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ABSTRACT

We have used circular dichroism and UV absorption
spectroscopy to characterize the formation and melting
behaviour of an intramolecular DNA triple helix
containing parallel T «A:T and G:G:C triplets. Our
approach to induce and to stabilize a parallel triplex
involves the oligonucleotide 5 '-d(G4A4G4[T 4]C4T4Cy-
[T4lG4T4Gy) ([T4] represents a stretch of four thymine
residues). In a 10 mM sodium cacodylate, 0.2 mM
disodium EDTA (pH 7) buffer, we have shown the
following significant results. (i) While in the absence of
MgCI, this oligonucleotide adopts an intramolecular
hairpin duplex structure prolonged by the single
strand extremity 5 '-d([T4]G4T4G,4), the presence of
millimolar concentrations of MgCl  , generates an intra-
molecular triplex (via double hairpin formation). (i) In
contrast to the antiparallel triplex formed by the
oligonucleotide 5 '-d(G4T4G4[T4]G4A4G4[T4]C4T4C4),
the parallel triplex melts in a biphasic manner (a triplex

to duplex transition followed by a duplex to coil
transition) and is less stable than the antiparallel one.
The enthalpy change associated with triplex formation
(=37 kcal/mol) is approximately half that of duplex
formation (—81 kcal/mol). (iii) The parallel triple helix is
disrupted by increasing the concentration of KCI
(>10 mM), whereas, under the same conditions, the
antiparallel triplex remains stable. (iv) Netropsin, a
natural DNA minor groove-binding ligand, binds to the
central site A 4T, of the duplex or triplex in an
equimolar stoichiometry. Its association constant Kis
smaller for the parallel triplex (L x 107 M~1) than for the
antiparallel one ( (L x 108 M-1). In contrast to the
antiparallel structure, netropsin binding has no apparent
effect on thermal stability of the parallel triple helix.

INTRODUCTION

as sequence-specific DNA-binding agents. Thus, the specific
recognition of a DNA duplex by short oligonucleotides can be
used as a tool for molecular biolog®) or as modulators of
DNA-binding proteins/gene expression (revieweg)iParticularly,

it has been shown that formation of a local triple helix may inhibit
transcription of a specific gené<L0).

Several types of triple helix have been characterized which
differ according to the composition and orientation of the third
strand. The most frequent type involves a pyrimidine-rich third
strand which binds parallel to the duplex purine strand by
Hoogsteen hydrogen bonding %G:C and FA:T triplets;
11-14). One limitation to the formation of the parallel triplets
C*+G:C under physiological conditions is that a slightly acidic pH
is required for protonation of the cytosines. Consequently, a
second type of triple helix has been developed, involving a purine
third strand bound antiparallel to the purine strand of the duplex
by reverse Hoogsteen hydrogen bondingQ® and AA:T
triplets; 6,15-19). In recent years, because of the weak stability
of short intermolecular triplexes, models of intramolecular
structures have been designéd,Z0-27). In such structures,
shorter stem sequences and lower DNA concentrations can be
used, since the interacting components are always in close
proximity. Furthermore, the stoichiometry of the three strands
and their relative orientations are unambiguously fixed by the
construction.

In a recent study, we have investigated formation of a triple
helix by oligonucleotide "5d(G4T4G4[T 4/ G4A4G4[ T 4]C4T4Cs)
(sequence 2 in Fid) ([T4] represents a stretch of four thymine
residues) by UV absorption spectroscopy and circular dichroism
(27). We have demonstrated that in the presence of millimolar
concentrations of the divalent cation #gthis oligonucleotide
folds back on itself twice to give a short intramolecular triplex via
interactions between the'-&GsT4G4) extremity (which
corresponds to a telomeric sequence) and the hairpin duplex
counterpart. The design of this oligonucleotide implies that the
third strand binds antiparallel to the purine strand of the
underlying duplex. This triplex, which contains twog4][T
single-strand loops and non-isomorphic stretches-&f.G and

The existence of three-stranded nucleic acid complexes wa&sA:T triplets, melts in a monophasic manner. We have shown
reported several decades add (The renewed interest in DNA that the netropsin molecule binds in the minor groove of the

triple helix structures is due to the potential use of oligontidies

central site A/T4 of the underlying duplex in an equimolar
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SGGGGAAAAGGGG-[I4-CCCCTTTTCCCC-T4-GGGGTTTTGGGG sequence |

