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ABSTRACT: The structures of triple helices adT6*PdA,$?dTn, adTl&dA,,.PdT,,, adC12+$dGn$?dC,, and 
adC1 2+.j3rGn$3rCn have been studied by Fourier transform infrared spectroscopy, Raman spectroscopy, and 
molecular mechanics calculations. The sugar conformations in these triplexes have been determined by 
vibrational spectroscopy. Our results show the existence of only S-type sugars in the adTl2y9dAn-/3dT, triple 
helix. Both S- and N-type sugar infrared and Raman markers have been detected in the spectra of 
adC12+.fidG,.j3dC,. Molecular mechanics refinements taking into account vibrational spectroscopy data 
constraints allow us to propose third strand hydrogen-bonding schemes and third strand polarities in triple 
helix models. For adT12*@dA12$dT12 the third strand forms reverse Hoogsteen hydrogen bonds with the 
PdA12 strand and therefore is parallel to the purine strand. In contrast, for adC12+.@dG1~/3dC12 calculations 
show that only a model in which the third strand is Hoogsteen base paired and antiparallel to the purine 
strand of the Watson-Crick duplex is compatible with spectroscopic data. 

Triple helix formation has recently been extensively studied 
by a wide variety of techniques in view of the numerous 
potential applications such as specific regulation of gene 
expression by antigene nucleic acids or the creation of 
extremely selective artificial nucleases [for a review, see HCllbne 
and ToulmC (1 990)]. Triple helices formed by homopolymers, 
containing pyrimidine-purine-pyrimidine base triplets (T-A-T, 
U-A-U, or C+.G.C) have been studied extensively (Howard 
et al., 1971, 1992; Arnott & Bond, 1973; Arnott & Selsing, 
1974;Arnott et al., 1976; Haas & Guschlbauer, 1976; Marck 
& Thiele, 1978; Thomas & Peticolas, 1983; Miles, 1984; Lewis 
et al., 1984; de 10s Santos et al., 1989; Ohms & Ackermann, 
1990; Liquier et al., 1991; Hampel et al., 1991; Xodo et al., 
1991; Akhebat et al., 1992; Ouali et al., 1993a; Yang & 
Keiderling, 1993). 

However, the potential in vivo use of oligomers to form 
triple helices is limited in particular due to their degradation 
by nucleases. A possiblity of nevertheless using oligonucle- 
otides in such native systems is to consider triple helices formed 
with a third strand containing unnatural oligonucleotides such 
asphosphorothionates (Latimer et al., 1989; Kim et al., 1992; 
Rao et al., 1992) or chemically modified bases (Griffin et al., 
1992; Froehler & Ricca, 1992; Povsic et al., 1992). Another 
way is to consider oligonucleotides in which the anomeric 
configuration of the nucleosides has been changed from j3 to 
a. Such anomers are known to be resistant to nucleases both 
in vitro (Morvan et al., 1986; Thuong et al., 1987; Morvan 
et al., 1987a) and in vivo (Cazenave et al., 1987). It is thus 
important to determine whether triple-stranded structures can 
be formed using a oligomers, to characterize the geometries 
of such triplexes (Sun & Lavery, 1992) and to compare the 
information obtained with the data corresponding to similar 
triplexes formed with natural /3 oligomers. Vibrational 
spectroscopy has proved to be a technique particularly well 
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adapted to investigating the secondary structures of nucleic 
acids and in particular for characterizing the geometries of 
the sugar moieties (Taillandier et al., 1985; Taillandier & 
Liquier, 1992). 

In this work we present results obtained by vibrational 
spectroscopy concerning triple helices adTa.j3dAn$?dT,, 
adT1yj3dA,+3dTn, adC1 2+$3dG,.@dC,, and adC 12+$?rG,+?rC, 
(the notation adTa.j3dAn.j3dT, means that adT6 is the third 
strand bound to the purine strand of the j3dAn.j3dTn Watson- 
Crick duplex, and similarly for the other studied triple helices), 

In the IR spectra of adTvj3dA,+3dTn and adTlr/i?dA,$3dTn 
triple helices, only S-type (C2’-endo) sugars are detected as 
in the case of the j3dTn-j3dAn.j3dTn triple helix. However, in 
contrast to the Hoogsteen base pairing of the 0 third strand 
proposed in the j3dTn.j3dAn$?dT, triple helix, an IR signature 
of a reverse Hoogsteen base pairing of the a third strand has 
been obtained in the adTlyfldA,$dT, triple helix. The 
infrared and Raman spectra of adC12+-j3dGn*j3dC, show the 
existence of both S-  and N-type sugars (respectively, C2’- 
endo and C3’-endo families), the j3dGn strand nucleosides 
adopting the S-typefanti geometry. 

Molecular mechanics calculations where the sugar con- 
formation was initially forced to experimental vibrational 
spectroscopy data by an additional energy penalty function 
allow us to propose accurate models for the third strand polarity 
and the hydrogen-bonding schemes. 

The best model obtained for the adT1~’j3dA1~’j3dT12 triple 
helix has reverse Hoogsteen binding of the a third strand with 
a parallel orientation with respect to the purine strand, 

Concerning the adC12+-j3dG1~/3dClz triple helix, a good 
agreement with the experimental data has only been obtained 
for a structure with a Hoogsteen third strand base pairing and 
a third strand orientation antiparallel to the purine strand. 

