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ABSTRACT

Hybridization properties of oligodeoxyxylonucle-
otides (OXNs) built from pyrimidine monomers with
an inverted 3¢-OH group of the furanose have been
studied using the gel mobility shift, UV melting and
circular dichroism (CD) spectroscopy methods.
Pyrimidine OXNs form triple helices with comple-
mentary purine RNA in which one OXN is parallel
and another is antiparallel with respect to the RNA
target. Surprisingly, no duplex formation between
the pyrimidine OXNs and purine RNAs is detected.
The modi®ed triplexes are stable at pH 7. Their
thermal stability depends on the number of C(G-C)
triplets and, for G-rich RNA sequences, it is compar-
able with the stability of native DNA±RNA duplexes.
The CD spectra of triplexes formed by OXNs with
purine RNA targets are similar to spectra of A-type
helices. A pyrimidine OXN having a clamp structure
ef®ciently inhibits reverse transcription of murine
pim-1 mRNA in vitro mediated by the Mo-MuLV
reverse transcriptase.

INTRODUCTION

One approach to nucleic acid recognition is the formation of
triple helices. Interaction of triplex-forming oligonucleotides
with regions of double-stranded DNA possessing regulatory
activity often results in gene expression inhibition (1±3).
Single-stranded RNA molecules are also attractive targets for
triplex formation. In this case two oligonucleotides, the ®rst
one complementary in the Watson±Crick sense and the other
complementary in the Hoogsteen sense, have to be used.
Application of clamp or circle oligonucleotides containing two
domains that are complementary to a target RNA sequence in
both senses has also been described (4±6). Single-stranded
pyrimidine RNAs have been demonstrated to form stable
triplexes (7,8). However, polypurine RNA sequences
cannot usually be used as a target for triplex-forming

oligodeoxyribonucleotides (9±12). Therefore, a search for
oligonucleotide modi®cations permitting targeting of poly-
purine RNA for triplex formation is of interest.

Earlier we showed that oligonucleotides built from 1-(b-D-
2¢-deoxy-threo-pentafuranosyl)thymine (2¢-deoxyxylothym-
idine) and 1-(b-D-2¢-deoxy-threo-pentafuranosyl)cytosine
(2¢-deoxyxylocytidine) residues (Fig. 1a), so-called oligo-
deoxyxylonucleotides (OXNs), formed triplexes with single-
stranded purine DNA targets which were stable at pH 7.0
(13,14). Triplex formation by OXNs was con®rmed by gel
retardation experiments, DMS footprinting and thermal
denaturation studies. Two important and unexpected results
were obtained from this investigation. Firstly, pyrimidine
OXNs formed triplexes with purine DNA targets demonstrat-
ing a high stability at pH 7.0, in contrast to native pyrimidine
oligodeoxyribonucleotides, whose triplexes with the same
DNA targets were only stable at acidic pH. Indeed,
protonation of N3 atoms of cytosines is necessary to generate
hydrogen bonds between guanosine residues of the Watson±
Crick duplex and the third strand (15). Therefore, C+(GC)
triplets are usually formed at pH values near the pKa of
cytosine (pKa = 4.5). Secondly, neither antiparallel nor parallel
duplexes were detected between the DNA targets and OXNs
using the methods mentioned above (14).

The main goal of the present work is to ®nd out if OXNs
could form triplexes with single-stranded purine RNAs and to
study their structure.

MATERIALS AND METHODS

Oligonucleotide synthesis and puri®cation

All oligonucleotides were synthesized on an ASM-102U DNA
synthesizer (Biosset, Novosibirsk, Russia). The standard
phosphoramidite procedure was utilized to prepare oligode-
oxyribonucleotides. Deprotection of t-butyldimethylsilyl
groups blocking the 2¢-hydroxyl of oligoribonucleotides was
carried out using 1 M tetra-n-butylammonium¯uoride solution
in tetrahydrofuran for 24 h at room temperature, followed
by gel-®ltration on a Sephadex G-25 column. Fully pro-
tected 1-(b-D-2¢-deoxy-threo-pentafuranosyl)thymine-3¢-O-
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phosphoramidite and 1-(b-D-2¢-deoxy-threo-pentafuranosyl)-
cytosine-3¢-O-phosphoramidite were prepared as described
(16,17) and incorporated in OXNs using standard phosphor-
amidite chemistry. Condensation time was increased to 10 min
to improve the modi®ed oligonucleotide yield. All OXNs were
synthesized using a commercial 500 AÊ CPG support with one
immobilized nucleoside, for which reason they possessed an
additional 2¢-deoxyribonucleoside at their 3¢-ends.

