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The herpes simplex virus type 1 origin-binding protein, OBP, is a DNA helicase encoded by the UL9 gene. The protein
binds in a sequence-specific manner to the viral origins of replication, two OriS sites and one OriL site. In order to search
for efficient inhibitors of the OBP activity, we have obtained a recombinant origin-binding protein expressed in
Escherichia coli cells. The UL9 gene has been amplified by PCR and inserted into a modified plasmid pET14 between
NdeI and KpnI sites. The recombinant protein binds to Box I and Box II sequences and possesses helicase and ATPase
activities. In the presence of ATP and viral protein ICP8 (single-strand DNA-binding protein), the initiator protein induces
unwinding of the minimal OriS duplex (≈80 bp). The protein also binds to a single-stranded DNA (OriS⁄) containing a
stable Box I-Box III hairpin and an unstable AT-rich hairpin at the 3′-end. In the present work, new minor groove binding
ligands have been synthesized which are capable to inhibit the development of virus-induced cytopathic effect in cultured
Vero cells. Studies on binding of these compounds to DNA and synthetic oligonucleotides have been performed by fluores-
cence methods, gel mobility shift analysis and footprinting assays. Footprinting studies have revealed that Pt-bis-netropsin
and related molecules exhibit preferences for binding to the AT-spacer in OriS. The drugs stabilize structure of the AT-rich
region and inhibit the fluctuation opening of AT-base pairs which is a prerequisite to unwinding of DNA by OBP. Kinetics
of ATP-dependent unwinding of OriS in the presence and absence of netropsin derivatives have been studied by measuring
the efficiency of Forster resonance energy transfer (FRET) between fluorophores attached to 5′- and 3′- ends of an oligonu-
cleotide in the minimal OriS duplex. The results are consistent with the suggestion that OBP is the DNA Holiday junction
(HJ) binding helicase. The protein induces conformation changes (bending and partial melting) of OriS duplexes and stimu-
lates HJ formation in the absence of ATP. The antiviral activity of bis-netropsins is coupled with their ability to inhibit the
fluctuation opening of АТ base pairs in the А+Т cluster and their capacity to stabilize the structure of the АТ-rich hairpin
in the single-stranded oligonucleotide corresponding to the upper chain in the minimal duplex OriS. The antiviral activities
of bis-netropsins in cell culture and their therapeutic effects on HSV1-infected laboratory animals have been studied.
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Introduction

The use of therapeutically active chemical compounds
able to bind selectively to viral DNA and to inhibit the
activities of key viral DNA-binding proteins is one of
the perspective approaches to therapy of the diseases
caused by DNA-containing viruses. Nucleosides related
to acyclovir are the only compound class available at
present for systematic treatments of herpes disease. In
the present work, new minor groove binding ligands
have been synthesized which selectively inhibit develop-
ment of virus-induced cytopathic effect in Vero cell

culture infected with HSV1. In the past 20 years, great
progress has been achieved in the design and synthesis
of low-molecular-weight compounds that can bind to
DNA at selected sites. Most of the synthesized
sequence-specific DNA-binding compounds are deriva-
tives of antitumor antibiotics netropsin and distamycin or
dye Hoechst 33258 (for reviews see Bailly & Chaires,
1998). Studies on DNA-binding behavior of the antibiot-
ics netropsin and distamycin have afforded a valuable
insight into general mechanisms whereby small mole-
cules can recognize target sites on DNA. X-ray (Coll,
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Frederick, Wang, & Rich, 1987; Kopka, Yoon, Goodsell,
Pjura, & Dickerson, 1985), and NMR (Klevit, Wemmer,
& Reid, 1986) studies have shown that these two antibi-
otics bind in the minor DNA groove at runs of four and
five AT- base pairs. Their binding specificity derives
from specific hydrogen bonding interactions between the
amide NH groups of the antibiotic molecule and the thy-
mine O2 and adenine N3 atoms, electrostatic interactions
and van der Waals contacts with the floor and both sides
of the minor groove. An obvious way to enhance the
binding specificity shown by these antibiotics is to syn-
thesize dimer compounds (bis-netropsins and bis-distam-
ycins) in which two monomers are covalently linked by
different linkers (Gursky et al., 1983; Khorlin et al.,
1980; Lown, Krowicki, Balzarini, Newman, & De Clerk,
1989; Mrksich, Parks, & Dervan, 1994). NMR and
X-ray studies also revealed that two distamycin
(lexitropsin) molecules can be packed in an antiparallel
side-by-side manner in the minor DNA groove (Chen,
Ramakrishnan, Rao, & Sundaralingam, 1994; Geierstanger,
Mrksich, Dervan, & Wemmer, 1994; Kopka et al., 1997;
Pelton & Wemmer, 1989). Single-stranded and double-
stranded pyrrole(imidazole) carboxamide motifs and con-
jugates of pyrrole carboxamides with peptides can be
used to recognize a broad category of nucleotide
sequences in the minor DNA groove (Geierstanger et al.,
1994; Grokhovsky, Gottikh, & Zhuze 1992; Grokhovsky
et al., 1988, 1993, 1998; Gursky et al., 2008; Janssen,
Cuvier, Muller, & Laemmli, 2000; Kleikopf et al., 2000;
Leinsoo et al. 1988; Meier, Montgomery, & Dervan,
2012; Nikolaev et al., 1996; Surovaya et al., 1995;
White, Szewczyk, Turner, Baird, & Dervan, 1998). Such
molecules could be expected to influence the binding of
regulatory proteins to DNA and to act as potential regu-
lators of gene expression. This has been demonstrated in
prokaryotic and eukaryotic cells, with down-regulation
of promoter activities in some cases (Belikov, Grokhov-
sky, Isaguliants, Surovaya, & Gursky, 2005; Coull et al.,
2002; Dickinson et al., 1998; Gearhart et al., 2005;
Gursky et al., 1983; Meier et al., 2012). Sequence-spe-
cific DNA-binding ligands can also be used to inhibit
initiation of replication of viral DNA and to serve as
potential antiviral drugs. In the present paper, we provide
experimental evidence that complexes of the herpes sim-
plex virus type 1 (HSV1) OBP with the viral replication
origins, two OriS sites and one OriL site, serve as per-
spective targets for suppression of the diseases caused by
HSV1. Previous studies showed that bis-linked netropsin
derivatives effectively suppress development of virus-
induced cytopathic effect in the cultured cells (Androno-
va et al., 2008; Andronova, Grokhovsky, Surovaya,
Gursky, & Galegov, 2001, 2004; Lown et al., 1989).
They also exert therapeutic effects on laboratory animals
infected by HSV1 (Andronova et al., 2012; Andronova,
Grokhovsky, Surovaya, Gursky, & Galegov, 2007).

Figure 1 shows the nucleotide sequence of the OriS
and the hypothetical hairpin structures formed in the
upper strand of the minimal duplex OriS (63 base pairs)
after separation of DNA strands (Aslani, Macao, Simons-
son, & Elias, 2001; Aslani, Olsson, & Elias, 2002;
Bazhulina et al., 2012; Surovaya et al., 2010). In the pres-
ent study, kinetics of DNA unwinding by OBP was moni-
tored by measuring the efficiency of the resonance energy
transfer between the fluorophore and quencher covalently
linked to the 5′- and 3′-ends of the oligonucleotide. The
data obtained suggest that Pt-bis-netropsin inhibits the
unwinding of the OriS duplex by OBP. We investigated
antiviral activities of bis-netropsins and their therapeutic
effects on the HSV1-infected laboratory animals.