MATERIALS AND METHODS 

Sample Preparation. Polynucleotides, j3dGn.j3dCn (lot 
AA7890P12) andj3dAn.j3dT, (lot BG7860102) were purchased 
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from Pharmacia, and @rGn.@rCn (lot 56F4022) was purchased 
from Sigma and used without purification. Oligomers adC12, 
crdT6, and adT1Z were prepared and purified as previously 
described (Morvan et al., 1986). 

Triple-stranded structures c~dC12+.@dGn*@dCn and 
d C i  2+.@rGn.@rCn, adTc@dAn.@dTn, and c~dT12*@dAn*@dTn 
were obtained by mixing stock solutions of double-stranded 
polynucleotides (@dGn.@dCn, @rGn.@rCn, or @dAn*@dTn) with 
the required single strand (ad&, adTs, or adT12) in a ratio 
of one phosphate of LY third strand per two phosphates of the 
polymer, i.e., one CY base per base pair of the initial duplex. 
The third strand was heated at 70 OC for 10 min prior to 
addition so as to avoid aggregation. Then for adC12+. 
@dGn.@dCn and adClz+.@rG,$rC, formation, the pH of the 
mixtures was adjusted to 5.7 by addition of small amounts of 
HCl. The mixtures were then slowly concentrated down to 
a volume of 5 pL, and the pH was controlled with a MI41 52 
microcombination probe from Microelectrodes Inc. For 
deuteration, samples were slowly evaporated to dryness under 
nitrogen and then redissolved in the same volume of DzO. The 
pH values given in the text or figures are those measured in 
the H20 concentrated solutions. 

Vibrational Spectroscopy. FTIR spectra were recorded 
using a Perkin Elmer 1760 Fourier transform spectropho- 
tometer coupled to a PE7700 computer. Usually 20 scans 
were accumulated. Solution spectra were obtained in ZnSe 
cells, at a concentration around 100 mM base. Data were 
treated with the Galaxy Spectra Calc program on an IBM 
PS2 computer. This treatment included multiple point 
baseline correction and spectral normalization using the 
phosphate symmetric stretching vibration found around 1090 
cm-’ as an internal standard. 

Raman spectra were recorded using a Dilor Omars 89 
multichannel spectrophotometer. The 5 14-nm line of a 
Spectra-Physics Ar+ laser was used for excitation. Power at 
the source was 400 mW. Integration time was between 10 
and 15 s, and 250 scans were usually accumulated. Data 
treatment was performed on an IBM AT3 computer using the 
Dilor multichannel program (multiple point baseline correction 
and spectral normalization). 

Calculations. Molecular modeling of the triplexes 
adC 12+-@dG12-@dC 12 and adT1 YBdA 1yBdT12, formed by the 
binding of an a oligonucleotide in the major groove of a @@ 
duplex, was carried out with the JUMNA IV (Junction 
Minimization of Nucleic Acid) computer program developed 
by R. Lavery (Lavery, 1988). Solvent water and counterions 
were not explicitly included in the calculations. The net charge 
on each phosphate group was set to - 0 S e  in order to mimic 
counterion screening effects. The influence of solvent mol- 
ecules was simulated by using a sigmoidal distance-dependent 
dielectric function (Lavery et al., 1986). The triple helices 
were constructed with 12 base triplets ( n  = 12) in length, so 
as to simulate the experimental samples where the third strand 
was a dodecamer. In order to avoid end effects, a mononu- 
cleotide symmetry with respect to all helicoidal and internal 
parameters of each strand was used. Starting structures with 
Hoogsteen and reverse Hoogsteen third strand hydrogen 
bondings were considered (Figure la-d). The third strand 
orientation has been taken either parallel or antiparallel to 
the purine strand of the Watson-crick duplex. The helicoidal 
parameters (Xdisp, Ydisp, Inc, tip, twist) used to define the 
helix structure (Dickerson et al., 1989) were derived from the 
values given by Arnott for the @dTn.@dAn*@dTn triple helix 
(Arnott et al., 1976) aspreviouslydescribed (Sunet al., 1991a; 
Ouali et al., 1993b). Moreover, in each case, starting models 
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FIGURE 1: Models of C+.G*C and T.A.T Triplets. (a) T.A.T triplet 
with Hoogsteen hydrogen bonding. (b) T-AaT triplet with reverse 
Hoogsteen hydrogen bonding. (c) C+-G.C triplet with Hoogsteen 
hydrogen bonding. (d) C+.G.C triplet with reverse Hoogsteen 
hydrogen bonding. (e) Comparison between a and 8-2’dC+ anomers. 
The base atoms and the sugar atoms Cl’, Hl’, 04’, and C2’ of the 
a anomer are, respectively, superimposed on the base and the CI’, 
Hl’, C2’ and 04’ atoms of the 8 nucleoside. The symbols (+) and 
(-) refer to the strand orientation. 

were constructed with the sugar-backbone conformation of 
the three strands derived either from the B-form DNA double 
helix (Arnott et al., 1980) or from the A-form triple helix 
(Arnott et al., 1976). The glycosidic torsion angle of the a 
residue in the third strand was taken either syn or anti. 