After deprotection, the oligonucleotides were puri®ed in
20% PAGE, 7 M urea in TBE buffer.

Gel retardation assay

The oligonucleotides were labeled with T4 polynucleotide
kinase (Promega) using [g-32P]ATP (Amersham, Russia). The
labeled pyrimidine strand (~1±2 pmol) was mixed with the
same non-labeled strand in an amount necessary to form the
corresponding duplex or triplex and complementary purine
oligonucleotides (90 pmol). To carry out experiments in which
the strand ratio was 1:1, 90 pmol of the `cold' pyrimidine
oligonucleotide was used; when the ratio was 1:2 or 1:3 the
amount of this oligonucleotide was doubled or tripled,
respectively. All mixtures were dissolved in 10 ml of TA
buffer (10 mM Tris±acetate, pH 7.0, 100 mM Na acetate,
10 mM Mg acetate), heated to 80°C for 5 min, slowly cooled
to 5°C, incubated at 5°C overnight and then supplemented
with 1 ml of 70% glycerol containing xylene cyanol and
bromophenol blue. The products were resolved in 20 3 20 cm
slabs of non-denaturing 20% acrylamide gel (19:1 acrylamide/
bis-acrylamide) in TA buffer at 24°C for 18 h (9 V/cm).
Oligonucleotide positions were visualized by the autoradio-
graphy method.

Thermal denaturation studies

The targeted purine oligonucleotides were mixed with com-
plementary pyrimidine oligonucleotides in 50 mM Tris±HCl
buffer, 100 mM NaCl, 10 mM MgCl2 (pH 7.0) or 50 mM
sodium cacodylate buffer, 100 mM NaCl, 10 mM MgCl2
(pH 7.0 or 5.0). The concentration of each oligonucleotide
strand was 2 mM. These solutions were heated to 80°C and
slowly cooled to 10°C. The melting studies were carried out in
Te¯on-stoppered 1 cm pathlength quartz cells in an Hitachi
100-20 spectrophotometer equipped with a thermoprogram-
mer. Absorption at 260 nm was monitored while the
temperature was increased at a rate of 0.5°C/min. Melting
temperatures (Tm) were determined by computer ®t of the ®rst
derivative of absorbance with respect to 1/T. The uncertainty
in the Tm values is estimated to be 60.5°C, based on triplicate
experiments.

Circular dichroism (CD)

CD spectra were recorded on a modi®ed Mark V dichrograph
(Jobin & Yvon) within the 210±340 nm wavelength range at a
scanning rate of 50 nm/min. Samples were placed in a quartz
cell (200 ml, 2 mm pathlength) thermostated at 20°C. To avoid
oxygen absorption, dry nitrogen was ¯ushed through the cell
block. In typical experiments, a 10 mM concentration of
oligonucleotide complexes in 50 mM sodium cacodylate
buffer, 100 mM NaCl, 10 mM MgCl2 (pH 7.0 or 5.0) was
used. The molar extinction coef®cient difference (DE) was
calculated by using the equation DE = DA/lC (M±1cm±1), where

DA is the absorbency difference, l is the optical pathlength and
C is the oligonucleotide concentration.

