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STRUCTURES 
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ABSTRACT: The influence of the secondary structure of oligonucleotides having a 
natural phosphodiester backbone on their ability to interact with DNA and RNA 
targets and on their resistance to the nucleolytic digestion is investigated. 
Oligonucleotides having hairpin, looped and snail-like structure are found to be much 
more stable to nuclease degradation in different biological media and inside cells than 
the linear ones. The structured oligonucleotides can also hybridise with their DNA and 
RNA targets. 

INTRODUCTION 
Regulation of gene expression by antisense oligonucleotides (ODNs) has 

provided a powerful approach for the study of gene function and inhibition of genes 

responsible for undesirable traits (1-3). One of the major problems encountered in 

using phosphodiester ODNs is their rapid degradation by various nucleases in cell 

cultures (4, 5) .  Modifications of the phosphodiester backbone have been used to 

enhance ODN stability against the enzymatic hydrolysis (6-8). However, these 
modifications arc often accompanied by the loss of other properties important for the 

antisense activity (affinity for RNA targets, ability to mediate the RNase H 

degradation of targeted RNAs) (1, 7, 9). Moreover, modified ODNs can often acquire 
undesirable properties such as non-specific interaction with cellular proteins and 
cytotoxicity (10-14). 
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In order to stabilise antisense phosphodiester ODNs against nuclease 

degradation, some efforts including a synthesis of ODNs with a special secondary 

structure have been made. ODNs having a theinlostable 3’-teiminal mini-hairpin 

fragment are shown to be much more resistant to the 3’-exonuclease hydrolysis (15- 

17). The increased exonuclease resistance of such ODNs results in their improved 

antisense activity, in particular, against herpes simplex virus proliferation in cells (16). 
Evidently, 5’-end hairpins can protect ODNs against 5’-exonuclease degradation. 

However, terminal mini-hairpins are unable to protect ODNs against endonucleases. 

To minimise a risk of the ODN endonuclease degradation, antisense ODNs having an 

extended double stranded domain and a short single stranded part which is the most 

sensitive to endonucleases seem to be very promising. The single stranded part must 

provide the recognition of a complementary sequence in a targeted nucleic acid. The 

intramolecular ODN duplex has to be stable under physiological conditions. However 

in the presence of the targeted nucleic acid it must unfold in order to permit the ODN 

to form a perfect duplex with the target. The investigation of these ODN structures 

has been started, especially for phosphorothioates (1 8-20). Non-modified 

phosphodiester ODNs are less studied. 

In the present work, the target recognition ability and nuclease resistance of 

ODNs with the natural phosphodiester backbone and different secondary structure 

(linear, hairpin, looped, snail-like) are investigated. All ODNs under study have a 21- 

member fragment complementary to the translation initiation region of env RNA of 

the Friend murine leukaemia retrovirus (FIG. 1). 

MATERIALS AND METHODS 
Oligonucleotides. 

All oligonucleotides were purchased from Eurogentec (Seraing, Belgium), 

additionally desalted on G25 Sephadex Columns and quantitated by absorbance at 260 

nm. 

Protection of 5’-terminal phosphate of the antisense oligonucleotides. 

5’-Terminal labelling of the oligonucleotides was performed using [Y-~~PI-ATP 

(Amersham) and T4 polynucleotide kinase (Promega). The labelled oligonucleotides 

were purified by electrophoresis in a 20% denaturing polyacrylamide gel. In order to 

protect the teiminal [32P]-phosphate against enzymatic digestion the modified method 

of carbodiimide condensation (21) was used. The oligonucleotides were dissolved in 
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Target sequences 

D 5'-d (CCAGCAGAATCGACACATGGCGTGTTCAACGCT)-3' 

R 5'-r (CCAGCAGAAUCGACACAUGGCGUGUUCAACGCU)-3' 