The efficiency of the resonance energy transfer between
the fluorophore and quencher linked to the 5′- and 3′-ends
of the oligonucleotide could be measured and used to esti-
mate the distance between the fluorophore and the
quencher. It is known that OBP is a multifunctional protein
that initiates the unwinding of the replication origins in the
presence of ATP and ICP8 (single-strand DNA-binding
viral protein) (Aslani et al., 2001, 2002; Chattopadhyay &
Weller, 2007; Fierer & Challberg, 1992; He & Lehman,
2001; Koff, Schwedes, & Tegtmeyer, 1991; Lee &
Lehman, 1997; Macao, Olsson, & Elias, 2004; Malik &
Weller, 1996; Olsson et al., 2009; Weir & Stow, 1990). The
viral protein ICP8 forms a 1:1 complex with OBP and
simulates ATP-dependent unwinding of DNA (Boehmer,
Craigie, Stow, & Lehman, 1994; He & Lehman, 2001; Lee
& Lehman, 1997; Manolaridis et al., 2009).

After unwinding of the OriS duplex, OBP binds to
one of the single-stranded oligonucleotides (the upper
strand in the minimal OriS duplex) (Aslani et al., 2001,
2002; Macao et al., 2004; Olsson et al., 2009). In solu-
tion, this oligonucleotide forms spontaneously two hair-
pins: a GC-rich hairpin stabilized by complementary base
pairing of Boxes I and III, and an АТ-rich hairpin which
contains nucleotides in the А +Т-rich segment and
flanked regions (Aslani et al., 2002; Macao et al., 2004).

In the present studies, we used OBP and fluores-
cently labeled OriS DNA fragments. Prior to experiment,
the HSV1 UL9 gene (strain L2 from the State Virus Col-
lection of D.I. Ivanovsky Institute of Virology) was
amplified by PCR, inserted into plasmid pET14 and
expressed in E. coli cells. The recombinant UL9 protein
forms specific complexes with Boxes I and II in OriS
and is endowed with helicase and ATPase activities
(Bazhulina et al., 2012; Surovaya et al., 2010).

Materials and methods

Ligands

The chemical structures of netropsin and bis-netropsins
used in the present work are displayed in Figure 2.
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Pt-bis-Nt and Pt⁄-bis-Nt contain a glycinated cis-
diammino-platinum-group which bridges two netropsin-
like fragments. 15Lys-bis-Nt and Lys-bis-Nt contain a
triglycine and cadaverine residue, respectively, as a lin-
ker between two netropsin-like fragments. Synthesis of
Pt-bis-Nt and related molecules were carried as described
elsewhere (Grokhovsky et al., 1992). The main distinc-
tion of di-N-propyl pyrrolecarboxamide fragment of each
bis-netropsin from the parent antibiotic netropsin (Nt)
was that the N-methylpyrrole ring replaced N-propylpyr-
role, the С-terminal amidine group of netropsin was
replaced by the tertiary аmine residue and the
guanydylacetic acid residue was replaced by glycine
residues. These replacements enhanced the stability of
bis-linked netropsin derivatives in aqueous solutions.
Concentrations of bis-linked netropsin were determined

spectrophotometrically by using a molar extinction
coefficient of 42,000М�1 cm�1 at 297 nm.

Recombinant UL9 protein

The full-sized recombinant UL9 protein was synthesized
on the basis of the modified plasmid PET14 carrying a
HSV1 UL9 gene (strain L2 from the State Virus Collec-
tion of D.I. Ivanovsky Institute of Virology) (Surovaya
et al., 2010). The protein contains a histidine “tag”, that
is, a cluster of six N-terminal histidine residues enabling
protein purification on metal-chelating (Ni-NTA) col-
umns (Quiagen). Protein concentration was determined
spectrophotometrically using a molar extinction coeffi-
cient for the UL9 monomer of 89,000М�1 cm�1 at
280 nm (Surovaya et al., 2010). The recombinant protein
was stored in the buffer containing 20mM Tris HCl (pH

Figure 1. The nucleotide sequence at the HSV1 origin of replication OriS (A). The positions of DNA segments carrying
palindromic sequences are indicated by arrows. These segments contain binding sites I and III for helicase (Boxes I and III), the A
+T cluster and Box II. D and А – donor and acceptor molecules covalently linked to the 5′- and 3′-ends of the oligonucleotide in the
minimal duplex OriS. Indicated are the proposed stem and loop structures for a fragment (63 nt) of the upper chain in the minimal
OriS duplex (panels B and C).
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7.2), 20mM HEPES-NaOH, .54M NaCl, .01% Tween
20, .10mM EDTA, 1mM dithiothreitol and 20% (v/v)
glycerol.

DNase I footprinting

The DNA fragment was obtained by cleavage of the
modified plasmid pGEM7(f+) (Promega) carrying
oligonucleotide inserts with pseudosymmetric sequences
by restrictases NcoI and ApaI (Grokhovsky et al., 1998).
In addition, the DNA fragment contained a segment of
OriS DNA with the 5′-CTTCGCCCTAATAATATATATA-

TATTGGGTCGAAGTGCGAACGC-3′ sequence carry-
ing an А +Т-rich segment and binding sites I and II for
UL9 helicase. Radiolabelling at the 3′-end of this DNA
fragment was carried out using [α-32P]dATP (Izotop,
Moscow), nonlabeled dNTP and the Klenow fragment of
E. coli DNA polymerase I. The isolation procedure was
performed in 5% polyacrylamide gel (Sambrook, Fritsch,
& Maniatis, 1989). Footprinting of DNA complexes with
bis-netropsins was performed using the previously
described procedure (Grokhovsky et al., 1998). Briefly,
10 μl of the DNA solution (�104 Bq) in 10mM Tris-HCl

Lys-bis-Nt

15Lys-bis-Nt

Nt Pt-bis-Nt

Pt*-bis-Nt

Figure 2. Chemical structures of netropsin (Nt) and bis-linked netropsin derivatives: Pt-bis-Nt, Pt⁄-bis-Nt, Lys-bis-Nt, and
15Lys-bis-Nt.
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(pH 7.5) and .5М NaCl рН 6.0 were mixed with 10 μl
of the ligand solution in H2O. After cooling to 0°С,
20 μl of the DNase I solution in 10mM Tris-HCl (pH
6.0), .25М NaCl and 5mM MnCl2 were added and the
mixture was incubated for 3min at 0°С. The reaction
was stopped by adding 85 μl of a solution containing
.15М NaCl, 50mM Tris-HCl (pH 7.5), 10mM EDTA
and 10 μg/ml tRNA. After phenol extraction and precipi-
tation with ethanol, the DNA was washed with 70% eth-
anol, dried and dissolved in 1 μl of 95% formamide
containing 15mM EDTA, .05% bromphenol blue and
.05% xylenecyanol FF. The resulting solution was heated
for 1min at 90 °C, cooled down rapidly and applied onto
6% denaturing polyacrylamide gel (40-cm strips of gradi-
ent thickness of .15–.45mm) (Grokhovsky et al., 1998).
Electrophoresis was carried out for 60min at 2500V.
Prior to exposure, the gel was fixed in 10% acetic acid
and dried on a γ-methacrylpropyloxysilane-treated glass
plate (LKB, Sweden).

Single-stranded oligonucleotides and double-stranded
DNA constructs

The single-stranded oligonucleotides and double-stranded
DNA constructs (S1 + S2) and (S5 + S2), (S5 + S9), (S4
+ S9), (S3 + S6), (S10 + S11) и (S12 + S11), and (S3 + S7
+ S8) were used as substrates in the studies of DNA bind-
ing and DNA unwinding catalyzed by UL9 helicase
(Figure 3). The oligonucleotides S1–S12 were synthesized
by the phosphoroamidite method and purified by electro-
phoresis in polyacrylamide gel (Syntol, Russia). The dyes
were covalently attached to the 3′- and 5′-ends of the
oligonucleotides S4 to S8 via aminohexamethylene link-
ers. Here, R6G and Cy5 are the derivatives of 6-carboxy-
rhodamine G and dye Cy5, respectively. Radioactively
labeled oligonucleotides S1⁄, S2⁄, S3⁄, S7⁄, and S8⁄ each
containing a radioactive residue [γ-32P]-AMP at the
5′-end. The analogs of R6G and Cy5 dyes were used as
donors of electron excitation energy; the roles of the
acceptors during the resonance energy transfer from the

Figure 3. The single-stranded (A) and double-stranded oligonucleotide constructs (B) used as substrates in the studies of DNA
binding and unwinding activities of the initiator protein UL9.
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donor to the acceptor were played by the nonfluorescent
dye BHQ2 (Black Hole Quencher 2) and Cy5 dye.

