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interaction with DNA within mammalian cells

A.S. Boutorin, L.V. Gus’kova, E.M. Ivanova, N.D. Kobetz, V.F. Zarytova, A.S. Ryte,
L.V. Yurchenko, and V.V. Vlassov

Institute of Bioorganic Chemistry, Siberian Division of the USSR Academy of Sciences, Novosibirsk 630090, USSR

Received 10 July 1989

5'-F2P]-labelled alkylating decathymidylate [4-(N-2-chloroethyl)N-methylaminobenzyl]-5’-phosphamide derivatives con-

taining cholesterol or phenazinium residues at their 3'-termini were synthesized and used for alkylation of DNA within

mammalian cells. The uptake of the cholesterol derivative by the cells and the extent of DNA alkylation are about two

orders of magnitude higher than those of a similar alkylating derivative lacking the groups at the 3'-termini. The presence

of the phenazinium residue at the 3’-terminus of the oligonucleotide reagent does not improve the reagent uptake by
the cells but drastically increases the DNA modification efficiency.

Reactive oligonucleotide derivative; Oligonucleotide uptake; DNA affinity modification; Hydrophobic group; Polyaromatic group

1. INTRODUCTION

Oligonucleotide derivatives are considered as
potential biologically active compounds capable of
interfering with functions of target nucleic acids
possessing complementary nucleotide sequences
[1]. Antisense oligonucleotide derivatives can be
used to arrest translation of mRNA or to suppress
viruses multiplication [1-7]. Recent data on the in-
teraction of oligonucleotide derivatives with
superhelical plasmid DNA, DNA in isolated
chromatin and within living cells [7-11] suggest the
principal possibility of sequence-specific chemical
modification of genomic DNA. The efficiency of
oligonucleotide derivatives as reagents targeted to
cellular nucleic acids can be increased by improv-
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ing their ability to penetrate into cells and by
stabilizing their complexes with the target nucleic
acids.

In the present paper, we report the synthesis of
alkylating oligonucleotide derivatives bearing
cholesterol groups facilitating the binding of the
derivatives to the cellular membrane, and
phenazinium groups stabilizing the complexes of
oligonucleotides with complementary nucleic
acids. It was found that these derivatives react with
cellular DNA much better than similar alkylating
derivatives lacking polyaromatic or hydrophobic
groups.

2. MATERIALS AND METHODS

Chemicals and enzymes were from Sigma and Merck.
CIRCH;NH; was obtained from Novosibirsk Institute of
Organic Chemistry, Siberian Division of the USSR Academy of
Sciences. [y-*’PJATP of a high specific activity (>6000
Ci/mmol) was obtained from the Institute of Nuclear Physics,
Uzbek SSR Academy of Sciences. Decathymidylate was syn-
thesized by the phosphotriester method in solution [12,13]. Pro-
tected oligonucleotide was phosphorylated [14] and cholesterol
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or amino-protected aminoethanol was coupled to the
3’-phosphate of the oligonucleotide to yield corresponding
3'-phosphodiesters. The oligonucleotide derivatives synthesized
were unblocked and isolated. Phenazinium was coupled to
decathymidylate, carrying an amino group at the 3’ -end, under
conditions described by Zarytova et al. [15]. The
oligonucleotide derivatives were labelled by T4 polynucleotide
kinase-catalyzed phosphorylation with 5'-[y-*2P]JATP [16] and
CIRCH;NH; was coupled to the 5'-phosphate of the derivative
according to Godovikova et al. [17]. Details of the synthetic and
purification procedures will be published elsewhere.
Cultivation of L-929 mice fibroblasts and Krebs-2 ascite car-
cinoma cells was described earlier {11,18]. After treatment of
the cells with the oligonucleotide derivatives, the cell lyzates
were analyzed by gel electrophoresis in agarose or 5-20%
polyacrylamide gel followed by ethidium bromide staining and
radioautography. Experiments with chromatin were carried out
on the isolated rat liver nuclei [19]. DNA was isolated by phenol
extraction, treated by proteinase K and ribonuclease A, and
analyzed by gelfiltration on a Sephadex G-100 column in 7 M
urea or by electrophoresis in 1% agarose and radioactivity
bound with DNA was counted in a liquid scintillation system.

