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Sensitized photomodification of oligonucleotide-binding proteins

displayed on the eucaryotic cell surface
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Interactions of double-stranded nucleic acids with cell surface proteins, which are in-
volved in binding and transport of extracellular nucleic acids, were studied by the photoaffinity
modification with a binary system of oligonucleotide conjugates. The photoreactive double-
stranded complex involved an oligonucleotide template and two complementary to adjacent
sequences oligonucleotide conjugates. One conjugate contained a photoreagent, viz., 4-azido-
2,3,5,6-tetrafluorobenzaldehyde N-(3-aminopropionyl)hydrazone, at the terminus located in
proximity to the terminus of another conjugate containing the sensitizer, viz., 9-amino-
methylanthracene. Binding of photoreagent and the sensitizer to a single-stranded template
yields the photoreactive center. Upon irradiation with visible light (400—580 nm), this
photoreactive double-stranded complex forms covalent cross-linkages with oligonucleotide-
binding surface proteins of eucaryotic SPEV cells.

Key words: oligonucleotide-binding proteins, sensitized photomodification of proteins,
4-azido-2,3,5,6-tetrafluorobenzaldehyde N-(3-aminopropionyl)hydrazone, 9-aminomethyl-

anthracene.

The development of antisense techniques and progress
in the practical gene therapy are essentially hindered by
low penetrability of oligonucleotides and polymeric
nucleic acids through cell membranes.!:2 It is believed
that procedures for the efficient delivery of nucleic acids
to cells can be developed based on the use of the mecha-
nisms of nucleic acid transport in living organisms.

The results of the studies3—!! provided evidence for
the existence of proteins on the cell surface, which are
responsible for binding and transport of extracellular
nucleic acids. Data were obtained on the involvement of
these proteins in the transport of single-stranded oligo-
nucleotides from the extracellular space to intracellular
compartments and then to the cell nucleus.12~14 The
mechanism of oligonucleotide transport into the cell
nucleus performed by these proteins was studied by the
affinity modification with alkylating and photoactivated
oligonucleotide derivatives.%10:12—14 The same set of cell
surface proteins was subjected to the modification inde-
pendently of the type of the reactive group.!3 It was
demonstrated that both the reactions of cell surface pro-
teins with alkylating oligonucleotide derivatives and bind-
ing of oligonucleotides to cells are inhibited in the pres-
ence of double-stranded DNA (dsDNA). These data in-
dicate that the same protein can be involved in binding
and transport of both oligonucleotides and double-
stranded nucleic acids. It is of interest to examine inter-
actions of oligonucleotide-binding proteins with dsDNA

because these proteins may also be responsible for the
uptake of DNA by cells. The gene expression, which was
observed after the introduction of DNA into the blood-
stream or muscle tissues in the absence of any delivery
agents, 1519 also counts in favor of this assumption.

Previously,2%—29 we have proposed an approach aimed
at improving the specificity and efficiency of photo-
modification of biopolymers. This approach is based on
the use of a pair of oligonucleotide conjugates, which are
complementary to the adjacent regions of a DNA tem-
plate and bear residues of the photoactivated group
(perfluoroarylazide) and the sensitizer. In the comple-
mentary complex, these groups are located in proximity
to each other and form a photoreaction site, which can
be activated by visible light through the radiationless
energy transfer from the sensitizer to perfluoroarylazide.
The structure of this photoactivated reactive duplex is
virtually identical to that of the dSDNA fragment and
can serve as a convenient tool for studying interactions
of dsDNA with proteins possessing affinity for nucleic
acids.30

Earlier, we have demonstrated?8:29 that under the con-
ditions of irradiation with visible light (at a wavelength
longer than 400 nm), the photoactivated oligonucleotide
derivative containing the residue of 4-azido-2,3,5,6-tetra-
fluorobenzaldehyde N-(3-aminopropionyl)hydrazone
exhibits low reactivity. The presence of an oligonucle-
otide bearing the residue of the sensitizer, viz., 9-amino-
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methylanthracene, in the duplex enables one to activate
the photoreagent by visible light. Hence, the sensitized
photomodification of nucleic acid-binding proteins with
the use of a reactive duplex can be performed under the
conditions such that the photomodification with the par-
ticipation of a single-stranded conjugate bearing the
photoreagent residue proceeds with a lower rate and effi-
ciency, while the side effects of cell irradiation are re-
duced to a minimum.