The efficiency of the energy transfer depends on the
distance R between the donor and acceptor chromophores
as (R0/R)

6 (Förster, 1948), where R0 is the critical distance
between the donor and the acceptor wherein the probabil-
ity of the nonradiative energy transfer from the donor to
the acceptor is equal to the probability of spontaneous
light emission by the excited donor in the absence of the
acceptor. The numerical value of R0 depends on the value
of the overlap integral of the normalized fluorescence
spectrum of the donor and the absorption spectrum of the
acceptor, the quantum yield of the donor emission and the
numerical coefficient K2, which depends on the orienta-
tion of the transition moments of the donor emission and
the acceptor absorption.

The gel electrophoretic mobility-shift assay (EMSA)

In order to prepare radioactively labeled oligonucleo-
tides, 300 pmol of the oligonucleotide was mixed with
2MBk (�15 pmol) of [γ-32P]-ATP and 10 units of T4
polynucleotide kinase (Sibenzyme) in 20mkl of phos-
phorylation buffer (50mM Tris–HCl, pH 8.2, 10mM
MgCl2, .1mM EDTA, 5mM DTT and .1mM spermi-
dine), the mixture was incubated at 37 °C for 1 h and
then added 1 μl of 1M unlabeled ATP solution and was
incubated at 37 °C for 1 h.

Equimolar amounts of two or three single-stranded
oligonucleotides (S3, S7 and S8) were mixed in 100mM
Tris-HCl buffer (pH 7.8). The oligonucleotides were
annealed by heating at 90 °C and then allowing the sam-
ples to cool to room temperature overnight. The duplexes
were isolated by nondenaturing 5% polyacrylamide gel
with subsequent elution. Duplexes were precipitated with
one volume of isopropanol, washed with 70% ethanol,
dried, and dissolved in water. The duplexes were incu-
bated with 2 μl OBP (3� 10�6M dimers) for 1 h at 39 °
C in 50mM Tris-HCl buffer (pH 7.8) in the presence of
5mM dithiothreitol; 15mM MgCl2, 10% (v/v) glycerol;
.01% (v/v) Triton X-100 and 10mM ATP. The reaction
mixtures (10 μl) were loaded in a nondenaturing 10%
polyacrylamide gel with a .4mm thickness. Radioactive
bands were visualized by phosphoimager.

Helicase activity

The double-stranded oligonucleotide constructs (S1 + S2)
and (S4 + S9), (S5 + S2), (S5 + S9), (S3 + S6) and oligo-
mer (S3 + S7 + S8) were used as substrates in the studies
of DNA binding and unwinding activities of OBP using
the fluorescence methods, FRET and standard biochemi-
cal procedures based on the application of radiolabeled
oligonucleotides and polyacrylamide gel mobility shift
analysis of the reaction products (Belon, High, Lin,
Pauwells, & Frick, 2010; Surovaya et al., 2010).

Experimental procedures

Absorption spectra were measured on a Jasco V-550
spectrophotometer. Fluorescence spectra were measured
on a Cary Eclipse spectrofluorimeter. The experiments
were performed in 20mM Tris-HCl (pH 7.2), 4mM
MgCl2, 10% glycerol, .18M NaCl, .01% Triton X-100,
and 1mM dithiothreitol. Prior to the experiments,
bis-netropsins were dissolved in a small volume of etha-
nol (≈20 μl) and then added in the buffer solution. The
quenching of the donor fluorescence by the nonradiative
transfer of the electron excitation energy from the donor
to the acceptor (Förster, 1948) appeared to depend on
the distance between the donor and the acceptor in the
DNA oligomer alone and DNA–protein complex:

IDA=ID ¼ 1=ð1þ ðR0=RÞ6Þ ð1Þ

Here, ID is the fluorescence intensity of the donor in
the absence of the acceptor, IDA is the fluorescence
intensity of the donor in the presence of the acceptor, R
is the distance between the donor and the acceptor and
R0 is the critical distance between the donor and the
acceptor wherein the probability of the resonance energy
transfer from the donor to the acceptor is equal to the
probability of spontaneous emission of the light by the
donor in the absence of the acceptor.

R0 ¼ 9:79�103ðK2n�4qDJÞ1=6 ð�AÞ ð2Þ

J ¼
Z

f ðkÞeaðkÞk2dk
� �

=

Z
f ðkÞdk

� �
ð3Þ

Here, qD is the quantum yield of the donor fluores-
cence, n is the refraction index of the medium separating
the donor and acceptor molecules, and K2 is the numeri-
cal coefficient characterizing the mutual orientation of
the transition moments of the donor emission and accep-
tor adsorption. For random mutual orientation of the
transition moments, K2 = 2/3. J is the overlap integral of
the normalized fluorescence spectrum of the donor f ðkÞ
and the absorption spectrum of the acceptor eaðkÞ Where
eaðkÞ is the molar extinction coefficient of the acceptor
at wavelength k. To estimate the efficiency of the energy
transfer, 1� IDA=ID, the fluorescence intensities of the
donor should be measured in two systems: one contain-
ing the oligonucleotide conjugated with a fluorophore
and a quencher (IDA) and another one containing the
same oligonucleotide conjugated with the donor alone
(ID). Assuming random orientation of the transition
moments of the donor and the acceptor, the distance
between them can be calculated as:

R ¼ R0ððIDA=IDÞ=ð1� IDA=IDÞÞ1=6 ð4Þ
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where ð1� IDA=IDÞ is the efficiency of the energy
transfer between the donor and the acceptor; IDA and ID
are the intensities of the donor fluorescence in the pres-
ence and absence of the acceptor, respectively, and R0 is
the critical distance between the excited molecule of the
donor and the non-excited molecule of the acceptor
wherein the probability of the energy transfer from the
excited donor molecule to the nonexcited acceptor mole-
cule is equal to the probability of spontaneous light
emission from the excited donor molecule. The values of
R0 for the donor–acceptor pairs R6G–BHQ2 and R6G–
Cy5 were found to be equal to 63 and 72Å, respectively,
provided that n ≈ 1.34 and quantum yield of the donor
fluorescence, qD ≈ .8. In the hairpin form of the oligonu-
cleotide S8, chromophores Cy5 and BHQ2 are disposed
at close proximity to one another. In this case, a contact-
mediated quenching of fluorescence may occur instead
of quenching caused by Förster mechanism of energy
transfer (Marras, Kramer, & Tyagi, 2002).

Results and discussions

Specificity of binding of bis-netropsins to the viral
origin of replication (OriS)

Figure 4 shows the footprinting diagrams of Pt-bis-Nt
and Pt⁄-bis-Nt complexes with the DNA fragments
containing an insert with the nucleotide sequence corre-
sponding to the origin of replication OriS of HSV type
1. The DNA fragment used in our footprinting studies
also contains oligonucleotide inserts carrying pseudosym-
metrical sequences which may serve as potential interac-
tion sites for Pt-bis-Nt and Pt⁄-bis-Nt.

As can be seen from Figure 4, both bis-netropsins
protect the А+Т cluster from cleavage by DNase I.
From the concentration dependencies of the protective
activity, we conclude that Pt-bis-netropsin at low extents
of binding exhibits a stronger affinity for the А +Т
cluster and protects a longer DNA region than Pt⁄-bis-
netropsin under the same conditions. Previous studies
showed that Lys-bis-Nt and 15Lys-bis-Nt also bind
selectively to long clusters of АТ base pairs (Andronova
et al., 2008; Surovaya, Grokhovsky, Bazhulina, &
Gursky, 2008).

