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Letter from the Editors

Dear readers of the 18th issue of Acta 
Naturae,

We are delighted to see you again! 
As usual, this issue begins with the Forum 
section containing two publications. the first 
article continues the discussion on the signifi-
cance of scientometrics and the quantitative 
indicators used to determine the efficiency of 
a research paper. this is, in our view, a very 
interesting, albeit ambiguous, topic, and we 
consider the article to be interesting for read-
ers. the second article discusses the interna-
tional workshop held in Moscow and devoted 
to the methods used to select data from large 
data arrays. Such methods are extremely 
important for biologists, as they take into ac-
count the increasing and endless flow of in-
formation we are witnessing. reading this 
article will expose you to a lot of interesting, 
new facts.

the research section of the issue consists of 
four reviews devoted to the recent achieve-

ments and hurdles in our field of science. two 
reviews (Perevozchikova et al., Popova et al.) 
are devoted to the fundamental problems of 
molecular biology, while the other two re-
views (nikitenko et al., Khandanzhinskaya et 
al.) are related to the practical application of 
the results of fundamental studies. the scope 
of questions covered is rather broad. the 18th 
issue also contains seven full-size research ar-
ticles and a short communication (by the way, 
short communications are highly welcomed 
by the editorial board).

now the number of manuscripts in the 
backlog is enough for three issues, while the 
number of articles received continues to in-
crease. So, we will tighten the manuscript se-
lection policy.

We want to close this introduction on this 
optimistic note.

See you in the next issue of Acta Naturae. 

Sincerely, Editorial Board
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Metagenomic Analysis of Dynamic Changes in the 
Gut Microbiome of the Participants of the MARS-500 
Experiment Simulating a Long-Term Space Flight
A. V. Mardanov, M. M. Babykin, A. V. Beletsky,  
A. I. Grigoriev, V. V. Zinchenko, V. V. Kadnikov, 
M. P. Kirpichnikov, A. M. Mazur,  
A. V. Nedoluzhko, N. D. Novikova,  
E. B. Prokhorchuk, N. V. Ravin, 
K. G. Skryabin, S. V. Shestakov

A metagenomic analysis of dynamic changes in the composition of intestinal microbiome of five participants of the 
MArS-500 experiment was carried out. the taxonomic composition of the intestinal ecosystem of each participant 
adaptively changed during the experiment in order to reflect the individual response to the experimental condi-
tions. the new balanced taxonomic composition of microbiome was formed to ensure stable gene content of the 
community as a whole without any negative effects on participants’ health.
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MARS-500 experiment

Kinetic Parameters and Cytotoxic Activity 
of Recombinant Methionine γ-Lyase 
from Clostridium tetani, Clostridium  
sporogenes, Porphyromonas gingivalis 
and Citrobacter freundii
E. A. Morozova, V. V. Kulikova, D. V. Yashin, N. V. Anufrieva, N. Yu. Anisimova, 
S. V. Revtovich, M. I. Kotlov, Yu. F. Belyi, V. S. Pokrovsky, T. V. Demidkina

the steady-state kinetic parameters of the pyridoxal 5’-phosphate-de-
pendent recombinant methionine γ-lyase from three pathogenic bacteria 
Clostridium sporogenes, Clostridium tetani, and Porphyromonas gingivalis 
were determined in β- and γ-elimination reactions. the cytotoxicity of me-
thionine γ-lyase was evaluated using K562, Pc-3, Lncap, McF7, SKOV-3, 
and L5178y tumor cell lines.

Tetramer of C. freundii methionine 
γ-lyase

Original Nerve Growth Factor Mimetic Dipeptide GK-2 
Restores the Impaired Cognitive Functions in Rat Models of 
Alzheimer’s Disease
P. Yu. Povarnina, O. N. Vorontsova, T. A. Gudasheva,  
R. U. Ostrovskaya, S. B. Seredenin

the mnemotropic effects of dipeptide mimetic of the nerve 
growth factor loop 4 (GK-2) were studied in rat models of Al-
zheimer’s disease (AD). GK-2 is found to significantly reduce 
habituation deficits induced by septo-hippocampal pathway 
transsection. GK-2 is also shown to significantly prevent spa-
tial memory impairments in the Morris water maze in a strep-
tozotocin-induced model of AD.

Spatial learning and skill retention test in the Mor-
ris water maze
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ABSTRACT A representative empirical bibliometric analysis of Russian journals included in the Journal Citation 
Reports-Science Edition (JCR-SE) for the time period 1995–2010 was conducted at the macro level (exclud-
ing the subject categories). It was found that the growth in the number of articles covered by JCR (a 1.8-fold 
increase compared to 1995) is ahead of the growth rates of Russian publications (1.2-fold increase). Hence, the 
share of Russian articles covered by JCR-SE was down from 2.5% in 1995 to 1.7% in 2010. It was determined that 
the number of articles published in an average Russian journal reduced by 20% as compared to the number of 
articles in an average journal of the full data set. These facts could partly shed light on the question why Russian 
research performance is staggering (approximately 30,000 articles per year), although the coverage of Russian 
journals has expanded to 150 titles. Over the past 15 years, a twofold increase in the impact factor of the Rus-
sian journals has been observed, which is higher than that for the full data set of journals (a 1.4-fold increase). 
Measures to improve the quality of Russian journals are proposed.
KEYWORDS article; impact factor; Russian journal; full data set; bibliometric indicators; expected citation rate; 
JCR.

INTRODUCTION
It is a well-known fact that the de-
velopment of scientometrics was 
triggered by the Science citation 
Index (ScI) creation by Dr. e. Gar-
field of the Institute for Scientific 
Information (ISI)1 in 1964. this 
event has become a revolutionary 
factor not only for the development 
of a novel unique information tool, 
but it has also led to the develop-
ment of a new scientific discipline, 
scientometrics (or more commonly 
known today as bibliometrics). Ac-
cording to Dr. e. Garfield, “we are 
witnessing the transformation of 
bibliometric studies into a field of 
industry: the assessment of the out-
put of the research carried out by 
universities and by scientific teams” 
[1]. Although there has been grow-
ing dissatisfaction among members 
of the scientific community with 

1 K2001Kg. This institute belongs to the Thom-
sonReuters (TR) company.

the passion of bureaucrats from 
various foundations and ministries 
for all kinds of ratings and evalua-
tions, the effect of these indicators 
on the level of funding for basic re-
search is becoming greater.

With the accumulation of a large 
collection of bibliographic data at 
the ISI and the simultaneous rapid 
development of computer technol-
ogy in the united States, a new in-
formation product was developed 
based on the interrelationships 
between the journals the Jour-
nal citation reports (Jcr), which 
is published annually. Since 1978, 
Jcr Social Sciences edition has 
been published. Beginning from 
2009, both editions of the Jcr have 
been available online as part of the 
Web of Knowledge (WoK). Jcr 
shows the relationship between cit-
ing and cited journals and contains 
data on a journal’s impact factor 
(IF). the concept of impact factor 
was proposed by Dr. e. Garfield in 

collaboration with Dr. Irving Sher 
in 1955 [2]. the introduction of this 
term contributed to an increase in 
the quality of libraries’ acquisi-
tion. However, IF quickly became 
popular as a symbol of the scientific 
prestige of a journal, although its 
value significantly varies depend-
ing on the field of science and its 
relevance to the subject field. As 
Dr. Garfield has mentioned, “Many 
scholars and editors are currently 
making a terrible mistake thinking 
that ScI was created exclusively to 
produce its by-product, Jcr. the 
major purpose of these resources 
was not only to aid information re-
trieval but also to use it as an alert-
ing tool, i.e., for selective dissemina-
tion of information.” [1]

One can say it is a bulk of litera-
ture considering the drawbacks 
and shortages of the IF, but it is 
impossible to receive a research 
grant at foreign universities, unless 
the grant applicant has publica-
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tions in journals with a high IF. It 
is impossible to list the number of 
bibliometric studies based on the 
use of Jcr statistics and devoted to 
various aspects of IF application, in-
cluding the analysis of growth rates 
in the scientific literature by a spe-
cific subject category, to the factors 
affecting the IF value within sub-
ject categories, as well as to the use 
of IF by funding organizations as a 
measure to assess scientific activity 
at the level of university depart-
ments and research groups.

