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Abstract: The structure formed by a chimeuic-(-oligonucleotide containing thé-8nda-sequence complementary

to the 3-end 5-sequence is described. Chemical strand cross-linking was used to probe the structure of this
oligonucleotide. The terminal sequences form a stable parallel duplex, and the internal sequence of the oligonucleotide
forms a circle-like loop. This new molecule is resistant to nucleolytic degradation and also promotes efficient
RNase H-mediated cleavage of a complementary ribooligonucleotide. Oligonucleotides with this structure therefore

should prove useful in the control of gene expression.

Introduction 24 B antisense
CTTAGCTGTACCGCACAAGTTGCg
One of the most promising pharmaceutical applications of T'T T;NHZ |
oligonucleotides (ODNSs) is as modulators of gene expression. o o kX
Generally speaking an oligonucleotide must possess several I AGAAAAAGGGGGGAATGAAAGA-T/
properties to be used as a therapeutic agent. Among the most SICTTTIT CCCEZCQC TTACTTT CT‘S‘?

important properties of antisense ODNs are the resistance to

nucleolytic digestion and the ability to bind selectively to the
target RNA molecule to form substrate efficiently hydrolyzed
by RNase H:

The development of antisense and antigene oligonucleotide
technology has stimulated the search for new oligonucleotide

structures such as hairpia3,dumbbells! and loopeé® and
circula®~1! ODNs. These structures are more resistant to
nucleases than natural oligodeoxyribonucleotft&s.In addi-
tion these molecules display their own specific properties.
Circular ODNs are able to form both stable dupléxasd
triplexes’1° Moreover, these ODNs bind more tightly and
selectively to the complementary DNA or RNA single strand
than the normal WatserCrick complement. However, cir-

cular oligonucleotides cannot be easily coupled to various groups
needed to facilitate their transport through the cell membrane.
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Figure 1. Oligonucleotides under study. R is a sugar residue; p is a
phosphate groum = 1, 2, 7. The 27-mep-oligonucleotide contains
the sequence of the 22-mgfragment with the addition of five
thymidine residues.

In this paper we characterize a new structure formed by a
chimerico.—pf-oligonucleotide containing &-&nda-sequence
complementary to its 'send S-sequence. Because-ODNs
specifically form parallel duplexes with complement8rpDNs
instead of antiparallel oné$,the 3-end a-sequence of the
chimeric a—p-oligonucleotide forms a stable parallel duplex
with its 5-endS-sequence. The inner part of the oligonucleotide
forms a circle-like loop (Figure 1). This “snail-like” structure
may be considered as a bifunctional molecule: the looped part
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Nucleic Acids Resl989 17, 51075114.

0002-7863/96/1518-2126$12.00/0 © 1996 American Chemical Society



Snail-like Structure ofi—f Chimeric Oligonucleotides

has the features of an antisense, and the double helical part may

either form a triplex with a single-stranded DNA or RNA or be
used as a decoy for sequence specific DNA binding proteins.

This molecule displays a high resistance to nucleases due to

the inner duplex formed by the terminal fragments that usually
are the most sensitive to nuclease attack.

Experimental Procedures

Oligonucleotide Synthesis. Oligonucleotides were synthesized in
an automated DNA synthesizer, Applied Biosystems 391A. Small-
scale dN-CPG (Applied Biosystems) was used as a polymer support.
5'-0O-(4,4-Dimethoxytrityl)-3-(N,N-diisopropylamino)3-cyanoethyl phos-
phites of 2-deoxyribonucleosides were from Applied Biosystems. The
o-anomeric phosphoramidites were prepared as described éalier.
introduce a deoxythymidine residue having an aliphatic amino group
into oligonucleotides andlll , a modified phosphoramidite, Amino-
Modifier C6 dT (Glen Research), was incorporated into oligonucleotides
in accord with the routine protocol.’-®hosphorylated oligonucleotides
| andIV were prepared using-phosphate-ON (Clontech) as the first

monomer in the oligonucleotide synthesis. Synthesized oligonucleotides

J. Am. Chem. Soc., Vol. 118, No. 9, 129@7

74

64 L L . .
4 6,5

pH
Figure 2. Variation of the thermal stability of the dupldk —IV in
accordance with pH (duplex concentration xM). The accuracy of
Tm determination ist0.2 °C.

