Letter from the Editors

ear readers of Acta Naturae,
DWe are celebrating a kind of anniver-

sary: we are bringing to your attention
the tenth issue of our journal with the hope
that you will not be disappointed. The issue
opens with a review article penned by a re-
searcher from M.V. Lomonosov Moscow State
University under the guidance of M.B. Gottikh.
It discusses the prospects in developing drugs
with a specific inhibiting activity of HIV-in-
tegrase. Since the stage of integration of viral
DNA into cellular DNA is catalyzed by viral
integrase, blocking the activity of this enzyme
could result in termination of viral replication
and open rather favorable ways for therapeu-
tic use. Integrase inhibitors have not been used
as components of the conventional “cocktail”
consisting of the inhibitors of reverse tran-
scriptase and protease. Moreover, the problems
related to the stability of mutant forms require
that researchers pay close attention to new en-
zyme targets. Existing data are reassuring. The
siRNA technology is an efficient method for
“switching off” regulatory pathways, which is
an alternative to the above-mentioned chemi-
cal approach. Researchers from Novosibirsk
Academgorodok, under the guidance of Pro-
fessor MLA. Zenkova, used this approach on cell
lines in order to reduce their proliferation rate.
This fundamental work has significant clinical
potential. The study conducted by a group of
researchers from Moscow State University un-
der the guidance of Academician I.G. Atabekov
is devoted to the in vitro assembly of potato vi-
rus X protein complexes. The proposed method
has demonstrated the fundamental possibil-
ity of packaging foreign genetic material into
virus-like particles. Two groups of authors
from N.I. Pirogov Medical University (Moscow,
professor O.A. Favorova) and the Fox Chase
Cancer Center, Philadelphia, USA (professor
J.R. Testa and professor E.P. Henske) publish
pioneering studies in this issue. In one of them,
the DLX5 transcriptional factor is described as
a new target for anticancer therapy; the role
of the rabin8 protein in the functioning of the
mTORClprotein kinase complex and the pro-
tein biosynthesis associated with it are consid-
ered in the second study. Both articles have a
pronounced potential clinical orientation. The
article by authors from the Ufa, Novosibirsk,

and Yakutsk Academic centers was written
under the guidance of E.K. Khusnutdinova and
aimed to perform a population analysis using
mutations of the GJB2—35delG gene linked to
hereditary hearing loss. The authors arrive at
a rather interesting conclusion on the time-
frame of population migrations. Several stud-
ies are usually devoted to various aspects of
bioengineering. Thus, a team of authors under
the guidance of Academician of the Russian
Academy of Medical Sciences A.L. Gintsburg
presents a study devoted to nanoantibody ex-
pression using an adenoviral vector. The article
by a group of authors under the guidance of
Academician M.P. Kirpichnikov focuses on the
important problem of the expression of mem-
brane proteins. The study carried out under
the guidance of Academician of the Russian
Academy of Medical Sciences A.M. Egorov is
devoted to the technology of expression of the
antibody-peroxidase detection of recombinant
conjugate in the yeast system. Targeted gene
delivery, another problem that is topical both
in the sense of fundamentality and application,
is also discussed in this issue. This direction is
required for advances in gene therapy. An ef-
ficient method for interleukin-2 gene delivery
into hematopoietic cells is described in the ar-
ticle by a group of authors from the N.F. Ga-
maleya Institute of Epidemiology and Micro-
biology. The study by a team of authors from
Moscow State University and the Institute of
Molecular Genetics of the Russian Academy of
Sciences is devoted to the investigation of the
structural features of cytoskeletal morphology
by atomic force microscopy. Our intention is to
continue to seek to publish studies associated
with new methods of biological imaging.

The article by Doctor of Chemistry P.V. Ser-
giev published in the “Forum” section is devot-
ed to the role of high performance sequencing
in genome analysis. We are looking forward to
your response to this publication. In future, we
plan to pay the closest attention to problems
related to the development of novel analytical
technologies in Russia. Today, the equipment
at the disposal of many institutions in the
Russian Federation is worthy of admiration.
Our hope is that in the nearest future Russian
researchers will manage to produce break-
through results. @

VOL. 3 Ne 3 (10) 2011 | ACTA NATURAE|1



DISCOUNT 10%*
VIP CODE — HR18ACTA

Adam Smith
CONFERENCES

Adam Smith Conferences’ 2™ International Forum

How to maximise the potential of
a highly promising sector, and how
to achieve a leading position in it?

Dmitry Genkin
Chairman of the
of Directors
Pharmsyntez

Evgeny Zaytsev
General Partner
Helix Ventures
pharm

@
°
=
©
=
4
)
X
o
Q
a
w
+
(=}
=

11
Russian Venture
Company

Biomedicine Cluster
Skolkovo Innovation

Petr Rodionov
Director

Geropharm

Mark A. Herzog

Biotechnology
\ Association (VABIO)

Lyudmila Ogorodova
Head of Technology
Platform “Medicine

of the Future”

Alexey Konov
Vice-President

GC BIOPROCESS &
I ent r
Bioprocess
Partners

www.drug-research-russia.com

94

Alexander Gabibov
Shemyakin-
Ovchinnikov Institute

of Bioorganic
Chemistry, Russian
Academy of Sciences

D

' ‘ Tatyana Nikolenko

Corporation
of Nanotechnologies

21—22 November 2011, Renaissance Moscow Monarch Centre Hotel

WHAT'S ON OFFER IN 20117

® KEY FEATURE! GOVERNMENT STRATEGIES AND POLICIES.
Plans and priorities

® THINK-TANK! How to develop an IDEAL LIFE CYCLE for

® SPECIAL FOCUS! THE FUTURE OF BIOPHARMACEUTICAL
CLUSTERS in Russia. Including a review of TECHNOLOGY
PLATFORM “MEDICINE OF THE FUTURE”

innovative drugs? ® IN-DEPTH FOCUS! CLINICAL TRIALS — the potential today &
® SPOLIGHT SESSION! COMPANIES’ ROLE in sector SInG

development. Recent projects and initiatives ® SPECIAL DISCUSSION! HR assets for developing an innovative
® MEETING OF MINDS! FUNDING and OPPORTUNITIES FOR RhgfRAceulicalispator

ATTRACTING INVESTMENT ® THEMED DISCUSSION! BIOSIMILARS VS. INNOVATIVE

TECHNOLOGICAL DRUGS
Sponsors R PHARM .
| 7% GOLTSBLAT BAKERBOTTS ™

| Official Analytical Information
| Partner

@ s m ALISSIAN VENTURE it 5 el
COMPANY Mﬁ;‘ @I]EMH]”UM Phiﬂ'mﬂ 2

Information Partners "Ellll.uaanblﬁ R g s p Hosoctn
i ol = (P ATHALEATHCHN STTACT: ST .,Q al GMP

In Cooperation with Lead Information Partner Information Internet Partner Supporting Organisations

TN :
o = R

tantic - Russic
eimas Fannell

o wwamivodll] B DAPMALIEBT

M TEMPLETOMN THOF

@ KA3AXCTAHCKWH B Farmavita.Net EUROMONITOR “The Pink Sheel” PharmAsia we
PMALIEBTUHECKMIA WP onarmaceuticnt Licasieg F INTERNATIONAL SR e e
PUAHORBOCTH “E‘;;__;;; IsecRm i
* Distomt ot vl o pssons who e abeady e 1ot f s confeence and seminrs), M distonts e ooy Pharm-Me Ac.'oNanfae NewScientist m
be apped 2 the tme of registration and can not be combined. A dscomnts ase subiect b approval, Patora 8 wempesr 4 dopus st

Tel: +44 20 7017 7444 | Fax: +44 20 7017 7447 | events@adamsmithconferences.com




HIGHLIGHTS

M. V. Arkhipenko, E. K. Petrova, N. A. Nikitin, A. D. Protopopova, E. V. Dubrovin,
I. V. Yaminskii, N. P. Rodionova, O. V. Karpova, J. G. Atabekov

Characteristics of Artificial Virus-like Particles
Assembled in vitro from Potato Virus X Coat
Protein and Foreign Viral RNAs

Potato virus X (PVX) and some other potexviruses can be reconstituted in vitro from
viral coat protein (CP) and RNA. PVX CP is capable of forming viral ribonucleopro-
tein complexes (VRNP) not only with homologous, but also with foreign RNAs. Our
data suggest that the assembly of the “mixed” vRNP in vitro could be started at the
5’-proximal region of the RNA, producing a helical structure of vVRNPs with foreign
nucleic acids. The formation of heterologous vVRNP in vitro with PVX CP appears not AFM images of the

to require a specific 5’ end RNA nucleotide sequence, and the PVX CP seems to be vRNPs assembled in vifro
able to pack foreign genetic material of various sizes and compositions into artificial from homologous or for-

virus-like particles. eign RNA and PVX CP.
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Transcription Factor DLX5 As a New Target
for Promising Antitumor Agents

The crystal structure of the human transcription factor DLX5 has been used for the
screening of a library consisting of 10 compounds by the molecular docking technique.
Compound Q12 displays the best ability to inhibit the proliferation of Dlx5 positive
Position of compound in mouse lymphoma cells, which correlates with the down-regulation of c-myc expres-
the active site of the sion. Compound Q12 can be used for further chemical optimization and for the devel-
transcription factor DLX5.  opment of novel, highly efficient cancer treatments.
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Haplotype Associated with the c.35delG Mutation in the GJB2
(Cx26) Gene among the Volgo-Ural Populations of Russia

The mutations in the GJB2 (Cx26) gene make the biggest contribution to he- bl
reditary hearing loss. The spectrum and prevalence of the GJB2 gene muta- -
tions are specific to populations of different ethnic origins. For several GJB2
mutations, their origin from the appropriate ancestral founder chromosome
was shown, approximate estimations of “age” obtained, and presumable re-
gions of their origin outlined. The haplotype analysis of chromosomes with o Chiomosames with ¢.35elG.
the c.35delG mutation in patients with nonsyndromic sensorineural hearing

loss and in population samples permitted the reconstruction of an ancestral  1pe distribution of frequencies of
haplotype with this mutation, established the common origin of the majority  haplotype D13D141-D135175-

of the studied mutant chromosomes, and provided the estimated time of the D135143 on normal chromosomes
¢.35delG mutation carriers expansion (11,800 years) on the territory of the and chromosomes with a mutation
Volga-Ural region. c.35delG in patients with NSHL.
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The rapid improvement in high-throughput genome sequencing
has resultedin an avalanche-like accumulation of data on nucleotide
sequences now stored in databases. Yet, our understanding of the
function of genes, specifically the mechanisms underlying their ex-
pression and mutual influence, remains sketchy. High-throughput
study of the expression, interactions and functional role of genes
could be considred as the primary goal of postgenomic research.
A methodological basis for postgenomic biology is being quickly
developed in order to attain this goal.

and functioning of living organ-

isms, as well as data concern-
ing the supposed response of these
organisms to external stimuli, is
encoded in their genome. Today,
genome sequencing is an important
stage in the study of any species.
The genome size can vary from sev-
eral hundred thousand nucleotides
in some bacteria to several hundred
billions in some eukaryotes. The
number of genes increases along
with the genome size, but only up
to a certain level. Several high-
throughput methods for genome
sequencing have thus far been elab-
orated. Among these sequencing
platforms are Roche/GS-FLX Ti-
tanium (500 million nucleotides per
day), Illumina/HiSeq 2000 (55 bil-
lion nucleotides per day), and the
ABI/SOLiD 5500xl (up to 30 billion
nucleotides per day). Nowadays,
the amount of nucleotide sequenc-
es continues to increase at a rapid
rate. By early 2011, the major Gen-
Bank database contained as many
as 126, 551, 501, 141 nucleotides.

Information on the development
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The sequencing procedure is get-
ting cheaper, and in the foreseeable
future the metagenome of the en-
tire biosphere could well be deter-
mined.

With the advance in high-
throughput methods for sequenc-
ing, new data on nucleotide se-
quences was obtained much faster
than our undersanding of individual
genes functions. In 2000, Peer Bork
articulated the following problem:
the function of approximately 30%
of genes in each new genome as yet
remains unknown. Furthermore,
the validity of predicting the func-
tion of the other 70% of genes is also
approximately 70%. In other words,
today we are at the same point as ge-
ographers were in the epoch of great
geographical discoveries. The gen-
eral outline has already been made
clear, but much remains to be done
in order to understand the integral
worldview. When studying a living
organism, we are to determine the
type and extent of mutual influence
of all the genes whose products have
an effect on each other.

To study a gene means to answer
several questions (Fig. 1). First, it is
necessary to know what happens to
a cell or an organism if a gene is in-
activated or temporarily “switched
off.” This also relates to the question
of whether the mutations in the ge-
nome regions that are distant from
the given gene reduce or increase
the effects of the inactivation of this
gene. All genes function under dif-
ferent conditions. Some genes are
required all the time, while others
are required only under certain cir-
cumstances. Studying the conditions
in which a gene functions, i.e., when
demand for the functioning of this
gene emerges, provides a significant
amount of information that helps
to understand the question of the
gene’s role. Since gene functioning
comprises several stages, our task is
to study them all. Secondly, it is nec-
essary to determine when a gene is
transcribed; thirdly, we must find
out when it is translated. Fourthly,
one needs to know what molecules
(proteins, RNA, DNA, small mol-
ecules) it interacts with. If a gene
encodes an enzyme, one needs to
know the reactions it catalyzes. If it
is not an enzyme encoded by a gene,
one needs to know the processes in
which it participates. Efficient elab-
oration of post-genomic technologies
is impossible without a procedural
basis enabling the study of the func-
tional interactions of a number of
genes and their products. Moreover,
it is necessary to elaborate methods
that would enable the study of both
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Fig. 1. Gene function scheme and questions needed to be addressed. DNA,
RNA, proteins, and functional complexes are schematically shown and la-
belled. The gene expression pathway is shown by arrows. The questions to
be answered are in blue circles: (#1) what is the phenotype of gene inactiva-
tion? (#2) How is a gene transcribed? (#3) How does mRNA correspond to a
particular gene translated? (#4) What are the interaction partners of the gene

expression product?

the expression of all genes under
certain conditions, as well as those
based on genetic manipulations with
each gene from the full gene pool of
an organism.

METHODS FOR STUDYING

GENE EXPRESSION AT THE
TRANSCRIPTION STAGE

As follows from the central dogma of
molecular biology proposed by Fran-
cis Crick, gene expression involves
two stages. Firstly, a gene is tran-
scribed by RNA polymerase, yield-
ing the proper RNA. Sometimes, it is
RNA that is the functional product of
a gene; in this case, gene expression
isidentical to RNA transcription and
maturation. More frequently, the
RNA copy of a gene isan mRNA and
is translated by ribosomes, yielding a
protein product. In order to “meas-
ure” gene expression, methods that
allow to determine the amount of
RNA or a protein are used. When
performing post-genomic studies, it
is necessary to measure the quanti-
tative characteristics of the expres-
sion of a set of genes in the organism
(ideally, all genes).

Microchip hybridization is cur-
rently the standard method for
measuring the amount of all types
of RNA in cells (Fig. 24). The to-
tal RNA is extracted from the cells
and cDNA is constructed by reverse
transcription, in order to determine
the gene expression level using mi-
crochips. This cDNA is modified by
fluorescent dyes. Two cDNA samples
stained with Cy3 and Cyb dyes are
typically compared. The mixture of
cDNAs stained with different dyes
is hybridized on a microchip with
immobilized oligonucleotides that
are complementary to the individual
types of cDNA. The ratio between
the fluorescence intensities of Cy3
and Cyb in a certain spot on the mi-
crochip corresponding to a certain
gene is a measure of the relative ex-
pression of this gene in the samples.
Specific oligonucleotide samples,
numbering between several tens of
thousands to over a million, are used
in modern microchips; they include
the known genes of almost any mod-
el organism with a multifold excess.

Microchip technology is being
gradually replaced by high-through-

put sequencing technology (Fig. 2B).
The same technologies as those used
for high-throughput determination
of the nucleotide sequence of indi-
vidual genomes can be used to de-
termine the whole range of RNAs
present in a cell. This experiment is
used to determine a large number
(up to several billions) of short se-
quences contained in the total RNA
(transcriptome). A computer analy-
sis can be applied to align these short
sequences with the genome sequence
and, thereby, determine which re-
gions of the genome are transcribed.
The number of short RNA frag-
ments referring to this gene which
are detected by high-throughput
sequencing can serve as a measure
of gene expression.
High-throughput RNA sequenc-
ing has considerable advantages
over the microchip technology,
since no requirements to the pre-
liminary annotation of this genome
region as a gene are set. Thus, many
earlier unknown transcripts are de-
tected. Moreover, high-throughput
RNA sequencing also permits the
unbiased (i.e., not based on earlier
known hypotheses) determination
of the beginning and end of the
transcript, as well as the variants
formed by alternative processing.
The results of studies of the tran-
scriptome obtained using both mi-
crochips and high-throughput RNA
sequencing are typically verified
using quantitative PCR of cDNA
(RT qPCR) in the case of particu-
larly interesting genes (Fig. 2B).
This method is based on the am-
plification of one cDNA fragment
(amplicon) involving the quantita-
tive determination of the resulting
product, depending on the PCR
cycle. With this purpose in mind,
the fluorescence intensity of either
a DNA-intercalating dye or a dye
bound to a specially selected DNA
probe is measured. In terms of its
reliability, the RT qPCR method is
superior to the microchip hybridi-
zation method and, to a certain ex-
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Fig. 2. High-throughput methods for studying gene transcription. A — Scheme
of evaluation of the transcription levels by microchip hybridization. Reverse
transcription is used to introduce the fluorescent label. Cy3- and Cy5-labelled
cDNA derived from the samples to be compared fluoresce green and red.

The rectangular grid is a microchip with immobilized oligonucleotide probes.
Yellow areas correspond to the regions with equal gene expression in the
compared samples, while green and red areas are those where cDNA labelled
with Cy5 or Cy3, respectively, is predominant. B — Scheme of high-throughput
transcriptome sequencing. The result of such an analysis is a plot of RNA reads
of the distribution over the genome sequence. The frequency of the reads that
belong to a particular transcript shown as blue and pink bars is used as a quan-
titative measure of the expression. C — Scheme of gene expression study by
the quantitative polymerase chain reaction of cDNA (RT gPCR). Accumulation
of two amplicons corresponding to two genes with passage of the PCR cycles
is schematically shown in the plot. The earlier emergence of the PCR product
attests to abundant mRNA in the transcriptome.

tent, even to high-throughput RNA
sequencing. The major drawback of
RT gPCR is that only one transcript
can be measured in an experiment.
There are several ways to overcome
this disadvantage. Firstly, the use
of 96- and 384-well PCR plates and
proper instruments allows for the
simultaneous detection of many
transcripts. With modern instru-
ments, such as the 7900HT (Applied
Biosystems) or the CFX384 (Bio-
Rad), the level of fluorescence in-
tensity is measured simultaneously
at four or five wavelengths. More-
over, the capability of automatic
plate loading from a stack increases
the maximum performance of the
instrument to 20, 000 samples per
run. This performance is sufficient
to study the expression of all genes
of bacteria and even primitive eu-
karyotes. Automated stations, such
as the station based on Janus Ex-
tended (Perkin Elmer) mounted at
the Centre for Collective Use (Mos-
cow State University), are used to
pipette this amount of PCR.
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METHODS FOR STUDYING

GENE EXPRESSION AT THE
TRANSLATION STAGE

The expression of the genes encod-
ing proteins involves two stages,
according to the central dogma of
molecular biology. mRNA formed as
a result of gene transcription has to
be read (translated) by a ribosome.
Protein is synthesized by the ribos-
ome according to the information
encoded in mRNA. Although gene
expression is regulated mostly at the
transcription stage, mRNA transla-
tion can also be regulated. A number
of fascinating mechanisms which
regulate the translation of individual
mRNASs remains to be understood.
For a systemic comprehension of the
mechanisms of regulation of gene
expression, one should determine
the relative protein amount in a cell,
in addition to measuring the levels of
RNA. Proteomics deals with meas-
uring the amount of protein. This
field of science is undoubtedly part
of post-genomic technologies and
has its own tools.

Two-dimensional protein gel
electrophoresis remains the stand-
ard method for studying the combi-
nation of proteins in a cell (Fig. 34).
Protean (Bio-Rad) is the most com-
monly used system of two-dimen-
sional gel electrophoresis. Similar to
the study of the transcriptome us-
ing microchips, the comparison of
two samples modified with different
fluorescent dyes is most informative.
Cy3 and Cyb are typically used; they
are bound to the proteins by the re-
action between the hydroxysuc-
cinimide esters of the dyes and the
lysine residues in protein molecules.
Protein samples modified with Cy3
and Cy5 are mixed and separated
according to the isoelectric point
value. The proteins which had be-
come neutral at various pH values
could be separated in this manner.
The proteins are then separated ac-
cording to their molecular weight
using gel electrophoresis in the
presence of an anionic detergent,
sodium dodecyl sulfate. After pro-
tein separation, the gel is scanned
on a fluorescence scanner. The rela-
tive amount of a certain protein in
the initial samples can be assessed
from the Cy3/Cyb fluorescence
ratio. The resolving power of each
method of separation is believed to
be approximately 100 protein bands.
Thus, the number of protein types
that can be distinguished in theory
is 10, 000. Unfortunately, such a re-
solving power cannot be achieved in
practice, because of several reasons.
Firstly, the distribution of proteins
in a cell over the isoelectric point and
weight is not ideal. The properties
of most proteins are quite similar.
Secondly, the abundance of protein
species in a cell varies by several or-
ders of magnitude. Abundant pro-
teins can be detected easily using
two-dimensional gel electrophore-
sis, whereas it is almost impossible to
detect rare proteins using this pro-
cedure. Thus, two-dimensional gel
electrophoresis can be considered
reliable only for the determination



of the amount of several hundreds
of the most common proteins.

Protein identification from the
fluorescing spots of a two-dimen-
sional gel is performed via mass
spectroscopy. Accordingly, a protein
is cleaved into fragments by a spe-
cific protease, such as trypsin. Then,
MALDI mass spectrometry is used
to analyze fragment weights. Such
instruments as Ultraflex (Brucker)
and AB SCIEX 5800 (AB Sciex) are
the most commonly used in modern
proteomic laboratories.

Liquid chromatography, coupled
with electrospray ionization mass
spectrometry, is an alternative and
supplementary method to two-
dimensional gel electrophoresis in
separating the whole cell proteome
(Fig. 3B). The use of such systems
makes the analysis of the whole pro-
teome possible; however, the main
difficulty consists in the extreme
variety of the proteolytic fragments
resulting from the hydrolysis of the
entire pool of cell proteins. In the ab-
sence of protein modification with
fluorophores, which is used in the
study of proteome using two-di-
mensional gel electrophoresis, spe-
cific methods that would allow to
compare the protein amounts in two
samples using mass spectrometry
only are required. Isotope labelling
with iTRAQ is such a method. When
using this method, protein samples
are modified with chemically iden-
tical appendages consisting of two
fragments. They can be split easily
into special mass spectrometers that
possess a fragmentation mode. Prior
to fragmentation, the total weights
of the appendages used to label two
samples are equal. Thus, two iden-
tical peptides with chemically iden-
tical appendages that have equal
weights originating from two protein
samples are simultaneously analyzed
in the mass spectrometer. The dif-
ferences in weight appear only af-
ter the appendages are split into two
fragments. Fragment weights differ,
since they have a different isotopic
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identification by
MALDI MS

B chromatographic

separation

Identification by
ESI MS

Fig. 3. Methods for studying proteome. A — Scheme of a quantitative com-
parison of proteomes in two samples by 2D gel electrophoresis. The protein
samples to be compared are separately labelled with succinimide esters of the
fluorescent dyes Cy3 and Cy5. After labelling, the protein samples are mixed
and subjected to separation on a 2D gel. Yellow spots correspond to proteins
with equal abundance in both samples, while green and red spots correspond
to the proteins with different amounts. Protein identification in excised spots

is accomplished via protease hydrolysis followed by peptide fingerprinting by
mass spectrometry. B — Scheme of quantitative proteome analysis by chroma-
tography. The total protein sample is treated with protease; the resulting pep-
tides are separated by liquid chromatography. Peptide identification is usually
performed by mass spectrometry with electrospray sample ionization.

composition. The ratio between the
number of fragments with different
weights will be the same as the pro-
tein ratio in the initial mixture.

METHODS FOR STUDYING

GENE EXPRESSION USING

REPORTER CONSTRUCTS

Applying the modern methods of
proteomic analysis permits one to
compare the amount of most cell
proteins in different samples. Nev-
ertheless, the stage at which the ex-
pression changed (transcription or
translation) cannot be determined
by proteomic analysis. Reporter
constructs are used to study each
individual expression stage, as well
as the gene elements that are im-
portant for a certain mechanism of
expression regulation. When using
this method, the gene under study
is replaced by the gene encoding the
protein, whose amount in the cell
can be measured easily. The genes
of b-galactosidase, luciferases of
different origins, and fluorescent

proteins are widely used as reporter
constructs. The individual elements
of the gene subjected to a study that
are responsible for transcription
(promoter) and translation (usually,
the 5’-untranslated region) can be
used for the creation of a reporter
construct. The amount of the re-
porter protein in a cell is assessed by
measuring the amount of the prod-
ucts of the model enzyme reaction
or fluorescence intensity in the case
of fluorescent proteins. A similar
reporter gene, whose expression is
independent of the regulatory ele-
ments of the gene under study, is
used as an internal control. The ma-
jor problem in the use of reporter
constructs is the complexity of cre-
ating them and detecting expression
for the set of genes studied. The re-
porter construct method is very in-
formative for one or several genes,
but it is quite labour-consuming
when studying a set of genes (ide-
ally, all genes in the organism). This
drawback can be overcome by using
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the automated methods for cloning
reporter constructs and determin-
ing their expression products. The
facilities of the automated station
based on Janus Extended (Perkin
Elmer) mounted at the Centre for
Collective Use (Moscow State Uni-
versity) is used in our laboratory.
The automated station allows one to
perform cloning, bacterial transfor-
mation, and to detect the expression
of the reporter genes in automatic
high-throughput mode. The genes
of the red fluorescent protein from
Entacmaea quadricolor and a cyan-
modified variant of the protein from
Aequorea macrodactyla are used as
reporter genes (Fig. 4). As opposed to
b-galactosidase and luciferases from
Photinus pyralis and Renilla reni-
formis, the amounts of fluorescent
proteins can be measured without
damaging the cell or using enzymat-
ic reactions. These advantages make
the analysis of the expression of a set
of reporter constructs in a single ex-
periment considerably simpler and
less expensive.

METHODS FOR STUDYING

THE GENE FUNCTION

Studying the gene function does
not encompass their expression. For
comprehension of the functional role
of gene products, one has to ascer-
tain what the gene product interacts
with and what the consequences of
the absence of a gene for a cell are.
The cell components that interact
with the product of a gene under
study are typically detected by af-
finity co-purification with the gene
product (protein or RNA). The cell
components that are extracted, to-
gether with the protein under study
or RNA, are fractionated and iden-
tified. Either the antibody to the
protein under study or standard af-
finity tags attached to a protein by
gene modification for this protein
is used for affinity extraction. This
procedure is easy to implement in
the case of one or several proteins,
but it becomes extremely labour-
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Fig. 4. Scheme for studying gene expression at the transcription and transla-
tion stages using reporter constructs. The gene under study is shown in green.
The promoter and untranslated regions are shown in pink. The red fluorescent
protein gene is shown in red, while the cyan fluorescent protein gene is shown
in blue. The promoter (right) or 5'-untranslated region (left) under study is
inserted in front of the cyan fluorescent protein gene. Expression of the red
fluorescent protein is used as an internal standard.

consuming when studying a set of
proteins. At the time of writing, it
is impossible to produce antibodies
to each cell protein, as opposed to
high-throughput-changing genes
in the genome. Technologies of the
same level are to be used to study
the phenotype of cells lacking one of
the proteins. If gene inactivation is
not lethal, a strain or cell line lack-
ing this gene is to be produced (i.e.,
gene knockout is to be performed).
If gene inactivation results in non-
viability, an artificially regulated
promoter is to be incorporated in
front of the gene (i.e., gene knock-
down is to be performed). In order
to increase the scale of these studies,
methods of genome manipulations
must be automated for the entire set
of genes. Currently, such opportuni-
ties exist only for bacteria and yeast.
Vast collections of strains of bacteria
Escherichia coli and yeast Saccharo-
myces cerevisiae with inactivation of
one of the genes have already been
created. There are also partial col-
lections of strains of these organisms
in which one of the genes contains a
fragment encoding the affinity tag.
These collections have already made
it possible to carry out a partial ex-
perimental analysis of the pheno-
types of gene inactivation and study
the partial cellular interactome; i.e.,

to perform cataloguing of the con-
tacts between cell components.

Today, high-throughput analysis
of the functional role of genes isin its
early days of development. Even for
the model bacterium E. colz, the phe-
notypes of the entire set of knockout
strains have been analyzed only ac-
cording to the rate of colony forma-
tion under various growth condi-
tions. No overall collection of strains
in which the genes important for
viability are controlled by the regu-
lated promoters has been created as
of yet. Studies on the introduction
of the tetracycline-activated pro-
moter in front of E. coli genes that
are essential for viability have been
launched at the automated station
based on Janus Extended (Perkin
Elmer) mounted at the Centre for
Collective Use (Lomonosov Moscow
State University).

Combination of high-through-
put methods for genome manipu-
lations, such as creating strains
containing gene “knockouts” and
“knockdowns,” with methods of
high-throughput analysis of gene
expression could hold great promise.
Such combination could allow one to
uncover the effect that the activity
of a gene has on another gene. Filling
such a “matrix of mutual effects”
will allow one to completely ascer-



tain all the regulatory pathways of
a cell. The major difficulty in solv-
ing this problem is rooted in the fact
that it is necessary to perform an
extremely large number of experi-
mental studies, which increases in
proportion to the square number of
genes. Hence, determination of the
“matrix of mutual effects” for all
E. coli genes will require 17 million
experiments. It is clear that this is
the maximum number, which can be
reduced by restricting the screen-
ing at the expense of experiments.
Systemic investigation of the influ-
ence the genes have on one another
will require that the experiments be

FORUM

completely automated and consid-
erably cheap to perform. Thus, the
use of reporter constructs based on
fluorescent proteins only, a method
which was started in our laboratory,
seems feasible in analyzing gene ex-
pression. This method requires sig-
nificant investments to be made at
the stage of creating reporter con-
structs; however, in future it will
make possible the performance of
measurements based only on fluo-
rescence, without the use of any en-
zymatic reactions.

The systemic analysis of all of
the stages of gene expression, the
mutual effect of gene expression,

functional role of gene products,
and interactions between gene
products is the most significant
challenge in post-genomic biol-
ogy. The constructed “matrix of
mutual effects” will allow one to
understand the functioning of the
entire network of regulatory inter-
actions inside a cell, and it has the
potential of allowing control of any
intracellular process. ®

The author is grateful to
O.A. Dontsova for valuable
comments and contribution

to the manuscript.
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EDITORIAL NOTE

issues of the journal Acta Naturae.

The subject matter raised is of absolute urgency. Indeed, some of the most modern equipment, including the unique
kind, has recently appeared in many research institutions. This makes it possible to considerably enhance research ca-
pabilities not only at these institutions, but at other centers as well, provided that access to information is adequately
ensured. The editorial board is bound on honor to spread this information, and this topic will be discussed in the next
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ABSTRACT The HIV-1 integrase enzyme is responsible for one of the key stages of retroviral replication; it acts
as a catalyst for the integration of viral cDNA into the cell’s genome. Inhibitors of HIV-1 integration have been
under development for over 10 years; yet, only one integration inhibitor, raltegravir, has been approved for
clinical use so far. Raltegravir binds two metal ions in the enzyme’s active centre and blocks one of the integra-
tion stages: the strand transfer. Unfortunately, the clinical use of raltegravir results in the development of viral
resistance among some patients. Several more HIV-1 integration inhibitors are undergoing clinical trials at the
moment. However, the structure and mechanism of action of those are similar to raltegravir, which results in the
emergence of cross resistance with raltegravir. The present review is focused on the history of the development
and clinical trials of raltegravir and its analogues, the problems connected with the emergence of viral resistance
to integration inhibitors, and the prospect of their future clinical use.

KEYWORDS HIV-1 integrase; inhibition; mechanism of action; raltegravir.

ABBREVIATIONS HAART - highly active antiretroviral therapy; HIV-1 — human immunodeficiency virus type 1;
IN —integrase; ST — strand transfer; AIDS — acquired immunodeficiency syndrome; AUC — area under the phar-
macokinetic curve (concentration—time curve) — the change in concentration of the active component in blood
plasma or serum over time; CIC, — the inhibitor concentration at which the cytopathogenic effect of the virus in
the infected cells decreases by 50%; CIC,, — the inhibitor concentration at which the cytopathogenic effect of the
virus in the infected cells decreases by 95%; Cl — clearance, or the extraction ratio — the index showing the rate
of extraction of a substance from blood plasma during the biotransformation of this substance, its redistribution
in the organism, and excretion; Cmax— the maximum or peak of concentration of an active component in blood;
EC,, — inhibitor concentration, at which in vivo replication of the virus is suppressed by 50%; EC,, — inhibitor
concentration, at which in vivo replication of the virus is suppressed by 90%; F — bioavailability — the fraction of
a dose of unchanged drug administered orally that reaches the systemic circulation; FBS — fetal bovine serum;
FDA — Federal Drug Administration (United States); IC50— inhibitor concentration, at which the enzyme activ-
ity is suppressed by 50%; NHS — normal human serum; PPB — percentage plasma protein binding; T, P time by
which the concentration of a drug in plasma decreases twice; WT — wild type.

INTRODUCTION
The acquired immunodeficiency syndrome (AIDS) be-
gan as one of the most dramatic epidemics of the late
20" — early 21st centuries. AIDS is caused by the hu-
man immunodeficiency virus (HIV) afflicting the im-
mune system of the organism. Ukraine and Russia have
some of the highest rates of the spread of the HIV in-
fection in the world. HIV prevalence among the adult
population in Russia is over 1.1% [1], according to some
estimates. This is precisely why the development of ef-
fective therapeutic drugs to control the spread of the
virus is particularly urgent for Russia.

HIV afflicts primarily the cells of the immune sys-
tem: the CD4" T-lymphocytes, macrophages, and
dendritic cells. The stock of CD4" cells is gradually
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depleted, resulting in the subsiding of cell immunity.
When a critical lymphocyte level is achieved, the or-
ganism becomes easy prey for opportunistic infections
[2]. The following stages of the HIV-infection can be
distinguished in the absence of antiretroviral therapy:
the primary infection — acute HIV syndrome that ends
with the extinction of clinical symptoms and serocon-
version; the latent stage (symptom-free chronic HIV
infection); symptomatic HIV infection (AIDS), which is
often accompanied by the development of opportunis-
tic infections; and the terminal stage (death) [2].

The replication cycle of HIV-1 can be tentatively
divided into two phases: the early phase and the late
phase (Fig. 1) [2, 3]. At the early stage of the life cycle,
viral particles specifically bind onto the CD4 surface
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protein thanks to the specific interaction between the
viral coat glycoprotein gpl120 and the N-terminal do-
main of the immunoglobulin of the CD4 protein. The
binding onto the CD4 receptor allows gp120 to bind to
the coreceptors (CCR5 or CXCR4) on the surface of a
target cell, as well. After the binding of g120 to core-
ceptors, glycoprotein gp41 is incorporated into the cell
membrane, resulting in the fusion of the viral coat and
the cell membrane yielding a pore, through which the
viral core penetrates into the cell cytoplasm [2]. After
the fusion, the virus sheds its coat, and the process of
reverse transcription begins. The reverse transcription
of genomic RNA is carried out via the viral enzyme,
reverse transcriptase, in cytoplasm. The product of re-
verse transcription, double-stranded cDNA, is trans-
ported into the nucleus within the pre-integration
complex, which comprises a number of viral proteins,
such as integrase (IN), the matrix protein (MA), reverse
transcriptase, the nucleocapsid protein (NC), and the
regulatory protein Vpr (Viral Protein R) [4, 5], as well
as the cell proteins Ku [6], HMG I(Y) [7], BAF [8], and
LEDGF /p75[9]. The nuclear localization of IN, MA, Vpr
[5], and LEDGF /p75 [9] is ensured by nuclear localiza-
tion signals. After it is transported into the nucleus, a
DNA copy is integrated, i.e., covalently incorporated
into the genome of the host cell due to the catalytic ac-
tivity of IN [3]. The late phase of the replication cycle of
HIV-1 begins with the regulated expression of the pro-
viral genome; then, processing of the synthesized viral
proteins with viral protease occurs, followed by the as-
sembly of new virions, which are released from the cell
and infect new target cells, ultimately terminating the
life cycle of the virus [2, 3].

Highly active antiretroviral therapy (HAART), which
at the time of writing comprises 25 drugs, is used in the
treatment of HIV infection [10]. These drugs mostly in-
clude nucleoside and non-nucleoside inhibitors of re-
verse transcriptase of HIV-1 and protease inhibitors.
Moreover, entry inhibitors have recently been designed:
maraviroc, which blocks the interaction between gp120
and CCR5H, and enfuvirtide, which interacts with gp41
glycoprotein (Fig. 1). At the end of 2007, the U.S. Food
and Drug Administration (FDA) approved the first inte-
gration inhibitor, Isentress™ drug, also known as ralte-
gravir (MK-0518), an anti-AIDS agent [11].

The stage at which the viral DNA is integrated into
cell DNA is one of the key stages in the replication cy-
cle of HIV-1; therefore, IN catalyzing is considered to
be one of the most attractive targets for HIV-1 inhibi-
tors. It has been demonstrated that a virus containing
a defective IN, which is incapable of catalyzing the in-
tegration of viral DNA, cannot be reproduced in cell
culture [12]. Moreover, IN does not have a cell equiva-
lent; therefore, the inhibitors that specifically suppress
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Fig. 1. HIV-1 replication cycle and HAART targets.

its catalytic activity are supposed to have no effect on
the cell processes and should be less toxic for the cell
and the entire organism in comparison to the inhibi-
tors of other stages of the HIV replication cycle. Over
many years, the development of integration inhibitors
has been pursued, with various drugs capable of block-
ing IN described in minute detail in numerous reviews
[13—19]. The present review is devoted to state-of-the-
art studies in the field of application of raltegravir and
its analogues as HAART components.

INTEGRASE STRUCTURE AND INTEGRATION MECHANISM
The integration process begins in cytoplasm and com-
prises several stages [20—22]. A DNA copy of the viral
RNA contains long terminal repeats at both ends, which
consist of three fragments: U3, R, and Ub. At a distance
of two nucleotides from the 3’ terminus of each DNA
strand, there is a conservative CA dinucleotide, which
is found in the long terminal repeats of all retroviruses.
Within the preintegration complex, IN recognizes the
nucleotide sequences located at the termini of regions
U3 and U5 of the viral cDNA, binds to them, and cata-
lyzes the reaction of 3’-terminal processing. This reac-
tion represents the endonuclease cleavage of the viral
cDNA, resulting in the removal of the GT dinucleotide
from the 3’ terminus in each strand. Substrate cleavage
is caused by the nucleophilic attack on the phosphate
group between the second and third nucleotides by a
water molecule [20—22].
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Fig. 2. Structural
domains of HIV-1
integrase [14].
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The pre-integration complex is then transported into
the nucleus, where IN catalyzes the strand transfer
(ST) stage. This stage is represented by the re-esterifi-
cation reaction, which involves the nucleophilic attack
on the internucleotide phosphates of both strands of
cellular DNA (DNA targets) by 3’-hydroxylic groups of
the processed strands of viral (substrate) DNA, yield-
ing a covalent product. The internucleotide bonds lo-
cated in different strands of the DNA target at a dis-
tance of 5 np from each other undergo re-esterification.
The completion of integration requires the following
processes: processing of the 5’-termini of viral DNA,
polymerase addition of five lacking nucleotides, and li-
gation, which are performed with the participation of
cell proteins [20].

In the integration process, IN is required to bind two
termini of the viral DNA to the cell DNA. However,
the data on the interaction between IN and DNA as
yet remains quite limited. HIV-1 integrase is a protein
consisting of 288 amino acid residues (32 kDa) encoded
by the pol viral gene. IN is translated within the Gag-
Pol polypeptide, which is subsequently cleaved into
separate proteins by a viral protease [21]. It has been
demonstrated by partial proteolysis and targeted mu-
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tagenesis that three domains can be isolated in the en-
zyme structure: the N-terminal domain, comprising the
amino acid residues 1—50; the catalytic domain formed
by residues 51-212; and the C-terminal formed by the
amino acid residues 213—288 (F'ig. 2) [20].

The N-terminal domain contains two histidine and
two cysteine residues, which are conservative in ret-
roviral integrases and retrotransportases [20]. These
residues coordinate the zinc ion and participate in the
formation of a catalytically active IN multimer, since
it has been demonstrated that the coordination of Zn*"
ions stimulates IN multimerization and its activity [23].
The catalytic domain of IN contains the triad of invari-
ant amino acid residues (D64, D116, and E152 in HIV-1)
which form the active centre of retroviral integrases.
The catalytic domain participates in the binding of the
termini of viral DNA due to their interaction with con-
servative amino acid residues of the domain (prima-
rily @148, K156 and K159). For the integration to be
possible, IN demands the presence of ions of cofactor
metal ions (Mg?" or Mn?"), which are coordinated with
two residues from the catalytic triad (D64 and D116)
[21]. The least conservative C-terminal domain forms
the Src homology 3-like fold; this structural motif is
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involved in IN multimerization; however, it makes the
greatest contribution to the formation and stabiliza-
tion of DNA complexes that are either specific to the
sequence or nonspecific. A non-typical double signal of
nuclear localization located in the catalytic (***KRK!%)
and C-terminal "KELQKQITK?") IN domains is rec-
ognized by the participants of the importine/caryo-
pherine cellular path. This interaction is enough to
involve the PIC into the cell nuclear transport system
[24].

The structure of full-scale HIV-1 IN remain un-
known; only the structure of separate domains and
double-domain IN fragments has been determined (see
[20]). These data, along with the results obtained using
site-directed mutagenesis and cross-linking, have been
used to design computer models of IN [25—27]. Regard-
less of the fact that these models often contradict each
other, most researchers share the opinion that the te-
trameric form of IN is the one that functions in the cell.
This viewpoint was confirmed by Hare et al. [28], who
were the first to succeed in crystallizing and decoding
the structure of retroviral IN in a complex with DNA.
The IN of the human foamy virus belonging to the ret-
roviruses from the Spumaviridae subgroup, which was
used with this purpose in mind, is active in tetrameric
form. A tetramer consists of asymmetrical dimers, each
of those interacts with one terminus of viral DNA and
performs its integration into cellular DNA [28]. The
comparative study of the catalytic characteristics of
the IN of the human foamy virus and HIV-1 revealed a
considerable similarity in the functioning of these two
enzymes [29, 30].

