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ied to date belong to antiparallel type [11-17]. To investigate 
Abstract Oligonucleotides 5'-d(CT)5-L-d(AG)5-L-d(GA)s-3' and the possibility of existence of T C - A G - A G  parallel triplexes we 
5'-d(GA)5-L-d(TC)s-L-d(GA)s-3' [L = pO(CH2CH20)3p] were used the 'forced strand orientation'  approach proposed by us 
studied by thermal denaturation, chemical modification and bind- earlier [18]. This approach which was successfully applied to 
ing of fluorescent dyes. Both oligonucleotides are shown to fold 
back on itself twice forming at pH 7 a sufficiently stable triplex investigate triplexes with various direction of strands [19,20] 
ether with antiparallel-oriented oligopurine strands (the first corn- centres on compounds consisting of three oligonucleotide seg- 
pound) or parallel-oriented oligopurine strands (the second corn- ments coupled by hydroxyalkyl chains of an appropriate 
pounds). The parallel triplex is significantly less stable than the length. In this study we present experiments probing the struc- 
antiparallel one. On the basis of conformational modeling, possi- ture, stability, and thermodynamics of two synthetic oligonu- 
ble types of base tripling in the triplets are proposed. Thus our cleotides 5' d(CT)5-pO(CH2CH20)3p-d(AG)5-pO(CH2CH20)3- 
data provide the first convincingly evidence for the existence of p-d(GA) 5 (I) and 5'd(GA)5-pO(CH2CH20)3p-d(TC)5-pO- 
a purine-pyrimidine-purine triplex with parallel orientation of (CHzCH20)3p-d(GA)5 (II). Both oligomers are able to fold 
identical strands, back on itself twice to form intramolecular triplexes either with 

Key words: Parallel D N A  triplex; Pur ine-pyrimidine-purine antiparallel (oligonucleotide I) or parallel (oligonucleotide II) 
sequence; Relative stability; Base tripling orientation of  identical strands (see Fig. 1). 

2. Materials and methods 

1. Introduction The oligonucleotides 5' d(CT)5-pO(CH2CH20)3p-d(AG)5-pO- 
(CH2CH20)3p-d(GA) 5 (I) and 5'd(GA)5-pO(CHzCHzO)3p-d(TC)5- 
pO(CH2CH20)3p-d(GA)5 (II) were synthesized by the phosphite triester 

The exploitation of D N A  triple helix formation is for the method on a solid-phase carrier from 3'-phosphoramidites of protected 
time being the most versatile and rational approach to se- nucleotidesand 1-O-dimethoxytrityl-lO-O-(N-diisopropylaminometho- 
quence-specific D N A  recognition. Triplex forming oligonucle- xyphosphinyl)-l,8-dihydroxy-3,6-dioxaoctane. Partly deblocked 5'-di- 
otides were shown to can be potentially used as sequence- methoxytrityl oligonucleotide was isolated by the reverse phase HPLC. 
specific artificial nucleases [1], modulators of DNA-binding  After treatment with acetic acid, the reaction product was purified by 

the ion exchange HPLC and finally desalted and concentrated by gel 
protein [2,3], regulators of gene expression [4,5] and subse- filtration. 
quently as therapeutical agents [6,7]. A specific feature of such All solutions were prepared in 0.01 M Na-phosphate buffer, pH 7.0. 
triplexes is the requirement for homopurine homopyrimidine The oligonucleotide solutions were annealed by heating up to 90°C with 
tract in target D N A  sequence. The third strand can be either subsequent slow cooling. Concentrations of oligonucleotides were de- 
homopyrimidine (Py-Pu-Py  triplexes) or homopurine (Py P u -  termined by UV spectra, assuming the extinction coefficient, e260, to be 

equal to 11,300 M -~ .cm -~ per 1 mol of nucleotides at 90°C. 
Pu triplexes) but in both cases the third strand is antiparallely Melting curves were registered with a Beckman spectrophotometer 
oriented with respect to the identical strand of duplex. We call (USA) at 260 nm in a thermostatic cuvette with the optical path length 
such triplexes antiparallel or 'classical' triplexes. On the other of 1 cm. The heating rate was constant and equal to 0.2°C/rain. 
hand triplexes with parallel-oriented identical strands (parallel The fluorescent polarization, P, was monitored with an AMINCO 

