Letter from the Editors

ear readers of Acta Naturae,
DWe would like to bring to your atten-
tion the 21" issue of the journal (as
you can see, the number of issues is now over
twenty!). As always, the scientific section of
the issue is rather diverse. We offer you two
reviews. The first one is a review by V.K. II'in
and N.V. Kiryukhin. It focuses on the funda-
mental medical aspects of habitability in ar-
tificial environments. Taking into account the
current progress in space research (in particu-
lar, in preparing for interplanetary missions),
such problems should be considered as highly
relevant. This material will undoubtedly be in-
teresting to ecologists. Looking ahead, it should
be noted that the review is very concordant
with the theme of the Forum section in this
issue. The second review (B.B. Vartapetyan
et al) focuses on breeding plants that are tol-
erant to anaerobic stress. The authors of the
review mainly generalize the results of their
own research in this field. Genetic and cellular
engineering of plants is a fascinating subject
which generates lively debate. In our opinion,
the review is of fundamental importance and
will be interesting to our readers.
Experimental publications cover a wide
range of disciplines and approaches, includ-
ing structural and functional genomics (ar-
ticles by A.V. Nedoluzhko et al., O.V. Arkova
et al., E.A. Nikitina et al.) and various as-
pects of fundamental medicine (publications
by E.A. Trifonova et al., S.S. Popov et al.). This
issue includes numerous articles focusing on
new methods in molecular and cellular biol-
ogy, as well as biotechnological techniques for
manufacturing target products and biophar-
maceutical issues. We suspect that the works
related to the design of models for studying
human diseases (articles by Nikitina et al.
and Syrkina et al.) will be of great interest.
The study dealing with the targeted delivery
of drugs (Garas et al.) and the study of the
expression of HER2 tumor antigen (Dolgikh
et al.) are noteworthy. Our readers have also
shown continuous interest in telomerase re-
search (Evfratov et al.).
The ceremonial presentation of the Rus-
sian Federation State Prizes took place on

June 12, 2014, the Russia Day, in the Kremlin.
Academician Anatoliy Ivanovich Grigor’ev,
the Vice-President of the Russian Academy
of Sciences and the Chairman of the Edito-
rial Board of Acta Naturae, was among the
winners this year. On this occasion, we con-
gratulate Anatoliy Ivanovich on being chosen
for this prestigious award. We wish him good
health and success in his efforts in science.
We are grateful for his hard work on the es-
tablishment and regular support of our jour-
nal. Our readers can find an interview with
the winner in the Forum section. We find it
an interesting and fascinating story about
the problems of space medicine, Russia being
among the leaders in this field.

In conclusion, we would like to briefly
mention the potential role of our journal in
demonstrating the results of Russian life
science. In connection with competitions of
the Russian Science Foundation and several
programs of the Ministry of Education and
Science that require very high publication
scores, a considerable number of articles are
currently being submitted to the Editorial
Board. There are also articles from abroad.
Our journal is currently indexed in all da-
tabases (PubMed with open access to the
full-text version, Scopus, Web of Science,
elibrary), which makes it an attractive plat-
form for publishing the results of works un-
der grants. Hence, we would like to avoid
publishing duplicating elements and non-es-
sential material. The editorial staff and Edi-
torial Board adhere to the strict requirement
of peer-review and use the opinions of two
independent reviews for decision making. In
some cases, we send the material to a third
reviewer. We have also introduced the prac-
tice of rejecting articles at the stage prior to
sending it to reviewers. This decision can be
made by the members of the Editorial Board
if the article clearly does not comply with
the methodological level of modern studies
or is highly technical.

Enjoy your reading and see you again in
our next issue! ®

Editorial Board
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Lipid—Protein Nanodiscs Offer New Perspectives
for Structural and Functional Studies of Water-Soluble
Membrane-Active Peptides
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A new approach to creating targeted vectors using recombinant
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pseudoadenoviral nanoparticles (RPANs) based on the genome of _fl_ . = i’

human adenovirus serotype 5 carrying the modified gene of the =iy ," i J
capsid protein pIX is proposed. The resulting Ad5-EGFP-pIX-ER is 5 \i/

a universal platform that specifically binds nano-antibodies against

a certain surface antigen on the RPAN surface, thus delivering the Schematic representation of the formation
target gene to the desired cells. of the Ad5-EGFP-pIX-ER complex

Cell Models for the Investigation of the Role
of the Mucin MUC1 Extracellular Domain
in Metastasizing

M. S. Syrkina, M. A. Rubtsov, D. M. Potashnikova, Yu. D. Kondratenko,

A. A. Dokunova, V. P. Veiko

Genetic constructs encoding various combinations of the functional moieties of hu-
man mucin MUC1 and markers for identifying the synthesized fusion proteins were
designed based on the pEGFP-N3 expression vector. These constructs were used to

Localization of the fluores- transfect HT-29 cells. The resulting cells can be used as a model of the MUC1-ex-
cence of EGFP in steadily pressing cancer and to study the role of various functional moieties of mucin MUC1
transfected HT-29 cells in the metastatic disease.
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tions which holds a leading position among the causes of ma-
ternal and perinatal morbidity and mortality. This work is the

first Russian genome-wide association study of differential Main biological processes involving the differ-
gene expression in placental tissues in females with normal entially expressed genes which are associated
and complicated pregnancies. Sixty-three genes, whose ex- with preeclampsia

pression is significantly different in the placental tissue of
females with preeclampsia and with physiological pregnan-
cies, were identified.
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Space medicine: past, present and future

Interview with Academician Anatoly |. Grigor'ev, laureate of the State Prize
of the Russian Federation in the field of science and technology, 2014

Anatoliy Ivanovich Grigor'ev is an outstanding scientist who has
made a notable contribution to solving the fundamental and ap-
plied problems of space physiology and medicine. He is the force
behind the new scientific discipline known as gravitational physiol-
ogy. He has helped shed light on a number of important principles
of the functioning of the vestibular, cardiovascular, and endocrine
systems, water and electrolytes, as well as mineral metabolism un-
der altered gravity conditions. Grigor'ev's experimental research
and theoretical studies are widely used in the search for solutions
to the problems of protecting astronauts’ health during long flights.
A system for the medical support of crews during year-long or long-
er flights has been proven, developed, and implemented under his
supervision. The research done by A.l. Grigor'ev, his numerous
scientific works, active practical efforts to support manned space-
flight, and participation in international cooperation have earned

him a well-deserved recognition both in Russia and abroad.

The first orbital space flights
(SF) presented the tasks of
studying the effect of space
flight factors on the human body,
identifying the main patterns of hu-
man body adaptation to space envi-
ronment, and using these findings
to develop and implement a scien-
tifically grounded medical health
care system for astronauts.

The problem of medical support
is multifaceted and includes several
interrelated directions. Academi-
cian Anatoliy Ivanovich Grigor’ev
talks about these problems in his
interview with a correspondent of
Acta Naturae.

Acta Naturae (AN) correspond-
ent: What scientific studies focus
on the justification of the system
of medical support of astronauts’
health in your opinion?

A.lI. Grigor’ev: Throughout
manned space flights, the creation
and modernization of the medical
health care system for astronauts
have been based on the results of
fundamental research in space

6| ACTANATURAE| VOL.6 Ne2(21) 2014

physiology, biology, biochemistry,
biophysics, and other scientific dis-
ciplines, carried out in ground-based
simulation experiments, at biologi-
cal satellites, and in space missions.
This has made it possible to better
understand the effect of space flight
factors on different functional struc-
tures of the body, to explore the pat-
terns of body adaptation in response
to their action, and to provide a ra-
tionale for approaches to developing
a health support system for astro-
nauts during long missions.

In the early years of space explo-
ration, the short-term manned mis-
sions were carried out using the Vos-
tok, Voskhod and Soyuz spacecrafts
with a relatively “simple” medical
support and health control system.

Today, manned astronautics is
tasked with the problem of increas-
ing flight duration and the number
of crew members. This has required
the development of a reliable medi-
cal support system for expeditions
lasting for several months. The ex-
perimental ground-based models

simulating the effects of zero grav-
ity were developed at the Institute
of Biomedical Problems (IBMP)
to solve this problem. They were
clinostatic and antiorthostatic hy-
pokinesia (bed rest) and “dry im-
mersion” (immersion of a test sub-
ject into a special water bath).
Numerous experiments on clino-
static hypokinesia lasting 15 to 120
days were carried out in 1966—1976.
These experiments examined the
status of various systems of the
body under these conditions in com-
bination with the use of preventive
measures (exercises and the use of
pharmacological agents). A series
of experiments with clinostatic hy-
pokinesia lasting 3—120 days were
carried out at IBMP in the 1980s to
study the cardiovascular system,
metabolism, and features of their
regulation. This has made it pos-
sible to develop and test a scheme
for applying water plus electrolyte
additives in combination with neg-
ative pressure on the lower part of
the body (NPLB), which have be-



come an integral component of the
prevention system at the final stage
of long SFs.

AN correspondent: Which study
can be distinguished among the
overall series of projects carried out
during previous years?

AL Grigor’ev: The unprecedent-
ed for its duration, 370-day-long ex-
periment, with antiorthostatic hypo-
kinesia was carried out in 1988. This
experiment studied the dynamics of
changes in major body systems, in-
cluding water-electrolyte and min-
eral metabolism. The experiment
showed that it is possible to use al-
ternative technologies of prevention,
which allow one to purposefully en-
hance the physiological capabilities
of an astronaut’s body; in particular
to improve the tolerance to g-loads
during disorbiting. In a continuous
56-day-long experiment with “dry”
immersion, we thoroughly studied
the state of the cardiovascular sys-
tem, water-electrolyte metabolism,
and renal function and tested the
preventive measures, including ex-
ercises and artificial gravity gener-
ated by a small-radius centrifuge.

AN correspondent: Anatoliy
Ivanovich, you are the originator of
the new branch of science known
as gravitational physiology. Could
you please tell us about the main
achievements in the field?

A.l. Grigor’ev: Gravitational
physiology studies the principles of
regulation of bodily functions under
altered gravity conditions. Impor-
tant scientific data were obtained
in studies conducted at 11 biological
satellites, which were carried out
with the participation of experts
from Russian and foreign scientific
centers (coordinated by E.A. II'in).
The research was conducted in
many biomedical disciplines using
a broad evolutionary range of bio-
logical objects (from microorgan-
isms to primates). These studies, in
cooperation with Yu.V. Natochin,
have provided important data for
understanding the mechanisms of

FORUM

metabolism adaptation in living or-
ganisms exposed to altered gravity.
These results significantly contrib-
ute to the theory of space biology.
The following general theoreti-
cal achievements are considered to
be important ones: the discovery of
changes in the sensitivity of end or-
gans to biologically active substances
in humans during long SFs; defining
the role of shifts in water-electrolyte
metabolism in the development of
vestibular disorders, orthostatic in-
stability and reduced tolerability to
accelerations; identification of the
mechanisms of restructuring water
and ion transportation systems in
the kidney; and establishing ways to
minimize physiological functions un-
der these conditions. We have imple-
mented programs studying the car-
diovascular system and metabolism
during long flights and uncovered
previously unknown mechanisms of
endocrine regulation of metabolism
in zero gravity. When studying the
effects of microgravity on human
multipotent stromal cells (MSCs),
in cooperation with L.B. Buravkova,
structural and molecular-genetic
changes in the MSCs of human bone
marrow were detected. These re-
sults are indicative of the presence
of gravity-dependent intracellular
mechanisms that lead to both early
and late responses of progenitor
cells to the simulation of the effects
of microgravity, thus indicating the
specific role of the actin cytoskel-
eton, being the basic cell structure
(including stem cells), as a gravi-
tationally sensitive cell structure.
Studies focused on the molecular
mechanisms of the changes detect-
ed in MSCs under these conditions
have shown transient changes in the
level of expression of the structural
and regulatory genes associated
with the actin cytoskeleton. It has
been established for the first time
that this effect significantly changes
the expression pattern of the genes,
being “stem cell markers,” includ-
ing the genes encoding the proteins

involved in intracellular signaling,
cell adhesion, and the regulation of
proliferation and differentiation of
stem cells.

The simulation experiments and
flight studies performed allowed us
to justitfy, and later to develop and
put into flight practice, methods for
the medical control, prediction and
management of the human status, to
create a complex of technologies to
mitigate the adverse effects of zero
gravity, and this contributed to the
launching of long-term missions at
the Mir orbital station (OS) and al-
lowed our country to assume a lead-
ing position in manned astronautics.

AN correspondent: In 1996—2008,
you were the head of the medical
support service of the missions at
the Mir orbital stations and Inter-
national Space Station (ISS). Could
you please tell us more about that?

A.L. Grigor’ev: Our team has
developed a system for rendering
medical support to crews during
long-term orbital flights, which in-
cludes the following components:

- medical selection, periodic and
preflight medical examination of
astronauts, medical certification,;

* biomedical crew training;

- maintaining the health and per-
formance of astronauts during an
orbital flight: health monitoring,
medical diagnosis, a system of pre-
ventive measures, functional state
management, psychological sup-
port, medical assistance (if neces-
sary), radiation monitoring and en-
vironment control,

- post-flight medical rehabilita-
tion to restore the health of space
crews;

- healthcare support for the devel-
opment of manned spacecraft; and
- medical and technical support for
the development of satellite-borne
biomedical support measures.

AN Correspondent: Anatoliy
Ivanovich, we know that you were
the chairman of the Chief Medical
Commission of the Russian Space
Agency for the certification of as-
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tronauts and candidates for astro-
nauts from 1990—-2008. Could you
please tell us about the medical se-
lection and training of astronauts?

Al Grigor’ev: The system of med-
ical selection of astronauts developed
in cooperation with the experts of
the Yu.A. Gagarin Cosmonaut Train-
ing Center includes a comprehensive
medical examination of astronauts
to assess their physical and mental
health, to determine the functional
capacities of the body according to
results related to tolerance to spe-
cial stress tests. The latest advances
in medical science and technologies
are being used when upgrading the
selection system. The parameters of
the astronauts’ genotype are stud-
ied, along with extensive physiologi-
cal and biochemical research, in or-
der to predict tolerance to extreme
conditions. Increasingly more atten-
tion will apparently be focused on
the “genetic predisposition” of a per-
son to tolerance to g-force associated
with the pre-training and directly
with long-term stays in space.

AN correspondent: How is the
medical control of a crew’s health
conducted during flights?

Al Grigor’ev: The medical con-
trol during SF's is based on integrat-
ed monitoring aimed at assessing the
current state of astronauts’ health,
dynamic monitoring of the basic
functions of their bodies and the
habitat, and controlling regulation
and adaptation to the living envi-
ronment. The structure of the medi-
cal monitoring allows us to identify
the adverse conditions that may
develop during flight and, if neces-
sary, to conduct emergency surveys
according to predictions. The sys-
tem for minimizing health risks in
case of potential failures of the life
support system and technical prob-
lems during flight operations was
developed and functions effectively
now. Modes, measures and meth-
ods of prevention have also been
developed, tested in ground-based
experiments, and implemented in

8| ACTANATURAE| VOL.6 Ne2(21) 2014
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flights. The system of preventive
measures has been developed and
successfully implemented at all
stages of long-term missions in col-
laboration with O.G. Gazenko, A.S.
Barer, L.I. Kakurin, I.B. Kozlovskiy,
LD. Pestov, B.V. Morukov and other
IBMP staff. The onboard prevention
system includes physical exercises
using atreadmill, cycle ergometer,
and press machines, muscle load-
ing along the longitudinal axis of the
body using the Penguin suit, low-
frequency electrical stimulation of
the muscles, the effect of negative
pressure on the lower part of the
body using the Chibis pneumatic-
vacuum suit, drugs and other meas-
ures to prevent potential disorders
of the functional state during a space
flight. The important purposes of
the system at the initial phase of the
flight include prevention and relief
of manifestations of the adaptation
syndrome, while the purposes of the
final stage include measures to pre-
vent post-flight orthostatic instabil-
ity (NPLB and water plus electro-
lutes additives).

The studies conducted during and
after SFs have shown that the Rus-
sian preventive system is effective in
preventing or reducing the adverse
effects of exposure to zero gravity
and other adverse factors of long-
term SFs. It has become the basis for
the medical support of crews at the
International Space Station.

AN correspondent: Could you
please describe the structure of the
health care system?

AL Grigor’ev: The onboard health
care system is based on the principle
of nosology. It was developed on the
basis of the most recent achieve-
ments in clinical medicine, taking
into account the specific conditions
of space flights. The Russian system
of medical aid includes an onboard
medical kit and a set of specialized
medical packages for emergency
care, packages with cardiovascu-
lar agents, gastrointestinal agents,
antiseptic and other drugs. In some

cases the medical care kit at the Mir
and ISS orbital stations has made it
possible to conduct curative meas-
ures in acute and emergency condi-
tions and injuries, which have made
it possible to diagnose and monitor
the targeted treatment. The studies
carried out in cooperation with L.P.
Neumyvakin, L.L. Stazhadze, V.V.
Bogomolov, I.B. Goncharov, A.D.
Egorov and the staff of a number of
clinics in Moscow and St. Petersburg
have significantly contributed to the
formation of the health care system
at orbital stations.

AN correspondent: Anatoliy
Ivanovich, what about the imple-
mentation of new remote-action
technologies in the medical moni-
toring of astronauts?

Al Grigor’ev: Space telemedi-
cine has been in constant improve-
ment and implemented since the
1990s. This has allowed us to sig-
nificantly improve medical care
during SFs and at landing sites. The
practical use of telemedicine in SFs
significantly complements the ca-
pabilities of diagnosis and analysis
of the effectiveness of health care.

AN correspondent: And how do
you control the environment and
radiation?

AL Grigor’ev: Much attention is
given to the monitoring of the OS
habitat, including the assessment
of air quality and monitoring of the
concentrations of toxic substances.
A classification of pollution levels
has been developed, and personal
protective equipment has been
designed. Assessment of onboard
water quality and the level of mi-
crobial contamination are regularly
conducted during flights. The level
of noise in the living compartments
of OSs is regularly assessed and oto-
protection methods are being elabo-
rated when it is exceeded. Scientific
and methodological materials relat-
ed to the radiation safety of orbital
station crews have been developed,
and a permanent Radiation Safety
Service for Space Flights has been



formed. It is equipped with facilities
for continuous monitoring of the ra-
diation environment along the flight
path and in the living compart-
ments, including the assessment of
radiation doses and radiation risk to
crew members, development and
implementation of recommenda-
tions for minimizing the radiation
hazard to the crew. With the pros-
pect of interplanetary missions, we
have been paying a great deal of at-
tention to research into the effect of
heavy ions on living systems.

AN correspondent: Is post-flight
medical rehabilitation equally topi-
cal at present?

Al Grigor’ev: IBMP staff have
thoroughly analyzed the changes
in the state of many systems of the
body of astronauts which occur af-
ter long-term flights and require
special health rehabilitation meas-
ures for their recovery during the
post-flight period. They have im-
proved some measures and meth-
ods of post-flight rehabilitation;
designed a medical-evacuation
complex and medical equipment for
examination and medical assistance
to astronauts at the landing site; and
developed methods of medical care
after a flight. These studies were
further developed in connection
with flights to the ISS. IBMP staff
(B.M. Fedorov, T.D. Vasil’eva, V.V.
Bogomolov) and Yu.A. Gagarin CTC
staff (V.V. Morgun, V.I. Pochuev,
0O.V. Kotov) have conducted a se-
ries of studies aimed at developing
a set of methods and measures for
restoring astronauts’ health after
long-term flights which uses indi-
vidual schemes and regimens of in-
terventions during rehabilitation.

The main result of the medical
support system that we have de-
veloped for the crews flying to the
Mir and ISS OSs is the maintenance
of health and the ability of crew
members to perform, which are
sufficient for effective implemen-
tation of flight programs, as well
as a favorable course of rehabili-

FORUM

tation given adequate restorative
and therapeutic measures. It is im-
portant to mention the active role
of astronauts, especially physician
astronauts, in the implementation
of this system. The effectiveness of
the Russian system of medical se-
lection, medical monitoring of the
health of crews during long-term
flights, and the system of onboard
prevention and post-flight reha-
bilitation has been proved. This was
also demonstrated by the successful
extra-long-term missions, including
the uniquely complex flights of V.V.
Polyakov (a 438-day flight) and S.K.
Krikalev (803 days in 6 flights).

AN correspondent: Anatoliy
Ivanovich, what is the ground that
space medicine has covered from
orbital stations to interplanetary
flights?

AL Grigor’ev: The achievements
in the creation and successful use
of the Russian medical health care
system for astronauts during long-
term space missions underlie the
development of the concept of bio-
medical support during interplan-
etary missions. The research and
developments in this field are being
conducted at IBMP. The interna-
tional 520-day-long interplanetary
flight modeling experiment (Mars-
500 project) that was carried out in
2010—2011 was the most significant
one. The system of medical support
for crews’ health was worked out
during this experiment, the tech-
nological operations of “landing”
on Mars have been modeled, and
important data on the dynamics of
the status of the main body systems
during prolonged isolation have
been obtained. The experiment has
been praised by the international
scientific community.

AN correspondent: Can the
achievements of space medicine be
used in clinical practice?

Al Grigor’ev: We actively sug-
gest using our achievements in pub-
lic health care practice. In collabora-
tion with clinicians at some medical

institutions we have managed nu-
merous unique achievements dur-
ing SFs and in simulations of vital
functions of the body under ground-
based conditions in the Russian
health care system. In particular, we
have designed a number of meas-
ures for preventing and correct-
ing motor disorders (special loading
suits, neuromuscular stimulation
facilities, etc.) in cooperation with
LB. Kozlovskiy and E.P. Tikhomirov.
During tests, these facilities were
adapted to the needs of the clinic for
children with cerebral palsy (K.A.
Semenova) and persons who have
suffered traumatic brain injury and
strokes (A.B. Geht, L.A. Chernikova,
V.M. Shklovskiy et al.). Now these
facilities are successfully “running”
at the manufacturing venture at
IBMP (I.V. Saenko).

New experimental data for the
analysis of the destructive and
adaptive processes taking place in
human bone structures and chang-
es in the mineral metabolism under
conditions of reduced gravity load
were obtained, and a system for the
correction of musculoskeletal sys-
tem disorders in zero gravity and
hypokinesia has been developed in
cooperation with V.S. Oganov.

AN correspondent: Anatoliy
Ivanovich, let me congratulate you
on the important government award
and thank you for this interview.
We would like to wish you success
in the area of knowledge, where our
country has been at the forefront for
many years, and, judging from what
you have told us, is not giving up its
position today.

A.lL Grigor’ev: Thank you for
your congratulations. I would like
to mention that this research is
work made by a large team, includ-
ing not only IBMP staff, but also
all staff at institutes and industrial
organizations — our “cooperation”
that I was lucky to head for many
years. I would like to thank all my
colleagues and congratulate them
on our shared success! ®
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ABSTRACT Exposure of human subjects to environments with modified parameters is associated with reduced
colonization resistance of the intestine and epithelial tissue, which leads to dysbiotic changes. Probiotics — prepa-
rations based on protective microflora — are used to correct dysbacteriosis of different etiologies and localiza-
tions. However, the effectiveness of probiotics largely depends on the adhesive ability of a probiotic strain and
lack of competitive relations with the indigenous microflora, which can be achieved by individual selection of
a preparation. We propose to use autochtonous microflora as a probiotic drug to optimize the prevention and
treatment results. A personalized approach to probiotic selection will improve therapy efficiency and reduce the

risk of adverse effects in each individual patient.

KEYWORDS autostrains; autoprobiotics; dysbacteriosis; altered habitat; disruption of colonization resistance.

INTRODUCTION

Human exploration of space, oceans, and the Earth’s
core leads to the creation of bio-isolated artificial hu-
man ecosystems with modified habitat parameters [1].
It substantially alters the phylogenetically established
relationships between commensals of the human—mi-
croflora ecosystem. In humans, this manifests itself as
the disruption of the colonization resistance syndrome.
It is, therefore, evident that in order to develop a strat-
egy of environmental approaches to disease prevention
in humans in extreme habitats we need to study the
state of natural colonization barriers against infectious
agents in the human body.

Van der Waaij [2] defined “colonization resistance” as
“resistance which a potentially pathogenic microorgan-
ism encounters when it tries to colonize a ‘landing site’
on the mucosa in one of the three tracts that have an
open communication with the outside world: respirato-
ry, urinary and digestive.” van der Waaij identifies two
main barriers responsible for resistance to infections in
humans: the barrier formed by commensal microflora
and the barrier provided by factors of cell-mediated
and humoral immunity. V.M. Bondarenko [3] addition-
ally mentions the epithelium of mucous membranes as
a natural barrier, as its physiological state largely de-
fines its permeability to causative agents. Studies by
Noble [4] allow us to add skin tissue to the list of coloni-
zation barriers.
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The first and main barrier against colonization, the
barrier formed by microbial associations of commen-
sals in a human body, deserves a more detailed analy-
sis. The system of relationships both within such asso-
ciations and between associations and the host is quite
complex. When a person is infected, a causative agent
enters the host organism as a population of genetically
heterogeneous cells through food, water, particles of
drop or dust aerosols, etc. The primary focus of infec-
tion is formed as a causative agent displaces normal
host microflora and colonizes the new habitat. Adhe-
sion, colonization, and subsequent propagation of the
agent that synthesizes toxic compounds leads to patho-
morphological changes in the host; in the case of oppor-
tunistic microorganisms, it is characterized by a lack
of specificity and mosaic disorders in various organs
and tissues. Impairment of the overall resistance of the
organism and lower levels of protective microflora re-
sults in an increased population of opportunistic micro-
organisms, which can translocate to other biotopes [5].
Endogenous infections etiologically caused by autoch-
tonous microflora develop along a similar pathway.

According to modern beliefs, the natural microflora
of any biotope can be divided into permanent (resident)
and accidental (transient) based on its origin. Resident
microflora includes microorganisms specific to a certain
biotope, whereas the transient one consists of exogenic
microorganisms. The composition of the resident mi-
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croflora of a biotope is relatively stable; however, the
physiological importance of its microorganisms differs
substantially. Therefore, resident microflora is further
subdivided into an obligatory and a opportunistic one.

Obligatory microflora is the main component of
any microbiocenosis; it prevents colonization of the
biotope by random microorganisms and is involved
in fermentation and immunity stimulation processes.
Thus, obligatory microflora in the large intestine in-
cludes bifidobacteria, lactobacilli, typical collibacilli,
peptostreptococci, eubacteria, and most bacteroid and
enterococci species [6]. The natural microflora of the
digestive tract has important physiological functions:
it enables colonization resistance of the mucosa; stimu-
lates the formation of the immune system in newborns;
maintains the immune status in adults via muramyl
peptides of bacterial cell walls and other adjuvant-ac-
tive macromolecules; participates in metabolic proc-
esses (secretion of the enzymes involved in the protein,
lipid, nucleic and bile acid metabolism); maintains the
electrolyte balance and synthesis of vitamins B, K and
D; regulates the gaseous environment in the intestine;
is involved in the biochemical processes of digestion
(fermentation of food substrates, regulation of the mo-
tor-evacuation function of the intestine); and it inac-
tivates toxic exogenous and endogenous products by
biotransformation and biodegradation.

A sufficient number of resident microorganisms at-
tached to the intestinal walls prevent the propagation
of pathogenic agents, their invasion of enterocytes and
passage through the intestinal wall; this is achieved by
the formation of an environment with pH values ad-
verse to extraneous microflora in the biotope, as well as
by the production of bacteriocins (antibiotic substanc-
es) and the deprivation of competing microorganisms
of nutrients and adhesion sites.Beneficent metabolic
activity also includes the production of vitamin K, bi-
otin, niacin, pyridoxine and folic acid; the hydrolysis of
bile salts and cholesterol; regulation of its levels; and
hormone re-circulation. The lack of a favorable micro-
flora in the intestinal microbiocenosis leads to a disrup-
tion in the recirculation of the estrogenes secreted in
the gastrointestinal tract (GIT) with bile and the de-
velopment of corresponding pathological disorders in
the female reproductive system. Normally, functioning
resident microflora controls the toxin production in the
intestine, as well as prevents their over-expression and
penetration into the bloodstream. Resident microflora
has detoxifying and proteolytic properties, which allow
it to metabolize endotoxins, allergens, and antigens in
the intestine by proteolysis. It also involves absorption
of partially digested proteins in the intestine, including
those associated with the development of food intoler-
ance and accompanying skin disorders. A disruption in

the microbiocenosis allows these substances to enter
the bloodstream.

The detoxifying and protective role of indigenous mi-
croflora in preventing the adverse effects of radiation,
chemical impurities in food, carcinogenic factors, toxic
exogenous substrates, unfamiliar and exotic food, and
contaminated water is also noteworthy. This occurs by
the stimulation of the immune response and improve-
ment of non-specific immune resistance: potentiation of
the production of interferons, interleukins and enhanc-
ing the phagocytic abilities of macrophages.

Let us describe the main groups of protective micro-
flora used to produce popular modern probiotic prepa-
rations.

Bifidobacteria constitute the main group of intesti-
nal bacteria; they amount to 25% of the entire intes-
tinal microbial population in adults and 95% in new-
borns. Bifidobacteria produce acetic and lactic acids.
Subsequent development of an acidic environment
induces an antibacterial effect. Bifidobacteria are ca-
pable of releasing metabolic products that can directly
inhibit the development of opportunistic Gram-pos-
itive and Gram-negative pathogens. Bifidobacteria
convert potentially toxic ammonia (or amines) into
NH, ions that are unable to penetrate through mucosa
and reach the bloodstream. Furthermore, these bac-
teria do not form aliphatic amines, hydrogen sulfides,
or nitrites. Bifidobacteria produce vitamins (mostly
group B ones), as well as digestive enzymes, such as
casein phosphatase and lysozyme. Bifidobacteria re-
store the normal intestine microflora after antibiotic
therapy [6].

Enterococci, previously classified as group D strep-
tococci, are a large group of bacteria belonging to
the genus Enterococcus, which includes the E. faeca-
lis, E. faecium, E. avium, E. casseliflavus, E. durans,
E. gallinarum, E. raffinosus, E. irae, E. malodoratus
and E. mundtii species. E. faecalis, E. faectum, E. gil-
vus and E. pallens were identified in human clinical
isolates. Enterococci are detected in newborns as ear-
ly as in the first days of their lives; in breastfed ba-
bies under 1 year, their levels vary between 10° and
107 CFU/g. In formula-fed babies enterococci levels
can reach 102—10° CFU/g. The enteroccoci levels in the
intestine of a healthy human remain consistent and
reach 10’-10® CFU/g of feces. Enterococci are present
in almost every intestine section. The main properties
of enterococci include involvement in the synthesis of
vitamins and metabolism of sugars (lactose); immunos-
timulation (maintenance of the level of broad-spectrum
cytokines); high antagonistic activity against staphy-
lococci, listeria and collibacilli via the production of
bacteriocins; anti-inflammatory activity; and high re-
sistance to environmental factors (temperature, pH).
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Normally, the levels of enterococci in the intestine do
not exceed the overall level of collibacilli [6].

Lactobacilli also constitute a substantial part of pro-
tective microorganisms’ population in most human
biotopes. Lactobacilli are Gram-positive rode-shaped
bacteria, opportunistic anaerobes. Lactobacilli differ in
their requirements for nutrients and growth factors.
Lactobacilli exhibit proteolytic activity mediated by the
activity of the proteases and peptidases they produce;
their lipolytic properties allow them to digest milk fat
and some triglycerides; they also synthesize DNAse
and/or RNAse and pseudocatalase through exonucle-
ase activity; and they produce enzymes that ferment
hexoses, disaccharides and polysaccharides. The an-
tagonistic activity of Lactobacilli is mediated by their
extensive ability to produce an acidic environment as
well as by the production of antibiotic compounds (such
as acidophilin — Lactobacillus acidophilus, lactolin —
L. plantarum, brevin — L. brevis), hydrogen peroxide,
and lysozyme [6].

The mechanisms of colonization resistance can be
divided into a direct and indirect activity. The direct
mechanisms include the production of inhibitors that
interrupt the metabolism of pathogenic and oppor-
tunistic bacteria by bacterial strains, competitive re-
lationships with pathogenic bacteria for nutritious
substrates and adhesion sites, direct degradation of
toxins, anti-endotoxic activity, and the prevention
of microorganism translocation to other parts of the
body. The indirect effects include stimulation of the
immune system, stimulation of mononucleocytes, in-
duction of interferon, inhibition of bile acid conjuga-
tion, etc. The observed variety of colonization resist-
ance mechanisms naturally implies a large number
of variants, particular combinations under certain
circumstances, which define the state of colonization
resistance that most likely depends on the microflora
amount and quality and its habitat.

The aforementioned functions, beneficial to human
health, are stable if both a quantitative and qualitative
consistency of microflora is maintained. It is also natu-
ral that not all the beneficial functions of microflora are
exhibited in all biotopes or are exhibited to an equal ex-
tent. They depend on the anatomical, physiological, and
biochemical features of a biotope (i.e., gastrointestinal,
urological tracts, skin or respiratory tract, etc).

DISRUPTION OF COLONIZATION RESISTANCE

UNDER THE INFLUENCE OF EXTREME FACTORS

Extreme conditions disrupt the barrier functions of the
body associated with normal functioning of the skin,
intestine, and mucous membranes, which come in di-
rect contact with the environment [7]. Stress (psycho-
emotional or physical) has been shown to cause the
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activation of endogenous microflora in the intestine,
penetration of bacteria into the bloodstream, and sub-
sequent excretion through the urinary tract [8]. If the
intensity of the factors affecting either directly or indi-
rectly the fixation, survival, and functioning of normal
microflora exceeds the capacity of the compensatory
mechanisms of the host-microflora ecosystem, this will
induce microenvironmental disruptions; their type, de-
gree of manifestation, and duration will depend on im-
pact dose and length. The ability to resist noci-influence
depends on many factors, which characterize the state
of the organism. Studies involving astronauts, divers,
and athletes have revealed symptoms of secondary
immunodeficiency and impairment of the regulatory
mechanisms. The response of each individual depends
on his genetic and immunological potential, as well as
on the state of his microbiocenosis [9, 10].

Nowadays, the disruption of colonization resistance
is considered to be a pathological condition that man-
ifests in people holding “extreme jobs”: astronauts,
scuba divers, submariners, compressed air workers,
etc. Dysbacteriosis is one of the most important mani-
festations of the disruption of colonization resistance,
which is characterized by a loss or reduction in the
levels of some obligatory representatives of normal
microflora, increased incidence of the concentration
of representatives of opportunistic microflora, and
possible appearance of bacterial strains atypical of a
certain biotope.

The entire combination of factors affecting humans
or animals during a space flight or prolonged exposure
to hyperbaric conditions is quite unique; therefore,
no adaptive measures against it have been developed
through evolution [11]. In addition, the data suggest
that such factors as nervous and functional stress, hy-
pokinesia, extreme exercise load, prolonged stay in iso-
lated conditions with modified parameters of the gase-
ous environment and microclimate also contribute to
the development of dysbacteriosis [12]. The same study
shows that nervous and functional stress results in a
reduced number of bifidobacteria and lactobacilli, in
some cases up to their complete eradication. Changes
in aerobic microflora leading to increased concentration
of some representatives also occur in the case of ex-
treme exercise load. Pronounced changes in microflora
also occur in people after they stay in a diving chamber
with an altered gaseous environment and microclimate.
These are common changes in the intestinal microflora
resulting from exposure to extreme situations. The de-
velopment of dysbacteriosis is triggered by a reduced
concentration of bifidobacteria and lactobacilli. The
degree of manifestation of dysbiotic rearrangement of
microflora largely depends on the initial state of the
microenvironmental status.
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Fig. 1. Scheme showing the development of the colonization resistance disruption syndrome in space flights

N.N. Lizko’s discussed the type of stress-induced
changes in his review [13]. Stressful situations estab-
lish the conditions for modification of the adhesive
properties of bacteria and cell adhesiveness of a host.
For example, the physical and chemical state of intes-
tinal mucin may be disrupted by bile acids, proteolytic
enzymes, and pH changes. An abrupt reduction in the
mucosal component (mucin) and a decreased level of
acidic mucopolysaccharides on the surface of the mu-
cosal layer and mucosal lining cells are considered to
be indicators of reaction to stress. Direct evidence sup-
port the existence of a certain predilection for changes
in adhesion during stress-induced shifts in the diges-
tive process. Notable changes in immune reactivity
were observed in response to stress-induced activation
of the hypothalamic-pituitary-adrenal axis. Reduced
immune resistance can affect the topographic distri-
bution of some microbial populations in the GIT. This
may result in endogenous contamination and meta-
bolic consequences of enhanced bacterial growth in
the small intestine.

Thereby, disruption of the colonization resistance
syndrome develops in almost all cases of humans living
in artificially modified habitats. However, development
of this syndrome depends on both specific factors, e.g.
altered habitat factors (space radiation, micro-gravity,
hypokinesia for space flights; a combination of an al-

tered gaseous environment and changes in the pressure
for hyperbaric conditions, etc), and non-specific factors,
primarily stress-induced factors, and factors related to
an enclosed space. They affect almost all colonization
barriers.

Thus, during a space flight (Fig. 1), a combination
of specific (microgravity, hypokinesia, space radiation,
colonization of environmental elements by bacterial—
fungal associations) and non-specific factors (stress,
closed environment factors) affect the conditions of
all three colonization barriers. Intensive microbial ex-
change, exogenous contamination, stress-induced
dysbacteriosis, and increased pathogenic potential in
the human-microorganism system lead to a weaken-
ing of the first barrier formed by protective microflora.
The second barrier (epithelial tissue and mucosa) also
experiences a weakening of its protective properties
due to several pathophysiological processes (redistri-
bution of fluids, disruption of calcium homeostasis, in-
creased desquamation of epithelium, and disruption of
the physiological function of the intestine). The third
barrier (factors of cell-mediated and humoral immu-
nity) is also impaired, thus leading to changes in phago-
cytosis, serum bactericidal activity, reduced activity of
killer cells and decreased production of interleukins,
activation of the osteoclast-activating factor, and de-
velopment of toxic and allergic conditions.
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In inhabited ground-based closed-chambers (Fig.
2), specific environmental factors (elevated concen-
tration of metabolic products, deadaptation, limits on
hygienic procedures) and stress promote an increased
intensity of both microbial and plasmid exchanges,
which results in the spontaneous formation of noco-
somial-like strains as early as during the first days of
isolation, as well as an increased size of microbial foci,
replacement of less virulent strains with more viru-
lent strains of the same species, systemic dysbacterio-
sis, etc. The physiological status of epithelial tissue is
also affected. The disrupted immunity manifests itself
in a reduced functional activity of T lymphocytes and
cytotoxic activity of natural killer T cells; a decreased
production of interleukin 2; increased levels of im-
munoglobulins A, M, G; weakened phagocytosis and
blood serum bactericidal activity; and increased sen-
sitivity to bacterial and chemical agents.

Disruption of the colonization resistance syndrome
caused by a prolonged exposure to hyperbaric condi-
tions is the most pronounced and most dangerous one
(Fig. 3). Under such conditions, a combination of specific
factors (a combination of the influences of a hyperbaric
environment and altered gaseous environment) leads to
pronounced activation of opportunistic microflora and
suppression of the protective microflora. As a result,
a manifestation of the disruption of the colonization
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resistance syndrome develops linearly with intensive
colonization of the habitat with sapronose infectious
agents, mainly Pseudomonas aeruginosa. The sever-
ity of the syndrome depends on the length of stay in
hyperbaric conditions and the pressure. The barrier
functions of epithelial tissue are additionally impaired
by micro-barotraumas, maceration of epithelium, a de-
creased activity of ceruminal glands in external audi-
tory canals, which become locus minoris resistentiae for
infections. Infection caused by prolonged diving often
manifests itself as external otitis, which results in pre-
mature decompression of the affected divers for medi-
cal reasons (Table 1) [7].

METHODS FOR PREVENTING THE DISRUPTION OF

THE COLONIZATION RESISTANCE SYNDROME

Various commercial probiotic preparations based on
collection strains are widely used to prevent and treat
dysbacterioses of different origins. However, it is well
known that probiotics introduced into the body may
create an imbalance in the host’s autoflora as a result
of antagonism between the indigenous and industrial
strains [14]. Some researchers have shown that pro-
biotics based on industrial strains fail due to biologi-
cal incompatibility [15]. The number of reports on the
adverse effects of probiotic therapy with preparations
containing industrial strains is on the rise. Most pa-
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Fig. 3. Scheme showing the development of the colonization resistance disruption syndrome under hyperbaric condi-

tions

pers report infectious complications associated with
the use of commercial probiotics. Such adverse effects
are likely to develop in weakened, elderly or immune-
compromised patients. This fact should always be
taken into account when using probiotic correction
measures.

Detailed data on the complications associated with
probiotic therapy of both bacterial and fungal etiology
is presented in review [16] and partially summarized in
Table 2.

In addition to meeting the standards of genetic safe-
ty and resistance to antibacterial agents, the efficiency
of a probiotic is also determined by its adhesive activ-
ity, lack of competitive relationships with the indig-
enous microflora, as well as by its antagonistic prop-
erties against opportunistic pathogens, which can be,
to an extent, achieved through personalized selection
of probiotic preparations [26]. The highest degree of
preparation customization can evidently be reached by
using autostrains of microorganisms selected from the
microbiocenosis of the subject.

According to B.A. Shenderov, a fetus develops im-
munological tolerance to the normal microflora of the
mother already during intrauterine growth [27]. Ac-
cording to the published data, the differences in the
ability of industrial and autostrains to adhere to epi-
thelium cells depend on the compatibility between a

strain’s receptors and cell receptors [28—30]. Thus, it
has been shown that vaginal lactobacilli adhere to cells
of vaginal epithelium better than strains isolated from
other sources [28, 29].

B.A. Berdichevsky studied the protective role of
autobacteria under stress conditions [8]. Activation of
the autochtonous microflora in response to surgical
stress, which included translocation of autobacteria
into extrainterstinal biotopes followed by elimination
through the urinary tract, was demonstrated experi-
mentally.

Some authors have proposed to use full human
microbiocenosis as preparations [31—33]. To ensure
infinite preservation of microflora it is recommend-
ed to store the biological material in cryobanks and
subsequently use it to construct autoprobiotics and
products of functional nutrition [31, 32]. The pat-
ent “Method for establishing a bank of autochtonous
strains of microorganisms for the restoration of hu-
man intestine microbiocenosis” describes a method
for producing a preparation of autolougous intestine
microorganisms [33]. The method includes collecting
stool samples from the same subject during clinically
healthy periods, starting with days 7—15 after birth
and subsequently at least once a year over his entire
life. Autostrains of the normal intestine microflora are
isolated from the samples and identified. The biomass
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Table 1. Development of the disruption of colonization resistance under hyperbaric conditions, presented as a change in
ratios between the protective and opportunistic microflora in epithelial tissue and the intestine

C Bweme 0 ws a0

Decompression

Table 2. Cases of bacterial and fungal sepsis chronologically associated with the use of probiotics *

Hepatic

abscess T4

Diabetes

Prematurity, gastrostomy, short
bowel syndrome, CVC, intravenous
feeding, rotavirus-induced diarrhea

Bacteraemia
months

Bacteraemia 47 Not given

3

CVC, diarrhea, intravenous feeding
months

Fungaemia

Kidney and pancreas
transplantation, immunosupres-
sion, diarrhea associated with
Clostridium difficile

Fungaemia 42

LGG** API50 CH*** PFGE [17]

LGG

1/4 capsul’e /day rRNA sequencing

(19]

Bacillus subtilis,

8 x 109 spores,/day Antibiotics sensitivity

[21]

PFGE of mitochon-
drial DNA

Saccharomyces boulardii,

100 mg/day**** [23]

S. boulardii,

1 g/day PFGE

[25]

Notes. CVC— central venous catheter, rRNA — ribosome RNA, PFGE — pulsed field gel electrophoresis, LGG — Lacto-

bacillus rhamnosus GG, CFU— colony-forming unit.
Ref. [16].

“If the dosage is not listed in the table, the exact dosage was not provided in the original paper.

