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Letter from the Editors

ear readers,
DWe are elated to bring you the 16" is-
sue of Acta Naturae, the first for 2013.
We take this opportunity to wish you and us
(especially our journal) further success and
much luck in 2013!

Let us comment on the current issue. The
38™ Congress of the Federation of European
Biochemical Societies (FEBS), which is set to
take place this summer in St. Petersburg, is
shaping up to be the most significant event
for Russian and foreign biologists in 2013.
Our journal is closely connected to the event;
therefore, we want to announce it and invite
all our readers to participate in the Congress
in its Forum section.

The research section of this issue contains
three reviews; their titles once again show
the broad character of the subject matters
covered in Acta Naturae. Indeed, the first

review is devoted to the physical chemis-
try of nucleic acids (O.S. Fedorova and Yu.D.
Tsvetkov), the second one focuses on bioen-
gineering (O.G. Maksimenko, A.V. Deikin,
Yu.M. Khodarovich, and P.G. Georgiev),
while the third review is devoted to popula-
tion genetics (V.I. Glazko and T.T. Glazko).
We hope that researchers involved in inter-
disciplinary life sciences will find these ma-
terials useful.

Commenting on the research articles, we
would like to bring your attention to the in-
creasing number of publications by foreign
authors or joint research by Russian and for-
eign scientists. We believe that this is a result
of the inclusion of Acta Naturae into PubMed
and other databases. In turn, we encourage
further cooperation between our journal and
foreign authors.

See you in the next issue of Acta Naturae. ®
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HIGHLIGHTS

Structural-Functional Analysis of 2,1,3-Benzoxadiazoles and
Their N-oxides As HIV-1 Integrase Inhibitors

A U5B 5'-GTGTGGAAAATCTCTAGCAGT-3'
S. P.Korolev, O. V. Kondrashina, U5A™ 3'-CACACCTTTITAGAGATCGT"CA-5'
D. S. Druzhilovsky, A. M. Starosotnikov,
M. D. Dutov, M. A. Bastrakov,
I. L. Dalinger, D. A. Filimonov, S. A. Shevelev,
V. V. Poroikov, Y. Y. Agapkina, M. B. Gottikh ™=

Human immunodeficiency virus type 1 integrase

is one of the most attractive targets for the devel-

opment of anti-HIV-1 inhibitors. The capacity of

a series of 2,1,3-benzoxadiazoles (benzofurazans) B 1 2 3 4 5 6 7
and their N-oxides (benzofuroxans) selected us-

ing the PASS software to inhibit the catalytic

activity of HIV-1 integrase was studied in the

present work. Only the nitro-derivatives of these

compounds were found to display inhibitory ac-

tivity. The study of the mechanism of inhibition

by nitro-benzofurazans/benzofuroxans showed DNA
that they impede the substrate DNA binding at

the integrase active site. These inhibitors were

also activg agai.nst ?ntegrz%se mutants resistant. to The influence of compound 6 on the efficiency of covalent
raltegravir, which is the first HIV-1 integrase in- binding of a DNA-substrate analog containing the alde-
hibitor approved for clinical use. hyde group to IN

DNA /IN
complex

Sources of Contradictions in the Evaluation of Population
Genetic Consequences after the Chernobyl Disaster

V.l. Glazko, T.T. Glazko

The review covers population and genetic consequences in various mammalian species under conditions of high
levels of ionizing radiation as a result of the Chernobyl accident.

Table 1. The frequency of micronuclei occurrence per 1,000 erythrocytes (EMN) isolated from the peripheral blood of
CC57W /Mv mice of various ages from the Chernobyl and Kiev populations during different seasons

Winter 1993 25x0.7 2.7x0.9 10.0 1.0 40=+1.0

Summer 1994 3.0x08 3.2x0.7 65x1.0 3.8x03
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Dear readers of Acta Naturae,

We are elated to share information that the 38" Congress of the Federation of European Biochemi-
cal Societies (FEBS) will be held in Russia. Our journal is one of the sponsors of the Congress, while
Park-Media Ltd., a cofounder of our journal, is one of the main co-organizers. Vice President of the
Russian Academy of Sciences A.l. Grigoriev (chairman of Acta Nafurae Journal), corresponding
members of the RAS S.N. Kochetkov and A.G. Gabibov (editors-in-chief), and Candidate of Chemi-
cal Sciences V.D. Knorre (Managing Editor) will be responsible for the scientific program and the
main activities of the Congress.
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he decision to host the 2013

I Congress in Saint Peters-

burg was made at the 36"
FEBS Congress in Torino, Italy.
This decision was received with
tremendous enthusiasm by the
Russian scientific community and
has drawn wide applause from the
international community. It took a
relatively short time to outline the
scientific program. The Interna-
tional Advisory Board headed by
Nobel Laureate, Prof. Richard Rob-
erts (USA) and Secretary of the
Advisory Board Michael Blackburn
(UK), has made an invaluable con-
tribution to its preparation.

The event will be unique in that
almost all scheduled lecturers at
the Congress are amongst the most
prominent contemporary scientists
and Nobel Prize winners: Aaron
Ciechanover, Jules Hoffmann,
Robert Huber, Roger D. Kornberg,
Jean-Marie Lehn, Richard Roberts,
Jack W. Szostak, Johl E. Walker,
Kurt Wiithrich, Ada E. Yonath,
Sidney Altman, and Susumu Ton-
egawa.

FEBS Congresses rank among the
top five world forums in the field
of life sciences. A congress of such
status has been held in Russia only
once, in 1984, and it was headed
by Yu.A. Ovchinnikov, Vice Presi-
dent of the USSR Academy of Sci-
ences. The president of the current
38" Congress is Academician V.P.
Skulachev. The National Commit-
tee of Biochemists and Molecular
Biologists of the Russian Academy
of Sciences is responsible for the re-
search section of the Congress. The
general organizational events are
regulated by the Decree of the Gov-
ernment of the Russian Federation
No. 1965-r dated October 22, 2012,
and are discussed at the meetings of
the Organizing Committee chaired
by Dmitry Livanov, the minister of
education and science of the Rus-
sian Federation.

The Congress’ Theme is “Mecha-
nisms in Biology,” and the Organ-

FORUM

izing Committee of the Congress is
seeking to put in place a powerful
and diverse program to support this
key theme. The Congress program
will consist of 37 symposia. The list
of symposia is currently in the final
stage of consideration; it includes
such sections as Immunology, RNA,
Carbohydrate Biochemistry, Stem
Cell Biology, Mechanisms of Prote-
olysis, Bacteriology, Bioinformatics,
Techniques of Biochemistry, etc. A
strong list of symposium speakers
from Europe, the U.S., Japan and
other countries are expected to par-
ticipate in the Congress.

The Congress program also
includes a number of sympo-
sia dedicated to the memories of
outstanding scientists: A sympo-
sium dedicated to the memory of
prominent contemporary scientist
Professor Marianne Grunberg-
Manago (the former President of
the French Academy of Sciences,
a foreign member of the Russian
Academy of Sciences) and a sym-
posium dedicated to the memory
of the famous Russian biochemist
Academician Alexander Evseev-
ich Braunstein. A special lecture
by Nobel Laureate John E. Walker
will be dedicated to the memory
of Academician Yuri Anatolievich
Ovchinnikov. The symposia lec-
turers are invited by the Organ-
izing Committee. A competition
of poster applications will be held;
the winners will be invited to make
short oral presentations at the cor-
responding symposia.

A number of sessions tradition-
al to FEBS Congresses will also be
held (in particular, ones devoted to
the issues of biochemical education
and to the role of women in science).
The Science and Society workshop
will be devoted to cancer diseases.
The Congress will be immediately
preceded by the Young Scientists’
Forum. An exhibition of scientific
and biomedical equipment will be
arranged during the entire Con-
gress.

The Congress will be held on July
6—11, 2013, in Saint Petersburg at
the Lenexpo exhibition complex
located on Vasilyevsky Island. A
number of hotels are located in
direct proximity to the Congress
venue. The Congress delegates will
be offered special Congress room
rates.

St. Petersburg is one of the most
beautiful cities in Europe with rich
cultural and scientific traditions.
The delegates to the 38th FEBS
congress will have an opportunity
to visit the Hermitage museum,
as well as numerous other famous
landmarks in St. Petersburg and
its suburbs, and to enjoy a classical
ballet program.

We believe you can only share
our enthusiasm for the Congress,
and we exort all members of the
scientific community to participate
in this momentous event. Should
you need further information,
please follow the links on our web-
site www.febs-2013.org.

Here is the program of plenary
lectures at the Congress:

July 6,17.00—18.00

Jules Hoffmann, UPR 9022 du
CNRS, Institut de Biologie Molécu-
laire et Cellulaire, Strasbourg,
France

“Evolutionary perspectives of in-
nate immunity”

July 7,11.00-12.00

Aaron Ciechanover, Tumor and
Vascular Biology Research Center,
The Rappaport Faculty of Medicine
and Research Institute, Technion —
Israel Institute of Technology, Hai-
fa, Israel

“The end of the polyubiquitin chain
as the hallmark proteasomal signal”

July 7,12.00—13.00

Yuri Ovchinnikov Lecture

John E. Walker, MRC Mitochondrial
Biology Unit, Cambridge, UK

VOL.5 Nel(16) 2013 | ACTA NATURAE |7



July 7,14.30-15.30

Theodor Blicher Lecture

Kurt Wiuthrich, The Scripps Re-
search Institute, La Jolla, Califor-
nia, USA

“Structural genomics with soluble
and membrane proteins”

July 7,15.30-16.30

Ada E. Yonath, The Helen and Mil-
ton A. Kimmelman Center for Bio-
molecular Structure and Assembly
Structural Biology Department,
Weizmann Institute of Science, Re-
hovot, Israel

“An ancient chemical bonding ma-
chine functioning nowadays”

July 8,11.00-12.00

Lecture of International Union Bio-
chemistry and Molecular Biology
Jack W. Szostak, Howard Hughes
Medical Institute; Harvard Medi-
cal School; Massachusetts General
Hospital, USA

“The origin of cellular life and the
emergence of Darwinian evolution”

July 8,12.00-13.00

Special Science and Society Lecture
Gottfried Schatz, Biozentrum, Uni-
versitat Basel, Switzerland

“What it takes to succeed in sci-
ence — and what Europe should do
for its young scientists”

July 8,14.30—-15.30
FEBS Journal Award Lecture

8| ACTANATURAE| VOL.5 Ne 1 (16) 2013
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July 8,15.30-16.30
FEBS Letters Young Group Leader
Lecture

July 9,11.00-12.00

Chris Walsh, Department of Biolog-
ical Chemistry & Molecular Phar-
macology, Harvard Medical School,
Boston, MA, USA

“The chemical logic and enzymatic
machinery of natural product as-
sembly lines”

July 9,12.00-13.00

Susumu Tonegawa, RIKEN-MIT
Center for Neural Circuit Genetics,
Department of Biology, USA
“Engrams for genuine and false
memories”

July 9,13.30-14.30

Prakash Datta Lecture

Roger D. Kornberg, Stanford Uni-
versity Medical School, Depart-
ment of Structural Biology, Stan-
ford, USA

“The molecular basis of eukaryotic
transcription”

July 9, 14.30-15.30
Women in Science Award Plenary
Lecture

July 10,11.00—12.00

Hans Krebs Lecture

Richard Roberts, New England Bio™
Labs, Ipswich, MA, USA
“Bacterial methylomes”

July 10,12.00-13.00

Pavel Georgiev, Institute of Gene
Biology, Russian Academy of Sci-
ences, Moscow, Russia
“Chromatin insulators and long-
distance interactions”

July 10, 14.30-15.30

Robert Huber, Max-Planck-In-
stitut fiir Biochemie, Emeritus-
gruppe Strukturforschung, Mar-
tinsried, Germany; Technische
Universitat Miinchen, Fakultat
fiir Chemie, Garching, Germany;
Universitat Duisburg-Essen, Zen-
trum flir Medizinische Biotech-
nologie, Essen, Germany; Cardiff
University, School of Biosciences,
Cardiff, UK

“Proteases and their control in
health and disease”

July 10, 15.30-16.30

Sidney Altman, Department of Mo-
lecular, Cellular and Developmental
Biology (MCDB), Yale University,
New Haven, Connecticut, USA
“Antibiotics: present and future”

July 11,12.30-13.30

EMBO Lecture

Jean-Marie Lehn, ISIS, Université
de Strasbourg, France
“Perspectives in chemistry: From
supramolecular chemistry towards
adaptive chemistry”



Pulsed Electron Double Resonance in
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ABSTRACT This review deals with the application of the pulsed electron double resonance (PELDOR) method
to studies of spin-labeled DNA and RNA with complicated spatial structures, such as tetramers, aptamers, ri-
boswitches, and three- and four-way junctions. The use of this method for studying DNA damage sites is also

described.

KEYWORDS pulsed electron double resonance (PELDOR); spin-labels; DNA; RNA; oligonucleotides.

INTRODUCTION. FOUNDATIONS

OF THE PELDOR THEORY

Pulsed electron double resonance (PELDOR), or DEER
(abbreviation used for pulsed electron double resonance
or double electron-electron resonance; the former ab-
breviation is used hereinafter), which was developed
at the Institute of Chemical Kinetics and Combustion
(Siberian Branch of the Russian Academy of Sciences)
in 1981 [1], is today considered the most popular EPR
method. It is widely used in structural studies of sys-
tems containing paramagnetic centers.

Reviews that cover the PELDOR theory and pro-
vide examples of its application to structural investi-
gations are published virtually every year. Only the
works that have been published over the past 5 years
are mentioned here [2—8]. The most significant success
in the research into biomacromolecules using PEL-
DOR has been achieved undoubtedly due to the de-
velopment of effective methods of site-directed spin
labeling. Many of these works cover investigations of
DNA and RNA in specific biochemical systems. How-
ever, these efforts are only briefly discussed in the
reviews [2—8] and only in combination with the other
examples of PELDOR application. This review aims to
present the results of PELDOR application in struc-
tural studies of the important classes of biomacromol-
ecules, DNA and RNA, in a systematic manner. The
review covers studies that were carried out mostly
during the period between 2003 and the first half of
2012.

Two spin labels are typically introduced into mole-
cules for PELDOR investigations. Nitroxide radicals are
usually used as labels. The dipole and exchange mag-
netic interactions between the labels contain informa-
tion regarding the distances between the labels, their
mutual orientation, the aggregation and complexation
of labeled molecules, and the spatial distribution of
the spin labels in the investigated system. What makes
PELDOR so important and unique is the possibility of
using it in systems of randomly oriented particles.

Let us provide the most important information on
the PELDOR theory required for the analysis of PEL-
DOR results in this review. Detailed information re-
garding the PELDOR theory can be found in [2, 4, 9],
and a description of methodological questions and PEL-
DOR spectrometers can be found in [10].

The magnetic dipole—dipole interaction between the
A and B spin labels is determined by a dipole frequency
[4,9,11]:

w, =2v, = (1-3cos’0)+J . (1)

dd

\:wlg

Here, D = 327 rad nm?/ps is the dipole—dipole inter-
action constant, r is the interspin distance, 0 is the angle
between the direction of the external magnetic field
and the vector connecting the spins, and J is the ex-
change integral. Three-pulse PELDOR (3pPELDOR) is
used to determine the dipole frequency and, hence, the
distance between the spins. This sequence is shown in
Fig. 1A and consists of 2 types of pulses at the frequen-
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cies v, and v,. Pulses it/2 and 7 at the frequency v, act-
ing upon the spins A in the EPR spectrum (Fig. 1B) are
used to form the spin echo signal, which is then used to
detect the PELDOR effect. The interval T between the
pulses at the frequency v, is fixed. The pumping pulse
m at the frequency v, which acts on the spins B with
a delay T counted from the first /2 pulse, lies in this
interval. The pumping pulse changes the orientation of
the spins B, resulting in a change in the dipole interac-
tion between the spins A and B. This change is recorded
as the decay of the amplitude of the spin echo signal,
V (T), when the delay T changes in the interval 0 — T.
The time trace V(T) is modulated at the frequency v, ,,
which allows one to determine the interspin distance
r. Modulation in the PELDOR time trace was first ob-
served and investigated in [12, 13].

A four-pulse PELDOR sequence (4pPELDOR) is
also used. Here, an echo signal is formed under the in-
fluence of three pulses /2, m,  at frequency v, and
change in it occurs due to the m pumping pulse, which
is applied in the interval between the second and third
pulses at v,.

The PELDOR time trace for a randomly oriented
pair of spin labels with a fixed r under the approxima-
tion of short microwave pulses is described by the fol-
lowing relationship [4, 9]:

V(r,T)=1-p/f1 = f(r,T)}, (2)

where
r’h
f(r,T) =< cos[((—3(1 ~3cos’ )+ J))T] >. (3
r
Here, p,is the probability of rotation of one of the
spins in a pair when the pumping pulse is applied: <..>/
denotes the averaging on the 0 angle. The integration
of (2) and (3) yields a decreasing function modulated by
attenuating oscillations at frequency v , (Fig. 24, curve
1). A Fourier analysis of this PELDOR time trace yields
a so-called Pake dublet (Fig. 2B), which allows one to
obtain data on the distance r and the exchange integral
J [4, 9], since

V=

=12y, =L v=[v, + I (4)

At rather large time periods (T—), the function
V(r,T) approaches the limit value V, (Fig. 24),

N-1
v, =(1-p,)  =1-(N-1)p, (5)
whose value is determined by the number (N) of
dipole—dipole interacting spins [4, 9], which enables to

determine the number of spin-labeled molecules in the
aggregates and the complexes.

10| ACTA NATURAE| VOL.5 Ne1(16) 2013

PELDOR signal

v v
A A VA

V(1)

T time

spins B
spins A

Vg V. frequency

Fig. 1. (A) 3p PELDOR pulse sequence. The spin echo sig-
nal is the result of the action of two pulses at frequency v, .
When the third pumping pulse at v, acts on the spin sys-
tem, the PELDOR effect arises and can be registered as a
time scale function, V(T). (B) The positions of the pumping
(B) and registration (A) pulses in the EPR frequency scale

The maximum distance that can be measured us-
ing PELDOR is determined as the maximum time of
the phase relaxation in the spin system under study
and typically lies in a range of ~ 8nm. The minimum
distance depends on the duration of the pumping pulse
and is typically ~ 1.5 nm under optimal experimental
conditions [4].

The distance between a spin-label pair can remain
unfixed for different reasons. In this case, a distance
distribution function F(r) between the labels (dis-
tance spectrum) is introduced, which is determined as
F(r)=dn(r)/dr, where dn(r) is the fraction of spin-label
pairs with the distance between the labels in a pair in
the range between r and r+dr. In the case of continuous
distance distribution, the function describing the PEL-
DOR time trace can assume the following form [14]:

V(T)=V,+(=V,)p, [ F(r)f(r.,T)dr. (6)

The limits of integration r and r, in (6) restrict the
physically reasonable range of distances between spin
labels. Expression (6) is a first-kind Fredholm equation
whose solution is unstable due to the inaccuracies in the
experimental value V(T). The calculation of F(r) basical-
ly reduces to a solution of the inverse problem using the
Tikhonov regularization techniques [15]. Meanwhile,
one should bear in mind that the unstable properties
of the solution to the equation are not eliminated. The
methods for estimating the distance distribution func-

tion in radical pairs from experimental PELDOR data
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1.0 A
0.8 2
0.6

0.4 1
0.2

0.0
-0.2
-0.4

V(v,T)

v/t Vv,) P

0 5 10 15 20
v, T

dd

I
F(r)
>

0]
2V|

Fig. 2. A— The PELDOR time trace V(T) modulated at

the (v, +J) frequency (curve 1) and its limiting value V_ at
T—00. The exponential PELDOR tfime trace for paramagnet-
ic particles uniformly distributed in the volume (curve 2).

B — Fourier conversion of the modulated PELDOR time
scale (J = 0). C — The distance distribution function (dis-
tance spectrum) F(r), r,= distance in radical pairs, A — half
width at half height of F(r) function

were developed in [16—19], and the method for three
spin labels was shown in [20]. The program for estimat-
ing F(r) using the PELDOR time trace was provided in
[21]. The maximum of the function F(r) corresponds to
the distance between the spin labels r,, and its width A
corresponds to the spatial distribution of the distances
(Fig. 2B). Let us note that in accordance with (5) and (6),
estimation of F(r) enables to independently determine
N (the number of spins in a group).

Two types of dipole interactions exist in real systems
containing spin groups: those between the paramag-
netic centers within a group (V(T),;,,) and those be-
tween the paramagnetic centers of different groups
(V(T),pr)- The dipole interaction within the pairs or in-
side specific groups of spin labels was discussed above.
If these interactions are considered independent, then
the entire function describing the time trace V(T) can
be written as [4, 9]:

V(T)=V(T).... V(T)

INTRA INTER. (7)

In most cases, PELDOR is used to investigate sys-
tems of spin labels or groups of labels which are uni-

formly distributed over a volume. The PELDOR time
trace for paramagnetic centers randomly distributed
over a three-dimensional space can be described using
the exponential function [4]
1% (T) = V(0)exp[—2p,Aw

INTER

Tl = V(0)exp[-aT4%], (8)
where Ao, , = 8.2 x 10*C, cm*s™ is the dipole band-
width, and C is the concentration of the paramagnetic
centers (in cm™). In general, the a and A values depend
on the spatial dimensions. For instance, A = 3 for a 3-di-
mensional space (Fig. 24, curve 2), A = 2 for a plane,
and A =1 for a line [4, 9]. The a and A values can be also
calculated for more complex situations of spatial dis-
tribution of paramagnetic centers [22]. The comparison
of the experimentally determined and the estimated a
and A values opens the doors to investigating the fea-
tures of spatial distribution using PELDOR.

The techniques based on recording the exponential
time trace V(T),, ., and its dependence on the concen-
tration of paramagnetic centers, which enable separa-
tion of V(T),,zz @and V(T) for further analysis, have
been devised [23, 24].

The pulses A and B act selectively in the different
narrow frequency ranges of the EPR spectrum. The
orientational selectivity of the effect of microwave
pulses on the spin system emerges if the value of the
anisotropy of the magnetic-resonance parameters of
the paramagnetic centers is relatively high (like that
for nitroxide spin labels). This selectivity means that
the radicals differently oriented in space are excited to
different extents by the echo forming pulses and by the
pumping pulse. The theoretical analysis and the experi-
mental data demonstrated that the data on the mutual
orientation of spin labels and their orientation relative
to the vector r, which connects a label pair, can be ob-
tained from PELDOR time traces. The measurements
should be carried out while varying the positions of the
A and B pulses in the spectrum or Av,, [25—27]. The
scheme for conducting these experiments for a typical
EPR spectrum obtained for a nitroxide spin label in the
X-band is shown in Fig. 3.

The contemporary PELDOR theory and experimen-
tal techniques allow one to obtain and study the struc-
ture and properties of numerous biologically important
molecules. The results of DNA and RNA studies using
this method are discussed below.

INTRA

PELDOR STUDY OF SPIN-LABELED DNA AND RNA

Spin labels for DNA and RNA

The development of site-directed spin labeling has
enabled to elaborate a wide range of EPR spectrosco-
py applications in biochemistry and biophysics. These
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comprise the determination of the elements of the sec-
ondary and tertiary structures of membrane proteins,
including the environmental influence; research into
the orientation and motion of separate protein frag-
ments under physiological conditions; detection of the
conformational transitions in the functioning of mem-
brane protein complexes; etc.

These investigations are usually performed using con-
ventional stationary EPR methods and are published
regularly in a series of collected articles entitled Biologi-
cal Magnetic Resonance edited by L. Berliner et al. (a total
of 28 books had been published by 2011). Let us discuss
only the articles dealing with the application of PELDOR
for the structural investigation of DNA and RNA. The
results of the first experiments in this field were pub-
lished in volumes 19 and 21 of this series [28, 29].

The elaboration of efficient methods for the synthe-
sis of site-directed spin-labeled biologically important
compounds was the most significant stage in these ex-
periments and made them feasible. The reviews [30—32]
discuss a series of methods that resolve this problem
for nucleic acids and oligonucleotides. A brief review
devoted to spin labeling of DNA and RNA has recently
been published [33].

2,2,6,6-Tetramethylpiperidine-N-oxyl (TEMPO),
2,2,5,5b-tetramethyl-pyrrolin-1-oxyl-3-acetylene
(TPA), and 2,2,6,6-tetramethyl-3,4-dehydropiperid-
in-N-oxyl-4-acetylene (TEMPA) are the most popular
spin labels used to label proteins and nucleic acids:

TEMPO TPA TEMPA

An unpaired electron in these molecules is localized
on the N-O-fragment.

In the first studies, the label was introduced into the
CbH position of the uracil residue of the nucleic acid [34].
Since the limitation of the conformational mobility of
spin labels increases accuracy in distance determina-
tion using PELDOR, rigid linkers have recently been
used to introduce spin labels into nucleic acids. The So-
nogashira method, which is based on the replacement
of iodine in the organic compound with an alkynyl resi-
due, is one of such methods commonly used today [35,
36]. The reaction is catalyzed by Pd(II) and Cu(I) salts.
For the nucleic acids, TPA and TEMPA residues are
introduced into the C5 position of iodouridine via reac-
tion A [34, 37—40] giving rise to adducts.
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Reaction A:

or or

or

where Rib is the ribosomal residue.

This technique enables to introduce spin labels both
into the monomers used in the phosphoramidite meth-
od for oligonucleotide synthesis and into the complete
ribo- and deoxyribo-oligonucleotides. In the course of
the ribooligonucleotide synthesis, the TPA spin label is
also introduced into the adenine and cytosine residues
containing protected amino groups via the Sonogashira
reaction [41].

Azide-alkyne cycloaddition, known as “click chem-
istry,” is also commonly used today to introduce spin
labels into oligonucleotides [42]. In this case, the spin
label is introduced into the oligonucleotide via the
Cu(I)-catalyzed reaction between the acetylene group

AXX
A
Yy
1.0 ”
A B
Av,,
5 0.5
(0]
>O
0.0
338 340 342 344 346 348 350 352
HD,mT

Fig. 3. Schematic representation of the experiments on
orientation selectivity measurements for the nitroxide spin
labels. The EPR spectrum shape is the function of the main
anisotropic hyperfine tensor elements A, A A A and
B denote the recording and pumping pulses. PELDOR
time traces V(T)recorded at different Av . fixed on the A
component of the EPR spectrum
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(incorporated into the heterocyclic base at the C7 po-
sition of 7-deazaadenine or the Cb position of uracil)
and 4-azido-TEMPO in solution [43], or in the course of
solid-phase synthesis of oligonucleotides [44] coupled
with adduct formation.

Reaction B:

or

or

This reaction is stereospecific, characterized by a
high yield, and is used to synthesize spin-labeled DNA
and RNA.

Linear duplexes of nucleic acids

The structures of 12-bp (base pairs) duplexes (RNA1)
and 15-bp - duplexes (RNA2) were investigated in
work [45]. The TEMPO labels were introduced into the
2’-NH,-groups of ribose in uridine (U) residues via the
reaction with TEMPO isothiocyanates:

RNA1:

The modulated PELDOR time trace was recorded
only for RNA1. The distance between the spin labels
(3.5 = 0.2 nm) was determined by Fourier analysis. Only

DNA1

DNA2

DNA3

V rar @-U.

DNA4
DNA5S

0 500 1000 1500 2500 3000

T, ns

2000

Fig. 4. PELDOR time traces V, .. for five spin-labeled
DNA [46]. (Reproduced by permission from the Ameri-
can Chemical Society:[Schiemann, O., Piton, N., Mu Y.,
Stock, G., Engels, J.W., Prisner, T.F. (2004) Am. Chem.

Soc. 126, 5722-5729], copyright 2004)

the exponential PELDOR time trace was recorded for
RNA2, which was testament to the uniform distribu-
tion of the spin labels. This means that no duplexes
were formed between the spin-labeled oligonucleotides
of RNA2 in a water solution (buffer 0.1 M NaCl, 0.01 M
Na-phosphate, 0.1 mM Na,EDTA, pH 7.2) at a concen-
tration of 0.3 mM. This fact suggests that intramolecu-
lar hairpin structures could have formed, the process
being predominant over the bimolecular process of du-
plex formation.

The distances between the TPA spin labels intro-
duced via the reaction A into the residues of 2’-deoxy-
uridine (U) of the DNA duplex helices were determined
using the 4pPELDOR [46]. The labels were introduced
into the U residues located at 5 different positions in the
duplex, so that the number of bases between the labels,
n, was different: n =0, 2, 8, 10, 12, respectively, for the
DNA1-DNADS5; for instance (spin-labeled U residues are
in shown in bold):

DNAL

DNAS5

Frozen (35 K) aqueous buffer solutions of the du-
plexes with the addition of 20% ethylene glycol for
vitrification were investigated. The modulation of the
PELDOR time trace was recorded for all DNA mole-
cules (Fig. 4). The period of beating of the time traces
increased with an increase in the distance between the
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0=90"~7.4 MHz

line intensity

0=0°~14.8 MHz

-20 15 -10 -5 0 5 10 15 20
frequency, MHz

Fig. 5. Fourier spectrum of V, .. for DNA-1. Lines at v,

(06=190°) and v, (0=10°).[46]. (Reproduced by permis-
sion from the American Chemical Society:[Schiemann,
O., Piton, N., Mu Y., Stock, G., Engels, J.W., Prisner,
T.F. (2004) Am. Chem. Soc. 126, 5722-5729], copyright
2004)

spin labels. The Fourier spectra in all the cases had the
shape of Pake doublets. An example of this doublet for
DNAL1 is shown in Fig. 5. The lines in this doublet (at a
frequency of 7.4 and 14.8 MHz) correspond to a paral-
lel (6 = 0°) and a perpendicular (6 = 90°) orientations of
the vector connecting the spin labels r relative to the
direction of the external magnetic field. The distance
between the labels can be determined using the ratios
(1) and (4). In this case, r = 1.92 nm and the J-exchange
integral is equal to 0.

The distances determined from the Fourier spectrum
for DNA2-DNAS were equal to 2.33, 3.47, 4.48, and 5.25
nm, respectively. These distances for the investigated
spin-labeled DNA were calculated using molecular
dynamic (MD) simulations [46]. The results of a com-
parison of the theoretical and experimentally obtained
values listing all probable errors are shown in Fig. 6.
The correlation coefficient of these results is equal to
0.997, which is believed [46] to support the existence of
B-conformation in the duplex helix in frozen aqueous
solutions. A detailed comparison of the PELDOR and
FRET (fluorescence resonance energy transfer) [46]
methods demonstrated that these methods comple-
ment each other in the investigations of spin-labeled
systems.

Six TPA-labeled RNA duplexes were synthesized
[41]. A sufficiently deep modulation recorded for the
PELDOR time traces enabled to calculate the distri-
bution function, F(r), and accurately determine the
distances in the duplexes, which lie in a range from
1.93 £0.12 to 3.87 = 0.13 nm, depending on the number
of base pairs between the labels. The comparison of the
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Fig. 6. Correlation of the distances r,, obtained by
PELDOR experiment and MD calculations [46]. (Re-
produced by permission from the American Chemical
Society:[Schiemann, O., Piton, N., MuY., Stock, G.,
Engels, J.W., Prisner, T.F. (2004) Am. Chem. Soc. 126,
5722-5729], copyright 2004)

experimental results in [41] and [46] with the results of
a measurement of the distances in DNA demonstrated
that given an identical number of base pairs, the dis-
tances between the labels in DNA and RNA located
in different helices of the duplex are different. Hence,
when the labels are located in bases at a distance
of 10 bp, these values are equal to 4.48 = 0.5 nm and
3.87 £0.13 nm in DNA and RNA, respectively [41]. This
difference cannot be accounted for by a measurement
error; it corresponds to two different conformations:
the A-form in RNA and the more stretched B-form in
DNA. It turned out that the results obtained were in
close agreement with those obtained by MD simula-
tions; the correlation coefficient was 0.976 [41]. The au-
thors believe that this result shows that the DNA and
RNA duplexes maintain their conformations in frozen
(40 K) aqueous phosphate buffer solutions.

In the paper of Q. Cai et al. [47], the TPA labels were
introduced via a methylene linker not into a heterocy-
clic base but into the phosphorothioate groups at spe-
cific positions of the sugar-phosphate backbone. The
duplex formed from polynucleotides labeled at differ-
ent positions enabled one to measure the distances be-
tween arbitrary points of DNA duplexes. The samples
prepared in this manner (the measurements were taken
at 50 K in frozen aqueous solutions of DNA duplexes)
were used to determine eight interspin distances in a
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Fig. 7. PELDOR-measured distance spectrum change after
TFE was added to a water solution of a 4; 18 labeled DNA
duplex. [49]. (Reproduced by permission from John Wiley
& Sons, Inc.: [Sicoli, G., Mathis, G., Delalande, O., Bou-
lard, Y., Gasparutto, D., Gambarelli, S. (2008) Angew.
Chem. Int. Ed. 47, 735-7371], copyright 2008)

12 bp DNA duplex by PELDOR on the basis of the posi-
tion of the maximum values of the distance spectrum.
The minimum and maximum distances were equal to
2.56 and 3.88 nm, respectively, for DNA. According to
the authors, this method of labeling is not limited by
the polynucleotide length [47]. The data for a 68bp-
long DNA fragment containing labels located opposite
each other at a distance of 9 nucleotides from one end
of the duplex are provided in this article. The distance
measured using PELDOR (2.52 nm) was equal to that
obtained with MD simulation (2.5 nm).

Q. Cai et al. [47] also compared the results of the
PELDOR measurement with those calculated using
NMR spectroscopy, which takes into account the prob-
able conformations of the DNA under study, and found
an excellent correlation (R*= 0.98) between the PEL-
DOR and NMR measurements . They believe that the
method proposed for label introduction can be widely

used in structural studies of DNA— and RNA—protein
complexes.

An investigation very similar to [47] is described in
[48], where spin labels were introduced into phospho-
rothioate groups of RNA; six sets of interspin distances
ranging from 2.5 to 4.72 nm were compared to the X-
ray data. A positive correlation between these meas-
urements was found (R>= 0.97). This fact indicates that
the introduction of a label does not significantly alter
the RNA structure.

It was shown in the investigations described above
that the methods developed for spin labeling of line-
ar DNA and RNA duplexes allow an appreciably ac-
curate (~ 1%) determination of the distance between
the spin-labeled nucleotides. The strict correlation be-
tween the PELDOR and MD results is of significance.
The MD simulations were typically carried out at room
temperatures and for aqueous solutions; the PELDOR
measurements were carried out using rapidly frozen
vitreous solutions. It can be concluded that the confor-
mations existing in DNA and RNA molecules at room
temperature is instantaneously fixed as the molecules
froze. This fact substantiates future PELDOR studies
of DNA and RNA in different environments or in the
course of various interactions and reactions.

The inter-nucleotide distance changes in a transi-
tion from the B- to the A-conformation of DNA. This
change was recorded and studied using PELDOR [49].
In this case, spin-labeled complementary DNA duplex-
es were investigated:

The 4-amino-TEMPO label was introduced into the
N2 atom of the guanine residue located either in the
same (top) helix (positions (4; 19), (4; 20)) or in both heli-
ces. In the latter case, the labels occupied the positions
(4;147) or (4; 18") in different helices.

The transition between the B and A forms of DNA
occurs in polar media. The spin-labeled DNA duplexes
were investigated at 60—70K in an aqueous buffer with
the addition of 10 vol. % glycerol (as a cryoprotectant).
Trifluoroethanol (TFE) was added to stimulate the
B~ A transition. The changes in the distance spectrum
in response to the changes in the volumetric content
of TFE are shown in Fig. 7. The B-form is converted
into the A-form at a TFE concentration exceeding 70%.
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Table 1. Experimental and calculated distances between
the spin labels (nm) for the A- and B-form of DNA

B-form, O—0O A-form,

DNA . ) O—0 dis-
PELDOR | distance, MD | PELDOR

duplex . tance, MD

aloulz o calculation
(4:20) |56 = 02| 56 =03 |48 = 02| 45 = 04
(4;19) |51 = 0.2 51 = 0.3 46 = 03| 44 = 04
(4;18") (49 = 02 48 = 04 43 = 03| 42 =04
(4,14 |32 =02 36 =03 28 = 03| 33 %03

The difference between the average distances for the
A- and B-forms is 0.8 nm. The interspin distances for all
the investigated samples of DNA in the A- and B-forms
are shown in Table 1. The MD simulation values for the
distances between the oxygen atoms of the >NO groups
of the spin labels in the investigated duplexes are also
provided for comparative purposes.

According to [49], PELDOR sensitivity in distance
determination in the nanometric range is considerably
higher than that for any other method, such as station-
ary EPR or circular dichroism (CD). This fact justifies
the investigation of the transitions between different
conformers of the A- and B-forms of RNA and DNA
under various conditions of molecular environment and
polarity.

It was shown using an MD simulation [50] that locali-
zation of the TPA spin label in the major DNA or RNA
groove results in a change in the mutual orientation of
the base pairs in the molecule. This effect is less signifi-
cant for the labels located in the minor groove. None-
theless, the conformational changes that occur during
the incorporation of the labels into DNA or RNA should
be taken into account when interpreting the orienta-
tional effects in PELDOR.

The distances between the spin labels in 4 hybrid
DNA/RNA-duplexes were measured [51]. The TPA
spin labels were incorporated into the heterocyclic bas-
esin such a way that they were oriented towards either
the major or the minor groove of the duplex. This al-
lowed one to choose between the A- and B- conforma-
tions of the hybrid. The B-conformation was found in
50% of the cases, and the A-conformation typically oc-
curred in the rest of the cases. During the interaction of
sufficiently long DNA and RNA duplexes with proteins
and membranes, formation of conformational bending
and disruptions of the linear structure, as well as the
emergence of differently spatially oriented short du-
plex segments, are likely to occur. This heterogeneous
system was formed using mixtures of DNA duplexes
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Fig. 8. Molecular model showing the positions of spin
label pairs for the distance measured in [52]. (Reproduced
by permission from John Wiley & Sons, Inc.: [Ward, R.,
Keeble, D.J., EI-Mkami, H., Norman, D.G. (2007) Chem-
BioChem. 8, 1957-1964], copyright 2007)

of identical length with spin labels incorporated into
different segments [52]. The spin labels in the present
work were introduced into the 2’-amino groups of urid-
ine residues in the DNA duplexes in a stepwise manner
via a reaction with isocyanate TEMPO in such a man-
ner that the interspin distances were equal to 9, 12, 15,
18 or 21 bp:

5' -CGCU CAJ CAU G&U CCU CAT TGTI ACT AGC 3'
3' - CGA GCA GTA CCA GGA GTA ACA TGA UCG 5'

(spin-labeled nucleotides are shown in bold).

A total of five double spin-labeled duplexes were
synthesized. The optimally prepared samples (DNA so-
lutions frozen at 77 K were studied) for the X-band of
the PELDOR spectrometer (relatively high signal-to-
noise ratios, long relaxation time T,~ 8 ps) contained
12.5X 107° mol 1! of the DN A duplex in a 50% solution of
deuterated ethylene glycol in D,0. The spin-label pairs
(with the distances between them determined in dif-
ferent duplexes) are schematically shown in Fig. §.