Antisense oligodeoxynucleotides 

S'TGAACACGCCATGTCGATTCT-3' 21L 

5'-TlACT3CT5GCGTTGAACACGCCATGTCGATTCTTsCT5C6-3' 55L 

S'T*G*AACACGCCATGTCGATTC*T-3' 21PS 

H6 

H8 

H10 

Dh6 

L8 

L10 

SL 

5'-TG AAC ACG CCATG TCG ATTCT T 
3 '-CTAAGAT 

5'-TG AACACG CCATG TCG ATTCT T 
3 I-AGCTAAGAT 

5'-TGAACACGCCATGTCGATTCT 
3 '- ACAGCTAAGA T 

$G AACACG CCATG TCG ATTCT 7 TAC?TGT-5' 3'-CTAAGA 

ACGc 
5'-GCGTATGAAC C - 

3'-CGCAT TC'ITA ft 
GCTG 

ACGc 
5'-GCGCITATGAAC C 
3'-CGCGAAT TCl'TA + 

GCTG 

T C TGAACACGCCATGTCGATTCTT 

AGCCGGGGCCGGGCTCCGGTT-p-5;T 
~'-cz-TCGGCCCCGGCCCGAGGCCAA- T 

FIG. 1. Oligonucleotides used in the study. 21-member targeted RNA and DNA 
sequences are underlined. Sequences of antisense oligodeoxyribonucleotides 
complementary to the D and R targets are typed in bold. 
*-phosphorothioate group. 
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100 p1 of 1 M N-methylmorpholine buffer (pH 7.9,  20 mM MgC12 containing 50% of 

ethanol and the solutions were supplemented by 10 mg of l-ethyl-3(3'- 

dimethylaminopropy1)carbodiimide. The reaction proceeded for 16 h at 4°C and the 

oligonucleotide ethyl esters were twice precipitated with 1 ml of 2% solution of LiC104 

in acetone, washed by acetone and further mixed with the non-labelled ODNs and used to 

study their resistance to enzymatic digestion. 

Thermal denaturation experiments. 

Absorbance vs. temperature curves were recorded at 260 nm using a Uvikon 933 

spectrophotometer equipped with thermoprogrammer. The ODN solutions were prepared 

in 600 p1 of a 10 m M  Na-phosphate buffer (pH 7.5) with 50 mM NaCI. The 

concentration of each oligonucleotide strand was M. Absorbance was monitored 

while temperature was raised at a rate of O.S"C/min from 20°C to 80°C. Melting 

temperatures (T,,,) were determined by computer fit of the first derivative of absorbance 

with respect to 1/T. Uncertainty in T, is estimated at f0.5"C based on repetitions of 

experiments. Free energy values for the duplex dissociation were derived by computer- 

fitting the melting curves, using the two-state model (22). 

Native gel electrophoresis. 

The RNA and DNA templates (R and D) were labelled using V2P-y]-ATP and T4 

polynucleotide kinase. The oligonucleotides (1 0 pmol of each strand) were dissolved in 

10 pl of the 10 mM Tris-acetate buffer (pH 7.5), 150 mM CH$OONa, 2 mM MgC12 and 

incubated at 37°C for one hour and then supplemented with 1 pl of 70% glycerol 

containing xylene cyanol and bromophenol blue. Electrophoresis was performed in a 

non-denaturing 15% acrylamide gel (19: 1 acrylamidelbis-acrylamide) in the same Tris- 

acetate buffer at 37°C for 24 h (9 Vkm). 

RNase H-mediated cleavage. 

In order to study RNase H triggering activity of the ODNs, they (10 pmol) were 

mixed with the 5'-[32P]-labelled RNA template (R) (1 pmol) in 10 pl of 20 mM Tris-HC1 

buffer (pH 7 .9 ,  10 mM MgC12, 100 mM KCI, 0.1 mM DTT in the presence of 0.5 pl of 

RNasin (Gibco BRL) and incubated for 30 min at 37°C. Then 0.5 U of E.coZi RNase H 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
3
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



PROPERTIES OF PHOSPHODIESTER OLIGONUCLEOTIDES 2075 

(Promega, Madison, WI) were added and the mixtures were incubated at 37°C for 15 

min. The samples were then precipitated with acetone containing 2 9'0 of LiC104, dried, 

dissolved in 4 pl of formamide:water (4: I ) ,  0.01 % bromophenol blue, and 0.01 Yo xylene 

cyan01 and analysed by electrophoresis in a 20 YO denaturing polyacrylamide gel with a 

fo 11 owing autoradi ography . 

Cells and media. 

NIH 3T3 and HeLa cell lines were grown in DMEM medium supplemented with 

5% and 10% of heat inactivated foetal bovine serum (FBS) (Gibco BRL), respectively, 

streptomycin (1 00pg/ml) and penicillin (1 00U/ml). All cell lines were incubated at 37°C 

in 5% C02. 

Transfecting agent. 

In order to deliver ODNs inside the cells SuperFectTM was used. It is a dendrimeric 

structure presenting 140 terminal NH2 groups on its surface, sixty of them are positively 

charged at pH 7. Its molecular weight is 35 kD. SuperFectTM concentration used for 

cellular experiments was 3mg/ml. 

Preparation of cell lysates. 