In certain field of science, exces-
sive passion for using the IF as an 
indicator of the research activity 
efficiency and decision-making re-
garding promotion within organi-
zations (getting tenure), as well as 
for assessing the viability of facul-
ties and colleges, results in negative 
consequences. thus, it was noted 
in [3] that “the desire by research 
personnel at medical colleges in 
many countries to be published 
exclusively in journals with a high 
IF threatens the very existence of 
medical nursing journals and causes 
cessation of the publication of books 
and chapters in books for which the 
IF values are not calculated.” In the 
netherlands, the desire to be pub-
lished exclusively in the journals 
listed in the Jcr has led to cessation 
of the publication of Dutch journals 
on social sciences [4]. A significant 
contribution to the development of 
bibliometric studies related to the 
normalization of the IF in various 
fields of science has been made by 
Braun t. [5], Glanzel W., [6], and 
Leydesdorff L. [7].

the increasing amount of scien-
tific literature and transformation 
of the industrial society into the 
knowledge economy have result-
ed in an expansion of the journals’ 
coverage by Jcr. While the first 
Jcr edition contained statistics 
on 3,000 journals, the number of 
journals in the Jcr-Science edi-
tion increased up to 8,700 in 2010. 
According to German specialists 

[8], the reason behind the expan-
sion of journals coverage processed 
by thomsonreuters is due to its 
competition with elsevier, which 
has been issuing the Scopus since 
2005. Scopus is similar to ScI to a 
significant extent. It consists of 
over 18,000 journals. the criteria 
for the selection of journals to be 
included in the thomson Informa-
tion resources were thoroughly 
discussed in [9]. the IF depends 
on the language of publication, re-
search field, and sociocultural tra-
ditions of science. the first analysis 
of Soviet journals was performed 
by Dr. e. Garfield [10]. I. Marsha-
kova’s article devoted to a compar-
ative analysis of the IF of russian 
and Polish journals on mathemat-
ics should be mentioned among the 
papers that discussed the analysis 
of russian journals IF [11].

no representative in-depth 
analysis of the bibliometric indica-
tors of russian journals has been 
performed within the past 20 years. 
the aim of this empirical study car-
ried out at the macro level (regard-
less of the journal’s subject catego-
ry) was to identify the trends in the 
bibliometric indicators of russian 
journals and to compare them to 
the global trends by analyzing the 
annual sets of the Jcr-Science edi-
tion (Jcr-Se) for the time period 
1995–2010. Since only four russian 
journals have been included in the 
Jcr-Social Science edition during 
the past decade, the data on the 
comparative analysis of these jour-
nals against the trends in the full 
data set would not be statistically 
significant.

the choice of the subject of our 
research is directly related to the 
reform of the basic research and 
the higher education sectors being 
carried out in russia. this reform 
is accompanied by growing atten-
tion by the President and the Gov-
ernment of the russian Federation 
to bibliometric indicators as a tool 
for research efficiency evaluation. 

On May 7, 2012, russian President 
Vladimir Putin signed a decree on 
“Measures for the Implementation 
of the State Policy in the Field of 
education and Science.” this de-
cree, in particular, contains provi-
sions regarding increasing compe-
tition among russian universities. 
In accordance with the latter, “at 
least five russian universities must 
be included in the list of the top 
100 best universities in the world 
by 2020, according to one of three 
World university rankings.” [12] 
Accomplishing this task is largely 
associated with the IF of the jour-
nals in which the articles of the 
teachers of the higher education 
sector will be published. Our ear-
lier studies have demonstrated that 
~ 60% of russian articles included 
in the Web of Science (WoS) were 
published in russian journals [13]. 
Meanwhile, despite the expansion 
of russian journals coverage by 
Web of Science, the number of rus-
sian publications over recent years 
has remained stable and does not 
exceed 30,000 articles. Significant 
financial investments by the rus-
sian Government in universities 
have resulted in the fact that uni-
versities pay authors a substantial 
amount of money for publication in 
journals covered by WoS. Further-
more, the amount of compensation 
depends on the IF value.

METHODS
Issues of the Jcr-Se for the time 
period 1995–2010 were used as 
the source of bibliometric statistics 
data. During the period from 1995 to 
2008, Jcr was issued on cD-rOM, 
and since 2009 it has become avail-
able as a part of Web of Knowledge 
via the Internet. unfortunately, the 
cD-rOM for 2001 was not avail-
able; therefore, the statistics were 
collected only for a 15-year period: 
1995–2000 and 2002–2010.

Bibliometric statistics were col-
lected from the Jcr for each year 
for the following indicators:
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•  the number of russian journals 
and the total number of journals;

•  share of russian journals in Jcr;
•  the annual number of articles in 

an average russian journal and 
in an average journal of the full 
data set;

•  the average number of articles 
published in a russian journal 
and in an average journal of the 
full data set;

•  the average IF of a russian jour-
nal and the average IF of a jour-
nal of the full data set 

•  the expected response for a rus-
sian journal.
to calculate the expected re-

sponse (er) to articles published 
in a specified journal (either rus-
sian or one in the full data set) for 
a given year was estimated. the 
expected response is the number of 
articles published in the journal in a 
given year 

t
 multiplied by the IF of 

this journal over that year 
t
:

ERt
j = f

t
j IFt

j,

where ft
j
 is the number of articles 

published by the journal 
j
 over the 

year t; IFt
j
 is the IF of the journal 

j
 in 

the year t; and ERt
j
 is the expected 

response to articles published in the 
journal 

j
 over the year t.

L
t
 is the list of journals (rus-

sian or total journals set) in a given 
year t. the total estimated response 
S_ERt to articles published in all 
journals from the list L

t
 over the 

year t was calculated according to 
the formula

S ER ERt
t

j
t

j

NLt

_ =
=

∑
1

, 

where N
Lt

 is the total number of 
journals in the list L

t
.

the original information con-
tained in each annual set of 
Jcr-Se was uploaded into a spe-
cial database based on the MS 
SQL Server 5. As a result, statis-
tics were collected for each of the 

aforementioned indicators during 
each of the 15 years.

RESULTS AND DISCUSSION
the results of our study indicate 
that there is a steady increase in 
the number of journals indexed in 
WoS2, and, correspondingly, Jcr: 
4,655 titles were covered by Jcr-
Se in 1995, and 8,073 titles were 
covered in 2010. In other words, 
there has been a 1.75-fold increase. 
In 1995, this database covered 108 
russian journals; this number in-
creased to 148 titles in 2010; i.e., a 
1.37-fold increase was observed 
(Fig. 1). the difference between the 
growth rates of the russian and the 
full data set has a negative impact 
on russian research output. Figure 
1 shows diagrams characterizing 
the growth rates of the russian 
journals and the full data set.