Reverse transcription

pim-1 mRNA was produced by SP6 RNA polymerase (New
England Biolabs) transcription from 1 mg of HindIII-linearised
pSP64 plasmid containing the EcoRI±HindIII pim-1 cDNA
fragment as indicated by the shipper in a ®nal volume of 20 ml
for 2 h at 37°C. Then a further incubation with 1 ml of RQ1
RNase-free DNase (Promega) was done for 15 min at 37°C to
hydrolyze the DNA matrices. The proteins were then extracted
by addition of 3 ml of 2 M Na acetate buffer, pH 4, 100 ml of
water-saturated phenol and 15 ml of chloroform:isoamyl
alcohol (49:1). The aqueous fraction was discarded and
precipitated with 24 ml of isopropanol for 30 min at ±20°C.
After centrifugation for 15 min at 13 000 r.p.m., the pellet was
washed with 100 ml of 70% ethanol, dried and dissolved in
20 ml of water containing 0.5 U RNasin (Promega). The
synthesized pim-1 RNA was analysed on 1% agarose gel
electrophoresis in TAE buffer and its concentration was
estimated by comparison with a RNA standard. Reverse
transcription was performed in a 10 ml volume containing
5 mM MgCl2, 13 reaction buffer (Perkin Helmer), 1 mM each

Figure 1. Structure of oligonucleotides used in the study. (a) Structure of
2¢-deoxynucleosides and 2¢-deoxyxylonucleosides. (b) Oligonucleotide
sequences.
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dNTP, 1 U RNasin, 2.5 U Mo-MuLV reverse transcriptase,
0.5 ml [a-32P]dCTP (3000 Ci/mM), 0.5 mg pim-1 mRNA,
0.2 mM oligonucleotide primer and 1 mM OXN to be tested.
After 1 h incubation at 37°C, the reaction was stopped at
±20°C and the cDNA produced was analysed by 8% PAGE,
6.5 M urea in TBE buffer or 1% agarose gel electrophoresis
in TAE buffer, followed by autoradiography with a
phosphorimager (Storm 840; Molecular Dynamics).

RESULTS AND DISCUSSION

It is generally accepted that triplets based on direct Hoogsteen
hydrogen bonding require the parallel orientation of the third
strand with respect to the purine-rich strand of the duplex,
whereas the opposite orientation is true for reverse Hoogsteen
based triplets (15). The triple helix, containing T and C in the
third strand, is based on the triplets C+(GC) and T(AT), where
the parentheses contain the Watson±Crick base pairs. The
third strand represented by native pyrimidine ribo- and 2¢-
deoxyribooligonucleotides has a parallel orientation that
imposes direct (cis)-Hoogsteen pairing of the triplet to the
Watson±Crick base pair. The type of triplet pairing in the
triple helix formed by OXNs is dif®cult to predict because of
inverted 3¢-hydroxyl groups in the xylose residues. As for the
strand orientation in OXN-containing triplexes, our previous
results showed that in the triple helix formed by OXNs with a
purine DNA target one modi®ed oligonucleotide has a parallel
and another one an antiparallel orientation with respect to the
purine strand (14).

In order to investigate interactions of OXNs with poly-
purine RNA targets, two oligonucleotide systems have been
synthesized (Fig. 1b). The target from system I (TRI) has a
symmetrical sequence, so the same complementary poly-
pyrimidine sequence (D or X) can interact with the target in
the antiparallel as well as in the parallel orientation, thus
resulting in both duplex and triplex formation. The second
target (TRII), with a non-symmetrical sequence, represents a
fragment of the polypurine tract of the HIV RNA LTR
sequence, and its interaction with antiparallel (Xap) and
parallel (Xp) oligonucleotides was investigated. Earlier,
hybridization of these OXNs with DNA counterparts of both
RNA targets (TDI and TDII) was studied and formation of
stable triplexes X-TDI-X and Xp-TDII-Xap was detected
(14).

Gel mobility shift assays

In order to investigate whether OXNs are able to interact with
RNA targets, gel mobility shift assays were performed. Native
(ODN) and modi®ed (OXN) polypyrimidine oligonucleotides
were 5¢-32P-labeled and mixed with the same non-labeled
oligonucleotides, RNA targets and polypyrimidine strands of
the other polarity, if necessary. The quantity of a labeled
oligonucleotide in the mixture was not more than 2% of the
total amount of the same non-labeled oligonucleotide.