The aim of the present study was to examine the
possibility of the use of binary systems of oligonucleotide
conjugates as a tool for investigating in vivo interactions
between dsDNA and proteins. For this purpose, we
dwelled on the sensitized photomodification of oligo-
nucleotide-binding proteins, which are displayed on the
surface of cultivated eucaryotic cells.

Results and Discussion

Interactions between oligonucleotide-binding proteins
and dsDNA were studied with the use of a binary system
of oligonucleotide derivatives* (Scheme 1). The oligo-
nucleotide containing the residue of the sensitizer, viz.,
9-aminomethylanthracene (1), and the 5°-[32P]-la-
beled oligonucleotide bearing the residue of the photo-
reagent, viz., 4-azido-2,3,5,6-tetrafluorobenzaldehyde
N-(3-aminopropionyl)hydrazone (2), are complemen-
tary to the adjacent regions of the single-stranded oligo-
nucleotide template (3). In the test experiments, oligo-
nucleotide 5 was used instead of oligonucleotide 3 and
oligonucleotide conjugate 4 containing the 9-amino-
methylanthracene residue was used instead of derivative 1.

With the aim of limiting the possibility of the oligo-
nucleotide transport into cells under the conditions of
photomodification and ensuring the interaction between
the oligonucleotide-binding protein and the reactive oli-
gonucleotide derivative directly on the cell surface, in-
cubation of the cells with the modified oligonucleotides
and irradiation were carried out at 4 °C. The melting
points of the complexes formed by oligonucleotide de-
rivatives 1 and 2 with oligonucleotide 3 are 28 and
19 °C, respectively. Hence under the conditions used,
oligonucleotide derivatives 1 and 2 are involved in a
complementary complex with oligonucleotide 3.

To reveal cell surface proteins capable of reacting in
vivo with the photoreactive duplex, we carried out the
photomodification of eucaryotic SPEV cells.** The
photomodification was initiated by irradiation with fil-
tered light (365—580 nm). The photomodification prod-
ucts of cell surface proteins were analyzed by electro-
phoresis according to Laemli's method.3! It was found

* The prefix d in the notations of the deoxyribooligonucleotides
is omitted.
** SPEV is the line of porcine embryonic kidney cultivated cells.

Scheme 1
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that the photomodification of a cell monolayer with de-
rivative 2 (Fig. 1, lane 7) and the double-stranded com-
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Fig. 1. Electrophoretic separation of the modification products
of SPEV cell surface proteins photoactivated by the oligonucle-
otide derivative. A cell monolayer was incubated in a DMEM
medium at 4 °C for 5 min in the presence of the 0.5 uM
photoreagent [*2P]-2 (1, 4), the 0.5 M photoreagent and 0.5 M
complementary oligonucleotide template 3 (2), or the 0.5 uM
photoreagent, 0.5 uM oligonucleotide 1, and 0.5 uM comple-
mentary oligonucleotide template 3 (3, 5). Then the cells were
incubated in the dark at 4 °C for 30 min (4, 5) or irradiated
with filtered light (A = 365—580 nm) under the same condi-
tions (Z, 2, 3, 6). An aliquot of the medium in which the cells
were subjected to photomodification was applied onto lane 6.
The photomodification products were analyzed by electrophore-
sisin 12% PAAG—SDS; CG is the concentrating gel; SG is the
separating gel.
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plex (Fig. 1, lanes 2 and 3) afforded the same reaction
product. The molecular weight of this product is ~79 kDa
as estimated by comparing its mobility in polyacrylamide
gel (PAAG) electrophoresis with those of molecular
weight standard markers. This value corresponds to the
molecular weight of the oligonucleotide-binding protein
involved in binding and transport of oligonucleotides to
the cell nucleus, which has been described earlier.!3:14
In the test experiments, modification products of cell
proteins were not found upon dark incubation of the
cells in the presence of the single-stranded photoreagent
(Fig. 1, lane 4) or the double-stranded complex involv-
ing oligonucleotides 1, 2, and 3 (Fig. 1, lane 5). It can be
assumed that an oligonucleotide-binding protein (or a
group of proteins with the same mobility), which is re-
sponsible for binding and transport of single-stranded
DNA (ssDNA), is involved also in dsDNA binding.