™A kit for identifying Lactobacillus spp., BioMerieux.
7250 mg of S. boulardii =5.425 X 10" living cells.

of each bacterial species is grown on selective me-
dia up to at least 10°-10° cells/ml. The resulting bio-
masses are joined and supplemented with a stabiliz-
ing solution. The mixture is divided into samples. Each
sample is preserved during the entire lifetime of the
subject with the biotiter being occasionally inspected.
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In infants less than 1 year old, the normal intestinal
microflora predominantly consists of bifidobacteria
Bifidobacterium bifidum, B. brevis, B. infantis and
lactobacilli Lactobacillus acidophilus, L. fermenti.
The normal intestinal microflora of individuals older
than 1 year predominantly consists of bifidobacteria
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B. longum, B. adolescentis, lactobacilli L. acidophilus,
L. fermenti, L. plantarum, strains of Escherichia coli
and lactic streptococci Streptococcus faccium, Str.
faecalis, Str. avium, Str. salivarius and Str. bovis. Dur-
ing the storage, equal amounts of autostrains samples
isolated during different stages of a person’s life are
further combined after biotiters are inspected. The
introduction of a sample from the bank of autostrain
microorganisms into the intestine makes it possible to
simultaneously affect different components of the dis-
rupted intestine biocenosis due to the use of the entire
range of normal intestinal microflora [33].

The method for obtaining an autoprobiotic culture
based on enterococci was described in patent “Method
for obtaining autoprobiotic based on Enterococcus fae-
cium, a representative of the indigenous microflora
of a host intestine” [34]. The novelty of the proposed
method for preparing lactic culture lies in the fact
that the product is prepared from one’s own (auto-
probiotic) E. faecium strain isolated from his gastroin-
testinal tract. This method proposed for the first time
to use the polymerase chain reaction (PCR) after the
selection of colonies with a characteristic morphology
and directly before preparing the product in order to
determine the entoroccocus species and genetic deter-
minants of pathogenicity. This approach guarantees
absolute safety of the end product for the subject. The
method is also characterized by fast production of a
mature culture (4—6 days following the day the mate-
rial is collected). Isolation of indigenous enteroccoci
from feces to produce autoprobiotic lactic acid cul-
tures requires implementation of the following algo-
rithm: to plate bacteria from the individual’s feces on
a selective medium, to identify the genus to which the
strain belongs, to run PCR to determine the enteroc-
cocus species and potential pathogenicity factors, to
select clones that satisfy genetic safety and physiolog-
ical functionality criteria, to store individual entercoc-
cocus strains in a cryobank, and finally to produce the
lactic culture [34].

In 2006, Van Likui comprehensively studied the
treatment of bacterial vaginosis with autochtonous
microorganisms [35]. The use of a commercial lacto-
bacterin preparation in the form of a vaginal supposi-
tory improved the content of the vaginal microflora,;
however, it did not result in full recovery of lactic mi-
croflora due to the low survival rate of lactobaccilli
from the intestine in the vagina. It was proposed to
use autochtonous lactobacilli isolated from female pa-
tients’ vaginas to correct microbiocenosis impairment.
Suppositories containing lactobacilli autostrains were
topically applied after a course of antibacterial ther-
apy, which ensured successful implantation of probi-
otics and significantly reduced the risk of recurrent

bacterial vaginosis. A similar method was successfully
employed to restore the disrupted microbiocenosis of
vaginas in pregnant women after treating pyelone-
phritis with antibiotics [36].

It was demonstrated [37] that the commercial bac-
terial preparation Acylact is quickly eliminated from
the vaginal environment. A 12-month-long randomized
double-blind trial of commercial and autologous lacto-
bacilli was carried out. A total of 165 women with bacte-
rial vaginosis were involved in the study. One hundred
and thirty-two patients underwent control examina-
tion: 70 patients from the group that received autoch-
tonous lactobacilli (group I) and 62 patients from the
group that received the Acylact preparation (group II).
The therapeutic efficiency was measured using the cri-
teria of clinical response, recovery of vaginal microbio-
cenosis and disappearance of the objective symptoms
accompanying the disease. Prevention efficiency was
measured by the number of relapses over the entire
follow-up period. The dynamics of vaginal biocenosis
recovery to its normal state was significantly different
between the two treatment methods. When using auto-
chtonous lactobacilli, biocenosis in most women (82.2%)
recovered its normal state as early as after 3 months,
while the maximum values (88.7%) were observed
after 6 months; at the end of the study, the improve-
ment was only 1.5%. When using Acylact preparations,
the recovery to the normal state after 3 months was
observed only in 61.7% of patients; after 6 months, in
71.4% of patients; and after 12 months, in 78% of pa-
tients. The rate and percentage of recovery in group II
were significantly different from the values observed
for group I (p = 0.05). The results of these studies show
that lactobacilli exhibit genetic heterogeneity, which
defines its specificity towards the host [37].

CONCLUSIONS

The use of indigenous strains of protective microor-
ganisms to correct dysbiosis has been studied by sev-
eral authors [31—43]. The application of autostrains to
prevent and treat dysbacteriosis in people holding ex-
treme jobs (astronauts, pilots, divers, athletes, rescue
workers) is particularly relevant. The lack of infectious
complications, biological incompatibility and low ac-
ceptability make it possible to suggest that these prep-
arations can be used to treat newborns, elderly people,
and patients with a suppressed immune system. The
concept of creating cryobanks of human microbioce-
nosis and autoprobiotics can be considered at the mo-
ment as a separate branch of personalized medicine. A
customized approach to drug selection allows one to im-
prove the efficiency of both prevention and treatment,
as well as to reduce the risk of adverse drug reactions
in each patient. ®
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ABSTRACT The present work provides results of a number of biotechnological studies aimed at creating cell lines
and entire plants resistant to anaerobic stress. Developed biotechnological approaches were based on earlier
fundamental researches into anaerobic stress in plants, so “Introduction” briefly covers the importance of the
problem and focuses on works considering two main strategies of plants adaptation to anaerobic stress. Those are
adaptation at molecular level where key factor is anaerobic metabolism of energy (true tolerance) and adapta-
tion of the entire plant via formation of aerenchyma and facilitated transportation of oxygen (apparent toler-
ance). Thus, sugarcane and wheat cells resistant to anaerobic stress were obtained through consecutive in vitro
selection under conditions of anoxia and absence of exogenous carbohydrates. Tolerant wheat cells were used
to regenerate entire plants of higher resistance to root anaerobiosis. It has been demonstrated that cells toler-
ance to anoxia is significantly supported by their ability to utilize exogenous nitrate. Cells tolerance established
itself at the genetic level and was inherited by further generations. Apart from that, other successful attempts
to increase tolerance of plants to anaerobic stress by means of stimulation of glycolysis and overexpression of
genes responsible for cytokinin synthesis and programmed cell death are also discussed. The presented data
proved the notion of two main strategies of plants adaptation to anaerobic stress proposed earlier on the base of
fundamental studies.

KEYWORDS anaerobic stress, growth index, in vitro cell selection, programmed cell death, transgenic plants, mi-
tochondrial ultrastructure.

ABBREVIATIONS PDC — pyruvate decarboxylase; ADH — alcohol dehydrogenase; ISPA- International Society for

Plant Anaerobiosis.

INTRODUCTION

As plants are obligate aerobes, oxygen deficiency (hy-
poxia) and especially its total absence (anoxia) cause
dramatic ecological stress. Meanwhile plants often suf-
fer from sudden molecular oxygen deprivation both
under natural condition and as a result of human activ-
ity. Most often plants are subject to oxygen depriva-
tion on hydromorphic and flooded soils for the oxygen’s
poor solubility and low diffusion rate in the water [1, 2].
Nowadays, there are vast areas of hydromorphic soils
in many countries [3—5]. It is believed that melting of
permafrost and polar ice, together with ensuing rise
of the world ocean level, may lead to a flooding of nu-
merous regions of the planet. Oxygen scarcity is also
observed in firm soils [6]. In this respect, roots and seeds
of plants are the most vulnerable. In northern countries
and countries with a moderate climate winter cereals
and perennials can be damaged by ice crust, imperme-
able to gas, that appears on the surface of soil in au-

tumn and winter [7]. Anaerobic stress may damage and
even lead to a total failure of crop and wildings thus
causing considerable ecologic and economic losses.

Problem of hypoxia and anoxia is also important in
regard to long-term storage of agricultural commodi-
ties like fruits, grain, vegetables [8].

In last decades anaerobic stress in plants has become
a topical subject of study not only among physiologists
and biochemists, but molecular biologists and geneti-
cists as well. Number of publications and ISPA confer-
ences devoted to study of hypoxia and anoxia in plants
is constantly rising. Anaerobic stress has been discussed
in numerous special issues of international journals (see
Annals of Botany (special section). 1994. V. 74. No 3. Ed.
Jackson M.B.; Annals of Botany (special Issue). 1997. V.
79. Ed. Jackson M.B.; Annals of Botany (special section).
2002.V.90. No 4. Ed. Smirnov N.; Annals of Botany (spe-
cial Issue). 2003. V. 91. Eds Visser E., Voesenek L.A.C.J.,
Jackson M.B.; Russian J. of Plant Physiology (Special
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Issue). 2003. T. 50. No. 6. Ed. by Vartapetyan B. B. ; An-
nals of Botany (special Issue). 2005. V. 96. Ed. Jackson
M.B.; Annals of Botany (special Issue). 2009. Eds Jack-
son M.B,, Ishizawa K., Ito O.; New Phytologist (special
Issue). 2011. V. 190. Ne 2. Eds Perata P., Armstrong W,
Voesenek L.A.C.J.) Along with that a number of mono-
graphs [9—14]issued by ISPA members have had a sig-
nificant impact on further development of this scien-
tific trend.

Commonly admitted notion of two main strategies of
plants adaptation to anaerobic stress has been actively
elaborated. The first one is molecular adaptation which
takes place at the absence or lack of oxygen through
fundamental rearrangement of the entire cell metabo-
lism. The second is adaptation of the plant as an entire
body due to transportation of oxygen from aerial parts
to parts localized in anoxic environment (roots), that is
escape strategy to avoid anaerobiosis. It becomes more
and more clear that cell energy metabolism is a key
factor in both metabolic adaptation and plant damage
under anaerobic stress.

High sensitivity of plants to the lack of oxygen, es-
pecially its total absence, can be explained by the fact
that higher plants, being obligate aerobes, demand con-
stantly available molecular oxygen in the environment
to maintain itself.

However, many species, mainly wildings, in the course
of evolution acquired the ability to inhabit temporarily
or constantly hydromorphic and even flooded anaerobic
soils [15, 16]. The only exception among cultivated plants
is rice — Oryza sativa L. — that is known to be grown
mostly on flooded soils [17—19]. Nevertheless, it is often
that even rice plants suffer from anaerobic stress when
sprouts get entirely submerged as it happens in monsoon
season in East and South-East Asia [20].

The fact that numerous plants in the course of natu-
ral evolution or due to man-made selection acquired
an ability to inhabit temporarily or constantly flooded
anaerobic soils makes it important and viable to car-
ry out both fundamental studies having their aim in
finding out molecular mechanisms of plants adapta-
tion and applied ones in particular biotechnological
approaches (gene and cell engineering) to creation of
plants tolerant to anaerobic stress. However, researches
in this field were mostly fundamental and they pre-
pared serious base for more active studies of applied
problems of anaerobiosis, in particular development of
biotechnological methods of creation plants tolerant to
hypoxia and anoxia, which was the main objective of
this review.

The present review discusses biotechnological ap-
proaches elaborated on the base of earlier fundamen-
tal studies in this field, in particular on the notion of
two strategies of plants adaptation to anaerobic stress
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[15—17, 21, 22]. One of these approaches was devised
from results of studies that demonstrated key role of
anaerobic metabolism (glycolysis and fermentation)
and carbohydrates metabolism in adaptation of plants
to anaerobic stress [21—24]. This knowledge allowed to
create cell lines of Saccharum officinarum L. [22, 25]
and Triticum aestivum L. [26, 27] via in vitro selection
in the absence of exogenous carbohydrates, that were
more resistant to anoxia than original callus cells. More
resistant cells of T. aestivum L. were further used to
regenerate entire plants that occurred to be more toler-
ant to the soil anaerobiosis as their cultivation in ample
water conditions proved.

Experimental results on in vitro selection of plant
cells showing protective function of exogenous nitrate
as potential alternative acceptor of electrons in severe
conditions of anoxia have been also reviewed [28].

Taking into account the role of energy metabolism in
adaptation of plants to anaerobic stress the possibility
of increasing plants resistance via super expression of
PDC and ADH genes were considered [29—32].

Another biotechnological approach, also success-
fully applied to obtain plants resistant to hydromor-
phic soils [33], was absolutely different from already
mentioned. In this case another widely-known fact
was used, namely the reaction of majority plants sensi-
tive to hypoxia and anoxia to anaerobic stress: flood-
ing at an early stages lead to withering and aging of
aboveground organs and only after that to death. On
the other hand, it is well known that aging of plants is
subject to hormonal regulation. Thus, cytokinines make
substantially rejuvenate aging aerial organs [34, 35].
Considering these circumstances, there was an attempt
to enhance capability of plants to synthesize cytokinin
and thus to boost their resistance to anaerobic stress
by means of transformation of the plant with ipt gene
responsible for the synthesis of this hormone [26, 33].

Possibility to increase plants resistance to anaerobic
stress was also studied in transgenic tobacco N. taba-
cum Samsun NN characterized by high activity of re-
cently discovered enzyme phytaspase [36—38] mediat-
ing programmed cell death. An interest to transgenic
tobacco derives from earlier studies [15, 17, 22] that
demonstrated not the molecular metabolic adaptation
but crucially different pattern of plant adaptation to
anaerobic environment expressing itself in formation of
aerenchyma and avoidance of anaerobiosis due to long-
distance transportation of oxygen that is the adaptation
on the level of the entire plant body.

IN VITRO SELECTION OF SACCHARUM OFFICINARUM
CELLS TOLERANT TO ANAEROBIC STRESS

As it has already been mentioned the basis for this
biotechnological approach was experimental results
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Fig.1. Ultrastructure of Saccharum officinarum L callus cells
sensitive to anaerobic stress.Under anoxia and in the ab-
sence of exogenous glucose. a — control; b — 24 h anaero-
bic incubation; ¢ — 48 h anaerobic incubation; d —72 h
anaerobic incubation. M — mitochondria Bars = 0.5um

proving the key role of anaerobic metabolism in re-
sistance of various organs of plants to hypoxia and an-
oxia [15—17, 21—24]. Key role of anaerobic metabolism
in resistance to anoxia and hypoxia is also confirmed
by presented electron micrographs of ultrastructure
of mitochondria from sugarcane callus cells that was
transferred from aerobic medium to anaerobic in the
absence and the presence of exogenous glucose (Fig.
1 and 2). The stength of cells resistance to anaerobic
stress was assessed through electron-microscopic study
of ultrastructure of mitochondria that are highly sensi-
tive to the lack of oxygen. Oxygen deprived mitochon-
dria membranes demonstrate certain change pattern
of ultrastructure.

In the absence of exogenous carbohydrates in the
medium, ultrastructure of mitochondria and other
organelles of cells, kept for 24 hours under anoxia
(Fig. 1B), did not significantly differ from aerobic con-
trol (Fig. 1A). At the longer anaerobiosis (48 hours)
more distinct features of destruction in mitochondria
and other organelles were detected (Fig. 1C). Anoxia of
72 hour length caused total degradation of mitochon-
dria and other cell organelles (Fig. 1D).

On the contrary, addition of glucose in concentration
of 3% to a medium demonstrated no destructive chang-
es of mitochondria and organelles even at anaerobiosis
of 96 hours (Fig. 2B).

Alongside the electron microscopy observations the
ability of callus to restore its growth after anaerobic

Fig. 2. Ul-
trastructure

of Saccharum
officinarum L

of callus cells
sensitive to
anaerobic stress.
Under condition
of anoxia and

in the presence
of 3% glucose.

a — control;

b — 96 h anaer-
obic incubation.
M — mitochon-
driaBars =0.5pum

period in conditions close to normal aeration was also
assessed. To do this, we defined callus growth index
(the difference between the final and the initial masses
divided by the initial) following one month of cultivat-
ing in normal conditions.

Results of these experiments indicated the decrease
of post-anaerobic growth index for cells in the absence
of exogenous carbohydrates as the duration of anaer-
obiosis increases; at 96-hour anaerobiosis this index
tends to zero (Table 1).

Cells demonstrated substantially better resist-
ance to anoxia at administration of exogenous glucose
(Table 2).

Since the experiments with cells of sugarcane callus
confirmed the key role of anaerobic energy metabo-
lism in formation of cells resistance to anoxia, further
selection of tolerant callus cells [25—28] and anaerobic
exposure were carried out in the absence of exogenous
carbohydrates (glucose) in the medium. Only in those
conditions when cells resistance was defined by param-
eters of anaerobic energy metabolism of endogenous
carbohydrates one could hope to obtain cells genuinely
tolerant to anoxia.

From the results of trial experiments a consecutive
in vitro selection of anoxia-tolerant cells in carbohy-
drate-free medium was derived. After 48-hour incuba-
tion 13% of cells remained capable of growing further
in aerobic conditions. Calluses were incubated without
oxygen for 48 hours and kept under normal aeration.
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Table 2. Growth index of Saccharinum officinarum L
exposed to anaerobic incubation anaerobic incubation
on medium containing 3% glucose after cultivation under
normal aeration conditions for 1 month

Table 1. Growth index of Saccharinum officinarum L
exposed to varying in length anaerobic incubation on
glucose-free medium after cultivation under normal aera-
tion conditions for 1 month

Anaerobic Growth Anaerobic Growth
incubation, h index % of control incubation, days index % of control
0 4.63 =0.50 100 0 5.7+ 0.51 100
6 2.35 = 0.25 50.7 £ 5.4 3 3.0 =0.29 52.0 =5.0
24 147 +0.15 31.7+3.2 5 2.9 %031 50.8 5.4
48 0.60 = 0.09 13.0 =20 7 2.5 +=0.27 43.8 4.7
72 0.55 = 0.10 11.8+22 9 15=+0.14 26.3 + 2.4
96 0.16 = 0.01 3.9 == 0.3 14 0.2 = 0.06 3.3+1.1
Fig.3. Growth index of 120
Saccharum officinarum OSensitive cells
L sensitive and tolerant mTolerant cells
cells, that were, after __ 100
anaerobic incubation, cul- 2
tivated during one month 5
under condition of normal O 80+
aeration. White column — \?,
callus cells before in vitro °. 60 1
selection. Shaded col- b
umn — callus cells after in _g
vitro selection <€ 40 -
3
0
O
20 A
0 T T T T
6 24 48 72 96

Clones, formed under anaerobic incubation (48 hours),
were then exposed to anoxia for 72 hours. From cells
that survived the second stage of selection and under-
went subsequent anaerobiosis for 96 hours aerobically
growing clones were picked. Thus after three stages of
selection we obtained a cell line of sugarcane that grew
in post-anaerobic period under conditions of normal
aeration more actively than original callus. Even after
exposure to anoxia for 96 hours half of such cells re-
mained capable of dividing, whereas the original callus
showed such capability only after 6-hour anaerobiosis
(Fig. 3).
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Duration of anaerobic incubation, h

IN VITRO SELECTION OF ANOXIA-TOLERANT

WHEAT CELLS AND REGENERATION OF ENTIRE

PLANTS RESISTANT TO FLOODING OF ROOTS

Similar experiments on selection of tolerant cells in the
absence of exogenous carbohydrates were carried out
with T. aestivum L. callus in order to regenerate the
entire plant, resistant to flooding of roots [27]. In the
course of selection cells exposed to anoxia were gradu-
ally losing the ability either to grow further in aerobic
conditions or to regenerate into new plants, so we se-
lected cells under conditions of 32 hour anaerobiosis. In
this case cell growth index comprised 45%, whereas the
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Fig.6. Ultrastruc-
ture of Saccha-
rum officinarum
L. sensitive
callus cells under
conditions of
anoxia and in the
absence of ex-
ogenous nitrate.
a — control; b —
6 h anaerobic in-
cubation in the
absence of ex-
ogenous nitrate;
¢ - 24 h anaero-
bic incubation

in the absence
of nitrate. M —
mitochondria
Bars = 0.5um

B Growth index
O Portion of morphogenic callus

% of contro
w I
o o

1 1

N
o
1

o
1

24 32 48
Duration of anaerobic incubation, h

Fig.4. Growth index and percent of morphogenic calli

of Triticum aestivum L. after anaerobic incubation in the
absence of exogenous glucose. Control — under aerobic
condition

Table 3. Survival of Triticum aestivum L plants R, and R,
under conditions of root anaerobiosis at different tem-
perature regimens

Survived
: Total plants
Experl'nr'lental Plants number
conditions of plants N Rate, %
8 day Control 20 0 0
flooding, 32°C R, 22 7 32
10 day Control 32 18 56
flooding, 22°C R, 36 36 100
Fig.5. Wheat plants after 8-days flooding. Control (A) 8 day Clomiiall 24 11 46
and tolerant (B) plants flooding, 32°C R, 2 &2 100
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Fig.7. Ultrastruc-
ture of Saccha-
rum officinarum
L. t sensitive
callus cells under
conditions of
anoxia and in the
presence of ex-
ogenous nitrate.
a — control;

b — 6 h anaero-
bic incubation;

¢ — 24 h anaero-
bic incubation.
M — mitochon-
driaBars =0.5um

capability of regenerating a whole plants from tolerant
cells — 18% (F'ig. 4).

Plants obtained from tolerant cells after selection un-
der anoxia were tested together with controls for flood-
ing of roots during 16 days at the temperature of 26°C.
Among controls only 30% of plants survived, whereas
among regenerants — about 73%.

In order to find out the genetic aspects of tolerance
to soil anaerobiosis we sowed seeds acquired from re-
generated tolerant plants of the first generation and
then assessed tolerance of new plants to root anaero-
biosis. R, plants obtained as a result of self-pollination
of regenerant plants were examined for root flooding in
soil experiment at the average temperature of 32 and
22°C (Table 3). At all used temperatures survival rate
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Fig.8. Ultrastruc-
ture of Saccha-
rum officinarum
L. tolerant callus
cells under con-
ditions of anoxia
and in the ab-
sence of exog-
enous nitrate

a — control;

b — 24 h anaero-
bic incubation;

c — 48 h anaero-
bic incubation

M — mito-
chondria

Bars = 0.5pm

among descendants of regenerated plants was higher
than that among controls.

In the soil experiment R, plants remained tolerant to
the root flooding (Table 3, Fig. 5). Thus it was confirmed
that regenerant plants inherit increased tolerance to
flooding.

PROTECTIVE ROLE OF NITRATE IN ANOXIA

TOLERANCE OF S. OFFICINARUM CELLS

OBTAINED THROUGH IN VITRO SELECTION

Further experiments on anoxia tolerant cells of S. of-
ficinarum, isolated in the course of selection, and cal-
lus cells as control were an attempt to find out possible
role of exogenous nitrate (NO,") as protective factor at
anaerobic incubation of cells [28]. Previous studies car-
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ried out on whole plants and separate organs showed
mobilization and utilization of exogenous nitrate to play
significant role in plants tolerance at the absence of mo-
lecular oxygen [39—44].

Electron microscopic examination of cells of original
sugarcane callus (control) showed their high sensitivity
to anoxia in the absence of nitrate in the medium (Fig.
6). Although 6-hour anaerobic incubation did not cause
any serious damage to mitochondria membranes, fol-
lowing 24-hours of anaerobiosis we observed not only
damaged membranes, but entirely degraded both mi-
tochondria and other cell structures (Fig. 6C).

In the presence of exogenous nitrate callus cells of
the control intolerant line were demonstrated to have
increased anoxia tolerance. Even at the 24-hour anaer-
obiosis were detected no obvious signs of membrane
degradation in mitochondria and other organelles (Fig.
7C). Substantial destruction of mitochondria mem-
branes close to degradation was observed at longer
anaerobiosis (48 hours).

Cells of tolerant line obtained through in vitro selec-
tion even in the absence of nitrate in the medium were
significantly more resistant to anoxia than original cells
(Fig. 8). Anaerobic incubation of cells during 24 hours
did not cause destruction of membranes (Fig. §B). Only
after 48 hours of anaerobiosis evident signs of mito-
chondrial destruction were recorded (Fig. §C) and only

Fig. 9. Ultrastructure of Saccharum officinarum L. tolerant
callus cells under conditions of anoxia and in the presence
of exogenous nitrate. a— 24 h anaerobic incubation; b, ¢ —
48 h anaerobic incubation; d — 72 h anaerobic incubation.
M — mitochondria Bars = 0.5um

after 72 hours when the cells ultrastructure completely
degenerated.

The most serious distinctions between callus lines
were revealed at the anaerobic incubation of tolerant
cells isolated through in vitro selection in the presence
of nitrates in the medium. Mitochondria ultrastructure
of such cells remained intact even after 48—72 hours of
anaerobiosis (Fig. 9B, C, D) except for small non-path-
ological morphologic changes. However, these changes
in ultrastructure and morphology were not destructive
even after 72 hour exposure (Fig. 9D).

Along with the monitoring of the cells ultrastructure
under conditions of anaerobiosis in the presence and in
the absence of nitrate we also monitored growth of cells
from the sensitive and the resistant lines of callus in
post anaerobic period. In the mentioned period growth
of the sensitive cells in the nitrate-free medium was
considerably suppressed. Supplement of nitrate did
not make callus of the sensitive line to grow much bet-
ter. For instance, following 48-hour of anoxia accretion
comprised only 10% of the control level for nitrate-free
medium and 16% for the full medium. Adding nitrate
to the medium significantly favors growth of tolerant
cells. Thus, after 48 hours of anaerobiosis callus mass
grew 18% bigger in the nitrate-containing media than
in the nitrate-free medium (Fig. 10). In the presence of
nitrates tolerant cells remained able to grow even after
72 hours of anoxia, whereas in the nitrate-free medium
such growth was not detected.

As far as calluses of the sensitive line are concerned,
their exposure to anoxia stipulated considerable de-
crease of the growth index and compared to resistant
line protective role of nitrate was expressed signifi-
cantly weaker.

Thus, the gained results clearly indicate that under
conditions of anoxia, exogenous nitrate serves a protec-
tive factor both in control cells and in cells obtained via
in vitro selection in the absence of molecular oxygen.
However, in cells acquired through in vitro selection
protective function of exogenous nitrate was consider-
ably stronger than that in original (control) cells.

Recent publications confirming positive influence
of nitrate on plants exposed to hypoxia and anoxia
showed similar results in the absence of nitrate, but in
the presence of trace amount of nitrite in the medium
[45—47]. These results let us assume that protective ac-
tion of nitrate in the absence of oxygen is stipulated
by electron-acceptor function of not nitrate, but, more
likely, that of nitrite or by signal function of NO,” that
is formed from nitrate under anaerobiosis. On the other
hand, as it was demonstrated in Hill laboratory [47] un-
der conditions of hypoxia, as a result of NO,™ reduction,
mitochondria synthesize ATP, likely one of the most
important protective factors of both nitrite and nitrate,
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Fig. 10. Growth index of
Saccharum officinarum
L. tolerant and sensi-

OSensitive line
Tolerant line

tive cells after anaerobic
incubation. The figures

indicate the duration (h)

50

of anaerobic incubation of
callus cells in the presence

40

and in the absence of
nitrate Control — aerobic
condition

30

Growth index, % of control

20

10

24 — nitrate
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the latter being a source of nitrite under conditions of
hypoxia and anoxia.

One should pay attention to the following trait of
tolerant cells obtained through consecutive in vitro se-
lection under anoxia stress: in the presence of nitrate
anoxia tolerance of selected cells is significantly higher
than that of original cells used for selection [28]. This
observation entitles us to assume that anoxia tolerance
of S. officinarum cells substantially rose in the course
of selection defined by glycolytic reactions along with
processes of nitrate and, probably, nitrite utilization,
under such harsh conditions.

It appears viable to devote further attempts to find-
ing out physiological function of nitrite formed from
nitrate as potential alternative electron acceptor or sig-
nal factor in the course of anaerobic incubation of callus
cells.

ATTEMPTS TO BOOST THE RESISTANCE OF

TRANSGENIC PLANTS TO ANAEROBIC STRESS

BY MEANS OF STIMULATING THE ACTIVITY OF
GLYCOLYTIC ENZYMES (PDC AND ADH)

On the assumption that anaerobic energy metabo-
lism is a key factor in metabolic acclimation of plants
to anaerobic stress [15, 21, 22, 48—53], there were nu-
merous attempts to raise plants tolerance to hypox-
ia and anoxia by enhancing alcoholic fermentation
with overexpression of genes of glycolytic enzymes
in transgenic plants [29—32]. The results of the first
experiments were somewhat controversial [29—31].
Experiments on the activity of alcoholic fermentation
enzymes (PDC and ADH) in transgenic Arabidopsis
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48 — nitrate

48 + nitrate

[32] appeared especially interesting. Compared to to-
bacco roots [30], transgenic Arabidopsis with intro-
duced PDC construct exhibited not only higher speed
of alcoholic fermentation, but also greater resistance
to hypoxia than control plants [32]. Unlike PDC trans-
genic Arabidopsis, plants with ADH transgene and,
respectively, higher ADH activity, did not demon-
strate the increase in tolerance, although mutation in
adhl gene substantially enhanced accumulation of ac-
etaldehyde and dramatically reduced the resistance to
the hypoxic stress. High sensitivity and vulnerability
of ADH mutant of Arabidopsis under hypoxia stress
could be stipulated by accumulation of acetaldehyde,
amount of which sharply rose in ADH deprived cells,
and, consequently, by possibility of reduction of acet-
aldehyde to ethanol and thus protection of cells of its
toxic effect. Along with that one cannot totally neglect
the accumulation of pyruvic acid in these conditions
that may to some extent lead to LDH-mediated accu-
mulation of lactate in toxic concentrations. By admin-
istration of 3% sucrose authors demonstrated that the
increase of resistance requires plants to be provided
with substrate. This conclusion correlates the results
of our earlier experiments [21] and works of other au-
thors [48—57]. On the base of mentioned studies [32]
it was concluded that PDC activity closely associated
with the intensity of carbon flow in alcoholic fermen-
tation and defines tolerance to hypoxia stress, i.e. PDC
directly regulate alcoholc fermentation. Thus, results
of Arabidopsis experiments [32] also confirm the idea
that energy metabolism is a key factor to the true re-
sistance of plant cells to anaerobic stress.
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Table 4. Change of linear dimensions and yield of ipt-
transgenic and control wheat plants exposed to 14 day
root flooding (in relation to unflooded plants)

Parameters, Control Transgenic
% of control plants plants
Average plant height
increment over 14 days 37 51
of root flooding
Portion of heads
with seeds e i)
Average seed 2% 46
weight
Yield 2 36

ROOT FLOODING RESISTANCE OF TRANSGENIC

PLANTS EXPRESSING THE AGROBACTERIUM ipt GENE
Alongside finding means to increase the tolerance of
wheat to anaerobic stress by in vitro cell selection in
the absence of exogenous sugars and oxygen there was
an attempt to obtain wheat plants more tolerant to root
flooding by introducing isopentenyltransferase gene
(ipt), coding key enzyme of cytokinin biosynthesis path-
way [26]. The interest to stimulation of cytokinnin syn-
thesis under anaerobic stress was dictated by the fact
that cytokinin significantly contributes to preventing
plants aging [34, 35]. It is commonly known that above-
ground organs of oxygen-deprived plants on flooded
soils are characterized by signs of premature aging like
chlorosis, leaf fall and lesions [58, 59]. That is why there
were attempts to slow down aging of transgenic Ara-
bidopsis and wheat by stimulating cytokinin synthesis
and thus to improve tolerance to anaerobic stress [26,
33, 60]. Level of isopenteniladenin recorded in trans-
genic wheat obtained in our experiments in conditions
of flooding of roots was 30 times higher than that in
untransformed plants. The impact of hormonal balance
under anaerobic stress in transgenic and control plants
was observed during the entire ontogenesis [26, 33].

In wheat experiments tolerant criteria were growth
of the above-ground mass of transgenic and con-
trol plants and grain harvest under conditions when
the root zone of plants had been flooded for 14 days
(Table 4). As it can be seen from the presented data,
growth of the above-ground organs in control plants
was considerably slower than that in transgenic plants
with introduced ipt gene. Difference between the crop
yield in experimental and control plants was even more

striking. Yield was defined as the weight of crop (in
gramms) harvested from 1 m?of soil (g/m?).

Alongside the mentioned we also monitored the ac-
tivity of antioxidant enzymes (superoxide dismutase
and catalase) and accumulation of malondialdehyde in
control plants and in plants with introduced Agrobac-
terium ipt gene. By the end of the flooding period the
amount of malondialdehyde found in transgenic plants
was 32% lower than that in controls. On the contrary,
activity of superoxide dismutase and catalase in trans-
genic wheat remained high during the entire hypoxic
period, whereas in controls it was falling from the sixth
day of the root flooding. These data is evidence that
transgenic plants under hypoxia suffered less stress
than controls.

Similar to results of Arabidopsis experiments [60],
provided data indicate the positive effect of stimulation
of cytokinin synthesis under anaerobic stress.

ON THE POSSIBLE ROLE OF APOPTOTIC PROTEASE
(PHYTASPASE) IN THE INCREASE OF TOBACCO

PLANTS TOLERANCE TO ANAEROBIC STRESS
Programmed cell death play a critical role both in de-
velopment of plants and their reaction to stress includ-
ing defense against pathogenic agents [61—67]. As it
has been mentioned earlier, one of the main strategies
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Fig. 11. The rate of hydrolysis of phytaspase flurogenic
peptid substrate (Ac-VEID — AFG) in tabaco leaves ex-
tracts .Transgenic (red) and wild (blue) plant tips
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Fig.12. Rhizogenous of tabaco cuttings after 17 days of
experiment starting. Wild (A) and transgenic (B) plants

of plants adaptation to hypoxia and anoxia is to avoid
anaerbiosis by formation of spaces in roots (aerenchy-
ma) as a result of apoptosis of a certain part of cells.
Aerenchyma substantially alleviates long-distance
transportation of oxygen from above-ground organs of
plant to roots and rootstocks resting in anaerobic envi-
ronment. Thus, it allows plants to survive even on the
flooded soils.

However, aerenchyma forms mainly in wild spe-
cies inhabiting flooded anaerobic soils. As cultivated
plants do not possess such advanced ability to form aer-
enchyma, anaerobiosis often damages and kills them.
Hence, of particular interest is recently discovered
apoptotic protease phytaspase [36, 68—70], involved
into programmed cell death in plants, the very same
process during which aerenchyma forms. That is why
in present work we tried to find out with the help of
plants transformed with phytaspase gene whether it
is possible to use this enzyme for formation of aeren-
chyma and thus to increase tolerance to hypoxia and
anoxia in those cultivated species that do not possess
such ability or possess a weakly developed one.

In order to do this we used transformed plants of
Nicotianum tabacum expressing phytaspase gene and
wild tobacco plants as control to compare their phe-
notypical and anatomical traits. Phytaspase activity in
transgenic plants was 3 times higher than that in wild
plants (Fig. 11).

Results of trial experiments performed while trans-
genic and control plants were developing evidenced
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Fig.13. Rhizogenous of tabaco cuttings after 17 days of
experiment starting. Wild (blue) and transgenic (red)
plants

Table 5. Intercellular space area in the roots of transgenic
and control plants under normal aeration and under root
anaerobiosis

Normal aeration 3.53+0.28 2.92 = 0.68
Root anaetobiosis, 407 +1.1 1145 = 2.35

* The roots were flooded 5 cm above the soil surface

considerable differences even in conditions of normal
aeration of the root zone and especially during rhi-
sogenesis when shoots were put in water for 17 days
(F1g. 12, 13). In transgenic plants the mentioned process
went considerably active. The same concerned seed
sprouting, growth of leaves and stems of young tobacco
plants. All mentioned processes were twice active in
transgenic plants.

Another question of our special interest was com-
parative analysis of anatomy of roots of transgenic and
control plants as the enhanced activity of phytaspase,
responsible for the programmed cell death was expect-
ed to contribute to formation of aerenchyma in roots of
transgenic plants and to increase tolerance to the root
anaerobiosis.
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However, quantitave evaluation of intercellular
spaces in the cross sections of roots of both transgenic
plants and controls under normal aeration did not re-
veal significant differences.

As far as soil flooding is concerned, when roots suffer
from anaerobic stress, intercellular spaces in transgenic
plants were proved to be greater than those in controls
by results of trial experiments (Table 5).

Consequently, results of trial experiments that re-
quire more thorough consideration and confirmation
indicate that increased activity of phytaspase, involved
into the programmed cell death, is favorable for for-
mation of intercellular spaces (aerenchyma) in roots of
transgenic plants under hypoxia.

CONCLUSION

The present review is devoted to results of a number
of experimental works in the course of which authors
elaborated biotechnological approaches, including ge-
netic engineering and methods of cell selection in vitro,
to create plants tolerant to anaerobic stress. These ap-

proaches are based on earlier fundamental studies, in
particular a notion on two main strategies of plants ad-
aptation to hypoxia and anoxia: molecular acclimation
where anaerobic energy metabolism of cells play major
role (true tolerance) and adaptation of the whole plant
by formation of aerenchyma and facilitated long-dis-
tance transportation of oxygen (apparent tolerance).

The notable contribution that was made into the
creation of cells and plants tolerant to anaerobic stress
in the considered works lets one hope that these results
will serve a foundation of the new avenue of research
in biotechnology and help the development of applied
studies along with classical approaches to selection and
hybridization.

It also should be mentioned that results of consid-
ered studies confirmed the idea of two main strategies
of plants acclimation to hypoxia and anoxia and on key
role of anaerobic energy metabolism in metabolic adap-
tation of plants to anaerobic stress that were previously
suggested on basing on fundamental study of plants life
under conditions of anaerobiosis. ®
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ABSTRACT The Novosvobodnaya culture is known as a Bronze Age archaeological culture in the North Caucasus
region of Southern Russia. It dates back to the middle of the 4" millennium B.C. and seems to have occurred dur-
ing the time of the Maikop culture. There are now two hypotheses about the emergence of the Novosvobodnaya
culture. One hypothesis suggests that the Novosvobodnaya culture was a phase of the Maikop culture, whereas
the other one classifies it as an independent event based on the material culture items found in graves. Compari-
son between Novosvobodnaya pottery and Funnelbeaker (TRB) pottery from Germany has allowed researchers
to suggest that the Novosvobodnaya culture developed under the influence of Indo-European culture. Neverthe-
less, the origin of the Novosvobodnaya culture remains a matter of debate.

WE applied next-generation sequencing to study ~5000-year-old human remains from the Klady kurgan grave
in Novosvobodnaya stanitsa (now the Republic of Adygea, Russia). A total of 58,771,105 reads were generated
using Illumina GAIIx with a coverage depth of 13.4x over the mitochondrial (mt) DNA genome. The mtDNA
haplogroup affiliation was determined as V7, suggesting a role of the TRB culture in the development of the No-
vosvobodnaya culture and supporting the model of sharing between Novosvobodnaya and early Indo-European
cultures.

KEYWORDS Novosvobodnaya culture; Maikop culture; haplogroup, mitochondrial DNA; sequencing; genomics.
ABBREVIATIONS mtDNA — mitochondrial DNA; SNP — single-nucleotide polymorphism.

INTRODUCTION of the kurgan grave “Klady” near Novosvobodnaya

Since the late 1970s, as archaeological evidence has ac-
cumulated, two points of view have emerged pertain-
ing to the emergence of cultural artifacts in the Early
Bronze Age in the North Caucasus. One hypothesizes
the existence of a single Maikop culture with two de-
velopmental phases [1—3], including finds discovered
in Novosvobodnaya stanitsa (former Tsarskaya). The
other hypothesis suggests that the archaeological col-
lections assembled in Novosvobodnaya stanitsa should
be treated individually, as independent artifacts (as a
distinct culture). During the archaeological excavations

stanitsa in 1979—1991, which were supervised by A.D.
Rezepkin, a total of 22 kurgans were uncovered with
93 well-stratified burial sites. These records allow one
not only to establish the absolute chronology of the ar-
tifacts, but also to contribute to a better understanding
of the origin of the Novosvobodnaya culture [4, 5].
Since recently, state-of-the-art tools for genomic
analysis have been widely used to solve archaeologi-
cal [6—10] and paleontological riddles [11-15]. Such
studies usually analyze mitochondrial DNA (mtDNA)
that possesses characteristics essential for the study
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of human evolution: maternal inheritance; multiple
copies of the mitochondrial genome; accelerated accu-
mulation of mutations relative to the nuclear genome;
no genetic recombination; a relatively high integrity
of mtDNA in ancient human bone remains, since nu-
clear DNA breaks down twice as fast as mtDNA does
[16, 17].

In this work, we report on the complete mitochon-
drial genome sequence of a representative of the Nov-
osvobodnaya culture. Our findings suggest that this
culture should be related to the Funnel Beaker culture.
DNA testing has shown that the human sample from
the Novosvobodnaya archaeological site belongs to
mtDNA haplogroup V7.

EXPERIMENTAL

DNA was extracted from tooth remains discovered
during excavations of the kurgan grave “Klady” near
Novosvobodnaya stanitsa (The Republic of Adygea) as
part of the expedition organized by the Institute for
the History of Material Culture, Russian Academy of
Sciences (St. Petersburg). The remains date back to ap-
proximately Middle to Late 4000 BC (Fig. 1).

DNA extraction, preparation of DNA

libraries, and sequencing

Ancient DNA was recovered from bone powder un-
der carefully controlled laboratory conditions to avoid
contamination with modern human DNA. Proteinase K
(New England Biolabs, USA) and silica beads (Sigma-
Aldrich, USA) were used as previously described by
Orlando et al.[18]. DNA libraries were prepared using a
NEBNext Quick DNA Library Prep Master Mix set for
454 (New England Biolabs) with adapter primers on an
Illumina Sequencing Platform following the manufac-

32| ACTANATURAE| VOL.6 Ne2(21) 2014

the Yegorlyk
River

Fig. 1. The range
covered by the
Novosvobodnaya
culture in the North
Caucasus (marked
with black dots). The
site of archaeological
excavations of the
Klady kurgan near
Novosvobodnaya
stanitsa in Adygeya
(marked with an
asterisk) and the bone
remains used for the
DNA analysis

the Kalaus
River

=

turer’s instructions. The purity and amount of DNA
libraries were evaluated using a 2100 Bioanalyser (Agi-
lent, USA) and HS Quibit (Invitrogen, USA). For the
enrichment of mtDNA, a FleXelect Mitochondrial DNA
enrichment kit was utilized (Flexgen, Netherlands)
with probes overlapping by 10 to 40% (a detailed list
of the oligonucleotide probes for mtDNA enrichment
is available upon request). The DNA libraries were se-
quenced using 50 bp paired-end reads on an Illumina
GAIIx instrument.

Bioinformatics analysis

The reads were mapped against the mitochondrial
reference sequence (NC_012920.1) using Bowtie2 ver-
sion 2.1.0 with the very-sensitive option [19]. Ancient
DNA sequences were authenticated with mapDamage
2.0 [20]. According to the model of post-mortem dam-
age inferred using this software, the quality score was
adjusted to allow for nucleotide mismatches. Alterna-
tively, nucleotides that may have arisen from C » T
or G = A substitutions were given the lowest quality
scores than in the original reads and removed from the
analysis of the single nucleotide polymorphisms (SNPs)
exhibited by the sample. SNPs were searched for us-
ing the VarScan software (v 2.2.3) and selected at p <
0.01[21]. The mtDNA haplogroup affiliation was deter-
mined based on the SNPs with the HaploGrep webtool
[22]. De novo assembly of the mitochondrial genome of
a representative of the Novosvobodnaya culture was
conducted using AbySS version 1.3.6. at a k-mer of
22 nucleotides [23].

RESULTS AND DISCUSSION
Mitochondrial DNA sequences were retrieved from the
libraries of ancient human DNA. A total of 58,771,105
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reads were produced from enriched libraries, most part
of which (99.994%) consisted of environmental DNA se-
quences (bacterial), which commonly occurs in an an-
cient DNA analysis [24], or could be explained by the
relatedness between bacterial and eukaryotic mito-
chondrial genes. Read mapping against the reference
mitochondrial genome sequence (hgl9) allowed us to
achieve a coverage depth of 13.4X: a total of 3,422 reads
were uniquely mapped (0.006%) (Fig 2).

Ancient DNA is known to degrade into short frag-
ments over time; cytosine residues (C) located at the
ends deaminate to uracil (U) and turn into thymine
(T) during sample preparation (PCR). The frequency
of terminal C = T substitutions in samples dated older
than 300 thousand years could be up to 60% and higher
[15, 26]. At the same time, sequencing of modern DNA
demonstrates less than 0.5% terminal nucleotide sub-
stitutions (data not shown). The substitution frequency
was calculated using MapDamage 2.0. The frequency
of C - T substitutions at the 3'- and 5'-ends of the DNA
libraries exceeded 30% in the sample from Novosvo-
bodnaya stanitsa (Fig. 3). This finding argues for the
fact that the total mtDNA is of ancient origin.

When compared with the consensus mitochondrial
genome sequence (in light of lowering quality scores for
terminal substitutions, see the Experimental section),

individual reads from the sample of an ancient human
of Novosvobodnaya stanitsa yielded SNPs, indicating
an affiliation within Haplogroup V7 (Fig. 4, Table).