During the energy refinement, the sugar pucker confor- 
mation was forced to the experimental data by imposing sugar 
pseudorotation phase angle constraints with the NOE option 
of JUMNA (Lavery, 1988). After the convergence was 
achieved, the constraints were relaxed and the structure was 
minimized again. 

In the best calculated model of the cudC12+-@dGlz*,9dC12 
triple helix, the deoxyribosesugarsof the Watson-Crickduplex 
were substituted by ribose sugars. The calculated sugar 
geometry was compared to that deduced from the cudC*z+. 
@rGn.@rCn FTIR spectrum. 

The molecular structures were visualized with our own 
interactive computer graphics program “Adngraf” running 
on a Silicon Graphics workstation. 

RESULTS 

Vibrational Spectroscopy 

adTg@dAn.BdTn and adTlt.$dAn.@dTn Triplexes. Figure 
2 presents the FTIR spectra between 1750 and 1550 cm-’ of 
DzO solutions of BdAn.@dTn (Figure 2a), adT6 (Figure 2b; 
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FIGURE 2: D20 solution FTIR spectra (region of in-plane stretching 
vibrations of base double bonds): (a) @dAn.BdTn. (b) adTs. (c) 
adTlyBdAddT,,. (d) j3dTn+dAn$dTn. 

spectrum shown as reference of nonassociated single-stranded 
a oligomer), and the adT1z./3dA,-/3dTn (Figure 2c) and 
/3dTn.j3dAn.j3dTn (Figure 2d) triple helices. In this region the 
in-plane stretching vibrations of the base double bonds are 
detected. In the /3dAn./3dTn spectrum (Figure 2a) the bands 
at  1696 and 1662 cm-1 are assigned to the C2=02 and 
C 4 4 4  carbonyl stretching vibrations of thymines. The 
absorption observed at 1621 cm-l is assigned to C=C and 
C=N ring vibrations of adenines coupled to an ND2 bending 
vibration (Tsuboi et al., 1962). The formation of the 
/3dTn.j3dA,./3dTn triple helix is evidenced by the disappearance 
of the adenine absorption located at 1621 cm-l and a decrease 
of the relative intensity of the thymidine band located at 1641 
cm-l, as can be seen in Figure 2d (Liquier et al., 1991). The 
same effect is observed in the case of the adTlrj3dA,$dT, 
triplex spectrum (Figure 2c): the adenine absorption at 1621 
cm-l is no longer detected, and the relative intensity of the a 
thymidine band at  1626 cm-l is decreased. Identical results 
have been obtained by addition to the double-stranded polymer 
of adT6 instead of adTl2 (spectra not shown). However, in 
this spectral region, an additional band can be observed in the 
FTIR spectra of the triplexes involving a anomers. A 
contribution is detected at  17 12 cm-1 (Figure 2c) that is clearly 
absent in the j3dAn-j3dTn and in the adT6 spectra (Figures 
2a,b) as well as in the /3dTn.j3dAn.j3dTn triple helix spectrum 
(Figure 2d). This suggests a different binding of the third 
strand in the adTn$3dA,.fidT, triplex when compared to the 
/3dTn.BdAn.j3dT,, triplex. In the Hoogsteen-type base pairing 
scheme of the T.A.T base triplet (Figure la) such as known 
to occur in the j3dTn$dAn./3dTn, both C2=02 thymine 
carbonyl groups of the Watson-Crick dT, strand and of the 
Hoogsteen dT, strand are free. On the contrary in a reverse 
Hoogsteen-type scheme for T.A.T (Figure lb), the C2=02 
thymine carbonyl groups of the Watson-Crick dT, strand 
remain free, but those the reverse Hoogsteen-type dT, strand 
are involved in a hydrogen bond. Thus in the spectrum of the 
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FIGURE 3: D20 solution FTIR spectra (region of sugar vibrations): 
(a) poly(dA)*poly(dT), B form. (b) BdTn.BdAn*@dTn. (c) adT12. 

adTly/3dAnj3dT, triple helix the two carbonyl absorptions 
located at 1712 and 1695 cm-' could reflect the existence of 
two such different C2=02 carbonyl groups. Moreover, the 
sum of the relative intensities of these two contributions is 
similar to that of the unique C 2 4 2  absorption observed in 
the case of the j3dTn*j3dAn-/3dTn triple helix. Earlier photo- 
induced cross-linking and cleavage reaction studies had shown 
that an oligo-a-thymidilate was bound in the major groove of 
natural double-stranded DNA in a parallel orientation with 
respect to the homopurine strand, which was possible only in 
a model containing reverse Hoogsteen binding of the third 
strand (Le Doan et al., 1987; Praseuth et al., 1988). The 
presence of the additional high wavenumber carbonyl vibration 
in the FTIR spectrum of the adT1yj3dAn#3dT, triple helix 
allows us to characterize the reverse Hoogsteen-type binding 
of the adT12 strand to the duplex, in contrast to the Hoogsteen- 
type binding of the BdTn strand in the j3dTn$dAn.j3dTn triple 
helix. 

