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INTRODUCTION

DNA sequences enriched in guanine repeats (G)

 

n

 

are capable of forming stable four-stranded structures
known as G-quadruplexes. The G-quadruplex struc-
ture is stabilized by hydrogen bonding within the G
quartets and stacking contacts between the quartets
[1]. Recent studies have demonstrated that G quadru-
plexes exist in the cell nucleus [2, 3], and play a role
in regulating gene expression [4]. In the human
genome, G-rich DNA sequences have been found in
centromeres, the repeats belonging to the fragile-X
gene [5], some gene promoters [1], and in the telom-
eres at the ends of linear chromosomes [6].

The structure of telomeric DNA has received much
attention in the past few years. Telomeres ensure the
completion of chromosomal DNA replication and pro-

tect the chromosome ends from sticking and degrada-
tion [7–11]. Human G-rich telomeric DNA contains
d(TTAGGG)

 

n

 

 repeats and ends with a single-stranded
3'-overhang [7, 8]. The 3'overhang is involved in reg-
ulating the telomerase activity and the telomere–
telomere interactions [7, 12, 13]. The telomeres grow
shorter after each cell division, and cells stop prolifer-
ating when a critical telomere size is achieved [14,
15]. Cancer cells are capable of unlimited prolifera-
tion owing to reactivation of telomerase, the enzyme
that regulates the telomere length [7, 8, 10, 16–18].

Experiments in vitro have shown that the
d(TTAGGG)

 

4

 

 G-quadruplex inhibits telomerase [19–
24]. Hence, it is important to find an effective means
to deliver telomeric d(TTAGGG)

 

4

 

 oligonucleotides, as
telomerase inhibitors, into the nuclei of cancer cells.
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Abstract

 

—A study was made of the complexation of the protein vector PGEk, which transfers nucleic acids
into the nuclei of cancer cells, with phosphodiester d(TTAGGG)

 

4

 

 (TMO) and phosphorothioate Sd(TTAGGG)

 

4

 

(TMS) oligonucleotides, which inhibit telomerase. PGEk (64 amino-acid residues) contains a hydrophobic
domain that originates from the human epidermal growth factor (hEGF) and is responsible for the receptor-
mediated transfer of PGEk across the cell membrane, and the hydrophilic domain, which is a nuclear localiza-
tion signal (NLS) and serves to bind DNA and deliver it to the cell nucleus. Experiments were performed in
0.01-M Na-phosphate and 0.1-M NaCl at 37

 

°

 

C. An analysis of the circular dichroism (CD) spectra showed that
TMO forms an antiparallel G-quadruplex, while TMS occurs in the form of unfolded strands. The number of
PGEk molecules adsorbed on oligonucleotides was estimated from the quenching of PGEk fluorescence and
the increase in its polarization upon titration with oligonucleotides. Adsorption isotherms were plotted in Scat-
chard coordinates. Adsorption of the first two PGEk molecules on TMO and TMS followed a noncooperative
mechanism and was characterized by high association constants: 

 

K

 

1(TMO)

 

 = 

 

(7 

 

±

 

 1) 

 

·

 

 10

 

7

 

 å

 

–1

 

 and 

 

K

 

1(TMS)

 

 = (3 

 

±

 

0.5) 

 

·

 

 10

 

7

 

 å

 

–1

 

. Further adsorption, up to five or six PGEk molecules per TMO molecule, showed high cooper-
ation and 

 

K

 

2(TMO)

 

 = (4.0 

 

±

 

 1.5) · 10

 

6

 

 M

 

–1

 

. Unlike TMO, TMS only weakly bound the third PGEk molecule:

 

K

 

2(TMS)

 

 = (8 

 

±

 

 2) · 10

 

5

 

 M

 

–1

 

. An analysis of the CD spectra showed that PGEk partly unfolded the G-quadruplex
formed by TMO and did not have an effect on the single-stranded structure of TMS. The secondary structure
of DNA and the number of protein subunits were established for the biologically active complexes PGEk–TMO
and PGEk–TMS, which efficiently pass across the membrane of cancer cells and inhibit their proliferation.
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Special methods have been developed to deliver
oligonucleotides into cells. A promising way is to
design protein and peptide vectors that carry genetic
material into the cell [25–32], in particular, using frag-
ments of viral envelope proteins [27]. It should be
noted, however, that the effect of viral protein frag-
ments on the human organism is still unknown. We
think it is more advantageous to construct vectors with
a high affinity for target cells on the basis of natural
human proteins or their close homologs.