SPF 1000 (USA) spectrofluorometer in thermostatic cuvettes at tern- 
triplexes) were shown recently to form as intermediates during peratures from 3 to 10°C. The rotation relaxation time, p, was calcu- 
homologous recombination promoted by RecA and some other lated by the following equation: 
recombinase proteins [8,9]. It is very important  to study possi- 
bility of protein-independent formation of parallel triplexes and P = 3r(I/Po-ll3)I(llP-1IPo), (1) 

comparison of their properties with properties of antiparallel where r is the time of fluorescent quenching (r = 25 ns at 3°C), Po is 
triplexes. We present here the first experimental evidence for the limit value of P at Tlrl --* 0(P o = 0.42), r/ is the viscosity of the 
formation of a Py Pu -Pu  triplex with parallel orientation of solution, and T is absolute temperature [21]. 
identical (purine) strands (parallel triplex). Sequencing was carried out by the routine procedure [22]. Chemical 

The d(TC),~t(AG),~I(AG)n triplexes were chosen because modification and enzymatic digestion were performed at 0 3°C by the 
methods previously described [23]. The autoradiograms were scanned 

d(TC),~I(AG),  sequences were found at unexpectedly high lev- down the lanes with a 300A Computing Densitometer (Molecular Dy- 
els in eukaryotic genomes [10]. All T C - A G - A G  triplexes stud- namics, USA). 

Conformational energy minimization was performed with the 
AMBER 3.0 program [24]. No water molecules were explicitly taken 
into account, but their effect was simulated by use of a distance-depend- 

*Corresponding author. Fax: (7) (095) 135 14 05. ent dielectric constant. 
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3. Results and discussion apTr 

5' CTCTCTCTCT =A. 

The melting curves of oligonucleotides I and II have pro- < ~ ; ~ ~ ] ~  
nounced biphasic character (Fig. 2). The two cooperative tran- ' ~ ~ 3 '  
sitions are indicative of the formation of a multistranded struc- 
tures at low temperatures. If  these structures are intramolecu- 
lar, they can only be triplexes. To determine whether low- pTr 

5' GAGAGAGAGA r/% 
temperature complexes are intramolecular, we calculated rela- ,,.,~,~,~,~,~,~,,~ 
tive hydrodynamic volume of these structures via the fluores- ~ ~ 3 '  
cent polarization of intercalated ethidium bromide by the or 
method proposed by us previously [25]. Ethidium bromide in- 5' c ~ . ~ ~  
tercalates between hydrogen-bonded duplex or triplex layers. /~xCTCTCTCTCT~ 
In the case of compounds consisting of oligonucleotide units i ~ ; ~ ; ~ ; ~  y 
bound by flexible hinges, this method reveals the relative vol- 
ume (the ratio of the volume of compound studied to the vol- Fig. 1. Topology of folding of oligonucleotide I(apTr) and oligonucleo- 
ume of reference d(CCGGATCCGG)2 duplex) of the paired or tide II(pTr). 
tripled part of the molecule (for example, the relative volume 
of hairpin with dangling third segment is close to 1). We found case, a more pronounced modification of bases located at the 
that at 3°C in the presence 0.1 M NaC1 the relative volume of triplex ends unambiguously indicate protection against chemi- 
oligonucleotides I and II are 1.40 + 0.05 and 1.45 + 0.1 respec- cal modification and hence triplex formation. As can be seen 
tively. These data indicate conclusively that both oligonucleo- in Fig. 3 (lanes of DEP and OsO4), all three oligonucleotide 
tide I and oligonucleotide II are folded into intramolecular segments of oligonucleotide I and II are protected against 
triplexes with antiparallel (apTR) or parallel (pTr) direction of chemical modification (the boundaries between segments are 
identical strands (Fig. 1). It is interesting to note that both easily determined by increased distance between bands because 
antiparallel and parallel triplex tend to self-association at in- extrusion of 3' terminal nucleoside in the central or 5' terminal 
creasing of strand concentration or ionic strength and particu- oligonucleotide segments decrease the charge of 5' labeled ol- 
larly at addition of Mg 2+. So, in the presence if 1 mM Mg 2+ the igonucleotide by two units at once). 
relative volume of oligonucleotides I and II are 2.0 + 0.1 and The patterns of SI nuclease digestion of apTr and pTr are 
2.3+0.1, respectively, which indicates an almost complete shown in Fig. 3 (S l lanes). The fact that there are only ten bands 
dimerisation of these triplexes, in the 3' segment part of the pattern indicates that S1 nuclease 

