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ABSTRACT. Oligonucleotide-directed triple helix formation normally requires a long tract of oligopyrimidine
oligopurine sequence. This limitation can be partially overcome by alternate-strand triple helix (or switch
triple helix) formation which enables recognition of alternating oligopurine/oligopyrimidine sequences.
The present work is devoted to the optimization of switch triple helix formation at Gp&3 and
5'GpC3 junction steps by combination of base triplets in Hoogsteen and in reverse Hoogsteen
configurations. Rational design by molecular mechanics was first carried out to study the geometrical
constraints at different junction steps and to propose a “switch code” which would optimize the interactions
at junctions. These predictions were further checked and validated experimentally by gel retardation and
DNase | footprinting assays. It was shown that the choice of an appropriate linker nucleotide in the
switching third strand plays an important role in the interaction between oligonucleotides and alternating
oligopurine/oligopyrimidine target sequences at different junctions: (i) the addition of a cytosine at the
junction level in the oligonucleotide optimizes the crossover at tpG3 junction, whereas (ii) the

best crossover at théGpC3 junction step is achieved without any additional nucleotide. These results
provide a useful guideline to extend double-stranded DNA sequence recognition by switch triple helix
formation.

Oligonucleotides can hind to the major groove of double- respect to the purine target sequence, depending on the
stranded DNA containing oligopyrimidireligopurine se- sequence of the third strand. Its orientation changes from
quences in a sequence-specific mandef). The resulting parallel to antiparallel when the number ofGpT3 and
triple helix is able to interfere selectively with gene expres- 5'TpG3 steps increases and the length of G and T tracts
sion. This approach provides a rational basis for the decreaseslg, 16.

development of new tools in molecular biology and for  There is therefore a sequence restriction in the “anti-gene”
therapeutic applications. strategy, since the DNA target sequence must possess all

In this so-called anti-gene strategy, it is well established purines on the same strand. However, recent studies have
that an oligonucleotide containing thymines and cytosines suggested the possibility of extending the range of DNA
can form a triple helix where the third strand adopts a parallel targets for triple helix formation in two ways. (i) When the
orientation with respect to the oligopurine strand of the oligopyrimidineoligopurine sequence is interrupted by a
targeted DNA. The T and protonated C residues of the third single or double base pair inversion, triple helix formation
strand are involved in Hoogsteen base pairing and form thecan still occur by using a natural or modified nucleotide
two canonical base triplets-AXT and CGxC+. facing the inverted purinpyrimidine base pair(s)17—23)

On the other hand, (G,A)- and (G,T)-containing third by dimerization of adjacent triplex-forming oligonucleotides
strands allow triple helix formation at neutral pH. In a (24, 29, or by using an intercalator-containing oligonucle-
(G,A)-motif triplex (3—8), the oligopurine strand recognizes otide in which the intercalator is internally attached at the
a double-stranded DNA target in an antiparallel orientation appropriate place where it can intercalate at the inverted base
with respect to the oligopurine sequence. In a (G, T)-motif pair position 26). (ii) When the target sequence is composed
triplex (9—16), an oligonucleotide containing thymines and of alternating oligopurine/oligopyrimidine tracts, an oligo-
guanines binds in an antiparallel or a parallel orientation with nucleotide containing several appropriately linked triplex-

forming domains can engage in alternate-strand triple helix
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bonding configuration (Hoogsteen or reverse Hoogsteen), aotide concentrations were determined by the UV absorption
suitable linker must be used to join the twe 8r 5-ends of at 260 nm on a Kontron Uvikon 860 Spectrophotometer at
the third strands via their phosphodiester backbo@@s- ( 20 °C using the nearest-neighbor method for calculating
31) or terminal bases3Q); (i) when they involve motifs molar extinction coefficients4@3). The 54 bp duplexes used
switching from Hoogsteen to reverse Hoogsteen hydrogen-in this study were labeled at the-&nd using {-3?P]JATP
bonding (or vice versa)lg, 33-38), the juxtaposed portions  and polynucleotide kinase.
of the third strand could be linked through a naturat3 DNA Purification and Labeling. To clone the 28 bp
phosphodiester bond. alternating oligopyrimidineligopurine sequences containing
The present work is devoted to the amelioration of “switch either a 5CpG3 or a 3GpC3 step, double-stranded oligo-
triple helix” formation by establishing rules to optimize the nucleotides were designed to be inserted betweeHiithdi |
oligonucleotide sequence so that it can cross the major grooveand BarrHI sites of the pUC12 plasmid. The cloning was
at two types of junctions, namely, GG3 and 3GpC3 carried out as previously describet) with the following
steps. The predictions by molecular modeling have beenmodifications. The plasmid was cut lscoRl and 3-32P-
checked and validated by gel retardation and DNase | end-labeled usingof-*2P]JdATP (6000 Ci/mmol) and AMV