In this work we used the new recombinant protein
vector PGEk (64 amino acid residues) [31] to deliver
the telomeric oligonucleotide d(TTAGGG)

 

4

 

 into the
nuclei of cancer cells. PGEk selectively enters cancer
cells via receptor-mediated endocytosis and is selec-
tive in respect to the cell nucleus and specific for
nucleic acids. The human epidermal growth factor
(hEGF) was used as a receptor-binding domain. Frag-
ments of various growth factors have been employed
successfully in the targeted delivery of cytostatics and
the construction of vectors for gene therapy [32–35].
A DNA-binding domain is based on the human
nuclear localization signal (NLS), consists of 11
amino acid residues (KKKKRKVEDPY), and is
involved in DNA binding. PGEk efficiently transfers
oligonucleotides and plasmid DNA into target cells
[31]. Its complexes with phosphodiester (TMO) and
phosphorothioate (TMS) derivatives of d(TTAGGG)

 

4

 

cause death to various cancer cells possessing EGF
receptors [31].

In this work we studied the complexation of PGEk
with TMO and TMS under near physiological condi-
tions. PGEk proved to have a high affinity for telom-
eric G-quadruplexes formed by d(TTAGGG)

 

4

 

 repeats.
We determined the mechanisms, constants, and sto-
chiometric parameters of PGEk binding.

The results can provide a basis for the construction
of transport complexes with therapeutic oligonucle-
otides and PGEk.

EXPERIMENTAL

 

Reagents.

 

 Phosphodiester d(TTAGGG)

 

4

 

 (TMO)
and phosphorothioate Sd(TTAGGG)

 

4

 

 (TMS) oligonu-
cleotides were synthesized as in [28, 31, 35], isolated
by reverse-phase ion-paired HPLC, and desalted.

Oligonucleotides were dissolved in PBS (10 mM
Na-phosphate, pH 7.4, 0.1 M NaCl). The solutions
were heated at 95

 

°

 

C for 5 min and quickly chilled to
prevent intermolecular complexation [36, 37].

The oligonucleotide concentration was inferred
from the UV spectra, using the molar extinction coef-
ficient at 90

 

°

 

C 

 

ε

 

260

 

 = 11,000 M

 

–1

 

 cm

 

–1

 

 for
d(TTAGGG)

 

4

 

 and Sd(TTAGGG)

 

4

 

 [38].

 

Recombinant PGEk

 

 was synthesized and purified
as described in detail previously [31].

 

PGEk binding with oligonucleotides

 

 was carried
out in PBS at 37

 

°

 

C.

To obtain the protein–nucleic acid complexes, a
PGEk solution (1–2 

 

µ

 

M) was combined with an oligo-
nucleotide solution at the necessary molar ratio, and
the mixture was incubated at 37

 

°

 

C for 5 min. The oli-
gonucleotide concentration varied from 0.05 to 2 

 

µ

 

M
chains.

 

Instruments.

 

 The absorption spectra were
recorded using a Jasco V-550 spectrophotometer. The
fluorescence spectra and polarization were recorded
using a Photon Technology instrument with a thermo-
static cuvet unit. The circular dichroism (CD) spectra
were recorded using a Jasco J715 dichrometer with a
thermostatic cuvet.

 

UV fluorescence of PGEk

 

 was recorded in the
range 310–460 nm, with excitation at 284 nm. Both
the fluorescence intensity 

 

I

 

 and polarization 

 

P

 

 were
measured at 340 nm.

 

Adsorption of PGEk on oligonucleotides.