SGGGGTTTTGGGG-[T4-GGGGAAAAGGGG-I4-CCCCTTTTCCCC sequence 2

SGGGGAAAAGGGG~
T S X (1))
3’GGGGTTTTGGGG[T4]CCCCTTTTCCCC-/

GGGGTTTTGGGG 3

............ (ll)

[T GGGGAAAAGGGG~
\. T S [T4]
CCCCTTTTCCCC s

Figure 1. Sequences of oligonucleotides used in the study.

stoichiometry and that, in contrast to previous studies concernitd)/ thermal denaturation experiments

r«pur:pyr triplexes, this ligand binding stabilizes the antiparalle] . . .
Fr)i/plepx. pyr trip g g P The UV absorbance and melting studies were carried out on a

It has been demonstrated that (G, T)-containing oligonucleotid vikon Kontron 941 spectrophotometer as previously described

bind to double helical DNA in an orientation which is expecte o

to depend on base sequen289). Most reported examples _ Melting temperaturesTi,) were taken as the temperature of

involve antiparallel third strands. Formation of these triple helice-dissociation of the DNA duplex or triplex and were obtained

usually requires a high divalent cation concentratigf).( oM the maximum of the first derivativé\iT plots (whereAis

Moreover, a G-rich oligonucleotide is able to form G quadruplegPsorbance antiis temperature) at 260 nm, except for the triplex

structures which may interfere with formation of a triple helix© duplex transition of the parallel triplex (280 nm). Indeed, the

(32-34) and makes the study of such structures difficult. In ordgfYP€rchromicity is higher at 280 nm than at 260 nm in that case.

to investigate the effect of orientation of the third strand witH T€CISIon inTm values, estimated from variance in three or four

respect to the oligopurine sequence of a DNA double helix, wEPeated experiments, vz 5°C, except for the broad triplex to

present a study of intramolecular triple helix formation byduplex transition of the parallel triple helix structutg{C).

oligonucleotide 5d(G4A4GA[T 4]CaT4C4[T 4]G4T 4G4) (sequence 1

in Fig. 1). The parallel orientation of the third strand isCircular dichroism spectroscopy

unambiguously fixed by the construction. For comparison witIE:_ . . .

sequence 2, we studied the effect of the monovalent cation K <rcular dichroism (CD) measurements were carried out on a

triple helix formation and its interaction with netropsin. Jobin-Yvon Mark IV dichrograph. Spectral titrations were carried
out at 3C. For denaturation studies, dichroism readings were
collected at 8C intervals. Each CD spectrum was an average of

MATERIALS AND METHODS two scans with the buffer blank subtracted, which was also an

average of two scans. The concentration used to calculate the CD

spectra was that of the nucleotide unit.

The synthetic DNA oligonucleotide, purified by ion exchange

HPLC, was purchased from Appligene Oncor. It was used aftghermodynamic analysis

further purification on 15% polyacrylamide gels containing 7 M ] ] )

urea. Oligonucleotide solutions were prepared with a buffefhe enthalpic and the entropic changis &ndAS respectively)

containing 10 mM sodium cacodylate and 0.2 mM disodiungorresponding to the biphasic helix—coil transition of the

EDTA (pH 7) and dialysed against this buffer. The salf-0(GaA4GaT4|CaT4CAT4]G4T4Gs) triplex were calculated

concentration of the solutions was adjusted to the desired level $§iNg a two-state approximation model (the two transitions were

adding a known amount of concentrated solutions of saf@halysed separately) as previously descriég (

The duplex and triplex solutions of oligonucleotide

5'-d(G4A4GA[T 4]CaT4Cal T 4JG4T4G4) were incubated at 98  Determination of equilibrium binding constants

for 10 min and then cooled back slowly to room temperature . L )

before storage at°€ overnight. The oligomer concentrations, Association constants for netropsin binding to triplexes formed

expressed per nucleotide, were determined from high tempeifh sequences 1 and 2 were obtained from the changes in the CD

ture absorbance at 260 nm, i.e. with DNA in the denatured stafdgnal measured at 314 nm upon addition of netropsin, using the