RNase H-Mediated Cleavage.In order to study RNase H triggering
activity of the oligonucleotides and Il, they were mixed (uM
concentration) with a complementary*3P-labeled oligoribonucletide
(see above) and 37.5 U &ischerichia coliRNase H in 20QiL of 20
mM Tris—HCI, pH 7.6, 10 mM MgC}, 100 mM KCI, and 1 mM

were deprotected by routine phosphoramidite procedures and puriﬁedlc\‘/ilthio"eitOI at 37°C. At the time indicated in Figure 4,2 of 0.5

by reversed-phase HPLC.

Thermal Stability Determination. Absorbance vs temperature
curves were recorded at 260 nm using a Hitachi 150-20 spectropho-
tometer with a thermostated cell. The buffer contained 50 mM
2-morpholinoethanesulfonate (MES) and 20 mM Mg@H was from
4.5 to 6.0. The ODN solutions were heated at°@for 5 min to
destroy any secondary structure and annealed t€10rhe temperature
was scanned at a heating rate of G from 10 to 90°C. Melting
temperatures were obtained from the maximum value of the first-
derivative plots of absorbance vs temperature.

Oligonucleotide Strand Cross-Linking. Oligonucleotide strand
cross-linking induced by 1-ethyl-3-[3-(dimethylamino)propyl]carbodi-
imide (EDC) was performed in the buffer containing 50 mM MES and
20 mM MgCh; pH was from 4.5 to 6.0. The 76-member linear
oligonucleotidel or two linear oligonucleotidesll and IV were
lyophilized and dissolved in 3QL of the buffer to obtain an
oligonucleotide concentration of 1M per monomer. The reaction
solutions were heated to € and then allowed to cool slowly to 0
°C. Then 3 mg of EDC was added, and the reaction mixtures were
incubated for 48 h at 4C. ODNSs were precipitated by adding 100
uL of 2 M LiCIO,4 water solution and 1 mL of acetone.

Oligonucleotide strand cross-linking induced by BrCN was per-
formed in the buffer containgnl M MES, pH 7.6, and 20 mM Mgegl
The 76-member linear oligonucleotiti®r two linear oligonucleotides
Il andIV were lyophilized and dissolved in 3€L of the buffer to
obtain an oligonucleotide concentration of 1® per monomer. The
reaction solutions were heated to @ and then allowed to cool slowly
to 0°C. Then 3uL of BrCN solution (5 M solution in acetonitrile,
Aldrich) was added, and the reaction mixtures were incubatedér 1
min at 0°C. ODNs were precipitated as described above.

Nucleolytic Degradation of Oligonucleotides. Oligonucleotide
resistance to nucleolytic degradation was studied in murine DUNNI
fibroblast lysate prepared as described eaHierOligonucleotide
labeling was performed by using 10 units of T4 polynucleotide kinase
(New England Biolabs) in 70 mM TrisHCI buffer, pH 7.6, 10 mM
MgCl,, 5 mM dithiothreitol, and §-3?P]JATP (3000 Ci/mM, Amersham)
for 1 h at 37°C. The3®P-labeled ODNs were incubated in &Q of
the lysate at 37C. At various times (0.25, 0.5, 1, 2, 4, and 18 h), 5
uL aliquots were removed and the reaction was stopped by extraction
with phenot-chloroform—isoamyl alcohol (25:24:1). Oligonucleotides

were precipitated from agueous samples by 10 volumes of acetone

containing 2% LiCIQ, dried, and dissolved in 4L of formamide-

water (4:1), 0.01% bromophenol blue, and 0.01% xylene cyanol.
Samples were analyzed in a 15% denaturing polyacrylamide gel.
Degradation of oligonucleotides was quantitated by liquid scintillation

EDTA was added to a 2@L aliquot, and then the hydrolysis
products were precipitated by 1 mL of acetone containing 2% LiCIO
dried, dissolved in 4L of formamide-water (4:1), 0.01% bromophenol
blue, and 0.01% xylene cyanol, and analyzed by electrophoresis in a
20% denaturing polyacrylamide gel. A crude product of the oligori-
bonucleotideV synthesis was used as an RNA marker.