The kinetic data on accumulation of modification
products of cell surface proteins in the course of direct
and sensitized photomodifications under irradiation with
filtered light in the range of 365—580 nm are presented
in Fig. 2. It can be seen that the efficiency of the sensi-
tized photomodification (Fig. 2, curve 3) is lower than
that of the direct (non-sensitized) photomodification with
the double-stranded complex of photoreagent 2 with
complementary oligonucleotide 3 (Fig. 2, curve 2), which,
in turn, is lower than the efficiency of the photo-
modification observed under the action of only photo-
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Fig. 2. The relative degree of modification (o) for the direct
and sensitized photomodifications of SPEV cell surface pro-
teins vs. the time of irradiation (t). A cell monolayer was incu-
bated at 4 °C for 5 min in the presence of the photoreagent
0.5 uM [*2P]-2 (1) (the degree of modification achieved in this
series during the maximum time of irradiation was taken
as 100%); the 0.5 uM photoreagent, and 0.5 zM complemen-
tary oligonucleotide template 3 (2); the 0.5 uM photoreagent,
0.5 uM oligonucleotide 1, and 0.5 M complementary oligo-
nucleotide template 3 (3). Then the cells were irradiated with
filtered light (x = 365—580 nm). The photomodification prod-
ucts of the cell proteins were analyzed by electrophoresis in
12% PAAG—SDS. The degree of modification was determined
by densitometry of the autoradiograph.

10 t/min

reactive oligonucleotide derivative 2 without the addi-
tion of the oligonucleotide template and sensitizer 1
(Fig. 2, curve I).

Based on the data obtained, it can be suggested that a
decrease in the degree of modification of surface cell
proteins with the photoreactive duplex (as compared to
the degree of modification of surface proteins with the
single-stranded photoreactive conjugate) is caused by at
least two factors: a) competitive inhibition of binding of
the photoreagent to the nucleic acid receptor and b) the
reaction of activated arylazide with oligonucleotide 3
involved in the duplex. To test this assumption, we stud-
ied the influence of the concentrations of competitor
oligonucleotide 5, which is noncomplementary to con-
jugates 1 and 2, and oligonucleotide template 3 on the
yields of the photomodification products of the oligo-
nucleotide-binding protein (Fig. 3).

It appeared that the use of oligonucleotide 3 comple-
mentary to the photoreagent (Fig. 3, curve 2) led to a
sharp decrease in the efficiency of modification of the
protein under study. When oligonucleotides 2 and 3 were
taken in an equimolar ratio (under the conditions of
formation of the double-stranded complex), the degree
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Fig. 3. The relative degree of affinity modification (o) of the
SPEV cell oligonucleotide-binding protein by photoreactive
oligonucleotide derivative [32P]-2 vs. the concentration of
complementary (3) or competitor (5) oligonucleotides (ex-
pressed as the ratio of the concentration ([M]) of 3 (or 5) to the
concentration of photoreagent 2): I, competitor oligonucle-
otide 5 noncomplementary to photoreagent [32P]-2; 2, comple-
mentary oligonucleotide template (3). A cell monolayer was
incubated in the presence of 0.5 uM photoreagent 5°-[32P]-2
and at different concentrations of the competitor oligonucle-
otide at 4 °C for 5 min and then irradiated with light in the
range of 365—580 nm at 4 °C for 30 min. The photomodification
products of the cell proteins were analyzed by electrophoresis
in 12% PAAG—SDS, the degree of modification was deter-
mined by densitometry of the autoradiograph (the correspond-
ing autoradiograph is not shown). The degree of modification
achieved upon irradiation of the cells under the same condi-
tions in the absence of the oligonucleotide template (competi-
tor) was taken as 100%.
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of modification of the oligonucleotide-binding protein
was only ~10% of the degree of direct photomodification
observed in the absence of oligonucleotide 3 under the
same conditions of incubation and irradiation. Such a
sharp decrease in the efficiency of modification of the
protein molecules is attributable to the fact that a large
portion of photoreagent 2 was consumed in the photo-
modification reaction of oligonucleotide 3 involved in
the complementary complex.

In the presence of oligonucleotide 5 noncomple-
mentary to the photoreagent (Fig. 3, curve ), the effi-
ciency of modification of the protein is decreased to a
smaller degree. Thus when conjugates 2 and 5 were taken
in an equimolar ratio, the degree of modification of the
protein was about 40% of the degree of direct photo-
modification observed in the absence of oligonucleotide
3 under the same conditions of incubation and irradia-
tion. Most likely, this decrease in efficiency of photo-
modification of the oligonucleotide-binding protein is
attributed to competitive inhibition of binding of oligo-
nucleotide derivative 2 to cell surface proteins in the
presence of oligonucleotide 5.