The PELDOR time trace was recorded; the distance
spectrum estimated using Tikhonov’s regularization
method were analyzed [15]. Six interspin distances in
the range from 2.8 to 6.8 nm were determined. The re-
sults of the study of the mixtures containing the afore-
mentioned spin-labeled duplexes are of particular in-
terest (Fig. 9). It was ascertained [52] that for a mixture
of two different duplexes, deconvolution of a composite
function F(r) through the introduction of the distribu-
tion function in the form of a Gaussian curve for each
duplex allows one to determine the average distance
in each duplex and its concentration in the mixture
with good accuracy. Meanwhile, certain difficulties
arise during the analysis of the F(r) of mixtures con-
taining large numbers of duplexes. These difficulties
are apparently connected with both the inaccuracies
and ambiguities in the solution of the inverse problem
of recovery F(r) from the time trace V(T), as well as
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F(r)

r, nm r, nm
Fig. 9. Investigation of spin-labeled DNA mixtures [52].
The distance distribution spectra are shown for a mix-
ture of the DNA duplex labeled at distances 2.8 nm and
4.1 nm; A — at a 3:1 ratio; B — at a 1:3 ratio.(Reproduced
by permission from John Wiley & Sons, Inc.: [Ward, R.,
Keeble, D.J., El-Mkami, H., Norman, D.G. (2007) Chem-
BioChem. 8, 1957-1964], copyright 2007)

with the probable transformations under the influence
of such factors as stacking interactions in the complex
mixture, which changes the spatial geometry of the
duplexes [52].

The duplexes containing AA and TT mismatches
(non-canonical pairs) were studied in [53]. Two TEMPO
spin labels were introduced via the reaction of cata-
lyzed cycloaddition (“click chemistry”) into one of the
oligonucleotides on each side of the mismatches:

* *
5' - d( TAGGTCAXYACT) - 3'
3' - d( ATCCAGTZWIGA) - 5' ,

where A is 7-deazaadenozine containing the TEMPO
spin label at C7; XY is the noncanonical pair dA x dA or
dT x dT at positions 8 or 9 of the duplex. The distance
between the spin labels in the canonical duplex, when
XY/ZW = AT/TA, was 1.83 nm. The distance between
the unpaired electrons in the duplexes TT/TA and AT/
AA containing the TT or AA noncanonical pair at po-
sition 8 was 1.73 nm. The distances between the spin
labels were 1.87 and 2.08 nm if the duplexes contained
noncanonical pairs (AT/TT and AA/TA, respectively)
at position 9. Thus, the introduction of a noncanonical
pair into position 8 reduces the interspin distance, while
the introduction into position 9 increases it as compared
to the canonical duplex. Therefore, the DNA mismatch
formation affects the structure of the adjacent base
pairs, thus causing their convergence or divergence.
The DNA duplexes containing three TEMPO spin
labels were also studied [54]. These Y labels were at-
tached to the C5 atom of the uridine residue of the

2.5

2.0

F(r), a.u.

0.5

0.0

r, nm

Fig. 10. Distance distribution function F(r) for the tri-
labeled DNA duplex (arrows 1, 2, 3) and the same after
treatment with Endo IV resulting to double-labeled DNA
cleavage (arrow 4) [54]. (Reproduced by permission

from John Wiley & Sons, Inc.: [Flaender, M., Sicoli, G.,
Aci-Seche, S., Reignier, T., Maurel, V., Saint-Pierre, C.,
Boulard, Y., Gambarelli, S., Gasparutto, D. (2011) Chem-
BioChem. 12, 2560-2563], copyright 2011)

alkynyl-oligonucleotide using the “click chemistry” ap-
proach. Tetrahydrofuran X insertion (THF damage, see
Tables 3 and 5 below) was also introduced into one of
the DNA strands in addition to two spin labels. Hence,
the original system in the buffer solution contained
three spin labels and one damaged site.

The PELDOR time traces in this 3-spin system were
analyzed using the conventional procedure [21], which
was modified for the 3-spin system [20]. As was ex-
pected, the distance spectrum in this system consisted
of three lines with the peaks corresponding to the dis-
tances of 2.50, 3.15, and 4.60 nm and the widths of 0.05,
0.45, and 0.75 nm, respectively (Fig. 10).

The interaction between this DNA duplex and apu-
rinic/apyrimidinic endonuclease IV isolated from Es-
cherichia coli (EndolV) was also investigated [54]. DNA
degradation is known to occur under the influence of
EndolIV [55] at the apurinic/apyrimidinic (AP) sites
and at the AP site analogs containing tetrahydrofuran
(THF) residues instead of ribose. Duplex dissociation
occurs at the THF residue, yielding a duplex contain-
ing only two spin labels and a DNA fragment with one
label and a THF residue:
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A single line (Fig. 10) was detected in the distance
spectrum after denaturation during the investigation
of the PELDOR time traces (with the maximum at 3.20
nm and a width of 0.75 nm), which was attributed to
the spin-labeled duplex that remained after the deg-
radation.

The results obtained demonstrate the potential for
using PELDOR in the investigation of 3-spin DNA sys-
tems and, more importantly, expand the range of sys-
tems that can possibly be used for the analysis of the
mechanisms of interaction between DNA and proteins
and enzymes.

The data concerning the distances between the spin
labels, as well as their mutual orientation, can be de-
termined by studying the orientational selectivity us-
ing PELDOR spectroscopy. Orientation selectivity was
investigated in [25—27, 56]. A special rigid spin label C
was developed to study DNA [57]. It was rigidly bound
to cytosine, which in turn was rigidly oriented and
fixed by hydrogen bonds with the corresponding com-
plementary base in the DNA structure:

In accordance with the DNA structure, label planes
are coplanar to the nucleotide pairs in DNA. Thus, the
normal vectors to the label plane are parallel to each
other (Fig. 11A), and the B angle between the vector
r connecting the labels and the normal to the plane of
different labels will be the same. This finding made it
possible to analytically determine this angle from the
PELDOR time traces recorded at different frequencies
of recording A and pumping B pulses; i.e., at different
Av, .. A detailed theory of this analysis and the experi-
mental results are provided in [56]. The PELDOR time
traces in the X-band of the EPR were measured for
different frequency difference values (Av, ) in a range
from 90 to 40 MHz with a 10 MHz increment. The po-
sition of the second label in the investigated series of
DNA samples varied from N3 to N14 (Fig. 11A). The re-
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sults obtained for angle 3 in DN A with varied positions
of the labels are provided in Fig. 11B. It is clear that the
angle estimated from the geometry of the DNA duplex
fully corresponds to the experimentally obtained angle
value. The obtained results create possibilities for in-
vestigating the orientation of spin labels in structures
that are more complex than simple linear single- and
double-stranded DNA and RNA.

The dynamic properties of nucleic acid molecules are
of significance for understanding the kinetics and the
mechanisms of cellular processes, such as replication
and transcription, when DNA is twisted and bent upon
the interaction with protein active centers. One of the
urgent problems of modern biophysics is the investi-
gation of the mechanisms of the molecular dynamics
of nucleic acids. It was believed at the early stages of
theoretical and experimental research that the dynam-
ic properties of DNA duplexes can be described using
the elastic cylinder model [58]. Various modern physi-
cal methods used to study the mechanisms of mobility
of DNA helices [59—61] allow one to determine at least
three types of possible motion, including change in the
helical pitch without any changes in the helix radius
(A), change in the helix radius with a constant helix
pitch — elongation and twisting (B), and bending of the
helix without changes in the radius and the pitch (C).

We have repeatedly mentioned before that the
linewidth in the distance spectrum obtained in the
PELDOR experiments at low temperatures in frozen
glasses correlates with the spectrum of the possible
conformational states of the spin system estimated for
that same system using modern MD methods in liquids.
This means that PELDOR provides snapshots of the
dynamic situation for a given molecular system.

A. Marko et al. [62] used these features of PELDOR
to separate the A, B and C mechanisms by studying the
conformational flexibility of double spin-labeled DNA
(20 nucleotides). Rigid spin labels C were incorporated
into the duplex nucleotides. The paired labels were in-
troduced into 10 duplexes in such a way that the posi-
tion of one of them was fixed at one end of the duplex,
and the distance R to the other labels was consistently
increased for each pitch of the helix. The PELDOR
measurements were carried out at the frequencies of
the X-band (9 GHz) and the G-band (180 GHz). The
PELDOR time traces and their dependency on Av,
for all the duplexes from (1.5) to (1.14) were measured,
the linewidth A = <AR?>!'2for F(r) was determined in
the distance spectrum in the Gaussian approximation
(Fig. 12A). The linewidth was determined by averaging
the orientational selectivity data [26], which eliminate
the correlation between the label orientations when the
distances between them are measured. During the in-
vestigation of the orientational selectivity at different
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pairs were determined using the methods described in
[25—27]. The theoretical computation of the modulated
PELDOR time traces, the linewidth of the F(r) func-
tion, and the mutual orientation of the labels for differ-
ent A, B, C motion models became an important phase
of the investigation.

It was found that the relationship between the width
of the spectrum lines and the position of a label can be
used to interpret the experimental data (Fig. 12B) only
for model B (helix winding). Twisting and stretching
of the helix in this model can be determined from the
data on spin-specific orientation obtained in the course
of the experiments at 180 GHz. It was found that the
angle variation between the relative orientations of the
closest labels in the N—O bond was +£22°.

As mentioned in [62], the results obtained com-
pletely agree with the model of cooperating fluctua-
tions, the so-called model of “respiratory” movements
of the DNA duplex, when the pitch of a helix remains
constant, while the helix radius and the length of the
DNA molecule vary in a correlated manner. Accord-
ing to the PELDOR data, the helix radius changes by
11% and the DNA length can change by * 6%. All these
PELDOR results correlate with the small angle X-ray
scattering data (SAXS) [61] and with the results ob-
tained via fluorescent microscopy [59] for short DNA
polynucleotides. It should be mentioned that the wide
variety of experimental approaches (the unique set of
spin-labeled DNA, studies of the orientational selec-
tivity, measurements carried out in various frequency
ranges) used in this work [62] presumably for the first

6

Position of the 2" label

Fig. 11. (A) Orientation

of spin labels in the DNA

structure. The spin labels

are attached to the base

pairs with the numbers 1 and

5. The principal axis of the
B hyperfine interaction tensor
A_is normal to the labels
planes; angles 3, and (3, are
approximately equal.
(B) Experimental and calcu-
lated dependence
of § = B,= B, on the posi-
tion of the second label [27].
(Reproduced by permission
from The American Physical
Society: [Marko, A., Mar-
graf, D., Cekan, P., Sigurds-
son, S.T, Schiemann, O.,
Prisner, T.F. (2010) Phys.
Rev. E. 81,021911], copy-
right 2010)

8 10 12 14

time demonstrated the potential of this method not
only for structural studies, but for thorough studies of
the dynamics of biomacromolecules as well.

Gd(III) [63—65] or Cu(II) [66] complexes have been
recently suggested for use as labels. These labels are
typically characterized by a rather complex EPR spec-
trum in polyoriented systems. However, when conduct-
ing measurements at high frequencies ~ 30 GHz (K -
range) and at cryogenic temperatures of~ 10 K, in the
case of Gd(III) one line corresponding to the -% - +%
transition prevails in the spectrum; this line is used in
the PELDOR experiments. The structure of the duplex
containing 14 base pairs was investigated using Gd(III)
(Gdb538 and Gd595) complexes as labels incorporated
into the terminal thymidine molecules using the “click
chemistry” method [65]:

5' - (Gd) - d[ TCTACTGCTTTAGA] - 3
3’ - d[ AGATGACGAAATCT] - (Gd) - 5

The measurements carried out by 4pPELDOR dem-

onstrated that the distance between the ions in these
DNA duplexes was approximately 5.9 = 1.2 nm, while
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the width of the distance spectrum line was ~ 2 nm. The
authors [65] believe that the use of these ions can in-
crease the range of PELDOR-measured distances to ~
10 nm, which is significant in the case of the conforma-
tions of complex biomolecules. A relatively large dis-
tance (1.2—1.5 nm) between the ions and the position
at which they attach to the investigated molecule re-
sults in a wide distance spectrum and a decrease in the
measurement accuracy due to the mobility of these la-
bels. This is an obvious drawback of these labels in com-
parison to nitroxide labels. It should be mentioned that
a number of features of the PELDOR analysis methods
for Gd(III) and Cu(II) were thoroughly examined in [65]
and [66].

Nonlinear duplexes and tertiary

structures of DNA and RNA

The secondary structure of DNA and RNA not only
can appear as a linear helix, but can also have more
complex configurations related to the tertiary struc-
ture of biopolymers. Relatively long 180° bent single-
stranded RNA form duplexes with their complemen-
tary segments, while non-complementary segments
form rings, hairpins, and loops, which contain several
nucleotides. The distances in these secondary struc-
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Fig. 12. (A) Three models
of cooperative motion in a
double-stranded DNA mol-
ecule (see text). (B) Distance
spectrum lines found from
the X-band PELDOR data in
a Gaussian approximation for
F(r). The orientation selectivity
for Clabels in DNA duplexes
was studied for spin labels
pairs (shown in brackets).
(C) Experimental spectra line
widths, A = <AR>'/2, upon
the distances between the
labels and the theoretical
calculations for different mobil-
ity types A, B, C. (text). The
minimal A value corresponds
C to the distance between the
1 and 9 labels of DNA [62].
(Reproduced by permission
A from the American Chemical
Society: [Marko, A., Denysen-
kov, V., Margraf, D., Cekan,
C P., Schiemann, O., Sigurdsson,
S.Th., Prisner, T.F. (2011) J.
Am. Chem. Soc. 133, 13375-

9 11 13 15 13379], copyright 2011)

Position of the 2" label

tures differ from those between nucleotides in ordi-
nary helices.

Data on the distances in the hairpin structure of spin-
labeled RNA containing 20 nucleotides was obtained in
[67]. Nitroxide TEMPO labels were introduced into the
NH, groups of guanine, adenine, and cytosine of cer-
tain nucleotides in single-stranded RNA (Fig. 134). The
number of nucleotides between the labels was fixed and
equal to 10. The interlabel distance was determined us-
ing PELDOR during the formation of the complemen-
tary helix of spin-labeled and non-labeled RNA, as well
asin the hairpin structures. In the first case, regardless
of the nucleotide type and the position of the label pair
in the RNA duplex, the interlabel distance remained
the same and was equal to 3.1 nm, which corresponds to
the calculated values for the A-form of the duplex.

In the RNA hairpin structure consisting of 20 nu-
cleotides, six complementary nucleotides form a dou-
ble helix (the hairpin stem), four nucleotides form the
loop, and the remaining nucleotides form a monohelix.
The duplex with labels located only in one strand was
formed after a completely complementary RNA mol-
ecule without spin labels had been added to the system
(Fig. 13B). The experiments with samples containing
different amounts of spin-labeled RNA were carried
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out using PELDOR. The distance spectrum obtained in
these experiments (Fig. 13C) attest to the existence of
spin-labeled hairpins with a distance of 1.8 nm between
the labels, as well as duplexes with a distance of 3.1 nm
in frozen buffer solutions.

Single RNAs can form hairpins along with more
complex structures, such as rings (or semi-rings) in
conjunction with hairpins. These structural elements
may accept certain molecules; they are known as RNA
riboswitches and play a crucial role in the mechanisms
regulating the transfer of genetic information in cells.

Artificially synthesized RNA riboswitches consisting
of 27 nucleotides and capable of accepting neomycin
have been investigated using PELDOR [68]:

terminal
loop

internal
closing loop

stem

The TPA spin labels were introduced into uracil
residues (highlighted in bold). The interspin distanc-
es between positions 4—14, 4—15, 14—26, 15—26 were
determined. An attempt was made to determine the
conformational changes in the RNA riboswitch dur-
ing the formation of a neomycin complex [68]. It was
found, however, that the distance spectrum between
the spin-labeled uridine molecules virtually did not
change in this complex as compared to the initial
structure of the RNA riboswitch. According to [68],

Fig. 13. RNA hairpin
structures investigated by
PELDOR [67]. (A) RNA with
100 spin-labeled nucleosides.
(B) RNA duplex formation
from two hairpins. (C) The
78 distance spectrum in mix-
tures with different contents
of the RNA duplex. (Repro-
46 duced by permission from
John Wiley & Sons, Inc.:
[Sicoli, G., Wachowius, F.,
27 Bennati, M., Hobartner, C.
(2010) Angew. Chem. Int.
Ed. 49, 6443-6447], copy-
0 ight 2010)

Duplex, %

this fact suggests a conformational stability of the
structure.

The structure of another enzyme capable of per-
forming the functions of an RNA-riboswitch and/or of
an RNA aptamer in respect to tetracycline (Tc) mole-
cules was investigated [69]. Spin labels were introduced
into the synthetic 57-mer ribooligonucleotide either via
the reaction between (1-oxyl-2,2,5,5-tetramethylpyr-
roline-3-methyl)methanethiosulfonate and 4-thiouri-
dine or via the reaction between 4-isocyanate-2,2,6,6-
tetramethylpiperidine-N-oxyl and the 2’-amino groups
of the ribose molecule.

Here, the filled circles represent spin-labeled
4-thiouridine molecules and the hollow ones represent
the nucleotides, which were spin-labeled at the 2’-ami-
no groups.

The tentative structure of this RNA fragment con-
tained three stems (P1, P2, and P3) and three loops.
The distances between the spin labels incorporated
at the positions (U12/U21), (U12/U56), (U42/U56),
and (C14/A41) were measured using PELDOR in the
absence and in the presence of Tc. It was determined
that the free RNA aptamer exists in two different
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Table 2. Nucleic acids studied in [70]

Sample

Nucleotide sequence*

RNA hairpin (U6-U11)

5'-GGC-ACU-UCG-GUG-CC-3'

Neomycin riboswitch (U14—-U26)

5'-GGC-UGC-UUG-UCC-UUU-AAU-GGU-CCA-GUC-3'

DNA duplex

5'-GCT-GAT-ATC-AGC-3'
3'-CGA-CTA-TAG-TCG-5'

* Spin-labeled nucleotides are shown in bold.

conformations. In the presence of the Tc ligand, an
equilibrium shift towards one of the conformations
occurs.

The first attempt at using PELDOR to study the in-
fluence of the intracellular surrounding on spin-labeled
DNA and RNA structures was reported in [70, 71]. In
both works, which were published almost simultane-
ously, the behavior of spin-labeled nucleic acids was in-
vestigated in relatively large cells (~ 1 mm in diameter):
oocytes of Xenopus laevis.

A 12-bp DNA duplex, a 14-mer RNA hairpin, and
a 27-mer RNA riboswitch sensitive to neomycin were
studied in [70] (Table 2). The TPA spin label was incor-
porated into the heterocyclic bases via the Sonogashira
reaction. Approximately 50 cells were used for the PEL-
DOR experiments. Each cell was infused with 30—50
nl of 2.5- to 5.0-mM free spin label or a double-labeled
nucleic acid using microinjections. These manipula-
tions took around 10 min. The cells were subsequently
washed with a buffer, transferred into an EPR cuvette,
and frozen in liquid nitrogen; then, the measurements
were carried out.

The distances between the spin labels in the RNA
hairpin and the neomycin RNA riboswitch did not de-
pend on the localization of the specimen: whether inside
the oocytes or outside the cell (in the buffer). This fact
means that these RNA molecules had rigid structures,
which are identical both in vivo and in vitro. In con-
trast, the interlabel distance in the short DNA duplex
depended on the conditions experienced by the speci-
men: in the solution or inside the cell. The distance be-
tween the spin labels in the solution was smaller com-
pared to that for a sample inside the cell. The authors
attributed this fact to the existence of base stacking
interactions when the duplex was localized in the solu-
tion and to stacking disruption when DNA was located
inside the cell and interacted with cellular proteins and
other molecules.

In [71], the TEMPA label was attached to the ter-
minal residues of thymidine of each strand (shown in
bold) in the DNA duplex via the Sonogashira reaction:
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5' - d[ TATCGAA] - 3’
3’ - d[ ATAGCTT] -5’ .

This spin-labeled duplex was introduced through a
microinjection into the oocytes of X. laevis. The proper-
ties of spin-labeled DNA in cells frozen at 45 K and the
physiological buffer solution were compared. In both
cases, the concentration of paramagnetic particles af-
ter freezing decreased considerably: this did not hinder
the assessment of the interlabel distance in DNA: 3.20
and 3.22 nm in buffer and inside the cells, respectively.
The main impact consisted in a considerable increase
in the width of the spectrum line. This value was equal
to 0.43 nm in buffer and increased to 1.04 nm inside the
cells. Based upon the presented PELDOR data, the lat-
ter value can be even higher; ie. it can correspond to
the virtually uniform spin distribution. This effect is
presumably conditioned upon a relatively rapid deg-
radation of DNA in the cellular environment, which
occurs prior to freezing of the samples.

The increase in the stability of the spin labels in the
cellular environment remains one of the main problems
of this important research. Furthermore, it is possible
also to reduce the time from the moment when a spin-
labeled DNA is introduced into the cell to its freezing.

Numerous functional DNA and RNA molecules
form specific tertiary structures, whose organization
and dynamics determine their functions. The distances
between the incorporated spin labels in these terti-
ary structures depend both on the biopolymer confor-
mation and on the spatial orientation of its individual
units.

The effect of Mg?* ions on a ribozyme with a
branched “hammerhead” structure (“hammerhead
ribozyme,” HHRz) was also studied [72]. The distance
spectrum for the TEMPO spin labels incorporated into
various loops of the HHRz structure was determined. It
was demonstrated that at the addition of Mn*? ions into
the HHRz solution, the number of ribozymes containing
loops with the smallest interlabel distances (~ 2.4 nm)
increases with the increase in Mn*?concentration. It
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was assumed that these RNA—metal ion complexes
participate in the catalyzed RNA cleavage.

The changes in the distances between the spin la-
bels that are due to the conformational transforma-
tions were also estimated using PELDOR in other,
more complex RNA and DNA molecules with vari-
ous tertiary structures (e.g., RNA containing a three-
way-junction) [73]. A similar structure is formed in
the packaging motor of @29-bacteriophage during
the packaging of double-stranded genomic DNA
into a preformed capsid. The packaging motor is an
RNA-protein complex, which utilizes the energy from
the ATP hydrolysis to condense genomic DNA. The
structure of the RNA within this motor has yet to be
studied thoroughly; hence, the significance of the in-
vestigation of its structure using PELDOR is not in
doubt. This RNA is a dimer whose structure used to
be regarded as a possible intermediate formed during
this process. The R5 spin labels were introduced into
the internucleotide phosphorothioate groups. A unit
of this structure is shown below; the positions where
the spin labels were incorporated are marked with as-
terisks:

Seventeen distances between the spin-label pairs
were measured. The analysis of these data allows one to
determine the possible spatial orientations of three hel-
ices in the packaging motor. It was demonstrated that
two out of three RNA helices in this structure formed a
sharp angle with respect to each other, which does not
correspond to the previously proposed model, where
these helices were attached to each other along a single
line. This work demonstrated all the advantages of the
method used to study the spatial geometry of complex
RNA structures.

2.9 nm

2.4 nm
1.7 nm

Fig. 14. Human telomeric quadruplexes [74]. The DNA
sequence was examined, arrows indicate the sites of the
spin-labels in the conformers shown. Parallel propeller (A),
hybrid 3 + 1 (B) and antiparallel basket (C). (Reproduced
by permission from John Wiley and Sons: [Singh, V.,
Azarkh, M., Exner, T.E., Hartig, J.S., Drescher, M. (2009)
Angew. Chem. Int. Ed. 48, 9728-9730], copyright 2009)

PELDOR was used to study the conformations of
the quadruplexes formed in telomeric sequences at
chromosome termini [74] (in humans, they consist of
GGGTTA repeats [75]). The structure of the quad-
ruplex-forming oligonucleotide double labeled with
TEMPA, in which the spin labels were incorporated
into positions 5 and 11, was studied (Fig. 14A) [74]. It has
been proven that a mixture of two structures exists in a
solution containing K* ions: an antiparallel basket and a
parallel propeller at a 1:1 ratio (Fig. 14B,D). Moreover,
the sequence TT(GGGTTA),GGGA, which is slightly
different from the previous sequence, folded into a new
hybrid 3+1 structure in the solution in the presence of
K" ions (Fig. 14C).

The four-way DNA junction (also known as the “Hol-
liday junction”) and the changes in its structure during
its interaction with endonuclease I of bacteriophage
T7 were also investigated [76]. The DNA was made up
of two strands: the Y strand (marked in red) and the
Z strand (marked in blue), which formed a structure
consisting of four different helices linked together at a
single location:

Z strand
Y strand
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Fig. 15. PELDOR time frace (A) and distance spectrum
(B) changes as the function of the duplex /enzyme ratios
in frozen buffer solutions: 1,/0.00 (1), 1,/0.25(2), 1/0.50
(3),1/1.00(4), 1/1.25(5) [76]. (Reproduced by per-
mission from the American Chemical Society: [Freeman,
A.D.J., Ward, R., Mkami, H.E., Lilley, D.M.J., Norman,
D.G. (2011) Biochemistry 50, 9963-9972], copyright
2011)

The TEMPO labels were introduced into the urid-
ine residues of different duplex branches (the labels
are denoted with the letter U and are highlighted in
bold). The frozen buffer solutions contained D,0 and
deutero-glycerol. The PELDOR time traces were re-
corded and analyzed using the conventional procedures
[21]. The result of endonuclease action on the four-way
DNA junction is shown in Fig. 15. Prior to the intro-
duction of the enzyme, a broad distance distribution
between the TEMPO labels in the 3- to 6-nm range was
observed. With enzyme concentration increasing (pre-
sumably due to the stabilization of the DNA—enzyme
complex), the distance spectrum, with the interlabel
distance in this complex being 5.6 nm, contained a sin-
gle line(F1g. 15).

Data on the changes in the distances between the
labels introduced into T7-endonuclease I during the
formation of the duplex—enzyme complex were also
obtained [76]. These changes in the distances, which
occurred during the reorganization of the protein
structure, were shown to be insignificant (not more
than several A) but to be reliably recordable using
PELDOR.

Thus, it has been reliably established that the in-
duced fitting of the conformations in both biopoly-
mers between T7-endonuclease I and the 4-way
DNA-junction occurs during the complex formation.
The conformational changes observed during the du-
plex—enzyme complex formation were confirmed us-
ing MD-simulations. It is worth mentioning that this
work was characterized by high experimental quality
(reliability and accuracy in the PELDOR experiment
and its processing).
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Fig. 16. Distance distribution functions F(r) for undamaged
DNA (1) and its changes when damages as propyl (2),
ethyl (3), THF (4) (see Table 3) are introduced into DNA.
Orientation selectivity was considered for F(r) calculated
in the standard experiment [77]. (Reproduced by permis-
sion from Oxford University Press:[Sicoli,G., Mathis, G.,
Aci-Seche, S., Saint-Pierre, C., Boulard, Y.,Gasparutto,
D., Gambearelli,S. (2009) Nucleic Acids Res. 37, 3165-
3176], copyright 2009)

Effect of the deficiencies on the DNA structure

The effect of various lesions modifying the DNA struc-
ture (in particular, changing the distances between the
introduced spin labels) was studied in [77—79]. These
defects can be caused by many factors, such as struc-
tural aggregates or groups binding DNA at a certain lo-
cation, nucleotide substitution with various structures,
nicks in one of the DNA strands in the duplex, etc. All
these factors that chemically modify DNA become evi-
dent in the endogenous metabolism; their investigation
employing physical methods is of particular interest for
biologists and biochemists.

The changes in the interlabel distances in the DNA
duplexes containing various structural defects and in-
sertions in one of the duplex strands were analyzed in
[77]. 4-Amino-TEMPO spin labels were introduced into
the guanine residues of the other DNA strand (see ref-
erence [49]) into positions (4;11) (A) and (4;19) (B); the
second strand of the duplex contained various lesions —
nicks (C), gaps (D), modified nucleotides (E1—Eb), and
bulges (F) (Table 3).

4pPELDOR and conventional methods for data anal-
ysis were used in each case. The measurements were
carried out at 60 or 70 K. The samples contained 50 or
100 pM of spin-labeled DNA in saline with 15—20% of
glycerol added.

The data for the undamaged duplexes (4;11) and
for those with various lesions are provided in Fig. 16
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Table 3. Spin-labeled DNA duplexes with nicks and insertions [77]

3-CT-GGGACGT-AGAT-CCT-AACGGY

c 5-GACCCT-GCAT-CT-AGGAT-GCC3

B 3-CT-GGGACGCGT-AGAT-GCGCT-ACGGYS
5-GACGCCCT-GCAT-GCT-AGGAT-GCC 3

c 3-CT-GGGACGCGT-AGAT-GCGCT-ACGGY
5-GACCCT-CAT-CT-AGGAT-GCC3

Nick=

3-CT-GGGACGT-AGAT-CCT-A-CGGY

D Gap

5-GACCCT-Gm AT-GCT-AGGAT-GCCJ

E1l X1=8-0x0G X2=G
E2 X1=G X2=8-0x0G
E3 X1=THF X2=G
E4 X1=Et X2=G
E5 X1=Pr X2=G

E |3-CT-GGGACGT-AGAT-CCT-ACGGS5
5-GAGCGCGCT-X-CAT-CT-AGGAXGCC3

\/
A,

3-CT-GGGACGT-AGAT-CCT-A-CGGY
5-GACCCT-GCGAT-GCT-AGGAT-GCGCCZ

Insertion A1

as an example of the distance spectra obtained from
the modulated PELDOR time traces. In order to elimi-
nate the orientational selectivity, the PELDOR time
trace (averaged over 10 measurements) obtained via
the variation of the magnetic field for the position of
the detection pulse in the EPR spectrum was analyzed.
The authors [77] believe that all these measures allow
one to reliably assess the error in determining the aver-
age distance and the width of the lines in the distance
spectrum (error ~10%) (Table 4).

All the results obtained for the duplexes labeled at
positions (4;11) were separated into two groups [77].

The first group contained the duplexes with structural
lesions of C, D, F, E1 and E2 types. The changes in the
interspin distances in this group were insignificant in
comparison with the undamaged DNA and were most-
ly due to measurement errors. A significant decrease in
the distance, along with widening of the distance spec-
trum lines leading to its asymmetry, was found in the
second group, which contained duplexes with E3, E4,
E5 lesion types. A similar situation was observed for the
duplexes labeled at positions (4;19), where the distances
change from 5.21 + 0.04 nm for the initial, undamaged
structure to 5.02 = 0.03 nm for the damaged duplexes
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Table 4. Experimental distances r___between the spin
labels and widths of the A-bands of the spectra lines (nm)
in the duplexes with spin labels at positions (4;11) [77]

DNA duplex T A
Undamaged duplex 2.81 £0.01 0.21 =0.02
Nick 2.87 +=0.01 0.22 = 0.02
Gap 2.84 =0.01 0.26 = 0.02
Insertion A, 2.85 £ 0.02 0.23 =0.02
8-0x0G (E, duplex) 2.81 =0.01 0.22 = 0.02
8-0x0G (E, duplex) 2.84 £ 0.01 0.27 =0.02
THF 2.46 = 0.02 0.35 = 0.02
Ethyl 2.65 = 0.02 0.38 = 0.04
Propyl 2.48 = 0.02 0.45 = 0.03

of (5.4), (5.5) type; the width of the distribution function
changes from 0.33 = 0.02 to 0.44 = 0.05 nm.

When discussing the results, it is usually assumed
that the width of the distance spectrum line charac-
terizes the conformational flexibility of the duplexes.
Following special MD calculations, G. Sicoli et al. [77]
concluded that the significant changes in the distances
in the second group of damaged duplexes could be at-
tributed to the local changes in the conformations at
lesions sites and in the complementary nucleotide of
the duplex.

In general, the results in study [77] (where the
changes in the damaged DNA were examined) in a
number of cases are in qualitative agreement with the
data obtained using such methods as NMR. It is also
considered that the use of pulse EPR spectroscopy in

combination with MD techniques for spin-labeled DNA
is complementary (to conventional methods, such as
NMR, CD, FRET, and X-ray crystallography) and a
highly informative method for studying various DNA
lesions and weak interactions between DNA and other
molecules and complexes.

The sensitivity of the PELDOR parameters deter-
mined to the changes in the nucleic acid structure was
found to be considerably higher than that in [77], when
the spin labels were introduced into the termini of rela-
tively short nucleotides and their duplexes [78, 79].

3pPELDOR was used to identify the distance spec-
trum for the labels at the termini of 12-mer oligonucle-
otides and their DNA duplexes [78]. The synthesized
substrates contained TEMPO spin labels at their 5’- and
3’- terminal phosphate groups.

The structures of 12-mer single-stranded DNA and
DNA duplexes, as well as their denotation, are provided
below:

5' - R-d[ CTCTCGCCTTCC] - R- 3'
5' - R-d[ CTCTCGCCTTCC] - R- 3'
3' - d[ GAGAGCGGAAGS - 5'

(sG C12)
(G Cl12)

One of the nucleotides located in the center of the
G strand could be modified by various insertions and
substitutions. The structures of the spin labels and in-
troduced insertions are listed in Table 5.

Frozen glassy solutions of spin-labeled DNA were
studied in a water/glycerol mixture at 77 K using
3pPELDOR in order to obtain the distance spectrum
between the labels. These distance spectra were deter-
mined from the experimental V.., time traces by the
Tikhonov’s regularization method with the use of both

Table 5. Structures of radical R, nucleotides, and non-nucleotide insertions [78, 79]

THF G

deg,p

R 8-0x0G
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Fig. 17. (A) Gaussian approximations of the spectra lines for two spin labels in DNAs in a frozen glassy water /glycerol
mixture at 77 K[78]. (1) — single-stranded oligonucleotide ssG, (2), thick line — duplex dsG, (3 — duplex dsG-looped,

4 — single-stranded oligonucleotide ssF, 5 —duplex dsF. (B) Schematic representation of the spin-labeled DNA molecule
without (top) and with (bottom) a non-nucleotide insert, which demonstrates the bending of the molecule and shortening
of the distance between two labels. (Reproduced by permission from The Royal Society of Chemistry: [Kuznetsov, N.A.,
Milov, A.D., Koval, V.V., Samoilova, R.l., Grishin, Yu.A., Knorre, D.G., Tsvetkov, Yu.D., Fedorova, O.S., Dzuba, S.A.
(2009) Phys. Chem. Chem. Phys. 11, 6826-6832], copyright 2009)

the standard algorithm and the Gaussian approxima-
tion for F(r).

The distance spectra shown in Fig. 17A and the data
listed in Table 6 demonstrate that a 2- to 3-fold nar-
rowing of the spectrum lines as compared to those for
single-stranded DNA occurs during the duplex for-
mation. The insertion of nucleotide analogues results
in a reduction in the average interspin distance in the
duplexes. In case of the deg,p insertion, a noticeable
widening of the distance spectrum as compared to G/
C12 duplexes was observed. It is obvious that the line
narrowing of the distance spectrum can be attributed
to the formation of the DN A double helix, which is
characterized by a more rigid structure as compared
to that of single-stranded DNA. The observed width
of the spectrum line for the undistorted duplex (G/
C12) was apparently caused by the random orien-
tation of spin labels due to rotation around the P—N
bonds. Considering the fact that the distance between
the nitrogen atom and the N—O moiety of the spin la-
bel is ~ 0.4 nm, the maximum widening of the spec-
trum line due to the reorientation of spin labels will be
equal to 1.6 nm. The magnitude of the experimental
value of the width of the distance spectrum A = 0.98
=+ 0.1 nm for the undamaged duplex lies within this
range. It should be mentioned that the effects asso-
ciated with the orientational selectivity in PELDOR
were observed neither in this study nor in [77], which

Table 6. Parameters of the distance spectra (nm) for
12-meric oligonucleotides and their DNA duplexes [78]

Sample* Average distance, Width,
7 A
sG/C12 4.05+0.05 2.8+0.2
sTHF/C12 4.32 = 0.05 2.85 0.2
G/C12 4.35+0.03 0.98 =0.1
deg,p/C12 423 +0.03 1.39 0.1
THF/C12 4.26 =0.03 0.95+0.1

* Symbol s denotes the single-stranded DNA.

can also presumably be attributed to the uncorrelated
spread of spin label orientations.

The introduction of non-nucleotide insertions into
the duplex structure affects the average interspin
distance. A decrease in the distance denotes the pos-
sibility of duplex bending with respect to the insertion
sites, due to the emergence of an additional degree of
freedom in the insertion site. The scheme illustrating
the estimation of the conformational distortion angle
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Fig. 18. The intramolecular contribution to the PELDOR signal obtained for complexes of DNA with Fpg [79]. (A) Curves
1 and 2 refer to DNA G /C" and F/C" /Fpg, respectively; curves 3 and 4 refer to DNA G/C'"* and F/C" /Fpg, re-
spectively. For convenience of comparison, curves 1 and 2 are shifted upwards relative to curves 3 and 4. The smooth
curves were calculated using the distribution functions shown in Fig. 18B. (B) The distance distribution function between
labels, F(r), obtained from the data in Fig. 18 (A) neglecting the orientational selectivity. Curves 1 and 2 refer to DNA
G/C"andF/C" /Fpg, respectively; curves 3 and 4 refer to DNA G /C" and F /C" /Fpg, respectively.

(Reproduced by permission from The Royal Society of Chemistry: [Kuznetsov N.A., Milov A.D., Isaev N.P.,
VorobjevYu.N., Koval V.V., Dzuba S.A., Fedorova O.S., TsvetkovYu.D. (2011) Mol. BioSystems 7, 2670-2680],

copyright 2009)

is shown in Fig. 17B. The experimentally determined
values of r, (the duplex without the insertion) and r for
the distorted duplex can be used to estimate the angle
(6 =23°) in the THF /C12 duplex and (0 = 27°) in the
looped deg,p/C12 duplex.

An increase in the length and flexibility of the inser-
tion in the deg,p/C12 duplex as compared with those
in the other two duplexes results in additional line
broadening (A = 1.39 nm) of the distance spectrum. The
broadening value is too large to simply attribute it to
the spread in the bending angle of the duplex without
taking into account the possible elongation of the du-
plex.

Hence, the aforementioned estimation of the bend-
ing angle of this insertion can only be used as the lower
boundary of the average bending angle for this duplex.
Therefore, the provided estimates show that the in-
corporation of a non-nucleotide insertion into a DNA
molecule opens the possibility of duplex bending with
respect to the insertion site. An increase in the number
of bonds in the insertion increases insertion flexibility.
A decrease in duplex rigidity near the insertion causes
a considerable increase in the dispersion of the bending
angle and the total duplex length.

N.A. Kuznetsov et al. [79] used the same approach as
that used in [78] to study the lesions in stretched DNA
duplexes (13 and 17 nucleotides). However, the main
aim of this work was to investigate the features of the
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conformational transformations of DNA during its in-
teraction with the Fpg protein from E.coli. This protein
is considered to be one of the key factors involved in
the process of DNA repair. The structure of the inves-
tigated duplexes is shown below:

5' - d[ TCTCTCGOCTTCC] - 3° (G C13)
3' - R- d[ AGAGAGCGGAAGT) - R- 5'
5' - d[ TCTCTCTCGCCTTCCTT] -3 (G CL7)

3' - R- d[ AGAGAGAGCGGAAGGAA] - R-5'

The structures of the R spin labels, nucleotides, and
non-nucleotide insertions are presented in Table 5.