A significant decline was ob-
served in 1997 (96 titles). In 1998, 
the number of journals increased to 
112. the relatively stable number 
of titles during the period between 
2004 and 2008 rose to 130 and 148 
in 2009 and 2010, respectively. the 
changes in the number of rus-
sian journals during the studied 
period were partially associated 
with thomsonreuters processing 
changes: from processing russian-
language versions to english-lan-
guage ones. the increase in the 
coverage of the russian journals is 
related both to the improvement in 
the quality of russian journals and 
competition with the Scopus, which 
covers 230 russian titles.

Our data regarding the growth 
of scientific literature virtually co-
incide with the data [7] obtained 
from WoS statistics (both versions 
of the ScI-expanded and SScI-ex-
panded) for the period 2000–2008. 
According to this publication, the 
number of journals has increased 
by 29%, with an average growth 

2 Only 93-95% of Russian publications covered 
by WoS are covered by JCR-SE (Science Cita-
tion Index-Expanded).

rate of 3.3%. the highest growth 
rate was recorded in 2007–2008. It 
is a known fact that a journal must 
have been listed in WoS for at least 
two years before it receives an IF. 
Hence, the IFs of journals published 
in 2008 could appear in the Jcr 
only in 2010.

the growth in the global litera-
ture is attributed to several fac-
tors, including the development 
and globalization of science, emer-
gence of a new research area, and 
appearance of new journals, as well 
as thomsonreuters policy to ex-
pand journals coverage in WoS. As 
mentioned in [12], the number of 
publications in WoS is growing rap-
idly. Our results have shown that 
Jcr-Se covered 607,049 articles 
in 1995, while the number of arti-
cles reached 1,080,209 in 2010 (i.e., 
a 1.78-fold increase was observed). 
the number of russian articles cov-
ered by Jcr-Se has also increased; 
however, only a 1.22-fold increase 
was observed. the proportion of 
russian articles among the total 
number of publications covered by 
Jcr-Se was down from 2.48% in 
1995 to 1.7% in 2010.

Our goal was to find out to what 
extent the increase in the total 
number of russian articles is associ-
ated with the expansion in the jour-
nal coverage by Jcr-Se or whether 
the growth is attributed just to the 
increase in the number of articles 
per single average journal. So we 
investigated the trends of a single 
average russian journal and a jour-
nal from the total journals’ set over 
the studied period. Fig. 2 shows two 
diagrams characterizing the trends 
of both types of journals.

the data presented in Fig. 2 
demonstrate the “ups” and “downs” 
in the average number of articles 
per single russian journal. the 
sharp fall shown in the diagram for 
2006 is obviously associated with 
the changes that were occurring at 
that time at the nauka publishing 
house and at the company respon-
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sible for the translation of russian 
journals. Over all, the number of 
articles per single average russian 
journal fell by 18.3% (or 20 articles) 
as compared to 1996. An opposite 
trend was evident in the total jour-
nals set: a 1.9% growth rate was ob-
served. A conclusion can be drawn 
that the significant decrease in the 
number of articles (by almost 20%) 
per single russian journal that has 
occurred over the past 15 years is 
one of the main reasons for the lack 
of growth in russian research out-
put.

In order to assess all the causes 
of the stagnation in the number 
of russian publications, one needs 
to collect statistics related to all 
the articles of russian researchers 
published in foreign journals. We 
compared the number of russian 
publications covered by WoS to 
that covered by Jcr-Se between 
2006 and 2010. these data are listed 
in table 1.

It is clear from table 1 that the 
number of articles published in 
russian journals increased signifi-
cantly during the period 2009–2010. 
the share of russian publications in 
foreign journals remains high. this 
demonstrates that russian science 
remains part of global science.

A journal's IF plays an impor-
tant role in evaluating a scientist’s 
performance (however, too much 
significance is often attached to it). 
In 2005, the average IF of a single 
russian journal was 0.27 compared 
to 1.3 IF for a journal in the full data 
set and that of a journal among the 
full data set was 1.3; i.e., there was a 
4.8-fold difference. During the sur-
vey period, a tendency toward in-
creased IF values was observed for 
journals in both groups. these data 
are presented in Fig. 3.

the average IF of a russian jour-
nal for the studied period has in-
creased 1.75-fold, although it still 
remains relatively low. However, 
despite the obvious difference in the 
IF values between the two groups of 
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Fig. 1. Growth rate of the number of Russian journals and the total number of 
journals covered by JCR-SE as compared to that in 1995
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journals this difference slightly nar-
rowed in 2010: there was a 4.8-fold 
gap between the IF values in 1995, 
while in 2010 it had shrunk to 4.1 
times. the period between submis-
sion of the manuscript to a russian 
journal and its publication exceeds 
one year; hence, there is an almost 
zero probability that the publication 
will be cited during the same year. 
this is only one of the reasons why 
the IF of russian journals is signifi-
cantly lower than that of foreign 
ones. Among the full data set, the 
share of publications on life sciences 
and clinical medicine amounts to 
over 70%. these fields of science are 
characterized by high citation rates 
and the highest IFs. the pattern of 

distribution of russian journals over 
the fields of science is completely 
different: sciences known as “hard 
science” (i.e., physics, chemistry, 
mathematics, materials science, 
earth sciences) account for ~80%. 
the citation scores of these fields 
are significantly lower. this fact also 
considerably affects the relatively 
low average IF value.

As mentioned above, the IF of 
a journal is becoming increasingly 
important as russian universities 
offer additional financial rewards to 
uthors, which depend on the jour-
nal’s IF [13]. certain universities 
are developing an evaluation meth-
odology depending on the national 
identity of a journal: either russian 

or foreign (htpp://urfu/fileadmin/
user_upload/docs/science/Pri-
kaz_122_2013.pdf).

the highest IF values among 
russian journals have been con-
ventionally assigned to the review 
journals Physics-Uspekhi and Rus-
sian Chemistry Review. In assessing 
the scientific productivity, a special 
weighted indicator is assigned not 
only to the IF, but also to which 
percentage group a journal belongs 
to in the subject category as was 
described by Dr. e. Garfield [14].

the journals assigned to a partic-
ular subject category and ranked by 
the highest value of the IF, which 
account for the first 25%, are con-
sidered to be the most important 
ones. this research has resulted in 
the widespread application of the 
25% subject category journals both 
abroad and in russia. For instance, 
the lecturers at Moscow State 
university receive an additional 
monthly financial reward for the 
publication of articles in the inter-
national journals included in the top 
25% of subject category according 
to the Web of Science classification 
htpp://istina.imec.msu/statistics/
journals/top.

As we have mentioned above, 
the IF strongly depends on the sub-
ject category, since the citation rate 
between immunology and mathe-
matics differs by almost an order of 
magnitude. the list of russian jour-
nals in the Jcr-Se for 2010 contains 
only nine journals with IF higher 
than one. However, only a few of 
them have been listed in the top 25 
or 50% most prestigious journals in 
the relevant subject category. Table 
2 contains data on these journals. 
It is noteworthy that among eight 
journals of this category, three are 
mathematics journals with IFs sub-
stantially lower than one.