Results

Oligonucleotide Design and Synthesis.We chose a 24-
mer 5-nucleotide sequence complementary to the translation
initiation region oferw RNA of the Friend murine retrovirus
for the chimeric 76-member ODNIloop part (Figure 1). The
5'-end 226-nucleotides and the complementafye®d 22-mer
o-nucleotides were designed to form a parallel duplex. In order
to decrease structural constraints related to the formation of the
inner duplex, tetrathymidylate linkers were introduced between
the loop sequence and the terminal duplex-forming sequences.
Since the 76-met may form not only intra- but also inter-
molecular duplexes, we covalently cross-linked the strands. The
structures obtained were then analyzed using electrophoresis
in a denaturing polyacrylamide gel. In order to perform the
cross-linking, we introduced a phosphate group at thend
and an amino group inside the oligonucleotide chain at the 26th
thymidine residue. The'&nd phosphate was either used
directly for the strand cross-linking or previously modified by
carboxyl-containing linkers as described below. Pr@4-mer
Il having the same sequence as the loop,ahe 5 27-mer
containing the amino groufpl , and thea 22-mer with the 3
end phosphat®/ were also synthesized as model compounds
(Figure 1).

Thermal Denaturation Experiments. We studied the
thermal stability of the duplex formed by thé-&nd 3-end
fragments of the ODN under different concentrations (from
0.28to 2.7 mM). The data obtained show that a 10-fold increase
in ODN | concentration does not lead to an increase inTthe
This is consistent with the denaturation of the intramolecular
duplexesi>16 At the same time, a concentration increase (from
0.35 to 3.7 mM) for the intermolecular duplex formed by control
oligonucleotidesll andIV results in a corresponding increase
of the Tp.

As will be explained below, it was necessary to study the in-
fluence of pH on the duplex thermal stability before cross-link-

counting of radioactive bands corresponding to intact and degradateding the oligonucleotide strands. The data presented in Figure

oligonucleotides.

2 show that th@, is slightly decreased at the lower pH values.
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Table 1. Efficiency of the Strand Cross-Linking 4 3 % 1
cross-linked duplex yield, %
3-end EDC BrCN - S G

duplex residue pH45 pH50 pH55 pH6.0pH7.6
| phosphate 0 0

Gly 10 6

B-Ala 12 7

7-Ahp 20 8 -
"-1v phosphate 0 3 0 3 0

Gly 18 25 20 24 19

[-Ala 40 50 45 48 25

7-Ahp 30 25 23 Figure 3. Radioautograph of a 15% denaturing polyacrylamide gel

showing the relative mobilities of the linear oligonucleotidgane 1),

the cross-linked produdt (lane 2), a linear 120-mer (lane 3), and a
Nevertheless, the ODN#l andIV can form stable duplexes  circylar 76-mer with traces of the linear precursor (lane 4).

even at pH 4.5. This result allows us to consider that the

intramolecular duplex formed by the ODNis also stable at In order to show that this new structure is covalently bound

pH 4.5-5.5. by the linker 3-p-NH(CH,)sCONH—, we carried out a selective
Strand Cross-Linking. For cross-linking the snail-like  hydrolysis of the’ product phosphoramide bond by acetic acid

structure, we had no information about the optimal distance (15% CH,COOH, 50°C, 30 min)t” The linear starting ODN

between the two functional groups responsible for the cross-| js formed as a result of the phosphoramide bond hydrolysis

linking reaction. We introduced as nucleophile an amino group (data not shown). This result confirms thats obtained from
at the 26th thymidine which may react either directly with the | by cross-linking the 3end and the thymidine 26.

