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ABSTRACT

Triple helices containing C  *-G-C triplets are destabilised
at physiological pH due to the requirement for base
protonation of 2 '-deoxycytidine (dC), which hasap K
of 4.3. The C nucleoside 2-amino-5-(2 '-deoxy- 3-D-
ribofuranosyl)pyridine ( B-AP) is structurally analogous
to dC but is considerably more basic, withap K, of 5.93.
We have synthesised 5 '-psoralen linked oligodeoxy-
ribonucleotides (ODNSs) containing thymidine (dT) and
either B-AP or its a-anomer ( a-AP) and have assessed
their ability to form triplexes with a double-stranded
target derived from standard deoxynucleotides (i.e.
B-anomers). Third strand ODNs derived from dT and
B-AP were found to have considerably higher binding
affinities for the target than the corresponding ODNs
derived from dT and either dC or 5-methyl-2 '-
deoxycytidine (5-Me-dC). ODNs containingdT and  a-AP
also showed enhanced triplex formation with the duplex
target and, in addition are more stable in serum-
containing medium than standard oligopyrimidine-
derived ODNs or ODNs derived from dT and  [(-AP.
Molecular modelling studies showed thatan  a-anomeric
AP nucleotide can be accommodated within an
otherwise  (-anomeric triplex with only minor
perturbation of the triplex structure. Molecular
dynamics (MD) simulations on triplexes containing
either the a- or B-anomer of (N1-protonated) AP showed
that in both cases the base retained two standard
hydrogen bonds to its associated guanine when the
‘A-type’ model of the triplex was used as the start-point

for the simulation, but that bifurcated hydrogen bonds
resulted when the alternative ‘B-type’ triplex model was
used. The lack of a differential stability between o-AP-
and B-AP-containing triplexes at pH >7, predicted from
the behaviour of the B-type models, suggests that the
A-type models are more appropriate.

INTRODUCTION

Pyrimidine- or purine-rich oligonucleotides can be designed in
order to recognise homopurif@mopyrimidine sequences in
double-stranded DNA by triple helix (triplex) formation. This
approach (the antigene strategy) is seen as a promising method tc
selectively regulate gene expression (for a review 13ee
Triplex-forming oligonucleotides linked to reactive moieties
have also been used to introduce covalent modifications which
may lead to site-specific cleavage of the target DIN/S)(or
directed mutagenesig!,$). Triplex formation by purine-rich
oligodeoxynucleotides (ODNS) is pH independent, but may be
limited by the tendency of guanine-rich ODNs to form competing
self-structures (e.g. G tetrads) at physiological ionic strer@ths (
ODNSs containing G and T may also have biological effects which
are not mediated by triplex formatior,&). Formation of a
C*-G-C triplet (Fig1A) requires protonation of the third strand
cytosine residues on N3 in order that two Hoogsteen-type
hydrogen bonds are formed. Consequently, triplex formation by
oligopyrimidines is pH dependent and of relatively low affinity
at neutral pH, since th&gof dC is 4.3. Triplex stability can be
improved by replacing third strand cytosines with 5-methylcyto-
sine residues (5-Me-dC9,(L0). This stabilisation may be partly
due to the increasedpof 5-Me-dC relative to dC, which leads

to more extensive ring protonation at neutral pH, but is thought
to result mainly from favourable hydrophobic interactions
created by the ‘spine’ of methyl groups in the major grobie (

A carbocyclic analogue of 5-Me-dC which has a slightly higher
pKa stabilises a triple helix when incorporated into an oligo-
pyrimidine third strand, presumably due to more extensive
protonation at the N3 positioid). Nucleoside residues which
structurally mimic protonated dC but do not themselves require
protonation have also been incorporated into triplex-forming
ODNSs. These include'-2eoxyisocytidine 13), 2-deoxy-8-
oxoadenosine and its derivativelsH16), 2-deoxy-5-methyl-
6-oxocytidine {7), N7-glycosylated guaniné®) and a pyrazole
analogue 19). Many of these replacements have led to impres-
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Figure 1.(A) Hydrogen bonding scheme for theG-C base tripleB] Proposed el ! ; 5 Mo
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sive increases in triplex stability at neutral pH, but, with theFigure 2. (A) Protonated “2deoxycytidine in the norma configuration.