The assembly of the mitochondrial genome of a hu-
man from the Novosvobodnaya culture performed with
a minimum contig length of 100 nucleotides produced a
N50 contig length of 203 nucleotides (N50 is the maxi-
mum contig length in de novo assembly, such that 50%
of the entire assembly is contained in contigs equal to or
longer than the N50 length).

The total de novo assembly of mtDNA generated
11,063 nucleotides (Fig. 2). Because of ancient DNA
degradation, asymmetric PCR amplification and en-
riched mtDNA (FleXelect Mitochondrial DNA enrich-
ment kit), most contigs were short and did not over-
lap, which prevented the assembly of the contigs into
a complete mtDNA sequence despite the coverage
depth of 13.4X.

Recently, archaeological evidence has emerged to ar-
gue against the opinion that the Novosvobodnaya cul-
ture shares links with the West Asian Maikop culture.
The discovered artifacts support the hypothesis that
the Baalberg phase of early periods of the Indo-Euro-
pean Funnel-Beaker culture played a significant role
in the Novosvobodnaya archaeological culture, rather
than the West Asian Maikop culture [5]. To prove or
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Table. SNPs (p < 0.01) discovered in the Novosvobodnaya mitochondrial genome

mtDNA SNP mt DNA A substitution
e reference sequence . Gene
position (hg19) in the sample
72% T C -
93* A G -
2515 C T TVASH
9378 G A JAT60602; JA760600
9541 C T JAT760602; JAT60600
11018 C T JAT60602; JA760600; STRF6; JA760615
11720 A G JAT760602; JA760600; STRF6; JAT60615
11723 © T JAT60602; JA760600; STRF6; JA760615
12851 G A JAT60602; JA760600; JA760615
14906 A G JAT60602; cytochrome b
15302 A G JAT60602; cytochrome b
15477 C T JAT760602; cytochrome b

* — SNPs used for haplogroup V7 assignment

72C

16298C HYO

159041

HV0a— 4580A

93G

7444A v7

Fig. 4. Mitochondrial haplogroup assignment. The tree branch generated by HaploGrep service is shown. SNPs in green
and blue rectangles (72C and 93G) were used for haplogroup determination

rule out this hypothesis, a DNA analysis is required as
one of the definitive tools.

Genetic studies devoted to ancient human migra-
tions across Europe have been extensive in the past
decades as reviewed by B. Sykes [27]. Thus, in Europe
the major mtDNA haplogroups were U, H, V, I, W, T,
and K, which appeared and spread 11—14 thousand
years ago during de-glaciation. Haplogroup J may have
arrived from the Middle East during an influx of farm-
ers [27]. Sequencing of the mtDNA of representatives
of the Linear Pottery culture (the ancestor of the Fun-
nel Beaker culture) allowed one to identify the domi-
nant haplogroups as H, V, and T [28]. In addition, some
studies have demonstrated that during the time of the
Linear Pottery and related cultures, the haplogroups
U, H, and V predominantly occurred in Europe [29—32].
Our findings, obtained using current genetic analysis
techniques, are in agreement with the hypothesis of
the origin of the Novosvobodnaya culture proposed by
AD. Rezepkin [5]

CONCLUSIONS

We have reported on the sequencing of the mtDNA ge-
nome of an ancient human of the Novosvobodnaya ar-
chaeological culture dated to about 3,500 years before
our era. The SNPs revealed during the analysis indi-
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cate that the mtDNA belongs to haplogroup V7, which
is widely spread in modern Europeans and occurrs in
cultures that used to exist in Central Europe. The cur-
rent findings are consistent with the hypothesis that
the Novosvobodnaya culture derived from early ar-
chaeological cultures of Northern and Central Europe
and is now classified as an independent archaeological
culture. However, this conclusion requires a thorough
genetic analysis of samples from both the Novosvo-
bodnaya and Maikop archaeological cultures. To date,
there have been no available data on the status of the
mtDNA haplogroup for the Maikop culture and, pre-
sumably, the ancestral Late Anatolian Eastern Chalco-
lithic period of phases III-IV (Amuk F). ®

The authors would like to thank M.V.Koval’ chuk
(National Research Centre “Kurchatov Institute”)
for his steadfast support and K.G. Skryabin (Center
“Bioengineering” ,Russian Academy of Sciences)
for valuable comments throughout the preparation
of the manuscript.

This work was supported by the Russian Fund for
Basic Research (grant No 13-06-12025 ofi_m)
and a scholarship of the President
of the Russian Federation (SP-2056.2012.5).



RESEARCH ARTICLES

REFERENCES

1. Yessen A.A. The chronology of “huge Kuban burial
mounds”. M.: Soviet Archaeology , 1950. V. 12.

2. Munchaev P.M. The Caucasus in early Bronze Age. M.
Nauka, 1975. 416 p.

3. Munchaev PM. Maykop culture. Archaeology: Bronze Age
of Caucasus and Central Asia. Early and middle Bronze
Age of Caucasus. M.: Nauka, 1994. P. 158—225.

4. Rezepkin A.D. Das frithbronzezeitliche Graberfeld von
Klady und die Majkop-Kultur in Nordwestkaukasien. Ar-
chéologie in Eurasien. M.: Leidorf, 2000. V. 10. P. 74.

5. Rezepkin A.D. Novosvobodnenskaya culture (on basis of
“Klady” excavations). St.-Peterburg, 2012. 343 p.

6. Paabo S. // Nature. 1985. V. 314. Ne 6012. P. 644—645.

7. Haak W., Balanovsky O., Sanchez J., Koshel S., Zapo-
rozhchenko V., Adler C., der Sarkissian C., Brandt G.,

Schwarz C., Nicklisch N,, et al. // PLoS Biol. 2010. V. 8. Ne 11.

e1000536.

8. Green R.E, Krause J.,, Briggs AW., Maricic T., Stenzel U.,
Kircher M., Patterson N., Li H., Zhai W., Fritz M.H., et al. //
Science. 2010. V. 328. Ne 5979. P. 710—-722.

9. Lorenzen E.D., Nogues-Bravo D., Orlando L., Weinstock J.,
Binladen J., Marske K.A., Ugan A., Borregaard ML.K., Gil-
bert ML.T, Nielsen R., et al. // Nature. 2011. V. 479. No 7373. P.
359—364.

10. Rasmussen M., Guo X., Wang Y., Lohmueller K.E., Ras-
mussen S., Albrechtsen A., Skotte L., Lindgreen S., Met-
spalu M., Jombart T., et al. // Science. 2011. V. 334. Ne 6052.
P. 94-98.

11. Ozawa T., Hayashi S., Mikhelson V.M. // J. Mol. Evol. 1997.
V.44. Ne 4. P. 406—413.

12. Poinar H., Kuch M., McDonald G., Martin P,, Paabo S. //
Curr. Biol. 2003. V. 13. Ne 13. P. 1150—1152.

13. Barnes I, Shapiro B,, Lister A., Kuznetsova T., Sher A.,
Guthrie D., Thomas M.G. // Curr. Biol. 2007. V. 17. Ne 12.

P 1072-1075.

14. Vilstrup JT., Seguin-Orlando A., Stiller M., Ginolhac A.,
Raghavan M., Nielsen S.C., Weinstock J., Froese D., Vasil-
iev S.K., Ovodov N.D,, et al. // PLoS One. 2013. V. 8. Ne 2.
e55950.

15. Orlando L., Ginolhac A., Zhang G., Froese D., Albrechtsen
A, Stiller M., Schubert M., Cappellini E., Petersen B., Molt-
keI, et al. // Nature. 2013. V. 499. No 7456. P. 74—78.

16. Pakendorf B., Stoneking M. // Annu. Rev. Genomics
Hum. Genet. 2005. V. 6. P. 165—183.

17. Allentoft MLE., Collins M., Harker D., Haile J., Oskam C.L.,
Hale ML.L., Campos PF.,, Samaniego J.A., Gilbert M.T., Willer-
slev E,, et al. // Proc. Biol. Sci. 2012. V. 279. Ne 1748. P. 4724—4733.

18. Orlando L., Metcalf J.L., Alberdi M.T., Telles-Antunes
M, Bonjean D,, Otte M., Martin F., Eisenmann V., Mashk-
our M., Morello F,, et al. // Proc. Natl. Acad. Sci. USA. 2009.
V. 106. Ne 51. P. 21754—21759.

19. Langmead B,, Salzberg S.L. // Nat. Methods. 2012. V. 9.
Noe 4. P. 357—359.

20. Jonsson H., Ginolhac A., Schubert M., Johnson P.L., Or-
lando L. // Bioinformatics. 2013. V. 29. Ne 13. P. 1682—1684.

21. Koboldt D.C., Larson D.E., Chen K., Ding L., Wilson R.K.
// Genome Res. 2012. V. 22. Ne 3. P. 568—576.

22. Kloss-Brandstatter A., Pacher D., Schonherr S., Weis-
sensteiner H., Binna R., Specht G., Kronenberg F., et al. //
Hum. Mutat. 2011. V. 32. Ne 1. P. 25—-32.

23. Simpson J.T., Wong K., Jackman S.D., Schein J.E., Jones
S.J., Birol I. // Genome Res. 2009. V. 19. Ne 6. P. 1117-1123.
24. Garcia-Garcera M., Gigli E., Sanchez-Quinto F., Ramirez
0., Calafell F, Civit S, Lalueza-Fox C. // PLoS One. 2011.

V. 6. Ne 8. e24161.

25. Hofreiter M., Jaenicke V., Serre D., Haeseler A., Paabo S.
// Nucl. Acids Res. 2001. V. 29. No 23. P. 4793—4799.

26. Dabney J., Knapp M., Glocke I., Gansauge M.T., Weih-
mann A., Nickel B., Valdiosera C., Garcia N., Paabo S., Ar-
suaga J.L., et al. // Proc. Natl. Acad. Sci. USA. 2013. V. 110.
Ne 39. P. 15758—15763.

27. Sykes B. // Philos. Trans. R. Soc. Lond. B Biol. Sci. 1999.
V. 354. Ne 1379. P. 131-139.

28. Haak W.,, Forster P, Bramanti B., Matsumura S., Brandt
G., Tanzer M., Villems R., Renfrew C., Gronenborn D., Alt
KW, et al. // Science. 2005. V. 310. Ne 5750. P. 1016—1018.

29. Kittles R. A., Bergen A. W., Urbanek M., Virkkunen M.,
Linnoila M., Goldman D., Long J.C. // Am. J. Phys. Anthro-
pol. 1999. V. 108. Ne 4. P. 381—-399.

30. Achilli A., Rengo C., Magri C., Battaglia V., Olivieri A,
Scozzari R., Cruciani F., Zeviani M., Briem E., Carelli V., et
al. // Am.J. Hum. Genet. 2004. V. 75. Ne 5. P. 910—918.

31. Malmstrom H., Gilbert ML.T., Thomas M.G., Brandstrom
M., Stora J., Molnar P., Andersen PK., Bendixen C., Holm-
lund G., Gotherstrom A., et al. // Curr. Biol. 2009. V. 19.

Ne 20. P. 1758—-1762.

32. Skoglund P., Malmstrom H., Raghavan M., Stora J., Hall
P, Willerslev E., Gilbert M.T., Gotherstrom A., Jakobsson
M. // Science. 2012. V. 336. Ne 6080. P. 466—469.

VOL.6 Ne2(21) 2014 | ACTA NATURAE|35



RESEARCH ARTICLES

Real-Time Interaction between TBP
and the TATA Box of the Human
Triosephosphate Isomerase Gene
Promoter in the Norm and Pathology

O. V. Arkova', N. A. Kuznetsov?3, O. S. Fedorova?3, N. A. Kolchanov'?3, L. K. Savinkova'
'Institute of Cytology and Genetics, Siberian Branch of the Russian Academy of Sciences,
Lavrentyev Ave., 10, 630090, Novosibirsk, Russia

Ynstitute of Chemical Biology and Fundamental Medicine, Siberian Branch of the Russian Academy
of Sciences, Lavrentyev Ave., 8, 630090, Novosibirsk, Russia

3Novosibirsk State University, Pirogov Str., 2, 630090, Novosibirsk, Russia

E-mail: savinkl@mail.ru

Received 27.11.2013

Revised manuscript received 21.02.2014

Copyright © 2014 Park-media, Ltd. This is an open access article distributed under the Creative Commons Attribution License,which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT The TATA-binding protein (TBP) is a key part of the transcription complex of RNA polymerase IL
Alone or as a part of the basal transcription factor TFIID, TBP binds the TATA box located in the core region of
the TATA-containing promoters of class II genes. Previously, we studied the effects of single nucleotide poly-
morphisms (SNPs) on TBP /TATA-box interactions using gel retardation assay. It was demonstrated that most
SNPs in the TATA boxes of some human gene promoters cause a 2- to 4-fold decrease in TBP/TATA affinity,
which is associated with an increased risk of hereditary diseases, such as f thalassemias of diverse severity,
hemophilia B Leyden, myocardial infarction, thrombophlebitis, lung cancer, etc. In this work, the process of
TBP/TATA complex formation has been studied in real time by a stopped-flow technique using recombinant
human TBP and duplexes, which were identical to the TATA box of the wild-type and a SNP-containing triose-
phosphate isomerase gene promoter and were fluorescently labeled by the Cy3/Cy5 FRET pair. It has been dem-
onstrated for the first time that real-time binding of TBP to the TATA box of the TPI gene promoter is complete
within 10 s and is described by a single-stage kinetic model. The complex formation of TBP with the wild-type
TATA box occurs 5.5 times faster and the complex dissociation occurs 31 times slower compared with the SNP-
containing TATA box. Within the first seconds of the interaction, TBP binds to and simultaneously bends the
TATA box. Importantly, the TATA box of the wild-type TPI gene promoter requires lower TBP concentrations
compared to the TATA box containing the -24T - G SNP, which is associated with neurological and muscular
disorders, cardiomyopathy, and other diseases.

KEYWORDS TATA box; TBP; polymorphism; TBP/TATA-box interaction; stopped flow.

ABBREVIATIONS TBP — TATA-binding protein; TBP/TATA — complex of TBP with an oligonucleotide identical
to the TATA box with flanking nucleotides.

INTRODUCTION
The specific nucleotide sequences of a promoter and
around it serve as a code that determines when, where,

tor (Inr), motif ten element (MTE), downstream pro-
moter element (DPE), downstream core element (DCE),
X core promoter element 1 (XCPE1), and others; their

and how efficiently certain genes are transcribed. This
code consists of sequences of three types: the core
promoter, the proximal promoter region, and distal
sequences more remote from the promoter. The core
promoter is a region situated at a distance of about
100 nucleotides upstream (in the 5’-region) and down-
stream (in the 3’-region) of the transcription start
site, which comprises such regulatory elements as the
TATA box, TFIIB-recognition element (BRE), initia-
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amounts may vary [1].

The TATA box, located at a distance of ~ 30 bps from
the transcription start site, is the best-studied core-pro-
moter element. Interaction between TBP (TATA-bind-
ing protein) and the TATA box initiates the assembly
of the basal transcription complex of RNA polymer-
ase IT and determines the precision of the transcription
machine location relative to the start nucleotide [1, 2].
The TATA box nucleotide sequence and the context in
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which it occurs determine its affinity for TBP, a subu-
nit of the basal transcription factor, TFIID, which af-
fects the promoter activity [3, 4].

Comparison of the TBP amino acid sequences of
human, mouse, fruit flies, yeast, and other organisms
has demonstrated that TBP is composed of the highly
conserved C-terminal domain of 180 amino acid resi-
dues and a variable N-terminal domain [5]. The identity
of the TBP C-terminal domain in different species is
over 80% [5]. The X-ray analysis, footprinting analysis,
and analysis of the location of the C-terminal domain
tryptic peptides [6] revealed that TBP is composed of
two subdomains, H2 and H2’, which form a continu-
ous, slightly bent, antiparallel B-sheet, forming a con-
cave DNA binding saddle, and of four a-helices that
lie on the upper side of the molecule. The C-terminal
domain of the TATA binding protein contacts the dou-
ble-stranded DNA along the minor groove primarily
through nonpolar and hydrophobic interactions and
causes its local unwinding and helix bending. This cre-
ates a unique conformation that is crucial for the pre-
initiation complex assembly and efficient transcription
both in vitro and in vivo [7]. Various regulatory proteins
interact with the top, convex side of TBP [8].

Single nucleotide polymorphisms (SNPs) in TATA
boxes and the surrounding nucleotides, which affect
their affinity for TBP, can contribute to a variety of
complex human diseases, such as hypertension, arthritis,
cancer, cardiovascular and immune diseases. They can
also cause monogenic diseases, such as B-thalassemias of
varying severity, Coppock-like cataract, etc. [9].

The triosephosphate isomerase (TPI) gene is ex-
pressed in all cell types. It belongs to the housekeeping
genes [10]. Multiple forms of TPI have been found in
human tissues, which are encoded by a single gene and
are formed as a result of posttranslational modifications
[10]. TPI catalyzes the conversion of dihydroxyacetone
phosphate to D-glyceraldehyde-3-phosphate, which
completes the first step of glycolysis. A lack of the en-
zyme results in the accumulation of dihydroxyacetone
phosphate and fructose diphosphate in the cell.

The -24T - G SNP in the TATA-box of the TPI gene
promoter, reported in [11], leads to the synthesis of an
insufficient amount of mRNA (hereinafter, under SNP
is understood the G allele of the TATA box). The enzyme
activity in erythrocytes of the allele carriers decreases
and amounts to 3—10% of that in the cells of healthy do-
nors [8, 11, 12]. They develop neurodegenerative disor-
ders, cardiomyopathy, muscle disorders, and, less often,
hemolytic anemia [11]. Furthermore, triosephosphate
isomerase is capable of converting drug-resistant stom-
ach cancer cells to sensitive ones [13], which improves
the chemotherapy efficacy and makes the enzyme a po-
tential target for new antitumor drugs.

Experimental and computational studies of the ef-
fect of SNPs within TATA boxes, which are in the con-
text of the DNA of human gene promoters [14, 15], on
the interaction with TBP has allowed us to determine
the thermodynamic (K,) and kinetic (k  and k ) pa-
rameters for the complex formation of TBP with the
“normal” and SNP-containing TATA box of the TPI
gene promoter.

Thus, it was demonstrated [14] that the -24T - G
SNP in the TATA box of this gene strongly reduces the
TBP/TATA affinity. The equilibrium dissociation con-
stant of the complexes, K, increases by 25 times, which
correlates with the low gene expression [11]. In the
presence of SNP, the rate constant of the TBP/TATA
complex formation (k_ ) decreases by 35 times and the
dissociation rate constant (k ) reduces by 30%.

The objective of the present work was to measure and
analyze the kinetic parameters of the real-time TBP/
TATA interaction. The EMSA classical method, which
was used to explore the thermodynamic and kinetic pa-
rameters of TBP/TATA complexes, does not allow for
studying the interaction dynamics of TBP molecules and
the TATA-box of the TPI gene promoter in the millisec-
ond and second ranges. Therefore, binding of TBP to the
TATA-box of the TPI gene promoter was studied us-
ing the “stopped-flow” method. The method is based on
fast, within ~ 1 ms, mixing of the reactants and registra-
tion of the FRET (Forster Resonance Energy Transfer)
signal. Recombinant full-length human TBP and 15 bp
oligonucleotides identical to the TATA box with flank-
ing nucleotides of the wild-type TPI promoter and the
SNP-containing TATA box promoter and labeled with
fluorescent Cy3 and Cyb dyes were used in the study.
This method enables one to determine the rate constant
for the recognition of the wild-type TATA box by the
TATA-binding protein and to reveal the structural fea-
tures of the TBP/TATA complex in real time, under
both normal and pathological conditions.

EXPERIMENTAL

Only recombinant full-length human TBP contain-
ing the naturally occurring amino acid sequences was
used in the study. TBP was expressed in BL21 (DE3)
Escherichia coli cells transformed with the pAR3038-
hTBP plasmid (kindly provided by Prof. B. Puhg, Cent-
er for Gene Regulation, Department of Biochemistry
and Molecular Biology, Pennsylvania State University,
University Park, PA, USA). BL21 (DE3) E. coli trans-
formation was performed according to [16]. Expression
and purification of TBP were performed according to
the procedure described in [17] using the 0.1 mM IPTG
concentration. The induction time was 3 h. A TBP con-
centration in a protein sample was determined by the
Bradford method [18].
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Fig. 1. The DNA duplexes used were identical to the sequence of the TATA box of the wild-type (T/A) and
the -24T » G SNP-containing TPl gene promoter and were labeled by the Cy3 /Cy5 FRET pair

15 bp oligodeoxynucleotides (ODNs) labeled at the
5’-ends of the chains with cyanine fluorophores Cy3
and Cy5 were synthesized and purified at “NanoTekh-
S”, Novosibirsk, Russia.

TBP binding to the DN A duplex, which corresponds
to the wild-type TATA box of the TPI gene promoter
(gctcTATATAAgtgg, T allele, and gctcTATAGAAgtgg,
G allele), was analyzed by the “stopped-flow” method
on an SX20 spectrometer (Applied Photophysics, UK).
The fluorescence excitation wavelength of the Cy3 dye
was 550 nm; the voltage on the detector was 575 V. Cy5
fluorescence was recorded at wavelengths longer than
645 nm using the RG-645 filter (Scott, Germany). Bind-
ing to the DNA duplexes was studied using the follow-
ing TBP concentrations: the T allele —1 X 107, 2 X 107,
4x107,6%107,8x107 10 x 107, and 20 X 10" M; the
G allele =4 x 107, 6 x 107, 8 x 107, 10 X 1077, 20 X 107,
30 X 107, and 40 x 10" M. The DNA duplex concentra-
tion was 1 X 107" M in all cases, the measurement time
was 50 s; the total number of points per curve was 6000.
Experiments were conducted at 25°C.

To determine a kinetic model for the interaction of
TBP with the DNA duplexes and to calculate the rate
constants of all elementary reaction steps, the Dynafit
software (Biokin, USA) [19] was used.

RESULTS AND DISCUSSION
Studying pre-steady-state kinetics allows one to con-
duct a detailed analysis of the reaction mechanism. The
advantage of the “stopped-flow” method is the oppor-
tunity it affords to observe transient reactions and to
record the conformational transitions of a protein and
DNA during a real-time interaction. Although this ap-
proach is technically more complex and its use requires
a more labor-intensive mathematical analysis, study-
ing the binding of the TATA binding protein to TATA
boxes under pre-steady-state conditions enables one
to deepen greatly knowledge about the mechanism of
their interaction.

In this study, FRET substrates (Fig. 1) were used
which contained a donor (Cy3)—acceptor (Cy5) pair at
the duplex ends, while the central part of the duplex
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was the TATA box of the wild-type TPI gene promoter
or that comprising the SNP.

The kinetics of the binding of the DNA duplexes to
TBP, presented in Figs. 2 and 3, indicate that the TBP/
TATA complex formation leads to an increase in Cy5
fluorescence intensity. The increase in FRET signal in-
tensity is caused by the bending of the DNA duplex in
complex with TBP, which makes Cy3 and Cy5 fluoro-
phore moieties approach one another. An analysis of
the DNA duplex kinetic curves has revealed that the
bending of the duplex containing the wild-type TATA
box occurs at lower TBP concentrations than in the case
of the G allele of the TATA box (Figs. 2 and 3).

Based on these data, we have suggested a kinetic
mechanism for TBP binding to the wild-type TATA
box of the TPI gene and to the SNP-containing TATA
box, which is described by a one-step Scheme:

TATA + TBP <=> TBP/TATA.

The rate constants for the forward and reverse re-
actions are given in Table. It is seen that the complex
formation of TBP with the wild-type TATA box occurs
5.5 times faster (1.1 X 10% M-!s™) than with the G allele
(0.2 X 10% M-'s!) and the dissociation of TBP/TATA
complexes occurs 31 times slower (2.8 X 1073 s for the
wild-type and 8.9 X 10 s for the G allele). It should
be noted that this difference in the rate constants of
the TBP/TATA complex formation and decomposition
leads to a difference in the values of the equilibrium
dissociation constants by 150 times (2.7 x 10~° M in the
norm and 0.4 X 10-° M in the presence of the mutation).
The difference in the dissociation constant (K ,) values
between the wild-type and SNP-containing TATA box
means a sharp decrease in the TBP affinity for oligonu-
cleotides with an altered TATA box.

The obtained data indicate that the G/C-pair occur-
ring in the TATA box makes the DNA structure more
rigid, which complicates the TATA box binding to TBP
and the formation of a functional complex possessing the
optimal conformation. It implies that the triosephosphate
isomerase gene containing the -24T » G SNP in the TATA
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Fig. 2. The kinetics of binding to and bending of the DNA
duplex identical to the sequence of the TATA box of the
wild-type TPl gene

box is in vivo transcribed and expressed less efficiently.
These results have been confirmed clinically [11].

Comparison of our data and published ones [11, 20]
demonstrates that the 150-fold decrease in the TBP
affinity for the SNP-containing TATA box of the TPI
promoter increases the risk of development of some
diseases associated with the lack of triosephosphate
isomerase. The lack of TPI may be compensated in oth-
er ways (e.g., in the pentose phosphate cycle), which
follows from differences in the response of patients to
TPI deficiency in the body [11, 21]. Despite the fact that
TBP affinity for the SNP-containing TATA box of the
TPI gene promoter is reduced 150-fold, TPI activity
in the erythrocytes of some patients falls to 3—10% of
the norm [21], and a moderate (26—50% of the norm)
decrease in the TPI activity is observed in some hetero-
zygous carriers of this polymorphic allele [11].

The kinetics of interactions between TBP and the normal
and the SNP-containing TPI TATA box

Constant Normal TATA box
TATA box with -24T -G SNP
Kk MIxs! (1.1 % 0.1)x10° (0.2 % 0.1)x10°
k., s? (2.8 £ 0.1)x10° (8.9 = 1.2)x10°
K, M 3.7x108 2.3%10°
K, M 2.7%107 = 2.7 nM 0.4%X10°% =400 nM
Note. k__is the forward reaction rate constant for TBP /

TATA; Icé:ff is the reverse reaction rate constant for
TBP/TATA; K is the equilibrium association constant
inferred from kinetic values (km/ k)i K, is the equilibrium
dissociation constant inferred from kinetic values (k_, /k_ ).

0.35 -

Fluorescence intensity, V

Fig. 3. The kinetics of binding to and bending of the DNA
duplex identical to the sequence of the SNP-containing
TATA box of the TPl gene promoter

It should be noted that by detecting the real-time
interaction of human TBP with the Cy3 and Cyb5 flu-
orescently labeled TATA-containing duplexes, it has
been demonstrated for the first time that TBP rap-
idly binds to and simultaneously bends DNA of the
TPI gene TATA box. This result is consistent with the
data obtained previously using full-length human TBP
and the ADMLP TATA box with a consensus sequence
5'-CGCTATAAAAGGGC-3’, the 5’-end of which was
attached to the TAMRA fluorophore and the 3’-end
was attached to fluorescein [22], which have indicated
a one-step mechanism of the binding process and the
simultaneous bending of the TATA box by TBP.

It should be noted that these studies have been con-
ducted around the world using different TBP types,
full and truncated forms (C-terminal domain), and pri-
marily only the model AdML promoter (less often E4)
with the TATA box consensus sequence. The obtained
results improved the concept of the TBP/TATA inter-
action, which is the key interaction in the initiation and
regulation of the transcription and synthesis of proteins
in eukaryotic cells. ®
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ABSTRACT Telomere length, an important feature of life span control, is dependent on the activity of telomerase
(a key enzyme of the telomere-length-maintaining system). Telomerase RNA is a component of telomerase and,
thus, is crucial for its activity. The structures of telomerase RNA genes and their promoter regions were com-
pared for the long-living naked mole rat and different organisms. Two rare polymorphisms in Heterocephalus
glaber telomerase RNA (hgTER) were identified: A~G in the first loop of pseudoknot P2b-p3 (an equivalent of
111nt in hTR) and G~A in the scaRNA domain CR7-p8b (an equivalent of 421nt in hTR). Analysis of TER pro-
moter regions allowed us to identify two new transcription factor binding sites. The first one is the ETS family
site, which was found to be a conserved element for all the analyzed TER promoters. The second site is unique for
the promoter region of TER of the naked mole rat and is a binding site for the SOX17 transcription factor. The
absence of one Sp1 site in the TER promoter region of the naked small rat is an additional specific feature of the
promoter area of hgTER. Such variation in the hgTER transcription regulation region and hgTER itself could

provide increased telomerase activity in stem cells and an extended lifespan to H. glaber.

KEYWORDS H. glaber; telomerase RNA; bioinformatics; promoter analysis; comparative genomics.
ABBREVIATIONS TER — telomerase RNA; hTR — human telomerase RNA; TERT — telomerase catalytic subunit;
hTERT — human telomerase catalytic subunit; hgTER — Heterocephalus glaber telomerase RNA.

INTRODUCTION

Several studies have shown that stem cell function is
impaired during aging [1—3]. A decrease in stem cell
function may contribute to impaired maintenance and
the function of some tissue during aging. The role of
telomere shortening was identified to be the mecha-
nism contributing to the accumulation of DNA dam-
age in replicative aging of stem cells [4]. Experiments
in mMTER—/— mice with telomere shortening have pro-
vided the experimental evidence that this process can
impair the function of somatic and germline stem cells
[5]. Telomerase is a key component of the telomere-
length-maintaining system and an important contribu-
tor to the reduction of replicative senescence in germ
and stem cells [6, 7]. Temporary telomerase reactivation
in late-generation TERT-deficient mice extends tel-
omeres, reduces DNA damage signaling and associated

cellular checkpoint responses, and eliminates degen-
erative phenotypes across multiple organs, including
testes, spleen, intestine, and even neurons [7]. Moreo-
ver, temporary telomerase expression in aged normal
mice significantly increases the lifespan of mice [8].
Telomerase synthesizes new telomere repeats at the
G-strand and thus participates in the compensation for
telomere loss during replication [9]. Two components
are required for telomerase activity in vitro: a reverse
transcriptase catalytic subunit (TERT) and telomer-
ase RNA (TER) that contains a template for telomere
synthesis [10]. TERT was shown to play a role in a
number of cellular processes (cell cycle response, oxi-
dative stress, antiapoptotic action, etc. [11]) outside of
the telomerase complex. No hTERT was found in most
differentiated normal tissues, although a low level of
hTERT could be detected in the skin, spleen, stomach
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and small intestine and a higher level was detected in
testes and the endometrium [12]. In contrast, hTR ex-
pression was detected in many normal tissues, includ-
ing testes, ovary, brain, liver, small intestine, thymus,
kidney, and prostate, suggesting that telomerase RNA
may also have alternative functions [13]. In some can-
cer cell lines, the level of TERT expression is critical
for telomere elongation; however, in case of stem cells
in a living organism it is the high level of TER expres-
sion that is more important for telomere elongation. In-
deed, an analysis of interspecies crosses of TER- and
TERT-deficient mice [14] showed that the increase in
the gene copy number of TER, but not TERT, is what
is critical in telomere elongation. Ectopic expression of
hTER caused telomere elongation in bovine blastocysts,
whereas co-expression of hTERT and hTER did not
result in further increase in the telomere length [15],
providing further evidence of the fact that the level of
telomerase RNA is critical for telomerase activity and
telomere elongation in the cell within the organism.

The genome and transcriptome of the naked mole
rat have recently been sequenced [16, 17]. Hetero-
cephalus glaber, the naked mole rat (H. glaber), has a
very high life expectancy among rodents (> 28 years
vs 1.5—7 years in other rodents), high resistance to car-
cinogenesis and retarded aging [18].

A comparative study of the H. glaber genome can
help reveal the reasons for the surprisingly long lifespan
of this animal. A number of genetic alterations have al-
ready been found, which could explain the increase in
the DNA repair level, as well as the reduced oxidative
damage or reduced replicative senescence [5, 19]. An-
other reason for the longevity could be the higher level
of telomerase activity in H. glaber stem cells or telomer-
ase reactivation under a certain type of stimulus. In this
study, we have compared the structure of telomerase
RNA genes and their promoter regions for the long-
living naked mole rat and different organisms with an
aim to identify the features that may increase hgTER
expression and telomerase activity in stem cells.

MATERIAL AND METHODS

Comparison of TER sequences

To search for the hgTER gene of H. glaber, we used
the whole genome shotgun project entries with IDs:
AFSB (GenBank: AFSB00000000.1) and AHKG (Gen-
Bank: AHKG00000000.1). We used ClustalW to build an
alignment of the sequences of interest with the already
well-described telomerase RNA genes. The following
reference sequences were used: Cavia porcellus TER
(GenBank: AF221929.1), Cavia porcellus WGS assem-
bly (GenBank: AAKN00000000.2), Chinchilla chinchil-
la TER (GenBank: AF221937.1), Chinchilla chinchilla
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WGS assembly (GenBank: AGCD00000000.1), Mus
musculus TER (GenBank: NR_001579.1), Mus mus-
culus chromosome 3 (GenBank: NC_000069.6), Rat-
tus norvegicus TER (GenBank: NR_001567.1), Rattus
norvegicus chromosome 2 (GenBank: NC_005101.3),
human TER (GenBank: NR_001566.1), human chro-
mosome 3 (GenBank: NC _000003.11), Danio rerio TER
(GenBank: EF569636.1), and chromosome 25 (GenBank:
CU651628.3).

The alignment analysis and the influence of poly-
morphisms on the secondary structure were performed
manually. The sequences of TERs from Suncus murinus
(GenBank: AF221921), Geomys breviceps (GenBank:
AF221930), Microtus ochrogaster (GenBank: AF221909),
Mus spretus (GenBank: AY058901), Mus musculus
(GenBank: AY058900), Dasyurus hallucatus (GenBank:
AF221919), Bufo japonicus (GenBank: AF221913) and
Typhlonectes natans (GenBank: AF221910) were used to
perform a secondary structure analysis.

Comparison of TER promoter areas

We searched for promoter regions using the Jaspar da-
tabase [20], restricting the search to the Jaspar CORE
Vertebrate with a 99—100% relative profile threshold.
ConSite with a 85—95% TF score cutoff was used for
further analysis of the promoter sequences [21]. Rela-
tive scores were used as normalized score values for the
quantitative evaluation of hit significances [22]. Hit cor-
rections were done manually where necessary. Visuali-
zation of multiple alignments was corrected manually.

RESULTS

Identification of H. glaber TER

The full hgTERC gene (Heterocefalus glaber TER) was
identified by local BLAST on the basis of the H. gla-
ber genome assembly (WGS record AHKG) and a com-
parison with multiple alignment data for mammalian
TER sequences [23]. The final alignment is available at
93.180.62.254/hgTERC/ESM_ 1.pdf.

According to phylogenetic data, the closest relatives
of H. glaber are Hydrochoerus hydrochaeris, Cavia por-
cellus, Chinchilla chinchilla, and Myocastor coypus [18].
TER sequences are known only for Chinchilla chinchil-
la (GenBank: AF221937.1) and Cavia porcellus (Gen-
Bank: AF221929.1); those were used for further struc-
ture comparison. Furthermore, the data for human
TER were used for the analysis due to the availability
of detailed information about the promoter region and
secondary structure of TER.

Comparison of TER promoter areas
A 500 nt (from the expected transcription start site)
promoter region was used for the analysis, since the
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major regulatory elements were found in this area for
human TER (hTER) [24]. The web services JASPAR
[20] and ConSite [21] were used to search for transcrip-
tion factor binding sites in the promoter area of H. gla-
ber. These tools provide the possibility to analyze any
sequence data; they are relatively simple in operation
and allow one to deal with large-position weight matri-
ces with optimal results due to the effective job filter-
ing. We used strict filtering of the results for both tools
to find the most reliable sites.

This approach reduced the number of predicted
transcription factor binding sites in the hTER promoter
area compared to the number of sites determined ear-
lier [24]. The elements in the promoter region of TERs
from four different species identified in this study are
shown at 93.180.62.254 /hgTERC/ESM_ 2.pdf (the full
promoter map is available at 93.180.62.254/hgTERC/
ESM_3 old.pdf). The elements found in the promoter
region of hgTER are as follows: TATA box in the prox-
imity of the transcription start site, NF-Y site with the
conserved CCAAT box, three SP1 sites, ELK4 site, and
SOX17 binding site.

The ELK4 transcription factor binding site had
never been identified for any TER before; it is located
approximately 170 nt upstream from the start of the
TER coding region. We have found this promoter ele-
ment for all tested sequences; p values were calculated
by MAST. The ELK4 score for the H. glaber was 14.059
(the relative score 0.9999; p = 3.3-107%); 11.056 (0.9034,
4.1-107°) for Cavia porcellus; 12.053 (0.9311, 2.2:107°) for
Chinchilla chinchilla; and 10.398 (0.9396, 5.5:107°) for
humans, thus meaning a very high probability (> 90%)
of ELK4 transcription factor binding site occurrence in
the TER promoter area, at least from the bioinformatic
point of view.

When performing the search, we found that the
ELK4 binding site [25] matrix in the JASPAR database
was outdated [25—27] and this led to a false identifica-
tion for most proteins containing the ETS domain, ex-
cept for families I and I [28]. Since we are dealing with
a very small set of sequences and the difference be-
tween the new and old matrices is negligible, we used
the old position weight matrix (PWM).

Multiple alignments showed that a ETS binding site
was present in all four species: human, Cavia porcellus,
H. glaber, and Chinchilla chinchilla. The binding sites
found have variations in positions 1, 8, and 9 of PWM,
which is consistent with the known ETS binding sites
[26, 27, 29]. Thus, we suggest that the identified site is a
regulatory element for the hgTER promoter.

The SOX17 binding site was detected solely in the H.
glaber TER promoter region; it is located ~ 430 nt up-
stream from the transcription start site. The fact that
the SOX17 site is present in H. glaber but not in other

evolutionary related animals may be an indication of an
important difference between these species.

The SOX17 protein contains an HMG_box (Pfam
domain high-mobility group box) responsible for the
high-affinity binding to non-B-type DNA conforma-
tions (kinked or unwound) [30]. The characteristic
binding motif in DNA is almost identical for the entire
HMG_ box family [31, 32]; however, for the transcrip-
tion factor SOX17 [33, 34] harboring the Sox_C_TAD
domain (Pfam: PF12067), the binding sites are largely
different from the canonical site = AACAAT [32, 35].

Based on the common architecture for most TERs, we
assumed that hgTER also contains the known second-
ary structure elements [23]. We mainly focused on the
rare TER polymorphisms in the important functional
elements of the telomerase RNA secondary structure.

The comparison of hgTER with the TER of H. glab-
er’s closest relatives (guinea pig and chinchilla) and the
TER of model organisms (rat, mouse, and humans) re-
vealed a number of differences. Although most chang-
es in H. glaber TER were not unique (present in other
mammalians) and did not affect the functional elements
of TER, we managed to find two rare polymorphisms in
the functional region of hgTER. The mapped polymor-
phisms are shown in Figs. 1a and 1b.

The first polymorphism was a A=G replacement in
the first loop of pseudoknot P2b-p3 at position 111 (ac-
cording to the hTER nomenclature). This substitution
gives rise to the non-canonical “G—U” pair in the pseu-
doknot region. Most other TERs have a canonical pair
at this position. Moreover, for TERs that have polymor-
phism A—~G111 additional replacement U~C179 takes
place that restored the canonical WC pair between
basesin 111 and 179 positions (e.g., in Geomys breviceps
and Microtus ochrogaster) [23] The only example of the
same G—U pair was revealed in TERs of the Dasyurus
hallucatus and Suncus murinus [23].

The second polymorphism is the replacement G-A
in the stem of the scaRNA domain CR7-p8b at position
421 (according to the hTER nomenclature). This substi-
tution gives rise to the non-canonical “C—A” pair in the
p8b stem terminus element at position 421. Most TERs
have a canonical base pair at this position. Amphibians
(toads and typhlonectes) have G421—~A replacement
accompanied by C-U transition at position 408, which
restores the WC pair [23]. Close relatives — rodents
(chinchilla, guinea pig, mice)—have polymorphisms that
cause a disturbance in the p8b stem at different posi-
tions [23], but this particular substitution at position 421
with the non-canonical pair is unique to H. glaber.

DISCUSSION
Telomerase RNA is a crucial telomerase component,
and increased expression of telomerase RNA and te-
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lomerase activity in stem cells or other tissues at dif-
ferent stages of an animal’s development could be an
essential reason for its long lifespan. Comparison of the
TER gene promoter region and TER in H. glaber with
available data on other species allowed us to reveal
variations both in the promoter region and telomerase
RNA structure.

An analysis of the region 500 nt upstream of hgTER
transcription start side allowed us to identify the reg-
ulatory elements known for other organisms [24] and
two new ones: the ETS site, which is present in all four
model organisms, and the SOX17 site presented only
in H. glaber (Fig. 2). All common elements are located
within the ~ 270 nt area, in agreement with the DNase
1 protection data for the human regulatory region [36].
This region contains the TATA box in the proximity
of the transcription start site, a NF-Y site with a con-
served CCAAT box, SP1 sites, and the newly identi-
fied ETS site. In humans, four Spl (Spl.1, Spl.2, Spl.3
and Spl.4) sites were previously identified. An analysis
of H. glaber and its close relatives revealed that one or
more Spl sites can be missing in a particular organism.
For example, the Spl.2 site is missing in all rodents (Fig.
2) and the Spl.3 site is also absent in Cavia porcellus.

44| ACTANATURAE| VOL.6 Ne2(21) 2014

In case of humans, the two transcription factors Spl
and Sp3 can bind to the Sp-sites within the promoter.
Spl stimulates expression, while Sp3 induces dose-
dependent repression [36]. The sites adjacent to the
CCAAT box from either side (Spl.1 only for H. glaber)
are thought to cooperate with NF-Y to mediate posi-
tive or negative regulatory effects in humans [37]. The
Spl.3 and Spl.4 sites adjacent to the transcription start
site could also regulate transcription, either positively
or negatively, depending on the presence of other pro-
teins that interact with transcription factors [38]. The
context of a particular Spl site was suggested as es-
sential for the preferential binding of either Spl or Sp3
factors, which might influence the TER transcription
regulation [38]. Thus, the absence of the Sp1.2 site in ro-
dents may result in differences in the fine regulation of
TER transcription via the Sp pathway in rodents, mak-
ing it more dependent on the particular context of the
remaining Sp sites. In case of H. glaber, this may have a
positive effect on the TER transcription efficiency.
The newly identified ELK4 site is located within the
272 nt area further downstream from the transcription
start site. It was found in all the studied species, includ-
ing humans. ELK4 is a member of the ETS family of
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transcription factors [29]. For H. glaber, the sequence
of this site is identical to that of ELK4, but it can also
be used by the other members of the ETS family [28].
This factor was identified as a novel target for the an-
drogen receptor-activating cascade. The fact that an-
drogen signaling blockade in the case of prostate can-
cer reduced telomerase activity indirectly proves that
ELK4 participates in the regulation of TER transcrip-
tion [25].

A SOX17 binding site was found only in H. glaber. It
is located approximately 430 nt upstream of the gene
region, and thus outside of the 272 nt promoter area,
which was previously shown to be important for " TER
transcription. SOX17 belongs to the family of HMG-
like SOX proteins. The SOX17 binding site (ACAAT)
is identical for the other members of the SOX pro-
teins, and binding of a particular factor depends on the
broader context around the conventional site. SOX17
(SRY-box 17) is a transcription factor involved in the
regulation of several developmental processes [39, 40],
including endoderm formation, vascular development,
and fetal hematopoietic stem cell maintenance.

Sox17 is highly restricted in its expression within the
hematopoietic system to fetal hematopoietic stem cells
(HSCs) [41]. It has recently been shown that Sox17 ex-
pression confers self-renewal potential and fetal stem
cell characteristics to adult hematopoietic progenitors
[42]. Other SOX proteins are involved in the regulation
of various cellular processes. A lack of data does not al-
low one to propose a particular regulation pathway for
the SOX binding site, but the presence of this site is an
additional possibility for H. glaber to regulate the ex-
pression of telomerase RNA and to increase the level of
telomerase activity, especially in fetal stem cells. This

correlates with earlier studies, where long-living ro-
dent species (such as the H. glaber and Sciurus caro-
linensis ) have a higher telomerase activity than mice
[43].

Telomerase activity depends not only on the tran-
scriptional level of telomerase components; many oth-
er processes are involved, including TER maturation,
transport, telomerase assembly, interaction between
TER and TERT, etc. Mutations in telomerase RNA can
influence these processes.