The analysis of the PELDOR time traces (Fig. 184)
allowed to obtain the distance spectra (Fig. 18B) and to
determine the structural parameters: the distance val-
ues at the maximum of the distribution lines, r__ (0.8%
accuracy), and the width of the lines at half-height A
(10% accuracy) (Table 7).

Similar to that in [78], the positions of the spin labels
at the 5’- and 3’- terminal ends of the complementary
second oligonucleotide of the DNA duplex made them
sensitive to the formation of the DNA curves caused by
either the existence of damaged sites or the formation
of complexes with an enzyme. The Fpg protein from E.
coli was found to cause bending even in the undamaged
13-bp duplex. A similar result has been obtained only
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with the use of an X-ray structure analysis of Fpg from
Bacillus stearothermophilus [80—82]. However, no bend
formation has been detected for the undamaged 17-bp
duplex in the presence of the enzyme. This could be at-
tributed to the fact that the enzyme occupying a 10-bp
DNA segment cannot move (slide) along the strand of
the short DNA duplex, while sliding is possible during
binding to the 17- bp DNA duplex. It cannot be ruled
out, however, that the conformational mobility of the
spin labels of the 17-bp duplex is higher than that of
the 13-bp duplex, which is supported by an increase
in the width of the spectrum line for the 17-bp duplex
(see Table 7).

In free DNA duplexes containing 8-oxoG, changes in
the interspin distances as compared with the undam-
aged duplex have not been identified. This is not sur-
prising, since 8-0x0oG hardly changes the DNA struc-
ture. A considerable reduction in the interspin distance
was observed for the duplexes containing the cyclic
THEF site. This result was confirmed by computer simu-
lations using the molecular dynamics method [79].

During the interaction between the duplexes and
the Fpg protein from E. coli, bending occurred both in
13- and 17-unit duplexes. This result correlates with
the X-ray structural data for the cross-linked adduct
of Fpg and the apurinic/apyrimidinic site [80—82]. It is
important to mention that the X-ray data provide in-
formation on the local DNA segments in the damaged
region, whereas PELDOR provides data on the global
changes in the structure. Hence, structural studies of
both types agree with and complement each other.

The bending of the DNA helix in the region of the
damaged nucleotide recorded using PELDOR [78, 79]
provides new information regarding the mechanism
of the search for lesions in DNA by DNA repair en-
zymes. The emergence of the bendings allows one to
understand why the enzymes that slide along the DNA
strand stop at the damaged sites to repair them. The
data obtained are also important for understanding the
mechanisms of action of other enzymes that perform
the search for specific DNA sites.

CONCLUSIONS

Let us summarize the results of these PELDOR studies
of DNA and RNA. It has been demonstrated that the
PELDOR method can be used to determine DNA and
RNA conformations and the conformational changes
that are due to structural modifications and transfor-
mations, to assess the dispersion in the distances be-
tween individual groups and structure rigidity, and to
determine the orientation of the spin labels introduced
into DNA and RNA by measuring the distances be-
tween various fragments of poly- and oligonucleotides.
Studies of the effect of the surrounding environment

Table 7. Parameters (nm) of the distance distribution func-
tion F(r) between two spin labels in the DNA duplexes
[79]

Sample T nm* A, nm*
G/C13 4.96 1.1
8-0x0G/C13 4.96 1.1
THF/C13 4.83 1.1
THF/C13/Fpg 4.60 12
G/C13/Fpg 478 11
G/C17 6.00 12
8-0x0G/C17 6.02 1.2
THF/C17 5.98 1.2
THF/C17/Fpg 5.76 12
G/C17/Fpg 5.99 14

*r__and A were measured with errors of 0.8 and 10%,

ma

respectively.

and complex formation on the structural parameters of
DNA and RNA have been launched.

The studies summarized in this review describe the
features, advantages, and drawbacks of PELDOR as
compared with similar structural methods. Among the
most obvious and most important advantages, let us
mention in particular the relatively wide range of dis-
tances between the spin labels (1.5—8 nm) measured
with high accuracy. The fact that it is not only the dis-
tances but also the distance distribution spectra that
can be determined makes PELDOR prominent among
the other structural methods. Relatively simple meth-
ods for analyzing the experimental data obtained for
randomly oriented systems, in mixtures and solutions
(which are convenient media for chemists and biolo-
gists), have been elaborated. Pulse EPR spectrometers
are commercially available. All these factors determine
the popularity of PELDOR in modern chemical ra-
diospectroscopy, especially for biologically important
systems.

Meanwhile, we attribute the necessity of introducing
spin labels into the investigated molecule to the disad-
vantages of this method as compared with such meth-
ods as NMR. However, despite the fact that a series of
chemical methods have been developed, site-directed
spin labeling still remains a relatively labor-consuming
manipulation. Moreover, one needs to make sure that a
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spin-labeled molecule does not lose its initial physical-
chemical properties. Because of the “molecule—label”
effects of a linker, the measured interspin distance can
differ from the molecular distance. All these problems
have typically existed and were solved in one way or
the other in most of the aforementioned works. One
also needs to select a special solvent that has to undergo
glassing during freezing, since all the measurements
are carried out in glassy matrices at low temperatures.
We would like to point out that the same disadvantages
were encountered when measuring the distances us-
ing the dipole widening of the lines in a stationary EPR
spectrum confined to distances of less than 2—2.5 nm
[29].

In methodological terms, PELDOR is similar to the
commonly used FRET method [83], which helps study
the excitation transfer between the incorporated donor
and acceptor labels. It is worth mentioning that the two
fluorescent labels, which are introduced to carry out
FRET measurements, differ in their structures (as op-
posed to similar labels for the PELDOR method) and
are typically relatively larger as compared to spin la-
bels. The efficiency in FRET is proportional to the 1/
[1+ (r/R))] value, where R, is the Forster radius and
r is the interlabel distance [84]. The Forster radius de-
pends on a number of parameters, such as the overlap
integral of the donor spectrum with the acceptor one,
the fluorescence quantum yield, and the orientation
of electrical dipoles. Unlike that in PELDOR, all these
factors require additional experiments and calibrations
in order to determine the interlabel distances. This re-
duces accuracy in determining these distances. The
extremely high sensitivity of FRET is its major draw-
back. Similar to most modern optical methods, it can
be used to perform measurements with a resolution of
up to single molecules, including quick transformations

in liquids. PELDOR has a maximum sensitivity of ap-
proximately 10'? particles per sample [10].

Hence, the choice of the investigation method to
study the structure and properties of poly- and oli-
gonucleotides is determined primarily by the aims
of the study and experimental capabilities. Ideally,
a combination of PELDOR and FRET provides the
most comprehensive information on the structure and
physical-chemical properties of biologically important
structures. Such studies are currently under way. For
instance, studies employing these methods to inves-
tigate the features of the protein—nucleic complexes
structure have already been published [85, 86]. Among
them, a relatively complex supramolecular complex
regulating the structure of chromatin histones has been
studied [87].

In our opinion, the data obtained with the use of
PELDOR significantly contributes to the investigation
of the structure and properties of DNA and RNA. This
method opens new perspectives for studying complex
nonlinear structures, interactions between polynucle-
otides and enzymes, proteins, and membranes. The
potential of PELDOR as a method for structural stud-
ies will undoubtedly increase with the development of
pulse ERP spectroscopy. ®
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ABSTRACT During the past two decades, there have been numerous attempts at using animals in order to produce
recombinant human proteins and monoclonal antibodies. However, it is only recently that the first two thera-
peutic agents isolated from the milk of transgenic animals, C1 inhibitor (Ruconest) and antithrombin (ATryn),
appeared on the market. This inspires hope that a considerable number of new recombinant proteins created
using such technology could become available for practical use in the near future. In this review, the methods
applied to produce transgenic animals are described and the advantages and drawbacks related to their use for
producing recombinant human proteins and monoclonal antibodies are discussed.

KEYWORDS bioreactor; milk protein production; production of monoclonal antibodies; recombinant proteins;
therapeutic drugs; transgenic animals.

ABBREVIATIONS mAb — monoclonal antibodies; MI — intranuclear microinjection of DNA; NT — nuclear transfer;
RP — recombinant protein; RHA — recombinant human albumin; rhBChE — recombinant human butyrylcho-
linesterase; TA — transgenic animal; FDA — United States Food and Drug Administration; EMEA — European
Medicines Evaluation Agency; CHO cells — Chinese hamster ovary cells; ES cells — embryonic stem cells; UTR —

untranslated region of a gene.

INTRODUCTION

After the successful expression of the first recombinant
proteins (RPs) in bacteria and yeast, it became clear
that a large number of human RPs could not be effi-
ciently produced using such systems. Thus, human pro-
teins do not undergo post-translational modifications
in bacterial cells, and the nature of the modifications in
yeast cells is different from those that take place in hu-
man cells. Additionally, these expression systems can-
not ensure the proper folding of a number of complex
human RPs [1, 2]. Therefore, the research community
faced the challenge of developing alternative expres-
sion systems capable of ensuring correct post-transla-
tional modifications in RPs. A simultaneous develop-
ment of two technological models (based on transgenic
animals and mammalian cell cultures) was started as a
result.

The first successful production of transgenic mam-
mals by the microinjection of genetically engineered
constructs into the pronucleus of a mouse zygote was
carried out over 20 years ago [3]. A large number of
transgenic animals (T As) have been produced since for
scientific purposes, to improve livestock and to pro-
duce RPs [4—9]. Until the end of the past century, TAs

had been considered to be the most promising models
for producing human RPs and monoclonal antibodies
(mADb). Yet, it was mammalian cell cultures (Chinese
hamster ovary cells (CHO) in particular) that played
the dominant role in the production of RPs. Thus, 312
therapeutic products obtained using living organisms
had been introduced to the U.S. market by 2012 [10]. A
total of 193 products were obtained using mammalian
cell cultures, and 42 of them were produced using CHO
cell cultures. This has been largely attributed to the fact
that it was not until 2006 that the European Medicines
Evaluation Agency (EMEA) approved antithrombin,
the first recombinant protein derived from the milk of
transgenic goats [11]. This protein was subsequently
approved for commercialization by the United States’
Food and Drug Administration (FDA) as a drug that
prevents blood clotting in patients with hereditary an-
tithrombin deficiency. In 2011, the EMEA approved the
use of the recombinant Cl-esterase inhibitor produced
in rabbits for the treatment of hereditary angioedema.
The arrival on the market of the first therapeutic prod-
ucts produced using T'As and their approval for medical
use suggest that RPs could carve out a significant niche
in biotechnology in the near future. Some biotechnol-
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Fig. 1. Scheme for producing transgenic animals using the methods of nuclear transfer (upper panel) and intranuclear

microinjection of DNA (lower panel)

ogy companies (PPL Therapeutics (England), GTC Bio-
therapeutics (USA) (acquired by LFB Biotechnologies,
France, in 2010), Hematech (USA), Genzyme (USA),
ZymoGenetics (USA), Nexia Biotechnologies (Cana-
da), Pharming (Netherlands), BioProtein Technologies
(France), Avigenics (USA), Viragen (USA), and TranX-
enoGen (USA)) are actively working on developing this
technology. This review discusses the general concepts
behind generating TAs for the production of human
RPs and mAb.

THE MAIN METHODS USED TO PRODUCE

TRANSGENIC ANIMALS

The contemporary methods that allow one to obtain
RP-producing livestock that contain the required
transgene in all the cells of their organism and pass it on
to their offspring include intra-pronuclear zygotic DNA
microinjection (MI) and somatic cell nuclear transfer
(NT). Today, DNA microinjection into the male pronu-
cleus of a zygote is the most commonly used method
[12] (Fig. 1). As it enters the nucleus, linear DNA is
capable of integrating into the genome of cell lines or
living organisms [13]. DNA is usually integrated into
transcriptionally inactive gene-poor regions and into
heterochromatin. From one to several or even hundreds
of copies of the injected construct can integrate into
one genomic site. This technology was initially tested on
mice, and it remains a reliable method for the produc-
tion of TAs. This method was used to produce the first
agricultural TAs. However, MI is now used mainly to
produce transgenic mice, rabbits and pigs. This is at-
tributed to the insufficient efficiency of the method due
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to the low frequency of incorporation of recombinant
DNA into the genome and the availability of zygotes at
the two pronuclear stages. The result depends on car-
rying out a large number of surgical procedures, which
entails the need to keep a substantial number (200—300
heads) of experimental livestock and perform skilled
animal handling. Furthermore, the only way to deter-
mine the expression level of the integrated transgene
is to examine the original TAs and their offspring. The
reproductive cycle in large animals (including the time
before they reach physiological maturity and the need
to obtain females producing RPs in milk from the orig-
inal transgenic males) is approximately 0.9/2.3 years
for goat females/males, 1.0/2.3 years for pigs, and
2.3/4.5 years for cows. These limitations increase the
cost of obtaining the original TAs and the time required
to organize the work.

In 1997, a sheep clone was produced by nuclear
transfer (NT) of a somatic mammary gland cell into an
oocyte [14]. This achievement opened the possibility of
developing cheaper and easier procedures for produc-
ing agricultural TAs (Fig. 1), since most of the manipu-
lations in this case are moved from a farm to a labora-
tory, where the transfection of somatic cells is carried
out and clones characterized by the integration of the
transgene into the genome are selected. The nucleus
of the somatic cell is then injected into the enucleated
oocyte, which is transplanted into female recipients.
Fibroblast cells are typically used for NT. The major-
ity of recently generated large farm animals have been
obtained by NT [12]. However, the transfected cells in
this case are selected using antibiotic resistance marker
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genes, which complicates the approval of the produced
recombinant proteins by the FDA and EMEA [15].
Fluorescent proteins, such as the enhanced green fluo-
rescent protein (eGFP), are often used as an additional
selective agent in order to increase efficiency in such
selection [16]. Systems based on site-specific recombi-
nases are additionally used to remove selection markers
from the genome of the selected cell lines [17].

The adverse effects of the NT technique include a
low in utero embryo survival rate and poor health of
the newborn animals [12]. This is attributed, among
other things, to incomplete reprogramming of the so-
matic nucleus, resulting in impaired expression of sev-
eral of the genes required for the proper progression
of embryogenesis. Moreover, the process of obtaining
suitable oocytes and their activation requires consider-
able expenditures of time and financial resources. As
a result, one of the world leaders in the use of NT for
the production of agricultural TAs, the AgroResearch
company (New Zealand), has rejected the method. The
company is now developing alternative methods for
producing agricultural TAs.

The site-specific transgenesis technology using em-
bryonic stem (ES) cells could be an alternative to the
MI and NT methods [18]. This method involves the
insertion of a transgene into the genome of ES cells,
followed by the selection of clones with a proper inte-
gration of the required number of copies, before trans-
genic ES cells are introduced into the cavity of a blas-
tocyst, which is transplanted into a recipient female.
After these cells are transplanted into the ovaries of
adult mice, up to 30% of newborn mice can carry the
transgene. All animal handling can be performed using
nonsurgical methods, which are widely used in animal
husbandry. The production of transgenes requires a
relatively small number of blastocysts and, hence, a
small experimental herd. However, this method has
only been perfected for mice and rats; ES cell lines
for farm animals have yet to be obtained. A similar
approach involves the transformation of stem cells,
the precursors of sperm cells, and their subsequent
transplantation into seminiferous tubules of infertile
males [19].

The other methods for obtaining TAs are relatively
rarely used. Thus, TAs can be effectively produced us-
ing retroviruses containing the required transgene [12].
In order to achieve this objective, the zygotes lacking
protective coating are cultured in a medium supple-
mented with lentiviral particles, followed by transplan-
tation into female recipients. The integration of one to
several copies of the transgene occurs depending on
the lentiviral titer; almost 100% of the offspring can
be transgenic in this case [12]. The advantages of this
method include efficient production of any species of

TAs and the opportunity to produce TAs carrying only
one transgene copy, which is sometimes necessary for
scientific purposes. The main drawbacks of the method
include the inability to use the introns present in the
gene construct and the limitation of the transgene
length (approximately 8000 bp), which is determined
by the size of the viral particle. As a result, it is very
difficult to achieve a high level of transgene expression
using this method.

A promising method for obtaining TAs is the use of
vectors based on mobile genetic elements, which are
integrated into the genome by transposase [12]. The
gene encoding transposase and the transgene flanked
by terminal repeats of transposon are coinjected into
the zygote. The reaction catalyzed by transposase re-
sults in the integration of a single copy of the transgene
into one or several sites of the animal’s genome. This
approach has been used to produce large farm animals
(e.g. pigs [20]). The efficiency of the integration of the
transgene in this case depends on the type of transpo-
son, transgene length, concentration and site of DNA
injection, and can be as high as 50% [20]. However, no
data regarding the levels of expression of the target
gene in the TAs produced using this method have been
obtained thus far.

The group of methods based on infecting the organs
or tissues of an organism with a replication-defective
adenovirus containing the gene of the target protein
should be specifically mentioned. This approach results
in a short-term nonhereditary production of RPs in the
organ or tissue under consideration.

Today, it remains difficult to compare the efficiency
of new and traditional methods for producing TAs.

THE EXPRESSION VECTORS USED TO

OBTAIN TRANSGENIC ANIMALS

The expression vectors used to produce RPs in milk
contain regulatory regions of genes whose protein
products comprise the major fraction of milk. The most
popular examples of the latter include the regulato-
ry regions of the lactoglobulin sheep gene, the acidic
protein gene of rodents (mouse, rat) and rabbit, the
a-lactalbumin and a-S1-casein genes of cow, and the
goat B-casein gene [5]. An expression vector typically
includes a long 5’-region (1-7 kb) which consists of a
promoter, tissue-specific enhancers that increase the
expression in mammary glands, the first non-coding
exons and introns located between them (Fig. 2A). The
first introns of the genes are likely to contain the regu-
latory elements which can enhance gene transcription.
The expression vector also includes the 3’-untranslated
region (UTR) of a gene, whose size can vary from 0.5 to
10 kb and even more. The 3’-UTR typically includes
the last non-coding exons and introns, a polyadenyla-

VOL.5 Ne1(16) 2013 | ACTA NATURAE|35



REVIEWS

enhancer promoter

5'-UTR

Vector pBC1

chicken
B-globine locus

5'-region of goat
B-casein-encoding gene
enhancer

2 Xinsulator promoter 1

2.4kb 6.5 kb

transcription termination site

3'-UTR

3'-region of goat
B-casein-encoding gene

2 7 8 9

transcription termination site

7 kb

Fig. 2. Vectors used for the production of recombinant proteins. (A) Vector structure used in the production of recom-
binant proteins in transgenic animals and cell lines. (B) Structure of the pBC1 vector used for the production of recom-

binant proteins in the milk of transgenic animals

tion site, and the adjacent sequences, which have the
potential to enhance transcription termination. The 5’-
and 3’-UTRs in a vector may belong to either one or
different genes.

Among the promoters used for expression in mam-
mary glands, the B-casein gene promoter is one of the
most efficient and is used for the production of target
proteins in the mammary glands of mice, goats and
cows (Table 1). The most popular commercial vector
for the production of RPs in the milk of TAs — pBCl1
(Invitrogen) — was produced using the aforementioned
promoter (Fig. 2B). This vector allowed one to obtain
most of the transgenic goat lines characterized by a
high level of target protein production. The regula-
tory region of the B-casein gene with a length of 6.2
kb and consisting of a promoter and a hormone-de-
pendent enhancer that stimulates the promoter only
in the mammary gland cells is used in this vector [31].
The structure of the vector also includes a 7.8-kb-long
3’-region of the B-casein gene, which ensures efficient
transcription termination. The latter is required for
the formation of a stable mRNA encoding the target
protein and for the prevention of the transcription of
the adjacent genomic regions capable of causing the
formation of repressed chromatin by RNA interfer-
ence. In order to accumulate the target protein in
milk, the coding region of the gene must contain the
signal peptide sequence required for secretion. This
sequence can be obtained from any gene encoding the
secreted protein.
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Depending on the aim, either a complete gene with
introns or its cDNA or a mini-gene containing only
some of the introns is inserted into the vector. The use
of a gene with an unmodified exon—intron structure
allows one to obtain much higher levels of target pro-
tein production in TAs in comparison with the use of
cDNA [32, 33]. For instance, the human lactoferrin
gene was expressed using the same vector, pBC1, in
several independent studies (Fig. 2B). The concentra-
tion of recombinant lactoferrin did not exceed 4 mg/ml
of mouse milk and 0.7 mg/ml of transgenic goat milk if
cDNA was used to produce the TAs (Table 1). Trans-
genic mice were produced using the native lactofer-
rin gene with introns (50 kb long). The concentration
of recombinant lactoferrin in their milk was as high
as 160 mg/ml (Table 1). Transgenic goats carrying one
copy of the construct but expressing up to 10 mg/ml of
the recombinant human lactoferrin in their milk have
also been produced [22]. The difference in the expres-
sion of recombinant lactoferrin using the aS1-casein
promoter of cows was similar (Table 1). This example
demonstrates that the presence of introns in the coding
region of the transgene results in a two-fold increase in
the amount of the target protein in milk.

The site at which the construct is integrated into the
genome plays a crucial role in ensuring efficient trans-
gene expression. Injected DNA is typically incorporat-
ed into the gene-poor regions, which are characterized
by frequent DNA breaks [13]. The chromatin in these
regions typically exerts a negative influence on the
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Table 1. Comparison of production of human milk recombinant proteins (RPs) in transgenic animals (TAs) using various

variants of the gene construct

WaP-gee 116 o Moo 2

B-casein promoter (goat) + insulator

B-casein promoter (goat) + insulator Goat/MI [24]

B-casein promoter (goat) + insulator

B-casein promoter (goat) + insulator

a-S1- casen cow Goat/ M1 2]

expression of the transgene integrated nearby. In ad-
dition, several copies of the construct are typically inte-
grated onto the same genomic site, which can, in turn,
lead to repression of transcription due to the formation
of heterochromatin in repetitive sequences.

A number of regulatory elements are used to protect
the transgene expression from repression and to main-
tain the direct relationship between the number of cop-
ies and the level of transgene expression in mammalian
cell cultures: A/T-rich regions of DNA, which bind
to the nuclear matrix fraction (known as MAR/SAR-
elements) [34, 35]; regulatory elements (UCOE) that
activate the promoters of the “household” genes [36];
STAR-elements that can block the spread of hetero-
chromatin [37]; and insulators [38, 39].

Among the mentioned regulatory elements, only in-
sulators are used in vector constructs to produce TAs.
Insulators are the regulatory elements that block the
interaction between an enhancer and a promoter, if lo-
cated between them [40, 41]. Moreover, some insulators
can act as a boundary between the transcriptionally
active chromatin and heterochromatin. The insulator
from a cluster of chicken -globin genes (HS4 insulator)

is one of the most intensely studied vertebrate insula-
tors. It is 1200 bp long and is located at the 5’-end of the
B-globin locus [42]. A 250-bp-long core region charac-
terized by full insulator activity has been found in it.
This segment contains the binding site for the CTCF
protein, which is the only characterized vertebrate in-
sulator protein [43]. The CTCF protein is responsible
for the ability of the HS4 insulator to block enhancers.
It also assists the USF1 and USF2 proteins (which form
the boundary between active chromatin and hetero-
chromatin) to bind to the insulator [44]. The HS4 insula-
tor sequence also binds to the BGP1/Vezfl protein [45],
which protects the GC-rich sequences of an insulator
against methylation, which leads to a disruption of the
binding of insulator proteins to DNA and, as a result,
to inactivation of the insulator. According to the exist-
ing model, BGP1/Vezfl also terminates the weak tran-
scription initiated in the heterochromatic region, which
can play an important role in protecting the pf-globin
locus against the propagation of inactive chromatin
[46]. The pBC1 vector constructed by Invitrogen (USA)
for TAs production contains two 1.2-kb-long copies of
the HS4 insulator at the 5’-end of the vector (Fig. 2B).
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A thorough analysis of the effect of the HS4 insula-
tor on the transcriptional activity of several promot-
ers, including the goat B-casein promoter and rabbit
WAP-promoter, demonstrated that the insulator sig-
nificantly increases the level of transgene expression
and the number of transgenic lines that are character-
ized by a significant production of the target protein
[22, 47—-50]. Meanwhile, the HS4 insulator neither af-
fects the variability of the transgene expression and
its ectopic expression in other tissues of the organism
nor ensures a direct correlation between the number of
transgene copies and its level of expression. Thus, the
HS4 insulator acts as a universal transcription regulator
that can be used to increase the activity of weak pro-
moters. However, it does not allow to achieve efficient
transgene expression exclusively in a mammary gland,
which is important for the production of many target
proteins that can adversely affect the health of TAs.
Increasing the size of the regulatory sequences in the
transgene construction can be an alternative to insula-
tors and other regulatory elements. Multiple loci ex-
pressing milk protein genes possess extended 5’- and
3’-regions, which can contain both tissue-specific en-
hancers and insulators capable of providing protection
against the influence of adjacent genes. For instance,
a 50-kb-long construct was synthesized in which the
coding region (3 kb) of the mouse WAP gene consisting
of 24 kb was replaced with a structural part of the hu-
man lactoferrin gene (29 kb) [21]. As a result, transgenic
mice have been obtained whose mammary glands are
characterized by high tissue-specific transgene expres-
sion, and the production of recombinant human lactof-
errin in their milk was as high as 30 mg/ml (Table 1).
Another method for obtaining TAs that efficient-
ly produce target proteins is the integration of large
DNA segments (up to 250 kb) into the genome. Vectors
based on bacterial artificial chromosomes (bacmids),
which enable cloning of sequences up to 400 kb long,
can be used to prepare these extended gene constructs
[561, 52]. The regulatory regions of tissue-specific genes
can occupy large genomic regions and be a part of the
neighboring genes. For example, several enhancers that
stimulate the pig WAP gene are found 140 kb away
from the gene they regulate and are separated from
it by the other genes [53]. When large DNA fragments
are used, it is highly likely that all of the regulatory
elements of this gene are included in the transgene.
It is assumed that the use of this approach results in
specific transgene expression exclusively in the mam-
mary gland and that the influence of the surrounding
chromatin on transgene expression is minimized. This
approach allows one to obtain TAs whose level of trans-
gene expression closely corresponds to the expression
of the endogenous counterpart. For instance, transgenic
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cows expressing the genes of human lactoferrin and
human a-lactalbumin have been produced (Table 1).
In general, this method allows one to achieve stable
transgene expression at a level similar to that of native
genes. Thus, the levels of production of lactoferrin and
alpha-lactalbumin in transgenic cows were 3.4 and 1.55
mg/ml, respectively (Table 1). The problem is associ-
ated with the other genes, which are a part of the bac-
mid structure and whose expression can adversely af-
fect the health of the TAs. It should also be mentioned
that the use of a bacmid does not completely suppress
the effect of the genomic surrounding: the expression
is partially dependent on the genome integration site
[54, 55]. In this case, there is no direct observable rela-
tionship between the number of bacmid copies and the
expression level. This can be attributed to the fact that
the initiated RNA interference adversely affects the
gene expression in a bacmid.

PRODUCTION OF HUMAN RECOMBINANT
PROTEINS USING TRANSGENIC ANIMALS
Since the early 1990s, attempts have been made to pro-
duce TAs that synthesize a variety of human proteins.
Today, these proteins are produced in other expres-
sion systems (bacteria, yeast, mammalian cells). Most of
the recombinant human proteins that are produced in
mammalian cell cultures are plasma proteins [56]. The
use of recombinant plasma proteins grows every year
as the scope of their application expands and the use
of human tissues for isolating native proteins is con-
strained by the existing risk of viral contamination, the
small number of donors, and ethical considerations. The
coagulation factors VII, VIII and IX are used for life-
long treatment of hereditary diseases. An immune re-
sponse to therapeutic agents develops in most patients
over time, despite the highly efficient purification of
the proteins produced in bacterial or yeast systems.
This fact creates the need for replacing the drug with
an analog produced in a different manner. Therefore,
the production of recombinant coagulation factors in
the milk of TAs is of significant medical importance
[57]. Table 2 shows some examples of TAs whose milk
contains human blood clotting factors. Treatment of
blood diseases in most cases requires a comparatively
small amount (calculated in grams) of RPs. Consequent-
ly, a rabbit is the optimal TA for producing RPs: each
transgenic rabbit female can produce approximately
5 liters of milk per lactation or 20 g of RPs per year.
The results obtained demonstrate that the expression
of coagulation factors does not affect animal health and
lactation [74, 75].

Unlike the coagulation factors VII, VIII and IX, the
demand for recombinant albumin is calculated in tons,
since albumin is used not only in medicine, but also in
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Table 2. Examples of the expression of human recombinant proteins (RPs) in the milk of transgenic animals (TAs)

Albumin

(native gene) insulator

Butyrylcholinesterase «
(cDNA)

Growth hormone
(native gene)

Coagulation Factor IX «
(mini-gene)

Coagulation Factor IX
(cDNA)

Granulocyte colony-stimulating
factor (native gene)

Lysostaphin
(native gene)

Cl-esterase inhibitor
(native gene)

Coagulation Factor VIII
(cDNA)

[-casein promoter (goat) +

[-casein promoter (goat)

-casein promoter (cow)

a-S1- casein promoter (goat)

B-lactoglobulin promoter
(sheep)

WAP-promoter (mouse)

WAP-promoter (mouse)

Cow/NT 40 [15]

Goat/NT 5 [59]

Goat/NT

0.07 [61]

Mouse/MI

0.026 [63]

Goat/MI

9.5 x 10 [65]

Mouse/MI 0.04 [67]

Cow/NT 0.014 [69]

Rabbit/MI 1.8 [71]

Rabbit/MI 0.1 [73,74]

biotechnology to stabilize other proteins. Albumin is
the major blood protein, which is usually isolated from
plasma. The production of recombinant albumin is more
expensive than its isolation from blood plasma, since
a very high degree of purification is required for its
medical application. Nowadays, recombinant albumin
is produced mostly in yeasts Saccharomyces cerevisiae
(Recombumin™) and Pichia pastoris (Albrec™). The
huge demand for recombinant albumin has determined
the choice of transgenic cows for its production. Thus,
GTC Biotherapeutics (USA) has recently created trans-
genic cows whose average level of recombinant human
albumin (rhAB) production in milk is 1-5 mg/ml [15]
or up to 30 kg per producing cow per year. The same
work described a line of transgenic cows whose RHA
concentration in milk was as high as 48 mg/ml, which
corresponds to the integration of 250 copies of the con-

struct. Transgenic cows of this line are characterized
by a shorter period of lactation and a decrease in the
milk yield. Thus, it can be assumed that the production
of rhAB in the milk of transgenic cows must be below
48 mg/ml

Certain proteins, such as hormones and cytokines,
have a negative effect on the lactation and health of
TAs. This makes maintenance of the transgenic herd
problematic. The most notable project undertaken by
the PharmAthene Inc. company (USA) on the instruc-
tions of the Ministry of Defense is connected with the
production of butyrylcholinesterase (Table 2), a highly
active enzyme that efficiently protects against orga-
nophosphate poisons. As a result, a herd of goats has
been produced whose level of production of recom-
binant human butyrylcholinesterase (rhBChE) in milk
is 1-5 mg/ml [59]. The main problem the company en-
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countered was the effect of rhBChE on lactation. The
latter significantly reduced the productivity of trans-
genic goats [76]. As a result, a question regarding the
economic feasibility of using transgenic goats to obtain
rhBChE has arisen.

There are several approaches that allow one to pro-
duce RPs that adversely affect lactation and the health
of the TAs; however, they only resolve the problem
partially. First of all, a promoter that stably functions
only in the mammary gland at a relatively low level
can be selected. For instance, a recombinant human
granulocyte colony stimulating factor (rhG-CSF) was
produced using the -casein gene promoter without
an enhancer in transgenic goats (Table 2) [60]. How-
ever, the rhG-CSF concentration in the milk of the
goats did not exceed 0.05 mg/ml. Transgenic mice with
milk containing 0.02—0.04 mg/ml of rhG-CSF have
also been produced. An expression vector containing
the 5’-regulatory region of the CSN1S1 gene of a goat
(3387 bp), including the first intron and the 3’-region of
the CSN1S1 gene of a cow (1518 bp) with non-coding
exons 18 and 19, was also used [67]. As a result, it was
demonstrated that transgenic mice carrying this vector
express rhG-CSF exclusively in milk, but not in other
tissues. However, the low level of RPs in the milk re-
duces the economic attractiveness of this approach.

An alternative way to produce RPs, which adversely
affects the health of the producing TAs, is infection of
a mammary gland with replication-defective vectors
based on adenoviruses. Thus, an adenoviral vector de-
signed to express recombinant human erythropoietin
was produced at the Laboratory of Transgenesis and
Animal Cloning (Havana, Cuba). The erythropoietin
concentration in the milk of the goats infected with
this adenovirus reached 2 mg/ml, but it exhibited a
low biological activity, which was presumably due to
insufficient glycosylation of the protein produced us-
ing this approach [77]. The production of the recom-
binant human growth hormone in mice (2 mg/ml) and
goats (0.3 mg/ml) using adenoviral vectors has been
described [78]. A similar approach was used in the case
of recombinant human lactoferrin, whose concentra-
tion in the milk of goats was as high as 2 mg/ml [79].
Despite the simplicity of using an animal adenoviral
vector to create TAs expressing the target protein in
milk, this method does not allow one to obtain a stable
expression of the recombinant protein at a level suffi-
cient for its commercial production. A high expression
level (1.5—-2 mg/ml) was observed exclusively during
the first 25 days of lactation, which can be explained
by either natural death of the transfected cells or the
immune response to the infection.

Finally, the production of the inactive forms of pro-
teins is considered to be a promising approach. For in-
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stance, an expression vector containing erythropoietin
cDNA integrated into the fifth exon of the lactoglobulin
gene of a cow [68] in such a manner that there was a re-
gion cleavable by IgA-protease between the coding re-
gions of two genes was constructed in order to produce
recombinant human erythropoietin. As a result, trans-
genic mice and rabbits were produced in whose milk
the concentration of chimeric protein reached 0.3 and
0.5 mg/ml, respectively. Following the cleavage of the
chimeric protein by IgA-protease, the activity of eryth-
ropoietin was restored and lactation and the health of
the TAs were not affected. It is also possible to use the
co-expression of RPs and an inhibitor that blocks its
activity. Thus, the recombinant human prourokinase
expressed in milk almost immediately transforms into
its active form, urokinase, which makes this bioreactor
unpromising with respect to the production of a thera-
peutic form of the protein (prourokinase). Prouroki-
nase was co-expressed with the bacterial serine pro-
tease inhibitor in the milk of transgenic mice in order
to resolve this problem [80]. This allowed to purify the
milk of transgenic mice from the processed prouroki-
nase (urokinase) and to dramatically increase the yield
of the therapeutic form of the protein.

It should be mentioned that sialylation of RPs in the
milk of transgenic rabbits and pigs is most similar to
sialylation in human cells, which is essential for reduc-
ing the immunogenicity of the drugs used in long-term
therapy [81, 82]. Incorrect post-translational modifica-
tions that reduce the activity of the recombinant pro-
tein can occur in the milk of transgenic goats and cows.
The easiest way to remove the incorrect modification is
mutation in the protein site where the undesired modi-
fication occurs. For example, alpha-fetoprotein, a sin-
gle chain glycosylated plasma protein with a molecular
weight of 68 kDa, is used to treat autoimmune diseases.
The demand for a properly folded recombinant human
alpha-fetoprotein (rh-AFP) is extremely high (kilo-
grams of protein are needed); hence, the Merrimack
Pharma company (USA), together with GTC Biothera-
peutics (USA), have launched a project for the produc-
tion of transgenic goats that produce rh-AFP in their
milk. The human alpha-fetoprotein isolated from the
milk of transgenic goats was glycosylated at the aspar-
agine residue located at position 233, which greatly re-
duced its activity. Therefore, the glutamine residue re-
placed the asparagine residue in rh-AFP, which caused
inactivation of the glycosylation site [58, 83]. It was
demonstrated that the biological activity and pharma-
cokinetics of the mutant variant of alpha-fetoprotein
are similar to those of the native protein.

The mAb market is the fastest growing segment of
the pharmaceutical industry. Therapeutic mAbs, most
of which are used to treat cancer and autoimmune dis-



REVIEWS

Table 3. Examples of mAb production in the milk of transgenic animals (TAs)

Maximum level of
Antibody binding antigen Regulatory elements TA /constructs antibody production | Reference
in milk, mg/ml
CD6-receptor WAP-promoter (rabbit) Mouseé (‘;\rizeosnatlve 0.4 [90]
Envelope glycoprotelr} S AR e (e e Mouse/two native 5 [89]
(gastroenteritis coronavirus) genes
Envelope glyc.o.pro.tem S B-lactoglobulin promoter Mouse,/two cDNA 6 [91]
(gastroenteritis virus) (sheep)

BRY96 anti-Lewis Y -casein promoter (goat) Mouseé (‘;\:é)snatlve 14 [86]

BRY96 anti-Lewis Y -casein promoter (goat) Mouseééx:é)snatwe 4 [86]

CD20-receptor B-casein [IREEHEIE (goat) + e 22.3 [92]
insulator

Surface antigen -casein promoter (goat) + e« 39 [93]
(Hepatitis A virus) insulator

Surface antigen _« _a_
(Hepatitis B virus) - L0 [94]

eases, generated profit of over $26 billion for American
biotechnological companies in 2007 [84].

The mADbs currently used in medicine are pro-
duced exclusively in mammalian cell cultures, since
proper post-translational modifications are required
to ensure therapeutic efficiency. The most important
modifications include the attachment of oligosac-
charides and sialic acid, which considerably increase
the mAbs bloodstream circulation time and reduce
their immunogenicity. However, the RPs produced
in cell cultures have a relatively high cost. Hence, an
attempt to use TAs to produce antibodies was made
at the end of the 1990s [85, 86]. Since mAbs are com-
posed of two polypeptide chains, two constructs con-
taining the genes encoding heavy and light subunits
were used for their expression in TAs. When produc-
ing TAs, several constructs encoding the heavy and
light chains of the antibody are typically incorporated
into the same genomic site. During the initial experi-
ments, mAbs were expressed using various gene pro-
moters of milk proteins, e.g., sheep B-lactoglobulin
[87] and mouse WAP [88, 89]. Transgenic mice whose
milk contains mAbs at relatively high concentrations
of 0.4—5 mg/ml have been produced as a result (Table
3). mAbs for pharmaceutical production were sub-
sequently obtained from transgenic goats; mAbs for
testing expression vectors, evaluating the quality of
mAbs, and refining the methods used for their isola-
tion were obtained from transgenic mice. The pBCl1
vector described above has been widely used for the
expression of mAbs (Fig. 2B). The highest expression
levels of mAbs in transgenic mice (as high as 32 mg/

ml of milk) were obtained using this vector (Table 3).
However, published data on the expression level of
mAbs in the milk of transgenic goats are virtually
absent. Transgenic goats, one of which showed an
expression level approaching 14 mg/ml, have been
mentioned in only one review [36].

