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We formulated a new approach to the creation of transport proteins for the delivery of
foreign DNA to target cells and used it for obtaining a polypeptide PGEk. Structural
and functional analysis of PGEk—DNA complexes demonstrated good prospects for the
creation of a wide spectrum of targeted preparations for gene therapy. These approaches
and regularities are necessary for construction of new DNA carriers selective for various
cell types.
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Gene therapy implies the use of oligo- or poly-
nucleotides acting via expression of a transgene or
interaction with intracellular proteins. Various stra-
tegies of gene therapy of diseases of different etio-
logies were proposed and are developing now.
However, the chasm between splendid laboratory
results and clinical practice can be explained by
peculiarities of genetic material (GM) as a thera-
peutic agent. The development of systems for tar-
geted delivery of foreign DNA can help to over-
come these difficulties.

Directed transport of GM implies delivery of a
polynucleotide to certain tissues and organs, its
transport across the plasma membrane of target
cells, and traffic to a specific intracellular target. It
is very important to prevent transport of exogenous
GM into other cells of the organism not requiring
transformation. Creation of an effective and selec-
tive DNA transporter is a complex task determined
by the mechanism of therapeutic effect, nature of

GM, and other parameters. None known methods
of directed DNA transport can solve all the above
listed problems. In light of this, creation of an effec-
tive delivery system adequate to a certain clinical
situation is a key problem of gene therapy.

Viral vectors, transporters of expressed GM
obtained by fusion of exogenous DNA with viral
genome are most effective. These transporters usual-
ly retain their initial tissue specificity. In recent
years, affinity of the viral system (e.g. based on
adenovirus) to the target cells was attained via expo-
sure of additional specific peptides of the cell sur-
face. Achievements and problems of obtaining and
use of viral vectors are discussed in many recent
papers.

Let us note some most important aspects in this
field. First of all, we should note a well-known
problem of safety of clinical application of viral
vectors, which stems from their possible recom-
bination with homologous natural viruses, develop-
ment of immune and inflammatory reactions, selec-
tivity to the target tissue and regulation of transgene
expression. Another open question is related to dis-
cussion of necessary and safe load of foreign DNA.
For instance, missing function in hemophilia or
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mucoviscidosis was successfully corrected after
transfection of just 5-10% cells [16]. Some authors
observed changes not only in transfected, but also
in neighbor cells, in which no foreign DNA was
delivered [8,16,18,20]. Moreover, some genothera-
peutic strategies are based on the use of oligonu-
cleotide derivatives that cannot be delivered by
virus-based vectors. On the other hand, the size of
virus-delivered DNA is limited. In light of this,
creation of targeted nonviral GM delivery systems
for gene therapy is an actual problem [1,8-14,15-
20]. The biochemical approach to the targeted DNA
delivery is based on natural mechanisms of cell
metabolism. The method consists in construction of
complexes or covalent conjugates of the drug with
receptor-binding domain (usually the whole peptide
or protein) responsible for selective internalization
of the whole construct by the target cells.

Principles of Construction
of Protein Vectors

Targeting of biochemical transport systems is ba-
sed on differences in tissue composition of surface
cell receptors and antigens or its changes during
pathological processes. GM is internalized via re-
ceptor-mediated endocytosis. Therefore, the mini-
mum targeted structure for DNA delivery should
contain a transmembrane receptor-specific domain
and a DNA-binding domain.

The search for specific ligands is a specific and
very complex problem; the ways for this search is
just outlined. The problem is that the receptors of
pathogenesis and their polymorphism are described
for just few pathologies.

Targeting domain. The most numerous group
of nonviral vectors for selective delivery of foreign
GM to target cells includes protein and peptide
constructs, where targeting ligand is presented by
a synthetic peptide, natural or recombinant protein,
or protein fragment. Asialoglycoprotein, transfer-
ring, insulin, melanocyte-stimulating hormone, viral
proteins and capsids, α-fetoprotein (AFP), and epi-
dermal growth factor (EGF) receptor ligands were
used for this purpose [1,2,8-20,24].

The use of targeting peptides is promising, but
still is only a trend. Some studies showed that the
use of oligonucleotide—peptide conjugates or non-
covalent complexes with oligonucleotides can in-
crease bioavailability of oligonucleotides, improve
stability of their complexes with polynucleotide
targets and intracellular stability, and changes in
pharmacokinetic properties [9,13].

Of special interest is high membrane tropism of
oligonucleotide complexes with amphiphilic pep-

tide MPG (Ac-GALFLGFLGAAGSTMGAWSQP
KSKRKV-NHCH2CH2SH) consisting of a hydro-
phobic fragment of HIV-1 fusion protein gp41 and
nuclear localization signal (NLS) sequence of SV-
40 virus T antigen [9,13,19,20].