The spectral domain between 1000 and 800 cm-l contains 
absorptions markers of the N-type and S-type sugar geom- 
etries. These bands have been widely discussed and used to 
characterize the A and B families of nucleic acids and the 
sugar conformations in triplexes (Taillandier & Liquier, 1992; 
Howard et al., 1992). Figure 3 presents the FTIR spectra of 
the two /3dTlz$?dAn-/3dT, and adTn.BdA,.j3dT, triple helices 
(respectively, Figure 3 panels b and c) as well as the spectra 
of B family form poly(dA).poly(dT) (Figure 3a) and of an a0 
duplex ad(CGCAATTCGC)./3d(GCGTTAAGCG) (Figure 
3d). The latter duplex has been studied by high-resolution 
2D NMR (Gmeiner et al., 1992). The NOE data are 
consistent with a B-form geometry adopted by the a-j3 hybrid 
decamer, with S-type sugar pucker and an anti conformation 
for the glycosidic bonds. As can be seen in the FTIR spectrum 
of this aj3 duplex (Figure 3d), an absorption is observed at 
841 cm-l around the same position as the IR marker 
characteristic of S-type sugars in the case of a j3j3 duplex 
(Figure 3a). Thus the S-type sugar conformation IR marker 
band is the same in the case of a/3 and j3j3 duplex structures. 
In the adT12.j3dA,.@dTn triple helix spectrum (Figure 3c) we 
observe a strong absorption at 841 cm-l which shows that the 

BdAn-BdTn. (d) ad(CGCAATTCGC).B(GCGTTAAGCG). 
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bonded cytosines is observed around 1690 cm-l for the @rC+- 
@rC and @dC+-j3dC base pairs. When the pH is decreased 
so as to protonate all the cytosines, the bases are no longer 
hydrogen bonded, and the spectrum of totally protonated, 
nonassociated cytosines presents a carbonyl stretching vibra- 
tion at a still higher wavenumber (around 171 3 cm-I). In the 
same way, the spectrum of the a oligomer at pH 5.5 presented 
in Figure 4c shows an absorption located at 1700 cm-l, which 
is indicative of the formation of similar adClz+-adClz 
structures in the case of a anomers. In the totally protonated 
adCl2+ spectrum, the C 2 4 2  stretching vibration is detected 
at 1717 cm-I (spectrum not shown). 

If we consider the spectrum of the adC1z+$3dG,.@dCn triplex 
(Figure 4d), we can clearly observe a pattern of absorptions 
due to the stretching vibrations of the carbonyl groups, different 
from that previously observed for the duplex and for the third 
strand. This shows the formation of the triple helix between 
the double-stranded B polymer and the single-stranded a 
oligomer. The high wavenumber absorption located at 1724 
cm-l may be assigned to the stretching vibration of the non- 
hydrogen-bonded C2=02 group of the protonated a cytosine 
of the third strand in the triplex. 

The formation of a triple helix by addition of an adClz 
oligomer to a @rG,.@rC, duplex and decreasing the pH to 5.7 
has been characterized in the FTIR spectrum by a similar 
emergence of a high wavenumber absorption assigned to the 
C 2 4 2  stretching vibration of the protonated a cytosines in 
the adC12+.@rG,,.@rCn triple helix (spectra not shown). 

The in-plane base vibration region of the adC12+$?dG,y9dC, 
and adClz+$?rG,.@rC,, triple helix spectra are similar to those 
previously studied in the case of the triplexes formed with B 
anomers (Figure 4e). The formation of the triple helix is 
characterized by the presence of a high wavenumber C2=02 
carbonyl stretching vibration of the protonated cytosine of 
the third strand. 

The absorption of the protonated a cytosine observed at 
1724 cm-' in the adC12+$3dGn*j3dC, may reflect, as in the 
case of the @dC,++?dGn+3dC, triplex, a Hoogsteen-type base 
pairing scheme; however, at this point the reverse Hoogsteen- 
type model cannot be completely ruled out as in both Hoogsteen 
and reverse Hoogsteen-type binding schemes of the third 
strand, the C2=02 carbonyl of the protonated cytosine 
remains free (Figure 4c,d). Data provided by the study of the 
sugar vibrations will allow us to make the base pairing model 
more precise. 

Figure 5 presents FTIR spectra recorded in DzO solutions 
between 790 and 920 cm-l, the region where sugar confor- 
mation marker modes are observed. The top row shows the 
spectrum of @dG,+dC, (Figure 5b) and of the triple helices 
obtained by addition of a @dC,+ (Figure 5d) or of an adClz+ 
(Figure 5 f )  third strand. The bottom row presents the 
spectrum of j3rGn-j3rCn (Figure Sa) and of the triple helices 
obtained similarly by addition of a @dC,+ (Figure 5c) or of 
an adC12+ (Figure 5e) third strand. We can observe in the 
@rGn$3rCn spectrum (Figure Sa) a band at 862 cm-l char- 
acteristic of N-type sugars. In the case of @dGn.@dCn (Figure 
Sb), the same N-type marker is observed, as in our experimental 
conditions (high nucleic acid and salt concentrations) this 
polymer adopts an A family geometry. If we consider the 
spectrum of adClz+.@dG,$?dC, (Figure 50, we can detect a 
contribution of S-type sugars as shown by the existence of an 
absorption located at 823 cm-'. A similar contribution had 
been observed in the case of the triple helix formed with a 
@dC, third strand (Figure 5d). When a double-stranded RNA 
is used to form the triple helix, no contribution of S-type sugars 
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FIGURE 4: D20 solution FTIR spectra (region of in-plane stretching 
vibrations of base double bonds): (a) @dGn.@dCn. (b) adC12, pH 7. 
(c) adC12+-adC12, pH 5.5 (d) c~dC12+*BdGn*BdCn, pH 5.7. (e) 
@dCn+*@dGn$dCn, pH 6.2 