Netropsin (Serva) was used without further purificationSImple site interaction model:

Working solutions were prepared daily by dissolving netropsin in L+D o LD 1

buffer. The concentration was determined spectrophotometrically

using the molar extinction coefficiegigs = 21 500 MlcnTL The corresponding association constéican be written as:

Solution preparation
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K = [LD)/[L][D] 2 31

where [LD] and [L] are the concentrations of bound and free Ag

netropsin, respectively, and [D] is the concentration of free
oligomer (expressed per oligonucleotide unit). It will be demon- 2+
strated that netropsin binds to the studied oligonucleotidesina 1:1
ratio. Thus,

[D] = [D]o - [LD] 3 T

where [D}, isthe total concentration in oligonucleotide. Using an
iterative non-linear least squares analysis until the difference in
successive iterations was <0.01%, the titration curves were fitted °
using the association const&and the limiting intensity of the

CD signal (asymptotic line) corresponding to a netropsin-saturated
oligonucleotide. a1

RESULTS AND DISCUSSION

Conformations assumed by the oligonucleotide studied in 27T
the absence of salt

Temperature-dependent UV absorbance features of the 3 S —
5-d(GiAI K[ T4]C4TaCy[T4]G4T4&) oligonucleotideln a 10 mM 210 250 290 330

sodium cacodylate, 0.2 mM disodium EDTA (pH 7) buffer, Wavelength (nm)

over the entire temperature range available for experimental

measurements, the melting profile of sequence 1 is monophasic,

cooperative and reversibl@{ = 58°C) (data not shown). No Figure 2. Comparison of the CD spectra of sequences 1 (solid line) and 2
dependence on oligonucleotide concentration, which characterizé%ffnhﬁdsgg?anitgcigilzteg“(fgcrfﬂél aEtI;g?A(d;E'ec?j '(')”e) in buffer containing
intramolecular thermal transition processes, is observed. Taking T ’ o

into account the accuracyTi, values, we observe no significant

difference between thg,, values of sequences 1 and 2 (58 and

57°C, respectively)47).

CD studies At low temperature, sequence 1 exhibits a classic
B-type CD spectrum, characterized by a wide positive band wi
three shoulders at 285, 275 and 260 nm followed by a negati

band at 242 nm and a positive band at 222 nm gighround a&d low temperature transition (first transition) shifts progressively
90°C, the spectrum clearly has a shape corresponding to that rom 24 to 55C while that of the high temperature transition

denatured DNA. At 3C, the spectrum of sequence 1 is close téﬂt’ . : ;
that of the hairpin duplex form of sequence 2. We note only econd transition) shifts only from 77.5 to 7ES It is

difference in the intensity of the wide positive band between 2gioteworthy that addition of 5 mM MgElto a solution of

and 260 nm. sequence 1inthe ha}lrpln duplex form induces an immediate shift
These results show that, at low temperature, sequence 1 adoglgéhe second transition from 58 to 745 We observed the same

as does sequenceZ), a hairpin duplex structure prolonged by > ift for the hairpin duplex to co_ll transition of ollgo_nucleotlde

a dangling tail (structure | in Fig). The difference between the = 'Sng‘](t;ﬁ‘A“(g“rr“]Cﬂ;ﬁ“)’ l;/vfygclmrPhedlately Sh'ftsf gonl\]/l

CD spectra of the two sequences reflects the importance of t (in the absence of Mgg}ito In the presence of o m

osition of the dangling extremity, which prolongs the pyrimidin gClo. Besides, this transition was almost insensitive to furt_her
gtran din sequencg 1%n d the pt){lrin e strgn d ingsequerr?::e o added MgdJ (data not shown). Whatever the salt concentration