A number of russian journals 
with relatively high IFs were not in-
cluded even in the top 75% of jour-
nals. this applies to Biochemistry, 
which ranks fourth among russian 
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IF, full data set IF, Russia

Fig. 3. Trends in the IF values of journals during the period 1995–2010 accord-
ing to JCR-SE

Table 1. Share of articles published in Russian journals, %

Year Share of articles published in russian journals, %

2006 44.6

2007 46.3

2008 43.7

2009 45.8

2010 53.6
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Table 2. Russian journals included in the top 25 and 50% of the corresponding subject category

Journal Impact 
factor

rank among 
the russian 

journals with 
respect to IF

rank in the 
Jcr subject 

category
Subject category

number of 
journals in 
the subject 

category

the size of the 
share in the 
Jcr subject 
category, %

Laser Physics 1.362 5 34 Optics 79 50

Physics-uspekhi 2.245 2 18 Interdisciplinary 
sciences, physics 80 25

russian chemistry review 2.346 1 43 Interdisciplinary 
sciences, chemistry 154 50

JetP Letters 1.557 3 32 Interdisciplinary 
sciences, physics 80 50

Functional Analysis and Its 
Applications 0.688 25 103 Mathematics 279 50

Moscow Mathematical 
Journal 0.721 21 93 Mathematics 279 30

Journal of Mathematical 
Physics 1.131 6 28 Interdisciplinary 

sciences, physics 55 50

Journal of experimental 
and theoretical Physics 0.946 12 41 Interdisciplinary 

sciences, physics 80 50

journals, with an IF of 1.402. this 
journal belongs to the “Biochemis-
try and molecular biology” subject 
category, consisting of 286 journals. 
Biochemistry in this subject catego-
ry ranks 234th, and it was not even 
included in the top 75%. Another 
example is Astronomy Letters, with 
an IF value of 1.091, which ranks 
8th among russian journals with 
respect to the IF and 36th among 55 
journals in the “Astronomy and as-
trophysics” subject category. this 
journal belongs to the 75% group. 
the remaining russian journals 
have relatively low rankings in 
their relevant subject categories. 
We consider it necessary to bolster 
the credibility of russian journals 
in the eyes of the international sci-
entific community. It would be rea-
sonable to invite foreign colleagues 
to join editorial boards and to pro-
vide each issue of the journal with 
content in english. the authors 
have to provide an abstract and 
a list of keywords in the russian 
and english languages. the articles 
should to be accompanied by a list 
of references. the establishment 

of language counseling centers for 
assistance in editing the articles 
written by russian authors in the 
english language seems relevant. 
Publications by leading scientists in 
russian journals contribute to the 
development of russian science and 
could guide young researchers in 
their scientific endeavors. Since the 
Ministry of education and Science 
of the russian Federation attaches 
great importance to the bibliomet-
ric indicators of russian science, it 
could use the experience of foreign 
universities and colleges, which 
have special training courses that 
teach how to prepare articles and 
reports, technical papers, and grant 
applications.

the expected response (ER) to 
journal articles is the number of ar-
ticles multiplied by the journal IF in 
a specific year. In order to calculate 
the expected response of the aggre-
gate of russian journals (or that of 
the full data set), the sum of these 
products throughout the entire giv-
en set (russian journals or the full 
data set) for the year under study 
is used. It can be noted that a maxi-

mum expected response is observed 
for the articles published in russian 
journals twelve years ago. the falls 
on the curve are associated with the 
technological changes in the jour-
nals’ processing as has been men-
tioned above. 

It should be mentioned that these 
response data only apply to russian 
articles published in russian jour-
nals. Since over 45% of russian ar-
ticles are published in foreign jour-
nals, the total response to russian 
articles is much higher.

CONCLUSIONS
A representative empirical biblio-
metric analysis of the russian jour-
nals covered by Journal citation 
reports-Science edition (Jcr-Se) 
for the period 1995–2010 has been 
conducted for the first time at the 
macro level (excluding subject cat-
egories).

the growth of the total number 
of articles (1.8-fold increase) as com-
pared to 1995 outpaces the growth 
rates of russian publications (1.2-
fold increase). As a result, the share 
of russian articles among the total 
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number of publications decreased 
from 2.49% in 1995 to 1.71% in 2010.

It was  determined that the 
number of journals among the full 
data set and that of russian jour-
nals increased by factors of 1.75 and 
1.37, respectively.

Over a 15-year period, the 
number of articles published in a 
single average russian journal has 
decreased by 17.9% as compared to 
that in 1995. An increase by 1.9% 
was observed for the full data set. 
this fall is the reason behind the 
stagnation in the russian research 
output for the period 2008–2010, 
despite the increase in the number 
of russian journals covered by Web 

of Science. Another cause is the de-
cline in the share of russian jour-
nals in the total number of journals 
covered by Web of Science from 
2.34% in 1995 to 1.83% in 2010.

Despite the fact that the weight-
ed average IF of russian journals 
remains significantly lower than 
that of the journals among the to-
tal number of journals, it increased 
1.96-fold as compared to that in 
1995. Meanwhile, the weighted av-
erage IF of the full data set is char-
acterized by a 1.42-fold increase.

Our data provide reliable statis-
tics for policy makers and edito-
rial boards. In order to improve the 
bibliometric indicators of russian 

science, it is necessary to improve 
the quality of russian journals 
translation into english. Further-
more, a program for graduate and 
undergraduate students on “How 
to prepare a research paper” is re-
quired. the Ministry of education 
and Science of the russian Federa-
tion should play a key role in this 
preparation. 

The authors are grateful to 
the Russian Foundation for 

the Humanities for financial 
support (grant № 12-70000) 

and to Thomson Reuters for the 
opportunity to use the data.
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the task of extracting new 
knowledge from large data 
sets is designated by the 

term “Big Data.” to put it simply, 
the Big Data phenomenon is when 
the results of your experiments can-
not be imported into an excel file. 
estimated, the volume of twitter 
chats throughout a year is several 
orders of magnitude larger than 
the volume of a person’s memory 
accumulated during his/her entire 
life. As compared to twitter, all the 
data on human genomes constitute 
a negligibly small amount [1]. the 
problem of converting data sets into 
knowledge brought up by the u.S. 
national Institutes of Health in 2013 
is the primary area of interest of the 
Data-enabled Life Science Alliance 
(DeLSA, www.delsaglobal.org) [2].

Why have the issues of compu-
ter-aided collection of Big Data cre-
ated incentives for the formation 
of the DeLSA community, which 
includes over 80 world-leading re-
searchers focused on the areas of 
medicine, health care, and applied 
information science? this new 
trend was discussed by the partici-
pants of the workshop “convergent 
technologies: Big Data in Biology 
and Medicine.”

the total number of workshop 
participants was 35, including rep-
resentatives of research institutes 

dealing with the analysis of large 
experimental data sets and com-
mercial companies developing in-
formation systems. the workshop 
participants delivered 16 short re-
ports that were aimed at discussing 
how manipulating large data sets 
is related to the issues of medicine 
and health care.

the workshop was opened by 
Prof. eugene Kolker, who pre-
sented a report on the behalf of 
the Data-enabled Life Science 
Alliance (DeLSA, www.delsaglo-
bal.org). the alliance supports the 
globalization of bioinformatics ap-
proaches in life sciences and the 
establishment of scientific commu-
nities in the field of “omics.” the 
main idea is to accelerate transla-
tion of the results of biomedical re-
search to satisfy the needs of the 
community.