We found two rare polymorphisms in hgTER:
Al111-G and G421~A. The A111-G transition in hgTER
is located in the stem loop of P2b-p3 pseudoknot. The
P2b-P3 pseudoknot (Fig. 1a) is highly conserved [23].
The effect of this mutation on the function of telomer-
ase is unknown, but mutations destabilizing the pseu-
doknot structure affect telomerase activity and lead
to aplastic anemia, myelodysplasia, and leukemia in
humans [44]. Moreover, mutations that destabilize the
pseudoknot structure reduce telomerase activity [45]
and lead to dyskeratosis congenita [46]. Polymorphism
in this position in other organisms is accompanied by
the second mutation that restores the canonical pair.
Due to the A~G replacement in H. glaber, a non-canoni-
cal G—U pair is formed. In contrast to other non-canon-
ical pairs, G=U causes very little distortion to the RNA
helix structure [47] and should not have such a severe
effect on telomerase as the other ones. The G=U pair
in this position is found only in the Asian house shrew
and the northern quoll. Life expectancy of the northern
quoll is 7 years and about 3 years for shrews [48]. Thus,
there is no evident correlation between the existence of
the G—U pair in a particular position in the pseudoknot
structure and life expectancy.
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The polymorphism G—A at position 421 leads to the
formation of a C—A non-canonical pair in the p8b stem.
Most mammals have the canonical base pair at this po-
sition. It should be mentioned that disruption (C~G in
C—G) of 408—421 base pairs in humans leads to dysk-
eratosis congenita [46]. Rodents (chinchilla, guinea pig,
mice) have polymorphisms that cause distortion of the
p8b stem. The G—A transition in H. glaber belongs to
the same class of species-dependent variations, but this
particular substitution is unique to H. glaber. P8b is a
part of the CR7-p8b (H/ACA) domain. CR7 is required
for 3’-end processing, localization, and the stability of
hTER [49]. CR7 contains a conserved Cajal body locali-
zation element (CAB box) [50]. The telomerase Cajal
body protein 1 (TCAB1) binds to the CAB box [51] and
drives hTER to the Cajal body. TCAB1 knockdown
prevents telomerase-telomere association and results
in telomere shortening [52]. For H. glaber, the non-ca-
nonical pair “C—A” in the p8b stem loop can improve
the interaction between hgTCABI1 and hgTER, make

telomerase traffic more effective and thus result in a
more efficient telomere elongation. ®

CONCLUSIONS

Comparison of hgTER and other telomerase RNA
genes suggests that both the unique structure of the
promoter region and the specific polymorphisms in
the functional domains can cause increased expres-
sion of the telomerase RNA gene in stem cells, thus
reducing replicative senescence and increasing the
lifespan. We hope that our finding of a difference in
the promoter region of telomerase RNA will inspire
other researchers to study these processes using in
vIvo mouse models.

This study was supported by the Ministry of Education
and Science of the Russian Federation, project Ne 829,
the Russian Foundation for Basic Research (grants
Ne 11-04-01310-a and 14-04-01092-a), and the Moscow
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ABSTRACT The efficiency of one-step and multi-step protocols of DNA isolation from lysed sputum samples
containing the Mycobacterium tuberculosis complex has been compared. DNA was isolated using spin-cartridges
containing a special silica-based sorbent modified with fluoroplast and polyaniline, or using an automated isola-
tion system. One-step isolation using the obtained sorbent has been shown to ensure a significantly lower DNA
loss and higher sensitivity in the PCR detection of Mycobacterium tuberculosis as compared to a system based on
sorption and desorption of nucleic acids during the isolation.

KEYWORDS composite sorbents; DNA isolation; PCR diagnostics; Mycobacterium tuberculosis complex; fluor-

opolymers; polyaniline.

INTRODUCTION

Purified preparations of nucleic acids isolated from dif-
ferent biological sources are increasingly used in bio-
medical studies (e.g., in sequencing, as immunomodu-
lating or anticancer agents, in designing drug delivery
vehicles, etc.), especially in medical diagnosis and bio-
assay, largely owing to the successful development of
PCR technology. The efficiency of sample preparation
techniques depends on the development of rapid and
reproducible methods for the isolation of DNA that is
readily suitable for PCR diagnostics. Various methods
for nucleic acid isolation have been described; commer-
cial kits suitable for isolation are available and being
used both to solve research problems and in clinical
practice. The use of silica particles for DNA sorption
in the presence of chaotropic salt was first proposed as
early as 1979 [1]. In 1990, the method was improved [2]
and some variations are used to this day. Nucleic acid
isolation methods using magnetic particles based on
silica [3], fibers modified with silica particles [4], affine
silica particles [5], etc., are widely used.

Methods of biopolymers separation and isolation are
typically based on the differences in the solubilities
of nucleic acids, proteins, and polysaccharides. These
methods are based on “capturing” the target biopo-
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lymer from a mixture with a sorbent and retaining it
during the first stage of separation, removing impuri-
ties, and eluting the target component from the sorbent
surface during the following stages. Thus, the isolation
procedures are multi-step, laborious, time-consuming,
difficult to automate, and do not always ensure suffi-
cient purity of the isolated DNA for effective PCR as-
say. The latter generally depends on the presence of
PCR inhibitors in the sample (e.g., heme in blood sam-
ples, various types of chlorophyll in plant tissue lysates,
humic acids in soil samples, etc.).

The one-step extraction scheme is obviously more
attractive and promising. In this case, the isolated (and
simultaneously purified) biopolymer passes through
the sorbent layer without retention on its surface, while
the impurities hindering PCR are effectively retained
by the sorbent. Several years ago, we developed a one-
step procedure for DNA isolation which is based on us-
ing the unique sorption properties of certain polymers,
namely fluoropolymer (FP) [6] and polyaniline (PANI)
[7, 8]. Such polymer coatings formed, for example, on
the porous silica surface do not retain DNA but adsorb
the proteins and PCR-inhibitory components that are
present in typical biological samples (plant or bacterial
lysates, smears, plasma, blood, etc.).



RESEARCH ARTICLES

We have developed several methods for synthesizing
fluoropolymer- and PANI-containing composite sorb-
ents based on various physical and chemical processes
[9, 10]. Both the fluoropolymers and PANI being used
as surface modifiers of sorbents make possible one-
step isolation of nucleic acids from complex biological
mixtures. However, each of these polymeric modifiers
brings additional significant useful properties. Thus,
fluoropolymer-containing sorbents are noted for excep-
tional chemical resistance, low nonspecific adsorption,
and usually they provide the highest yield of DNA. In
turn, the PANI-containing sorbents that have excel-
lent wettability and high surface capacity can be suc-
cessfully used to isolate DNA from “complex” biological
mixtures (blood, plant tissue lysates, soil extracts, etc.),
as well as to separate nucleic acids depending on their
secondary structure.

In this regard, materials modified with both fluor-
opolymer and PANI nanolayers simultaneously are of
particular interest. We have reported the successful
application of such material for the one-step isolation
of predominantly double-stranded DNA of the human
hepatitis B virus and single-stranded DNA of the TTV
virus (Transfusion transmitted virus, Torque teno virus
is the virus that is transmitted during blood transfu-
sion) suitable for PCR assay from human plasma sam-
ples [11]. However, the applicability of these sorbents
for rapid extraction of human non-viral pathogen DNA
from clinical samples remains insufficiently studied.
This article discusses the use of a silica sorbent modi-
fied with a combination of FP and PANI nanolayers
for one-step DNA extraction from inactivated clinical
sputum samples containing different amounts of cells
of human tuberculosis pathogens known under the
common name “Mycobacterium tuberculosis complex”
(MTC) and including the following mycobacterial spe-
cies: M. tuberculosis, M. bovis, M. bovis BCG, M. africa-
num, M. microti, M. canettit, M. caprae, M. pinnipedit,
and M. mungs.

The efficiency of one-step DNA extraction using car-
tridges containing the FP-PANI sorbent was compared
with the automated multi-step method of isolation of
DNA from MTC that was developed by the ZAO Syntol
company (Moscow, Russia) based on a Tecan Freedom
EVO ® PCR robotic station (Tecan Trading AG, Swit-
zerland).

EXPERIMENTAL

Aniline (extra-pure grade, Aldrich, Germany) was dis-
tilled, and a fraction with n*  1.5863 was collected in a
temperature range of 182—184°C. Ammonium persul-
fate (Rotipuran ®, Germany), hydrochloric acid, etha-
nol (reagent grade, Aldrich, Germany), and water (Milli
Q standard) were used.

DNA of tuberculosis mycobacteria was isolated from
sputum samples using plastic spin cartridges contain-
ing 100 mg of the Si-500-FP-PANI sorbent and a Tecan
Freedom EVO ® PCR automated robotic station (Te-
can Trading AG, Switzerland) that was adapted to the
M-Sorb-Tub-Avtomat kit (ZAO Syntol, Russia) used
for automated DNA isolation. Sputum samples were
lysed using reagents supplied with the AmpliTub-RV
kit (ZAO Syntol, Russia), intended for qualitative and
quantitative determination of Mycobacterium tubercu-
losis complex using real-time PCR (lysis reagent B+,
diluent, inactivating reagent A).

In this work, we used the following additional equip-
ment: the Tsiklotemp-903 centrifuge for microtubes; a
Tsiklotemp-303 thermostat; a Tsiklotemp-901 micro-
centrifuge shaker for microtubes (all equipment manu-
factured by ZAO Tsiklotemp, Russia); 20, 200, and 1000
pl variable volume micropipettes; a 1.5-ml test tube
holder; 1.5 ml microtubes; and micropipette tips.

Preparation of the FP-PANI sorbent

Si-500 silica (100 g) was vacuumized in a special reactor
for 30—40 min, and then 500 ml of a 0.016% FP solution
in acetone was added to the silica. The reactor contain-
ing the suspension of silica particles was incubated in
an ultrasonic bath at atmospheric pressure for 15 min.
The solvent was then removed on a rotary evaporator
at 40—45°C. Another portion of the polymer solution in
acetone (500 ml) was injected into the reactor, and the
manipulations following the injection of the first por-
tion of the polymer solution were repeated. The result-
ing product was dried in vacuo to a constant weight and
used as a matrix during the oxidative polymerization of
aniline as described in [11].

Protocol for isolation of mycobacterial DNA using
cartridges containing the FP-PANI sorbent
Inactivation. Model and clinical sputum samples were
used in the experiments. 500 pl of the inactivating
reagent A was added to 500 pl of sputum containing
600 CFU of MTC/ml (in particular, M. tuberculosts,
M. bovis, M. bovis BCG, etc.) to inactivate model sam-
ples. All clinical samples were pre-inactivated as well:
the inactivating reagent A was added to the sputum
samples collected in 50-ml test tubes to a final volume
of 40 ml. The contents of the test tube were mixed by
gently turning the test tube over until complete ho-
mogenization, and then they were incubated for 30 min.
The tubes were centrifuged (15 min at 3500 rpm). The
supernatant was discarded; the precipitate was re-sus-
pended and transferred into 1.5-ml tubes.

Lysts. The tubes with the test material were centri-
fuged (5 min at 13,000 rpm); the supernatant was dis-
carded, and 100 pl of the lysis reagent B+ was added.
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The results of real-time PCR of the mycobacterial DNA isolated from the model sputum lysates using the FP-PANI sorb-
ent and containing 600 CFU/ml. A — the arrow points to the curves obtained using samples that were not purified on
the sorbent (original lysates); B — red and brown curves —samples purified using the FP-PANI sorbent; blue curve — the
original lysate sample after dilution without further purification using the FP-PANI sorbent

The contents of the tubes were thoroughly mixed in
the microcentrifuge shaker and incubated for 10 min
at 75°C. The tubes were centrifuged in the microcen-
trifuge for 15 seconds. The DNA obtained was used for
PCR using AmpliTub-RV (for manual DNA extraction)
and M-Sorb-Tub-Avtomat (for automated DNA ex-
traction) reagent kits for the detection of a Mycobacte-
rium tuberculosis complex.

DNA purification. 400 pl of the diluent was added to
the sample tubes and stirred. The contents of the tubes
were applied by gentle pipetting on the sorbent car-
tridges that were inserted into the collector tubes. The
cartridges were centrifuged for 1 min at 4,000 rpm and
then removed from the collectors.

Real-time PCR. Real-time PCR was performed using an
ANK-32 analyzer (Institute for Analytical Instrumen-
tation of the Russian Academy of Sciences, Russia) and
the appropriate algorithm developed by ZAO Syntol.
The diagnostics method used allows one to detect the
presence of specific DNA fragments from the IS6110
gene in the sample, which is present in multiple copies
in most MTC strains, but may be absent in the genome
of M. tuberculosis. At the same time, the method allows
one to determine the amount of regX, a specific DNA
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fragment which is represented by a single copy in the
MTC genome.

Conditions for the PCR using the isolated DNA were
identical.

RESULTS AND DISCUSSION

Experiments aimed at isolating mycobacterial DNA
from a control model and clinical sputum samples were
performed at ZAO Syntol (Moscow, Russia). We com-
pared the efficiency of the two methods of DNA iso-
lation from lysed sputum samples: using a FP-PANI
sorbent containing cartridges, and using the automated
isolation system produced on the basis of Tecan Free-
dom EVO ® PCR robotic station (Tecan Trading AG,
Switzerland). In the latter case, the procedure of DNA
isolation was based on the adsorption of the nucleic
acid molecules of a tuberculosis pathogen on oligonu-
cleotide-coated magnetic particles. The nucleotide se-
quence of these oligonucleotides was complementary
to the target sequence in the pathogenic DNA. As a re-
sult, the pathogenic DNA binds complementarily to the
matrix surface under the conditions provided by the
system. The impurities not bound to the magnetic par-
ticles are then removed automatically (including DNA
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Table 1. Threshold cycle values and the calculated number
of DNA copies in the model samples after real-time PCR

40.2

Original lysate

Diluted lysate

35.28 13.19
34.66 20.48

100,000

21.58 2.193E5

100 3245

97.94

Note. 1-9 — The model sputum samples containing
600 CFU /ml after passing through the cartridge contain-
ing the FP-PANI sorbent.

that does not contain the target sequence), and the pu-
rified DNA is eluted from the surface of the magnetic
particles. In such a way, the multi-step process of DNA
isolation is implemented in the automated system. On
the contrary, one-step isolation of bacterial DNA takes
place when the FP-PANI sorbent is used. The isolated
DNA samples were analyzed by real-time PCR. In this
way, the efficiency of the amplification of PCR frag-
ments of DNA was assessed after one-step isolation
using the FP-PANI sorbent and after multi-step au-
tomated isolation. Model sputum samples containing
600 CFU/ml and clinical samples obtained from ran-
domly selected patients were investigated.

The results of model samples testing are shown in
the Figure and Table. 1. The Figure shows that the effi-
ciency of the amplification of the PCR DNA fragments
that were not subjected to further purification on the
cartridges with the sorbent (i.e., the original unpurified
lysates) was significantly lower (curves shown by an ar-
row in Fig. A, “original lysate” sample in Table 1). How-
ever, the efficiency of the amplification is improved
after dilution of these samples (due to the reduction in
the relative concentration of PCR inhibitors in the test
sample), and the number of PCR fragments becomes
comparable to that of the amplicons obtained using the
DNA samples that were purified using the FP-PANI
sorbent (Fig. B, “diluted lysate” sample in Table. 1). The
control values of the threshold cycle and the relative
concentrations of DNA in the samples with a known
amount of DNA (107, 10°, 103, and 10 CFU, respective-
ly) are also shown in T'able 1.1t can be seen that the use
of the FP-PANI sorbent does not reduce the sensitivity
of PCR detection and allows one to identify about 10

Table 2. Number of PCR fragments of DNA from the M. fuberculosis complex after the cartridge and automated isola-

tion of DNA from the clinical samples

Not determined Not determined Not determined
I e e T

8 178

32 3
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copies of the analyzed DNA in the sample. Therefore,
the FP-PANI sorbent provides effective removal of
PCR inhibitors and maintains the original amount of
DNA in the test sample. Based on these data, we can
assume that FP-PANI-containing material is efficient
for one-step isolation of DNA from clinical samples and
provides purified preparations of nucleic acids that are
suitable for PCR analysis.

The amounts of DNA extracted from clinical sam-
ples using a FP-PANI sorbent and an automated sys-
tem were compared to confirm this assumption. The
amount of starting material for the automated system
was 2 times higher than the amount taken for the iso-
lation on cartridges. However, given that only half of
the volume taken is used during the automated isola-
tion, the amount of starting material is comparable in
both cases. When using the automated system, the final
volume of the DNA solution was fourfold lower, and
the amount required for PCR was 2.5 times higher than
that in the case of DNA isolation on cartridges. Thus,
the amount of DNA for PCR in the automated system is
10 times higher than the amount of DNA for PCR after
manual isolation using cartridges.

Table 2 shows the number of PCR fragments of DNA
from mycobacteria obtained when analyzing clinical
samples by both methods and the amount of DNA de-
termined by automated amplification with allowance
for dilution.

It follows from the results shown in Table 2 that the
efficiency of automated DNA extraction was 3 to 7%
comparable to the extraction using the FP-PANI sorb-
ent.

Therefore, the use of a sorbent modified with a com-
bination of FP and PANI nanolayers substantially re-
duces DNA loss and provides for a much more sensitive
detection of M. tuberculosis DNA as compared to the
system based on absorption and desorption of nucleic
acids during the isolation.

CONCLUSIONS

The methods for isolating nucleic acids from biological
mixtures usually involve three different physicochemi-
cal processes: extraction, precipitation or adsorption
of the target component (nucleic acid) on the sorbent
surface, followed by washing of impurities and desorp-
tion. These procedures are laborious and often result in
a significant loss of the nucleic acid being isolated.

The one-step scheme of nucleic acid isolation using
special sorbents seems to be an efficient alternative to
multi-step protocols. In this method, the nucleic acid is
not retained by the sorbent, while the impurities con-
tained in the original mixture (especially PCR inhibitors)
are firmly adsorbed. Due to the unique sorption proper-
ties of some synthetic polymers, such as fluoropolymers
and PANTI, it was possible to develop several composite
sorbents that provide one-step isolation of nucleic ac-
ids from complex biological mixtures. These sorbents
are characterized by a high selectivity when separating
nucleic acids and proteins. It is of particular interest to
study the sorption properties of a sorbent sequentially
modified with FP and PANI nanolayers. This material
combines high chemical resistance due to the presence
of a fluoropolymer coating and high sorption capacity,
determined by the properties of PANI coating.

This paper demonstrates that a sorbent modified
with a combination of FP and PANI nanolayers ef-
ficiently removes PCR inhibitors and preserves the
initial amount of DNA in the sample, as shown by the
isolation of M. tuberculosis DNA from clinical sputum
samples. Due to this fact, high sensitivity in the detec-
tion of M. tuberculosis complex DNA can be achieved as
compared to a system based on absorption and desorp-
tion of nucleic acids during isolation. ®

This work was partially supported by a grant from the
European Committee DIAGNOSIS
(contract Ne LSHB-CT-037212).
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ABSTRACT The molecular basis of the pathological processes that lead to genome disorders is similar both in
invertebrates and mammals. Since cognitive impairments in Williams syndrome are caused by LIMK1 hemizy-
gosity, could the spontaneous and mutant variants of the Drosophila limk1 gene serve as a model for studying
two diagnostic features from three distinct cognitive defects of the syndrome? These two symptoms are the
disturbance of visuospatial orientation and an unusualy strong fixation on the faces of other people during
pairwise interaction with a stranger. An experimental approach to the first cognitive manifestation might be an
analysis of the locomotor behavior of Drosophila larvae involving visuospatial orientation during the explora-
tion of the surrounding environment. An approach to tackle the second manifestation might be an analysis of
the most natural ways of contact between a male and a female during courtship (the first stage of this ritual is
the orientation of a male towards a female and following the female with constant fixation on the female’s im-
age). The present study of locomotor activity and cognitive repertoire in spontaneous and mutant variants of the

Drosophila agnostic locus allows one to bridge alterations in the structure of the limk1 gene and behavior.
KEYWORDS Williams syndrome; LIMK1; Drosophila; locomotor activity; learning; memory.
ABBREVIATIONS CRSC - conditioned reflex suppression of courtship; LI — learning index; CI — courtship index.

INTRODUCTION

Over the past 20 years, Williams Syndrome has been re-
garded as one of the most attractive models for estab-
lishing a direct relationship between the genes, brain,
and behavior [1, 2]. The syndrome results from a 1,500 kb
deletion at 7q11.23, whose specific architecture predis-
poses to unequal recombination. The deletion affects ap-
proximately 20 genes; their hemizygosity manifests as a
developmental anomaly characterized by cardiovascu-
lar problems, “elfin” facial features, and several typical
neurological anomalies and cognitive characteristics [3].
LIM-kinase 1 hemizygosity (LIMK1 is the key actin-re-
modeling enzyme) causes cognitive impairments. They
are characterized by a triad of signs: 1) a pronounced
defect in visuospatial orientation; 2) a verbal linguistic
defect of intermediate severity, which varies depending
on the linguistic complexity of a certain culture; and 3)
unusually strong gaze fixation on faces.

Experiments on higher animals are extremely ex-
pensive; hence, simple animal models are needed to
explore for and test drugs capable of correcting these
disorders.

Can Drosophila melanogaster be used for this pur-
pose? On the one hand, the functions of human disease
genes are often identified from the way mutations
manifest themselves in the Drosophila gene when its
sequence is identical to that in the human gene. On the
other hand, all the genes that reside in mammals in a
single critical region being deleted in Williams syn-
drome are known in Drosophila (let us remind read-
ers that the frizzled-9 gene was first described in
Drosophila). Despite the different evolutionary organi-
zation of the Drosophila genome when these genes lo-
calize on different chromosomes, the effect of a certain
gene in the emergence of Williams syndrome can be
analyzed if it meets the following criteria: 1) mutations
of this gene must be known, while their hemizygosity
would cause a mutant phenotype in Drosophila; 2) the
architecture of the Drosophila gene locus may predis-
pose to the emergence of chromosomal rearrangements
due to unequal recombination; and 3) the gene locus
must be characterized by increased recombination fre-
quency, which may result in spontaneous generation
of deletions or other rearrangements. This effect must
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manifest itself as a polymorphism in wild-type stocks
that is specific to this region. The agnostic locus carry-
ing the gene encoding LIMKI1, which has been detected
and characterized by us, meets all these criteria.

The agnostic locus was found in the 11 B of the X
chromosome using targeted gene screening of temper-
ature-sensitive (ts) mutations induced by ethyl meth-
anesulfonate (EMS), which had the potential to inhibit
the activity of enzymes of cAMP synthesis and decay
[4]. Mutant agn®® fruit flies exhibit an unusually high
activity of Ca?*/calmodulin-dependent phosphodieste-
rase 1 [5]. Flies with a heterozygous Df(1)368 deletion
(exposing this locus) and Df(1)112 deletion (isolated
according to the trait of its lethality when combined
with agn®3) also die during development at 29°C; i.e.,
the mutant phenotype manifests itself in hemizygous
individuals (similar to that in Williams syndrome). Mo-
lecular genetic studies have showed that the agnostic
gene encodes LIMK1 enzyme containing a repeat of
two LIM domains flanked by extensive AT-rich repeats
(The National Center for Biotechnology Information,
NCBI). Unequal recombination is observed in this re-
gion more frequently, causing a strongly pronounced
polymorphism in the wild-type stocks Canton-S (CS),
Berlin, and Oregon-R (Or-R) [6—38].

Thus, due to its structure and nucleotide environ-
ment, the agnostic gene may act as a genetic reserve of
polymorphism and can be used as a convenient model
for genomic disorders, such as Williams syndrome. If
this is true, can this model contribute to the analysis
of two diagnostic symptoms of the triad of cognitive
impairments in patients with Williams syndrome (dis-
turbance of visuospatial orientation and unusual strong
fixation on the faces of other people during pairwise
interaction with strangers)?

The former question can be answered by analyzing
the locomotor behavior in larvae, which simultaneously
includes the exploration of the environment (inevitably
involving visuospatial orientation) and larvae feeding
(achieved when larvae move over the substrate). The
latter problem can also be solved by analyzing the nat-
ural contact between an adult male and an adult female
during the sexual ritual. The first stage of this ritual is
the orientation of a male towards a female and follow-
ing the female with constant fixation on the female’s
image

In this study, we showed the changes in the param-
eters of locomotor activity in larvae and abrupt altera-
tions in tracks during spatial orientation in Oregon-R
and agn'® males. Imagoes of these stocks have signifi-
cant learning and memory defects caused by a condi-
tioned reflex suppression of courtship due to abruptly
enhanced orientation towards a partner and following
the partner.

54| ACTANATURAE| VOL.6 Ne2(21) 2014

EXPERIMENTAL

Drosophila stocks
We used stocks exhibiting polymorphism in the agnos-
tic locus (region 11B of the X chromosome).

1. Wild-type stock Canton-S (CS), with tempera-
ture-sensitive (ts) mutation in the agnostic locus (agn®?®)
maintained in its genetic background.

2. Wild-type stock Berlin isolated from the natural
Berlin population of Drosophila melanogaster and with
a significant disturbance in the regulation of the limk1
gene.

3. Wild-type stock Oregon-R (Or-R). PCR mapping
of the limk1 gene reveals a deleted fragment between
the primers limiting the region containing both LIM
domains and a portion of the PDZ domain.

4. agn'®, mutant in the agnostic locus containing the
limk1 gene, carrying a 1.7 kb insertion located approxi-
mately 1 kb away from the 3’-untransribed region of
the limk1 gene in the region where the A/T-rich se-
quence localizes.

Studying the locomotor activity of larvae

The locomotor behavior of Drosophila larvae was stud-
ied using an original automated construction designed
by G.A. Zakharov and T.L. Payalina (Pavlov Institute
of Physiology, Russian Academy of Sciences) based on
a setup for recording the locomotor behavior of Dro-
sophila imagoes which was designed by N.G. Kamyshev
et al. [9]. Round cameras 20 mm in diameter were used
to record the locomotor behavior of larvae. Transloca-
tion of a larva was recorded using a Logitech Quick-
Cam camera. To perform automated registration of the
behavior, we used the original software developed by
G.A. Zakharov and N.G. Kamyshev. The experiment
duration was 1 h; the temperature in the chambers was
23—-24°C.

In order to analyze the rest and motion periods, the
total record was subdivided into quanta 1s long. The
speed of a larva at this quantum was then calculated. If
the resulting speed was lower than the threshold value
(0.5 mm/s), it was assumed that the larva was resting
during this quantum; otherwise, the larva was assumed
to be moving. The neighboring quanta with the identi-
cal type of motion were combined, thus forming motion
and rest periods.

In order to analyze the dynamics of locomotor activ-
ity parameters, the total record time was divided into
300s long intervals. Each rest or motion period was con-
sidered to belong to an interval at which it had started.
The locomotor frequency (number of initiated locomo-
tions per 100s) and the activity index (share of time
spent moving) were also calculated for each interval.
At least 25 larvae from each stock were analyzed. The
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Fig. 1. Total parameters of locomotor activity in larvae. 1 — significant difference from CS, 2 — significant difference from

Berlin, 3 — agn's?

significant difference from Or-R. Kruskal-Wallis one-way analysis of variance with the subsequent mul-

tiple comparisons of average ranks for all experimental groups, p < 0.05

statistical significance of the differences between the
experimental groups was determined using a Kruskal-
Wallis dispersion analysis, followed by multiple com-
parisons of the mean ranks for all the experimental
groups. Track distribution was compared using the
paired t-test for the portions. The statistical signifi-
cance of all differences was calculated for p < 0.05.

Assessment of the learning and memorization ability
In order to develop the conditioned reflex suppression
of courtship (CRSC), a 5-day-old sexually inexperienced
Drosophila male from the tested stock was placed in an
experimental organic glass chamber (15 mm in diam-
eter) with a fertilized 5-day-old Canton-S female and
left for 30 min (training). Learning and memory abili-
ties were tested immediately (0 min) and 3 h (180 min)
after the training using new fertilized 5-day-old Can-
ton-S females. Sexually inexperienced (naive) males
were used as a control. An ethogram of male’s behavior
was recorded for 300s the time when certain courtship
elements (orientation, vibration, licking, a copulation
attempt), as well as those not related to courtship (loco-
motion, preening, rest), had been started were written
down. Recording was started 45s after a fruit fly was
placed in the chamber. Specialized software (developed
by N.G. Kamyshev) was used to decipher and analyze
the data. The courtship index (CI) was calculated for
each male; ie,, the time a male spent in courtship shown
as a percentage of the total observation time. To quali-
tatively assess the learning results, we calculated the
learning index (LI) using the formula:

LI =[CI, - CL]/CI, X 100% = (1 = CI,/CL) X 100%,

where CI and CI are the mean courtship indices in
independent samples of sexually inexperienced males
and males who had been trained. Statistical process-
ing of the results was conducted using a randomization
analysis [10—12].

RESULTS AND DISCUSSION

Total differences in locomotor activity parameters
The activity index, shown in Fig. 1, is the most general
parameter describing the locomotor activity of larvae.

CS has a higher activity index (0.34) compared with
the other stocks. One can see it from the median value
and from both quartiles. No statistically significant dif-
ferences between the stocks agn'’, Berlin, and Or-R
with respect to this parameter have been revealed.
The activity index can be changed due to alterations
in the locomotor frequency and duration. The interlin-
ear differences in locomotion frequency are completely
identical to those in the activity index. This means that
changes in the activity index can be generally attrib-
uted to a decrease in locomotion frequency; however,
locomotion duration can differ as well.

CS also differs from the rest of the stocks by this pa-
rameter. CS is characterized by a higher mean locomo-
tion duration. Furthermore, Berlin differs from Or-R
and agn'?, which was not observed when examining
the activity index.

Speed of locomotion is another parameter; it is in-
dependent of the previously discussed ones. The high-
est speed of locomotion was also observed in CS larvae.
agn®? occupies the second position and is followed by
Berlin and Or-R. Both quartiles have the same distri-
bution.
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Fig. 2. Temporal dynamics of activity index and speed of locomotion in larvae. Points show the medians of distribu-

tions. 1 — significant difference from CS, 2 — significant difference from Berlin, 3 — agn

3 significant difference from Or-R.

Kruskal-Wallis one-way analysis of variance with the subsequent multiple comparisons of average ranks for all experi-

mental groups, p < 0.05

Temporal dynamics of locomotor activity parameters
The temporal dependence of locomotor activity param-
eters is shown in Fig. 2. CS larvae actively move imme-
diately after they are placed in experimental chambers.
The median value of the activity index is ~ 0.55. Activ-
ity subsequently gradually decreases. Starting with the
40" minute, the median value of the activity index is 0.3
and further remains unchanged.

Berlin and agn'? larvae under normal conditions are
characterized by a considerably lower mobility com-
pared with CS larvae. The median activity index is
0.1—-0.15. The differences are significant up to the 25"
minute of the experiment and on the 35™ minute. Af-
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ter that, the differences disappear due to a drop in the
activity of CS larvae. Mutant agn'® are characterized
by an even lower activity; the differences from C.S are
statistically significant throughout the entire experi-
ment. Or-R originally has a lower mobility compared to
that of CS, although it is higher than that in Berlin and
agn®s . The activity of Or-R larvae rapidly drops during
the experiment; starting with the 30 minute, it signifi-
cantly differs from the activity of CS larvae.

Now let us thoroughly discuss the parameters con-
tributing to the alteration of the activity index. The dy-
namics of the locomotion frequency are similar to the
dynamics of the activity index. CS is characterized by
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an appreciably high locomotion frequency (the median
value is ~ 5.5 X 10 Hz), which gradually decreases to
reach ~ 3.6 X 102 Hz by the end of the experiment. Or-R
at the beginning of the experiment has the same loco-
motion frequency as CS does (by the 5" minute of the
experiment it is statistically higher than that of Berlin
and agn®?). The locomotion frequency rapidly decreases
and becomes lower than that in CS by the 30" minute
of the experiment. Agn' is characterized by a lower
locomotion frequency than CS throughout the entire
experiment. Berlin originally has a lower locomotion
frequency than CS; however, these differences disap-
pear after the 25" minute.

Thus, agn'® is characterized by the greatest defects
compared to the CS. There is also a difference in the
dynamics of the activities of Berlin and Or-R. The lower
mobility of Or-R is related to a rapid decrease in activ-
ity during the experiment. Berlin originally exhibits a
lower activity. However, it decreases slower than that
in CS; that is why the statistically significant differ-
ences disappear in the second half of the experiment.

The dynamics of locomotion duration were rather
interesting. During the entire experiment, CS flies (ex-
cept for the first 5 min) have a virtually constant lo-
comotion duration (5 s). Berlin is also characterized by
a constant locomotion duration (4.5 s; the differences
are statistically significant until the 55" minute). The
original locomotion duration of Or-R is identical to that
of CS and significantly higher than that of Berlin . In
the range between the 20 and 25™ minute, the locomo-
tion duration decreases abruptly and remains constant
(2.5 s). Before the 55 minute, agn'® is characterized by
the same locomotion duration as that of CS. The dif-
ferences start being observed only on the 60" minute.
In a series of points (5—15, 25, and 35 min), the loco-
motion duration in agn'*® is statistically significantly
higher than that in Berlin. No significant differences
from Or-R were detected. In the beginning of the ex-
periment, CS larvae have the highest speed of motion
(~ 0.45 mm/s), which decreases appreciably rapidly
and reaches 0.4 mm/s by the end of the experiment.
Berlin is originally characterized by a lower speed of
motion compared with CS (~ 0.36 mm/s). However,
in this case the speed of motion does not decrease; in-
stead, it slightly increases by the end of the experiment.
Hence, starting with the 40 minute of the experiment,
the differences between Berlin and CS disappear. Or-R
is characterized by a lower speed of motion compared
with CS throughout the entire experiment (0.38 mm/s
in the beginning and ~ 0.34 mm/s by the end of the
experiment). Statistically significant differences from
Berlin were detected on the 50" and 60" minutes. The
total speed of locomotion in Berlin and Or-R differs
statistically significantly throughout the entire experi-

1 2 3 4 5 6
OBDOH/C ~
Fig. 3. Examples of track classes. 1 — complete coverage
of all space available for movement in the experimental

camera; 2 — insignificant defects of coverage; 3 — sig-
nificant defects of coverage; 4 — distorted movement in

space; 5 — strong defects of spatial movements; 6 — dra-
matic defects of movement in space

ment. agn'?® is characterized by a high speed of locomo-
tion. Between the 10* and 50" minutes, no differences
with CS§ are observed. Differences with Berlin (55—15,
25—35, 60) and Or-R (10—50) are observed for a series
of points.

Thus, examination of the temporal dynamics of lo-
comotor activity parameters demonstrated that the
activity index of larvae and the locomotion frequen-
cy coincide for the series CiS = Berlin » Or-R ~ agn'®.
The activity index in Berlin remains low during the
entire experiment, while Or-R is characterized by a
very rapid drop in the originally high activity index.
Or-R exhibits the largest difference for the locomo-
tion duration, while agn®?® is closer to the wild-type
stock. This cross-alteration of locomotion duration and
frequency presumably leads to the absence of differ-
ences in the activity index between Berlin, Or-R, and
agn'*s. The speed of locomotion decreases in the series
CS - agn's* > Berlin - Or-R.

Distribution over the shape of

movement trajectories (tracks)

The visuospatial orientation ability (i.e., the ability of
an animal to orient in the environment when perform-
ing exploration and the way an animal stops it with
time) can be characterized by analyzing tracks (motion
trajectories). All the tracks analyzed were subdivided
into six classes. The characteristic shape of each class
of tracks is shown in Fig. 3.

The distribution of larval tracks over classes has
significant interlinear differences. The decrease in the
number of class 1 tracks was most noticeable (~ three-
fold) in Berlin, Or-R, and agn'® as compared to CS
(Fig. 4). The number of class 3 and 6 tracks increases
statistically significantly in Berlin.

In Or-R, only the number of class 4 tracks increases
reliably. A decreased number of class 2 tracks and a
noticeable increase in the number of class 3 tracks is
observed for agn®?.

Thus, each stock has its own defects of locomotor
behavior. Berlin is characterized by a reduced activ-
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ity index and disturbed track distribution. Or-R has a
spontaneous activity defect: a rapid decrease in the ac-
tivity index, while the speed of motion is retained. All
these disturbances may attest to the significant defects
in visuospacial orientation that are observed in Berlin,
Or-R, and agn®.

Studying the locomotor activity of imago

and its contribution to cognitive abilities

Recording the behavior under conditioned reflex sup-
pression of courtship allows one not only to calculate
the learning index (LI) with allowance for all the ele-
ments of non-sexual (locomotor activity, preening, rest)
and sexual behavior (orientation/following, wing vi-
bration, tapping, licking, copulation attempt), but also
to analyze the recorded behavioral ethograms individu-
ally for each parameter. Figure 5 demonstrates that, as
it was shown earlier, the learning processes and forma-
tion of medium-term memory (3 h) are dramatically
disturbed both in agn®® mutants [8] and in Oregon-R
males [13].

If one calculates the learning index with allowance
for a random element of sexual behavior, it will be pos-
sible to determine why the learning and memorization
defects develop. It turned out that suppression of ori-
entation/following makes the key contribution to the
total suppression of courtship. In terms of this param-
eter, Oregon-R and agn’*® males were unable to learn:

Learning and medium-term memory
(orientation /following)

100 1
80
x _ T
<5 60
£ =
2
‘e 40 4
©
it
20 - * * *
“iN &
0 T T — 1

s3

cs Berlin  Oregon-R agn

O Test immediately after training (learning)

O Test 3 h after training (memory)

Fig. 5. Contribution of defects in orientation and following to learning and memory disturbances. * — significant differ-

ence from CS, p < 0.05, two-sided randomization test
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the conditioned reflex suppression of courtship was not
developed immediately after training. Three hours after
the training, the learning index remained at the same
level; it also differed statistically significantly from the
LI in Canton-S. It is clear from Fig. 5 that learning and
memory defects in Oregon-R and agn'* can be explained
by a disturbed orientation/following behavior.

Let us discuss these processes more thoroughly, with
a focus on such a parameter of locomotor behavior of
imago during intrapair interactions as the locomotor
activity of males not related to sexual behavior. Figure
6 shows that the locomotor activity in the control (naive
Oregon-R and agn’*® males) is statistically significantly
higher than that in the wild-type CS stock. The activity
levels were comparable with those in C.S males imme-
diately and 3 h after training.

As for the activity related to sexual behavior — ori-
entation/following (intrapair interaction between a
male and a female) — it is twice as low in Berlin and Or-
egon-R males but twice as high as that in wild-type ag-
n*3males. This form of activity is expected to decrease
abruptly after training, when conditioned reflex sup-
pression of courtship is observed (an abrupt decrease in
the share of activity related to sexual behavior and an
abrupt increase in the share of usual locomotor activ-
ity). This actually is observed immediately after train-
ing in CS, Berlin, and Oregon-R males but not in mu-
tant agn’ males, in whom the activity related to sexual
behavior is fourfold higher than that in CS males, thus
being indicative of a learning defect. Three hours after
the training, when the orientation/following param-
eters may slightly decrease (like in CS), orientation/

Test immediately after training

following in agn's® fruit flies is twice as high as that of
CS. The contribution of this component to the conven-
tionally calculated courtship indices in the wild-type
C.S stock is 35% (learning) and 42% (memory); in the
wild-type Berlin stock, 33% (learning) and 34% (mem-
ory); in the wild-type Oregon-R stock, 50% (learning)
and 40% (memory); and in agn®* mutant, 85% (learning)
and 83% (memory).

Thus, each stock is characterized by a typical ratio
between two activity forms. This seems to provide a
good opportunity to test the diagnostic symptom be-
longing to the triad of cognitive impairments in Wil-
liams syndrome: unusually strong gaze fixation on faces
(in this case on a target courtship object). Furthermore,
this analysis method allows one to take into account
the learning component (individual experience). Let us
remind the reader that in patients with Williams syn-
drome, the unusually strong hypersocialization (gaze
fixation on strangers’ faces) does not lead to tight con-
tacts with peers, school friends, or making friends. In
other words, a patient constantly addresses the same
stimulus (the face), without properly interpreting the
response.

The findings provide grounds for claiming that cog-
nitive defects caused by insufficient suppression of ori-
entation/following of a partner were found in Oregon-
R and agn'® males. The orientation defects manifest
themselves as early as in larvae; male larvae explor-
ing the environment demonstrate abrupt disturbance
of motion trajectories in space and temporal dynamics
of the activity index, and the locomotion frequency of
larvae.

Test 3 h after training

100 -
80 -

! 60
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1
— 0
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100 - . 1007
80 4 80 1
60 4 60 A
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D Orientation /following (locomotor activity related to sexual behavior)

Fig. 6. Portions of locomotor activity connected and not connected to sexual behavior immediately and 3 h after train-
ing. * — significant difference from CS, aR < 0.05, one-sided randomization test
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CONCLUSIONS

Drosophila melanogaster stocks carrying different vari-
ants of the agnostic locus with changes in the regula-
tory and structural regions of the gene encoding LIM
kinase 1 (LIMK1) were used to simulate the human
deletion Williams syndrome. It is believed that hemizy-
gosity for the limk1 gene results in disturbance of mo-
tor functions, cognitive defects of visuospatial orienta-
tion, and strong gaze fixation on a partner [2].

Simulation of this syndrome with the involvement
of mutant and spontaneous variants of the agnostic
locus made it possible to reveal the effect of changes
in the limk1 gene structure on locomotor and cogni-
tive manifestations, including changes in locomotor
activity parameters in larvae and abrupt changes in
tracks in Oregon-R and agn'* males during spatial
orientation. Extensive training and memorization de-
fects under conditioned reflex suppression of court-
ship are observed in imagoes of the same lines due to
an abruptly increased orientation towards a partner
and following it.

Based on the data obtained by sequencing the
limk1 gene from Canton-S, Berlin, Oregon-R, and
agn’ stocks (the International Database of Genetic
Data GenBank (http://www.ncbi.nlm.nih.gov/Gen-
bank/, numbers Dlimk1l allforGenbank.asn.1 dmel-
limk1-CantonS JX987486 Dlimk1l_ allforGenbank.
asn.l dmel-limkl-agnosticts3 JX987487; Dlimk1 all-
forGenbank.asn.l dmel-limk1-Oregon-R JX987488,;
Dlimk1 allforGenbank.asn.l dmel-limkl-Berlin
JX987489; Dlimk1 allforGenbank.asn.1 dmel-limk1-
CantonS JX987486; Dlimk1l allforGenbank.asn.1
dmel-limkl-agnosticts3 JX987487; Dlimk1 allfor-
Genbank.asn.l dmel-limk1-Oregon-R JX987488,;
Dlimk1_allforGenbank.asn.l1 dmel-limk1l-Berlin

JX987489)), one can assume that the defect of the
LIM and PDZ domains in Oregon-R stock fruit flies
is accompanied by changes in the locomotor behavior
and abrupt cognitive impairment. The changes in the
LIM and PDZ domains of LIMKI1 also reduce both the
visuospatial orientation and learning abilities. An in-
sertion of S-transposon in the 3’-untranscribed region
of the limk1 gene in agn'® mutant also results in rath-
er interesting outcomes. Mutant agn®® had defects in
orientation ability and a significant impairment of the
cognitive sphere, which was accompanied by LIMK]1
hyperexpression [8, 14].

It should be mentioned that the results of our study
lay the groundwork for developing a method for the
rapid assessment of the effect of various pharmaco-
logical agents on the locomotor and cognitive ability of
Drosophila. The proposed methods for recording the
behavior of Drosophila larvae and imagoes can be used
to search for drugs correcting locomotor and cognitive
impairments. The celerity and relatively low cost of
studies using Drosophila melanogaster make it a virtu-
ally ideal object for preliminary experimental testing of
therapeutic drugs. The drugs that have passed through
this stage can be moved to the next stage of testing us-
ing vertebrates, which are closer to humans.

The revealed relationship between mutational dam-
age to the agnostic gene and defects in the locomotor
and cognitive spheres make it possible to use this model
to study genome diseases, and Williams syndrome in
particular. e

This work was supported by the Russian Foundation
for Basic Research (grant No 12-04-01737-a) and
the Presidium of the Russian Academy of Sciences
(programs Ne 7 and 30).
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ABSTRACT The speculations on the role of MUCI, a substance which is overexpressed in glandular cancer cells,
on the metastatic potential of such cells are rooted in data that seem to indicate that cell malignization correlates
with a change from the apical localization of mucin MUCI to a peripheral one. Nonetheless, the role of MUC1
in cancer metastasizing remains far from clear. The major hurdle remains the absence of adequate cell models.
The aim of the present study was to create cell models that present different fragments of the human mucin
MUCI1 extracellular domain on their surface. Genetic constructions were generated on the basis of the plasmid
vector pEGFP-N3. These constructions contain fusion genes coding for chimeric proteins composed of differ-
ent combinations of mucin MUC1 functional domains and identification markers (FLAG-epitope, located at the
N-terminus, and EGFP, located at the C-terminus of the chimeric proteins). These constructions were used for
a stable transformation of HT-29 human cancer cells. The transformants obtained were characterized by flow
cytometry. The low expression level of endogenous mucin MUC1 and the high expression level of recombinant
proteins were confirmed by real-time PCR. The microscopic examination of the transformed cells confirmed
the membrane localization of the fusion proteins. The resulting cell models could be used to investigate the role
of the mucin MUCI1 domains in cancer cell metastasizing. The obtained cells are used as an applicable model of
MUCI1-expressing cancers and might be used to study the role of different functional fragments of mucin MUC1
in metastasizing.

