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ABSTRACT

We have attempted to alleviate the pH dependency of
triplex recognition of guanine by using intermolecular
triplexes containing 2-amino-5-(2-deoxy-  b-ribofuran-
osyl)pyridine (AP) as an analogue of 2 '-deoxycytidine
(dC). We find that for the B-anomer of AP, the complex
between (AP) ¢Tg and the target site G gAg® T¢Cg is Stable,
generating a clear DNase | footprint at oligonucleotide
concentrations as low as 0.25 pM at pH 5.0, in ¢ ontrast
to 50 pM CgTg which has no effect on the cleavage
pattern. This complex is still stable at pH 6.5 producing
afootprintwith1 M oligonucleotide. Oligonucleotides
containing the a-anomer of AP are much less effective
than the (-anomer, though in some instances they are
more stable than the unmodified oligonucleotides. The
results of molecular dynamics studies on a range of
AP-containing triplexes has rationalized the observed
stability behaviour in terms of hydrogen-bonding
behaviour.

INTRODUCTION

One limitation to the formation of parallel {RY) triplexes is
that conditions of low pH are necessary for protonation of the
third strand cytosine in the"&GC triplet. The free base haskp
of [4.35, though this may be elevated within triplex forming
oligonucleotides which may be stable at a pH up to 6.0, depending
on the number and location of the cytosine residues. Contiguous
C*GC triplets are especially unstabl&2), presumably on
account of the proximity of the charged bases. A number of
cytosine analogues and mimics have been synthesised in attempts
to overcome this restriction. 5-Methylcytosine, which has a
slightly higher K5 value than cytosine18,14) generates
triplexes which are more stable at a higher pH, but are still not
formed under physiological conditions2j. This increase in
stability may be a consequence of the extra spine of methyl groups
within the DNA major groovel() rather than from changes in
the Ka A carbocyclic analogue of 5-methylcytosine also has a
higher X5 than cytosine (4.80 instead of 4.35) and has been
shown to enhance triplex formation at elevated pHS). (
6-Oxocytosine 17), pseudoisocytosinel®) and 8-oxoadenine
(19,20) have also been shown to recognize GC base pairs in a
pH-independent fashion, though they not have been widely used in
triple-forming oligonucleotides. Other promising dC analogues are
B- and a-amino-5-(2-deoxys-ribofuranosyl)pyridines [ and
o-AP) (Fig. 1B and C) which have gs of 5.93 and 6.16

The formation of DNA triple helices offers the possibility of respectivelyZ1). Psoralen-linked oligonucleotides containing these

designing sequence specific DNA binding agents, which mayodifications have been successfully used to target a portion of the
have therapeutic and experimental uded)( The third strand aromatase gene2l). These initial studies with AP-containing
oligonucleotide binds in the major groove of polypurine tracks afligonucleotides suggested that bfh and a-anomers of this
duplex DNA and is held in place by specific hydrogen bonds toucleoside analogue could form stable triplets. The possibility of
substituents on the baségj. Two types of triple helix have been forming complexes withi-anomers was especially interesting since
characterised which differ according to the orientation of the third-oligonucleotides are more resistant to serum nucleases. However
strand. Pyrimidine-rich oligonucleotides bind parallel to theghese studies used psoralen-linked oligonucleotides which form
duplex purine strand formingeAT and C+GC triplets 6~7)  DNA cross-links after UV-irradiation and might promote the
while purine-rich oligonucleotides bind in an anti-parallelformation of less stable complexes. Initial modelling studies also
orientation and are characterised byG&, A*AT and AT  confirmed the possibility of forming a triplet withAP, though this
triplets G-11). consisted of a singla-AP+GC triplet within a block of TAT
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triplets. Recent studies have also shown that oligonucleotidas equilibrate at room temperature for at least 1 h before adding

containing AP and its 3-methyl derivative bind with higher affinity2 ul DNase | (0.1 U/ml dissolved in 20 mM NaCl, 2 mM MgCl