Both the cellular and viral proteins that are com-
ponents of the preintegration complex can affect the
catalytic activity of IN. HIV-1 IN needs neither viral
nor cellular cofactors for the incorporation of both
ends of the viral DNA into the super-spiralized cel-
lular DNA [31]. However, it has been demonstrated
that such proteins as the NC viral protein and cellu-
lar proteins HMG I(Y) and LEDGF /p75 can enhance
the integration efficiency [21, 32]. It has been known
that cellular protein LEDGF /p75 immediately inter-
acts with IN and stimulates consistent integration and
IN strand transfer [33]. It is assumed that LEDGF /p75
can play the role of the chaperone with respect to IN,
stabilizing its multimeric organization, and enhancing
the IN affinity towards DNA [21].

DESIGNING HIV-1 INTEGRATION INHIBITORS
SUPPRESSING THE STRAND TRANSFER REACTION

Since there has been no data available pertaining to the
structure of HIV-1 IN, screening of libraries of chemi-
cal compounds of various classes has for a considerable
period remained the primary method in the search

Table 1. Results of in vitro and cell studies of diketo acid
L-731.988 and naphthyridine derivatives L-870.810 and
L-870.812 as HIV-1 integration inhibitors

IC_ , in vitro
I.nte'gx"ase (strailod transfer), CIQ%
inhibitor aM ex vivo
L-731.988 8—15[34] CIC,,= 1 uM [34]
_ 15 nM (10% FBS)
L-870.810 8—15[35] 100 nM (50% NHS) [36]
L-870.812 40 [36] 250 nM (50% NHS) [37]

for its inhibitors [4]. Testing of a library consisting of
250,000 compounds that ended by the year 2000 al-
lowed specialists at Merck Pharmaceuticals (United
States) to reveal a series of substances possessing the
highest IN-inhibiting activity among them [34]. It ap-
peared that all these substances are diketo compounds
(DKC); notably, derivatives of 2,4-dioxobutanic acid.
The inhibitors contained the so-called B-diketo acid
motif, capable of coordinating cofactor metal ions in the
IN active center [34]. These inhibitors manifested high-
er activity when inhibiting the strand transfer reaction
than upon in vitro inhibition of the 3’ processing. The
most active compound, L-731.988 (Fig. 3), was more ac-
tive by a factor of 70 with respect to the strand transfer
reaction in comparison with the 3’ processing reaction.
Moreover, this inhibitor suppressed the development of
HIV-1in a cell culture (Table 1).

The selection of virus strains stable towards the ac-
tion of DKC was performed, followed by the determi-
nation of the mutation site. Replacement of the M154
(M154I) residue located in the immediate proximity of
the E152 residue (a component of the catalytic triad of
the enzyme) was found to exist in the IN of a strain re-
sistant to the action of L.-731.988 [34].

The interaction between L-731.988 and IN has been
subsequently studied [38]. It has been demonstrated
that the inhibitor, at concentrations up to micromo-
lar ones, does not interact with the isolated enzyme.
A DNA substrate, U5 or U3-terminal fragments of
the viral DNA are required for its binding with the
enzyme. The dissociation constant (K ) of the inte-
grase—L-731.988 complex determined in the presence
of 100 nM of Ub substrate was equal to 75 nM, which
correlated with the IC, value in the strand transfer re-
action. The affinity of L-731.988 upon interaction with
IN bound to the processed viral DNA was higher by a
factor of 100 in comparison with that upon the interac-
tion with IN, in the absence of viral DNA (K, = 10—20
uM). The random sequence DNA did not stimulate in-
teraction between the inhibitor and the enzyme. Fur-
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Fig. 3. Structure of HIV-1 integration inhibitors:
L-731,988, L-870,810, and L-870,812.

thermore, an increase in the concentration of the DNA
substrate, its excess amount being capable of acting as
a DNA target, resulted in a decrease in inhibitor—IN
binding. An assumption was made, based on these data,
[38] that the L-731.988 inhibitor suppresses the strand
transfer reaction by competing with a DNA target for
its binding site; the conformation of the active enzyme—
substrate complex is required for the interaction be-
tween the inhibitor and IN.

A number of other substances have a similar nature
of inhibition of the IN activity; their common feature
being the presence of two oxygen atoms capable of co-
ordinating cofactor metal ions in the IN active center
[39—42].

The search for DKS analogues demonstrating anti-
integrase activity resulted in the design of\ naphthyri-
dine derivatives by Merck Pharmaceuticals. The activ-
ity and selectivity of these compounds with respect to
the strand transfer reaction was similar to that of DKC
[43]. Among the inhibitors of this structural class, two
inhibitors, L-870.810 and L-870.812, have been subject-
ed to the most thorough study (Fig. 2, Table 1).

A naphthyridine derivative L-870.810 displaced
diketo acid L-731.988 from the IN/DNA-substrate
complex, which enabled one to assume the possibil-
ity of binding of these compounds to IN at a single or
overlapping site [36]. The accumulation of circular viral
DNA in the treated L-870.810 cells and a decrease in
the amount of integrated viral DNA served as evidence
of the action of this inhibitor on the integration process.
The selection of virus strains that could be resistant to-
wards the action of L-870.810 resulted in the following
substitutions in the primary structure of IN: F121Y/
T125K, V72I/F121Y/T125K, and V72I/F121Y/T125K/
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V1511[36]. The viruses carrying the corresponding mu-
tations were less sensitive to the action of L-870.810 by
a factor of 4—100 in comparison with wild-type HIV-1
[36]. Mutations in the IN gene causing viral resistance
to diketo acids and naphthyridines are closely located,
but not identical. All these facts attest to the possibility
of the existence of both a common binding centre and
a common mechanism of action in inhibitors belonging
to both classes.

Inhibitor L-870.810 successfully passed the first
phase of clinical trials; however, at the second phase it
proved toxic to kidneys and the liver. For this reason,
the trials were ended.

RALTEGRAVIR (MK-0518) — THE FIRST INHIBITOR
OF HIV-1 INTEGRATION ALLOWED FOR USE

Designing raltegravir

The relative success achieved from the use of naphthy-
ridine derivatives as IN inhibitors led to the design of
inhibitors based on dihydroxypyrimidine (compound
(1), Fig. 4) [45]. This compound specifically suppress-
es the strand transfer carried out by recombinant IN
(Table 2); however, even micromolar concentrations of
this compound are inactive in the culture of infected
cells. Nevertheless, due to its pharmacokinetic indices
determined in rats (good bioavailability (F = 39%) and
the low clearance of blood plasma (Clp =11 mg/min/
kg)), this compound was selected for further structural
and functional studies [45], enabling the design of this
compound (2) (Fig. 4) [46]. The compound successfully
inhibits the strand transfer reaction (Table 2) and sup-
presses the cytopic effect of HIV-1 in infected cells
[46].

Parallel studies resulted in the design of a novel
class of IN inhibitors, N-alkyl pyrimidinone derivatives,
which inhibited the nanomolar concentrations of IN in
in vitro experiments [36]. The results of the study of
the inhibiting effect of compound (3) (Fig. 4), belong-
ing to this class, are listed in Table 2 [47]. Moreover,
compounds (2) and (3) were characterized by a strong
pharmacokinetic profile and strong bioavailability in
preclinical trials performed on rats, dogs, and rhesus
macaques [46, 47].

An attempt was then made to combine the optimal
properties of inhibitors from each of the two series in
one molecule [48]. This approach resulted in the design
of another N-methyl pyrimidinone derivative (com-
pound (4), Fig. 4). However, compound (4) turned out
to be less active (Table 2).

The structural and functional studies of N-methyl
pyrimidinone derivatives as IN inhibitors were contin-
ued [48]. Compound MK-0518 (Table 2), which was giv-
en the name ‘Raltegravir’ (Fig. 4), appeared to be the



REVIEWS

HiC.\~CHs Fig. 4. Optimiza-
s tion of dihydrox-
£ ! j: ’ ypyrimidine (1,
\@\/ nASN 2) and N-methyl
NHNOH CH:  pyrimidinone
— O OH B i J,N:< carboxamides
s 3 \-.N/ 3 N O
Y% / 5 \ x (3, 4) as HIV-1
. ) HaCj:CHS integrase strand
NZ" "N F NZN-CHa 2 MO o transfer inhibi-
| .
NHNOH AN A, — HaCtCH: ’rorsﬁ w;‘nch led
O OH F _CH to the design
{ \ (\o / L \©\/N il of raltegravir
® H c’Nf (4) HNO (inhibitor MK -
: o OH 0518).
& NZ N’CH’
\©\/ MK-0518

most active. It turned out that raltegravir has a high se-
lectivity with respect to IN and has almost no inhibiting
effect (IC,, > 50 uM) on such Mg**-depending enzymes
as HIV-1 reverse transcriptase, HIV-1 RNAse H, hepa-
titis C virus RNA polymerase, and human polymerases
a, B, and vy [48]. No effect of raltegravir (at concentra-
tions of up to 10 uM) on another 150 different enzymes,
receptors, and channels has been revealed. In partic-
ular, raltegravir has no effect on various cytochrome
P450 isoforms (IC,; > 50 pM) and does not bind to the
hERG ion channel [48].

Pharmacokinetics and interaction

with HAART components

The pharmacokinetic profile of raltegravir has been
studied on rats, dogs, and rhesus macaques [48]. The
rats were given raltegravir in three different forms
(OH form, as well as Na* and K* salts) at a dose of 3 mg/
kg. The best results were achieved when using ralte-
gravir salts. The amount of the compound that entered
the blood upon one-time administration (AUC) was the
highest for Na*salt; the maximum peak of compound
concentration in blood (C_, ) was attained in K*salt. In
this case, values AUC and C_ _were also better in the
salt form of the preparation (Table 3). The dogs were
given raltegravir in the form of the OH form or K*
salt at a dose of 10 mg/kg. In this case, AUC and C___
values were also better for the salt form of the drug
(Table 3). The crystalline OH form at a dose of 10 mg/
kg was also administered to rhesus macaques, but the
AUCand C__ indices were quite low (Table 3). The bio-
availability of the drug administered orally (F) also ap-
peared to be better for the K*salt in comparison with
that for the OH form (Table 3). Hence, the pharmacoki-

netic profile of raltegravir in the form of Na® and K*
salts was found to be preferable to that of the OH form,;
salt forms being characterized by improved solubility
[48].

Blood plasma clearance was appreciably low in dogs
and was characterized by medium values in rats and
rhesus macaques (Table 3). Furthermore, raltegravir
binding to the blood plasma proteins (PPB) of rats,
dogs, and rhesus macaques has been the subject of a
study (Table 3) [48], as well as its metabolism in the
liver microsomes of these animals and humans. It ap-
peared that the drug is metabolized by glucuronosyl-
transferase [48]. The same conclusion was made after
studying the metabolism in hepatocytes [48] and was
borne out by the results of an independent study [49].
'H- and C-NMR spectroscopy was used to completely
characterize the formation of a conjugate between glu-

Table 2. Results of in vitro and cell studies of derivatives
of dihydroxypyrimidine and N-methylpyrimidinone and
raltegravir (MK-0518) as HIV-1 integration inhibitors

o IC,, ,in vitro cIC
ompound (strand ox Vigfo Reference
transfer), nM
(1) 10 inactive [45]
60 nM (10% FBS)
2) el 78 nM (50% NHS) |  [46]
60 nM (10% FBS)
(3) 60 100 nM (50% NHS) | [47]
1 uM (10% FBS)
(4) el >1uM (50% NHS) | 48]
19 nM (10% FBS)
MK-0518 15 31 mM (50% NTIS) [48]
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Table 3. Pharmacokinetic parameters of raltegravir determined for rats /dogs /rhesus macaques [48]

Form AUC, uM'h C,_., uM T, h F, % Cl, ml/min/kg PPB, %
OH 1.0/21/1.8 1.2/8/0.3 ND*/ND/7 37/45/8 39/6/18 74/71/85
Na* 1.4/ND/ND 1.0/ND/ND | ND/ND/ND | ND/ND/ND ND ND
K* 1.3/45/ND 1.6/24/ND 73/13/ND 45/69/ND ND ND

* ND — no data available.

curonide and a hydroxylic group at position 5 of the py-
rimidinone ring of raltegravir [48].

The comparison of in vivo and in vitro data allowed
one to suppose [48] that the pharmacokinetic profile
of raltegravir for humans will be similar to the drug
profile for a dog.

To achieve a therapeutic effect, it is necessary that
the drug concentration 12 h after the administration
(C,,) remain above CIC , = 31 nM. With account for the
data on raltegravir binding with blood plasma proteins,
metabolic stability, half-excretion period, and clear-
ance, peroral administration of raltegravir K* salt at a
dose of at least 100 mg twice a day was proposed during
the clinical trials.

The pharmacokinetic profile of raltegravir was de-
termined both in healthy volunteers and HIV-infected
patients. Two randomized placebo-controlled trials
were carried out with healthy volunteers: 32 volunteers
were given a single dose of raltegravir (10—1600 mg);
and raltegravir was administered to 40 volunteers eve-
ry 12 h for a duration of 10 days (100—800 mg) [50]. It
was ascertained that raltegravir is characterized by a
good assimilability; its content in blood plasma attain-
ing the maximum level (C__ ) as early as after 1 h. The
half-excretion period of the drug (Tl/z) was equal to
7—12 h. The drug concentration in the blood becomes
constant as early as 2 days after its administration;
after the administration is stopped, only weak accu-
mulation in the organism is observed [50]. Moreover, it
should be noted that no considerable differences were
revealed to administration of the drug in the male or
female volunteers.

The pharmacokinetics of raltegravir was also stud-
ied among HIV-infected antiretroviral treatment-naive
patients [51]. It was ascertained that the AUC and C___
values increase in geometrical progression up to the ad-
ministration of raltegravir, at a dose of 400 mg, twice a
day. At a dose of 600 mg, these parameters do not in-
crease [51]. Moreover, an approximately threefold de-
crease in the viral load in HIV-infected patients was
observed, regardless of the dose of the administered
drug [51]. Nevertheless, the latter results should be
taken with great care due to the relatively small size of
the sampling and short duration of the study.
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The interaction of raltegravir with various compo-
nents of HAART antiviral therapy in healthy volun-
teers has also been studied (see [52]). It appeared that
the simultaneous administration of raltegravir and pro-
tease inhibitors — atazanavir and atazanavir/ritonavir
mixture — increases raltegravir concentration in the
blood to a certain extent, whereas ritonavir alone has
almost no effect on the raltegravir concentration. The
nucleotide inhibitor of reverse transcriptase, tenofir,
also had a negligible effect on the raltegravir concen-
tration. The administration of raltegravir, together
with tipnavir (protease inhibitor), maraviroc (penetra-
tion inhibitor), efavirenz, and etravirine (both drugs
are non-nucleoside inhibitors of reverse transcriptase),
resulted in a decrease in the raltegravir concentration
in healthy volunteers.

Only one study of raltegravir interaction with
HAART components has been carried out on HIV-in-
fected patients [53]. Four individuals were given ralte-
gravir (400 mg) twice a day, together with etravirine
(non-nucleoside inhibitor of reverse transcriptase); the
raltegravir concentration in the blood decreased by
a factor of 4. Regardless of these results, the authors
provide no recommendations on changing the dose of
raltegravir when administering it together with etra-
virine [53]. Thus, the necessity for further study of the
interaction between raltegravir with HAART compo-
nents in HIV-infected individuals becomes evident.

Clinical trials

Treatment upon resistance to HAART. Firstly, the study
of raltegravir in HIV-infected individuals who had re-
ceived HAART and acquired resistance to its compo-
nents was initiated. The randomized double-blind,
placebo-controlled trial (P005) was carried out during
24 weeks in research centres within the United States,
Europe, Latin America, and Asia [54]. The participants
included adult patients (18 years and older) with a vi-
ral load of at least 5,000 HIV RNA copies/ml and with a
level of CD*lymphocytes of at least 50 cells/ul. The pa-
tients had also been receiving HAART on a regular ba-
sis for at least 3 months, and had laboratory-confirmed
genotypic or phenotypic resistance to at least one of the
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Table 4. Results of clinical trials of raltegravir

P005, 24 weeks

BENCHMRK-1 and -2,
96 weeks

P004, 4 weeks

STARTMRK-1 and -2,
48 weeks

CHEER, 24 weeks 400 mgral,52h

163

113

[56]

* ral. — raltegravir.
* % H
efv. — efavirenz.

non-nucleoside inhibitors of reverse transcriptase, one
nucleoside inhibitor of reverse transcriptase, and one
protease inhibitor. Prior to the random grouping, the ba-
sic regimen of HAART was optimized for each patient;
the amount of drugs administered varying from two to
seven. It should be noted that the selection of antiretro-
viral agents for these patients was very limited due to
the intolerance or HIV-1 resistance to them. Since it had
been demonstrated earlier that the simultaneous admin-
istration of atazanavir (protease inhibitor) and raltegra-
vir may result in an increase in raltegravir concentra-
tion in the blood [50], the patients were divided into two
subgroups, those with atazanavir included within their
basic regimen, and those without it [54].

The trial comprised 175 patients. All patients were di-
vided into groups, which were either given varying dos-
es of raltegravir or a placebo (Table 4). The clinical and
demographic characteristics were similar for the groups.
All patients underwent a 24-week therapy course. Ralte-
gravir as a supplement to the optimized HAART regi-
men showed better efficacy in comparison with the pla-
cebo, at any given dose. A mean decrease in the viral load
by 100 copies/ml was observed in all groups who were
given raltegravir; it began as early as week 2 and was
consistent up to week 24 (Table 4). The decrease in the
viral load was accompanied by an increase in the CD4*
cell count (Table 4). Joint use of raltegravir and enfuvir-
tid (entry inhibitor) or atazanavir within HAART par-

ticularly improved the virological and immune response.
Forty-one patients left the trial because of inefficacy, 14
(11%) of the 144 who were given raltegravir and 27 (60%)
of the 45 who received a placebo. It was demonstrated
that raltegravir is a very safe drug: most of the side ef-
fects were of light or medium degree of severity. Only
two patients left the trial as a result of the side effects
of HAART (one in the raltegravir group, and one in the
placebo group) [5 4].

The results of the P005 trial [54] in general are con-
sistent with the results of the long-term trial BENCH-
MRK-1 and -2 [55] devoted to the study of the efficacy
and safety of using raltegravir in patients who had ear-
lier received HAART. After a 96-week study, it was
found that the viral load had decreased and the CD4
cell count had increased quite considerably in patients
who were given raltegravir than it had in those who re-
ceived a placebo (Table 4). It should be mentioned that
the optimum results were achieved when raltegravir
was used in combination with darunavir (protease in-
hibitor) and enfuvirtid; the patients were naive to these
drugs [55].

Primary therapy. Since raltegravir demonstrated
positive results in patients who had earlier received
HAART, it became attractive as a primary drug for
HIV-infected patients naive to HAART. The effect of
raltegravir and efavirenz (non-nucleoside inhibitor of
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reverse transcriptase) were compared in two series of
clinical trials (P004 [56] and STARTMRK-1 and -2 [57]).
As a supplement to these drugs, the participants were
given tenofovir and lamivudin (both drugs are nucle-
oside inhibitors of reverse protease) (P004 [56]) or teno-
fovir only (STARTMRK-1 and -2 [57]). It turned out
that raltegravir was no less capable of reducing the vi-
ral load to below 50 copies/ml in comparison with efa-
virenz; the CD4 cell count being comparable for both
drugs (Table 4). In addition, the therapeutic effect of
raltegravir was observed earlier than that of efavirenz
[567]. Although the reasons for such an effect have as
yet remained unclear, this property of raltegravir can
be potentially used when there is a necessity for a rapid
decrease in the viral load after the HIV-infection, or to
reduce the risk of transplacental infection of the foetus
from a HIV-infected mother. It should also be noted
that in general the results demonstrated in trials P004
and STARTMRK-1 and -2 were better than those in
trials P005 and BENCHMRK-1 and -2 (Table 4). This
result posits the early commencement of raltegravir
administration to HIV-infected patients.

Supporting therapy. In addition to using raltegravir as
a therapeutic agent in HAART-naive patients, as well
as in patients who had developed resistance to HAART
components, it was proposed to substitute antiretrovi-
ral drugs with raltegravir in patients with a viral load
that cannot be determined, in order to reduce the side
effects. Trial CHEER [58] included 52 patients with a
viral load of less than 50 copies/ml, who were earlier
given enfuvertid (penetration inhibitor). Twenty-four
weeks after transferring to raltegravir, the undeter-
minable viral load remained in 49 patients (Table 4).
Based on these results, a conclusion can be drawn that
the substitution of enfuvertid by raltegravir seems to
be appreciably safe.

Safety

How safe Raltegravir is was evaluated both in HIV-
infected patients naive to HAART and in patients who
developed resistance to HAART components. All stud-
ies demonstrated a strong degree of drug tolerance
[61, 56, 57]. Raltegravir turned out to be safer than
efavirenz upon primary therapy of HIV-infected pa-
tients [57]. How safe raltegravir is was assessed on
patients who had earlier received HAART. Recur-
rent or progressing cancer types were detected in ap-
proximately 3.5% of patients who were administered
raltegravir, whereas this index was equal to 1.7% in
individuals taking a placebo. Such types of cancers
as Kaposi’s sarcoma, lymphoma, hepatic cancer, etc.
were the most common [54]. The thorough analysis of
all cases of cancer development in patients who were
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administered raltegravir revealed no correlation be-
tween drug administration and the emergence of ma-
lignant tumors [52].

Usage guidelines

Raltegravir successfully passed all phases of clinical
trials in October 2007 and was approved by the FDA
as a therapeutic agent for patients with resistance to
HAART components [1]. In July 2009, the FDA also au-
thorized the use of raltegravir for primary therapy of
HIV-infected patients [59]. Raltegravir was registered
under the trademark Isentress™; it is manufactured in
the form of 400 mg tablets for twice-daily oral admin-
istration.

Development of resistance to raltegravir

Raltegravir has been used with appreciable suc-
cess as one of the components of HAART; however, a
number of patients developed resistance to this drug
[60]. It was ascertained during the trial BENCHMRK-1
and -2 that 48 weeks after raltegravir administration
commenced, resistance to this drug was developed in
approximately 25% of patients. Virus isolates were ob-
tained from 94 patients with resistance. No mutations
in the IN genes were found in 30 isolates; whereas in
the remaining 64, the development of resistance was
accounted for by these mutations [60]. The resistance to
strand transfer reaction is usually associated with the
mutations in the IN active center [61]. It was in the ac-
tive center that raltegravir-resistant virus isolates con-
tained the primary mutations Y143R/C, Q148K /R/H,
and N155H [60]. In most patients (48 out of 64), the vi-
rus had at least two mutations. Typically, it was a pri-
mary mutation and one or several secondary mutations.
The primary mutation Y143R/C was associated with
the secondary mutations L74A /I, £E92Q, T97A, I1203M
and S230R; the mutation Q148K /R /H was associated
with mutations G140S/A and E138K. Primary muta-
tion N155H was associated with a number of secondary
mutations: L74M, E92Q, T97A, V1511, and G163R [60].
In addition, it was ascertained that it is typical for mu-
tations to accumulate with time. At the first instance,
it refers to the Q148R substitution, which renders the
virus almost unsusceptible to raltegravir. The fraction
of carriers of the virus containing this mutation among
raltegravir-resistant patients after undergoing therapy
for 48 weeks was equal to 27%; after 96 weeks, the per-
centage increased to 53%. Meanwhile, the fraction of
carriers of the virus with the N155H mutation shrank
from 45 to 18% [60]. The probability of emergence of
raltegravir-insusceptibility decreased in patients with
reduced viral load (< 100,000 copies/ml) and in patients
who were administered other active antiretroviral
drugs.
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Fig. 5. Structures of HIV-1 integrase strand transfer inhibitors: MK-2048, BMS-707035, GSK-364735, GS-9137, and
some new inhibitor classes: dihydroxypyrimidines (5), N-methyl pyrimidinone carboxamides (6), dihydroxypyrido-pyra-
zine-1,6-diones (7), bicyclic pyrimidones (8), pyrrolloquinolones (9).

A similar pattern was revealed in trial P005 [54]. In
20 and 14 patients out of 35 who appeared to be un-
susceptible to raltegravir, the virus contained mainly
the Q148K /R/H or N144H mutation, respectively. Mu-
tations N155H and Q148K /R/H reduced the sensitiv-
ity of HIV patients to the action of raltegravir by fac-
tors of 10 and 25, respectively. Similar to that in trial
BENCHMRK-1 and -2, mutation Q148K /R/H turned
out to be associated with the secondary substitutions
E138K and G140S/A. The secondary mutations L74M,
E92Q, and G163R were revealed, and no substitutions
T97A and V1511 were found in the case of N155H. The
probability of resistance development decreased upon
reduced viral load and when using additional HAART
active components [54].

The recently obtained data in study [62] in which the
effect of raltegravir on the strand carrier reaction per-
formed by wild-type IN or IN containing a mutation
G140S, Q148H, or a double mutation G140S/Q148H
are also of interest. It was evident that while the
G140S mutation results in the emergence of small
resistance (IC, (WT) = 10 nM, IC_(G140S) = 30 nM),
IN with the Q148H or G140S/Q148H mutations has a
very high raltegravir resistance (IC, (Q148H) > 70 nM,
IC,(G140S/Q148H) > 1000 nM). In addition, it was as-
certained that the G140S mutation in the IN gene re-
covers the weak infectivity of the virus with the Q148H
mutation to the level of the wild-type virus [62].

RALTEGRAVIR ANALOGUES —
OF HIV-1 INTEGRATION

The emergence of a new drug, as in the case of any
other kind of innovation, results in the rapid appear-
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ance of a number of its analogues. Taking into account
the approximate cost of the development, trials, and
implementation of a single drug, which is equal to $
2 million, together with the fact that only one out of
three novel therapeutic agents manage to recoup this
expenditure [18], it is clear that the temptation exists
for pharmaceutical companies to avoid the difficulties
associated with the development of a completely new
drug and confine themselves to modifying the drug
that is the best for the moment. Therefore, raltegra-
vir, being the only licensed inhibitor of HIV integrase
so far, is of immense interest as a starting point in the
development of integration inhibitors. Raltegravir
analogues are usually compounds based on diketo ac-
ids, which specifically suppress the IN strand transfer
reaction due to chelating of Mg?*"ions in the enzyme
active center [18]. In this section, we shall turn our at-
tention to the inhibitors of strand transfer eligible for
the phase of clinical trials.

MK-2048

Soon after the permission for the use of raltegravir as
a therapeutic agent was obtained, Merck Pharmaceu-
ticals attempted to design pharmacophore, typical of
diketo acids and capable of interacting with the metal
ion on the basis of tricyclic dihydroxypyrrole deriva-
tives [63]. As a result, the MK-2048 inhibitor was de-
signed (Fig. 5), which exhibited a high inhibition ac-
tivity in all experiments (Table 5). The inhibitor has a
good pharmacokinetic profile and, more importantly,
possesses potential activity with respect to four mutant
IN forms that are resistant to raltegravir. MK-2048 is
currently undergoing clinical trials [18].
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Table 5. Results of in vitro and cell studies of raltegravir analogues as HIV-1 integration inhibitors

IC_ , in vitro CIC
Compl (stran(iotransfer), nM ex vivo HETEIETEE
MEK-2048 10 35nM (50% NHS) [63]
BMS-707035 20 S [16]
EC  =12nM
GSK-364735 8 EC, = 43°nM (20% NHS) [68]
EC. =0.5nM
S/GSK 1349572 2.7 EC, = 2aM [13]
. . EC, =0.7nM
GS-9137 (elvitegravir) 7 EC, = LM (20% NHS) [72]
(5) (dihydroxypyrimidine) 10 > 10 uM (10% FBS) [48]
o 10 nM (10% FBS
(6) (N-methylpyrimidinone) 20 20 SM ((50‘;{?NHS)) [64]
. . . . 310 nm (10% FBS)
(7) (dihydroxypyrido-pyrasine-1,6-dion) 100 310 nM (50% NHS) [65]
. . s 16 nM (10% FBS
(8) bicyclic pyrimidinone 7 31 SM ((50‘;{?NHS)) [66]
. 7 nM (10% FBS)
(9) pyrrolquinolone 13 16 nM (50% NHS) [67]

BMS-707035

The structural and functional motifs of inhibitors
L-780.810 and raltegravir are combined in the struc-
ture of this inhibitor [16]. BMS-707035 differs from
raltegravir only by the substitution of the oxadiazole
group for the cyclic sulfonamide group (Fig. 5) and
possesses in vitro inhibiting activity that is similar to
that of raltegravir (Table 5). BMS-707035 has reached
the second phase of clinical trials; however, multiple
mutations emerged in the IN gene responding to the
therapy, which has led to the emergence of resistant
HIV strains [16]. In the beginning of 2008, the clinical
trials of BMS-707035 were discontinued.

GSK-364735

The GSK-364735 inhibitor (Fig. 5), a naphthyridinon
derivative [68], was developed by the merged Shiono-
gi-GlaxoSmithKline Pharmaceuticals company on the
basis of one of the first inhibitors of strand transfer
S-1360 [42]. It was efficient in the suppression of HIV
replication in MT-4 cells (Table 5) and possessed a low
cytotoxicity (CC,, > 10 uM). The investigation of the
action of GSK-364735 on HIV strains containing muta-
tions in the IN gene has demonstrated that the inhibi-
tor is more active to a certain extent with respect to the
viruses with mutations T661I (by a factor of 1.2), E92Q
(by a factor of 3.7), P145S (by a factor of 1.4), Q146R
(by a factor of 1.7), and Q153Y (by a factor of 1.4) as
compared with its activity towards the wild-type virus.
However, a considerable reduction in the activity of the
GSK-364735 inhibitor was observed in the case of four
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main mutations in the gene of HIV-1 integrase, which
result in resistance development: by factors of 17 (T66K
mutation), 210 (Q148K mutation), 73 (Q148R mutation),
and 23 (N155H mutation) [68]. It was ascertained at the
preclinical research phase that GSK-364735 has an ac-
ceptable pharmacokinetic profile; the bioavailability
indices F (42, 12, and 32%), the half-excretion period
from blood plasma Tl/2 (1.5, 1.6, and 3.9 h), and plasma
clearance Clp (3.2, 8.6, and 2 ml/min/kg) were obtained
on rats, dogs, and rhesus macaques, respectively [68].
The drug had good indices at the first phase of clinical
trials: it was ascertained that GSK-364735 is capable
of reducing the viral load by a factor more than 100.
However, the clinical trials ceased at the second phase
due to hepatotoxicity being revealed [68, 69].

S/GSK1349572

Shionogi-GlaxoSmithKline Pharmaceuticals has re-
ported that they have designed a highly efficient in-
hibitor S/GSK1349572 (Table 5) [70]. The authors have
not disclosed the structure of this compound, but they
claim that the agent is capable of specific inhibition of
the strand transfer reaction; the mechanism of its ac-
tion being based on chelating of Mg>* ions in the active
centre of the IN [70]. These facts allow us to tentatively
attribute S/GSK1349572 to raltegravir analogues, if
not in terms of structural characteristics, then at least
on the basis of its effect on IN. The use of this prepara-
tion results in the development of mutations in the IN
gene; however, they are incapable of providing a high
degree of virus resistance to S/GSK1349572. Interest-
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ingly, the inhibitor turned out to be active with respect
to the HIV strains that were resistant to raltegravir [70]
and elvitegravir (see below). This drug is likely to have
a different resistance profile [14]. Nevertheless, certain
secondary mutations that are additional to G140S/
Q148H, such as T97A, M154I or V201, induce resistance
both to S/GSK 1349572 and raltegravir [71]. These data
point to the necessity of subjecting the emergence of
HIV-1 resistance to this inhibitor to further study.

It was established by studying healthy volunteers
that S/GSK1349572 has a rather positive pharmacoki-
netic profile; in particular, its bioavailability upon pero-
ral administration was approximately 70%, its period
of half-excretion from blood plasma T, , being higher
than 15 h [70]. At the time of writing, the second phase
of clinical trials of S/GSK1349572 is in progress [70].

GS-9137 (elvitegravir)

The attempts to modify DKS pharmacophore made by
Japan Tobacco (Japan) resulted in the design of a group
of IN inhibitors based on 4-oxoquinoline, which re-
tained the arrangement of the major functional groups
that are required for the interaction with metal ions
[72]. The cooperation agreement between Japan Tobac-
co and Gilead Sciences (United States) signed in 2005,
laid the foundation for the clinical trials of the GS-9137
inhibitor (Fig. 5) [16] named elvitegravir, as well as the
most active representative of IN inhibitors belonging
to this structural class (T'able 5). The pharmacokinetic
profile of elvitegravir was studied on rats and dogs [73].
The drug had good indices of bioavailability F (34 and
30%), period of half-excretion from blood plasma T,
(2.3 and 5.2 h) and plasma clearance Clp(8.3 and 17 ml/
min/kg) in rats and dogs, respectively [73].

The pharmacokinetic profile of elvitegravir was
studied in both healthy [74] and HIV-infected [75] vol-
unteers. It was established that elvitegravir rapidly
assimilates (3.5—4 h); an increase in C___and AUC pa-
rameters was observed with an increasing elvitegravir
dose. The best results were obtained when administer-
ing elvitegravir together with ritonavir (protease inhib-
itor) [75]. Unlike raltegravir, elvitegravir is metabolized
by cytochrome P450 (CYP3A4) [74]. The stimulating
action of ritonavir is probably the result of its ability
to inhibit P450 cytochrome and thus maintain a higher
concentration of elvitegravir. The interaction between
elvitegravir and nucleoside and non-nucleoside inhibi-
tors of reverse transcriptase and penetration inhibitor
maraviroc was also studied. It turned out that these in-
hibitors have no considerable effect on the efficacy of
elvitegravir [74].

A randomized study of the therapeutic activity of
elvitegravir was performed on 278 HIV-infected pa-
tients who had earlier received HAART and developed

resistance to its components [76]. The patients with a
viral load of approximately 30,000 copies/ml and CD4
lymphocyte count of approximately 200 cells/ul were
given the combination of elvitegravir and ritonavir
once per day. After week 24 of trial, the viral load de-
creased by a factor of at least 10 in 90% of the patients
who had been administered elvitegravir. The viral load
decreased by a factor of 100 in 76% of the individuals
who were given 125 mg of elvitegravir and 69% of those
who were administered 50 mg of elvitegravir [76]. The
study was also performed on 40 HIV-infected volun-
teers with a viral load of 10,000—300,000 copies/ml and
an average CD4 cell count of approximately 200 cells/
ul, who received elvitegravir at different doses once or
twice a day or once a day in combination with ritona-
vir. The viral load decreased on average by a factor of
80 in the groups administered elvitegravir twice a day
and those administered the combination of elvitegravir
and ritonavir, after 10 days. However, no statistically
significant change in the CD4 cell count has been ob-
served [75].

A randomized double-blind study of the effect of
elvitegravir on HIV-infected volunteers who were
naive to HAART was carried out for 48 weeks [77]. The
patients tested were divided into two groups: one of
those received a mixture of elvitegravir with cobicistat,
the inhibitor of cytochrome P450; the second group was
given the non-nucleoside inhibitor of reverse tran-
scriptase efavirenz. In addition, both groups were ad-
ministered two nucleoside inhibitors of reverse tran-
scriptase, emtricitabine /tenofovir. It appeared that the
fraction of patients with an undeterminable viral load
in both groups reached 83% and 90% after weeks 24 and
48, respectively [77]. Thus, elvitegravir manifested a
high efficacy, which was comparable with the efficacy
of the commonly used antiviral agent efavirenz.

The data on the safety of elvitegravir is limited by
the results of the second phase of trials, in which HIV-
infected patients were given an elvitegravir/ritonavir
mixture or a competitive protease inhibitor [76]. No no-
ticeable differences between the two groups in terms of
either the frequency of side-effects, or their severity,
was observed. Additional studies are required to con-
firm how safe elvitegravir is in the treatment of HIV-
infected patients. At the time of writing, elvitegravir is
undergoing the third phase of clinical trials.

Analysis of resistance development in the individu-
als administered elvitegravir is confined to the data
obtained using HIV isolates collected from the pa-
tients participating in the second phase of clinical trials
[52, 78]. Primary mutations E92Q, T661/A /K, E138K,
S147G, Q148R/H/K, and N155H in HIV-1 integrase
were the most frequent; they are also associated with
resistance to other DKC-based inhibitors, primarily to
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raltegravir [79]. At least one of the primary mutations
was detected in 39% of elvitegravir-resistant individu-
als. In addition, cross-resistance to raltegravir was de-
tected: on average, a decrease in the susceptibility to
elvitegravir by a factor of 150 also resulted in a 30-fold
reduction of susceptibility to raltegravir. The cross-re-
sistance of HIV to the action of raltegravir and elvite-
gravir was verified by the results of cell studies [80].
Elvitegravir-resistant HIV strains were isolated, and
increased resistance to raltegravir and the derivatives
of diketo acid L-731.988 and naphthyridine L-870.810
was detected [80].

New raltegravir-based inhibitors

of HIV-1 integration

The conduct of a large number of studies aimed at
searching for new raltegravir-based IN inhibitors re-
sulted in the development of IN inhibitors belonging
to several novel structural classes. They all specifically
inhibit the strand transfer reaction and contain func-
tional groups that are capable of chelating metal ions in
the IN active centre [18]. The names of the new struc-
tural classes of IN inhibitors, the structure of individual
representatives (Fig. 5) with the indication of their ac-
tivity in vitro and in cell studies, and the data on study-
ing pharmacokinetics in rats are presented in Table 5.

The problems of usage of raltegravir

analogues as integration inhibitors

All the recorded data point to the fact that the known
raltegravir analogues act upon HIV-1 integrase via the
same mechanism, contain a similar structural motif,
and manifest comparable activity in vitro and in cell
studies. This type of identity casts some suspicion on
the successful future application of these inhibitors
as therapeutic agents. These suspicions are caused by
cross-resistance of the virus to these inhibitors.

First of all, the emergence of cross-resistance can be
accounted for by the similar mechanism of binding of
strand transfer inhibitors to the IN complex and viral
DNA [14]. As a result of the manner of binding of these
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Fig. 6. Structure
of the active site
of human foamy
virus integrase

in the absence
of inhibitor (A),
in the presence
of MK-0518 (B),
and GS-9137 (C)
[28].

compounds, they “push” the 3’-terminal hydroxyl of the
processed DNA strand out of the enzyme active centre,
thus blocking the integration. This binding mechanism
was proposed for HIV-1 IN [81] and demonstrated for
the enzyme of the human foamy virus (Fig. 6) [28]. Study
[28] was first to show that the position of 3’-hydroxyl is
occupied by the fluorobenzyl residue of the inhibitor, the
fundamentally necessary structural element of all strand
transfer inhibitors (Figs. 4 and 5).

Using data on X-ray diffraction of the catalytic do-
main of IN in its complex with Mg?" (1BL3) [18], molec-
ular docking of certain IN inhibitors based on DKC was
performed. According to the model proposed, raltegra-
vir interacts with the T66, E92, Y143, Q148, and N155
residues, their substitution resulting in a decrease in
the susceptibility to raltegravir by a factor varying
from 5 to 35 [48, 82]. Molecular docking also confirmed
the fact that amino acid residues interacting with GSK-
364735 and GS-9137 are identical to those interacting
with raltegravir [83, 84], with an exception for G140.
For the latter, a similarity is observed only in the case
of elvitegravir [18]. This result correlates with the data
demonstrating that the G140S mutation reduces HIV-1
susceptibility to elvitegravir by a factor of 4; and that
to raltegravir, only by a factor of 1.6.

Molecular docking of certain new IN inhibitors
(Fig. 5) demonstrated that these compounds bind to IN
in a manner similar to that of raltegravir. Hence, if the
results of the study [18] are valid, it is rather unlikely
that new inhibitors based on raltegravir will turn out
to be active with respect to HIV strains that are ralte-
gravir-resistant and, therefore, become an adequate
substitution for it.

Another problem that could complicate the suc-
cessful use of integration inhibitors is the scarcity of
knowledge on IN polymorphism in various subtypes
of HIV-1. Until recently, only one study had been
performed in which the susceptibility of 137 clinical
isolates to raltegravir had been tested. Sixty of those
isolates did not belong to the B-subtype [85]. No differ-
ences were revealed. However, it was demonstrated in
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in vitro experiments that the IN of the C-subtype virus
containing the E92Q/N155H mutation is more suscep-
tible to raltegravir and elvitegravir by a factor of 10 as
compared with the enzyme of B-subtype HIV-1 [86]. It
has also been demonstrated that the mutations of the
G140 residue occur less frequently in the CRF02 AG-
subtype virus as compared with those in the B-subtype
virus [87]. Data are available that raltegravir appears to
be inefficient more frequently on individuals infected
with a non-B-subtype virus [88].

ALTERNATIVE PATHS OF INHIBITION

OF HIV-1 INTEGRATION

We believe that the optimal alternative way of search-
ing for inhibitors of HIV-1 integration consists in de-
signing inhibitors with a mechanism of action that dif-
fers from that of raltegravir and its analogues, which
specifically inhibit the strand transfer. We shall pro-
vide only a brief characterization of several classes of
IN inhibitors that differ from the inhibitors of strand
transfer in terms of their mechanism of action, and
specify certain representatives of these inhibitors.

Inhibitors of 3’ processing

The inhibitors belonging to this class are likely to sup-
press both integration stages: both 3’ processing and
the strand transfer. It occurs due to the fact that they
interact with the active centre of the enzyme, rather
than with the enzyme—DNA substrate complex. It is
an appreciably numerous class of inhibitors; styryl qui-
noline compounds being the best-studied inhibitors
of 3’ processing [89]. Styryl quinoline KHD161 (Fig. 7)
has nearly the same effect both on 3’ processing (IC,, =
2.4 pM) and the strand transfer (IC, = 1 uM). It is ca-
pable of suppressing the cytopathic effect of HIV-1 in
cells with CIC, = 1.3 pM [90, 91]. IN inhibitors based on
styryl quinoline are known to be incapable of destroy-
ing the pre-formed IN-DNA substrate complex and
inhibiting the reaction of 3’ processing with its partici-
pation. Moreover, the ability of styryl quinolines to bind
onto IN depends on Mg*"ions [92]. Thus, a competitive
mechanism of IN inhibition with styryl quinolines, due
to the interaction with a metal ion in its active centre,
can be proposed.