Additional evidence for the triplex formation is provided by cleaves the 5'-NpL linkage but not the 5-LpN linkage (L- 
chemical probing (Fig. 3). In the case of triplex formation from hydroxyalkyl linker). It is important to note that labeled ol- 
a single-stranded oligonucleotide and a longer duplex, the crite- igonucleotides of a certain length obtained by nuclease diges- 
rion of triplex existence is that the part of the duplex covered tion possess lesser electrophoretic mobility than oligonucleo- 
by the third strand is modified to a lesser degree than the tides of the same length obtained by chemical modification due 
uncovered parts thereof. We used model compounds wherein to the absence of 3' terminal phosphate. In the case of apTr all 
all nucleotides were involved into the triplex structure. In this three segments are protected against S1 degradation. The 
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Fig. 2. Experimental (circles) and modeling (straight line) melting curves and calculated mole fraction of triplex (1), duplex (2) and open strand (3) 
of apTr(A) and pTR(B) in 0.01 M Na phosphate buffer, pH 7, at 0.25 M NaC1. Concentrations of oligonucleotides were 2 x 10 -5 M of nucleotides. 
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Fig. 3. Densitograms of chemical modification with diethylpyrocarbonate (DEP) and osmium tetraoxyde (OsO4) and nuclease digestion (S 1). The 
peaks of densitograms are presented as bars which height is equal to the integrated peak area. The probing was carried out at 3°C as described 
previously [23]. 

3' homopurine segment undergoes a slightly more intensive 3' segment must be the third (non-Watson-Crick) strand of  the 
cleavage than two others. As for the chemical modification, the triplex. 
ends of  a triplex are more sensitive to nuclease digestion. Such The pattern for pTr is dramatically different from the pattern 
type of  degradation fully corresponds to the expected structure for apTr. First, oligopurine segments of  pTr are more suscepti- 
of  apTr. Indeed, the apTr can exist only as one isomer (see ble to S1 nuclease than those of  apTr. Second, the degree of  
Fig. 1). Due to the chemical structure of  oligonucleotide I, the degradation increases gradually from the ends to the center of  

Table 1 
Thermodynamic parameters* of structural transitions of oligonucleotides I and I1 

Oligonucleotide Conditiont Triplex-to-duplex transition Duplex-to-open strand transition 

A H  ° A S  ° T m A H  ° A S  o T m  

(kcal/mol) (cal. mo1-1 .K -I) (°C) (kcal/mol) (cal-mo1-1 -K -I) (°C) 

1 0 M NaC1 32.9 108.0 31.6 52.5 155.6 64.4 
0.25 M NaCI 31.6 101.2 39.2 48.8 139.6 76.6 
1.0 M NaC1 31.2 98.0 45.3 44.8 125.7 83.4 
0.01 M Mn 2+ 26.9 88.3 31.6 52.2 151.3 72.0 

II 0 M NaC1 26.4 90.7 18.2 53.9 160.3 63.2 
0.25 M NaC1 27.8 94.3 21.8 47.6 136.4 76.0 
1.0 M NaCI 29.8 96.9 33,9 46.1 130.2 81.2 
0.01 M Mn 2÷ 19.6 65.1 27,9 50.5 147.0 70.5 

Thermodynamic parameters were calculated from the melting curves in the three states model by the method previously described [20]. 
*Errors are +_2 kcal/mol for AH°;  +_6 cal.mol -~ -K -~ for AS°;  + I°C for T m. 
]'To the initial solution containing oligonucleotide in 0.01 M Na phosphate buffer, pH 7, NaCI, or MnCI2 was added (final concentration of 
oligonucleotide was about 2 × 10 -5 M of nucleotides). 
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Antiparallel triplex triplex formation. As seen from Table 1 in 0.25 M NaCI, AAG ° 
M . J  is equal to 1.92 kcal/mol at 0°C and 1.74 kcal/mol at 25°C. The 

fractions of parallel triplex will be only 3 and 5%, correspond- 
ingly. This fact could probably explain why only antiparallel 
triplexes were registered to date. 
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