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ABSTRACT

Intramolecular triple helices have been obtained by
folding back twice oligonucleotides formed by de-
camers bound by non-nucleotide linkers: dA  qg-linker-
dA 1g-linker-dT 15 and dA 1g-linker-dT qg-linker-dA 19. We
have thus prepared two triple helices with forced third
strand orientation, respectively antiparallel (apA  «A-T)
and parallel (pA «A-T) with respect to the adenosine
strand of the Watson—Crick duplex. The existence of
the triple helices has been shown by FTIR, UV and
fluorescence spectroscopies. Similar melting tem-
peratures have been obtained in very different
oligomer concentration conditions (micromolar sol-
utions for thermal denaturation classically followed by

UV spectroscopy, milimolar solutions in the case of
melting monitored by FTIR spectroscopy) showing
that the triple helices are intramolecular. The stability

of the parallel triplex is found to be slightly lower than
that of the antiparallel ( AT,, = 6°C). The sugar con-
formations determined by FTIR are different for both
triplexes. Only South-type sugars are found in the
antiparallel triplex whereas both South- and North-type
sugars are detected in the parallel triplex. In this case,
thymidine sugars have a South-type geometry, and the
adenosine strand of the Watson—Crick duplex has
North-type sugars. For the antiparallel triplex the
experimental results and molecular modeling data are
consistent with a reverse-Hoogsteen like third-strand
base pairing and South-type sugar conformation. An
energetically optimized model of the parallel A +-A-T
triple helix with a non-uniform distribution of sugar
conformations is discussed.

INTRODUCTION

base pairing of the target duplex). It has been proposed that the
formation of rArA—rU and rAdA—dT intermolecular triplexes
depended on the rA third strand lendth?). Formation of the
dA-dA—dT triplex in high salt conditions has been recently
detected by CD spectroscos).(However no data concerning
third strand orientation or conformations ¥PAT triplexes have
been published. It appears that thédAT triplexes cannot be
easily obtained from separate oligonucleotides. Intramolecular
triplexes formed by folding back twice on itself an appropriate
DNA sequence have enhanced stability when compared to
triplexes obtained by the association of three separate DNA
strands. Such systems composed by three oligonucleotide
segments covalently bound either by two nucleotide lab8 (

or by non-nucleotide linker&é@-13) have been successfully used
for spectroscopic studies of triplexes other thak-A". The order

of the segments and the direction of the coupling strictly
determines the relative orientation of the strands in the formed
triplex, and this strategy allows one to obtain triplexes with a third
strand parallel or antiparallel to the identical strand of the
Watson—Crick duplexi¢4-17).

In the present work, we have studied both parallel and
antiparallel intramolecular triplexes containing onhAAT base
triplets using UV, fluorescence and FTIR spectroscopies. Oligomers
dAglinker-dA, glinker-dTigand dA glinker-d Ty g-linker-dA o
in which the three decamers are bound by two non-nucleotide
linkers have been stabilized in presence ofMrounterions
respectively into the apA—T and the pAA-T triplexes (ap =
antiparallel; p = parallel) (Fid). FTIR spectroscopy has proved
to be well suited for the study of triple helical geometries in
solution and characterization of sugar conformatibnsXl). An
additional advantage of non-nucleotide linkers for FTIR studies
is that their vibrational spectrum does not present significant
absorption bands in tepectral region used to characterize triplex
formation.

In the puspur—pyr triplexes containing GA sequences, the third
strand is generally oriented antiparall8|18,22-28). Triple

Many structures of triple helices have been reported, howeveelices containing both«G—C and AA-T base triplets with
little is known about the less stablefa-T triplex (in this notation  antiparallel third strand orientation have only South-type sugars
an ' represents third strand binding and a ‘-’ the Watson—Crickl8). The apAA-T structure studied in the present work is
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5 A A m A A 10 mM MnCb and propidium iodide concentration was Qubh
Hlfl‘l“,"k or For FTIR spectroscopy the same samples were concentrated in the
A A A A A A cold room to 3 mM strand. The final manganese content was
linker — 5 0.25 Mr?* ion per base for the apA-T triplex and 1 MA* ion
T rrT1T7 T {a) per base for the pA-T triplex. Deuteration experiments were
performed by evaporating sample solutions to dryness under
nitrogen and then redissolving oligomers in the same volume of
3 . DZO
A A A A A A
A A A A A% inker Vibrational spectroscopy
linkar —_— . . .
S~—T T TTTTTTTT (b} FTIR spectra were recorded using a Perkin Elmer 2000 Fourier