footprint assays. reverse transcriptase. The 148 lgwoRl—Pyull DNA
fragment for footprinting was prepared by a findbull
MATERIALS AND METHODS digestion. The digestion products were separated on an 8%

polyacrylamide gel under nondenaturing conditions in TBE
buffer (89 mM Tris—borate, pH 8.3, 1 mM EDTA).

Gel Retardation Assay.Double-stranded target DNA
radiolabeled at one'fnd (20 nM) was incubated in the
presence of the third strand in 4Q of a solution containing
50 mM HEPES, pH 7.2, 50 mM NacCl, 10 mM Mg&£h ug

Molecular modeling by conformational energy-minimiza-
tion was carried out using JUMNA (version 7) program
package 39). Neither water nor positively charged coun-
terions were explicitly included in the energy minimization.
However, their effects were simulated by a sigmoidal,
distance-dependent, dielectric functiek) and by assign-

ment of a half negative charge for each phosphate group.Of tRNA, and 20% sucrose. After overnight incubation at a
Computations were carried out on a Silicon Graphics 4D/ controlled temperature, samples were loaded on a 12%

420GTXB dual processor workstation. nondenaturing polyacrylamide gel. Electrophoresis was
The coordinates of triple helices were derived from the 2?&;?:36%'” ?r?em'\gl HV\I/EaZES;( poigdzt'oagd 1&?'\40%%2' or
previously published B-like triple helix4d, 43 which is ying, the g P phosp 9

row widely suppored by many NWR and vbratonal S0 S, S Sailin s pererned o 2
spectroscopic studies. Typically, the triple helices were 10 P 9 y '

base triplets in length with the junction step occurring at the gncertamty dOf qua_ntlflcatmn was estimated to about 10%
center. The three last base triplets at both ends were y repeate experlments. , i

restrained to a mononucleotide symmetry in order to decrease PNase | Footprinting. Experiments were carried out as
the end effects and to focus on the effect at the junction (the Previously describeddg) with the following modifications.
central four base triplets). A manual docking was sometimes S@mples (2:L) of the labeled DNA fragment were incubated
required around the junction in order to establish an W|_th lul of:_ale concent_rated solution of the th_lrd strand
appropriate interaction and to avoid strong steric clashes©ligonucleotide. All reactions were performed in 10 mM
during initial steps of minimization. The total complexation 11S-HCI, pH 7.2, 50 mM NaCl, and 10 mM MggIn the
energy Eror) was decomposed in terms of intermolecular Presence of 0.2 mM spermine. To ensure equilibrium of
interactions Epw_) between the third strand (I1) and the theoblndlng reaction, samples were incubated overnight at
target double-helical DNA (DH), as well as the conforma- 37°C.

tional deformation energy of the double helixEpy) and RESULTS
the third strandAE,;;). Conformational deformation energies

were evaluated as the difference between the corresponding prediction by Molecular ModelingMolecular modeling

energetic components before and after complexation of theghows that the geometry of two-third strands which bind to
third strand. It should be noted that this evaluation is qjigopurine sequences on the alternate strands of a target
approxmate, espeC|aII_y for the third str_and since the duplex at the £pG3 junction step (5¥pR3) (Figure 1,
conform_atlon of a free single-stranded DNA is generally less top part) is distinctly different from that which pertains at
well-defined t_han a free double-stranded DNA._ However, e BGpC3 junction step (RpY3) (Figure 2, top part).
these approximations were necessary to take into accounijserent approaches were used to cope with the conforma-

the effect of base composition. tional requirements for designing appropriate oligonucle-
Chemicals. Deoxyribonuclease | (DNase I) was purchased otides to switch at these junctions. When the two triplexes
from Sigma Chemicals Co. The restriction enzyresRI, are formed by combination of the-GxG base triplets in