sugars are in S-type geometry in all strands. The same sugar 
conformation had been previously obtained in the case of the 
@dTnq3dAn$dTn triplex as can be seen in Figure 3b (Liquier 
et al., 1991; Howard et al., 1992). 

In summary, this study by FTIR spectroscopy allows us to 
propose for the adTly@dA,.@dT, triplex a reverse Hoogsteen 
type base pairing for the third strand and an S-type sugar 
conformation for all strands. 

adC,2+$3dGn.@dC, and adC~2+~@rG,~@rC, Triplexes. Fig- 
ure4 presents the FTIR spectra of D20 solutions of @dC,./3dGn 
at  pH 7 (Figure 4a) and of adC12 at pH 8 (Figure 4b) and 
after decreasing the pH to 5.5 (Figure 4c). So as to obtain 
the formation of the adCl2+$dG,.@dCn triplex, protonation 
of the cytosines of the third strand must be achieved by 
decreasing the pH. The spectrum of the adCl2++3dG,.@dC, 
triplex obtained at pH 5.7 is shown in Figure 4d. In the 
@dC,.@dG,, spectrum (Figure 4a), two strong absorptions are 
observed located at 1689 and 1650 cm-I. They are assigned 
to the coupled stretching vibrations of the C6=06 guanine 
and C 2 4 2  cytosinecarbonylgroups. The spectrum of adC12 
at pH 8 (Figure 4b) shows one strong band located at 1645 
cm-l, assigned to the C2=02 carbonyl stretching vibration. 

The decrease of the pH in @ cytidine oligomers or polymers 
induces formation of different structures depending on the 
value of the pH. At pH 5.5 (pH value used to form the triple 
helices studied in this work), double-stranded C+-C structures 
have been previously proposed in the case of BdC (Borah & 
Wood, 1976), j3rCn, or BdC, (Hartman & Rich, 1965; Chou 
& Thomas, 1977; Akhebat et al., 1992). At pH 4.5, a four- 
stranded complex has been recently presented in the case of 
the d(TCCCCC) oligomer (Gehring et al., 1993). In all cases 
the protonated cytosines are involved in C+-C base pair, and 
all carbonyl groups are hydrogen bonded. The stretching 
vibration of the C2=02 group of the protonated hydrogen- 
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FIGURE 5: DzO solution FTIR spectra (region of sugar vibrations): (a) flrGn.flrCn. (b) fldGn.fldCn. (c) fldCn+@Gn*flrCn. (d) fldC,+#dG,.fldC,. 
(e) adC12+.flrGn.flrCn. (f) adClz+.fldGn*fldCn. 
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FIGURE 6: Raman spectrum in H20 solution of adC12+-fldGn$dC., 
pH 5.7. 

is detected, neither in adC12+*/3rGn./3rC, (Figure 5e) nor in 
/3dCn+./3rGn./3rCn (Figure 5c). 

The Raman spectrum of the adClz+$?dG,$?dC, triple helix 
is presented in Figure 6. Two regions are of particular interest 
in this spectrum. The first one between 850 and 600 cm-l 
contains a vibrational mode of guanosines involving a breathing 
motion of the imidazole ring coupled through the Cl’-N9 
glycosidic linkage to a sugar deformation. This mode is known 
to be a marker of the guanosine conformation: it is observed 
around 685 cm-l for an S-typelanti geometry, around 660 
cm-l for an N-typelanti conformation and around 625 cm-l 
for an N-typelsyn geometry (Thamann et al., 198 1; Nishimura 
et al., 1986; Peticolas et al., 1987). We can observe in the 
spectrum of the adClz+$?dG,$?dC, triple helix a line located 
at 689 cm-’ and no signal around 660 cm-’, which shows that 
the guanosines of the BdG, strand in the triplex adopt an 
S-typelanti geometry. 

Moreover, two Raman lines located at 836 and 81 1 cm-l 
reflect the existence of S-type and N-type sugars, respectively. 
The latter can be assigned to the pyrimidine strands as shown 
by the Raman lines observed between 1400 and 1200 cm-I. 
The relatively weak triplet located at 1366, 1340, and 1317 
cm-l reflects the S-typelantiguanosine conformation, whereas 
the intense line at 1250 cm-l reflects N-typelanti cytosines 
and the companion line at 1262 cm-l the N-typelanti 
protonated cytosines of the third strand (Chou & Thomas 

1977; Nishimura et al., 1986). A similar Raman spectrum 
has been obtained and discussed for the triplex formed with 
the 8 anomer in the third strand, 8dCn+./3dG,*/3dC, (Ouali et 
al., 1993a). 