to duplex DNA targets between pH 6 and 8 than 5-methylcytosiremM MgCh). The reaction was stopped after 1 min by adding

containing oligonucleotide®,23). This difference was especially 4 pl of formamide containing 10 mM EDTA and 0.1% (w/v)

pronounced for sequences containing contiguous cytosines. bromophenol blue. Samples were boiled for 3 min and cooled
In this paper we use DNase | footprinting to examine triple helixapidly on ice before loading onto 11% polyacrylamide gels

formation at the sequencese TeCg Using a series of modified containing 8 M urea. Gels of 40 cm length were run at 1500 V for

oligonucleotides based ogTg;, in which the cytosine are replaced about 2 h, then fixed in 10% (v/v) acetic acid, transferred to

with 2-aminopyridine residues. Oligonucleotides containing eithahatmann 3MM paper and dried at°8) Dried gels were

the B- or a-anomers of 2-AP were tested. We have previouslgxposed to autoradiography at 2@0using an intensifying

shown that unmodified CT-containing oligonucleotides show littlescreen. Bands in the autoradiographs were assigned by compari-

interaction with this target site, even at pH 5.5. We find thaton with Maxam—Gilbert marker lanes specific for G+A.

oligonucleotides containing tifieanomer form stable complexes

at higher pH than cytosine-containing oligonucleotides. We aldgnrestrained molecular dynamics simulations

report on results from more extensive molecular modelling studi

S . . : .
on sequences analogous to those examined by footprinting. ?nmal oligonucleotide models were constructed withg TsCs

duplexes in an idealised B-DNA conformation. The bases of the

third strand were placed in the major groove of the duplex,
MATERIALS AND METHODS connected together with sugar-phosphate backbones, and then
Oligonucleotides energy minimisedh vacuowith a distance dependent dielectric

. ... __constantand with distance restraints to force Hoogsteen hydrogen
CeTe was purchased from Oswel DNA Service. Modifiedyqging of the bases. The five dodecamer triplex models

oligonucleotides containing’-Bleoxy-5-methylcytidine M€C) :
anda- andB-AP were synthesized as previously report&t) ( §gg:¥:§§g é\gi_}fl:lrd strand of sequefigls, deTe, aaBaTs,

from the appropriate phosphoramidite building blocks in a Applie
Biosystems 381A DNA synthesizer. The amino functions iloithe

and (B-AP derived phosphoramidites were protected with
dichloroacetyl groups, and dichloroacetic anhydride was used®

instead of acetic anhydride in the capping steps. The akiwasgia Hoogsteen . bifurcated
used for these oligonucleotides, which were designed to interact a : L,

with the target site §M\g* TgCgq, are shown in FiguréD. The \J »Ir“ N7 N7
integrity of the oligonucleotides was confirmed at various times HoOH H H\‘ A H

by labelling with f~ 32P]JATP using polynucleotide kinase, and B =t N oHN
examining the products on denaturing polyacrylamide gels. In N(\g/_«N—H---—r\?’—\} N( - N)—\>
each case >90% of the material ran as the intact 12mers. The o~ N=( P @R’ N=( YN
naphthylguinoline triplex-binding ligan@4-26) was a generous N—H-—0  dR N-H-—0 <R

gift from Dr L.Strekowski, Department of Chemistry, Georgia
State University.

Plasmids and DNA fragments N
=
The preparation of plasmid pGA1 has been previously described HO&H o
0]

(27). This contains the sequencegAg*TsCs cloned into the o
BanH1 site of pUC19. A radiolabelled restriction fragment H a4
containing this sequence was prepared as previously described by OH OH \N NH,
cutting the plasmid wittHindlll, labelling at the 3end with B) 9]
[a-32P]dATP using reverse transcriptase and cutting again with
EcdR1. This procedure labels the pyrimidine-containing strand of
the triplex target site. The fragment of interest was resolved from  p,
the remainder of the plasmid DNA on an 8% non-denaturing S ——
polyacrylamide gel. This was eluted from the gel slice, precipitated ﬂiecs SMMMMMMTTTTTT (M = 5-methylcytosine)
with ethanol and redissolved in 10 mM Tris—HCI, pH 7.5 Bs  S-BRPBRBITTTTT
containing 0.1 mM EDTA. o S-aoooaa TTTTTT