According to the data provided by the GTC Bio-
therapeutics company (USA), mAbs isolated from the
milk of transgenic goats are typically stable and highly
efficient; even high levels of mAb expression do not af-
fect the health and lactation of transgenic goats. The
company has developed relatively simple methods for
obtaining highly purified mAbs that are suitable for
medical applications [95, 96]. The conducted investiga-
tions led to regarding transgenic goats as the optimal
model for the production of mAbs [97]. The attractive-
ness of transgenic goats is attributed to the fact that
they rarely get infected with BSE, in comparison with
sheep and cows. Transgenic goats from New Zealand or
Australia are currently being used for the production
of RPs in milk, since it is officially believed that there is
no cow disease in these countries.

The demand for mAbs recently hit the several-hun-
dred-kilograms-per-year mark. For example, world
demand for anti-receptor CD20 mAbs exceeds 600 kg
per year. It is estimated that a herd consisting of 210
transgenic goats whose milk contains mAbs at a con-
centration of 8 g/l can fully meet the world demand in
anti-CD20 mAbs at an approximate cost of $100/g [85].
Meanwhile, 51,0001 of cell culture with the capacity of
1g/land an approximate cost of $300/g are required to
obtain an equal amount of mAbs.
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Despite the relatively low cost of mAb production
in transgenic goats, there are some drawbacks asso-
ciated with their use in comparison with the use of
mammalian cell cultures. Firstly, the antibodies must
be properly glycosylated and sialylated, which is im-
portant for their stability, immunogenicity, and bio-
logical activity. Sialylation and glycosylation occur in
the mammary glands of transgenic goats, but it may be
incomplete. In addition, an increase in the level of mAb
expression is associated with a decrease in glycosyla-
tion efficiency. Therefore, 2—4 mg/ml is considered to
be an optimal level of mAbs in milk. The second prob-
lem is associated with the fact that sialic acid is present
in transgenic goats in the form of N-acetylneuraminic
acid (NANA) [98], while human antibodies contain N-
glycolylneuraminic acid (NGNA). There is a possibility
that antibodies containing the “wrong” sialic acid could
be immunogenic to patients in some cases. Recombinant
proteins in mammalian cell cultures also undergo het-
erogeneous glycosylation and sialylation. These proc-
esses are usually not completely identical to their native
counterparts. In order to overcome this hurdle, addi-
tional genes encoding transporters and enzymes, which
increase the level of glycosylation and sialylation, and/
or genes whose RNA-product induces inactivation of
the genes encoding the proteins that adversely affect
glycosylation, are introduced into the cell lines produc-
ing the recombinant proteins [99, 100]. An opportunity
to inactivate the genes involved in the glycosylation of
RPs in the cell lines, which is different from glycosyla-
tion in human cells, recently became available due to
the development of the new technologies of site-direct-
ed mutagenesis. Similar approaches cannot be used for
producing animals, since the changes in the genome
can adversely affect the viability of the TAs. The only
potential option is to create TAs using a vector under
strict control of expression exclusively in the mammary
gland. This vector must express additional genes which
increase/modify glycosylation and genes that encode
groups of RNA capable of inactivating the genes whose
protein products are responsible for the abnormal glyc-
osylation of RPs. Finally, the presence of approximately
0.3—0.5 mg/ml of endogenous immunoglobulins in goat
milk poses an additional problem during mAb purifica-
tion. Therefore, an efficient chromatographic separa-
tion of goat and human immunoglobulins is required in
order to obtain highly purified mAbs [86]. Meanwhile,
the introduction of synthetic media for the cultivation
of cell cultures significantly simplifies the stage of re-
combinant protein purification, which somewhat re-
duces the cost of obtaining highly purified mAbs.

It has recently been demonstrated that the absence
of fucose in the glycol chain of an antibody results in
an induction of cytotoxicity at an antibody concentra-
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tion ten times lower than in the case when conventional
antibodies are used [101]. A model based on transgenic
rabbits could be cost-effective for producing these de-
fucosylated antibodies. Interestingly, no fucose residues
have been identified in the recombinant human C1-
inhibitor isolated from the milk of transgenic rabbits,
suggesting the absence of active fucosylation in rabbit
mammary glands. Thus, transgenic rabbits can become
an attractive model for the production of this new class
of highly active antibodies.

A large-scale project to obtain mAbs in TAs was ini-
tiated in the late 1990s by Genzyme Transgenic com-
pany (currently known as GTC Biotherapeutics), which
signed contracts with a large number of companies de-
veloping mAbs as therapeutic agents. During the initial
stage, mAbs were obtained in transgenic mice in order
to assess their overall activity. If the levels of expression
and biological activity of mAbs in transgenic mice were
comparable to the expected values, goats-producers
were created during the second stage. GTC Biothera-
peutics is currently developing a technology for the
production of several widely used mAbs (Rituximab®,
Herceptin®, Humira®, and Erbitux®) in transgenic goats.
Work aimed at producing RPs in transgenic goats is be-
ing actively conducted in China and New Zealand.

POTENTIAL ROLE OF TRANSGENIC

ANIMALS IN AGRICULTURE

At the moment, the FDA is nearing approval for salm-
on which expresses the growth hormone for commer-
cial use (AquAdvantage) (according to the findings, it
is safe for humans and the environment) [11, 102]. The
economic impact in the case of transgenic salmon is as-
sociated with an almost twofold increase in growth,
which significantly reduces the cost of cultivation.
Therefore, it can be assumed that in the near future
permission for the commercial application of various
TAs will be obtained. These TAs can be used to achieve
such important objectives as 1) producing modified
milk containing human RPs; 2) altering the composi-
tion of milk to increase efficiency in dairy products
production; 3) improving the characteristics of farm
animals (fast growth, recycling); and 4) improving the
resistance of farm animals to bacterial, viral, and prion
infections [103].

The issues of artificial infant feeding and nutrition of
newborns is gaining in importance. In terms of its com-
position, breast milk is significantly different from goat
and cow milk. Thus, human milk contains much higher
concentrations of lactoferrin (2.0—5.8 mg/ml), lysozyme
(0.03—3 mg/ml), and lactalbumin (1.8—3.1 mg/ml).
These proteins protect the organism against infec-
tions, improve the structure of the intestinal epithe-
lium, have a positive effect on the intestinal microflora,
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and enhance immunity. Meanwhile, the concentration
of these proteins is significantly lower in cow milk:
0.03—0.49 mg/ml for lactoferrin, 0.05—0.22 mg/ml for
lysozyme, and 1.47 mg/ml for lactaloumin. The mix-
tures for artificial feeding produced using animal milk
do not provide optimal infant nutrition, since they are
prepared from hydrolysates and contain no functional
proteins.

Transgenic cows expressing recombinant lactoferrin
(3.4 mg/ml) [16], lysozyme (0.03 mg/ml) [17] or human
lactalbumin (1.5 mg/ml) [33] have been obtained in Chi-
na to produce modified milk. Milk containing all three
human RPs at the optimal concentration is intended for
production next. Transgenic goats whose milk contains
recombinant human lysozyme at a concentration of
0.27 mg/ml [31] (corresponding to 67% of the lysozyme
concentration in breast milk) have been obtained in the
USA. It was demonstrated that pasteurized milk with
human lysozyme has a positive effect on the health of
young goats and pigs [104, 105]. The University of Cali-
fornia, Davis (USA), and the Institute of Biomedicine
of the Federal University of Ceard (Brazil) received a
grant from the Government of Brazil to explore the
possibility of using milk containing recombinant human
lysozyme to treat diarrhea in children from low-income
families. Production of transgenic goats expressing re-
combinant lactoferrin in milk for the subsequent pro-
duction of milk simultaneously containing a combina-
tion of two human proteins is also scheduled.

The government-owned AgroResearch company in
New Zealand produces transgenic cows with the aim
of increasing efficiency in cheese production. Caseins,
the most valuable proteins, comprise approximately
80% of milk proteins. The casein fraction in cow milk
consists of a-S1-, a-S2-, 3- and k-caseins, encoded by
a single copy of each gene [106]. Caseins aggregate into
large micelles. The micellar structure and its stability
may vary depending on the ratio of caseins, which af-
fects the physical and chemical properties of the milk.
Cheese is made via the aggregation of casein micelles,
which retain water and fat by forming a protein net-
work. An increased content of 3- and k-caseins leads to
a reduction in the micellar size and increases thermal
stability, which is necessary for cheese production [107].
In order to increase the amount of B- and k-caseins in
milk, transgenic cows with additional copies of the gene
were produced [108]. The endogenous B-casein gene of
cows with its regulatory sequences was used. Since the
k-casein gene is characterized by a relatively low ex-
pression level, a chimeric gene containing the regulato-
ry region of the (3-casein gene and the coding region of
the k-casein was used for the production of transgenic
cows. The transgenic cows were eventually produced,
their milk was characterized by a 20% increase in the

level of B-casein expression and a twofold increase in
k-casein synthesis. This result clearly demonstrates the
fact that the milk content can be altered by transgen-
esis, which can increase efficiency in the multi-billion-
dollar cheese production industry.

One of the problems in swine breeding is the high
mortality of piglets attributed to the insufficient
content of a-lactalbumin in milk. In order to tackle
the problem, we produced transgenic pigs with the
a-lactalbumin gene of cows inserted into their genome,
which resulted in an increase in the lactose concentra-
tion in milk [109]. This significantly decreased the mor-
tality rate among the piglets that were fed the modified
milk. Another problem in swine breeding is the pollu-
tion of the environment with their feces, which contain
high levels of phosphorus. This problem was resolved
by producing transgenic pigs whose genome contained
an inserted phytase-encoding gene of bacterial origin
[110]. As a result, the level of phosphates in the feces of
the transgenic pigs decreased by 75%.

Resistance to diseases is another extremely impor-
tant aspect in the application of transgenesis in agricul-
ture. Thus, the losses inflicted by mastitis (inflammation
of the mammary gland caused by bacterial infection) in
cattle exceed 1.7 billion dollars a year in the USA alone
[111]. Mastitis is typically caused by staphylococci. Lys-
ostaphin, a powerful peptidoglycan hydrolase secreted
by Staphylococcus simulans, exhibits a bactericidal
effect against staphylococci, causing mastitis. Trans-
genic cows [69] whose milk contains lysostaphin at a
concentration of 0.014 mg/ml have been obtained. It
was demonstrated that such cows are characterized by
increased resistance to staphylococcal infections.

Bovine spongiform encephalopathy (BSE, also known
as mad cow disease) is the most lethal disease affecting
cattle in countries of the Northern Hemisphere. Re-
moval of the prion protein gene that causes the disease
was proposed as a way to combat it [112]. As a result,
transgenic cows lacking the gene (and, thus, resistant
to BSE) have been produced [113]. It is obvious that the
use of such cows can reduce the incidence and spread
of the disease epidemics.

These examples demonstrate that the use of TAs in
agriculture is highly promising. The main restriction
to the widespread distribution of T As is the fear of the
wider public regarding the safety of transgenic food
products. More stringent regulatory requirements are
imposed as a result, making it difficult to obtain permis-
sion to use TAs. In 2009 (the current edition from May
17,2011), after more than 10 years of development, the
FDA approved a procedure for considering applications
for using TAs [114]. The procedure for the approval of
new products is simpler in developing countries, and
both the government and the public view TAs as one
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of the ways to resolve the problem of food security and
improvement of living standards. As a result, most of
the projects on the applications of TAs in agriculture
are currently being implemented in countries, such as
Brazil, Argentina, and China.

CONCLUSIONS
Efficient methods for producing TAs expressing RPs
have been developed over the past 20 years. TAs offer
opportunities to significantly reduce costs in producing
mAb and human RPs with post-translational modifica-
tions that closely match those of human proteins.
Until recently, the main reasons behind the reluc-
tance to produce RPs using T As in developing countries
included a lack of developed laws regulating the use of
TAs, strict ethical standards, and protests in the public
against the use of animals as bioreactors.

However, the situation has begun to change. Detailed
regulations to accompany the use of TAs for the pro-
duction of RPs have been developed. The establishment
of two manufacturing productions of RPs in the milk of
TAs approved by regulatory agencies in the USA and
EU has removed many issues related to the organiza-
tion of production, while the expiration of patents on
many biological preparations has increased competition
between manufacturers, forcing companies to search
for the most economically efficient technological mod-
els of production. Thus, it is very likely that in the near
future the use of TAs in the biotechnology and food in-
dustries will expand. ®

This work was supported by the federal target
contracts Ne 16.512.12.2007 and No 16.552.11.7067.
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ABSTRACT The review covers the analysis of our own and published data pertaining to population and genetic
consequences in various mammalian species under conditions of high levels of ionizing radiation as a result of
the Chernobyl accident. The findings indicate that these conditions have promoted the reproduction of hetero-
zygotes in polyloci spectra of molecular genetic markers and animals with a relatively increased stability of the
chromosomal apparatus. The prospects of using the reproductive “success” of the carriers of these characteristics
as an integral indicator of the selective influence of environmental stress factors are discussed.

KEYWORDS ionizing radiation; molecular genetic markers; reproductive ”success”; cytogenetic anomalies; eco-

logical stress.

INTRODUCTION

It has been 26 years since the largest technogenic ca-
tastrophe of the 20" century — the Chernobyl disas-
ter — which highlighted many of the global issues fac-
ing industrial and post-industrial societies. From the
point of view of a systemic-evolutionary approach,
the processes of anthropogenesis and sociogenesis are
the results of employing unique strategies of survival
pertaining exclusively to Homo sapiens, whose core el-
ements include the simultaneous combination of bio-
logical, socio-cultural and technological adaptations.
The Chernobyl accident revealed the incompatibility
of these elements. Technological adaptation being the
most mobile of the listed adaptations, it determines the
general direction of the history of humankind. Domes-
tication of plants and animals as a condition of the tran-
sition to sedentary life characterized the first phase of
the formation of the agrarian civilization and, hence,
the creation of novel technologies capable of adapting
to dynamic environmental factors. Culture itself (in-
cluding the production culture) must play a major role
in the coordination of all three components of the adap-
tive strategy. The Chernobyl accident and the attitude
towards its consequences and the consequences of nu-
merous technogenic accidents and disasters of the 20™
century indicate that culture is developing significantly
slower than technological process and its biospheric

consequences. The persistent controversies regarding
the evaluation of the consequences for the health of the
human population not only after the Chernobyl disas-
ter, but also those of the atomic bombings of the cities
of Hiroshima and Nagasaki serve as an illustrative ex-
ample of the latter fact.

Thus far, the consequences of ecological changes
for living objects are merely declarative: species on
the brink of extinction are counted, their reproduc-
tive function is assessed, and changes in communities
are evaluated. The inconsistency in the evaluation of
the consequences of the Chernobyl accident for biota
yet again brings forward an even more global prob-
lem; that is a lack of relatively reliable and consist-
ent evaluations of biological safety in human habitats.
The urgent need to develop novel approaches for the
assessment of biological safety has two reasons: the
abrupt increase in the spread of contaminants and
the complexity of their composition. The conventional
methods for the detection of toxic agents in the air,
ground and water do not take into account the con-
stantly emerging novel contaminants and neglect
their combined effects, thus requiring an additional
analysis of the complex of living organisms which act
as a target for toxic agents. It is evident that the selec-
tion of indicator species in which population genetic
changes can be used as an objective indicator of the
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biological safety of the region under surveillance re-
mains among the key issues today.

However, the genetic consequences of genotoxic ef-
fects are most commonly considered exclusively from
the point of view of the risk of emergence of mutant
organisms, i.e.,, the carriers of constitutional mutations
that are present in all the cells of a multicell organism.
The frequency of occurrence (especially for carriers of
such large-scale genetic defects as cytogenetic anoma-
lies) can be used as an indirect measure of the “sensi-
tive” part of the gene pool which does not participate
in the reproduction of the population anymore, since
the carriers of constitutive mutations in the populations
of higher organisms are typically less fertile than the
normal individuals.

The main reasons complicating an objective assess-
ment of the damaging effects of ionizing radiation in-
clude the following ones: heterogeneity in the radiosen-
sitivity of the investigated groups of organisms at the
level of species, populations, individual organisms, vari-
ous tissues and organs; volatility of the radiosensitivity
of the cells isolated from the same organism during the
ontogenesis and under the influence of environmental
factors (in particular those increasing or suppressing
the activity of various parts of the antioxidant system,;
the complexity of the mutational spectra and their con-
tribution to somatic pathologies, their connection with
the reproductive function abnormalities in the organ-
isms.

In order to assess the genotoxicity of a particular fac-
tor or the level of regional contamination, the incidence
of gene mutation and the number of chromosomal
aberrations are typically determined, along with per-
forming a micronuclear test in the members of various
indicator species. Thus, for instance, the cytogenetic
characteristics of the bone marrow of small mammals
are widely used as a biological test to assess the eco-
logical situation in various regions [1—5]. However, the
accumulated data clearly indicate that a widespread
individual variability exists with respect to the spon-
taneous frequencies of cytogenetic anomalies and their
alterations in response to the genotoxic impact.

The stability of the chromosomal apparatus is a poly-
genic trait controlled by a large number of various fac-
tors and genes, which are not limited to DNA repair
enzymes [6]. Thus, aneuploidy is closely connected with
the gene mutations that control the synchronism of
centrosome division and stages of mitosis. Synchronism
impairment results in multicentric mitosis with subse-
quent errors in chromosome segregation into daughter
cells [7—10]. Chronic or transient abnormalities in the
telomeric function, mutations or dysfunctions of the
genes encoding telomeric proteins lead to their fusion,
which causes significant genomic instability [11, 12]. A
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large number of various sources and mechanisms of
genomic instability have been identified at the level of
nucleotide sequences; their only common trait is the
formation of double-strand breaks (DSB) [13]. It should
be emphasized that the frequency of the mutations
in various genome segments depends on a number of
genomic parameters (nucleotide context, replication
duration, nucleosome density, histone modifications,
chromatin packing, etc.) [14]. This specific feature typi-
cally complicates the assessment of genotoxic effects in
genetically heterogeneous populations, including hu-
man populations.

The problem is further complicated by the fact that
the “release” of mutations in somatic cells, the number
of mutants in the progeny, is the final phase of a mul-
tiphase process. The observed effect of any genotoxic
impact depends on several parameters, including 1) the
individual sensitivity of a given organism to the fac-
tor under investigation (in particular, the activity of
the enzymes participating in the biotransformation of
xenobiotics and in antioxidant protection systems), 2)
the genotypical characteristics of the activity of the
enzymes participating in the repair of the induced de-
fects, 3) the enzymes facilitating the detoxification of
the toxic agents that enter the cells and are formed
during the intracellular metabolism, and 4) the rate of
removal of the damaged cells.

The polygenic nature of the listed functions presum-
ably leads to the widespread individual variability in
mammalian groups in response to genotoxic impacts of
identical intensity.

It should be emphasized that the underdeveloped
conceptions related to the multiplicity of targets for the
damaging effect of ionizing radiation in the cytoplasm
and nucleus, in various DNA segments and to the no
less complex ways of formation of these damages in the
form of mutations, and to the protection systems of a
multicellular organism, which prevent the accumula-
tion of mutant cells, results in the fact that the pre-
dicted damaging effects (for humans in particular) are
drastically different from empirically collected data.

Taking into account the lack of information regard-
ing the cascades of mutagenesis-related molecular
events, the problematic nature of predicting the con-
sequences of an ionizing radiation impact becomes ap-
parent in case this prognosis is based on the assessment
of the actual mutational events. The specific features
of the mutagenesis of various genomic elements, whose
mechanisms, initiation rate, and biological consequenc-
es significantly differ from each other, usually are not
discussed.

Meanwhile, without changing our views regarding
the mechanism of the effect of ionizing radiation on the
genetic material of biological objects, it is impossible to
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expect that the contradictions between the experimen-
tal data and predictions based on simplified conceptions
and models of the mutagenic action of ionizing radia-
tion on living objects will be resolved.

Heterogeneity of target sensitivity in living

objects. Molecular, cellular, organ, species diversity

of the damaging effects of ionizing radiation

One of the reasons behind the existing difficulties is the
fact that mutational events also occur at a relatively
high frequency due to endogenous events. Thus, the
frequency of spontaneous mutations in the structural
genes in human cells is 5 X 107! per base per round of
cell division [15]. The frequency of nucleotide substi-
tutions in genes leading to substitutions in the amino
acid sequences in the corresponding protein products
is discussed in this case. The diploid genome of higher
mammals contains approximately 6 X 10° nucleotides,
and roughly 10% of those are found in the coding re-
gions; i.e., this frequency is typical of 6 X 10® genomic
nucleotides. Hence, approximately 1 X 10-* mutations
emerge in the coding regions of the structural genes in
each genome in each round of replication.

Today the frequency of mutations is determined
per nucleotide in the human haploid set (3 X 10° nucle-
otides) using a comparative analysis of the completely
sequenced genomes of parents and two monozygotic
twins. The frequency of spontaneous substitutions es-
timated using this method reaches ~1.1 X 107% per nu-
cleotide per round of replication [16].

Every second 107 cells in a normal human organ-
ism undergo division [17]; hence, every second 10° new
cells containing nucleotide substitutes exclusively in
the protein-coding regions are formed. It is important
to point out that actual mutations are discussed in this
review.

However, these mutations are preceded by DNA
lesions at the potential mutation sites, since they can
either be easily repaired or become actual mutations.
They usually emerge due to hydrolysis, oxidation, or
electrophilic influence on DN A molecules. These reac-
tions occur as a result of an exogenous impact, includ-
ing the impact of ionizing radiation; they can also result
from endogenous metabolic processes. The endogenous
events cause a large number of various DNA lesions
[17]. Thus, for instance, apurine/apyrimidine (AP) sites
in DNA may occur as a result of spontaneous hydroly-
sis or DN A-glycosylase-aided excision repair. AP sites
are quickly repaired by AP endonuclease, which ca-
talyses the hydrolysis of the 5’ -phosphodiester bond
with subsequent removal of 3’-phosphate (aided by the
lyase activity of DNA polymerase ) [18]. Nakamura
and Swenberg [19] determined the number of AP sites
in DNA from tissues. They found out that the num-

ber of such sites in the genomes of cells isolated from
most human and rodent tissues reaches 50,000—200,000
(i.e. ~ 10”° =10 per nucleotide). It is clear that such le-
sions occur 6—7 orders of magnitude more frequently as
compared to the nucleotide substitutions in the struc-
tural genes. The typical AP sites induce nucleotide sub-
stitutions (typically A=T) or may result in frameshift
mutations. These mutations have been found in the
microsatellite loci of a plasmid treated with H,O,. The
number of AP sites increases when the cells are treated
with oxidizing or methylating agents.

It has been known for a relatively long time that the
action of oxygen radicals leads to the emergence of a
large number of oxidized bases in DNA, as well as to
DNA breaks. Base modifications that occur due to the
other oxidizing processes are discussed less frequent-
ly. Thus, polyunsaturated fatty acids, one of the main
components of membrane phospholipids, are charac-
terized by high sensitivity to oxidation and are the main
target of oxygen radicals [18]. During the oxidation of
polyunsaturated fatty acids, bifunctional electrophilic
groups capable of interacting with DN A bases are syn-
thesized, giving rise to exocyclic compounds. These
modified bases carrying the exocyclic groups disrupt
the double-stranded DNA and are considered to be po-
tentially highly mutagenic.

Exocyclic ethylene groups (denoted by €: €A, eCand
N2,3-eG) have been identified in the DNA isolated from
various human tissues; their level increases with an in-
crease in the concentration of oxygen radicals. N2,3-eG
can be found in rodent tissues subjected to oxidizing
stress. The amounts of €A, €C are increased in patients
with Wilson’s disease and the diseases associated with
accumulation of copper and iron in the liver [20]. The
rate of oxidation of unsaturated fatty acids increases
during the accumulation of metal ions. The level of eth-
ylene groups is also increased in DNA isolated from the
polyps of patients suffering from familial adenomatous
polyposis, and, interestingly, in the DNA of leucocytes
isolated from the blood of women whose food contains
large amounts of unsaturated fatty acids; this effect is
absent in males [20].

The amounts of €A, €C increase during the promo-
tion stage of a tumor in a two-stage mouse skin carcino-
genesis model [21]. The treatment of a tumor promoter
using phorbol ester (tetradecanoylforbol-13-acetate)
has resulted in a 9- tol2-fold increase in €A and €C, re-
spectively. The increase in the amount of DNA lesions
correlates with the induction of fatty acid oxygenase
(8-lipoxygenase).

Special attention has recently been brought to bear
on the C - T transitions in CpG-islets, since these mu-
tations are commonly found in organisms affected by
cancer and in a number of other pathologies. Cytosine
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methylation is considered to be an important factor in
the occurrence of such transitions.

The rearrangements in large DNA segments may
underlie the occurrence of chromosomal transloca-
tions, resulting in particular in a loss of heterozygos-
ity, which is very commonly observed in tumor cells.
The chromosomal alterations begin with breaks in both
DNA strands, which are induced by oxidative stress or
enzymatic cleavage during chromatin reorganization
(e.g., DNA topoisomerase II). Approximately 10 double-
strand DN A breaks per cell cycle in the form of blocked
replication forks occur during DNA replication [22]. It
is evident that the factors giving rise to double-strand
breaks and the methods to repair them significantly
contribute to the processes of endogenous mutagen-
esis.

Studies of animals with various knock-outs of the
genes encoding the enzymes used to repair double-
strand breaks have demonstrated the significance of
these modifications for the occurrence of mutational
events at the nucleotide and chromosome levels.

It is obvious that the high frequency of spontane-
ous mutational events leads to the fact that mutagenic
effects are attributed not to the occurrence of the le-
sions but to the activity of their repair (e.g., those in
radiation-resistant species known as Deinococcus ra-
diodurans, which are capable of withstanding 5000 Gy
[23]).

The investigation into the mechanisms of spontane-
ous lesions in the genetic material (each of which can
be converted into a mutation with an unpredictable ef-
fect for the cell, its clonal progeny, and the multicellu-
lar organism in general) indicates that these events are
multistage by their nature. Supplementing this cascade
with ionizing radiation will be an additional factor in-
creasing the probability of conversion of potential DNA
lesions into mutations.

The next level of control of the genetic stability in a
multicellular organism, which prevents the accumula-
tion of mutant cell clones, is based on the various op-
tions of cell death available to genetically deficient cells,
as well as the participation of immune system cells in
the elimination of mutant clones [24]. It is obvious that
during this stage the ionizing radiation can have a dual
effect: it can increase the portion of dying mutant cells
and reduce the rate at which they are eliminated by
suppressing the effector cells of the immune system.

The reproduction of mutant cell clones of the germi-
native line and the emergence of mutant progeny are
controlled by a cascade of events, each of which can be
modified by ionizing radiation.

It is interesting to point out that embryonic preim-
plantation mortality is increased and embryonic fis-
sion is slowed down in vitro in CC57W /Mv mice under
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the influence of absorbed ionizing radiation at a dose
of 0.4—0.5 Gy (with respect to the control) as was con-
firmed in our experiments [25]. It should be emphasized
that the preimplantation embryonic losses in mammals
are difficult to control, and they manifest themselves
through a decrease in the fertility of the population.

The analysis of the events of mutagenesis at the
gene, cell and organism levels demonstrate that the
characteristics of its alterations under the influence of
low-dose ionizing radiation depend on many factors,
which are connected both with genetically determined
processes and with the modifying effect of the envi-
ronmental factors. The complexity of the interactions
between the genetic and environmental components
prevents the examination of individual characteristics
of mutagenesis as an integral indicator of the effect of
low doses of ionizing radiation on multicellular organ-
isms. A decrease in population fertility seems to be the
most objective indicator.

Conceptions of the radiation doses capable

of causing damage to living objects

Significant amounts of experimental observations of
the consequences of increasing the level of ionizing ra-
diation in various species, including the human one,
have been accumulated. The most commonly used
methods for assessing the health consequences of in-
creased levels of ionizing radiation are as follows: de-
termining the growth in the incidence of oncological
diseases; the frequency of occurrence of dividing cells
(generally in the peripheral blood) containing lesions in
the genetic apparatus; and the proportion of children
born with congenital anomalies [26]. Today an increase
in the incidence of thyroid cancer remains the only in-
dicator of worsening of population health as a result
of the Chernobyl accident that generates no disputes
[26]. The features of the data regarding the cytogenetic
anomalies in somatic cells include high individual vari-
ability of the characteristics of chromosomal apparatus
destabilization and a lack of clearly defined linear rela-
tionships between the degree of karyotype destabiliza-
tion and radionuclide contamination of the habitat [27]
and the amount of cesium isotopes in an organism [28,
29].

Laboratory and field studies have demonstrated that
an increase in the level of ionizing radiation in a number
of cases (even in the low-dose range, up to 20—30 mGy)
is accompanied by an increase in the frequency of indi-
vidual species characterized by an increased proportion
of somatic cells with various mutations [27, 29]. Mean-
while, after the bombing of the cities of Hiroshima and
Nagasaki, it is generally considered that an increase in
the frequency of cancer due to the increased level of
ionizing radiation can be definitively traced only if the
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absorbed dose exceeds 100 mSv/year. The data accu-
mulated following the Chernobyl accident indicate that
even significantly lower doses can be damaging; this
fact requires the theory of damaging doses to be recon-
sidered [30]. The explicit contradiction between the ob-
servation of the effects at the levels of cell populations
and individual species and the statistical analyses of
average populations can be due to a number of reasons.
It is of significant importance to elucidate these reasons
in order to develop objective techniques to predict the
damaging effects of low-dose ionizing radiation and to
search for integral indicators of this effect.

Leukemia was the first oncological disease whose in-
cidence was connected to the consequences of the atomic
bombings in Hiroshima and Nagasaki. The maximum
incidence was observed 5 years after the bombings. Ten
years later, an increase in the growth of solid tumors
was recorded. Chronic lymphocytic leukemia, pancre-
atic and prostate cancer, and endometrial cancer were
the most frequently identified types. Even 55 years after
the atomic bombings, 40% of the people initially includ-
ed in the Atomic-bomb Survivor Research Program are
still alive; this fact makes it possible to assess the long-
term consequences of the exposure. It was determined
that the relative risk of developing various conditions
per dose unit is higher among survivors of the bombings
than among those who were subjected to medical radia-
tion exposure. The risk of developing a disease among
employees of atomic stations and miners is on average
comparable to that observed among some population
groups which survived the atomic bombings. The risk
of somatic conditions among those who were subjected
to primary exposure of identical doses decreases with
increasing age at which the exposure occurred. The fre-
quency of various conditions of respiratory, gastrointes-
tinal, and vascular systems is increased among survivors
of the atomic bombings [31, 32].

The connection between the doses absorbed by the
embryos and the incidence of leukemia in children was
analyzed in England, Scotland, Greece, Germany, and
Belarus following the Chernobyl accident. The total
doses absorbed by the embryos varied from 0.02 mSv
in England to 0.06 mSv in Germany, 0.2 mSv in Greece
and 2 mSv in Belorus. A statistically significant increase
in the risk of developing leukemia in newborns was
identified at the peak of the exposure, between July 1,
1986, and December 31, 1987, as compared with chil-
dren born between January 1, 1980, and December 31,
1985, and between January 01, 1988, and December
31, 1990. In certain countries, the risk increases non-
monotonously with respect to the dose absorbed: it in-
creases abruptly at low doses, followed by a decrease
at high doses. The findings have been discussed in con-
nection with the mechanisms of embryo/cell death at

high doses and dose-dependent induction of DNA re-
pair. The accumulated results show the need for recon-
sidering our views on the absorbed doses that could be
harmful to embryos [33]. In children who received high
doses of ionizing radiation in the period between 0 and
5 years after birth, an increase in leukemia incidence
was also observed, which correlated with the absorbed
doses (over 10 mGy) [34]. Nonetheless it is important
to emphasize that the relationship between cancer de-
velopment and various factors exerting influence si-
multaneously (especially for leukemia), the difficulties
of diagnosing and classification, as well as treatment
success, hinder the assessment of the contribution of
radionuclide contamination following the Chernobyl
accident to the dynamics of oncopathology and early
mortality in European countries [35].

Meanwhile, there are data available that indicate
that the incidence of congenital developmental anoma-
lies among children born to fathers who participated
in the cleanup effort after the Chernobyl accident ex-
ceeds the average frequency recorded in the Russian
Federation [36]. An increase in the incidence of congen-
ital developmental anomalies in children born in the
regions with high levels of radionuclide contamination
following the Chernobyl accident was revealed by the
analysis of the Belarus National registry of congenital
anomalies for the period of 1983—1999 performed by
G.I. Lazyuk et al. [37].

It was demonstrated that high and low doses of ion-
izing radiation have a nonthreshold effect on the car-
diovascular system. At least two mechanisms are in-
volved in the formation of these effects: the impact on
the formation of macrophage-enriched atherosclerotic
plaques due to inflammation processes on the vessel
wall and a decrease in the cardiac muscle blood supply
as a result. The manifestation of the pathology of the
cardiovascular system following the irradiation exhib-
its a large lag-phase, especially after exposure to a low
dose [38].

It was discovered that the number of boys born in
Bavaria and Denmark in 1987 after the Chernobyl
Nuclear Power Plant accident was higher than that of
girls [39]. The mortality rate among newborns increased
considerably in 1987—1988 [40].

Young people who received doses of ionizing radia-
tion 7n utero had considerably lower IQ scores as com-
pared to those in the control group of the same age.
The differences were limited to the verbal IQ score;
the nonverbal IQ score was not affected. These effects
were not identified in the group of people who were
exposed to radiation after 16 weeks of prenatal devel-
opment [41].

The incidence of cytogenetic anomalies in cells iso-
lated from the peripheral blood and bone marrow at
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Table 1. The frequency of micronuclei occurrence per 1,000 erythrocytes (EMN) isolated from the peripheral blood of
CC57W /Mv mice of various ages from the Chernobyl and Kiev populations during different seasons

EMN, control, %o

EMN, Chernobyl, %o

Season
2.5—3.5 months 14—16 months 2.5—3.5 months 14—16 months
Winter 1993 25 +0.7 2.7+0.9 10.0 £ 1.0 40+1.0
Summer 1994 3.0+0.8 3.2x0.7 6.5+ 1.0 3.8x0.3

various laboratory and wild-type small murine rodents
that reproduced in the alienation zone of the Chernobyl
Nuclear Power Plant (CNPP) was determined. This zone
is a unique system model to study the population genetic
transformations caused by a change in the direction and
intensity of natural selection. An abrupt change in the
entire complex of ecological factors occurred on a lim-
ited territory following the accident. Representatives of
various taxonomic groups, including higher mammals,
dwell successfully in spite of these changes. It is impor-
tant to emphasize that the main culprit in the ecological
catastrophe (the emission of radionuclides) has been well
established. It should be highlighted that it is impossible
to simulate the action of interdependent and interrelated
changes in various conditions of population reproduc-
tion under the influence even of a single environmental
stress factor in a laboratory (e.g., an increase in radionu-
clide contamination), whereas it is typically impossible
to analyze the inheritance of induced changes in genera-
tions of families under field conditions.

In order to evaluate the possible direction of popula-
tion genetic changes under the influence of an increase
in ionizing radiation in the alienation zone of the CNPP,
with allowance for the genetic heterogeneity of bioindi-
cator species in field conditions, a comparative analysis
of long-term changes in generations of genetically ho-
mogenous laboratory CC57W /Mv mice and in species
of field voles captured between 1994 and 2001 in the
alienation zone of the CNPP in locations with various
levels of radionuclide contamination was carried out in
the present study. The cytogenetic variability in gen-
erations of the genetically homogenous population was
analyzed using two populations of CC57W /Mv mice
bred at the Institute of Molecular Biology and Genetics
of the National Academy of Sciences of Ukraine: the
Chernobyl group (a specialized vivarium located in a
10-km radius from the CNPP) and the control group (a
vivarium in Kiev). These populations were kindly pro-
vided by S.S. Malyuta, an academician of the National
Academy of Sciences of Ukraine. The bone marrow
cells isolated from mice of first and second generations
of the Kiev population (K-1, K-2) and the first, second,
fifth, seventh, and tenth generations of the Chernobyl
population (Ch-1, Ch-2, Ch-5, Ch-7 and Ch-10) repro-
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ducing in the specialized vivarium at a rated dose of
absorbed radiation of approximately 0.6 Gy per animal
were analyzed.

The mutational spectra were determined in repre-
sentatives of the field vole species (Microtus arvalis
and Clethrionomys glareolus) captured in the aliena-
tion zone of the CNPP at locations with low levels of
radionuclide contamination (< 5 Cu/km?), which were
considered spontaneous (conditional control) under
conditions of an intermediate level of radionuclide
contamination (~200 Cu/km? — Yanov, rated dose of
absorbed radiation of approximately 0.6—-0.8 Gy/year)
and with high levels (500—1000 Cu/km?, Glubokoe lake,
Chistogalovka, “Red Forest,” rated dose of absorbed
radiation of approximately 0.9—1.1 Gy/year).

The following cytogenetic characteristics were taken
into consideration in the animal bone marrow cells: two
types of aneuploidy, polyploidy, the frequency of oc-
currence of metaphases with chromosomal aberrations
(CA), centric fusions known as Robertsonian translo-
cations (RB) and asynchronous separation of chromo-
somal centromeric regions at the end of the metaphase
(ASCR). The percentage of aneuploid cells was deter-
mined in two different variants: the cells with a loss or
gain of the chromosome number, more than one (gen-
eral aneuploidy, Al) and aneuploid cells with a number
of chromosomes 2n = 1 (A2). The numbers of binuclear
leukocytes (BL) and leukocytes with micronuclei (LM)
were determined in cells with an intact cytoplasm us-
ing the same preparations. The mitotic index (MI) and
the frequency of occurrence of BL. and LM were deter-
mined per 1,000 cells.

A significant increase in the frequency of cytogenet-
ic anomalies was identified in the mutational spectra
of the Chernobyl population of CC57W /Mv mice (in
particular, the metaphases with chromosomal aberra-
tions: 0.9 = 0.2% in the control group and 6.0 = 2.0% in
the test group). Meanwhile, the responses to identical
levels of increased ionizing radiation were different to
the statistically significant level in groups of linear mice
of various ages (Table 1, 2) and in generations of the ex-
perimental population (Table 3).

The data in Table 1 show that the frequencies of oc-
currence of erythrocytes with micronuclei in the con-
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Table 2. The frequencies of cell deletions and cytogenetic anomalies in "young” and "old"” CC57W /Mv mice from the

control (Kiev) and the Chernobyl groups

Mice from the ”"Young” control group (Kiev) 6.8 = 0.5%** 45=*0.7 5.2 % 0.3%*

Mice from the “Old” control group (Kiev)

12—-18 3.5 = 0.6%** 71+13 10.5 = 1.3*

*P <0.05, **P < 0.01, ***P < 0.001.

Note. Here and in Tables 3 and 4, Ml is the number of metaphases per 1,000 cells; BL is the number of binuclear leuco-
cytes per 1,000 cells; LM is the number of mononuclear leucocytes with micronuclei per 1,000 cells.