gxce_ption of 5jMe'dC, which gives only a modest im_prove_meni-Amino-5-(2-deox;43—D-ribofuranosyl)pyridine nucleoside (AP) in thg) B-
in triplex stability, none has been regularly used in antigenand C) a-anomeric forms. | and Il represent respectively the dwand
studies and the design of such readily synthesised cytosifghosphoramidite reagents synthesised.

mimics remains a challenge.

We have designed a C nucleoside analogue, 2-amine-5-(2

deoxyf3-p-ribofuranosyl)pyridine [§-AP; Fig. 2B), which is a
precise structural analogue of dC but has a higkgr(p.93
compared with 4.3 for dC). Triplex-forming ODNs containing
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this nucleoside analogue are expected to have a higher bind; ™ ##nd T Ltk m i
affinity for their target at pH 7 compared with the corresponding U Pwa AT ALY, ST A R Peno ; K= g-AR
cytosine-containing ODNSs, on the basis that they will be mor Prp s AR
extensively protonated at neutral pH and are thus able to form tv R R R Egi ;:E“’F
hydrogen bonds to a G-C base pair (Eg). In this paper we ! ) [ | ¥ = AP
assess the triplex-forming potential of psoralen-derivatise ¢ thirs strands

oligonucleotides containing dT and the nucleoside AP. Both th NN, = .3 i+ o
o andp anomers of AP (Fi@B and C) have been converted into Pat=fi=Can : X = [rAP

cyanoethyl phosphoramidites (Fyl and Il). ODNs containing
B-dT andB-AP (i.e. a solely3-ODN) or 3-dT anda-AP (a mixed
0/B-ODN) have been prepared and examined, the latterosisBe
(with a K5 of 6.16) is a slightly stronger base tifiaAP. Because
oligonucleotides derived only fromnucleosides are known to be
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resistant to nuclease degradation, the stability of the mixed

0/B-ODN in serum-containing medium has also been studied. Thagure 3. Sequences of oligodeoxynucleotides used. The target homopurine

structure and absolute configuration of a precursor-AP have stretch within the synthetic 30mer duplex is shown underlined andThas'

been confirmed by an X-ray crystallographic Stlm}). step at_which the psoralen intercalates is shown in bold. The term Pso-C5 is an
The ODN sequ)énces us)(;d?’/] thes% stpudies are (Shown in Fig@? reviation for 5-[4(4,5,8-trimethylpsoralen)methoxy]pentylQ-(2- cyano-

1)-N,N-dii Iphosphoramidite.
3. We have previously demonstrat@d)(that a psoralen-linked ) sopropylphosphoramidte
pyrimidine ODN (Pso-C20) can form a sequence-specific tripl
with the duplex AR-AY at pH 7 in the presence of spermin

triplex-directed photoadducts with a target in the human arom
tase gene22,23). The target sequence used for this study i

Previously we have also used psoralen-linked ODNs to forg’

similar to that found in the aromatase gene. However, e

purine-rich aromatase sequence is interrupted by three pyrimi
dines and the duplex used here has these bases replaced by p%ﬁé

and thus represents an ‘ideal’ triplex target. In our previo

studies photoadduct formation was assessed by a denatuﬂ%(g

electrophoretic mobility shift assay, since the crosslinked add
migrated as a three-stranded species, and any unreacted du
was denatured and subsequently migrated as the single stra
This method proved to be an easy and reliable way of compari
third strand binding affinities.

&

e

There is still considerable uncertainty as to the detaileMATERIALS AND METHODS

structure of DNA triplexes and, in particular, as to whether they.