3'-end phosphate or with a carboxyl group introduced at the
phosphate. In this view, we have modified theeBd phosphate
by amino acids with different numbers of methylene groups
[glycine (Gly), g-alanine 3-Ala) and 7-aminoheptanoic acid
(7-Ahp)] using the method dfi-hydroxybenzotriazole este¥s!®

Nucleolytic Degradation and RNase H Activity. We
investigated the resistance of the non-cross-lirke@ chimeric
76-merl to nucleolytic digestion in a lysate of murine DUNNI
fibroblasts. The oligonucleotide samples were prepared in two
We used the duplell —IV in order to optimize the coupling different ways: with previous hybriplizatiop permitting the ODN
conditions. The water soluble 1-ethyl-3-[3-(dimethylamino)- I to form the inner duplex and wlthout it. The latter sample
propyl]carbodiimide (EDC) under varied pH (from 4.5 to 6) Was heated to 93C and thgn quickly frozen to prevent any
and BrCN were used as coupling reagents. We did not detectsecondary structure formation. We also used the 76-member
the cross-linked product as the result of the direct interaction linear 5-ODN as a control. The half-life of oligonucleotides
of the amino group with the’@&nd phosphate. The reaction in this medium is 18 h for the ODN having the snail-like
between the carboxy and amino groups was most efficient whenstructure 2 h for the same ODN without structure, and 0.5 h
the EDC was used at pH 5.0 and the ODNwas modified by ~ for the control linear 76-membg-ODN. These results show
the -Ala residue (Table 1). that the snail-like structure of the ODINncreases significantly

Optimal conditions established for the synthesis of the cross- its stability in the biological medium compared to bgtrand
linked duplexill —IV (0.5 M EDC concentration, 50 mM MES,  o—p-oligonucleotides without secondary structure. In fact, the
pH 5.0, 20 mM MgC}, 4 °C, 48 h) were used to cross-link presence of the--fragment at the '3end of the linear ODN
duplex!. Before cross-linking, the'3nd phosphate df was increases its stability against the nucleolytic degradation by a
modified by the amino acid residues mentioned above. Puri- factor of 4. The stability of the same oligonucleotide with the
fication of the cross-linked produdt was carried out using a  snail-like structure however is increased by a factor of 9.
15% denaturing gel. The yield of the cross-linked product was |t was important to check the ability of the snail-like ODN
found to be about 10, 12, and 20% for the GBtAla, and to form a hybrid duplex with RNA that can be efficiently cleaved
7-Ahp, respectively (Table 1). by E. coli RNase H. Indeed, RNase H plays a key role in the

To confirm that the cross-linked product had the structure inhibition of gene expression by antisense oligonucleotifles.
corresponding to the 76-member snail-like molecule but not the Figure 4 presents the results obtained after the RNase H
152-member dimeric duplex, we compared the migration rate hydrolysis of the 26-member ribooligonucleotide AGAAUC-
in a 15% denaturing gel of the cross-linked prodlicand a GACAUGGCGUGUUCAACGCA {/) complementary both to
circular 76-member oligonucleotide prepared using template- the antisense loop part of the 76-nteand to the lineap-ODN
guided chemical ligatidh(Figure 3). The produdt migrates ||, The sequence of this ribooligonucleotide is therefore
more slowly than its linear precursor(lanes 1 and 2, Figure  jdentical to the targeted translation initiation region of the murine
3), but has the same mobility as the circular 76-mer (lane 4, friend retroviruserw RNA. The snail-like oligonucleotidé
Figure 3). At the same time the cross-linked product migrates gjgp|ays the higher activity for RNA digestion when compared
like a linear 120-member ollgonucleotlde which was used as a4 the linear contro3-ODN Il . Figure 4 shows that after 2
control of the oligonucleotide length (lane 3, Figure 3). nin o incubation the levels of the target RNA degradation
T_here_fore, the cross-linked _produbt is not a 152-member are about 100% and 70% in the presence of the oligonucleotides
dimeric duplex that would migrate more slowly than the 120- | and Il respectively. However, final products formed as a