In summary, it is possible to form a triple-helical structure 
in binding an (Y oligomer adC12 to double-stranded DNA 
/3dGn*/3dCn. Infrared and Raman spectroscopies show that 
the 8-purine strand adopts an S-typelanti geometry whereas 
pyrimidine strands are in an N-typelanti geometry. 

Molecular Modeling 

Molecular mechanics calculations were performed in order 
to obtain accurate triplex geometries to enable interpretation 
of the experimental data. The calculations allow definition 
of the triplex third strand polarity and hydrogen-bonding 
schemes which are stereochemically and energetically con- 
sistent with the sugar conformations deduced from the 
vibrational spectra analysis. Calculations clearly show that 
for a88 triple helices the Hoogsteen base pairing scheme of 
the third strand is associated with an antiparallel orientation 
and the reverse Hoogsteen base pairing scheme with a parallel 
orientation. In both cases, the third strand glycosidic torsion 
angle conformation has an anti conformation. Other com- 
binations of hydrogen-bonding schemes and third strand 
polarity (Hoogsteen parallel or reverse Hoogsteen antiparallel 
and syn conformations) have a shorter interstrand backbone 
distance, and consequently the electrostatic repulsion between 
the charged phosphates induces an unfavourable stereochem- 
istry. 

adTi.&dAlr/3dTlZ. When the sugar conformation con- 
straints are relaxed, the best obtained minimized structure of 
the crdTlz$?dAp/3dTlz triplex involves reverse Hoogsteen third 
strand base pairing and a parallel third strand polarity. This 
modelisin agreement with theanalysisof the 175&1550-~m-~ 
spectral region (conformation I in Table I; Figure lb). After 
the suppression of the energy penalty function, the model 
with Hoogsteen hydrogen bonds and an antiparallel third 
strand orientation remains with an S-type sugar conformation, 
but its energy is significantly higher than the previous one and 
is thus unfavored (conformation I1 in Table I). 

Table I1 lists the structural parameters of the reverse 
Hoogsteen parallel adT1Z-j3dA1r8dT1z geometry. The com- 
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Table I: Comparison between the Sugar Conformations Calculated 
by Molecular Mechanics for the Triple Helices adC12+-@dG12$dClz, 
adClyBrGlyBrC12, and adT12-fldA12BdTlz and the conformations 
Obtained by IR and Raman Vibrational Spectroscopies‘ 

experi- 
third strand third strand calculated total mental 

(NO) base pairing orientation structure energy data 

adTi 2.BdA I 2’BdTi 2 
I reverse parallel Slanti  S 

Slanti  (C3’-exo) S 
Hoogsteen Slanti -770 S 

I1 Hoogsteen antiparallel Slanti  
Slant i  -714 
S/anti  (C3’-exo) 

adC 12+$dG i 2$dC 12 
111 Hoogsteen antiparallel Nlant i  N 

Nlan t i  (C2’-exo) N 
Slanti -1213 S 

IV reverse parallel Slanti  
Hoogsteen Slanti  -1 198 

Slanti  (C4’-endo) 
adC12+$rGlyj3rC12 

V Hoogsteen antiparallel Nlant i  N 

Nlant i  (C2‘-exo) N 
Nlant i  -755 N 

The columns describing the calculated and experimental confor- 
mations of triple helices specify, for example in the case of the 
adC12+$dG1yj3dC12 triple helix, the sugar pucker and glycosidic torsion 
angleof the /3dCl2 strand (top), the BdGn strand (middle), and the adC+12 
strand (bottom). TheS (south), N (north),and W (west) conformations 
correspond to C2‘-endo, C3‘-endo, and 01’-ex0 families, respectively. If 
the sugar conformation differs from the usual C3‘-endo or CZ‘-endo, the 
accurate conformation is given in parentheses. 

Table 11: Helicoidal Parameters and Conformational Angles of the 
adTlz.fidT12 (Conformation I in Table I) and BdTlo$dAlo-j3dTlo 
lOuali et al.. 1993al Triple Helix Geometries’ 

~~ 

adTi2*BdAi~’BdT12 
strand Xdisp Ydisp rise Inc tip twist 

_____ 

I -1.818 0.073 3.151 -1.547 -8.365 36.81 
I1 -1.759 4 .001  3.151 5.220 -9.446 36.81 
I11 -3.562 0.712 3.151 4.457 177.65 36.81 

strand x a B r 6  6 I 
I 246 -66 175 60 138 -173 -113 
I1 253 -62 175 54 140 -172 -115 
111 159 -95 131 40 144 -78 -151 