4

may be regarded as being more similar to A- or B-type duple

nthesis and purification of oligonucleotides

arge negativex-displacement and G&ndo sugar puckers
aracteristic of A-form duplex DNA. However, more recent
R studies 26-28) and other spectroscopic studies support a
2-endosugar pucker, and an alternative B-form model has been
stulated as a resultd).
‘Previous molecular dynamics studig$-33) have indicated

ghe conventional ‘A-type’ and ‘B-type’ models for Y-R-Y
yrimidine-purine-pyrimidine) triplexes probably represent the
emes of an envelope of conformations accessible to these
ible molecules. In this paper we examine the structure and
cular dynamic behaviour of triplexes containing the AP
osides, comparing A- and B-type models andxthend
a’:\homers of the novel C nucleoside.

DNA. The original fibre diffraction-based model for the Unmodified ODNs were synthesised on an Applied Biosystems

pyrimidine-purine-pyrimidine type triple heli®4,25) had the

391-EP automated DNA synthesiser using standard phosphor-
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amidite chemistry. These ODNs were purified by ion-exchangeutoradiography and quantified by densitometry using Image
HPLC and desalted by passage through a Sephadex colu@uant software.
Psoralen-linked ODNs were similarly prepared using a psoralen

phosphoramidite, provided as a gift from Dr M.McLean (IClstapility of oligonucleotides in serum-containing medium

Diagnostics Ltd) and purified by reversed-phase HPLC.

] ] o » ) Oligonucleotides Pso-C20, Pa@0 and Ps20 (140 pmol in
Oligonucleotides ~ containing modified _bases-2-Amino- 10| water) were each added to tubes containing! @®agle’s
5-(2-deoxye-ribofuranosyl)pyridined-AP; 64[(CD3)2SO, 360 MEM cell culture medium supplemented with 10% fetal calf
MHz] 1.72 (1 H, m), 2.41 (1 H, m), 3.41 (1 H, m), 3.49 (1 H, M)gerym (FCS). These samples were incubatec &t 2ter times
3.75 (1 H, m), 4.16 (L H, m), 4.69 (1 H)6.7), 475 (1 H, dd]  ya3nging between 15 min and 48 h, an aliqoup(l@as removed
6.5 and 8.9), 5.05 (1 H, d4.9), 5.84 (2 H, brs), 6.42 (1 HH,  from each sample and quickly frozen in a dry ice/acetone mixture
8.5), 7.42 (1 H, ddJ 2.4 and 85), 7.83 (1 H, d 2.3);  ang stored at —2@. At the end of the time course, the frozen
0C[(CD3)2SO, 100.6 MHz] 42.7, 61.6, 71.6, 76.7, 85.8, 107.65amples were thawed and analysed by electrophoresis using a 16%
125.9,135.5, 145.9, 159.2] g8@-amino-5-(2-deoxyp-ribofura- - genaturing polyacrylamide gel. The gel was visualised by inspec-
nosylpyridine B-AP; 3[(CD3)2SO, 360 MHz] 1.80 (1 H, m), tion under UV light (254 nm) against a fluorescent background,
1.92 (1 H, m), 3.43 (2 H, m), 3.69 (1 H, m), 4.16 (1 H, m), 4.73 (}here the oligonucleotide bands appear as ‘shadows'.
H,t,J5.4),4.82 (1H, dd| 5.4 and 10.5), 5.01 (1 H,383.7), 5.85 The stability of non-psoralenated ODNs was also examined.
(2H,brs), 640 (1 H, d,8.5),7.36 (LH, dd] 2.1 and 8.4), 7.84  gjigonucleotides C-2@-20 andB-20 were 5end-labelled with
(1 H, d,J 2.3);3c[(CD3),SO, 90.6 MHz] 42.9, 62.5, 72.6, 77.5, [\.32P]ATP using T4 polynucleotide kinase and separated from
87.5, 108_.0, 112._5, 125.1, 136.0, 145.2, 159.5] were prepared frﬂ’ﬁlncorporated ATP. An aliquot of each of these ODNs
2-deoxyribose via the corresponding and B-2-bromo-5-(2- (100 000 c.p.mL100 fmol) was added to 1@0culture medium
deoxyp-ribofuranosyl)pyridines by a novel procedure that ISupplemented with 10% FCS and incubated 3€3ar various
completely unrelated to that recently repor8).(The site of the  imes as described above. The samples were then analysed by
attachment of the base to the sugar residue and the stereogigiaturing polyacrylamide gel electrophoresis and the resulting