(of);  5-aBfopaBTTTTTT
DNase | footprinting %Py 5-a0aBPTTTTTT

stz 5-BPPoeTTTTTT

DNase | footprinting was performed as previously described

(24,26-28). An aliquot (1.5ul) of labelled DNA ({10 nM, _ _

dissolved in 10 mM Tris, pH 7.5 containing 0.1 mM EDTA) was Figure 1. (A) Proposed hydrogen bonding schemes between a protonated
- - . - - . . 2-aminopyridine (AP) nucleoside and a GC base pair (dR, deoxyritR)s&heg

mixed wqh ;.Spl o'IlgonucIeotlde, dissolved in an appropriate g anomer of AP [2-amino-5-(2-deoxyribofuranosypyridine]. €) The

buffer as indicated in the text. All buffers contained 5 MM M@CI  g-anomer of AP.) Sequences of the oligonucleotides used in this VBrk.

necessary to stabilise triple helix formation. This mixture was lefB-anomer of APg, a-anomer of AP.
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Molecular dynamics (MD) simulations were performed with théncluding the distances between hydrogens and acceptors of the
AMBER 4.1 programs and force-fiel8@). Each triple helix was hydrogen bonds between first and third strand were plotted over
solvated in a box sized 6545 x 45 A containing 98 Naions, time. Hydrogen bonds were classified as established, if the
71 CF ions and 3898 water molecules. This is approximatelgistance between hydrogen and acceptor was lower than 2.5 A.
equivalent to a NaCl concentration of 0.9 M. A cut-off radius oBy analogy to pyrimidine nucleotides we define the torsion angle
10 A was used for van der Waals interactions. The particle megtabout the glycosidic bond of AP nucleotides by the atoms 04
Ewald approach was used to model electrostatic interacighs ( C1', C5 and C6.

Atom-centred partial charges fam- and [-2-aminopyridine

nucleosides were determined with MOPAC/ESR).( Missing SULTS

force-field parameters were chosen in analogy to existing ones. I\Aﬁ

simulations were run with constant temperature (300 K), CO”Staﬁbmparison ofa-AP, B-AP, dC and 5-Me-C

pressure (1 bar) and a time step of 2 fs with SHAKE applied to all

bond lengths. Allions were placed at least 5 A away from any triple/e have examined the ability of 2-AP to act as a cytosine mimic
atoms. The MD protocol involved an initial short minimisationfor recognising GC base pairs in a pH-independent fashion by
(100 steps), followed by 2000 steps of MD at 1 K with DNA atomstudying triple helix formation at the target sitgAge T¢Cs. We

fixed to allow the water and ions to relax, followed by 2000 stepshose this target site since we have previously shown that the
with all atoms free to move. Then the temperature was raisegtosine-containing oligonucleotide s does not form a
linearly from 1 to 300 K within 20 ps. During this initial phaseparticularly stable triplex, presumably as a result of the run of
distance restraints were applied to the hydrogen bonds of thentiguous C+GC triplets. This triplex only forms at relatively
terminal base triplets. The systems were further equilibrated fbigh oligonucleotide concentrations, at low pH (<5.5) and low
20 ps under production conditions. The production runs involvemperatures (4C). Figure2A shows DNase | digestion of a
200 ps simulations without any restraints. fragment containing this target site, and compares the binding of

Coordinates were saved every 2 ps, and averaged structuttes various AP-containing oligonucleotides withsTg and
were calculated for the last 50 ps of each run. Several propertR¥eCqsTg at pH 5.0. It can be seen that, at this third strand