On the DNA fragment used in footprinting studies,
Pt-bis-Nt protects the А +Т cluster present in OriS as
well as DNA segments containing two symmetry-related
tetramers composed of adenine and thymine residues
which are separated by one or two GC base pairs. One
obvious example is the DNA segment carrying the
sequence 5′-TATAGGTATA-3′. In this DNA region a
clear footprint is observed at concentration as low as
3.3 μM Pt-bis-Nt. Interestingly, in the presence of Pt⁄-
bis-Nt, the protective effect is not observed at this site,
even at 3 times higher concentration.

Helicase activity of the HSV1 UL9 protein

Annealing of the S5 and S2 oligonucleotides gives a
duplex containing an А+Т-rich segment and nucleotide
sequences corresponding to Boxes I and III in OriS (Fig-
ures 1 and 3). In solution, the oligonucleotide S5 can
spontaneously form hairpin-shaped structures one of
which is enriched with GC pairs present in Boxes I and

Figure 4. DNase I cleavage of the DNA segment containing
the origin of replication OriS. Lane 1, untreated DNA
fragment; lanes 2 and 8, A +G – purine sequence markers;
lanes 3 and 9, cleavage products of the free DNA fragment;
lanes 4–7, cleavage products in the presence of 10, 3.3, 1 and
.3 μM Pt⁄-bis-Nt, respectively; lanes 10–13, cleavage products
generated in the presence of 10, 3.3, 1 and .3 μM Pt-bis-Nt,
respectively.
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III. Its melting temperature determined in this study is
83 °C. The second hairpin is enriched with AT base
pairs, it is unstable and fully melts at 45 °C (Aslani
et al., 2001, 2002). In free solutions, the oligonucleotides
S5 and S6 assume stem and loop structures in which the
5′- and 3′-ends are held at a short distance from one
another. This led us to suggest that under conditions
where the binding of UL9 helicase to the duplex is cou-
pled with strand separation and formation of a stem-loop
structure in each strand, the donor and acceptor mole-
cules tethered with the 5′- and 3′-ends of the oligonu-
cleotide S5 become spatially approximated (Figure 1).
This leads to the quenching of the donor fluorescence by
the acceptor. The structure of the S5 oligonucleotide is
reminiscent of a molecular beacon, viz., a hairpin-shaped
single-stranded oligonucleotide labeled with a fluoro-
phore at one end and a quencher at the other end. In
solution, the oligonucleotide can form stem and loop
structure stabilized by intramolecular pairing of Box I
and Box III sequences. The stem holds the fluorophore
and the quencher close to each other, a feature responsi-
ble for the quenching of the fluorophore fluorescence by
the FRET mechanism. The loop portion of the beacon
probe sequence can be designed to be complementary to
the target single-stranded oligonucleotide. During hybrid-
ization, the loop portion of the beacon is paired with the
target oligonucleotide segment. A rigid rod-like structure
is formed between the beacon probe and the target oligo-
nucleotide, while the beacon stem disrupted. As a conse-
quence, the fluorescence intensity increases dramatically.
This provides a basis for the application of molecular
beacon probes as sensitive tools for detecting target
sequences in single-stranded DNA. Molecular beacon
probes can also be used to monitor helicase action
(Belon et al., 2010). We found that the fluorescence
intensity of the free S5 oligonucleotide is lower than that
of the duplex (S5 + S9) carrying the fluorophore and the
quencher which are separated by a larger distance. After
addition of OBP to the S5 oligonucleotide and the (S5
+ S9) duplex in the absence of ATP and ICP8, the
fluorescence intensities decrease (Figure 5, panel A).
Substantially lower quenching was observed on adding
OBP to the oligonucleotide S4 and duplex (S4 + S9) con-
taining no quencher. Evidently, in these systems, the
quenching is not attributed to the energy transfer process
and mediated by direct contact of OBP with the fluoro-
phore. The fluorescence spectra of the (S5 + S9) duplex
and the single-stranded oligonucleotide S5 recorded in
the absence and presence of OBP are displayed in
Figure 5, panel A. Curves 1 and 2 represent the fluores-
cence spectra of the (S5 + S9) duplex in the absence and
presence of OBP; сurves 3 and 4 correspond to the fluo-
rescence spectra of the free oligonucleotide S5 0.18 M
NaCl and its complex with OBP, respectively. Curves 5

and 7 represent the fluorescence spectra of (S4 + S9)
duplex and oligonucleotide S4, respectively.

In the hairpin structure of the oligonucleotide S5 (or
S6), the 5′- and 3′-ends are held close to each other. If
the structure of the duplex is deformed upon binding of
OBP dimers to DNA, the donor and acceptor molecules
conjugated to the 5′- and 3′-ends of each oligonucleotide
become spatially approximated (Figure 1), as can be evi-
denced from the quenching of the donor fluorescence by
the acceptor. The fluorescence intensity of the free oligo-
nucleotide S5 is substantially lower than that of the
duplex conjugated with the same fluorophore and
quencher which are separated by a larger distance from
one another. The efficiency of the energy transfer from
D to A in case of the free oligonucleotide S5
(1� IDA=ID) is equal to .81 ± .07 suggesting that S5
exists in solution in the hairpin-like conformation.
Similar results were obtained for the oligonucleotides S6
and S8. After addition of OBP to the single-stranded

Figure 5. Panel A – the fluorescence spectra of the duplexes
(S5 + S9) and (S4 + S9) (curves 1 and 5, respectively) and their
complexes with OBP (curves 2 and 6, respectively). The
fluorescence spectra of the free oligonucleotides S5 and S4
(curves 3 and 7, respectively) and their complexes with OBP
(curves 4 and 8, respectively) are also shown. Panel B – the
fluorescence spectra of the duplexes (S10 + S11) and (S12
+ S11) (curves 1 and 2, respectively) and their complexes with
OBP (curves 3 and 4, respectively). Excitation wavelength –
510 nm, excitation and emission slits are 10 and 5 nm,
respectively, a. u. – arbitrary units. Concentrations: duplexes
and free oligonucleotides – 2� 10�7 M, OBP dimers –
4.9� 10�7M. Incubation conditions: 20mM Tris-HCl (pH 7.2),
4mM MgCl2, 0.18M NaCl, 10% glycerol, .01% Triton X-100,
1mM dithiothreitol.
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oligonucleotide S5 and duplex (S5 + S9), the fluorescence
intensity diminishes in the absence of ATP and ICP8
(Figure 5, panel A). It is noteworthy that the shape of
the normalized fluorescence spectrum is not changed in
the presence of the enzyme. The quenching may occur
as a result of direct interaction of OBP with the fluoro-
phore and/or may arise from a change in the DNA struc-
ture induced on binding of OBP, thus reflecting some
change in the distance between the donor and acceptor
chromophores. Our studies reveal that both mechanisms
of quenching may occur. Their relative contribution to
the overall amplitude of quenching can be determined
experimentally.

In these studies, we also used duplexes formed upon
annealing of the oligonucleotides S12 and S11 or S10
and S11 (Figure 5, panel B). These fluorescent DNA
fragments contained Box I and Box II sequences which
are separated by the A+T spacer. The weak binding site
for helicase (Box III) was absent. The fluorescence spec-
tra of the duplexes (S10 + S11) and (S12 + S11) recorded
in the absence and presence of OBP are displayed in
Figure 5. Here, curves 1 and 2 correspond to the fluores-
cence spectra of the duplexes (S10 + S11) and (S12
+ S11) in the absence of helicase UL9. These spectra
practically coincide. After addition of the OBP, the fluo-
rescence intensity of the duplex (S12 + S11) carrying
both the fluorophore and the quencher diminishes signifi-
cantly (nearly 4-fold), while that of the system contain-
ing the (S10 + S11) duplex carrying no quencher,
decreases by about 20% in the presence of OBP. Clearly,
in the latter case, we deal with the quenching effect
which is associated with the interaction of OBP with the
fluorophore conjugated with (S10 + S11) duplex.