mistry of the anomeric linkage af-2-bromo-5-(2-deoxy- els were visualised by autoradiography.
ribofuranosyl)pyridine were established by an X-ray crystagil y graphy

structure analysis?()). The K values ofa- and3-AP were
determined spectrometrically4) in the research laboratories of

SmithKline Beecham (Welwyn, UK) and found to be 6.16 ang\|l molecular mechanics (MM) and molecular dynamics (MD)
5.93 respectively. Full details of the preparation-o&ndB-AP  calculations were performed using the AMBER 4.0 progfz (
and the corresponding protected phosphoramidites (Il andahd the standard all-atom parameter3@t éxcept that phosphate
respectively) will be published separately. In order to facilitateharges were reduced to —0.24 and counterions were oriijed (
unblocking of the derived Oligonucleotides, the dichloroacety}\ non-bonded cut-off value of 9 A was used and the dynamics used
group was used to protect the base amino functions ahd 3 2 fs time step with SHAKE applied to all bonds. Partial charges
B-AP. Release of the synthetic ODNs from the solid support angr AP were calculated using MOPAC/ESH)(and missing force
removal of the protecting groups was effected by heating witfeld parameters were obtained by interpolation from existing
concentrated aqueous ammoxi@.g8, 1.5 ml) at 5% for 14 h.  parameter values. Visualisation and interactive modelling were
The ODNs were then purified by reversed-phase HPLC ongerformed using the program MidasPIB&)( The 7mer sequences

Molecular modelling

Jones APEX ODS fim column (250 4.6 mm). used in the modelling are shown in Figlirénitial structures were
built by manual alterations to standard A-type and B-2p&()
Electrophoretic mobility shift assays triplexes, then energy minimisgdvacuousing a distant-dependent

dielectric constant ofrg (39).

The A-type model containimarAP (modeloA) was placed in a
ox of Monte Carlo water with dimensions that ensured that no
lute atom was closer than 8.5 A from a box boundary. The water
as minimised, subjected to 10 ps constant pressure dynamics at
00 K and then re-minimised. Position restraints were next used in
minimisation of the whole system to convert the triplex into each
of the other models studied, i.e. the B-type model with-#xgomer

f AP (@B) and the A-type and B-type models containing the
‘g-anomer of AP[§A and3B). Each model was then subjected to a
ull energy minimisation to an r.m.s. gradient of 0.1 kcal/éol

his process for construction of the solvated models ensured that
each had the same number of water molecules and that the initial
ﬁolvent distributions were as similar as possible.
ym \ al For the early stages of the equilibration phase for each model
volume of 20l. After 1 h, samples were irradiated with ongye sed a modified version of the Sander module of AMBER that
wavelength UV light (366 nm) as previously described).(  jyniemented continuously updated restraints. The first and last

Following irradiation, samples were denatured by heating gtse triplets were frozen and the rest of the solute restrained to
95°C for 5 min and resolved by electrophoresis through 16(%’oordingtes given by:

denaturing polyacrylamide gels containing 7 M urea and 89 mM
Tris—borate, 2 mM EDTA buffer, pH 8.3. Gels were visualised by xat+ 1) = (1 —a) - xdt) +a-x(t)