o1 th oligonucieotde 6ross-inking has e snaiike sirutiure, 63Ut of RNase: H-produced hydrolysis are shorter when
9 9 " triggered by the oligonucleotidé (5—8-mers) than by the

(17) Gottikh, M. B.; Ivanovskaya, M. G.; Shabarova, Z.Bioorg. Khim. oligonucleotidell (9—11-mers) (Figure 4).
(USSR)1988 14, 55-510.
(18) Gottikh, M. B.; Asseline, U.; Thuong, N. Tetrahedron Lett199Q (19) Walder, R. Y.; Walder, J. AProc. Natl. Acad. Sci. U.S.A989

31, 66576660. 85, 5011-5015.
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o increased EDC concentration (0.5 M) was used similar to that
\ﬁ' 5 proposed for the synthesis of oligonucleotide phosphoramidate
,‘3‘3 @ 'S derivatives in agueous solutio?’.The reaction pH was varied
FF P e since EDC is known to modify thymidine and guanosine
e ) o : o . .
residues in single stranded DNA regidids.The rate of this
M | | | 2, 510,15,20,30| 2 6 1015 20 30| Time (min.} react_io_n is max@mal at neutral_pH a_nd decrea_ses sig_nificantly
ey at acidic pH. Since the snail-like oligonucleotiieontains a
LA e - long single-stranded fragment that could be modified by EDC
uA under pH 6, it was necessary to decrease the pH of the EDC-
a5 induced strand cross-linking. Besides, pH4%0 is found to
n be optimal for the reaction of terminal phosphates with anmifes.
G A decrease of the pH may disrupt the duplex stability, but in
C - our case the melting experiments showed that the intermolecular
u = duplexIll =1V is stable even at acidic pH. We assumed that
- eeese the intramolecular duplex is also stable at low pH. These
Y BT T results allowed us to study EDC-induced strand cross-linking
: - in the duplexes andlll —IV under acidic pH where T and G
modification is improbable.

We also used BrCN as a cross-linking agent. In the case of
i chemical ligation using BrCN the reaction time is only3
& min (compared to 2448 h for EDC) and BrCN does not make
heterocyclic base modification. Despite these advantages,
however, BrCN-induced cross-linking was less efficient com-
pared to EDC (Table 1).

c It should be noted that EDC-induced strand cross-linking was

efficient only if the 3-end phosphate was modified by amino

acid residues. This may be due to higher reactivity of a carboxyl

group compared to phosphate, but the stereochemical factor may

be more significant. A flexible amino acid polymethylene chain

5 could indeed provide a more advantageous conformation of the

reacting groups. The snail-like structure is rigid and the cross-
linking is the most efficient in the case of the longest 7-Ahp

Figure 4. Time dependeniE. coli RNase H-mediated degradation of linker (Table 1). Fo_r_the Cros§-linking of th.e intermol_ecular

the 26-member ribooligonucleotidé in the presence of ODNisand duplexiil _IV’_ (_:ontalr_ung a flexible tetrathymldylate ck_\aln that

Il . The degradation time is noted at the top of the figure. The sequenced0€S not participate in the duplex formation, fhé\la linker

of the ribooligonucleotide/ is shown on the left. M corresponds to IS the most favorable (Table 1).

the migration of the nonpurified ribooligonucleotitfecontaining all Therefore, the following results allow us to conclude that the
intermediate products of the oligonucleotide synthesis. oligonucleotidel has the snail-like structure: (i) The melting