used, we observed no oligonucleotide concentration dependence
] ) ] ) of the melting curves of sequence 1 (data not shown). This
Conformations assumed by the oligonucleotide studied behaviour shows that the two thermal transitions correspond to
in the presence of MgCl salt intramolecular processes. Altogether, these observations allow us
to assign the second melting to the hairpin duplex to coil transition
Thermal denaturation measurements. Evidence supports intrand the first melting to the triplex to duplex transition. Regarding
molecular triplex formationJsing UV spectroscopy, the thermal the sharpness of the two transitions, we note that, as expected for
stability of sequence 1 was monitored at 280 nm in buffethird strand displacement, the first transition is less cooperative
containing increased amounts of MgGhAfter each addition of than the second one. It is noteworthy that the parallel triplex
MgCly, the solutions were heated for 10 min at®@5followed  structure adopted by sequence 1 is considerably less thermally
by a slow cooling and incubation at@ overnight. It will be stable than the corresponding antiparallel triplex formed by
demonstrated in the CD studies that a stable equilibrium &equence 2. Thus, in the presence of 10 mM of M@ triplex
attained after this thermal treatment. With a rate of heating/cooling duplex transition occurs at 28 with sequence 1 while with
of 0.5°C/min, we noted no hysteresis phenomenon for theequence 2, the single transition corresponding to a simultaneous

gpelting profiles. As shown in Figur8, addition of a small
fmount of Mgd to a solution of the hairpin duplex form of
guence 1 induces a biphasic melting profile. With varying
gCl, concentrations of from 5 to 150 mM, thg of the broad
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Figure 3. Normalized absorbance versus temperature of sequence 1 forFigure 4.CD spectra at in the same buffer as in Figure 1 of sequence 1 in
increasing concentration of MgCat 280 nm. [MgCl], 0 (bold solid line), 5 the absence of Mgglsolid line) and sequences 1 (dashed line) and 2 (dotted
(dashed line), 10 (solid line), 20 (dotted line) and 150 mM (thin solid line).  line) in the presence of 10 mM MgClI

melting of the Watson—Crick and Hoogsteen regions of the tripleshich reflect weak changes in the triple helix structure (data not
is observed at 8L (27). shown). The significant differences between the CD spectrum of
For oligonucleotides containing mixtures of G and T residuesequences 1 and 2, especially around 280 nm, must be attributed
molecular modelling studies and footprinting experiments havi® the orientation of the third strand, which is the only distinction
suggested that the orientation of the third strand depends on thetween the two sequences (Hp.
relative number of GpT and TpG ste@8,29). The antiparallel Figure5 shows the changes in the CD spectrum of sequence 1
orientation should be favoured for third strands containing mongith increasing temperature. From 3 tG 66the amplitude of the
than three GpT and TpG steps; otherwise the parallel orientati@D band located at 282 nm increases, whereas the negative banc
should be favoured. In our study, since the hairpin duplexdscated at 226 nm becomes positive. Between 60 at@d, The
formed by sequences 1 and 2 contain only one GpA and one ApBape of the spectrum changes to that of the duplex structure.
step, the parallel triplex should be more stable than the antiparalfdbso, the two isoelliptic points detected at 268 and 250 nm reflect
one, which is not consistent with our results. Nevertheless, othetwo-state process for the triplex to duplex transition. When the
reports have shown that the polarity of (G,T)-containing thirdemperature was increased from 66 t6®3the CD changes
strands depends on the base sequence, on the nature of the batseerved reflect the duplex to coil transition, with two isoelliptic
(modified or not) and on the nature of the salt and the ligand whigoints at 229 and 250 nm. The CD spectrum a€93early has
induce or stabilize the tripleX {,18,30,31,35-40). the shape of that of denatured DNA. In accordance with UV

. . . i he th | i fil i 2
CD studies Based on the results obtained by UV absorpnorngpenments’t e thermal denaturation profiles monitored at 260

spectroscopy, we performed a CD study of sequence 1 in t gd 280 nm are biphasic (Fig.inset).

presence of 10 mM Mgegl Figure4 shows the CD changes KCI effect The parallel triplex formed by sequence 1 involves
observed at 3 upon addition of 10 mM Mgglo a solution of  binding of the guanine-rich stretclr&{G4T4G4) to the duplex
sequence 1 in a hairpin duplex structure. The spectrum of tHB5d([G4A4G4[T4]C4T4C4[T4]). It is well known that in the
mixture was recorded at least 3 h after thermal treatment. Indeg@desence of K the oligonucleotide'sl(G4T4G4) can self-associate
the CD changes are complete after this time. We note an importamto dimeric structures, forming antiparallel G quadruplexes
decrease in the amplitude of the signal at 282 nm and an increasasisting of two interleaved hairpins withsJToops @1-43).