Table 3. The variability of cytogenetic characteristics in CC57W /Mv mice in generations (Ch-1, Ch-2, Ch-5, Ch-7,
Ch-10) reproducing under conditions of the specialized vivarium of the CNPP as compared with the control populations

of K-1 and K-2 (average values)

Note. Here and in Table 4, A1 is general aneuploidy, A2 is aneuploidy 2n+ 1 chromosome; PC is the fraction of poly-
ploid cells; RB is the fraction of cells with centric fusion of chromosomes (Robertsonian translocations); CA is the fre-
quency of occurrence of metaphases with chromosomal aberrations; ASCR is the proportion of cells with asynchronous
separation of the centromeric regions of the chromosomes at the end of the metaphase.

trol groups of “young” and “old” animals determined in
different seasons show no statistically significant dif-
ferences. However, this figure was significantly higher
in the Chernobyl “young” animals than that in the con-
trol population and in the “old” animals. The results of
these experiments (Table 1) gave grounds to assume
that the age-related changes are accompanied by a de-
crease in erythroblast sensitivity to damaging effects.
It can be also expected that in this case the processes of
physiological adaptation in “old” animals as compared
to the ”"young” group are connected to the long-last-
ing action of chronic low-dose exposure to radiation. It
was determined that this physiological adaptation was
accompanied by an increase in the number of divid-
ing cells and a certain acceleration of the cell cycle, if
the determination is based on the number of binuclear

leukocytes per round of mitosis in bone marrow cells
isolated from the groups of the “old” control and the
Chernobyl animals (Table 2).

The analysis of the incidence of cytogenetic anoma-
lies in the bone marrow cells of the “young” CC57W/
Mv mice in the sequential generations (Ch-1, Ch-2,
Ch-5, Ch-7, Ch-10) reproducing under conditions of
chronic exposure to increased levels of ionizing radia-
tion allowed to identify a nonlinearity of the changes in
a number of cytogenetic characteristics in generations
of genetically homogenous animals (T'able 3). It turned
out that the incidence of such cytogenetic characteris-
tics as RB, CA, and ASCR, which are directly connected
with intra-chromosomal aberrations, decreases in the
58 generation, increases in the 7" generation, and de-
creases again in the 10" generation. A similar pattern of
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Table 4. The incidence of various cytogenetic anomalies in the bone marrow cells of bank vole species captured at loca-
tions characterized by different levels of radionuclide contamination

33.7+6 9.0+3.5 140+ 35 0.5+0.5 6.2 + 3.6 1.2+0.7 3.2+0.6 3.5+0.6 55+15

31224 89 =37 13.9+6.0 6.9=+5.6 10.1+41 81+40 57+1.0 52+0.8 32+0.8
34.6x6.2 105+ 3.0 22.6 £ 3.6 1207 9.6+1.3 3.5=0.8 5212 3.7x11 6.5 0.7

11.8+28

35.2+28 63+1.1 129+ 3.1 05+04 09+03 80x25 9.8+17 80x12

Table 5. The incidence of various cytogenetic anomalies in the bone marrow cells of common vole species captured at
locations characterized by different levels of radionuclide contamination

444 +5.1 8.6+0.8 09=05 1.0x0.5 25=0.6 16.5+4.9 4509 5.0=0.8 3.0x04

26.5 £ 2.7 3.1+0.8 18104 0.3+0.3

25103

176 +4.1 6.1+0.6 7.8+16 3.1+05

variability in the generations was identified for a frac-
tion of the second type of aneuploid cells (2n =40 = 1
chromosome). The incidence of other types of cytoge-
netic anomalies was higher only in the first generation
of Chernobyl mice as compared to that in the control
populations (Table 3).

The nonlinear variability in generations of genetical-
ly homogenous mice, which was determined from the
frequency of occurrence of cells with intrachromosomal
deficiencies, may be an indication that the intensity of
the aberrations caused by a prolonged action of ionizing
radiation in a low-dose range is comparable to the ac-
tivity of damage repair processes, elimination of dam-
aged cells, and the rate of division of undamaged sub-
stituting cell clones. A multitude of factors controlling
the mechanisms of physiological adaptation to ionizing
radiation in animals, the comparability of the intensity
of the action of multidirectional factors may result in a
sequential increase and decrease in the incidence of the
cytogenetic anomalies that occur in the presence of a
relatively constant level of a damaging agent in geneti-
cally homogenous animals.
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An analysis of genetically heterogeneous populations
of field voles captured in various years at locations with
various levels of radionuclide contamination allowed to
obtain data supporting the fact that the selection for
radioresistant animals became clearly evident in 1999
and 2001 among populations of bank voles and common
vole which inhabit regions characterized by high levels
of radionuclide contamination (Tables 4 and 5).

Thus, the bank vole populations captured in 1999
and 2001 at locations with the highest level of ra-
dionuclide contamination mainly contained animals
whose bone marrow cells were characterized by an
incidence of cytogenetic anomalies that not only was
higher than that in the conditional control popula-
tion, but was sometimes lower with respect to certain
characteristics (Table 4). It was determined that an in-
crease in the number of radioresistant species among
the bank voles was most prominently evident in the
“Red Forest” population (1000 Cu/km?). This selection
was not observed at the locations characterized by a
significantly lower level of radionuclide contamination
(Janov, ~200 Cu/km?).
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Similar data were obtained when studying common
vole populations (Table 5).

Thus, the accumulation of hypothetically radioresist-
ant species in generations of genetically homogenous
laboratory mice and a decrease in the incidence of cer-
tain types of cytogenetic anomalies at a lower rate than
that normally observed in the control populations were
revealed in the genetically heterogeneous populations of
two types of field vole species captured at locations char-
acterized by high levels of radionuclide contamination.

It seems that the sources of these nonlinear respons-
es to ionizing radiation in the low-dose range can be
numerous, can occur at different phases of the ionizing
radiation exposure, and at different levels of organiza-
tion of multicellular organisms. Thus, a complex cas-
cade of biochemical events can be initiated due to the
induction of free-radical processes in cells by ionizing
radiation [42]. The accumulation of free radicals results
in the activation of antioxidant enzymes that limit the
free radical processes (they include superoxide dis-
mutase, catalase, glutathione peroxidase, and glutath-
ione reductase [43]). The activation of these enzymes
can be tissue- and organelle-specific. For instance, the
change in the antioxidant activity in mitochondria was
found to be directly connected with the stability of the
chromosomal cellular apparatus. Characteristic “ra-
dial” markers (Robertsonian translocations, dicentrics,
and circular chromosomes) occur in the bone marrow
cells of mice lacking functional mitochondrial superox-
ide dismutase [44]. An increase in the radioresistance
of human chromosomes with an increase in the telom-
erase activity [45] and its decrease due to damage to
chromatin proteins, which prevents the occurrence of
double-strand breaks in DNA during mutation, have
been described [46]. The existence of a “substrate” in-
duction of DNA repair processes was demonstrated: it
was discovered that a large number of double-strand
breaks in DNA occurring following the irradiation of
human fibroblasts at a dose of 2 Gy are repaired much
more rapidly as compared to the numerous breaks that
occur after irradiation at a dose of 200 mGy [47]. It can
also be expected that some contribution to the nonlin-
ear responses of multicellular organisms to the same
dose of ionizing radiation can also be made by intracel-
lular interactions, such as changes in the ratio between
highly specialized to poorly differentiated cell popula-
tions. The ratio between the effector cells of the im-
mune system, which differ from each other in terms
of their radiosensitivity, as well as the presence of the
antigen structures recognized by Killer cells on the sur-
face of the plasma membrane of the damaged cells, can
contribute to this response in mammals [48].

Thus, the findings suggest that the incidence of cer-
tain types of cytogenic anomalies in generations of ge-

netically homogenous and genetically heterogeneous
populations of small murine rodents undergo nonlinear
changes under prolonged exposure to low doses of ion-
izing radiation. It can be surmised that this nonlinearity
is due to the multiplicity and multidirectionality of the
radiation-induced repair processes existing at the cel-
lular and subcellular levels, as well as to the action of
the exogenous factor that is comparable to the former
in terms of the intensity of the damaging effect. The
nonlinearity of the effects hypothetically disappears
only when the intensity of the damaging action of ion-
izing radiation significantly exceeds the capabilities of
the multifactor mechanisms of adaptation.

It was discovered in our experiments using three dif-
ferent strains of laboratory mice (the Chernobyl popu-
lation — mice from a specialized vivarium in the 10-km
zone of influence of the CNPP; the control group — mice
from the vivarium in Kiev) that each strain under con-
trol conditions has its own spectrum of spontaneous
mutations in bone marrow cells, and that only certain
characteristics of this spectrum varied with animal age
and the season during which the research was carried
out [49]. Thus, an increase in aneuploidy (chromosome
loss) with an increase in age and during the transition to
the summer season was typical of the C57BL /6 mice. In
the CC57W /Mv mice, the age and the seasonal chang-
es were mainly associated with intrachromosomal de-
fects (chromosomal aberrations), and in BALB/c mice
they were associated with the percentage of polyploid
cells. Under conditions of an increased level of ionizing
radiation in the specialized vivarium near the CNPP
(absorbed doses of approximately 0.5—0.6 Gy/year), an
increased incidence was observed only for those anom-
alies that were characterized by spontaneous instabil-
ity under control conditions. For instance, an increased
frequency of the occurrence of aneuploid cells was
observed in the C57BL/6 strain, and an increased fre-
quency of metaphases with chromosomal aberrations
was observed in CC57W /Mv mice. Thus, an increase in
the doses of ionizing radiation in this case did not result
in the development of new characteristics in the mu-
tational spectra of mice but caused an increase in the
spontaneous instability of the individual strain-specific
characteristics of these spectra.

The same tendency was revealed for the voles cap-
tured in the areas with elevated levels of radionuclide
contamination. Only cytogenetic abnormalities, whose
increased variability is species-specific for voles dwell-
ing in unpolluted areas, accumulate in bone marrow
cells: metaphases with Robertsonian interchromosomal
fusions for the bank voles and aneuploidy for the com-
mon voles. The data obtained suggest that elevated lev-
els of ionizing radiation (within the investigated range)
increase the incidence of cytogenetic anomalies in labo-
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ratory strains of mice and in voles, which are charac-
terized by high strain- and species-specific variability
(in mice) under control conditions. The analysis of these
mutational spectra is further complicated by the fact
that individual chromosomes of the experimental ani-
mals exhibit a pronounced predisposition to a particular
type of cytogenetic abnormalities.

A comparative analysis of the incidence of various
chromosomal breaks in blood cells extracted from 14-
tol5-year-old children was carried out. One group con-
sisted of children who received ionizing radiation at a
dose of approximately 30 mSv during their prenatal
development; the second group consisted of children
who received approximately the same dose, but in the
course of their entire lives as they lived in the contami-
nated areas (approximately 1.5 mSv/year) [50, 51]. The
frequencies of occurrence of cells with cytogenetic ab-
normalities were found to be almost identical in these
two groups of children; however, the first group (acute
exposure during the prenatal period) was characterized
by a statistically significant increase in the number of
cells with stable chromosomal abnormalities, such as
translocations, inversions, and insertions. These data
indicate that cell clones with the aforementioned anom-
alies are accumulated in the blood of children. Since a
certain parallelism between the frequency of mutation-
al events in populations of somatic and generative cells
has been identified along with the fact that these types
of cytogenetic abnormalities can significantly compli-
cate the progression of meiosis it can be expected that
the children who were exposed to ionizing radiation in
the prenatal period of their lives will face reproductive
problems [50, 51].

It is interesting to mention that the tendency to-
wards increasing sensitivity to ionizing radiation with
an increase in the complexity of an organism has been
established a long time ago; i.e., the more ancient the
species the more resistant it is to ionizing radiation. The
mean half-lethal dose of radiation is approximately
4—6 Gy for mammals; it reaches 30 Gy for colibacillus
(Escherichia coli). The absolute record holder in this
respect is the bacterium D. radiodurans, whose indi-
vidual cells survive and retain their reproductive ca-
pacity after being exposed to 5000 Gy [23]. It was dis-
covered that immediately after irradiation with a dose
of 3000 Gy, nearly all the genomic DNA of this organ-
ism decomposes into small fragments; a single double-
strand break was on average induced per 27-kb-long
DNA segment, and 3 h after the exposure the genome
initiates the recovery process without any significant
accumulation of mutations in the structural genes. A
species-specific ability to restore the genomic integrity
rather than a unique stability of the genetic material to
ionizing radiation is observed in this case. It was found
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that the ability of this species to repair DNA damage is
associated with drought-resistance genes, the muta-
tions in which lead to the disappearance of this unique
radiation stability of the species.

It is believed that the improvement in the accura-
cy (“resolution”) of the genetic methods for assessing
chromosomal aberrations at low-dose exposures will
ensure a more accurate determination of the relation-
ship between low-dose radiations and induced muta-
tional events. This assumption was supported by the
data pertaining to the occurrence of new mutations in
highly polymorphic DNA sequences in children born
to irradiated parents [52, 53]. However, the study by
Veynber et al. [52], in which RAPD-PCR (Random
Amplification of Polymorphic DNA) markers but not
ISSR-PCR (Inter Simple Sequence Repeats) markers
were used, provided data on the occurrence of new
mutations in children born to those who participated
in the cleanup effort after Chernobyl. Dubrova et al.
[53] revealed an increased frequency of mutations in
three of the eight investigated minisatellite loci in chil-
dren whose parents lived in areas with high radionu-
clide contamination. In other words, the results of the
analysis of the mutational events induced by low-dose
exposure were dependent on the type of DNA markers
used (RAPD-PCR, but not ISSR-PCR) and the investi-
gated loci. Hence it follows that no unambiguous data
on the genetic effects of low-dose ionizing radiation,
which would be independent of the analysis technique
and the variability features of an individual loci, can
be obtained using the available methods for detecting
mutational events directly in the DNA.

Attempts to assess the genetic consequences of the
action of ecotoxic factors have been made for an ap-
preciably long period; two main trends can be distin-
guished in this development. One consists in searching
for the molecular genetic systems associated with de-
toxification and antioxidant enzymes; the second one is
the population genetic investigation of the dynamics of
allelic variants in the genetic systems associated with
resistance to these factors.

The biomarkers of xenobiotic metabolism are usually
subdivided into genes whose products are involved in
the metabolic activation of promutagens (procarcino-
gens) with the occurrence of short-lived, highly toxic
derivatives (in particular, cytochrome P450 genes) and
genes whose products control their detoxification (e.g.,
glutathione-S-transferase and N-acetyltransferase).
The direct link between the genetically determined
polymorphism of these enzymes and the induction of
cytogenetic abnormalities by a number of xenobiotics,
reproductive function disorders, and the development
of certain types of tumors in humans has recently been
discovered using PCR [54—56].
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The second area is being investigated less success-
fully. It is based on research into the changes in the
structure of the populations that are subjected to envi-
ronmental stress. The distribution of allelic variants and
the genotypes of the structural genes and anonymous
(in terms of their function), highly polymorphic DNA,
whose involvement in the formation of sensitivity to
genotoxic agents has not been established, are being
investigated.

Associations have been discovered between human
resistance to ionizing radiation and the occurrence of
certain genotypes, mainly with respect to the transfer-
rin and haptoglobin loci [57,58]. Japanese researchers
have also described an increased frequency of certain
genotypes with respect to the MHC genes in “Hibaku-
sha” long-livers (survivors of the atomic bombings of
the cities of Nagasaki and Hiroshima), which is pre-
sumably associated with a particular state of the im-
mune system. The latter contributes to an increased
resistance to a number of common diseases [59].

Success in searching for the biomarkers of resistance
to genotoxic effects largely depends on the quality and
adequacy of the models used to study the population
genetic consequences of various types of environmental
stress.

It is obvious that the depth, direction, and charac-
teristics of the population genetic consequences of en-
vironmental stress factors can only be assessed for a
series of generations of organisms living under the in-
fluence of these factors.

The identification of the genes and gene ensembles
whose inheritance is preferable and is associated with
the selection for resistance to new environmental con-
ditions may result in the development of the so-called
individual “genetic passports” of resistance to physical
and chemical environmental pollution. These data en-
able to control the population genetic structure of the
species and facilitate its transformation in the desired
direction.

The basic data obtained during our investigations
were thoroughly described in the monograph [49] and
performed on different types of mammals using ge-
netic biochemical, molecular genetics, and cytogenetic
methods.

A shift in the spectra of organ-specific isoenzymes
occurs in a number of farm animal species under the
influence of elevated levels of ionizing radiation (an
absorbed dose of 0.6—0.8 Gy/year), mostly in kidney
and heart tissues. The heart tissue starts to express a
number of isoenzymes, which are typically found in
the poorer specialized muscle tissue. No significant in-
crease in the number of individuals with constitutive
mutations has been identified during population-based
studies of various mammal species. The following ob-

servations have been made with respect to genera-
tions of cattle that received absorbed doses of approxi-
mately 0.8 Gy/year (}*'Cs): a) reduced fertility and
increased mortality in newborn calves; b) disruption of
the equiprobable inheritance of individual allelic vari-
ants — elimination of some and preferable inheritance
of the other allelic variants; c) displacement of the ge-
netic structure of the parent generation typical of dairy
cattle towards less specialized forms; d) changes in the
genetic structure that coincided with the population
genetic effects of such biotic and abiotic stress factors
as the selection for resistance to bovine leukemia infec-
tion and introduction into new reproduction conditions.
Therefore, the findings suggest that the main response
to a prolonged exposure to low-dose ionizing radia-
tion consists not in the induction of the emergence of
new genes but in the preferential selection of new gene
combinations in the generations. Hence, this concept is
consistent with the principles of the evolution theory
elaborated by I.I. Schmalhausen [60]: a variation of the
selection criteria leads to the preferential reproduction
of the least specialized species, as observed in genera-
tions of cattle under the influence of various environ-
mental stress factors.

Conventional biochemical and molecular genetic
markers were used to investigate the features of the
genetic structure of animal groups, which allowed to
analyze a number of polymorphisms in a number of
loci encoding plasma proteins. Furthermore, markers
of the intron sequence of the leptin gene and the exon
4 of the k-casein gene and DNA fragments flanked by
microsatellite loci (ISSR-PCR markers) were also em-
ployed. The informative nature of utilizing additional
characteristics of the genetic structure of the species
was also assessed: an analysis of the patterns of inter-
loci gene associations was carried out [61]. The inves-
tigated loci were parts of various linkage groups [62].
Two groups of syntenic genes (the transferrin and cer-
uloplasmin genes — chromosome 1; vitamin D receptor,
k-casein, and hemoglobin — chromosome 6) and four
non-syntenic genes (amylase 1 gene — chromosome 3,
leptin — chromosome 4, purine nucleoside phosphory-
lase — chromosome 10, and post-transferrin 2 — chro-
mosome 19) were investigated.

The following data were obtained during the inves-
tigation of the genetic structure of a number of gen-
erations of cattle bred under conditions of high ra-
dionuclide contamination in the alienation zone of the
CNPP. Only one animal with a mutation in the locus
encoding transferrin was identified in the second gen-
eration. Disruption of the equiprobable transfer of the
allelic variants from parent to offspring was detected in
certain loci; changes in the results of the assessment of
disequilibrium with respect to the linkage in a number
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of loci were also recorded. It was demonstrated that,
regardless of consanguineous mating under conditions
of increased radionuclide contamination, the heterozy-
gosity in the generations did not decrease.

Therefore, the occurrence of population genetic
changes in animals under conditions of environmental
stress was initially established using this model, and
these changes were shown to be directed towards the
preferential reproduction of heterozygotes with re-
spect to the structural genes and “anonymous” DNA
segments (ISSR-PCR markers).

Next, we compared the population genetic conse-
quences of elevated levels of ionizing radiation and the
influence of the other biotic and abiotic environmen-
tal stress factors on the genetic structure, which was
evaluated using a variety of molecular genetic markers,
inbreeding groups of different breeds of cattle. The fol-
lowing mechanisms of the influence of environmental
factors were considered. The analysis of the Red Steppe
breed included two groups of animals that differed in
terms of their resistance to the influence of a biotic
stress factor (infected and uninfected with the bovine
leukemia virus) — from farms in the Kherson region,
which was relatively unaffected by technogeneous
pollution; and from farms in Kirovograd and Donetsk,
which were characterized by elevated levels of chemi-
cal contamination (an abiotic factor). Three groups of
animals belonging to the Pinzgau breed were exam-
ined in connection with their reproduction in the plains,
mountains, and under high-altitude conditions (an abi-
otic factor). The gray Ukrainian breed was represent-
ed by two groups of animals: those from the Kherson
region (the original habitat) and from the Altai region
and Siberia (new conditions — an abiotic factor). In the
Holstein breed, the effect of the abiotic factor was de-
termined by comparing the genetic structure of two
groups, one of which reproduced at farms in the rela-
tively uncontaminated Kherson region and the other
(experimental herd) reproduced on the “Novoshepeli-
chi” farm located in the alienation zone of the CNPP
(radionuclide contamination being approximately 200
Cu/km?, an abiotic factor). The population genetic stud-
ies were conducted using a variety of markers, includ-
ing electrophoretic variants of proteins, restriction site
polymorphism, and ISSR-PCR markers.

It was determined that the influence of environmen-
tal stress factors can result in a significant genetic dif-
ferentiation in animal groups, which in some cases was
higher than the interbreed differences. Two genes en-
coding the vitamin D receptor and apurine-nucleoside
phosphorylase have been identified. Obvious differ-
ences in the frequencies of the alleles of the latter genes
have been found in groups of cattle of the same breed
living under various environmental stress conditions
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(chemical pollution, introduction into new reproduction
conditions, and infection with the bovine leukemia vi-
rus). This suggests the existence of universal character-
istics of the population genetic response of cattle to the
influence of various environmental stress factors [63].

An analysis of the reproductive characteristics of ex-
perimental herds of cattle can reveal the mechanisms
behind the changes in the genetic structure which oc-
curr in the descendants of parents exposed to ecotoxic
factors and deletions of a number of alleles and geno-
types associated with increased sensitivity. Thus, the
experimental herd exposed to high levels of ionizing
radiation (absorbed dose of 0.8—1.1 Gy/year) included
the parental generation (F0) consisting of three cows
(Alpha, Beta, Gamma) and a bull named Uranus cap-
tured in 1987 near the CNPP and of 13 cows imported
between 1990 and 1993 to the “Novoshepelichi” farm
(Pripyat) from relatively uncontaminated areas. The F0
generation of cows (a total of 16) from the experimental
herd born in the uncontaminated area gave birth to a
total of 96 calves (0.93 = 0.03 calves per cow per year),
20 of which (21%) did not survive 3 months after birth.
The first generation (F1) born on the experimental
“Novoshepelichi” farm was significantly different from
the parent generation with respect to this figure. Thus,
21 cows of the 36 cows from the F1 generation were
sterile (568%), and only 15 of them yielded offspring (F2
generation, 0.73 = 0.06); 13 calves died before reaching
three months of age (26%). Four cows from the F2 gen-
eration gave birth only to 10 calves (F3) in 2—4 years, i.e.
0.94 = 0.06 calves per cow per year. It should be men-
tioned that most of the calves from the F1 generation,
which did not survive, were bulls (six heifers and 14
calves); the sex ratio amongst 13 dead calves from the
F2 generation was approximately the same (seven heif-
ers and six bulls).

Therefore, the changes in the genetic structure of
the offspring received from parents exposed to the
influence of ecotoxic factors can be attributed to a
decrease in fertility and an increase in infant mortal-
ity (carriers of the allelic variants associated with in-
creased sensitivity to a given factor).

CONSEQUENCES OF LIVING IN RADIOACTIVE

AREAS ON HUMAN HEALTH

There are many “radioactive” areas located in different
parts of the earth; various population genetic charac-
teristics of the populations inhabiting them have been
identified in some of them. Thus, extensive studies of
the populations living in areas characterized by a highly
radioactive background were conducted (Kerala state in
India, Guangdong province in China), where the expo-
sure of the population to radiation ranges from 0.6 to 10
cGy per year. No increase in the number of human con-
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genital diseases was revealed during these investigations
[64, 65]. The screening of over 40,000 pregnant women
living in areas with a high radioactive background in
Brazil demonstrated no increase in the incidence of spon-
taneous abortions and congenital anomalies, although
the incidence of chromosomal aberrations in blood cells
isolated from the local population was slightly higher
than that in the control areas [66].

Ramsar County in Iran is best known for its annual
absorbed dose of 260 mSv; the global average dose is
equal to 3.5 mSv/year. The residents of Ramsar County
are not characterized by elevated rates of mortality or
birth of children with congenital developmental abnor-
malities.

Meanwhile, distinctive differences in the radioresist-
ance of blood cells isolated from the local population
living in this area are observed, in contrast to residents
of areas characterized by a low natural radioactive
background. Thus, the exposure of the cell cultures of
peripheral blood isolated from the inhabitants of Ram-
sar County to a dose of 1.5 Gy resulted in a significantly
smaller increase in the number of cells with cytogenetic
anomalies as compared to the blood cells of the control
group [67].

The published results of studies of populations living
in “radioactive” areas suggest that the selection process
for increased radioresistance occurs in these locations
from generation to generation. Thus, 125,079 residents
of the “radioactive” province were examined in Chi-
na during the period between 1979 and 1995; 10,415
deaths and 1,003 cancer cases have been analyzed. It
was found that the cancer mortality rate in the “radio-
active” province was lower than that among residents
of the control area [68]. In another study, the authors
concluded that a 3- to 5-fold increase in the level of ion-
izing radiation did not increase the risk of oncological
pathologies [69].

No significant differences in the incidence of con-
genital defects have been identified among newborns
(26,151) from the “radioactive” province in India (ap-
proximately 35.0 mSv/year) and among newborns
(10,654) in the control group [70]. Screening of the in-
habitants of another “radioactive” province (over 70
mSv/year) in India (a total of 400,000 people, 100,000
of those lived in the “radioactive” part of the province)
showed no differences in the incidence of oncological
pathologies due to a high level of external y-radiation
[71].

Annual detection of oncological conditions per
100,000 people in the populations inhabiting Indian re-
gions, which vary from each other by only 0.03 mSv/
year with respect to the external radiation exposure
proportionately decreases from one area to another
one simultaneously with an increase in the background

level of ionizing radiation by 0.03 mSv/year — from the
hypothetical incidence of oncological conditions being
equal to 79 : 100,000 people, under conditions of “zero”
level of external exposure. The authors arrived at con-
clusion that an increase in ionizing radiation decreases
the risk of developing cancer [72].

It should be emphasized that among the 116,000 peo-
ple evacuated from the Chernobyl zone, only approxi-
mately 5% of them received a dose of ionizing radiation
exceeding 100 mSv/year, and this very dose (almost 3
times lower than that in Ramsar County) is considered
to be the limit exceeding which leads to an increase in
the incidence of oncological conditions [73].

Thus, the actual danger is not the received dose of
ionizing radiation but its “novelty” to this particular
population, species, or species community. It is obvious
that an annual increase in the absorbed dose by 3.5mSv
will not result in any health consequences among the
residents of Ramsar Country, but for most European
populations whose previous generations have not been
exposed to doses exceeding 1 mSv/year such an in-
crease can lead to the elimination of radiosensitive spe-
cies from the gene pool, thus resulting in a change in
the genetic structure of the populations.

Hence, there is a wide range of doses of ionizing ra-
diation within the natural conditions, which are com-
patible with the ability of various organisms (including
humans) to survive and reproduce. This complicates
the evaluation of the biological (including genotoxic)
effects of low-dose ionizing radiation.

POPULATION GENETIC CONSEQUENCES OF

CHRONIC LOW-DOSE EXPOSURE TO IONIZING
RADIATION IN VARIOUS SPECIES OF MAMMALS:
LABORATORY MICE STRAINS, FIELD VOLES, CATTLE

Our own experimental data suggest that a chronic ex-
posure to elevated levels of ionizing radiation causes no
increase in the number of mutant individuals among
the investigated species. An increased frequency of
somatic cells with cytogenetic anomalies was not ac-
companied by qualitative changes in comparison to the
spontaneous mutational spectra, since the increase was
only observed for the indicators of the instability of the
chromosomal apparatus that possessed genotypic fea-
tures in the strains of mice and field vole species.

A comparative analysis of the mutational spectra in
field voles conducted in different years showed that
the number of individuals of different species with a
high frequency of mutant cells in the bone marrow
decreased gradually over time despite the persistence
of high levels of radioactive contamination at the cap-
ture locations. The frequency of occurrence of individ-
ual species with high levels of cytogenetic anomalies
among the common voles and bank voles was signifi-
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cantly higher in 1996 than that in the relatively "un-
contaminated areas, and in animals captured at the
same locations but during the later years, in 1999 and
2001. Thus, metaphases with chromosomal aberrations
in the common voles were observed in the control group
at a frequency of 2.5 = 1.5%, and in Chistogalovka at a
frequency of 3.6 = 0.8%, 5.0 = 2.3%, and 2.5 = 0.3% in
1996, 1999, and 2001, respectively. These metaphases
were encountered in the bank vole species of the con-
trol group at a frequency of 1.2 = 0.7%; in the «Red For-
est» in 1996, 1999, and 2001 at a frequency of 7.3 + 3.4%,
3.5 = 0.8%, and 0.9 + 0.3%, respectively.

It is important to emphasize that this decrease indi-
cating the gradual accumulation of radioresistant spe-
cies among the bank vole species was only observed in
the animals captured in the “Red Forest” area, which
was characterized by a very high level of radionuclide
contamination (> 1000 Cu/km?), in contrast to the ani-
mals inhabiting the areas with lower levels of radionu-
clide contamination (Janov, ~200 Cu/km?). Thus, the
rate of selection for radioresistance is higher when the
level of radionuclide contamination is higher. It is note-
worthy that even in the areas of the alienation zone
characterized by a high level of radionuclide contami-
nation (i.e. “Red Forest”), an accumulation of radiore-
sistant species was detected only in 1999; i.e., 13 years
after the Chernobyl accident, after 26 generations of
voles (voles breed twice a year).

It is interesting to mention that similar data on the
selection of the individuals resistant to adverse envi-
ronmental conditions were obtained by us for various
agricultural species reproducing under conditions of
the biosphere reserve (Lake Khovsgol, Mongolia) and
in the area of risk-associated livestock farming in the
southern part of the Gobi Desert. [74] A comparative
analysis of the frequency of occurrence of erythrocytes
with micronuclei in the blood samples of local Mongo-
lian cattle, sheep, and yaks reproducing under various
ecological and geographical conditions was performed:
northwestern Mongolia, Khovsgol region, biosphere re-
serve; southern Mongolia, the area adjacent to the Gobi
Desert — a zone of risk-associated livestock farming.
The number of erythrocytes containing micronuclei
were determined in a smear of 3,000 cells and the value
was expressed in parts per million (%o). The frequencies
of occurrence of erythrocytes containing micronuclei
were similar across various species reproducing under
the same environmental conditions, but significantly
differed in animals from different ecological and geo-
graphical regions. Thus, the frequencies of occurrence
of red blood cells containing micronuclei were signifi-
cantly higher in the area of the biosphere reserve un-
der favorable conditions of reproduction than those
in animals of the same species in the risk-associated
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livestock farming zone. The frequency of occurrence
of erythrocytes containing micronuclei among sheep
in the Khovsgol area (22) was found to be 5.3 = 0.4 %o;
in cattle (7) — 4.6 = 0.7 %o; in yaks (7) — 3.2 = 0.6 %o; in
sheep in the Gobi Desert (10) — 0.9 = 0.1 %o; in cattle
(7) = 1.8 = 0.6 %o0; and in yaks (7) — 0.3 = 0.2 %o. These
findings suggest that the long-term influence of high-
intensity environmental stress factors contributes to
the selection of animals (over a number of generations)
with increased tolerance of the genetic apparatus to
unfavorable environmental conditions.

The disruption of equiprobable transmission of allelic
variants of several molecular genetic markers and an
increase in heterozygosity were observed among gen-
erations of the experimental “Novoshepelichi” herd of
the black and white Holstein cattle. The frequency of
occurrence of leukocytes containing micronuclei in the
parental generation was higher at a statistically sig-
nificant level (P < 0.05) as compared to these values in
the first, second and third generations of animals born
in the zone with an elevated radionuclide contamina-
tion. However, this parameter was significantly lower
in the third generation (P < 0.01) as compared to that in
the second generation. The frequency of occurrence of
binucleated leukocytes in the peripheral blood smears
was also significantly higher in the parental generation
than those in the first and second generations of ani-
mals. Thus, the radioresistance of animals born under
conditions of the elevated levels of ionizing radiation
increases over generations as evidenced by the inci-
dence of cytogenetic abnormalities in the peripheral
blood smears. No carriers of Robertsonian transloca-
tions were identified, which are often found in uncon-
taminated areas among representatives of species with
acrocentric autosomes.

A comparative analysis with respect to a complex of
molecular genetic markers in the experimental herd
of black and white Holstein cattle from the relatively
uncontaminated breeding areas, as well as the repre-
sentatives of the ancient primitive breed known as the
Ukrainian gray breed allowed to observe a convergence
of the genetic structure of animals from the experi-
mental herd born under conditions of elevated levels
of radionuclide exposure with the gene pool of this an-
cient breed in contrast to the parental group of indi-
viduals. This shift in the genetic structure of the gene
pool of the experimental “Novoshepelichi” herd origi-
nally belonging to a specialized dairy breed towards a
more primitive species was observed with respect to
the allelic variants of the structural genes and DNA
fragments flanked by inverted microsatellite repeats.
It can be expected that these changes are a universal
population-genetic response of cattle to the influence
of various environmental stress factors.
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CONCLUSIONS

The following data are common for our own findings
and to the published data. The main problem that
populations of different species (including humans in-
habiting the areas contaminated with radionuclides
after the Chernobyl accident) face is not the absolute
value of the dose of ionizing radiation, but the novelty
of these doses to the populations. The main genetic ef-
fects for populations of various species consist not in
the increase in the number of mutant organisms but
in the fact that some of the genes are excluded from
their reproduction as a result of selection against ra-
diosensitive organisms. In other words, new genes do
not emerge, but the ”"old” ones associated with high
sensitivity of the organisms to new conditions of re-
production abandon the population. There is some
indirect evidence suggesting that the less specialized
organisms of the species turn out to be more adapted
to new conditions.

This "reversion” to the more primitive, developmen-
tally and evolutionarily earlier forms of life is observed
at various levels of organization of biological material:
a shift in the organ-specific isozymatic spectra to de-
velopmentally earlier versions; displacement of the
population-genetic structure in generations to the pre-
dominance of less specialized forms; in utero exposure
resulted in a decrease exclusively in the verbal IQ score
among young people [41], which is a more recent evo-
lutionary acquisition of humans in comparison to the
non-verbal IQ score, which is based on older structures.
The actual genetic consequences of the Chernobyl dis-

aster for human populations will not be completely elu-
cidated soon, since children born after the year 1986
have only recently entered the reproductive period of
their lives.

It isinteresting to note that data have been obtained
indicating that the first-priority destruction of the
youngest biological systems in evolutionary terms is a
relatively universal biological rule [75].

The accumulated data allow one to formulate four
major laws of the Chernobyl disaster. We believe they
can be universally applied to the consequences of all
fundamental environmental changes associated with
natural and man-made disasters and crises. These
laws are as follows: 1) not everyone who was supposed
to be born is being born after the Chernobyl accident;
2) the selection against specialized forms of life and
preferential reproduction of less specialized forms
characterized by higher resistance to adverse envi-
ronmental factors occurs; 3) the response to the same
dose of ionizing radiation depends on its “novelty”
for the population of preceding selection for resist-
ance to such doses in the ancestral generations; and
4) the actual consequences of the Chernobyl accident
for human populations will be available for analysis
no earlier than 20 years from now, since the genera-
tion subjected to direct damaging influence has only
recently entered its reproductive period. It should be
emphasized that the increase in the incidence of even
the thyroid pathology resulting from the Chernobyl
accident reduces the chances of reproductive success
in its carriers. ®
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ABSTRACT Human immunodeficiency virus type 1 integrase is one of the most attractive targets for the devel-
opment of anti-HIV-1 inhibitors. The capacity of a series of 2,1,3-benzoxadiazoles (benzofurazans) and their
N-oxides (benzofuroxans) selected using the PASS software to inhibit the catalytic activity of HIV-1 integrase
was studied in the present work. Only the nitro-derivatives of these compounds were found to display inhibi-
tory activity. The study of the mechanism of inhibition by nitro-benzofurazans/benzofuroxans showed that
they impede the substrate DNA binding at the integrase active site. These inhibitors were also active against
integrase mutants resistant to raltegravir, which is the first HIV-1 integrase inhibitor approved for clinical use.
The comparison of computer-aided estimations of the pharmacodynamic and pharmacokinetic properties of the
compounds studied and raltegravir led us to conclude that these compounds show promise and need to be further
studied as potential HIV-1 integrase inhibitors.

KEYWORDS HIV-1 integrase; inhibition; nitrobenzofuroxan; nitrobenzofurazan; PASS; QikProp.
ABBREVIATIONS ADME - absorption, distribution, metabolism, and excretion; AIDS — acquired immunodefi-
ciency syndrome; BFX — benzofuroxan; BFZ — benzofurozan; HIV-1 — human immunodeficiency virus type 1;
IN —integrase; IC_, — inhibitor concentration at which the enzyme activity is suppressed by 50 %; IC,, — inhibi-
tor concentration at which the enzyme activity is suppressed by 95 %; PASS — Prediction of Activity Spectra for
Substances software program; QikProp — ADME prediction software program.

INTRODUCTION

The human immunodeficiency virus (HIV) is respon-
sible for the acquired immunodeficiency syndrome
(AIDS), which is one of the most dangerous diseases.
The extremely high rates of growth in the number
of HIV-infected patients in Russia make the devel-
opment of effective medical therapies to combat the
virus a particularly pressing challenge for the country.
The viral enzyme integrase (IN), catalyzing the inte-
gration of viral DNA into cellular DNA, which is the
key stage in the replication cycle of HIV, is considered
to be one of the most promising targets for HIV-1 in-
hibitors [1].

Highly active antiretroviral therapy is used to treat
HIV infections and currently includes 25 drugs [2]; most
of them inhibit two viral enzymes: reverse transcriptase
and protease. In late 2007, the first IN inhibitor (Isent-
ressTM, or Raltegravir) was approved for use as a new
agent for AIDS therapy [3]. However, even combination
therapy cannot fully suppress viral replication, and the
virus develops resistance to drugs over time. It is now
known that resistance to Raltegravir develops in some
patients within 12 weeks [4]. The majority of IN inhibi-
tors currently at the stage of clinical trials are similar
to Raltegravir in terms of their mechanism of action
[5]. Raltegravir-induced cross-resistance to these com-
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pounds has already been demonstrated to develop in
patients [6]. Thus, designing new integration inhibitors
that would differ from Raltegravir in terms of their
mechanism of action is currently a pressing need.

Computer-aided design methods are now widely
used to search for new physiologically active sub-
stances and optimize their structure [7]. In particular,
computer-aided methods are used to design HIV-1
IN inhibitors [8—10]. The PASS computer program
developed by us [11, 12] was used to perform virtu-
al screening and selection of potential IN inhibitors
among commercially available and potentially syn-
thesizable compounds [13, 14]. The derivatives of 2,1,3
-benzoxadiazoles (benzofurazans) and their N-oxides
(benzofuroxans) were selected using a specialized ver-
sion of the PASS program [14]. These compounds have
been synthesized; their ability to inhibit the catalytic
activity of HIV-1 IN was experimentally tested in the
present study.