) ) temperature study shows that fhgof duplexl does not depend
Discussion on its concentration while such a dependence is observed for

the intermolecular dupleil —IV. This result is consistent with
the intramolecular association of the OON (ii) The cross-
linking of the 3-terminal phospate modified by the amino acid
residues of the ODN with the amino linker modified thymine
' 26 indicates that these two positions are close in the secondary
® structure of the ODNI. Covalent bond formation was
confirmed by the selective hydrolysis of the phosphoramide
ond by acetic acid. (iii) The cross-linked produtthas the
. o . . same migration rate in denaturing PAGE as a circular oligo-
Important in biologicainedia we used thex-fragment for the nucleotide of the equivalent size, which is in agreement with a
making of the 3end of the ODNI. circle-like structure of the ODNl in solution. Such biological
The snail-like structure may be stabilized by the formation properties of the snail-ike ODN as its resistance to nuclease

of an intramolecular link between thé-8nd of the oligonucle-  degradation and its ability to trigger RNase H-mediated RNA
otide and an aliphatic amino group specifically introduced into  hydrolysis were also investigated.

the oligonucleotide. Condensation of the phosphate and ali- \ye observed that the ODNpreviously hybridized to form
phatic amino groups situated in the different strands of the 5 gecondary structure was 9 times more stable in the DUNNI
oligonucleotide duplex was studied using initial conditions  fipoplast cellular lysate than the nonstructured ODand 36
developed for chemical ligation in DNA duplexésand times more stable than the natural oligodeoxyribonucleotide.
employing EDC or BrCN as condensing agents. Two important This result means that the snail-like structure provides an
modifications of the reaction conditions were made. AN jmportant increase of oligonucleotide resistance to nuclease
(20) Morvan, F.- Rayner, B.. Imbach. J-L. Thenet, S.. Bertrand, J.-R. dt_agradation. On the other hgr]d,the antisense part of the ODN
Paoletti, J.; Malvy, C. Paoletti, QNucleic Acids Res1987 15, 3421~ | is found to be able to hybridize to the complementary RNA

3437.
(21) Dolinnaya, N. G.; Sokolova, N. I.; Ashirbekova, D. T.; Shabarova, (22) lvanovskaya, M. G.; Gottikh, M. B.; Shabarova, Z.Mucleosides
Z. A. Nucleic Acids Resl991 19, 3067-3072. Nucleotides1987, 6, 913—-934.

An oligonucleotide can form a snail-like secondary structure
only if the duplex formed by its terminal fragments is parallel
(Figure 1). The simplest approach to form such DNA duplexes
is to use arn-oligonucleotide as one of the strands. Indeed
these unnatural ODNs have a parallel orientation when th
are hybridized to complementafystrandsi?2 Besides o-oli-
gonucleotides are more resistant to nuclease degradation tha
their S-counterpart3® As 3-exonucleolytic activities are
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strand and thus to trigger the RNase H-mediated cleavage of These properties make snail-like ODNs promising molecules
the RNA (Figure 4). Moreover, the efficiency of this degrada- for antisense strategy. The possibility for the double-stranded
tion is higher than the one triggered by the nonmodified portion of the molecule to form a triple helix with an appropriate
oligonucleotidell. Besides, shorter final products result from RNA sequence and as a consequence to inhibit gene expression
the RNase H digestion of the template oligoribonucleotitle  is now under investigation.

triggered by ODN. These results allow us to suggest that the .

conformation of the duplex formed between the oligoribonucle- la g(;kcnhog:éideggggtﬁﬁ\év Z:C:;]gvﬂzd%ig;ii;?::zgeggocnha;riﬁes

otide V and the snail-like oligonucleotideis more favorable sur le Cancer (ARC) fo?their support (Jumelage Franco-Russe)

for the RNase H activity if compared to the duplex formed by : , PP . 9 . ’
. . e - ~7 We thank Dr. Tim O’Connors for help in the redaction.

the oligonucleotidell. Some additional experiments are in

progress in our laboratory in order to confirm this hypothesis. JA953072C