Since triple helices containing T and C in the third strand
are usually stable at acidic pH, hybridization of oligonucle-
otides D and X with the target TRI was ®rstly studied at pH 5
(Fig. 2a). As expected from the literature (9±11), the only
complex formed by the native symmetrical oligonucleotide D
with its target TRI corresponded to a duplex (Fig. 2a,
lanes 2±4). The OXN/RNA complex migrated slower than the

duplex TRI-D. The OXN X only formed a complex with TRI
when the pyrimidine±purine strand ratio was 1:1 or 2:1
(Fig. 2a, lanes 6 and 7). Only when X was in 3-fold excess did
the single-stranded oligonucleotide appear (Fig. 2a, lane 8).
This result may signify that at pH 5 the ratio of X and TRI in
the complex was 2:1, and it was, therefore, a triple helix.
Further, the same experiment was carried out at pH 7, and the
only difference observed, if compared with the gel obtained at
acidic pH, was that X was not completely involved in complex
formation (Fig. 2b, lanes 6±8). The radioactive intensity ratio
for the bands corresponding to single-stranded X and this
oligonucleotide involved in a complex stayed, however,
constant when X and TRI were in the ratio 1:1 or 2:1
(Fig. 2b, lanes 6 and 7). When the ratio X:TRI was 3:1, the
radioactive intensity of the single-stranded OXN band
increased (Fig. 2b, lane 8). This result allowed us to suppose
that X also formed a triplex with TRI at pH 7, but its stability
is lower than at pH 5.

To con®rm this supposition, interactions of the 5¢-32P-
labeled OXNs Xap and Xp with the RNA target TRII were
investigated at pH 7. Neither antiparallel nor parallel OXN
alone formed any complex with the target (Fig. 3, lanes 9 and
13). No complex formation was observed when two OXNs
were mixed without the target (Fig. 3, lanes 8 and 12).
However, the simultaneous presence of antiparallel and
parallel OXNs and the RNA target resulted in complex
formation (Fig. 3, lanes 10 and 14). These data con®rmed that
pyrimidine OXNs are able to form triplexes with purine RNA

Figure 2. Analysis of complexes formed by oligonucleotides X and D with
TRI by gel mobility shift assay in a buffer containing 50 mM Tris±acetate,
100 mM Na acetate, 10 mM Mg acetate at 24°C, at pH 5.0 (a) and 7.0 (b).
The complex composition is indicated at the top. A 5¢-32P-labeled
oligonucleotide is marked by an asterisk (*).
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targets and showed that both parallel and antiparallel OXNs
are necessary for triplex generation. It should be noted that
formation of a triple helix without a detectable double-helical
intermediate was earlier found for some polypyrimidine
oligonucleotides generating very stable triplexes with a
purine target, for example N3¢®P5¢ phosphoramidate oligo-
deoxythymidylates (18).

Thermal stability of complexes formed by
oligodeoxyxylonucleotides with RNA targets

The thermal stabilities of complexes generated by OXNs with
RNA targets TRI and TRII were measured by UV absorption
spectroscopy and compared with those of earlier studied
triplexes of OXNs with DNA targets TDI and TDII and also
the corresponding native complexes (Table 1). To calculate Tm

values, thermal denaturation curves were applied. All triplexes
assembled from OXNs and DNA or RNA targets had
monophasic melting pro®les. Comparing the data obtained
for complexes containing modi®ed and native oligonucle-
otides, some important conclusions may be drawn: (i) the
thermal stabilities of the complexes formed by OXNs with
their DNA targets at pH 7 are comparable with those of the
native DNA duplexes; (ii) the complexes of OXNs with their
RNA targets at pH 7 are slightly less stable than the
corresponding complexes with the DNA targets and signi®-
cantly less stable than the DNA±RNA duplexes; (iii) the
OXN-containing complexes are less stable at pH 7 than at
pH 5, which corresponds with the electrophoretic data (Fig. 2);
(iv) complexes formed by OXNs with RNA and DNA targets
from the same system at pH 5 have about the same thermal
stability, which is considerably above the stability of the non-
modi®ed triplex D-TDI-D. The thermal dissociation curve of
the native triplex D-TDI-D at pH 5 had one transition,
demonstrating similar stabilities of the triplex and corres-
ponding duplex (not shown). It is well known that triplexes
containing C and T oligonucleotides as a third strand are stable
under acidic conditions, when the N3 atoms of the cytosines
may be protonated and C+(GC) triplets are formed (15). For
this reason, native Pyr-Pur-Pyr triplexes are most stable at pH
values near the cytosine pKa value, i.e. near pH 5, and their
thermal stability decreases strongly with increasing pH. The
stability of OXN-containing triplexes also decreased signi®-
cantly when the buffer pH was increased from 5 to 7 under the
same saline conditions. Nevertheless, triplexes X-TRI-X and