 

 A
PGEk solution in PBS with a constant concentration
(1–2 

 

µ

 

M) at 37

 

°

 

C was titrated with TMO and TMS,
and the changes in 

 

I

 

 and 

 

P

 

 of PGEk fluorescence were
recorded. The concentration of PGEk adsorbed on
DNA was computed from the quenching of its own
fluorescence as

 

(1)

 

where 

 

I

 

, 

 

I

 

0

 

, and 

 

I

 

2

 

 are, respectively, the PGEk fluores-
cence intensities measured in the presence and
absence of oligonucleotides and for PGEk completely
bound with oligonucleotides; 

 

C

 

0

 

 = 

 

C

 

1

 

 + 

 

C

 

2

 

 is the total
concentration of free (

 

C

 

1

 

) and bound (

 

C

 

2

 

) PGEk.

Polarization of PGEk fluorescence was obtained as

 

(2)

 

where 

 

I

 

||

 

 

 

and 

 

I

 

⊥

 

 are the parallel and perpendicular com-
ponents of fluorescence intensity upon excitation with
vertically polarized light.

The concentration of bound PGEk was obtained
from the equation

 

(3)

 

where 

 

ê

 

0

 

, 

 

ê

 

, and 

 

ê

 

2

 

 are, respectively, the fluorescence
polarization measured in the absence and in the pres-
ence of oligonucleotides and for PGEk completely
bound with oligonucleotides;

 

(4)
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is the ratio of the polarized fluorescence intensities of
the bound and free PGEk, respectively.

Isotherms of PGEk adsorption on TMO and
TMS were plotted in Scatchard coordinates, as an r
dependence of r/c1. The parameter r = C2/CDNA corre-
sponds to bound PGEk per oligonucleotide.

In the case of a noncooperative mechanism of
PGEk binding, we used the equation

(5)

where K‡ is the association constant; C2 and C1 are the
concentrations of bound and free PGEk, respectively;
CDNA is the molar concentration of the oligonucleotide
chains; and N is the maximal number of PGEk-bind-
ing sites on the oligonucleotide.

In the case of the cooperative mechanism of PGEk
binding, we used the equation

(6)

where Ka is the association constant and ω is the coop-
erative binding coefficient [39].

RESULTS AND DISCUSSION

Conformations of Phosphodiester
and Phosphorothioate d(TTAGGG)4 

Oligonucleotides
To study the DNA complexation with PGEk, we

used TMS and TMO, which suppressed the telom-

Ka

C2

C1 CDNAN C2–( )
----------------------------------------,=

Ka
ω C2

C1
ω

CDNAN C2–( )
-----------------------------------------,=

erase activity in vitro [19–24, 40–42] and the growth
of actively proliferating cells [31]. The conforma-
tional properties of the oligonucleotides were inferred
from their CD spectra. Figure 1 shows the CD spectra
of TMO (curve 1) and TMS (curve 2). The TMO spec-
trum included a positive band with a maximum at about
295 nm and a negative band at about 260–270 nm,
which corresponds to the CD spectrum of an antipar-
allel G-quadruplex [38, 43, 44]. The CD spectrum of
TMS had a weak positive band with a maximum at
about 278 nm, as characteristic of a denatured phos-
phorothioate DNA strand, which virtually completely
lacks stacking contacts between the bases [45].

UV Fluorescence of the Protein Vector PGEk
and Its Changes in Complex with TMO or TMS

The excitation and fluorescence spectra of PGEk
are shown in Fig. 2. The shape and position of the
excitation (λ = 284 nm) and fluorescence (λ = 340 nm)
maximums correspond to the fluorescence of the Trp
residues of PGEk [46, 47]. Figure 3 shows the changes
in fluorescence intensity at 340 nm (a) polarization (b)
in the presence of oligonucleotides. Fluorescence
intensity decreased and polarization increased as the
concentration of TMO or TMS increased. Both I and
ê reached their extreme values at the molar ratios
TMO:PGEk = 0.5 and TMS:PGEk = 0.8. The changes
in the polarization and intensity of UV fluorescence of
PGEk reflected its sorption on oligonucleotides.
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Fig. 1. CD spectra of (1) phosphodiester d(TTAGGG)4 and
(2) its phosphorothioate analog. Experiments were per-
formed with 1 µM oligonucleotides in PBS at 37°C.
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Fig. 2. Excitation and fluorescence spectra of the protein
vector PGEk in PBS at 37°C. The excitation wavelength
was 284 nm.
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Isotherms of PGEk Adsorption on TMO and TMS
The isotherms of PGEk adsorption on TMO and