in the negative band at 242 nm, whereas the positive band locaidmeet al (44) showed that inhibition by Kof intermolecular

at 222 nm disappears, with concomitant appearance of a negae:pur:pyr triplex formation by oligo(dG) sequences was
band at 226 nm. This CD spectrum observed in the presencedafpendent upon order of addition of Maand K. Thus, we
10mM MgCb characterizes the parallel intramolecular triplexstudied the influence of Kon stability of the parallel triplex.
structure adopted by sequence 1. From 10 up to 150 mMJMgCUpon increasing the concentration of KCI (from 0 to 0.5 M), the
only small additional changes were observed in the CD spectrushape of the spectrum changes to that of the duplex structure
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changes associated with the triplex to duplex and duplex to coil

Ae processes.
With an accuracy af5%, the values afiH andAS associated

T Bo with the triplex to duplex transition are respectively 37 kcal/mol

Leevee? and 124 eu. For the hairpin duplex to coil transition,

AH = 81 kcal/mol andAS = 232 eu. For the Watson—Crick
RSN transition, the absence of an upper baseline makes the analysis
60 80 100 difficult. However, taking into account that the thermodynamic
parameters can decrease slightly in the presence d&9athese
values are in accord with those corresponding to hairpin
duplex denaturation of sequence 1 in the absence of MgCl
(AH = 85 kcal/mol and\S= 259 eu). The values AH andAS
associated with the Hoogsteen transition are approximately half
those associated with the Watson—Crick transition. This result
matches previous studies on the formation of DNA triplexes by
short oligonucleotide2@,39,45,46). This has been attributed to
the fact that the opposite phosphate groups in the two parallel
chains in the Hoogsteen part of the triplex are in closer proximity
than those in the Watson—Crick part and consequently induce
higher phosphate—phosphate electrostatic repulsion. The decrease ir
the entropic barrier for the Hoogsteen interaction can in part be
attributed to solvent effects. Positive entropy change being
ST associated with the removal of water from apolar residues, it is
possible that there are more water molecules freed upon triplex
, . . , formation than upon duplex formation.
29',0 330 The parallel triplex formed by sequence 1 contains eigBtG
and four FA:T triplets. If one assumes that the loops are
thermodynamically neutrali{,48), the mean enthalpy change
value for each base binding in the major groove of the underlying
Figure 5. Influence of temperature on the CD spectrum of sequence 1 in theduplex is about —3 kcal/mol. This value is similar to that reported
same buffer as in Figure 1 containing 10 mM MgChe temperature varied by Shchyolkinaet al (39) for a parallel DNA triplex containing
from 1 t0 93C. The dashed line represents the oligonucleotidé@ed the 5 yon pasic loops and involving fivesG:C and five AA:T
bold solid line the oligonucleotide at 8B. The oligonucleotide is in a coiled . . . .
form at 93C (dotted line). Oligonucleotide concentration wasiM The interdispersed triplets (-3.0 kcal/mol in 1 M NaCl). Howesxet,
inset corresponds to the melting curves at 28pdnd 280 nm#). values significantly higher than those obtained with sequence 1
were previously reported for Hoogsteen base pair formation:
(i) in the buffer used in this experiment, we obtained an enthalpy
change of —3.5 kcal/mol with the parallel triplex formed by
. . , '-d(A12XdT1xd T X i hexaethylene glycol link) in th
pri)longed_ by the dangling tail-8([T4]G4T4Ga), showing that 5rec:js(er11(2:edmiL 21?\/Ill\2|)agll2(is); azii) SVi%ethzz eint%r?n)cl)Tgcular)tripletxe
K d_establ_hzes the paral_lel triplex (_data notsh_own). We observi CHaTACe)-d(GsT4G2)-d(GsT4Ca) in the presence of 2 M NaCl,
no disruption of the antiparallel triplex even in .the presence Qi ot (22) reported an enthalpy change of —3.4 kcal/mol. These
il\/' Kgll\slzg?q In tqr?er o Ie>:_pose S(?[q_ugncelé S|r|'\n/|ull\t/|ane0lésly t&fferenc.e.s may arise from variations in the base/sequence
an » a lripiex solution containing LU m 9@“? composition, type of cations, end effects, pH and/or orientation
0.5M KCl was heated at 96 for 10 min follqwed by cooll_ng of the third strand relative to the purine strand of the Watson—
to room temperature. The CD spectrum monitored@td min rick duplex. Because of the monophasic melting profile obtained
after heating is very close to @hat reco_rded before thgrm ith sequence 2 in a previous study’)( it was not possible to
treatment. We conclude that Kihibits formation of a triple helix o076 the enthalpy and entropy changes corresponding to the
under these conditions but does not induce formation of parnculﬁrp'ex to duplex transitions associated with the parallel and
structures by the telomeric motif&(G4T4G4). This result is also antiparalle! triplexes
in contrast with that obtained with sequence 2 under the same '
conditions 27).