Two reactions are catalyzed by IN during viral repli-
cation: the 3’-end processing of viral DNA, resulting in
the removal of the dinucleotides GT from both 3’-ends;
and the strand transfer reaction, during which viral
DNA is incorporated into cellular DNA. Raltegravir
and its analogs are known as strand transfer inhibitors,
since they suppress this particular reaction more ef-
fectively [15]. Benzofurazan (BFZ) and benzofuroxan
(BFX) were found to generally exert the same effects
on both reactions catalyzed by IN. It was demonstrated
that the inhibitory effect of these compounds is highly
dependent on the presence of a nitro group. Among a
series of substituted 4-nitro-BFZ/BFX, certain com-
pounds capable of blocking IN at a concentration of
0.5—1 pM have been identified. These inhibitors were
found to be also active against Raltegravir-resistant IN
mutants.

The pharmacodynamic and pharmacokinetic charac-
teristics of BFZ and BFX were assessed using the PASS
and QikProp computer programs [16]. The potential
benefits of these compounds as compared to those of
Raltegravir were demonstrated.

EXPERIMENTAL

Computer programs and databases

A specialized version of the computer program PASS,
trained on a sample of 218 compounds with the deter-
mined IN suppressive capabilities, was used for virtual
screening of the databases of commercially available
samples and potentially synthesizable compounds to se-
lect substances that are likely to inhibit HIV-1 IN [14].
Thirty-five of these compounds affect the 3’-process-
ing (IC,, <100 uM), Twenty-eight of them inhibit the
strand transfer reaction (IC ; <100 uM), the remaining
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compounds exhibit no inhibitory properties. The over-
all pharmacological profile of the new IN inhibitors was
evaluated using the contemporary standard version of
PASS (12.06.22) [11, 12], which allows one to predict 513
possible toxic and side effects. The result is given to the
user as an ordered list of possible biological activities
with the estimated Pa and Pi, which characterize the
probability of presence/absence of each type of activ-
ity, respectively.

QikProp was used to assess the ADME pharmacoki-
netic parameters of the analyzed molecules [16]. The
program enables to assess the physical and chemical
characteristics of the drug similarity and is commonly
used to screen compounds with undesired pharmacoki-
netic characteristics [17—19]. The range of parameter
values determined by QikProp and recommended for
the promising compounds was provided in [14].

1,2,5-benzoxadiazols (benzofurazans) and

their N-oxides (benzofuroxans)

1,2,5-benzoxadiazols and their N-oxides were synthe-
sized using the conventional [20—22] or analogous pro-
cedures.

Oligodeoxyribonucleotides
Oligodeoxyribonucleotides were synthesized us-
ing the amidophosphite method on an ABI 3400 au-
tomated DNA synthesizer (Applied Biosystems,
USA) in accordance with the standard operat-
ing procedures using commercially available rea-
gents (Glen Research, USA). Oligonucleotides U5B
(5’-GTGTGGAAAATCTCTAGCAGT-3’) and U5A
(5’-ACTGCTAGAGATTTTCACAC-3’) formed a du-
plex imitating the end fragment of the Ub5-moiety
of the long terminal repeat of viral DNA, which acts
as a substrate for IN during the 3’-processing reac-
tion. The duplex formed from the oligonucleotides
U5B-2 (5’-GTGTGGAAAATCTCTAGCA-3’) and
USA was used in the chain transfer reaction. The ef-
fects of the inhibitors on correct DNA folding at the
IN active site was assessed using the U5B/UbA™
duplex (5’- ACT"GCTAGAGATTTTCACAC-3’),
where T™ was 2’-0-(2,3-dihydroxypropyl)-uridine
synthesized according to [23]. The N155H (5’-CT-
GTCCTATAATTTTCTTTAATTCTTTATGCATA-
GATTCTATTACCCCCTGA-3’), G140S (5’-GGGGAT-
CAAGCAGGAATTTAGCATTCCCTACAATC-3’),
Q148K (5’-GCATTCCCTACAATCCCCAAAGTAAG-
GGGGTAATAG-3’) oligonucleotides and their com-
plementary N1556H a, G140S_a, and Q148K _a oli-
gonucleotides were used as primers for site-directed
mutagenesis of the HIV-1 integrase gene to produce
mutant forms of the integrase gene (N155H, G140S/
Q148K).
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Enzymes

The recombinant HIV-1 IN was isolated from the
cells of the Rosetta Escherichia coli producer strain
and purified without the addition of a detergent as
per [24]. The plasmids containing the mutant forms of
the IN genes (N155H and G140S/Q148H substitutions)
were obtained by site-directed mutagenesis of a plas-
mid encoding wild-type IN using the QuikChange II
Site-Directed Mutagenesis kit (Agilent Technologies,
USA). All procedures were performed in accordance
with the manufacturer’s instructions. Mutant proteins
were isolated and purified as per wild-type of HIV-1
IN [24].

Synthesis of **P-labeled integrase substrate
Radioactive **P label was introduced into the 5’-end of
the oligonucleotide U5B or U5B-2. To achieve this, 10
pmol of the oligonucleotide was incubated in the pres-
ence of T4-polynucleotide kinase (Fermentas, Lithua-
nia) and 50 puCi [y-**P]ATP (3000 Ci/mmol) in a buffer
containing 50 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 5
mM dithiothreitol (DTT), 0.1 mM spermidine, 0.1 mM
EDTA, for 1 h at 37°C. Following this procedure, the
kinase was inactivated by adding EDTA (25 mM) and
heating to 65°C for 10 min. An equimolar amount of the
complementary oligonucleotide, U5A, was added, and
a duplex was formed by heating the oligonucleotide
mixture to 95°C followed by slow cooling to room tem-
perature. The U5B/U5A duplex was completely puri-
fied of excess [y-**P]ATP and salts on a MicroSpin G-25
column (Amersham Biosciences, USA).

Inhibition of the 3’-end processing reaction

The **P-labeled U5B/U5A duplex (3 nM) was incubat-
ed in 20 pl of the buffer (20 mM HEPES, pH 7.2, 7.5 mM
MgCl, 1 mM DTT) in the presence of IN (100 nM) and
increasing concentrations of the inhibitor at 37°C for
2 h. The reaction was stopped using 80 pl of a stop solu-
tion (7 mM EDTA, 0.3 M NaOAc, 10 mM Tris-HCI, pH
8, 0.125 mg/ml glycogen). The integrase was extracted
using phenol-chloroform-isoamyl alcohol = 25 : 24 : 1;
the DNA-duplex was precipitated with ethanol (250 pl)
and assayed by 20% polyacrylamide gel electrophore-
sis (PAGE) with 7 M urea. The gel was visualized in a
STORM 840 ™ Phosphorimager (Molecular Dynam-
ics, USA). The reaction was recorded according to the
band in electrophoretic pattern, which corresponded in
terms of its mobility to oligonucleotide U5B truncated
by two residues. The reaction efficiency was assessed
using the Image QuaNT™ 4.1 program. The results of
three independent repetitions of the experiment were
used to build a curve representing the relationship be-
tween the efficiency of 3’-processing and the inhibitor
concentration. The curve was used to identify the value

of IC,  as the inhibitor concentration at which the reac-
tion is suppressed to 50%.

Inhibition of the strand transfer reaction

The reaction was carried out as per inhibition of the
3’-processing using the 3*P-labeled U5B-2/U5A duplex
(10 nM) and IN (100 nM). The reaction was recorded
according to the bands in the electrophoretic pattern
with a lower mobility as compared to that of the initial
oligonucleotide, U5B-2.

Gel shift analysis

The %P-labeled U5B/U5A duplex (0.05 pmol) was in-
cubated in the presence of integrase (2 pmol) in a buff-
er containing 20 mM HEPES, pH 7.2, 7.5 mM MgCl,, 1
mM DTT, 5% glycerol at 20°C for 30 min. Increasing
amounts of the oligonucleotide inhibitor (0.01—10.0 uM)
were added to the preformed enzyme-substrate com-
plex; the mixture was incubated at 37°C for 5 min and
then applied to an 8% polyacrylamide gel (acrylamide/
bisacrylamide ratio = 40: 1) with no urea. The electro-
phoresis buffer contained 20 mM Tris-acetate, pH 7.2,
7.5 mM MgCl* The gel was visualized with a STORM
840™ Phosphorimager.

The effects of the inhibitor on the correct

folding of DNA at the IN active site

The 2,3-dihydroxypropyl group consisting of the
oligonucleotide duplex was oxidized to an aldehyde
group immediately prior the experiment: 15 pl of a
freshly prepared 230 mM aqueous solution of sodium
periodate was added to 10 pmol of the U5B/UbA™
duplex containing the **P-labeled modified oligonu-
cleotide USA™ in 15 pl of 30 mM sodium acetate (pH
4.5). The mixture was stirred and incubated for 1 h at
25°C in the dark followed by the addition of 170 ul of
a 2 M aqueous solution of lithium perchlorate; the oli-
gonucleotide material was precipitated using 1 ml of
acetone. The obtained U5B/U5A™ duplex containing
the oligonucleotide with a 2’-aldehyde group (U5A™)
was dissolved in a buffer containing 20 mM HEPES,
pH 7.2, 7.5 mM MgCl,, 1 mM DTT. Covalent attach-
ment of the oxidized U5B/U5A™ duplex (10 nM) to
the IN (100 nm) was carried out in 20 pl of a buffer
containing 20 mM HEPES, pH 7.2, 7.5 mM MgCl,, 1
mM DTT in the presence of increasing concentrations
of the inhibitor for 1 h at 37°C . The reaction product
was then reduced by adding 2 ul of a freshly prepared
300 mM solution of NaBH,CN and incubating for 30
min at 37°C. The reaction mixture was analyzed in the
Laemmli PAGE system. The labeled products were
visualized using the STORM 840™ Phosphorimager.
The efficiency of the reaction progress was assessed
by observing the intensity of the band corresponding
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to the covalently bound IN-DNA complex using Im-
age QuaNT™ 4.1,

RESULTS AND DISCUSSION

Computer-aided screening of

new integrase inhibitors

A specialized version of the PASS program was used
for computer-aided screening and selection of the sub-
stances that are highly likely to possess HIV-1 IN in-
hibitory potential [14]. The accuracy of anti-integrase
activity prediction calculated for the training set of 218
compounds using the leave-one-ROI-out technique
was 81%. The biological activity of Raltegravir, which
effectively inhibits the chain transfer reaction, was
predicted using this particular version of PASS (Table
1). The estimated probability of exhibiting this activ-
ity was 0.948 for Raltegravir (Pa). These facts suggest
that PASS has a significant capability of predicting the
anti-integrase activity of compounds.

Over two millions structural formulas of substances
belonging to various chemical classes were analyzed.
The structures selected using the computer-aided
predictions turned out to be the derivatives of benzo-
furazans and benzofuroxans. In order to perform struc-
tural-functional studies, 27 different compounds be-
longing to these structural classes characterized by an
estimated probability of possessing the ability to inhibit
the 3’-processing and chain transfer reactions greater
than 0.5 were synthesized (Table 1).

The effects of the structure of 1,2,5-benzoxadiazols
on their ability to inhibit IN activity
The ability of BFZ and BFX to suppress the catalytic
activity of IN was investigated in the 3’-end processing
and strand transfer reactions using recombinant protein
and U5B/UbHA and U5B-2/U5A DNA-duplexes corre-
sponding to the terminal fragment of viral DN'A prior to
and following the cleavage of the GT dinucleotide. The
U5B/UbSA duplex acted as the IN substrate in the 3’-end
processing reaction, while the U5B-2/U5A duplex acted
as the IN substrate in the strand transfer. It should be
noted that the recombinant IN can use any DNA as a
target for incorporation of the processed substrate in the
strand transfer reaction; hence, the U5B-2/U5A duplex
acted both as a substrate and as a target in this reaction.
The unsubstituted BFX exhibited no inhibitory po-
tential in any of the reactions (Table 1, compound 1).
The introduction of an electron-donor (methyl) or elec-
tron-acceptor (chlorine) substituent at the 5-position
only insignificantly improved the inhibitory activity of
BFX during the strand transfer (Table 1, 2 and 3). How-
ever, 4-nitro-BFX was a significantly more efficient
inhibitor in both reactions (Table 1, 4).
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With allowance for such a strong influence of the ni-
tro group, the effects of the substituents at positions 5
and 7 on the activity of 4-nitro-BFX were examined.
It was demonstrated that the presence of a methyl
residue at any of these positions significantly increases
the inhibitory activity of 4-nitro-BFX (Table 1, 5 and
6). In this case, the presence of a methyl group at both
positions had no additional positive effect, but instead
slightly reduced the inhibition efficiency (Table 1, 7).
The enhancement of the inhibitory activity of 4-nitro-
BFX after a methyl group was introduced at position
5 or 7 can be attributed to the electron donor effect of
a methyl group. To support or refute this assumption,
the efficiency of inhibition of processing and strand
transfer by 4-nitro-BFX containing other electron-
donating substituents at position 7 was assessed (Ta-
ble 1, 8 and 9). Both of these compounds were found to
block IN with an efficiency comparable to that of the
unsubstituted 4-nitro-BFX. Thus, the positive induc-
tive effect of the methyl group cannot be the reason for
the increased inhibitory activity of compounds 5 and 6.
The ability of the methyl group to form hydrophobic
interactions with the protein is also an unlikely reason
for the observed effect, since the methoxy group is also
theoretically capable of these interactions. It is interest-
ing that the derivative of 4-nitro-BFX containing an
electron-acceptor substituent in the form of chlorine
at position 7 was a more potent inhibitor as compared
to the original 4-nitro-BFX (Table 1, 10) but was infe-
rior to 7-methyl-4-nitro-BFX in terms of its inhibitory
properties.

Next, the importance of the role of N-oxide was
determined. For this purpose, the inhibitory effect of
4-nitro-BFX derivatives and the corresponding de-
rivatives of 4-nitro-BFZ were compared. Unsubstitut-
ed 4-nitro-BFZ inhibited both of the reactions under
study to a greater extent than N-oxide did (Table 1, 11
and 4). However, its methyl derivatives (compounds 12
and 13) were 3—6 times less active than compounds 5
and 6 (Table 1). Nevertheless, the patterns observed for
the 4-nitro-BFX derivatives were generally valid for a
series of 4-nitro-BFZ derivatives (Table 1).

Thus, it can be concluded that 4-nitro-BFZ deriva-
tives and the corresponding N-oxides are capable of
blocking HIV-1 IN with comparable efficiencies; the
level of efficiency depends on the nature of the sub-
stituents at position 5 or 7. Methyl-substituted 4-nitro-
BFZ and 4-nitro-BFX were found to be the most ef-
ficient inhibitors.

In addition to BFX containing a single nitro group,
the derivatives of 4,6-dinitro-BFX were also tested as
IN inhibitors (Table 1, 21—-24). It was found that the in-
troduction of the second nitro group significantly re-
duced the inhibitory activity (compare 21 and 4). How-
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Table 1. The ability of BFZ and BFX derivatives to inhibit the IN catalytic activity during 3'-processing and strand transfer
reactions

Raltegravir 0.50 =0.09 0.010 = 0.003
1 H - > 1000 > 1000
2 CH, - >1000 800 = 200
3 Cl > 1000 500 = 200
4 H H 80 = 20 80 = 30
5 CH, H 04=0.1 1.0+0.3
6 H CH, 0.5=+02 04=+02
7 CH, CH, 1.0+0.3 7T+2
8 H OCH, 70 = 20 80 = 20
9 H 50 =10 80 =30
10 Cl 20=%5 50 =10
11 H 30 =5 40 =10
12 CH, H 20+04 3.0 0.6
13 H CH, 3.0 +0.6 3.0+05
14 OCH, H 75 =12 150 =40
15 H OCH, 80 = 30 120 =20
16 H 65 =11 70 =20
17 H Cl 10 =2 45 =12
18 H -SO,-Ph 20=*5 15+5
19 H 10+2 12+3
20 H 18 %6 20=%5
21 H H 400 =100 500 = 120
22 H CH, 2.0= 04 0.3=0.1
23 H CH,Br 6=+ 2 2.0=05
24 H 7515 80 =20
25 H - 05=+0.1 5+2
26 H - 6+1 =1
27 OCH, - 100 =20 100 =30

* The average values calculated from the results of at least three repeated experiments.
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Table 2. The inhibition of the catalytic activity of the Raltegravir-resistant mutant forms of IN by the nitro-BFX /BFZ de-

rivatives
Inhibitory activity during the strand transfer reaction, IC,
pM*
Compound, )
No wild-type Q148K /G140S mutant N155H mutant
IC50 IC95 IC50 IC95 IC50 IC95
Raltegravir 0.010 = 0.003 0.40 = 0.05 0.15+0.03 3.0=+1.0 0.018 = 0.005 52=+0.8
6 0.4 +0.2 35=09 0.8+0.3 43+0.8 09=+0.3 82+1.7
22 0.3+0.1 6.8=1.1 0.5+0.2 1.0+04 0.6 0.1 7.6 +1.3
25 5.0 2.0 18.0 2.0 40=15 15.3 + 2.8 6.0+1.8 18.8 £25

* The average values calculated from the results of at least three repeated experiments.

ever, the presence of a methyl substituent at position
7 in the case of 4,6-dinitro-BFX also significantly in-
creased the efficiency of inhibition of integration and
strand transfer (the latter process was inhibited 6—7
times more efficiently than 3’-processing) (T'able 1, 22).
It is interesting to point out that compound 23 contain-
ing an electron-accepting bromomethyl substituent
also effectively inhibited both reactions, although it
was somewhat inferior to 7-methyl-4,6-dinitro-BFX
(22) in this respect. Meanwhile, compound 24, which
contains a very strong electron acceptor at position 7,
exhibited a low inhibitory activity (Table 1).

The integration inhibition properties of 6-nitro-BFX
and 6-nitro-BFZ were subsequently studied (Table 1, 25
and 26). Both compounds were found to be significantly
more efficient in inhibiting the integration process as
compared to 4-nitro-BFX /BFZ and 4,6-dinitro-BFX
(Table 1, 4,11, 21). It is of little interest that the effects
of 6-nitro-BFX and 6-nitro-BFZ in the chain transfer
reaction were identical, and the 3’-processing was more
efficiently inhibited by 6-nitro-BFZ (25). The introduc-
tion of the methoxy group at position 4 significantly
reduced the inhibition efficiency (Table 1, 27).

The ability of BFX and BFZ containing nitro groups at
positions 4 and /or 6 to inhibit both reactions catalyzed by
HIV-1 IN with almost identical efficiency gave grounds
to assume that the mechanism of integration inhibition
used by these compounds differs from the mechanism
of action of Raltegravir, which mainly inhibits the stand
transfer [15]. In order to verify this hypothesis, the po-
tential of nitro-BFX/BFZ to inhibit the mutant Ralte-
garvir-resistant forms of IN was evaluated.

Inhibition of the mutant forms of IN characterized

by increased resistance to Raltegravir

The emergence of resistance to strand transfer inhibi-
tors is attributable to the emergence of mutations at the
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IN active site [25]. Patients with Raltegravir resistance
typically carry primary mutations, such as Y143R/C,
Q148K/R/H, and N155H. Q148R/H/K and N155H
amino acid substitutions are also common in patients
treated with IN inhibitor Elvitegravir, which has just
been approved by the FDA for clinical use in HIV ther-
apy [26]. For this reason, IN proteins containing Q148K
and N155N substitutions were used in the present work.
With allowance for the fact that the replacement of
Q148 dramatically decreases the IN activity, which is
reduced due to a secondary mutation in the G140 resi-
due [27], an IN specimen containing the double muta-
tion G140S/Q148K was obtained. The ability of the most
active compounds 6, 22 and 25, which represented all
three investigated groups of nitro-BFX/BFZ, to inhibit
the catalytic activity of the mutant proteins and wild-
type IN during the strand transfer reaction was tested.
It was found that the inhibitors analyzed suppress the
activity of all IN specimens with comparable efficiencies
(Table 2). Meanwhile, the two mutant forms of IN were
inhibited by Raltegravir to a lower extent than the wild-
type IN; the reduction in the inhibition efficiency was
particularly evident for the IC , values (Table 2).

Investigation of the inhibitory mechanism

of nitro-BFX/BFZ derivatives

The ability of nitro-BFX/BFZ derivatives to inhibit
the mutant forms of IN as efficiently as the wild-type
enzyme confirmed the validity of the assumption that
the mechanism of integration inhibition by these com-
pounds differs from that of Raltegravir. In order to
better understand the inhibitory mechanism of nitro-
BFX/BFZ derivatives, the compounds were selected
according to two criteria: 1) compounds were selected
from all three groups of the derivatives differing by the
position and number of nitro groups and 2) compounds
with different substituents were selected, since the for-
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Table 3. The effects of nitro-BFX and nitro-BFZ on the catalytic activity of INin 3'-processing and strand transfer reac-
tions, and on the IN DNA-binding activity and binding of the DNA-substrate at the active site of IN

Inhibitory activity, IC, ,
pM *
Compound, 3’-processing strand transfer binding of IN to | Pinding of DNA
D%\I A at the active site
No Mg2+ Mn2t Mg2+ Mn2t of IN
1 2 3 4 5 6
Raltegravir 0.50 = 0.09 0.15 %= 0.02 0.010 = 0.003 0.005 = 0.002 >500 > 500
6 05=*0.2 0.5+0.1 04=*0.2 0.5+0.2 10£2 0.6 +0.2
9 50 =10 35+ 10 80 = 30 70 =20 500 = 100 90 = 20
18 205 205 15+5 25 %5 50 =10 20=%5
23 6+2 B==2) 2.0 =05 B==2 25+ 8 62
25 05=0.1 1.0=0.2 5%+2 4+1 45 =10 1.0+0.5

* The average values calculated from the results of at least three repeated experiments.

mation of additional contacts between the protein and
the substituent could potentially influence the inhibito-
ry mechanism. Therefore, compounds 6, 9 and 18 were
selected from the 4-nitro-BFX/BFZ group; compound
23, from the group of 4,6-dinitro-BFX, and compound
25, from the group of 5-nitro-BFX/BFZ (Table 1).

It should be mentioned that all of the strand transfer
inhibitors act through the same mechanism: they bind
to the active site of IN, which forms a complex with
the viral DNA and prevent its interaction with cellu-
lar DNA [5, 15, 28]. The compounds equally efficient at
inhibiting both stages of integration can have different
mechanisms of action. They can either interact with the
C-terminal domain disrupting the binding of DNA, or
they can bind to the catalytic domain of IN affecting or
not affecting the correct folding of viral DNA, or they
can interact with the other parts of IN; e.g., acting as
allosteric inhibitors [5, 29].

Initially, the effects of inhibitors on the DNA-bind-
ing activity of IN were studied. The C-terminal domain
of IN is mainly responsible for the binding to DNA [30].
Therefore, the inhibitor that suppresses both DNA
binding and 3’-processing when taken at equal concen-
trations affects the C-terminal domain. The action of
the inhibitors on the DNA binding was studied at 25°C,
since IN completely binds to the DN A-substrate under
these conditions to form an enzyme-substrate complex,
but does not perform a catalytic function [31]. It was
found that almost all the investigated compounds af-
fect DNA binding to IN to a much lesser extent than
they affect the 3’-processing (Table 3, columns 5 and
1). This fact led to the assumption that the inhibitors
interact with the catalytic domain of IN.

An inhibitor binding to the catalytic domain of IN
can prevent “correct” interaction between the viral
DNA and the active site of the enzyme without affect-
ing the overall DNA—-IN binding. The influence of the
inhibitors on the correct folding of DNA-substrate at
the active site of IN was studied using the method of
covalent attachment of the aldehyde-containing analog
of DNA-substrate to IN [32]. The aldehyde group was
introduced into the structure of the modified thymidine
analogue (T™), which occupied position 3 counting from
the 5’-end of oligonucleotide UbA (Figure, A), since it
was located close to the amino acid residues of the IN
catalytic domain [33]. The feasibility of this approach
was described in [34, 35].

The U5B/U5A™ duplex containing a radioactive label
in the U5A™ chain was covalently attached to the IN in
the presence of increasing concentrations of inhibitors;
the influence of inhibitors on the efficiency of the reac-
tion was analyzed (Figure, B). No inhibition of the cova-
lent attachment was observed in the case of Raltegravir
(Table 3, column 6), which is consistent with the findings
that strand transfer inhibitors do not affect the interac-
tion between IN and viral DNA [5, 15]. The IC,  values for
all nitro-BFX /BFZ derivatives for the inhibition of the
covalent DNA binding at the IN active site were similar
to those obtained for the catalysis (Table 3, columns 6 and
1). This fact indicates that the inhibitors interact with the
active site of IN and prevent the correct folding of the
DNA-substrate within it. However, the binding of inhibi-
tors does not cause such changes in the IN structure that
can completely block its DNA binding activity.

Under the assumption that the derivatives of nitro-
BFX/BFZ bind at the active site of IN, we decided to
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Table 4. The spectra of potential toxicity /side effects of nitro-BFZ and nitro-BFX as compared to Raltegravir

Com o ey
"o oo iy
"o om0 Simorotewrwoin
T T T
"o o | camgmoy ey
~om
~om
~om
BT

18

23

0.019 QT-interval prolongation
0.049 Hypotension

0.556 0.065 Hepatotoxicity

25

* Pa — probability of observing activity; Pi — probability of observing inactivity.

70 | ACTANATURAE| VOL.5 Ne1(16) 2013



RESEARCH ARTICLES

clarify whether they interact with the metal-cofactor
ions, which are bound at the IN active site and are es-
sential for its catalytic activity [36]. Mg*" is a native co-
factor of IN, but in vitro IN efficiently catalyzes both
reactions in the presence of Mn?" ions as well. If the in-
hibitor interacts with the metal ion, its effects on the IN
activity in the presence of these metal ions will differ
due to the differences in the coordinating ability of Mg**
and Mn®* ions. This very effect was observed for Ralte-
gravir (Table 3, columns 1—4). The results of inhibition
of 3’-processing and the strand transfer reaction in the
presence of various metal ions demonstrate that the type
of the metal does not affect the efficiency of the action of
nitro-BFX /BFZ derivatives. It is obvious that the inter-
action between these inhibitors and the active site of IN
is not mediated by binding to the metal ion.

Prediction on the pharmacodynamic

and pharmacokinetic characteristics

of nitro-BFX /BFZ derivatives

The standard version of the PASS program (version
12.06.22) was used to predict the possible toxic and side
effects of compounds 6, 9, 18, 23, 25, and Raltegravir (Ta-
ble 4). It should be mentioned that 15 out of 18 predicted
(Pa > 0.5) toxic and side effects of Raltegravir correspond
to the data obtained during experimental and clinical
studies [37]. No side/toxic effects have been identified in
the predicted spectra of biological activity of compound
9. Compounds 6, 18, 23 and 25 can cause some undesir-
able side effects, although it should be borne in mind
that the side effects predicted by PASS may occur at
concentrations exceeding therapeutic doses.

The calculation of the ADME characteristics using
QikProp showed that all 18 parameters of compounds 6,
9,18, 23 and 25 correspond to the recommended range
[13]. The estimated IC, for blockage of HERG K" chan-
nels is obtained from this range for Raltegravir (less
than —5) [14]. This corresponds to the data obtained in
[38], according to which Raltegravir at high concentra-
tions acts as a blocker of HERG K* channels, which can
result in prolongation of the QT-interval and, conse-
quently, in the development of heart failure.

CONCLUSIONS

Thus, the new class of IN inhibitors identified using
computer prediction, nitro-BFX and nitro-BFZ, was
characterized in the present work. It was demonstrated
that these compounds inhibit the 3’-processing equally
or more efficiently than the strand transfer. The influ-
ence of the structure of nitro-BFX and nitro-BFZ on
their inhibitory activity was studied. The most active
integration inhibitors were identified to be 4-nitro-
BFZ/BFX containing a methyl group at positions 5 and
7, as well as 5-nitro-BFZ. The described inhibitors also

A uUsB 5'-GTGTGGAAAATCTCTAGCAGT-3'
USA™ 3'-CACACCTTTTAGAGATCGT"CA-5'
™=
B 1 2 3 4 5 6 7
DNA /IN
complex
DNA

The influence of compound 6 on the efficiency of covalent
binding of a DNA-substrate analog containing the aldehyde
group to IN. A — the structure of the U5B /U5A™ DNA-sub-
strate analog and modified thymidine T™. GT dinucleotide
cleaved by IN during the 3'-processing is underlined and
shown in italics. B — the analysis of the influence of inhibitor
6 on the covalent binding of the U5B /U5A™ duplex to IN
using Laemmli gel-electrophoresis. Lanes: 1 — control; 2 —
OpMof6; 3—0.1uM of 6; 4—0.5uM of 6; 5— 1 pM of 6;
6—10puM of 6; 7 — 100 uM of 6

exhibited activity against mutant forms of IN resistant
to Raltegravir. The study of the mechanism of IN inhi-
bition by nitro-BFZ and nitro-BFX showed that these
compounds prevent the binding of DNA-substrate at
the enzyme active site and do not interact with the
metal-cofactor ion. The comparison of the pharmaco-
dynamic and pharmacokinetic characteristics of the
investigated substances and Raltegravir show prom-
ise with respect to further investigations of these com-
pounds as inhibitors of HIV-1 IN. e
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ABSTRACT Butyrylcholinesterase (BChE) is a serine hydrolase (EC 3.1.1.8) which can be found in most animal
tissues. This enzyme has a broad spectrum of efficacy against organophosphorus compounds, which makes it a
prime candidate for the role of stoichiometric bioscavenger. Development of a new-age DNA-encoded bioscav-
enger is a vival task. Several transgenic expression systems of human BChE were developed over the past 20
years; however, none of them has been shown to make economic sense or has been approved for administration
to humans. In this study, a CHO-based expression system was redesigned, resulting in a significant increase in
the production level of functional recombinant human butyrylcholinesterase as compared to the hitherto exist-
ing systems. The recombinant enzyme was characterized with Elman and ELISA methods.

KEYWORDS bioscavenger; butyrylcholinesterase; CHO cell line; recombinant protein; organophosphorus toxins.
ABBREVIATIONS a.a.r. — amino acid residue; BChE — butyrylcholinesterase; PAGE — polyacrylamide gel electro-
phoresis; OPT — organophosphate toxin; CHO — Chinese hamster ovary cells; DMEM — Dulbecco’s Modified Eagle

Medium.

INTRODUCTION

Butyrylcholinesterase (BChE) is a serine hydrolase [EC
3.1.1.8] that has been found in almost all mammalian
tissues (in particular, in the lungs, intestine, liver, and
blood serum) [1]. The physiological function of BChE has
not been determined thus far; however, it is believed to
play a key role in maintaining and regulating the activity
of neurotransmitter acetylcholine in the central nervous
system and neuromuscular endings [2].

BChE can bind stoichiometrically to various acetyl-
cholinesterase-inhibiting toxins. In particular, BChE
interacts with organophosphorus compounds, such as
sarin, soman, VX and VR gases, as well as with some
pesticides. Such data were obtained during experiments
on rodents [3] and primates [4]. The animals showed
long-term resistance to the action of nerve paralytic
agents after intravenous or intramuscular injections of
BChE isolated from human serum [5].

Drug therapy methods for treating organophospho-
rus toxin (OPT) poisoning have been constantly devel-

oping for over 60 years. Yet, all of them are far from
perfect. Such methods ensure the survival of a patient
but cannot help avoid irreversible brain damage and
disability. An alternative approach for treatment and
prophylaxis of OPT poisoning is the use of bioscav-
engers [6]. Antibodies, various functional enzymes, and
cyclodextrins, which isolate and inactivate highly toxic
compounds before they reach their biological targets,
can act as bioscavengers [7]. Among all bioscavengers
against OPT, only BChE isolated from human plasma
has received the status of a “New development drug”
from the FDA: in 2006.

Human butyrylcholinesterase is a glycoprotein com-
posed of four identical subunits. Each subunit consists
of 574 amino acid residues and 9 polysaccharide chains.
The molecular weight of a BChE subunit is 85 kDa, of
which 23.9% is attributed to polysaccharide chains [8].
There are several oligomeric forms of BChE: 95% of the
BChE in human plasma exists in the tetrameric form,;
the remaining 5% is represented with trimeric, dimeric,
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and monomeric forms [9]. The BChE heterodimer with
serum albumin is occasionally detected [10]. The oligo-
meric forms of BChE possess identical, specific activity
but differ considerably in terms of their pharmacody-
namic characteristics [3].

Human butyrylcholinesterase is nowadays isolated
from blood plasma. The purification protocol published
in 2005 was designed to process 100 1 of human blood
plasma in a single cycle [4]. According to experts, the
annual supply of blood plasma of the USA has to be
processed to obtain 1,000 doses of BChE [11]. Moreover,
the use of donor plasma may lead to contamination of
the drug with dangerous pathogens.

An alternative method consists in obtaining the
recombinant protein. Expression in prokaryotic cells
is the simplest (in terms of technology) and the most
economically sensible method for producing recom-
binant proteins. However, attempts to express BChE in
Escherichia coli have turned out unsuccessful [12].

CHO cells are now widely used to obtain correctly
folded and functionally active recombinant products.
More than 20 recombinant protein drugs have been
produced and approved by the FDA over the past 25
years, including a-glucosidase (Myozyme) [13], the
anti-hemophilic factor (ReFacto) [14], coagulation
factor IX (BeneFIX) [15], interferon-f ( Avonex) [16],
a-galactosidase (Fabrazyme) [17], erythropoietin A
(Eprex, Epogen), etc. A number of technical means
(such as roller systems, spinners, and bioreactors al-
lowing production of the target protein to an amount
of several grams per liter of culture medium) have
been developed in order to ensure efficient expres-
sion of recombinant proteins in animal cells [18—20].
In addition, expression efficiency is achieved by us-
ing strong promoters, such as the elongation factor 1a
promoter (EF-1) [21] or the cytomegalovirus (CMV)
promoter [22].

In 2002, a recombinant, low-glycosylated BChE was
obtained in a nonlymphoid CHO cell line [23]. The yield
of the target protein produced in roller bottles was 2—5
mg per liter of the growth medium, whereas production
levels need to be at least 50—100 mg/I of the growth
medium in order to make economic sense.

Beside increasing the production levels of recom-
binant BchE, researchers are also focusing on obtaining
a product with improved pharmacodynamic properties.
Peptides of unknown origin with molecular weights
ranging from 2072 to 2878 Da and the overall amino acid
sequence PSPPLPPPPPPPPPPPPPPPPPPPPLP have
been detected recently as a fragment of human butyryl-
cholinesterase tetramer. These peptides are believed to
play an important role in the formation of the quater-
nary structure of BChE by binding to the C-terminal
domains of its subunits [24]. A proline-rich peptide of
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N-terminal domain of the collagen-like protein ColQ
(PRAD, proline-rich attachment domain) was demon-
strated to play an essential role in BChE oligomerisation:
the coexpression of peptide PRAD consisting of 45 a.a.r.
and the recombinant BChE in CHO cells increases the
production of tetrameric BChE isoforms to 70% [25].

In 2007, the American researchers Huang Y.J. et al.
managed to produce transgenic goats whose milk con-
tained recombinant BChE. It was demonstrated that 1
liter of milk obtained from the transgenic animals con-
tained 1-5 g of active BChE. However, the obtained
enzyme was not glycosylated enough, which greatly
reduced its pharmacological activity [26].

In 2010, a group of American, Canadian, and Israeli
scientists proposed to express recombinant BChE in
trasgenic plants [27]. After excessive PEGylation, the
pharmacodynamic characteristics of the recombinant
enzyme were comparable to those of human plasma
BChE. Unfortunately, the clinical use of this drug is
complicated as trangenic plants are not allowed by the
FDA as a source of recombinant enzymes for therapeu-
tic purposes.

Thus we conclude that, there is no efficient, econom-
ically sensible system for the expression of recombinant
BChE today. The purpose of this work was to create
such an expression system.

EXPERIMENTAL

Reagents and materials

Reagents produced by the following companies were
used: Panreac, Amresco and Sigma, (USA); Merck
(Germany); DNA plasmid isolation kit, PCR frag-
ment purification kit, Agarose gel DNA extraction kit
(Qiagen, USA); restriction enzymes and DN A-modi-
fying enzymes (Fermentas, Lithuania), growth me-
dia and components of growth media (Gibco, USA);
pcDNA3.1/Hygro, pBudCE4.1 (Invitrogen, USA),
pET28a (Novogen, USA) vectors. Plasmids pGS / BChE
and pRc/RSV-rQ45 were kindly provided by P. Masson
(Centre de Recherches du Service de Santé des Armées,
Toxicology Department, La Tronche, France) and
O. Lockridge (UNMC, Omaha, USA).

Bacterial strains
The following E. coli strains were used: DHb5a, BL21
(DE3) and XL2-Blue (Novagen, USA).

Cell lines

A CHO-KI1 cell line (Sigma, USA) utilizing the conven-
tional methods for maintaining animal cell lines was used
[28]. The cells were grown in culture flasks or platesina
DMEM medium containing 10% fetal bovine serum and
2 mM L-glutamine in an incubator at 37°C, 5% CO,,.
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A BChE

CMV promoter BGH polyA

pcDNA /CMY /BChE

Hygromycin

c PRAD

CMYV promoter BGH polyA

pcDNA /CMYV /PRAD

Hygromycin

B
EF promoter
pBudCE /EF /BChE
Zeocin
D

PRAD

BGH polyA

pcDNA /EF /PRAD

Zeocin

Fig. 1. Expression vectors used in this study. (A) pcDNA /CMV /BChE, (B) pBudCE /EF /BChE, (C) pcDNA /CMV /

PRAD, (D) pcDNA /EF /PRAD

Construction of the expression vectors
1) Construction of the expression vector pcDNA /Hy-
gro/CMV /BChE (Fig. 14).

Plasmid pGS/BChE carrying the DNA fragment
encoding human butyrylcholinesterase was treated
with the restriction endonucleases HindIII and Apal. A
1914-bp-long DNA fragment was purified by electro-
phoresis in a 1% agarose gel, followed by elution using
the QIAguick Gel Extraction Kit and clonning into the
dephosphorylated vector pcDNA3.1/Hygro.

2) Construction of the expression vector
pBudCE/EF/BChE (Fig. 1B).

In order to obtain this construct, the vector pBud-
CE4.1 was modified; the DNA fragment correspond-
ing to the CMV promoter was removed, thus allow-
ing one to construct the vector pBudCE/EF. Plasmid

pGS/BChE was treated with restriction endonuclease
BglIl. The required 1832-bp-long DNA fragment was
purified as per the procedure described above and
cloned into the similarly digested and dephosphorylat-
ed vector pBudCE/EF. Positive clones with the correct
orientation of the fragments were determined by PCR
using primers 1 and 2 (Table 1).

3) Construction of the expression vector
pcDNA/CMV/PRAD (Fig. 1C).