Allosteric inhibitors

Inhibitor V-165 (Fig. 7), belonging to the class of 5H-
pyrano[2,3-d:-6,5-d’]dipyrimidines, prevents IN bind-
ing with the DNA substrate. It is more efficient in in-
hibiting the reaction of 3’ processing (IC,, = 0.9 uM), in
comparison with that of the strand transfer (IC,, = 16
uM) [93]. Moreover, V-165 suppresses HIV infection in
a cell culture [93]. A double mutation T206S/S230N in
the IN gene was successfully identified by the selection

NO,

OH OH

N= = "N

PN NP NN

HS N (o] N SH

V-165

CHIBA-3003

Hydroxycoumarin
tetramer

Fig. 7. Structures of KHD161, V-165, hydroxycoumarin
tetramer, and CHIBA-3003.

of virus strains resistant to the inhibitor V-165, since
the mutation is located in the C-terminal domain of IN,
its main function consisting in DNA binding [94].

Inhibitors of integrase multimerization

The search for compounds with an effect on the inter-
action between the IN and components of the HIV-1
preintegration complex or on their own ability to form
an active multimer is currently actively under way
[95]. Hydroxycoumarin derivatives refer to the com-
pounds that suppress IN multimerization. It has been
demonstrated that hydroxycoumarin tetramer (Fig. 7)
suppresses HIV-1 replication in a cell culture with
the value CIC, = 11.5 uM) [96]. It can inhibit the ac-
tivity of HIV-1 integrase in vitro. Hydroxycoumarin
tetramer inhibits 3’ processing and strand transfer
(IC,, = 1.5—2.0 uM) [96]. The benzophenone derivative
of hydroxycoumarin was crosslinked to integrase in
order to identify the site of inhibitor—enzyme binding
[97]. Peptide *AACWWAGIK"® to which the inhibitor
binds, has been determined [97]. This peptide partici-
pates in the dimeric complex formation of the catalytic
domain [39]. Thus, the hydroxycoumarin-based inhibi-
tor is bound to the enzyme near the surface of contact
between two monomers. The binding of hydroxycou-
marin derivatives with IN near the ' AACWWAGIK!*
peptide can disturb interaction of this kind and can
have an effect on the formation and stability of the
catalytically active integrase multimer.

Inhibitors of the interaction between

integrase and LEDGF /p75

This is the least explored direction in the search for
integration inhibitors. Regardless of the fact that PIC
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contains a large number of viral and cellular proteins
in addition to IN, it is its interaction between IN and its
cellular partner LEDGF /p75 that determines HIV-1
integration [95]. Data on the inhibitors capable of de-
stroying the IN/LEDGF complex is rather scarce; what
we know so far is that their activity is likely to be low.
The CHIBA-3003 compound (Fig. 7) was designed using
a computer simulation. It is capable of destroying the
IN/LEDGF complex with IC_, = 35 uM [98]. The effect
of the LEDGF ***THAEIKNSLKIDNLDVRNCIEAL?"
peptide on the stability of the IN/LEDGF complex
and catalytic activity of IN has been studied [99]. It ap-
pears that this peptide impedes the formation of the
IN/LEDGF complex with IC_, = 25 uM and inhibits 3’
processing and strand transfer with IC, =160 uM [99].

CONCLUSIONS

In 1996, the resources allocated to research, treatment,
and prevention of the spread of HIV/AIDS amounted
to 300 million USD. Since then, they have been steadily
increasing, to approximately 10 million USD a year at
the time of writing [18]. A considerable portion of these
funds is spent on the development of new inhibitors
aimed at the suppression of viral enzymes, including IN.

During the 2.5 years that have elapsed since raltegra-
vir was certified for use as a therapeutic agent against
HIV-1, the major efforts of pharmaceutical companies
such as Merck Pharmaceuticals, Japan Tobacco, Gilead
Sciences, and Shionogi-GlaxoSmithKline Pharmaceu-
ticals have focused on developing analogues of this
drug. Yet, many raltegravir analogues are incapable
of suppressing the replication of HIV-1 strains that are
raltegravir-resistant [83, 84]. We consider that there
is a need for a more active search for inhibitors with
a different mechanism of action, which can be active
with respect to the raltegravir-resistant viral strains.
However, it should be mentioned that none of the in-
hibitors of HIV-1 integration that do not belong to the
class of specific inhibitors of strand transfer has so far
managed to successfully pass even the first phase of
clinical trials. ®
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ABSTRACT Deregulation of the expression of the genes that are involved in the control of the cell cycle impairs
cellular differentiation and leads to cell death. This process can result in uncontrollable cell proliferation and,
subsequently, cancer development. In this study, we examined the effect of the silencing of cancer-related genes
by small interfering RNAs (siRNA) targeted at mRNA of Her2, cyclin B1 (CCNB1), and protein kinase C (PKC) on
the proliferation of human cancer cells of different origins. Maximum silencing of CCNB1, Her2 (in KB-3-1, SK-
N-MC, MCF-T7 cells), and PKC (in MCF-T7 cells) was achieved 72 h after transfection of the corresponding siR-
NAs, and 12 days after the transfection, the initial levels of the target mRNAs were fully recovered. Silencing of
Her2, CCNBI1, and PKC differently effected the proliferation of the cell lines under study. The most pronounced
antiproliferative action of the investigated siRNAs was observed in neuroblastoma SK-N-MC cells (3 — 10-fold
reduction in the proliferation rate) even after the recovery of the initial levels of expression of the Her2, CCNBI,
and PKC genes. The obtained data indicate that the CCNB1 and PKC genes can be used as targets in the develop-
ment of drugs for neuroblastoma treatment.

KEYWORDS neuroblastoma; siRNA; Her2; CCNB1; PKC; proliferation.

ABBREVIATIONS C — 2’-O-methylcytosine; U — 2’-O-methyluridine; siRNA — small interfering RNA; MTT —
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; PBS — phosphate buffered saline; FBS — fetal

bovine serum.

INTRODUCTION

Malignant cell transformation is a complex process in-
volving both genetic disorders and failure in the regu-
lation of differentiation, apoptosis, and proliferation
[1, 2]. The regulatory signal transduction network in a
cell is cascade-like and consists of a number of dupli-
cating paths [3]. When silencing one of the cell factors
that participate in signal transduction, its function can
be compensated by the activation of alternative signal
paths [3]. While on one hand this further complicates
the search for adequate molecular targets, on the other
hand, it makes it necessary to design anti-tumor cells
that would provide an irreversible antiproliferative ef-
fect by “switching off” the synthesis of the protein fac-
tors localized at the points of interception of the regula-
tory paths.

Hyperexpression of normal genes or expression of
their mutant variants encoding transcription factors,
receptors, tyrosine kinases, and other regulatory pro-
teins can be behind the uncontrollable cell division

upon cancer [2]. Suppression of the synthesis of these
proteins may provide a positive effect and normalize
cell proliferation [4—7].

Today, RNA interference is widely used both to
study the role of genes in the regulation of the cell cy-
cle and to reveal potential targets for designing new
therapeutical agents [8—10]. Specific and efficient si-
lencing of target genes can be achieved using chemi-
cally synthesized small interfering RNAs (siRNAs)
[11]. The products of such genes as Her2, cyclin Bl
(CCNB1), and protein kinase C (PKC) belong to dif-
ferent groups of proteins that participate in the regu-
lation of the cell cycle [8, 12, 13]. Earlier, it was ex-
perimentally demonstrated and clinically verified that
disorders in the expression of these genes may result
in the emergence of malignant tumors in humans [12,
14—18]. The level of amplification and expression of
these genes in breast or ovarian cancer cells, or cancer
cells in other human organs, is considerably higher
than that in the normal cells of these organs [14, 17—
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32]. Moreover, high levels of expression of the Her2,
CCNBI1, and PKC genes correlate with dire prognosis:
three-year survival rate, and the recurrence-free pe-
riod shortens [17, 18, 22—25, 30].

The Her2 gene (also known as c-erb-B2 and neu) en-
codes a transmembrane glycoprotein possessing tyro-
sine kinase activity and belonging to the family of hu-
man epidermal growth factor receptors, which play a
significant role in the regulation of the proliferation,
differentiation, and mobility of human epitelial cells
[33, 34]. A level of Her2 gene expression considerably
higher than the normal level was detected in the cells of
humans with breast, endometrial, uterine neck, ovar-
ian, fallopian tube, and lung cancer [25, 29, 30].

Cyclin Bl encoded by the CCNBI1 gene is a regula-
tory subunit of the cyclin-dependent kinase complex
(CDK1) that regulates the transition from phase G, of
the cell cycle into phase M [35]. Hyperexpression of the
CCNBI1 gene usually does not immediately result in cell
cycle disorder, which causes the accumulation of mu-
tations in a cell [36]. An increased expression level of
this gene, which is typical of benign and malignant hu-
man prostate tumors [37], is often the reason for aneu-
ploidy [38]. Disturbance in the CCNB1 gene expression
could be regarded as an early warning in malignant cell
transformation [17].

Protein kinase C encoded by the PKC gene is ex-
pressed in many human tissues and organs; it plays an
important role in the transduction of the regulatory
signals that activate various cell functions, including
proliferation [39, 40]. A level of PKC gene expression
higher than the normal level was detected in human
cancer cells of different origins [18, 19].

It has been known that silencing of the same gene
in tumor cells of different tissue origins may result in
various antiproliferative effects [41]. This determines
the necessity for comparing the antiproliferative ac-
tion of siRNAs in different human tumor cell lines.
It was earlier demonstrated that siRNAs targeted at
mMmRNAs of the Her2, CCNB1, and PKC genes efficient-
ly silence the target genes and have an antiprolifera-
tive effect on human cancer cells for 5 days following
transfection [41].

In this study, we assessed the long-term conse-
quences of short-term silencing of Her2, CCNBI1, and
PKC on the proliferation and morphology of human
tumor cells. We demonstrated that siRNAs that are
homologous to mRNAs of the Her2, CCNB1, and PKC
genes silence these genes, attaining maximum effect
(up to 4—22% of the control level) 72 h after transfec-
tion. These siRNAs demonstrated different efficiencies
of deceleration of the division of human tumor cells of
different tissue origins. We found that the antiprolif-
erative effect of siCyc and siPKC in SK-N-MC neu-
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roblastoma cells is retained even after the initial levels
of target gene expression have been recovered. The
data obtained permit the reasonable assumption that
the CCNB1 and PKC genes play a key role in sustain-
ing a high proliferation rate of neuroblastoma cells,
whereas their short-term silencing results in change
in signal transmission paths and normalization of the
rate of cell division. Thus, the CCNB1 and PKC genes
in SK-N-MC cells can serve as potential efficient tar-
gets for the agents targeted at neuroblastoma, includ-
ing siRNAs.

EXPERIMENTAL

siRNAs

All the oligonucleotides that were used to form siRNA
duplexes were synthesized at the Laboratory of RNA
Chemistry, Institute of Chemical Biology and Funda-
mental Medicine, Russian Academy of Sciences, Si-
berian Branch using the solid-phase phosphiteamide
method on an automatic synthesizer ASM-102U (Bi-
osset, Russia) and extracted using high-efficiency re-
versed phase chromatography. The nuclease-sensitive
sites in SIRNA were protected by introducing 2’-O-Me-
analogues of ribonucleotides into the siRNAs using the
algorithm described earlier [42, 43]. According to the
data of electrophoresis in polyacrylamide gel under de-
naturating conditions, the purity of the oligoribonucle-
otides was at least 95%. The following siRNAs were used
in the present study: siHer homologous to the region
1297-1317 of mRNA of the human Her2 gene (sense
strand 5’-GCAGUUACCAGUGCCAAUAUU-3’, anti-
sense strand 5’-UAUUGGCACUGGUAACUGCCC-3);
siCyc homologous to the region 189—-209 of
MmRNA of the human CCNBI1 gene (sense strand
5'-CACCAGGAACUCGAAAAUUUU-3’, antisense
strand 5’-AAUUUUCGAGUUCCUGGUGAC-3’);
and siPKC homologous to region 1079—-1099 of
MmRNA of the human PKC gene (sense strand
GCGGCCAGAGAAGGAAAAATUU-3’, antisense
strand 5’-UUUUUCCUUCUCUGGCCGCUG-3’), 2’-0O-
Me-modified units are underlined. siScr (sense strand
5-CAAGUCUCGUAUGUAGUGGUU-3’, antisense

strand 5’-CCACUACAUACGAGACUUGUU-3’) with-
out significant homologies with the nucleotide sequenc-
es of mRNAs of mouse, rat, and human genes was used
as the negative control. siRNAs were selected using the
BioPredSi software [44]. siRNAs were obtained via fu-
sion of the antisense and sense strands in a buffer of
15 mM HEPES-KOH pH 7.4, 50mM potassium acetate,
and 1 mM magnesium acetate. To perform this proce-
dure, equimolar mixtures of oligoribonucleotides (sense
and antisense strands) were incubated for 2 min at 90°C
and slowly cooled to room temperature.
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Cell cultures and siRNA transfection

Cell lines of human uterine neck carcinoma KB-3-1,
SK-N-MC neuroblastoma, and MCF-7 breast adeno-
carcinoma were obtained from the collection of the In-
stitute of Cytology of the Russian Academy of Sciences
(St. Petersburg, Russia). The cells were cultivated in a
DMEM medium (Dulbecco’s Modified Eagle Medium)
containing 10% of fetal bovine serum (FBS), 100 u/ml
of penicillin, 100 pg/ml of streptomycin, and 0.25 pg/ml
of amphotericin at 37°C in humid atmosphere with 5%
CO, content. Twenty-four hours prior to the experi-
ment, the cells in the phase of exponential growth were
seeded in 6-well plates: KB-3-1 — 4 X 10* SK-N-MC —
2 X 10°, MCF-7 — 8 X 10*cells/well or in 24-well plates:
KB-3-1 —10°, SK-N-MC — 1.25 x 10°, and MCF-7 —
1.5 X 10°cells/well and allowed to adhere overnight.
The cells were transfected with siRNA at a concen-
tration of 200 nM; Lipofectamine 2000™ (Invitrogen,
United States) or Oligofectamine™ (Invitrogen, United
States) for SK-N-MC cells were used as transfection
agents, in accordance with the manufacturer’s protocol.
The levels of specific mRNAs were determined 1-5,
7, 10, and 12 days after transfection. The cells treated
only with a transfection agent or siScr/lipofectamine
(oligofectamine) complex were used as the control.
During the experiment, the cells were reseeded once in
3—4 days to maintain the exponential growth.

Real-time reverse transcription PCR (RT-PCR)

The total RNA was extracted from the cells using the
SDS-phenol method [45]. Reverse transcription (RT)
reaction was carried out in a 20 pl mixture contain-
ing 1 pg of total RNA, 5 uM of the oligo(dT ;) primer,
50 mM of Tris-HCI, pH 8.3, 75 mM of KCIl, 3 mM of
MgCl,, 0.5 mM of dANTP, 5 mM of dithiothreitol, and
10 U of M-MLYV reverse transcriptase from the Molo-
ney murine leukemia virus. The reaction mixture was
incubated at 42°C for 1 h. The resulting cDNA was am-
plified in a reaction mixture (volume 20 pl) containing
1 pl of cDNA, 10 mM of Tris-HCI, pH 8.3, 50 mM of KCI,
1.5 mM of MgCl,, 0.01% Tween-20, 0.25 mM of each
dNTP, 0.25 uM of each primer, 0.5 mM of EvaGreen
(Biotium, United States), and 2 U of thermostable DNA
polymerase Thermus aquaticus (produced at the In-
stitute of Chemical Biology and Fundamental Medi-
cine, Siberian Branch, Russian Academy of Sciences).
Real-time PCR was carried out on a Bio-Rad iQ5 Mul-
ticolor Real-Time PCR Detection System instrument
according to the following scheme: one cycle — 3 min,
95°C, 40 cycles — 30 s, 95°C, 30 s — 58°C, 30 ¢ — 72°C. The
amount of mRNA of each gene was standardized per
the amount of mRNA of B-actin, since the level of ex-
pression of this gene is relatively constant for different
types of cells. The relative level of gene expression was

determined using the Bio-Rad iQ5 2.0 software (Bio-
Rad Laboratories Inc., United States).

The following DNA primers were used in the present
study:
Her2 forward — 5’-AGCAATGGTGTCAGTATCCAG-
GCT-3’,
Her2 reverse — 5’-TGCAAATGGACAAAGTGGGT-
GTGG-3’,
CCNBI1 forward — 5’-AGGAAGAGCAAGCAGTCA-
GACCAA-3,
CCNB1 reverse -—
GGGCACACAAT-3,
PKC forward — 5’-GCTGTCTTTCACGATGCCCC-3’,
PKC reverse — 5’-CACCCGACGACCCTGAGAGA-3’,
B-actin forward— 5’-ACCAACTGGGACGACATGGA-
GAAA-3,
- actin reverse — 5’-TTAATGTCACGCACGATTTC-
CCGC-3’.

5'-GCAGCATCTTCTT-

MTT test

The number of living cells was determined us-
ing the colorimetric method based on oxidation of
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT) in mitochondria of living cells [46]. On
day 6 after siRNA transfection, the cells were seeded
from the 6-well plate to a 96-well plate, with density
being 1.5 x 10?(KB-3-1), 7.5 x 10° (SK-N-MC), and 3 X
103 cells/well (MCF-7), followed by incubation over a
period varying from 1 to 6 days at 37°C. Then, the MTT
solution was added to the cells until the concentra-
tion reached 0.5 mg/ml. After 3 h, the culture medium
was removed; the resulting formazan crystals were
dissolved in dimethyl sulfoxide (100 ul/well), and the
optical density of the solution was measured on a Mul-
tiscan RC multichannel photometer (Labsystems) at
wavelengths of 570 and 630 nm. The results were rep-
resented as the relative proliferation rate, i.e., the rate
of cell division in the sample standardized to the cell
division rate in the control (taken as 100%). The prolif-
eration rate was calculated using the following formu-
la: V= (D,,— D,)/(At), where D , and D, are the optical
densities in the wells 12 and 7 days after transfection,
respectively; At is the time interval of cell observation
(ie., 12=7 =5 days).

Microscopic analysis

For the microscopic analysis, SK-N-MC neuroblastoma
cells after transfection with siRNA preparations for 48 h
were seeded (10°cells/well) in round coverslips with a
diameter of 15 mm, which were placed into the wells of
a 24-well plate. The oligofectamine-only treated cells,
intact cells, and the cells transfected with siScr (controls)
were incubated for 24, 48, and 72 h; whereas the cells
transfected with siRNA siCyc, siPKC were incubated
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for 3, 5, 7, and 12 days. After the incubation, the cells
were washed with 0.5 ml of DMEM and immobilized
without taking them off the coverslip with 4% para-
formaldehyde in a DMEM medium. Cell preparations
were then washed with PBS, treated with acetone for
5 min, and washed with PBS, again. Then, hematoxylin
or Feulgen staining [47] was carried out, and the cells
were incorporated into polystyrene. The stained prepa-
rations of SK-N-MC neuroblastoma cells were studied in
a DM2500 light microscope with a DFC420 digital cam-
era (Leica, Germany). Mitosis calculation was performed
upon zooming X40.

RESULTS

The Her2, CCNBI1, and PKC genes encoding the most
significant regulatory proteins of the cell cycle were
selected as targets for siRNAs, since their hyperex-
pression is frequently associated with the emergence
of various tumor diseases.

Analysis of the expression levels of the Her2, CCNBI,
and PKC genes in KB-3-1, SK-N-MC, and MCF-T7 cell
lines after transfection with corresponding siRNAs
The expression of target genes was determined in the
following cell lines: KB-3-1 (uterine neck carcinoma),
SK-N-MC (neuroblastoma), and MCF-7 (breast adeno-
carcinoma). We had previously detected a high mRNA
level of the CCNBI1 gene in these cell lines and a slight-
ly lower mRNA level of the Her2 gene; an increased
mRNA level of the PKC gene was revealed only in
MCF-7 cells [41].

The effect of sSiIRNAs on the expression of target genes
was analyzed on the basis of the following scheme: siR-
NA at a concentration of 200 nm was transfected to the
cells; Oligofectamin™ (SK-N-MC) and Lipofectamin
2000™ (other cell lines) being used as transfection
agents. 1-12 days after transfection (upon long-term
experiments, the control cells were reseeded once per
3—4 days), real-time PCR was used to extract the total
RNA from the cells and determine the level of specific
mRNAs; the B-actin gene was used as an internal stand-
ard. The specificity of the siRNA action was inspected on
the basis of the retention of the mRNA levels of -actin
and its nonhomologous target genes (Fig. 1).

As can be seen in Fig. 1, all siRNAs efficiently and
specifically silence their target genes in the cell lines
used; maximum silencing (up to 97-99%) being ob-
served 72 h after transfection. siHer decreased the
expression of the Her2 gene only, having no effect on
the expression of the CCNB1 and PKC genes, as well as
that of B-actin. Similar results were obtained when us-
ing siRNA siCyc and siPKC. Random-sequence siRNA
(siScr) caused no changes in the expression level of tar-
get genes, as well.
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Fig. 1. Relative levels of Her2, CCNB1 and PKC mRNAs
in KB-3-1 (A), SK-N-MC (B), and MCF-7 (C) cells 1 —

12 days after siRNAs (200 nM) transfection. The level of
[-actin mRNA was used as an internal standard. Mean
values obtained from three independent experiments.
The standard error of the mean < 10%. Control /gene(s)
is the relative mRNA level of genes in the control cells.
siRNA /gene(s) is the relative mRNA level of gene(s) in
the cells after siRNA transfection.

siHer and siCyc reduced the mRNA levels of the
Her2 and CCNBI1 genes in all of the cell lines used.
Seventy-two hours after transfection, the mRNA level
of the Her2 gene was equal to 15% in KB-3-1 cells, 4%
in SK-N-MC cells, and 7% in the MCF-7 cell line with
respect to the control. The mRNA level of the CCNB1
gene in the KB-3-1, SK-N-MC, and MCF-7 cells 72 h
after transfection with siCyc decreased to 22, 16, and
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18%, respectively, as compared to the control. siPKC
transfection reduced the mRNA level of the PKC gene
in MCF-7 cells to 14% (Fig. 1). The data obtained at-
test to the fact that siHer, being an inhibitor of the
Her2 gene, has the highest efficiency in SK-N-MC
and MCF-7 cell lines, whereas siCyc most considerably
decreases the mRNA level of the CCNB1 gene in SK-
N-MC and MCF-7 cells (Fig. 1). Starting with day 4 af-
ter transfection, the mRNA level of all genes gradually
increased and returned to the initial value by day 7—12
after transfection (Fig. 1).

As can be seen in Fig. 1, the kinetic curves of the rel-
ative mRNA level of the Her2, CCNB1, and PKC genes
after transfection with specific sSiRNAs are U-shaped.
The following regions can be visually isolated in each
curve: a region corresponding to the decrease in the
level of specific mRNA (days 1—3), the region where its
amount increases (days 3—7), and the region in which
the amount of target mRNA is stabilized at a level cor-
responding to its level in the control cells (days 7—12).
The gradual recovery of the initial mRNA level in cells
is probably associated with cell division, which results
in the reduction of siRNA concentration in cytoplasm,
and, therefore, in attenuation of the RNA interference
effect.

Thus, the siRNAs used provide efficient silencing of
the Her2, CCNB1 and PKC genes in human tumor cells.
The analysis of their expression at the mRNA level has
demonstrated the specificity of the action of the siR-
NAs selected.

Proliferation of KB-3-1, SK-N-MC, and MCF-
7 cell lines after the recovery of the initial level
of Her2, CCNBI1, and PKC gene expression
It was shown earlier that the observed anti-prolifera-
tive effect of the siRNAs under study is conditioned by
the retardation of cell division rather than their death
[41]. In this study, we analyzed the changes in the pro-
liferation rate of the cells after the initial level of target
gene expression was recovered. The dependence of the
proliferation rate of KB-3-1, SK-N-MC, and MCF-7
cells on the expression level of Her2, CCNB1, and PKC
was estimated using the MTT test over a period rang-
ing from day 7 to day 12 after transfection of the cor-
responding siRNA (200 nm); the cell proliferation rate
in the control samples was taken as 100% (Table 1). As
expected, transfection of nonspecific siScr does not re-
sult in a reliable change in the cell proliferation rate.
The proliferation rate of the KB-3-1 cell line after the
initial expression levels of target genes (Her2, CCNBI)
is virtually the same as that of the control cells. On the
contrary, the proliferation rate of SK-N-MC and MCF-
7 cells remained low even after the expression of target
genes (Her2, CCNB1) was recovered. Thus, after siHer

Table 1. The effect of siRNAs on the proliferation
of KB-3-1, SK-N-MC, and MCF-7 cells

SIRNA, Proliferation rate*, %
200 M KB-3-1 SK-N-MC MCF-7
Control** 100+ 7 100 =6 100 =3
SiScr 113 =10 90 =7 93+ 6
SiHer 123+ 8 369 78 £ 2
SiCyc 112+9 14+4 73+2
SiPKC 117 =14 9+3 79 =2

* The average values over the results of three independ-
ent experiments £ the standard deviation are presented.
** Cells treated with a transfection agent only.

transfection, the division rate of SK-N-MC and MCF-7
cells over the period of 7—12 days was equal to 36 and
78% of its level in the control, respectively. The prolif-
eration rate of SK-N-MC and MCF-7 cells exposed to
the action of siCyc remained at a level of 14 and 73% of
its level in the control, respectively; that of siPKC was
equal to 9 and 79% (Table 1). It should be mentioned
that siPKC has the most pronounced and longest anti-
proliferative effect (10-fold deceleration of the division
rate) on SK-N-MC neuroblastoma cells, in which the
expression of the PKC gene cannot be detected with
the methods used (see [41]). siHer and siCyc had also
the most pronounced antiproliferative effect on SK-N-
MC line cells. Thus, specific silencing of the genes that
are responsible for cell-cycle regulation is capable of
considerably decelerating and even terminating SK-
N-MC cell division.

As can be seen in Table 1, the cell lines used can be
conventionally divided into three groups: the cells in
which the proliferation rate is completely recovered
(KB-3-1); those in which the proliferation rate re-
mains considerably reduced (SK-N-MC); and those in
which the proliferation rate remains insignificantly re-
duced, after the recovery of the initial mRNA level of
the target genes. The temporary silencing of the Her2,
CCNBI1, and PKC genes is unlikely to result in irrevers-
ible changes in the regulation paths of KB-3-1 cell divi-
sion; therefore, the cell proliferation rate is recovered,
together with the recovery of the mRNA levels of these
genes. The situation is different with SK-N-MC cells:
the temporary silencing of these genes apparently re-
sults in irreversible changes in the paths of proliferation
regulation; therefore, the proliferation rate remains
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Fig. 2. Morphol-
ogy of neurob-
lastoma SK-
N-MC cells on
coverslips (total
preparations).
A — "islet" cells;
B, C — dense
spherical cell ag-
gregations; D —
neuron-like cell;
E — fusiform cell;

considerably reduced even after the mRNA levels of
the target genes are recovered. In MCF-7 cells, sup-
pression of proliferation has an intermediate character;
the division rate is reduced, although not completely.
This fact likely demonstrates that the role of the Her2,
CCNBI1, and PKC genes in the paths of proliferation
regulation differs for these cell lines in terms of its sig-
nificance.

The results obtained attest to the fact that the PKC
and CCNBI1 genes are the most efficient targets for
gene-targeted action on SK-N-MC neuroblastoma cells
and CCNBI1 breast cancer cells, respectively. In SK-N-
MC cells, the antiproliferative effect of silencing the
CCNBI1 and PKC genes is considerably higher than that
conditioned by siHer (Table 1).

Effect of CCNB1 and PKC gene silencing

on the morphological characteristics

of the SK-N-MC cell culture

The study demonstrated that the most efficient si-
lencing of the CCNB1 and PKC genes is observed in a
SK-N-MC human neuroblastoma cell culture (Table 1);
therefore, we performed a microscopic study of the
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F — mitoses (indi-
cated by arrows)
in the culture
cells 5 days after
siCyc (200 nM)
transfection; the
sidebar shows
the divergence
of the mitotic
chromosomes.
Staining by he-
matoxylin.

changes in the morphology and division of cells of this
line under the action of siCyc and siPKC.

A SK-N-MC neuroblastoma cell culture treated with
Oligofectamin™ (control) after 24 h of incubation is rep-
resented by different cell types (Fig. 2). A portion of the
cells form a monolayer with “growth islets,” another
part of the cells forms small, dense globular aggregates.
The “growth islets” of different sizes consist of flat po-
lygonal mononuclear cells with homogeneously stained
cytoplasm and non-stained vacuoles (Fig. 24) connect-
ing into networks on the coverslip surface. In most cas-
es, the “growth islets” have appreciably distinguish-
able boundaries; a tendency towards merging being
observed. Small spherical cells with a large nucleus, an
intensely stained cytoplasm, and smooth surface can be
sparsely found in the “growth islets.” Spherical cell ag-
gregates are located on the coverslip both individually
and in clusters, their appearance reminding mulberries.
Aggregation cells are small, intensely stained, with nee-
dle-like or rounded sprouts on the surface; cells with
a smooth surface occur, as well (Figs. 2B, C). The cells
lie tightly against each another, making it impossible
to count them on total preparations. The third type of
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cells that are present in the SK-N-MC neuroblastoma
cell culture is large spread cells of neuron-like shape
with a pale stained vacuolized cytoplasm (Fig. 2D). The
cells contain 1—2 nuclei; multinuclear variants occur,
as well. Neuron-like cells are mostly localized between
the “islet” cells and stand out against the general back-
ground by their isolation. Only in extremely rare cases
do they contact with the cells of other types, and even
if they are localized in the center of the “growth islets,”
the space around them is empty.

Small, strongly elongated spindle- or needle-shaped
cells with sparse vacuoles in the cytoplasm also occur
in the SK-N-MC neuroblastoma cell culture (Fig. 2E).
Thus, four morphological types of cells are revealed in
preparations of SK-N-MC neuroblastoma cells at the
light-optical level, no transition forms being observed
upon the used method of analysis.

When incubating SK-N-MC cells treated with
Oligofectamin™ for 24—72 h, the morphological char-
acteristics of the cell types remain constant; all of the
described variants being revealed on the coverslips.
A considerable increase in the total amount of cells
on coverslips is observed due to the “islet” cells; the
“growth islets” merge, and by the end of day 3 of incu-
bation these cells represent the main mass of the cul-
ture. Multiple mitoses are observed in the “islet” SK-
N-MC culture cells during the incubation for 24—72 h
(Table 2). The variety of sizes of spherical cell aggre-
gates, neuron-like and spindle-like cells does not no-
ticeably change.

The comparison of preparations of intact SK-N-MC
cells and Oligofectamin™-treated cells revealed no ob-
servable changes in the morphological characteristics
of the cells. Treatment with a transfection agent did
not result in the emergence of new variants of cells or
a noticeable change in their ratio. Transfection of SK-
N-MC cells with all siRNAs did not result in the emer-
gence of new morphological cell types, either: all prep-
arations contained the cell varieties described above at
all incubation periods. Transfection of SK-N-MC cells
with siScr did not result in any noticeable changes in
the ratio between different types of cells during 72 h
of incubation, as compared with preparations of the
oligofectamin-treated culture.

A study of the preparations of SK-N-MC neuroblas-
toma cells obtained after different time intervals after
transfection revealed distinct morphological signs of
the effect of siCyc and siPKC on the vital activity of
the cells. The “seeding” dosage being equal, the cells ei-
ther Oligofectamin™-treated or transfected with siScr
almost completely filled the surface area of the cov-
erslip after 3 days of incubation (Figs. 3B,D), whereas
transfection with siCyc or siPKC abruptly decelerated
cell division, their number on the coverslip on the same

Fig. 3. Neuroblastoma SK-N-MC cells on a coverslip (total
preparations). Control cells (only transfection reagent
treatment): A — 1 day of incubation, B — 3 days of in-
cubation. Transfection with 200 nM siScr: C — 1 day of
incubation, D — 3 days of incubation. Transfection with
siCyc: E — 3 days of incubation, F — 12 days of incubation.
Transfection with siPKC: G — 3 days of incubation, H — 12
days of incubation. Staining with hematoxylin. Size bar is
200 pm.

day being incomparably smaller (Figs. 3E,G). The cells
transfected with siCyc and siPKC were incubated for
12 days (Figs. 3F,H), whereas it was necessary to reseed
the cells transfected with siScr and the control cells
once in 3 days. The differences in the growth rate and
necessity to reseed the control and siScr transfected
cells rendered it impossible to compare the morpho-
logical characteristics of the culture transfected with
siCyc and siPKC with the control preparations after
5—12 days of incubation. Only the preparations incu-
bated for 72 h after transfection could be compared.
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The preparations of SK-N-MC cells transfected with
siCyc and siPKC during the period contained an incom-
parably smaller number of “islet” cells, in comparison
to the control. The major part of the population was
represented by small, intensely stained cells from the
globular aggregates, which included several cells at a
time. Against the background of a decreasing number
of “islet” cells, the relative number of neuron-like and
fusiform cells was increasing. Similar to events in the
control preparation, mitoses were revealed mostly in
the “islet” cells; their number abruptly decreasing, es-
pecially if compared with the preparations transfected
with siScr (Table 2).

Thus, 72 h after transfection with siCyc and siPKC,
the mitotic activity of “islet” cells is considerably de-
creased in neuroblastoma cells and their number de-
creases; therefore, the ratio between the morphological
types of culture cells changes and the share of neuron-
like and fusiform cells increases.

Late effects (days 5—12) of the transfection of neu-
roblastoma cells with siCyc and siPKC differed to a
certain extent. When using siCyc, the number of mi-
toses increased 5 days after transfection and remained
at the same level over the entire observation period
(Table 2). The cells at the mitosis stage were mostly
revealed among “islet” cells (Fig. 2E), their number
increasing, while the number of spherical cell aggre-
gates, neuron-like and fusiform cells had not noticeably
changed. It should be noted that even after 12 days of
incubation, the number of neuroblastoma cells on the
coverslips and the number of “islet” cells were appre-
ciably smaller than that in the control 72 h after the
transfection (Fig. 3B,D,F). Transfection of neuroblas-
toma cells with siPKC resulted in a more prolonged
decrease in the mitosis number; its growth being re-
corded only 7 days after transfection. It continued until
the end of observations (Table 2). Similar to the case of
transfection with siCyc, mitoses were revealed mostly
in the islet cells; their number increasing during the
incubation. Five days after transfection with siPKC,
the relative increase in the number of neuron-like and
fusiform cells noted after 3 days remained constant;
the number of spherical cell aggregations also did not
change. The islet cells comprised the major part of SK-
N-MC neuroblastoma cells 7 and 12 days after trans-
fection; their number increased intensely due to the
active mitotic division (Table 2). The density of cells on
the coverslip 12 days after the transfection was at a
maximum and exceeded that in the control and upon
transfection with siCyc (Fig. 3B,D,F,H). Thus, transfec-
tion with siPKC results in a more prolonged blocking
of mitotic division of SK-N-MC neuroblastoma cells, in
comparison with siCyc transfection; however, further
growth in the number of mitoses is more pronounced
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Table 2. The number of mitoses in SK-N-MC cells
1—-12 days after transfection with siCyc and siPKC
(200 nm)

Number of mitoses per 1,000 cells
b Control
3Y | Control*| SiSer | SiCye | siPrC |, Without
transfect-
ing agent
1 14+5 | 16+8 - - -
2 40+16 | 257 - - 22 +15
3 2110 | 33+12 | 15+11 | 16 =7 -
5 - - 30+12 | 2011 -
7 - - 286 | 355 -
12 - - 306 | 49+14 -

* Cells treated with a transfection agent only.
(-) — not determined.

and results in a more intense cell culture growth. The
analysis of the morphological characteristics of SK-
N-MC neuroblastoma demonstrates that “islet cells”
comprising the main part of the cell population, their
division being suppressed, are the main target of si-
Cyc and siPKC. The effect of siPKC appears to be more
complex as compared with that of siCyc, requiring fur-
ther investigation. The results of a microscopic study
of SK-N-MC cell growth after silencing of the CCNB1
and PKC genes (Fig. 3) agree well with the data on the
effect of this silencing on the proliferation rate of these
cells (Table 1).

DISCUSSION

Today, interfering RNAs are regarded as potential
therapeutic agents; a number of preparations based
on them have been going through different stages of
clinical trials [48]. An urgent problem is revealing the
targets in which the short-term silencing results in irre-
versible consequences for a cancer cell, such as terminal
differentiation, apoptosis, or long-term suppression of
their proliferation. An appreciably large body of data
on successful temporal silencing of the genes responsi-
ble for the emergence of oncologic diseases, including
the Her2, CCNB1, and PKC genes, has been published
recently [4, 6, 7, 49]. It has been demonstrated that this
silencing results in a decrease in the proliferation rate
of cancer cells; however, most experiments were con-
fined to incubation of up to 96 h, whereas the fall in
the mRNA level of the target gene under the action of
siRNA is retained for up to 4—5 days. There had been
no data concerning the duration of the effect of sSiRNA
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on Her2, CCNBI1, and PKC gene expression; therefore,
we were the first to study the changes in the expres-
sion level of these genes 12 days after transfection with
specific siRNAs. We were able to demonstrate that a
maximum decrease in the expression level of the Her2,
CCNBI1, and PKC genes in KB-3-1, SK-N-MC, and
MCF-T7 cells is observed 72 h after siRNA transfection.
The silencing of these genes, as it was earlier shown in
[41], slows to a different extent the proliferation of tu-
mor cells from day 3 to day 7 of their cultivation after
siRNA transfection. The analysis of the kinetics of the
changes in the levels of specific mRNAs has demon-
strated that the initial mRNA levels are recovered as
early as on day 5—day 7 after a single transfection with
the corresponding siRN A, which is likely determined by
the lifetime of siRNA in a cell (Fig. 1). The duration of
the antiproliferative effect of siRNA in various cell lines
considerably varies. The determination of the cell prolif-
eration rate over a period of day 7—day 12 after siRNA
transfection demonstrated that after the initial level of
the target gene expression is recovered, the prolifera-
tion rate of KB-3-1 cells does not differ from the rate
of cell growth in the control (that of nontreated cells,
that of the cells subjected to the action of the transfec-
tion agent only, and those transfected with a random
siRNA (SiScr)). The growth of MCF-7 cells transfected
with specific sSiRNAs remained low to a certain extent as
compared with the control. Thus, regardless of the pro-
nounced antiproliferative effect of sSiIRNA preparations
revealed, in order to limit the growth of these cell lines,
it is necessary to sustain the decreased level of target
gene expression. This can be achieved by additional in-
troduction of the corresponding siRNA into the cells or
using short interfering hairpin RNA (shRNAs), which
are expressed immediately in the target cells after their
transduction with recombinant viruses (adeno-, adeno-
associated , lenti- and retroviruses). However, the issue
of safety in using recombinant viruses for therapeutic
purposes remains far from settled [50—52].

We found that the temporary silencing of the Her2,
CCNBI1, and PKC genes in a SK-N-MC cell culture re-
sults in considerable slowing of cell division even after
the initial mMRNA level of target genes is recovered (Ta-
ble 1). The CCNB1 and PKC genes serve as the most ef-
ficient target to achieve long-term suppression of pro-
liferation in SK-N-MC neuroblastoma cells (T'able 1).
The pronounced antiproliferative effect (5—10 times)
of the short-term silencing of these genes remains for
up to 12 days of incubation. It should be mentioned
that the long-term antiproliferative effect of siPKC on
SK-N-MC cells is quite unexpected, since no hyperex-
pression of the PKC gene is observed in these cells [41].
Nevertheless, the long-term antiproliferative effect of
this specific inhibitor in SK-N-MC cells has been dem-

onstrated; the elucidation of its reasons requires ad-
ditional studies.

The proliferation rate of SK-N-MC cells remains at a
considerably low level even after siCyc and siPKC have
been removed from the cells and the level of their tar-
get genes returns to the initial level. This result is rath-
er unexpected. It appears that this phenomenon can
be interpreted taking into account the specific pattern
of gene expression in cells of neuronal origin (to which
SK-N-MC cells belong), the changes in the expression
pattern under the action of the temporary silencing of
target genes, and its subsequent reactivation. Thereby,
even a short-term expression inhibition of the CCNB1
or PKC gene is likely to result in a very slow recovery
of the cell proliferation rate (or in its complete block-
ing) even after the initial level of the products of each
target gene is recovered. It is already known that a de-
ficiency in protein p53 is observed in this cell line; i.e,,
they do not contain the most important participant of
the apoptosis induction chain, which appears to play a
significant role in their uncontrollable proliferation [53].
It is possible that the absence of this participant in the
regulatory cascade is one of the key reasons behind the
difference between the consequences of a short-term
inhibition of CCNB1 and PKC gene expression in this
cell line and the other ones that were used; their pro-
liferation rate having recovered after the level of the
target gene had returned to its initial level. It would
be of interest to study the joint action of siRNAs and
p53 inhibitors on the proliferation of cells of different
lines. As shown by the results obtained, after the in-
hibition of CCNB1 and PKC gene expression in a SK-
N-MC cell culture, the share of neuron-like and fusi-
form cells characterized by a lower mitotic activity as
compared with other morphological cell types in the
culture was high to a certain extent. An increase in the
share of these cells may attest to the induction of the
initial events of cell differentiation (either reversible or
irreversible), which may also be one of the reasons for
the so prolonged antiproliferative effect of the selected
siRNAs. To verify these hypotheses, it is necessary to
study the behavior of the cells as exposed to the action
of siRNAs for a longer period of time. Nevertheless, the
data on long-term proliferation suppression may point
to an important role played by the CCNB1 and PKC
genes in the aggressive proliferation of SK-N-MC.

A study of the morphology of SK-N-MC cells 3—12
days after transfection has demonstrated that tempo-
rary inhibition of the expression of the Her2, CCNBI,
and PKC genes does not result in their death or ter-
minal differentiation (which is demonstrated by the
retention of different cell types in the population) and
slows cell division. The gradual increase in the total
amount of cells in the preparations transfected with
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specific siRNAs and, in particular cells at the mitosis
stage by days 10—12 of incubation, points to the fact
that the duration of the antiproliferative effect of these
siRNAs on neuroblastoma cells is likely limited to 12—
15 days.