BarHI, Hindlll, Poull, and polynucleotide kinase were Hoogsteen and reverse Hoogsteen configuration, the model-
obtained from Biolabs. AMV reverse transcriptase was ing studies show that thé-5and 3-ends of two third strands
purchased from Eurogentec. Nucleoside triphosphates la-can easily be joined by using a single phosphodiester unit at
beled with*P (y-ATP anda-dATP) were from ICN. the BGpC3 junction (Figure 2, bottom part), whereas the
Oligonucleotidesvere synthesized on an automatic syn- 5'- and 3-ends of two third strands are too far away at the
thesizer by Eurogentec using phosphoramidite chemistry. 5CpG3 junction. Therefore, additional nucleotide(s) should
Full-length oligonucleotides were purified by polyacrylamide be required to facilitate the switching over of the third strand
gel electrophoresis under denaturing conditions. Oligonucle- at the 5CpG3 junction (Figure 1, bottom part). Molecular
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Ficure 1: Stereoview of energy-minimized models of triplexes in which the underlying target duplexes have alternating oligopyrimidine/
oligopurine sequence containing €pG3 junction step. Three base triplets are shown on each side of the junction step. The third strands
are indicated in boldface lines. Hydrogen atoms are not drawn for clarity. Top: The two third strands are not linked together. Bottom: a
cytosine was added in the third strand to facilitate the switching over of the third strandG@GTable 1, see text for details).

modeling by energy minimization was used to devise an The model of the best switch triplex (G&C) at the
appropriate linkage for bridging the gap between two third 5CpG3 junction step (Figure 1, bottom part) indicates that
strands in order to stabilize the junction and to increase thethe phosphodiester backbone of the extra cytosine in the third
specificity by establishing hydrogen bonding when possible. strand effectively acts as an appropriate linker bridging the
5'CpG3 Junction Step.In Table 1, a combination of two ~ 9@p between the Hoogsteen and reverse Hoogsteen parts of

C-GXG base triplets has been considered. The first triplet the switch triple helix. In addition, this cytosine engages in

is in the reverse Hoogsteen-like configuration which occurs three hydrogen bonds with the second neighb@xt base

in either an antiparallel (G,T)- or a (G,A)-motif triple helix ~triplet in reverse Hoogsteen-like configuration. Therefore,
on the left half of the target sequence, while the second triplet it not only provides the appropriate spacer for linking two

is in Hoogsteen-like configuration, required for a parallel Parts of the third-strand oligonucleotide, but also confers

(T,G)-motif triple helix on the right half of the target SPecific recognition of the’'®pG3 junction step, provided
sequence. the reverse Hoogsteen target sequence contains adjacent G's

The triplexes (from C&A to CG+C, see Table 1) contain at the junction. ) ]
an extra nucleotide (A, G, U, T, and C, respectively) in the ~ 5GPC3 Junction Step.In Table 2, the triplexes are
third strand at the'©pG3 junction step. All of them have ~ composed of two combined-GxG base triplets, one in
lower complexation energies than that of the triplex CG Hoogs_teen—llk_e conf_lguratlon and the other in reverse Hoogs-
which contains no additional nucleotide. These improved t€en-like configuration. In each case, the firsGG base
complexation energies are due mainly to strong intermo- triplet is involved in a parallel (T,G)-motlf triple helix on
lecular interactions between the third strand and the targetthe left half of the target sequence, while the secorEXG
double-helical DNA. It can be seen that both the nature and base triplet can be in either an antiparallel (G,T)- or a (G,A)-
the number of the extra nucleotide(s) play important roles. motif triple helix on the right half of the target sequence.
As a matter of fact, the introduction of a single cytosine into  When one guanosine in the third strand was removed at
the third strand at the junction step serving as a linker turns the BGpC3 junction step, either from the reverse Hoogsteen
out to be the most energetically preferred switch triplex or from the Hoogsteen-like portion as in the triplexes GC-
(triplex CG+C) compared to the triplexes containing any of G1 and GC-G2 (Table 2), respectively, the complexation
the other nucleotides (A,G,T). It is also worth noting that energy Eror) proved lower than that of the full-length triplex
the addition of two cytidines produces a less favored triplex GC1 which was obtained by directly attaching twe@G
(CGHCOQ). triplets in different hydrogen bonding configuration at the
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FIGURE 2: Stereoview of energy-minimized models of triplexes in which the underlying target duplexes have alternating oligopurine/
oligopyrimidine sequence containing &pC3 junction step. Three base triplets are shown on the each side of the junction step. The third
strands are indicated in boldface lines. Hydrogen atoms are not drawn for clarity. Top: The two third strands are not linked together.
Bottom: The two third strands are linked together by a naturaB5phosphodiester linkage (GC2 in Table 2, see text for details).