HeLa and NIH 3T3 cells were washed three times with phosphate saline buffer 

(PBS) and then scraped into 1 ml of 10 mM Na-phosphate buffer (pH 7 .9 ,  10 mM 

MgC12, 150 mM NaC1, 1 mM DTT, 1% NP-40, 0.2 mg/ml phenyl-methylsulphonyl 

fluoride (PMSF) and kept at -20°C for 30 min. After defrost the cells were centrifuged at 

14OOOg for 15 min at 4°C. The supernatants were used to study enzymatic degradation of 

the oligonucleotides. Protein concentration in each lysate was quantitated using bovine 

serum albumin (BSA) as a standard (23). 

. 

Study of oligonucleotide degradation in biological media. 
Determination of the rate of the oligonucleotide nuclease degradation was carried 

out in DMEM containing 10% heat inactivated FBS (56OC for 30 min) and prepared 
cell lysates. The lysates were diluted by 10 mM Na-phosphate buffer (pH 7 3 ,  10 

mM rngC12, 150 mM NaCI, 1 niM DTT in order to have the same total protein 
concentration equal to 1.22 mg/ml. To avoid the enzymatic [32P]-labelled phosphate 
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cleavage, the oligonucleotides with the protected terminal phosphate prepared as 

described above were used. The [32P]-labelled ODNs in 10 pM concentration were 

incubated in 120 r1 of the corresponding rriediuirr at 37°C. At various times, 15 r1 

aliquots were removed, supplemented by 15 pl of 50 mM EDTA and frozen at -20°C. 

The saniples were twice extracted with pheno1:chloroform:iso-amyl alcohol (25:24: 1). 

The oligonucleotides were precipitated from aqueous fractions by 10 volumes of 
acetone containing 2% of LiC104, dried, and dissolved in 5 rl of formaniide:water 

(4:1), 0.01 % bromophenol blue, and 0.01 % xylene cyanol. Samples were analysed 

by electrophoresis in a 20 % denaturing polyacrylamide gel. Resulting gels were 
scanned using the phosphorimager (Storni 840, Molecular Dynamics). Degradation of 

oligonucleotides was quantitated as a ratio of the signal efficiency of bands 

corresponding to intact and degraded oligonucleotides. Uncertainty in degradation 

percent is estimated at +5% based on repetitions of experiments. 

Study of oligonucleotide degradation inside the cells. 
The day before, cells were seeded on 6-well plates to obtain 60-80% of 

confluence (4x105 cells). 5 pg of each ODN were mixed with 6 pl of SuperFectTM 

(3mg/ml) (Qiagen, Canada) in a final volume of 150 1.11 of DMEM (without FBS and 

antibiotics) for 10 min at room temperature. Cells were washed with PBS, the 

SuperFectTM-ODN mixtures were diluted with 850 pl of 10% (for HeLa cells) or 5% 

(for NIH 3T3 cells) FBS DMEM (with antibiotics) and added on cells. 
The supernatant was removed after 16 or 48 hours, and the cells were harvested 

by trypsin treatment. Then the cells were washed three times with PBS, suspended in 

500 p1 of 10 mM Na-phosphate buffer (pH 7.9, 150 mM NaCl, 20 niM EDTA, 1% 

NP-40 and kept at -20°C for 30 min. After defrost the cells were heated at 90°C for 

30 min in order to destroy completely all cellular compartments and twice extracted 
with pheno1:chloroforni:iso-aniyl alcohol (25:24: 1). The ODNs were precipitated from 

the aqueous fractions containing 0.3 M Na-acetate by adding 5-fold excess of ethanol, 

dissolved in 5 1'1 of foimamide:water (4:1), 0.01 5% bromophenol blue, and 0.01 % 

xylene cyanol and analysed by electrophoresis in 20% denaturing gel. Resulting gels 

were scanned using the phosphorimager (Storm 840, Molecular Dynamics). 
Degradation of oligonucleotides was quantitated as a ratio of the signal efficiency of 
bands corresponding to intact and degraded oligonucleotides. 
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RESULTS 
Design of oligonucleotides. 

All studied oligodeoxyribonucleotides have a 21-member sequence 5'- 

TGAACACGCCATGTCGATTCT-3' complementary to the translation initiation region 

of env RNA of the Friend murine leukaemia retrovirus (FIG. 1). Oligonucleotides 21L 
and 55L have a linear structure as well as the oligonucleotide 21PS. However, the 

latter contains two phosphorothioate groups at both ends in order to protect it from the 

enzymatic degradation. H6, H8 and H10 have different numbers of base pairs (b.p.) in 

the stem region of hairpins located at their 3'-end. Dh6 can form a hairpin structure 

with two 6 b.p. stems at both 3'- and 5'-ends. L8 and L10 can form a looped structure 

with 13 nucleotides situated in the loop and stems with 8 and 10 b.p., respectively. A 

snail-like structure SL is formed by a chimerical a-P-oligonucleotide containing at the 

3'-end an a-nucleotide sequence complementary to its 5'-end P-nucleotide sequence. 