transform spectrophotometer. Usually 15 scans were accumulated.
Solution spectra were obtained in ZnSe cells. Temperature of the
Figure 1. Intramolecular triple helicesa) apAA-T triplex.; ©) pA-A-T sample was controlled and monitored betwe®t &nd 60C
triplex. using a Specac temperature controller. FTIR data were treated
with the Galaxy Grams program. This treatment includes spectral

o ] o normalization using the phosphate symmetric stretching vibration at
similar to those of pupur—pyr triplexes containing+A-T and 1086 cn1l as internal standard.

G+G-C base triplets, with only South-type sugars and reverse
Hoogsteen base pairing. At

Three stranded structures with parallel homologous stran%\éassﬁgtr;ojﬁ;py and fluorescence polarization
have been considered as putative intermediates in genetic
recombination. Different mechanisms have been proposed for fiikermal denaturation curves were recorded at 260 nm with a
RecA mediated formation of joint molecul@§{33). The three Kontron Uvikon 941 spectrophotometer equipped with computer
stranded intermediate formed is a structure wherein the departitantrolled thermostated cuvette holders. Temperature was varied
strand in the major groove is held in close association with tfe a constant heating rate 6i@h. Cell path lengths were 1 cm.
nascent heteroduplex. However the stereochemistries of the basddeasurements of fluorescence polarization of thgrdiAker-
triplets are not yet known. A base pairing scheme model has beiin g-linker-dA g oligonucleotidénaving an intercalated propidium
proposed in which the base in the major groove is paired with batddide probe were performed at °T® with a FluoroMax
bases of the Watson—Crick dupléx); dG-dG—dC base triplets spectrofluorometer equipped with the Model 1935B polarization
with parallel orientation have recently been observed by X-ragccessory (SPEX). Excitation and emission wavelengths were
diffraction at the junction of two Watson—Crick duplexes packe820 nm and 610 nm, respectively. The excitation slit was 4 mm,
in the crystal structure3f). FTIR studies performed on the the emission slit was 6 mm. The value of polarization was
dG-dG—dC triple helix had shown a parallel third stranccomputed as : P 5(Ghn)/(Ilw+Glyn) where G was the grating
orientation and both North- and South-types sugars (North-tygactor (h/Inr) and intensities, Iny were the vertical angy, lhn
sugars have been assigned to the dG strand of the Watson—Ctliekhorizontal components of fluorescence, the first subscript
duplex) @1). In the present work for the parallel4#T triplex,  indicating the position of the excitation polariZ&®)( Averaged
South- and North- type sugars have been found and te&perimental errors were about 5%.
North-type sugars belong to the adenine strand of the Watson—
Crick duplex. Molecular modeling shows that the energeticallyjolecular modeling
optimized structure for the parallel pR-T triplex including this ) S )
non-uniform sugar distribution is compatible with H-bondConformational energy minimizations were performed with the

formation between third-strand adenine and both adenine a#dMNA VII computer program developed by R. Lavetyal
thymine bases of the targeted duplex. (Junction Minimisation of Nucleic Acid) which has been

successfully used for a large variety of nucleic acid structures
(37). Starting geometries have been built by introducing into
MATERIALS AND METHODS theoretical models the FTIR experimental data concerning sugar
Sample preparation conformations. For the apA-T triple helix (Fig.2a), we have