The distance between the donor and the acceptor can
be measured by estimating the efficiency of the reso-
nance energy transfer from the donor to the acceptor in
the complex between helicase and duplex (S12 + S11):

R ¼ R0ððIDA;OBP=ID;OBPÞ=ð1� IDA;OBP=ID;OBPÞÞ1=6 ð5Þ

Here, ID;OBP and IDA;OBP are the fluorescence intensi-
ties of the donor in the complexes of OBP with the
duplexes (S10 + S11) and (S12 + S11), respectively. The
DNA oligomer concentrations and the molar ratio of
helicase to DNA oligomer for these two complexes prac-
tically coincide. The estimated values of distances
between the fluorophore and quencher are based on
R0 = 63Å and K2 = 2/3. This value of K2 does not lead to
a substantial error because the flurophore-quencher dis-
tance depends on inverse six power of K2. The experi-
mental value of IDA;OBP=ID;OBP for complexes of OBP
with the duplexes (S10 + S11) and (S12 + S11) is ≈.35
and the distance between the fluorophore and the
quencher, R ≈ 57Å. Since linear DNA contains 63 base

pairs, our FRET studies indicated that on binding of
OBP dimers to Boxes I and II the DNA underwent struc-
tural changes for which interactions between bound heli-
case dimers are responsible. These results are supported
by electron microscopy data suggesting that the interac-
tion between OBP dimers bound to Boxes I and II
results in DNA bending (by approx. 90°) and destabiliza-
tion of AT base pairs in the AT spacer (Makhov, Boeh-
mer, Lehman, & Griffith, 1996). In addition, there is
evidence that binding of OBP to negatively supertwisted
DNA-containing OriS converts the structure of the AT
spacer into a form sensitive to digestion by micrococcal
nuclease and to oxidation by potassium permanganate
(Koff et al., 1991; Makhov et al., 1996).

Similar results were obtained for complexes of OBP
with duplexes (S5 + S2) and partial duplex (S5 + S9) and
(S4 + S9). In the absence of OBP, the distance between
the fluorophore and the quencher in the partial duplex
(S5 + S9) is equal to 79Å. It markedly exceeds the value
of 51Å determined for the fluorophore-quencher distance
in the single-stranded oligonucleotide S5. In the presence
of OBP (4.9� 10�7M), the fluorescence intensity mea-
sured for partial duplex (S5 + S9) decreases reflecting the
change in a distance between the fluorophore and
quencher. The experimental value of IDA;OBP=ID;OBP is
.26, and the distance between the fluorophore and the
quencher, R, is equal to approximately 53Å. This is
close to the value obtained for hairpin-like form of the
oligonucleotide S5. After incubation of the reaction mix-
ture containing (S5 + S9) duplex, OBP and ATP for
240min the experimental value of IDA;OBP=ID;OBP ≈ .69
and the fluorophore-quencher distance in the complex of
OBP with the (S5 + S9) duplex takes up a value ≈72Å.

A model consistent with the FRET data is that in
which two DNA duplexes each forming the 1:1 complex
with OBP dimer associate to form a 4-ways Holiday
junction (HJ) containing Box I and Box III inverted
repeats. It is noteworthy that OriL contains two pairs of
Box I and Box III sites which are separated by AT-rich
segment. In contrast, OriS contains Box I and Box II
sequences separated by AT-rich segment, but it has only
a single copy of Box III sequence. X-ray diffraction
studies show that two DNA strands in the antiparallel
4-ways HJ preserve their usual helical conformations,
with the other two strands undergoing conformation
changes and serving as the crossover strands (Ortiz-Lom-
bardia et al., 1999). Based on the results of FRET exper-
iments, we suggest that HSV1 OBP and its homologs in
other alpha- and betaherpes viruses belong to a family of
DNA HJ-binding proteins. Examples of proteins of this
family class are the E. coli helicases RuvAB, UvrD, and
RecG which play key roles in DNA recombination,
repair and replication processes (Carter, Tahmaseb,
Compton, & Matson, 2012; Mahdi, McGlynn, Levett, &
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Lloyd, 1997; Rafferty et al., 1996; Whitby & Lloyd,
1998). In addition, it should be noted that DNA recombi-
nase Cre (Gopal, Guo, & Van Duyne, 1998) and some
endonucleases bind and resolve HJs (Bennett & West,
1995; Biertümpfel, Yang, & Suck, 2007; Hadden,
Déclais, Carr, Lilley, & Phillips, 2007). The E. coli
protein RuvA recognizes HJ and in combination with
another protein RuvB catalyzes migration of branch
point and unwinding of HJ (Nishino, Ariyoshi, Iwasaki,
Shinagawa, & Morikawa, 1998; Rafferty et al., 1996). In
the 3D structure of a complex formed by RuvA tetramer
with synthetic HJ, the alpha-helix-hairpin-alpha-helix
(HhH) domains of RuvA monomers are implicated in
hydrogen bonding and electrostatic interaction with
sugar-phosphate backbone of four HJ arms (Ariyoshi,
Nishino, Iwasaki, Shinagawa, & Morikawa, 2000; Nishi-
no et al., 1998; Rafferty et al., 1996). Each RuvA mono-
mer contains two consecutive HhH domains related by
approximate twofold symmetry which are bridged by a
connector alpha helix (Ariyoshi et al., 2000; Doherty,
Serpell, & Ponting, 1996; Rafferty et al., 1996; Shao &
Grishin, 2000). This structural unit is designated as the
(HhH)2 motif. A characteristic feature of (HhH)2 motif is
that the hairpin loops are enriched by glycine and proline
residues and often contain hydrophobic residues sur-
rounded by two glycine residues (Doherty et al., 1996;
Shao & Grishin, 2000). In the (HhH)2 motif of RuvA
monomer, the hairpin loops are separated by 30 residues.
The structure of (HhH)2 motif is known to be stabilized
by interactions between hydrophobic residues present in
characteristic positions in alpha helices and hairpin loops
(Nishino et al., 1998; Rafferty et al., 1996; Shao &
Grishin, 2000). An important property of HJ is its ability
to undergo branch migration through regions of sequence
homology. This process involves the melting and anneal-
ing of base pairs and results in movement of the branch
point along the arms of the junction. The HJ may be
considered as an intermediate for conversion of each
DNA strand into the hairpin-like form stabilized by
complementary pairing of Box I and Box III sequences
in OriS.

Figure 6 shows that HSV1 OBP and its homologs in
other herpes viruses exhibit sequence similarities with
DNA HJ-binding proteins RuvA, UvrD, and RecG of
E. coli and Helicobacter pylori.

The similarities between the sequences implicated in
the (HhH)2 motif of the HJ-binding protein RuvA and
DNA-binding domains of the viral replication origin
binding proteins suggest that HSV1 OBP and its homo-
logs in other viruses belong to a family of the HJ-bind-
ing helicases. Interesting that peptide RVKNLTK
flanking the second hairpin in the presumed (HhH)2
motif of HSV1 OBP is known to be implicated in the
recognition of the viral DNA replication origin (Olsson
et al., 2009). Our recent experiments show that HSV1

OBP binds more strongly to a synthetic HJ than to a
linear DNA and catalyzes the unwinding of HJ in the
presence of ATP (Moiseeva et al., 2013).