KEYWORDS mucin; MUCI1; cell models; HT-29; cancer; metastasis.

ABBREVIATIONS PCR — polymerase chain reaction; RT-PCR — polymerase chain reaction with reverse transcrip-
tion; PBS — phosphate buffered saline; DPBS — Dulbecco’s phosphate buffered saline; BSA — bovine serum albu-
min; GAPDH - glyceraldehyde-3-phosphate dehydrogenase.

etastasizing, a process characterized by an in-

‘ \ / I creased ability of cells to invade and migrate
through the endothelium, is considered to be

one of the key processes underlying cancer develop-
ment. The emergence of the ability to metastasize in
tumor cells is usually associated with poor prognosis [1].
The molecular mechanisms of the processes that lead to
changes in a cell’s metastatic potential have been the
subject of active investigation for several decades. It
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has been established that the molecules that interact
with the extracellular matrix [2, 3] or cell adhesion mol-
ecules [4, 5] are involved in these processes. One such
molecule is human mucin MUC 1. Experimental data
indicating that an increased expression of MUC 1 cor-
relates with a reduced aggregating ability of cells in a
culture [6] has prompted researchers to postulate that
this glycoprotein magnifies the metastatic potential of
tumor cells.
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Membrane glycoprotein MUC 1 is normally located
on the apical surface of the epithelial cells that line the
airways and ducts of glands and performs the func-
tions of moisturizer and lubricant. The expression of
the MUCI gene increases in malignant, transformed
cells [7—9]; cellular localization [10, 11] and the glyco-
sylation pattern of mucin MUC 1 changes [12].

There are several functional domains in the mucin
MUC 1 structure: an extracellular, a transmembrane,
and a cytoplasmic one. The data on the influence of the
different MUC 1 domains on the metastatic potential
of tumor cells are rather contradictory [13—15]. Only
the role of the cytoplasmic domain has been established
rather unequivocally: the signaling pathways this frag-
ment participates in and the intracellular molecules it
interacts with have been identified [16—18]. Howev-
er, the functional role of the MUC 1 extracellular do-
main in this process is not entirely clear, although it is
known that the changes in the mucin molecule in the
course of malignant cell transformation basically af-
fect its extracellular region. A change in the glycosyla-
tion pattern of the mucin MUC 1 extracellular domain
in tumor cells leads to the formation of tumor-specific
antigenic epitopes. It is assumed that the glycosylation
pattern of mucin can significantly affect the tumor cell
invasiveness. Thus, it has been shown that the car-
bohydrate components of tumor-associated (but not
“normal”) mucin MUC 1 are able to bind the selectins
produced by activated endothelium cells [19]. In turn,
the selectins mediate the interaction with the receptors
on the endothelial cell surface, which apparently pro-
motes the attachment of a metastatic cell to the vessel

Table 1. Sequences of oligonucleotides used in this work

wall and subsequent invasion. Furthermore, metastatic
cells are characterized by the presence of certain gly-
cosidic epitopes [20, 21]. The glycoside epitopes syalil
Lewisa (sLea) and syalil Lewisx (sLex) have been iden-
tified for MUC 1; their presence is associated with the
metastasizing ability of cells. In particular, it has been
shown that the sLea content gradually increases dur-
ing the neoplastic transformation of intestinal cells [22].
Increased amounts of dimeric forms of sLex were also
found in subpopulations of lung adenocarcinoma cells
demonstrating a considerable ability to form colonies
in the lungs of athymic mice [23]. These data indirectly
attest to the participation of the mucin MUC 1 extra-
cellular domain in the amplification of the metastatic
potential of tumor cells in mammals.

Nevertheless, it remains impossible to study the ef-
fect of the MUC 1 extracellular domain on tumor cells
metastasizing without adequate cell models. Cell mod-
els of aggressive forms of MUC 1-expressing cancers
can be used to test both anticancer drugs and diagnos-
tic tools aimed at recognizing the extracellular frag-
ment of mucin MUC 1.

Since expression of mucin MUC 1 is typical of most
epithelial tumors, the development of such agents could
cover a wide range of cancer diseases.

EXPERIMENTAL

Materials

We used salts purchased from Merck (Germany) and
salts of domestic production (special purity grade);
components for microbiological media (Difco, USA);

Name 5'-3' sequence
FLAG_ F AGCTTGACTACAAGGACGATGACGATAAGA
FLAG R AGCTTCTTATCGTCATCGTCCTTGTAGTCA
USTR_F ACGTCTCGAGATGACACCGGGCACCCAGT
TM_F TGGGGGATCCGTGCCAGGCTGGGGCAT
TM _F(2) AAGCTTGTGCCAGGCTGGGGCAT
CT_R ACGTGGATCCCCAAGTTGGCAGAAGTGGC
T™™_R GCTAGGATCCGCACTGACAGACAGCCAAGGC
USTR_R TGACAAGCTTCCCCAGGTGGCAGCTGAA
GAPDH F CAAGGTCATCCATGACAACTTTG
GAPDH_R GTCCACCACCCTGTTGCTGTAG
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agarose; enzymes and kits for PCR, RT-PCR, real-time
PCR, extraction of DNA fragments from agarose gel
and isolation of the plasmid DNA, as well as DNA and
RNA markers (Thermo Scientific, USA), TR Izol (Sig-
ma, USA), and DEPK (Sigma, USA).

Cell-culturing was performed using a Dulbecco’s
modified Eagle’s medium (DMEM), Versen solution,
trypsin solution (PanEco, Russia), fetal calf serum (Hy-
clone, USA), antibiotics geneticin (G418), penicillin, and
streptomycin (Sigma-Aldrich, USA).

Bacterial strains and cell cultures

The Escherichia coli JM110 strain (el4-[F ‘traD36 pro-
AB + laclq lacZAM15] hsdR17 (rK-mK +)) came from
the collection of the State Research Institute of Genet-
ics and Selection of Industrial Microorganisms (“Gene-
tika”). We used human cell cultures of breast cancer
(MCF-T7), cervical cancer (HeLa), and colorectal adeno-
carcinoma (HT-29).

Synthetic oligonucleotides
The oligonucleotides used were synthesized by OOO
DNK-Sintez; their sequences are listed in Table 1.

RNA isolation from cell culture

The cells washed with DPBS were pelleted by centrifu-
gation (4 min, 1000 rpm) and re-suspended in 1 ml of
the TR Izol reagent. 200 pl of chloroform was added; the
pellet was stirred and incubated for 2—3 min at room
temperature, then centrifuged (15 min, 13,000 rpm,
+4°C), and the upper aqueous phase was collected in a
clean tube. An equal volume of isopropanol was added,
the mixture was incubated for 10 min at room temper-
ature whereupon nucleic acids were precipitated by
centrifugation (10 min, 13,000 rpm, +4°C). The pellet
was washed with 75% ethanol, dried, and dissolved in
water containing 0.1% DEPK. DNA was removed by
digestion with DNase I following the manufacturer’s
recommendations.

c¢DNA synthesis

cDNA was synthesized by the reverse transcription
technique using a RevertAid First Strand cDNA Syn-
thesis Kit (Thermo Scientific, USA) following the man-
ufacturer’s recommendations.

RNA isolated from a MCF-7 cell line and the spe-
cific primers USTR_R for ¢cDNA(ustr) and CT_R for
cDNA(tmct) were used to obtain cDNA fragments cod-
ing for the functional fragments of mucin MUC 1.

RNA isolated from HeLa and HT-29 cells was used
to obtain cDNA. cDNA (GAPDH) was obtained using
GAPDH_R oligonucleotide. cDNA (MUC 1) was pre-
pared using the oligonucleotide TM_R; cDNA (rMUC 1),
using FLAG_R oligonucleotide.
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Preparation of DNA fragments encoding

mucin MUC 1 functional fragments

The oligonucleotides for producing mucin gene frag-
ments were chosen after the cDNA sequence of human
mucin MUC 1 had been analyzed [24].

The Ustr fragment was obtained by PCR with
cDNA (ustr) and the primers USTR_F and USTR_R,; the
tmcet fragment was obtained by PCR with cDNA(tmct)
and the primers TM_F and CT_R; the tm fragment was
obtained by PCR with cDNA(tmct) and the primers
TM_F (2) and TM_R. The PCR products were separated
by electrophoresis in 1% agarose gel and extracted from
the gel using a GeneJET Gel Extraction Kit (Thermo
Scientific, USA). The resulting fragments were cloned
into the vectors pUC18 — ustr at the restriction sites
Xhol and HindIII; tm, at the restriction sites HindIII
and BamHI; and tmct, at the restriction site BamHI.
The following plasmids were obtained: pUC18-USTR,
pUC18-TM, and pUC18-TMCT. Correspondence of the
nucleotide sequences of the cloned fragments to the ex-
pected ones was confirmed by sequencing.

The Tr21 fragment was obtained using the technique
developed to produce fragments containing different
numbers of tandem repeats from the VNTR region of
the human MUCI1 gene [25], and it was cloned into the
vector pUC18 — TR21 (at the restriction sites HindIII
and BamHI).

Production of expression vectors containing

different fragments of the mucin MUC1 gene
Assembly of the plasmids was performed on the ba-
sis of vector pEGFP-N3 (Clontech, USA). The f frag-
ment was obtained by annealing the oligonucleotides
FLAG_F and FLAG_R.

The vector pUSTR-TR-TMCT-EGFP was obtained
by sequential cloning of the fragments ustr (at the re-
striction sites Xhol and HindIII), tr21 (at the restriction
sites HindIII and BamHI), tmct (at the restriction site
BamHI), and f (at the restriction site HindIII). Vector
pUSTR-TM-EGFP was obtained by sequential clon-
ing of the fragments ustr (at the restriction sites Xhol
and HindIII), tm (at the restriction sites HindIII and
BamHI), and f (at the restriction site HindIII). The de-
sired fragments were obtained by restriction of the
vectors pUC18-USTR, pUC18-TM, pUC18-T MCT and
pUC18-TR21, followed by extraction from the agar-
ose gel. Thus, the pUSTR-TM-EGFP and pUSTR-TR-
TMCT-EGFP expression vectors were prepared; they
contained genes encoding the USTR-TM-EGFP and
USTR-TR-TMCT-EGFP fusion proteins, respectively.
A schematic representation of the mutual arrangement
of the domains in the structure of the recombinant pro-
teins as compared with the structure of natural mucin
is shown in Fig. 1.
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Autoproteolytic site

<: -

L VNTR

“USTR

> * s-r »
DSTR TM CT

Schematic diagram of the precursor of natural mucine MUC 1

L | TR21

USTR-TR-TMCT-EGFP

USTR-TM-EGFP

Schematic diagram of the precursors of recombinant fusion proteins

Fig. 1. Arrangement of the major functional domains of endogenous mucin MUC1 and recombinant fusion proteins.
L — signal peptide; VNTR — region with a variable number of tandem repeats; TR21 — 21 tandem repeat from VNTR;
USTR and DSTR — non-regular repeats located upstream of VNTR and downstream of VNTR, respectively; F — FLAG
epitope, TM — transmembrane domain, CT — cytoplasmic domain

Transfection

Vector pEGFP-N3 and the plasmids pUSTR-TM-EGFP
and pUSTR-TR-TMCT-EGFP were used for transfec-
tion. Transfection of HT-29 cells was performed using
a Gene Pulser Xcell Total electroporation system (Bio-
Rad, USA). 20 pl of plasmid DNA (0.4 ug/ul) and 180 pl
of the cell suspension (5%10° cells/ml) were placed in a
2-mm electroporation cuvette; the mixture was stirred
and subjected to an electric field (500 V/cm, 10 pulses
of 1 ms). The cells were then seeded in culture dishes
and grown in a complete DMEM medium for 3 days,
washed with DPBS, supplied with fresh DMEM con-
taining antibiotic G418 (700 pg/ml), and cultured for
10—14 days. The most brightly glowing colonies were
picked and placed into a 96-well plate. The stably trans-
fected cells were analyzed using a flow cytometer (BD
FACS Arialll, USA).

Flow cytometry

For the flow cytometry analysis, the cells were washed
with a DPBS solution three times and re-suspended in
DPBD to approximately 1x10° cells/ml.

Fluorescence microscopy

The cells were seeded on glass coverslips and analyzed
after 24 h using a Nikon Eclipse Ts100 fluorescent mi-
croscope (Nikon, Japan) or an LSM510 Meta microscope
(Carl Zeiss, Germany).

Real-time PCR

PCR was performed using the Maxima SYBR Green
qPCR Master Mix 2X (Thermo Scientific, USA) con-
taining the SYBR Green intercalating agent. The con-
centrations of primers in the reaction mixtures were
0.03 mmol/l. Dilutions of the cDNA sample (10, 100,
1000 and 10,000-fold) were used to plot a calibration
curve. Reactions without cDNA and without reverse
transcriptase M-MuLV were used as a control. All ex-
periments were performed in triplicate.

The expression level of endogenous MUC 1 in non-
transfected cells was determined using the MUC 1
cDNA and TM_F/CT_R primer pair; the expression
level of recombinant mucin MUC 1 was analyzed using
the cDNA rMUC 1 and USTR_F/FLAG_R primers.

The results were normalized to the expression lev-
el of the GAPDH gene using cDNA (GAPDH) and
GAPDH _F/GAPDH_R primers.

Determination of the growth pattern

of cells expressing recombinant proteins

The cells of each stable line — HT-29 EGFP, HT-
29 USTR-TM-EGFP and HT-29 USTR-TR-TMCT-
EGFP — were seeded in culture dishes 3.5 cm in diam-
eter (500,000 cells per dish). After 3 days of growth, the
cells were washed with DPBS and their pattern growth
was analyzed under a microscope. The number of cells
was determined by counting in a Goryaev’s chamber.
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Table 2. Real-time PCR data showing the content of mRNA of endogenous mucin MUC1 in HT-29 and Hela cells

GAPDH / HeLa 2542 3214.1 100
GAPDH/ HT-29 24.19 11795.4 100

MUCI1 / Hela 25.35 4007.57 125
MUC1 / HT-29 28.24 265.28 2.25

USTR

MTPGTQS PFFLLLLLTVLTARSA PKPABRVVEGE cHABSHE pc EE KGESARORESY PESEE KN AVEMESSV L
SSHEPGESEEQGQDVELAPAEE PABGSANEWG

TR21
5 repeats are shown

GSEA PPAHGVIESA P DIER PA PGSIA PPAHG VIESA P DIER PA PGSl A PPAHGVIEESA P DR PA PGSEEA PPAHGV
ESAPDER PAGSEAPPAHGVESAPDERPAP. . .

™

KLGWGIALLVLVCVLVALAIVYLIALAVESE

RRKNYGQLDIFPARDTYHPMSEYPTYHTHGRYVPPSSTDRSPYEKVSAGNGGSSLSYTNPAVAATSANL

Fig. 2. The primary structure of the mucin MUC1 fragments used to create the constructions. The potential O-glycosyla-
tion sites are highlighted in blue; the sequence anchoring the protein in the plasma membrane is highlighted in green.

The signal peptide sequence is shown in red

RESULTS AND DISCUSSION

Cell line selection
A number of requirements should be taken into account
when choosing a cell line to obtain the desired models.

Since these cell models are supposed to be used to
study the properties of a molecule that presumably in-
creases the metastatic potential of cells, a parent cell
line demonstrating low initial metastasizing ability
should be chosen.

Furthermore, in an ideal case, parent cells should not
express endogenous mucin MUC 1 at all to avoid am-
biguous results. However, in about 90% of malignan-
cies, there is expression of mucin MUC-1; that is why a
tumor cell line with a significantly reduced expression
level of endogenous MUC 1 should be chosen.

The glycosylation pattern of mucin is also im-
portant when selecting a parent cell line. In 1997,
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Burdick et al. [20] analyzed the glycosylation pattern
of recombinant mucin MUC-1 isolated from four dif-
ferent cell lines. According to the results of glyco-
protein hybridization with monoclonal antibodies
against the most common tumor-associated glycosid-
ic epitopes occurring in natural mucin, it was shown
that only recombinant mucin derived from the HT-
29 cell line comprises the sLea and sLex epitopes [20]
that are characteristic of cells from aggressive forms
of tumors of epithelial origin. According to the pub-
lished data [2], the HT-29 cell line exhibits a low met-
astatic potential as well. We compared the expression
levels of endogenous mucin in HT-29 and HeLa cells
using real-time PCR.

It is known that different isoforms (including the
secreted isoform [26]) of mucin MUC-1 can be pro-
duced by cells via alternative mRNA splicing. In our
case, it was important to estimate the expression level
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of the membrane-bound forms of this glycoprotein
only; therefore, the TM_F and TM_R primers to the
cDNA fragment encoding the transmembrane domain
of MUC 1 were used in the PCR reaction. Table 2 shows
the results of an evaluation of the MUC1 gene expres-
sion level in the HT-29 and HeLa cell lines.

The results of real-time PCR demonstrate that the
amount of MUC 1 mRNA in HT-29 cells is about two
orders of magnitude lower than that in HeLa cells. This
fact is indicative of the low baseline level of MUC1 gene
expression in HT-29 cells.

Thus, we relied on the published data and our own
results and chose the HT-29 cell line to create models of
tumor cells that express recombinant proteins compris-
ing certain functional fragments of mucin MUC 1.

Construction of model structures

When studying the role of various functional frag-
ments of MUC 1, researchers usually use DNA encod-
ing natural MUC 1 [27—29]. However, natural MUC 1 is
a heterodimer, wherein the extracellular N-terminal
subunit is linked to the membrane-bound one by means
of stable non-covalent interactions. These interactions
might be disturbed, resulting in a “discarding” of the
N-terminal subunit from the cell surface [30]. Such a
dissociation in the course of studying a protein subu-
nit containing the extracellular domain of mucin might
distort the anticipated results. That is why we needed
to construct genes of recombinant proteins that have
no autoproteolytic sites but contain the desired func-
tional fragments.

The main difference between tumor-associated and
normal mucin MUC 1 is that certain glycosidic epitopes
are present on the surface of the extracellular domain
in the former case: the carbohydrate components of
this molecule are supposed to be involved in the inter-
actions with extracellular matrix molecules and, conse-
quently, in metastasizing. Therefore, the recombinant
protein to be constructed should contain fragments of
the extracellular domain bearing O-glycosylation sites.
A large number of the Ser and Thr residues that are
supposed to carry oligosaccharides are located in the
tandem repeat region (VNTR), where each repeat con-
tains 20 amino acid residues, including five potential O-
glycosylation sites. Following the technique developed
to construct fragments that encode different amounts
of repeats from VNTR of human mucin MUC 1 [25],
a fragment encoding 21 tandem repeats was obtained
(Fig. 2).

A large number of potential O-glycosylation sites are
also characteristic of the areas of degenerate repeats
(USTR and DSTR). Since the DSTR region contains an
autoproteolytic site, this fragment was not used during
the construction. Meanwhile, a DNA fragment coding
for the USTR sequence needs to be obtained (see Fig. 2).

Finally, to ensure exposure of the extracellular do-
main of MUC-1 in the recombinant proteins to the ex-
tracellular space, the latter needs to contain at least the
transmembrane domain (TM) and the CQC sequence,
thus providing membrane localization of the glycopro-
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Fig. 3. Fluorescence of HT-29 cells stably transfected with
PEGFP-N3 (A), pUSTR-TM-EGFP (B), pUSTR-TR-TMCT-
EGFP (C)
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C

Fig. 4. EGFP fluorescence localization in the stable transfected HT-29 cells. A — HT-29_EGFP, B — HT-29_USTR-TM-
EGFP, C — HT-29_USTR-TR-TMCT-EGFP. The upper and side panels of each image demonstrate an optical section of

the 3D image in the xz and yz planes, respectively

Table 3. Real-time PCR data showing the content of mRNA of recombinant proteins in stable transfected HT-29 cells

RN el in Meanulmate | Memnbltal | %uithrepec
GAPDH / HT-29 EGFP 14.30 730.65 100
GAPDH / HT-29 USTR-TM-EGFP 1 12.76 1922.36 100
GAPDH / HT-29 USTR-TR-TMCT-EGFP 13.21 1347.97 100
rMUC1 / HT-29 EGFP-N3 22.62 0.94 0.129
rMUC1 / HT-29 USTR-TM-EGFP 1 14.34 373.82 19.446
rMUC1/HT-29 USTR-TR-TMCT-EGFP 14.75 278.03 20.626

tein [31]. The amino acid sequence of the transmem-
brane domain is shown in Fig. 2.

The nucleotide sequence encoding the cytoplasmic
domain (CT, see Fig. 2) was required to construct a gene
of full-length mucin lacking only the region encoding
the autoproteolytic site and some degenerate repeats.

The fragments encoding the USTR, TM, and CT of
mucin MUC 1 were amplified using cDNA of mucin
MUC 1 synthesized on the total mRNA derived from
MCF-7 breast cancer cells.

Two expression constructs were obtained using the
aforementioned fragments; the constructs contained
genes of chimeric proteins fused to EGFP at the C-ter-
minus: full-length MUC 1 (pUSTR-TR-TMCT-EGFP)
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and that of the lacking tandem repeats and the cyto-
plasmic domain (pUSTR-TM-EGFP) (Fig. 1).

We inserted the sequence encoding FLAG-epitope
between the region of tandem repeats and the frag-
ment encoding degenerate repeats to make it possible
to identify the N-terminal region of recombinant pro-
teins using specific antibodies.

Preparation and characterization of cellular models

The expression level of recombinant proteins was as-
sayed by flow cytometry of stable transfected cells by
virtue of EGFP fluorescence (Fig. 3).

The expression level of recombinant mucin (rMUC
1) in stable transfected cells was analyzed by real-
time PCR and compared to the expression level of the
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Fig. 5. Effect of the expression of recombinant proteins on the growth pattern of stable, transfected HT-29 cells in cul-
ture. A — EGFP-expressing cells, B — USTR-TM-EGFP-expressing cells, C — USTR-TR-TMCT-EGFP-expressing cells

housekeeping GAPDH gene. The results of the meas-
urement of the expression level of recombinant pro-
tein genes in stable transfected HT-29 cells are shown
in Table 3.

It was shown that the mRNA content in the recom-
binant proteins USTR-TM-EGFP and USTR-TR-TM-
CT-EGFP in stable transfected HT-29 USTR-TM-
EGFP and HT-29_USTR-TR-TMCT-EGFP cells is
approximately 20% of the content of GAPDH mRNA.
If we take into account that the mRNA content of en-
dogenous mucin MUC 1 in the HT-29 cell line is 2.25%
(Table 2), a conclusion can be drawn that the mRNA of
recombinant mucin in stable transfected HT-29 cells is
approximately 85% of all the MUC 1 mRNA (both en-
dogenous and recombinant).

An analysis of the localization of recombinant proteins
by fluorescence microscopy has shown that the signal in
HT-29 EGFP cells in the green part of the spectrum lo-
calizes both in the cytoplasm and in the nucleus (Fig. 44),
while in HT-29 USTR-TM-EGFP and HT-29 USTR-
TR-TMCT-EGFP cells, the signal predominantly local-
izes in the plasma membrane (Fig. 4B, C).

An analysis of the 3D confocal microscopy images
demonstrated that proteins containing fragments of
mucin fused with EGFP predominantly have a periph-
eral membrane localization in contrast to the EGFP
protein, which was expectedly detected in the cyto-
plasm and inside the nucleus (Fig. 4, top and side panels
of each image).

Finally, we found that the resulting cell lines
present some differences in their growth patterns.
While growing HT-29_EGFP cells form a monolayer
(Fig. 5A), HT-29 _USTR-TM-EGFP and HT-29_ US-

TR-TR-TMCT-EGFP cells tend to form individual
“islands” (Fig. 5B, C). If we take into account the fact
that equal amounts of cells (500,000) were seeded in
these experiments and that their number also differed
insignificantly after 3 days of growth, the assumption
about the difference in cell division intensity needs
to be rejected. In our opinion, the observed pattern is
indicative of the differences in the adhesion proper-
ties of the obtained cell lines caused by the presence of
recombinant proteins containing mucin 1 MUC frag-
ments on their surface.

CONCLUSIONS

We used HT-29 cell lines to obtain cell models express-
ing proteins fused with EGFP and constituting frag-
ments of the extracellular domain of human mucin
MUC 1 bearing O-glycosylation sites on the outer cell
surface. The main difference between the resulting
models was either the presence or absence of a domain
containing 21 tandem repeats in the structure of recom-
binant proteins. The models obtained are characterized
by a high expression level of recombinant proteins and
low expression level of endogenous mucin MUC 1. The
model cell lines have different growth patterns com-
pared to EGFP-expressing cells. ®
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ABSTRACT Preeclampsia is one of the most severe gestational complications which is one of the leading causes
of maternal and perinatal morbidity and mortality. A growth in the incidence of severe and combined forms
of the pathology has been observed in recent years. According to modern concepts, inadequate cytotrophoblast
invasion into the spiral arteries of the uterus and development of the ischemia-reperfusion syndrome in the
placental tissue play the leading role in the development of preeclampsia, which is characterized by multiple-
organ failure. In this regard, our work was aimed at studying the patterns of placental tissue transcriptome that
are specific to females with PE and with physiological pregnancy, as well as identifying the potential promising
biomarkers and molecular mechanisms of this pathology. We have identified 63 genes whose expression proved
to differ significantly in the placental tissue of females with PE and with physiological pregnancy. A cluster of
differentially expressed genes (DEG) whose expression level is increased in patients with preeclampsia includes
not only the known candidate genes that have been identified in many other genome-wide studies (e.g., LEP,
BHLHBZ2, SIGLEC6, RDH13, BCL6), but also new genes (ANKRDJ37, SYDE1, CYBA, ITGB2, etc.), which can be
considered as new biological markers of preeclampsia and are of further interest. The results of a functional an-
notation of DEG show that the development of preeclampsia may be related to a stress response, immune proc-
esses, the regulation of cell-cell interactions, intracellular signaling cascades, etc. In addition, the features of the
differential gene expression depending on preeclampsia severity were revealed. We have found evidence of the
important role of the molecular mechanisms responsible for the failure of immunological tolerance and initia-
tion of the pro-inflammatory cascade in the development of severe preeclampsia. The results obtained elaborate
the concept of the pathophysiology of preeclampsia and contain the information necessary to work out measures
for targeted therapy of this disease.
KEYWORDS microarrays; placenta; genome-wide analysis; preeclampsia; transcriptome; gene expression.
ABBREVIATIONS DEG - differentially expressed genes; MFDs — multifactorial diseases; PE — preeclampsia;
GWAS - genome-wide association study; SNP — single nucleotide polymorphism.

INTRODUCTION

The numerous genome-wide association studies
(GWAS) conducted so far have provided valuable in-
formation on the genetic architecture of multifactorial
diseases (MFDs) and revealed hundreds of the risk alle-
les of single-nucleotide polymorphisms (SNPs) associat-
ed with many phenotypes. However, they explain only
a relatively small part of the inheritance of complex

traits and have only a very mild impact on the pheno-
type of associated variants [1]. These results raise the
missing heritability problem, which is being intensively
discussed today. Another limitation of the GWAS effec-
tiveness related to studies of the hereditary component
of predisposition to MFDs is associated with the use of
tagSNP. The risk alleles identified in GWAS typically
do not belong to the “causal” ones, but are in linkage
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disequilibrium (LD) with functionally significant vari-
ant alleles [2]; therefore, the biological interpretation of
GWAS results is a serious problem.

The current approaches to the identification of the
“causal” allelic variants linked to the polymorphisms
detected in GWAS are based on the analysis of the cod-
ing or transcribed genomic regions [2—4]. However, the
vast majority of SNPs identified in GWAS are located
in the non-transcribed regions. They are not linked to
variants located in exons, and the mechanism of their
action is apparently associated with the regulation of
gene expression [5, 6]. Therefore, post-genomic meth-
ods (which readily provide information on almost all the
components coordinating the basic functions of genes,
RNA, and proteins at different hierarchical levels) be-
come especially relevant in studying the genetic archi-
tecture and molecular mechanisms of MFDs. One such
approach, namely the high-performance measurement
of gene expression using microarray technology, was
used in the present work to characterize the transcrip-
tome patterns in normal pregnancy and preeclampsia
(PE), one of the most severe gestational complications.

Preeclampsia, which is associated with the multiple
organ dysfunction syndrome, is a specific syndrome
that occurs after the 20" week of pregnancy and is
characterized by hypertension and proteinuria. PE is
diagnosed in 70% of hypertensive disorders in preg-
nancy, and an increase in the incidence rate of severe
and combined forms of this disease has been observed
in recent years [7]. Despite the large number of theories
related to etiopathogenesis (neurogenic, hormonal, pla-
cental, immunological, genetic, etc.), numerous studies
of the mechanisms of development of this disease, and
the emergence of new therapies, PE remains a leading
cause of maternal and perinatal morbidity and mortal-
ity. The disease is responsible for up to 70% of stillbirths
and miscarriages; the risk of perinatal losses increases
almost fivefold in PE [7, 8].

According to the modern concepts, the etiopathogen-
esis of preeclampsia is closely related to inadequate cy-
totrophoblast invasion in the uterine spiral arteries and
development of the ischemia-reperfusion syndrome,
which induces oxidative stress and systemic inflam-
mation [9, 10]. Etiological factors and the mechanisms
of this disorder remain unclear and require close atten-
tion. In order to identify the likely candidate biomark-
ers of PE and to study the molecular mechanisms of
gestational complications, we analyzed the patterns
of the placental transcriptome that are specific to PE
and physiological pregnancy, since the placental tis-
sue obviously plays the key role in the development of
PE. The strategy of using microarrays in this context
seems to be reasonable and powerful enough, as it al-
lows one to thoroughly investigate the possible changes
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in gene expression associated with the pathophysiology
of preeclampsia at the transcriptome level.

EXPERIMENTAL

Characteristics of the examined groups

A total of 10 patients with PE and 11 patients with
physiological pregnancy (the control group) were ex-
amined (Table 1). The questionnaire included demo-
graphic information (ethnicity) and anthropometric
parameters (height, weight), lifestyle (smoking habit,
psychoactive substance abuse), as well as information
about the somatic and obstetric-gynecological history.
PE was diagnosed based on leading clinical symptoms
of various severity, such as proteinuria, edema, hyper-
tension (systolic blood pressure above 140 mm Hg, di-
astolic blood pressure above 90 mm Hg) according to
the 10 revision of the International Classification of
Diseases. PE severity was evaluated according to the
criteria of the clinical protocol 2012 “Hypertension dur-
ing Pregnancy. Preeclampsia. Eclampsia” [11].

The group of PE patients was heterogeneous both
in terms of severity (the study included six patients
with moderate and four patients with severe PE) and
the presence of prior diseases and comorbidities. Four
patients were diagnosed with PE in the absence of
background diseases; in others the gestational compli-
cations developed against the backdrop of extrageni-
tal diseases including hypo-/hypertensive type neu-
rocirculatory dystonia, chronic pyelonephritis, chronic
cholecystitis, and chronic arterial hypertension. Six
females in the control group were also diagnosed with
both chronic pyelonephritis and chronic cholecystitis.
The age of the gravidas ranged from 18 to 33 years in
both groups; the groups were comparable in terms of
the average age. Statistically significant differences
in the height and weight of infants between the con-
trol group and the group of patients were found. The
groups also differed in terms of arterial blood pressure
and time of birth.

Collection of placental samples

We examined the distal (maternal) portion of the pla-
centa. The tissues were sampled immediately after de-
livery (sample ischemia time did not exceed 10 min).
Placental tissue samples were taken from the central
areas close to the umbilical cord at a placental depth of
0.5 cm. The samples were collected from macroscopi-
cally normal sections of the placenta (without hemor-
rhage, calcification, necrosis, or fibrin deposition) with-
out intervening large vessels, washed with saline to
remove the residual maternal blood and amniotic fluid,
immediately immersed in RN Alater (Ambion, UK), and
transferred to be stored at —80°C until the RNA iso-
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Table 1. Characteristics of the examined groups

The mean maximum diastolic blood pressure, mm Hg 104 =13 0.0001
Birth weight, g 2783 =560 3549 = 345 0.004

* The significance level was determined by comparing the groups using the Mann-Whitney test or Fisher's exact test.

lation procedure. A histological examination revealed
chorionic villi and decidua tissue with fibrinoid necro-
sis foci and small calcifications in all biopsy specimens
(Fig. 1).

RNA Isolation

Tissue samples (100—200 mg) were homogenized using
TissueLyser (Qiagen) in Trizol; RNA was then isolated
using the standard protocol. The concentration of total
RNA was determined using Nanodrop ND-1000 based
on absorbance at 260 nm in water. The quality of the
samples was monitored using an Agilent 2100 Bioana-
lyzer capillary electrophoresis system (Agilent Tech-
nologies Inc., Palo Alto, USA) and spectrophotometric
scanning.

Microarray analysis

A genome-wide profile of gene expression in the pla-
cental tissue was determined using hybridization on
HT-12 BeadChip microarrays (Illumina, USA) contain-
ing information about more than 48,000 transcripts. Af-
ter hybridization, the microarrays were scanned on an
Illumina BeadArray Reader device. The raw data were
converted into mean values of the signal intensity for
each sample (Sample Probe Profile) using the BeadS-
tudio v3 software package (Illumina).

Bioinformatic analysis

The data were analyzed in an R software environment
using the limma program package [12]. Nonparametric
background correction followed by quantile normaliza-
tion (neqc function) was performed for the entire data
set. The specimens that were identified in all the sam-

Fig. 1. Micrograph of one of the studied placental biopsy
samples. Hematoxylin- and eosin-stained

ples of at least one of the experimental groups (detection
p-value <0.01) were further considered. A differential
expression analysis was performed using multiple linear
regression and moderated t-statistics [12], including the
assessment of the quality weights of microarray reading
[13] and Benjamin-Hochberg multiple testing correction
(FDR) procedure. A 1.5-fold (or greater) change in the
level of gene expression (FC — fold change) was consid-
ered to be significant at the adjusted significance level
of p = 0.1. Functional annotation and functional cluster
analysis of the groups of differentially expressed genes
(DEGs) were performed using the DAVID (Database
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Fig. 2. Heatmap of DEGs (FDR < 0.1; FC < 1.5). Each column represents a sample; each row represents DEG. Samples
from PE patients are shown in pink; samples from the females of the control group are shown in blue. The color scale of
the heatmap indicates the deviation of the normalized expression level in the cell from the mean value for the row

for Annotation, Visualization and Integrated Discovery)
web-based tool with the standard values of clustering
parameters and enrichment score EASE < 0.01 [14]. Con-
struction of gene networks was performed using the
STRING 9.0 program (Search Tool for the Retrieval of
Interacting Genes) [15].

This study was approved by the Ethics Committee
at the Research Institute of Medical Genetics, Siberian
Branch of the Russian Academy of Medical Sciences.
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RESULTS

Our analysis identified 63 genes with significantly dif-
ferent expressions (FDR <0.1; FC = 1.5) in the placen-
tal tissue of females with PE and physiological preg-
nancy (50 DEGs with an increased expression level and
13 DEGs with a decreased expression level). The DEG
cluster, whose expression was increased in PE, includes
not only known candidate genes that have previously
been identified in many genome-wide studies of the ex-
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pression profiles of the placental genes in preeclamp-
sia (e.g., LEP, BHLHB2, SIGLEC6, RDH13, BCL6), but
also new potential candidate genes (CORO2A, SYDE],
PLINZ2,CEBPA, HK2, NDRG1, ERRFI1, EFNB1, GFOD2,
NCOR2,HMHA1, HERPUDI1, KIF2A), whose association
with the development of PE has been established either
in a few studies [16—21], or was done so for the first time
in our work. The products of some of these genes, based
on current knowledge on their functional features, can
be involved in the etiopathogenesis of PE.

Figure 2 shows the heat map with the results of a
hierarchical clustering of females according to the ex-
pression level of 63 DEGs. It can be seen that all PE pa-
tients but one fall into one cluster, while females with
physiological pregnancy fall into the other one. One PE
sample was assigned to the control group probably due
to the significant interindividual variability of the tran-
scription levels of the placental tissue genes. A similar
phenomenon was observed in several human cell lines:
in particular, in the cell lines of the hepatocyte tran-
scriptome [22, 23].

Table 2 shows the data related to the most significant
DEGs (FC > 2, FDR <0.01). The presence of several genes
whose products are involved in the transcriptional regu-
lation (BHLHB2, ZNF175, ANKRD37, BCL6) in this list,
as well as a significant increase in the expression level of
the LEP gene and its receptor gene SIGLEC6 during the
development of PE, is of special interest.

We analyzed DEG using the DAVID online resource
to study the biological processes associated with the
development of PE (Fig. 3). The major categories of
molecular functions of the protein products of these
genes include responding to various stimuli, immune
processes, regulation of cell communication, intracel-
lular signaling cascades, etc. The analysis of metabolic
pathways including DEGs has shown that cytotoxicity
pathways associated with NK-cells, transendothelial
migration of leukocytes, and signaling pathways medi-
ated by GTPase activators are probably involved in the
molecular mechanisms of PE.

Protein-protein interactions of DEG products were
analyzed to identify the possible relationships with
DEGs (Fig. 4). The associations in the constructed net-
work are mainly based on “text mining” (mentioned
in the abstract of one article). The coexpression clus-
ter that includes the RAC2, CYBA, TYROBP, HMHAI,
ITGB2, LYN and LCP1 genes should be mentioned. In
addition, LEP and its receptor SIGLEC6 and ephrin
with its kinase LYN are of certain interest.

Our study also revealed features of differential gene
expression depending on PE severity (Table 3). A to-
tal of eight DEGs were identified (FDR <0.1; FC < 1.5),
whose expression levels were significantly different in
moderate and severe forms of the disease. In our opin-
ion, HSPA1A encoding the highly conserved heat shock
protein 70 (HSP70) and BAG3 encoding Bis, a Bcl-2
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Table 3. List of differentially expressed genes (FDR <0.1; FC < 1.5) in moderate to severe preeclampsia

Gene g;)?;‘g;g;l %ee‘rlleel FC FDR Gene product
HSPAIA T 6.44 0.079549 Heat shock protein 70, HSP70-1A
BAG3 0 2.14 0.073131 Bcel-2-associated athanogene 3
SNHGS8 t 1.78 0.04105 Small nucleolar RNA 8
LOC729660 i 2.63 0.010437 No data
LOC728457 l 243 0.010437 No data
APOC1 0 2.28 0.04433 Apolipoprotein C1
LOC401357 4 2.27 0.010399 No data
LOC100128326 1 1.92 0.079549 No data

binding protein, are of the greatest interest. The main
function of the Bis protein is inhibiting the chaperone
activity of the HSP70/HSC70 complex.

A comparative analysis of gene expression profiles in
the placental tissue of females with moderate PE and in
the control group revealed 56 transcripts of 52 genes,
whose transcription levels differ significantly in these
populations. Changes in the expression profile were
more pronounced in severe PE: a significant increase in
the expression of 55 genes and a decrease in the expres-
sion of 35 genes compared to physiological pregnancy
were observed (Fig. 5). It should be noted that, along
with a small amount of common genes (21 genes) that
were differentially expressed in both severe and mod-
erate PE, more than 60 DEGs were specific only to the

78| ACTANATURAE| VOL.6 Ne2(21) 2014

severe form of the pathology. The results of a functional
annotation of these genes in the DAVID web-resource
point to a number of biological processes that are sta-
tistically significantly associated with the development
of severe PE, such as processing and presentation of
peptide or polysaccharide antigens and protein folding
(Table 4). An analysis of the metabolic pathways that
involve these genes also demonstrates the important
role of the mechanisms of processing and presentation
of antigens in the molecular pathogenesis of severe PE
(according to the KEGG and BIOCARTA databases).

DISCUSSION
The placenta is the key in understanding the physi-
ological processes associated with pregnancy. It is im-
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Table 4. Main biological processes that involve differentially expressed genes characteristic of severe preeclampsia

B D B oty ¢ | HLA-DPALLCDT4, HLA-DMA, HLA-DRA | 00321
STnzEsing angnﬂfge:flg%g%gggfggg)emus ezl HLA-DMA, CD74, HLA-DRA 0.0453
Chaperone-mediated protein folding (GO:0051085) EROI1L,HLA-DMA, CD74 0.0467

De novo post-translational protein folding (GO:0051084) EROI1L, HLA-DMA, CD74 0.0478
Reactions of unfolded protein molecules (GO:0006986) EROI1L, HSPH1,HSPA1A, HERPUD1 0.0489

* Significance level including Benjamin-Hochberg multiple testing correction, which characterized the accuracy of the as-

signment of this set of genes to a certain biological process.

portant to characterize the genes essential for placen-
tal function to understand the mechanisms underlying
normal and pathological gestation. The results of this
work show that the identified DEGs belong to several
biological processes associated with immune responses,
cell-cell interactions, and responses to various stimuli.
It should be noted that the analysis performed using
the module for functional annotation clustering of the
DAVID bioinformatical resource made it possible to
identify 16 clusters. However, only one of them had an
enrichment score of over 2. This cluster includes five
genes (KRT19, RAC2, LIMCH1, BCL6, LCP1) involved
in the biological processes related to the organization
of the actin cytoskeleton (GO: 0030036; GO: 0030029;
GO: 0007010). Studying the functional role of the ac-
tin cytoskeleton is one of the important trends in the
study of cellular signaling mechanisms. Numerous ex-
perimental data published over the past few years pro-
vide evidence of the fact that actin is involved in the
regulation of gene expression and mediates it by par-
ticipating in transcription elongation, assembly of the
preinitiation complex, mRNA maturation and export,
chromatin reorganization, and other processes [28, 29].
In this context, the increase in the expression level of
the CORO2A gene seems interesting. The product of
this gene, coronin 2A, belongs to the family of actin-
binding proteins and mediates the Coro2A /actin-de-
pendent mechanism of derepression of the inflamma-
tory response genes [27].

We found no association between the development of
PE and such canonical pathways as abnormal apoptosis
and angiogenesis as described in several papers [16, 19,
30, 31]. This is probably attributable to the interethnic
variability of the gene expression profiles in the placen-
tal tissue due to the population differentiation of the
regulatory regions of the genome, or due to the differ-

Severe preeclampsia

Moderate preeclampsia

Fig. 5. Venn diagram showing the results of the gene
expression profiling in moderate and severe preeclamp-
sia and in physiological pregnancy. DEGs — genes that
are differently expressed in females with preeclampsia
and physiological pregnancy (control group). The arrow
shows the increase (1) or decrease (1) in gene expression

ent criteria (population size, delivery time, severity of
the disease, etc.) used in the formation of the examined
groups. The different placental localization of the biop-
sy samples used in individual studies of the transcrip-
tome in PE is another factor that apparently affects
the occurrence of these contradictions. Thus, high-
throughput sequencing (RNA-Seq) revealed signifi-
cant differences in the gene expression profiles in the
amnion, chorion, and decidua of the human placenta
[32]. Similar findings were previously arrived at when
performing a microarray analysis of the transcriptome
patterns in different portions of the placenta [33].
Despite the aforementioned differences in the re-
sults of the DEG functional annotation, it remains of
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interest that changes in the expression levels of some
DEGs identified in our work were also described in
other studies (Table 5).