considered two initial structures which differ by the value of the
Oligonucleotides dfylinker-dA;glinker-dT,g and dAglinker-  glycosidic torsion anglesynor anti) of third-strand nucleosides,
dTyglinker-dAqg (Fig. 1), in which the linker is -pO(CYCH,O)3p,  as both geometries weeepriori compatible with South-type
were purchased from Genset Paris, France. They were purifieddngar geometries and the proposed base pairing scheme.
HPLC and excess salt removed by elution on a G10 column. Stockor the pAA-T triple helix as the FTIR spectra showed the
solutions (8QM strand) were heated at®Dfor 3 min. To obtain  presence of both North- and South-type sugars, models have beer
the antiparallel triplex dfy-linker-dA g-linker-dTigsamples were  constructed including North-type sugars either in the adenine
then directly stored at°€ while to obtain the parallel triplex strand of the Watson—Crick duplex or in the third strand. We have
dAjglinker-dTyglinker-dA. g samples were slowly (12 h) cooled considered in our simulations the two different base pairing
down to £C. For UV thermal denaturation experiments oligo-schemes previously proposed for parallel triplex2$36)
nucleotide concentration was 28 strand in 0.1 M MnGl For  (respectively Fig&b and c). The pAA-T structures which have
fluorescence polarization measurements performed &t, 10 the lowest calculated energies have been compared with the
oligonucleotide concentration did not exceed |(\b strand in  experimental results.
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(a)

Figure 2. A+xA-T base triplet hydrogen bonding schemes. The plus and the minus indicate the relative strandapBlaviéysé Hoogsteen typb) Type 1 from
ref. (34). €) Type 2 from ref. (38).

RESULTS These absorption bands are sensitive to stacking and to hydrogen
] bond formation between bases in doulie—1) and triple
UV and fluorescence spectroscopies helical structuresi(7,19,20).

The FTIR spectra of the apA-T oligomer at 13C and of the

: S I pA«A-T oligomer at 10C are presented respectively in Figure
oligonucleotide is presented in Figua (open squares). The 4a and c (solid line). Absorption peaks are assigned by

denaturation profile is clearly biphasic as shown by the der'vat“{:%mparison with the spectrum of double strandegdf;,

plot (inset). The first transition occurs at@4and is classically Fig.4b) (17). Bands located at 1696 th1662 cmit and 1641
assigned to third strand separation of the-ApA triple helix S;m91 ar()e (c;lg)ésically assigned mainly to C2=02, C4=04 and C=C
Wq_'lheetsflsneéi?: trca:ﬂ\sllélagratt;ﬁé? (;eﬂﬁﬁfetrde_rduﬁ:]ekxe mje:lng. double bond stretching vibrations of thymine bases involved in
. eiting he dfy et 10 Watson—Crick base pairing. For thymines in single stranded
oligonucleotide is presented in Figue (solid circles) and the 0 merq the same vibrational modes are observed at 1682 cm

corresponding derivative plot in the inset. It is also biphaslti663 el and 1632 i The 1625 cmt absorption band is
third-strand separation occurs at'Cowhile disruption of the assigned to an adenine .ring vibration involving C=C and C=N
Watson—Crick duplex is observed af 89 This shows that the stretching motions coupled to an N&xissoring vibration.

gt?;?:ljelopgn?;;;r:rﬂg hri")'(ohgs S:g.? oflg;g]regd Eﬁlral]érl_éhird The relative intensity of this adenine vibration (taking the
' ! previously v ¥ intensity of the 1086 cm absorption band of the phophate

triplexes @1). When both @G-C and AA-T triples coexist the roups as an internal standard) increases with temperature and ha:
most stable orientation is antiparallel. To confirm the formaﬂoﬁeen used as a probe to follow the melting of the triple helices
of this non-classical pA-T parallel triple helix we have used rﬂlg"