Since a-ODNs specifically form parallel duplexes with complementary P-ODNs 

instead of antiparallel ones, the 3'-end a-sequence of the chimerical a-P- 

oligonucleotide foinis a stable parallel duplex with its 5'-end p-sequence. The inner 

part of the oligonucleotide forms a circle-like structure. 

Investigation of the binding properties of structured oligonucleotides. 

The T, (melting temperature) and the (duplex formation energy) are 

determined both for structured oligonucleotides alone and for their complexes with 

complementary DNA (D) or RNA (R) targets (TABLE). The thermostability of inner 

duplexes in ODNs H6-Hl0, L8 and L10 depends on the number of base pairs in their 

stem regions. Nevertheless, all SODNs are able to interact with both DNA and RNA 

targets forming intermolecular duplexes having different thermodynamic parameters 

than the intramolecular duplexes (TABLE). The T, found for these bimolecular 

duplexes differ from the T, of the SODNs and correspond approximately to the T, 
detected for the duplexes formed by the linear ODN 21L with both targets. A slight 

T, decrease found for Dh6, L10 and especially for SL may be explained by 

destabilising effect of two unpaired extremities in duplexes of these ODNs with both 

targets. The melting curves of all SODNs in presence of both RNA and DNA targets 

have one transition corresponding to their intermolecular duplexes denaturation. The 

only exception is the oligonucleotide H10 which displays a very stable hairpin 
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T, Systems 
("C) 
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-AH" -AS" -AG"p,, (b) 

(kcal mol-') (e.u.) (kcal mol-') 

TABLE. Thermodynamic parameters(a) for oligonucleotide duplexes. Data obtained in 10 mM 
phosphate, 50 mM NaC1, pH 7.5. Oligonucleotide concentration M. 

H10 
H 1 O+D 
H 1 O+R 

75 44 128 4 
43,60,73 43 102 11 
40, 57,73 35 78 11 

21L+D 60 101 267 18 

21L+R I 57 105 286 16 

Dh6 
Dh6+D 
Dh6+R 

2 1 PS+D 60 82 215 15 

21PS+R I 57 86 232 14 

52 35 104 3 
57 90 245 14 
55 80 218 12 

H6 
H6+D 
H6+R 

L10 
LlO+D 
L 1 O+R 

52 45 139 2 
58 92 249 15 
56 82 222 13 

53 68 208 3 
57 94 255 15 
55 96 265 14 

HS 
HS+D 
HS+R 

SL 
SL+D 
SL+R 

66 62 190 3 
60 60 151 13 
56 52 130 12 

65 43 128 3 
55 70 182 14 
53 65 176 10 

LS 
LS+D 
LS+R 

~ 

46 142 2 
96 260 15 

I 57 101 280 14 

(a) AH', AS" and AGO are the average of several values obtained from independent melting curves 
and are expressed as round numbers. Estimated errors in AH", AS", AGO and T, are k 4%, *4%, 
+8% and +1%, respectively. 
(b) AGO3, = AH" - (3 10 x AS'). 
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(T,,=75"C). In the presence of D or R targets the melting curvc has three transitions: 

the first one may correspond to the melting of a partial intermolecular duplex fornied 

between the 11-member single stranded fragment of this ODN and the target (43°C 

with the DNA target and 40°C with the RNA), the second one to the melting of the 

complete intermolecular duplex (6OOC with the DNA target and 57OC with the RNA) 

and the third one to the melting of its own doubie helice domain (73°C). In order to 

calculate the thermodynamical parameters the formation of intermolecular duplexes 

between the SODNs and both targets is considered as two-step process: unfold of the 

intramolecular duplexes and hybridisation of unfolded ODNs with their target. So AG 

corresponding to the formation of intermolecular duplexes represent the sum of AG 

corresponding to the unfold of inner duplexes and AG of internmolecular duplexes 

listed in the table. These sunmary AG are close to AG calculated for the duplexes 

between 21L and R or D targets. In the of H10 which really displays 3 transitions we 

can calculate only approximate AG regarding its melting curve as a curve with one 

transition. 

The binding of the SODNs with the RNA and DNA targets is also studied by a 

gel mobility shift assay (FIG. 2). The ODNs are incubated with [32P]-labelled targets 

D and R at 37°C and the mobility of the complexes formed is determined by 

electrophoresis in a 15% non-denaturing polyacrylamide gel. FIG. 2 shows that the 

electrophoretical mobility of the both targets changes in the presence of all SODNs as 

a result of their involvement into the formation of corresponding duplexes. 