TMS were presented as an r dependence of r/C1,
where r = C2/CDNA is the binding protein concentration
divided by the oligonucleotide concentration (Fig. 4).
To construct isotherms we used the data presented in
Fig. 3 and Eqs. (1) and (3). It is seen that the adsorp-
tion of PGEk on TMO and TMS at the interval r ≤ 2.0
is well described by the noncooperative binding
model (Eq. (5)).

The intersection with the abscissa reports the number
of strong binding sites N1. The tangent of the slope is
numerically equal to the association constant: K1(TMO) =
(7 ± 1) · 107 M–1 and K1(TMS) = (3 ± 0.5) · 107 M–1. In the

range 2.0 < r ≤ 6 ± 0.3, the binding of PGEk with TMO
was clearly cooperative and was well described by
Eq. (6) obtained for such cases: the association con-
stant K2(TMO) = (4 ± 1.5) · 106 M–1, the cooperativeness
coefficient ω = 3.4, and the maximal number of bind-
ing sites N = 6 ± 0.3. Unlike with TMO, adsorption of
PGEk on TMS sharply decreased at r ≥ 2. The associa-
tion constant estimated for the third and subsequent
PGEk molecules was K2(TMS) ≤ (8 ± 2) · 105 M–1, two
orders of magnitude lower than K1(TMS). The difference
in PGEk binding with TMO and TMS can be explained
by the considerable difference in their secondary struc-
tures. An analysis of the CD spectra (Fig. 1) showed that
TMO molecules fold into an antiparallel G-quadru-
plex, while TMS molecules lack a distinct secondary
structure and occur as unfolded strands.

Upon the maximal binding of PGEk on TMO (N =
6 ± 0.3), there are four phosphate groups for every
PGEk molecule. The NLS domain of PGEk, which is
responsible for DNA binding, consists of 11 amino
acid residues, including six that are positively charged
(KKKKRK-). The first four Lys residues probably
directly contact DNA [31]. If so, one phosphate of the
TMO molecule corresponds to one Lys of the PGEk
molecule.

The flexible denatured TMS strand may readily
adapt to the structure of the NLS domain (11 residues)
and interact with all positively charged amino acid res-
idues of NLS. The highest number of PGEk binding
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Fig. 3. Changes in (a) intensity and (b) polarization of
PGEk fluorescence in the presence of TMO (circles) or
TMS (triangles). Experiments were performed in PBS at
37°C; PGEk was used at 2 µM; the oligonucleotide concen-
tration was varied from 0.05 to 2 µM.
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Fig. 4. Isotherms of PGEk adsorption on TMO (�) and
TMS ( ) in the form of an r dependence of r/C1, where r is
the number of bound PGEk molecules per oligonucleotide
and C1 is the free protein concentration. Experiments were
performed in PBS at 37°C.
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sites on the TMS molecule would not be more than
N = 3, which agrees with the experimental data (Fig. 4).

The high association constants obtained for six
PGEk molecules and TMO suggest that electrostatic
interactions make the greatest contribution to the
PGEk binding with DNA.