The melting curve obtained for the gAinker-dA;g-linker-dTyg

g. 3b). In good agreement with the melting curves obtained
sing UV spectroscopy (Figa), biphasic melting profiles have
fi&en observed. The midpoint of the first transition is found at
23°C for the apAA-T triplex and at 16C for the pAA-T
triplex. As expected for unimolecular structures, denaturation of
the triplex is not concentration dependent (3 mM oligomer for the
FTIR profile and 2.5uM for the UV profile). During this first
conditions. the measured value was 0.058. In the case tr?lnsition no_modifications are observed concerning _the thymi-
dA Iinker:dT linker-dA o oligomer (pAA—'i') a's linkers used 9ne absorptions which shows that the duplex remains formed
arelof-lexible hlig es biné?n of the third str,and to the double(-':"*:]"l‘fjl‘C dash-dotted spectra). At higher temperatures the FTIR
ges, 9 ectra show present thymidine absorption bands located at the
stranded part of the molecule leads to a P value close to that of Sitions of free thymidines (1692 chand 1662 crr, while the
cont:ol triplex. 'Il'he albsence y?f trigle helicalls(;ruclture Wr?UId le 41 cmi band is no longer observed) (Fg,c dotfed spectra
to a lower P value close to that of a control duplex or hairpin 2 X '
same lengthl(l,15). These results also show that the AAT %ucsge% eal‘;[in%m). The second transition corresponds thus to

triplex is formed. The pAA-T intramolecular triple helix is found slightly less
Infrared spectroscopy: evidence of apAA-T and pA-A-T stable than the apA-T triple helix AT, = —5°C measured by
triplex formation UV or —7°C measured by FTIR). For intermolecular-pur—pyr
triple helices containing only «G—C base triplets the parallel
The 1750 cm-1550 cm! spectral domain contains absorptionorientation was more stable (actually it was the only one
bands assigned to base in-plane double bond stretching vibratimisserved)41,35). Introduction of AA-T base triplets favors the

fluorescence spectroscopy. The computed value of polarizatio
which depends on the hydrodynamic volume of the structure (s
Materials and Methods), is for the ginker-d T, g-linker-dA; g
oligonucleotide (pAA-T) equal to 0.084. For the control triplex
formed by a diglinker-dT;¢linker-dAsgoligonucleotide (classical
parallel pFA-T triple helix) the P value is 0.088. For the
double-helical hairpin drlinker-dAqq, in the same experimental
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Figure 3. (a) UV melting curves of pAA-T triplex (solid circles) and Lot RS
apA-A-T triplex (open squares). Inset: corresponding derivative curves 0=
dAo>ddT. (b) FTIR melting curves of pAA-T triplex (solid circles) and i
apA-A-T triplex (open squares). Inset: corresponding derivative curves 17060 1650 1600
dA1625cm-4dT. Wavenumber (cm-1)

antiparallel orientation8(22-28). This is in agreement with the Figure 4. FTIR spectra in the base double bond stretching vibration region,
present result for sequences containing or-A base triplets,  recorded in BO solution of : ) dAjglinker-dAg-linker-dTypat 15°C (—)
in which the antiparallel third strand orientation is more stablgaPAA-T triplex), 35C () (duplex with dAg dangling end) and 6@
than the paraIIeI one. ). (b) dA12-dT12duplex. €) dAjglinker-dTyg-linker-dAjgat 10°C (—)
A slight difference between the FTIR spectra of the/pA ()
and apAA-T triple helices in this spectral region concerns the
absorption mainly assigned to the C4=04 thymine stretching
vibration. This mode is observed at 1662t the apAA-T
spectrum (Figda solid line) as in the A-T duplex spectrum (Fig.band observed around 865 tmwhereas the South-type sugar
4c) but at 1658 crid in the pAA-T spectrum (Figdc solid line) conformation is reflected by an absorption band observed around

suggesting a different implication of the C4=04 group in the thir§40 cnT™. In the apAA-T triplex only South-type sugars are
strand binding. detected as shown by the absorption band at 842(Eig. 5d).

In the pAA-T triplex spectrum recorded at®, South-type
(absorption band at 842 cHhand North-type sugars (absorption
band at 869 cr) are observed (Fi§a). The ratio of the relative
intensities of these two bands indicates that one-third of the sugars
Sugar conformation marker bands in triple helical structures aage in N-type conformation (one strand in the AT triplex).

found in the 900 cm-750 cntl spectral region38-41). The The strand containing the N-type sugars belongs to the
North-type sugar conformation is characterized by an absorptidvatson—Crick duplex as shown by comparing spectra presented