Table 1: Analysis of the Complexation Energies of the Table 2. Analysis of the Complexation Energies of the
Energy-Minimized Switched Triple Helices at th&&pC3 Junction Energy-Minimized Switched Triple Helices at th&3pC3 Junction
Step (See the Text for Detaits) Step (See the Text for Detaits)

triplex strand Ill AEpy  Epnw-m  AEy Eror triplex strand IlI AEpn Epn-m AEy, Eror
CG SGGGGGGGGGE +43 —284 +76 —165 GC1 SGGGGGGGGGE +58 —268 +83 —127
CG+A 5SGGGGAAGGGGE +67 —333 +69 —197 GC2 SGGGGREGGGE  +50 —263 +72 -—141
CG+G SGGGGGEEGGGGE +64 —322 +85 -—173 GC-G1 S5GGGGG-GGG@E +47 —245 +66 —132
CG+tU 5SGGGGAJGGGGE +52 —301 +51 -—198 GC-G2 S5GGGG-GGGGE +48 —246 +69 —129

CG+T SGGGGGIGGGGE +54 —299 +58 -—187

CGHC  SGGGGAGGGGE 455 —318 454 —209 2The undgr!ineﬁ letters show the nuhcleotiﬁes interacting with trﬁ(
CGLOC SGOGGACGGGGE 459 —303 +53 —191 purine strand in the target sequence through reverse Hoogsteen-like
hydrogen bonds. The hyphen symbolizes a standard phosphodiester unit.
2The underlined letters show the nucleotides interacting with the The boldface letter shows that the nucleotide adopts a syn glycosidic
purine strand in the target sequence through reverse Hoogsteen-likeconformation. Energies are given in kilocalories per mole (1 keal
hydrogen bonds. The italic letters indicate that those nucleotides are4.18 kJ).
primarily used as linkers to bridge the gap between Hoogsteen and

reverse Hoogsteen-like parts of the third strand. Energies are given in . . . .
kilocalories per mole (1 kcak 4.18 kJ). of deformation energies\Epn andAE,;) in parallel with a

limited loss in intermolecular interactiorEgy—) as com-
junction. These two energetically favored triplexes appear pared to that of the corresponding triplex GC1 (Table 2).
to profit from a greater extent of energy reduction in terms The model of the triplex GC2 shows that the flipping of
of deformation energies in both the double-helical DNA guanosine from anti to syn glycosidic conformation serves
(AEpy) and the third strandAE;,) than a gain in energy of  to preserve intra-third-strand base stacking at ti&p&3
intermolecular interactiorHp—)) between the target DNA  junction (Figure 1, bottom part).

and the third strand. However, it turns out that another Experimental lmestigation. Two 54 base pair duplexes
alternative, namely, full-length triplex GC2 in which the first were synthesized to study switch triplex formation at the
guanine involved in the reverse Hoogsteen part of the third 5CpG3 and 3GpC3 steps. These target molecules are
strand is in syn glycosidic conformation, appears to be the composed of two adjacent sequences (box | and box II) in
most energetically preferred. Thus, thisGXG base triplet ~ which the two oligopurine tracts alternate across the two
actually establishes hydrogen bonds in Hoogsteen-like con-strands. Box | contains a 14 bp oligopuriokgopyrimidine
figuration. By doing so, it affords a significant reduction sequence with two '&pA3/5ApG3 steps and a long T
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Systeme >-CpG-3':