Unfortunately a band of the [32P]-labelled RNA (FIG. 2A, lane 1) is very dispersive, 

probably, due to foiniation of some intramolecular hairpins by this 

oligoribonucleotide. However in presence of all complementary ODNs clear bands 

corresponding to their intemiolecular duplexes with the RNA target are detected. It 

should be noted that SL shows two retarded bands with both RNA and DNA targets 

(FIG. 2A,B, lane 10). The upper band corresponds to the intermolecular duplex with 

an unfold form of SL and the lower one likely to be the complex in which the inner 

duplex also exists, at least partially. The structure of this complex is more compact, so 

its electrophoretical mobility is higher. 

The ability of SODNs to hybridise to the complementary RNA strand and to 

trigger the RNase H-mediated cleavage of the RNA is also investigated. FIG. 3A 
shows the results of incubation of the RNA target (0.1 pM) and various ODNs (1 
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A €3 

1 2 3 4 5 6 7 8 Y 1 0 1 1  1 2 3 4 5 6 7 8 9 1 0 1 1  

FIG. 2. Electrophoretic anal sis of duplex formation in a 15% native PAGE at 37'C. 1 2  A. Binding of the [ PI-labelled RNA target (lane 1) to the oligonucleotides: 
21L (lane 2), 21PS (lane 3), H6 (lane 4), H8 (lane 3, H10 (lane 6), Dh6 
(lane 7), L8 (lane 8) L10 (lane 9), SL (lane lo), 55L (lane 11). 
B. Binding of the [&PI-labelled DNA target (lane 1) to the oligonucleotides: 
21L (lane 2), 21PS (lane 3), H6 (lane 4), H8 (lane 5), H10 (lane 6), Dh6 
(lane 7), L8 (lane 8), L10 (lane 9), SL (lane lo), 55L (lane 11). 

pM) with 0.5 unit of RNase H at 37°C for 15 min. All ODNs are found to form with 

the RNA R duplexes which are substrates for RNase H. The RNA cleavage by RNase 

H in presence of the linear oligonucleotide 21L and all SODNs occurs at the same 

sites. The major cleavage sites are indicated by arrows in FIG. 3B. In the absence of 
complementary ODNs no cleavage of the RNA is observed. 

All these results show that the inner double stranded structure of the ODNs does 

not prevent them to interact with their DNA and RNA targets. The inner duplexes 

seem to dissociate when the bimolecular complexes between the SODNs and their 

targets are formed. Evidently, this is true if these bimolecular duplexes are 

thermodynamically preferable (TABLE). 

Stability of antisense oligonucleotides to nucleolytic degradation. 
The ability of the structured ODNs to resist to the enzymatic hydrolysis is 

studied in DMEM supplemented with 10% of heat inactivated foetal bovine serum 
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A 

1 2 3 4 5 6 7 8  9 1 0  1 1 1 2  13 

C%c 
C A  ","S 

c A  
c A  

GG 
A U  

C 

G 
C 
u 
A 
A 

C 
G 

A 

* C  

C 

B 

TTCTTAGCTGTACCGCACA AGT-5' 

FIG. 3. A. Cleavage of the RNA target by RNase H in the presence of antisense 
oligonucleotides: 21L (lane I) ,  21PS (lane 2), H6 (lane 3), H8 (lane 4), H10 
(lane 5), Dh6 (lane 6), L8 (lane 7), L10 (lane S), SL (lane 9), SSL(1ane 10). 
[32P]-labelled RNA R alone (lane 11); R in the presence of RNase H without 
ODNs (lane 12); R hydrolysis under alkaline conditions (lane 13). 
B. Schematic presentation of the duplex formed between the RNA target and 
H10. Arrows show the major cleavage sites. 
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b 

0 40 0 16 32 40 
" ,  

16 32 
incubation time (hours) incubation time (hours) 

C d 

0 48 0 16 32 48 16 32 
incubation time (hours) incubation time (hours) 

FIG. 4. Degradation of the antisense oligonucleotides in DMEM supplemented with 
10% heat-inactivated FBS in the absence (a,b) and in thc presence (c,d) of 
SuperFectTM. 

(FBS) widely used to grow cells as well as in cellular lysates and two types of cell 

lines: NIH 3T3 and HeLa. To avoid the enzymatic [32P]-labelled phosphate cleavage, 

oligonucleotides with the 5'-teminal phosphate protected by ethyl residue are used for 

this study. 