Thus, a significant increase in LEP gene expression
in preeclampsia was observed in almost all genome-
wide studies of gene expression profiles in the placen-
tal tissue. Leptin, the product of this gene, is one of
the new serum markers of PE. It is known that leptin
belongs to adipocyte-specific cytokines that regulate
energy metabolism and are involved in various meta-
bolic and neuroendocrine processes [39]. The studied
group of PE patients did not differ significantly from
the control group of patients in terms of weight and
body mass index. None of the patients had abnormal
weight gain during pregnancy, and therefore it can
be assumed that the contribution of leptin to the de-
velopment of PE is determined by other functions of
this protein. Placental leptin is known to be involved
in providing the flow of nutrients to the fetoplacental
complex and to induce the trophoblast proliferation by
inhibiting apoptosis [40, 41]. Thus, an increase in the
leptin level in the placenta may be a compensatory
mechanism directed against endothelial dysfunction,
which is observed in PE. Meanwhile, it was shown that
leptin is involved in the activation of the sympathoad-
renal system, which contributes to arterial hyper-
tension, the main symptom of PE [42]. In addition, an
important immunomodulatory function of leptin was
found, which may also contribute to the development
of pregnancy failure [43]. Despite the intensive studies
devoted to LEP gene expression, only some works have
focused on the analysis of the hereditary variability of
this gene and its role in changing the transcription level
and the structure of susceptibility to pregnancy failure.
It was shown that carriers of the AA genotype of the
rs2167270 locus (G19A) located in the promoter region
of the LEP gene have elevated levels of expression of
this gene in the blood, as well as the risk of PE and hy-
pertension [44]. Association between another polymor-
phism (G2548A) localized at the LEP gene promoter
with gestational diabetes [45] was found in the Czech
population. Along with this, several studies [37, 46, 47]
have revealed significant hypomethylation of this lo-
cus, as well as dysregulation of the placental epigenome
during the development of PE.

The increase in the expression of the long non-coding
RNA 284 gene in the placental tissue of PE patients,
which was observed in our work, is of particular inter-
est in the context of the role of epigenetic dysregula-
tion in the formation of this pathology. It has recently
been shown that long ncRNAs perform vital regulatory
functions in cells. In particular, it is assumed that they
can function as a module scaffold in the specific, highly
ordered organization of ribonucleoprotein complexes
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and induction of epigenetic changes in these loci. Some
long ncRNAs can bind chromatin using remodeling
enzymes and then participate in the local chromatin
modification, e.g. in DNA methylation, by initiating or
repressing transcription. This RNA class can partici-
pate in the binding of transcription factors and inhibit-
ing gene expression [48].

The association between overexpression of the
BAG3 and HSPA1A genes and the development of se-
vere PE seems to be of interest. The protein product
of the BAG3 gene is known to compete with Hip co-
chaperone for binding to the ATPase domain of the
HSP70/HSC70 complex and thus inhibits the chaper-
one activity of the heat shock protein 70 (Hsp70), the
product of the HSPAIA gene, whose expression is sig-
nificantly elevated in severe PE (more than sixfold as
compared to moderate PE and eightfold as compared
to the control population). It is known that Hsp70 per-
forms various functions. Improving the resistance of
the protein biosynthesis apparatus to damaging in-
fluences and chaperone activity are the most signifi-
cant of them. In addition, there is data indicating that
Hsp70 participates in protein transport, conduction
of the intracellular signal, and protease-dependent
degradation [49]. It should be noted that according
to the results of the functional annotation of DEGs,
processing and presentation of peptide and polysac-
charide antigens and chaperone-mediated protein
folding are the principal processes characteristic of
severe PE. Since the heat shock protein Hsp70 is ca-
pable of forming complexes with non-folded proteins
and a wide variety of peptide fragments that are pre-
cursors of the antigenic peptides presented on the cell
membrane along with other class I and II MHC mol-
ecules [50], it is reasonable to assume that the immu-
nological control mechanisms of trophoblast invasion
in the uterine wall and the immunological tolerance
factors in the mother-fetus system play a key role in
the pathogenesis of severe PE. The pathological ef-
fect of these factors can lead to gestational complica-
tions. Furthermore, many heat shock proteins exhibit
immunoregulatory activity, stimulate the maturation
of dendritic cells, and induce some proinflammatory
cytokines [51]. These properties of these proteins may
also contribute to the mechanisms of severe PE.

The statistically significant decrease in the expres-
sion of the APOC1 gene in severe PE, which was re-
vealed in the present study, is probably due to the de-
velopment of oxidative stress in the blood vessels of the
placenta or the recently discovered immunosuppres-
sive properties of the C1 apolipoprotein encoded by this
gene [52]. It was previously shown that the serum of PE
patients has a high level of triglyceride-rich lipopro-
teins, which can promote endothelial dysfunction [53,
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Table 5. Differentially expressed genes identified in this study whose association with preeclampsia has been previously
shown in studies focused on the placental tissue transcriptome

4 RDH13

6 BHLHE40

Retinol dehydrogenasel3

Transcription factor with helix-loop-
helix domain

3.86 X 105

American

Caucasian
Afro-American

1.78 0.0154 Mongoloid [18]

. . . Spaniard

Transcription factor — zinc finger

2 BCL6 P rotein 51 & 2.02 0.0024 Japanese [30]
2.24 3.58 X 107 Caucasian [16]
2.60 <0.01* American [38]
=15 <0.05 Chinese [37]

[31]

1.91

<0.01*

American

[38]

1.95

<0.05

0.0004

Chinese

Japanese

[30]

3.08

2.18 x 107

Caucasian

[16]

n GPT2 Alanine aminotransferase 2 3.70 X 10 [16]
CEBPA | CCAAT/enhancer-binding proteina | - | 252 x 10 [31]

HMHAI | Minor histocompatibility antigen HA1| - | 123 x 10 [31]

protein 1

16 SYDE1 GTPase activating protein, homolog 1 1.55 <0.01* American [38]

* Significance level including multiple testing correction.
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54]. Meanwhile, the blood level of E and A1l apolipopro-
teins is decreased in this pathology [55, 56]. In addition,
a protective role of the APOE €2 allele in the Kurd pop-
ulation was demonstrated, which is related to the high
antioxidant properties of this allele according to the au-
thors [57]. We failed to find any information about an
association between APOC1 polymorphisms and ges-
tational complications. However, it was shown that the
insertion-deletion polymorphism at —317 position of the
promoter region of this gene (rs11568822) is associated
with Alzheimer’s disease, while the rs4803770 marker
is associated with the coronary heart disease [58, 59].
Since the APOC1 gene localizes in the same cluster as
the APOE gene, it is assumed that these associations
are due to the strong linkage disequilibrium between
these genes [60]. However, we found no statistically sig-
nificant changes in the expression level of the APOE
gene. Therefore, it is reasonable to consider the APOC1
gene to be an “independent” new candidate gene for
PE. However, this assumption needs confirmation.

Thus, the findings indirectly confirm the immunolog-
ical hypothesis of the development of severe PE, which
postulates the key role of immune competent cells (B
lymphocytes, monocytes, dendritic and NK cells) in the
pathophysiology of this disease. This theory assumes
that the etiopathogenesis of PE is triggered by insuffi-
cient trophoblast invasion into maternal spiral arteries,
which is associated with a decreased expression of HLA
antigens and “aggression” against NK cells. This results
in reduced placental perfusion and development of hy-
poxia at the mother/fetus boundary, which, in turn,
triggers the activity of pro-inflammatory cytokines,
leading to endothelial dysfunction [61]. B cells may also
contribute to the development of preeclampsia by pro-
ducing anti-adrenoceptor antibodies.

CONCLUSIONS

The present work is the first Russian genome-wide
study of differential gene expression in the placental tis-
sues in normal and complicated pregnancies. The results
indicate that some processes can play an important role

in the molecular pathogenesis of PE: reactions associated
with the immune response, cytoskeleton organization,
cell-cell interactions, responses to various stimuli, and
chaperone-mediated protein folding. Integration of the
results of a functional annotation of DEGs, analysis of
network interactions of the proteins encoded by these
genes, and the study of the transcriptome of the placen-
tal tissue make it possible to identify a number of novel
genes that could be associated with PE: LEP, SIGLECS6,
BHLHE40, BCL6, RDH13, HSPH1, HSPA1A, BAGS3,
KRT19,RAC2, LIMCH]1, BCL6 and LCP1.

We have also obtained evidence of a significant con-
tribution of oxidative-stress-increasing expression of
the genes of the Hsp70 and Hsp105 heat shock proteins,
which are involved in the molecular mechanisms associ-
ated with impaired immune tolerance and initiation of
the pro-inflammatory cascade, to the development of
severe PE. Meanwhile, the observed increase in BAG3
gene expression is probably due to the compensatory
mechanisms or anti-apoptotic properties of the protein
encoded by this locus. This assumption is supported by a
statistically significant increase in the expression of the
Hsp70 and Hsp90 heat shock proteins, heat shock factor
1 (HSF1), and Bcl-2 anti-apoptotic factor in endothelial
cells of the placenta of PE patients as compared to fe-
males with normotensive pregnancy [62]. Moreover, the
analysis of the proteome of placental tissue from females
with physiological and complicated pregnancies has re-
vealed the significance of stress-inducible proteins, in-
cluding Hsp70, in the pathogenesis of PE [63].

The findings may be useful for understanding the
molecular mechanisms of PE and searching for new
candidate genes and biomarkers for this pathology. In
addition, they provide information for the development
of targeted therapy for this disease. ®

This work was supported by the Federal Target
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Personnel of Innovative Russia” (contract number
8118) and the Russian Foundation for Basic Research
(grant Ne 14-04-01467).
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ABSTRACT Lipid-protein nanodiscs (LPNs) are nanoscaled fragments of a lipid bilayer stabilized in solution by
the apolipoprotein or a special membrane scaffold protein (MSP). In this work, the applicability of LPN-based
membrane mimetics in the investigation of water-soluble membrane-active peptides was studied. It was shown
that a pore-forming antimicrobial peptide arenicin-2 from marine lugworm (charge of +6) disintegrates LPNs
containing both zwitterionic phosphatidylcholine (PC) and anionic phosphatidylglycerol (PG) lipids. In contrast,
the spider toxin VSTx1 (charge of +3), a modifier of Kv channel gating, effectively binds to the LPNs contain-
ing anionic lipids (POPC/DOPG, 3 : 1) and does not cause their disruption. VSTx1 has a lower affinity to LPNs
containing zwitterionic lipids (POPC), and it weakly interacts with the protein component of nanodiscs, MSP
(charge of —6). The neurotoxin II (NTII, charge of +4) from cobra venom, an inhibitor of the nicotinic acetyl-
choline receptor, shows a comparatively low affinity to LPNs containing anionic lipids (POPC/DOPG, 3 : 1 or
POPC/DOPS, 4 : 1), and it does not bind to LPNs/POPC. The obtained data show that NTII interacts with the
LPN/POPC/DOPS surface in several orientations, and that the exchange process among complexes with dif-
ferent topologies proceeds fast on the NMR timescale. Only one of the possible NTII orientations allows for the
previously proposed specific interaction between the toxin and the polar head group of phosphatidylserine from
the receptor environment (Lesovoy et al.,, Biophys. J. 2009. V. 97. Ne 7. P. 2089—-2097). These results indicate that
LPNs can be used in structural and functional studies of water-soluble membrane-active peptides (probably
except pore-forming ones) and in studies of the molecular mechanisms of peptide-membrane interaction.
KEYWORDS antimicrobial peptides; lipid-protein nanodiscs; high-density lipoprotein particles; membrane-active
peptides; membrane mimetics; neurotoxins; NMR spectroscopy.

ABBREVIATIONS 5-DSA — 5-doxyl-stearic acid; AMP — antimicrobial membrane-active peptide; Ar2 — arenicin-2
from marine polychaeta lugworm Arenicola marina; DLPC — dilauroyl phosphatidylcholine; DLPG — dilauroyl
phosphatidylglycerol; DOPG — dioleoyl phosphatidylglycerol; DOPS — dioleoyl phosphatidylserine; LPN — lipid-
protein nanodisc; MP — membrane-active peptide; MSP — 44-243 fragment of human apolipoprotein Al (mem-
brane scaffold protein); NTII — neurotoxin II from Naja oxiana cobra venom; POPC — palmitoyloleoyl phosphati-
dylcholine; POPE — palmitoyloleoyl phosphatidylethanolamine; POPG — palmitoyloleoyl phosphatidylglycerol;
R, — hydrodynamic radius of a particle, Stokes radius; TROSY — transverse relaxation-optimized spectroscopy;
TRX — thioredoxin from Escherichia coli; VSTx1 — voltage sensor toxin from Grammostola spatulata spider
venom; 1), , — the rate of cross-correlation between dipole-dipole and chemical shift anisotropy relaxation of the
5N nucleus; T~ effective rotational correlation time.
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INTRODUCTION
Membrane-active peptides (MPs) are a class of biomol-
ecules that play an important role in the existence of
certain organisms and their communities. For exam-
ple, antimicrobial membrane-active peptides (AMPs),
which selectively act on the membranes of various
cells, are among the main effectors in the “innate im-
munity” system, which is the earliest defense system of
eukaryotes [1]. Some peptide mediators of the nervous
and endocrine systems of mammalians and a number
of animal toxins, targeted membrane receptors, also
exhibit membrane activity and act at several stages,
initially binding the membrane surrounding the recep-
tor and only after forming a ligand-receptor complex
[2, 3]. In this case, the so-called “membrane catalysis”
mechanisms come into play, which greatly increases
the efficiency of the ligand-receptor interaction [3].
The structural features of membrane-active pep-
tides complicate their biophysical studies. Due to their
hydrophobic properties and significant conformational
mobility, many MPs form an “active” spatial struc-
ture only in the presence of a biological membrane or
a suitable membrane mimetic. These factors hamper
MP crystallization and necessitate the use of alterna-
tive research methods. One such method is high-res-
olution NMR spectroscopy, which allows one to study
the spatial structure and intramolecular dynamics of
MPs directly in solution of membrane mimicking media
[4, 5]. The commonly used membrane mimetics have
a number of drawbacks, which limit their use in the
study of specific peptide—membrane interactions. For
example, a large surface curvature and the loose pack-
ing of detergent-based media (in the form of micelles
or small lipid-containing bicelles) can cause significant
distortions in the peptide structure [6] and nonspecific
peptide—detergent interactions. Meanwhile, media con-
taining real bilayer membranes in the form of lipid ves-
icles or lipid/detergent bicelles have sizes that are too
large for high-resolution NMR studies of MPs [4, 7].
Lipid-protein nanodiscs (LPNs) or reconstructed
nascent high-density lipoprotein particles are nano-
sized discoid particles (typically 4 X 10 nm) containing
a fragment of the bilayer lipid membrane (~150 lipid
molecules), whose hydrophobic part is shielded from
the solvent with two molecules of apolipoprotein or
its synthetic analogue, the membrane scaffold protein
(MSP) [8]. In contrast to the commonly used membrane
mimetics, the membrane fragment incorporated in a
lipid-protein nanodisc demonstrates increased stabil-
ity and retains many biophysical properties inherent
in real bilayer systems; for example the liquid crystal-
line to gel phase transition [9]. Recently, several pa-
pers demonstrated that LPNs can stand as alternative
membrane mimetic media for structural and functional

studies of membrane proteins and hydrophobic (poorly
soluble) MPs [10—16]: in particular, using high-resolu-
tion NMR spectroscopy [12—15]. The use of LPNs con-
taining various lipids and their mixtures allows one to
study different functional aspects of membrane pro-
teins and MPs[15, 16].

The problems related to the application of LPN-
based membrane mimetic media in structural and bio-
physical studies of water-soluble MPs have yet to be
studied. It should be noted that this is far from being a
trivial matter, since LPNs, unlike vesicles, bicelles, and
micelles, contain an additional component, MSP, which
is an anionic protein (charge of —6). In this paper, the
interaction of water-soluble MPs with LPNs was stud-
ied using three model cationic B-structured peptides
(Fig. 1), which have different physicochemical proper-
ties and represent three classes of membrane-active
compounds. The antimicrobial peptide arenicin-2 (Ar2,
21 AA, 2772 Da, charge of +6, mean Kyte-Doolittle hy-
drophobicity index [17] is —0.06') from coelomocytes of
the polychaete lugworm Arenicola marina interacts
selectively with membranes containing negatively
charged lipid molecules and forms oligomeric pores in
them [18]. The VSTx1 toxin (34 AA, 4010 Da, charge of
+3, hydrophobicity index is —0.27) from Grammostola
spatulata spider venom uses the “membrane catalysis”
mechanism to interact with the voltage-sensitive do-
mains of K*-channels localized in the cell membrane,
and it lacks pore-forming ability [3]. Neurotoxin II
(NTII, 61 AA, 6885 Da, charge of +4, hydrophobicity
index is —1.10) from Naja oxiana cobra venom blocks
the activation of the nicotinic acetylcholine receptor
through binding to its extracellular domain, but it prob-
ably also uses the “membrane catalysis” mechanism
when interacting with the polar heads of phosphatidyl-
serine (PS) from the receptor membrane environment
[19]. The peptides chosen as study objects are soluble
in water at millimolar concentrations; however, they
differ greatly from each other in their hydrophobic/
hydrophilic properties. Thus, despite its large positive
charge, Ar2 is the most hydrophobic among the studied
peptides.

EXPERIMENTAL

LPN reconstitution and purification

The recombinant 44—243 fragment of the human
apolipoprotein Al with a N-terminal sequence of six
His residues was used as an MSP protein. The purified
MSP protein, obtained as described in [20], was mixed
at a molar ratio of 1 : 75 with lipids in the presence of

! The maximum and minimum values of the Kyte-Doolittle hydropho-
bicity index [17] are +4.5 and —4.5 for poly-Ile and poly-Arg sequences,
respectively.
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a detergent, sodium cholate (2 : 1 cholate/lipids mo-
lar ratio), and the mixture was incubated at 4 °C for
3 h. When using saturated lipids (DLPC, DLPG), the
reaction temperature was kept not lower than 25 °C.
Spontaneous LPN assembly was initiated by deter-
gent sorption to the Bio-Beads™ resin (Bio-Rad, USA)
for 1.5 h. Purification of the nanodiscs was performed
on a Ni*" Sepharose 6 Fast Flow resin (GE Healthcare,
USA) equilibrated with buffer A (20 mM Tris-HCI,
0.5 M NaCl, 1 mM NaN,, pH 8.0). After loading the re-
action mixture, the resin was washed with a fivefold
volume of buffer A. LPNs were eluted with buffer A
containing 100 mM imidazole. The MSP concentration
was determined spectrophotometrically by absorbance
at A =280 nm. The LPN concentration was determined
by assuming that each nanodisc contained two MSP
molecules.

Gel filtration

Gel filtration with separation of the particles by size
was carried out on a Superdex-200 resin using a Tri-
corn 5/200 column (GE Healthcare, Sweden) in
buffer (10 mM Tris-HCI, 0.1 M NaCl, 1 mM EDTA,
1 mM NaN,, pH 7.4). Thyroglobulin (669 kDa, Stokes
radius R, = 8.5 nm), ferritin (440 kDa, R, = 6.1 nm),
catalase (232 kDa, R, = 5.22 nm), aldolase (158 kDa,
R, = 4.81 nm) BSA (67 kDa, R; = 3.55 nm), and oval-
bumin (43 kDa, R, = 3.05 nm) were used as calibra-
tion proteins. The flow rate through the column was
0.3 ml/min. Detection was performed at 280 nm. The
particle size was determined from the elution volume
vs the IgR calibration curve. All the particle size (di-
ameter) values provided below correspond to twice R
values.

Preparation of a recombinant analogue of Ar2

A recombinant arenicin-2 analogue, whose amino acid
sequence is entirely consistent with that of the natural
peptide, was obtained in accordance with the protocols
[18, 21].

Production and Purification of VSTx1

The standard genetic engineering procedures were
used. The VSTx1 gene was obtained by PCR with
six overlapping synthetic oligonucleotides (Evro-
gen, Moscow, Russia) optimized for rare codons of
Escherichia coli. The VSTx1 gene was cloned into the
pET-32a(+) vector (Novagen) at the Kpnl and Bam-
HI sites in a single reading frame with the thiore-
doxin (TRX) gene. Then, the sequence encoding the
enterokinase cleavage site of the fusion protein was
replaced with the sequence encoding the thrombin
cleavage site. The resulting plasmid was named
pET/TRX-VSTx1.
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BL21 (DE3) E. coli cells were transformed with the
recombinant pET/TRX-VSTx1 vector and plated onto
Petri dishes with LB agar (10 g of Bacto Tryptone, 5 g
of yeast extract, 10 g of NaCl per 1 liter of the medi-
um, pH 7.4) and ampicillin (100 mg/L). Colonies were
transferred from a dish into a TB culture medium
(12 g of Bacto Tryptone, 24 g of yeast extract, 4 ml of
glycerol, 2.3 g of KH,PO,, 5.12 g of K, HPO, in 1 liter of
the medium, pH 7.4) containing ampicillin (100 mg/L)
and cultured at 37 °C with moderate shaking until the
optical density reached 0.6 o.u. The TRX-V.STx1 gene
transcription was induced by adding isopropyl -D-1-
thiogalactopyranoside (IPTG) to a final concentration
of 0.025 mM. Cultivation of the cell culture was contin-
ued in the TB medium at 37 °C overnight.

The cell culture was centrifuged (20 min, 8000 rpm,
4 °C). The cell pellet from 1 liter of the culture was re-
suspended in buffer A. Cells were disrupted using an
ultrasonic disintegrator (Branson Digital Sonifier) for
10 s with 12-fold repetition. The lysate was centri-
fuged at 30,000 g for 30 min; the supernatant was then
collected. The lysate was purified on a metal-affinity
resin equilibrated with buffer A. After loading the
protein sample, the column was washed with three
column volumes of buffer A and three column vol-
umes of buffer A containing 50 mM imidazole. TRX-
VSTx1 was eluted with buffer A containing 150 mM
imidazole. After purification, specific hydrolysis of
the fusion protein with thrombin was carried out. The
VSTx1 sample was isolated using subtractive metal
affinity chromatography. Reversed phase HPLC (C4
column, 4.6 X 250 mm, A300, Jupiter, Phenomenex)
was used for the final purification of the VSTx1 sam-
ple. The toxin yield was 1 mg/L of the bacterial cul-
ture. Unlike the natural toxin, the recombinant VSTx1
analogue contained the additional N-terminal Gly-Ser
residues resulting from the hydrolysis by thrombin.
The identity of the recombinant toxin molecular
weight to the calculated value was confirmed by mass
spectrometry.

Preparation of NTII and its *H,"’N-labeled variant

The recombinant neurotoxin II sample was obtained
according to [22]. The *H,"?N-labeled NTII sample was
prepared as follows: BL21 (DE3) cells, transformed
with the pET-22b(+)/STII/NTII vector [22], were
plated onto Petri dishes with LB agar and ampicillin
(100 mg/L). The colonies from a dish were inoculated
into 10 ml of a LB medium and cultured at 37 °C for
1 h. Then, cells were added every hour with 10 ml of
a LB medium prepared using deuterated water (*H,0,
99% of deuterium), until the total volume of the me-
dium reached 110 ml. Under these conditions, culti-
vation was continued overnight. Afterwards, the cell
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pellet was aseptically harvested and re-suspended in
1 liter of a M9 minimal medium (6 g of Na,HPO,, 3 g
of KH,PO,, 0.5 g of NaCl, 2 g of ?NH,Cl, 240 mg of an-
hydrous MgSO,, 11 mg of CaCl,, 4 ml of glycerol, 2 mg
yeast extract, 200 pl of 5% thiamine chloride per 1 liter
of the medium, pH 7.4) prepared with *H,O. Cells were
incubated at 37 °C until the culture optical density
reached 0.6 o.u. The stII-ntII gene transcription was in-
duced with IPTG, which was added to a final concen-
tration of 0.05 mM, and the cell culture was cultured
for 1 day. Isolation and purification of 2H,”"N-NTII was
performed according to [22].

NMR Spectroscopy

NMR spectra were acquired at 40—45 °C on
AVANCE-700 and AVANCE-III-800 spectrometers
(Bruker, Germany) equipped with cryogenically cooled
triple-resonance probes at the proton resonance fre-
quencies of 700 and 800 MHz, respectively.

To measure the isotherms of the toxins binding to
LPNs and MSP molecules, the VSTx1 and NTII sam-
ples (20 mM, 10 mM Tris-Ac, pH 7.0) were titrated with
solutions of nanodiscs (70 uM) of various lipid composi-
tions or with a MSP solution (0.7 mM). The 1D 'H-NMR
spectrum was acquired at each point. A data analysis
was performed assuming that the intensity of the ob-
served NMR signals of a peptide is proportional to its
equilibrium concentration in solution ([P],,_ ). The bind-
ing curves were fitted either to the partition equilib-
rium equation (1) or to the Langmuir isotherm equation
(2), taking into account the dilution of the initial sam-
ples upon titration:

[Plypuna/ [LPN/lipid] = K [P],__, (1)
/K, =[Pl (n [LPN]=[P]_ /[Pl (2)

where [LPN/lipid] is the LPN concentration (assuming
that one nanodisc contains two MSP molecules) or the
lipid concentration (assuming that one nanodisc con-
tains 150 lipid molecules), [P], - is the concentration of
a peptide bound to LPN ([P], = [P] e T [Plyuna)> Kp is the
partition coefficient, n is the number of binding sites
for a peptide on the nanodisc surface, and K is the af-
finity constant of the peptide to the binding site on the
nanodisc surface.

The interaction of NTII with LPN was studied us-
ing a sample containing 45 pM *H,"»N-NTII, and 75 uM
LPN/POPC/DOPS (4 : 1) (10 mM Tris-Ac, pH 7.0). To
identify the peptide HN-groups making contacts with
the nanodisc surface, the 'H signal of choline group of
the POPC lipid ((CH,),N"-, chemical shift is 3.2 ppm)
was saturated at a frequency of 125 Hz for 0.1, 0.3, 0.5,
0.8, 1.0, 1.5, and 3.0 s using a relaxation delay of 3 s. The

changes in the intensities of the NTII cross peaks in-
duced by presaturation of POPC choline group were
observed in the 2D 'H,”?"N-TROSY spectra. To identify
the peptide HN-groups making contacts with the hy-
drophobic region of the nanodisc membrane, the para-
magnetic probe of 5-doxyl-stearic acid (5-DSA) was
used. 5-DSA dissolved in a small amount of methanol
was added to the sample containing NTII/LPN com-
plexes to a final concentration of 10, 30, and 75 pM. At-
tenuation of the NTII signal intensity arising due to the
paramagnetic enhancement of the 'H and N nuclear
relaxation was observed in the 2D 'H,"?" N-TROSY spec-
tra. The rates of the cross-correlation process between
the dipole-dipole relaxation and relaxation arising
from the chemical shift anisotropy of the N nucleus
(ny,) were measured for the complexes of NTII with
LPN/POPC/DOPS at 40 °C on an AVANCE-III-800
spectrometer, using amplitude modulated 2D 'H,"®N-
TROSY experiments [23]. The rotational correlation
time (1,) for the peptide HN-groups was calculated
from the measured 1, values.

RESULTS AND DISCUSSION

Interaction of arenicin-2 with nanodiscs

The cationic AMP, Ar2, contains mainly positively
charged and hydrophobic residues and has a f-hairpin
structure in water, which is stabilized with one di-
sulfide bond (F'7g. 1) [21]. Arenicin-2 interacts selective-
ly with membranes containing negatively charged lipid
molecules and creates in them oligomeric pores, which
are formed with the participation of phospholipids (the
so-called “toroidal” pores) [18]. At high concentrations,
Ar2 probably causes bilayer micellization [24]. As ex-
pected, the B-hairpins of individual peptides within the
pore have a transmembrane orientation, so that the N-
and C-terminal fragments and B-turn region come into
contact with polar areas on the outer and inner sides of
the membrane [18].

To study the possibility of obtaining stable Ar2—LPN
complexes, nanodiscs containing neutral (POPC) and
anionic (DOPG) “long-chain” lipids were used. Earli-
er, it had been demonstrated using CD spectroscopy
that Ar2 does not interact with vesicles formed from
POPC and binds with high affinity to DOPG liposomes
[18, 21]. To simulate a possible transition of the Ar2
B-hairpin (length ~ 3.5 nm) in the transmembrane state,
a mixture of “short-chain” lipids with different charges
(DLPC/DLPG =4 : 1, fatty acid chains with 12 carbon
atoms in length, the distance between the phosphate
groups on opposite sides of the membrane was ~ 3.4 vs ~
3.7 nm for long chain lipids [25]) was used. Earlier, LPNs
based on the DLPC/DLPG mixture had been used to
observe the transitions between the surface-bound and
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Fig. 1. Schematic representation of a lipid-protein nanodisc and the amino acid sequences and spatial structures of
arenicin-2, VSTx1, and NTII (PDB codes 2INI, 1S6X, and 1NOR, respectively). Two MSP molecules shielding the mem-
brane fragment of the nanodisc from the solvent are drawn as tori. Charged residues and cysteines are highlighted in the
peptides sequences with color. A recombinant VSTx1 analogue with additional Gly-Ser residues at the N-terminus was

used in this work (shown in gray)

transmembrane state of the channel-forming peptide
antibiotic antiamoebin I [15].

During that study, an aqueous Ar2 solution was add-
ed to nanodisc samples. In all cases, even when small
peptide concentrations were added, the LPN solutions
were strongly opalescent, while at equimolar concen-
trations (Ar2/LPN =1 : 1) and higher the solutions
became opaque, which indicates nanodisc disruption
and formation of larger particles. An analysis of the
sample supernatants by gel filtration confirmed this
assumption. Large complexes with characteristic sizes
of ~ 15 nm, the residual fraction of LPNs of ~10—11 nm
in diameter, as well as a small number of particles
of ~ 6 nm in diameter were revealed in the samples
(Fig. 2A). Comparison with the results of previous stud-
ies[20, 26] suggested that the 6 nm particles correspond
to MSP aggregates. Apparently, Ar2 causes nanodisc
fusion, accompanied by the release of MSP molecules.
A similar process is known as high-density lipopro-
tein remodeling, which can occur both in vitro and in
vivo upon the interaction of lipoprotein particles with
lipophilic plasma proteins [27]. Previously, nanodisc fu-
sion had been observed in cell-free protein biosynthesis
systems with the cotranslational incorporation of mem-

88| ACTANATURAE| VOL.6 Ne2(21) 2014

brane proteins into LPNs containing unsaturated lipids
[26]. The spontaneous LPN fusion in vitro proceeds very
slowly, but it could be considerably accelerated under
denaturing conditions [28].

Amphiphilic MSP molecules should introduce a
significant positive spontaneous curvature to the li-
pid bilayer for peripheral stabilization of a membrane
fragment. A similar effect on the spontaneous lipid cur-
vature is caused by a multitude of amphiphilic AMPs,
whose action is mediated by the formation of “toroidal”
pores, which are regions with a large positive curvature
[29], or by bilayer micellization. Ar2 does not interact
with POPC liposomes [21], so we may assume that the
nanodisc fusion observed in the case of LPN/POPC is
not directly related to the pore-forming activity of the
peptide, but is caused by its attachment to a peripheral
region of the LPN membrane. The attached Ar2 mol-
ecules displace certain segments of MSP, which leads to
the defects in the LPN structure and induces nanodisc
fusion. As a result the lipoprotein particles containing
large phospholipid domains are formed and the free
MSP molecules are released. In the case of LPNs con-
taining anionic lipids, an alternative mechanism for
the formation of defects in the LPN structure could be
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Fig. 2. Gelfiltration analysis of LPNs after MP addition and analysis of the interaction of VSTx1 with LPNs and MSP. (A).
The positions of the peaks corresponding to nanodiscs, MSP aggregates, NTII, and VSTx1 are shown. (B). Interaction of
VSTx1 with LPNs /POPC. The fragments of the 1D 'H spectra of 20 pM VSTx1 acquired at different LPN concentrations
are shown. (C). The binding curves describing VSTx1 interactions with LPN and MSP are approximated by the partition
equilibrium equation (eq. 1, dashed lines) and by the Langmuir isotherm (eq. 2, solid lines). Calculated parameters are

summarized in the Table

suggested as caused by the ability of Ar2 to interact
directly with the nanodisc membrane.

Given that the mechanisms associated with the
change in the local curvature of the lipid bilayer
(“toroidal” pore formation, bilayer micellization) un-
derlie the action of the overwhelming majority of wa-
ter-soluble cationic AMPs, we can assume that many of
these molecules will have a destructive effect on LPNs.
Thus, nanodiscs are probably not suited as a medium
for studying these peptides. It should be noted that
there are other classes of channel- and pore-forming
biomolecules that can be studied in LPN-based media.
For example, the literature has described the forma-
tion of stable complexes of LPNs with the hydrophobic
channel-former antiamoebin I (upper limit of solubil-
ity in water is 30 uM) [12, 15, 20] as well as successful
incorporation of integral membrane proteins into the
nanodiscs that form ion channels and pores, such as the
K* channel KesA [20], nicotinic acetylcholine receptor
[30], pore-forming component of the anthrax toxin [11],
and a number of proteins with the f-barrel structure
[14].

Interaction of the VSTx1 toxin

with nanodiscs and MSP

The VSTx1 toxin is a small B-structured peptide stabi-
lized by three disulfide bonds which form a “cysteine
knot” (Fig. 1) [31]. VSTx1 weakly interacts with zwit-
terionic lipid membranes and has considerable affinity
for the interface of phospholipid membranes, which
contain anionic lipids, and yet has no membrane lytic

activity [31]. According to current data, VSTx1 inhibits
the voltage-dependent activation of K* channels and
uses “membrane catalysis” mechanisms when form-
ing a complex with the voltage-sensing domain of the
channel [3]. The toxin activity is significantly depend-
ent on the lipid composition and mechanical state of the
lipid membrane surrounding the channel [32].
Previously, a mixture of zwitterionic phosphati-
dylethanolamine and anionic phosphatidylglycerol
lipids (POPE/POPG, 3 : 1) was used to study the in-
teraction of VSTx1 with liposomes [3]. However, the
formation of LPNs containing a significant fraction of
phosphatidylethanolamine was ineffective, probably
because of the high negative spontaneous curvature of
the formed bilayer [20, 33]. Therefore, nanodiscs con-
taining zwitterionic phosphatidylcholine and anionic
phosphatidylglycerol (POPC and a mixture of POPC/
DOPG, 3 : 1) were used to estimate the energetics of
VSTx1 interaction with LPN membranes. A MSP sam-
ple containing no lipids was used to assess the contri-
bution of the non-specific interactions caused by the
presence of a protein component in LPNs. Titration of
the VSTx1 sample with a LPN solution or a solution of
MSP, which forms relatively large aggregates (~ 6 nm
in diameter), led to a gradual decrease in the intensity
of the peptide NMR signals (Fiig. 2B). This indicated the
association of the VSTx1 molecules with the nanodisc
surface or MSP. In this case, due to the slow reorienta-
tion of nanodiscs and MSP aggregates in the solution,
peptide binding resulted in a significant increase in the
NMR line width and a decrease in the signal intensity.
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Energetic and stoichiometric parameters of VSTx1 and NTll interactions with LPNs and MSP, obtained using the partition

equilibrium equation (eq. 1) and Langmuir isotherm (eq. 2)

Partition equilibrium Langmuir isotherm
Peptide LPN or MSP Kp( LPN, MSPx2)’ Kp(Lipi ds) K" -
X 106.M-1 X 103.M—1 X 106.M—1

LPN/POPC 0.39 = 0.02 2.6 0.2 0.06 = 0.01 9.6+ 1.5

VSTx1 LPN/POPC/DOPG (3:1) 2.68 =0.24 178 =16 0.13 =0.02 345 =39

MSP X2 0.10 = 0.01 0.05 = 0.02 3.2+0.9
NTIL LPN/POPC/DOPG (3:1) 0.32 = 0.01 2.13 = 0.07
LPN/POPC/DOPS (4: 1) 0.16 = 0.01 1.07+0.07

'K — the partition coefficient. The concentration of the “non-aqueous” phase was taken to be equal to either LPN or
lipid concentrations. It was assumed that each nanodisc contains two MSP molecules and 150 lipids.
“ K, — the affinity constant of the peptide to the binding site on the LPN surface.

" n — the number of binding sites on the LPN surface.

Calculations demonstrated that under experimental
conditions, we could safely assume that the intensity
of the observed NMR signal is directly proportional to
the equilibrium concentration of the free peptide in the
solution ([VSTx1]).

An analysis of the measured binding curves using
the partition equilibrium equation (equation 1, Fig. 2B,
Table) revealed that VSTx1 interacts effectively with
LPNs containing anionic lipids (POPC/DOPG mixture),
and that it interacts less efficiently with nanodiscs
based on zwitterionic lipids (POPC). The calculated
partition coefficients (Kp ~17.8 X 10° and 2.6 X 10° M,
respectively) were much higher than the values previ-
ously observed for vesicles of POPE/POPG (3 : 1) and
POPC (Kp ~2 X% 10%and <0.002 X 10® M}, respectively)
[3, 31]. These differences in the toxin affinity may be
due to both the differences in the packing of phospholi-
pid molecules in LPN membranes and vesicles [34] and
the use of different buffer systems in the experiments.
In papers 3, 31], the toxin binding was studied in buff-
ers containing 150 mM KCI and NaCl, respectively,
while a buffer without addition of salt was used in our
work. Increased solution ionic strength, leading to par-
tial shielding of electrostatic interactions, probably re-
duces the VSTx1 affinity to lipid membranes. The ob-
served weak interaction of VSTx1 with MSP (Fig. 2B,
Table), which is apparently due to the electrostatic in-
teraction between a positively charged toxin molecule
and an anionic MSP molecule, can also act as an addi-
tional factor enhancing the toxin affinity to LPNs.

An analysis of the binding curves using the Lang-
muir isotherm (equation 2, Fig. 2B, Table) revealed
that VSTx1 shows approximately the same affinity to
the sites on the nanodisc surface or on a MSP molecule
(K, ~0.05 x 10° = 0.13 x 10° M, Table); however, the
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number of binding sites differs significantly. Thus, a
nanodisc containing POPC (~ 150 molecules) can bind
up to ~ 10 toxin molecules, and the addition of nega-
tively charged lipids increases the number of binding
sites up to ~ 35 (~ 4 lipid molecules per toxin molecule).
In turn, each MSP molecule (in the absence of lipids) is
able to bind up to 1.6 VSTx1 molecules, which leads to
its almost complete charge compensation.

The gel filtration analysis of the VSTx1/LPN com-
plexes revealed no nanodisc disruption upon binding
of the toxin. Individual peaks can be seen on the chro-
matograms (Fig. 24) for particles with a diameter of ~
10—11 and ~ 2.0 nm, which probably corresponds to na-
nodiscs and the unbound toxin, which was dissociated
from the nanodisc surface (a buffer containing 100 mM
NaCl was used for the chromatography).

Interaction of the NTII neurotoxin with nanodiscs

Neurotoxin IT (NTII) is a cationic non-hydrophobic pep-
tide which is stabilized by four disulfide bonds and has
the so-called “three-loop” (3-structure fold characteris-
tic for snake toxins (Fig. 1) [35]. NTII is a highly specific
inhibitor of the muscle-type nicotinic acetylcholine re-
ceptor. It blocks, with its central loop, the ligand binding
sites located on the receptor extracellular domain [36].
Unlike VSTx1, NTII has no explicit membrane activity.
At the same time, the 'H,"’N-, and *'P-NMR spectros-
copy investigation of NTII in the environment of DOPC/
DOPS/cholesterol (3 : 1 : 1) liposomes simulating the
membrane environment of the acetylcholine receptor
have suggested that the toxin action also includes ele-
ments of “membrane catalysis” mechanism [19]. Appar-
ently, the site located in the region of the toxin “head,”
near the Glu2, Asp57, and Argb8 residues (Fig. 3B), is
able to bind, in the 1 : 1 stoichiometry, the charged head-
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Fig. 3. The binding curves representing NTll interactions with LPNs and the possible topology of the NTll interaction with
the surface of the LPN/POPC /DOPS membrane. (A). The binding curves are approximated by the partition equilibrium
equation (eq. 1). Calculated parameters are summarized in the Table. (B). The NTll ribbon is colored according to the
experimental data (Figs. 4D, E). The residues forming the earlier proposed site of specific interaction with the polar
headgroup of phosphatidylserine [19] are marked by blue circles

group of a phosphatidylserine (PS) lipid from the mem-
brane surrounding the receptor. This interaction prob-
ably plays a role at the initial stages of NTII action and
provides the toxin with the optimal orientation needed
for formation of the toxin-receptor complex [19].

The LPNs assembly from a POPC/DOPS/choles-
terol (3 : 1 : 1) mixture using the standard protocol
for nanodisc formation (see Experimental section) ap-
peared to be ineffective; therefore, LPNs based on a
4 : 1 POPC/DOPS mixture were used for NTII study.
Furthermore, nanodiscs based on a POPC and POPC/
DOPG (3 : 1) mixture were tested for comparison. Ti-
tration of the NTII sample with nanodisc solutions re-
vealed that the toxin does not bind to nanodiscs based
on zwitterionic lipids (POPC) and shows a low affinity
for LPNs containing anionic lipids (POPC/DOPG and
POPC/DOPS) (Fig. 34, Table). The higher NTII affin-
ity for LPNs based on 3 : 1 POPC/DOPG may be ex-
plained by the larger charge of the nanodisc membrane
(the relative content of a charged lipid is 25% vs 20% in
the 4 : 1 POPC/DOPS membrane). Furthermore, in the
membrane containing DOPS, charges of the NH,*- and
COOH-groups of serine form a dipole, which may shield
the negative charge of the phosphate group. Thus, the
apparent charge of the polar head of DOPS will be less
than that of DOPG. These findings suggest the lack of
significant NTII selectivity for membranes containing
different anionic lipids (phosphatidylserine and phos-
phatidylglycerol).

The lack of detectable binding of NTII to LPN/POPC
indicates indirectly the absence of nonspecific toxin
interactions with the MSP protein. As in the case of
VSTx1, a gel-filtration analysis of the NTII/LPN com-
plexes revealed no disruption of nanodiscs upon toxin
binding (Fig. 2A). The chromatograms demonstrate

the peaks corresponding to nanodiscs and the unbound
toxin (~ 2.6 nm in diameter).

The topology of the NTII interaction with the POPC/
DOPS membrane enclosed into LPN particles was stud-
ied using the ?H,"®N-labeled toxin. NMR experiments
were performed under conditions where the toxin was
almost completely bound to the nanodisc surface. De-
spite the significant broadening and attenuation of the
signals of the bound peptide (Fig. 4A), the use of the
deuterated toxin and TROSY experiments optimized
to reduce the transverse relaxation of the 'H and N
nuclei allowed us to obtain the 'H,'?N-correlation spec-
trum of NTII in a complex with LPN (Fig. 4B). Compar-
ison of the 'H and ®N chemical shifts of a NTII molecule
in an aqueous environment and in a complex with LPN
revealed no significant changes in the spatial structure
of the toxin upon complex formation. The changes in
chemical shifts exceeding 0.03 and 0.2 ppm, respective-
ly, were observed only for one Arg32 residue (data not
shown).

The cross-correlation rates of the N nuclear relaxa-
tion (n,), measured for the HN-groups of NTII in com-
plex with LPN (Fig. 4B), demonstrated a wide range of
values (from 2.5 to 40 Hz, a mean value of 16.3 = 9.2 Hz,
a frequency of 800 MHz, 40 ‘C), which correspond to
rotational correlation times (1,) in the range from 2 to
31 ns with a mean of ~ 12.5 ns. The calculated mean 1
value corresponds to the reorientation of a globular
particle ~5.4 nm in diameter with a mass of ~ 34 kDa,
which exceeds significantly the NTII molecule size but is
significantly smaller than the nanodisc size. These find-
ings reveal a large anisotropy of interactions within the
NTII/LPN complex, which may be explained either by
the presence of additional degrees of freedom of a toxin
molecule within the complex or by the involvement of
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NTIl 4+ LPN /POPC /DOPS (4 : 1)
(pH 7.0, 40°C)

A

NTII
(pH 7.0, 40°C)
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Fig. 4. NMR analysis of NTll interaction with LPN /POPC /DOPS. (A). Comparison of the 1D 'H spectra of 45 pM 2H, '*N-
NTIl in water (bottom spectrum) and in complex with 75 uM LPN /POPC /DOPS (4 : 1) (upper spectrum). (B). 2D
'H,">N-TROSY spectrum of 45 pM 2H,">N-NTIl in complex with 75 yM LPN /POPC /DOPS (4 : 1). (C) "N cross-correlation
relaxation rates (0, ) for NTIlin complex with LPN /POPC /DOPS. Mean value is shown with dashed line. (D, E). Attenu-
ation of cross-peak intensities in the 'H,""N-TROSY spectrum of NTll in complex with LPN /POPC /DOPS induced by (D)
presaturation of the POPC choline group during 1.5 s, or (E) the paramagnetic relaxation enhancement (PRE) from 75
MM 5-DSA

a NTII molecule in a fast (on the NMR scale) exchange The observed intensity decrease indicates the spatial

process between the bound and unbound states. proximity of the corresponding toxin HN-groups to the
The possible orientation of NTII on the nanodisc surface of the LPN bilayer.
membrane was determined by measuring the mag- Additionally, to determine the topology of NTII on

netization transfer between the protons of lipids and the nanodisc surface we used a lipophilic spin probe
the toxin HN-groups due to the nuclear Overhauser 5-DSA. The spin label of 5-DSA embeds in the hy-
effect (NOE). The strongest response in the NMR spec-  drophobic region of the bilayer close to the polar lipid
tra of the peptide was detected upon saturation of the headgroups. The maximum attenuation of HN-signal
signal of the choline group of POPC. A significant drop intensities, induced by the paramagnetic relaxation
in the intensity of the 'H,”"N-cross peaks was observed  enhancement, was observed for the Thr21 residue of
for residues located on two NTII regions: 1) in the toxin  the toxin “head” and for residues of the third and sec-
“head”, near the putative binding site for phosphati- ond loops (Figs. 3B, 4E). This indicates the presence of a
dylserine, and 2) in the central (second) loop, at the contact between the corresponding HN-groups and the
level of Trp27, Trp28, and Ile35 residues (Figs. 3B,4D). hydrophobic region of the LPN bilayer.
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The obtained data are not consistent with a single
preferential orientation of a NTII molecule on the nan-
odisc membrane (Fig. 3B). Probably, the toxin interacts
with the nanodisc surface in several (at least two) orien-
tations and participates in the fast (on the NMR scale)
exchange processes among complexes with different
topologies. However, only one of the possible topologies
(Fig. 3B) is “compatible” with the specific interaction
of NTII with the polar head of phosphatidylserine at
the putative binding site [19]. Thus, nonspecific electro-
static and hydrophobic interactions in the complex of
NTII with LPN/POPC/DOPS have energy comparable
with specific interactions.