Box1

Box IT

GGG CAGCACGACACGA 3
7 GTCGTGCTGTGCT 5

5' AGTCAGCTAGTCA 7
3" TCAGTCGATCAGT GG

14GTP1
14GTA1
14GTA2
14GAA2
14GTP2

3" GGGTTTTTTTTTGG °'

5" GGGTTTTTTTITTGG 3’
3' GGTTTGGGTTGGGG '
3' GGAARGGGAAGGGG 5'
5' GGTTTGGGTTGGGG 3’

3" GGGTTTTTTTTTGG GGTTTGGGTTGGGG ' CG

3 GGGTTTTTTTTTGGCGGTTTGGGTTGEGE ' CG+C

3' GGGTTTTTTTTTGGTGGTTTGGGTIGGGG °' CG+T

3" GGGTTTTTTTTTGGGGGTTTGGGTTGGGG 5 CG+G

3 GGGTTTTTTTTTGGAGGTTTGGGTIGGGG 5 CG+A

3 GGGTTTITTTTTTGGCCGGTTTGGGTTGGGG ' CG+CC

3" GGGTTTTTTTTTGG GGAAAGGGAAGGGE 3' CG(GA)
3' GGGTTTTTTTTTGGCGGAAAGGGAAGGGE >’ CG+C(GA)

Systéme ¥.GpC-*':

Box 1

Box II

2t GTCGTGCTGTGCT 3
ARAGGEE CAGCACGACACGA >

5" TCAGTCGATCATC GRGAAAAAL
3! AGTCAGCTAGTAG CTIoL

14r1
14A1
14A2
14GA2
14P2

5' GGGTTITTTTTTGG '

3" GGGTTTTTTTTTGG '
5' GGTTTGGGTTGGGG '
5' GGAAAGGGRAGGGG 3'
3" GGETTTGGGTTGGGGE °'

5' GGGTTTTTTTTTGG GTTTGGGTTGGGG 3' GC-G
5' GGGTTTTTTTTTGG GGTTTGGGTTGGGG ' GC

5' GGGTTTTTTTTTCGCGETTTGGETTGGGEG 2 GC+C
5' GGGTTTTTTTTTGG GGAAAGGGAAGGGG 3' GC(GA)

Ficure 3: Sequences of oligonucleotides used for optimizing switch
triple helix formation at the "&£pG3 and 3GpC3 junction steps.

stretch. According to previously established rul&ég)( a
(T,G)-containing oligonucleotide (14GTP1 and 14P1) should
bind in a parallel orientation with respect to the oligopurine
strand in box I. On the other hand, box Il contains a 14 bp
oligopyrimidineoligopurine sequence with four GpA3/
5ApG3 steps; thus, a (G,T)- or (G,A)-containing oligo-
nucleotide (14GTA2/14GA2, and 14A2/14GA2) should bind
in antiparallel orientation with respect to the oligopurine
strand in box Il. Four further oligonucleotides, 14GTA1,

Marchand et al.
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Ficure 4: Gel retardation assays for the binding of switching
oligonucleotides to the alternating oligopurine/oligopyrimidine
double-helical sequences containing ‘€@EG3 (top panel) or
5'GpC3 (bottom panel) junction step. Experiments were carried
out at pH 7.2 and 20C.

sponds to the direct linkage of 14GTP1 to 14GTA2 through
a natural 3-5' phosphodiester bond. As molecular modeling
suggested that an additional base in the middle of the third
strand should facilitate the crossover at tHe53 junction,

four 29-mer oligonucleotides derived from CG in which an
A, G, T, or C was inserted as a linker (6@, CG+G,
CG+T, and CGHC, respectively) were synthesized. A 30-
mer oligonucleotide C&CC containing two cytosines as a
linker was also synthesized. As a (G,A)-containing oligo-
nucleotide (14GA2) can be used to target box Il in a reverse
Hoogsteen configuration, two (G,T,A)-containing oligomers
corresponding to the linkage of 14GTP1 to 14GA2 without
or with an additional cytosine [CG(GA) and G&(GA),
respectively] were also synthesized.