In order to more rigorously prove the binding of
the oligonucleotide-binding protein to the duplex,
we performed irradiation under milder conditions
(400—580 nm) and carried out the test experiment with
the use of conjugate 4, which is noncomplementary to
the oligonucleotide template (see Scheme 1) and also
bears the 9-aminomethylanthracene residue, instead of
modified oligonucleotide 2.

Under these conditions of irradiation, the efficiency
of sensitized modification was higher than that of direct
photomodification (Fig. 4, ¢f. curves I and 2). Upon
irradiation of a cell monolayer in the presence of conju-
gate 1, the initial rate of accumulation of photomodi-
fication products was 3—4 times higher than that in the
case of the direct modification.

This situation is in good agreement with the data
obtained previously for the sensitized photomodification
of DNA.2829 Under these conditions of irradiation, the
photomodification of single-stranded DNA sensitized by
the oligonucleotide conjugate with 9-aminomethyl-
anthracene proceeded rapidly and with high efficiency.

In the test experiment, which was performed with the
use of oligonucleotide 4 bearing the 9-aminomethyl-
anthracene residue instead of oligonucleotide derivative
2 noncomplementary to template 3 (Fig. 4, curve 3), the
initial rate of accumulation of modification products of
surface proteins was equal to that observed in the case of
the direct photomodification (Fig. 4, curve I), whereas
the relative degree of photomodification was some-
what lower.

Earlier, it has been demonstrated?? that the photo-
modification can be sensitized only in the presence of
the photoreaction site, which is completely assembled
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Fig. 4. The relative degree of modification (a) and the initial
rates of direct and sensitized photomodifications of SPEV cell
surface proteins vs. the time of irradiation (t). A cell monolayer
was incubated at 4 °C for 5 min in the presence of 0.5 uM
photoreagent [32P]-2 and 0.5 M complementary oligonucle-
otide template 3 (/); the 0.5 uM photoreagent, 0.5 uM oligo-
nucleotide 1, and 0.5 xM complementary oligonucleotide tem-
plate 3 (2); the 0.5 uM photoreagent, 0.5 uM complementary
oligonucleotide template 3, and 0.5 uM oligonucleotide 4 (3).
The cells were irradiated with visible light (A 400—580 nm).
The photomodification products of the cell proteins were ana-
lyzed by electrophoresis in 12% PAAG—SDS, the degree of
modification was determined by densitometry of the autorad-
iograph (the corresponding autoradiograph is not shown).

on an oligonucleotide template, because it is necessary
that the distance between the photosensitizing and
photoactivated groups should be no larger than the Forster
radius (which is generally equal to 2—7 nm) at which the
efficiency of the energy transfer is halved. In the case of
oligonucleotide derivative 4, sensitization does not take
place, which indicates that the groups of the sensitizer
and photoreagent are located at a distance, which is too
large for the energy transfer to occur and photomodi-
fication to be initiated. The data obtained suggest that
the sensitized photomodification of the oligonucleotide-
binding protein proceeds only after binding of the pro-
tein to the completely assembled double-stranded photo-
reactive complex 1 + 2 + 3.

To summarize, we demonstrated that binary systems
of oligonucleotide conjugates can be used as a tool for
studying in vivo interactions between double-stranded
nucleic acids and proteins. It was shown that an oligo-
nucleotide-binding protein (or proteins), which is dis-
played on the eucaryotic cell surface, is capable of inter-
acting not only with single-stranded but also with double-
stranded nucleic acids.

Experimental

The following materials were used in this study: acrylamide,
N,N-methylenebis(acrylamide), tris(hydroxymethyl)amino-
methane, sodium dodecyl sulfate (SDS), glycine, a DMEM
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medium for cell cultivation (Sigma), protein molecular weight
markers for SDS-PAAG electrophoresis (Sigma), Triton X-100
detergent (LKB), ammonium persulfate (Fluka), an Agfa
CP-BU X-ray film, [y-32P]ATP (Biosan, Novosibirsk) with spe-
cific activity of 5000 Ci mmol~!, triphenylphsophine (Fluka),
dipyridyl disulfide (Aldrich), and T4 polynucleotide kinase
(BioLabs). The remaining reagents of special purity grade or
reagent grade were domestically produced.