Plasmid pRc/RSV-rQ45 [29] containing a sequence
encoding the PRAD peptide and FLAG epitope was
treated with the endonucleases HindIII and Xhol. A
252-bp-long fragment was purified by electrophoresis
in a 10% polyacrylamide gel, followed by electroelution
and clonning into the predigested and dephosphorylat-
ed vector pcDNA3.1/Hygro.
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Table 1. Oligonucleotide primers used for cloning

Primer 1 TCA AGC CTC AGA CAG TGG TTC

Primer 2 GAA GAA GCT TGT ACA ATA TGC ATA GCA AAG TCA CAATC
Primer 3 AAG TGG TTC CTT TAATGC TCC T

Primer 4 ATA TGC GGC CGC TCATTC TAAGACACT TGATTATITCAGT
Primer 5 ATA TGC TAG CGA AGA TGA CAT CAT AAT TGC AAC A

Primer 6 ATA TGC GGC CGC TCA CAG AAA CTT GCC ATC ATA AAC ATG
Primer 7 ATA TGC TAG CGC TCG GGT TGA AAG AGT TAT TGT

4) Construction of the expression vector pcDNA /EF/
PRAD (Fig. 1D).

Plasmid pBudCE/EF containing the EF promoter was
treated with restriction endonuclease BglIl. The digest-
ed DNA was filled in using DNA polymerase I Large
(Klenow) Fragment; the reaction mixture was treated
with endonuclease Nhel. A 1223-bp-long fragment was
purified by electrophoresis in a 1% agarose gel, followed
by electroelution. Plasmid pcDNA/CMV /PRAD was
treated with restriction endonuclease HindIII, filled in
using DNA polymerase I Large (Klenow) Fragment,
and the reaction mixture was treated with endonu-
clease Spel. The vector obtained was purified as per
the procedure described above, dephosphorylated and
ligated with the previously obtained DNA fragment
corresponding to the EF promoter.

5) Construction of the expression vectors pET28-C,
pET28-N1 and pET28-N2 (Fig. 34).

The nucleotide sequences encoding the C-terminal
fragment of BChE (322 a.a.r.) and two fragments of
the N-terminal peptide of BchE—N1 and N2 (133 and
119 a.a.r, respectively) were obtained by PCR. Plas-
mid pGS/BChE was used as a template. The following
primer pairs were used in the reaction: fragment C —
primers 3 and 4, fragment N1 — primers 5 and 6, frag-
ment N2 — primers 7 and 8 (Table 1). The PCR products
C, N1 and N2 were treated with the restriction endo-
nucleases Nhel and Notl, followed by cloning into the
pET28a vector (digested and dephosphorylated) in the
same fashion, yielding the expression vectors pET28-C,
pET28-N1 and pET28-N2, respectively.

Electrocompetent DH5a or XL2-Blue strain E. coli
cells were transformed using ligation mixtures. The pri-
mary screening of clones from colonies was performed
by PCR. The plasmids isolated from positive clones
were further characterized by restriction analysis. The
correctness of the assembly of expression vectors and
constructs was confirmed by Sanger sequencing. Prep-
aration of electrocompetent cells, transformation, and
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treatment with restriction enzymes, ligation, PCR and
DNA electrophoresis were performed in accordance
with the standard procedures [30, 31]. The plasmids
were isolated according to [32].

Expression and purification of the

recombinant BChE peptides

BL21(DE3) strain E. coli cells were transformed with
the vectors pET28-C, pET28-N1 or pET28-N2 by elec-
troporation. The BChE peptides encoded by plasmids
contained six histidine residues at the C-terminus,
which enabled their isolation using metal-chelate af-
finity chromatography.

The cells were cultured at 37°C to OD,,, = 0.6, fol-
lowed by induction with an isopropylthio-p-D-
galactoside (IPTG) solution added to a concentration
of ImM . Six hours after the induction, the cells were
centrifuged at 5000 rpm for 10 min; the precipitate was
re-suspended in a buffer containing 50 mM Tris-HCI
pH 8.0, 2 mM EDTA, and 0.1% Triton X-100 in 10% of
the initial volume.

All the recombinant BChE polypeptides were ex-
pressed in the insoluble form. Lysozyme was added
to the cell suspension until a final concentration of
0.1 mg/ml, followed by incubation at 30°C for 15 min
under constant stirring to obtain a fraction of the in-
clusion bodies. MgCl, and DNase were then added to
the lysate until concentrations of 8 mM, and 0.1 mg/ml,
respectively. Cell lysate was centrifuged for 15 min at
13000 rpm. The precipitate containing the insoluble
protein fraction was consecutively washed in solutions
containing 50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1%
Triton X-100, 50 mM Tris-HCI pH 8.0, 150 mM NaCl,
2 M urea and 50 mM Tris-HCIl pH 8.0, 150 mM NaCl,
8 M urea. The resulting fractions were analyzed by
protein electrophoresis in 15% PAGE under reducing
conditions. Polypeptides C and N1 were detected in the
fraction containing 2 M urea; polypeptide N2 was de-
tected in the insoluble protein fraction.
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The N1 and C polypeptides were then purified by
metal-chelate affinity chromatography under dena-
turing conditions using IMAC Sepharose 6FF resin (GE
Healthcare, USA) in accordance with standard man-
ufacturer’s instructions. The eluates were dialyzed
against water produced on a mQ installation (Millipore,
USA); the precipitate was pelleted by centrifugation
and re-suspended in 50% aqueous ethanol to obtain a
finely dispersed suspension.

Polypeptide N2 was purified by repeated wash-
ing of the insoluble fraction with a solution containing
50 mM Tris-HCI pH 8.0, 150 mM NaCl, 8 M urea, and
1 mM B-mercaptoethanol. The precipitate was dialyzed
against water produced on the mQ installation (Mil-
lipore, USA), precipitated by centrifugation and re-
suspended in 50% aqueous ethanol to produce a finely
dispersed suspension.

Immunization of mice using full-

length human plasma BChE

BALB/c mice were obtained from the Harlan nursery
(UK) and kept in the vivarium of the Pushchino Branch
of the Institute of Bioorganic Chemistry (Russian Acad-
emy of Sciences), under sterile conditions minimizing
contact of the immune system with external antigens
(Specific Pathogen-Free status). The age of mice ranged
from 6 to 8 weeks. Immunization was carried out by ad-
ministering 100 ug of BChE per mice in a complete Fre-
und’s adjuvant twice at weekly intervals. Booster immu-
nization of mice was performed intraperitoneally 3 days
prior to splenocyte collection by administering 50 mg of
BChE in phosphate-buffered saline (PBS) per mice.

Production of mouse monoclonal antibodies
Monoclonal antibodies were obtained by the standard
methods using cell hybridomas and ascites [33, 34].
Monoclonal antibodies were purified by affinity chro-
matography on resin HiTrap Protein-A (GE Health-
care, USA) according to the manufacturer’s procedure.
Biotinylation of the antibodies was performed using
NHS-biotin (GE Healthcare, USA), in accordance with
the manufacturer’s methodology.

Immunization of rabbits with

recombinant polypeptides BChE

Immunization of rabbits was carried out in the vivarium
of the Institute of Bioorganic Chemistry, Russian Acade-
my of Sciences. The recombinant polypeptides N1 and N2
of BChE were administered subcutaneously as follows:
the first injection contained a suspension of the peptide
in a complete Freund’s adjuvant, the second injection
(after 28 days) contained a suspension of the peptide in
an incomplete Freund’s adjuvant, and the third injection
(after 14 days) contained a suspension of the peptide in an

incomplete Freund’s adjuvant. Each animal was injected
with 200 pg of the peptide. Seven days following the im-
munization, a total of 10 ml of blood was collected from
the ear vein of each animal to obtain a blood serum. The
antibody titers were determined by indirect ELISA.

Immunoenzyme assay (ELISA)
Various ELISA methods using conventional testing
protocols were used in the present work [33, 34].

1) Indirect ELISA was used to determine the anti-
body titer. For this purpose, 96-well plates MaxiSorp
(Nunc, USA) were used to adsorb the purified human
plasma BChE, and monoclonal antibodies were sub-
sequently introduced to BChE in various dilutions, or
human BChE perptides were adsorbed onto plates, fol-
lowed by the introduction of monoclonal antibodies or
polyclonal rabbit sera in various dilutions. The complex
was detected using anti-goat antibodies conjugated
with horseradish peroxidase.

2) Competitive ELISA was used to search for a pair
of monoclonal anti-human BChE antibodies. For this
purpose, 96-well plates MaxiSorp (Nunc, USA) were
used to adsorb human plasma BChE and were subse-
quently incubated with monoclonal anti-BChE anti-
bodies in various dilutions in the presence of 10 ng/ml
biotinylated monoclonal antibody 4C6D8. The interac-
tion was detected using a streptavidin—HRP conjugate.
The starting concentration of the test antibodies was
100 ng/ml

3) Sandwich ELISA was performed to determine the
BChE concentration. The monoclonal antibodies 4C6D8
were adsorbed onto 96-well plates MaxiSorp (Nunc,
USA) and incubated with the BChE samples denatured
under various conditions (Fig. 3B). The interaction was
detected using polyclonal anti-N1 BChE rabbit serum
(titer 1:1000). Anti-goat antibodies conjugated with
horseradish peroxidase were used to detect the reac-
tion.

Transfection of eukaryotic cells by lipofection

Prior to the transfection, impurities and salts were re-
moved from the plasmid DNAs, which were prelimi-
narily linearized using the restriction endonuclease
Pvul and BglII (in the case of the vector pcDNA /EF/
PRAD). The lipofection was performed using Lipo-
fectamine™ Reagent and Plus™ Reagent (Invitrogen,
USA) according to the manufacturer’s recommenda-
tions.

EXPRESSION OF RECOMBINANT

BCHE BY THE CHO CELLS

The cells were cultured in flasks in DMEM contain-
ing a 2% fetal bovine serum and 2 mM L-glutamine
at 37°C, 5% CO, (25 cm?). After the 50—70% monolayer
was achieved, the conditioned growth medium was re-
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moved and the cells were washed with an equal volume
of sterile 1 X PBS, followed by the addition of an equal
volume of the protein-free growth medium Peprotech
(Peprotech, USA), EX-Cell (Sigma, USA) or ProCHO4
(Lonza, Switzerland). The cells were then incubated in a
protein-free growth medium for 5 days at 37°C and 5%
CO,. Every 24 hours, a sample of the culture medium
was taken to determine the content of the active form
of butyrylcholinesterase by Ellman’s test.

Determining the content of the active form

of human BChE by Ellman’s test [35]

The culture liquid (50 pl) was mixed with 100 pl of ster-
ile 1 X PBS, 100 pl of the resulting solution was trans-
ferred into a well of the 96-well plate. Butyrylcho-
linesterase isolated from human plasma (Sigma, USA)
was used as a control to build the calibration curve. Pri-
or to taking measurements, a 100 pl solution of 50 uM
dithionitrobenzoic acid and 100 uM butyrylthiocholine
iodide in 1 X PBS were introduced into the wells con-
taining the samples and controls. The measurements
were performed on a TECAN GENios instrument at a
wavelength of 405 nm.

Purification of the recombinant human

BuChE from the growth medium

The growth medium containing CHO cells was centri-
fuged at 800 g for 5 min to remove cells and at 3500 g
for 15 min to remove cellular debris. The supernatant
was filtered through Millipore HPWH membranes
with a pore diameter of 0.22 pym to remove residual
impurities. The purified supernatant was ultra con-
centrated 3 times using Pellicon PLCTK30 mem-
branes (Millipore, USA), followed by dilution with the
coating buffer (a 50 mM potassium phosphate buffer,
pH 7.2, 1 mM EDTA). The resulting concentrated me-
dium was applied to the Procainamide-Sepharose 4B
affinity resin [4] in the recirculation mode at a speed
of 0.5 ml/min overnight at +4°C. The recombinant
BChE was eluted from the resin using a NaCl gradi-
ent (0—500 mM, 15 column volumes) at a flow rate of
0.5 ml/min. The resulting protein fraction was con-
centrated on Centricon 10 membranes (Millipore) and
additionally purified by gel filtration on a Superdex
200 column (GE Healthcare).

Determination of the content of BChE

isoforms by Karnovsky’s method [36]

Electrophoretic separation of proteins under native
conditions was carried out using the standard Laemmli
method [31] with minor modifications. An aqueous stock
solution with a 29:1 ratio of acrylamide-N,N,N’ ,N’-
methylene-bisacrylamide was used to prepare the gel.
The concentrating (upper) 4% gel was prepared in 0.125
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M Tris-HCI], pH 6.9. The separating (lower) 8% gel was
prepared in 0.125 M Tris-HCI, pH 8.8. Electrophoretic
separation was carried out in a buffer containing 50
mM glycine, 5 mM Tris-HCI pH 8.0. The samples were
loaded on a buffer containing 10% glycerol, 0.2 M Tris-
HCI pH 7.5. Electrophoresis in a concentrating gel was
performed at a current of 8—10 mA per gel plate and
in the separating gel at 15—20 mA. After the proteins
were separated in a nondenaturing polyacrylamide gel,
the gel plate was transferred into a solution containing
125 mM NaOH, 125 mM maleic acid, 11.6 mM sodium
citrate, 10 mM CuSO,, 550 uM potassium hexacyano-
ferrate (III), and 2 mM butyrylthiocholine iodide. The
gel was incubated in the solution on an orbital shaker at
room temperature for 3—8 h.

Determination of the kinetic constants of
recombinant BChE by Ellman’s test

A modified Ellman’s reaction was used to determine
the kinetic constants. A known amount of BChE was
added into a solution containing 1 mM dithionitroben-
zoic acid in a 0.1 M potassium phosphate buffer pH 7.2;
the butyrylthiocholine iodide concentration was varied
from 10 uM to 1 mM. The number of BChE active sites
was determined by titration in diisopropylfluorophos-
phate (DFP). The reaction was carried out at 25°C; the
absorbance was recorded at 412 nm.

RESULTS AND DISCUSSION

Development of a recombinant human
butyrylcholinesterase expression system

The aim of our work was to construct an efficient re-
combinant human BChE expression system. Since
BChE is intended for prophylaxis and treatment of
OPT exposure, the CHO line cells were selected as well
studied and approved by the FDA recombinant protein
expression system.

In order to select a promoter that would provide the
most efficient production of BChE, the CHO cell line was
transfected via lipofection of the circular plasmid DNA
vectors with pGS/BChE [37], pcDNA/CMV /BChE
(Fig. 1A) and pBudCE/EF /BChE (Fig. 1B), which carry
the human butyrylcholinesterase gene under the con-
trol of various promoters. Samples of the culture media
were collected to determine the content of the active
form of BChE using Ellman’s test 48 and 72 h following
the lipofection. Conditioned medium of the CHO cells
line grown under the same conditions as transfectomas
were used as the control. The results shown in Fig. 2A
demonstrate that the expression levels of the vectors
pGS/BChE and pcDNA /CMV /BChE were comparable
and were equal to approximately 0.2 pg/ml, whereas
the expression level of pBudCE/EF/BChE was almost
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Fig. 2. (A) Analysis of the transient transfection of CHO cells with the BChE-containing expression vectors
pBudCE /EF /BChE, pGS /CMYV /BChE and pcDNA /CMV /BChE. (B) Analysis of recombinant BChE produced by CHO
monoclones after stable transfection with a linearized pBudCE /EF /BChE vector. (C) 8% Native PAGE stained by Kar-
novsky'’s method. 1 — Human plasma, 2 — Purified human BChE, 3 — cultural medium of A3 clone, 4 — cultural medium of
A3 clone transfected with pcDNA /CMYV /PRAD, 5 — clone transfected with pcDNA /EF /PRAD, 6 — cultural medium of
A3H9 clone; 4M — tetramer, 3M — trimer, 2M — dimer, 1M — monomer

an order of magnitude higher (1.45 pg/ml). Thus, the
vector pBudCE/EF /BChE containing the BChE gene
under the control of the EF-1 promoter (elongation fac-
tor 1) was the most promising construct.

Plasmid DNA of the vector pBudCE/EF/BChE
was linearized and transfected via lipofection into the
CHO cells in order to obtain stable expression clones.
The cells were spread over 24-well plates (1:12) to ob-
tain stable transfectomas 72 h after the lipofection.
The selection was performed using Zeocin, which was
added to the growth medium at a concentration of
600 pg/ml. After the selection and analysis, the cells
were spread over the 96-well plates to obtain mono-
clones. The production of an active form of BChE at
all stages was determined using Ellman’s test. Af-

ter a comparative analysis of the BChE expression
(Fig. 2B) the clone A3 was selected for further ma-
nipulations. The A3 clone proved a stable producer of
recombinant BChE in five genetrations. The next step
was to adapt this clone to produce BChE using special
protein-free media.

A number of special culture media were tested, in-
cluding Peprotech (Peprotech), EX-Cell (Sigma), and
ProCHO4 (Lonza, Switzerland). In order to adjust the
expression conditions, the cells of clone A3 were pre-
cultured in a DMEM medium containing 2% fetal bovine
serum. After the cells reached a 70—90% monolayer, the
medium was replaced with one of the tested protein-
free media, and the cells were incubated for several
days. Incubation in Peprotech and EX-Cell media re-
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sulted in cell death on the 1% or 2™ day of incubation.
These media were deemed unsuitable for this mono-
clone. During cell incubation in a ProCHO4 medium, a
significant increase in rBChE output was observed by
the 96 hour of incubation (4 days) (Fig. 2C). A decrease
in BChE activity on the 5" day can be attributed to the
proteolytic activity caused by cell death.

The analysis of the oligomeric composition of rBChE
produced by clone A3/CHO using Karnovsky’s method
(Fig. 2D, 3) demonstrated that rBChE was primarily
present in the monomeric form, and that the amount of
the tetrameric form was minimal. The BChE tetramer
is of interest from the pharmacological point of view,
since its half-elimination time is 3 to 4 days, while that
of the monomer is several hours [4]. It was previously
demonstrated that the amount of the tetramerized prod-
uct increased during the co-expression of the BChE and
PRAD peptides (collage-like protein ColQ domain) [37].
Furthermore, addition of a chemically synthesized pep-
tide (a component of BChE) to the growth medium re-
sults in tetramerization of the recombinant protein [24].
PRAD peptides and the proline-rich peptide of BChE
are very similar in terms of their structure and, there-
fore, can have similar properties. However, the synthesis
of peptides containing tandem proline residues is com-
plicated and characterized by a low yield, and is unprof-
itable under conditions of biotechnological production.
Hence, we decided to use the co-expression of BChE and
the PRAD peptide under the control of different pro-
moters. For this purpose the expression vectors pcDNA /
CMV/PRAD (Fig. 1C) and pcDN/EF/PRAD (Fig. 1C)
carrying PRAD under the control of the EF or CMV
promoter were transfected into the cells of clone A3 by
lipofection. 72 h following the transfection, the presense
of the tetrameric form of BChE in the medium was con-
trolled electrophoretically using Karnovsky’s method.
The cells of clone A3, which were transfected with plas-
mid pcDNA3.1/EF/PRAD, were selected based on the
results of the analysis (Fig. 2D, 4, 5). The use of the EF
promoter in this case allows one to obtain cells capable of
producing the tetrameric form of BChE in larger quanti-
ties. The expression vector pcDNA/EF/PRAD was lin-
earized using restriction endonuclease BglII and trans-
fected into the cells of clone A3 by lipofection in order to
obtain stable producer clones. The selection was carried
out by adding 1.5 mg/ml of hygromycin B and 600 pg/ml
of Zeocin to the growth medium. After the selection and
analysis, the cells were spread over the 96-well plates to
obtain monoclones. Production of BChE isoforms by the
monoclones was determined using Karnovsky’s method,;
the clone A3H9 was selected based on the results. Fol-
lowing the optimization of expression conditions in the
ProCHO4 growth medium (Lonza), a stable producer
clone, A3H9, characterized by the production of tetra-
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meric and dimeric forms of BChE and complete absence
of monomer production was obtained in accordance with
the previously described scheme (Fig. 2D, 6).

Development of a system for detecting and assessing
the production of the recombinant protein

In the present work, the evaluation of the efficiency of
the transfection and selection of the CHO cell line clones
producing recombinant BChE was conducted with re-
spect to the functional activity of the enzyme using Ell-
man’s [35] and Karnovsky’s [36] methods. These tech-
niques are based on the ability of BChE to hydrolyze
butyrylthiocholine, which makes them inapplicable in
cases when BChE is inactive or inhibited [38, 39].

It is a well-known fact that high-level expression of
recombinant products in eukaryotic cells is sometimes
accompanied by a decrease in their specific activity
(i.e. production of a certain amount of inactive protein).
This can be often attributed to the fact that the sys-
tem of post-translational modifications of a cell cannot
cope with the amount of protein produced; hence, in-
active products are formed, which are either misfold-
ed, or contain uncleaved propeptide, or other defects.
Such problems can be resolved by co-expression of the
product with the required chaperones or the enzymes
involved in post-translational modifications [40—44].
Thus, it was critical to measure the specific activity of
the enzyme during expression.

Thus, our task was to develop a system of direct
assessment of the BChE content in the samples. The
system was planned to be used to characterize recom-
binant BChE, quantitatively detect inactive BChE in
the growth medium, and to determine the specific
activity of the enzyme during purification. The sand-
wich — ELISA assay is the simplest and most informa-
tive method that can be used to determine the concen-
tration of protein in the samples. The analysis of the
commercially available anti-human BChE antibodies
demonstrated that pairs of noncompeting monoclonal
antibodies which can be used to perform sandwich
ELISA have not been produced yet.

The sequences corresponding to the C- and N-
terminal fragments of BChE (Fig. 34): C (322 a.a.r.),
N1 and N2 (133 and 119 a.a.r.) were produced using
the prokaryotic expression system and purified. The
monoclonal anti-BChE (full-length human) antibod-
ies 3C6D8, 1A1F1, 1B4F4, 1B4D12, 1A1F7, 4C6D8 and
1A1D11 were obtained using the conventional proce-
dures [33]. Competitive ELISA demonstrated that all
the antibodies interacted with the C-terminal region
of BChE, while competing with each other (Fig. 3B).
Western hybridization using BChE fragments con-
firmed the ELISA results (data not shown). In order to
overcome the existing problem, polyclonal rabbit sera
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Fig. 3. (A) Expression vectors pET28-C, pET28-N1 and pET28-N2 encoding the respective polypeptides of human

BChE (B) Competitive ELISA of anti-BChE mouse monoclonal antibodies. The X-axis represents —log, (Dilution); starting
antibody concentration was 100 ng/ml. All antibodies were tested in pair with the biotinylated 4C6D8 antibody. (C)
Determination of the most appropriate method for recombinant BChE denaturation for elaboration of the sandwich ELISA
(D) Analysis of the BChE concentration using the Ellman and sandwich ELISA methods gives similar values

were obtained using the BChE recombinant polypep-
tide fragments N1 and N2 as antigens. Identical titers
of antibodies against both N-terminal fragments of
BChE were detected in sera using ELISA. However,
higher ability to bind to full-length BChE was dem-
onstrated by the anti-N1 antibodies. Despite the high

level of specific interaction between the antibodies and
BChE during the indirect ELISA, the maximum signal
during sandwich ELISA did not exceed 0.6 rel. units.
A hypothesis was put forward that partial denatura-
tion of the antigen would increase the availability of
the epitopes and thereby increase the sensitivity of the
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Table 2. Purification of the recombinant BChE from the growth medium

Extraction phase iiréle‘:ﬁlyl,ag%}g Yield, % To%ﬂcz;l%l’o;r;t ot Specgg/arcrzgvity,
Culture medium 915 100 2.03 451
Culture concentrate 890 97 1.96 454
Column effluent from affinity chromatography 825 90 1.81 456
Gel filtration, 21 min fraction 650 71.5 1.41 461

method. Among the tested techniques for denaturing
BChE (heating, adding detergents or alkali), incubation
at 95°C for 15 min turned out to be the most efficient
(Fig. 3C). Based on the results of the analysis, the an-
tibody 4C6D8 was selected from a panel of monoclonal
antibodies. It showed the highest sensitivity when com-
bined with polyclonal rabbit anti-N1-polypeptide an-
tibodies.

A quantitative method for determining the BChE
content in samples of the culture medium, purified
preparations, and human plasma was developed. The
comparison of the BChE concentration in the samples
determined using this method with the results obtained
using Ellman’s method demonstrated that over 95% of
the BChE expressed by clone A3H9 into the growth
medium exhibited enzymatic activity (Fig. 3D).

Isolation and functional analysis

of the purified rBChE

rBChE was purified from the growth medium in order
to study its functional activity. The developed purifi-
cation protocol included such stages as ultrafiltration,
concentration, affinity purification, and gel filtration.
A sample was selected for each purification stage, was
analyzed for content of the active form of BChE by Ell-
man’s test, and total amount of recombinant enzyme by
ELISA. The analysis data are listed in Table 2. The final
yield of the protein obtained with a purity of 95% (ac-
cording to the electrophoresis) was about 70%.

The kinetic parameters of the purified recombinant
BChE were determined using BTC within a concen-
tration range of 10 to 1000 uM at an enzyme concen-
tration of 5 nM. The individual kinetic parameters of
the BTC hydrolysis reaction were calculated based
on these data (Table 3). The comparison of the kinetic
constants of rBChE and BChE isolated from human
plasma demonstrated that the K, values were identical
within the calculation error and were equal to 25 and
23 uM [37], respectively. The constants k, (49200 and
39900 min™, respectively) were only slightly different,
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which apparently is associated with the methods used
to determine the concentration of the active sites of
the enzymes under study. It has also been determined
that butyrylcholinesterase isolated from human blood
plasma is characterized by substrate activation in reac-
tions with compounds of choline series. A similar effect
is also observed in the case of the hydrolysis of butyryl-
choline iodide of the recombinant BChE at substrate
concentrations higher than 500 uM. This allowed to
carry out estimation of the constant K and parameter
b. Parameter b for recombinant BChE did not differed
(2.4 = 0.27) from the standard value of 2.5 = 0.1 [37] con-
sidering the error. Thus, it can be concluded that the
obtained recombinant BChE is functionally active, and
that the structure of the active site is identical in the
natural and recombinant molecules of the enzyme.

CONCLUSIONS

This study allowed us to construct an efficient system
for the expression of active human butyrylcholineste-
rase in CHO cells. The use of the EF-1 promoter made
it possible to significantly increase production of the
recombinant protein (from 3—5 to 40 mg/1). The cal-
culated kinetic constants indicate that the active cite
of the enzyme is intact. The analysis of the isoforms

Table 3. Kinetic constants of hydrolysis of the recombinant
BChE butyrylthiocholine iodide and BChE isolated from
human blood plasma

Constant BChE BChE isolated from
human plasma [37]
K, uM 25 + 1 23+ 2
k., min! 49200 = 800 39900 = 1800
K_, uM 250 = 30 140 = 20
b 24 +0.2 25+0.1
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of rBChE in the growth medium showed that the en-
zyme is mainly produced in the dimeric and tetrameric
forms.

The developed ELISA technique allowed us to quan-
titatively assess the BChE content in samples of these
culture medium, the purified enzyme, and in human
plasma. The comparison of the BChE concentrations in
the samples with those obtained using Ellman’s method
demonstrated that over 95% of the BChE expressed by
the A3H9 clone was active and that the specific activity
of rBChE was not reduced during purification.

The next phase of the work will be focused on fur-
ther improvement of the pharmacodynamic properties
of the recombinant enzyme by chemical modifications,

such as PEGylation [45] or sialylation [46]. ®
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ABSTRACT Human mitochondrial ribosomal protein MRPS18-2 (S18-2) is encoded by a cellular gene that is
located on the human chromosome 6p21.3. We discovered that overexpression of the S18-2 protein led to im-
mortalization and de-differentiation of primary rat embryonic fibroblasts. Cells showed anchorage-independent
growth pattern. Moreover, pathways characteristic for rapidly proliferating cells were upregulated then. It is
possible that the S18-2 overexpression induced disturbance in cell cycle regulation. We found that overexpres-
sion of S18-2 protein in human cancer cell lines led to an appearance of multinucleated cells in the selected

clones.

KEY WORDS Mitochondrial ribosomal protein S18-2 (MRPS18-2), multinucleated cells, cancer cell line, cell cycle,

RB binding protein.

INTRODUCTION

Mitochondrial ribosomal protein S18-2 (MRPS18-2,
NP _ 05476, S18-2 in the text) is encoded by a cellu-
lar gene located on human chromosome 6p21.3. S18-2
cDNA was cloned after an analysis of the differentially
expressed genes in CD34* hematopoietic progenitor
cells [1]. The human genome contains three different
S18 genes, in contrast to two in C. elegans and one in
bacteria [2, 3]. The proteins of the S18 family are lo-
calized on the surface of the small subunit (28S) of the
mammalian mitochondrial ribosome [3]. The function of
these proteins is largely unknown.

Recently we shown that overexpression of the hu-
man mitochondrial ribosomal protein S18-2 led to im-
mortalization of primary rat embryonic fibroblasts,
REFs [4]. Cells of the derived cell line named 18IM lost
contact inhibition. Moreover, they acquired the ability
for anchorage-independent growth in soft agar with a
high cloning efficiency (more than 90%). Immortalized
18IM cells expressed the embryonic stem cell mark-
ers SSEA-1, Sox2, and Oct4 that were not detected
in the original REFs. Noteworthy, the 18IM cells lost
the expression of mesodermal markers like vimen-

tin and smooth-muscle actin. Part of them expressed
ecto- and endoderm-specific pan-keratin, ectoderm-
specific beta-III-tubulin, and mesoderm-specific
MHC class II markers; some of the cells differenti-
ated into fat cells in confluent cultures. The 18IM cells
produced excessive amounts of pyruvate, suggesting
an enhanced ATP synthesis. Moreover, as was shown
by microarray analysis and Q-PCR, many genes en-
coding enzymes that are involved in redox reactions,
such as ATP synthases, mitogen activated kinases,
and NADH dehydrogenases, are greatly upregulated
in the immortalized cells [5]. Pathways of oxidative
phosphorylation, ubiquinone biosynthesis, PISK/AKT
signaling, and fatty acid elongation in mitochondria,
characteristic for rapidly proliferating cells, were also
upregulated in the 18IM cells.

Earlier we had found that S18-2 specifically binds
to the retinoblastoma protein, RB [6]. S18-2 competes
with E2F1 for the RB binding, thus S18-2 might play a
role in the control of G -S phase transition [7].

In the present work we show that overexpression of
S18-2 in the human tumor cell lines MCF7 and KRC/Y
leads to the appearance of multinucleated cells.
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GFP-518-2
DNA

GFP-ALANA-S18-2
DNA

EXPERIMENTAL PROCEDURES

Plasmids

Cloning of S18-2 ¢cDNA into the pEGFPC-1 and pC-
MV-Tag3A (c-myc-tagged) vectors was described ear-
lier [7]. S18-2 ¢cDNA was also cloned in the pEGFPC-1
vector, coding for a fusion protein GFP-ALANA-S18-2,
with the first 35 amino acids of LANA, encoded by the
human herpes virus 8§ (HHVS8, Kaposi sarcoma asso-
ciated herpes virus) at the 5' end. The sequence was
verified by direct sequencing, using commercial for-
ward and reverse primers (Stratagene, Santa Clara,
CA, USA) and Applied Biosystems sequencer (Perkin
Elmer, Wellesley, MA, USA).

Antibodies

The following primary antibodies were used: mouse
monoclonal anti-c-myc (clone 9E10, Zymed Laborato-
ries Inc., San Francisco, CA, USA), anti-BrdU (Becton
Dickinson (BD), San Jose, CA, USA), and anti-actin
(Sigma-Aldrich, St. Louis, MO, USA); rabbit anti-S18-2
serum (described in [7]) and anti-MRPS18B (Protein-
tech Group inc, Chicago, IL, USA), and FITC-conju-
gated swine anti-rabbit and rabbit anti-mouse (Dako,
Glostrup, Denmark).

Cells, cell culture, immunostaining and imaging

MCF7 breast carcinoma and KRC/Y renal carcinoma
cell lines were cultured at 37°C in a Iscove’s medium
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Fig. 1. Cellu-
lar localization
of GFP-S18-2
(panels a—c)
and GFP-
ALANA-S18-2
(panels d—f) in
the transfected
MCF7 (top row)
and KRC/Y
(bottom row)
cells. Note that
in all transfected
cells the exog-
enous S18-2
protein (panels
a, c,d,andf)is
localized in the
cytoplasm

GFP-518-2

GFP-ALANA-S18-2

that contained 10% fetal bovine serum and appropri-
ate antibiotics (penicillin (100 uU/ml) and streptomy-
cin (100 pg/ml)). Periodic staining with Hoechst 33258
(Sigma-Aldrich) monitored the absence of mycoplasma.
Prior to transfection experiments, the cells were grown
on coverslips. The MCF7 cells were transfected with
GFP- and c-myc-tagged constructs (GFP-S18-2 and
MT-S18-2, correspondingly), and the KRC/Y cells were
transfected with GFP-ALANA-S18-2 construct, in par-
allel with empty vectors, using Lipofectamine and Plus
Reagent (Life Technology, Carlsbad, CA), according to
the manufacturer’s protocol. Immunostaining and dig-
ital image capturing was performed as described else-
where. Briefly, cells on coverslips were fixedinal:1
mixture of cold methanol and acetone (—20°C). After re-
hydration in phosphate-buffered saline (PBS), the cells
were stained with antibodies. Hoechst 33258 was added
at a concentration of 0.4 pg/ml for DNA staining. Imag-
es were captured using DAS microscope Leitz DM RB
with a Hamamatsu dual mode cooled charge-coupled
device (CCD) camera (C4880; Hamamatsu, Japan).

Cell cycle analysis by flow cytometry.

One million of living cells were labeled with bromodeox-
yuridine (BrdU, 30 uM) for 30 min at 37°C, trypsinized,
collected, and fixed in ethanol (75% in PBS) at 4°C for
at least 10 hours. After this, the cells were treated with
pepsin (1 mg/ml in 30 mM HCI) for 30 min at 37°C and
with 2 M HCI for 15 min. The cell were labeled with
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Fig. 2. A constitutive expression of S18-2 protein in the MCF7 and KRC /Y cells as compared to vector-transfected
cells. The membrane was probed with anti-S18-2 rabbit serum and mouse anti-actin antibodies. Secondary antibodies
(sheep anti-rabbit and anti-mouse horse radish peroxidase conjugated, GE-Healthcare, Uppsala, Sweden) and En-
hanced chemiluminescence kit (GE-Healthcare) were used to monitor protein bands. A, transfection of MCF7 cells with
MT-S18-2 plasmid; B, transfection of KRC /Y cells with GFP-ALANA-S18-2 plasmid. Note the expression of endogenous

S18-2 protein in all cells

anti-BrdU and FITC-conjugated rabbit anti-mouse an-
tibodies and stained with propidium iodide (25 pg/ml
in PBS). Cells (1 X 104) were analyzed by flow cytom-
etry, using a FACScan flow cytometer (BD), and the
percentage of cells in each phase of the cell cycle was
determined with the help of CellQuest software (BD).

RESULTS AND DISCUSSION

Establishment of MCF7 and KRC/Y sub-

lines, expressing S18-2 constitutively

Cells were grown in 6-well-plates prior transfection. 5
pg of MT-S18-2 or GFP-ALANA-S18-2 plasmid was
used for transfection. MT-S18-2 and GFP-S18-2 sig-
nal was observed in the cytoplasm of the transfected
MCEF7 cells (Fig. 1, the top row, panels a and c). Ear-
lier we have shown that GFP-S18-2 could be targeted
to the nucleus upon cell transformation [4]. In order to
achieve a nuclear localization of S18-2, its cDNA was
cloned in the GFP-ALANA fusion vector that contained
the first 35 amino acids of LANA, the HHV8-encoded
latent nuclear antigen. It was shown that N-terminus
of LANA binds to histones H2A and H2B to tether a
HHVS8 episome to a chromosome [8]. Despite that, the
GFP-ALANA-S18-2 fusion protein was observed main-
ly in the cytoplasm of KRC/Y cells (Fig. 1, the lower
row, panels d and f). 48 hours after transfection the
cells were transferred to a Petri dish (7.5 cm in diam-
eter) and the selective medium that contained 2 mg/ml
G418 was applied. Three weeks later, some of the clones

dark color — mitotic
light color — multinucleated

2
850
£
>
C
]
@)
10
S18-2 - + - +
MCF7 KRC /Y

Fig. 3. MCF7 and KRC /Y cell cultures, expressing ex-
ogenous S$18-2 constitutively, show a high proportion of
multinucleated cells. Dark-color bars represent the per-
centage of mitotic cells and light-color bars, percentage
of multinucleated cells in the culture

that had survived (12 clones for MT-S18-2 and GFP-
ALANA-S18-2 plasmids) were isolated and analyzed by
Western blotting and immunostaining. Three clones of
MCF7 and four clones of KRC/Y expressed exogenous
S18-2 at a high level. For the further study, clone 1 of
MCF7 and clone 2 of KRC/Y were selected (Fig. 24 and
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B). Noteworthy, the endogenous S18-2 was expressed
at low levels in both cell lines.

MT-S18-2 overexpression leads to the

appearance of multinucleated cells

MCFT7-clone 1 and KRC/Y-clone 2 cells that expressed
S18-2 constitutively, along with vector-transfected
cells, were passaged for more than 20 population dou-
blings. We have observed an extremely high frequency
of multinucleated cells (Fig. 3). Approximately 12% of
MCEFT7 cells and 15% of KRC/Y cells that expressed ex-
ogenous S18-2 protein at a high level, were multinucle-
ated. Such cells were observed after sequential freezing
and thawing of the culture. Noteworthy, the nucleoli in
multinucleated cells were enlarged (Fig. 4, panels c, e,
and f), suggesting an enhanced protein synthesis.

In order to investigate a possible mechanism of
multinucleated cell formation, we analyzed the cell cy-
cle distribution in 18IM cells. The percentage of cells
in S-phase was much higher in 18IM cells than that
in REFs (Fig. 5). A corresponding reduction in the cell
number in G1l-phase was also observed. A smaller
number of cells in G,/M phase in 18IM cell culture may
suggest that S18-2 protein, when expressed at a high
level, leads to elevated transcription/translation, caus-
ing impaired mitosis.

How the mitochondrial ribosomal protein S18-2
can influence cell cycle regulation? Actually, it is well
known that a crucial role in the G,/S checkpoint con-

88| ACTANATURAE| VOL.5 Ne1(16) 2013

Fig. 4. Multinucleated
cells in the MCF7 cell
culture expressing
$18-2 constitutively.
The percentage of
multinucleated cells

is shown in panels
aand b (20%). At
higher magnification
(63%), large single
nucleoli in multinucle-
ated cells can be seen
(panels c—f). Signal
of MT-S18-2 fusion
protein stained with
anti-c-myc antibody is
shown in green; DNA
is stained blue
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Fig. 5. Cell cycle distribution in 18IM cells and control pri-
mary fibroblasts (REFs). The percentage of cells in S-phase
is clearly elevated in 18IM cells, suggesting the deregula-
tion of cell cycle upon the S18-2 overexpression

trol is performed by retinoblastoma protein (RB) [9].
A hypo-phosphorylated form of RB binds to E2F1-5
transcription factors and prevents the S-phase entry.
Hyper-phosphorylation of RB results in freeing of
E2F1-5 and activation of the E2F-dependent transcrip-
tion. As we mentioned earlier, we have found that S18-
2 protein binds to RB and frees E2F1 from inhibitory
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complexes with RB, inducing the S-phase [6, 7]. It may
explain the increased number of cells in S-phase (Fig. 5)
and, eventually, the formation of multinucleated cells.