The purine-rich strand (AR) of the target duplex wasngl-
labelled using\-32P]ATP and T4 polynucleotide kinase (New
England Biolabs Inc.) and separated from unincorporated ATP 6
electrophoresis through a 20% polyacrylamide gel. Formation
the duplex (AR-AY) was achieved by mixing radiolabelled A
with an[b-fold excess of the unlabelled complementary stran
(AY) in TAM binding buffer (40 mM Tris—acetate, pH 7.0, 5 mM
MgCl, and 10% w/v sucrose) and heating at®%or 5 min
followed by slow cooling to room temperature. Radiolabelle
duplex (10 000 c.p.mLILO fmol/reaction) was then incubated
with the third strand oligonucleotide (Pso-C20, Pso-Me2
Psof20 or Psaa20) or an appropriate control oligonucleotide
(Pso-C-Con, Psa-Con or Ps@3-Con) in TAM binding buffer,
pH 7.0, containing 1 mM spermine tetrahydochloride in a tot
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Figure 4.Denaturing electrophoretic mobility shift assay (left) showing triplex-directed photoadduct formation by psoralen-linked oligonucleotides. The concentrati
of the duplex wa&D.5 nM and of the third strand was 10 (lanes 1, 5, 9 and 13) or 100 nM (lanes 2, 6, 10 and 14) or 1 (lanes 3, 7, 11 and 15) or 10 mM (lanes
12 and 16). These samples were incubated for 1 h at room temperature in TAM buffer, pH 7.0, containing 1 mM spermine. Incubation for longer times (up to 1
gave similar results. The graph (right) shows the fraction of photoadduct formation. This was measured as the intensity of the photoadduct bands (bis + mono) di
by the total integrated intensity (i.e. bis + mono + single-stranded bands).