X-TDI-X exist at pH 7 while the native triplex D-TDI-D does
not (14). This indicates that even at pH 7 there is at least partial
2¢-deoxyxylocytidine protonation suf®cient for hydrogen
bonding in OXN-containing complexes. It is also important
that complete 2¢-deoxyxylocytidine protonation at pH 5 results
in signi®cant complex stabilization. Such a dramatic augment-
ation of the thermal stability with decreasing pH is typical of
pyrimidine triplexes, and shows once more that complexes of
OXNs with their RNA targets are really triple helices.

Modi®ed triplexes from system I, X-TRI-X and X-TDI-X,
were more stable than triplexes Xp-TRII-Xap and Xp-TDII-
Xap. This result may re¯ect the difference in nucleotide
composition of these complexes. Indeed, the targets from
system I are more G-rich than the targets from system II (six G
residues in target I and four G in target II). So one can
conclude that the thermal stability of triplexes containing
OXNs increases with the number of C+(GC) triplets even at
neutral pH. The situation is completely the opposite in the case
of triple helices formed by native oligonucleotides, because
the N3 atoms of 2¢-deoxyribo- and ribonucleotides are not
protonated at pH 7 and thus cannot form Hoogsteen base
pairs (19).

It is also worthwhile noting that triplexes formed by OXNs
were found to be stable in the presence of K+, which is
considered to be a triplex destabilizing ion (20). The triplex
X-TDI-X was slightly less stable in K+-containing than in
Na+-containing buffer (Table 2). The difference in Tm was
more pronounced for the RNA-containing triplex X-TRI-X.
The rate of complex formation is an important parameter to
evaluate the hybridization properties of modi®ed oligonucle-
otides, so thermal denaturation±renaturation processes were
studied for triplexes X-TRI-X and X-TDI-X (Fig. 4). The
temperature was increased and then decreased at a constant
rate of 0.5°C/min. One can see that the melting curves are non-
reversible for both triplexes and that the hysteresis is greater
for the triplex X-TDI-X. Surprisingly, the triplex X-TRI-X,

Figure 3. Analysis of complexes formed by native and modi®ed oligo-
nucleotides with TRII by gel mobility shift assay in a buffer containing
50 mM Tris±acetate, 100 mM Na acetate, 10 mM Mg acetate, pH 7.0 at
24°C. The complex composition is indicated at the top. A 5¢-32P-labeled
oligonucleotide is marked by an asterisk (*).

Table 1. Thermal stability of oligonucleotide complexes (50 mM sodium
cacodylate, 100 mM NaCl, 10 mM MgCl2)

Oligonucleotide
system

Complex
composition

Tm (°C) (60.5°C)

pH 7.0 pH 5.0

System I TDI-D 48.2 49.0a

X-TDI-X 47.1 71.0
TRI-D 58.7
X-TRI-X 40.7 71.1

System II TDII-Dap 44.6
Xp-TDII-Xap 38.4 63.8
TRII-Dap 49.2
Xp-TRII-Xap 36.0 62

aThe oligonucleotide ratio at pH 5 was D:TDI = 2:1.

Table 2. The in¯uence of monovalent ions on the thermal stability of the
triplexes X-TDI-X and X-TRI-X in a buffer containing 50 mM Tris±HCl,
pH 7.0, 10 mM MgCl2 and 100 mM NaCl or KCl

Complex Tm (°C) (60.5°C) in the presence of ions
Na+ K+

X-TDI-X 59.2 56.3
X-TRI-X 54.5 47.7
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having a lower stability, had a higher formation rate. This
might be attributed to the better conformational similarity of
OXN and RNA when compared with DNA. To clarify the
structure of the complexes formed by OXNs with both DNA
and RNA targets, the CD method was used.