In this study, it was demonstrated using genetic and
morphological material that the Her2, CCNB1, and PKC
genes are efficient targets for specifically addressed
siRNAs in neuroblastoma cells, since the decrease in
the expression level of target genes attained with their
aid results in efficient and long-term proliferation in-
hibition. The use of siRNAs to control the growth of
tumor cells that survive chemotherapy may become
one of the aspects of a complex therapy upon cancer
and neuroblastoma, in particular. Until recently, low-
molecular-weight compounds found empirically have
been used as antitumor agents. Interfering RNAs have

the potential to become the new generation of prepa-
rations that considerably outperform known ones in
terms of specificity, efficacy, and nontoxicity. ®
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ABSTRACT Potato virus X (PVX) and some other potexviruses can be reconstituted in vitro from viral coat
protein (CP) and RNA. PVX CP is capable of forming viral ribonucleoprotein complexes (VRNP) not only with
homologous, but also with foreign RNAs. This paper presents the structure and properties of vVRNP assembled
in vitro upon incubation of PVX CP and RNAs of various plant and animal viruses belonging to different taxo-
nomic groups. We have shown that the morphology and translational properties of vVRNPs containing foreign
(heterologous) RNA are identical to those of homological vVRNP (PVX RNA — PVX CP). Our data suggest that
the assembly of the “mixed” vRNP in vitro could be started at the 5’-proximal region of the RNA, producing a
helical structure of vVRNPs with foreign nucleic acids. The formation of heterologous vRNP in vitro with PVX
CP appears not to require a specific 5’ end RNA nucleotide sequence, and the PVX CP seems to be able to pack
foreign genetic material of various sizes and compositions into artificial virus-like particles.

KEYWORDS plant viruses; RNA; viral ribonucleoproteins; translation activation.

ABBREVIATIONS PVX — Potato virus X; CP — coat protein; vRNP — viral ribonucleoprotein; MP — movement
protein; BMV — Brome mosaic virus; PAMYV — Potato aucuba mosaic virus; TMV — Tobacco mosaic virus; NMV —

Narcissus mosaic virus; AItMV — Altenathera mosaic virus.

INTRODUCTION

The protein capsid of a number of phytoviruses consists
of identical coat protein subunits folded on the basis of
helical symmetry. Genomic viral RNA is helically ar-
ranged between the turns of coat protein subunits and
follows their folding. The possibility of reversible dis-
sociation of virions into coat proteins and RNA followed
by the in vitro self-assembly of viral ribonucleoproteins
(VRNP) is an important feature of a number of viruses.
As a result, the structure and biological activity of the
virus can be reconstituted. The self-assembly (repolym-
erization) of a low-molecular-weight coat protein can
occur in the absence of RNA, yielding particles with a
structure identical to that of viruses, but possessing an
unlimited length [3].

The self-assembly procedure enables one to obtain a
“mixed” vVRNP consisting of the viral coat protein and
a heterologous RNA [4, 5]. The fact that it is possible
to construct viruses containing foreign RNA creates
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the potential for using a “mixed” artificial vRNP to
target cells and organs of plants and, possibly, animals
with foreign RNA. It is convenient to use plant viruses
to form “mixed” vRNPs, since they are highly stable,
completely biologically safe (there are no pathogens
common to both plants and animals) and the procedure
of vRNP assembly is a low-cost one due to the excep-
tionally high level of accumulation of a number of vi-
ruses in an infected plant (4—10 g/kg of leaves).

Another advantage of vVRNP is the possibility of
controllable activation of the translation of the RNA
encapsulated in the coat protein. Viruses and a
“mixed” VRNP can change their structure under the
effect of a number of factors (pH shift, phosphoryla-
tion, and the presence of certain virus-specific acti-
vating proteins).

The spiral viruses of plants, which are rather highly
stable at high temperatures, non-physiological pH val-
ues of the environment and in the presence of hydro-
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lytic enzymes, are preferable for the construction of
vRNP. Moreover, the length of a spiral virus depends
on the size of the nucleic acid; as opposed to isometric
viruses, hence, vVRNP formed in vitro can include RNA
of unlimited length. Looking ahead, it is reasonable to
assume that the spiral phytoviruses that are modified
and reconstructed in a “mixed” manner can serve as
containers to store and deliver “therapeutic” genes and
pharmaceutical agents into cells [3].

Potato virus X (PVX) is one of the phytoviruses with
a spiral structure, a typical representative of Potexvi-
rus genus of the family Flexiviridae. PVX virions are
flexible thread-like bodies 515 nm long and 13.5 nm
in diameter. A viral particle contains approximately
1350 helically folded identical coat protein (CP) subu-
nits and a viral RNA enclosed between the helix turns
[6]. A turn of the primary PVX helix consists of 8.9 CP
subunits. The PVX genome consists of a 6345 nt single-
stranded (+)-RNA [7]. The genomic RNA contains a cap
at its 5’ terminus and a poly(A) sequence at its 3’ ter-
minus [8]. The RNA of PVX encodes five proteins: viral
replicase (molecular weight of 165 kDa) and four pro-
teins that are responsible for the intercellular and sys-
temic transport of the infected material; three move-
ment proteins (MP1, MP2, and MP3, the products of
the “triple gene block”) with molecular weights of 25,
12, and 8 kDa, respectively; and a coat protein with a
molecular weight of 25 kDa [8].

It has been shown that the coat protein of potexvi-
ruses is capable of forming vVRNP in vitro not only with
the homologous RNA, but with certain heterologous
RNAs as well [9, 10].

The present study was aimed at investigating the
structure and the properties of vVRNP obtained in vit-
ro by the incubation of PVX CP with the RNA of a
number of plant and animal viruses belonging to vari-
ous taxonometric groups. The RNAs of potexviruses
(NMYV — narcissus mosaic virus, PAMV — potato aucu-
ba mosaic virus, AItMV — alternanthera mosaic virus),
tobamovirus (TMV — tobacco mosaic virus), bromovi-
rus (BMV — brome mosaic virus), and Mengo picorna-
virus (animal virus) were used as heterologous RNAs.

EXPERIMENTAL

Purification of PVX specimens, coat

protein, MP1 and PVX RNA

The PVX specimen (Russian strain) was extracted from
infected plants Datura stramonium L. according to the
procedure described by Atabekov et al. [11]. PVX CP
was obtained by salt deproteinization [12]. RNA was
extracted using the phenol technique [13] with modi-
fications. Recombinant protein MP1 was obtained ac-
cording to the procedure described earlier [14].

In vitro obtainment of VRNP

In order to obtain vRNP, the RNA and the coat protein
were mixed at a RNA : CP weight ratio of 1: 10. The in-
cubation was carried out under the standard conditions
[15]:in 20 pl of a 0.01 M tris-HCI buffer, pH 7.5 at room
temperature for 20 min. The reaction was stopped by
adding bromophenol blue or transferring the incuba-
tion mixture into ice (0°C).

In vitro translation

RNA translation was carried out in a cell-free protein-
synthesis system consisting of a wheat germ extract
according to the procedure described earlier [14], in
the presence of **S-methionine for 60 min at 25°C. The
amount of RNA in the sample was 40 pg/ul (for Mengo-
virus RNA, 25 pg/ul). Recombinant MP1 for the trans-
lational activation of RNA within vVRNP was added at a
PVX: MP1 molar ratio =1 : 100; i.e,, 1.4 pg of MP1 per
1 pg of RNA (20 pg of the virus).

Transmission electron microscopy

The specimens (15 pl) were sorbed onto copper grids for
electron microscopy, coated with formvar film (a 0.5%
formvar solution in dichloroethane was used for film
coating) for 15—20 s. Then, the specimens on the grids
were contrasted with a 2% uranyl acetate solution and
viewed on a JEOL JEM-1011 (JEOL, Japan) electron
microscope at 80 kV. The images were obtained using
a Gatan Erlangshen ES500W digital camera and Gatan
Digital Micrograph™ software.

Atomic force microscopy (AFM)

The scanning was performed on the Nanoscope 3a (Dig-
ital Instruments, Santa Barbara, United States) and
SmartSPM (Aist-NT, Russia) microscopes in air in the
resonance mode. The typical scan rate was 1 Hz. Canti-
levers fpNO1S with a resonance frequency of 118—190
kHz, rigidity of 5.3 N/m, and guaranteed needle bend-
ing radius of 10 nm (F.V. Lukin State Research Institute
of Physical Problems, Russia) were used. FemtoScan
Online software (Center for Advance Technologies,
Russia) was used to process and visualize AFM images.
For sample preparation, 5—10 pl of the specimen at the
required concentration was applied to freshly cleaved
mica or highly oriented pyrolytic graphite for 5—10 min.
Then, the sample was washed twice in a drop of dis-
tilled water and air-dried.

RESULTS AND DISCUSSION

A series of VRNP were obtained by in vitro assembly of
PVX CP and the RNAs of viruses belonging to various
taxonomic groups. The RNAs of the following viruses
were used as heterologous RNA: four potexviruses
(PVX, NMV, PAMYV, and AltMV), tobamovirus (TMV),
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Fig. 1. TEM images of the vRNPs assembled in vitro from homologous or foreign RNA and PVX CP. (A) PVX RNA;
(B) NMV RNA; (C) PAMV RNA; (D) total BMV RNA; (E) Mengo virus RNA; (F) TMV RNA; (G) AltMV RNA.
The RNA : CP ratio (w/w) = 1: 10. The samples were stained with 2% uranyl acetate. Scale bars represent 100 nm.

bromovirus (BMV, icosahedral virus with a function-
ally fragmented genome), and Mengo picornavirus
(animal virus). The homologous RNA of PVX was used
as a control.

The PVX CP is known not to form virus-like ag-
gregates in the absence of RNA [16]. Particles that are
morphologically indistinguishable from those obtained
upon the reconstruction of PVX CP with homologous
PVX RNA (Fig. 1A) can be observed in a transmission
electron microscope (TEM) after incubation of PVX
CP with heterologous RNAs of various viruses at a
RNA : CPratio=1:10 (w/w) (Figs. 1B—G). We have
already demonstrated that homologous vVRNP “PVX
RNA — PVX CP” are structurally identical to native
PVX virions [15].

The vVRNP morphology was analyzed using high-
resolution AFM imaging. The vRNP particles contain-
ing homologous and heterologous RNAs were studied
using this technique. The images of vVRNP obtained
upon the incubation of PVX CP with heterologous
RNAs (Fig. 2B—F) are identical to those of homologous
VRNP (Fig. 2A). The AFM data showed that the aver-
age height of a homologous and heterologous complex
was 10.0 = 0.6 and 9.9 = 0.9 nm, respectively (Fig. 3).
These values coincide with each other within the limits
of error and correspond to the height of the native PVX
(data not shown). As mentioned above, the diameter
of the PVX virion is 13.5 nm [6]. The heights of the ho-
mologous complexes determined using the AFM tech-
nique agree with this value [17]. However, the height
and width of a viral particle determined by AFM may
vary depending on the type of probe used, the method
of sample preparation, and the value of the force action.
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When performing measurements in air, the height of
PVX virions is typically underestimated and equal to
10—11 nm. This is associated with the fact that during
scanning, the microscope probe imposes pressure on
the sample and flattens it to a certain extent [18].

TEM and AFM were used previously to detect sin-
gle-tailed particles (STPs) with the 3’ terminus of PVX
RNA that was vacant of CP, and rod-like heads that
resulted from the helical folding of the coat protein on
the 5’ terminal RNA fragment [15].

The 1:10 (w/w) RNA : coat protein ratio in the in-
cubation mixture upon vVRNP assembly ensures the ab-
sence of excessive unbound CP on the specimen surface.
On the other hand, this amount of CP is insufficient for
encapsulation of the entire RNA. As a result, AFM de-
tects the particles in which a part of the RNA molecule
within vVRNP remains unbound to CP (Figs. 24, B, F). It
should be noted that not all short vRNPs have unbound
RNA tails (Figs. 2C—E). This may result from the hy-
drolysis of the 3’ RNA terminus not bound to CP due to
the action of the ribonucleases in the solution or upon
loading the particle suspension on the mica surface pri-
or to the analysis.

The self-assembly of RNA with the viral CP leads
to the formation of a set of vRNPs heterogeneous in
length (Fig. 3). Particles containing a completely en-
capsidated RNA were not found even when analyzing
the homologous vVRNP (Fig. 34). The most complete-
ly reconstructed PVX vRNPs reached just 300 nm,
whereas the modal length of the native virions is
515 nm. The decrease in vVRNP length seems to be the
result of the deficiency of the coat protein in the incu-
bation mixture (the RNA : CP ratio was 1 : 10 instead
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Fig. 2. AFM images of the vRNPs assembled in vitro from
homologous or foreign RNA and PV X CP. (A) PVX RNA
on mica; (B) TMV RNA on mica; (C) NMV RNA on graph-
ite; (D) total BMV RNA on mica; (E) Mengo virus RNA on
mica; (F) PAMYV RNA on mica. The RNA : CP ratio (w/w)
=1:10. The samples were air-dried. Cantilever oscillation
frequency 300—350 kHz. Arrowheads point to protein-
free RNA ftails. Scale bars represent 1 ym.

of the 1 : 20 ratio that is used to reconstruct the full-
size PVX particles).

The increase in the amount of protein within the
incubation mixture (calculated per RNA molecule)
results in an increase in the length of “mixed” (heter-
ologous) particles. Thus, at a RNA : CP ratio =1 : 10,
heterologous particles formed after protein “coating”
of the RNA of potexviruses NMV, PAMYV, and tobamo-
virus TMV were characterized by an average length of
200 nm similar to that of PVX vRNP (Fig. 3A). The size
of the RNA of these viruses is comparable with that
of PVX RNA. When using shorter viral RNAs (the to-

tal specimen of BMV RNA consists of four RNAs with
lengths varying from 800 to 3234 n), the RNA : CP mo-
lar ratio decreased while the number of short particles
(80—100 nm) increased (Fig. 3B). On the other hand,
upon incubation of Mengo virus RNA (8400 n) with the
PVX CP, the molar ratio increased and the average size
of the particles increased to 400—450 nm (Fig. 3B).

Earlier, we had revealed that the RNA molecule
within native particles of PVX and homologous single-
tail vRNPs (PVX RNA — PVX CP) is inaccessible for
translation as opposed to TMV and a number of other
viruses. However, RNA translation is activated upon
phosphorylation of PVX CP or upon formation of the
virion or vRNP with PVX MP1[11, 15, 19].

In the present work, we studied the translation prop-
erties and specificity of the translation activation of
“mixed” vRNPs using MP1.

It was demonstrated in the control experiments that
interaction between PVX RNA and PVX CP results in
inhibition of RNA translation within vRNP compared
to that of unbound RNA (Fig. 44, 1, 2). The background
translation level observed (Fig. 44, 2) may result from
the presence of unbound RNA because of CP deficiency
upon incubation [15]. The amount of unbound RNA de-
creases as the RNA : CP molar ratio increases, accompa-
nied by a drop in the background translation level [15].

On the other hand, the interaction between MP1 and
VRNP consisting of homologous coat proteins and RNA
results in efficient translation activation of the encap-
sidated PVX RNA (Fig. 44, 1, 3).

It is worth mentioning that similar results were ob-
tained by analyzing the translational activation of the
heterologous RNAs within the vRNPs reconstructed
from PVX CP (Figs. 4B—F). The addition of PVX CP
to the RNA at the 10 : 1 (w/w) ratio leads to a notice-
able translation suppression of BMV RNA (Fig. 4B, 1,
2), PAMV RNA (Fig. 4C, 1, 2), NMV RNA (Fig. 4D, 1,
2), TMV RNA (Fig. 4E, 1, 2), and Mengo virus RNA
(Fig. 4F, 1, 2) within vRNP as compared with the same
amount of unbound RNA. Almost complete transla-
tion suppression of encapsidated RNA can be achieved
by increasing the amount of CP to the RNA : CP ra-
tio = 1 : 30. Figure 4 shows the results for BMV RNA
(Fig. 4B, 4), NMV RNA (Fig. 4D, 4), and TMV RNA
(Fig. 4E, 4). The addition of the MP1 to the “mixed”
vVRNP results in translation activation (Figs. 4B—F, 3),
the translational efficiency recovering to the level of
unbound RNA (Figs. 4B—F, 1). The set of peptides that
are formed upon RNA translation within MP1-activat-
ed vRNP is identical to the products of translation of
unbound RNA as follows from Fig. 4. The results ob-
tained lead to assume that the structures of the protein
coats of the “mixed” (heterologous) and homologous
vRNPs are rather similar.
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We demonstrated previously that protein—protein
interactions between CP and MP1 play a key role upon
the MP1-dependent activation of the RNA translation
within viral particles or homologous vRNPs [15, 20].
The fundamental role in the interaction between CP
and MP1 appears to belong to the C terminus fragment
of PVX CP [21]. The results of the translational acti-
vation of heterologous RNAs within “mixed” artificial
VRNPs serve as new evidence of the key role of the coat
protein in this phenomenon.

Specific recognition of viral RNAs by the structural
protein plays a key role in the encapsidation of viral
RNA genomes during the assembly of a viral particle.
Assembly signals interacting with coat proteins (ori-
gin of assembly, OAS) have been identified in the RNA
molecules of a number of plant viruses (TMV, BMV,
turnip crinkle virus) [22—25]. In particular, the signifi-
cance of the 5’ terminus fragment of the genomic RNA
in the processes of the assembly of the virus and repli-
cation of potexvirus RNA has been demonstrated [26].

Kwon et al. [27] were able to identify in vitro the
origin of assembly of PVX within the 5’ terminus
fragment of PVX RNA (51—-84 nt) forming a stem-
loop structure (SL1). Moreover, the regulatory ele-
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Fig. 3. Histograms show-
ing height and length dis-
tribution of vVRNP on the
basis of the AFM data.
PVX CP was incubated
with RNA at RNA : PVX
CP (w/w)ratio=1:10.
(A)PVX RNA;

(B) total BMV RNA;

(C) Mengo virus RNA.
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ments that are required for the binding of RNA to the
coat protein are shown to be located in the fragment
1-107 nt of PVX RNA [28]. The data obtained by an
analysis of the translational properties of heterologous
vRNPs allow one to assume that the initiation of in
vitro assembly of heterologous vVRNP also starts at the
5’ terminus RNA fragment and proceeds in the 5’3’
direction. This conclusion is appropriate for potexvirus
RNAs (NMV, PAMYV). However, the signal for specific
assemby of TMV is located in the 3’ terminus region,;
the tRNA-like 3’ terminal structure and elements of
the polymerase gene play a role in assembly initiation
in BMV. Mengo virus RNA (genus Cardiovirus, family
Picornaviridae) with a length of 8400 nt contains the
virus-specific protein VPg [29] at its 5’ terminus; the
protein is bound to the RNA via the phosphodiester
bond; its 3’ terminus is polyadenylated [30]. It is not
quite clear which sites are recognized by the PVX CP
upon initiation of the “coating” of heterologous RNAs;
although based on the results of translational activa-
tion, this process is likely to start at the 5’ terminus. It
is most surprising that the translation of Mengo virus
RNA, which has an internal translation origin site, is
also inhibited upon binding to PVX CP and activated
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Fig. 4. In vitro translational activation of RNA within vRNP.
VRNP are formed upon incubation of PV X CP with homolo-
gous and foreign RNAs at weight ratio =10 : 1, except
for lane 4 at sections B, D, E, where the CP : RNA ratio =
30 : 1. Electrophoretic analysis (in 8—20% denaturating
polyacrylamide gel) of *S labeled translation products
produced in wheat germ extract. (A) PVX RNA; (B) total
BMV RNA; (C) PAMYV RNA; (D) NMV RNA; (E) TMV
RNA; (F) Mengo virus RNA. Lane 1is RNA; Lane 2 — RNA
+ PVX CP; Lane 3 — (RNA + PVX CP) + MP1.

upon addition of MP1. Thus, it is plausible that the ini-
tiation of vRNP is determined by the protein at least
in the case of PVX CP, and probably in the case of the
papaya mosaic virus, too (according to Abouhaidar
and Bancroft [31]). The assembly of the coat protein
of PVX and heterologous RNAs is initiated at regions
that differ considerably in terms of localization and
structure from the ones in the case of RNA interaction
with its “own” protein.

It can be assumed under the conditions of our exper-
iment that PVX CP recognizes not a specific nucleotide
sequence, but a certain structure of the 5’ terminus
fragment of the RNA, which initiates the formation of
vRNP.

CONCLUSIONS

The incubation of various foreign heterologous RNAs
with PVX CP in vitro has been shown to result in
the formation of the vRNPs having morphology and
translational properties similar to those of homologous
vRNPs. It can be assumed that a protein coat will be
formed upon interaction of a heterologous RNA and
PVX CP similar to the coat of homologous particles in
terms of its structure. The in vitro formation of heter-
ologous VRNPs with the participation of PVX CP seems
to be initiated at the 5’ terminus of an RNA molecule
and to be independent of the specific nucleotide se-
quence of the 5’ terminus RNA fragment. As a result,
PVX CP is capable of packaging foreign genetic mate-
rial of different sizes into an artificial virus-like par-
ticle. Neither the heterologous nor homologous RNA
within vRNP is accessible for ribosomes. However, it
becomes translationally active upon incubation of the
resulting vRNPs with PVX MP1. Binding of MP1 to one
of the termini of the PVX virion induces conformation
changes in the terminal subunits of the coat protein,
which results in the destabilization (remodelling) and
transition of the protein helix into a metastable state.
The following MP1-dependent translational disassem-
bly of PVX particles occurs rapidly and, most likely,
in cooperation with the release of unbound RNA and
protein subunits at early stages of the translation [20].
It is quite likely that the same mechanism is responsible
for the translational activation of “mixed” vRNPs, with
the participation of MP1, described above.

Coat proteins of plant viruses with a helical struc-
ture could be used to design and deliver into target or-
gans artificial “hybrid” nanoparticles (VRNP) capable
of in vivo disassembly under the control of various fac-
tors. @
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ABSTRACT The crystal structure of the human transcription factor DLX5 has been used for the screening of a
library consisting of 10 compounds by the molecular docking technique. In vitro tests of the 14 top-rated ligands
showed that compound Q12 displays the best ability to inhibit the proliferation of Dlx5 positive mouse lym-
phoma cells, which correlates with the down-regulation of c-myc expression. Compound Q12 has low toxicity
on normal human ovarian epithelial cells and mouse lymphoma cells with absent expression of Dlx5, and can
be used for further chemical optimization and for the development of novel, highly efficient cancer treatments.
KEYWORDS DLX35; transcription factor; small molecules; cancer; molecular docking.

ABBREVIATIONS DLX5 — human transcription factor, encoded by gene DLX5 (Distall-less homeobox gene 5);
DIx5 — mouse transcription factor encoded by gene Dlx5; K, — binding (affinity) constant; NSCLC - non-small
cell lung cancer; siRNA — small interfering RNA, RT-PCR — reverse transcription polymerase chain reaction.

INTRODUCTION

A wide range of drugs have been used in modern clini-
cal practice in order to control cancer [1—3]. However,
even if all the available drugs were to be used, the pro-
portion of patients who respond to the therapy would
remain rather small. For this reason is critically neces-
sary to design new efficient targeted methods for can-
cer treatment based on a deep comprehension of the
mechanisms of tumor growth.

Recent discoveries reveal that the transcription fac-
tor DLX5 displays oncogenic activity. The overexpres-
sion of the DLX) gene in mammalian cells stimulates
cell proliferation [4] and can be observed in endome-
trial carcinoma, non-small cell lung cancer (NSCLC),
and small cell lung cancer [5, 6]. The knockdown of the
DLX5 expression using siRNA in mouse and human
cancer cells results in the arrest of cell proliferation [4,
7]. New data point to the fact that DLX5 has a direct
effect on the expression of protooncogene c-myc [8]. All
these facts allow us to regard DLX5 as a promising tar-
get for which specific ligands that have the properties
of oncogenesis inhibitors can be found.

Attempts have frequently been made to use the so-
called “high throughput screening” to solve the prob-
lem of the search for the ligands of a certain protein [9—
13]. This screening is carried out on a cell culture or on
an in vitro model, using an earlier prepared compound
library. The logistics and cost of the studies required for

the experimental validation of a significant number of
molecules is prohibitively high in many cases. On ac-
count of these reasons, in the present study we used the
algorithm earlier elaborated to search for inhibitors of
new protein targets, based on the analysis of the crystal
structure of a target protein [14]. The algorithm is based
on the molecular docking of chemical compounds to the
known 3D model of a target protein, which predicts the
possible position of a compound in the protein—ligand
binding site, the calculation of the molecular dynamics
being used to refine the binding energies for the best
suiting compounds. As shown in our study, as well as in
previous studies [14—19], this multi-level approach is
not only efficient, but it also considerably reduces the
amount of experiments to be carried out. In this case,
it enabled the discovery of several ligands of the tran-
scription factor DLX5 that have potential for cancer
therapy.

EXPERIMENTAL

Ligand preparation and molecular docking

In order to optimize the time of computational screen-
ing, the ENAMINE library consisting of 10°compounds
was clustered using the Jarvis—Patrick algorithm [20,
21] with acceleration [22], which is contained in the
QUANTUM software package. The so-called Tanimoto
metric was calculated using the Daylight molecular
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fingerprints, which were selected as the measure of
molecular similarity [23]. The parameters of clusteri-
zation were selected in such a manner that each clus-
ter consisted, on average, of approximately 10 related
structures; the total number of non-clustered mole-
cules being no higher than 20% of the initial amount of
the library compounds. The compounds representing
the centroids of clusters were then selected for further
screening. In order to enhance the speed of molecular
docking, from the entire centroid library were selected
the molecules with the low molecular weight. All the
selected compounds were extracted from the sdf files
provided by ENAMINE and processed in the batch-
mode. The library had not been additionally enriched
with molecules active towards oncotargets or by any
other methods. The typization of protein and ligands,
as well as in silico screening, was carried out using the
corresponding tools from the QUANTUM software
package.

The software predicts the binding (affinity) con-
stants (K,) between small molecules and a target pro-
tein with an accuracy of approximately one order of
magnitude, through the estimation of their intermo-
lecular interactions, by using accurate models of atomic
forces in an aqueous environment [14, 24—26]. The hier-
archy of physical models of intermolecular interactions
was used for calculations. In order to initially find the
position of a ligand in the active site of a protein and
estimate the binding energy of the protein—ligand com-
plex, docking of the ligand to the rigid protein structure
was carried out; the results were then refined using the
flexible protein model. The modified model of inter and
intramolecular interactions AMBER/GAFF were used
[27] in order to estimate the potential energy of inter-
action. The free energy was estimated using the linear
interaction model [28]. An aqueous environment was
simulated using the modified generalized Born model
[25]. The algorithm was described earlier [14], where it
was used to search for the inhibitors of protein—protein
interactions.

Molecular docking of the molecules from the initial
compound library was performed to the rigid structure
of the DLX5 2DJN protein obtained from the Protein
Data Bank (PDB) [29]. The region of the 3D structure
that was selected for molecular docking was 2 x 2 x 2 nm
in size. The ligands with the best predicted binding en-
ergies were recalculated to the models with a flexible
protein [14, 15]. In order to verify that the selected mol-
ecules had not been described earlier, the following facts
were checked: whether or not these compounds and/
or their analogues had been contained in the database
or had been mentioned in the reviews devoted to the
known inhibitors.
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Cell cultures

In the present study we used the earlier characterized
[30] line 42 of T-cell lymphoma from Akt2-transgenic
mice (42-936, 42-577, and 42-588) and line 72 (wtl36).
The cells were incubated in the Iscove’s MDM medium
containing 10% of fetal bovine serum (FBS).The other
cell lines were incubated in the RPMI medium with 10%
of FBS. All cell cultures were kept at 37°C at an atmos-
phere of 5% CO,. Potential inhibitors of DLX5 (DIx5)
were added to the medium containing 10° tumor cells
at a concentration of 10 uM followed by incubation for
96 h at 37°C. The cell proliferation was assessed using
the CellTiter 96 Aqueous One Solution Assay (Prome-
ga) in accordance with the manufacturer’s protocol.
Each experiment was repeated at least three times.

RNA extraction and real-time RT-PCR

The RNA was extracted from the line 42 mouse T-cell
lymphoma cells after incubation with compound Q12
and DMSO for 96 h using the RNAqueous® Kit, in ac-
cordance with the manufacturer’s protocol. Real-time
RT-PCR (repeated at least in triplicates) was carried
out in a specialized service of the Fox Chase Cancer
Center. The samples for estimation of the expression
of the c-myc, Dlx5, and Tbp genes were synthesized at
Applied Biosystems.

RESULTS AND DISCUSSION

Screening for the new ligand molecules specific to
DLX5 has been carried out with The QUANTUM soft-
ware suite, based on the analysis of the protein crystal
structure [14, 24—26]. This approach not only enables
the identification of the molecules with potential to bind
with a certain protein, but also allows us to minimize the
quantity of false positive results, when the molecules
with a high binding energy predicted in silico manifest-
ed no functional activity in the experiment. The search
was made more complicated by the absence of prelimi-
nary data on the binding of the known compounds with
DLXS5 protein; therefore, blind studies were performed.
The best molecules and all their structural analogues
from the original ENAMINE library were sorted on the
basis of their predicted binding energy. According to the
results of molecular docking, 100 ligands were selected,
14 of those with the best predicted binding energy of
DLX5 protein were ordered and synthesized at ENAM-
INE company; then, they were tested on cell cultures.
Figure 1 shows an example of molecular docking with an
active DLXS5 site of one of these ligands.

The cells of the earlier characterized line 42 of T-cell
lymphoma from Akt2-transgenic mice [4, 30] were used
as a model to verify the specific activity of the select-
ed ligands. These cells bear a clonal chromosome rear-
rangement —chromosome 6 inversion, which results in
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Fig. 1. Molecular docking of one compound selected for
further experiments: chemical structure and position of
compound in the active site the transcription factor DLX5.

the translocation of the DIlx5 gene into the region under
control of the T-cell enhancer and in the overexpression
of DIx5 protein. Lymphoma cells 42-936 were incubated
with each of the 14 selected DLX5 ligands; the impact
of the ligands on proliferation was assessed. As can be
seen in Fig. 2A, the ligands demonstrate different effi-
cacies of impact on the proliferation of lymphoma cells;
compounds Q8, Q12, Q9, and Q13 manifested the best
inhibitory activity. The possible nonspecific cyto-toxic
action of the selected compounds was tested on normal
human ovarian epithelial cells without DLX5 expres-
sion (Fig. 2B). When comparing with the control, it can
be seen that most ligand molecules, with the exception
of the compounds Q8 and Q13, manifest no significant
cyto-toxicity. Since Q8 and Q13 manifested a cytotoxic
effect, they were eliminated from further considera-
tion. Compounds Q12 and Q9 were selected for further
studies as the most promising ones.

In order to eliminate the possibility of a nonspecific
impact of compounds Q12 and Q9 on cells of the lym-
phoid series, their action was tested on T-cell lympho-
ma cells of line 72 with absent expression of Dix5 from
Akt2-transgenic mice (Fig. 3). Cells of line 72 contain
another type of chromosome rearrangement, a trans-
location between chromosomes 14 and 15 (t(14:15)),
which results in an increased expression of protoonco-
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Fig. 2. Experimental estimation of the properties of 14
compounds, for which high binding energy for the 3D
structure of DLX5 was predicted: their efficacy was
estimated by the impact on proliferation of DIx5 posi-

tive mouse lymphoma cells 42-936 (A) and cytotoxicity
measured by the impact on proliferation of normal human
ovarian epithelial cells (B). K - is the level of proliferation in
the control. The columns depicting the effect of the most
promising compounds are labeled with asterisks (Q12(*)
and Q9(**)).

gene c-myc [30]. Figure 4 shows the results of the effect
of compound Q12 on the proliferation of an additional
two subtypes of lymphoma cells expressing Dlx5 (42-
577 and 42-588), as well as the proliferation of the hu-
man lymphoma cells Jurkat and Molt16 not expressing
DLX5. A general conclusion can be made from the data
presented in Figs. 3 and 4 that compounds Q9 and Q12
have no effect on the proliferation of cells not express-
ing Dlx5; however, they are highly efficient in the sup-
pression of the proliferation of cells in which this factor
is expressed.

It is known that the DLX5 transcription factor can
directly control the expression of protooncogene c-myc
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Fig. 3. The selectivity of compounds Q12 and Q9 on
mouse lymphoma cells. Left panel: the impact of com-
pounds on proliferation of DIx5-positive mouse lymphoma
cells 42-936. Right panel: the impact of compounds on
proliferation of DIx5-negative mouse lymphoma cells
wil36. Additional labeling is identical to that in Fig. 2.

[8, 30]. The impact of Q12 on the expression of c-myc in
the lymphoma cells 42-936 expressing Dlx5 was stud-
ied by real-time RT-PCR. Figure 5 shows the levels of
mRNA of c-myc with respect to the endogenous con-
trol, mRNA of TATA-binding protein (Thp) or mRNA
of DIxb, as well as mRNA of DIx5 with respect to
mRNA of Tbp in the presence of 10 pM Q12 and with-
out any addition of it. It can be seen that the expression
of c-myc decreases considerably under the action of
@12, while the expression of Dlx5 remains intact. These
results agree with the conception of the inhibitory ef-
fect of ligand Q12 on the transcription activity of the
DIx5 factor. Although these data need to be tested on
a larger number of cell lines, it is tempting to make a
preliminary conclusion on the specificity of binding be-
tween the transcription factor DLX5 and ligand Q12
based on the results of this study.

The approaches used in this study made it possible
to experimentally identify the most active inhibitors
of DIx5 (DLX5) out of those that were tested. Further
plans include optimizing the structure of the result-
ing compounds in terms of parameters such as the en-
hancement of efficacy, reduction of possible nonspe-
cific toxicity, and the enhancement of the metabolic
stability. The next stage of this study assumes that
the activity and toxicity of the optimized compounds
will be assessed in vivo, and their K will be measured
directly.
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Fig. 4. Selectivity of compound Q12 on human lymphoma
cells. On the left: proliferation of DIx5-positive mouse lym-
phoma cells 42-577 and 42-588. On the right: prolifera-
tion of DLX5-negative human lymphoma cells Jurkat and
Molt16. Additional labeling is identical to that in Fig. 2.
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Fig. 5. Real-time RT-PCR. The measurement of the expres-
sion of c-myc and DIx5 in mouse lymphoma cells 42-936,
after cultivation with 10 pM compound Q12 by the mRNA
level. Tbp is the TATA-binding protein.

CONCLUSIONS

With the aim of verifying the fundamental possibility
of using the DLX5 transcription factor as a target for
anti-tumor agents and designing drugs that can sup-
press the development of certain types of human tu-
mors (T-lymphomas, lung and ovarian cancer), a search
for specific ligands of the DLX5 factor was performed
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based on the analysis of its crystal structure. It was
shown that more than 50% of compounds which were
selected by docking technique are capable at micro-mo-
lar concentrations to inhibit the proliferation of mouse
lymphoma cells expressing Dlx5. Moreover, most of the
compounds active on DIx5 positive lymphoma cells had
no effect on other types of cells that do not express this
transcription factor, which serves as evidence of the
specificity of the selected molecules. Compounds Q12
and Q9 were found to be the best in terms of the ratio
between the parameter characterizing the efficacy and
the absence of nonspecific cytotoxicity. The observed
decrease in the expression of c-myc under the action of
Q12 attests to the inhibitory effect of this ligand on the
transcriptional activity of the DIx5. The compounds dis-

covered are the first described low-molecular-weight
ligands of DLX5 which can be used for subsequent
chemical optimization and the development of highly
efficient anti-tumor agents. ®

This study was carried out within the framework of
inter-institute collaboration between the
Pirogov Russian National Research Medical
University (Division of Molecular Biology and Medical
Biotechnology) and the Fox Chase Cancer Center
(Philadelphia, United States), in cooperation with
Quantum Pharmaceuticals. The authors are grateful
to E.G. Getmantsev and L.I. Men’shikov for their
assistance in performing the calculations and for the
many productive discussions.
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ABSTRACT The mutations in the GJB2 (Cx26) gene make the biggest contribution to hereditary hearing loss. The
spectrum and prevalence of the GJB2 gene mutations are specific to populations of different ethnic origins. For
several GJB2 mutations, their origin from appropriate ancestral founder chromosome was shown, approximate
estimations of “age” obtained, and presumable regions of their origin outlined. This work presents the results
of the carrier frequencies’ analysis of the major (for European countries) mutation ¢.35delG (GJB2 gene) among
2,308 healthy individuals from 18 Eurasian populations of different ethnic origins: Bashkirs, Tatars, Chuvashs,
Udmurts, Komi-Permyaks, Mordvins, and Russians (the Volga-Ural region of Russia); Byelorussians, Ukrain-
ians (Eastern Europe); Abkhazians, Avars, Cherkessians, and Ingushes (Caucasus); Kazakhs, Uzbeks, Uighurs
(Central Asia); and Yakuts, and Altaians (Siberia). The prevalence of the ¢.35delG mutation in the studied ethnic
groups may act as additional evidence for a prospective role of the founder effect in the origin and distribution
of this mutation in various populations worldwide. The haplotype analysis of chromosomes with the ¢.35delG
mutation in patients with nonsyndromic sensorineural hearing loss (N=112) and in population samples (N =358)
permitted the reconstruction of an ancestral haplotype with this mutation, established the common origin of the
majority of the studied mutant chromosomes, and provided the estimated time of the ¢.35delG mutation carriers
expansion (11,800 years) on the territory of the Volga-Ural region.

KEYWORDS hereditary nonsyndromic sensorineural hearing loss; G/B2 (Cx26) gene; c.35delG mutation; ances-
tral haplotype; populations of the Volga-Ural region.

INTRODUCTION

Hereditary deafness is a frequent disorder in humans:
it is recorded in 1/1,000 newborns. The etiology and
pathogenesis of this disease are still to be clarified;
however, approximately half of the cases of hereditary
deafness are a result of genetic disorders [1].

The hereditary forms of innate hearing loss are char-
acterized by clinical polymorphism and genetic hetero-
geneity. In the nuclear genome, about 114 loci were
mapped and 55 genes were identified, whose muta-
tions to a certain extent cause hearing loss. About 80%
of all cases of hereditary nonsyndromic hearing loss
fall within the category of autosomal-recessive forms;
15—20% — autosomal-dominant, and about 1% - the

52| ACTANATURAE| VOL.3 Ne 3 (10) 2011

form linked with the X-chromosome and mitochondrial
forms of deafness [2].

The most frequent cause of nonsyndromic autosom-
al recessive hearing loss in humans is the mutations in
the GJB2 gene (gap junction B2, subunit 2 of the gap
junction protein), localized in the chromosomal region
13q11—ql3 and coding connexin 26 (Cx26), which is
the transmembrane protein involved in the formation
of connexons. Connexons are structures consisting of
six protein subunits, which form cellular channels, en-
suring a fullblown ion exchange among adjacent cells.
This facilitates the maintenance of the homeostasis of
endolymph in cochlea tissues. Recently, the fine struc-
ture of intercellular channels formed by connexin 26



Fig. 1. Structure
of intercellular
channels formed
by molecules of
connexin 26. A,
B,C,D,F, Eand
A',B',C',D',F
', E' - connexin
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was reported (Fig. 1) [3]. When there are defects in
connexin 26, the functioning of the intercellular chan-
nels is irreversibly disrupted in the tissues of the in-
ternal ear and endolymph homeostasis is not restored:
a factor that is necessary for normal sound perception
[4].

So far, in the GJB2 gene, over 150 pathogenic muta-
tions (mainly recessive), several polymorphisms and
sequencing variants whose role in the pathogenesis of
hearing loss is still unclear, have been described [2]. The
spectrum and frequencies of the GJB2 gene mutations
are characterized by significant interpopulation differ-
ences. The racial and/or ethnic specificity of the spread
of several GJB2 gene mutations is preconditioned in
some cases by the founder effect, as well as by, in all
likelihood, the geographic and social isolation of some
populations. Researchers have managed to show the
origin of some GJBZ2 gene mutations from an ancestor
founder chromosome, to obtain approximate estima-
tions of the “age” of the mutations, and to outline sug-
gested regions where they appeared [5—10]. The mu-
tation c.35delG (p.Glyl2Valfsx1) is the most frequent
in Europe. It first emerged, according to various esti-
mates, 10,000 to 14,000 years ago on the territory of the
Middle East or Mediterranean region (probably on the
territory of modern Greece) [10—12] and spread in Eu-
rope with the migrations of the neolithic population of
Homo sapiens [6]. Haplotype analysis of the chromo-
somes with mutation c.235delC (p.Leu79Cysfsx3) in

Minimum diameter 51 A

populations of Japan, Korea, China, and Mongolia has
allowed to put forward a hypothesis about the founder
effect regarding the origin and distribution of this mu-
tation in East Asia and to estimate its “age” (~11,500
years) and presumed appearance in the Lake Baikal re-
gion, from where it spread, by way of sequential migra-
tions, over Asia [7]. The “age” of the mutation c.71G>A
(p.Trp24X), most widespread in India, has also been as-
sessed (~7,880 years) [8]. The ethnic specificity of the
mutation c.167delT (p.Leub6Argfsx26) and mutation
c.427C > T (p.Argl43Trp) was shown for populations
of the Ashkenazi Jews [5] and for some populations of
Western Africa (Ghana) [13, 14], respectively.

In Russia, several research groups have studied the
hereditary forms of deafness [15—32]. In most cases,
they have considered the genetic-epidemiological and
clinical-genetic peculiarities of the inherited forms
of hearing loss, and a series of papers are devoted to
the molecular-genetic analysis of the GJB2 gene or its
single mutations [17—21, 25—30]. Some authors have
obtained data on the specificity of the range and fre-
quency of separate mutations in the GJBZ2 gene func-
tion in the studied region. For instance, the most fre-
quent mutations in the Siberian populations (Yakuts
and Altaians) are IVS1 + 1G>A [27] and ¢.235delC [25],
respectively. The populations of the Volga-Ural region,
as generally in the European part of the continent,
predominantly exhibit the mutation c.35delG [18—22,
28]. Local differences in the carrier frequency of the
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mutation c.35delG are probably related to the genetic
history of some populations, and factors of population
dynamics, and migration routes of the c.35delG carriers
in the world. The available data on the contribution of
the GJB2 mutations to the development of a pathology
in patients with nonsyndromic sensorineural hearing
loss (NSHL), living in the Volga-Ural regions, and the
population-based data on the carrier frequency of the
most significant recessive mutation c.35delG permit-
ted an adequate assessment of the haplotypic diversity
of the chromosomes bearing the mutation c.35delG,
the reconstruction of the possible ancestor haplotype
linked to that mutations, and the estimated time of its
appearance on the territory of the Volga-Ural regions,
which represents the eastern border of the habitat of
the mutation c.35delG.