wherexdt + 1) are the restraint coordinates to be used in the ne: ™
time step anddt) those at the current time steft) are the current . g a# ol
coordinates and had a value of 0.1. Using this form of restraint, ; t . .
each model was subjected to 10 ps constant pressure dynamic: L
100 K and then 10 ps dynamics at 300 K. Next the restraints we L . ‘
removed (except for the freezing of the first and last base triplet:
and each model subjected to 20 ps dynamics at 300 K.
TheBA, aB andfB models were well behaved, but in thé e 0l | i | o e el
model it was observed that the hydrogen bonding between AP al C-10 o2 -z
the guanine had been disrupted, with the formation of a new
hydrogen bond between the amino group of AP and N7 of thEigure 5. Stability of 5-radiolabelled ODNs in serum-containing medium
guanine, while the protonated nitrogen of AP interacted with thé&!lowing incubation at 37C for the times shown.
nearby phosphate. The protocol for this one simulation was therefore
revised. Returning to the structure at the point at which the restrai@®Ns containing aminopyridine nucleotides (B&0- and
were first released, tteeA model was given 10 ps dynamics at Psof820) showed a marked increase in affinity for the target relative
300 K with restraints to maintain the hydrogen bonding between ttee the other oligonucleotides examined. Triplex-forming ODNs
AP and guanine bases and then 20 ps free dynamics. This timedbetaining the-anomeric aminopyridine nucleotides had a slightly
model was well behaved. The production phase of the simulatibigher affinity than those with tHg&anomer, possibly due to the
involved a 100 ps constant pressure dynamics run on each moufelreased basicity of tleanomer (with a I§; of 6.16) compared
with the coordinates being saved every 0.5 ps. with the-anomer (with alg; of 5.93). Both Psor20 and Ps20
promoted significant photoadduct formation at the lowest third
RESULTS strand concentration used (10 nM), \_Nhich represents _only an
[P0-fold excess over the target. Very little adduct formation was
i ; detected using the same concentration of the corresponding
Mobility shift assays cytosine- or 5-methylcytosine-containing triplex-forming ODNSs.
In our previous workq2) we have shown that when psoralen-linked To ensure that the interaction between the duplex and modified
triplex-forming ODNs are incubated with their target duplex théhird strands was sequence specific, aliquots of radiolabelled
psoralen is directed to intercalate at '@fBA-3 step at the target duplex were incubated with either the matched psoralen-
triplex—duplex junction (see Fig). Upon photoactivation with linked ODNs or control psoralen-linked ODNs (see .
near-UV light & > 310 nm), the psoralen forms covalent bonds wittfamples were then irradiated in parallel and electrophoresed on
the thymine on one strand of the duplex to produce a mono-adddiee same gel. The matched oligonucleotides formed adducts as
Further irradiation allows the covalently bound psoralen to reagkpected, but no adduct formation was detected with up to
with the thymine on the opposite strand to form a big00pM of the control ODNs (data not shown).
(crosslinked)-dduct. This bis-adduct often appears on a denaturing
gel as two bands which increase in parallel (unpublishegiapility of the oligonucleotides
observations) and we have attributed this to the presence of two
species, one of which is incompletely denatured and migrates in figure5 shows the stability of' Fadiolabelled oligonucleotides
triplex form and another which represents the fully denaturdédcubated in serum-containing medium. The ODN containing
three-stranded species. cytosine (C-20) is very quickly degraded, while those containing
Figure 4 shows triplex-directed photoadduct formation bythe non-natural AP nucleoside appear to have a longer lifetime.
psoralen-linked ODNs containing thymine and either cytosinén particular, the ODN containing tbheanomer of AP appears to
5-methylcytosine, the-anomer of AP or thB-anomer of AP. The have increased resistance to the nucleases present in the mediun
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Comparison of the corresponding psoralen-linked ODNs
revealed a similar trend. When fractionated on a denaturing
polyacrylamide gel and observed under UV light (254 nm)
against a fluorescent background, no intact oligonucleotide was
observed at any of the time points examinedX1.6.min) using
either Psd320 or Pso-C20, except where the oligonucleotide had
been incubated in the absence of serum-containing medium (not
shown). Oligonucleotide P20 was considerably more stable
and intact ODN could be observed after 48 h incubation.

Bid =

Mong =

55 =

a3 63 73ag 53 68 76 BY PH pH dependence of triplex formation

Pso-cc2l) Pso-fi2il Electrophoretic mobility shift assays were carried out to deter-
mine the effects of the incubation buffer pH on triplex-directed
Figure 6. pH dependence of adduct formation. Samples containing the targephotoadduct formation by Ps&20 and Psg20. Figures shows

duplex (10 000 c.p.m./reaction) angdNl Psoa20 or Psg320 were incubated ; ; PR i ; ;
overnight in an aqueous buffer containing TAM (40 mM Tris-acetate, 5 thhat triple helix formation is sensitive to the pH of the incubation

MgCly, adjusted to the appropriate pH by addition of acetic acid) and 1 mmPUffer, and that triplexes containing eitherher a-anomer of
spermine. These were then irradiated as described and analysed on a denatudhlg are Slmllal'ly pH dependent.
gel.

i ) ) ) ) Model building with the a-anomer of AP
After 1 h incubation;B0% of the radiolabelled species migrates
at a similar rate to the intact 20mer. This may represeiib our knowledge, there has been no previous report on the effect
undegraded 20mer or possibly a 19mer in which t@a$e (a of including isolatedi-anomeric bases within an otherwisefall-
B-dT) has been removed to leave @AP residue at the triplex-forming ODN on its triplex-forming ability. Somewhat to
3'-terminus. This species is relatively stable and a small amoumir surprise, we find that the unnatural anom&P can be
remains even after 48 h incubation. In contrast to C-2@8-&0j  introduced into standard models of both A- and B-type triplexes
degradation products of the oligonucleotide containingP  with little structural perturbation. Th@-anomer of AP is
appear as discrete bands, possibly duedgdhuclease digestion essentially isostructural with dC itself. The changes required for
of full-length a-20 to give shorter ODNs with an-AP  a-AP are in the and( torsion angles of the previous)(base
nucleoside at the'-@nd. The persistence of a small amount offromttog" andg—tog* respectively) and in thetorsion of the
intact3-20 at longer time points may be due to the formation AP base (frong—tot). The initial energy minimised structure of
secondary structures which confer nuclease resistance. modelaA is shown in Figuré'.