3. RESULTS AND DISCUSSION

Recent studies [1-6,11,18] have demonstrated
that deoxyribonucleotides can penetrate
eukaryotic cells by the adsorption and liquid en-
docytosis mechanism [18]. In order to investigate
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Fig.1. Alkylating oligonucleotide derivatives.
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the possibility of improving oligonucleotide uptake
by coupling the hydrophobic groups, we synthesiz-
ed reagents I, II, and III (fig.1) and investigated
their interaction with Krebs-2 ascite carcinoma
cells and L-929 mouse fibroblasts. The results of
the experiments are represented in fig.2. The most
efficient binding was observed for the cholesterol
derivative at 37°C.

Fig.3 shows the dependence of the steady-state

Uptake
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Fig.2. Kinetics of the reagents I (1) and II (2) uptake by the

Krebs-2 ascite carcinoma cells in RPMI medium at different

temperatures: (a) 5°C; (b) 20°C; (c) 37°C. Cell concentration,
5% 10° per ml; reagent concentrations, 0.5 uM.
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Fig.3. Effect of oligonucleotide derivative concentrations on
their limit of uptake (incubation for 2 h at 37°C): 1, reagent I;
2, reagent II; 3, reagent III.
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Table 1
Oligonucleotide derivative uptake by Krebs-2 ascite carcinoma cells and L-929 mice fibroblasts.

Cells Reagent Concentration (uM) Uptake by the ceils Contents in the nuclei
(pmol per 5 x 10° (pmol per 5x 10®
In the medium In the cells® cells) cells)
Krebs 2 | 0.5 0.16 0.9 0.057
ascite 11 0.5 4.0 23.5 7.68
carcinoma III 0.5 0.13 0.7 0.11
L-929 mice | 1.0 1.0 6.0 0.27
fibroblasts II 2.5 15.0 90.0 3.6
I 2.0 2.3 13.8 0.62

*The cell volume was assumed to be 1.1-1.2x 10~ ¢ I [11]. The accuracy of concentration determination was about + 15%
The cells were incubated with the derivatives in RPMI medium for 2 h at 37°C

intracellular oligonucleotide concentration (after
reaching the plateau) on the concentration of the
derivative in the medium. It is seen that the
cholesterol residue causes a considerable increase
of the oligonucleotide uptake level. Phenazinium
residue has no effect on the derivative uptake. In
table 1, intracellular concentrations and the level
of the oligonucleotide derivative uptake are
shown. It is seen that all the derivatives penetrate
the cells and reach the nucleus, the highest uptake
level being observed for reagent II. Its concentra-
tion within the cell is about 8 times higher than in
the medium, and substantial amounts of the
derivative are found in the nucleus. It is possible
that some cholesterol-binding proteins [20] can
take part in the delivery of cholesterol-containing
reagent into the nucleus. From this point of view,
interesting results were obtained in the experiments
with chromatin in the isolated mice nuclei (table 2).
The modificiation level of the chromatin DNA
treated by reagent II was found to be one order of
magnitude higher than that of DNA treated by
reagent I under similar conditions.

Table 2
Extent of modification of DNA in chromatin of the isolated
rat liver nuclei (mol of reagent per mol of nucleotides x 10°%)

Reagent Concentration of Extent of
competitor (pT)1o (um) modification

I - 18 + 4
4 4+ 8

1 - 186 + 20
17 50+ 9

Nuclei (107 per ml) were treated with the reagents (1 pM) in a
buffer for nuclei isolation [19]

Electrophoresis data (not shown) indicated that
up to 70% radioactivity was bound with the
biopolymers. The radioactive material was found
in DNA. Treatment of DNA with an HCIQO4 solu-
tion resulted in the release of DNA-bound radioac-
tivity thus indicating that it was associated with
DNA due to chemical modification and not due to
reutilization of radioactive phosphate. The DNA
modification level was determined as a specific
DNA-bound radioactivity after it was additionally
treated by protease, RNase and purified by gel
filtration under denaturing conditions. When the
cells were treated with hydrolyzed reagent
analogue (i.e. containing OH group instead of Cl),
no radioactivity was eluted with the cellular DNA.
The extent of modification appeared to be 0.79
mol per 10° mol of nucleotides for reagent I, 54
mol for reagent II, and 6.5 mol for reagent III.

The increase in DNA modification efficiency for
reagents 1I and III has probably been brought
about differently. In the case of reagent II, two
factors may play an important role: efficient bin-
ding of the hydrophobic reagent with the cellular
membrane and a higher affinity of cholesterol to
chromatin, probably mediated by some
cholesterol-binding proteins. The polyaromatic
residue in reagent III stabilizes the complementary
complex formed by the derivative. Therefore, the
modification level achieved with the reagent is
quite high despite the low uptake efficiency of this
derivative.