Large data sets that need to be 
stored, processed, and analyzed 
are accumulated in many scientific 
fields, in addition to biology; there 
is nothing surprising about this fact. 
Large data sets in the field of high-
energy physics imply several dozen 
petabytes; in biology, this number is 
lower by an order of magnitude, al-
though it also approaches petabyte 
scale. the question discussed dur-
ing the workshop was what russian 
researchers should focus on in the 

Big Data world: either molecular 
biology in the “omics” format, or in-
tegrative biology in brain modeling, 
or social sciences? 

the tasks of working with large 
data sets can be subdivided into two 
groups: (1) when data are obtained 
interactively and need to be proc-
essed immediately and (2) when 
there is a large body of accumulat-
ed data requiring comprehensive 
interpretation. the former category 
of data is related to commercial sys-
tems, such as Google, twitter, and 
Facebook. repositories of genomic 
and proteomic data exemplify the 
latter type of data.

Systems for handling large data 
arrays are being developed at the 
Institute for System Programming, 
russian Academy of Sciences, with 
special attention on poorly struc-
tured and ambiguous data that are 
typical of the medical and biological 
fields. collections of software utili-
ties and packages, as well as dis-
tributed programming frameworks 
running on clusters consisting of 
several hundreds and thousands of 
nodes, are employed to implement 
smart methods for data search, 
storage, and analysis. Such projects 
as Hadoop (http://hadoop.apache.
org/), Data-Intensive computing, 
and noSQL are used to run search-
es and context mechanisms when 



14 | ActA nAturAe |  VOL. 5  № 3 (18)  2013

FOruM

handling data sets on a number of 
modern web sites.

Prof. Konstantin Anokhin (Sci-
entific research center “Kur-
chatov Institute”), talked on the 
fundamentally novel discipline of 
connectomics, which is focused on 
handling data sets by integrating 
data obtained at various organiza-
tional levels. Large bodies of data 
will accumulate in the field of neu-
roscience because of the merging 
of two fundamental factors. First, 
an enormous amount of results ob-
tained using high-resolution ana-
lytical methods has been accumu-
lated in the field of neurosciences. 
Second, the main concern of scien-
tists is whole-brain functioning and 
how its function is projected onto 
the system (mind, thought, action), 
rather than the function of individ-
ual synapses. Obtaining data on the 
functioning of the brain as a system 
includes visualization techniques: 
high-resolution computed tomog-
raphy, light microscopy, and elec-
tron microscopy. Megaprojects on 
brain simulation have already been 
launched (e.g., the Human Brain 
Project in europe); the investments 
to obtaining new experimental data 
will be devalued with time, while 

the analysis of the resulting data 
will become the highest priority.

extraction and interpretation 
of information from existing data-
bases using novel analytical algo-
rithms will play a key role in science 
in future. the existence of a large 
number of open information sourc-
es, including various databases and 
search systems, often impedes the 
search for the desired data. Accord-
ing to Andrey Lisitsa (research In-
stitute of Biomedical chemistry, 
russian Academy of Medical Sci-
ences), existing interactomics data-
bases coincide to no more than 55% 
[3]. the goal in handling large data 
sets is to obtain a noncontradictory 
picture when integrating data tak-
en from different sources.

the concept of dynamic profiling 
of a person’s health or the state of 
an underlying chronic disease us-
ing entire sets of high throughput 
data without reducing the dataset 
to the size of the diagnostic biomar-
ker panels is being developed at the 
research center of Medical Ge-
netics of the russian Academy of 
Medical Sciences. the description 
of a normal human tissue requires 
one to integrate several thousand 
quantifiable variables that may be 

derived using genome, transcrip-
tome and/or proteome profiling 
techniques; composite, integrative 
measures may be used to quantify 
the distance that separate any two 
samples. However, as each human 
organism has both individual genet-
ic predispositions and a history of 
environmentalal exposure, the tra-
ditional concept of averaged norm 
would not be appropriate for per-
sonalized medicine applications in 
its true sense. Instead, Prof. Ancha 
Baranova introduced the concept of 
a multidimensional space occupied 
by set of normal sample tissue and 
the tissue-specific centers within 
this space (“the ideal state of the 
tissue”). the diseased tissues will be 
located at a greater distance from 
the center as compared to healthy 
ones. the proposed approach allows 
one to abandon binary (yes/no) pre-
dictions and to show the departure 
of a given tissue sample as a point in 
an easily understandable line graph 
that places each sample in the con-
text of other samples collected from 
patients with the same condition 
and associated with survival and 
other post-hoc measures.

Prof. Vsevolod Makeev (Institute 
of General Genetics, russian Acad-

From problem to solution: the experts in the field of data processing, Data-Enabled Life Science Alliance-DELSA, are 
ready to beat back challenge of NIH
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emy of Sciences) asserted in his re-
port that we will be dealing with 
large data sets more frequently in 
the near future. there will be two 
types of data: data pertaining to the 
individual genome (the 1000 Ge-
nomes Project), which are obtained 
once and subsequently stored in 
databases to be downloaded when 
required. the second type of data 
pertains to the transcriptome or 
proteome analysis, which is con-
ducted on a regular basis in order 
to obtain an integrative personal 
omics profile [4]. there are several 
providers of such data in the case of 
genomes; russian laboratories can 
use these repositories and employ 
their own bioinformatics approach-
es to arrive at new results [5].

the flow of dynamic data for in-
dividuals (results of monitoring the 
parameters of the organism) will in-
crease as modern analytical meth-
ods are adopted. researchers will 
face the need for rapid processing 
of continuously obtained data and 
for transferring the information to 
repositories for further annotation 
and automated decision-making. 
there emerges the need for modi-
fying the technology of data storage 
and transfer to ensure a more rap-
id exchange of information. cloud 
services for storing and transfer-
ring large sets of data exist already 
(e.g., AmazonS3).

the development of more rapid 
methods of mathematical analysis 
also plays a significant role. the 
report delivered by Ivan Oseledets 
(Institute of computational Math-
ematics, russian Academy of Sci-
ences) focused on the mathematical 
apparatus for compact presenta-
tion of multidimensional arrays 
based on tensor trains (tensor train 
format, tt-format). Multidimen-
sional tasks constantly emerge in 
biomedical applications; the tt-
format allows one to identify the 
key variables that are sufficient to 
describe the system or process un-
der study.

Medical data need to be proc-
essed interactively so that a pre-
liminary diagnosis can be made no 
later than several minutes after 
the data have been obtained. the 
“Progress” company is currently 
developing a system for remote 
monitoring of medical indicators 
using mobile devices and the cel-
lular network for data transfer 
(telehealth, report by Oleg Gash-
nikov). this method allows one to 
provide 24-hour out-of-hospital 
monitoring of a patient, which is 
supposed to reduce medical serv-
ices costs in future. At this stage, 
techniques for forming alarm pat-
terns are to be developed based on 
accumulated data; algorithms are 
to be modified for each patient.

the report on the problem of 
collecting and processing the geo 
location data that are accumulated 
by mobile network operators and 
collected by aggregators, such as 
Google, Facebook, and AlterGeo, 
appeared to lie beyond the work-
shop’s topic on the face of it. the 
lecturer, Artem Wolftrub (lead-
ing developer at Gramant Ltd.), 
reported that a number of papers 
have been published by a group 
led by Alex Pentland and David 
Laser (Massachusetts Institute of 
technology) since 2009, where it 
has been substantiated that the 
analysis of geo data can be no less 
informative for predicting socially 
important diseases than the genome 
is. environmental factors (the so-
called exposome) play a significant 
role in the pathogenesis of multi-
gene diseases. Data regarding the 
exposome can be obtained with a 
sufficient degree of detail by ana-
lyzing the relocations of a person, 
by comparing the general regulari-
ties of population migrations, and 
by identifying the patterns that 
correlate with health risks (e.g., 
development of cardiovascular dis-
eases or obesity [6]).