Figure 7. Initial energy minimised structure of moded. The AP base is shown in red.
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Figure 8. Residue r.m.s. atomic fluctuations from the 100 ps production phase of each MD simulation. Bases 1-7 and 8-14 comprise the Watson—Crick hydrt
bonded pyrimidine and purine strands respectively. Bases 15-21 constitute the AP-containing pyrimidine third strand. The AP base itself is number 18.

Table 1. Average energy components for the last 80 ps of each MD simulation

Component energy term ModePR

BA BB oA aB
Total -16228 -16267 -16235 -16269
Potential —-20129 —-20140 —-20109 —-20142
Angle 210 209 213 214
Dihedral 191 178 191 182
1-4 Non-bonded 98 99 98 98
1-4 Electrostatic -2709 -2721 -2711 -2716
Non-bonded 2352 2346 2358 2347
Electrostatic —-20222 —-20201 —-20209 —-20217
Hydrogen bond —-49 -50 —49 -50

aModels refer tax- andp-anomers of the AP nucleotide and the A- and B-type triplex DNA conformations respectively (see text).
Values are in kcal/mol.

Molecular dynamics simulations fluctuations in the simulations of tleeanomer triplex than in
those of thef-anomer structure, but comparison with the
Energy component analysiBhe average values of the energybehaviour of the other oligopyrimidine strand shows that in no
components over the last 80 ps of each simulation are showrcitse does it stand out as being exceptionally mobile.
Tablel. These are more remarkable for their similarity than for
any differences between them, again supporting the notion that fime-averaged structures for the AP-containing tripléise
triple helix is a flexible structure. In terms of total potential energytructure of the AP-containing triplet, coordinate-averaged over
botha- andp-anomers of AP favour the B-form family of triplex the last 80 ps of each simulation, is shown in Figultas evident
structures. The relative stabilities of the triplexes with the anometisat for the simulations using the ‘A-type’ model for the triplex
are model dependent; in the A-type simulations the conventiortsdth a- and B-anomers of AP maintain a conformation that
B-anomer of AP gives a lower energy thandkenomer, but in preserves the standard triplet hydrogen bonding scheme. The
the B-type simulations the anomers are almost equi-energeticamino group of AP interacts with O6 of guanine and the

DNA flexibility. The residue-averaged values of the atomi@rotonated ring nitrogen of AP with N7 of guanine. For the
coordinate r.m.s. fluctuations over the 100 ps production phase &k@ulations performed using the ‘B-type’ triplex model, the
shown in Figur®. As expected, the motion of the residues in eacfesults are rather different. For the conventifiraiomer of AP
strand increases away from the fixed terminal residues. Bases infie time-averaged structure shows a hydrogen bond between O6
oligopyrimidine strands generally show higher r.m.s. fluctuationsf guanine and the protonated nitrogen of AP, while the amino
than those in the oligopurine strand. The AP base shows higligoup interacts directly only with the solvent. In contrast, for the
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Figure 9. Structures of the AP base triplets, time-averaged over the last 80 ps of each simulation. The AP base is shown in red. Panels are clockwise, from toj
modelsaA, aB, BA and(3B.