Sugar conformations in the apAA-T and the pA-A-T
triplexes
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purine strands26,44). Theanti base/sugar position has also been
A reported in the NMR study of an intramolecular triplex containing
an antiparallel third strand with G-A and G-T st&s (
Molecular mechanics calculations concerning the ApA
triplex show that the model incorporating the suggestions
\ proposed by the interpretation of infrared spectra, (the Watson—
) Crick adenosine strand with North-type sugars) and the base
\ = pairing scheme derived from the work of Zhurldd)((Fig. 2b)
‘.1 \ has the lowest conformational energy (Tahlénes 1 and 2).
- oA \ ]\J\ \ ﬁ Formation of H-bonds between the third strand and both bases of
s | \ (AR N\ b () the duplex stabilizes the triple helix more efficiently than the
H [\ 1 model in which the third purine strand is H-bonded only to the
8 l \ \ Watson—Crick purine strandg) (Fig. 2c). We can notice that in
% gl \ the most favourable base pairing scheme @ythe distance
= |t b~ ‘ computed between the H2 site of the third strand adenine and the
N \ l ® ] l N7 site of the duplex adenine is 3.5 A which is larger than the
E ! '\1 . [ | Lv | usually considered distance for strong electrostatic interactions
N EERVAYVAAE (below 3 A) ¢5).
S 1 Vi o Mg
1 ! IJI‘II_ g q
\ {"1 11, « l Table 1.Molecular mechanics total energy values (kcal/mol) of theApA
LI | @ [ l i triplex
l'l |1 't\ I".I o \‘| || |r|
\ Loy /\ | few I\‘ i/ L b Third strand Starting Total Refined
i'. A & \ (b} base-pairing geometry energy structure
||]!II . H‘\._\ ﬂ § [ I‘-.\.\ j\l J\ From ref (34) S/anti- —644 S/anti-
.‘ < \‘. I ] W @) N/anti N/anti
: r . S/anti S/anti
1000 900 800
Wavenumbers (cm-1) Fromref (38)  S/anti 525 Slanti
N/anti N/anti
Figure 5. FTIR spectra in the sugar vibration region, recorded@® $lution S/anti S/anti
of : (8) dAqgrlinker-dTiglinker-dAggat 5°C (pAA-T triplex). () dAsgrlinker- anti ant
dTiglinker-dAjg at 30°C. () dAjglinker-dTyglinker-dA;p at 55°C.
d) dAjglinker-dAygrlinker-dTygat 15°C (apAA-T triplex).
(d) dAsorlinker-dAgglinker-dTyoa (ap fiplex) From ref (34) S/anti -562 S/anti
S/anti S/anti
in Figure5a,b and c. When the temperature is increased, separation N/anti N/anti
of the third strand occurs first. On spectrum 5b recorded &t 30
corresponding to the hairpin duplex with a danglinggahd, we
still observe the North-type sugar contribution. When theFrom ref (38) Slanti -599 Slanti
temperature is further increased melting of the duplex takes place S/anti S/anti
and no more North-type sugars are detected (spectrursclrig. Nanti
anti

Thus the North-type sugars in the<pAT triplex belong to the N/anti
hairpin duplex. Moreover a thymidine vibration band, detected at N _ _
1281 cml in the PAA-T triplex spectrum indicates that Thecolumnsdescnblngth.e.startmg geometry and the calculated structure specify the
thymidines have South-type sugar243) (spectrum not sugar pucker and glyc05|d|c torsion qngle of thggdtrand (top), the Watson—
sh{)wn). This llowe us toygssigngthe quozthgt)?pe SUgars in t[f’émk dAqp strand (middle) and the third géstrand (bottom) S (South) and N

. . - orth) correspond respectively to the C2'-endo and C3'-endo families.
PA-A-T trlplex to the adenosines of the hall’pln dUpIeX' In the initial structures, adenosines with North-type sugars are considered in the

Watson Crick duplex (a) and in the third strand (b).