GGAG'TfICﬁ
A) pHS5.0 B) pl5.5 C) pH6.0 D) pHG.S5 E) pH7.0

Figure 2. DNase | footprinting patterns for the interaction of various oligonucleotides with the fragment containing the targei*sligdz The DNA was labelled
at the 3-end of theHindlIl site, visualising the pyrimidine-containing strang@g) of the target site. In each case the oligonucleotide concentration ps R8actions
were performed at 2. The track labelled con shows digestion of the DNA in the absence of added oligonucleotide. GA corresponds to a Maxaarkéillzere
specific for guanine and adenine. The square bracket shows the position and length of the target site. All experimethtS ouvitdtgeCh. The buffers were:
(A) 50 mM sodium acetate pH 5.8)(0 mM sodium acetate pH 5.8)(20 mM PIPES containing 10 mM NaCl pH 6 D) 0 mM PIPES pH 6.5 containing 10 mM
NaCl and E) 10 mM Tris—HCI pH 7.0 containing 10 mM NaCl. All buffers contained 5 mM MgUhie oligonucleotide is indicated at the top of each gel lane.
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GAg-TCs the binding of ther-anomers and the unmodified oligonucleotides.
The results of this experiment are shown in Figie It can be
seen that, althoughgTs does not affect the digestion pattern, all
the oligonucleotides containingeC, a-AP or B-AP generate
clear footprints at the target site. From these results it appears that
AP-modified oligonucleotides containing a mixturecof and
B-nucleosides [i.exg, (aB)3, 03Bz andPsas] can also bind to this
target site and that their binding is stronger than the unmodified
oligonucleotide. Previous studies with TC-containing oligo-
nucleotides containing ati-anomeric residues have shown that
these bind in the opposite orientation to the naleadomers §2).
Since PFAT triplets can form in either parallel or anti-parallel
configuration it is possible that the correct target sitexgshould
be AsGg*CsTs (generating an anti-parallel structure) rather than
GeAg* TeCs. We tested this possibility by examining the interaction
of 50 uM of the modified oligonucleotides with a fragment
containing the target siteg@g* CgTg. NO interaction of any of the
oligonucleotides with this fragment could be detected at pH 5.0 (not

A)  50pM oligo B) 10xM oligo 4°C

= shown).
g = Previous studies have shown that the binding of similar
4 CT-containing oligonucleotides is enhanced by decreasing the
- - temperature to 4C (28). We have therefore repeated these
:__ JE experiments at4C, in order to further compare the stability of the
- various AP-modified oligonucleotides; the results are shown in
4 . Figure3B. It can be seen that under these conditions evaivi10
: p of the unmodified gTg produces a DNase | footprint at the target

site. Footprints are also generated \WiH¥CgTg, Bg, 03Bz and
ﬁ Bsas. However the binding afg and €3)3 appears to be weaker,
and cleavage products are still evident within the target site. These
observations, which are considered in more detail in the
Discussion, suggest that Bianomer of AP is more effective than
Figure 3. (A) DNase | digestion of a fragment containing the insgig®&T¢Cg thea-anomer.
in the presence and absence qfi0AP-containing oligonucleotideBY DNasel
footprints showing the interaction betweenuMAP-containing oligonucleotides Interaction with BG
and the target sitegBg® TeCe, measured at°€. Experiments were performed in
50 mM sodium acetate pH 5.0. The square brackets show the position and lengffhe results presented above clearly show ffhajenerates the

Ogéh% talfget Sitf G%ﬁ)- |C0t? iﬂdicates gigeS“O” |°,f thf E:\‘A ir(‘j ‘hg, absegcelof best complex and that this is still stable at pH 6.5, even though it
added oligonucleotide. In both cases this control is slightly underdigested relativ ; : . ;
to the other lanes. The track labelled GA is a Maxam—Gilbert marker specific for.%eneraltes a block of six contiguous +&T trlplets. We have

GHA. investigated the binding @ to GsAg* T6Cs in more detail by
examining concentration dependence of the footprints at pH 5.0
and 6.5. The results are presented in Figulecan be seen that at