BdT io*rSdAlo.fldT io 
strand Xdisp Ydisp rise Inc tip twist 

I -3.9 0.2 3.4 0.0 0.0 30.9 
I1 -3.9 0.1 3.4 0.0 0.0 30.9 
I11 -4.2 -0.3 3.4 0.0 0.0 30.9 

strand x a B Y 6  6 I 
I 239 -67 -178 55 134 -172 -109 
I1 238 -62 -179 51 132 -173 -108 
111 236 -67 -179 55  129 -172 -105 
‘Strands I, 11, and 111 are, for example in the case of the 

adTl2q3dAl2.BdTlz triplex, j3dT12, j3dA12, and adT12, respectively. The 
helicoidal parameters Xdisp, Ydisp, Inc, and Tip give the position of the 
base in each strand with respect to a reference point defined as the 
intersection where the helical axis would cut the base plane in the standard 
B conformation. The parameters Xdisp and Ydisp are, respectively, the 
translations along the local dyad axis pointing toward the minor groove 
and along the long axis oriented following the base pair axis. The Inc 
and Tip parameters are the rotation parameters around the same two 
respective axes (Lavery & Sklenar, 1988). Twist, Rise, and conformation 
torsion anales refer to the usual definitions (IUPAC-IUB, 1983). 

parison with the /3dTlo./3dAlo$?dTlo triplex (Ouali et al., 
1993a) shows that even if the sugar conformation is S-type 

Table 111: Helicoidal Parameters and Conformational Angles of the 
adC12+$dG12+dC12 (Conformation I11 in Table I) and 
adC12+$3rG12$rC12 (Conformation VI in Table I). Optimized 
Geometries Which Are in Agreement with the Experimental Spectra, 
and of BdClo+.BdGlo.j3dClo (Ouali et al., 1993a)’ 

c~dC12+$3dG12*@dCl2 
strand Xdisp Ydisp rise Inc tip twist 

I -2.671 -0.269 4.005 -12.75 -4.955 30.26 
I1 -2.908 0.328 4.005 -9.202 11.973 30.26 
111 -4.024 0.268 4.005 -18.636 10.262 30.26 

strand x a B  Y d 6 I 
I 198 -74 177 69 81 -162 -66 
I1 239 -61 -173 50 142 -175 -116 
111 58 162 -179 -173 99 -176 -72 

BdC I o+-BdG I o4dC io 
strand Xdisp Ydisp rise Inc tip twist 

I -3,257 -0.256 3.889 -8.725 -4.502 29.64 
I1 -3.476 0.347 3.889 -8.464 9.555 29.64 
111 -4.338 -0.298 3.889 -11.222 4.792 29.64 

strand x a B Y 8  6 I 
I 198 -72 177 66 80 -161 -66 
I1 238 -62  -173 51 140 -174 -114 
111 186 -76 -179 67 79 -157 -68 

adC 12++3rG1yBrC12 
strand Xdisp Ydisp rise Inc tip twist 

I -2.860 0.042 4.071 -14.879 -2.763 30.361 
I1 -3.000 0.084 4.071 -12.855 -1.167 30.361 
I11 -3.896 -0.024 4.071 -15.278 13.455 30.361 

strand x a B y 6 6 I C2-02 
I 189 -81 170 79 81 -151 -73 -178 
I1 190 -85 171 81 83 -152 -72 178 
I11 60 153 179 -164 101 -177 -71 

The definition of the parameters is the same as in Table 11. 

in both cases and the strand orientations are similar, the 
helicoidal parameters in the a and B triplexes and the torsion 
angles E and f a re  different: the rise is smaller and the twist 
greater for the triplex containing the a conformer. This 
corresponds to a difference in the overall helical structure. 

adC12+./3dG,~/3dClz. We have performed energy mini- 
mization with a penalty energy term imposing an N-type sugar 
conformation for the two dC strands and an S-type for the dG 
strand. The results obtained after the contraints have been 
relaxed show that the adC12+./3dG12.j3dCl2 model with a 
Hoogsteen third strand hydrogen bonding and an antiparallel 
third strand polarity is the only one in agreement with the 
experimental infrared and Raman spectra (conformation I11 
in Table I). The other model (with reverse Hoogsteen base 
pairing and parallel orientation) adopts an S-type sugar 
conformation when the energy constraint is released (con- 
formation IV in Table I). 

For the best adCl2+j3dG12$3dC12 structure, the helicoidal 
parameters (Xdisp, Ydisp, rise, twist), the sugar conformation, 
and the backbone torsion angles have values close to those of 
the ,BdClo+$?dGla./3dClo triplex (Ouali et al., 1993a) (Table 
111). The only variations detected concern the Inc parameter 
and the a torsion angle. Thus the main change observed in 
the triple helix structure, upon the substitution of the j3 third 
strand by an a strand, concerns the third strand polarity, 
which is antiparallel in the adC12+$3dGlz-/3dCl2 triplex instead 
of parallel in the ,8dClo+$?dGlo-BdClo one. 

In Table I11 the values of the x torsion angle defined as x 
04’-Cl’-Nl-C2 should be compared between a and j3 
anomers taking into account the following remark: when an 



aBfl DNA Triplex Structures 

a anomer is considered instead of a @ anomer, the H1’ 
deoxyribose atom is replaced by the N1 pyrimidine atom and 
this changes the definition of the syn and anti regions. 
Considering the same position of the base, an equivalent 
relative orientation of the sugar with respect to the base for 
the two a and anomers is obtained by superimposing the 
04‘ and C2’ a anomer atoms with, respectively, the C2’ and 
04’ atoms of the B anomer (Figure le). This leads to the 
relation xa = xp - 120°, and the anti region is defined in the 
range -30’ < xa  < 150’ for a anomers instead of 90’ < x~ 
< 270’ for @ anomers. In Figure le  is shown the adC+ anomer 
of conformation I11 with an N-type sugar. In this case xa = 
58O corresponds to x p  = 178’ in a similar B anomer. We can 
notice that this value is close to that which had been obtained 
for BdC+ in the BdClo+-@dGlo+$3dClo+ triplex (Table 111). 