The investigation of the ODN degradation in the culture medium containing FBS 

demonstrates that hairpin, looped and snail-like structures increase significantly the 

nuclease resistance of the SODNs (FIG. 4a,b). The resistance of hairpin and looped 

ODNs to nucleolytic degradation depends on the type of inner duplexes and their 

thermal stability. For example, the half-life of the most theinlostable hairpin H10 is 

higher than for hairpins H6 and HS. At the same time the looped ODN L10 is as 

resistant to the degradation as the hairpin HS whereas its thermal stability is lower 

(53OC for L10 and 66°C for HS). All linear oligonucleotides 21L, 55L and 21PS arc 

rapidly degraded. These results confirm the previously reported data conccrning the 
very short half-life of linear phosphodiester and phosphorothioate capped 

oligonucleotides in seruni (4, 24). 
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In order to improve the oligonucleotide uptake into cells several transfecting 

reagents can be utilised (25-29). The influence of one of them, a dendrimeric molecule 

named SuperFectTM, on the ODN stability in DMEM supplemented with 10% of FBS 
is investigated in our work. Complexes formed by the ODNs with SuperFectTM are 

found to be more resistant to the nucleolytic degradation than the ODNs alone (FIG. 

4c,d). The resistance increase is the most significant for the linear ODNs 55L and 

21PS. For example, the half-life of the phosphorothioate capped ODN 21PS with 

SuperFectTM and without it is about 12 hr and 30 min, respectively. The similar 

increasing of the nucleolytic stability is observed for 55L (FIG. 4a,c). This is in 

agreement with previous literature data shown that the formation of complexes of 

polyamine compounds with ODNs increases their nuclease stability (25). At the same 

time the half-life of the nonmodified 21L with and without SuperFectTM is about the 

same. Possibly the complex formed by SuperFectTM with this short ODN does not 

protect sufficiently the ends of the oligonucleotide that undergo the enzymatic 

cleavage. 

Stability of ODNs in lysates of HeLa and NIH 3T3 cell lines varies with the 

lysate type. Notice that the total protein concentration in these lysates is the same. 

Therefore the distinctions between their nucleolytic activities depends on either 

quantitative or qualitative differences in the nuclease activities. The degradation is 

more rapid in the HeLa lysate (FIG. 5a,b). The snail-like ODN SL having a half-life 

of about 3 h is much more resistant than other SODNs. All linear ODNs (21L, 21PS 

and 55L) are rapidly degraded (their half-life is about 10 min). 

Concerning the NIH 3T3 lysate, the rate of the SODN degradation is much 

lower when compared to the HeLa lysate (FIG. Sc,d). Interestingly, the SODNs Dh6, 
L8, L10 and SL with both 5'- and 3'-end protection are more stable than the SODNs 

H6-Hl0 having only 3'-end hairpins. This fact allows one to suggest that the 

contribution of 5'-exonuclease activity in the ODN degradation is very important in 

this lysate. Nevertheless, terminal phosphorothioate modification has no significant 

influence on the ODN resistance (compare 21L and 21PS ODNs). 

The fate of the ODNs in two cell lines, HeLa and 3T3, is also investigated 

(FIG. 6). To improve the ODN penetration into the cells, their complexes with the 

transfecting reagent SuperFectTM are preliminary formed and incubated with cells. 

ODN 21L is not studied because even in presence of SuperFectTM it is very rapidly 

digested in the tiiological niediurrz used for the cell incubation (Fig. 4). Significant 
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FIG. 5. Degradation of the antisense oligonucleotides in cellular lysates: (a,b) HeLa 
lysate, (c,d) NIH 3T3 lysate. 

quantities (5040%) of other ODNs including the linear ones (55L and 21PS) are 

detected in the cells (FIG. 6a-d). After 48 h of incubation the amount of intact ODNs 

inside the cells decreases but remains at the level of 20-30%. There is no significant 

difference between both cell lines (FIG. 6 a,b and c,d). All structured ODNs have 

about the same stability that is superior to the stability of the linear ODNs 55L and 

21PS. 

DISCUSSION 
The modulation of gene expression is one of the most promising pharmaceutical 

applications of ODNs. Among the most important properties that antisense ODNs 
have to fulfill are the resistance to nucleolytic digestion and the ability to bind 

selectively to the target RNA molecule foi-ming a substrate efficiently hydrolysed by 

RNase H. ODNs with a natural phosphodiester backbone form with RNA targets an 

efficient substrate for RNase H but, unfortunately, they are quickly degraded in 
biological media by numerous nucleases. In the present study, nonmodified 

oligodeoxyribonucleotides forming looped, hairpin and snail-like inner secondary 
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FIG. 6. Degradation of the antisense oligonucleotides complexed with SuperFectTM 
inside cells: (a,b) HeLa, (c,d) NIH 3T3 cells. 

structure are studied for their ability to interact with their targets and their resistance 

to nuclease digestion. 