EXPERIMENT

The material taken for the haplotypic analysis and es-
timates of the “age” of c.35delG of the gene GJB2 was
56 DNA samples (112 chromosomes) obtained from pa-
tients with NSHL, residing in the Volga-Ural regions,
in which the mutation.35delG was identified in the ho-
mozygote state (32 Russians, 10 Tatars, 1 Bashkirs, 4
Ukrainians, 2 Armenians, and 7 individuals of mixed
ethnicity). The control group included 179 (358 chromo-
somes) healthy individuals from three ethno-geograph-
ical groups of the Russians (N = 86); Tatars (N = 62);
and Bashkirs (N = 31) without this mutation.

To analyze the carrier frequency of c.35delG 2,308
DNA samples were used, which were obtained from
healthy individuals-representatives of different popu-
lations of the Volga-Ural region, Central Asia, North-
ern Caucasus, Eastern Europe, and Siberia, belonging
to four language families (Table 1).

The blood samples were obtained during expedi-
tions between the years of 2000 and 2010, after receiv-
ing the informed written consent of the participants in

1.5 Mb.

GJB2
(19659605—-19665114 b.p.)
D13S141
(19622459-19622584 b.p.)
1.535 cM (Marshfield)
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D13S175

5.94 cM (Marshfield)

the study. The genomic DNA was extracted from pe-
ripheral blood using the phenol-chloroform extraction
method.

The present scientific-research work was approved
by the local committee for biomedical ethics at the IBG
UNT of the Russian Academy of Sciences (Ufa).

Screening of the ¢.35delG mutation in the GJB2 gene
The screening of the mutation ¢.35delG in the GJB2
gene was carried out with the allele-specific amplifi-
cation of fragments of the coding region of the GJB2
gene using the primers listed in Table 2. The results
were visualized by vertical electrophoresis in a 10%
polyacrylamide gel (PAAG) with further staining of
the ethidium bromide solution in the standard concen-
tration and viewing in ultraviolet rays.

Analysis of haplotypes and estimate of
the “age” of the mutation c.35delG
For the analysis of the haplotypes and the estimated
age of the mutation c.35delG in the GJB2 gene, three
high-polymorphic microsatellite CA-markers were
used: D13S175, D13S141, and D13S143[6, 9, 10, 12, 36],
flanking the DFNBI1 locus, which contains the GJB2
gene. The physical and genetic localization of the mark-
ers at chromosome 13 and genetic distances between
them, as well as the GJB2 gene, were identified on the
basis of the Marshfield genetic linkage map (http://
www.ncbinlmnih.gov/mapview/). The total physical
distance of the flanked region was ~ 2 Mb. (Fig. 2). The
choice of the markers was preconditioned to fall with
the strive to get the possibility of comparable data, as
earlier these markers were used for the assessment of
the age of mutations in the gene GJBZ2 in different pop-
ulations [6, 9, 10, 12, 36].

The STR-markers were genotyped using PCR at the
thermocycler (Eppendort), and appropriate oligonu-
cleotide primers were used (Table 2). Products of the

Fig. 2. Localiza-
tion of the micro-
satellite mark-
ers D13S141,
D13S175,

and D13S143,
flanking the
GJB2 gene, on
chromosome
13. The distance
between the
GJB2 gene and
the markers is
indicated by ar-
rows.

D135143

(19746380-19746734b.p.) (21172085-21172213 b.p.)

6.03 cM (Marshfield)



RESEARCH ARTICLES

Table 1. Carrier frequencies of the c.35delG mutation in 18 ethnic groups dwelling on the territory of Eurasia

. Indo-European / . . . 3/90
Ukrainians Slavic Kharkov region and Poltava region, Ukraine n (0.033)

. Indo-European / . . . 2/92
Russians Slavic Yekaterinburg, the Russian Federation (RF) (0.022)

1/96

Al'met’evskii and Yelabuzhskii districts, the Republic of

Tatarstan, RF 96

Tatars Altaic / Turkic

Uralic / Finno-
Ugric

5/80

Mordvins (0.062)

Staroshaiginskii district, the Republic of Mordovia, RF 80

Komi- Uralic / Finno- Kachaevskii district, the Komy-Permyak Autonomous

Permyaks Ugric District, RF 80 0/80

. . | Alma-Atinskaya region, Kyzylordinskaya region, and Abaiskii 2/240
Kazakhs Altaic / Turkic district, Kazakhstan 240 (0.008)

Uzbeks Altaic / Turkic The Republic of Uzbekistan (disperse sample) 60 0/60

North-Caucasian . . . 3/80
/ Adygo-Abkhaz Abkhazia and Georgia (disperse sample) 80 (0.038)

Abkhazians

North-Caucasian 1/80

Cherkessians / Adygo-Abkhaz The Karachaevo-Cherkess Republic, RF 80 (0.013)

Megino-Kangalasskii, Amginskii, Churapchinskii, Tattinskii, 1/247

Yakuts Altaic / Turkic Verkhnevilyuiskii, Vilyuiskii, Nyurbinskii, and Suntarskii 247

uluses (districts), the Republic of Sakha (Yakutia), RF (0.004)
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Table 2. Sequences of primers used for amplification

L Name and nucleotide sequence of primers Detection
ocus method Reference
35delG F 5’-CTTTTCCAGAGCAAACCGCCC-3’
GJB2 (13q11-q12) 35delG R 5'-TGCTGGTGGAGTGTTTGTTCAC-3’ [15]
F-5-GTCCTCCCGGCCTAGTCTTA-3’
DREIE R-5-ACCACGGAGCAAAGAACAGA-3’ Visualization of [33]
- - PCR fragments
F-5-CTC ATG GGC AGT AACAAC AAAA-3 ; [
D13S143 R-5-CTT ATT TCT CTA GGG GCC AGC T-3 in 10% PAAG [34]
D13S175 F-5-TAT TGG ATA CTT GAA TCT GCT G-3’ [35]
R-5-TGC ATC ACC TCA CAT AGG TTA-3
PCR-reaction were separated by vertical electrophore- p-q

sis (glass size 20 X 20 cm, Helicon, Russia) in 10% PAAG
and 5% glycerin. The gels were stained with silver ions.

The linkage disequilibrium between alleles of the
13th-chromosome loci was calculated using the follow-
ing formula:

0= (Pd— Pn)/(1 — Pn),

where 0 is the measure of linkage disequilibrium, Pd
is the frequency of the associated allele among mutant
chromosomes, and Pn is the frequency of the same al-
lele among intact chromosomes [37].

The statistical significance of differences in the fre-
quencies of the alleles of the studied markers on 112
chromosomes containing c.35delG and 358 chromo-
somes without this mutation was assessed using the
standard y*test 2x2 (the MedStat software).

The age of expansion of the founder haplotype bear-
ing the mutation c.35delG in the GJB2 gene was es-
timated via the genetic clock approach [38], which is
based on the definition of the number of generations
(q) from the moment of the mutation appearance in the
population to the present, proceeding from the ratio of
linkage disequilibrium in terms of polymorphous mark-
ers linkage with the locus of the disorder. This age was
calculated using the following formula:

q=log[1 - Q/(1 — Pn)]/log(1 — ©),

where q is the number of generations since the moment
the mutation appeared in the population, @ is the share
of mutant chromosomes without the founder haplo-
type, Pn is the frequency of the allele of the founder
haplotype in the population, and © is the recombinant
fraction. The value of © was computed given the physi-
cal distance of the markers from the location of the mu-
tation, stemming from the ratio 1 ¢cM = 1,000,000 b.p.

The value for the allele association was estimated by
the coefficient of standard linkage disequilibrium ac-
cording to [39]:
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ASt =

Jp+a)2-p-g)
where p and q are the frequencies of the alleles or hap-
lotypes of the normal (p) and mutant (q) chromosomes.
The haplotypic diversity indicator equivalent to the
expected heterozygosity was calculated using the for-
mula:

h=(1-Ex§)N/(N-1),

where x is the frequency of each haplotype in the pop-
ulation, and N is the sample size [40].

RESULTS AND DISCUSSION

In many populations worldwide, the main contribu-
tor to the development of nonsyndromic sensorineural
hearing loss (NSHL) is the mutations of the GJB2 gene.
In most European populations, up to 40—50% of cases of
NSHL are preconditionally caused by one of the major
recessive mutations of this gene, c.35delG, which is re-
vealed in the homozygous or compound-heterozygous
state [41]. In connection with this, many researchers
have analyzed the carrier frequency of c¢.35delG in a
variety of populations in the world. A large-scale study
which embraced 17 European countries showed that
the mean carrier frequency of the c.35delG mutation
amounts to 1.96% (1/51), ranging from 2.86% (1/35) in
South-European countries to 1.26% (1/79) in Northern
Europe [42]. In the Mediterranean region, the highest
carrier frequency of c.35delG were observed in Greece
(3.5%), in the southern regions of Italy (4.0%), and in
France (3.4%) [43]. As a result of the meta-analysis of
the c.35delG carrier frequency in over 23,000 individu-
als from different populations, carried out on the basis
of the data published between the years of 1998 and
2008, the average regional frequencies of c.35delG were
determined in the European (1.89%), American (1.52%),
Asian (0.64%), and African (0.64%) populations, as well
as in Oceania (1%). Also, the decreasing gradient of the
carrier frequency of ¢.35delG (from 2.48 to 1.53%) from
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south to north in European populations and from west
to east (from 1.48 to 0.1%) in Asian populations [44] was
confirmed.

Carrier frequency of the mutation ¢.35delG

An analysis of the carrier frequency of the mutation
c.35delG in 18 populations of Russia and the former So-
viet states was carried out (Table 1).

High carrier frequencies of the c.35delG were re-
vealed in two Eastern European populations: Ukrai-
nians (3.3%) and Byelorussians (6.2%). In the Turkic-
speaking populations of the Volga-Ural region, the
carrier frequencies of the mutation c.35delG were 1.0,
0.3, and 0% in Tatars, Bashkirs and Chuvashs, respec-
tively. In the Finno-Ugric populations of the Volga-Ural
region, the c.35delG mutation was present with a high
carrier frequency of 6.2% in Mordvins, 3.7% in Udmurts,
and it was absent in Komi-Permyaks. These frequency
fluctuations among the studied populations of the Vol-
ga-Ural region are likely due to the specific features of
the historic development of these populations in the re-
gion, or could be the consequence of the relatively small
size of the samples. Earlier, a high carrier frequency
of ¢.35delG (4.4%) was found in Estonians, an appar-
ent exception for Northern European populations, who
typically have low frequencies of c¢.35delG [42]. These
data, as well as the data obtained during other studies
[15, 20—22, 28, 29], indicate the significant variation in
the carrier frequency of c.35delG among indigenous
populations of the Volga-Ural region. The carrier fre-
quency of the ¢.35delG, singled out in Russians (2.2%),
was comparable to the results for the Russian popula-
tion in the Central region of Russia [15, 18, 28]. In the
Turkic-speaking populations of Central Asia (Kazakhs,
Uighurs, and Uzbeks) the mutation c.35delG with a low

-20 0 20 40 60 80 100 120 140 160 180

Fig. 3.The spatial distribution of the carrier frequency of
the c.35delG mutation in the GJB2 gene in the popula-
tions of Eurasia (performed using the program SURFER 9.0
Golden Software Ink).

carrier frequency was observed in Kazakhs (0.8%), Ui-
ghurs (0.9%), and it was absent in Uzbeks. In the Tur-
kic-speaking populations of Siberia (Yakuts and Alta-
ians) a relatively low carrier frequency of the mutation
c.35delG (0.4%) was revealed in the Yakut population
but was not detected in Altaians. The North Caucasus
region was in the past one of the crucial migration cor-
ridors in Eurasia. It is characterized by a high diversity
of the population and a complex historical development
of its resident ethnoses. In the North Caucasus popula-
tions (Abkhazians, Avars, Cherkessians, and Ingushes),
the mutation c.35delG was discovered only in Abkhaz-
ians (3.8%) and Cherkessians (1.3%).

The spatial distribution of the carrier frequency of
the mutation in the Eurasian populations obtained on
the basis of our own data and that of relevant published
information on the c.35delG available as of 2010 [24] is
presented in Fig. 3.

The data obtained significantly added to the picture
of the mutation ¢.35delG distribution in Eurasia: Eu-
ropean regions of Russia, just as the European part of
the continent on the whole, are characterized by a high
frequency of c.35delG, and this mutation is widespread
in the polyethnic population of the Volga-Ural region.
However, the mechanisms of its spreading and time of
appearance in the Volga-Ural region are yet to be stud-
ied. To answer these questions, we carried out a hap-
lotypic analysis of the chromosomes carrying c.35delG
and those without it, using three high-polymorphous
microsatellite CA-markers: D13S175, D13S141, and
D13S143 16, 9, 10, 12, 36], which flank the locus DFNB1
containing the GJB2 gene (Fig. 2).

Frequencies of alleles of loci D13S141,

D13S175, and D13S143

Table 3 lists the distribution of frequencies for the al-
leles of microsatellite markers D13S141, D13S175, and
D13S143 in the NSHL patients (c.35delG-mutant chro-
mosomes) and in the control sample (normal chromo-
somes), including three ethnic groups (Russians, Tatars,
and Bashkirs).

In other studies, the area sized 2 Mb and covered
by these three markers allowed for the calculation of
the approximate number of past generations since the
start of the expansion of the proposed founder hap-
lotype, including mutations of the GJB2 gene, in the
populations of India (mutation p.Trp24X) [8] and Mo-
rocco (c.35delG) [9]. A panel consisting of 8 STR-mark-
ers (D4S189, D13S1316, D13S141, D13S175, D13S1853,
D13S143, D13S1275, and D13S292) and 2 SNP-markers
was applied in dating the splicing site IVS1 + 1G>A
mutation of the GJB2 gene in the Yakut population [27].
The age of the mutations ¢.35delG and c¢.235delC was
computed using the 6 SNP-markers [6, 7]. In later stud-
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Table 3. Distribution of allele frequencies of microsatellite markers D13S141, D13S175, and D135143 in patients with
NSHL (chromosomes with the c.35delG mutation) and in the control sample (normal chromosomes)

ies aimed at clarifying the age of the mutation c.35delG
in Greece, two STR-markers, D13S175 and D13S141,
and six SNP-markers were used [12].

D13S141. The marker D13S141 has seven allelic vari-
ants [9, 12]; however, only four of them were revealed
in the ethnic groups from the Volga-Ural region. The
allele 123 (D13S141) frequency is significantly higher
(x2= 43.458; p = 0.000) on chromosomes of individuals
from the control group (59%), whereas in NSHL patients,
it is only 23%. The allele 125 (D13S141) is observed in the
mutant chromosomes with a frequency of 75%, which is
significantly higher than in normal chromosomes (31%)
(2= 67.058; p = 0.000), and it matches the data on the
allele 125 (D13S141) dominance on chromosomes with
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the mutation ¢.35delG in NSHL patients from Morocco,
Greece, Palestine, and Israel [9, 10, 12, 45].

D13S175. The marker D13S175 has eight allelic vari-
ants [9, 10, 12], of which seven are present in the eth-
nic groups of the Volga-Ural region. The allele 105
(D13S175) on c.35delG chromosomes is observed at
a frequency of 81.2%, which is significantly higher
in comparison with the normal chromosomes (43.8%)
(x>= 47.866; p = 0.000), and allele 103 (D13S175) was
significantly more frequent in the controls (x*>= 47.866;
p = 0.000 and x*>= 15.87; p = 0.000, respectively) (Ta-
ble. 3). Earlier, it was shown that, on the chromosomes
with the mutation c.35delG in NSHL individuals from
Tunisia, Algeria, Morocco, and Greece, allele 105
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(D13S175) was also very frequent (from 67 to 100%)
[9, 12, 46]. Allele 111 (D13S175) was not observed on
the chromosomes of individuals with NSHL but it was
present in 2% of the chromosomes of people with no
hearing problems.

D13S143. The marker D13S143 has eight allelic variants
[9, 12], of which seven are present in the ethnic groups
residing in the Volga-Ural region. Allele 130 (D13S143)
is the most frequent both on normal chromosomes
(79%) and c¢.35delG chromosomes (80%), and allele 134
(D13S143) is more often detected on chromosomes of
c.35delG-mutant individuals (x*= 9.909; p = 0.005).

An analysis of the distribution of the allele frequen-
cies of three microsatellite loci D13S141, D13S175, and
D13S143 on normal and c.35delG chromosomes re-
vealed a pronounced misbalance in linkage between the
specific alleles of these markers and mutation c.35delG
in the GJB2 gene (Table. 3). The degree of association
of the out-gene microsatellite loci under study vividly
reflects the standard coefficient of the allele associa-
tion (AS?) [39]. The greatest degree of linkage with the
mutation c.35delG is typical of allele 125 of the marker
D13S141 (ASt = -0.438) and allele 105 of the marker
D13S175 (ASt = -0.386).

Haplotype analysis and age of ¢.35delG mutation

Given the data we obtained during the study of the
polymorphism of the markers D13S141, D13S175, and
D13S143, and the linkage disequilibrium of some of
their alleles with the mutation c.35delG in the GJB2
coding region, we suggested that they may be evidence
of the presence of a single ancestor haplotype, which
carries this mutation. As a result, for three polymorphic

Fig. 4. The distribution
of frequencies of haplo-
type D13D141-D13S175-
D13S143 on normal chromo-
somes and chromosomes
with a mutation c.35delG in
patients with NSHL (non-
syndromic sensorineural
hearing loss). Along the St
H H 5 .\d\ S "\J!"\""b“'? o
vertical and horizontal axes ST,
the frequency of the haplo- h
type and the names of the
haplotype are indicated,
respectively. The arrow
shows the haplotype 125-
105-130.

0,600
n.snu-«]
0400
0,300

0,200

0,700

B Normal chromosomes

B Chromosomes with c.35delG mutation

loci, haplotypes of members of each of the 56 families
with hereditary deafness and healthy donors were con-
structed. A precise identification of the haplotype by
the alleles D13S175-D13S143-D13S141 is possible for
112 mutant chromosomes with ¢.35delG and 358 nor-
mal chromosomes.

In all of the chromosomes analyzed, 59 different
variants of haplotypes were revealed, of which 52 were
found on normal chromosomes and 25 on c¢.35delG-
mutant chromosomes (Table 4).

The distribution of the haplotypes on 358 normal
chromosomes is characterized by a high value of hap-
lotypic diversity (h = 0.943), the frequency of the most
wide-spread haplotype 123-105-130 amounts to 17.8%,
and 11 other haplotypes are found at frequencies ex-
ceeding 2%. For the distribution of haplotype frequen-
cies on 112 chromosomes with the mutation c.35delG,
a lower value of the haplotypic diversity (h = 0.645)
is typical, the haplotype 125-105-130 is the most fre-
quently found (59%), and the frequency of six haplo-
types exceeds 2%. Seven haplotypes rarely occurring on
the mutant chromosomes (below 2%) were not detected
on normal chromosomes. The graphic mapping of the
occurrences of the haplotypes D13S141-D13S175—
D13S143 on the normal chromosomes of healthy donors
and c.35delG-mutant chromosomes in NSHL patients is
illustrated in Fig. 4.

An analysis of the distribution of the haplotypes
D13S141-D13S175-D13S143 on normal chromosomes
in people of different ethnic origins (Russians, Tatars,
and Bashkirs) showed differences in the spectrum of
haplotypes in the surveyed ethnic groups and statisti-
cally significant differences in the frequencies of the
haplotypes (x*= 57.335; p = 0.000; d.f. = 56). In Russians

Haplotype
125-105-130

o LSS
A P & ""«"n”".;s“',ss -
TS G S S
R [ P
A -H'*l-\.'"ﬂ S o
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Table 4. Frequencies of haplotypes D135141-D135S175-D135143, identified in chromosomes of patients with the
c.35delG / c.35delG genotype and in normal chromosomes of healthy donors living in the Volga-Ural region

| 113-101-13¢ | 1 | 0009 [ o0 | o0 | o0 [ o0 | 0 [ 0 | 0 | 0 |
| 123-103-128 | o0 | o0 [ 1 | 0002 | o0 | 0 | 1 | 0008 | 0 | 0 |
| 127-103-130 | o0 [ o0 [ 5 | 0013 [ 4 [ 0028 | 0 [ 0 | 1 | 0016 |
| 123-103-132 | o0 [ o [ 1 | 0002 [ o [ o0 [ 1 [ 0008 | 0 | 0 |
| 123-103-134 | 3 | 0027 | 8 | 0022 | 2 | 0012 | 4 | 0032 | 2 | 0032 |
| 125-103-136 | 1 | 0009 [ o0 | o | o0 | 0 | 0 | 0 | 0 | 0 |
| 125-105-128 | 1 | 0009 [ o0 | o | o0 | 0 | o0 | 0 | 0 | 0 |
| 113-105-130 | 1 | 0009 | 3 | 0008 | 3 | o017 | o0 | 0 | 0 | 0 |
| 125-105-130 | 66 | 0590 [ 35 | 0097 | 24 [ 0140 | 5 [ 0040 | 6 | 0097 |
| 113-105-132 | 1 | 0009 [ o | o [ o [ 0o [ o [ o | 0o | 0 |
| 125-105-132 | 4 | 003 | 1 | 0002 | 1 | 0006 | 0 | 0 | 0 | 0 |
| 123-105-134 | 3 | 0027 [ 9 | 002 | 3 | 0017 | 4 | 0032 | 2 | 0032 |
| 127-105-13¢ | o | o | 1 | 0002 | o0 [ 0 | 1 | 0008 | 0 | 0 |
| 125-105-138 | o0 [ o [ 1 | 0002 [ o [ o0 [ 1 [ 0008 | 0 | 0 |
| 113-107-130 | o0 [ o [ 1 | 0002 [ o [ o0 [ 1 [ 0008 | 0 | 0 |
| 125-107-130 | o0 | o0 [ 1 | 0002 | 1 | 0006 | 0 [ 0 | 0 | 0 |
| 125-107-128 | o0 | o0 [ 1 | 0002 | o0 [ 0 | 1 | 0008 | O | 0 |
| 123-107-132 | o | o [ 1 | 0002 | o0 | 0 | 1 | 0008 | 0 | 0 |
| 125-109-126 | 1 | 0009 [ o | o [ o [ 0o [ o [ 0o | 0 [ 0 |
| 125-109-130 | 2 | 0018 [ 7 | 0019 [ 6 [ 003 | 1 [ 0008 | 0 | 0 |
| 123-109-132 | 0 | 0 [ 2 | 0005 | 1 | 0006 | 1 | 0008 | 0 | 0 |
| 127-109-134 | 1 | 0009 | 1 | 0002 | o0 [ 0 | 0 | 0 | 1 | 0016 |
| 123-109-13¢ | o | o0 [ 1 | 0002 | 1 | 0006 | 0 | 0 | 0 | 0 |
| 125-109-138 | o0 [ o0 [ 1 | 0002 [ 1 [ 0006 [ 0 [ 0 | 0 | 0 |
| 127-111-130 | o0 [ o0 [ 2 | 0005 | 1 [ 0006 [ 0 [ 0 | 1 | 0016 |
| 125-111-13¢ | o0 | o [ 1 | 0002 | o [ o [ o [ 0o | 1 | 0016 |
| 125-113-130 | 1 | 0009 | 3 | 0008 | 2 | 0012 | 1 | 0008 | O | 0 |

0.645 0.943 0.944 0.917 0.946

Number of hap-
lotype variants 25 52 32 32 16
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Table 5. Association and linkage disequilibrium of mark-
ers D135S141, D13S175, and D135143 with the mutation
c.35delG

Table 6. The number of generations which passed since
the time of the c.35delG mutation spread in the Volga-
Ural region

Number of genera- | Number of

. tion since the time | years which
Marker | Allele Péfr??é i;gvr:lf)l_ X2 A Marker of the mutation’s | passed from egt?alr‘fs(i)cfn

appearance in the | the start of b
population (q) expansion

D13S141 | 125 <0.001 67.05872 | 0.636179 (;)1115?113)2) 470 11800 9800 B.C.
DI3S175 | 105 <0.001 47.8665 | 0.666045 (fule?{fléé) 133 3300 1300 BC.
D13S143 | 130 0.81 0.08801 | 0.062381 3’;32 301 7500 5500 B.C.

(172 analyzed chromosomes), 32 of the 59 haplotypes
were revealed in the total sample; in Tatars (124 chro-
mosomes analyzed), 32 of the 59; and in Bashkirs (62
chromosomes), 17 of the 59 haplotypes.

In Russians, the most widespread haplotypes were
123-105-130 (14.5%), 125-105-130 (14.0%), and 123-103-
130 (7.6%), while the remaining 29 occurred at different
frequencies: from 0.6% (12 haplotypes) to 7.0% (haplo-
type 125-103-130). On normal chromosomes in Tatars,
the haplotypes 123-105-130 and 123-103-130 occurred
most often at frequencies of 19.4 and 9.7%, respectively,
and the frequencies of the remaining 30 varied from
0.8% (19 haplotypes) to 5.6% (haplotype 123-101-130).
In Bashkirs, the haplotypes 123-105-130 (24.2%), 123-
107-130 (12.9%) and 125-105-130 (9.7%) were most of-
ten recorded, and their total frequency reached 46.8%.
The frequencies of the remaining 14 haplotypes varied
from 1.6% (9 haplotypes) to 6.4% (haplotype 125-103-
130). Besides, in each ethnic group, specific haplotypes
(D13S141-D13S175-D13S143), non-occurring in other
groups, were observed at low frequencies: in Russians,
14 haplotypes; in Tatars, 15; and in Bashkirs, 4.

An analysis of the haplotypes D13S141-D13S175-
D13S143 revealed that there is a higher frequency
of haplotype 125-105-130 on chromosomes with the
c.35delG mutation compared to the chromosomes of
healthy donors (*= 64.866, p < 0.001), as well as an eth-
nic specificity of the spectra and frequencies of occur-
rence of the haplotypes D13S141-D13S175-D13S143
in three ethnic groups of healthy donors.

Table 5 shows data on the association and linkage dis-
equilibrium of marker D13S175, D13S143, and D13S141
alleles carrying the mutation c.35delG.

The values of the linkage disequilibrium parameter
were greatest in alleles 105 and 125 of D13S175 and
D13S141 markers, respectively, located proximally rel-
ative to the gene GJB2, and the lowest in alleles of the
distal D13S143 marker. Stemming from the values of x?
and the linkage disequilibrium parameter 0, the most

probable founder haplotype (the ancestor haplotype)
seems to consist of the alleles 125-105-130 (Fig. 4). The
haplotype 125-105-130 was revealed on 59% of all chro-
mosomes carrying c.35delG, which is reliably higher
(p < 0.001) than the frequency of this haplotype (9.7%)
on normal chromosomes.

To calculate the number of generations since the
start of the spread of the c.35delG mutation in the
populations of the Volgo-Ural region, we selected two
markers: D13S175 and D13S141. The selection crite-
rion for these markers was relatively high values of >
and measure of linkage disequilibrium 0; statistically
significant differences in the frequency distribution of
these marker alleles in chromosomes with and without
c.35delG were also considered.

No statistically significant differences in the fre-
quency distribution of alleles of the marker D13S143
between ¢.35delG and intact chromosomes (Table. 3),
and concurrently a minimum value of the linkage
disequilibrium parameter, were observed (Table 5).
The prevalence of the allele 130 of this STR-mark-
er in two groups of chromosomes (with and without
the c.35delG mutation) formally explains the absence
of statistically significant differences. Nevertheless,
given the statistically significant differences obtained
for two other STR-markers, which are closer to the
c.35delG mutation, the existence of the ancestor hap-
lotype for c.35delG, embracing the area covered by
the D13S141-D13S175-D13S143 markers, and its
subsequent “tailing” at the expense of recombination
and mutation events during the numerous genera-
tions seem likely. However, the absence of a statisti-
cally significant association of the most frequent allele
130 (D13S143) and the ancestor haplotype provided
grounds for excluding D13S143 from markers using
which the number of generations was computed (Ta-
ble 6).

After the beginning of divergence of the c.35delG-
mutant ancestor haplotype in the populations of the
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Volga-Ural region, from 133 to 470 generations (on av-
erage 301 generations) passed. At the estimate of the
age (in years) of the ancestor haplotype reconstructed
on the territory of the Volga-Ural region, the duration
of one generation, as in other studies, was considered
equal to 25 years (Table 6).

The time over which the expansion of the c.35delG-
mutant chromosomes has been present within the
population of the Volga-Ural region ranges from 3,300-
11,800 years (mean is ~ 7,500). However, such estimates
of the number of generations (based on the physical
distance) often lead to the overestimation of the “age”
of the mutation, because it is the probable (not the ob-
served) value for the mutation events that is consid-
ered; therefore, with this approach, researchers do not
orientate mean values. Instead, they choose the most
distant marker, which is linked however to the locus
of the disease, i.e. the so-called boundary of the sta-
ble haplotype [47]. In the given case, it is the D13S175
marker. If one presumes that the number of genera-
tions calculated with the use of this marker is more ac-
curate, then the most likely time of expansion of the
founder haplotype with the mutation c.35delG in the
populations of the Volga-Ural region is ~ 11,800 years.
Such dating of the beginning of c.35delG expansion in
the Volga-Ural region matches the results obtained in
studies with the use of different DNA markers (SNP-
and STR-markers) in other populations of Eurasia
(10,000—14,000 years ago) [9—12].

The results of the haplotype analysis, estimates of
the age of the c.35delG mutation, and data on the de-
scending gradient to fit carrier frequency from south
to north in the European populations allow to suggest
that the Middle East and Mediterranean regions (prob-
ably, modern Greece) are the most probable centers of
c.35delG origin, from where, together with Neolithic
migrations of man, it widely propagated throughout
Europe [9—12]. An analysis of the haplotypic diversity
(using STR-markers) and approximate assessment of
the age of ¢.35delG in the Volga-Ural region favor to
a great extent the “traditional” Neolithic hypothesis
about the origin and spread of this mutation.

Considering the unified time continuum of the start
of c.35delG spread in Eurasia, obtained with the use
of various systems of DNA markers (SNP- and STR-
markers), an assessment of the world haplotypic di-
versity of the mutant chromosomes accounting for
the integral set of DNA markers is required to get an
unambiguous answer to the question of the center of
origin of the ¢.35delG mutation.

CONCLUSIONS

The analysis of the carrier frequency of the mutation
c.35delG in the GJB2 gene in Eurasian populations has
revealed a tendency towards gradient decrease in the
c.35delG frequency from West to East, starting from
the populations of Eastern Europe and the Volga-Ural
region, with average frequencies of 3.3 and 1.4%, re-
spectively; a low frequency (0.8—0.9%) in Central Asian
populations, a minimum frequency (0.4%) in Yakuts re-
siding in Eastern Siberia; and the absence of ¢.35delG in
Altaians (Southern Siberia).

A haplotype analysis of the c.35delG-mutant chromo-
somes has allowed us to reconstruct the ancestor haplo-
type carrying this mutation and to confirm the unified
origin of most of the studied mutant chromosomes of
NSHL patients living in the Volga-Ural region. The esti-
mated time of expansion of the c.35delG mutation carri-
ers we obtained (11,800 years ago) fits the world values
of the “age” of this mutation (10,000—14,000 years).

The body of data collected should help clarify or re-
view existing ideas about the center and time of origi-
nation of the c.35delG mutation (GJBZ2), as well as the
factors that define its occurrence worldwide. ®
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ABSTRACT The present study is devoted to the feasibility of expressing the single-domain mini-antibody (na-
noantibody) selected from the library of sequences of the variable domains of special single-stranded antibodies
derived from an immunized camel, a gene of which was introduced into eukaryotic cells within a recombinant
adenoviral vector. A vector bearing the gene of a single-domain nanoantibody was obtained using the AdEasy
Adenoviral Vector System (Stratagene). This method of delivering the nanoantibody gene facilitates efficient
expression of this gene and functional activity of the nanoantibody. The results obtained can be used to produce
passive immunizing tools against pathogens or new-generation immunobiological antitoxic medication.
KEYWORDS recombinant adenoviral vector; nanoantibodies; genetic immunization.

ABBREVIATIONS HEK-293 — human embryonic kidney cell culture; His -tag - amino acid motif in proteins
consisting of six histidines; HA-tag — epitope tag (YPYDVPDYA) derived from the haemagglutinin molecule;
PFU - plaque-forming unit; PCR — polymerase chain reaction; PT-PCR — reverse transcription polymerase chain

reaction; GAPDH - glyceraldehyde 3-phosphate dehydrogenase.

INTRODUCTION

Antibodies are the primary tools of the immune sys-
tem, which participate in the protection of the organ-
ism against pathogenic microorganisms. The signifi-
cance of antibodies is growing as researchers become
aware of their potential not only as tools to be used in
diagnostics, but in therapy as well [1]. Antibodies have
been successfully used to treat certain forms of onco-
logical conditions. Over the past decades, monoclonal
antibodies have been widely used in diagnostics and
for research purposes. Yet, the conventional methods
used to obtain monoclonal antibodies, based on dealing
with animal-origin cells, make difficult their use as
therapeutic agents. Introduction of these monoclonal
bodies into the human organism may result in the on-
set of an undesirable immune reaction, particularly, if
used repeatedly [2]. In order to prevent the emergence
of such an immune response, the following approaches
have been developed: production of recombinant im-
munoglobulins in which the regions that are not re-
sponsible for antigen recognition are replaced by cor-
responding fragments of human origin (humanized
antibodies), or removal of the domains that are not
involved in antigen binding (mini-antibodies). The so-
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called recombinant technologies, based on the use of
libraries comprising sequences from human antibod-
ies, have found increasing application over the past
decade. When constructing these libraries, variable
domains of the heavy and light strands are linked in
the expression vector via random screening within
one reading frame via the linker sequence [3]. It is
rather laborious to deal with cumbersome libraries of
these single-stranded antibodies (scFv), and only in
rare cases is a highly affine antibody finally obtained.
Certain difficulties are associated with the instability
of genetic constructions, the low level of product ex-
pression, and its solubility [4].

A significant breakthrough in this field has been
the detection of non-canonical antibodies in mem-
bers of the Camelidae biological family. These anti-
bodies do not contain light strands and represent a
dimer of shortened heavy strands [5, 6]. An immune
response with the participation of these antibodies
can be induced by conventional immunization. There
are a number of advantages in using the repertoire of
these non-canonical antibodies to create libraries of
sequences of variable domains (for the heavy strand
only). The single-domain structure of the recognizing
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variable domain stipulates a small size of the antigen-
binding fragment (mini-antibodies), high stability,
and solubility [7].

Thanks to their structure, mini-antibodies can be
used to reveal epitopes that are hidden for the conven-
tional immunoglobulins. The expression from a single
gene simplifies genetic engineering procedures and,
therefore, the work with the libraries containing the
sequences of variable domains. Low immunogenicity
(conditioned by the high homology of the sequences
of mini-antibodies with a variable domain of heavy
strands of human IgG3) and the relative simplicity of
the humanization procedure open broad opportunities
for the application of mini-antibodies in the design of
novel pharmaceutical agents [8].

These features of the structure of mini-antibodies
and the simplicity with which their genes can be ma-
nipulated enable efficient and economical production
of large amounts of a mini-antibody, using various ex-
pression systems [9].

The use of the prokaryotic expression system to pro-
duce mammalian proteins has to do with the possibly
low functional activity of the proteins obtained, due to
the absence of a system for post-translational modifi-
cation in prokaryotic cells. Moreover, no matter how
thorough the purification, the final product can still be
contaminated with pyrogenes.

One of the promising methods for delivering genetic
material to target cells is the use of viral vectors. Ex-
pression constructions bearing one or several recom-
binant genes are incorporated into the viral genome
using methods of genetic engineering. Vectors based
on the genome of the adeno-associated virus have been
proposed in a number of studies [10, 11] for delivery of
mini-antibody genes to target cells.

Adenoviral vectors are among the most universal
tools used for delivery and expression of recombinant
genes in mammalian cells. It is known that recom-
binant adenoviruses efficiently transfer the genes of
bacterial and viral antigens, cytokines, growth fac-
tors, and other proteins to the target cells, ensuring a
high level and duration of target gene expression [12].
Adenoviral vectors are capable of transducing both
dividing and postmitotic cells. Adenoviral DNA re-
mains in its extrachromosomal form, whereas the re-
combinant virus is excreted from the organism within
4-5 weeks [13, 14].

The production of recombinant adenoviruses is char-
acterized by the following feature: the virus is capable
of reproducing only in vitro in special cell lines, which
ensures the vector’s safety [15].

The fact that recombinant adenoviral vectors can be
used efficiently for the expression of antigen-binding
fragments of antibodies is borne out by the example

of mini-antibodies to the cell epitope (the epidermal
growth factor receptor (erbB-2) and anthrax toxin
component) [16, 17].

The aim of the present work is to examine how re-
combinant adenoviral vectors can be used for delivery
and efficient expression of single-domain mini-anti-
bodies (nanoantibodies) obtained using the novel tech-
nology of generation of special single-stranded anti-
bodies extracted from camel. The nanoantibody earlier
obtained and characterized to the cell cytokeratine-8
[18] was selected as the model antibody. It was subse-
quently used to demonstrate the fundamental possibil-
ity of expressing the single-domain antibodies obtained
by immunization of members of the Camelidae family
via recombinant adenoviruses.

EXPERIMENTAL

Enzymes

In this study, restriction endodeoxyribonucleases, T4
DNA ligase, alkaline phosphatase (CIAP) purchased
from Fermentas MBI (Lithuania), and Taq-polymer-
ase purchased from Promega (United States) were
used.

Cell lines

The HEK-293 cell line (human embryonic kidney cell
culture transformed by the El-region of human ad-
enovirus serotype 5) and H1299 cell line (human lung
cancer cells) were used. The cells were cultured in a
DMEM medium containing 10% of fetal bovine serum
(FBS) purchased from HyClone (United States).

Production of the cDNA clone encoding

the single-domain mini-antibody

(nanoantibody) which specifically recognizes

the endogenous mouse cytokeratin-8

Antibody aCyK-V H, which specifically recog-
nizes mouse cytokeratin-8, was obtained earlier by
S.V. Tillib’s research group ( Institute of Gene Biology,
Moscow) in collaboration with the laboratory headed
by S. Muyldermans (Vrije Universiteit Brussel) and
used (via binding to the fluorescent protein sequence)
to obtain fluorescent nanoantibodies (or chromobod-
ies) aimed at demonstrating the new method for trac-
ing antigens in a living cell. It should be noted that
the aCyK-V_H nanoantibody was one of the first an-
tibodies to endogenous structural eukaryotic proteins.
The first stage of its production comprised immuniza-
tion of the Bactrian camel (Camelus bactrianus) with
a protein extract from mouse soft tissue cells (pre-
dominantly from the liver). The subsequent selection
procedure, based on the phage display method, was
performed as described in the online supplement to
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the article [18]. The fundamental stage after selection
of the most enriched antibody clones was the identi-
fication of the unknown antigen recognized by these
nanoantibodies. The proteins from the nanoantibody-
binding region upon Western blotting were addition-
ally separated by electrophoresis to obtain individual
products. Western blotting was then used to analyze
the recognition of each product by a nanoantibody.
The product recognized by a nanoantibody was identi-
fied using mass spectrometrical analysis of its trypsin
hydrolysate. The resulting nanoantibody aCyK-V H
recognized cytokeratin-8, a fact attested to via the im-
munofluorescent staining of C2C12 (mouse myoblast
cell line) with these antibodies, revealing the charac-
teristic distribution of cytokeratin intermediate fila-
ments in the cytoplasm.

The nanoantibody aCyK-V H produced in the bacte-
rial periplasm was modified by binding an antigen-rec-
ognizing sequence of two additional small fragments,
epitope of influenza virus haemogglutinine (HA-tag)
and six histidine residues (His;-tag), in order to purify
it and simplify its detection.

Obtaining recombinant adenovirus

Plasmids and the recombinant adenoviral vector were
obtained using the gene of antibody to cytokeratin
aCyK-V H. The nucleotide sequence encoding the
nanoantibody was obtained by chemical synthesis in
“Evrogen” JSC. The AdEasy Adenoviral Vector Sys-
tem (Stratagene, United States) was used in order to
construct the pAd-aCyK-V H plasmid vector contain-
ing the genome of the recombinant adenovirus with
E1 region deletion, and a transgene expression cassette
incorporated instead of it via homologous recombina-
tion in E. coli cells. The recombinant adenovirus was
obtained via transfection of HEK-293 cell lines with
the pAd-aCyK-V_H plasmid construct linearized on
the Pacl site. Lipofectamine 2000 (Invitrogen, United
States) was used for the transfection, according to the
manufacturer’s recommendations. The recombinant
human adenovirus of serotype 5 with E1 region dele-
tion and an incorporated transgene-free cassette ex-
pression (Ad-null) inserted instead of it was used as the
control.

To accumulate adenoviral preparations, an infect-
ed cell suspension (10" PFU of the virus per Petri dish
with a diameter of 15 cm) was coated to the HEK-293
cell monolayer with 50—70% confluence. The infected
cell suspension was destroyed by three freeze-thaw
cycles and clarified by centrifuging (2000 rpm, 10 min,
+4°C).

The titres of the specimens Ad5-aCyK-V H and Ad-
null (102 PFU/ml) were determined by the plaque for-
mation technique in the HEK-293 cell culture.
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Infection of cells with

arecombinant adenovirus

Approximately 10°cells of the H1299 line were infected
with recombinant adenoviruses. The cells were seeded
to ~ 70% of the monolayer, cultivated for 24 h, and in-
fected with the recombinant adenovirus (the multiplic-
ity of infection being 100 PFU /cell) in a DMEM me-
dium containing 2% of FBS. Two hours after the viral
preparation was introduced, the medium was collected,
the cell culture was washed, and a fresh DMEM me-
dium was added. The medium from the infected cells
was collected 72 h after infection and concentrated by
centrifuge ultrafiltration through a membrane with
a nominally intercepted molecular weight of 10 kDa.
After thickening by a factor of 10, the supernatant was
fractioned in a 10% polyamide gel and used for immune
blotting analysis.

Antigen preparation

Homogenized mouse liver lysate (BALB/c line) was
obtained via extraction with the use of a RIPA buffer
(50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, protease inhibitor kit (Roche,
Switzerland)). The concentration of the total protein in
the specimens was determined by the Bradford method
(Sigma-Aldrich, United States). The specimens with an
equal protein concentration were applied to the gel to
be separated by electrophoresis.

Polyacrylamide gel electrophoresis

and immunoblotting

Cellular proteins were separated by polyacrylamide
gel electrophoresis by the Laemmli procedure under
denaturing conditions in the presence of sodium do-
decyl sulphate. Protein Test Mixture 4 (Serva, Germa-
ny) was used as the molecular weight standard. After
the gel electrophoresis, the proteins were placed onto
a Hybond-P PVDF membrane (GE Healthcare, United
States) using a TE70 Semi-Dry Transfer Unit (Hoefer
Scientific, United States) in accordance with the manu-
facturer’s recommendations. The nanoantibodies were
detected using the Monoclonal Anti-HA—Peroxidase
antibody (Sigma-Aldrich, United States). The immobi-
lized proteins were detected using ECL Plus Western
Blotting Detection Reagents (GE Healthcare, United
States) in accordance with the manufacturer’s recom-
mendations. The chemilumenscent radiation was re-
corded with the aid of an Amersham Hyperfilm ECL
X-ray film (GE Healthcare, United States).