Circular dichroism study

The CD method has earlier been applied to analyze the
structure of oligodeoxyxylothymidylates as well as their
complexes with oligodeoxyadenylates (16,17,21). Their
spectra showed a negative band at 280 nm that allowed a
left-handed helix structure resembling Z-type DNA to be
attributed to these compounds (16,17).

CD spectra of C and T containing OXNs were found to
depend on the oligonucleotide composition, but all of them
had a negative band at 270±280 nm (Fig. 5a and b). At the
same time all complexes formed by the OXNs with DNA and
RNA targets gave CD spectra with positive maxima in this
wavelength region (Fig. 6).

As shown in Figure 6a, at pH 7 the duplex TDI-D (curve 1)
gave a CD spectrum with a positive band at 276 nm, a negative
band with about the same intensity at 240 nm and a long
wavelength crossover at 260 nm. It corresponds to the typical
CD spectrum of the antiparallel B-type DNA (22). The duplex
formed by D with its RNA target (TRI-D) had a CD spectrum
characterized by a positive maximum at 273 nm and a
minimum at 244 nm (Fig. 6a, curve 2), which resembles the
CD spectrum of the A-type double helix typical of DNA±RNA
duplexes with a purine-rich RNA strand (23). Surprisingly,
both triplexes generated by X with DNA and RNA targets
(Fig. 6a, curves 3 and 4) gave about the same type of CD
spectrum in the region of 220±300 nm, which is nearly
identical to that of the RNA±DNA duplex TRI-D. It means
that the helix geometry of these complexes resembles the
geometry of the A form. At pH 5 where the modi®ed triplexes
X-TRI-X and X-TDI-X are more stable, they have about the
same type of CD spectrum as at pH 7 (Fig. 6b). This result
additionally shows that complexes formed by OXNs with
RNA and DNA targets have the similar type of helix structure
and this is the same at acidic and neutral pH.

The triplex Xp-TDII-Xap at pH 7 had a CD spectrum
characterized by a positive band with a maximum at 263 nm
and a negative band at 245 nm (Fig. 6c, curve 3). The CD
spectrum of the complex Xp-TRII-Xap at pH 7 showed a
maximum at 270 nm but its amplitude was too small (Fig. 6c,
curve 4). So, identi®cation of the spectrum type (A or B) was
not as evident as in the case of system I, probably because of
their lower stability. Indeed, all spectra were recorded at room
temperature where triplexes with Tm = 36±38°C may be
partially destroyed and their CD signature may represent the
sum of the spectra of a triplex and single-stranded oligo-
nucleotides. However, at pH 5 where triplexes Xp-TDII-Xap
and Xp-TRII-Xap are much more stable, their CD spectra
looked similar (Fig. 6d) and resembled the CD spectra of
OXN-containing triplexes from system I (Fig. 6b). All
triplexes formed by OXNs display a positive band at 270
(system II) or 275 nm (system I) and two minima at 220 and
245 nm. The intensities of the bands at 270±275 nm are
signi®cantly greater than the intensity of the band at 245 nm,
which is similar to what is obtained for the A form. The
negative band at 220 nm is also more typical of the A-like
helix geometry (usually RNA demonstrates a CD spectrum
with a minimum at 212 nm) (22) than of the B-like one
(generally showing a positive band at this wavelength) (Fig. 6a
and c, curves 1) (22).

The similarity of the CD spectra of triplexes formed by
OXNs with both DNA and RNA targets points to their
structural similarity, which may be a result of the rigid

Figure 4. Thermal denaturation±renaturation study of the triplexes
X-TDI-X and X-TRI-X in a buffer containing 50 mM Tris±HCl, 100 mM
NaCl, 10 mM MgCl2, pH 7.0. Curves 1 and 3 correspond to denaturation;
curves 2 and 4 correspond to renaturation of triplexes X-TDI-X and
X-TRI-X, respectively.

Figure 5. CD spectra of single-stranded oligonucleotides TDI, TRI, D and
X (a); TRII, TDII, Dp, Dap, Xp and Xap (b) in a buffer containing 50 mM
sodium cacodylate, 100 mM NaCl, 10 mM MgCl2, pH 7.0 at 20°C.
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structure of OXNs that compels both RNA and DNA
complementary strands to accept a conformation favorable
for the OXN.