. , i . ) pH 5.0,3¢ produces a footprint which persists to concentrations as
concentration (1M), e is the only oligonucleotide which oy a5 0.25.M (Fig. 4A). Since 5QuM of the cytosine-containing
shows any interaction, producing a cIeag&ootpnnt covering thgjigonucleotide shows no interaction under the same conditions
entire tr_|plex_target site. Neither theg or ngTe_show any (rig. 3A), it appears that replacement of cytosine VBHAP

interaction WIFh the duplextarget_.ln orderto _examme_whetherthgmances the oligonucleotide binding affinity by >200-fold. A

interaction with(3s extends to higher pH this experiment wasgimjjar experiment at pH 6.5 is presented in Figireln this case,

repeated at pH 5.5 (FigB), pH 6.0 (Fig2C), pH 6.5 (Fig2D) - generates a DNase | footprints down to a concentratiopdf 1

and pH 7.0 (Fig2E). Clear footprints with 1AM g are evident  This represents an increase in stability (compared to the unmodified
up to pH 6.5, t_hough no protection is evident at pH 7.0. Funh%ﬂigonucleotide at pH 5.0) of at least 50-fold.
studies with higher concentrations @ (50 uM, not shown)

reveal clear footprints at pH 7.0, but not pH 7.5. These results cle
demonstrate that replacement of d(Bb4P residues dramatically
enhances the oligonucleotide binding affinity at pH 5.0 and stabilis&everal studies have shown that a naphthylquinoline triplex-binding
the complex at elevated pH. Furthermore this stabilisation is mudband can enhance the stability of complexes containk@r T
greater than that achieved with 5-methylcytosine. It should be nottiplets, reducing the oligonucleotide concentration required to
that the experiments performed at pH 6.0 and above used lower iogenerate a footprint by as much as 200-fold. We were therefore
strength buffers. Since triplex stability decreases at lower ionioterested to see whether this compound could stabilise the
strengths these experiments will underestimate the affinites edmplexes formed with oligonucleotides containirgand 3-AP.
higher pHs. Figure 5A examines the effect of JM of this compound on the

We repeated these experiments using a higher oligonucleotioiéeraction of 10 uM AP-modified oligonucleotides with
concentration (5(M) at the same pH (5.0) in attempt to compareGgAg* TeCs, at pH 5.0. In the absence of the ligand, the only

amferaction with a naphthylquinoline triplex-binding ligand
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GAs-TCq + By GeAg ToCq
0 B) H 6.5 + 10xM Naphthylquinoline
A H 5. E
. E o) pHS. B) pHG6.S

——— c—

Figure 4.Interaction of oligonucleotidé; with a DNA fragment containing the Figure 5. Effect of 10uM naphthylquinoline triplex-binding ligand on the
triplex target site @Ag® TgCs. Oligonucleotide concentrations\{) are shown interaction between the AP-containing oligonucleotides (M) and a

at the top of each gel lane. Reactions were performed @tia%0 mM sodium fragment containing the target sitegAge*TeCs. The experiments were
acetate pH 5.0 containing 5 mM Mg@A) or 20 mM PIPES pH 6.5 containing performed in A) 50 mM sodium acetate pH 5.0 containing 5 mM Mg@!

10 mM NaCl and 5 mM MgGI(B). The brackets shows the position and length  (B) 20 mM PIPES pH 6.5 containing 10 mM NaCl and 5 mM MgClon

of the triplex target site. Con indicates digestion of the DNA in the absence of indicates digestion of the DNA in the absence of added oligonucleotide. The
added oligonucleotide. The track labelled GA is a Maxam-Gilbert marker bracket shows the position and length of the target site. The tracks labelled GA
specific for G+A. are Maxam—Gilbert marker lanes specific for G+A.