It should be noted that the dynamic equilibrium
among complexes with different topologies may play a
certain role in the functioning of peripheral membrane
proteins and membrane-active peptides. For example,
a recent NMR study of a complex of the GTPase Rheb
(Ras family) with LPN demonstrated that the protein
has two possible orientations relative to the surface of
the nanodisc membrane. Meanwhile, the population of
these states changes during GTP hydrolysis [37].

CONCLUSIONS

In the present study, the possibility of using LPNs to
explore specific peptide/membrane interactions and
the mechanisms of “membrane catalysis” in the func-

tioning of membrane-active water-soluble antimicrobi-
al peptides and neuropeptides was investigated. Three
model B-structured peptides (arenicin-2, VSTx1, and
NTII) were used. It was found that nanodiscs contain-
ing phosphatidylcholine and phosphatidylglycerol mol-
ecules can disintegrate upon interaction with cationic
pore-forming peptides. Probably LPNs are not suited
for structural and functional investigation of water-
soluble pore-forming peptides. Meanwhile, the media
based on LPNs can be used to study the energetics,
stoichiometry, and topology of the interaction of mem-
brane-active neurotoxins with a lipid membrane. In the
course of such studies, one needs to consider the possi-
bility of non-specific interactions of peptide molecules
with the protein component (MSP) and lipid membrane
of a nanodisc. ®
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ABSTRACT Current targeting strategies for genetic vectors imply the creation of a specific vector for every tar-
geted receptor, which is time-consuming and expensive. Therefore, the development of a universal vector system
whose surface can specifically bind molecules to provide efficient targeting is of particular interest. In this study,
we propose a new approach in creating targeted vectors based on the genome of human adenovirus serotype
5 carrying the modified gene of the capsid protein pIX (Ad5-EGFP-pIX-ER): recombinant pseudoadenoviral
nanoparticles (RPANs). The surfaces of such RPANSs are able to bind properly modified chimeric nanoantibodies
that specifically recognize a particular target antigen (carcinoembryonic antigen (CEA)) with high affinity. The
efficient binding of nanoantibodies (aCEA-RE) to the RPAN capsid surfaces has been demonstrated by ELISA.
The ability of the constructed vector to deliver target genes has been confirmed by experiments with the tumor
cell lines A549 and Lim1215 expressing CEA. It has been shown that Ad5-EGFP-pIX-ER carrying aCEA-RE on
its surface penetrates into the tumor cell lines A549 and Lim1215 via the CAR-independent pathway three times
more efficiently than unmodified RPAN and Ad5-EGFP-pIX-ER without nanoantibodies on the capsid surface.
Thus, RPAN Ad5-EGFP-pIX-ER is a universal platform that may be useful for targeted gene delivery in specific
cells due to “nanoantibody—modified RPAN” binding.

KEYWORDS adenoviral vector; pIX; leucine zipper; nanobody; CEA.

ABBREVIATIONS RPAN - recombinant pseudoadenoviral nanoparticles; CEA — carcinoembryonic antigen; Ad —
human adenovirus; Ad5 — Ad serotype 5; CAR — coxsackievirus and adenovirus receptor; a.a. — amino acid residue;
pfu — plaque-forming unit.

INTRODUCTION

Recombinant pseudoadenoviral nanoparticles (RPANSs),
which are derived from the human adenovirus sero-
type 5 (AdbH) genome with deletion of the region re-
sponsible for replication, are considered to be among
the most promising tools for targeted gene delivery
into mammalian cells. RPANs are extensively used
in recombinant vaccines and gene therapy [1, 2]. The
fact that RPAN is safe has been confirmed in a num-
ber of clinical trials of Adb5-based vaccines and gene
therapy products. Since 2008, a quarter of gene ther-
apy clinical trials have utilized the Ad-based RPANs
[3]. Furthermore, two Adb-derived gene therapy prod-

ucts have already been approved in China. There are a
number of advantages contributing to the popularity
of Ad5-based RNAPs: Adb-based vectors transduce
both dividing and non-dividing cells; adenovirus DNA
does not integrate into the host genome but remains
extrachromosomal; RPANSs can be produced at titer of
more than 10" pfu/ml, which allows one to use them
as live recombinant vaccines; RPANs provide a high
expression level of the transferred gene in the targeted
cells.

However, some limitations in the use of Ad5-based
RPANSs exist. For instance, efficiency in the transduction
of some mammalian cell types, particularly human tu-
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mor cells, can be low. This is due to the fact that the pri-
mary receptor for Ad5---coxsackievirus and adenovirus
receptor (CAR)---is not expressed in all cell types [4—6].
To provide targeted gene transfer into CAR-deficient
and CAR-negative cells, tropism modification strategies
that alter the components of the A5-capsid (namely,
fiber, hexon, pIX, pllla proteins) have been developed.
Nowadays, these strategies enable Ad5-based RPAN
delivery in various cell types, in particular targeting cer-
vical cancer, glioma, renal cell carcinoma, ovarian can-
cer, as well as vascular smooth muscle cells [7—12].

Lately, the minor capsid protein IX (pIX) has re-
ceived considerable attention as a site for protein lig-
and integration into adenovirus capsid. There are sev-
eral advantages to pIX modification: the possibility to
integrate relatively large peptide fragments to the C-
terminus of pIX; the high structural compatibility of
ligands with pIX; and a wide range of applications for
Ad-based vectors with modified pIX [13].

It has recently been shown that integration of the
RGD-motif (arginine-glycine-aspartic acid) into the
pIX structure increases efficiency in the binding of
Ad5-based RPANS to cells expressing o, § integrins [14].
A single chain T-cell receptor (TCR) directed against
the melanoma-associated antigen in complex with HLA
I (major histocompatibility complex) introduced to the
C-terminus of pIX also enables RPANSs to effectively
transduce human melanoma cells [15].

Existing approaches to pIX modification imply a
costly and time-consuming generation of RPANs for
each targeted receptor. Hence, the development of a
universal targeted gene delivery platform based on
specific binding of certain molecules to the adenovirus
capsid surface, which provides effective targeting of
RPAN:Ss, is of great interest.

To build this platform, the synthetic domain
EE,RR,, L (ER domain) was introduced into the C-
terminus of pIX. The ER domain is capable of high ef-
ficiency heterodimerization with the partner domain
RR ,EE, L (RE domain), yielding a stable structure
(leucine zipper). Both synthetic leucine zipper domains
were genetically engineered and derived from the ap-
propriate domain of a vitellogenin gene-binding pro-
tein (VBP) [16, 17]. Neither of the two 43-amino acid
domains forms homodimers even at low temperatures
(6 °C and above). However, they heterodimerize under
physiological conditions, forming a stable structure
“leucine zipper” EE ,RR,,,L/RR ,EE, L (or ER/RE)
with the melting point at 73 “C and a dissociation con-
stant K = 1.3 X 10" M [17].

It should be noted that the approach to the modify-
ing of Ad-based RPANSs has already been described [18].
A similar one is used in our work but essentially differs
in terms of the choice of the modifiable capsid protein,
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antibody format, and strategy for vector generation.

We propose integrating the ER domain into pIX as
the number of pIX monomers is six times higher than
the number of fiber monomers in the Ad5-capsid. Ac-
cordingly, more antibodies bind to RPAN in this case,
providing more effective penetration of the pIX-modi-
fied RPANs into the target cells.

We used single-domain antibodies (nanoantibodies)
directed against the carcinoembryonic antigen (CEA)
as molecules binding to the modified RPANs and pro-
viding targeted gene delivery to specific cells. This
choice was determined by a number of the advantages
of nanoantibodies; in particular, by the simplicity of ge-
netic manipulations, reduced immune response, favo-
rable pharmacokinetics, good solubility, pH tolerance,
and high thermal stability. The nanoantibodies directed
against CEA (aCEA-RE) were selected as this receptor,
because they are often found in cancer cells. Further-
more, our experience in the generation of nanoantibod-
ies and their applications, including thee homotrimer of
“isoleucine zipper” [19, 20], as well as in the utilization
of RPANSs for nanoantibody expression in vivo [21, 22]
significantly contributed to the choice of nanoantibod-
ies.

The aCEA-RE that were used in our work can ef-
fectively recognize the CEA—cell surface antigen ex-
pressed in the tumor cell lines A549 and Lim1215
to a high level. We have shown that pIX-modified
RPANs (Ad5-EGFP-pIX-ER) carrying aCEA-RE on
their surfaces three times more effectively penetrate
into the tumor cells lines A549 and Lim1215 via the
CAR-independent pathway than unmodified RPANs
(Ad5-EGFP) and Ad5-EGFP-pIX-ER (pIX-modified
RPANSs, which do not have aCEA-RE on their surfac-
es). We have created the Ad5-EGFP-pIX-ER vector
system: a versatile platform for targeted gene delivery,
which enables the targeting of particular (tumor) cells
by specific binding nanoantibodies directed against a
(tumor-specific) surface antigen on the RPAN surface.

EXPERIMENTAL

Plasmid vectors

We used the pBluescript II SK (+) plasmid vector (Fer-
mentas MBI, Lithuania); pPGEM-T-Easy plasmid system
(Promega, USA); pShuttle-CMV-EGFP shuttle vector
containing the cytomegalovirus (CMV) promoter, en-
hanced green fluorescent protein (EGFP) reporter gene
and Ad5 genomic fragments; and pAdEasy-1 plasmid
(Stratagene, USA).

RPAN and bacterial strains
Ad5-EGFP RPANs comprising the full-length Ad5
genome, and the green fluorescent protein expression
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PCR primers used for amplification of fragments to clone ER- and RE- leucine zipper domains

ERIF

ERIR

RE2F

NotI-Cend-Zipper-rev

5'-ccagaactcgagatcgaggcagcetttectggaacgggagaacactgeactgg-3'

5'-tccgcagacgectggactegetgecgeagttecagetacacgagtetecagtgeagtgtte-3'

5'-ccagcgtctggagaacgaagtctcacagtatgaaactegttacggacctetg-3'

5'-cgtacgggtageggecgetcagaggtecgtaacgag-3'

Stepwise PCR-cloning ER- (or RE-) leucine zipper domain

Xhol - PCR1
f - 1R

L —

PCR1 product

Fig. 1. Scheme

of the consecu-
tive cloning stages
(PCR1, PCR2,
PCR3). For con-
venience of cloning
(the introduction of

PCR2 Nofl

PCR3
PCR1 product
——————————————————————————

. l
o . I
Notl-Cend-Zipper-rev;
PCR2 product

a Xhol restriction
site to the 5'-end
of the sequence),
the third nucle-
otide residue of the
original sequence,
G, was replaced by

PCR2 product

<+
Xhol
I

C; the amino acid
N‘?ﬂ | sequence remained

! PCR3 product

Xhol

] intact

Notl

—

Fragment carrying the ER- (or RE-) leucine zipper domain

cassette under the CMV promoter were generated at
the N.F. Gamaleya Research Institute of Epidemiology
and Microbiology [23].

The Escherichia coli strains DH5a and BJ5183 were
used.

Cell lines

The following cell lines were used: HEK293 (human
embryonic kidney cells containing the Ad5 E1 region),
A549 (human lung adenocarcinoma epithelial cell line),
H1299 (human non-small cell lung carcinoma cell line),
H460 (human lung cancer cell line), H292 (human lung
mucoepidermoid carcinoma cell line), Lim1215 (human
colon carcinoma cell line), SW480 (human colon adeno-
carcinoma cell line), and HCT-116 (human colon cancer

cell line). The cells were cultured in DMEM (Dulbecco’s
modified Eagle’s medium) supplemented with 10% Hy-
Clone fetal bovine serum (USA), glutamine, penicillin
and streptomycin.

Enzymes

Specific restriction endonucleases, T4 DNA ligase,
and other enzymes were purchased from Promega
(USA), New England BioLabs (USA), Fermentas MBI
(Lithuania).

Cloning of the ER- and RE- leucine zipper domains

Fragments encoding the ER- and RE- heterodimeric
leucine zipper domains were obtained by PCR [17, 18]
using the primers listed in Table (Fig. 1). The amplifica-
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tion with the ER1F and ER1R or RE1F and RE1R prim-
ers (for ER- or RE domains, respectively) resulted in
PCRI1 product of 97 bps (PCR1). A PCR2 product of 71
bps (PCR2) was obtained by amplification with primers
ER2F and NotI-Cend-Zipper-rev (for ER domain) or
RE2F and NotI-Cend-Zipper-rev (for RE domain). In
the next PCR reaction, we used PCR1 and PCR2 prod-
ucts as primers and obtained a PCR3 product of 154 bps
comprising the ER- or RE-domain sequence. The PCR3
products were then inserted into the Xhol - NotI site
of the pBluescript II SK (+) plasmid vector, which re-
sulted in pER and pRE plasmids containing nucleotide
sequences encoding the full-length heteromeric leucine
zipper domains. The correct insertions of the ER- and
RE-domain genes were confirmed by sequencing. For
convenience of cloning (to introduce the Xhol site at
the 5’-end of the DNA sequence), the third nucleotide
of the original sequence, G, was substituted for C. The
amino acid sequence remained unchanged.

Construction of a plasmid carrying the Ad5 genome
with deletion of the E1 region, EGFP cassette,

and the sequence of the heteromeric domains

of leucine zipper at the C terminus of pIX

To integrate the ER domain into the C-terminus of
pIX, a sequence containing the pIX gene with a deleted
stop codon; a spacer (a sequence of the longest a-helix
of human apolipoprotein E4 (33 a.a.)) [18], a polylink-
er carrying the restriction sites BamHI, Kpn2I, NotlI,
HindIII, Ascl and Swal to insert the target ligands, and
the pIVa2 gene (from 1 to 832 bps) were synthesized
(ZAO “Evrogen”). The synthetic sequence was cloned
into the pBluescript II SK plasmid vector to generate
plasmid pBssk-pIX-mod containing the pIX gene with
sites for modifications.

The nucleotide sequence encoding the ER domain
was amplified using the BamHI-zipp-forw (5’-gga-
tce-cte-gag-ate-gag-gea-get-tte-c-3’) and Swal-zipp-
rev (5’-att-taa-att-tac-aga-ggt-ccg-taa-cga-gtt-cg-3’)
primers, which flanked the 5’- and 3’-regions of the
leucine zipper and contained the BamHI and Swal re-
striction sites, respectively. The aforementioned plas-
mid, pER, was used as a template.

The PCR product of 146 bps was cloned into the
pGEM-T-Easy plasmid vector. The pGEM-T-ER plas-
mid was digested with the restriction enzymes BamHI
and Swal, and the sequence encoding the leucine zip-
per was cloned into the pBssk-pIX-mod plasmid us-
ing the same restriction sites. The Apal-Hpal adeno-
virus genome fragment containing the modified gene
pIX was then excised from the pBssk-pIX-ER plasmid
and cloned into the pShCMV-EGFP vector at the same
sites. Thus, we obtained a pShCMV-EGFP-pIX-ER
shuttle vector comprising the sequence encoding the
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modified pIX with the leucine zipper at the C-terminus,
and the EGFP reporter gene cassette. This plasmid was
linearized by restriction digestion with Pmel and co-
transformed together with the pAdEasy-1 plasmid into
E. coli BJ5183 cells as described in the AdEasy adenovi-
ral vector system (Stratagene, USA). The pAd5-EGFP-
pIX-ER plasmid was obtained as a result of homologous
recombination. It contained the full-length Ad5 genome
with deletion of the E1 region, the expression cassette
with the EGFP reporter gene, and the fragment encod-
ing the leucine zipper at the C-terminus of pIX.

Production, accumulation, and purification

of the pIX-modified RPANs

The RPANs were produced via transfection of a
HEK293 cell line with the pAd5-EGFP-pIX-ER plas-
mid, which was previously linearized at the Pacl re-
striction site. The transfection was performed with
a Metafectene Pro agent (Biontex, Germany). Ad5-
EGFP-pIX-ER was accumulated in the HEK293 cell
culture. The RPANs were purified and concentrated
by cesium chloride density gradient ultracentrifuga-
tion of the infected cells lysates. The concentration
of the purified RPAN was determined spectrophoto-
metrically (A = 260 nm) using the conversion factor:
1 OD = 1.12 x 10'? viral particles/ml. Ad5-EGFP-pIX-
ER titer was determined using plaque formation assay
in the HEK293 cells culture.

Antibodies

We used commercial anti-CAR polyclonal antibodies
(R&D systems, USA, cat. # AF3336), murine sera con-
taining anti-Ad antibodies obtained after immunization
of mice with RPANS, equine secondary antibodies (GE
Healthcare, UK), and monoclonal anti-HA antibodies
(CHGT-45P-Z, ICL, Inc., USA).

Generation of aCEA with an

additional terminal RE domain

Generation of single domain mini-antibodies (na-
noantibodies) recognizing the carcinoembryonic an-
tigen (aCEA) was performed as previously described
[24—28].

Bactrian camel Camelus bactrianus was immunized
sequentially (five times) by subcutaneous injection of
an antigen mixed with an equal volume of a complete
(for the first injection) or incomplete (for the follow-
ing injections) Freund’s adjuvant. The antigen, human
CEA, was purchased from Xema Medica, Russia (cata-
log number R224). 0.26 mg of human CEA was used
for each injection. The second injection (immunization)
was performed three weeks after the initial one, and
the following three immunizations were performed
every two weeks. Blood (150 ml) was collected five



RESEARCH ARTICLES

days after the last injection. Then, we isolated RNA
from B lymphocytes, synthesized cDNA, carried out
two-step PCR and cloning of the amplified sequences
encoding nanoantibodies into a pHEN4 phagemid vec-
tor. Selection of cDNA clones encoding nanoantibodies
was performed through phage display [24—28]. In this
procedure, we used M13KO7 helper phage (New Eng-
land Biolabs, USA) and human CEA as an antigen im-
mobilized on the bottom of the wells of a 96-well ELISA
plate. The same human CEA was used for injections.
cDNA from the selected clones was then re-cloned into
a new expression vector. Before re-cloning, we added
sequences encoding HA and (His), tags at the 3’-end
of the cDNA to increase the efficiency of nanoanti-
body detection and purification after expression. The
specificity and relative affinity of the initially selected
nanoantibodies were determined by ELISA via their
binding to the immobilized human CEA protein, and,
subsequently, to fixed cells overexpressing CEA on the
cell surface. Based on the conducted assays, we chose
the most effective nanoantibody, anti-CEA /aCEA1.
(The antibody sequence, details of its production and
analysis are described in the recent patent application #
2,012,113,421, Russian Federation: Tillib, S.V. The sin-
gle-domain nanoantibody, aCEA1, specifically binding
the CEA protein.) To ensure stable binding of aCEA1 to
the modified pIX Ad5 (pIX-ER), the former was modi-
fied as described in [20] but a different ligand was used.
A RE domain capable of effective dimerization with the
ER domain to form a leucine zipper was integrated into
aCEALl instead of the homotrimeric domain (ILZ). Con-
stituents of the modified aCEA1, aCEA-RE, with amino
acid sequences, partial for some of them, are shown in
Fig. 2B. The aCEA-RE accumulating in bacterial peri-
plasm was purified as described previously [20] and de-
tected as an individual band after separation by SDS-
PAGE in a 14% gel (Fig. 3A).

ELISA for detection of leucine zipper interactions

of recombinant nanoantibodies and pIX RPANs

A 96-well plate was coated with 2 pg/well of aCEA-RE
in a 40 mM potassium carbonate buffer (pH 9.6) at +4°
C for 12 h. The plate was then washed three times with
0.05% Tween-20 and three times with distilled water.
After Ad5-EGFP-pIX-ER was added at a concentra-
tion of 1 pg/ml in the working solution, the plate was
incubated in a shaker for 1 h at +37 °C. Ad-EGFP was
used as a control. Different dilutions of murine sera in
the working solution (1: 800 to 1: 204 800) containing
anti-Ad-antibodies were added to the plate and in-
cubated in a shaker at +37° C for 1 h. Following plate
washing, horseradish peroxidase (HRP) conjugated
anti-species antibodies of working dilution (1: 10000)
in phosphate buffered saline (PBS), pH 7.4, with 0.05%

Tween-20 were added. TMB substrate was used to vis-
ualize the HRP enzymatic reaction; 4 M H,SO,, to stop
it. The optical density of the colored product of the HRP
reaction was measured on an iEMS Reader MF (Termo
labsystems) at 450 nm.

Immunohistochemical assay to detect binding of
aCEA-RE nanoantibodies to CEA expressed on the
surface of tumor cells and to the purified CEA protein
The ability of aCEA-RE to bind to the human CEA
protein immobilized on the surface of microplate
wells was examined by the standard ELISA protocol.
Microplate wells with immobilized bovine serum al-
bumin (BSA) were used as a control. Anti-HA mono-
clonal antibodies conjugated to horseradish peroxidase,
which were directed against HA-tag at the C-terminus
of the aCEA-RE antibodies, were used as secondary
antibodies. The activity of horseradish peroxidase was
determined using the ABTS chromogenic substrate
(2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)).
The optical density was measured at 405 nm using a
microplate fluorometer. Control wells (with immobil-
ized BSA) contained no antigen and were blocked and
processed together with the experimental wells (with
antigen).

The possibility of using aCEA-RE antibody to detect
the CEA protein expressed on the tumor cell surface
was examined by ELISA on immobilized /fixed cells.
The following cell lines were used: A549, H1299, H460,
H292, Lim1215, SW480, and HCT-116. The HEK293
cell line (derived from human embryonic kidney cells)
served as a negative control as the CEA protein is not
detected in this cell line according to published reports.
Chinese hamster ovary (CHO) cells were another nega-
tive control. The cells were seeded into a 96-well plate
at a density of 10* cells per well. A day after seeding,
the cells were washed with PBS three times and fixed
in 3.7 % formaldehyde diluted in a buffer for 10 min.
Fixation was stopped by adding a glycine solution to a
concentration of 125 mM. The fixed cells were washed
with PBS three times and covered with a blocking buf-
fer, 1% BSA in 1XPBS, for 2 h. The cells were rinsed
with 1XPBS and covered with a solution (1XPBS, 0.1 %
BSA) containing aCEA-RE nanoantibodies at a concen-
tration of 100 ng/ml. Anti-HA monoclonal antibodies
conjugated to horseradish peroxidase were used as sec-
ondary antibodies directed against the C-terminal HA-
tag of the tested aCEA-RE nanoantibody. Horseradish
peroxidase activity was determined using a ABTS
chromogenic substrate. The optical density was meas-
ured at 405 nm using a microplate fluorometer. Control
wells (with immobilized HEK293 and CHO cells) were
blocked and processed together with the experimental
wells.
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Fig. 2. Schematic representation of the recombinant nanoantibody, the structure of the plX protein modified by the inte-
gration of a spacer and the ER- leucine zipper domain, and the formation of a Ad5-EGFP-pIX-ER /aCEA-RE complex with
altered tropism. Schemes of the amino acid sequences of the domains of the recombinant plX (A) and the chimeric nano-
antibody aCEA-RE (B). C — positions of the complementary leucine zipper domains; one domain is integrated into the
C-terminus of the pIX of Ad5 and protrudes above the capsid surface due to the spacer; another domain is "attached”
to the N-terminus of aCEA. D — Formation of the Ad5-EGFP-pIX-ER /aCEA-RE complex through heterodimerization of
ER- and RE- leucine zipper domains
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Thermal stability assay for pIX-modified RPANs
HEKZ293 cells were seeded into 24-well plates at a
density of 10° cells per well. After 24 h, the monolay-
er HEK293 culture was infected with pIX-modified
RPAN (102 viral particles per cell in 200 pl of the me-
dium). Before infection, the pIX-modified RPAN were
incubated at +37° C and +42° C for 5, 15 and 30 min. The
number of fluorescent cells was determined by flow cy-
tometry (Backman Coulter Cytomix FC-500, USA) 24 h
after infection.

Transduction of eukaryotic cells with

blocked CAR-receptors by RPANs

A549 and Lim1215 cells were seeded into a 48-well
plate at a density of 2 X 10* cells per well, covered with
10 mg/ml of anti-CAR antibodies and incubated at
+37° C for 30 min. The antibodies were removed, the
cells were washed and transduced by RPANSs (500 viral
particles per cell). The RPANs were first pre-incubated
with aCEA-RE (240 antibodies per viral particle) for 30
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min at +4° C under constant stirring; unbound RPANs
were removed. The relative number of fluorescent cells
was determined by flow cytometry (Backman Coulter
Cytomix FC-500, USA) 24 h after transduction.

RESULTS AND DISCUSSION

Construction of recombinant pseudoadenoviral
vectors with the modified IX protein

In 2009, J.N. Glasgow et al. conducted a study. They “at-
tached” a leucine zipper domain to the C-terminus of
Ad5-fiber to enable specific binding of A5-capsid to sin-
gle-chain antibodies carrying a complementary leucine
zipper domain. Thus, RPANs changed their tropism,
providing targeted gene delivery [18]. Our aim was to
construct a Ad5-based RPAN bearing a leucine zipper
domain at the C-terminus of pIX. We hypothesized that
this modification of pIX would provide a more efficient
delivery of target genes. Ad5-capsid comprises 240 pIX
and 36 fiber monomers. Hence, substantially more anti-

Fig. 3. ELISA to detect
binding of aCEA-RE

to the CEA protein.

A — SDS-PAGE of puri-
fied aCEA-RE in a 14%
SDS-polyacrylamide gel.
B — ELISA for detection
of aCEA-RE binding to
immobilized CEA. The
concentrations of aCEA-
RE in assay were 100 ng/
ml and 10 ng/ml. Wells
with immobilized bovine
serum albumin were used
as a negative control.

C — ELISA for detection
of the aCEA-RE binding
to CEA exposed on the
tumor cell surface

immobilized

CEA BSA

control,

ng/ml 100 ng/ml

aCEA-RE

' mm EE  =a
H292 HEK293 HCT-116 CHO

(control)
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bodies would bind pIX-modified RPANs than fiber-
modified RPANs. However, peptide integration into
the capsid may cause conformational changes leading
to disturbance of RPAN assembly as the C-terminus of
pIX is situated between capsid hexons [29]. Therefore,
we introduced a spacer of the longest human apolipo-
protein E4 a-helix sequence between the C-terminus
of pIX and the leucine zipper domain. Such a spacer
is the most effective one; it does not significantly af-
fect Ad-assembly as it places the leucine zipper domain
above the capsid surface, thus improving the efficiency
of Ad5-based RPAN binding to recombinant nanoanti-
bodies, which was demonstrated by J. Vellinga et al.
[30]. The constructed Ad5-based RPAN with the pIX-
modification is schematically shown in Fig. 2.

The recombinant vector Ad5-EGFP-pIX-ER encod-
ing the modified pIX protein with a spacer sequence
and ER domain of the leucine zipper at the C-terminus
was obtained by homologous recombination in E. coli.

Characterization of the Ad5-EGFP-pIX-ER RPAN
The Ad5-EGFP-pIX-ER RPAN was characterized by
the following parameters: concentrations of viral parti-
cles and plaque-forming units, thermostability.

The concentration of Ad5-EGFP-pIX-ER was
6.5x10'% viral particles/ml, 4.0X10 pfu/ml, while the
concentration of the control vector, Ad5-EGFP, was
6.3%10'? viral particles/ml, 6.0x10' pfu/ml. These re-
sults suggest that the modification introduced into the
adenovirus capsid did not affect the efficiency of vir-
ion assembly and the vector quality, which is defined
by the ratio of viral particles to plaque-forming units
(162.5 and 105 for Ad5-EGFP-pIX-ER and Ad5-EGFP,
respectively).

One of the problems associated with Ad-capsid pro-
tein modifications is destabilization of RPANSs. The
primary function of a pIX protein is to stabilize inter-
actions between adjacent hexons [31]. Accordingly,
modifications of pIX proteins destabilize the capsid
structure [32]. Therefore, we examined the structural
integrity of virions by comparing the thermal stability
of Ad5-EGFP-pIX-ER, the modified vector, and Ad5-
EGFP, the unmodified vector, to see whether the ER-
leucine zipper domain integrated into the pIX protein
affects the structural integrity of the virion.

The Ad5-EGFP-pIX-ER and Ad5-EGFP RPANs
were incubated at 37 and 42° C for 5, 15 and 30 min; the
number of infected cells was determined using a ther-
mal stability assay (Fig. 4).

The Ad5-EGFP-pIX-ER and Ad5-EGFP infectivi-
ties did not change when the RPANs were heated up
to +37° C for 5, 15, and 30 min. Upon heating at +42°
C for more than 5 min, the transduction efficiency for
Ad5-EGFP-pIX-ER reduced by 32% and approached
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Fig. 4. Thermal stability of Ad5-EGFP-pIX-ER. Ad5-EGFP-
pIX-ER and Ad5-EGFP were incubated at +37°C (A) and
+42°C (B) for 5, 15, and 30 min. HEK-293 cells were then
infected with 10 viral particles per cell. The number of
fluorescent cells was determined by flow cytometry 24 h
post infection

0% if the heating time exceeded 15 min; whereas the
Ad5-EGFP infectivity remained the same after 5 min
and decreased by 20 and 43% after 15 and 30 min, re-
spectively, under identical conditions. Our data show
that the integration of a leucine zipper ER domain into
the pIX protein structure reduces the thermostability
of Ad5-EGFP-pIX-ER, compared with that of RPANs
containing wild-type pIX and are consistent with the
published data [33, 34].

The efficiency in binding the leucine zipper
ER domain of the pIX-modified RPANs
to the complementary leucine zipper RE
domain of recombinant nanoantibodies
The ability of the leucine zipper ER domain, which was
introduced into the pIX protein, to bind to the com-
plementary leucine zipper RE domain of recombinant
anti-CEA was defined by ELISA.

Wells of a 96-well plate of high adsorption capacity
were coated with aCEA-RE. After incubation, unbound
antibodies were removed by washing; Ad5-EGFP-pIX-
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ER RPANs were added to the wells. RPANs that did
not bind to nanoantibodies were washed away; the for-
mation of an Ad5-EGFP-pIX-ER/aCEA-RE complex
was detected using anti-Ad-antibodies (Fig. 5).

Thus, we have shown that hydrophobic interactions
of the ER- and RE domains of Ad5-EGFP-pIX-ER and
nanoantibodies, respectively, to form a leucine zipper
provide specific binding of recombinant nanoantibodies
to RPANSs.

Selection of cell lines exposing CEA

for efficient binding to the aCEA-RE

nanoantibody on their surface

At the next stage of our study, we examined the abil-
ity of aCEA-RE nanoantibodies to specifically bind not
only to purified CEA, but also to CEA exposed on the
cell surface.

Figure 3B shows the ELISA results indicating that
the aCEA-RE nanoantibody specifically binds to the
immobilized human CEA protein at concentrations
of 100 and 10 ng/ml. Wells with immobilized bovine
serum albumin were used as a control. Signal intensity
(optical density at A = 405 nm) shows the efficiency of
nanoantibody binding.

If nanoantibodies recognize the isolated CEA protein,
this does not mean that the epitope is accessible for rec-
ognition by the nanoantibody when the protein is local-
ized on the cell surface. The possibility to use aCEA-
RE nanoantibodies for detecting CEA overexpressed
on a tumor cell surface was examined by comparative
ELISA for the cell lines SW480, Lim1215, A549, H1299,
H460, H292, and HCT-116. The HEK293 and CHO cell
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lines were used as negative control. The ELISA results
are shown in Fig. 3B.

Identically to the case of isolated CEA protein, aCEA-
RE nanoantibody effectively works at a concentration
of 100 ng/ml. Specific recognition of A549 and Lim1215
cells occurs due to the high-level expression of CEA re-
siding on the surface of these cells. In contrast, the CEA
protein is almost not expressed in control HEK293 cells,
which is reflected by the background optical density
in the corresponding cells. Similarly, the background
signal is observed for the control CHO cells.

As a result, it was shown that the recombinant
aCEA-RE nanoantibody is able to specifically interact
with two cell lines: A549 and Lim1215. These cell lines
were used in further experiments to study the trans-
duction efficiency. At this point, we can solely speculate
why only two of the seven tested cell lines specifically
interact with the nanoantibody.

This may be caused, for instance, by the different
accessibilities of the CEA epitope recognizable by the
nanoantibody on the tested cell line surfaces, or by the
potential loss of CEA from some cell line surfaces due to
uncontrolled prolonged cultivation.

Ad5-EGFP-pIX-ER in complex with aCEA-RE effi-
ciently transduce tumor cells via the CAR-independent
pathway

At this stage, we examined the effectiveness of
penetration of the Ad5-EGFP-pIX-ER/aCEA-RE com-
plex into tumor cells. Due to the fact that the A549 and
Lim1215 cell surfaces comprise a large number of CAR
receptors [35], native Adb receptors, it was necessary
to block them. To do so, A549 and Lim1215 cell lines

Fig. 5. Detection

of the Ad5-EGFP-
pIX-ER binding to
aCEA-RE nanoan-
tibodies by ELISA

1/51200 1,/102400 1,/204800

Dilutions of anti-Ad5 antibody

welbe Ad5-EGFP-pIX-ER + aCEA-RE
=== Ad5-EGFP + aCEA-RE

st Ad5-EGFP-plX-ER
s Ad5-EGFP
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were incubated with 10 mg/ml of anti-CAR-antibodies,
and then they were transduced by Ad5-EGFP-pIX-
ER “pre-loaded” with anti-CEA. Ad5-EGFP-pIX-ER
(without anti-CEA), Ad5-EGFP and Ad5-EGFP “load-
ed” with anti-CEA were used as a control (Fig. 6).

It was shown that Ad5-EGFP-pIX-ER carrying
aCEA-RE on the capsid surface threefold more effi-
ciently transduce A549 and Lim1215 cells than RPAN
without bound nanoantibodies under conditions when
CAR receptors are blocked. Noteworthy, only 40—60 %
of A549 cells in the culture express CEA [36]. There-
fore, it can be assumed that the efficiency in the pen-
etration of modified RPANs into tumor cells will be sig-
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nificantly higher when nanoantibodies directed against
other tumor-associated receptors or other tumor cell
lines are used.

CONCLUSIONS

We have constructed Ad5-based RPANs with modi-
fied pIX proteins carrying leucine zipper domains
on the capsid surface. The ability of such Adb-based
RPANSs to adsorb nanoantibodies containing comple-
mentary leucine zipper domains on their surface has
been proved. It has been shown that RPAN with leu-
cine zipper domains “loaded” with aCEA-REs three
times more effectively penetrates into the tumor cells
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of the A549 and Lim1215 cell lines via the CAR in-
dependent pathway than unmodified Ad5-EGFP and
Ad5-EGFP-pIX-ER without surface-adsorbed nan-
oantibodies.

Thus, the results of our work suggest that the vector
Ad5-EGFP-pIX-ER can be used as a universal plat-
form that provides targeted gene delivery to particu-
lar (tumor) cells by specific binding of nanoantibodies
directed against a certain (tumor) surface antigen to
the RPAN surface. Any other properly modified pro-

tein that specifically recognizes a target of interest can
be used instead of nanoantibodies. ®
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ABSTRACT Receptor 2 of the human epidermal growth factor (HER2 /neu, c-erbB2) is a 185 kDa proto-oncogene
protein characterized by an overexpression in some oncological diseases, including 30% of mammary glands
cancers, as well as tumors in the ovary, stomach and other organs of the human body. Since HER2- tumor sta-
tus testing is the essential part of a successful cancer treatment, the expression and purification of substantial
amounts of the extracellular domain (ECD) of HER2 is an important task. The production of ECD HER2 in
Escherichia coli has several advantages over the use of eukaryotic expression systems, but the bulk of the recom-
binant product in bacteria accumulates as insoluble protein inclusion bodies. In this study, we obtained ECD
HER2 in Escherichia coli as insoluble inclusion bodies and elaborated a simple, efficient, and fast protocol for the
solubilization, refolding, and isolation of the protein in soluble form.

KEYWORDS epidermal growth factor receptor; extracellular domain; bacterial expression; refolding.
ABBREVIATIONS ECD HER2 — extracellular domain of receptor 2 of the human epidermal growth factor; SDS-
PAGE — protein electrophoresis in polyacrylamide gel in the presence of sodium dodecyl sulfate as an anionic

detergent.

INTRODUCTION

Receptor 2 of the human epidermal growth factor
(HER2/neu, c-erbB2) is a 185 kDa proto-oncogene pro-
tein consisting of three main domains: an extracellular,
a transmembrane and an intracellular one. The intra-
cellular domain exhibits tyrosine kinase activity [1]. In
normal cells, the protein forms heterodimers with some
other representatives of the family of human epider-
mal growth factors and takes part in the regulation of
cell proliferation and differentiation [2]. The bulk of
oncological diseases, including 30% of mammary gland
cancers, as well as tumors in the ovary, stomach, and
other organs are accompanied by a hyperexpression of
protein HER2. Herewith, the high level of protein ex-
pression is a characteristic feature of cancer recurrence
cases with a bad prognosis [2]. A sufficiently effective
therapy based on the target drug Herceptin (Trastuzu-
mabum) is used to treat HER2-positive diseases. New
target-based drugs have recently been discovered: Per-
tuzumab, which inhibits the dimerization of HER2 with
other receptors and immunotoxin Trastuzumab emtan-
sine, which is a conjugate of Herceptin and cytotoxic
agent mertansine. Therefore, the immunodiagnostics
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of the HER2 status of a tumor is significantly important
to a successful treatment. Attention has been paid to
revealing HER2 protein in the serum of patients, to-
gether with immunochemical and immunohistological
analyses of the material taken at biopsy. It was found
that N-terminal part of the molecule presented by the
extracellular domain (ECD) of the protein circulates
in human blood [3] and that the antibodies specific to
this part of the molecule were secreted in the examined
patients [4]. A correlation between disease severity and
level of ECD HER2 in serum of patients was evaluated
[5]. It was shown later that the dependence is not de-
finitive and that further investigation is warranted for
confirmation [6, 7].

The aforesaid data demonstrate the necessity to
have at the ready considerable amounts of purified
ECD HER2 that is required for production of diagnos-
tic antibodies and the analysis of the antibodies titer
in serum of patients; moreover, it is important for the
development of next-generation target drugs [8].

Production of ECD HER2 in Escherichia coli has a
number of advantages over the use of eukaryotic ex-
pression systems. First of all, the former procedure pro-
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vides a recombinant product in better yield and lower
cost [9]. An additional protocol for production of the
relatively inexpensive protein is the expression of ECD
HER2 in yeast Pichia pastoris. The process is character-
ized by protein mannosylation to a high extent, which
is not intrinsic in native molecules synthesized in the
human body [10]. It should be noted that ECD HER2
has seven sites for N-glycosylation; therefore, expres-
sion of the protein in Escherichia coli does not allow one
to prepare a protein with the appropriate posttransla-
tional modification. However, the protein produced by
the bacteria is of indubitable interest for the elabora-
tion of test systems and screening of suitable antibod-
ies. Accumulation of the recombinant product in the
form of insoluble inclusion bodies is also an essential
disadvantage in the expression of ECD HER2 in cells of
Escherichia coli.

Thus, heterology expression sequence encoding ECD
HER2 (together with the signal peptide) on pGEX-6P-1
and pQE30 vectors allowed one to prepare recombinant
proteins bound to the N-terminal groups of glutathione
S-transferase (GST-ECD HER2) and a sequence con-
sisting of six histidine residues, respectively [9]. In both
cases, almost all the expression product accumulated
in bacterial cells in the form of insoluble inclusion bod-
ies. The authors tried different schemes for refolding
with a varied pH, temperature, incubation time, con-
centrations of urea, EDTA (ethylenediaminetetraacetic
acid), L-arginine, oxidized, and reduced glytathione. All
these modifications had only insignificant impact on
the efficiency of GST-ECD HER2 refolding. Thus, the
efficiency was 63—92% of the best achieved value for
some of the protocols applied. The authors emphasized
that only two of the seven analyzed factors, namely,
pH and incubation time, influenced the efficiency of
protein refolding. This fact allowed us to propose that
recombinant ECD HER2 in a form of protein inclusion
bodies accumulated in bacteria may be converted to
soluble species via the simple procedures of dilution,
concentration, and dialysis.

In our previous study, we repeated the expression
of ECD HER2 in Escherichia coli using pRSET vector
(Life Technologies) under the control of a highly ac-
tive promoter, bacteriophage T7 [11]. In the construct
used, the N-terminal signal peptide responsible for the
secretion of HER2 and cut in a eukaryotic cell in the
course of its translocation into the endoplasmic reticu-
lum lumen, was removed. In this case, the vector con-
struction implies the addition of the N-terminal peptide
with a polyhistidine sequence to the recombinant pro-
tein. In this study, the recombinant protein obtained in
a form of insoluble protein inclusion bodies was used
to demonstrate the possibility of its solubilization and
refolding by the most simple and fast protocol, without

the use of complex reagents. We also demonstrated the
crucial role of SH-reagents for effective dissolution of
the protein inclusion bodies formed by ECD HER2.

EXPERIMENTAL

The procedures for cloning the sequence encoding hu-
man ECD HER2 in vector pRSET, as well as the effec-
tive production of the recombinant protein in strain
C41 E. coli, isolation, washing off and storage of protein
inclusion bodies were described earlier [11].

The approaches used to solubilize and restore the na-
tive conformation of the recombinant protein are listed
in the Results and Discussion section.

The protein was purified by metal-chelate affinity
chromatography on a column with a HIS-Select® resin
(Sigma-Aldrich) equilibrated by a solution containing
50 mM Tris-HCI (pH 8), 0.3 M NaCl, and 10 mM imi-
dazole. For this purpose, a solution of the protein con-
taining the same components was passed through the
column. The bound components were washed with the
equilibration buffer solution and eluted in the presence
of 0.3 M imidazole. The resulting fractions were com-
bined, concentrated using Centricon centrifugal con-
centrators (Millipore) that allowed passage of molecules
of up to 30 kDa through them, and stored at —20 °C in
the presence of a 50% glycerol solution. The protein
concentration in the samples was determined by the
Bradford method [12].

Gel electrophoresis of the proteins in a 12% poly-
acrylamide gel in the presence of an anionic detergent,
sodium dodecyl sulfate (SDS-PAGE), was performed in
a Mini-PROTEAN® chamber (Bio-Rad). For immunob-
lotting, the proteins after SDS-PAGE were transferred
on a nitro-cellulose membrane using a Mini-Trans-
Blot® insert according to the manufacturer’s instruc-
tions. The membranes were blocked for 1 h in the
presence of TTBS (50 mM Tris-HCI (pH 7.4), 150 mM
NaCl and 0.05% Tween 20 solution) and a 1% BSA solu-
tion; they were then incubated overnight at 4°C with
anti-polyHis-antibodies (Sigma-Aldrich) conjugated
to horseradish peroxidase (the antibodies were diluted
3,000-fold by the same solution). After washing off in
TTBS and then in TBS (TTBS without Tween 20), the
membrane was incubated in a freshly prepared solu-
tion for developing the peroxidase reaction containing
TBS, 15% methanol, 0.05% 4-chloro-1-naphthol (Sigma-
Aldrich), and 0.02% H,0,.