Gel retardation experiments carried out at°20with 20

14GTP2, 14A1, and 14P2, were synthesized having theuM switch oligonucleotides (Figure 4, top panel) evidenced
opposite orientation with respect to 14GTP1/14P1 and a strong band shift for the oligomers @€ and CG+C-

14GTA2/14GA2/14A2/14GA2, respectively, and were used
as controls for both systems.

(GA) as compared to their controls, CG and CG(GA),
respectively, for which no band shift was detected. The

Gel retardation and DNase | footprinting experiments were retarded band migration is ascribed to triplex formation. A
carried out to assess the binding of the third strands, insteadsignificant band shift was also observed with the oligomer

of commonly employed thermal DNA denaturation by UV

CG+T. Other oligomers (C&A, CG+G, and CG-CC)

absorption spectroscopy because of weak absorbance changexhibited a weakly retarded band. The ranking according

upon binding of (G,T)- or (G,A)-containing third strand to

to the relative binding of these switch oligonucleotides to

the target sequence. The preliminary gel retardation experi-the alternating oligopurine/oligopyrimidine target sequences

ments performed at 4C on the radiolabeled 54 bp duplexes
with 20 uM 14-mers showed that only the oligonucleotides

at the 5CpG3 junction is as follows: CGC(GA) ~ CG+C
> CG+T > CG+G > CG+A > CG+CC > CG ~ CG-

14GTAZ2 and 14A2 were able to exhibit a band shift of weak (GA). Based on this first round of screening, the dissociation
intensity (data not shown). This retardation disappeared constants p) were determined by gel retardation experi-
when the gel was run at room temperature. ments for the most promising 29-mer switch oligonucle-

Switch Triplex Formation at the'6pG3 Junction. A otides, CG-C and CG-C(GA), and their 28-mer control
series of switch oligonucleotides designed according to the oligomers, CG and CG(GA), respectively (Table 3). It can
principles outlined above were tested for their ability to bind be seen that the newly designed switch oligonucleotides bind
to the 28 bp alternating oligopyrimidine/oligopurine target better to the alternating oligopyrimidine/oligopurine target
sequence at thé GpG3 junction (Figure 3, top panel). The sequence containing a&pG3 junction step by more than
28-mer oligonucleotide CG containing only G and T corre- 1 order of magnitude.
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Table 3: Dissociation Binding Constantsp) Determined by Gel
Retardation Assays at 2« of the Switch Oligonucleotides
Targeted to the Alternating Oligopurine/Oligopyrimidine Sequences
Containing either a'€pG3 or a BGpC3 Junction Step (See
Materials and Methods for Detaifs)

junction switch oligonucleotide Ka (uM)

5CpG3 CG >20
CGtC 2
CG(GA) >20
CG+C(GA) 2

5'GpC3 GC-G 1.2
GC 0.6
GC+C 10
GC(GA) 0.4

2 The uncertainity of thép value is estimated to about 10%.
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Ficure 5: DNase | footprinting experiments of switching oligo-
nucleotides bound to the alternating oligopurine/oligopyrimidine
double-helical sequences containing £EG3 (left panel) or
5'GpC3 (right panel) junction step. Experiments were carried out
at pH 7 and 37C.

DNase | footprinting experiments performed at €7 on
the 148 bpEcoRI—Puull restriction fragment containing a
28 bp alternating oligopyrimidine/oligopurine target sequence
(Figure 5, left panel) showed that both the 29-merst@
and CGHC(GA) were able to produce a clear footprint on
both boxes at 2@M. Under the same conditions, the 28-
mers CG1 and CG1(GA) failed to show any notable
footprint. These results are fully consistent with those
obtained by gel retardation experiments.