However, delayed biological consequences of
therapeutic use of viral protein fragments cannot be
predicted. Therefore, construction of vectors on the
basis of natural intrinsic proteins or homologous
proteins maximally close to them is a more actual
and promising approach.

Not all mentioned ligands ensure high speci-
ficity for the target cells and detailed study of their
selectivity and transport properties is required in
each case. We hope that further investigations will
reveal high affinity compounds capable of distin-
guishing any cell line.

In our experiments we used human AFP and
recombinant human EGF, the most typical ligands
for tumor cells, as the targeting domains. Chemical
conjugates of phosphodiester and thiophosphoryl
antisense oligonucleotides with AFP and EGF resi-
dues obtained by us not only 5-20 fold increased
the efficiency of internalization of oligonucleotides,
but also ensured their selectivity to the target cells
[9,12]. The following two approaches were chosen
for condensation. First, the synthesized antisense
oligonucleotides with terminal aminoalkyl group
were treated with 5-maleimidohexanoic acid N-
hydroxysuccinimide ester and AFP was treated with
a bifunctional agent SPDP (Sigma) and then with
dithiothreitol. After purification, the modified com-
ponents were mixed and the obtained conjugate
was isolated by gel chromatography [12].

Another method of condensation implied the
synthesis of oligonucleotides with 3'-terminal uri-
dine, where the cis-diol group was directionally
cleaved with sodium periodate. A small excess (10%)
of obtained and purified dialdehyde derivatives
interacted with EGF (obtained according to out pa-
tented method) without catalysis and condensing
reagents [7]. Evidently, condensation occurs at one
N-terminal amino group of the protein due to the
formation of amide group, which is more labile
under physiological conditions. The reaction was
controlled by HPLC (Fig. 1), the yields of con-
jugates after purification were 78-87% (per initial
EGF). The composition of conjugates (protein:oli-
gonucleotide 1:1) was determined by the ratio of
absorption at 260 and 280 nm and by MALDY-
TOF mass spectrometry.

DNA-binding domain. Introduction of a special
additional sequence capable of effectively binding
DNA into proteins made it possible to construct vec-
tors with universal length and GM content.
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Now, synthetic or natural polycations (poly-
lysine, aminodextran, chitosan, protamine, spermin,
fragments of histone protein, oligomers of orni-
thine, arginine, and lysine, and synthetic polyca-
tionic polymers) or fragments of DNA-binding pro-
teins (topoisomerase I, DNA-binding domain of
GAL4 yeast protein) are used as DNA-binding do-
main [1,2,8-14,16-20,24]. GM is retained in the
carrier structure due to covalent, ionic, or affinity
interactions. Intercalators, agents strongly but rever-
sibly binding with DNA duplex and triplex and
increasing their stability, were also used for this
purpose [9,25]. In some studies, the formation of
the complex was based on biotin—streptavidin in-
teraction [9,14,18,24], for instance, a three-domain
protein carrying streptavidin residue and effecti-
vely binding biotinylated DNA was obtained [12].

Other studies showed that DNA can be carried
also by short peptide sequences like nuclear loca-
lization signal (NLS) sequence of SV40 virus T
antigen [1,9-11,13,15,19,20]. It is evident that in-
troduction of DNA-binding domain should not chan-
ge the receptor-binding properties of the targeting
component and function of the carried GM.

Despite encouraging results of selective in vitro
delivery of foreign GM with various protein vectors
obtained in different laboratories (e.g. our experi-
ments with AFP polylysine derivatives, EGF con-
jugates, etc. [8-12]) their clinical use faces a num-
ber of problems.

Low solubility and unacceptable geometrical
size of DNA—vector complexes (diameter >1000
nm) and total cytotoxicity of polylysine are the
main obstacles for practical use of polyplex vectors
[9,16-19].

Additional domains Additional domains were
introduced into protein carriers of DMA for deter-
mination of the intracellular traffic of internalized
DNA fragments. The use of signal or endosomo-
lytic sequences in some cases considerably increa-
sed the efficiency of transfection [8-11,14,16-18,
20,24]. Unfortunately, these multidomain con-
structs are difficult to prepare because of the prob-
lem of adequate polypeptide folding, while their
use is limited due to immunogenicity of foreign
proteins.