In their discussions, the work-
shop participants mentioned the 

Watson supercomputer in various 
contexts. this supercomputer was 
designed by IBM to provide an-
swers to questions (theoretically 
any questions!) formulated using 
the natural language. It is one of 
the first examples of expert sys-
tems utilizing the Big Data princi-
ple. In 2011, it was announced that 
the supercomputer will be used to 
process poorly structured data sets 
in order to solve medical and health 
care problems [7].

When analyzing the problem of 
Big Data in biology and medicine, 
one should note that the disciplines 
have been characterized by the ac-
cumulation of large data sets that 
describe the results of observations 
since the natural philosophy era. 
During the genomic era, the aim 
of data accumulation seemed to be 
understandable. However, as the 
technical aspect was solved and the 
genome deciphered, it turned out 
that the data was poorly related to 
the problems of health maintenance 
[8].

In the post-genomic era, bio-
medical science has returned back 
to the level of phenomenological 
description oriented towards data 
collection only, without an under-
standing of the prospect of its fur-
ther interpretation. the Human 
Proteome Project is such an exam-
ple: data for each protein are col-
lected; however, it is not always a 
given that these data can be used 
in the applied problems of in-vitro 
diagnostics. Another example is the 
Human connectome Project, which 
is aimed at accumulating data on 
signal transduction between neu-
rons in expectation of the fact that 
having been accumulated to a cer-
tain critical level, these data will 
allow one to simulate human brain 
activity using a computer.

In summary, the workshop par-
ticipants noted that the Big Data 
phenomenon is related to the new-
ly available opportunity of mod-
ern technogenic media to generate 
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and store data; however, there is 
no clear understanding as to the 
reason and purpose for the ac-
cumulation of such data. russian 
scientists should primarily focus 

on analyzing Big Data so that the 
data array can be converted into 
hypotheses applicable for verifica-
tion using a point-wise biochemi-
cal experiment. the task of getting 

acquainted with the data accu-
mulated within the “connectome” 
Project is bound to be the main di-
rection of development at the rus-
sian subgroup of DeLSA. 
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ABSTRACT This review is focused on the general aspects of the DNA mismatch repair (MMR) process. The key 
proteins of the DNA mismatch repair system are MutS and MutL. To date, their main structural and functional 
characteristics have been thoroughly studied. However, different opinions exist about the initial stages of the 
mismatch repair process with the participation of these proteins. This review aims to summarize the data on the 
relationship between the two MutS functions, ATPase and DNA-binding, and to systematize various models of 
coordination between the mismatch site and the strand discrimination site in DNA. To test these models, novel 
techniques for the trapping of short-living complexes that appear at different MMR stages are to be developed.
KEYWORDS DNA mismatch repair system, structure of proteins, protein-protein and protein-DNA interactions, 
MutS, MutL, MutH.
ABBREVIATIONS aa – amino acid residue, bp – base pair, HNPCC – hereditary nonpolyposis colon cancer (Lynch 
syndrome), HTH – helix-turn-helix, IDL – insertion-deletion loop, IRC– initial recognition complex, m6A – N6-
methyl-2'-deoxyadenosine, MMR – mismatch repair, PCNA – proliferating cell nuclear antigen, SSB protein – 
single-strand binding protein, URC – ultimate recognition complex, XRD – X-ray diffraction analysis.

INTRODUCTION
the genome is the primary repository of the informa-
tion necessary for the survival of any organism. repli-
cation of the genetic material in unaltered form dur-
ing the somatic and generative cell division is the most 
important condition for the existence and maintenance 
of the viability of organisms. A single nucleotide sub-
stitution in a single gene can lead to developmental 
disorders or even to a lethal outcome if the former oc-
curs in germ cells [1] or to carcinogenesis if mutations 
occur in somatic cells [2]. errors take place during rep-
lication regardless of the correcting activity of DnA 
polymerases. It is estimated that on average one nucle-
otide substitution occurs per 108–1010 nucleotides dur-
ing the replication of DnA by bacterial DnA polymer-
ase [3]. not all eukaryotic DnA polymerases possess a 
3'→5'-exonuclease activity, which leads to a large error 
rate [4], and, therefore, the need for systems repairing 
the incorrectly inserted nucleotides that could prevent 
the occurrence of mutations is evident. currently, from 
five to nine systems involved in the damage repair can 

be identified, amongst which the mechanisms of direct 
repair, excision repair, post-replicative and SOS-repair 
are being extensively investigated [5, 6]. A DnA mis-
match repair (MMr) also performs an important role in 
the maintenance of the genome's stability.

the need for research concerning maintenance of 
the genetic stability is supported by the large number 
of experimental and review articles on the subject. the 
most important achievement is discussed every year 
in the penultimate issue of the journal “Science.” In 
1994, the topic was DnA repair [7]. the first issue of 
“Biochemistry” (Moscow) in 2011 [8] was devoted to 
the mechanisms of DnA damage repair systems. In the 
present review we consider the DnA mismatch repair 
system. Over the past decade and a half, a significant 
number of review papers have been dedicated to the 
repair of mismatches [9–17]. We considered the experi-
mental data, including those obtained during the last 
5–6 years, and an attempt to systematize the under-
standing of the mechanisms by which the MMr system 
functions was made.
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THE ROLE OF THE MMR SYSTEM IN 
BIOLOGICAL PROCESSES
Mismatches are considered to be any nucleotide pairs 
other than G/c and A/t. their occurrence is caused 
by erroneous insertion of nucleotides by DnA polymer-
ase during the copying of the template strand, as well 
as the influence of mutagenic factors (including free 
radicals and ionizing radiation). Insertion of modified 
nucleotides carried out by DnA polymerase or an un-
modified nucleotide opposite the damaged base in the 
template strand is feasible [5, 18]. 

Another common error of the replication system is 
short insertion-deletion loops (IDL), which also occur 
during the formation of duplexes in the course of ho-
mologous recombination [19, 20]. the damages men-
tioned above are recognized and restored by the mis-
match repair system (MMr), thereby reducing the 
likelihood of emergence of mutations by a factor of 
50–1,000 [21, 22]. the MMr system is also involved in 
DnA restoration after the occurrence of certain chemi-
cal modifications. repair of the following modifications 
has been demonstrated: O6-methylguanosine [23, 24], 
8-oxoguanosine [25, 26], adducts formed during expo-
sure of carcinogens on DnA [27], photo-induced com-
pounds [28–30], and products of the reaction of DnA 
with cisplatin derivatives [31].

the role of the MMr system is not limited to the re-
pair of the above-listed DnA lesions. the proteins of 
this system are involved in cell cycle regulation. In par-
ticular, during the G2 phase the DnA damage signal 
transmitted by the MutS protein triggers a cascade of 
processes that cause programmed cell death (apopto-
sis) [15, 32, 33]. Abnormality in this function leads to 
enhanced cell survival resulting in carcinogenesis, as 
well as resistance of these cells to chemotherapy [13, 
25]. Likewise, defects in the mismatch repair system 
in prokaryotes lead to an increased rate of mutagen-
esis and to interspecies gene transfer, which can ensure 
adaptability of the bacteria to stressful conditions and 
to drug resistance [34].

the MMr system is vital for maintaining the length 
of microsatellite repeats, i.e. short repetitive DnA [13, 
35, 36]. replication of the repeated segments often 
leads to errors attributed to the slippage of the DnA 
polymerase to an analogous sequence. As most of the 
burden of the repair of these lesions lies with the MMr 
system, microsatellite instability is used as a biomarker 
for the abnormalities of the functioning of the proteins 
of this repair system. Dysfunctions within the MMr 
system result in various DnA rearrangements and tel-
omerase-independent telomere lengthening [37, 38].