There could be other mechanisms leading to a
creation of cells with more than one nucleus. For ex-
ample, enhanced expression of nucleoporin (Nupl53,
NP_005115) led to the appearance of multinucleated
HeLa cells, due to its binding to the MADI1 protein
controlling mitotic spindle-assembly checkpoint [10].
Another example of similar action is overexpression
of BCSG1 protein (gamma-synuclein, NP_003078) in
breast cancer cell lines, leading to inactivation of BubR1
regulating mitotic checkpoint [11]. Can S18-2 influence
the cell division due to its binding to proteins control-
ling a mitotic pole formation? This question has no an-
swer yet, however. There are more than 70 mitochon-
drial ribosomal proteins encoded by the human genome
(for review see [12]), and their functions are largely un-
known. Some studies suggested multiple functions of
ribosomal proteins in mammalian cells. It was shown,
for example, that MRPS29, one of the proteins of the
small mitochondrial ribosome subunit, is not only in-

volved in the ribosome assembly but can also induce
apoptosis [13, 14]. The mitochondrial ribosomal protein
of large subunit, L41 (MRPL41), can induce G, arrest
[15, 16]. To further explore the functions of S18-2, we
are currently looking for S18-2 binding proteins.

CONCLUSIONS

We have shown that overexpression of the mitochon-
drial ribosomal protein S18-2 in the human cancer cell
lines MCF7 and KRC/Y results in the appearance of
multinucleated cells. This can be due to enhanced tran-
scription/translation and, probably, impaired mitosis.
Further studies should be performed to analyze this
phenomenon. ®
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ABSTRACT The Bacillus cereus group consists of closely related species of bacteria and is of interest to research-
ers due to its importance in industry and medicine. However, it remains difficult to distinguish these bacteria
at the intra- and inter-species level. Bacillus thuringiensis (Bt) is a member of the B. cereus group. In this work,
we studied the inter-species structure of five entomopathogenic strains and 20 isolates of Bt, which were col-
lected from different geo-ecological regions of Ukraine, using various methods: physiological and biochemical
analyses, analysis of the nucleotide sequences of the 16S rRNA and gyrB genes, by AP-PCR (BOX and ERIC),
and by saAFLP. The analysis of the 16S rRNA and gyrB genes revealed the existence of six subgroups within the
B. cereus group: B anthracis, B. cereus I and II, Bt I and II, and Bt III, and confirmed that these isolates belong to
the genus Bacillus. All strains were subdivided into 3 groups. Seventeen strains belong to the group Bt II of com-
mercial, industrial strains. The AP-PCR (BOX and ERIC) and saAFLP results were in good agreement and with
the results obtained for the 16S rRNA and gyrB genes. Based on the derived patterns, all strains were reliably
combined into 5 groups. Interestingly, a specific pattern was revealed by the saAFLP analysis for the industrial
strain Bt 0376 p.o., which is used to produce the entomopathogenic preparation “STAR-t”.

KEYWORDS Bacillus cereus group; B. thuringiensis; 16S ribosomal RNA; gyrB; saAFLP; taxonomy; phylogeny.
ABBREVIATIONS Bt — Bacillus thuringiensis; ICPs — d-endotoxins; b.p. — base pair; MLST — multilocus sequence
typing; MEE — multilocus enzyme electrophoresis; saAFLP, AFLP — single adapter amplified fragment length
polymorphism; RFLP — restriction fragment length polymorphism; AP-PCR — arbitrarily primed polymerase
chain reaction; rep-PCR — repetitive sequence-based PCR; BOX, ERIC — DNA repeats: ME — minimum evolution;
NJ — neighbor joining.

INTRODUCTION
Bacillus thuringiensis (Bt) are gram-positive bacteria
that exhibit bioinsecticide activity due to their ability to
produce d-endotoxins (ICPs), or Cry proteins, during
sporulation [1]. These toxins are active for a wide range
of insect species and genera, including agricultural
pests and human parasites [2, 3]. Due to the high spe-
cificity of ICPs, entomopathogenic Bt bacteria can be
used, instead of pesticides, and are widely employed in
designing bioengineered crop protection agents [4, 5].
Based on a phenotypic and genotypic analysis,
Bt species were attributed to the B. cereus group.
This group also comprises the closely related species
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B. cereus, B. anthracis, B. mycoides, B. pseudomycoides,
and B. wethenstephanensis. The B. cereus and Bt species
cannot be distinguished using the morphological [6],
phenotypic [7], or genetic methods [8—11]. It has been
hypothesized that these species can belong to the same
species, B. cereus sensu lato [12, 13]. Since this group
of closely related bacteria is of significant interest for
agriculture and medicine, a thorough investigation into
their taxonomy, as well as an elaboration of new tools
and technologies for their differentiation and isolation,
remains a rather urgent task.

Bt strains were conventionally isolated and further
divided into subspecies according to either the pres-
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ence or absence of ICP crystals or the genes encod-
ing them (cry and cty) [1, 3]. However, this method
has a drawback: the ICP’s genes are localized on the
plasmid, and bacteria can lose them or pass them to
the other Bt strains or closely related bacterial species
during conjugation [14]. Over 82 Bt serovars were re-
vealed by a serological analysis of the flagellar antigen
(H-serotyping) [15, 16]. However, such classification did
not always correlate with the actual phylogenetic rela-
tionships for this species [17—19].

The genetic diversity of Bt bacteria and the possi-
bility to distinguish between the two species, Bt and B.
cereus, were studied using different methods: DNA-
DNA hybridization [20] and the analysis of the nu-
cleotide sequences of 16S rRNA, 23S rRNA, 16S—23S
rRNA [8, 11], MLST [21], MEE [12, 18], AFLP [22—24],
RFLP [25], AP-PCR [26—29], etc. However, the actual
phylogenetic relationships between Bt have not been
determined by these methods.

This work was aimed at assessing how the modified
genomic fingerprinting technique (saAFLP) could be
applied to reveal the phylogenetic differences between
Bacillus sp. isolates and strains from various geo-eco-
logical regions of Ukraine. The nucleotide sequences of
the 16S rRNA and gyrB genes were analyzed in order
to determine the taxonomic relationships at the genus—
species level. The saAFLP method, along with other
informative methods (rep-PCR), was used to study
the structure at the intra-species level. This complex
diagnostics, together with the results of physiological
and biochemical assays, offers broad opportunities for
studying the taxonomic structure of these closely re-
lated organisms. However, it should be borne in mind
that the sampling of Bt strains requires further broad-
ening.

MATERIALS AND METHODS

Bacterial strains

Five entomopathogenic strains and 20 isolates of Bt
bacteria exhibiting unique biochemical properties
from a collection of useful microorganisms of various
Ukrainian and Russian research institutions (Institute
of Agriculture of Crimea, National Academy of Agrar-
ian Sciences of Ukraine, Simferopol, Autonomous Re-
public of Crimea, Ukraine; Institute of Agricultural
Microbiology, National Academy of Agrarian Sciences
of Ukraine, Chernigov, Ukraine; All-Russian Collec-
tion of Industrial Microorganisms “GosNIIGenetika”,
Moscow, Russia) were used in this study. Five strains
from the collection of the All-Russian Collection of In-
dustrial Microorganisms “GosNIIGenetika” were used
as standard strains. Isolates from the collection of the
Institute of Agriculture of the Crimea, National Acad-

emy of Agrarian Sciences of Ukraine, were isolated in
different geo-ecological regions of Ukraine.

DNA isolation

The overall cellular DNA specimens were isolated from
strains cultured on agarized TY medium (g/1): yeast
extract — 1.0; peptone — 10.0; CaCl, — 0.4; agar — 20.0.
DNA was isolated from fresh cultures on days 1-2 of
growth via sorption onto magnetic particles (Mini-prep
kit, Silex, Russia).

Phenotypic characterization

The morphological and physiological-biochemical
characteristics of the pure bacterial cultures were de-
termined based on the general strategy of phenotypic
differentiation described in A Guide for Bacterial Iden-
tification [30] and Methods for General Bacteriology
[31].

PCR amplification and sequencing

of the 16S rRNA gene

The PCR analysis and subsequent determination of
the nucleotide sequences of the 16S rRNA gene [32]
were conducted on a genetic analyzer using the uni-
versal primers 27f (5’-GTTTGATCMTGGCTCAG-3’)
and 1492R (5’-TACGGYTACCTTGTTACGACTT-3’)
[33]. The amplified fragments were detected by elec-
trophoresis in 1.5% agarose gel. Sequencing was car-
ried out on a Genetic Analyzer 3130xl ABI automated
sequencing machine (Applied Biosystems, USA).

PCR amplification and sequencing of the gyrB gene
The gyrB gene was amplified and sequenced using the
previously constructed primer systems UP1 and UP2r
[34], the Bacillus genus-specific primers designed by
us, gyrB_F (5’-CTTGAAGGACTAGARGCAGT-3’) +
gyrB Rf (5’-CCTTCACGAACATCYTCACC-3’) and
gyrB_Fr (5’-GGTGARGATGTTCGTGAAGG-3’) +
gyrB_R (5’-TGGATAAAGTTACGACGYGG-3’), and
the protocol. The temperature-time profile of the reac-
tion was as follows: the initial denaturation at 94°C — 2
min; then, 30 cycles: 94°C — 30 s, 62°C — 30 s, 72°C —
1 min; final elongation — 5 min at 72°C. The amplified
fragments were revealed by electrophoresis in 1.5%
agarose gel. Sequencing was carried out on a Genetic
Analyzer 3130x1 ABI (Applied Biosystems, USA).

PCR using primers to different

repeating elements (rep-PCR)

The previously described primer systems [26, 27]
ERICIR 5’-ATGTAAGCTCCTGGGGATTCAC-3’;
ERIC2 5’-AAGTAAGTGACTGGGGTGAGCG-3’; and
BOXAIR 5’-CTACGGCAAGGCGACGCTGACG-3’
were used for rep-PCR.
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Amplification was carried out in 25 pyl of the follow-
ing mixture: 1X polymerase buffer BioTaq (17 mM
(NH,),SO,, 6 mM Tris-HCI, pH 8.8, 2 mM MgCl,), 5 nM
dNTP, 50 ng of DNA template, 12.5 pM of the primer,
and 1.25 AU of BioTaq DNA polymerase (Dialat Ltd.,
Russia). The temperature-time profile of the reaction:
first cycle — 94°C, 2 min; subsequent 40 cycles — 94°C,
20 s; 40°C, 30 s and 72°C, 90 s; final elongation — 7 min
at 72°C. The PCR products were analyzed by electro-
phoresis in a 1.5% agarose gel stained with ethidium
bromide at a field intensity of 6 V/cm and document-
ed using the BioDoc Analyze system (Biometra, Ger-
many).

saAFLP analysis [35]

We had modified the AFLP method developed and
patented by M. Zabeau and P. Vos [36]; its suitability
for the analysis of closely related Bt strains was as-
sessed in this study. The phylogenetic relationships
between closely related strains of various species be-
longing to the genus Rhizobium had been successfully
analyzed using this modified saAFLP method [35]. The
saAFLP procedure comprises three steps: (I) simul-
taneous treatment of the extracted bacterial DNA in
the same tubes using one of the restriction endonu-
cleases (XmaJI, Xbal, PstI) and ligation with a single-
stranded adapter Ad.CTAG1I; (II) PCR amplification
with a single primer complementary to the Ad.CTAG1
sequence; (III) electrophoretic separation of the PCR
products in agarose gel. The fundamentally new as-
pects for this saAFLP method include conducting the
restriction analysis and the ligase reaction in the same
tube, using restriction endonucleases XmaJI (Xbal,
Pstl) to study the phylogenetic relationships between
the Bt strains isolated in various geo-ecological re-
gions of Ukraine, and using only the single-stranded
adapter Ad.CTAGI.

The restriction analysis was carried out simultane-
ously with the ligation in 10 pl of the mixture contain-
ing 80 ng of the DNA sample, the ligase buffer (Fer-
mentas, USA), 10 pM of the single-stranded adapter
Ad.CTAG1 (5’-ctagCTGGAATCGATTCCAG-3’),
5 AU of T4 DNA ligase (Fermentas, USA), and 1 AU
of restrictase XmaJI (Xbal, PstI). The resulting mix-
ture was incubated at 37°C for 2 h. The reaction vol-
ume was then brought up to 100 pul. PCR was carried
out on a Mastercycler Gradient Eppendorf amplifier in
25 pl of the mixture containing 1 X PCR buffer, 2.8 mM
MgCl, 0.2 mM dNTP, 2 pl of the restrictase—ligase
mixture as a DNA template, 0.4 pl of primer Pr.CTAG1
(5’-CTGGAATCGATTCCAGctag-3’) complementary
to the adapter, and 1 AU BioTaq DNA polymerase (Di-
alat Litd., Russia). PCR amplification was carried out in
the following mode: initial denaturation — 94°C, 2 min,
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followed by 30 cycles — 94°C, 30 s; 40°C, 30 s; 72°C,
3 min; final elongation — 5 min at 72°C.

Analysis of nucleotide sequences

The primary comparative analysis of the nucleotide
sequences determined in this study and represented
in the GenBank database was carried out using the
NCBI Blast software [37]. Sequence alignment was per-
formed using the CLUSTALW 1.75v. software [38]; the
sequences were verified and edited using BioEdit 7.0.5.3
[39] and Mega 3.1 [40] editors. The phylogenetic trees
were constructed in the Mega 3.1 software [40] using
the neighbor joining (NJ) [41] and minimum evolution
(ME) [42] methods. The statistical significance of the
branching order of the resulting trees was determined
using the bootstrap analysis by constructing 1,000 al-
ternative trees.

RESULTS AND DISCUSSION

Analysis of the nucleotide sequences

of the 16S rRNA gene

The analysis of the nucleotide sequences of the 16S
rRNA gene is frequently used for taxonomic localization
and the identification of the bacterial genus/species.
We amplified and sequenced the PCR fragments of the
16S rRNA gene (the size of the sequenced region was
1386 bp) of five typical strains of genus Bacillus and 20
Ukranian isolates to verify their taxonomic attribution
to the genus Bactllus. Similar nucleotide sequences of
the 16S rRNA gene of B. cereus, Bt, B. anthracis, B. my-
coides, B. pseudomycoides, and B. weihenstephanensis
were obtained from the database of the National Center
for Biotechnology Information (NCBI, USA) and used
for comparative purposes. The nucleotide sequences
of B. pumilus, B. licheniformis, and B. subtilis were
selected as the remote control for the phylogenetic
analysis. A phylogenetic tree representing the evolu-
tion of the analyzed gene was constructed based on the
aligned sequences using the ME algorithm (Fig. 1). The
pairwise genetic distances were calculated using the
Kimura’s two-parameter model.

The topology of the resulting tree was consistent
with the phylogenetic structure of the genus deter-
mined by DNA—-DNA hybridization [43] and estab-
lished for the B. cereus group by the analysis of the
16S rRNA, 23S rRNA gene fragments [8, 11], and the
16S—23S rRNA intergenic region [44], rep-PCR [29],
and AFLP [23].

The attribution of the isolates to the genus Bacillus
has been verified by analysing the nucleotide sequences
of the 16SrRNA gene. However, this method did not al-
low one to reliably distinguish individual species within
the B. cereus group due to the fact that the sequence of
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Fig. 1. Phylogenetic tree constructed based on the sequences of the 165 rRNA gene for bacteria of the B. cereus group
using the ME algorithm. The scale corresponds to 0.5 substitutions per 100 bp (genetic distances). The bootstrap
confidence values were generated using 1,000 permutations and showed in % under the branches. Branches absent in
more than 50% of the trees are not shown
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Fig. 2. Phylogenetic tree constructed based on the sequences of the gyrB rRNA gene for bacteria of the B. cereus
group using the ME algorithm. The scale corresponds to 5 substitutions per 100 bp (genetic distances). The bootstrap
confidence values were generated using 1,000 permutations and showed in % under the branches. Branches absent in
more than 50% of trees are not shown
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the 16S rRNA gene was highly conserved (99.7-100.0%
homology), which has also been repeatedly mentioned
in other studies [8, 29].

The B. anthracis strains were grouped into a single
cluster; however, the level of significance was low. Bt
strains were also attributed to this cluster B. anthracts.
We distinguished two B. cereus groups (I and II), identi-
cally to the study by Bavykin et al. [45]. This branching
has not been statistically confirmed (statistical signifi-
cance of the branching order < 50%). The B. cereus 1
group included the pathogenic B. cereus strain ATCC
14579Tand a number of nonpathogenic Bt serovars. The
B. cereus II group consisted of various Bt serovars and
nonpathogenic B. cereus strain ATCC 10987T. Most of
the Bt strains with a low significance level of branching
formed a single cluster, which brought together dif-
ferent serovars of this species. The B. mycoides and B.
wethenstephanensis strains were attributed to a sepa-
rate subgroup.

The potential commercial strains and the typical
strain Bt ser. berliner ATCC 10792" were put togeth-
er and attributed to the Bt II group with a branching
significance of 56%. This group comprised seventeen
Ukrainian isolates of different serotypes isolated from
different host insects, mostly from the Lugansk and
Kherson regions, and the Krasnogvardeisk and Sim-
feropol districts. Strain Bt 0376 p.o. (serotype 1) was
proposed for the production of the eco-friendly en-
tomopathogenic preparation “STAR-t” (OOO Simbi-
tor) intended to control the number of Colorado potato
beetle (Leptinotarsa decemlineata) larvae, potato tuber
moth (Phtorimea operculella Zel.), and chickpea leaf-
miner (Liritomiza cicerina Rd.) during vegetation and
storing potato and chickpea and was attributed to this
group and had the group-specific substitutions A/G77,
T/C90, T/A92, C/T192, C/A1015 in the 16S rRNA
gene. All the investigated isolates from the Bt II group
had completely identical nucleotide sequences of the
16S rRNA gene. Strain Bt var. thuringiensis 994 (sero-
type 1, analogue of the bioagent of bacterial prepara-
tion “Bitoxybacillin”) used to produce the preparation
“Akbitur,” strain Bt 408 (serotype 3) exhibiting high
entomopathogenic activity against L. decemlineata, and
strain Bt var. darmstadiensis H10 (serotype X) were
also attributed to the Bt II group.

Strains Bt 836 (serotype 4), Bt var. kurstaki 0293
(serotype 3, analogue of the strain used as a bioagent
in the preparation “Lepidocid”), and Bt var. mor-
risont 109 (serotype X) were attributed to the Bt 1
group. Both specific nucleotide substitutions typical
and unique for the Bt strains were found within each
group. A total of 16, 30, 32, 28, and 21 substitutions
were found in B. anthracis, B. cereus I, B. cereus 11, Bt
I, and Bt II, respectively. However, it should be men-

tioned that most nucleotide substitutions were ran-
dom and strain-specific.

Thus, the 16S rRNA gene cannot be used to assess
and study the phylogenetic relationships of the B.
cereus group at a levels below genus/species, since it
does not allow one to determine the species-specific nu-
cleotide substitutions for this group.

Genetic diversity of the sequences of the gyrB gene
The nucleotide sequence of the gyrB gene is used along
with the 16S rRNA gene in taxonomic studies and for
bacterial identification [34]. A number of studies have
recently been published where the variability of the
sequence of this gene in different bacterial species be-
longing to the genus Bacillus was studied (e.g., B. sub-
tilis [46], B. cereus groups [47]). The universal primers
proposed earlier [34] and the primer systems construct-
ed by us and specific for the 3’-terminus of the gyrB
gene of bacteria belonging to the B. cereus group were
used to amplify and sequence the PCR fragments of
this gene (the size of the sequenced region was 1800
bp, 81.82% of the entire gene). We selected this frag-
ment of the gene on the basis of the distribution of the
polymorphism (entropy) level of the gyrB nucleotide
sequence using the DN Asp v. 5 software [48]. The level
of polymorphism was above average on the regions
150—700 and 1650—200 bp from the beginning of the
gene (data not shown). However, due to the fact that
there was a limited number of gyrB DNA sequences
of a certain length of strains belonging to the B. cereus
group in GenBank, we selected the region from 385 to
1507 bp from the beginning of the gene (the annotation
is provided for the strain Bt ser. berliner ATCC 107927),
which comprised 60% of the total length of the gene, for
the analysis. The phylogenetic tree shown in Fig. 2 was
constructed using the ME algorithm for 25 investigated
strains, isolates, and reference sequences of the Bacil-
lus sp. strains included in GenBank. The nucleotide se-
quences of species B. pumilus, B. licheniformis, and B.
subtilis were used as remote controls for the phyloge-
netic analysis.

The topology of the constructed tree was similar
with that of the phylogenetic trees constructed earlier
for the 16S rRNA gene, and for the intergenic region
16S—23S rRNA; it showed no dependence on the al-
gorithms used for the construction (NJ, ME). The in-
ter- and intraspecies differences between the species
B. anthracis and the B. cereus — Bt group have been
identified. The results of the studies demonstrated that
the nucleotide sequence of the gyrB gene possesses a
higher resolving power than the 16S rRNA gene and
the intergenic region 16S—23S rRN A sequences [34, 46]
and, hence, is more suitable for the taxonomic studies
of closely related species.
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Fig. 3. Electrophoretic analysis of the saAFLP products obtained for the DNA samples of B. thuringiensis strains. Lanes:
17,18, 29 — 1 kb GeneRuler™ DNA molecular mass marker (Fermentas); 1 — BfH10, R-type; 2 — Bt A/N; 3 — Bt 408;
4,19 - Bt 5681st; 5,23 — Bt0376 p.o.; 6 —Bt787;7 —Bt411; 8 —Bt72; 9 — B+0371-1; 10, 27 — B 109; 11 — Bt 14; 12

— Bt994; 13 — Bt 1b; 14 - Bt A/M; 15 — Bt 836; 16, 25 — Bt 0293; 20 — Bt sbsp. israelensis B-5246; 21 — Bt 0371; 22

— Bt sbsp. thuringiensis B-1223; 24 — Bt sbsp. subtfoxicus B-822; 26 — Bt sbsp. galeriae B-197; 28 — Bt sbsp. finitimus

B-1162; 30 — control PCR without template DNA

Identically to the data obtained for the 16S rRNA
gene (but with a higher significance level), five sub-
groups can be distinguished within the B. cereus group:
B. anthracis, B. cereus I and II, Bt I and II. Another
group, Bt III, was distinguished in the phylogenetic
cladogram with a 92% statistical significance of the
branching order. It comprised the following strains: Bt
ser. bolivia IEBC-T63 and Bt ser. finitimus IEBC-T02.
With a high significance level, most strains formed
the Bt II group, which also comprised the strains used
for the production of entomopathogenic preparations.
However, as previously assumed based on published
data, the B. cereus and Bt species were indistinguish-
able [45]. Thus, the Bt strains, along with the strains
belonging to the species B. anthracts, B. cereus, and B.
wethenstephanensis, were grouped into the subgroups
B. anthracis, B. cereus I and II and B. weihenstephan-
ensis. The gyrB gene of strain Bt 0376 p.o. and other
strains of this group were compared; due to the high-
er resolving power and variability of the gyrB nucle-
otide sequence, two substitutions specific to this strain
(A/G861 and A/G1149) have been identified. In gen-
eral, the level of similarity between the nucleotide and
amino acid sequences in the B. cereus group was 87.1—
95.2% and 95.1-99.2%, respectively.
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Clusterization of the strains into two groups with a
high statistical significance of the branching order is
worth mentioning. Cluster I was formed by groups A
and B. Group A consisted of the reliably grouped path-
ogenic strains B. anthracis, the nonpathogenic strain
B. cereus ATCC 109877, entomopathogenic strains Bt
ser. finitimus B1162 and Bt ser. poloniensis IEBC-T54
belonging to the B. cereus II group, and entomopatho-
genic strains belonging to the Bt III group. Group B was
formed by strain B. cereus ATCC 145797 (pathogenic
for humans), entomopathogenic strains Bt belonging
to the B. cereus I group, and entomopathogenic strains
belonging to the Bt I group. Cluster II included bacteria
belonging to the species B. wethenstephanensis and B.
mycotides, and the Bt II group comprising most of the
strains used for industrial production of entomopatho-
genic preparations. This clusterization of bacteria prob-
ably attests to a paraphyletic structure of both the B.
cereus group in general and the separate species of this

group.

Polymorphism among Bt detected using

saAFLP and rep-PCR markers

Along with the housekeeping genes, genomic finger-
printing methods are used to reveal the differences be-
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Fig. 4. Electrophoretic analysis of the PCR products obtained for DNA samples of B. thuringiensis strains with primers
ERIC (A) and BOX (B). Lanes: 17, 19, 30 — 1 kb GeneRuler™ DNA molecular mass marker (Fermentas); 1 — BtH10, R-
type; 2 —Bt A/N; 3 —Bt408; 4,19 — Bt 5681st; 5,23 —Bt0376 p.o.; 6 —Bt787;7 —Bt411; 8 —Bt72; 9 — Bt0371-1; 10,
28 — Bt 109; 11 — Bt 14; 12 — B+ 994; 13 — Bt 1b; 14 — Bt A/M; 15 — Bt 836; 16, 26 — Bt 0293; 18 — control PCR without
template DNA; 21 — Bt sbsp. israelensis B-5246; 22 — Bt 0371; 22 — Bt sbsp. thuringiensis B-1223; 25 — Bt sbsp. sub-
toxicus B-822; 27 — Bt sbsp. galeriae B-197; 29 — Bt sbsp. finitimus B-1162

tween closely related bacterial species and strains. Rep-
PCR is the most frequently used. This method is based
on using oligonucleotide primers homologous to the
sequences of various intergenic repeats. In our study,
the differences between the closely related Bt strains
were identified using rep-PCR (BOX-, ERIC-PCR) and
saAFLP. The results obtained are shown in Figs. 3,4.
All the strains under study were analyzed by
saAFLP applying three restriction endonucleases
(XmaJI, Xbal, and PstI). The informative spectra for
all the Bt strains were recorded using XmaJI only. The
modified saAFLP method allowed to distinguish the
strains at the species—group level. All investigated Bt
strains were divided into six group according to these
spectra (Fig. 3). All strains presumably belonged to dif-
ferent subspecies of the Bt species. Group 1 comprised
the typical strains Bt subsp. thuringiensis and Bt 0376
p-o. This strain contained a unique saAFLP pattern
(1,000 bp long), which distinguished it from the other
strains belonging to group 1 (marked with a white ar-
row in Fig. 3). Groups 2, 3, 4, and b were represented
by either a small number of strains or a single strain. It

should be mentioned that this grouping corresponded
to the data obtained previously by the analysis of 16S
rRNA and gyrB genes sequences. It is significant that
each strain of the same group was characterized by a
group-specific saAFLP spectrum and pattern, which
distinguished it from the strains belonging to the oth-
er groups. We also found patterns (markers) that are
unique for individual strains (e.g., the commercial strain
Bt 0376 p.o.), which distinguished them among all the
strains belonging to group 1. Thus, the proposed meth-
od is more specific and can be used for a quick search
for strain/group-unique markers and for the study of
polymorphism in populations.

The ERIC-PCR (Fig. 44) and BOX-PCR (Fig. 4B)
methods were also used in this study to compare the
results obtained using these reference primers and by
saAFLP analysis modified by us. Based on the analysis
of the obtained ERIC and BOX patterns, all investi-
gated Bt strains were subdivided into six groups. How-
ever, no differences between the ERIC and BOX spec-
tra detected within each group for every strain. The
number of specific PCR markers and the total number
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of fragments obtained by saAFLP were greater than
those obtained using the ERIC and BOX primers. This
fact attests to the higher sensitivity, specificity, and
informativity of the saAFLP method. The character
of the results could be attributed to the fact that the
ERIC and BOX-PCR allow one to analyze only separate
genomic regions, which are rather conserved (promoter
regions (ERIC1R-ERIC2, BOX, REP2-I-REP1R-I) or
the regions of functional genes (e.g., tRNA)). Hence, the
spectra obtained by these methods contain general,
rather than strain-specific, information and could be
more useful for passportization of strains. The spec-
tra recorded by saAFLP, which is not confined to any
particular genomic region, show the individuality of
each microorganism. The differences between all the
analyzed strains could be identified on the basis of fin-
gerprints (patterns) based on this method [34]. The spe-
cificity of the spectra allows one to conclude that the
saAFLP method is probably appropriate for investigat-
ing and distinguishing the true phylogenetic relation-
ships between bacteria without using the data obtained
through other primers or methods, with the exception
of determining the genus of a microorganism using the
16S rRNA or gyrB gene.

However, in order to verify the reliability of these
results and obtain a complete view of the genetic rela-
tionships between closely related bacteria, it is neces-
sary to analyze the overall data obtained by both the
saAFLP method and ERIC- and BOX-PCR.
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In our study, we used three methods (ERIC-, BOX-
PCR, and saAFLP) to identify 36 polymorphic mark-
ers (unique fragments) among the analyzed strains.
The resulting data were used to construct a dendro-
gram (Fig. 5). The genetic distances between the strain
pairs were determined using Pearson’s correlation, the
Simple difference, and the Cosine distance (data not
shown). The resulting matrix distances were used to
conduct a cluster analysis using the NJ method. Ac-
cording to the results obtained, all the investigated
strains were subdivided into five clusters. The statisti-
cal significance of the branching order varied from 58
to 99%. The clusters were isolated based on a similarity
of =80% and /or a significance level of branching =50%.
Cluster 1 comprised the strains Bt H10 R-type, Bt A/N,
Bt 408, Bt 409, Bt 410, Bt 5681st, Bt 787, Bt 411, Bt 072,
Bt 0371-1, Bt 14, Bt 994, Bt 1a, Bt 1b, Bt A /M, Bt subsp.
israelensis B-5246, Bt 0371-1, Bt 0371-2, and the typi-
cal strain Bt subsp. thuringiensis B-1223. Within this
cluster, the strain Bt 0376 p.o. was isolated with a high
statistical significance of the branching order. Cluster
2 was formed by two subspecies, Bt subsp. galleriae
and Bt subsp. subtoxicus. A significance of branching
of <50% demonstrates that these strains presumably
belong to two different subspecies and may represent
separate clusters if the strain sampling is enlarged. In
order to verify or refute this hypothesis, the strain
sample should be broadened. Cluster 3 consisted of the
strains Bt 0293 and Bt 836; clusters 4 and 5 were rep-
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resented by the strains Bt 109 and Bt subsp. finitimus
B-1162, respectively.

Based on the published data and the results obtained
by us, it can be concluded that a complex approach
combining an analysis of both the biochemical proper-
ties of the strain and molecular-biological methods, is
required to study and identify the Bt species belong-
ing to the B. cereus group. The Bt species can be suc-
cessfully studied using the nucleotide sequence of the
gyrB gene. At the intraspecies level, it can be studied
by saAFLP, along with the other AP-PCR methods
(rep-PCR). These methods were used to subdivide the
strain sample into five groups, which also corresponded

to their unique biochemical properties that had previ-
ously been determined in studies conducted by our col-
leagues [49]. The elaborated saAFLP method enabled
to identify the DNA fragment, which is unique for the
strain Bt 0376 p.o. ., isolated first by our colleagues from
the Institute of Agriculture of the Crimea (National
Academy of Agrarian Sciences of Ukraine) and used to
produce the entomopathogenic preparation “STAR-t”.
We intend to increase the size of the strain sampling,
to study the composition of the cry genes, and to de-
termine the nucleotide sequences of the unique DNA
fragments revealed for the separate saAFLP groups
and strains. @
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format with each image in a separate file. In a separate
file there should be a translation in English of: the arti-
cle’s title, the names and initials of the authors, the full
name of the scientific organization and its departmental
affiliation, the abstract, the references, and figure cap-
tions.

MANUSCRIPT FORMATTING
The manuscript should be formatted in the following
manner:

- Article title. Bold font. The title should not be too long
or too short and must be informative. The title should
not exceed 100 characters. It should reflect the ma-
jor result, the essence, and uniqueness of the work,
names and initials of the authors.

+ The corresponding author, who will also be working
with the proofs, should be marked with a footnote *.

+ Full name of the scientific organization and its de-
partmental affiliation. If there are two or more sci-
entific organizations involved, they should be linked
by digital superscripts with the authors’ names. Ab-
stract. The structure of the abstract should be very
clear and must reflect the following: it should intro-
duce the reader to the main issue and describe the
experimental approach, the possibility of practical
use, and the possibility of further research in the
field. The average length of an abstract is 20 lines

(1,500 characters).

- Keywords (3 — 6). These should include the field of
research, methods, experimental subject, and the spe-
cifics of the work. List of abbreviations.

- INTRODUCTION

- EXPERIMENTAL PROCEDURES

- RESULTS AND DISCUSSION

- CONCLUSION
The organizations that funded the work should be
listed at the end of this section with grant numbers
in parenthesis.

- REFERENCES
The in-text references should be in brackets, such

as[1].

RECOMMENDATIONS ON THE TYPING

AND FORMATTING OF THE TEXT
+ We recommend the use of Microsoft Word 2003 for
Windows text editing software.

* The Times New Roman font should be used. Standard
font size is 12.

+ The space between the lines is 1.5.

+ Using more than one whole space between words is
not recommended.

- We do not accept articles with automatic referencing;
automatic word hyphenation; or automatic prohibi-
tion of hyphenation, listing, automatic indentation,
ete.

+ We recommend that tables be created using Word
software options (Table = Insert Table) or MS Excel.
Tables that were created manually (using lots of spac-
es without boxes) cannot be accepted.

- Initials and last names should always be separated by
a whole space; for example, A. A. Ivanov.

- Throughout the text, all dates should appear in the
“day.month.year” format, for example 02.05.1991,
26.12.1874, etc.

+ There should be no periods after the title of the ar-
ticle, the authors' names, headings and subheadings,
figure captions, units (s — second, g — gram, min —
minute, h — hour, d — day, deg — degree).

+ Periods should be used after footnotes (including
those in tables), table comments, abstracts, and ab-
breviations (mon. — months, y. — years, m. temp. —
melting temperature); however, they should not be
used in subscripted indexes (T — melting tempera-
ture; T — temperature of phase transition). One ex-
ceptlon 1s mln — million, which should be used with-
out a period.

+ Decimal numbers should always contain a period and
not a comma (0.25 and not 0,25).

+ The hyphen (“-”) is surrounded by two whole spac-
es, while the “minus,” “interval,” or “chemical bond”
symbols do not require a space.

- The only symbol used for multiplication is “X”; the
“xX” symbol can only be used if it has a number to its
right. The “-” symbol is used for denoting complex
compounds in chemical formulas and also noncovalent
complexes (such as DNA-RNA, etc.).

- Formulas must use the letter of the Latin and Greek
alphabets.
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GUIDELINES FOR AUTHORS

- Latin genera and species' names should be in italics,
while the taxa of higher orders should be in regular
font.

- Gene names (except for yeast genes) should be itali-
cized, while names of proteins should be in regular
font.

- Names of nucleotides (A, T, G, C, U), amino acids
(Arg, Ile, Val, etc.), and phosphonucleotides (ATP,
AMP, etc.) should be written with Latin letters in
regular font.

- Numeration of bases in nucleic acids and amino acid
residues should not be hyphenated (T34, Ala89).

- When choosing units of measurement, SI units are to
be used.

+ Molecular mass should be in Daltons (Da, KDa,
MDa).

+ The number of nucleotide pairs should be abbrevi-
ated (bp, kbp).

- The number of amino acids should be abbreviated to
aa.

- Biochemical terms, such as the names of enzymes,
should conform to IUPAC standards.

+ The number of term and name abbreviations in the
text should be kept to a minimum.

- Repeating the same data in the text, tables, and
graphs is not allowed.

GUIDENESS FOR ILLUSTRATIONS
- Figures should be supplied in separate files. Only
TIFF is accepted.

- Figures should have a resolution of no less than 300
dpi for color and half-tone images and no less than
500 dpi.

- Files should not have any additional layers.

REVIEW AND PREPARATION OF THE

MANUSCRIPT FOR PRINT AND PUBLICATION

Articles are published on a first-come, first-served ba-
sis. The publication order is established by the date of
acceptance of the article. The members of the editorial
board have the right to recommend the expedited pub-
lishing of articles which are deemed to be a priority and
have received good reviews.

Articles which have been received by the editorial
board are assessed by the board members and then
sent for external review, if needed. The choice of re-
viewers is up to the editorial board. The manuscript
is sent on to reviewers who are experts in this field of
research, and the editorial board makes its decisions
based on the reviews of these experts. The article may
be accepted as is, sent back for improvements, or re-
jected.

The editorial board can decide to reject an article if it
does not conform to the guidelines set above.

A manuscript which has been sent back to the au-
thors for improvements requested by the editors and/
or reviewers is reviewed again, after which the edi-
torial board makes another decision on whether the
article can be accepted for publication. The published
article has the submission and publication acceptance
dates set at the beginning.
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The return of an article to the authors for improve-
ment does not mean that the article has been accept-
ed for publication. After the revised text has been re-
ceived, a decision is made by the editorial board. The
author must return the improved text, together with
the original text and responses to all comments. The
date of acceptance is the day on which the final version
of the article was received by the publisher.

A revised manuscript must be sent back to the pub-
lisher a week after the authors have received the com-
ments; if not, the article is considered a resubmission.

E-mail is used at all the stages of communication be-
tween the author, editors, publishers, and reviewers,
so it is of vital importance that the authors monitor the
address that they list in the article and inform the pub-
lisher of any changes in due time.

After the layout for the relevant issue of the journal
is ready, the publisher sends out PDF files to the au-
thors for a final review.

Changes other than simple corrections in the text,
figures, or tables are not allowed at the final review
stage. If this is necessary, the issue is resolved by the
editorial board.

FORMAT OF REFERENCES

The journal uses a numeric reference system, which
means that references are denoted as numbers in the
text (in brackets) which refer to the number in the ref-
erence list.

For books: the last name and initials of the author,
full title of the book, location of publisher, publisher,
year in which the work was published, and the volume
or issue and the number of pages in the book.

For periodicals: the last name and initials of the au-
thor, title of the journal, year in which the work was
published, volume, issue, first and last page of the ar-
ticle. Must specify the name of the first 10 authors.
Ross M.T., Gratham D.V., Coffey A.J., Scherer S., McLay
K., Muzny D., Platzer M., Howell G.R., Burrows C., Bird
CP., etal // Nature. 2005. V. 434. Ne 7031. P. 325—337.

References to books which have Russian translations
should be accompanied with references to the original
material listing the required data.

References to doctoral thesis abstracts must include
the last name and initials of the author, the title of the
thesis, the location in which the work was performed,
and the year of completion.

References to patents must include the last names
and initials of the authors, the type of the patent docu-
ment (the author’s rights or patent), the patent number,
the name of the country that issued the document, the
international invention classification index, and the year
of patent issue.

The list of references should be on a separate page.
The tables should be on a separate page, and figure cap-
tions should also be on a separate page.

The following e-mail addresses can be used to
contact the editorial staff: vera.knorre@gmail.
com, actanaturae@gmail.com, tel.: (495) 727-38-60,
(495) 930-87-07
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