210 250
Wavelength (nm)

Interaction of netropsin with sequence 1
Thermodynamic analysis of the UV melting curves.the
presence of 10 mM Mgglthe existence of isoelliptic points in Netropsin, a natural antibiotic, is known as an AT-specific minor
the temperature-dependent CD spectra (B)g.suggests a groove-binding ligand. This drug binds in the narrowed minor
two-state event for displacement of the third strand (Hoogstegmoove of the B-DNA double helix through a combination of
transition) and denaturation of the hairpin duplex (Watson—Cric&lectrostatic interactions with the positive charged ends, hydrogen
transition). Consequently, thermodynamic parameters associateahds to N of adenines and £bf thymines and van der Waals
with these transitions were calculated from the UV meltingontacts with the sugar—phosphate backbone at the side walls and
curves using the two-state model previously describ8d For  floor of the groove 49,50). Data about netropsin—DNA triplex
MgCl, concentrations >10 mM, the proximity of the twocomplexes involving JA:T triplets have been obtained with
transitions does not allow us to calculate the enthalpy and entropgveral technique$ {(-53).
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4T Ae [ oligonucleotide—netropsin complex has the characteristics of that
Ag 08 | of sequence 1 in a triple helix structure. Thus the ligand binds to
¢ sequence 1 without displacement of the third strand from the
7 er major groove, which was confirmed by UV absorption experiments.
04 f Intersection of the extrapolated linear part of the titration curve

0z L with the limiting intensity of the induced CD signal at 314 nm

demonstrates fixation of one netropsin per oligonucleotide
o 1 2 3 4 5 s (Fig. 7a, inset). The CD difference spectra (compared at a
[Net)/[hairpin duplex-+tail] netropsin:oligonucleotide ratio of 1) of the parallel triplex
(sequence 1), the antiparallel triplex (sequence 2), both in the
) presence of 10 mM Mggl and the hairpin duplex form of
7 ] ) sequence 1 have the same shape in the 350—-310 nm region, bu
the intensities are different (Figb). In the same wavelength
\ region, the CD difference spectrum of the parallel triplex
d(A12xdT12xdT1) obtained in 1 M NaCl and that of sequence 1
in the hairpin duplex form are identical (data not shown). This
24 experiment shows that netropsin is located in the minor groove of
the central A/T4 site of the triplex, but that its geometry and
environment are not exactly identical in the duplex and in the
ST triplex forms. Without detailed structural data about the triplex,
it is reasonable to think that the presence of the third strand
4 . ; . , . , . { produces some conformational modifications of the minor
200 250 300 350 400 groove of the underlying duplex, changing the alignment of the
interacting functional groups with the ligand. The structure of the
A4/T4 site depends on the orientation of the third strand relative
to the purine strand and on the nature of the triplet& (G or
Figure 6. CD spectra of sequence 1 in the absence (dashed line) and in th§+A:T) on each side of the binding site.
%e;el\’/l‘CseogLirr]‘nczea"iiigglgt%”%e;t:r?&OEg?L”eH‘Ofgh?;fg‘t‘gerz ;?Qtiiiﬂi%% o Theincrease in the induced CD signal recorded at 314 nm was
dangling tail R) variedyfrorﬁ 0to5.2 (solid’IiFr)1e). The dotted line coF;resporﬁ’ds used to de_termlne ]lgand a_ssomauon consté)tat(3'C using
to R= 1. Oligonucleotide concentration was @M. The inset corresponds to ~ the analysis given in Materials and Methods. In the presence of
the CD titration curve at 314 nm. 10 mM MgChb, solid lines fit the titration curves of sequences 1
and 2, using the binding affinitiés= 1 x 10’ M—Lfor the parallel
triplex andK = 1 x 108 M~ for the antiparallel one (Figa, inset).