MMr system proteins are also important for the pre-
vention of recombination between similar, but not iden-
tical, DnA sequences, as well as for chromosome pair-

ing during meiosis and the segregation of chromosomes 
[39]. In somatic cells the MMr is involved in hypermu-
tation during the formation of the repertoire of immu-
noglobulins in B lymphocytes [40, 41]. the wide variety 
of biological functions of the mismatch repair system 
draws interest regarding the details of its mechanisms.

the mismatch repair system has been discovered 
in all kingdoms of living organisms; its key proteins 
– MutS and MutL – are highly conserved across spe-
cies, from bacteria to higher eukaryotes [42]. Given the 
structural similarity of the proteins, it is assumed that 
the principles of the mismatch repair mechanisms are 
similar in all organisms. Defects in the MMr system 
proteins in humans lead to the emergence of tumors, 
including malignant ones. the Lynch syndrome or 
hereditary nonpolyposis colon cancer (HnPcc) is the 
most common amongst them. Mortality rates associated 
with the latter ranks third amongst cancers [43–46]. 
Mutations in the genes encoding the proteins of the 
MMr system are identified in 85% of hereditary non-
polyposis colon cancer cases [44] and in 15–25% of cases 
of sporadic tumors of various tissues [47]. Detection of 
abnormalities in the MMr system plays an important 
role in the diagnosis of tumors [48]. the existence of a 
link between human cancers and the MMr determines 
the relevance of investigations of the DnA mismatch 
repair system.

In 1989 the MMr process was reconstituted in vit-
ro using purified components [49], and currently the 
general scheme of how the MMr system works is well 
understood. However, many questions remain to be 
resolved in order to create an adequate model of the 
MMr process. the general views on the mechanism of 
MMr are presented below.

OVERVIEW OF THE MECHANISM AND ORDER 
OF EVENTS IN THE MMR PROCESS
the key proteins of the MMr system are MutS and 
MutL. the genes encoding these proteins were origi-
nally discovered in Streptococcus pneumoniae (hexA 
and hexB genes) [50]. Somewhat later, homologous 
genes were discovered in Escherichia coli (mutS gene, 
hexA homologue, and mutL gene, hexB homologue), as 
well as mutH and mutU genes [51]. MMr system pro-
teins were named Mut (short for mutagenic) as their 
dysfunction leads to hypermutability in microorgan-
isms. Genes encoding proteins that are homologous to 
MutS and MutL have been discovered in the majority 
of sequenced genomes. the names of MutS and MutL 
homologues are formed using the abbreviations MSH 
(from MutS homologue) and MLH (from MutL homo-
logue), respectively.

MMr is a multicomponent system. Its function re-
quires the coordinated action of over 10 proteins [52]. 
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Table 1 shows the key proteins of the MMr system in E. 
coli and humans, and their functions are compared.

the general scheme of the mismatch repair in E. coli 
is shown in Fig. 1. MutS acts as a sensor scanning the 
DnA searching the mismatches: G/t, c/t, A/c, A/G, 
G/G, A/A, t/t (all but the c/c), and small insertion-
deletion loops (IDL) [14]. Over the past years, it has 
been demonstrated that MutS also stimulates the cel-
lular response to damaging agents in mammals such as 
cisplatin, ionizing radiation, antimetabolites, ultraviolet 
radiation, and alkylating and intercalating agents [24–
31, 53, 54]. MutS forms specific contacts with a mis-
match in the so-called initial recognition complex (Irc) 
characterized by bending of the DnA by 60° [13, 55]. 
the MutS protein then interacts with the MutL pro-
tein, forming a ternary complex which acts as a coordi-
nator of subsequent processes, including distinguishing 
between the parent and the daughter (i.e., containing 
the error) DnA strands. MutS and MutL are AtPases: 
their functioning requires the presence of ADP and 
AtP [13, 14].

the absence of methylation in the newly synthe-
sized strand plays an important role in distinguishing 
between the parental and the daughter DnA strands in 
enterobacteria. Hence, the MMr system in such bacte-
ria is called a methyl-directed mismatch repair system. 
this relationship was discovered by Meselson et al. [56, 
57], who investigated the repair of bacteriophage λ car-
rying one or several mismatches after its transfecting 
into E. coli strains. It was found that the repair of closely 

positioned mismatches occurs in the same DnA strand 
[56]. Involvement of the MutH protein, a DnA nicking 
enzyme responsible for recognizing the hemimethylat-
ed sequence 5'-Gm6Atc-3'/3'-ctAG↓-5' (where m6A is 
n6-methyl-2'-deoxyadenosine; the arrow indicates the 
position of hydrolysis), is important during the selection 
of the DnA strand in which to introduce a break and to 
start the subsequent excision repair. the emergence of 
MutH recognition sites is associated with the action of 
cellular Dam-methyltransferase. Before DnA replica-
tion is initiated, the adenosine residues of both strands 
of the 5'-GAtc-3' sequences are methylated within the 
cell. However, for a certain period of time after replica-
tion, the cell contains a pool of DnA in which only one 
of the two strands is methylated [58]. MutH catalyzes 
the single-stranded break in the unmethylated, i.e. 
newly synthesized DnA strand [16, 59]. Fully methyl-
ated DnA in E. coli cells does not undergo a repair proc-
ess [60], and in the absence of methylation (dam- strains) 
distinguishing between parent and daughter strands is 
impossible, which may lead to double-stranded DnA 
breaks. therefore, E. coli strains with insufficiently and 
excessively active Dam methyltransferase demonstrate 
an increased rate of mutagenisis [61, 62]. the catalytic 
function of MutH is stimulated by a ternary complex 
consisting of the MutS and MutL proteins and DnA 
containing a mismatch. typically, MutH bound to its 
recognition site and located in the nearest possible po-
sition to the mismatch on either side of the DnA rela-
tive to the mismatch is activated. the distance between 

Fig. 1. The 
scheme show-
ing the DNA 
mismatch repair 
process in E. coli
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the mismatch and the site of strand discrimination can 
reach 2,000 bp [14, 63].