Molecular modellin
oligonucleotide which shows any interaction afillis (g (Fig. 2). g

In the presence of the ligand clear footprints are evident with thhe MD simulations resulted in stable structures for all diXfe
oligonucleotides containing cytosine and 5-methylcytosine residuesmbinations generated. (A full analysis of the structures in terms of
and forfg, (0f)3 andasfs. No interaction is detected witlg or  their energetics and conformations will be presented elsewhere.)
B33, supporting the previous observation thatfFenomers are None of the structures showed any significant distortions from
more effective than the-anomers. Since the complexes generatedcceptable geometric features. All are B-type helices with an
with AP-containing oligonucleotides should be less pH dependeaterage helical twist of 30-32and an average rise of 3.4-3.5 A.
than those involving cytosine or 5-methylcytosine residues, we hagtereo plots of the averaged structuregfg and aglg are
investigated whether the ligand could also stabilise these complexgesented in Figurésand?, respectively.
at a higher pH. The results are presented in Fiiirehowing the Two types of hydrogen bonding schemes are found between AP
effect of 10uM naphthylquinoline compound on the binding of 10bases and guanine, canonical Hoogsteen hydrogen bonds and &
MM oligonucleotides to gA\g* TeCs at pH 6.5. It can be seen that bifurcated arrangement, where both H1 and H21 of AP are
only Bg generates a clear footprint. The binding of this oligonuhydrogen-bonded to guanine O6. These two types are illustrated in
cleotide is not surprising since 1/ (g can itself generate a Figure 1A. The B-terminal triplets are only loosely hydrogen
footprint at pH 6.5 (Fig2). The ligand is unable to induce triplex bonded and do open during the simulation in all buBgeeTg
formation with the remaining oligonucleotides, though someomplex. ThengTg triplex has the least number of triplets in a full
weak interaction witlozf33 may be indicated by a reduction in Hoogsteen arrangement. It is notable thatotifieinterface in the
cleavage intensity around the triplex target site. 03PB3Ts andPBzasTe triplexes did not involve any destabilisation of
The results of these footprinting experiments are summariségdrogen bonding, with full Hoogsteen arrangements for triplet 3 as
in Tablel. well as triplet 4. On the other hand, triplet 6 at the interface between
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Table 1. Summary of the binding of AP-modified oligonucleotides to the
GgAg® TsCg target site under a range of experimental conditions

Experimental Oligonucleotide
conditions
Cs SMecﬁ B¢ g (aeB)s b, By

10uM oligonucleotide X X v X X X X
pH 5.0-6.5
10puM oligonucleotide X X X X X X X
pH 7.0-7.5
10puM oligonucleotide 4 v v w w v v
PH 5.0, 4°C
50uM oligonucleotide X v v v v v v
pH 5.0
10puM oligonucleotide 4 4 v X v v w
pH 5.0, 10uM 1
10uM oligonucleotide X X v X X w X
pH 6.5, 10uM 1

Successful binding of the oligonucleotide is indicated by avm;kl\mne across

(%) represents no evidence of binding. W, indicates a possible weak interaction.

AP and T adopts a bifurcated or even open arrangement in
complexes.

Triplet o B o3Bs Byos (aB)s

1 open open open Hoogsteen open

2 bifurcated bifurcated bifurcated Hoogsteen open

3 open Hoogsteen Hoogsteen Hoogsteen | Hoogsteen
Figure 6. Stereo view of the averaged structure (150-200 ps) dBdhe

. . - : 4 Hoogst Hoogsteen | Hoogs

triplex. The 5-end of the third strand (shown in dark) is located at the top of the oogsteen oogsteen oogsteen | FHoogsteen | Hoogstcen
plot. H-bonds between third strand and first strand are indicated by thin lines| 5 bifurcated | Hoogsteen | Hoogsteen | Hoogsteen | Hoogsteen
The second triple has a bifurcated arrangement of H-bonds while the othe
triplets have a Hoogsteen arrangement. Hydrogen atoms are shown for theg 6 bifurcated | bifurcated | bifurcated | Hoogsteen open
bases only but not for riboses and not for methyl groups of thymine.