EMSA analysis of complexes formed by HSV1 OBP
with single-stranded oligonucleotides S1 and S2 and
duplex (S1 + S2)

The fluorescence spectra measured for the single-
stranded oligonucleotide S5 and its complex with UL9
helicase are indicative of substantial quenching. The ele-
trophoretic mobilities of single-stranded oligonucleotides
S1⁄ and S2⁄ and their mixtures with OBP are distinctly
different (Figure 7). We have found that OBP forms a
strong complex with the single-stranded oligonucleotide
S1 and exhibits a lower affinity for binding to the (S1
+ S2) duplex. The values of the corresponding associa-
tion constants differ nearly 10-fold as revealed from
competition-type experiments, using ethidium bromide as
a competitive ligand (Surovaya et al., 2010). Such a dif-
ference in the affinities of OBP to the (S1 + S2) duplex
and single-stranded oligonucleotides S1 seems to be the
main cause of structural changes induced on binding of
OBP to the (S1 + S2) duplex. These structural changes
involve DNA bending and formation of 3D structure
containing both single-stranded and base paired DNA
segments.

Analysis of the melting curves for (S1 + S2) duplex
showed that on average three base pairs in the (S1 + S2)
duplex exist in an unwound state at 42°С and may serve
as a “nucleus” for helix-coil transition within the A+T
cluster in (S1 + S2) duplex. Incubation of the (S1⁄+S2⁄)
duplex with OBP and ATP (60min, 42 °C) gives a small
quantity of the product whose mobility during
polyacrylamide gel electrophoresis coincides with the
mobility of a complex between OBP and single-stranded
oligonucleotide S1 (Figure 7).

In the oligomer (S3 + S7 + S8) and partial duplexes
(S5 + S9), (S4 + S9), and (S3 + S6) the upper oligonucleo-
tide strand contains single-stranded tail at 3′-end. To
obtain the (S3 + S7 + S8) oligomer or (S5 + S9) duplex,
the complementary strands at equimolar concentrations
were annealed at 90°С with subsequent 8–10 h cooling
to room temperature.

Unwinding of the АТ-rich hairpin by OBP in the
absence and presence of Pt-bis-netropsin

The time curses of the S5 fluorescence intensity at
559 nm after addition of OBP and ATP in the absence
and presence of Pt-bis-Nt are displayed in Figure 8.

The experimentally determined dependencies of the
fluorescence intensity on time can be described by the
equation:

I559ðtÞ ¼ A0 þ A1 expð�t=T1Þ ð6Þ
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where I559ðtÞ is the fluorescence intensity of the oligonu-
cleotide complexes with helicase in the absence and
presence of Pt-bis-Nt, t is the time from the moment of
ATP addition to the solution under study, T1 is the char-
acteristic time of the process, A0 is the limiting value of
I559ðtÞ when t approaches infinity, A1 is the constant.
The solid curves in Figure 8 represent theoretically cal-
culated dependencies I559ðtÞ wherein the sum of the
squares of the deviations of the experimental points from
the calculated values I559ðtÞ approaches the minimum.

The values of A0, A1 and T1 corresponding to the
best fit curves are indicated in Figure 8.

The shape of the experimental curves suggests that
Pt-bis-netropsin decreases the rate of ATP-dependent
unwinding of the АТ-rich hairpin by OBP. The mean value
of T1 is 169.6 ± 22.7min (data from three independent
experiments), while T1 measured in the absence of Pt-bis-
Nt is 113.5 ± 14.7min. The difference between the mean
values of T1 can be considered as a quantitative measure
of the decrease in the rate of the unwinding reaction
caused by Pt-bis-Nt binding to the AT-rich hairpin. Previ-
ous studies established that upon binding to the АТ-rich
hairpin Pt-bis-Nt increases its stability, as can be
evidenced from the rise of the melting temperature by
nearly 20 °C (Surovaya et al., 2008). 15Lys-bis-Nt and
Lys-bis-Nt have a similar effect (Surovaya et al., 2010).
Consistent with this are our observations that T1 value for
ATP-dependent DNA unwinding process is increased on
lowering the temperature of the reaction mixture from 37°
to 33 °C (Figure 8, panel C). This can be attributed to a
higher extent of the stability of AT-rich hairpin at 33 °C.

Structural changes induced in the DNA upon binding
of OBP in the absence and presence of ATP and
Pt-bis-netropsin

The time courses of the fluorescence intensities of the
reaction mixtures containing single-stranded oligonucleo-
tide S6 and duplex (S3 + S6) in the presence of OBP and
ATP are shown in Figure 9 (panels A and B). In the
absence of OBP, substantial quenching is observed in the
single-stranded oligonucleotide S6 in comparison with
duplex (S3 + S6). It reflects the fact that oligonucleotide
S6 exists in a hairpin-like conformation in solution.
Addition of OBP to the (S3 + S6) duplex leads to
approximately fivefold decrease in the intensity of
fluorescence at 559 nm, whereas a ninefold decrease in
the fluorescence intensity is observed for a mixture of
the single-stranded oligonucleotide S6 and OBP under
the same conditions.

As can be seen from Figure 9, the fluorescence inten-
sity of a complex between (S3 + S6) duplex and OBP
measured immediately after addition of ATP increases
and then a slow time-dependent quenching of the fluo-
rescence is observed. After 300-min incubation, the dis-
tance between the donor and the acceptor becomes
closer to the value observed for the free oligonucleotide
S6. The slope of the straight line I559ðtÞ in the system
containing Pt-bis-Nt takes up a �1.5 time lower value in
comparison with the system containing no Pt-bis-netrop-
sin. This reflects the fact that upon binding to the (S3
+ S6) duplex Pt-bis-netropsin stabilizes structure of A
+T-rich DNA segment and diminishes the rate of DNA
unwinding by OBP.

Figure 6. Sequence similarities of the DNA HJ-binding helicases RuvA, UvrD, and RecG of E. coli and Helicobacter pylori with
the HSV1 replication origin binding protein, OBP, and its homologs in some alpha- and beta-herpes viruses. The abbreviations and
accession numbers used are: HSV1, herpes simplex virus type 1, human herpesvirus 1, NC_001806; BHV1, bovine herpesvirus 1,
NC_001847; EHV1, Equid herpesvirus 1, NC_001491; VZV, varicella zoster virus, human herpesvirus 3, NC_001348; SHV1, Suid
herpesvirus 1, pseudorabies virus, NC_006151; HHV6A, human herpesvirus 6A, NC_001664; HHV6B, human herpesvirus 6B,
NC_000898; HHV7, human herpesvirus 7, NC_001716. Replication origin binding proteins of viruses HHV6A and HHV6B have
identical sequences. Indicated are the helical regions α1, α2, α3, α4 and α5 and the hairpin loops in the RuvA (HhH)2 motif, as
revieled from crystallographic studies of a complex between a single RuvA tetramer and HJ (Ariyoshi et al., 2000).
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Consistent with these results are the observations
obtained for the (S3 + S7 + S8) oligomer which differs
from the (S3 + S6) duplex in that the oligonucleotides S7
and S8 replace oligonucleotide S6 in a complex with the
oligonucleotide S3 (Figure 10). After annealing of the oli-
gonucleotides S3, S7, and S8, the upper strand of the
oligomer contained a 3′-terminal single-stranded tail of
18 nucleotides long. The analogue of the cyanine dye
Cy5 is tethered to the 3′-end of the oligonucleotide S8,
whereas the donor (R6G) is attached to the 5′-end of the
oligonucleotide S7. The observed quenching effect
reflects a change in the efficiency of energy transfer from
the excited donor to the acceptor attached to the 5′- and
3′- ends of the oligonucleotides S7 and S8. Consistent
with this are the observations that a decrease of the fluo-
rescence intensity at 559 nm is accompanied by an

increase of the fluorescence intensity at 670 nm
(Figure 10, panels A and С). This can be attributed to
the energy transfer from the excited donor (R6G) to the
acceptor (Cy5) conjugated with oligonucleotides S7 and
S8, respectively.