All ODNs contain a 21-mer sequence complementary to the translation initiation 

region of env RNA of the Friend murine leukaemia retrovirus. However, this sequence 

is partially involved in formation of inner duplexes resulting in hairpin (H6-Hl0, 
Dh6), looped (LS, L10) or snail-like (SL) secondary structure of the ODNs (FIG. 1). 
The main challenge of the structured ODNs design is to chose the structure of the 

inner duplexes in such a way that the ODN interaction with their targets should not be 

prevented. For this purpose the ODNs with a different length of their double stranded 

stem (H6-HlO and LS, L10) are studied. Furthermore, the influence of the linear 

ODN length (21L, 55L) on their resistance to nucleolytic degradation is also 

investigated. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
3
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



2086 MAKSIMENKO ET AL. 

To study the structured ODNs (SODNs) ability to hybridise to their DNA (D) 
and RNA (R) targets, themial denaturation experiments, native gel assays and RNase 

H treatments are used. All these methods show that the designed SODNs can 

recognise both targets and fomi duplexes with them. Moreover, the T, of these 
intermolecular duplexes are approximately the same as the T, of the duplexes formed 

by the linear 21-mer (21L). These results as well as the pattern of the RNA target 
hydrolysis by RNase H in the hybrid duplexes made by all SODNs allow us to 

propose that the SODNs generate perfect 21 base pair duplexes with the targets. It 

means that the formation of the intermolecular duplexes leads to denaturation of the 

SODN inner secondary structure. The slight decrease of the interniolecular duplex 

thermal stability observed for some SODNs (Dh6, L10 and SL) when compared to the 

corresponding linear duplex may be explained by either the influence of two unpaired 

extremities of these ODNs or a partial retention of their inner duplexes (especially for 

SL). The intermolecular duplex fomiation energy values (AGO) are less for the 

SODNs if compared with the linear 21L. It reflects the price to pay to unfold their 

inner structures and shows that the SODNs are weaker binders than linear ODNs. 

However this effect makes the SODNs more sensitive to any mismatches in targeted 

nucleic acids and, therefore, more specific as antisense reagents. 
The effect of the SODN secondary structure on their resistance to enzymatic 

hydrolysis is investigated using one culture medium (DMEM supplemented with 10% 

of heat inactivated foetal bovine serum), two cellular lysates and two types of cell 
lines: murine fibroblast (NIH 3T3) and human epithelond carcinoma (HeLa). The 

choice of a fragment of env RNA of the Friend murine leukaemia retrovirus as a 

target of the studied ODNs conditions the use of murine fibroblasts NIH 3T3. It is 

know that the efficacy of antisense ODNs may vary considerably according to the cell 

type. In consequence, it is interesting to compare these cells with HeLa cells, coming 
from a human epithelond carcinoma and widely used for antisense experiments. 
Lysates of these cells are also utilised. 

All ODNs contain [32P]-labelled 5’-terminal phosphate protected by ethyl 

residue. It allows us to avoid the enzymatic dephosphorylation of the ODNs and 
observe their real degradation by nucleases. The patterns of ODN hydrolysis are found 

to vary significantly in the different biological media FIG. 7 represents the results of 

one of the SODNs degradation in DMEM (FIG.7A) and both cellular lysates 

(FIG.7B,C). 
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Foetal bovine serum (FBS) is known to contain a significant 3’-exonuclease 

activity (30, 31). Therefore it is not surprising that ODNs having 3’-hairpins (H6-HlO 
and Dh6) are much more stable in DMEM supplemented with 10% of heat inactivated 

FBS than the linear ones (21L and 55L) (FIG. 4a,b). The increase of the hairpin 

thermostability generally increases the nucleolytic resistance of the SODNs. However, 

it is important to note that the nucleolytic resistance depends on both the 

thermostability of the ODN inner duplex and the secondary structure type. Thus, the 

looped ODN L10 is as resistant to enzymatic hydrolysis in DMEM as the hairpin H8 

whereas the latter has a more stable inner duplex (compare T,, 66°C for Ht? and 53°C 

for L10). Two phosphorothioate groups situated at both ends of the linear ODN 21PS 

do not really protect it from the nuciease hydrolysis (FIG. 4b). 