Addressed supramolecular nucleoprotein com-
plexes. We believe that the problem of delivery of
exogenous GM with protein carriers can be more
fruitfully discussed from the viewpoint of not mole-
cular, but supramolecular chemistry (chemistry of
molecular assemblies). During the development of
the structure of transport proteins, the properties of
their nucleoprotein complexes should be predicted
and the interaction of these nucleoprotein assem-

blies with natural biopolymers (which, in turn, are
also associated with intracellular molecular struc-
tures) should be taken into account. The present
approach is based on the concept that transport
protein should spontaneously bind GM with the
formation of a stable (under physiological con-
ditions) low-immunogenic complex exhibiting se-
lectivity towards the target cells. Moreover, the
vector should be technologically available and
stable.

Chemical and enzymatic synthesis of the gene,
growing a producer strain, and biotechnological
accumulation of the recombinant polypeptide are
now the most promising, adaptable, and available
method for creating new proteins. The authors took
part in the creation of producers of both natural
and artificial multidomain proteins [4-8,14,23].

Another important aspect in the formation of a
transport nucleoprotein complex is the characteris-
tics (e.g. conformation) of the transported GM.
Since biological activity of oligonucleotide apta-
mers often depends on their tertiary structure, it is
interesting to study of the effect of complex forma-
tion with the protein on oligonucleotide confor-
mation. The methods of investigation of kinetic and
thermodynamic characteristics of various DNA struc-
tures [2,3,21,22] provided the basis for physico-
chemical analysis of the formation and properties
of protein—nucleic acid associates [1,5].

In our search for new vector protein we hoped
to find a carrier combining targeted action and
technological availability of recombinant proteins
with universal nature and high efficiency of catio-
nic structures.

Structure of PGEk, a protein
recombinant DNA carrier

A new recombinant protein vector PGEk (Protein
Gen-carrier based on Epidermal Growth Factor, 64
àmino acid residues) was obtained for the delivery
of oligonucleotides into cells superproducing EGF
receptor. Human EGF was chosen as the receptor-
binding domain. The DNA-binding domain was
presented by a sequence containing classic NLS
motif [13,18,20]. The NLS domain is known to
retain karyophilic properties after complexation
with DNA [9-11,24] and is a oligocation, which
ensures at least electrostatic interaction with nega-
tively changed phosphate groups in DNA molecule.
Comparison of proliferative properties of commer-
cial EGF preparation and chemical conjugates of
oligonucleotides with recombinant EGF confirmed
our assumption that N-terminal modification of this
protein does not prevent ligand—receptor inter-
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action, which determined the choice of PGEk struc-
ture.

Stability of the transport complex is of prin-
cipal importance; the bond should be stable enough
for attaining the target tissue and cell, but some-
what weaker that the bond between the nucleotide
and the intracellular target.

The following requirements were fulfilled du-
ring designing the protein PGFk vector:

1) to simplify maximally the protein construct
due to multifunctionality of its two domains;

2) to use the largest and best characterized frag-
ments of the hydrophobic and hydrophilic domains;

3) to minimize changes in natural sequences;
4) to provide for the possibility of intracellular

cleavage of the complex with the formation of non-
toxic metabolites;

5) to guarantee universal properties of the pro-
tein with respect to the nature and length of GM;

6) to determine technological parameters for
obtaining and use of vector protein.

On the basis of published reports, our data, and
some preliminary experiments we constructed and

synthesized a vector protein PGEk consisting of 64
amino acid residues. Of these, 11 resudies corre-
sponded to NLS motif (underlined) fused with EGF
sequence: KKKKRKVEDPYNSDSECPLSHDGYC
LHDGVCMYIEALDKYACNCVVGYIGERCQYR
DLKWWELR.

For creation of PGEk structure and methods of
its biological synthesis and purification we carried
out the following experiments. Strains of E. coli and
Saccharomyces cerevisiae producing human EGF
were obtained using methods of gene engineering;
methods of isolation and purification of this factor
were developed [7], and the identity of recombi-
nant and natural EGF was proven. For evaluation
of the position of domain junction and evaluation
of the addressing properties of human EGF frag-
ment we synthesized and studied a number of co-
valent conjugates of EGF with antisense oligonu-
cleotides. For obtaining modified EGF we developed
a genetic construct and expression system, obtained
a E. coli strain (V-8389 VKPM) producing PGEk
fussed with thioredoxin, and developed methods for
PGEk isolation and purification [8,10,11].
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Fig. 1. HPLC control of the reaction of human EGF with dialde-
hyde derivative of C-myc pro-oncogene antisence, OH 5'-AAC GTT
GAG GGG CATU, pretreated with sodium periodate. a) after
5 min; b) after 5 h; c) after 18 h. Solid line: UV detector, λ=260 nm;
dashed line: fluorescent detector, λex=220 nm, λem=380 nm.
Chromatograms were obtained on a fluorescent detector and shifted
by 3 min. 1) oligonucleotide; 2) conjugate; 3) EGF. Agilent 1100
chromatograph, Diasorb C16T column, 4×250 mm (Elsiko); eluent:
lineary gradient of acetonitrile in 0.1 M ammonium acetate (pH 7);
0.8 ml/min flow rate, 30oC.