Two time-dependent processes were observed: the
quenching of the fluorescence at 559 nm that can be
associated with the formation of HJ by two oligomers
(S3 + S7 + S8) complexed with OBP and the unwinding
of the HJ by OBP in the presence of ATP.

*

Figure 7. Electrophoresis analysis in nondenaturing 10%
polyacrylamide gel of single-stranded oligonucleotides S1⁄ and
S2⁄, duplex (S1⁄+S2⁄) and their complexes with helicase UL9.
Lanes 1 and 2, electrophoresis mobilities of the free
oligonucleotides S1⁄ and S2⁄, respectively. Lanes 3 and 4,
mobilities of complexes of the oligonucleotides S1⁄ and S2⁄

with the protein UL9, respectively. Lanes 5 and 6, mobilities of
the duplex (S1⁄ +S2⁄) in the absence and presence of OBP,
respectively. The mixture of OBP with duplex (S1⁄ +S2⁄) was
incubated for 60min at 42 °C in 50mM Tris-HCl buffer (pH
7.8) in the presence of 5mM dithiothreitol; 15mM MgCl2,
10% (v/v) glycerol; .01% (v/v) Triton X-100 and 3mM ATP.
The reaction mixture was then cooled to 25° C and loaded on
a 10% nondenaturing polyacrylamide gel with a .4mm
thickness and acryl/bis-acrylamide ratio of 29:1.
Electrophoresis was carried out for 130min at 650V and
temperature 22 °C.

Figure 8. The kinetics of unwinding of the АТ-rich hairpin in
the S5 oligonucleotide by helicase UL9 in the absence (A) and
presence (B) of Pt-bis-netropsin. I0 – fluorescence intensity of
free S5 at 559 nm. Excitation wavelength – 510 nm; excitation
and emission slit widths – 10 and 5 nm, respectively. Additions
of OBP, Pt-bis-Nt and ATP to the oligonucleotide solution are
indicated by arrows. Concentrations: ATP – 1.8� 10�2M, S5 –
1.1�10�7M, UL9 helicase – 3.9� 10�7M, Pt-bis-Nt –
2.9� 10�7M. Incubation conditions: 20mM Tris-HCl (pH 7.2),
4mM MgCl2, .18 M NaCl, 10% glycerol, .01% Triton X-100,
1mM dithiothreitol, 37 °C. Panel C, the kinetics of unwinding
of the AT-rich hairpin in the oligonucleotide S5 measured at
33 °C in the absence of Pt-bis-Nt.
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In the presence of Pt-bis-netropsin, the quenching
process induced after addition of OBP proceeds more
slowly. The characteristic time of the reaction (T1)
increases from 36 to 65min (Figures 10, panels А and
B). The addition of ATP to the reaction mixture contain-
ing OBP and (S3 + S7 + S8) oligomers leads to an
increase of the fluorescence intensity at 559 nm, reflect-
ing a change in the distance between the fluorophore and
quencher. The average distance between the donor

(R6G) and the acceptor (Cy5) may increase due to a
partial dissociation of the oligonucleotide S8 from the
ternary complex (S3 + S7 + S8).

Figure 11 shows the EMSA analysis of the products
present in the reaction mixture after incubation of the
oligomer (S3⁄+S7⁄+ S8⁄) with OBP and ATP for
30min at 37 °C and subsequent cooling of the reaction
mixture to room temperature. EMSA studies show that
the amount of free radioactively labeled oligomers
(S3⁄+S7 + S8⁄) in the solution decreased after addition

Figure 9. The time courses of fluorescence intensities of free
oligonucleotide S6 (panel A) and double-stranded construct
(S3 + S6) reflecting the ATP-dependent unwinding of double-
helical DNA by OBP in the absence (panels A and B) and in
the presence of Pt-bis-netropsin (panel C). I0 designate the
intensity of the fluorescence of the free oligonucleotide S6 and
(S3 + S6) duplex at 559 nm. Excitation wavelength – 510 nm,
excitation and emission slit widths – 10 and 5 nm, respectively.
Concentrations: ATP – 1.8� 10�2M, S6 oligonucleotide and
(S3 + S6) duplex – 1.1�10�7M, OBP (dimers) –
3.9� 10�7M, Pt-bis-Nt – 8.9� 10�7M. The solid lines (panels
A, B, and C) represent the best fit curves I559ðtÞ for which the
sum of squares of the deviations of the calculated values of
I559ðtÞ from experimental data points approaches the mini-
mum. Experimental conditions are indicated in the legend to
Figure 8.

Figure 10. Changes in the (S3 + S7 + S8) oligomer structure
and aggregation state which are induced by OBP in the
absence (А) and presence of Pt-bis-netropsin (В) and ATP. I0 is
the fluorescence intensity of the free (S3 + S7 + S8) oligomer at
559 nm. Excitation wavelength – 510 nm, emission and
excitation slit widths are 5 and 10 nm, respectively. Additions
of OBP, Pt-bis-Nt and ATP to the (S3 + S7 + S8) oligomer
solutions are indicated by arrows. Concentrations: ATP –
1.8� 10�2M, (S3 + S7 + S8) – 1.1�10�7M, UL9 helicase –
3.95� 10�7M, Pt-bis-Nt – 8.9� 10�7M. The solid lines
corresponding to the dependencies on time I559ðtÞ (panels: А
and B) and I670ðtÞ (panel С) show the best fits to the experi-
mental data points. Conditions are indicated in the legend to
Figure 8.
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of OBP. Slowly migrating species are formed that may
represent a 4-ways HJ built by two oligomers
(S3⁄+S7⁄+S8⁄) each forming a 1:1 complex with OBP.
After incubation of the reaction mixture at 37 °C for
30min in the presence of ATP and Mg+2 ions, the pre-
sumed complex of HJ with OBP (designated as X+UL9)
partially dissociates, and a slowly migrating complex of
OBP with a folded form of oligonucleotide S3⁄ is
observed. In addition, free (S3⁄+ S7⁄+S8⁄) oligomers
and oligonucleotide S8⁄ are also present in the reaction
mixture (Figure 11, panel C). The dissociation of HJ in
the presence of ATP and Mg+2 ions is reminiscent of
complexes of UvrD and RecG helicases with synthetic
HJs (Carter et al., 2012; Whitby & Lloyd, 1998).

In the presence of Pt-bis-Nt, the intensities of bands
corresponding to the free oligonucleotide S8⁄ and

complex of OBP with the oligonucleotide S3⁄ are dimin-
ished, whereas intensity of the band corresponding to the
free oligomer (S3⁄+S7⁄+ S8⁄) and its complex with
Pt-bis-Nt is increased (data are not shown).

Measurements of the fluorescence intensity at
670 nm, I670ðtÞ, after addition of ATP-enabled monitoring
the kinetics of the ATP-dependent DNA unwinding by
OBP using fluorescent DNA substrates. The kinetic
curves for the ATP-dependent unwinding of the (S3 + S7
+ S8) oligomer in the absence and presence of Pt-bis-
netropsin are shown in Figure 12 (panels A and C).