Based on the data obtained, a hypothesis concerning the
sugar conformation in OXNs may be suggested. As was
mentioned above, formation of a triple helix without a
detectable double-helical intermediate was earlier found for

N3¢®P5¢ phosphoramidate oligodeoxythymidylates, generat-
ing very stable triplexes with oligodeoxyadenylates (18). In
these triplexes phosphoramidate oligodeoxythymidylates are
shown to have a C3¢-endo sugar conformation (24). This
conformation is typical of ribooligonucleotides and conse-
quently of the A form of helices, while the B form is
characterized by the C2¢-endo (or C3¢-exo) conformation. The
similarity of CD spectra of triplexes in which OXNs are
involved with the A-type like CD spectra as well as their
enhanced stability allow us to presume that in these triplexes
the 2¢-deoxyxylose possesses a C3¢-endo or related conform-
ation, as happens with 2¢-deoxyribose in phosphoramidate
oligodeoxynucleotides. This possible structural similarity of
sugar puckerings in deoxyxylo- and ribooligonucleotides
might explain the involvement of a purine RNA target in the
triplex with pyrimidine OXNs. Indeed, purine RNAs are
usually excluded from triplex formation with DNA but they
form stable triplexes with pyrimidine RNAs (10,25,26). It is
worth noting that a C3¢-endo conformation was earlier shown
for deoxyxylonucleosides, whereas the sugar puckering in
single-stranded OXNs was likely C2¢-endo (27). However, as
was mentioned above, all single-stranded OXNs studied to
date show CD spectra with a negative band at 270±280 nm
(Fig. 5a and b), which is rather typical of a left-handed helix
(16,17,27). At the same time the CD spectra of OXN
complexes with complementary DNA and RNA are typical
of a right-handed helix, and this change in the helix type may
evidently be accompanied by a con®gurational change at the
C3¢ atom. Indeed, a C2¢-endo type sugar puckering of the
furanose ring is typical for single-stranded oligodeoxyxylo-
cytidines, while the C3¢-endo type conformer population
exceeds 95% in homoduplexes (or tetraplexes) formed by
these OXNs at acidic pH (27). These data strongly point to the
possibility of a C3¢-endo conformation of the deoxyxylose
ring in complexes formed by OXNs with complementary
DNA and RNA. If OXNs do have RNA-like sugar puckering
they can generate a xylo-ribo-xylo triplex, as three RNA
strands do. Additional experiments are now in progress in
order to con®rm this hypothesis and to make clear the helix
structure of OXN-containing triplexes.

Inhibition of reverse transcription

Due to the capacity of OXNs to form triple helices stable at
neutral pH with purine RNA tracts, they may be considered
useful tools to inhibit gene expression at the levels of pre-
mRNA splicing, translation or reverse transcription. It should
also be mentioned that owing to their unusual sugar structure,
OXNs are stable to nucleolytic digestion (27,28). Here we
have studied the ability of OXNs to stop reverse transcription.
A 12mer polypurine tract (5¢-GGGAGAGGAAAA-3¢) at
positions 1599±1611 of the mRNA of the murine oncogene
pim-1 was chosen as a target for triplex formation. An
oligonucleotide d(ACCCAGGCAGAGTTTGAG) comple-
mentary to positions 1743±1760 of this mRNA was used as
a primer for reverse transcription. Three pyrimidine OXNs
were synthesized to form a triplex with pim-1 mRNA, i.e.
parallel (Xp-pim), antiparallel (Xap-pim) and clamp (X-pim)
oligonucleotides, composed of parallel and antiparallel
sequences linked by four deoxythymidine residues (Fig. 7a).
The clamp OXN was synthesized because it was shown that
triple helix formation with such compounds has an entropic

Figure 6. CD spectra of complexes from system I at pH 7.0 (a) and 5.0 (b)
and from system II at pH 7.0 (c) and 5.0 (d) in a buffer containing 50 mM
sodium cacodylate, 100 mM NaCl, 10 mM MgCl2 at 20°C.
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advantage over triplex formation by two separate pyrimidine
oligonucleotides (28). Indeed, the joining together in the
proper orientation of two out of the three strands of the triple
helix gives a considerable advantage in terms of free energy.