RESULTS

As a result of the earlier performed selection of the
phage library of the antigen-binding domains of single-
stranded antibodies, DNA from the pHEN4 phagemid
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with an insertion encoding the nanoantibody, which
has a high affinity towards the structural cytoplasmat-
ic mouse protein, cytokeratin-8, was collected. The data
on the structure of the target protein were obtained
via mass spectrometric identification. The nucleotide
sequence encoding the nanoantibody was cloned in the
recombinant adenoviral vector.

A leading peptide of the mouse immunoglobulin
®-chain was bound to its N-terminus, in order to en-
sure efficient extracellular expression of a nanoanti-
body. The HA-tag, which is effectively recognized by
commercial antibodies, a requirement for confirming
nanoantigen expression at the protein level, was bound
to the C-terminus of the nanoantibody. Figure 1 shows
the scheme of the resulting construct.

In order to construct the adenoviral vector, the se-
quence encoding the HA-tag-labelled aCyK-V H anti-
body was cloned in the shuttle plasmid vector pShuttle-
CMYV (Stratagene, United States). This vector contains
terminal fragments of the human adenovirus serotype 5
genome, the expression cassette containing the human
cytomegalovirus promoter (CMV) and polyadenylation
signal. The presence of the insertion and its orientation
were confirmed by restriction mapping.

The recombinant plasmid adenoviral vector bearing
the target gene was obtained via homologous recombi-
nation in E. coli cells. The plasmid construct obtained
contained the replication initiation site ori, the gene of

Fig. 1. Schematic
description of the
genetic construc-
tions used. A — Ge-
netic construction
containing the gene
of nanoantibody
against cytokeratin.
B — The recombinant
adenovirus genome
bearing the gene

of nanoantibody
against cytokeratin.

35935 bp

promoter of the E1 region of human cytomegalovirus

antibody resistance, and a cassette with the target gene
within the adenoviral genome. The main advantage of
this method is the potential utilization of E. coli cells as
the main tools for cloning, recombination, and produc-
tion of adenoviral DNA in preparative amounts. The
opportunity to perform the homologous recombination
in E. coli cells makes it possible to deal with the indi-
vidual clones containing plasmid constructs only with
recombinant adenoviruses, which eliminates the pos-
sibility of contamination with a wild-type adenovirus.

The shuttle plasmid construct bearing the expression
cassettes with the nanoantibody gene was linearized on
the Pmel site and introduced along with pAd-EASY
(Stratagene) to E. coli BJ5183 cells by electroporation.
Recombinant clones obtained by homologous recombina-
tion were collected on the selective kanamycin-contain-
ing medium (50 pg/ml). The presence of recombinant
clones of nucleotide sequences encoding the aCyK-V H
antibody and human adenovirus serotype 5 fibre in plas-
mid DNA was analyzed by PCR with specific primers
and via restriction mapping, using HindIII restrictase,
which enables one to obtain a restriction pattern that is
typical for the human adenovirus genome.

HEK-293 cells were transfected with a plasmid
cleaved at the Pacl site and containing the recombinant
adenovirus genome with El region deletion and the
expression cassette with a transgene inserted instead of
it. The resulting recombinant adenovirus Ad5-aCyK-
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V_H was analyzed by PCR using the primer pair that
was complementary to the target gene, the hexon gene
of human adenovirus serotype 5, and the E1 region of
the adenovirus in order to control the possible presence
of replication-competent viral particles.

Detection of the expression of the
nanoantibody gene within the recombinant
adenovirus Ad5-aCyK-V _H
The expression of the target gene within the recom-
binant human adenovirus serotype 5 Ad5-aCyK-V_H
was analyzed at the level of the mRNA. With this pur-
pose in mind, the cells of the HEK-293 line that are per-
missive for human adenovirus serotype 5 were infected
with the recombinant virus Ad5-aCyK-V_H. The total
RNA of infected cells was used to produce DNA, which
was analyzed by PCR with primers specific to the se-
quence of the nanoantibody gene to mouse cytokeratin
8, to viral DNA, and the constitutively expressed gene of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
HEK-293 cell lines infected with Ad-null virus (Fig. 24)
were used as the negative control. RT PCR was used to
demonstrate that the recombinant adenoviral vector ex-
presses mRNA of the nanoantibody gene to cytokeratin
and can be used to analyze protein production.
Nanoantibody expression at the translational level
was analyzed in H1299 cells infected with the recom-
binant adenovirus carrying the gene of nanoantibody
to aCyK-V H tagged with HA-epitope of the influenza
virus (Ad5-aCyK-V_H), and the recombinant adenovi-
rus containing the transgene-free expression cassette
(Ad-null). The presence of a nanoantibody in the cul-
ture medium containing the infected cells was meas-
ured by immunoblotting with antibodies to HA-epitope
of the influenza virus conjugated with horseradish per-
oxidase (Fig. 2B).

Biological activity

The specificity of a nanoantibody expressed by the ad-
enoviral vector to cytokeratin was confirmed by means
of comparison of the interaction between the antigene
and the proteins of the cultural fluid from the cells in-
fected with recombinant adenovirus, and the interac-
tion between the antigene and the antibody purified
from E. coli periplasm.

The lysates of mouse liver and cerebrum cells were
fractioned in a polyacrylamide gel, transferred to the
PVDF membrane, which was incubated with the cul-
tural medium of the cells infected with Ad5-aCyK-
V_H. The expressed nanoantibody served as the prima-
ry antibody to the target protein (mouse cytokeratin-8,
55 kDa) detected in the total lysate. The membrane was
simultaneously incubated with antibodies aCyK-V H
produced in E. coli periplasm.
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Fig. 2. The analysis of anti-cytokeratin nanoantibody
expression in cells infected with recombinant adenovirus.
A — Expression of anti-cytokeratin nanoantibody gene in
cells infected with recombinant adenovirus Ad5-aCyK-
VHH was analyzed using reverse transcription (RT)-PCR,
cDNA encoding this gene was amplified by PCR with
primers specific to the gene of the anti-cytokeratin na-
noantibody (aCyK-VHH), Ad5 fiber gene (Fib Ad5), and
house-keeping gene GAPDH. A recombinant adenovirus
with no transgenic insertions in the E1 deletion region of
the adenoviral genome (Ad-null) was used as the specifi-
city control. B — The expression of the anti-cytokeratin
nanoantibody was detected by hybridization with anti-HA
antibodies in a Western blot analysis. A protein with a
molecular weight of 15 kDa was detected in the cultural
fluid of cells infected with the recombinant adenovirus.
The (His,)-tagged nanoantibody produced in E. coli was
used as the control of the specificity of the interaction
between anti-HA antibodies and the target protein.

Figure 3 shows the results of an electrophoresis of
protein lysates in polyacrylamide gel and the data ob-
tained by immunoblotting with nanoantibodies aCyK-
V,H after development by secondary antibodies to
the HA-epitope of the influenza virus conjugated with
horseradish peroxidase.

Immunoblotting results attest to the fact that the an-
tibody expressed by the adenovirus has the same spe-
cificity as the antibody synthesized in E. coli periplasm,
its gene being cloned in the recombinant adenovirus.

DISCUSSION

At the time of writing, there were a number of tech-
nologies capable of producing mini-antibodies with a
predetermined specificity. Only quite recently was it
revealed that, in addition to the canonical antibodies,
functionally active noncanonical single-stranded an-
tibodies were produced in relatively large amounts
in members of the Camelidae family. Therefore, it is
now possible to obtain mini-antibodies on the basis of
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Fig. 3. Western blot detection of the functional activity of
nanoantibodies. Total cell extracts of liver (lanes 1, 3) and
brain (lanes 2, 4) cells were separated on a SDS—-PAGE
and electrophoretically transferred to a PVDF-membrane.
The specific interaction of the target protein (= 55 kDa)
with the anti-cytokeratin nanoantibodies obtained in the
cultural fluid of cells infected with the recombinant adeno-
virus and periplasm of E. coli was detected by immunob-
lotting.

libraries containing the antigen-recognizing domains
of single-stranded antibodies of immunized animals.
Noncanonical antibodies consist of a dimer with a single
shortened heavy immunoglobulin chain (containing no
light chains). Single-domain mini-antibodies (nanoan-
tibodies) are genetically engineered derivatives of the
antigen-recognizing domains of these noncanonical
antibodies. The selection of clones of a mini-antibody
with the predetermined specificity from the library
of sequences of the entire repertoire of antigene-rec-
ognizing domains of noncanonical antibodies obtained
from immunized camel is based on the highly efficient
procedure of functional selection of filamentous phage
particles containing both an exposed mini-antibody on
the surface, and the DNA encoding it within the phage
particle (phage display).

Mini-antibodies produced by this technology are
characterized by high stability, solubility, and low im-
munogenicity. Mini-antibodies can be produced (select-

ed) to any antigens and any antigen epitopes, includ-
ing conservative ones, which often cannot be produced
using the conventional procedure. Since the encoding
nucleotide sequence is known for each mini-antibody,
it is possible to produce the corresponding protein in
any of the known expression systems (prokaryotic and
eukaryotic).

It is economically viable to produce protein prepara-
tions of mini-antibodies in E. coli cells, yeast, or CHO
cells. When injecting these preparations to experimen-
tal animals (or patients), their very short lifetime in the
organism (less than 24 h) should be taken into account.
The period of therapeutic action of preparations based
on mini-antibodies can be increased using the vector
systems, providing that the synthesis of the active
agent takes place immediately in the infected cells of
the organism. Recombinant adenoviruses are the opti-
mal expression system for solving such problems. Their
safety and efficiency has been proved in a number of
clinical trials performed globally; the time needed to
produce a target protein is approximately 20 days.

The potential application of recombinant adenoviral
vectors for the expression of the genes of the antigen-
recognizing fragments of single-stranded antibodies ob-
tained from Bactrian camel was studied in this work. It
was demonstrated that expression of the nanoantibody
gene using the adenoviral vector is possible. Transgene
expression was confirmed at the level of the RNA tran-
script and protein product. The specific interaction of
the nanoantibody secreted by eukaryotic cells with a
target protein attests to the fact that its functional ac-
tivity is retained. Further studies are necessary for a
qualitative estimation of the efficiency of nanoantibody
expression using a recombinant adenovirus.

CONCLUSIONS

The delivery of the gene of a single-domain mini-an-
tibody (nanoantibody) selected from the library con-
taining sequences of the variable domains of specific
single-stranded antibodies of immunized camel to eu-
karyotic cells using the recombinant adenoviral vec-
tor provides efficient expression and functioning of
the nanoantibody. The results of this study can be used
for the production of passive immunization agents for
protection against pathogens, or for the design of new-
generation immunobiological antitoxic preparations. ®

REFERENCES

1. Deyev S. M., Lebedenko E. N. // Acta Naturae. 2009. V. 1.
Nel. P. 32-50.

2. Stern M., Herrmann R. // Critical Rev. Oncol./Hematol.
2005. V. 54. P. 11-29.

3. Robinson C.R., Sauer R.T. // Proc. Natl. Acad. Sci. USA.
1998. V. 95. P. 5929—-5934.

4. Worn A., Pluckthun A. // J. Mol. Biol. 2001. V. 305. P. 989—-1010.
5. Hamers-Casterman C., Atarhouch T., Muyldermans S.,
Robinson G., Hamers C., Songa E.B., Bendahman N., Ham-
ers R. // Nature. 1993. V. 363. P. 446—448.
6. Tillb SV. // Molecular Biology. 2011. V. 45. Nel. P. 77-85.
7.van der Linden R.H., Frenken L.G., de Geus B., Harm-
sen M.M., Ruuls R.C., Stok W., de Ron L., Wilson S., Davis

VOL.3 Ne 3 (10) 2011 | ACTA NATURAE| 69



RESEARCH ARTICLES

P, Verrips C.T. // Biochim. Biophys. Acta. 1999. V. 1431.
P. 37—46.

8. Vincke C., Loris R., Saerens D., Martinez-Rodriguez S.,
Muyldermans S., Conrath K. // J. Biol. Chem. 2009. V. 284.
P. 3273—3284.

9. Ghassabeh G., Muyldermans S., Saerens D. // Curr.
Trends Monoclonal Antibody Development and Manufac-
turing. / Ed. Shire S.J. N.Y.: Springer, 2010. P. 29—48.

10. Campana V., Zentilin L., Mirabile I., Kranjc A., Casanova
P, Giacca M., Prusiner S.B., Legname G., Zurzolo C. // Bio-
chem. J. 2009. V. 418. P. 507—515.

11. Zuber C., Mitteregger G., Schuhmann N., Rey C., Knack-
muss S., Rupprecht W.,, Reusch U, Pace C,, Little M., Kretz-
schmar H.A. et al. // J. Gen. Virol. 2008 V. 89. P. 2055—2061.

12. Shmarov M.M., Sedova E.S., Verkhovskaya L.V.,, Rudneva
I.A., Bogacheva E.A., Barykova Yu.A., Shcherbinin D.N.,
Lysenko A.A., Tutykhina 14. IL. Logunov DY, et al. //
Acta Naturae. 2010. V. 2. Nel. P. 111-118.

13. Tutykhina L.L., Bezborodova O.A., Shmarov M.M., Logu-
nov DY, Neugodova G.L., Nemtsova E.R., Naroditsky B.S,,

70 | ACTANATURAE| VOL.3 Ne 3(10) 2011

Yakubovskaya R.I,, Gintsburg A.L. // Protein Expr. Purif.
2009. V. 65. P. 100—107.

14. Tutykhina ILL., Bezborodova O.A., Verkhovskaia
LV.Shmarov M.M., Logunov D.Iu., Nemtsova E.R.,
Narodnotskil B.S., Ilakubovskaia R.I.,, Gintsburg A.L. //
Molecular Genetics, Microbiology, and Virology. 2009. Ne 1.
P. 27-31.

15. Tutykhina IL.L., Logunov D.Y., Shcherbinin D.N., Shmarov
M.M., Tukhvatulin A.IL, Naroditsky B.S., Gintsburg A.L. //
J. Mol. Med. 2011. V. 89. P. 331—341.

16. Arafat W.0., Gémez-Navarro J., Buchsbaum D.J., Xiang
J., Wang M., Casado E., Barker S.D., Mahasreshti P.J.,
Haisma H.J,, Barnes M.N., et al. // Gene Therapy. 2002. V. 9.
P. 256—262.

17. Kasuya K., Boyer J.L., Tan Y., Alipui D.O., Hackett N.R.,
Crystal R.G. // Mol. Therapy. 2005. V. 11. P. 237—244.

18. Rothbauer U., Zolghadr K., Tillib S., Nowak D., Schermel-
leh L., Gahl A,, Backmann N., Conrath K., Muyldermans S.,
Cardoso M.C,, et al. // Nature Meth. 2006. V. 3. P. 887—889.



RESEARCH ARTICLES

Rabin8 Protein Interacts with GTPase
Rheb and Inhibits Phosphorylation
of Ser235/Ser236 in Small Ribosomal
Subunit Protein Sé6

A. A. Parkhitko'?3", O. O. Favorova', E. P. Henske??

'Pirogov Russian National Research Medical University

2Fox Chase Cancer Center, Philadelphia, USA

3Brigham and Women's Hospital, Harvard Medical School, USA
*E-mail: parhitko@mail.ru

Received 18.05.2011

Copyright © 2011 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 mammalian target of rapamycin (mTOR) is a serine/threonine kinase that in association with
Raptor, mLSTS8, PRAS40 and Deptor forms a complex (mTORC1) playing the key role in the regulation of protein
biosynthesis, transcription, cellular metabolism, apoptosis and autophagy; mainly via direct phosphorylation of
S6 kinases. mTORC1 is activated by growth factors and amino acids via the activation of Rheb GTPase. In the
current study, we demonstrate for the first time that the over-expression of Rabin8, which functions as a gua-
nine nucleotide exchange factor for Rab8 GTPase, suppresses phosphorylation of Ser235/Ser236 in ribosomal
protein S6. Downregulation of Rabin8 using small interfering RNA (siRNA) increases the phosphorylation of
Ser235/Ser236 in ribosomal protein S6. Furthermore, Rabin8 can be immunoprecipitated with Rheb GTPase.
These results suggest the existence of a novel mechanism of mTORC1 regulation and its downstream proc-
esses. Since Rabin8 is a known regulator of ciliogenesis, a potential link can exist between regulation of Rheb/
mTORC1 and ciliogenesis.

KEYWORDS complex mTORC1; Rheb; Rabin8; small ribosomal unit protein S6.

ABBREVIATIONS DMEM — Dulbecco’s Modified Eagle’s Medium; FBS — fetal bovine serum; GAP protein — GT-
Pase-activating protein; mTOR — mammalian target of Rapamycin; Rheb — Ras homologue enriched in brain;

siRNA — small interfering RNA; TBST — Tris-Buffered Saline and Tween 20.

INTRODUCTION

Highly conserved serine/threonine protein kinase
mTOR (mammalian target of rapamycin) belongs to
the family of phosphatidyl inositol 3’ kinase-related ki-
nases (PIKK) and is the key enzyme of the mTOR-sig-
naling pathway controlling the accumulation of the cell
mass in many eukaryotes. mTOR as a catalytic subunit
is a component of two hetero-olygomeric complexes,
mTORC1 and mTORC2, that have different functions.
mTORCI is a functional dimer containing two subu-
nits of each one of the following proteins: mTOR, Rap-
tor (regulatory associated protein of mTOR), mLSTS8
(mammalian lethal with sec-13), PRAS40 (proline-rich
AKT substrate 40 kDa), and Deptor (DEP-domain-
containing mTOR-interacting protein) [1, 2]. mTORC1
phosphorylates a wide range of effectors regulating
the processes of protein synthesis, cell proliferation,
apoptosis, and autophagy in response to external sig-
nals [3, 4]. mTORCI1 regulates translation through the
direct phosphorylation of 4E-BP (translation initia-

tion factor 4E binding protein), which binds and in-
hibits the initiation factor 4E and phosphorylation of
S6K1 and S6K2 [5]. These kinases activate translation
by phosphorylating protein S6, as well as a number of
other proteins (SKAR, PDCD4, eEF-2K, eIF4B). The
level of protein S6 phosphorylation using phospho-
specific antibodies against Ser235/Ser236 is used to
assess the kinase activity of mTORC1 [6].

The activity of mTORCI1 is regulated by a number
of various stimuli, such as growth factors, amino acids,
glucose, and oxygen. Two key mechanisms are used in
this regulation: a targeted modification of the compo-
nents of this complex or regulation of Rheb GTPase,
which directly interacts with mTORCI1 and activates
it when it is bound to GTP. The major Rheb GTPase
regulator is a heterodimeric complex consisting of two
tumor growth suppressor proteins: tuberin, containing
conservative GAP domain, and hamartin, which stim-
ulates the transition of Rheb GTPase from an active
GTP-bound form into an inactive GDP-bound form. In-
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activation of these proteins leads to the constitutive ac-
tivation of Rheb GTPase, which activates mTORC1. As
a result, the protein synthesizing activity is increased,
and uncontrolled cell proliferation is observed [7].

It has also been demonstrated that tuberin and
hamartin have an effect on the formation of primary
cilia [8]. Interaction of Rab8 GTPase and guanine nu-
cleotide exchange factor Rabin8 [9] activates Rab8 and
promotes GDP release and GTP binding [10], which is
involved in regulation of primary cilia formation.

Based on that, it was hypothesized that Rabin8 reg-
ulates Rheb GTPase, the major regulator of mTORCI.
In the present study we showed that Rabin8 overex-
pression resulted in a decrease of mTORCI1 activity,
whereas downregulation of both Rabin8 and tuberin
using siRNAs resulted in the activation of mTORCI.
We also showed that Rabin8 protein could be co-im-
munoprecipitated with Rheb GTPase. Based on these
data, we concluded that Rabin8 protein acts as a nega-
tive regulator of mMTORCI1 through binding to Rheb
GTPase.

EXPERIMENTAL

Reagents and specimens

HEK293 (human embryonic kidney) cells (ATCC, Unit-
ed States) were grown in DMEM with or without 10%
fetal bovine serum (FBS) (Gibco, United States) added.
Antibodies against Rabin8 protein (Proteintech, United
States), tuberin (Abcam, United States), Myc, B-actin
and mTOR, phosphospecific antibodies against Ser235/
Ser236 in ribosomal protein S6 (Cell Signalling, Unit-
ed States), and rabbit IgG (Santa Cruz Biotechnology,
United States) were used.

Transfection

Fugene 6 (Roche, United States) was used for the
transfection of HEK293 cells with plasmid constructs;
for the transfection with various siRNA, Trans-IT
TKO reagent (Mirus, United States) was used accord-
ing to the manufacturer’s protocol. HEK293 cells were
transfected with pcDNA3.1 control vector, vector ex-
pressing Rabin8, pCMVTag3A control vector, or vec-
tor expressing Myc-Rheb fusion protein separately or
together. Twenty-four hours after the transfection,
the cells were washed twice and the medium, either
with or without growth factors, was added. Twenty-
four hours after the medium was replaced, the activity
of mTORC1 was analyzed based on the phosphoryla-
tion of ribosomal protein S6 using phosphospecific an-
tibodies against Ser235/Ser236 in protein S6. HEK293
cells were also transfected with the control, Rabin8 or
tuberin siRNAs (Dharmacon, United States). Twenty-
four hours after the transfection, the cells were washed
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twice and the medium, either with or without growth
factors, was added.

Co-immunoprecipitation

Cells were collected in lysis buffer (Cell Signaling, Unit-
ed States) and cell extracts were incubated with anti-
bodies against Rabin8 or Myc for 12 h at 4°C. The re-
sulting complexes were precipitated by incubation with
protein-A-agarose for 1 hr at 4°C, followed by centrifu-
gation. The proteins were eluted by adding a Laemmli
buffer, loaded onto denaturing gradient 4—20% poly-
acrylamide gel, and transferred onto polyvinyl mem-
branes (Immobilon-P, Millipore, United States) after
the electrophoresis. The membranes were blocked in
a TBST buffer (137 mM NaCl, 0.1% Tween 20, 20 mM
Tris, pH 7.6) (Cell Signaling, United States) containing
5% of milk for 1 h, followed by incubation with the se-
lected primary antibodies at 4°C for a night. After the
membranes were washed twice in a TBST buffer for
5 min, the corresponding secondary antibodies (Am-
ersham, United States) were added. The membranes
were washed three times in a TBST buffer for 10 min;
the chemiluminescent signal was recorded by exposing
with X-ray film (Kodak, United States) using a chemi-
luminescence kit (Perkin Elmer, United States).

RESULTS

Rabin8 decreases activity of mTORC1

The role of Rabin8 protein in the regulation of mTORC1
was studied using HEK293 cell line, the most widely
used model in such experiments [11]. The cells were
transfected with pcDNA3.1 control vector (Fig. 1, lanes
1, 3, and 5) or Rabin8 (Fig. 1, lanes 2, 4, and 6). In the
case of the control vector, if the medium contained
growth factors (Fig. 1, lane 1) mTORC1 was activated,
which was measured by the phosphorylation level of
ribosomal protein S6 (the bottom panel). In the absence
of growth factors (Fig. 1, lane 3), mMTORCI1 activity was
partially inhibited; the subsequent short-term stimula-
tion of the cells after starvation with the medium con-
taining growth factors (Fig. 1, lane 5) resulted in the
complete reactivation of mMTORCI1. A high level of Rab-
in8 expression (top panel) had no effect on the activ-
ity of mTORCI1 (Fig. 1, lane 2) in the medium contain-
ing growth factors; however, it resulted in a decrease
of mTORCI1 activity in the absence of growth factors
(Fig. 1, lane 4), and after reactivation of mMTORC1 with
the medium containing growth factors (Fig. 1, lane 6).

Inhibition of expression of Rabin8 or tuberin

results in activation of mTORC1

The data obtained using over-expression of Rabin8 was
confirmed using siRNAs, synthetic short RNA duplex-
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Fig. 1. Rabin8 overexpression suppresses mTORC1 activ-
ity in HEK293 cells (/anes 4, 6). The cells were transfected
with control vector pcDNA3.1 (lanes 1, 3, 5) or with
Rabin8 (lanes 2, 4, ). Activity of mMTORC1 was analyzed
by levels of ribosomal protein S6 phosphorylation with
phospho-specific antibody against S6 (Ser235 /Ser236)

in the presence of growth factors (lanes 3,4), absence of
growth factors (lanes 3, 4), and after 15-min stimulation
of cells grown in the growth-factor-free medium with the
medium containing growth factors (lanes 5,6). The levels
of Rabin8 and -actin were measured using immunoblot
analysis with specific antibodies.

es which initiate the targeted degradation of mRNA
that is complementary to them. The following siRNAs
were used as the negative and positive controls: siRNA
without the complementary sequence in the human ge-
nomic mRNA (the control siRNA), and siRNA against
mRNA of tuberin, the protein forming a heterodimeric
complex with hamartin, as mentioned above. This com-
plex inhibits the activity of Rheb GTPase and, there-
fore, the activity of mMTORCI1. After transfection with
control siRNA (Fig. 2, lanes 1, 4, and 7), similar to the
transfection with control vector (see Fig. 1), the pres-
ence of growth factors in the medium (Fig. 2, lane 1)
resulted in the activation of mMTORCI. In the absence
of growth factors (Fig. 2, lane 4), mTORC1 activity was
inhibited. A short-term (15 min) stimulation of the cells
grown in the medium without growth factors reacti-
vated mTORCI1 (Fig. 2, lane 7). The decrease in the ex-
pression of both tuberin and Rabin8 proteins that was
observed after transfection of siRNAs against mRNA
of these proteins stimulated mTORCI1 activity in the
presence of growth factors (Fig. 2, lanes 2 and 3). In
the absence of growth factors, the activity of mTORC1
in the cells transfected with siRNA against tuberin
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Fig. 2. Downregulation of Rabin8 using siRNA activates
mTORC 1 activity in HEK293 cells (lanes 3,9), as well as
downregulation of tuberin used here as a positive con-
trol (lanes 2,8). Activity of mTORC1 was analyzed in the
same manner as in Fig. 1 in the presence of growth factors
(lanes 1—3), in the absence of growth factors (lanes 4—7),
and after 15-min stimulation of cells grown in the growth-
factor-free medium with the medium containing growth
factors (lanes 7—9). The levels of Rabin8 and tuberin were
measured using immunoblot analysis with specific antibod-
ies. Control siRNA — lanes 1,4,7.

mRNA marginally increased (Fig. 2, lane 5). The activi-
ty of mTORCI1 remained unchanged after the transfec-
tion of siRNA against Rabin8 mRNA (Fig. 2, lane 6), in
comparison with the transfection of the control siRNA;
mTORCI1 activity was higher than in the control after
reactivation with the medium containing growth fac-
tors (Fig. 2, lanes 8 and 9).

Co-immunoprecipitation of Rabin8,

Rheb, and mTOR proteins

As follows from the obtained results, Rabin8 is a nega-
tive regulator of mTORC1. We studied the possibility
of interaction between Rabin8, Rheb, and mTOR using
transfection in HEK293 by simultaneous transfection
of pcDNA3.1 and pCMVTag3A control vectors (Fig. 34,
lane 1) or two vectors expressing Rabin8 and Myc-
Rheb fusion protein (Fig. 34, lanes 2—4) in a medium
with (Fig. 34, lanes 1 and 2) or without growth factors
(Fig. 34, lane 3), as well as after short-term stimula-
tion of the cells grown for 24 hr without growth factors
(Fig. 34, lane 4). In order to study the interaction be-
tween Rabin8 and Rheb, the co-immunoprecipitation of
cell lysates with antibodies against Rabin8 was carried
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Fig. 3. Co-immunoprecipitaion of Rabin8 and Rheb overexpressed in HEK293 cells after transfection with proper vec-
tors. The levels of Rabin8, tuberin, mTOR and B-actin were measured using immunoblot analysis with specific antibod-
ies. (a) The expression levels of Rabin8, Myc-Rheb, and mTOR after co-transfection with control vectors pcDNA3.1 and
pCMVTag3A (lane 1) or Rabin8 and Myc-Rheb (lanes 2—4) in the presence of growth factors (lanes 1,2), absence of
growth factors (lane 3), and after 15-min stimulation of cells grown in media without growth factors with media contain-
ing growth factors (lane 4). (b) Co-immunoprecipitation using the lysates from Fig. 3a with antibodies against Rabin 8
(lanes 1—4) or control rabbit IgG (lane 5) and immunoblot analysis with antibody against Myc. The lysate from Fig. 3a
(lane 2) was used for the co-immunoprecipitation with control rabbit IgG antibody. (c¢) Co-immunoprecipitation using
the lysates from Fig. 3a with antibodies against Myc and immunoblot analysis with antibody against Rabin8, mTOR, and

Myec.

out, followed by immunoblotting with antibodies against
Myc epitope of the Myc-Rheb fusion protein (Fig. 3B).
It was found that the interaction of Rheb with Rabin8
was independent of the presence of growth factors in the
medium (Fig. 3B, lanes 2—4). Rheb was not detected af-
ter immunoprecipitation with antibodies against Rabin8
in the control lysate without expression of Myc-Rheb
(Fig. 3B, lane 1) or in the lysate in which non-specific
control rabbit IgG was used for co-immunoprecipitation
(Fig. 3B, lane 5). In order to confirm the interaction be-
tween Rabin8 and Rheb proteins, reciprocal co-immuno-
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precipitation was carried out. Cell lysates were incubated
with antibodies against Myc epitope of Myc-Rheb fusion
protein; antibodies against mTOR and Rabin8 were used
for the subsequent immunoblotting. As expected, Rheb
and mTOR interacted in the presence of growth factors
in the medium (Fig. 3B, lanes 2 and 4). Rheb and Rabin8
interacted in the medium containing growth factors as
well (Fig. 3B, lanes 2 and 4); however, neither interac-
tion between Rheb and Rabin8 nor between Rheb and
mTOR was detected in the absence of growth factors
(Fig. 3B, lane 3).
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DISCUSSION

In the present study we first demonstrated that Rab-
in8 regulates phosphorylation of Ser235/Ser236 in ri-
bosomal protein S6. It has been previously shown that
Ser235/Ser236 is phosphorylated by protein kinase
S6K1 as a result of the activation of mTORC1, whereas
the inhibitor of mMTORC]1, rapamycin, completely blocks
phosphorylation of these residues under any conditions
[2]. In accordance with this, the phosphorylation level of
Ser235/Ser236 in protein S6 can be used as a conven-
ient indicator of mMTORCI1 kinase activity. The obtained
data suggest that Rabin8 regulates the activity of this
complex. However, the role of the phosphorylation of
protein S6 in the regulation of protein synthesis has
not been completely determined. Transgenic mice were
generated in which all amino acid residues in protein
S6 were replaced with nonphosphorylatable alanine
residues; however, the level of protein synthesis in dif-
ferent cell types in these mice remained the same as in
wild-type mice [12].

We determined the phosphorylation of Ser235/
Ser236 in protein S6 under various conditions, such
as after cell growth in the medium containing growth
factors (DMEM + 10% FBS), after growing the cells in
the medium without growth factors (DMEM), and after
short-term stimulation with growth factors (DMEM —>
DMEM + 10% FBS) of the cells grown in the medium
containing no growth factors. Since the regulation of
mTORCI is performed at several levels, the use of dif-
ferent growth conditions makes it easier to better un-
derstand the possible regulation mechanisms [13]. In all
cases, we used DMEM medium containing amino acids,
since the absence of amino acids results in the complete
inhibition of mMTORCI1 regardless of its negative regula-
tor tuberin [14]. The absence of growth factors activates
GAP protein tuberin, which stimulates the transition of
Rheb GTPase from the active GTP-bound form into
inactive GDP-bound form, resulting in the inhibition of
mTORCI [15, 16]. Under these conditions, any changes
inhibiting the GAP activity of tuberin or stimulating
the transition of Rheb GTPase into an active form will
activate mTORC1, which was indeed observed.

We also used the short-term stimulation of the cells
grown in a growth-factor-free medium by growth
factors to differentiate the changes in the activity of
mTORCI1, which occur at different rates. We found that
if cells grow in a complete medium containing growth
factors, the decrease in Rabin8 expression stimulated
mTORCI1 activity; however, Rabin8 overexpression was
not sufficient to inhibit this complex. In a medium with-
out growth factors, the decrease in Rabin8 expression
was insufficient for the reactivation of the mTORCI,;
however, Rabin8 overexpression enhanced the inhibi-
tion of mMTORCI1. Rabin8 overexpression decreased the

reactivation of mTORCI1 resulted from the short-term
stimulation by the medium with growth factors, while
the decrease in Rabin8 expression stimulated reactiva-
tion. These results suggest that Rabin8 suppresses the
activation of mTORCI1 by growth factors.

We demonstrate for the first time that Rabin8 is
bound to the major regulator of mMTORC1, Rheb GT-
Pase, which is important for the understanding of the
regulation mechanism of mTORC1 by Rabin8 protein.
However, it is possible that Rabin8 may interact with
other components of mTORCI1 as well, since we de-
tected the catalytic subunit mTOR in complex with
Rabin8 and Rheb after immunoprecipitation.There
is also a possibility of mediated interaction between
Rabin8 and Rheb via an unknown protein or tuberin/
hamartin. However, considering that both Rab8 and
Rheb belong to the family of GTPases and partici-
pate in the regulation of primary cilia formation [9],
we suppose that Rabin8 has an effect on the activity
of mTORCI1 via Rheb GTPase. Co-immunoprecipita-
tion experiments support this assumption, since no
attenuation of the interaction between Rabin8 and
Rheb proteins was detected in the growth-factor-free
medium when using antibodies against Myc epitope
in Myc-Rheb protein. Meanwhile, the interaction be-
tween Rheb and mTOR was abrogated, which agrees
with previously published data [1]. No interaction be-
tween Rabin8 and Rheb proteins was detected in the
reciprocal co-immunoprecipitation experiments for
Rabin8, which can account for the different affinities
of antibodies towards these proteins.

The possibility of interaction between the Rabin8 and
Rheb proteins suggests a novel Rheb-dependent mech-
anism of regulating the primary cilia formation, which
is independent of the activity of mTORCI1 [8]. Accord-
ing to this assumption, after interaction between Rheb
and Rabin8, redistribution of the Rheb function from
the regulation of mMTORCI to the regulation of primary
cilia formation occurs. The link between the disruption
of the ciliogenesis function and various diseases isolated
into a separate group of ciliopathies has recently been
established. In particular, this group includes such dis-
eases as polycystic kidney disease, the Bardet-Biedl
syndrom, etc. [17]. The link between the disruption of
ciliogenesis and obesity has recently been revealed [18].
In addition, primary cilia regulate the activity of the
Hedgehog and Wnt signaling pathways, and disrup-
tion of their activity is involved in tumor development
in various organs [19]. It should also be mentioned that
activation of mTORCI is observed in many types of tu-
mors [20] and is required for their progression. There-
fore, understanding of the regulation mechanisms and
the relationship between the mTORC1 complex and
the processes of primary cilia formation should result in
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the emergence of new approaches to the treatment of
ciliopathies, obesity, and oncological diseases. ®
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ABSTRACT The fibroblast growth factor receptor 3 (FGFR3) is a protein belonging to the family of receptor tyro-
sine kinases. FGFR3 plays an important role in human skeletal development. Mutations in this protein, including
Gly380Arg or Ala391Glu substitutions in the transmembrane (TM) region, can cause different disorders in bone
development. The determination of the spatial structure of the FGFR3 TM domain in a normal protein and in a
protein with single Gly380Arg and Ala391Glu mutations is essential in order to understand the mechanisms that
control dimerization and signal transduction by receptor tyrosine kinases. The effective system of expression
of eukaryotic genes in bacteria and the purification protocol for the production of milligram amounts of both
normal TM fragments of FGFR3 and those with single pathogenic mutations Gly380Arg and Ala391Glu, as well
as their N- and [°N, *C]-isotope-labelled derivatives, were described. Each peptide was produced in Escherichia
coli BL21(DE3)pLysS cells as a C-terminal extension of thioredoxin A. The purification protocol involved im-
mobilized metal affinity chromatography and cation- and anion-exchange chromatography, as well as the fusion
protein cleavage with the light subunit of human enterokinase. The efficiency of the incorporation of target
peptides into DPC/SDS and DPC/DPG micelles was confirmed using NMR spectroscopy. The described meth-
odology of production of the native FGFR3 TM domain in norma and with single Gly380Arg and Ala391Glu
mutations enables one to study their spatial structure using high-resolution heteronuclear NMR spectroscopy.
KEYWORDS membrane protein; FGFR; bacterial expression; purification; detergent solubilization; NMR.
ABBREVIATIONS FGFR - Fibroblast growth factor receptor family; FGFR3 - Fibroblast growth factor receptor 3;
RTK - receptor tyrosine kinase; TM - transmembrane (domain of membrane protein); DPC — dodecylphospho-
choline; DPG — dodecylphosphoglycerol; SDS - sodium dodecyl sulfate; TFE — 2,2,2-trifluoroethanol.

INTRODUCTION formation [5, 6]. In particular, Gly380Arg and Ala391G-

The fibroblast growth factor receptor 3 (FGFR3) be-
longs to the family of receptor tyrosine kinases (RTKs).
This protein consists of an extracellular component
with three immunoglobulin-like domains, a hydropho-
bic transmembrane (TM) domain, and an intracellular
component with two tyrosine kinase domains. Specif-
ic ligands (fibroblast growth factors) and heparin are
bound to the immunoglobulin-like domain of FGFR3,
thus stabilizing the dimer complex consisting of two re-
ceptor molecules and providing signal transduction in-
side the cell [1, 2]. FGFR3 plays an important role in the
processes of human growth and development (both em-
bryonic/neonatal and that in an adult organism). Muta-
tions in this protein may result in various disorders in
the development of connective tissues and skeleton [3—
5]. FGFR3 has also been known to participate in tumor

lu mutations in the TM region of FGFR3 cause lethal
dysplasia [7] and the Crouzon syndrome with acantho-
sis nigricans [8], respectively. The Ala391Glu mutation
occurs both upon disorders in skeletal development
and upon oncogenesis [6]. The Ala3d91Glu mutation is
considered to stabilize FGFR3 dimerization in the cell
membrane, resulting in uncontrollable signal transduc-
tion and the emergence of a pathology [9, 10]. However,
the detailed mechanism of FGFR3 functioning has not
been fully revealed. The approach that has been most
frequently used in modern structural biology assumes
the division of the membrane protein under study into
components and studying the individual water-soluble
components of the molecule and its TM regions [11—15].
It is extremely important to obtain a high-resolution
structure of the native TM domain of human FGFR3
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and that of the domain with Gly380Arg or Ala391Glu
mutation to understand the mechanisms that control
their dimerization and functioning, because these frag-
ments act as the linking units between the extracellular
and intracellular RTK domains and directly participate
in signal transduction inside the cell.

In this paper, an efficient system of gene expression
and purification protocol are described which enable
one to produce preparative amounts of the FGFR3 TM
fragment both in norma and with single Gly380Arg
and Ala391Glu mutations, as well as their ’N- and [*°N,
13C]-labelled derivatives. The designed approach of
producing TM peptides facilitates the study of their
structure by high-resolution heteronuclear NMR spec-
troscopy.

EXPERIMENTAL

In this study, we used Escherichia coli strains XL-10-
Gold (Stratagene, United States) and BL21(DE3)pLysS
(Stratagene, United States), plasmids pGEMEX-1
(Promega, United States) and pGEMEX-1/TRX-TMS
[16]. Oligonucleotides were synthesized by Evrogen
(Russia). DNA was sequenced at the Inter-institute
Center of Shared Use GENOME (Russia). The reagents
purchased from CIL (United States) were used to intro-
duce the isotope labels ®N and *C. The completely deu-
terized dodecylphosphoglycerol (DPG) was produced
by enzymatic transphosphatidylation from completely
deuterized dodecylphosphocholine (DPC) and glycerol
in the presence of phospholipase D [17].

Gene cloning

Plasmid vectors for the expression of peptide genes as
fusion proteins with thioredoxin A were constructed
as described previously [12, 16—19]. The genes encod-
ing TM fragments of human FGFR3 (tmFGFR3) (amino
acid residues 357—399 of the normal FGFR3 (tmFG-
FR3-nat) and 357—399 of FGFR3 with point mutations
G380R (tmFGFR3-R), and A391E (tmFGFR3-E)) were
assembled using six chemically synthesized oligonucle-
otides with partially overlapping nucleotide sequences.
The codons used were optimized for the gene expres-
sion in E. coli cells. The restriction site BamHI and the
sequence encoding the enterokinase recognition site
were introduced into the 3’ and 5’ terminal primers,
respectively. The same sequence was added to the 3’
terminus of the carrier protein gene (TRX) amplified
using PCR from the pGEMEX-1/(TRX-TMS) vector
[16]. The recombination of the TRX and tmFGFR3 genes
was performed using PCR yielding TRX-tmFGFR3.
The expression plasmids pGEMEX-1/(TRX-tmFG-
FR3) (Fig. 1B) were obtained by cloning TRX-tmFGFR3
fragments treated with RsrlIl and BamHI restriction
endonucleases into pGEMEX-1/(TRX-TMS) vectors
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A
Helix TrxA GS H6 GS EK tmFGFR3
L TRX J
B
TRX-tmFGFR3
Rsrll
BamHI

pGEMEX-1/ ter

(TRX-tmFGFR3)

Fig. 1. Schematic representation of (A) TRX-tmFGFR3
fusion proteins and (B) expression vectors. Helix — N-
terminal fragment of a membrane-active protein from
Helicobacter pylori; TrxA — thioredoxin A of E.coli; GS —
GlySerGlySerGly aminoacid sequence; H6 — hexahistidine
sequence; EK — enterokinase light chain cleavage site;
tmFGFR3 — target transmembrane peptide from FGFR3

in norma or with Gly380Arg and Ala391Glu single point
mutations; Amp" — ampicillin resistance gene.

linearized with the same proteases [16]. The validity
of the nucleotide sequence within expression cassettes
was confirmed by DNA sequencing on both strands.