In the best theoretical model (conformation 111 in Table I), 
the substitution of the deoxyribose duplex by a ribose duplex 
gives rise to a refined structure containing only N-type sugars, 
in good agreement with the IR spectrumof adC+lyBrGn.@rCn, 
which presents only one IR marker band at 864 cm-l 
(conformation V in Table I). The variations of structural 
parameters induced by the substitution of the deoxyribose 
duplex by a ribose duplex concern mainly the torsion angle 
6 of the guanine strand, which is characteristic of the sugar 
conformation (Table 111). 
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The difference in the orientation of the third strand in the 
adC12+.BdGnBdC, and adT1yBdA,$?dT, triple helices is 
consistent with the results of absorption spectroscopy and 
footprinting assays which have shown that an 1 1-mer oligo- 
nucleotide, 5’-ad(TCTCCTCCTTT)-3’ binds in an antipar- 
allel orientation to a DNA duplex (Sun et al., 1991b). As 
discussed above, the adT12 oligomer binds with parallel 
orientation in adT1yBdA,.BdTn, and we can observe that the 
introduction of adCs in the adT third strand induces an 
inversion of polarity of this strand. This fact could be related 
to the two different orientations proposed for the adT12 and 
adC12 strands in our triple helices. 

In summary, we have determined the sugar conformations 
in adC12+.BdG,.BdC, and adT12.@dA,.BdTn triple helices and 
proposed in the latter case a characterization of a reverse 
Hoogsteen-type base pairing by the use of vibrational spec- 
troscopy. A conformation has been proposed for each strand 
involved in the triple helix formation. Molecular mechanics 
calculations show that only Hoogsteen antiparallel adC12+- 
fldG12q3dCl~ and reverse Hoogsteen parallel adT1+@iA1~#MT12 
triple helices can have sugar conformations in agreement with 
the spectroscopic data. Structural modifications occur by 
substitution of a /3 third strand by an a third strand. If the 
third strand orientation is conserved as in adTlyBdA,$dT,, 
then the base pairing scheme is changed; if the base pairing 
type is invariant as in ~~dC12+$dG&dCn, then the third strand 
polarity is reversed. 
a Oligonucleotides are resistant to nucleases and can 

specifically recognize double-stranded DNA sequencemotives. 
This may be of interest in the development of therapeutical 
approaches such as the inhibition of unwanted gene expression, 
the so-called genic medication. Our work gives structural 
information which may be a first step in the design of new 
drugs based on the anti-gene strategy. 

DISCUSSION 
In 88 double helices, the modification of the nucleoside 

anomeric configuration of one strand from j3 to a without 
change in the base pairing scheme requires an inversion of the 
polarity of the a strand (Sun et al., 1987; Lancelot et al., 
1987; Morvan et al., 1987b). This is in agreement with our 
result obtained on a@@ and j3j38 triple helices for which we 
have shown that if the third base pairing scheme is conserved, 
an inversion of the third strand orientation is required. 

Earlier studies have shown that an oligo-a-deoxythymidilate 
can bind to a /3@ duplex with a parallel orientation (Le Doan 
et al., 1987). Both a and @oligo(dT) anomers recognize A-T 
Watson-Crick base pair sequences with the same parallel 
orientation. In the present work the analysis of the FTIR 
spectral region between 1750 and 1550 cm-’ suggests a reverse 
Hoogsteen hydrogen-bonding model for the adT12 third strand 
in the adTlyBdA,+?dT,. Using molecular modeling, we have 
verified that the experimental conclusions on the parallel third 
strand polarity and the reverse Hoogsteen base pairing between 
the adTl2 strand and the BDNA were stereochemically 
compatible with the S-type sugar conformation observed in 
FTIR spectra of the adTl2+3dAn$3dT, triple helix (confor- 
mation I in Table I). This approach based upon the comparison 
between the calculated sugar conformations of triple helix 
models and the FTIR data is in agreement with a previous 
work concerning the adTlo.BdAlo.BdT10 triple helix (Sun & 
Lavery, 1992). 

Concerning the adC12+$?dG1y/3dCl2 triple helix, molecular 
mechanical calculations show that only the calculated model 
with an Hoogsteen third strand base pairing scheme and an 
antiparallel third strand polarity can interpret the experimental 
spectra. These calculations lead us to reject the other 
possibility, namely, the reverse Hoogsteen parallel adC12+- 
BdG12$dC12 model which does not give a sugar conformation 
in agreement with the experimental spectra. Both adCl2+. 
BdGn.BdCn and BdClz+.BdG,.BdC, triple helices have thus a 
similar Hoogsteen-type base pairing scheme. In the first triplex 
the a strand is oriented antiparallel to the polypurine strand, 
whereas in the second triplex the B third strand is oriented 
parallel to the polypurine strand. 
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