The oligonucleotide derivatives were isolated by HPLC on
a Milikhrom liquid chromatograph (Russia) equipped with a
60x2-mm column; Nucleosil C-18 as the sorbent (5—20 um;
Merck, Germany); stepwise concentration gradient of acetoni-
trile in 0.05 M LiClO, (400-uL steps: 0—20—40—60%); the
rate of elution was 100 uL min—!.

The incident light intensity was determined on a Yu-117
luxmeter.2?

The molar absorption coefficients (g5¢) of the oligonucle-
otides were calculated with the use of the Oligos program em-
ploying the dinucleotide method.32

9-Aminomethylanthracene hydrochloride was prepared as de-
scribed previously.28

Oligonucleotides 3 and 5 and the oligonucleotide addresses
containing 5°-(CCTTCAA, CAGTTAAAGA) and 3 -terminal
phosphate (GCGGTCC) were synthesized by the phosphor-
amidite method on an automated Bioset synthesizer (Russia)33
at the Novosibirsk Institute of Bioorganic Chemistry of the
Siberian Division of the Russian Academy of Sciences. The
calculated molar absorption coefficients of the oligonucleotides
(g560/L mol~! cm~1) were 244400 (3) and 219400 (5).

Oligonucleotide conjugate 2 was prepared and isolated as
described previously.28

The radioactive 32P label was introduced into the resulting
derivative by the transfer of the terminal phosphate group from
[v-32P]ATP with the use of T43 polynucleotide kinase. The
labeled oligonucleotide derivative was separated from the non-
incorporated label by gel filtration on Micro-Spin G-25 col-
umns (Pharmacia-Biotech).

Oligonucleotide derivatives 1 and 4 were prepared and iso-
lated as described previously.2?

Cell cultivation. The experiments were carried out with the
use of cultivated cells of porcine embryonic kidney (SPEV)
fibroblasts. The cells were cultivated in a DMEM medium
containing 10% of bovine embryonic serum and gentamycin
(40 mg mL~") at 37 °C under 5% CO,. The cell viability was
determined by staining with Trypan Blue. In the experiments,
the cell viability was no lower than 90%.

Modification of cell proteins with photoactivated derivatives
of oligonucleotide 2. The specific photomodification of oligo-
nucleotide-binding proteins was carried out with the use of
cells, which were grown in 48-well plates. Prior to the experi-
ment, a cell monolayer was washed with a DMEM medium
and then incubated on ice in a DMEM medium containing a
mixture of oligonucleotides for 5 min. Then the cell monolayer
(in plates placed in ice) was irradiated with condensed light
using a DRK-120 mercury lamp of an OI-18A illuminator
(LOMO, St. Petersburg) equipped with the following sets of glass
light filters (A/nm; W/mW cm~2): BS-7, SZS-23 (365—580; 10);
ZhS-10, SZS-23 (400—580; 8). Then the cell monolayer was
rinsed three times with a DMEM medium to wash it from the
oligonucleotide remained unbound, mechanically removed,
placed in the DMEM medium (0.2 mL), and precipitated by

centrifugation (1 min, 4000 g). To perform electrophoretic
analysis of the modified proteins, the precipitate of the cell
pellet was dissolved in a buffer (0.03 M Tris-HCI, pH 6.8,
1% SDS, 5% B-mercaptoethanol, 20% glycerol) and heated at
100 °C for 3 min. The modified proteins were separated by
SDS electrophoresis in 10% PAAG and visualized by auto-
radiography.

Electrophoretic analysis of proteins. Electrophoresis was car-
ried out according to Laemli's method.3! The concentration gel
contained 5% acrylamide, 0.08% bis-acrylamide, 0.125 M Tris-
HCI (pH 6.8), and 0.1% SDS. The separation gel contained
12% acrylamide, 0.375 M Tris-HCI (pH 8.8), and 0.1% SDS.
The electrode buffer was composed of 0.025 M Tris-HCI,
0.192 M glycine, and 0.1% SDS (pH 8.3). Electrophoresis was
carried out at the current of 5 mA and then (when the dye
reached the interface between the concentration and separa-
tion gels) at 10—15 mA.

Gel exposure on an Agfa CP-BU X-ray film with an inten-
sifying screen was carried out at —20 °C for 8 —24 h. The auto-
radiographs of the gels were scanned on a 2222 Ultroscan-XL
laser densitometer (LKB, Sweden).
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