Selection of cultivation conditions for

the recombinant E. coli strain

Fusion protein genes were expressed in the E. coli cells
BL21(DE3)pLysS. The cells were cultured in rich and
minimal media; both chemical induction of protein syn-
thesis (TB and M9 media) and autoinduction [20] (me-
dia BYM5052, M5052, C750501’, or M50501, Table 1)
being used. When selecting the optimal conditions for
protein synthesis, an inducing agent, isopropyl-f-D-
thiogalactoside (IPTG), was added into the cell culture
that was cultivated at 28°C and attained the optical
density of OD_  ~1.5 AU (TB medium) or ~0.6 AU (M9
medium) up to the final concentrations of 1, 0.25, 0.05,
0.01, and 0 mM. Cultivation was continued for 15 h at
250 rpm and a temperature of 37°C; for 40 h (TB) or 60 h
(M9) at 25°C; and 60 h (TB) or 72 h (M9) at 13°C. In the
case of autoinduction media, the cells were cultivated
at 300 rpm and a temperature of 18°C for 4 (BYM5052)



Table 1. Composition of the auto-induction media used
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Medium Studiers N‘("rzflvli)q K(}rizl\ljl)04 tf}f‘;ttgn exfrfftt ¢ | Glycerol g%ﬁ;é&%gé’s
BYM5052 | ZYM-5052 + + 2% 1% +
M5052 N-5052 25 25 0.0002% + +
C750501° | C-750501 + + 0.0002% + +
M50501 | C-750501 25 25 0.0002% 0.5% +

2Auto-induction medium that is taken as a basis.

Note: Components with a concentration equal to the one used by Studier [20] are marked with a + sign.

or 7 days (M5052, C750501’, or M50501). The optimal
temperature, IPTG concentration, and cultivation time
were determined using Tris-glycine SDS-PAGE elec-
trophoresis.

Gene expression

A M9 medium containing 0.0002% of yeast ex-
tract, "NH,Cl, and [U-"*C]-glucose (*’N,"*C-labelling)
or "NH,CI and nonenriched glucose (**N-labeling) was
used for the preparative obtaining of labelled proteins.
In order to produce target fusion proteins, IPTG was
added into the cell culture with OD, ~ 0.6 AU (M9
medium, isotope labelling) or 1.5 AU (TB medium, no
labelling) up to a final concentration of 0.05 mM and
the temperature was reduced from 28 to 13°C. The cells
were cultivated at 250 rpm for 72 h. The cells were then
harvested and stored at —20°C.

Target protein purification

The biomass obtained from 1 L of the culture was
suspended in 50 ml of lysing buffer (50 mM Tris, pH
8.0, 150 mM NaCl, 10 mM imidazole, 1% Triton X-100,
0.2 mM phenylmethylsulfonyl fluoride), destroyed by
ultrasound, centrifuged, and filtered through a mem-
brane (pore size 0.22 um). The clarified lysate was ap-
plied to a column with Chelating Sepharose FF (Amer-
sham Bioscience, United States) preliminarily charged
with Ni** and balanced with buffer A (50 mM Tris, pH
8.0, 250 mM NaCl, 1% Triton X-100) containing 10 mM
imidazole. The resin was successively washed with buf-
fer A containing 10 mM imidazole and the same buffer
containing 40 mM imidazole. The protein was eluted
with buffer A containing 175 mM imidazole. The elu-
ate was diluted by a factor of 11 with buffer containing
17 mM Tris, pH 8.0, 20 mM NaCl, and 1% Triton X-100;
then, the light chain of recombinant human enteroki-
nase was added [21] at a ratio of 25 units of enzyme per
1 mg of TRX-tmFGFR3. The mixture was incubated for
a night at room temperature and applied to a column

with Chelating Sepharose FF balanced with buffer B,
pH 8.0 (20 mM Tris, 40 mM NaCl, 1% Triton X-100, 16
mM imidazole). The unbound to the resin fraction was
collected, pH was decreased to 4.55 using concentrated
acetic acid, filtered through a membrane (pore size 0.22
pum), and applied to a column with SP Sepharose FF
(Amersham Bioscience, United States) balanced with
buffer B, pH 4.55. After the fraction was applied, the
resin was washed with the same buffer. The unbound
to the resin fraction was collected, the pH was brought
to 9.0 using NaOH, filtered through the membrane
(pore size 0.22 um), and applied to a column with Q
Sepharose FF (Amersham Bioscience, United States)
balanced with buffer C (20 mM Tris, pH 8.8, 1% Triton
X-100). The peptides were eluted with a linear NaCl
gradient (0—1 M). After incubation with a 10% trichlo-
roacetic acid (TCA) solution, the purified peptides were
washed thrice with acetone and vacuum-dried. The pu-
rity and identity of the purified peptides to the target
ones were confirmed by gel electrophoresis, MALDI
mass spectroscopy (Daltonics Ultraflex II TOF/TOF,
Bruker Daltonik, Germany), and NMR spectroscopy.

Solubilization of tmFGFR3 in a

membrane-like environment

For preliminary folding into a helical conformation the
specimens of isotope labelled tmFGFR3 were dissolved
ina TFE/H,0 (60/40) mixture with 2 mM tris(2-carbox-
yethyl)phosphine (TCEP) added in order to prevent the
formation of nonspecific intermolecular disulfide bonds.
Complete solubilization was achieved using 10 freeze (in
liquid nitrogen)/thaw cycles. Homogenized specimens
were obtained under ultrasonication (ultrasonic bath
D-78224 Singen/Htw (Elma, Germany)) at the thaw
stage in each cycle. The solubility and formation of
the secondary structure of tmFGFR3 in the TFE/H,O
mixture was controlled using 'H/"»N-bestHSQC NMR
spectra [22—24] by analyzing the signal width and sig-
nal dispersion. A solution of tmFGFR3 in TFE/H,O was
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Table 2. Efficiency of the method of fusion proteins (TRX-tmFGFR3) and target peptides (tmFGFR3) production

. Molgcular : - ) EKP, Yield¢, mg/ml
TM-peptide Wli%:t’ Aminoacid sequence of a TM fragment 11111 /g tmg}g;_l% F—
tmFGFR3-nat 4.6 L*"PAEEELVEADEAGSVYAGILSYGVGFFLFILVVAAVTLCRLR*”| 25 40 6
tmFGFR3-R 4.7 L"PAEEELVEADEAGSVYAGILSYR*VGFFLFILVVAAVTLCRLR®® 30 20 4
tmFGFR3-E 4.7 L*"PAEEELVEADEAGSVYAGILSYGVGFFLFILVVE*'AVTLCRLR®* 30 50 7

2 The putative TM domains are indicated as gray boxes. The point mutations Gly380Arg (tmFGFR3-R) and Ala391Glu

(tmFGFR3-E) appear in bold.

b Activity of the enterokinase light chain required to hydrolyze 1 mg of TRX-tmFGFR3 fusion proteins.

¢ The average yield (per 1 L of bacterial culture in M9 minimal media) of the fusion proteins (TRX-tmFGFR3) and purified
peptides (tmFGFR3), including their *N- and ['*N-,'*C]-labelled derivatives. The yields were estimated by the intensity
of the Coomassie blue-stained bands in SDS-PAGE and by weighing pure, dried tmFGFR3 peptides.

mixed with the necessary amount of detergents and/
or lipids dissolved in TFE/H,O to obtain a detergent (li-
pid)/peptide ratio ranging from 120 to 40. The resulting
mixture was lyophilized (ModulyoD-230 Freeze Dryer,
Thermo, Canada) and dissolved in H,0/D,0 (10/1) with
10 freeze/thaw cycles (under ultrasonic action) to at-
tain protein homogeneity and complete incorporation
into detergent micelles or lipid bicelles. Heteronuclear
NMR spectra of tmFGFR3 peptides incorporated into
supramolecular complexes were obtained at 40°C, the
pH varied from 3.5 to 6.5 on an AVANCE spectrome-
ter (Bruker, Germany) equipped with a cryogenically
cooled high-sensitivity sensor, with a proton operating
frequency of 700 MHz.

RESULTS AND DISCUSSION

System of tmFGFRJ3 gene expression

Peptides with a primary structure corresponding to the
full-length TM fragment of FGFR3 (tmFGFR3) with
regions adjacent to the hydrophobic fragment (normal,
tmFGFR3-nat and that with pathogenic point muta-
tions G380R (tmFGFR3-R) or A391E (tmFGFR3-E))
were studied in this work (Table 2).

Due to the rapid proteolytic degradation of small
peptides during their expression in bacterial cells,
tmFGFR3 was obtained as thioredoxin A (TrxA) fu-
sion protein, as described earlier [12] (Fig. 14). Six his-
tidine residues (H6), the recognition site of the human
enterokinase light chain (EK), and mobile glycine-
rich fragments Gly-Ser-Gly-Ser-Gly (GS) on both
sides from H6 were incorporated between the TrxA
and tmFGFR3 fragments of the fusion protein. The
highly specific enzyme EK selectively hydrolyzes the
peptide bond located immediately after the recogni-
tion site (with the exception of the Lys-Pro bond). The
amino acid sequence Helix is located at the N terminus

80| ACTANATURAE| VOL.3 Ne 3 (10) 2011

of the fusion protein [12], facilitating the elimination
of the toxicity of some TM peptides with respect to the
host cell (no data are provided). The genes encoding the
fusion proteins Helix-TrxA-GS-H6-GS-EK-tmFGFR3
(hereinafter referred to as TRX-tmFGFR3) were in-
corporated into pGEMEX-1 plasmid vectors under
the transcriptional control of the T7 promoter yield-
ing pPGEMEX-1/(TRX-tmFGFR3) expression vectors
(Fig. 1B).

To produce proteins, E. coli BL21(DE3)pLysS cells
were used, since an acceptable level of expression of
target genes can be provided by these cells. When se-
lecting between autoinduction [20] and chemical induc-
tion, the choice in favor of the former is justified by
the absence of the necessity to add an inducing agent
when the cell culture attains a certain optical density.
The yields of the target proteins being comparable,
the induction by IPTG wins out economically, since
[U-13C]-glucose can be used as the only carbon source,
instead of the more expensive [U-*C]-glycerol for *C
isotope labelling.

The cultivation conditions at which maximum ac-
cumulation of the target proteins was observed were
determined by testing the media used for protein syn-
thesis induction using IPTG (TB and M9), as well as the
auto-induction media proposed by FW Studier [20],
taken with certain modifications (Table 1). The yeast ex-
tract was added to the media intended for the produc-
tion of isotope-labelled peptide derivatives (M5052 — to
introduce N, and M9, C750501’, and M50501 — to in-
troduce [N, C]) to obtain a concentration of 0.0002%.
It was shown experimentally that this concentration
of the yeast extract promotes the maximum increase
in the yield of the target protein without having an ef-
fect on the »N and *C incorporation in the target pro-
tein. Considering the high cost of [U-1*C]-glycerol, we
carried out a number of experiments to determine the
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Fig. 2. Efficiency of production of TRX-tmFGFR3 fusion
proteins in M9 minimal salt and M5052, C750501' and
M50501 auto-induction media. Coomassie blue-stained
14% Tris-glycine SDS-PAGE shows the fractionation of the
lysate of whole cells producing TRX-tmFGFR3-nat, TRX-
tmFGFR3-E and TRX-tmFGFR3-R. Recombinant strains
were grown in: 1 — M9 medium, 13°C after induction

with 0.05 mM IPTG; 2 — M5052 auto-induction medium,
18°C; 3— M50501 auto-induction medium, 18°C; and

4 - C750501" auto-induction medium, 18°C. Equivalents
of 20 pL of cell culture were loaded into each lane. Protein
molecular weight markers: 116.0, 66.2, 45.0, 35.0, 25.0,
18.4, and 14.4 kDa (top-down).

optimal glycerol concentration in the auto-induction
medium at which maximum accumulation of the target
product was observed. It appeared that a decrease in
glycerol concentration by a factor of 1.5, along with a
twofold fall in phosphate concentration in the culture
medium (M50501 medium), either has no effect on the
yield of the target products (tmFGFR3-nat and tmF-
GFR3-R) or enhances its accumulation (tmFGFR3-
E) (Fig. 2). This fact makes it possible to considerably
reduce the cost of the production of ["°’N, *C]-labelled
preparations by using the auto-induction principle.

Bacterial cells transformed with the appropriate
vector were cultivated at 18°C in the case of auto-in-
duction; or at 37, 25, and 13°C (after IPTG was added)
when using chemical induction. The decrease in the
cultivation temperature promotes maintenance of the
protein in soluble form [12]. Thus, in the case of chemi-
cal induction, when cultivating cells both in rich (TB)
and minimal (M9) media at high temperature (37°C),
after adding IPTG, the fusion proteins mostly accu-
mulated within inclusion bodies. With the temperature
decreasing to 25°C, protein solubility increased; the in-
clusion bodies contained half of the protein. At 13°C, all
fusion proteins were observed mostly in soluble form
(Figs. 2 and 3).

The dependence of the gene expression level on the
cultivation temperature or concentration of the induc-

B N EE 1160
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18.4
4.4
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37 25 13 37 25 13
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Fig. 3. Efficiency of production of TRX-tmFGFR3-E target
fusion proteins in rich (TB) and minimal (M9) media de-
pending on growth temperature (37°C, 25°C, 13°C) after
IPTG induction. Coomassie blue-stained 14% Tris-glycine
SDS-PAGE analysis of TRX-tmFGFR3-E cell lysate (0.05
mM IPTG). Protein molecular weight markers (kDa) are
shown on the right. The arrow on the left indicates TRX-
tmFGFR3-E target fusion protein. 5 (TB) or 10 pL (M9) of
cell culture were loaded into each lane. T — total cellular
protein; S — soluble protein fraction.

ing agent in case of chemical induction (1.0, 0.25, 0.05,
and 0.01 mM IPTG) was assessed using SDS-PAGE
electrophoresis. Based on the analysis results, a rich
TB medium was used to produce target proteins (13°C
after the induction) without incorporation of isotope
labels. When using the M9 and M50501 media, the
yield of fusion proteins appeared to be comparable
(Fig. 2); therefore, the M9 medium (13°C after the in-
duction) was selected for the production of prepara-
tive amounts of isotope-labelled target proteins. A
maximum yield of all TRX-tmFGFR3 or their N- or
['°N, 3C]-labelled derivatives was attained at 0.05 mM
IPTG.

Fusion protein purification
After cell lysis, fusion proteins were purified using im-
mobilized metal affinity chromatography (IMAC). In
order to prevent the precipitation of target proteins,
the non-ionic detergent Triton X-100 was used at this
or subsequent purification stages. The purity of the
protein preparations obtained by IMAC was at least
80%. The molecular weights of the fusion proteins de-
termined on the basis of their electrophoretic mobility
(SDS—PAGE, tricine buffer) (Fig. 4) were similar to the
calculated values.

The fusion proteins TRX-tmFGFR3 purified by
IMAC were cleaved using the human enterokinase
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kDa 1 2 3

«— TRX-tmFGFR3-nat

TRX
<4— dimer tmFGFR3-nat

- “— tmFGFR3-nat.

Fig. 4. Efficiency of purification of tmFGFR3-nat: 1 — puri-
fied fusion protein, 2 — products of enterokinase cleav-
age, 3 — purified tmFGFR3-nat. Arrows on the right
indicate: TRX-tmFGFR3-nat fusion protein, TRX fusion
partner, tmFGFR3-nat dimer and monomer compounds.
Coomassie blue-stained 14% Tricine SDS-PAGE. Calcu-
lated molecular weights: TRX-tmFGFR3-nat — 19.6 kDa,
tmFGFR3-nat — 4.6 kDa.

light chain (EK) [21] (Fig. 1A). When optimizing the re-
action conditions for each peptide, the efficiency of the
subsequent purification studies was accounted for. An
optimal composition of the reaction mixture was ob-
tained by diluting the fractions containing the fusion
protein by a factor of 11 (see the EXPERIMENTAL
section). EK (30 units per 1 mg of fusion protein TRX-
tmFGFR3) was used for complete isolation of tmFGFR3
peptides from the partner protein (Fig. 4).

After the fusion protein had been cleaved for a
night, IMAC was performed to remove the TRX frag-
ment and the residual amounts of fusion proteins from
the reaction mixture. The concentration and addi-
tional purification of tmFGFR3-target peptides using
two successive stages of cation-exchange and anion-
exchange chromatography at pH values ensuring the
maximum charge and affinity of the target polypep-
tides towards ion-exchange resins were used to obtain
protein preparations with a purity of at least 97%. The
results of SDS—PAGE electrophoresis attest to the effi-
ciency of TRX-tmFGFR3-E hydrolysis and tmFGFR3-
E purification (Fig. 4). The data on the purification and
efficiency of the proposed protocol for tmFGFR3-nat
and tmFGFR3-R are identical. The electrophoretical
mobility of tmFGFR3 corresponds to that of peptides
mostly in monomeric conformations. The purity and
correspondence of the purified peptides to the target

82| ACTANATURAE| VOL.3 Ne 3 (10) 2011

tmFGFR3 were confirmed by mass spectroscopy analy-
sis (Fig. 5) and NMR spectroscopy.

As mentioned above, tmFGFR3 peptides were ob-
tained in the presence of Triton X-100. The high op-
tical density of the aqueous solution of Triton X-100
impedes the use of the optical methods of analysis and
determination of the secondary peptide’s structure in
this detergent using CD spectroscopy. In the case of
NMR spectroscopy (see below), even trace amounts of
Triton X-100 in the sample had a negative effect on
the properties of the membrane-like environment that
was used for structural studies, as well as the spatial
structure of the protein. Peptides with Triton X-100
were precipitated with TCA, followed by washing of
the precipitate with cooled acetone, in order to effi-
ciently remove the detergent from the solution [12].
High efficiency of Triton X-100 removal from protein
samples was confirmed by NMR spectroscopy. Using
the procedure described, the yield of target proteins
was brought up to 4—8 mg/I of the culture. The purity
of the recombinant proteins and the degree of ['°N, *C]-
label incorporation were at least 97%.

Solubilization of tmFGFR3 in the

membrane-like environment

The selection of a medium imitating the surroundings
of an object in the cell membrane is of exceptional sig-
nificance for a successful study of structure and func-
tions [23]. The composition of a membrane-like en-
vironment that would be optimal for NMR studies is
determined by the following main parameters: size of
supramolecular particles with tmFGFR3 incorporated
into them; sample monodispersity; the absence of ag-
gregation and sample stability; implementation of the
native helical conformation; and tmFGFR3 dimeriza-
tion. How closely the tmFGFR3 supramolecular com-
plexes in the selected membrane-like environment met
these criteria was estimated using NMR spectroscopy.
Both detergent micelles and lipid bicelles of different
compositions were used as membrane-like media. The
total quality of the samples in terms of the possibility of
carrying out further structural studies by NMR spec-
troscopy was assessed using two-dimensional spec-
tra 'H/"®N-bestHSQC and 'H/"N-TROSY. The total
number of allowed cross-peaks within the region of the
NH-signals of glycerol residues, dispersion, broadening,
and signal doubling were analyzed.

It should be noted that both zwitterionic and charged
deuterized detergents, which provide a possibility of
imitating partially charged cell membranes, are often
required to perform structural studies of membrane
proteins and peptides by NMR methods. Today, SDS
is the only commercially available detergent that is
completely deuterized and negatively charged. This
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Fig. 5. Results of mass-spectroscopy analysis of the puri-
fied tmFGFR3-nat. The peaks in the spectrum correspond
to tmFGFR3-nat monomer (m/z 4603) and dimer (m/z
9209) compounds.

detergent has no structural analogues among the phos-
pholipids that are components of biological membranes;
therefore, the use of SDS to simulate membrane prop-
erties is not always reasonable. In this study, we made
an attempt to use completely deuterized DPG synthe-
sized by us, in order to generate a partially negative
charge on the micellar surface. The structure of the
polar head of DPG is identical to that of phosphati-
dylglycerol, the main negatively charged phospholipid
within bacterial membranes. The use of DPG allows to
better simulate the properties of biological membranes
as compared with SDS.

We selected tmFGFR3-nat solubilization conditions,
which made it possible to study its spatial structure and
dimerization. The best results upon solubilization of the
tmFGFR3-nat peptide were obtained when using the
mixed micelles of completely deuterized DPC/DPG
(9/1 mol/mol) and DPC/SDS (9/1 mol/mol). The total
number of peaks, good signal dispersion (being consid-
erably higher than the corresponding values for the
peptide in random conformation, which attests to the
formation of the secondary structure), and small line
width in the 'H/®N-bestHSQC spectrum totally corre-
spond to its secondary structure and the hydrodynamic
size expected based on the amino acid sequence of the
peptide (Fig. 6). The presence of cross-peak doubling in
'H/®N-bestHSQC spectra, as well as the dependence of
the relative intensities in these doublets on the number
of tmFGFR3-nat molecules incorporated in one micelle
(Fig. 6), points to the successful determination of the
tmFGFR3-nat dimerization conditions that are suit-
able for structural studies using heteronuclear NMR
spectroscopy.

5N, ] DPC/DPG=9:1 | =N, ) DPC/SDS=9:1
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Fig. 6. 'H/"°N-bestHSQC NMR spectra of tmFGFR3-nat in
DPC /DPG (left) and DPC /SDS (right) micelles. Tempera-
ture is 40°C, pH 5.7, and detergent /peptide molar ratio
is 40.

CONCLUSIONS

The elaborated system of gene expression and purifi-
cation protocol enables to produce recombinant trans-
membrane peptides tmFGFR3, including the isotope
labelled derivatives to milligram amount, which are
required for structural and functional studies. The
relatively small size of the peptide complexes in the
membrane-like environment attests to the possibil-
ity of obtaining the spatial structure of tmFGFR3-nat
in dimeric state using high-resolution heteronuclear
NMR spectroscopy [12, 24]. The conformation of the
tmFGFR3-nat dimer was determined recently, and the
study of the processes accompanying the specific asso-
ciation of tmFGFR3-E and tmFGFR3-R is now under
way. The proposed technology of recombinant peptides
production will help better understand the mechanism
underlying the functioning, as well as signal transduc-
tion, with the participation of the FGFR3 receptor, as
well as shed light on the molecular mechanisms of dif-
ferent disorders in human skeletal development, wich
are directly associated with mutations in the FGFR3
TM domain. @
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ABSTRACT Recombinant immunoconjugates of marker enzymes with antigens or antibodies present considerably
more advantages than those obtained by conventional methods of chemical synthesis; i.e. they are homogeneous,
have a strictly determined stoichiometry, and retain the functional activity of both a marker protein and an anti-
gen/antibody. Based on the pPICZaB shuttle vector, we first managed to obtain a recombinant conjugate of key
marker enzyme horseradish peroxidase (HRP) with Fab fragments of antibodies against atrazine. The resulting
genetic construction allows us to switch to any other antibody sequence, via the simple re-cloning of variable
parts and an additional reporter enzyme. Conjugates were successfully produced in the Pichia pastoris methylo-
trophic yeast expression system. The target activity of the conjugates (both enzymatic and antigen-binding) has
been demonstrated by ELISA method.

KEYWORDS horseradish peroxidase; antibodies; recombinant conjugates; Pichia pastoris expression.
ABBREVIATIONS HRP — horseradish peroxidase; ELISA — enzyme-linked immunosorbent assay; BSA — bovine
serum albumin; PCR — polymerase chain reaction; TMB — 3,3’,5,5’-tetramethylbenzidine; ABTS — 2,2’-azinobis(3-

ethylbenzothiazoline-6-sulphonic acid).

INTRODUCTION

Enzyme immunoassays for the detection and quantita-
tive analysis of various substances are based on coupling
of marker enzymes such as horseradish peroxidase (HRP,
EC 1.11.1.7]) with antigens or antibodies. However, all
major approaches used for the chemical conjugation of
proteins and haptens result in the partial inactivation of
the enzyme and conjugate heterogeneity, which affects
the specificity and sensitivity of the ELISA. Genetic en-
gineering can be used to obtain recombinant conjugates
of proteins with antigens or antibodies. Such conjugates
present a number of advantages; firstly, they have a
homogenous composition, secondly, they possess 1 : 1
stoichiometry, thirdly they retain the functional activi-
ties of both the marker protein and that of the antigen/
antibody, in addition to the reproducibility and the fact
that they are relatively simple to produce. Recombinant
conjugates of antibodies with alkaline phosphatase [1—-3],
luciferase [4], and peroxidase Arthromyces ramosus [5]
were obtained earlier.

The recombinant conjugate of HRP with the ear-
lier obtained fatty-acid-binding protein (FABP) [6]
was expressed in Escherichia coli cells and used as
an immunotracer when performing immunoenzyme
assay aimed at the early diagnosis of myocardial in-
farction.

The functional expression of the recombinant con-
jugate of HRP and antibody fragments in E. coli is as-
sociated with a number of difficulties, since there is no
post-translational glycosylation of proteins in E. coli
cells, resulting in low solubility and aggregation of the
expressed/obtained protein. This problem can be solved
by replacing the expression system. For instance, it has
been shown that methylotrophic yeast Pichia pastoris
is a more suitable organism/system for antibody ex-
pression than E. coli cells [7, 8].

HRP [9] and antibody fragments [10] were success-
fully expressed individually in P. pastoris cells, both
in the single-stranded form scFv [11, 12] and in a Fab
form [13]. Moreover, certain immunoconjugates have
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also been created using this expression system [14—16].
It has been demonstrated that gene expression in the
P. pastoris system in the secreted form considerably
simplifies the scaling of the process for biochemical ap-
plications [17].

The recent advance in the functional expression of
HRP and antibodies in secreted form paves the way for
the construction of recombinant HRP—antibody conju-
gates to be used in immunoassays. Firstly, we obtained
recombinant conjugates of HRP and Fab-fragments of
antibodies against atrazine, in order to study the op-
portunities provided by this approach. In these chimer-
ic proteins, the peroxidase part is combined with the
N- and C-terminal parts of the heavy chain of an anti-
body via a short linker sequence. The universal vectors
for the expression of conjugates of HRP and variable
chains of Fab fragments of antibodies were obtained (a
simple replacement of the variable part of a heavy and
light chain of any other antibody by re-cloning at the
Pstl/BstEIl and BamHI/Xhol sites, respectively) in the
secreted form in P. pastoris cells. A functionally active
HRP-Fab (atrazine) conjugate was obtained, possess-
ing antigen-binding properties that are similar to those
of monoclonal antibodies, which has been attested by
single-stage competitive immunoassay of atrazine (IC,
~ 3 ng/ml).

EXPERIMENTAL

Reagents

The reagents were purchased from the companies Sig-
ma, Fluka, and Difco and used without further purifi-
cation. Protein electrophoresis (SDS-PAGE) was per-
formed according to the standard procedure, using a
low molecular weight protein kit (LMW, Bio-Rad) as
the molecular weight standards. The preparative work
with DNA was performed using a QIA prep Spin Mini-
prep Kit and a QIAquick Gel extraction Kit (Qiagen,
Germany). Enzymes for DNA restriction and modifica-
tion were purchased from New England Biolabs, Boe-
hringer-Mannheim, GIBCO-BRL-Life technologies,
and MBI. Oligonucleotides for sequencing and PCR
were purchased from ARK Scientific, MWG Biotech,
or Interactiva (Germany).

Data processing and presentation

The gene engineering part of the study was planned
using CloneManager software (Scientific & Educational
Software, Cary, United States). The spatial structures
of immunoconjugates were simulated and visualized
on the InsightII (BioSym Inc., United States) software
package (BioSym Inc., United States) on an SGI R4400
operating station. The experimental data were pre-
pared for publication using software from the OpenOf-
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fice.org (www.openoffice.org) and GIMP (GNU Image
Manipulation Program) packages.

Microorganisms, media, plasmids,

and oligonucleotides

E. coli strain DH50 was used for genetic manipulations,
and E. coli strain BL21(DE3) pLysS (Novagen) was used
for intermediate production of the protein. The cells
were cultured in an LB medium (1% yeast extract, 1%
Peptone, 0.5% NaCl) supplemented with 25 mg/1 of Ze-
ocin (Invitrogen).

Preparing competent cells. E. coli cells were grown
overnight in 50 ml of the LB medium until OD,  was
0.4—0.6 and were isolated from the culture medium by
centrifugation (3500 rpm, 4°C) for 10 min. The cell pre-
cipitate/pellet was re-suspended in a TSS buffer (buf-
fer based on a LBS medium containing 10 g of PEG-
6000, 5 ml of DMSO, and 0.6 g of MgCl, in 100 ml; pH
6.5) and then kept on ice for 1 h, aliquoted (200 pl), and
quickly frozen at —80°C.

Recombinant antibodies and their conjugates with
HRP were expressed using P. pastoris X33 (Invit-
rogen) and shuttle vector pPICZaB (Invitrogen) for
cloning.

The Notl site was removed using forward and re-
verse primers (Table). A three-stage PCR was used
(primers listed in the Table), in order to incorporate the
HRP gene behind the gene of the heavy antibody chain
and to remove the restriction sites BspCI, Apal, PstI,
BstEII, Bglll, Xhol, BamHI, Sacl, and Pvul.

DNA modification and cell transformation
Manipulations with DNA included the standard pro-
cedures [18]. E. coli cells were transformed via the ad-
dition of plasmids or a ligation mixture to the unfrozen
competent cells. P. pastoris cells were also transformed
by plasmids preliminarily linearized at the Pmel site
via electroporation.

P. pastoris cultivation and secretion

of the recombinant conjugate

P. pastoris cells were cultivated in a YPD medium (1%
yeast extract, 2% Peptone, 2% D-glucose). The target
protein was synthesized in the glucose-free YP medi-
um, using 0.5 vol % methanol as an inducing agent. The
YPDS medium (YPD containing 1 M sorbitol) was used
for transformation of P. pastoris cells. The solid me-
dium contained 1.5% of Bacto Agar. The transformants
were grown in the YPDS medium at 30°C under stir-
ring (200 rpm) until OD, ;= 15 units was obtained. The
cells were centrifuged at 3,000 g and 4°C, washed with
YP medium, and OD,, was brought to 1. The induc-
tion was performed for 96 h by adding 0.5 vol % metha-
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nol every 24 h. The supernatant was concentrated via
membrane ultrafiltration (Amicon, 10 kDa).

Synthesis of bovine serum albumin

(BSA) conjugated with atrazine

The mixture of 1 mg of atrazine derivative (4-chloro-
6-(isopropylamino)-1,3,5-triazine-2-(6-amino-caproic
acid)) (~ 3.2 umol), 1.7 mg of N-hydroxysuccinimide
(= 15 pmol), 6.6 mg of N,N’-dicyclohexylcarbodiimide
(= 30 pmol) in 130 pl of 1,4-dioxane was stirred for 8 h
at room temperature. The precipitate was isolated by
centrifuging on a desktop centrifuge (12,000 rpm, 30 s).
The supernatant was added dropwise to the BSA so-
lution (2 mg) in 3 ml of 0.13 M NaHCO,. The reaction
mixture was left in a dark place for 3 h. The reaction
product was applied to a PD-10 column that was pre-
liminarily balanced with a phosphate-buffered saline
(PBS), pH 7.5. A total of 16 fractions (0.5 ml each) were
collected and analyzed spectrophotometrically (at 220
and 260 nm). The fractions with the highest OD,, ., ra-
tio were combined to be used in further experiments.

Determination of activity of the

recombinant conjugate by ELISA

ELISA was performed overnight using plates (“NUNC”
MAXI-SORP) with the preliminarily sorbed BSA-at-
razine (1 : 100 dilution) conjugate or BSA (10 pg/ml)
in a 10 mM carbonate buffer, pH 9.0, at 4°C. The sam-
ples of supernatant of a P. pastoris culture medium
were successively diluted in PBS, added into the plate
wells, and incubated at 37°C for 1 h. Then, the plate was
washed thrice with PBS containing 0.1% of Tween-20
(PBS-T), and 50 pl of a TMB substrate mixture was
added (0.6 mg/ml TMB and 8 mM H,O, in 0.1 M ace-
tate buffer, pH 5). The reaction was stopped by adding
50 ul of 2 M H,SO,; the optical density was measured
at 450 nm.

Competitive ELISA for determining atrazine

150 pl of the calibration sample (0.1, 1.0, 10, 20, 50, 100,
500 ng/ml of atrazine in PBS-T) and 40 pl of a recom-
binant conjugate solution were placed into plate wells
with the preliminarily sorbed BSA-atrazine conjugate
and incubated at 37°C for 1 h. The plate was washed
three times with PBS-T, and 50 pl of the TMB sub-
strate mixture was added into each well. The reaction
was stopped by adding 50 ul of 2 M H,SO,; the optical
density was measured at 450 nm.

RESULTS AND DISCUSSION

Recombinant conjugates are chimeric proteins com-
bining the structural components of both marker en-
zymes and an antigen/antibody. The use of modern
approaches has almost solved the problem of obtaining

such recombinant enzymes as alkaline phosphatase,
B-galactosidase, luciferase, and horseradish peroxi-
dase that are used as markers in the ELISA methods.
However, the production of recombinant conjugates is
an appreciably complicated task, since it remains thus
far impossible to reliably predict the structure of the
desired conjugate; hence, loss of the functional activity
of both the marker enzyme and antigen is possible, due
to the incorrect folding of two components.

Recombinant conjugates comprising bacterial en-
zymes (B-galactosidase and alkaline phosphatase)
that can be easily expressed in soluble form in E. coli
cells, as well as some other enzymes, were earlier ob-
tained. The major problem associated with the use
of B-galactosidase and alkaline phosphatase within
conjugates is their tetrameric and dimeric structures,
respectively, which results in a considerable increase
in conjugate affinity in comparison with a free anti-
body. This phenomenon is particularly undesirable
when designing ELISA competitive schemes. Mean-
while, horseradish peroxidase, one of the marker en-
zymes that have been most widely used in ELISA, is
expressed in E. coli cells only in the form of inclusion
bodies, which until recently has impeded the obtain-
ing of an active enzyme.

The recent advance in the heterologous expression
of antibody genes in the cells of methylotrophic yeast
P. pastoris offers great opportunities for using this sys-
tem for the synthesis of the conjugates of horseradish
conjugates with antibodies in the secreted soluble and
functionally active forms.

Designing the expression vector to obtain a
recombinant conjugate of HRP with a Fab
fragment of antibodies in P. pastoris
The expression system for obtaining recombinant con-
jugates of HRP and Fab fragments of antibodies was
elaborated on the basis of the pPICZaB vector. The ge-
netic construction was placed under the control of the
AOX promoter containing the Pmel site for the subse-
quent linearization and recombination into the yeast
genome. The vector also contains the signal sequence
of a-factor, which is necessary for the directed secre-
tion of recombinant protein into the culture medium.
Gene sh ble provides zeocin resistance of both E. coli
and P. pastoris cell types. The possibility of introduc-
ing a hexahistidine sequence at the C-terminus of the
recombinant protein is provided to simplify the proce-
dures of extraction and purification of the product.
We used the plasmids earlier obtained (pPIC-VCL
and pPIC-VCH [19] containing the corresponding frag-
ments of variable regions of the light and heavy chains
of K4E7 monoclonal antibody against atrazine [20], re-
spectively) as the starting material (Fig. 1). Both these
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Fig. 1. Cloning scheme
for construction of pPIC
Fab plasmid.

Bglll

5A0X1

Bglll

PIC-VCL - Sful Sful
pPIC-V alpha PPIC-VCH  5pha
\5” ble Sacl \Sh ole Pstl
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CL & '
&7 Xhol BstEll
" EcoRI " EcoRI
BamHl Notl BamHI Notl
Quick Bglll/BamHI
Change

Bglll

pPIC-VCL dNot

\ sh ble

BamHI

vectors contained the NotI site behind the cloned gene.

To design the universal construction, we planned to
leave only one NotI site in the vector behind the gene of
the antibody heavy chain. PCR (the QuickChange mode
[21]) using a special primer pair (Table) was employed
to remove the NotI site from the pPIC-VCL plasmid.
The vector obtained by this procedure is known as
pPIC-VCL dNot. Then, the BglIl/BamHI fragment of
the pPIC-VCH plasmid containing the heavy-chain
gene was cloned at the BglII site of plasmid pPIC-VCL
dNot prior to the light chain gene. The expression vec-
tor pPIC-Fab was used. The cloning scheme is given in
Fig. 1.

The universal pPIC-Fab gene obtained contains
Sacl/Xhol and PstI/BstEII site pairs for simple clon-
ing of the genes of the heavy and light chains, encodes
the C-terminal hexahistidine fragment for simplify-
ing the purification of the target protein using metal
chelate chromatography, and the NotlI site for cloning
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P
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the marker protein (such as HRP, green fluorescent
protein (EGFP), luciferase, etc.) at the C-terminus of
the heavy chain of the antibody.

A vector for the expression of the recombinant con-
jugate of peroxidase with Fab fragments of antibod-
ies was designed simultaneously. For the simplicity of
cloning, restriction sites PstI, BstEII, BglII, Xhol, Sacl,
Pvul, Apal, BamHI and BspCI were removed using the
primers listed earlier (Table) from the initial HRP gene
[22] that was preliminarily cloned in the corresponding
pPIC vector. Either before the HRP gene or behind it
the fragments of antibody genes were simultaneously
cloned. Thus, three-stage PCR was used to obtain two
genetic constructions in which the HRP gene was linked
with the sequence encoding the N-terminal region of
the variable part of the heavy Fab chain or the C-ter-
minal region of the constant part of the heavy chain
via a short linker sequence (Gly Ser), (Fig. 2). It should
be mentioned that in order to avoid the formation of
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Forward (F) and reversed (R) primers used for generation of genetic constructs with PCR. The introduced mutations are
indicated in bold and underlined in primer sequences

__ HRP | Notl | R | 5'-CGATCGAGCC GOGATGGOCG CCAGC- 3
FabVCH | | R | 5 -AGGCACAGCT ATAGGTACG 3’
__ HRP | | R | 5-GOGGOGGIGG AGGTTCTCAG TTAACGCCGA CTTTCTACG 3

5' - GGACOGOCGG CTAGAGTGAC- 3

Fab VCL Notl F | 5 - TGAAGTGGTA CGGCGATGC- 3’

"The nucleotide sequence regions that were changed are highlighted.

BstEll Notl Pmel  Sful Pstl BstEll  Fig- 2. Gen-
'VH  CH HRP his-tag 'SAOX1 alpha  HRP VH CH' eral versatile
expression

Bl ) vectors for

Pmel

recombinant
conjugates of
HRP with Fab
antibody frag-
ments pro-
duction. The
spatial models
of recombinant
conjugates

of Fab-HRP
and HRP-Fab
are shown in
the left and
right panels,
respectively.

Sful
Pstl

ColE1 5A0X

’ alpha
sh ble VH

pPIC-Ab-HRP CH

-BstEll
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nonfunctional dimers of the light chain, genetic con-
structions were cloned in the pPIC-Fab vector at the
sites Pmel/BstEIl and BstEII/Notl, respectively; the
heavy chain was selected for the cloning of the marker
protein gene. The mutual arrangement of genes in plas-
mids pPIC-Ab-HRP and pPIC-HRP-Ab was confirmed
by restriction analysis and sequencing.

Expression and purification of recombinant
conjugates Fab-HRP and HRP-Fab

P. pastoris X33 cells (Invitrogen) were transformed via
the plasmid vectors pPIC-Ab-HRP and pPIC-HRP-Ab
using electroporation with an efficiency of approxi-
mately 100 clones per 10 pg of plasmid DNA. The ex-
pression of the target protein was tracked by increasing
the peroxidase activity in the supernatant of the culture
medium, reaching a plateau on day 5 of cultivation. Ten
clones were analyzed with each construction. The HRP
activity with respect to the TMB substrate was detected
only in three clones out of 20: two clones (1.1, 1.2) cor-
responding to pPIC-Ab-HRP and one clone (8) corre-
sponding to pPIC-HRP-Ab. These clones were selected
for further consideration.

As shown by SDS-PAGE electrophoresis (the data
are not provided), the blurred bands located below the
band at 100 kDa correspond to the recombinant con-
jugates HRP-VCH and VCH-HRP. This blurriness of
the bands is accounted for by the microheterogeneity
of conjugates, conditioned by excessive glycosylation
that is typical for P. pastoris; correlating with our data
and the data published on the expression of the HRP
gene [9]. A considerably greater excess (by a factor of
3—4) of light-chain molecules was observed (the band at
25 kDa) in comparison with that found during the ex-
pression of the Fab fragment [19]. Unexpectedly, it oc-
curred that the recombinant conjugated manifested no
enzymatic activity toward another peroxidase substrate,
ABTS, as opposed to TMB. It is well known that the site
of binding with ABTS is located in the hydrophobic re-
gion on the HRP surface, in the so-called “Phe patch”
zone [25]. This zone is noticeably distant from the active
site of HRP, and it can be assumed that the substrate
binding to it is complicated due to steric reasons — as
a result of excessive glycosylation or the presence of a
Fab fragment of antibody. The first hypothesis is more
probable, since the same effect is observed under both
positions of the heavy chain of the antibody with respect
to HRP. Moreover, a similar effect was earlier observed
upon expression of the HRP gene in P. pastoris (the data
have not been published).

The total yield of recombinant conjugates was ap-
proximately 3—10 mg per 11 of the P. pastoris culture
supernatant. A relatively low yield of secreted con-
jugates correlates with the yield upon expression of
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Fig. 4. Titration of recombinant conjugates: 1 — Fab-
HRP (clone 1.1); 2 — Fab-HRP (clone 1.2); 3 — HRP-Fab
(clone 8).

the HRP gene only. We believe that one of the factors
that have a negative effect on the yield of the secreted
product is the excessive glycosylation of the peroxidase
component of the conjugate, which is typical of P. pas-
toris cells. In order to verify this hypothesis, it may be
reasonable to remove all N-glycosylation sites in HRP
or replace HRP with another reporter protein, such as
EGFP.

Characterization of recombinant

conjugates by ELISA

In order to confirm the antigen-binding activity of re-
combinant conjugates, we selected the scheme of indi-
rect competitive single-stage ELISA (Fig. 3) carried out
on the wells with an immobilized atrazine—BSA conju-
gate. The binding of recombinant conjugates to atrazine
was preliminarily studied (Fig. 4). The data obtained
attest to the presence of both catalytic and antibody
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Fig. 5. Calibration curve for atrazine determination in com-
petitive ELISA with recombinant conjugate of Fab-HRP
(clone 1.1).

activity in all three clones. However, the low activity of
the HRP-Fab sample (clone 8) in comparison with the
C-terminal conjugate Fab-HRP (clones 1.1 and 1.2) may
attest to the fact that the mutual spatial arrangement
of two components of the chimeric protein in this case
results in a decrease in the catalytic activity of peroxi-
dase. The samples of recombinant conjugates Fab—HRP
(clones 1.1 and 1.2) have similar characteristics, and
specimen 1.1 was used for further ELISA determina-
tion of atrazine. The typical calibration diagram (Fig. 5)
allows one to determine the atrazine concentration over
a wide range, from 0.1 to 50 ng/ml; the variation coef-

ficient being no higher than 8%. IC, is equal to 3 ng/ml,
which agrees well with the results of atrazine determi-
nation by a two-stage ELISA procedure using recom-
binant Fab fragments of the same antibody K411B [19]
and with the data on the single-chain mini-antibody
(scFv) obtained earlier in E. coli [24]. Meanwhile, in the
initial monoclonal antibody, the IC, value was equal to
0.2 ng/ml [19]. As is evident in the majority of similar
cases, the fact that the IC, value differs from that of
recombinant antibodies is in all likelihood connected
with the bivalence of the initial monoclonal antibody.