Bulletin of Experimental Biology and Medicine, Volume 144, Supplement 2, 2007



461

a

b

c 1 μ

Fig. 2. Formation of complexes between PGEk protein and PEGFP-C1 plasmid. a) PEGFP-C1 plasmid (Clontech), 2 µg/ml; b) PGEk
protein, 2 nM; c) PGEk:PEGFP-C1 mixture, 2:1. Photos were prepared using Nanoscope IIIa scanning force microscope (Digital
Instruments) by I. A. Besscetnova (trapping mode, air medium). Samples dissolved in buffer (5 mM HEPES, 5 mM Mg acetate, 10 mM
KCl, pH 7.5) were applied onto a mica matrix, after 2 min the matrix was washed with water and dried.
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Using known antisense oligonucleotides and
plasmids carrying marker gene encoding green fluor-
escent protein we showed that PGEk is a universal
GM carrier rapidly and spontaneously forming so-
luble associates with DNA fragments of varying
length and different nature. Complexes of oligo-
and polynucleotides with PGEk are effectively inter-
nalized by target cells via receptor-mediated endo-
cytosis, which determines selective effect on cells
carrying surface EGF receptors. The presence of
PGEk decreases the probability of penetration of
modified membranotropic antisense oligonucleo-
tides into non-target cells, thus protecting them
from unsafe transfection [8,10,11].

Recent atomic force microscopy data directly
confirmed our assumption on compactization of
plasmid DNA in the presence of even small molar
excess of PGEk (Fig. 2).

For more precise evaluation of the formation
and structure of supramolecular complexes of re-
combinant PGEk protein with oligonucleotides with
different conformation we used a telomeric oligo-
mer d(TTAGGG)4 (TMO) and its thiophosphoryl
analogue thio-d(TTAGGG)4 (TMS) characterized
by high antitumor potential.

A strict correlation between the structure of the
complexes and their biological properties was found.
Analysis of polarized UV fluorescence and circular
dichroism spectra of complexes showed that, simi-
larly to their free state, TMO molecules form a G-
quadruplex structure, while TMS molecules are
presented by unfolded threads. The first two PGEk
molecules bind with TMO and TMS via a non-
cooperative mechanism: K1TMO=(7±1)×107 M—1 and
K1TMS=(3.0±0.5)×107 M—1. The following binding
up to 6 PGEk molecules per oligonucleotide pro-
ceeded cooperatively. K2TMO=(4.0±1.5)×106 M—1

and K1TMS=(0.8±0.2)×106 M—1.
We analyzed the effect of PGEk on the process

of selective internalization of oligonucleotides by
tumor cells and their subsequent translocation into
the nucleoplasm. It was found that the antitumor
effect of TMS considerably increased in the presence
of PGEk in the found optimal proportions and was
selective for the target tumor cell. IC50 for different
cell lines varied from 470 to 90 nM. Biological pro-
perties of nontoxic TMO step-wise changed after ad-
dition of PGEk. The PGEk—TMO complexes (5:1)
effectively and selectively suppressed the growth of
target cells similarly to PGEk—TMS complexes.

Thus, using TMO oligonucleotide we demon-
strated the possibility of protecting natural DNA
structure from biodegradation and hence, the possi-
bility of using nontoxic phosphodiester oligonu-
cleotides for gene therapy [1,8-11,15].

The above listed characteristics of PGEk, a sim-
ple, universal, and technologically available DNA
carrier protein, open prospects for the development
of new effective preparations for gene therapy on
this basis. Moreover, the found approaches to con-
structing and obtaining protein vectors and regula-
rities of self-assembly of the transport complexes
and their interaction with intracellular biopolymers
provide the basis for the creation of new DNA-car-
rying proteins selective to other types of target cells.

The study was carried out in collaboration with
laboratories of M. M. Shemyakin and Yu. A. Ov-
chinnikov Institute of Bioorganic Chemistry, Rus-
sian Academy of Sciences, Novosibirsk Institute of
Bioorganic Chemistry, Siberian Division of Russian
Academy of Sciences, All-Russian Research Center
of Molecular Diagnostics and Therapy, Russian
Ministry of Health, Max Plank Institute of Biophy-
sical Chemistry (Germany), and V. A. Engelgardt
Institute of Molecular Biology, Russian Academy
of Sciences.
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