The results obtained provide evidence that the
coupling of lipophilic membrane-anchoring groups
to oligonucleotides facilitates the delivery of
oligonucleotide derivatives into mammalian cells.

131



Volume 254, number 1,2

Acknowledgements: The authors thank Drs I.V. Rabinov,
Yu.S. Skoblov and M.N. Abdukayumov for preparations of
[y-*P]ATP of a high specific activity and T.M. Voronova for
preparation of the manuscript.

REFERENCES

[1} Knorre, D.G. and Vlassov, V.V. (1985) Prog. Nucleic
Acids Res. Mol. Biol. 32, 291-322.

[2) Zamecnic, P.C. and Stephenson, M.L. (1978) Proc. Natl.
Acad. Sci. USA 75, 280-284.

[3] Stephenson, M.L. and Zamecnic, P.C. (1978) Proc. Natl.
Acad. Sci. USA 75, 285-288.

[4] Vlassov, V.V., Godovikov, A.A., Zarytova, V.F.,
Ivanova, E.M., Knorre, D.G. and Kutiavin, L.V. (1984)
Dokl. Akad. Nauk SSSR 276, 1263-1265.

[5] Cazenave, C., Loreau, N., Toulmé, J.J. and Héléne, C.
(1986) Biochimie 68, 1063-1069.

[6] Cazenave, C., Loreau, N., Thuong, N.T., Toulmé, J.J.
and Hélene, C. (1987) Nucleic Acids Res. 15, 4717-4736.

[71 Vlassov, V.V., Godovikov, A.A., Kobetz, N.D., Ryte,
A.S., Yurchenko, L.V. and Bukrinskaya, A.G. (1985)
Adv. Enzym. Regul. 24, 301-320.

{8) Gaidamakov, S.A., Tsyrelnikov, N.I. and Vlassov, V.V.
(1988) Mol. Genet. Mikrobiol. Virusol. (USSR) 7, 42-47.

[9] Vlassov, V.V., Ivanova, E.M., Kobetz, N.D., Mamaeyv,
S.V., Shulzhenko, S.G. and Yakubov, L.A. (1985) Dokl.
Akad. Nauk SSSR 282, 196-199.

132

FEBS LETTERS

August 1989

[10] Belyaev, N.D., Vlassov, V.V., Kobetz, N.D., Ivanova,
E.M. and Yakubov, L.A. (1986) Dokl. Akad. Nauk SSSR
291, 234-236.

[11] Abramova, T.V., Lebedev, A.V. and Ryte, A.S. (1988)
Mol. Biol. (USSR) 22, 1285-1292.

[12] Zarytova, V.F., Ivanova, E.M. and Romanenko, V.P.
(1983) Bioorg. Khim. (USSR) 9, 516-521.

[13] Bausk, E.V., Gorn, V.V. and Lebedev, A.V. (1985)
Bioorg. Khim. (USSR) 11, 815-820.

[14] Dobrynin, V.N., Bystrov, N.S., Chernov, B.K., Severt-
zeva, 1.V. and Kolosov, M.N. (1979) Bioorg. Khim.
(USSR) 5, 1254-1256.

[15] Zarytova, V.F., Kutiavin, L.V., SiI’nikov, V.N. and
Shishkin, G.V. (1986) Bioorg. Khim. (USSR) 12, 911-920.

[16} Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982)
Molecular Cloning: A Laboratory Manual, p. 127, Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY.

[17] Godovikova, T.S., Zarytova, V.F. and Khalimskaya,
L.M. (1986) Bioorg. Khim. (USSR) 12, 475-481.

{18] Vlassov, V.V., Gorokhova, O.E., Ivanova, E.M.,
Kutiavin, 1.V., Yurchenko, L.V., Yakubov, L.A., Ab-
dukayumov, M.N. and Skoblov, Yu.S. (1986) Biopolim.
Kletka 2, 323-327.

[19] Shick, V.V., Belyavsky, A.V., Bavykin, S.G. and Mir-
zabekov, A.D. (1980) J. Mol. Biol. 139, 491-517.

{20} Erickson, S.K., Meyer, D.J. and Could, G.K. (1978) J.
Biol. Chem. 253, 1817-~1826.