Figure 7. Stereo view of the averaged structure (150-200 ps) agihgtriplex.

The sugar pucker phase angles obti#eP residues in the triplex
structures are found in the ©andorange (with pseudorotation
phiase angles from —72 —36’), and the torsion angjeabout the
glycosidic bond is between —-6@nd O (asynconformation). The
same conformational type was also found for the energy-minimised
monomer. Hence this is the preferred conformationraicleotides

and not primarily the result of binding forces in the complex. The
sugars of th@-AP residues in the triplexes adopt a-@2dopucker

and an anti conformation about the glycosidic bond, although some
repuckering to Odendoand C3-endowas observed. The terminal

5 B-AP residues show some transitions tgya conformation
around the glycosidic bond.

The intrastrand C4C1' distance of two successive nucleotides
was found to bEB A, betweer nucleotides. This is the case with
the first, second and third strand, although it changef ateps.

This is summarized in Tabl2. In 5-a/f steps the CiCl
distance is increased to >6 A, while it decreases to <4.5 A at
5'-B/a steps. Accordingly, in the3)3Tg complex the alternating
5'-a/f3 and 5-p/a steps compensate each other and the average
CI-C1I distance remains at 5.3 A.

Table 2.Hydrogen-bonded characteristics of the 5-triplex models
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DISCUSSION B-anomers. They reported that oligonucleotides containing a
. mixture of B-thymidine anda-AP residues bind in a parallel
Cytosine versus3-AP orientation with respect to the duplex purine strand. Our results

confirm this orientation since oligonucleotides containing various

The results presented in this paper demonstrate that substitutio o ) o o : .
dC byB-AP dramatically enhances the stability of parallel triplexeg: Sinbinations of andp-aminopyridines bind to gAs» TeCo but

Unmodified GTg shows no interaction withgBg* TgCg at pH 5.0, ?g %WSTJO 'nég:gt'?{:;lrnﬁgﬁg& I\’/&cl):l)ezlglgr t?; ogilgg?n?;%ﬂgfe d

even at a concentration of fM. However, replacement of the dC ithi 99 therwi ic triol ith minimal structural

with B-AP residues allows triplex formation at oligonucleotideWI In an o erwis@-anomeric trip X, with minimay structura

concentrations as low as O.p/, representing an increase in pgrturbatlon_. The result_s presented in this paper demonstrate that

binding affinity of >200-fold. Moreover, the AP nucleoside extend I_|gonucleot|des contalnln_gx—AP for_m_ less stable pa_raIIeI

the recognition of GC base pairs to higher pH, thereby relieving t plexes thanB-AP. Compqung the activity @f andp, we find

pH-dependency of the parallel binding motif. In contrast to th&1at thep-AP-oligonucleotide is consistently more stable than the

unmodified oligonucletide, the3-AP-containing oligonucleotide cOrrespondingi-AP-oligonucleotide. .

shows significant interaction at pH 6.5 at which clear DNase | The modelling results indicate that theAP residues are as

footprints are generated at oligonucleotide concentrations as I¢@pdily accommodated within a parallel triplex as the '50',‘““"9

as 1uM. Triplex formation is extended to neutral pH with.B@ B-nucleosides. The constitutional modification at' 0%

Bs. The position of theg footprint, terminating exactly at the compensated by changes of the sugar pucker phase angle and th

edge of the triplex target site, provides evidence that tH@rsion about the glycosidic bond. (We have to bear in mind that