Molecular modeling

Energy minimization calculations performed on the s@pA The computation shows the importance of the location of the
triple helix show that the stucture with reverse Hoogsteen likitrand containing adenosines with North-type sugars. We have
H-bonding scheme2p) (Fig. 2a) and South-type sugar con- considered models in which the North-type sugars belong to the
formation is energetically most favorable when the glycosidithird strand. The presence of adenosines with North-type sugars
torsion angles of third-strand nucleosides haxanéiconforma-  is energetically more favorable in the Watson—Crick strand rather
tion. This resultis in agreement with correlations betweeamthe than in the third strand, which is in agreement with the
glycosidic torsion angle conformation of third-strand nucleosidesxperimentally observed conformation (Teblknes 1, 3 and 4).

and the reverse Hoogsteen like scheme previously found fibrthe third strand has North-type sugars and the duplex only
purpur—pyr triplexes with antiparallel orientation of the twoSouth-type ones, third-strand binding to the target duplex induces
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a destabilization of the duplex in which the backbone torsioimtermolecular triple helix previously studied (North-type sugars
angles adopt unfavorable non-canonical values. for the purine duplex strand). The best energy minimized model
The optimized pAA-T triple helix has a twist and a rise valuesof the pAA-T triple helix incorporating this new conformational
respectively around 33and 3 A as in B family form DNA. The constraint (non-uniform sugar geometry distribution) is obtained
Xdisp parameters show that the Watson—Crick bases are shifteith a third strand base pairing scheme similar to that proposed

by almost 3 A from the DNA axis towards the minor groove. Fapy Zhurkinet al (34). The base located in the major groove is
this structure, third-strand nucleosides haverahglycosidic  hydrogen bound to both bases of the Watson—Crick duplex.
torsion angle conformation and the sugar-backbone torsionThe computed helical parameters (twist =,3%e = 3.2 A)
angles have standard values. The base triads have a good planahitw that in the pAA—T triple helix the duplex remains in the
as shown by the low values of the Inc and Tip parametefamily of non-extended structures (for which these parameters are
characteristic of base inclinations (TaBje 20° and 5.1 A) with base triplets essentially perpendicular to the
DNA axis, but nevertheless deviates from a classical B form
Table 2.Helical parameters and conformational ang|es of thaAp,Z[ dOUb|e he|iX in particular by the important displacement Of the
structure having the lowest energy, reflecting the planarity of the base triadsWWatson—Crick base pairs towards the minor groove (Xdisp
around 3 A). Such deviation allows formation of the triple

Xdisp Ydisp Rise Inc  Tip Twist stranded structure without stretching of the helical structure.
dT(WC) 296 017 322 255 323 3331 The interest in parallel DNA triplexes has been recently
stimulated by the discovery of their possible role in homologous
dA(WC) -292 -011 322 405 -1340 3331 genetic recombination. Three DNA strands can be brought into
dA (Third) -074 174 322 -025 -544 3331 interaction within the RecA nucleop.roteln filament, fo_rmlng an
extended three stranded complex which could serve as intermediate
X a B y 3 3 g in homologous recombination2933,34,44,46). Such an
dT (WC) 2434 —65.0 -173.9 547 1350 -172.7 —-110.4 extended structure reflects electron microscopy results demon-
strating the lengthening and unwinding of the nucleic acid helix
dA (W(_:) 2076 760 -1763 644 830 1610 650 4, presence of RecA4(). In the recombinant three stranded
dA (Third) 254.3 645 175.0 565 147.0 -168.9 -127.3 complex models the rise of the helix has been increased to 5.1 A

‘ _ o and all sugars adopt a North-type conformati®f). (We have
The parameters Xdisp (translation on the local dyad axis pointing toward ”?%cently observed by FTIR North—type sugars ina paraIIeI three
major groove), Ydisp (translation on the long axis oriented along the base—pg'franded complex formed on a sequence containing all four bases
axis), Inc, and Tip (rotation parameters around respectively the same axis) give presence of RecM(ﬁ) It will be interesting to compare the

o . . . -0
the position of the base in each strand with respect to a reference point defﬂegr .
as the intersection where the helical axis would cut the base plane in a stand3fy A—T triplex structure and the three stranded AAT complex

B-conformation. Twist, rise and conformation angles refer to the usual definfofmed in the presence of RecA protein.
tions (49). WC, Watson-Crick strands; Third, third strand.
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