The SODN fate in the cellular lysates depends substantially on the lysate source 

(FIG. 5a-d). In the murine fibroblast (NIH 3T3) lysate the SODNs having both 

extremities involv’ed in the inner structure foiniation (Dh6, L8, L10 and SL) are more 

stable than the SODNs H6-Hl0 containing only 3’-hairpins (FIG. 5c,d). This result 

peiniits to conclude that a 5’-nuclease activity is important in these cell lines for the 

ODN degradation. Comparison of the patterns of Dh6 degradation in DMEM and NIH 

3T3 lysate (FIG. 7A,B) confirms this conclusion. Indeed, in the NIH 3T3 lysate we 

can not see shortened oligonucleotide products typical for the 3’-exonuclease 

digestion, the 5’-[32P]-labelled nucleotide (or its ethyl ester) is the major hydrolysis 

product. The ODNS are much more actively degraded in HeLa than in 3T3 lysate 

(FIG. 5a,b). Besides, the enzymatic hydrolysis in the HeLa lysate results mainly in 

the appearance of products having the length of 15-20-mers (FIG. 7C). This suggests 

that the predominant nuclease activity in this system may be endonucleolytic. The 

snail-like ODN SL is more stable in this lysate than the other ones (FIG. Sb), 
probably, because the single stranded part, which is the most sensitive to endonuclease 

hydrolysis, is partially protected in space by the duplex part of this ODN which is 

very close. 

An important part of this investigation is devoted to the study of the nuclease 

resistance of SODNs in the presence of SuperFectTM. This reagent has a dendrimeric 

structure with numerous positive charges situated on the molecule surface. Dendrimers 

are currently being developed as new delivery agents for DNA transfections (32). This 

structure is able to complex nucleic acids by electrostatic interactions, and once inside 

the cell, to act as a buffer in the endosomal compartment (33). Previous results 
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FIG. 7. Electrophoretic analysis of Dh6 degradation in DMEM supplemented with 
10% of FBS (A), NIH 3T3 lysate (B) and HeLa lysate (C). 

obtained with such complexes have shown that their use enhances plasmid DNA 

expression in tissue cultures (32), improves delivery of antisense ODNs (27, 29) and 

facilitates inhibition of specific gene expression (32, 34). Earlier we have shown that 

SuperFectTM improves considerably the ODN penetration in HeLa and NIH 3T3 cells 
(in press). In this work w e  study the influence of this reagent on the ODN enzymatic 
stability in DMEM supplemented by 10% of FBS used in our experiments to grow 

these cells (FIG. 4c,d). SuperFectTM is found to increase significantly the ODN 

resistance to nuclease digestion. It is not surprising because formation of the complex 

with polycation particles decreases the ODN accessibility to nucleases. However, one 

result must be eniphasised especially: the linear phosphodiester 55L acquires an 

enhanced resistance whereas the linear 21L does not. It means that the ODN 
interaction with SuperFectTM based on the electrostatic forces depends to a 

considerable extent on the ODN length, and the complex with the 21-nier is too weak 
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in order to protect it. On the other side, another 21-mer having two phosphorothioate 

groups at both extremities (21PS) becomes resistant to nucleases in the presence of 

SuperFectTM. To explain this fact we can propose the following hypothesis: the 

complex between SuperFectTM and 21-mer ODNs is formed but it is rather weak and 

nucleases can hydrolyse at least oligonucleotide extremities. Owing to this hydrolysis 
the size of the ODN is reduced and this results in denaturation of the complex. 

However, if ODN ends are modified, it prevents them from nuclease action and the 

ODN remains intact. 

Based on these results, one important conclusion may be drawn. SuperFectTM 

can not be applied for antisense ODNs usually containing 15-20 nucleotides if they 

are not at least end modified. Another possibility is to use extended ODNs but, 

unfortunately, they will be less specific. In order to regain the specificity, their single 

stranded part responsible for the target recognition has to be shortened. This may be 

obtained by using structured ODNs. 

Investigation of the ODN fate inside the NIH 3T3 and HeLa cells shows that all 

ODNs complexed with SuperFectTM, except the phosphodiester 21 -met-, are rather 

stable. The ODN 21L stability inside the cells is not studied because of its very rapid 

hydrolysis in DMEM. The similar stability of ODNs in both cell lines is likely 

conditioned by their protection with SuperFectTM because their intrinsic stability in the 

lysates of these cells is quietly different. 

Summarising the results of this investigation we can conclude that 
phosphodiester oligonucleotides might be efficiently applied in antisense technology 

with carrier agents. However they must be rather extended (at least more than 30-mer) 
in order to form stable complexes with transfecting agents. On the other side, they 

must form some inner secondary structure in order to reduce their single stranded part 

responsible for the specific recognition of the RNA target. Double stranded part of 

structured ODNs must be rather stable under physiological conditions but has not to 

prevent them from the ODN unfolding and hybridisation to their DNA and RNA 

targets. Evidently, ODNs having looped or snail-like structure are in general more 

resistant to nuclease degradation than ODNs forming only 3'-end hairpins. 
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