the two strands (26YX and 26RY) of the Watson—Crick
((3'-amino-propyl)amino)benzo[e]pyrido[4,3-blindole, was syn-duplex, each at iM concentration, and then adding W49 of
thesised according to the method previously desc(it@d the third strand. The triplex melting temperatur€g) (were



Nucleic Acids Research, 1998, Vol. 26, No. 92181

15 : ; ; . . . . Table 1. Melting temperature valuezX°C) of the triplex-to-duplex
- transition inthe absence (=) and in the presence (+) fNM®BePI
=
= 3' TGTCAA TTCTTCTT X TTTCT AACTCG 5 26YX
& 10F[ 5 ACAGTT AAGAAGAAY AAAGA TTGAGC '  20RY
3 5 TTCTTCTT Z TTTCT 3 14YZ
X
:‘5 Tm (¥1°C)
c
3 Xe¥ = TeA AeT GeC CoG
§ St BePl -+ -+ -+ -+
2 Z= A 18 36 18 35 15 37 30 36
< t c 10 45 14 40 24 41 45 48
[ k G 08 38 28 41 19 40 22 44
0 e — T 37 50 10 35 26 40 214 35
0 10 20 30 40 500 60 70 L 1 36 20 137 20 33 10 29
Temperature (°C) U 38 52 12 35 26 41 27 38
c 05 42 1136 4 35 32 37
M 14 36 14 28 15 42 07 30
Figure 2.First derivative of the thermal denaturation profiles showing the effect P 33 48 1235 27 41 26 36
h : . - 5
of BePI on triplexes (see sequences on top of Table 1). The following triplexes S 1032 28 41 1736 07 32
are shown: XY*Z = T*A*T in the absence (filled squares) and in the presence N 1132 15 39 16 35 21 31
(open squares) of BePlX*Z = A*T*G in the absence (filled circles) and in None 2 4 <5 27 13 35 09 26

the presence (open circles) of BePlI.

The sequences are described at the top of the Tablalues of
evaluated as the maximum of the first derivative of the melting  the best combinations are highlighted in bold. ‘Z = None' indi-

profiles. Based on multiple experiments, the uncertainfjin cates the absence of any nucleotide or base analogue at the Z posi-
was estimated at1°C. tion in the third strand. Experimental conditions are described in
Materials and Methods.

RESULTS AND DISCUSSION

Several 26 bp synthetic dsDNA fragments (2628RY) Pyrimidinesoligopurine target sequences{X= T+A or C*G) as
containing a tract of 14 bp oligopyrimidirmigopurine target expected when the canonicaliFT (T *A*U) and GG*C* base
sequences for the binding of 14 nt long oligonucleotides (14YZyiplets are formed; (i) Z = G and K form the least destabilising
were used (Table 1). Some of the duplexes contained one or tifilexes at an AT base pair inversion; (ii) Z = T, br P are the
base pair inversion(s) at the central positioreY(X thus best nucleotides to face aGbase pair inversion. However, the
interrupting the canonical oligopyrimidis@igopurine sequences. presence of a single base pair inversion at the centre of the
A set of 14mer oligonucleotides (14YZ) was synthesised witRligopyrimidinesoligopurine target sequences caused a loss in
different nucleotides at the Z position facing theYXbase pair, thermal stability of all triplexes with ATy, of 19°C at least.
including four natural bases A, G, C and T, as well as six baddese results are consistent with previously published data for
analogues_(UC, P, K, N, M) and a propanediol linker (L). One hatural nucleotide§9-33). For the wdified nucleotides (1P,
oligonucleotide had no nucleotide facing theYXbase pair K), it is not surprising that the analoguesabd P behave as T,
(indicated by ‘None’ in Tables 1 and 2). The thermal stabilities ovhereas the guanine analogue K bearing a 2-4tsiup which
these triplexes containing various base tripleteY¢X) at the ~ was shown to be engaged in a hydrogen bond with the O4(T) in
central position in the absence or in the presence of BePl wetg AT*G triplet (30,47) ould form an equally stable*A*K
carried out by measuring the melting temperatiligd of the triplet. In the absence of structural data, it is not possible to
triplex-to-duplex transition. anticipate the tautomeric form of base analogues.
In the presence of BePlI, all triplexes were stabilised but

interestingly the stabilisation varied with the nature of thé*X
triplet. This differential stabilisation of triple helices by BePI
molecules indicates that the BePI molecule has different interactions
with different base triplets ®*Z. For instance, thdy, values
All the possible 48 combinations of the¥Z base triplets were was increased in the presence of BePl by 13 aay ®r the
investigated in order to assess the effect of various Z nucleotidearfect triple helices (*Z = T «A*T and C-G*C*), respectively.
in the third strand (TFO) on the stability of triplexes. Each thermaimilar triplexes containing a C5-propynyl substitution of U and
denaturation profile showed a biphasic pattern (Fig. 2) whick (Z =_Uor Cin the third strand) were also stabilised by 14 and
corresponds to the triplex-to-duplex and the duplex-to-singl&°C respectively, in the presence of BePl. The weak stabilisation
strands transitions. The choice of a longer DNA duplex fragmeuwf the triplexes in which the central base triplet 4&€C/C can
than the length of triplex allowed us to well separate these twae explained by the unfavourable electrostatic repulsion between
transitions. Table 1 gives the temperature of half dissocidiign ( the positively charged triplet and BePIl molecules.
of various triplexes derived from the triplex-to-duplex transition When a single base-pair inversione{X= AT or GC) was
of the melting curves for all the combinations in the absence amttroduced at the central position of the target sequence, the base
in the presence of 1M BePI. triplets which afforded the least destabilised triplexes in the