Here, I0 is the fluorescence intensity of the free (S3
+ S7 + S8) oligomer excited at 620 nm and measured at
670 nm. ATP added to the reaction mixture in the
absence of Pt-bis-netropsin stimulated the time-depen-
dent quenching of the fluorescence at 670 nm, which

Figure 11. EMSA studies in the nondenaturing 10% polyacrylamide gel of complexes formed by OBP with single-stranded
oligonucleotide S8 (panel a), partial duplex (S3⁄+S7) and oligomer (S3⁄+ S7+ S8⁄) (panel b). Lane 0, oligonucleotide S8⁄ alone
(panel a), ternary complex (S3⁄ +S7⁄ +S8⁄) and partial duplex (S3⁄ +S7) in the absence of OBP and ATP (panel b). In panels a, b,
and c, lane 1 corresponds to a complex of OBP with single-stranded oligonucleotide S8⁄ (panel a), duplex (S3⁄+S7⁄) (panel b) and
oligomer (S3⁄+ S7⁄+ S8⁄) (panel c) in the absence of ATP. Lane 2 corresponds to the same complex incubated for 30min at 37 °C in
50mM Tris-HCl buffer (pH 7.8) in the presence of 5mM dithiothreitol, 15mM MgCl2, 10% (v/v) glycerol; .01% (v/v) Triton X-100
and 20mM ATP. The reaction mixtures were cooled to room temperature and loaded on a 10% nondenaturing polyacrylamide gel
(19:1) with a thickness of .4mm. Electrophoresis was carried out for 120min at 800V and temperature 20 °C.
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reflected the unwinding and partial dissociation of the S8
oligonucleotide. In the free solution, the S8 oligonucleo-
tide can spontaneously fold into a hairpin-like structure.
The conversion is accompanied by quenching of the Cy5
fluorescence (Figure 12, panel A). Reannealing of the
oligonucleotides S3, S7, and S8 to form a ternary com-
plex was eliminated due to the presence of stem and
loop structures in these oligonucleotides in solutions.

At bis-netropsin/DNA oligomer molar ratio equal to
1.2 the ATP-dependent unwinding of the oligomer (S3
+ S7 + S8) by OBP appeared to be inhibited virtually
completely (Figure 12, panel C). It is noteworthy that Pt-
bis-Nt also decreased the rate of unwinding of the АТ-
rich hairpin in the oligonucleotide S5 (Figure 8) and pre-
vented formation of an extended non-structured tail at
the 3′-end of the oligonucleotide.

Antiviral activity of bis-netropsins

Footprinting studies have revealed that Pt-bis-netropsin
binds selectively to the A+T cluster in OriS and inhibits
the fluctuation opening of the АТ pairs which is a prere-
quisite to DNA unwinding by OBP. In the presence of
Pt⁄-bis-Nt, less apparent protective effects are seen in
comparison with Pt-bis-netropsin. The binding constant
of Pt-bis-netropsin is ≈108M�1, that is, �10 times
higher than that found for Pt⁄-bis-Nt. It is noteworthy
that 15Lys-bis-Nt, Pt-bis-Nt and Lys-bis-Nt also possess
antiherpetic activity in cultured Vero E6 cells (IC50 = 1.3,
4.4 and 11.6 μM, respectively); the values of the selectiv-
ity indexes (SI) for 15Lys-bis-Nt, Pt-bis-Nt and Lys-bis-
Nt are equal to 47, 59 and 29, respectively. Pt⁄-bis-Nt
exhibits low (if any) antiviral activity against HSV1-
infected Vero E6 cells (SI ≈ 0) (Andronova et al., 2008;
Surovaya et al., 2010). We also studied the cell toxicity
of 15Lys-bis-Nt and Lys-bis-Nt in the cultured Vero E6
cells. Cell viability estimated by trypan blue exclusion
method was significantly lowered in the presence of Nt,
as compared with 15Lys-bis-Nt and Lys-bis-Nt. The val-
ues of cytotoxic concentration CC50 (the concentration
sufficient to induce death of 50% of cells after 72 h incu-
bation) for 15 Lys-bis-Nt and Lys-bis-Nt are equal to
176 and 362 μg/ml, respectively, being in case of admin-
istration of Lys-bis-Nt approximately by one order of
magnitude higher than that found for Nt (37.5 μg/ml). In
vitro studies of antiviral activities of dimeric netropsin
derivatives against the HSV1 strain L2 established that
after infection of cultured Vero E6 cells with multiplicity
of infection of about .1 PFU/cell, both 15Lys-bis-Nt and
Lys-bis-Nt provided selective inhibition of virus replica-
tion. The concentrations of the bis-linked netropsin
derivatives sufficient to suppress the virus-induced cyto-
pathic effect by 50% in comparison with control, CI50,
were commensurate to the value obtained for the parent
antibiotic Nt (3.7, 12.5 and 5.0 μg/ml for 15Lys-bis-Nt,
Lys-bis-Nt and Nt, respectively). However, the selectivity

index calculated as the CC50/CI50 ratio was significantly
lower for netropsin as compared with the corresponding
values for 15Lys-bis-Nt and Lys-bis-Nt (7.5 against 47
and 29, respectively). It is noteworthy that a similar
selective antiviral effect was observed for HSV1 strains
resistant to basic antiherpetic drugs (acyclovir, phospho-
noformic acid, etc.).

Figure 12. The unwinding of DNA in the (S3 + S7 + S8)
oligomer in the absence (А) and presence of Pt-bis-netropsin
(C) I0 – intensity of fluorescence of the free (S3 + S7 + S8)
oligomer at 670 nm. Excitation wavelength – 620 nm,
excitation and emission slit widths – 10 and 5 nm, respectively.
Panel B – time course of the fluorescence intensity of the free
oligonucleotide S8 at 663 nm in the presence of helicase and
ATP. The solid lines show the calculated curves I670ðtÞ (panels
А and C) and I663ðtÞ (panel B) providing the best fit to the
experimental data. Concentrations of components of the
reaction mixture in the absence of Pt-bis-netropsin are as
follows: ATP – 1.8� 10�2, (S3 + S7 + S8) and S8 –
1.1�10�7, OBP – 3.97� 10�7M. In the presence of
Pt-bis-netropsin concentrations are as follows: ATP –
1.9� 10�2M, (S3 + S7 +S8) – 1.15� 10�7M, OBP –
3.44� 10�7M, Pt-bis-Nt – 1.4� 10�7M. Conditions are
indicated in the legend to Figures 8.
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As regards the therapeutic effect of 15 Lys-bis-Nt
and Lys-bis-Nt on HSV1-infected BALB/c mice, 15Lys-
bis-Nt (30mg/kgwt) injected intraperitoneally two times
a day for 5 days (the first dose was administered 2 h after
the infection) reduced mortality by 45% (cf. 60% in the
control group (infected but untreated mice) (Andronova
et al., 2012; Andronova, Grokhovsky, Surovaya, Gursky,
& Galegov, 2013).

In this study, 15Lys-bis-Nt and Lys-bis-Nt were used
in the form of .075% and .15% polyethyleneglycol
(PEG-600)-based ointments. Their pronounced curative
effect on skin injuries in HSV1-infected guinea pigs was
commensurate to that of 5% acyclovir-based ointment.
The virus-containing inepidermic material was rubbed
into dehaired scarified zones (�5 cm2 each) 48 h after
the appearance of the first hyperemic symptoms. The
ointment was applied two times a day for five days. In
the control group, specific symptomatology (herpetic
skin rash) appeared on day 5 after infection and was
especially well pronounced by day 10. Complete recov-
ery occurred on day 12.

The therapeutic effect was the most apparent after
application of 15Lys-bis-Nt and Lys-bis-Nt in the form
of .15% ointment. The size of the injured zone dimin-
ished by �9 and 7%, respectively. The areas affected by
vesicular herpetic rash decreased in size reliably in com-
parison with control. Complete re-epithelization occurred
24 h earlier than in the control group. By comparison, a
similar therapeutic effect could be attained through appli-
cation of acyclovir in the form of 5% ointment with a 30
times higher drug content (by weight) (Andronova et al.,
2013). A comparison of in vivo effects of two bis-netrop-
sins and acyclovir demonstrated that Lys-bis-Nt and
15Lys-bis-Nt used as ointment-based drugs had much
greater curative effects on herpetic infection than acyclo-
vir. The data obtained also show that dimeric derivatives
of netropsin serve as effective inhibitors of infections
transmitted by acyclovir-resistant HSV1 strains in cases
where oral or intraepidermic administration of acyclovir
has little effect.
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