RESULTS AND DISCUSSION

At the first stage of our study, the recombinant protein
ECD HER2 produced in bacteria was isolated as insolu-
ble protein inclusion bodies according to the earlier de-
scribed procedure [11]. In order to solubilize the protein
inclusion bodies, the scheme used for GST-ECD HER2
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Fig. 1. Analysis of the precipitates (P) and supernatants
(S) after extraction of the recombinant ECD HER2 from the
protein inclusion bodies. Solutions applied: A — 50 mM
Tris-HCI (pH 8), 8 M urea; B — 50 mM Tris-HCI (pH 8),

8 M urea, 1% 2-mercaptoethanol. The proteins were
separated by SDS-PAGE in a 12% gel and stained with a
Coomassie R-250 dye. The bands corresponding to the
investigated protein are shown with an arrow

[9] was repeated, strictly following the reported proto-
col. The protein inclusion bodies were re-suspended in
a solution containing 10 mM Tris-HCI, 0.1 M NaH,PO,,
8 M urea, and 5 mM dithiothreitol (pH 8) and were in-
cubated for 30 min at room temperature. After cen-
trifugation of the solubilized material at 14,000 g for 10
min pellet was re-suspended in the same solution until
the volume of supernatant was reached. The content of
the recombinant protein in the pellet and the superna-
tant was compared by SDS-PAGE. The experiments
showed that approximately half of the recombinant
protein remained insoluble after the described scheme
was used. Moreover, the achieved result was observed
only when a freshly prepared solution was used. When
stored for ~ 2 months at 4 °C, the efficiency of the solu-
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tion for solubilization of the protein significantly de-
creased. It was proposed that the main reason for the
decrease in the solubilizing property of the solution
might be due to the oxidation of dithiotreitol, which is
a relatively unstable reagent containing reduced SH-
groups.

To confirm the important role of SH-reagents in pro-
tein solubilization, we analyzed the solubility of the re-
combinant product in the presence of 8 M urea without
addition of SH-containing reagents, as well as in the
presence of 8 M urea with 1% 2-mercaptoethanol add-
ed. With this aim in mind, the protein inclusion bodies
were solubilized in a solution containing 50 mM Tris-
HCI (pH 8), together with the aforementioned com-
ponents, and the solution was incubated for 30 min at
room temperature. Identically to the previous experi-
ment, the solubilized material was separated by cen-
trifugation and the resulting pellets were re-suspended
in the same solutions until they reached the volume of
the supernatant in order to compare the content of the
recombinant protein in the samples. The experiment
showed that the ECD HER2 accumulated in bacteria
was practically insoluble in the solution containing 8
M urea without 2-mercaptoethanol (Fig. 14). When
2-mercaptoethanol was added to the solubilizing solu-
tion, total dissolution of the recombinant protein was
registered (Fig. 1B). This result confirmed the crucial
role of SH-containing compounds in the solubilization
of ECD HER2 expressed in bacteria and proved that
the increased content of dithiotreitol or 2-mercaptoe-
thenol in the solution for the solubilization of protein
inclusion bodies can increase the yield of the soluble
form of ECD HER2. A quantitative determination of
the protein content in the supernatant demonstrated
that the protocol used allowed us to obtain about 70 mg
of the protein extracted from the protein inclusion bod-
ies, which were isolated from 1 L of bacteria.

The material extracted in the presence of 8 M urea
and 1% solution of 2-mercaptoethanol was used to as-

Fig. 2. Analysis of the soluble form of ECD HER2 by SDS-PAGE and
immunoblotting technique. A — The protein extracted in the pres-
116 ence of 8 M urea and 1% 2-mercaptoethanol (track 2) was diluted
250-fold with the equilibration buffer resin HIS-Select® and purified
on a column using metal chelate affinity chromatography (lanes 3
66 and 4, different amounts of the protein were applied). The pro-
teins were separated by SDS-PAGE in a 12% gel and stained with
a Coomassie R-250 dye. Track 1 is plotted on the molecular weight
45 markers. B — Immunoblotting analysis of the protein extracted from
the protein inclusion bodies demonstrated the presence of minor
bands of a smaller size recognized by anti-polyhistidine antibod-
ies, which attested to an insignificant hydrolysis of the recombinant
protein
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sess the possibility of using the simplest scheme for re-
folding when producing recombinant ECD HER2 in the
soluble form. For this purpose, the supernatant from
the previous experiment containing 18 mg/ml of the
solubilized protein was diluted 250-fold under vigor-
ous stirring. The solution for dilution was the same as
that applied to equilibrate a HIS-Select® Ni-containing
resin (Sigma-Aldrich) during metal chelate affinity
chromatography (50 mM Tris-HCI (pH 8.0), 0.3 M NaCl
and 10 mM imidazole). The protein diluted in 50 ml of
solution was immediately passed through a column
with 400 pl of the resin; the column was thoroughly
washed with the equilibration buffer, and the recom-
binant ECD HER2 was eluted in the presence of a 0.3 M
imidazole solution. The protein content measured in
the starting extract solution and the resulting fractions
showed that 15 % of the protein loaded into the column
was bound to the resin and eluted (0.54 of 3.6 mg).

The analysis of the fractions obtained by SDS-PAGE
proved that the protocol applied allowed us to prepare
the soluble recombinant protein in a sufficiently pure
form (Fig. 24, lanes 3 and 4). The resulting fractions
contained almost no ballast proteins with a molecular
weight higher than that of ECD HER2. Some minor
components with a lower molecular weight might re-
sult from an insignificant extent of the hydrolysis of
recombinant protein during its isolation, since some
of them react with anti-polyhistidine antibodies (Fig.
2B). Since the protein purified by metal chelate affinity
chromatography most often contains some impurities,
optimization of the chromatography conditions and the
use of additional purification methods may be helpful
for obtaining products completely free of impurities. ®

This work was supported by the Russian Foundation
for Basic Research (grant No 12-08-01086-a).

REFERENCES

1. Coussens L., Yang-Feng T.L., Liao Y.C., Chen E., Gray A,
McGrath J., Seeburg P.H., Libermann T.A., Schlessinger J.,
Francke U, et al. Tyrosine kinase receptor with extensive
homology to EGF receptor shares chromosomal location
with neu oncogene. // Science. 1985. V. 230. P. 1132—-1139.

2. Marmor M.D., Skaria K.B., Yarden Y. Signal transduction
and oncogenesis by ErbB/HER receptors. // Int. J. Radiat.
Oncol. Biol. Phys. 2004. V. 58. P. 903—913.

3. Tan M., Yu D. Molecular mechanisms of erbB2-mediated
breast cancer chemoresistance. // Adv. Exp. Med. Biol. 2007.
V.608. P. 119-29.

4. Santin A.D., Bellone S., Roman J.J., McKenney J.K.,
Pecorelli S. Trastuzumab treatment in patients with ad-
vanced or recurrent endometrial carcinoma overexpress-
ing HER2/neu. // Int. J. Gynaecol. Obstet. 2008. V. 102. Ne 2.
P 128-31.

5.Menard S., Balsari A., Casalini P,, Tagliabue E., Campiglio
M., Bufalino R., Cascinelli N. HER-2-positive breast carci-
nomas as a particular subset with peculiar clinical beha-
viors. // Clin. Cancer Res. 2002. V. 8. P. 520—525.

6. Sandri M.T., Johansson H., Colleoni M., Zorzino L., Pas-
serini R., Orlando L., Viale G., Serum levels of HER2 ECD
can determine the response rate to low dose oral cyclophos-
phamide and methotrexate in patients with advanced stage
breast carcinoma. // Anticancer Res. 2004. V. 24. P.1261-1266.

7. Disis M.L., SchiVman K., Guthrie K., Salazar L.G., Knut-
son K.L., Goodell V., dela Rosa C., Cheever M.A. Effect of
dose on immune response in patients vaccinated with an
her-2/neu intracellular domain protein-based vaccine. // J.
Clin. Oncol. 1996. V. 22. Ne 10. P. 1916—1925.

8. Pichon ML.F,, Hacene K., Guepratte S., Neumann R. Serum
HER-2 extracellular domain (ECD) before the first metas-
tasis in 128 breast cancer patients. // Clin. Lab. 2004. V. 50.
Ne 3-4. P. 163—170.

9. Leary A.F., Hanna W.M,, van de Vijver M.J., Penault-
Llorca F., Riischoff J., Osamura R.Y., Bilous M., Dowsett M.
Value and limitations of measuring HER-2 extracellular
domain in the serum of breast cancer patients. // J Clin
Oncol. 2009. V. 27. Ne 10 P.1694-1705.

10. Lennon S., Barton C., Banken L., Gianni L., Marty
M., Baselga J., Leyland-Jones B. Utility of serum HER2
extracellular domain assessment in clinical decision making:
pooled analysis of four trials of trastuzumab in metastatic
breast cancer. // J. Clin Oncol. 2009. V. 27. No 10. P. 1685—1693.

11. Belimezi M.M., Papanastassiou D., Merkouri E., Bax-
evanis C.N.,, Mamalaki A. Growth inhibition of breast
cancer cell lines overexpressing Her2/neu by a novel in-
ternalized fully human Fab antibody fragment. // Cancer
Immunol. Immunother. 2006. V. 55. Ne 9 P. 1091-1099.

12. Liu X., He Z., Zhou M., Yang F., Lv H,, Yu Y., Chen Z.
Purification and characterization of recombinant extra-
cellular domain of human HER2 from Escherichia coli. //
Protein Expr. Purif. 2007. V. 53. Ne 2. P. 247—-254.

13. Dimitriadis A., Gontinou C., Baxevanis C.N., Mamalaki
A.The mannosylated extracellular domain of Her2/neu
produced in P. pastoris induces protective antitumor im-
munity. // BMC Cancer. 2009. V. 9. P. 386.

14. Waugh D.S. Making the most of affinity tags. // Trends
Biotechnol. 2005.V. 23 Ne 6 P.316—320.

15. Nallamsetty S., Waugh D. Solubility-enhancing proteins
MBP and NusA play a passive role in the folding of their
fusion partners. // Protein Expr. Purif. 2006. V. 45. No 1.
P175-182.

16. Nallamsetty S., Waugh D.S. A generic protocol for the
expression and purification of recombinant proteins in Es-
cherichia coli using a combinatorial His,-maltose binding
protein fusion tag. // Nat. Protoc. 2007. V. 2. Ne 2. P.383-391.

17. Dolgikh V.V, Senderskiy IV, Tetz GV., Tetz V.V. Ex-
tracellular domain of HER2 heterologous expression in
bacteria. Accepted for publication by Uchenye zapiski
Sankt-Peterburguskogo Gosudarstvennogo Meditsinskogo
Universiteta im. acad. I.P. Pavlova (Proceedings of St.
Petersburg State Pavlov Medical University) in September
2013 (in Russian).

18. Vogelstein B., Gillespie D. // Proc. Natl. Acad. Sci. USA.
1979. Vol. 76. Ne 2. P. 615—619.

19. Miroux B., Walker J.E. // J. Mol. Biol. 1996. V. 260. P. 289—298.

20. Laemmli UK. // Nature. 1970. V. 227 P. 680—685.

21. Cleland WW. // Biochemistry. 1964. V. 3. P. 480—482.

VOL.6 Ne2(21) 2014 | ACTA NATURAE | 109



RESEARCH ARTICLES

The Effect of Melaxen on the Activity
of Caspases and the Glutathione
Antioxidant System in Toxic Liver Injury

S. S. Popov', K. K. Shulgin?, A. N. Pashkov', A. A. Agarkov?

'N.N. Burdenko Voronezh State Medical Academy, Ministry of Health of the Russian Federation,
Studencheskaya Str. 10, Voronezh, Russia, 394036

2Voronezh State University, Ministry of Education and Science of the Russian Federation,
Universitetskaya Str. 1, Voronezh, Russia, 394006

*E-mail: biomed-popova@yandex.ru

Received 25.06.2013

Revised manuscript received 10.02.2014

Copyright © 2014 Park-media, Ltd. This is an open access article distributed under the Creative Commons Attribution License,which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT A comparative study of the activity of caspase-1 and caspase-3, the glutathione antioxidant system
and NADPH-generating enzymes (glucose-6-phosphate dehydrogenase and NADP-isocitrate dehydrogenase)
and a study of DNA fragmentation in the blood serum of patients with chronic alcoholic hepatitis during basic
treatment and combination therapy including melaxen have been carried out. It was found that the blood serum
level of reduced glutathione, which decreases in pathology, increased more significantly in patients receiving
melaxen as compared to the group of patients receiving the standard treatment. More significant changes in the
activity of caspase-1 and caspase-3, glutathione reductase, glutathione peroxidase, glutathione-S-transferase,
glucose-6-phosphate dehydrogenase and NADP-isocitrate dehydrogenase toward the control values were ob-
served during the combination therapy. The correction in the melatonin level under the influence of melaxen
apparently had a positive effect on the free-radical homeostasis in patients, which resulted in more pronounced
changes in the investigated parameters towards the normal values as compared to the basic treatment.
KEYWORDS chronic alcoholic hepatitis; glutathione peroxidase; glutathione reductase; reduced glutathione;
glutathione-S-transferase; caspases; melaxen.

ABBREVIATIONS LPO - lipid peroxidation; ROS — reactive oxygen species; GSH — reduced glutathione;
GR/GP system — glutathione reductase / glutathione peroxidase system; CAH — chronic alcoholic hepatitis;
FRO — free-radical oxidation; GP — glutathione peroxidase; GR — glutathione reductase; GST — glutathione-
S-transferase; G6PD — glucose-6-phosphate dehydrogenase; AOS — antioxidant system; NADP-IDH — NADP-
isocitrate dehydrogenase.

INTRODUCTION ethanol, which contributes to the growth of tolerance

Toxic liver injury usually develops after 5—10 years of
alcohol abuse and is characterized by necrosis, along
with an inflammatory reaction. The characteristic fea-
tures of liver damage in patients include the prevalence
of steatosis and other abnormalities in the perivascular
(centrilobular) acinar zone. The mechanism of this zonal
selectivity is associated with a relative oxygen deficien-
cy. Low oxygen tension increases the redox potential
shift caused by ethanol. Ethanol increases the lactate/
pyruvate ratio and decreases the pyruvate level more
significantly in the venous blood of the liver than in the
entire body. Hypoxia leads to an increase in the NADH
level, dysfunction of some enzymes, formation of oxy-
gen radicals, and activation of lipid peroxidation (LPO)
[1]. It is known that alcohol-induced cytochrome-P450-
monooxygenase (CYPEL) catalyzes the oxidation of
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to alcohol, as well as its transformation into highly toxic
metabolites, including reactive oxygen species (ROS).
Depletion of the reduced glutathione (GSH) level,
which occurs under these circumstances, induces oxi-
dative stress and damage to liver cells. Disturbance of
the redox homeostasis in toxic liver injury can cause
the activation of programmed cell death (apoptosis),
which is characterized by the activation of the cascade
of intracellular cysteine proteases known as caspases
[2]. It is believed that activation of caspases is a key step
in the intermediate and terminal stages of this process
[3]. Thus, caspase-3, which belongs to the ced-3 family,
is directly involved in apoptosis and is capable of acti-
vating other caspases. Then the process of programmed
cell death becomes irreversible. We cannot exclude the
participation of caspase-1, which belongs to the ICE
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family and is involved in the processing of cytokines
[3], in apoptotic cell death. For example, caspase-1 ex-
pression was observed in the atrophic acinar cells of
the pancreas in patients with chronic pancreatitis. This
fact is indicative of their death. Moreover, caspase-1
promotes caspase-3 activation [3].

It is known that GSH and the enzymes associated
with its transformations play an important role in
protecting the body against both ROS and toxic sub-
stances. GSH belongs to the most important group of
toxicity control agents. It is capable of reacting with
free radicals, in particular, neutralizing singlet oxygen
and hydroxyl radicals, and inhibiting LPO processes
[4]. The glutathione reductase/glutathione peroxidase
(GR[EC1.6.4.2.]; GP[EC 1.11.1.9.]) system performs the
detoxification of H,O, and hydroperoxides using GSH,
due to the action of glutathione peroxidase. The rate
of GSH formation in the coupled reaction catalyzed by
glutathione reductase mainly depends on the NADPH
level [5]. The pentose phosphate pathway with glucose-
6-phosphate dehydrogenase (G6PDG [EC 1.1.1.49.]) be-
ing its key enzyme catalyzing the conversion of glu-
cose-6-phosphate to 6-phosphogluconolactone is one of
the major suppliers of NADPH to the GR/GP-system
[6]. The reaction catalyzed by NADP-isocitrate dehy-
drogenase (NADP-IDG [EC 1.1.1.42.]), which includes
the oxidative decarboxylation of isocitrate to 2-oxoglu-
tarate [7], can be an alternative source of NADPH. The
glutathione antioxidant system (AOS) also includes
glutathione-S-transferases (GST), the multifunctional
proteins that use GSH for the metabolism of many hy-
drophobic substances and perform the detoxification of
xenobiotics [8]. GST protects DNA, mitochondria, and
other vital cell components against toxic substances
and, thus, significantly increases the resistance of cells
and the organism as a whole [9].

Melatonin, a hormone of the diffuse neuroendocrine
system, which regulates several physiological func-
tions, belongs to antioxidants. Melatonin is involved
in the formation of circadian rhythms, suppression of
some pituitary functions, and regulation of immune
responses. According to its chemical structure, mela-
tonin (N-acetyl-5-methoxytryptamine) is a derivative
of serotonin, the biogenic amine which is in turn syn-
thesized from tryptophan amino acid [10, 11]. There is
evidence that melatonin can act as an interceptor of the
hydroxyl radical, singlet oxygen, and nitric oxide [12].
Furthermore, melatonin facilitates the expression of
the genes that are responsible for the synthesis of Cu-
Zn-dependent superoxide dismutase [13]. It is believed
that melatonin mainly protects DNA against free radi-
cals, although it has a significant protective effect on
other macromolecules. Owing to its lipophilic proper-
ties, melatonin can easily penetrate into all organs and

tissues, where its antioxidant activity can be imple-
mented [14]. We have previously found that exogenous
melatonin inhibits the development of oxidative stress
in rats with toxic hepatitis [15], type 2 diabetes mellitus
[16], and hyperthyroidism [17]. In this study, we have
used melaxen, a synthetic drug containing melatonin,
in the treatment of patients with toxic liver damage
caused by excessive alcohol consumption.

This study was aimed at a comparative evaluation
of the activity of caspase-1, caspase-3, GR, GP, GST,
NADPH-generating enzymes (G6PDG and NADP-
IDG), the GSH content, and the degree of DNA frag-
mentation in the blood of patients in the acute stage of
chronic alcoholic hepatitis (CAH) during basic treat-
ment and combination therapy including melaxen.

EXPERIMENTAL

The clinical study included 52 patients with toxic liver
injury caused by chronic alcohol abuse. All patients
were males aged 22—69 years, mean age 41.4 = 7.2
years. All of them suffered from the alcohol depend-
ence syndrome. The average duration of the disease
was 2.2 = 0.5 months. Alcoholic hepatitis was diagnosed
based on clinical symptoms, biochemical blood tests,
and hepatic ultrasound findings. The most common
comorbidities included chronic gastritis — 32 patients
(50%) and hypertension — 24 patients (30.5%).

The control group included 65 apparently healthy
subjects with normal clinical and biochemical blood
tests.

Viral hepatitis, cancer, diabetes mellitus, acute myo-
cardial infarction, and cerebrovascular accident were
the exclusion criteria.

The patients were divided into two groups. The first
group (28 patients) received a basic treatment including
complete alcohol withdrawal, diet number 5, 0.9% NaCl
solution and vitamin B1 solution (10 ml) intravenously,
riboxinum solution (10 ml) intravenously, vitamin B6
solution (4 ml) intramuscularly, and relanium solution
(4 ml) intravenously. Hepatoprotectors: carsil (equiva-
lent to 35 mg of silymarin) two tablets three times a day
at mealtimes, Essliver Forte (essential phospholipids
300 mg) two tablets three times a day for 10 days. The
second group (24 patients) in addition to the basic treat-
ment received melaxen (Unifarm, Inc., USA) one tablet
containing 3 mg of melatonin once a day 30—40 minutes
before bedtime for 10 days.

The activities of caspase-1 and caspase-3 were
determined using the Caspase 1 Assay Kit, Colori-
metric and Caspase 3 Assay Kit, and Colorimetric
(Sigma). A cocktail of protease inhibitors (0.08 mM
aprotinin, 1.5 mM pepstatin A, and 2 mM leupeptin)
was added to the measurement environment at a ra-
tio of 100:1 (all reagents produced by Sigma, USA).
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Effects of basic therapy and combination therapy including melaxen on liver function parameters in patients with the
acute stage of chronic alcoholic hepatitis

Liver function parameters

Group
v-GTP, pkat/L ALT, nmol/(s'L) AST, nmol/(s'L)
Control group, normal values (n = 65) 0.88 = 0.04 95.9 =%+ 13.7 525+ 7.3

Before treatment 3.34 = 0.14* 241.6 £ 19.3* 151.6 =10.8*

Group 1, basic therapy (n = 28)
After treatment 1.63 = 0.06** 161.8 = 16.2%* 108.9 = 11.1**
Group 2, combination therapy Before treatment 3.33£0.12* 256.1 = 14.6* 152.2 =£10.4*
including melaxen (n = 24) After treatment 1.19= 0.04** 145.1 + 11.3%* 96.3 + 13.7%*

Note. The difference between the parameter and its reference value (*) or the value in the group of patients af-
ter tfreatment (**) is statistically significant at p < 0.05. Reference values of enzyme activity in males: y-GTP —
(0.25—1.77) pkat /L; ALT — normal (28—189) nmol /(s'L); AST — (28—127) nmol /(s'L).

The colorimetric analysis of caspase activity is based
on hydrolysis of the Acetyl-Tyr-Val-Ala-Asp-p-ni-
troanilide (Ac-YVAD-pNA) peptide substrate (for cas-
pase-1) and acetyl-Asp-Glu-Val-Asp-p-nitroanilide
(Ac-DEVD-pNA) peptide substrate (for caspase-3)
to form a p-nitroanilide residue that has an absorp-
tion maximum at 405 nm (the molar absorption fac-
tor = 10.5 M cm!). Caspase activity was expressed in
pmoles of the product formed during 1 min per 1 mg of
protein.

DNA was isolated from blood leukocytes using the
phenol-chloroform method [18]. DNA fragmentation
was detected by electrophoresis in an agarose gel in a
TAE (Tris-acetate-EDTA) buffer containing ethidium
bromide [19]. A MassRuler kit comprising markers from
1,500 to 10,000 bp (Fermentas, Lithuania) was used as a
molecular weight marker.

The activities of glutathione AOS enzymes and
NADPH-generating enzymes were determined spec-
trophotometrically at 340 nm on a Hitachi U-1900
spectrophotometer (Japan). The amount of the enzyme
catalyzing the transformation of 1 micromole of the
substrate during 1 min at 25°C was taken as the activ-
ity unit. The activity was calculated per 1 ml of blood
serum. GR activity was determined in a medium con-
taining a 50 mM potassium phosphate buffer (pH 7.4),
1 mM EDTA, 0.16 mM NADPH, and 0.8 mM oxidized
glutathione. GP activity was determined in a medi-
um containing a 50 mM potassium phosphate buffer
(pH 7.4),1 mM EDTA, 0.12 mM NADPH, 0.85 mM GSH,
0.37 mM H,O,, and 1 unit/ml GR. GST activity was de-
termined using the method based on the assessment of
the rate of glutathione-S-2,4-dinitrobenzene formation
in the reaction of GSH with 1-chloro-2,4-dinitroben-
zene. GST activity was measured in the following me-
dium: a 0.1 M potassium phosphate buffer (pH 7.4), 1
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mM EDTA, 1 mM 1-chloro-2,4-dinitrobenzene, and 5
mM GSH. G6PDG activity was determined spectropho-
tometrically in the following medium (mM): a 0.05 Tris-
HCI buffer (pH 7.8), 3.2 glucose-6-phosphate, and 0.25
NADP. NADP-IDG activity was determined in a 50 mM
Tris-HCI buffer (pH 7.8) containing 1.5 mM isocitrate,
0.25 mM NADP, and 1.5 mM MnCl,. GSH concentration
was determined using a reaction with 5,5-dithiobis(2-
nitrobenzoic) acid, which results in the formation of
thionitrophenyl anion (TNPA) with the absorption
maximum at 412 nm [ 20]. Total protein was deter-
mined by a standardized biuret test [21]. The activity
of y-glutamyl transpeptidase (y-GTP) was evaluated
according to the rate of the glutamyl residue transfer
reaction from y-L-(+)-glutamyl-4-nitroanilide to gly-
cylglycine (Biotest, PLIVA — Lachema Diagnostika).
The activities of the marker enzymes of hepatocyte
damage (ALT, AST) were determined along with the
standard parameters of the biochemical blood test on a
Klima 15MC biochemical analyzer (Spain).

The Caspase 1 Assay Kit, Colorimetric and Caspase 3
Assay Kit, Colorimetric, isocitrate, glutathione reduct-
ase preparation, Tris-Acetate-EDTA, ethidium bro-
mide (Sigma, USA), NADP, NADPN, Tris-HCI buffer,
EDTA (Reanal, Hungary), oxidized and reduced glu-
tathione, and glucose-6-phosphate (ICN, USA) were
used in this study. The rest of the reagents used were
reagent grade or analytical-reagent grade chemicals
produced in the Russian Federation.

Statistical processing of the material included the
standard analysis of variance methods (calculation of
mean values (M), error of the mean values (m), Stu-
dent’s t-test) and the non-parametric Wilcoxon test
using the STATISTICA 6.0 software. The differences
were considered to be statistically significant at p =
0.05.



RESEARCH ARTICLES

N

o

o

IN
l
HH

N
|

1 2 3
Groups of patients

Enzyme activity,
pmol pNA /min /mg of protein

o

Fig. 1. Activity of caspase-1 in the blood serum in the
normal state (1) in patients with chronic alcoholic hepatitis
after standard therapy (2), in the case of the combination
therapy including melaxen (3): before (blue) and after
treatment (green)

Note: The accuracy of the values (p) < 0.05 (*) — com-
pared with the normal value (**) — compared with the
pathology.

RESULTS

v-GTP activity was on average 3.8-fold higher (p <0.05)
in patients of the first and second groups as compared
to the control group (Table). ALT and AST activities
also increased in both groups on average 2.5-and 2.9-
fold (p <0.05), respectively. Standard treatment result-
ed in a 2.1-fold decrease in the y-GTP activity (p <0.05),
and 1.5- and 1.4-fold decrease in the ALT and AST ac-
tivities, respectively. The activity of hepatocyte dam-
age marker enzymes changed more significantly in the
second group of patients receiving the combination
therapy including melaxen. Thus, the y-GTP activity
decreased 2.8-fold (p <0.05), ALT activity decreased
1.8-fold (p <0.05), and AST activity decreased 1.6-fold
(p <0.05).

The study revealed that the development of CAH in
patients was associated with 1.7- and 1.4-fold increases
in the caspase-1 and caspase-3 activities (p <0.05), re-
spectively (Fig. 1, 2), which is indicative of intensifica-
tion of apoptotic processes. Basic therapy resulted in
changes in the caspase activity toward normal values.
Thus, caspase-1 activity decreased 1.6-fold, and cas-
pase-3 activity decreased 1.1-fold (p <0.05) compared to
the results obtained before treatment (Fig. 1, 2). A more
pronounced decrease in the activities of both caspase-1
(1.7-fold) and caspase-3 (1.4-fold) (p <0.05) (Fig. 1, 2)
was observed in the group of patients who received
melaxen along with the conventional treatment, which
apparently was associated with the correction of the
melatonin level under the action of this drug.
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Fig. 2. Activity of caspase-3 in the blood serum in the
normal state (1) in patients with chronic alcoholic hepatitis
after standard therapy (2), in the case of the combination
therapy including melaxen (3): before (blue) and after
treatment (green)

Note: The accuracy of the values (p) < 0.05 (*) — com-
pared with the normal value (**) — compared with the
pathology.

The data on the changes in the caspase activity in
CAH patients are consistent with the results of the as-
sessment of the fragmentation degree of blood leuko-
cyte DNA in patients. According to the results of a elec-
trophoretic analysis, DNA was represented by a single
fragment at the beginning of the track (Fig. 3) in the
blood samples from the control group donors. DNA iso-
lated from the leukocytes of CAH patients was frag-
mented compared to DNA from the control samples.
The degree of DNA fragmentation decreased after the
standard treatment. DNA fragmentation was barely
visualized in most blood samples from patients receiv-
ing melaxen along with the basic therapy.

The serum GSH level in the first group of CAH pa-
tients decreased on average 2.1-fold (p <0.05) compared
to the control level (Fig. 4) before the administration
of hepatoprotectors. It is known that alcohol induces
oxidative stress and damages the liver cells [22]. Obvi-
ously, activation of free-radical oxidation associated
with this process reduces the GSH level. We observed
a 1.7-fold increase in GSH concentration (p <0.05) after
basic treatment as compared to the values obtained be-
fore treatment.

The GSH level was 2.1 times lower (p <0.05) in the
second group of patients than that in the control group.
Concentration of this metabolite increased after the
combination therapy including melaxen and became
equal to that of the control group (2.1-fold) (Fig. 4).

Our study revealed that the GP and GR activities in
the serum of CAH patients of the first group decreased
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Fig. 3. Electro-
phoregram of
DNA from the
blood leuko-
cytes of the
patients: control
group (2), pa-
tients with CAH
before treat-
ment (3), after
the conventional
therapy (4), and
after combined
therapy including
melaxen. Lane

1 shows DNA
marker

on average 1.6-fold (p <0.05) and 1.2-fold (p <0.05), re-
spectively, before the administration of the basic treat-
ment as compared to the control level (Fig. 5, 6). The
decrease in GR activity in CAH patients apparently can
contribute to the decrease in the GSH level. After the
standard treatment, the GP and GR activities increased
on average 1.8-fold (p <0.05) and 2.0-fold (p <0.05), re-
spectively, as compared to the values prior to the basic
therapy.

In the second group of CAH patients, the GP and
GR activities decreased prior to the therapy within
the same range as in the first group. The GP and GR
activities increased 2.9- and 2.8-fold, respectively, af-
ter combination therapy including melaxen. Thus, the
most significant increase in GP/GR- system activity
was observed in this group of patients (F'ig. 5, 6).

The GST activity decreased 1.6-fold (p <0.05) in the
first group of CAH patients prior to the administration
of hepatoprotectors as compared to the control level.
Obviously, the decrease in the GST activity was caused
by a significant consumption of reduced glutathione in
response to excessive formation of ROS due to oxidative
stress induced by CAH. This hypothesis is consistent
with the observed increase in the GST activity along
with the increase in the GSH level after treatment.
Thus, the enzyme activity increased 1.5-fold (p <0.05)
after the basic therapy including the administration of
hepatoprotectors.

In the second group of CAH patients, the GST activ-
ity prior to the therapy varied within the same range as
in the first group. The GST activity increased 1.8-fold
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Fig. 4. The reduced glutathione level in the blood serum
of the control group patients (1), patients with chronic
alcoholic hepatitis after standard therapy (2), in the case
of combination therapy including melaxen (3): before
treatment (blue), after treatment (green)

Note. The accuracy of the values (p) < 0.05 (*) — compared
with the normal value (**) — compared with the pathology.

(p <0.05) after the combination treatment including
the administration of hepatoprotectors and melaxen
as compared to the results before the treatment. Thus,
the administration of melaxen resulted in a more sig-
nificant increase in the GST activity as compared to the
first group of patients (Fig. 7).

Changes in the activities of NADPH-generating en-
zymes in CAH patients and after treatment were re-
vealed. It was found that the serum activity of NADP-
IDG decreased on average 1.7-fold in the groups of CAH
patients as compared to the control group. NADP-IDG
activity increased on average 1.4-fold after the basic
treatment as compared to the values before treatment.
In the case of combination therapy including melaxen,
enzymatic activity increased more significantly and
was 1.8 times higher than the activity before treatment
(Fig. 8).

G6PDG activity decreased on average 1.4-fold
(p <0.05) in CAH patients. The activity increased 1.4-
fold after the standard therapy as compared to the
results before treatment (Fig. 9). The combination
therapy including melaxen on average led to a 1.7-fold
increase in G6PDG activity in the second group of pa-
tients with the acute stage of CAH (Fig. 9).

The decrease in the activities of NADPH-generating
enzymes apparently could be one of the reasons for the
decrease in the GR activity in CAH patients.

It should be noted that in several studies on animal
models, the activity levels of antioxidant enzymes,
including glutathione AOS, NADPN-generating en-
zymes, as well as the parameters showing the intensity
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Fig. 5. Glutathione peroxidase activity in terms of E per
ml (A) and specific enzyme activity (B) in patients with
chronic alcoholic hepatitis after the standard therapy (2),
in the case of the combination therapy including melaxen
(3) before treatment (blue), after treatment (green)
Note. The accuracy of the values (p) < 0.05 (*) — compared
with the normal value (**) — compared with the pathology.
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Fig. 7. Glutathione transferase activity in terms of E per

ml (A), and specific enzyme activity (B) in patients with
chronic alcoholic hepatitis after the standard therapy (2),
in the case of the combination therapy including melaxen
(3) before treatment (blue), after treatment (green)
Note. The accuracy of the values (p) < 0.05 (*) — compared
with the normal value (**) — compared with the pathology.

of free-radical processes (biochemiluminescence pa-
rameters, DC level), correlated with those in the liver,
and with the status of liver damage, as assessed by the
activity of marker enzymes (ALT, AST) [23—27].

DISCUSSION

Biochemical parameters of liver functions (Table) con-
firm that CAH is associated with the metabolic dis-
orders in hepatocytes and their damage is accompa-
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Fig. 6. Glutathione reductase activity in terms of E per

ml (A), and specific enzyme activity (B) in patients with
chronic alcoholic hepatitis after the standard therapy (2),
in the case of the combination therapy including melaxen
(3) before treatment (blue), after treatment (green)
Note. The accuracy of the values (p) < 0.05 (*) — compared
with the normal value (**) — compared with the pathology.
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Fig. 8. NADP-isocitrate dehydrogenase activity in terms of
E per ml (A) and specific enzyme activity (B) in patients with
chronic alcoholic hepatitis after the standard therapy (2), in
the case of the combination therapy including melaxen (3)
before treatment (blue), after treatment (green)

Note. The accuracy of the values (p) < 0.05 (*) — compared
with the normal value (**) — compared with the pathology.

nied by cell cytolysis and the release of ALT, AST and
Y-GTP in blood. The decrease in the values of the inves-
tigated parameters confirms the hepatoprotective ef-
fect of the basic treatment. More pronounced changes
in parameters in the second group of patients suggests
that inclusion of melaxen to the basic therapy, which
corrects melatonin levels in the body, enhanced the
hepatoprotective effect apparently due to the antioxi-
dant and immunostimulatory effect of this hormone.
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The increase in caspase activity in the serum of CAH
patients (Fig. 1 and 2) was apparently associated with
excessive generation of ROS in this pathology. Thus,
the development of hepatocyte apoptosis was observed
in the experimental models of alcohol-induced liver
diseases [28]. Furthermore, the experimental hepatitis
induced by concanavalin A was associated with the in-
creased activity of caspase-3 that was in particular due
to liver-infiltrating lymphocytes, which are subjected
to activation-induced apoptosis [29]. The reduced activ-
ity of both caspases after the basic therapy was appar-
ently due to the fact that current treatment reduced
the rate of ROS generation and inhibition of apoptotic
processes. More significant changes in the activities of
caspase-1 and caspase-3 in patients who received the
combination therapy including melaxen were probably
due to the correction in the melatonin level during the
administration of this drug. It is known that melatonin
reduces oxidative damage to lipids, DNA and mito-
chondria [30], and it increases the expression of anti-
apoptotic genes that belong to the Bel-2 group, protect-
ing lipids from peroxidation and cells from subsequent
apoptosis [31].

The results in determining DNA fragmentation
in the blood leukocytes of CAH patients are consist-
ent with the data on change in the caspase activity in
CAH, during the standard treatment, and melaxen
intake along with basic therapy. DNA extracted from
the blood samples of CAH patients was significantly
fragmented. According to some researchers, such frag-
ments are produced due to the action of apoptosis-spe-
cific nucleases in the terminal phase of apoptosis [32].
DNA degradation at first produces large fragments of
approximately 300 kbps, and later — 30—50 kbps. The
next step produces fragments of 180 bps or their mul-
tiples by the internucleosomal degradation of the DNA
due to the action of CAD (caspase-activated DNase)
calcium-sensitive endonuclease. It is these fragments
that are detected by electrophoresis as the “apoptot-
ic ladder.” It is known that such DNA fragmentation
can be related to proteolytic cleavage by caspases and
DNA topoisomerase II, which participates in DNA su-
percoiling. Furthermore, H1 histone, which protects
DNA from endonuclease action at the internucleosomal
level, is the substrate of caspases during apoptosis [33].
The electrophoretic analysis of DNA extracted from
the blood of CAH patients revealed a band at the mo-
lecular-weight range corresponding to degraded DNA
that is characteristic of necrosis [34]. A decrease in DNA
fragmentation was observed after the conventional
therapy, indicating a positive effect of the treatment.
Inclusion of melaxen in the basic therapy significantly
reduced the degree of DNA fragmentation, which may
be indicative of an anti-apoptotic action of this drug.

116| ACTA NATURAE| VOL.6 Ne2(21) 2014

0.25

0.2

0.15 4

-

0.1 +—

0.05 +—

Enzyme activity, U/ml

0 I
1 2 3
Groups of patients

Fig. 9. The activity of glucose-6-phosphate dehydroge-
nase in terms of E per ml (A) and specific enzyme activ-
ity (B) in patients with chronic alcoholic hepatitis after

the standard therapy (2), in the case of the combination
therapy including melaxen (3) before treatment (blue),
after treatment (green)

Note. The accuracy of the values (p) < 0.05 (*) — compared
with the normal value (**) — compared with the pathology.

A decrease in the serum GSH level in CAH patients
of more than 2-fold with respect to the control (Fig. 4)
is apparently due to the imbalance between the rate
of free-radical processes and the antioxidant system
activity. It is known that reduced glutathione plays
a key role in the low-molecular-weight thiol antioxi-
dant system. It effectively inactivates ROS and is the
most sensitive component in the overall scheme of non-
specific resistance of the body under oxidative stress
conditions [35]. In addition, glutathione is involved in
the conversion of antioxidants, such as ascorbic acid,
a-tocopherol, thioctic acid, ubiquinone, in maintaining
the optimal structural and functional state of biological
membranes and regulating the synthesis of heat shock
proteins [36]. As noted above, the microsomal enzymes
of the monooxygenase system, in particular SUR2E],
not only oxidize alcohol, but also can transform xenobi-
otics into toxic metabolites. Concomitant activation of
free-radical oxidation apparently leads to the depletion
of the GSH level, which demonstrates that the ability
of the liver to neutralize toxic compounds is impaired.

After the basic treatment, the GSH concentration was
1.7 times higher than that before treatment, which is
apparently due to the decrease in the intensity of free-
radical oxidation (FRO), and, as a result, a decrease in
the consumption of this metabolite owing to the positive
treatment effect. The combination treatment including
melaxen facilitated the recovery of the glutathione con-
centration to its normal level, which is obviously associ-
ated with the powerful antioxidant effect of melatonin
and its positive effect on the glutathione system (Fig. 4).
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Research into the functioning of glutathione antioxi-
dant system enzymes has shown that chronic alcohol
intoxication is associated with a decrease in the serum
activity of selenium GP and GR, which is also indica-
tive of the decreased antioxidant status of patients.
The decrease in the GP activity is probably due to the
decrease in selenium concentration in chronic alcohol
intoxication. It is known that the activity of selenium
GP depends on the selenium level. An insufficient se-
lenium level results in the inhibition of enzyme activ-
ity. A reduced activity of the enzyme associated with
a deficiency of selenium is due to the decrease in the
amount of GP mRNA [37]. Selenium is required for the
synthesis of selenocysteine, which is part of the active
center of the enzyme and plays an important role in
catalysis [38]. GP functioning is closely related to the
functioning of GR. Since the reaction catalyzed by GR
yields a quickly mobilizable source of GSH, it is likely
that a decrease in the GR activity can significantly con-
tribute to the decrease in the concentration of this thiol
in CAH patients.

The increased activity of the GP/GR-system after
the standard treatment of CAH patients was appar-
ently associated with the positive effect of the basic
therapy on the antioxidant status of the patients. GP
and GR activities increased even more significantly af-
ter the combination therapy including melaxen (Fig.
5, 6). The antioxidant activity of melatonin apparently
can be associated with the activation of antioxidant en-
zymes and/or stimulation of their synthesis [39].

The significant decrease in GST activity that was
revealed in the serum of CAH patients compared to
the normal activity could obviously be associated with
a significant consumption of the reduced glutathione
in response to an excessive formation of ROS during
the development of the oxidative stress induced by
the pathological condition. It is known that GST uses
the reduced glutathione for conjugation with hydro-
phobic substances, their reduction or isomerization.
GSH is an essential component in the reaction of neu-
tralization of the toxic products of lipid peroxidation,
reduction of lipid hydroperoxides, and the biotrans-
formation of xenobiotics catalyzed by multifunctional
GST [14]. In this regard, the decreased GSH levels in
CAH could well lead to a reduced activity of GST. This
hypothesis is consistent with the increasing GST ac-
tivity, along with the increasing GSH level after treat-
ment. The increase in GST activity was likely associ-
ated with the positive effect of the treatment on the
antioxidant status of patients, including the decrease
in GSH consumption. Notably, the administration of
melaxen facilitated a more significant increase in the
GST activity as compared to the first group of patients
(Fig. 7).

It was found that CAH is also associated with an al-
tered activity of NADPH-generating enzymes (NADP-
IDG and G6PDG). NADP-IDG activity decreased to a
greater extent than G6PDG activity. A less significant
decrease in G6PDG activity is probably attributable to
the role of the pentose phosphate pathway as a suppli-
er of reducing equivalents for fatty acid biosynthesis,
which is activated in the liver cells under conditions of
its fatty degeneration in chronic alcohol intoxication. It
is known that it is G6PDG, being the key enzyme of the
pentose phosphate pathway, that is responsible for the
bulk of the NADPN required for the synthesis of fatty
acids [40]. The decrease in the activity of NADPN-gen-
erating enzymes could be due to the negative effect of
ROS, which is excessively generated in the pathological
state. There is evidence of inhibition of the activity of
some glycolysis enzymes in patients with chronic alcohol
intoxication, which is accompanied by an increase in the
hepatic glucose and lactate levels [41]. The decrease in
the activity of the enzymes involved in the transforma-
tion of tricarboxylic acids, and NADP-IDG in particular,
can apparently occur under these conditions (Fig. 8).

A more significant increase in the activity of NADP-
IDG and G6PDG in the blood of patients who received
drug capable of melatonin level correction as compared
to those receiving the standard treatment could be due
to the induction of enzyme synthesis under the action
of this hormone. It is known that melatonin can increase
the expression of some of the enzymes involved in the
antioxidant defense of the body [42].

It should be noted that the decrease in the activity
of NADPN-generating enzymes could be one of the
reasons for the decrease in the GR activity in CAH pa-
tients. Moreover, a significant increase in GR activity
after the basic treatment and an even more signifi-
cant recovery of enzyme activity during the admin-
istration of melaxen were associated with an increase
in the G6PDG and NADP-IDG activities under these
conditions. The increased reference level of the activity
of the GR and NADPN-generating enzymes that was
observed under these conditions could be due to the
strong effect of antioxidant therapy, which facilitates
AOS mobilization under oxidative stress conditions and
becomes systemic in chronic alcohol intoxication. It is
likely that melatonin (its level is corrected under the
action of melaxen) can act as an adaptogen regulating
the activity of the glutathione system, as well as en-
zymes capable of generating NADPN, in accordance
with the exposure of the body to disease-producing
factors.

CONCLUSION
Inclusion of melaxen to the CAH therapy enhances the
hepatoprotective and membrane-stabilizing effects.
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This fact has been confirmed by the parameters that
characterize the functioning of the liver; in particular,
aminotransferases and y-GTP. This is apparently due
to the antioxidant properties of melatonin, which is in-
cluded as a component of melaxen. A combination ther-
apy using melaxen led to a more significant decrease
in the development of apoptotic processes in CAH pa-
tients, as evidenced by a more significant decrease in
the activity of caspase-1 and caspase-3, and the DNA
fragmentation degree, than that in patients who re-

ceived the conventional therapy. Correction of the me-
latonin level in the body leads to significant recovery in
the GSH level, activity of glutathione group enzymes of
AOS (GR, GP, GST, as well as G6PDG and NADP-IDG
NADPN-generating enzymes) as compared to such pa-
rameters during the basic treatment. The findings sug-
gest the effective protective action of melaxen in toxic
liver injury, which has a favorable impact on the state
of free-radical homeostasis and significantly reduces
the severity of cytolytic hepatocyte injury. @
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