a-anomer of AP the amino group interacts with O6 of guanin¥-R-Y triple helices. The ability of AP to stabilise this type of
and the protonated ring nitrogen interacts with both N7 and Oiplex at pH 7.0, i.e. close to physiological pH, is markedly
superior to 5-methylcytosine, a commonly used replacement for

bond donor/acceptor distances for AP and its associated guan(i:%os'ne' As th@-anomer the AP nucleoside is expected to be
isostructural with natural dC, thus it is altogether more surprising

over the last 100 ps of each simulation are plotted in Figure that thea-anomer of AP is even more effective in stabilising the

For simulationBA the very stable ‘standard’ hydrogen bonding, . . ! X o
pattern is evident, with occasional transient formation of bifurcategPieX- Other studies have shown that oligonucleotides containing

hydrogen bonds between N7 of guanine and H42 of AP or O6 'f'ly a nucleotides are able to form triplexes WHODN
guanine and H3 of AP. For simulati@B the graph shows an uplexes that are as stable (in the Y-R-Y motif) or qnly slightly
initial 40 ps period during which N7 interacts with H3, while 0gSSS Stable (G/T third strands) than the corresporigNs

is involved in a bifurcated interaction with H42 and H3. Then &) The orientation of these triplex-formingODNSs [except
conformational transition leads to a situation where only th&nere the third strand is oligo@dT)], is found to be the opposite
06-H3 hydrogen bond is maintained. For simulatignthe ~ ©f their B-anomeric analogues-38). To our knowledge, the
‘standard’ hydrogen bonding pattern is generally well maintainefESUlts presented here are the first report that a triplex-forming
with the occasional additional formation of a hydrogen bongligonucleotide can contain bathandB-nucleotides. In contrast
between N7 and H42. For simulatimB the N7—H42 interaction © ODNS consisting entirely ai-anomers, this mixed oligo-

is much more evident, although the conventional hydrogen bonfdcleotide appears to bind in the same orientation (parallel to the

Time evolution of the hydrogen bonding patt&ime hydrogen

are still usually present. purine strand) as the fulBranomeric analogue. Previous studies
(see for exampl&9-41) have shown that fullg and chimeric
DISCUSSION a/f antisense oligonucleotides have marked resistance to nu-

clease degradation. In this report we have confirmed that the
We show here that a 2-aminopyridine nucleoside is a highlyixed a/B-ODN (Psoe20) has an increased lifetime in serum-
effective replacement for deoxycytidine in the third strand ofontaining medium compared wtoligonucleotides. We have
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Figure 10.Hydrogen bond distances between AP and its guanine partner duringl
the 100 ps production phase of each simulation (see Fig. 1 for the numbering

scheme used). Panels are clockwise, from top left: modetsB, BA andf3B.

used psoralen-linked oligonucleotides in this study to stabil

triplex formation, since they do not appear to have a significan
effect on specificity. Thus the presence of even a single A-C-G or
G-C-G triplet virtually abolishes triplex formation; although the

weak T-C-G triplet can be toleratét?)(in a psoralen-linked
triplex, it greatly reduces its stability.

Oligonucleotides consisting of bathandp nucleosides with
either natural (5-3) or 3—3 and 5-5 internucleotide linkages
have been studied as potential antisense agé2{45).

Whereasa oligonucleotides hydridise readily to their comple-11

mentaryp-strand in a parallel orientation, chimegif3-ODNs

with short runs of alternating anomers (e.g. a dodecanucleoti

consisting of foun nucleotides, followed sequentially by fqur
nucleotides, then by fouo nucleotides) show very poor
hybridisation to a complementarff-ODN (40). A mixed

triplex-forminga/B-ODN would therefore be unlikely to hybrid- L

ise to a single-stranded nucleic acid. This property may

Nucleic Acids Research, 1996, Vol. 24, No. 24183

models based on the B-type triplex structa@&ndpB) showed
differing behaviour in the MD simulations. In modeB
hydrogen H42 in AP made the most important hydrogen bonds
to its guanine partner, while for mo@8 it was hydrogen H3 of

AP that was most important. As hydrogen H3 is only present in
the protonated form of AP, the simulations based on the B-type
m