The thermal stability and triplex formation rate were
evaluated by melting experiments using a DNA analog
d(GGGAGAGGAAAA) (TDIII) of the mRNA purine tract
(Fig. 7). Use of the clamp OXN for triplex formation instead
of two separate OXNs had at least two serious advantages:
(i) the thermal stability of the bimolecular triplex (TDIII-X-
pim) was higher; and (ii) hysteresis was smaller for the
bimolecular triplex. These results are in good agreement with
the literature data demonstrating a higher stability of
bimolecular triplexes composed of native oligonucleotides
(29,30). These data allow us to suppose that the thermal
stability of a triplex between X-pim and the mRNA purine
tract will be higher than the stability of a triplex formed by this
RNA and two separate OXNs, Xp-pim and Xap-pim.
Moreover, taking into account the fact that the rate of triplex
formation was higher for OXN-containing triplexes with a
RNA target than with a DNA one (Fig. 4), one could consider
that the rate of X-pim hybridization with the targeted mRNA
sequence would be rather quick.

Reverse transcription was carried out using pim-1 mRNA as
the template, murine Moloney retrovirus (Mo-MuLV) reverse
transcriptase and the 18mer primer indicated above (Fig. 7). It
should be noted that due to a complicated and stable secondary
structure of the pim-1 mRNA, synthesis of the full-length
cDNA was not ef®cient and products of partial transcription
were obtained as the main products. In the absence of OXNs
pim-1 cDNA synthesis occurred ef®ciently (Fig. 7c, lane 2).
Neither parallel Xp-pim nor antiparallel Xap-pim oligo-
nucleotides inhibited reverse transcription (Fig. 7c and d). The
mixture of both OXNs, which could form a triplex with the
mRNA, had only a slight effect on reverse transcription
(Fig. 7c, lane 6, and d), and this effect was signi®cantly
augmented with the clamp oligonucleotide X-pim, which
ef®ciently inhibited synthesis of the full-length pim-1 cDNA
and one of the partial transcription products (Fig. 7c, lane 5,
and d). Therefore, reverse transcription inhibition only occurs
when parallel and antiparallel OXNs are added to the mRNA,
and the inhibition ef®ciency is greatly increased when the
parallel and antiparallel OXN fragments are joined. The latter
effect may arise from the higher hybridization rate and
stability of triplexes formed by clamps compared with two
separate oligonucleotides (Fig. 7a) (28,29). To be sure that the
OXN effect arises from the oligonucleotide interaction with
the mRNA and not with the protein, reverse transcription was
carried out using another primer complementary to positions
1532±1560 of the mRNA. Since this position was nearer to the
5¢-end of the mRNA than the polypurine sequence targeted by
X-pim, the latter could in¯uence reverse transcription from
this primer only if the OXN interacted with the protein. It was
found that X-pim had no inhibitory effect when the primer
1532±1560 was used (data not shown); hence, the reverse
transcription inhibition caused by X-pim was a result of its
interaction with the mRNA. This result is one more indication
of the capacity of OXNs to generate a triple helix structure
with RNA targets. Moreover, it demonstrates that a clamp
OXN can bind an extended mRNA with a complicated spatial

Figure 7. Study of reverse transcription inhibition by OXNs. (a) Oligo-
nucleotide sequences. (b) Thermal denaturation±renaturation study of tri-
plexes formed by the DNA target TDIII with two separate OXNs (Xp-pim
and Xap-pim) and the clamp X-pim in a buffer containing 50 mM
Tris±acetate, 100 mM Na acetate, 10 mM Mg acetate, pH 7.0. (c) PAGE
analysis of the pim-1 mRNA reverse transcription products in the absence
(lane 2) and presence of OXNs (lanes 3±8). (d) Calculated ef®ciency of
pim-1 cDNA synthesis in the absence and presence of OXNs.
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structure and form a stable triplex under conditions close to the
physiological ones.
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