o Both values correspond to highly specific binding of netropsin to
Interaction in the absence of MgCAt 3°C, we observe the he central 4/T, site. Nevertheless, the significant difference in
progressive appearance of a well-defined CD band centred\gfjyes demonstrates that netropsin has a higher affinity for the
314 nm upon incremental addition of netropsin to a solution Qintiparallel triplex.
sequence 1. The sharp intersection of the two lines in the titrationpenaturation of the netropsin-triplex complex (netropsin:
curve foI_Iowed at 314 nm corresponds toa stoichiometry_ of 13ﬂ=ip|ex = 4.3) was monitored by UV absorbance spectroscopy at
(netropsin molecule:oligonucleotide) (Fig. inset). For ratios 280 nm (data not shown). The melting profile was biphasic. We
>1, a weak progressive variation in the intensity is observe@pserved no significant effect of the ligand oriieorresponding
There are two modes of interaction in complex formatlon_ofo the triplex to duplex transition while that of the duplex to coil
netropsin with sequence 1 in the hairpin duplex form. The firgtansition increases from 78.5 to"&7 Thus, binding of netropsin
binding mode fits with strong affinity for thesA4 site and the a5 ng apparent effect on the stability of the parallel triple helix
second one with a weaker affinity for thg/Gy site. We obtained  formed with sequence 1 under the conditions used in this study.
similar results with sequence27. Due to the presence of these |y contrast, we observed stabilization of the netropsin—triplex
two binding modes, the binding constant of netropsin to fAE,A complex with sequence 2 under the same conditigns 82°C
site was not calculated. _ in the absence and 82 in the presence of netropsin). This

The denaturation process was followed using UV absorbanggference may be explained by the larger binding constant for the
(data not shown). As expected from studies on duplexegtiparallel triplex than for the parallel one. It is noteworthy that
containing only A'T base pair$1,54,55), the hairpin duplex i previous studies concerning the interaction between netropsin
form of sequence 1 is stabilized by the ligand. The duplex to cojhq the parallel triplex d(@xdT12xdT12), we observed a strong
transition was shifted from 58 (in the absence of netropsin) 'iﬁ’estabilizing effect of the ligand on this structuie)(
82°C (in the presence of netropsin).

Wavelength (nm)

Interaction in the presence of 10 mM Mg®ligure7a shows the CONCLUSION

CD changes observed upon addition of netropsin to sequence 1

at 3C in buffer containing 10 mM Mggl Under these We have reported experimental evidence that, at low temperature
experimental conditions, the free oligonucleotide forms a stabknd in the presence of appropriate concentration of Mg&imM),
parallel triple helix T, = 28°C). The appearance of a CD bandthe  oligonucleotide  'S0(GaA4G4[T 4]CaT 4C4[T 4)G4T4G4)
centred at 314 nm demonstrates interaction between the ligafs@quence 1) folds back on itself twice to form an intramolecular
and the triplex. In the 300—215 nm region, the CD spectrum of thigplex via interaction of the '5I(G4T4G4) extremity with the
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Figure 7.(a) CD spectra of sequence 1 in the absence (dashed line) and in the presence of increasing concentrations of f€tiogssaire buffer as in Figure 6
containing 10 mM MgGl The ratio netropsin:triplex®] varied from 0 to 4.3 (dotted line). Oligonucleotide concentration was\2.0he inset corresponds to the
CD titration curves of sequencesH)(and 2 ¢ ) at 314 nm. Smooth curves are the least squares fits (details indegdniparison at 3 andR = 1 of the CD
difference spectra (expressed in nucleotide units) between the netropsin—oligonucleotide complex and netropsin-freetiolgaithcteguence 1 in duplex form
(dotted line) and with the triplex forms of sequences 1 (thin solid line) and 2 (bold solid line).
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