In the absence of BePl, (i) Z = T (als) &hd C in the third absence of BePl @A*G/K and GC*T/U/P), also emerged
strand form the most stable triplexes with the perfect oligopamong the most stable ones in the presence of BePIl. However,

Effect of BePI on the stability of a triple helix formed at an
oligopyrimidine oligopurine duplex site with a single base
pair inversion
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Table 2. Melting temperaturest(°C) of the
triplex-to-duplex transition in the presence ofpi\ BePlI

3" TGTCAA TTCTICT GA TTICT AACTCGS5 26GA
5' ACAGTT AAGAAGA CT AAAGA TTGAGC 3* 26CT
5" TTCTTCT TZ TTICT 3' 14Y7

Tm (+1°C)

Z ACGTTILUCMP K N None

Tm

#1°C) 26 29 27 29 27 29 27 29 27 25 26 22

The triplexes were formed upon binding of the various
third strand oligonucleotides (14YZ), to a 26 bp oligo-
pyrimidinesoligopurine DNA fragment in which a double
base pair inversion was introduced (26@GBACT). Experi-

mental conditions are described in Materials and Methods.

reduced in the presence of BeP], i.e. the triplex stability depends
less on the nature of the nucleotide in the third strand in the
presence than in the absence of BePl. This phenomenon was
previously reported for naphtylquinoline derivatives (another
triplex-stabilising ligand}49,50). However, some discrimiran
of the inverted base pairs can be observed. For example, the
triplex with a @CxM base triplet discriminatessG from TeA,
CeG and AT in the presence of but not in the absence of BePI.
The triplex with an ATxK base triplet discriminateseA from
TeA, CG and GC in the absence of BePlI; in the presence of
BePI some discrimination is preserved and stronger binding is
achieved. It remains to be seen whether the covalent attachment
of BePI at either the/ 5or the 3-side of K/M within a TFO allows
for sequence selectivity of triplex formation.

It is worth noticing that the nearest-neighbours of the base
inversion site in the present study as\XT triplets. Previous

studies(36,37) have shown thaiglex stability of an acridine-

some other non-canonical base triplets exhibited similar stabiligiomaInlng TFO decreases when the base triplet ori-iee3of

in the presence of BePIl. The most striking example was Z =
(3-nitropyrrole) in the third strand facing aGbase pair. Strong
destabilisation was observed in the absence of BePI for all fo
XeY target base pair§ = 7-15C) in agreement with recently
reported data (48). However, tfig, of the triplex containing a
GeC*M triplet was significantly increased from 15 to°42upon
the addition of 1M BePI, whereas the stabilising effects were
less pronounced for the triplexes containing othely*K1
triplets. Since the non-discriminating ‘universal’ base M isBePI derivatives can be used to stabilise DNA triple helices when
presumed to stack but not hydrogen bond with canonical bas@se oligopyrimidineoligopurine target sequences contain a
the observed selective stabilisation of the triplex containing gingle or double base pair inversion. Based on the stability and the
GeC*M ftriplet might result from favourable local stacking selectivity of the non-canonical base triplets with respect to all
interactions between the surrounding base triplets and Befdur Watson—Crick base pairs (Table 1), the use of modified
molecule. nucleotides K and M incorporated in the TFOs facing the inverted
To sum up, BePl ligands can stabilise a triple helix even whemeT and GC base pairs, respectively, cannot only achieve the
the oligopyrimidineoligopurine target sequences are interruptethighest stabilisation in the presence of BePI, but also retain the
by a single puringoyrimidine base pair inversion. best sequence selectivity. This preliminary work paves the way
for synthesising tailor-made TFO-BePI conjugates to further
stabilise triplexes at base pair inversion sites. A synergistic effect
can be obtained by combining the recognition element (base
analogue) with a triplex-specific stabiliser (BePl), in a way
similar to what was done with a dsDNA intercalator, such as
The study of the stabilisation of sequences with two base paisgridine(36,37). Therefore, such a TFO-BeBhjugate might
inversions was carried out using the 14mer third strand (14YZgcognise base pair inversions, so that the range of DNA target
and the corresponding duplex containing a double base paiquences for triplex formation could be extended. Some
inversion at the central position (26&%CT; Table 2). It should - encouraging results in this direction have recently been reported,
be pointed out that this was not an exhaustive study since t§gowing that BeP!I derivatives and their analogues, benzo[flpyri-
triplet on the 5side was fixed to &*T which was shown to be do[3,4-b]quinoxaline (BPQ) derivatives, form stable triple helices

one of the least destabilising single mismatch triplet both in thgnder physiological conditions, when conjugated at ‘tte®8 or
absence and in the presence of BePI (see above), and only 4h@n internal position of TFG51,52).

effect of the 3side triplet (AT*Z) was investigated. The

presence of a double base pair inversion at the centre of the targelk NOWLEDGEMENTS
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