Biochemistry, Vol. 37, No. 38, 19983327

Switch Triplex Formation at the'6pC3 Junction. A
number of designed switch oligonucleotides were tested for
their ability to bind to the 28 bp alternating oligopurine/
oligopyrimidine target sequence at th&GpC3 junction
(Figure 3, bottom panel). The 28-mer oligonucleotide GC
containing only G and T corresponds to the direct linkage
of 14P1 to 14A2 through a natural-35' phosphodiester
bond. A 27-mer GC-G was also investigated because the
molecular modeling suggested that a guanine could be
removed from the third-strand oligonucleotide at thegC3
junction. A 29-mer GG-C derived from the 28-mer GC in
which a cytosine has been inserted between the two linked
14-mers was used as a control. This oligonucleotide gave
the highest stability at the’'6pG3 junction (see above).
Another 28-mer (G,T,A)-containing oligomer, GC(GA),
which corresponds to the linkage of 14P1 to 14GA2 through
a natural 3-5' phosphodiester bond, was also synthesized
as an alternative to the oligomer GC.

Gel retardation experiments carried out at°ZDwith 2
uM switch oligonucleotides (Figure 4, bottom panel) revealed
a strong band shift for the oligomers GC, GC-G, and GC-
(GA), indicative of triplex formation. As expected, the
control oligomer GG-C showed only a very weakly shifted
band. It should be noted that none of the 14-mers succeeded
in producing any band retardation even at 10-fold higher
concentration (2@M) than the switch oligonucleotides under
the same conditions. The ranking according to the relative
binding of these switch oligonucleotides to an alternating
oligopurine/oligopyrimidine target sequence containing a
5'GpC3 junction step is as follows: GC(GAY GC > GC-G
> GCHC. Dissociation constant&g) were determined by
gel retardation experiments for these oligonucleotides (Table
3). It can be seen that the binding of the 28-mers GC and
GC(GA) to the alternating oligopurine/oligopyrimidine target
containing a 55pC3 junction step is about twice as strong
as for the 27-mer GC-G, whereas the addition of an extra
cytosine (triplex GG-C) drops the binding by a factor of
20.

DNase | footprinting experiments performed at€7 on
the 148 bpEcaRI—Puull restriction fragment containing the
28 bp alternating oligopurine/oligopyrimidine target sequence
in the presence of 20M oligonucleotides revealed a strong
footprint for the 28-mers [GC and GC(GA)] and the 27-mer
GC-G, but not for the 29-mer GEC (Figure 5, right panel).
However, the footprint observed with the oligomer GC-G
was slightly less pronounced than that of the full-length
oligomers GC and GC(GA). These results are again in good
agreement with the gel retardation experiments.

DISCUSSION AND CONCLUSION

Molecular modelingshowed that the structures of switch
triple helices containing a’6pG3 junction are distinctly
different from those containing &GpC3 junction. This
distinction applies to all'Y¥pR3 and BRpY3 junction steps.

In general, the addition of one (or two) nucleotide is required
to facilitate the switching over the' ¥3pR3 junction. The
number and nature of additional nucleotide(s) depend on the
combination of base triplets involved in switch triplex
formation. In contrast, the removal of one nucleotide facing
the junction step in the switch oligonucleotide could facilitate
its crossover at the 'BpY3 junction. This is due to
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modated without too severe backbone distortion as shown
by molecular modeling (Figure 2, top part). Furthermore,
the intrastrand base stacking can be preserved if the first
C-GxG triplet in reverse Hoogsteen configuration is flipped
out from anti to syn glycosidic conformation (Figure 2,
bottom part). It must be noted, however, that although the
energetics of such a triplex (CG2 in Table 2) appear
significantly favorable compared to the triplex where the
guanine remains in anti glycosidic conformation, which could
explain the experimental results, this base-flipping hypothesis
has not been proven in the present work. Further structural
studies are required to validate this model.