The constants and stoichiometry of the PGEk bind-
ing with TMO were compared with the corresponding
binding parameters reported for the peptide vector
MPG and a single-stranded 18-mer phosphodiester oli-
godeoxyribonucleotide [27]. MPG consists of 27 amino
acid residues. Its hydrophobic domain originates from
a fragment of the fusogenic protein gp41 of HIV-1.
The C-terminal hydrophilic domain includes NLS of
the SV40 T-antigen. The DNA-binding NLS domain
of MPG contains four positively charged residues
(-KKKR-). Energy migration between Trp of MPG
and fluorescent manzyl covalently linked to an oligo-
nucleotide has been used to estimate the maximal
number of MPG molecules directly contacting a DNA
fragment (N = 4) and their association constant K =
(8.5 ± 1.3) · 107 M–1. With this stoichiometry one phos-
phate group of DNA corresponds to one positively
charged amino acid residue, as in the case of
PGEk:TMO. The association constant of MPG and
DNA is of the same order of magnitude as the constants
obtained for the two types of PGEk:TMO complexes:

(7 ± 1) · 107 M–1 ≥ K1, 2(íåé) ≥ (4.0 ± 1.5) · 106 M–1.
The experiments with MPG were performed in 9.8 mM
PBS at 25°C; i.e., the ionic strength and temperature
were lower than in our experiments (10 mM PBS,
0.1 M NaCl, 37°C). Thus, there is a good agreement
of the energy and stoichiometric parameters of the
binding with phosphodiester DNA between PGEk and
MPG, which again confirms our assumption that the
energy of PGEk binding with phosphodiester telom-
eric DNA fragments depends mostly on the electro-
static interactions between the positively charged res-
idues of the NLS domain and the negatively charged
phosphate groups of the nucleic acid.

An analysis of the adsorption isotherms showed that
six PGEk molecules have a high affinity for the G-qua-
druplex formed by telomeric d(TTAGGG)4 repeats.

It should be noted that our estimates of the number
of binding sites correlate with the effect of various
excesses of PGEk on the biological activities of TMO
and TMS. We have observed previously that, in the
absence of PGEk, TMO and TMS used at 1–2 µM do
not exert a cytotoxic effect on cancer cells, including
MCF-7 [31]. An essentially different effect on cell
viability has been obtained with oligomers delivered
into cells in the form of PGEk:DNA complexes with
the ratio 5:1 [31]. The results of more detailed studies
with several cell lines will be reported in forthcoming
articles.
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Fig. 5. (a) CD spectra of PGEk:TMO complexes. The initial concentration of TMO was 0.9 µM. The PGEk/TMO ratio was (1) 0,
(2) 1.7, (3) 2.6, (4) 3.4, and (5) 5.1. (b) CD spectra of PGEk:TMS complexes. The initial concentration of TMS was 3.7 µM. The
spectra were recorded in the absence of PGEk (solid line) and with PGEk used at two molecules per oligonucleotide (dashed line).
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Effect of PGEk Molecules on the Structure
of a G-Quadruplex Formed
by d(TTAGGG)4 Repeats

We used CD spectra to detect the structural
changes occurring in the G-quadruplex of
d(TTAGGG)4 repeats in response to PGEk adsorp-
tion. The CD spectrum of the G-quadruplex in the
region 260–320 nm changed with increasing PGEk
concentration in the solution: the amplitude became
considerably lower at 290–295 nm and the maximum
was shifted to 300 nm (Fig. 5). Protein molecules do
not have an appreciable optical activity in this spec-
tral region and do not contribute to the CD spectra of
the G-quadruplex. The decrease in amplitude at about
290 nm depended linearly on the number of adsorbed
protein molecules r (Fig. 6), suggesting that the
adsorption of each PGEk molecule on the G-quadru-
plex slightly changes its conformation, e.g., partly
unwinds the four-stranded helix.

The CD spectra of TMS displayed only minor, if
any, changes upon the adsorption of PGEk molecules
(Fig. 5). It is possible to assume on this evidence that
TMS molecules retain their single-stranded state in
complex with PGEk.

To summarize, we established the mechanisms of
adsorption, the constants, and the stoichiometry of
binding for PGEk interacting with TMO and TMS.
PGEk proved to have a high affinity for the G-quadru-
plex formed by phosphodiester TMO. In complex
with PGEk, TMO occurs as a G-quadruplex structure,
while TMS remains unfolded. The structural organi-
zation was determined for the biologically active
PGEk:DNA complexes.
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