Thus, the recombinant conjugates of peroxidase with
Fab fragments of antibody against atrazine obtained in
the present study possess functional activity and can be
used to determine atrazine via ELISA.

CONCLUSIONS

The possibility of using a recombinant, functionally ac-
tive HRP (as a marker enzyme) conjugated with Fab
fragments of the antibody against atrazine was shown
for the first time. In the present study, recombinant
conjugates were obtained in which the Fab fragment of
an antibody is bound both to the N- and the C- termi-
nuses of the marker enzyme. Both these variants mani-
fest immunological and catalytic activity.

The functional secretion of recombinant conjugates
of HRP with Fab fragments of antibodies offers op-
portunities for broad application in ELISA. The results
obtained will be used to design highly sensitive immu-
nobiosensors of a new generation, based on the recom-
binant DNA technology. @

The study was partially supported by the German
Federal Ministry of Science and Technology (BMBF,
grant Ne 0311574).
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ABSTRACT Astrocytes are quite interesting to study because of their role in the development of various neurode-
generative disorders. The present work describes an examination of the arrangement and mechanical properties
of cytoskeleton of living astrocytes using atomic force microscopy (AFM). The experiments were performed with
an organotypic culture of dorsal root ganglia (DRG) obtained from a chicken embryo. The cells were cultivated
on a gelatinous substrate and showed strong adhesion. AFM allows one to observe cytoskeleton fibers, which
are interpreted as actin filaments and microtubules. This assumption is supported by confocal microscopy fluo-
rescence imaging of a-tubulin and fibrillar actin. Mapping of the local Young’s modulus of a living astrocyte
showed that the stiff areas correspond to the sites where the cytoskeleton fibers are located. Thus, the data ob-
tained indicate that AFM is a promising method to study neural cells cytoskeleton integrity and arrangement in
in vitro models of neurodegeneration.

KEYWORDS atomic force microscopy; dorsal root ganglia; force spectroscopy; confocal microscopy; cytoskeleton.
ABBREVIATIONS AFM —atomic force microscopy; DRG — dorsal root ganglia; GFAP — glial fibrillary acidic

protein.

INTRODUCTION

Astrocytes are one of the main cell types in the central
nervous system, where they have several functions: they
direct and stimulate neuron migration during develop-
ment; they sustain the neuronal microenvironment and
modulate the immune response via antigen presenta-
tion [1]. The study of astrocyte morphology is of great
interest due to their significant role in the pathogenesis
of many common diseases of the central and peripheral
nervous systems, such as ischemic stroke, Alzheimer’s
disease, AIDS-related dementia [2], diabetic retinopa-
thy [3], etc. These pathologies are accompanied by sub-
stantial morphological and physiological rearrangements
in neural cells and by changes in gene expression [2, 4].
They are also typically accompanied by changes in the
cytoskeleton structure [5].

Atomic force microscopy (AFM) has been used in
biological studies for a significant period of time for
the visualization of biomolecules [6, 7] and cells [8—10]
and for the assessment of their mechanical character-
istics [11, 12]. AFM allows one to obtain a 3D image of a
living cell in the growth medium and also perform ma-
nipulations on it at micro- and nano-scale. Cytoskele-

ton can usually be observed on cell images obtained in
contact mode [9, 13]. Measuring the Young’s modulus
makes it possible to get important information on the
physiological and functional state of cells [14, 15]. In
the current work, AFM has been used to study an or-
ganotypic culture of dorsal root ganglia (DRG) obtained
from a chicken embryo. The astrocyte cytoskeleton
structure has been examined, and the contribution of
the cytoskeleton into the local Young’s modulus of a
cell has been revealed. The data on the cytoskeleton
arrangement obtained by AFM were compared with
confocal microscopy data.

EXPERIMENTAL

Cell culture

An organotypic culture of dorsal root ganglia (DRG)
was obtained from a chicken embryo according to the
standard procedure described elsewhere [16]. Briefly,
to prepare gelatin-coated 35 mm Petri dishes, 2 ml of a
0.5% gelatin solution was placed into sterile dishes, in-
cubated for 1 h at 37°C, and removed. Dorsal root gan-
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glia were isolated from an 11- or 12-day-old chicken
embryo under a binocular microscope and placed into
the gelatin-coated Petri dishes. 2 ml of the F12 medium
(Biolot, Russia) containing pyruvate, glutamine, peni-
cillin, streptomycin and 10% of horse blood serum was
added into each dish.

In order to enhance cell adhesion and prolong the
lifetime of the primary culture, nerve growth factor
(NGF 7S) was added at a final concentration of 5 ng/ml
The obtained samples appear as a mixed primary cul-
ture of neurons and astrocytes. These two cell types
have clear morphological differences and therefore can
easily be distinguished [1]. In order to detect astrocytes,
immunocytochemical staining for glial fibrillary acidic
protein (GFAP) (an astrocytic marker protein) was per-
formed in accordance with a procedure described in
[17].

Atomic force microscopy

The atomic force microscopy experiments were car-
ried out on a Solver BIO atomic-force microscope (“NT-
MDT”, Russia) equipped with a 100x100x7 um? scanner
and a closed-loop feedback system. The morphology
intrinsic to living cells is likely to be retained for several
hours, and the AFM experiments were performed only
on the cells that had this type of morphology. The opti-
cal microscope, combined with the AFM, was used to
choose the scanning region.

The measurements were performed in the culture
medium using contact and semi-contact modes (the
semi-contact mode did not help to improve the image
quality; the information on the cytoskeleton was not
available; therefore, we present only the images ob-
tained in contact mode) using silicon nitride cantilevers
MSCT-AUHW (former Veeco Instruments, now Bruk-
er, USA). Trace and retrace topography and feedback
error signal were recorded during each scan. The me-
chanical force acting on the cell, measured using the
force-distance curves, was adjusted to be as small as
possible (the typical value was equal to 1—4 nN) [18].
Comparison of the trace and retrace profiles was the
criterion of correct feedback adjustment and validity
of the obtained data. After the optimal scanning pa-
rameters were selected, the trace and retrace profiles
showed good agreement, which indicated that there
were no considerable distortions of the structure under
the impact of the cantilever. The feedback error signal
made it easier to reveal small surface relief heteroge-
neities [19]. The images were processed using Imag-
eAnalysis (“NT-MDT”, Russia) and FemtoScan Online
(Advanced Technologies Center, Russia) software.

In the force spectroscopy experiments, AFM was
used to capture the force curves. A force curve is a plot
showing the elastic force acting on the cantilever as a
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function of the vertical scanner displacement [20, 21].
To record a force curve, the cantilever is first pushed
against the selected sample point. When the cantilever
moves down, the approach curve is recorded, the maxi-
mum interaction force can be adjusted and is typically
2-3 nN. Then, the cantilever is lifted, providing the
retract curve. Rectangular PNP-DB cantilevers (Na-
noWorld, Switzerland) and triangular MSCT-AUHW
(former Veeco Instruments, now Bruker, USA) canti-
levers made of silicon nitride were used for the force
spectroscopy. Before the measurements, the rigidity of
the rectangular cantilevers was determined using the
Sader method [22, 23]; the rigidity values specified by
the manufacturer were used for triangular cantilevers.
The deflection was calibrated using the force curve ob-
tained above the Petri dish surface. The Young’s mod-
ulus was calculated based on the approach curves us-
ing EF3 and the ImageAnalysis software (“NT-MDT”,
Russia). In this software, the Sneddon’s modification of
the Hertz model is used [9, 24].

Confocal microscopy and fluorescent staining

The specimens were fixed, stained with a-tubulin an-
tibodies (DM1a, Santa Cruz Biotechnology, United
States), and treated by the secondary antibodies con-
jugated with Alexa 594 (Alexa594 anti-mouse poly-
clone, Invitrogen, United States). Staining for astrocyte
marker GFAP was performed in a similar way: after
incubation with primary antibodies (GFAP, Abcam,
England), secondary antibodies conjugated with Alexa
546 (Alexab46 anti-rabbit polyclone, Invitrogen, United
States) were added. Rhodamine—phalloidin conjugate
was used for actin staining. Fixation and staining were
performed according to [17].

The confocal microscopy experiments were carried
out using a LSM 510 META microscope (Carl Zeiss,
Germany). Actin was visualised using an oil immer-
sion objective lens Plan-Apochromat 100x “Carl Zeiss”
(aperture 1.4), excitation wavelength 543 nm, spectral
detection range 530—600 nm, and confocal diaphragm
with 164 um diameter. The image size was 1024 X 1024
pixels (85 nm/pixel).

Tubulin was visualised using an oil immersion ob-
jective lens Plan-Apochromat 100x “Carl Zeiss” (ap-
erture 1.4), excitation wavelength 543 nm, spectral
detection range 615—700 nm, and confocal diaphragm
with 184 ym diameter. The image size was 1024 X 1024
pixels (85 nm/pixel).

GFAP was visualised using an oil immersion ob-
jective lens 63x “Carl Zeiss” (aperture 1.4), excita-
tion wavelength 514 nm, spectral detection range
530—600 nm, and confocal diaphragm with 124 pm
diameter. The image size was 1024 X 1024 pixels
(127 nm/pixel).
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Fig. 1. Visualization
of the astrocyte cy-
toskeleton with AFM
and confocal micros-
copy. Typical images
are presented. A —
the topographical
image of the living
astrocyte in growth
medium. B — the cor-
responding contact
error image. C — the
height profile of the
astrocyte measured
with AFM along the
white line on the
topographical image.
D — the contact error

profile measured
along the same line.
E — immunocyto-

chemical staining of
a-tubulin microtu-
bules (DM1A + Al-
exa594). F — staining
of actin filaments with
fluorescent phalloi-
din. G,H — profiles
of the fluorescence
intensity measured
along the white lines
on corresponding
fluorescent images.

40
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RESULTS AND DISCUSSION

Visualization of astrocyte cytoskeleton using
confocal and atomic force microscopy
Studying living cells with AFM is a technically and me-
thodically complex task, since living cells are very soft
and thus are easily deformed by the cantilever; they
require special conditions to keep viability and must
be strongly bound to the substrate [10]. Accurate selec-
tion of the sample preparation method and elaborate
adjustment of the scanning parameters are necessary
to obtain reproducible results.

Well-adhered cells cultured for 10 days were select-
ed for scanning. The topographic images of living astro-
cytes obtained in contact mode show that the cells have

an uneven surface with extended (fibrillar) structures
(Fig. 1A). In contact mode, the cantilever pushes down
the membrane and makes the submembrane cytoskel-
eton visible. It is most clearly observed on the feedback
error signal images (Fig. 1B), which show the cantilever
deflection in each point. The fibrillar structures are in-
discernible in semi-contact mode. A similar result was
obtained in the studies [8, 25].

The most clearly expressed and rigid intracellular
structures are the actin and the microtubule networks
[26]. We supposed that the structure of one or both of
these networks could be visualized by scanning living
astrocytes in contact mode in liquid.

To confirm this assumption, we compared the im-
ages obtained by AFM with those obtained by confo-
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Fig. 2. Immunocytochemical staining of a glial fibrillary
acidic protein in the astrocytes of a DRG culture obtained
from a chicken embryo. Green colour — Anti-GFAP +
Alexa546, dark blue — nuclei stained with DAPI.

cal microscopy upon immunofluorescence staining of
astrocytes for a-tubulin and F-actin (Figs. 1E,F). The
actin cytoskeleton, which is visible upon staining for
F-actin, consists of long parallel fibrils (Fig. 1F). Stain-
ing for a-tubulin (Fig. 1E) provides the image show-
ing the arrangement of microtubules in an astrocyte,
which form a complex network. A similar network can
also be seen on a topography image of a living astrocyte
(Figs. 1A,B).

Intermediate filaments, which consist of GFAP in
astrocytes, either do not form regular fibrillar struc-
tures in this culture or are destroyed upon immobiliza-
tion (Fg. 2). Based on the comparison of the obtained
images and on the basis of the published data [13, 27],
we conclude that, unlike actin and microtubules, inter-
mediate filaments in this case cannot be visualized by
AFM.

The fluorescence intensity profiles were measured
along the lines selected on the confocal microscopy
images (Fig. 1G,H). When calculating the profile, the
signal is averaged over several lines adjacent to the
selected one. Thus, the presence of clearly discern-
ible peaks on the profiles indicates the existence of ex-
tensive intracellular fibrils. Since fibrillar structures
were detected in all three experiments (Figs. 14,E,F),
it cannot be claimed that the filaments observed by
AFM in contact mode are necessarily microtubules or
actin filaments. It is possible that both systems con-
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tribute to the formation of the surface topography
(Fig. 1A); however, a number of researchers [13, 27]
believe that it is actin cytoskeleton that plays the de-
termining role.

It should also be noted that the peak width does not
correspond to the diameter of an individual microtu-
bule or actin filament in any of the measured profiles.
It is well known [5] that microtubules are extensive a-
and B- tubulin copolymers, 10 nm in diameter, whereas
the diameter of an actin filament is 7—8 nm. There-
fore, the visible structures are bundles of cytoskeleton
components. Despite the complexity related to a clear
differentiation of various cytoskeleton networks, its
visualization by AFM has some advantage over im-
munocytochemical staining, since the AFM measure-
ments can be performed on living cells in the culture
medium.

Thus, the astrocytes of an organotypic culture of
dorsal root ganglia obtained from a chicken embryo
cultivated on a gelatinous substrate are well adhered,
do not shift during scanning, and possess a high level of
viability. The gelatinous substrate can efficiently sub-
stitute the substrates made of polyornithine/laminine,
collagen, etc., which are more expensive and require
rather complicated preparations [28].

Force spectroscopy and measurement of the

local Young’s modulus of living astrocytes

To get more information about the cytoskeleton, we
measured the local Young’s modulus of the living as-
trocytes from the force spectroscopy data. The force
curves were recorded in the points located along the se-
lected lines (10—20 points per line) or on the grid (from
4 X 4 to 7 X 7 points). Measurements were carried out
using two cantilevers (their rigidity values differed by
an order of magnitude and were equal to k, = 0.02 N/m
and k,= 0.18 N/m) in order to demonstrate that the
method chosen to calculate the Young’s modulus is val-
id. The values of the Young’s modulus of two or three
cells were measured using each cantilever. The obtained
histograms matched well (Fig. 3), and so did the aver-
age values of the Young’s modulus E, = 2.2 + 1.6 kPa
and E,= 2.1 = 1.6 kPa. This proves that the performed
measurements are valid. The Young’s modulus values
determined on living astrocytes fall into a wide range
(0.36—9.6 kPa), which is typical of eukaryotic cells. It is
known that the Young’s modulus values vary from 0.02
to 400 kPa in different eukaryotic cells [14] (the range is
from 1 to 40 kPa for astrocytes obtained from rat cer-
ebrum [13]). It is also known that the average Young’s
modulus of culture-dissociated DRG neurons adhered
on polyornithine/laminin [29] is equal to 60 kPa. This
fact correlates with the data [11, 30] that the astrocytes
are softer than the neurons.
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Fig. 3. Histograms of the astrocyte Young's modulus. A — obtained with long cantilever PNP-DB, k = 0.02 N/m.

B — obtained with short cantilever PNP-DB, k =0.18 N/m.

Mapping of the Young’s modulus was also per-
formed; the force curves were recorded in the points
located on the grid nodes (Fig. 4). On the elasticity map,
the lighter squares correspond to the areas with higher
rigidity, whereas the darker squares correspond to the
areas with lower rigidity (Fig. 4B). The force curves
are also shown in different points (Fig. 4C,D,E). The
curve has an abrupt slope above the substrate; above
the edge of the cell, the curve is smooth until the can-
tilever interacts with the substrate. The curves are
smooth above the nucleus and more abrupt above the
cytoskeleton fibrils. When the force curves along the
chosen line were recorded, it was observed that the
curve shape and the Young’s modulus depended on
the presence of the cytoskeleton below the membrane.
If there were elements of the cytoskeleton at the ref-
erence points (they could be seen on the topographic
images), the calculated Young’s modulus was higher
(F1ig. 5), which supports the data [13]. It should be men-
tioned that when a force curve is recorded, the Young’s
modulus is averaged over the size of the contact area
between the cantilever tip and the cell surface. The
size of the contact area depends on the probe geometry
and indentation depth; in this experiment, it was ap-
proximately equal to 700 X 700 nm [31]. This fact can
be accounted for by the scattering in the values of the
Young’s modulus measured above the cytoskeleton el-
ements. Moreover, the fibrils could correspond to the
bundles of cytoskeleton filaments of different densities,
which impacts the local rigidity. It is obvious from the
diagrams of the Young’s modulus values (Fig. 3) that
the majority of points fall into the regions of the cell
surface where there are no cytoskeleton elements.

CONCLUSIONS

The obtained data demonstrate that the morphology of
astrocytes in an organotypic culture of chicken embryo
DRG grown on a gelatinous substrate can be success-
fully studied by AFM. The cells prepared in this man-
ner are well-adhered, viable, and do not shift substan-
tially during scanning, which makes it possible to use
gelatin as an inexpensive and reliable substrate for this
culture. The high resolution of the AFM method allows
one to observe the cytoskeleton arrangement of a living
cell in the culture medium. Unlike confocal microscopy,
AFM does not provide information to determine which
of the cytoskeleton networks is observed. However,
AFM is promising for the study of the cytoskeleton
organization in experiments on living cells. Moreover,
since the local Young’s modulus of a cell is considerably
higher at the sites of cytoskeleton fibrils location, force
spectroscopy allows one to determine cytoskeleton in-
tegrity and rearrangement upon damage. The study
of the changes in the cytoskeleton integrity of neuro-
nal cells upon neurodegenerative conditions appears
to be a prospective application of AFM. When study-
ing cytoskeleton degradation (one of the key processes
in the development of neurodegeneration [32]), force
spectroscopy will facilitate a quick, non-invasive and
accurate determination of the Young’s modulus of liv-
ing neuronal cells. ®

The present study was supported by the Federal
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Pedagogical Personnel of Innovative Russia
for 2009-2013.
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Fig. 4. Mapping the local Young's

modulus of the astrocyte. A — the g_
deflection image of the living astro- o
cyte and a grid of points where the 0
force curves were obtained. B — the
map of the local Young's modulus in
the grid nodes. The colour scale is

in kPa, lighter squares correspond
to stiffer areas. C — the force curve
obtained in a point above the cell
edge, the upper part of the curve
coincides with the curve obtained
on the substrate (E). Green triangu-
lar pointers mark the contact point,
and blue triangular pointer marks
the point where the cantilever
touches the substrate. D — the force
curve obtained in a point above the S
cell nucleus. The range of the scan-

ner displacement on all curves was o
2 ym.
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Fig. 5. Mapping the local
Young's modulus of the astro-
cyte. A — the image of the astro-
cyte and the line along which the
force curves (14 points) were
obtained. B — the height profile
along the section line (the dark
blue curve) and the values of

the local Young's modulus (the
green points) measured in the
corresponding points. Horizontal
error bars show the size of the
contact area. In the areas where
the cytoskeleton fibers are lo-
cated (local maxima on the dark
blue curve), the local Young's 450 B

modulus increases. 400
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ABSTRACT Recombinant human adenovirus serotype 5 (Ad5/35F-IL2) with modified fibres containing the
C-terminal domain fiber-knob of human adenovirus serotype 35, carrying the gene of recombinant human
IL-2, has been designed. As a result of the fiber modification, the adenovirus can efficiently deliver the genetic
information to bone marrow leukocytes and the tumor blood cells KG-1A (human myeloblastic leukemia

cells) and U937 (human histiocytic lymphoma cells), which are normally resistant to Ad5 infection. The flow
cytometry data reveal that the modified Ad5/35F penetrates into a population of monocytes, granulocytes,

and blast cells of human bone marrow. The expression of interleukin-2 in CAR-negative bone marrow
leukocytes (3682.52 = 134.21 pg/ml) and the cell lines KG-1A (748.3 = 32.8 pg/ml) and U937 (421.5 =594 pg/
ml) transduced with adenovirus Ad5/35F-IL2 is demonstrated. The fiber-modified adenovirus can be used as a
vector for the efficient gene delivery of interleukin-2 to human normal and tumor hematopoietic cells.
KEYWORDS adenovial vector; pseudotyping; interleukin-2; CD46; capsid modification.

ABBREVIATIONS Ad — human adenovirus; Ad5 — Ad serotype 5; Ad35 — Ad serotype 35; Ad5/35F — fiber-modified
recombinant Ad5; UV — ultraviolet radiation; RBM — red bone marrow; IL2 — human interleukin-2; CAR — cox-
sackievirus and adenovirus receptor; aa — amino acid residue; pfu — plaque-forming unit.

INTRODUCTION

Among the vectors most commonly used to deliver
genes to human and mammal cells are vectors based
on the human adenovirus serotype 5 (Ad5). The ad-
vantages of these vectors are numerous; they are ca-
pable of transducing both dividing and non-dividing
cells[1, 2]; the adenoviral DNA is not incorporated into
the host cell genome and retains its extrachromosomal
form; adenoviruses can be produced at a titer of over
10* pfu/ml, which enables them to be used as living
recombinant vaccines; and they ensure a high expres-
sion level of the target gene in a target cell. One of the
drawbacks of Adb-based vectors is their low transduc-
ing activity with respect to CAR-deficient and CAR-
negative cells. Among those, hematopoeitic cells occupy
a significant place. This problem derives from the fact
that binding of the adenovirus capsid protein (fiber)
and the membrane cell receptor CAR (coxsakievirus-
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adenovirus receptor) is necessary for the primary inter-
action between Adb5 and a cell. Therefore, a deficiency
or the total absence of these receptors on the cell sur-
face is a factor that limits efficient gene delivery using
Ad-5 based adenovectors.

This problem can be overcome via the genetic mod-
ification of the adenovirus’ fibers. The modification
strategy consists in pseudotyping, i.e., the substitu-
tion of fibers or their individual domains for the fib-
ers or similar domains of the adenoviruses of other
serotypes, which use receptors other than CAR recep-
tors for binding to the cell surface. This approach was
first used in 1996 by Gall et al; they constructed the
Ad5 expressing Ad7 fiber and showed the change in
vector tropism [3]. Krasnykh et al. [4] and Stevenson et
al. [5] described the production of chimeric Ad5 vec-
tors containing the N-terminal and central domains
of Adb fiber and the C-terminal domain of Ad3 fiber.
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Substitution of Adb fiber for Ad35 fiber (Ad5/35F)
was proposed for the efficient transduction of hemat-
opoietic cells [6]. The modification is made possible by
the fact that Adb and Ad35 use different receptors
in order to bind to the cell surface. It is CAR for Ad5
and the CD46 molecule for Ad35 [7]; a high expression
level of CD46 was detected on the surface of hemat-
opoietic cells. These chimeric adenoviruses can effi-
ciently transduce human hematopoietic [6] and den-
dritic cells [8].

The described modification of the Adb fiber was
used to construct a vector capable of efficiently pen-
etrating CAR-deficient hematopoietic cells, with the
purpose of delivering the human interleukin-2 gene.
The construction of this vector broadens the poten-
tial of using vectors based on human capsid-modified
adenoviruses, in particular for genetic therapy in the
treatment of leukemia of different etiologies.

EXPERIMENTAL

Plasmid vectors

The pZ35 plasmid containing the Ad5 genome with the
Ad35 fiber knob domain and shuttle vector pShuttle-
CMV-IL2 containing the human interleukin-2 gene
regulated by the human citomegalovirus promoter
were previously constructed in the Gamaleya Re-
search Institute of Epidemiology and Microbiology [9];
pShuttle-CMV-EGFP was purchased from Stratagene
(United States).

Viruses and bacterial strains

Recombinant Ad5 expressing a green fluorescent pro-
tein reporter gene (Ad5-EGFP), recombinant Ad) ex-
pressing the human interleukin-2 gene (Ad5-IL2) ob-
tained earlier in the Gamaleya Research Institute of
Epidemiology and Microbiology [9, 10], Eshcerichia coli
strains DH5a and BJ5183.

Cell lines

In this study, the following transplantable human cell
lines were used: HEK-293 (embryonic kidney cells
transformed by the E1 region of the Ad5 genome), KG-
1A (myeloid leukemia cells), U937 (monocytic leukemia
cells), and the primary leukocyte culture from red bone
marrow (RBM) obtained from a healthy volunteer.

Obtainment of recombinant adenoviruses

Plasmid constructions carrying the full size adenovi-
rus genome with the modified fiber (Ad5/35F) and the
target gene within the genome were obtained via ho-
mologous recombination in E. coli BJ5183. To this end,
E. coli cells were co-transformed with a plasmid pair
(pZ35 and pShuttle-CMV-EGFP) in order to obtain

the plasmid with a full-size genome Ad5/35F and with
green fluorescent protein gene (pAd5/35F-EGFP),
and pZ35 and pShuttle-CMV-IL2 to obtain the plas-
mid with full-size genome of Ad5/35F with the hu-
man interleukin-2 gene (pAdb5/35F-IL2). Prior to the
transformation, pZ35 and shuttle vectors (pShuttle-
CMV-EGFP and pShuttle-CMV-IL2) were linearized
by Pacl and Pmel, respectively. In the shuttle vectors,
the target genes (EGFP and IL2) were regulated by
the human cytomegalovirus promoter. Recombinant
clones were analyzed using the polymerase chain re-
action (PCR) and restriction assay. Recombinant mod-
ified vectors Ad5/35F-EGFP and Ad5/35F-IL2 were
obtained via the lipofection of plasmid constructions
(pAd5/35F-EGFP and pAd5/35F-IL2) into the HEK-
293 line cells using Metafectene Pro agent (Biontex,
Germany) according to the enclosed protocol. Recom-
binant adenoviruses were accumulated in HEK-293
cells and detected on the basis of the development of
the characteristic cytopathic effect. The presence of
the target genes and fiber modification was proven
by PCR and restriction assay. Recombinant modified
adenoviruses were purified and concentrated by ce-
sium chloride density gradient ultracentrifugation
of the lysates of infected cells. The concentration of
adenovirus in the purified specimen was determined
spectrophotometrically (A = 260 nm) using the conver-
sion coefficient 1 OD = 1.12 x 10'2 viral particles/ml.
The titer of adenoviral specimens was determined by
plaque formation assay on HEK-293 cells.

Determination of the physical stability

of modified adenoviruses

The physical stability of modified adenoviruses was as-
sessed using the Ad5/35F-EGFP model by determin-
ing its thermal stability, according to the procedure
described earlier [11].

Transduction of KG-1A and U937 human tumor
blood cells with recombinant adenoviruses

KG-1A and U937 cells were seeded into 48-well plates
at a concentration of 5 X 10* cells per well. The cells
from the leukocytic fraction of human RBM obtained
from a healthy donor were extracted by double centrif-
ugation in the density gradient of the Histopaque-1083
commercial preparation (Sigma-Aldrich, Germany) ac-
cording to the enclosed protocol and seeded into 48-well
plates at a concentration of 5 x 10* cells per well. On
the following day, the cells were infected with the re-
combinant modified adenoviruses Ad5/35F-EGFP and
Adb5/35F-IL2 and the control adenoviruses with fibers
of the wild-type virus and analogous target genes Ad5-
EGFP and Ad5-IL2, at doses of 5 X 103, 10%, and 5 X 10*
viral particles per cell.
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Fiber Ad5

371 381 391

401 411

...KAMVYPKLGTG LSFDSTGAIT VGNKNNDKL TLWT TPAPSPN CRLNAEKDAK...

shaft domain
Fiber Ad35
101 111 121

...NGLETONNKL CAKLGNGLKF NNGDICIKDS

knob domain

131 141
IN TLWT GINP__PPNCQIVENT...

shaft domain

knob domain

Fig. 1. Amino acid sequences of the C-terminal regions of fibers of human avenoviruses serotypes 5 and 35.

Analysis of the efficiency of penetration

of adenoviruses into the cells and the

expression level of the target gene

The efficiency of the penetration of the recombinant
adenoviruses Ad5-EGFP and Ad/35F-EGFP into cells
was assessed 48 h post infection via fluorescent micro-
scopy of the infected cells using the EGFP fluorescence
intensity.

The expression level of the human IL2 gene in the
cells infected with Ad5-IL2 and Ad5/35F-IL2 was as-
sessed 48 h post infection by determining the IL2 con-
centration in the culture medium of the infected cells
by flow cytofluorimetry using the FlowCytomix Bend-
er Medsystems kit (Austria) according to the enclosed
protocol. IL2 concentration in the specimens was calcu-
lated using the FlowCytomix Pro 2.2 software.

Determination of leukocyte populations

of human RBM which are efficiently

transduced by the modified adenovirus

The cells were infected with Ad5/35F-EGFP at a dose
of 10* viral particles per cell, in order to determine the
leukocyte populations of human RBM into which the
modified adenovirus is capable of penetrating. Leuko-
cyte populations in RBM, namely monocytes, granulo-
cytes, T- and B-lymphocytes, and blast cells, were de-
termined 24 h post infection via flow cytofluorimetry,
using fluorescently labelled antibodies against CD45
(common leukocyte antigen). The virus-infected cells
were detected by EGFP fluorescence and correlated
with the corresponding leukocyte population.

RESULTS AND DISCUSSION

Obtaining fiber-modified human

recombinant adenoviruses serotype 5

The first strategy for obtaining the recombinant ad-
enovirus Ad5/35F described by Shayakhmetov et al.
[6] consisted in the substitution of the central (shaft)
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and the C-terminal (knob) Adb fiber domains for the
analogous domains of the Ad35 fiber. In order to con-
struct the modified virus, we used the new technology
based on a single substitution of the C-terminal knob
domain of the Adb fiber for the knob fibre domain [7].
The C-terminal knob and central shaft domains of
the adenovirus fiber are linked by a short amino acid
sequence, ensuring the relative mobility of the fiber
knob domain. Most human adenoviruses contain a con-
servative threonine—leucine—tryptophan—threonine
(TLWT) sequence in the mobile region between these
domains [12]. The N-terminus of the knob domain of
the Ad5 and Ad35 fibers also contains this sequence
(Fig. 1).

Thus, in order to broaden the tropism of the virus
relative to CD46-positive cells, and to achieve proper
linking of the shaft and knob fibre domains, we substi-
tuted the knob domain of the Ad5 fiber (178 aa) for the
knob domain of the Ad35 fiber (187 aa) after the TLWT
sequence (Fig. 2).

Characterization of recombinant
modified adenoviruses Ad5/35F
Recombinant modified adenoviruses Ad5/35-EGFP
and Adb5/35F-IL2 were characterized according to the

Concentration and titer of recombinant adenoviruses

. Concentration, .
Vs viral particles/ml At otz
Ad5-EGFP (4.82 £ 0.17) X 10 | (3.80 = 0.83) x 10

Ad5/35F-EGFP

(254 = 0.21) X 102

(1.22 % 0.34) x 10

Ad5-IL2

(6.97 = 0.19) X 10

(5.85 = 0.76) X 10

Ad5/35F-IL2

(423 =0.17) x 10*

(2.12 = 0.26) x 10*°
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Ad5 shaft knob Ad5
no
FTLWT (178 aa)
Ad35 shaft knob Ad35
no
LTLWT -o (187 aa)
1
Ad5 shaft

knob Ad35
LTLWTTLWT o (187 aa)

Fig. 2. Scheme for modification of fibers of human adenovirus serotype 5 by substitution of its C-terminal knob domain
for the same domain of the fiber of human adenovirus serotype 35.

following parameters: the concentration of viral parti-
cles in a sample, titer of the adenoviral sample (Table),
and the physical stability of adenoviruses upon heating
(Fig. 3). Unmodified Ad5 samples containing expres-
sion cassettes with EGFP (Ad5-EGFP) and human IL2
(Adb-IL2) genes were used as a control. As can be seen
from the Table, concentrations and titers of the sam-
ples of modified adenoviruses are comparable with the
same parameters of the control samples of unmodified
adenoviruses. Thus, the modification of the Ad5/35F
adenovirus fiber had no considerable effect on its re-
production.

Since the modification of the adenovirus fibers in-
troduced by us could have some impact on the physical

A
100 *———#————_—ﬁiﬁ
80
60
——Ad5-EGFP
40 —e—Ad5/35F-EGFP
20
0
k- 37°C, 37°C, 37°C,
5 min 15 min 30 min

stability of adenoviruses, we assessed the stability of
Ad5/35F-EGFP upon heating to +37 and +42°C during
various time periods as compared with that of unmodi-
fied Ad5-EGFP. The thermal stability of Ad5/35F-
EGFP virions was shown to be comparable with that
of the unmodified Ad5-EGFP adenovirus. Heating the
adenovirus samples for 30 min at +37°C did not result
in a significant decrease in their infectivity (Fig. 3A).
The incubation of adenoviruses at +42°C led to the in-
activation of adenovirions in both samples: by 11-19%
after heating for 15 min and by 23—45% after heating
for 30 min (Fig. 3B).

The data on the thermal stability of the Ad5/35F-
EGFP adenovirus attest to the fact that this modifica-

120 T
100 ¢

60 < —+—Ad5-EGFP
40 1 o Ad5/35F-EGFP

k- 42°C,
5 min

42°C,
15 min

42°C,
30 min

Fig. 3. Thermal stability of fiber-modified adenovirions (Ad5 /35F-EGFP) as compared with the unmodified adenovirions
(Ad5-EGFP). A — Heating of adenovirus samples at +37°C for 5, 15, and 30 min. B — Heating of adenovirus samples at
+42°C for 5, 15, and 30 min. Along the X axis, the heating conditions; along the Y axis, the relative efficiency of adeno-
virus penetration into HEK-293 cells assessed by EGFP fluorescence, %.
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Ad5-EGFP Ad5 /35F-EGFP

) --

U937

Fig. 4. Penetration efficiency of the modified Ad5/35-
EGFP virus into KG-1A and U937 lines of human tumor
blood cells 48 h after infection.

tion of adenovirus fibers has no considerable effect on
its physical stability.

Assessment of the efficiency of the delivery of
genetic information by Ad5/35F-EGFP and
Ad5/35F-IL2 adenoviruses to human hematopoietic
tumor cells (KG-1A and U937 cell lines)
We selected KG-1A lines (myeloid leukemia cells) and
U937 (monocytic leukemia cells) with a low level of ex-
pression of the primary adenoviral receptor CAR [13]
and high level of CD46 expression [14], in order to as-
sess the efficiency of in vitro penetration of Ad5/35F-
EGFP and Ad5/35F-IL2 into human blood tumor cells,
and to determine the expression level of the target
genes in the virus-transduced cells. The multiplic-
ity of the infection was 5 X 10% 10% and 5 X 10* viral
particles per cell. The efficiency of the penetration of
Ad5/35F-EGFP into the cells was assessed according to
the amount of cells expressing the reporter gene EGFP
and fluorescing under UV irradiation (A = 395 nm). It
was demonstrated that as a result of fibre modification,
the modified Ad5/35F-EGFP penetrated into U937 and
KG-1A hematopoietic tumor cells more efficiently in
comparison with the unmodified virus (Fig. 4). These
results are consistent with the data obtained by other
researchers who studied the efficiency of penetration
of the modified Ad5/35F-EGFP virus into other lines
of blood tumor cells [6] and into primary lymphoid and
myeloid leukemia cells [15].

The efficiency of expression of the human inter-
leukin-2 gene in the cell lines transduced with the re-
combinant modified Ad5/35-1IL2 adenovirus turned out
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Fig. 5. Expression level of the human interleukin-2 gene in
KG-1A and U937 lines of human tumor blood cells trans-
duced with recombinant adenoviruses 48 h after infection.
Along the X axis, interleukin-2 concentration in the culture
medium of infected cells, pg/ml.

to be considerably higher than that in the cells trans-
duced with unmodified Ad5-IL2 (Fig. 5). The highest
concentration of IL2 was noted in the cultural medium
of the KG-1A cell line (748.3 = 32.8 pg/ml) infected
with Ad5/35F-IL2. U937 cells transduced with the
modified adenovirus expressed the IL2 gene at a level
of 421.5 = 59.4 pg/ml. In the cells transduced with the
unmodified Ad5-IL2 virus, trace amounts of IL2 were
expressed.

These results are consistent with the data on the
level of CAR and CD46 molecules, the primary recep-
tors for Ad5 and Ad35 adhesion on the surface of the
studied cell lines. Hematopoietic cells, including KG-
1A and U937 cells, are known to be CAR-negative [13].
Therefore, it is quite understandable that the unmodi-
fied Ad5 virtually did not penetrate into these cells;
expression of the target genes in them was detected
at a trace level. Meanwhile, due to a high level of CD46
expression on the surface of KG-1A and U937 cells [14],
the modified Ad5/35F had an enhanced ability to pen-
etrate into these cells, which ensured a high expression
level of the target genes in them.

Assessment of the efficiency in delivering the

genetic information to normal leukocytes

of human red bone marrow (RBM) by

recombinant modified adenoviruses

The modified Ad5/35F adenovirus efficiently transduc-
es CAR-negative tumor blood cells and ensures the ex-
pression of the target genes introduced into its genome
in these cells. It was therefore decided to determine the
efficiency in delivering the genetic information via ad-
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Ad5-EGFP

Ad5 /35F-EGFP

Fig. 6. Penetration efficiency of the modified Ad5 /35-
EGFP virus into leukocytes of human RBM 48 h after infec-
tion.

enovectors (Ad5/35F-EGFP and Adb5/35F-IL2) to the
cells of the leukocytic fraction of RBM obtained from a
healthy blood donor. The reason for this interest is the
potential of using the modified adenovirus as a vector
for the efficient selective ex vivo delivery of genetic in-
formation to hematopoietic and immunocompetent hu-
man cells. The leukocytes extracted from a RBM sam-
ple taken from a healthy blood donor were transfected
with modified (Ad5/35F-EGFP and Ad5/35-IL2) and
unmodified (Ad5-EGFP and Ad5-IL2) adenovectors
at different doses. As a result, the modified Ad5/35F-
EGFP vector was shown to penetrate into RBM leuko-
cytes more efficiently in comparison with Ad5-EGFP,
which was indicated by the intense fluorescence of 80%
of all cells resulting from the EGFP expression (Fig. 6).
IL2 concentration upon cell transduction with vectors
with the target IL2 gene in the culture medium of cells
infected with the modified Adb5/35-IL2 was equal to
3682.52 = 134.21 pg/ml; approximately 30-fold higher
than the IL2 concentration in the leukocyte culture
medium transduced with the unmodified Ad5-IL2
(Fig. 7).

Taking into account the fact that the cells of the leu-
kocyte fraction of the RBM contain a number of het-
erogeneous cell populations, we decided to determine
the populations of leukocytes into which the modified
adenovirus efficiently penetrates.

RBM leukocytes were infected with the modified
Ad5/35F-EGFP at a dose of 5 X 10*viral particles per
cell. The populations of cells efficiently transduced by
the modified adenovirus were revealed 24 h after in-
fection by flow cytofluorimetry using fluorescently
labelled antibodies against the common leukocyte anti-
gen CD45 according to the cell size, the expression level
of CD45 antigen, and fluorescence of the infected cells
resulting from the expression of the EGFP reporter
gene (Fig. 8). As expected, Ad5/35F-EGFP easily pen-
etrated into RBM monocytes (32.66% of EGFP-positive

4000

3000

2000

1000

0  ———

k- Ad5-IL2 Ad5/35F-IL2

Fig. 7. The level of interleukin-2 expression in leukocytes
of human RBM transduced with recombinant adenovirus-
es, 48 h after infection.
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=113 T4
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Fig. 8. Determination of leukocyte populations in the hu-
man RBM efficiently transduced by recombinant modified
adenovirus Ad5 /35F-EGFP. Adenovirus-infected cells
(fluorescing) are shown in green. A — blast cells; B — gran-
ulocytes; C — monocytes; and D — lymphocytes.

cells), which confirms the data obtained earlier [16],
and transduced granulocytes (42.86% of EGFP-positive
cells) and blast cells (27.24% of EGFP-positive cells),
which was first demonstrated. Meanwhile, efficiency
in penetration of the modified Ad5/35F-EGFP adeno-
virus in the subpopulation of T- and B-lymphocytes
from human RBM was low (0.71% of EGFP-positive
cells). The data on the efficient transduction of mono-
cyte, granulocyte, and blast cell populations with the
modified Ad5/35F-EGFP adenovirus are consistent
with reports of a high level of CD46 expression in pop-
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ulations of these cells [17]. However, notwithstanding
the data on the level of transcription of the CD46 gene
in T- and B-lymphocytes which is comparable to that in
cells of the myeloid differentiation branch [17, 18], the
modified adenovirus did not efficiently penetrate into
lymphocytes. This could be due to the specific regula-
tion of CD46 expression at the level of the protein.

CONCLUSIONS

A specific modification consisting in the substitution of
the C-terminal knob domain of the Adb fiber for the
analogous domain of the Ad35 fiber was used to obtain
recombinant Ad5 containing the modified fiber and
carrying the human IL2 gene. A manifold increase in
efficiency in the penetration of this vector into cells,
as compared with the unmodified vector, was demon-
strated on KG-1A and U937 line cultures of human tu-
mor blood cells. A 30-fold increase in efficiency in the
penetration of the modified vector in comparison with
that for the unmodified vector was first demonstrat-
ed in experiments on the transduction of the primary
leukocyte culture from RBM taken from a healthy do-

nor, which ensures the expression of the human inter-
leukin-2 gene in them. Along with the efficient trans-
duction of RBM monocytes [16], the modified Ad5/35F
was first shown to efficiently transduce granulocytes
and blast cells of human RBM, while this vector does
not penetrate into T- and B-lymphocyte subpopula-
tions.

Based on the results obtained in this study, it can be
concluded that the modified Ad5/35F-IL2 adenovirus
obtained can be used as a vector for efficient delivery
of the human interleukin-2 gene and for its application
in the genetic therapy of different types of leukemia, as
well as in the design of genetically engineered vaccines
capable of efficiently delivering the antigen genes of
different pathogens directly to the immunocompetent
cells, including dendritic cells, which are professional
antigen-presenting cells [19]. ®

This study was supported by the Ministry of Education
and Science of the Russian Federation (Government
Contract No 02.512.11.2320).
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