It is gratifying that the predictions of molecular modeling
are, in general, qualitatively validated by the experimental
data. This could be ascribed to the fact that the main
problems involved in the computational optimization of a
switch triplex are the geometrical and steric factors which
are relatively easily solved by conformational energy mini-
mization, despite the approximations made in the calculation

FIGURE 6: Base quadruplet involving the added cytosine and the and in the analysis (see Materials and Methods). Similar

reverse Hoogsteen-GxG base triplet as depicted in the triplex €asoning could explain why the detailed ranking of triplexes
CGHC (see Figure 1). containing an additional nucleotide facing théCpG3

junction (see Table 1) was not fully validated by the

decreased unfavorable steric contacts and a concomitanexperimental data (see Figure 4A).
increase in the base stacking interaction. However, whether The present work shows that the stability of an optimized
removing one nucleotide will enhance binding depends againswitch triplex containing a'&pC3 junction step is about
upon the combination of base triplets involved in switch 3—5 times higher than that containing &£pG3 junction
triplex formation @5). The present studies were focused on step. This observation is consistent with previous findings
the BCpG3 and 3GpC3 junction steps with @&5xG base that the switch triplexes appear to be more stable at the
triplets on the both Hoogsteen and reverse Hoogsteen side$'RpY3 junction step than at thé BpR3 ones (2, 16, 33,
of the junction. 35—-38), a phenomenon which can be explained by the

5'CpG3 Junction. The experimental data are consistent structure at the'RpY3 junction where energetically favored
with the predictions of molecular modeling. The best switch base stacking could be possible at the strand crossover level
oligonucleotide for recognizing an alternating oligopyrimi- within the switch third-strand oligonucleotide.
dine/oligopurine sequence containing'€pG3 junction by It has been found that the replacement of the antiparallel
alternate-strand triple helix formation is constructed by (G,T)-motif part of the switch oligonucleotide which rec-
adding one cytosine in the middle. This originates from two ognizes box Il through reverse Hoogsteen hydrogen bonding
contributions: (i) the sugarphosphate moiety of the added by the corresponding (G,A)-motif improves slightly the
cytidine serves as a linker sufficiently long to permit strand binding at room temperature and above. It should be noted
crossover by reducing the constraints on the phosphodiestethat a destabilization was observed &C4(data not shown).
backbone and the subsequent backbone distortion at theThis was due to self-association of the (G,T,A)-containing
junction; (i) the cytosine moiety makes an unusugb&-C oligomers.
base quadruplet (Figure 6). This unusual quadruplet is also It is noted that the current approach exploited a particular
involved in strand crossover at théTHG3 junction step, sequence context where an oligopurine strand contains quite
and has been evidenced by chemical probing (de Bizemontlengthy A and G tracts with few BpG3 and 3GpAS3 steps
et al., to be published). so that a (G, T)-containing third-strand oligonucleotide can

5'GpC3 Junction. Using the same approach, it has been form an unusual parallel (G,T)-motif triple helix. This
shown that the prediction of molecular modeling for best sequence limitation can be overcome by combining together
recognition of an alternating oligopurine/oligopyrimidine two parallel (C,T)- and (G, T)-motifs, provided the &G
sequence containing d@oC3 junction step by alternate- base triplets were preserved at the junction.
strand triple helix formation is upheld by the experimental  As a concluding remark, it is instructive to consider more
results. The optimized switch oligonucleotide is constructed carefully the two types of junction steps in alternating
by making a natural'3-5' phosphodiester backbone in the oligopurine/oligopyrimidine sequences, i.e/RpY3 and
middle of the oligonucleotide at the junction level. As is 5YpR3. Each consists of three distinct subtypes. They are
shown by the gel retardation experiments, the removal of a5 ApT3', 5GpC3, and 3GpT3 (which is equivalent to
guanine at the junction (GC-G) in the third strand leads to 5ApC3) for the SRpY3 junction steps, and 'BpA3,
decreased triplex stability, but is less penalizing than an 5CpG3, and 5TpG3 (which is also equivalent to 6pA3)
additional cytosine in the middle of the oligonucleotide for the BYpR3 junctions. Optimization of the third strand
(GC+C). This is because the strand crossover at 1GpG3 crossover at the'6pG3 and 3GpC3 steps is described in
junction step, proceeding from the last@&XG base triplet  the present work. Other experiments have also been carried
in the Hoogsteen configuration to the first@G triplet in out aimed at optimizing the third-strand crossover at different
the reverse Hoogsteen configuration, can be well accom-junctions. A comprehensive knowledge of how to cope with
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all six junction steps (referred to as a “switch code”) would
theoretically open the door to extend the range of DNA
recognition by switch triple helix formation.
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