B-aminopyridines are actively contributing to the integrity of thethe a-anomer is not a mirror image of tBeanomer, since the

complex and that the footprint is not merely caused by a stroripose ring has several chiral centres.) The preferred sugar

interaction of the TAT triplets. conformation of thex-AP residues is Cdendoand the torsion
ThepB-AP nucleoside differs from a number of other nucleosid@ngle about the glycosidic bond is in the negatiwerange. This

analogues which have been designed to recognise GC base pe@spensates for the altered configuration at then and allows

such as 8-oxoadenine and derivativeég40) and a pyrazolo- one to integrate-nucleotides into a parallel triple helix. Previous

pyrimidinone derivative 12), in that it is an isostructural studies have reported that the bindingoedligonucleotides to

analogue of cytosine. This ensures minimal structural distortioiuplex DNA is fairly weak, requiring the additional attachment of

of the third strand backbone, allowing the formation of a stabilising acridine group to the end of the oligonuclectidg §).

continuous YYR triplex. We can infer from our modelling studies that this is primarily caused

by steric restrictions. The major differences between the five

simulated structures are seen in the behaviour of the hydrogen bonds

between first strand guanine and third strand AP bases. The number

One of the first modifications of cytosine involved its methylatiorPf triplets which have a canonical Hoogsteen arrangement of
at the C-5 positiorl@,14). Although this derivative has a slightly hydrogen bonds qpproxmately accords with the relative stab!l|t|es
higher (K5, the enhancement in triplex stability probably resultgound by footprinting (Tablel). It should, however, be bome in
from favourable hydrophobic effects generated by the formatiofind that the 5-fold differences in concentrations correspond to only
of a spine of methyl groups in the major groai/® (Our results & small difference in binding free energy.

are consistent with these reports, showing that the binding ofOligonucleotides including a mixture of-AP and B-AP

CeTs is increased when the cytosine residues are replaced witHcleosides [i.eo(3)s, a3B3 andBzag], bind more strongly thamg
SMeC. Substitution withB3-aminopyridine imparts even greater under some conditions. These differences are most pronounced
stability tharPMeC: the complex with 1AM B-AP is stable up to  under triplex-stabilising conditions. A€, azBz andf3za3 show

pH 6.5, while 1QuM 5MeC-gligonucleotide does not generate astrong interaction at 40M, with a weaker interaction detected for
DNase | footprint at any pH. These results demonstrate that ttig and @B)s. Furthermore, at pH 5.0 the naphthylquinoline
binding of cytosine to GC base pairs is best improved bliplex-binding ligand induces the binding afff)3 andoisp3 but not
enhancing the degree of N-3 protonation (by increasingd)e p g andpzos. In general it seems that structures containing a run of
rather than attaching a hydrophobic methyl group to the C-bnly threea-AP residues are tolerated more readily than complexes
position. which include a run of si-nucleosides. This supports the proposal
that introduction of several consecutieAP residues into an
otherwise 3-anomeric triplex induces some destabilisation. The
higher stability ofi333 thanf3za3 can be attributed to the presence

The susceptibility of naturgs-oligonucleotides to nuclease attack Of nine contiguoug-residues in the former. o
may be overcome by using synthaii@nomers %4,35). Many We have prewo_u_sly shown that the t_rlplex-b!ndmg Ilgqnd
studies have compared the binding of oligonucleotides consisting&thances the stability of 10mer TC-containing oligonucleotides
entirely a- or B-nucleotides. Due to the change in anomeridy >100-fold. However the compound was unable to shift triplex
configuration, the orientation of anoligonuclectide is expected to formation to physiological pH, presumably due to diminished
be reversed in comparison @®-oligomers. However oligo- N-3 protonation on the third strand cytosine residues. Although
nucleotides consisting entirely atT are reported to bind in the this ligand induces the binding eff§)3 anda B3 at pH 5.0 it does
same parallel orientation as fel(T), oligonucleotide, presumably not potentiate the binding ak )z at pH 6.5, though some weak
via reverse-Hoogsteen hydrogen bor&#.( interaction is detected withgB3. In other words stabilisation of
Bateset al (21) were the first group to investigate the triplexthe six ®AT triplets is insufficient to facilitate formation of the
binding of oligonucleotides containing a mixture @f and  adjoining stretch ofc(-AP*)e GC triplets at pH 6.5.

5-Methylcytosine versus 2-aminopyridine

Anomeric configuration
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