Mismatch repair is independent of DnA methylation 
in the cells of most other organisms. the question of how 
the repair system detects the daughter strand, i.e. the 
strand containing an error, remains open to discussion. 
Introduction of a break into the DnA in such organisms 
is attributed to MutL homologues in which an endonu-
clease motif was discovered [64]; however, this fact has 
not been confirmed experimentally. Another assumption 
is that single-stranded breaks occurring in the course of 
DnA replication may serve as signals of a newly synthe-
sized DnA strand: from the 3'-end of the leading strand 
and the 3'- and 5'-ends of the lagging strand [65].

the single-stranded break serves as a signal for exci-
sion steps of the repair process in which a fragment of 
a DnA strand containing a mismatch is removed. the 
DnA helicase uvrD binds to the nick and unwinds the 
DnA until a non-canonical base pair is reached. It has 
been shown that the action of a DnA helicase is stim-
ulated by the ternary MutS-MutL-DnA complex and 
directed towards the mismatch [66–68]. the latter in-
directly indicates the ability of a ternary complex to 
coordinate the recognition of a mismatch and the sub-
sequent occurrence of excision repair. the released 
single-stranded DnA is hydrolyzed by a specific set of 
exonucleases depending on whether the 5'- or 3'-end 
is accessible [69, 70]. the single-strand binding protein 
(SSB) interacts with the parent DnA strand covering 
its entire surface and preventing degradation [71, 72]. 
the single-stranded gap is rebuilt by DnA polymerase 
III. DnA ligase restores the integrity of the corrected 
strand.

MutS AS A KEY PROTEIN OF THE MMR SYSTEM
A substantial amount of structural and biochemical 
data regarding the protein MutS and its homologues 
has been accumulated. the MutS protein from E. coli is 
a polypeptide with a molecular weight of 95 kDa. the 
MutS quaternary structure in the solution is an equi-
librium mixture of dimers and tetramers [73] formed 
by the equivalent subunits (with regards to the prima-
ry structure). In eukaryotes, MutS homologues forms 
dimers from two different subunits. Six human homo-
logues of MutS (MSH1–MSH6) have been identified. 
Heterodimers, known as MutSα (MSH2–MSH6) and 
MutSβ (MSH2–MSH3), together perform the func-
tions of the bacterial MutS protein, ensuring accuracy 
in mitotic replication (Table 1). MSH1 supports genetic 
stability in the mitochondria of eukaryotes [20]. the 
MSH4–MSH5 heterodimer is involved in the resolu-
tion of Holliday junctions during meiosis [74–76] and 
does not participate in the repair of replication errors. 
A bioinformatics analysis enables to construct a phylo-
genetic tree that reflects the functional specialization of 
MutS homologues [77] (Fig. 2).

Structure of the MutS protein from E. coli 
and functions of its individual domains
An important milestone in investigations of the MutS 
protein was the elucidation of its crystal structure. In 
2000, the crystal structures of MutS–DnA complexes 
from E. coli [55] and Thermus aquaticus [78] contain-
ing a non-canonical pair were solved. crystals of the 
MutS proteins and their mutant forms in complexes 
with DnA containing various mismatches were ob-
tained later [79–83]. From amongst the eukaryotic 
MutS homologues, the structures of human MSHα and 

Table 1. Key proteins of the E.coli and human mismatch repair systems 

Е. coli Function Homologue in 
human cells Function

MutS 
(homodimer) recognition of mismatches

MSH2–MSH6 
(MutSα)

repair of mismatch and insertion-deletion loops 
consisting of 1-2 nucleotides

MSH2–MSH3 
(MutSβ)

repair of insertion-deletion loops consisting of 2 or 
more nucleotides

MSH4–MSH5 Participation in the meiotic recombination and in the 
order of switching of immunoglobulin synthesis

MutL 
(homodimer)

coordination of the MMr processes 
after recognition of a mismatch and 

before reparative biosynthesis of 
DnA

MLH1–PMS2 
(MutLα) As per MutL from E. coli

MLH1–PMS1 
(MutLβ)

Suppression of insertion-deletion mutagenesis in 
yeast homologues; the function of the human homo-

logue in the MMr is unclear
MLH1–MLH3 

(MutLγ)
Suppression of insertion-deletion mutagenesis; 

participation in meiotic recombination

MutH
recognition of 5'-Gm6Atc-3'/ 

3'-ctAG↓-5' and hydrolysis of the 
daughter unmethylated DnA strand

not identified
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MSHβ have been elucidated. to date the structures of 
over 20 MutS–DnA complexes [55, 78, 79, 81-86] have 
been determined; the corresponding data are openly 
available in the Protein Data Bank (PDB) (Table 2).

It should be noted that the structures of all MutS-
DnA complexes obtained by X-ray diffraction analy-
sis (XrD) are very similar. they represent the initial 
recognition complex (Irc) of the MutS with DnA 
containing a mismatch. In these structures the MutS 
protein forms specific contacts with a mismatch and 
is bound to a cofactor, ADP. the only structure of the 
MutS-DnA complex containing a G/t-mismatch and 
two molecules of AtP (code PDB 1W7A) was obtained 
by soaking of the crystals in an AtP solution. In this 
case the molecules remained firmly fixed in the crys-
tal lattice, which prevented significant conformational 
rearrangements of the complex [85]. Data regarding 
the structure of the protein at the stage of scanning of 
the DnA in search of a mismatch or during the stage of 
signal transduction to other components of the MMr 
repair system cannot be obtained, which is attributed 
to the high dynamics of MutS-DnA complexes during 
these stages.

the primary structure of MutS is highly conserved 
across all living organisms. the secondary and terti-
ary structures of this protein in different organisms are 
highly conserved. In complex with the DnA, the pro-
tein is a dimer of elongated shape with two channels 
(each approximately 100 Å in length). Its shape resem-
bles the Greek letter θ [87] (Fig. 3A, B). While the du-
plex with a mismatch is located in the larger channel, 
the function of the second channel remains unknown. 
However, its size and charge lead to conclude that it is 
capable of forming contacts with DnA [82].

XrD was used to obtain a high-resolution structure 
of the protein (less than 2 Å). Attempts to character-
ize the structures of four regions (aa 2–13, 57–66, 95–
107 and 659–668) in the DnA-free protein (PDB-code 
1eWr) have failed, indicating the conformational mo-
bility of the protein in the absence of DnA. the posi-
tions of all amino acids, except for the loop formed by 
the aa 659–668, have been determined in MutS–DnA 
complexes containing a mismatch [55].

each MutS monomer has seven structural domains 
(Fig. 3B). the n-terminal domain is a mismatch-bind-
ing (aa 2–115) one. this domain is formed by a mixed 
ß-sheet layer consisting of five strands and surround-
ing the latter three α-helices. the following adjacent 
domain, which is a connector domain (aa 116–266), is 
primarily composed of parallel ß-strands surrounded 
by four α-helices. the core domain (aa 267–443 and 
540–567) comprises two bundles of α-helices. the lever 
domain (aa 504–567) consists of two α-helices protrud-
ing out of the core domain and surrounding the DnA 

but lacking direct contact with the latter. An impor-
tant feature of the structures of prokaryotic and eu-
karyotic MutS homologues is a long α-helix consisting 
of 60 aa which connects the core domain to the clamp 
domain. the helix is likely to be involved in the signal 
transduction between the AtPase and the DnA-bind-
ing domains [86]. the clamp domain (aa 444–503) is an 
insertion into the upper part of the lever domain. It is 
formed by four antiparallel ß-strands. the nucleotide-
binding (AtPase) domain (aa 568–765) and the HtH 
(helix-turn-helix) domain (aa 766–800) are located in 
the c-terminal region of the protein.

Within the structure of the complex of MutS with 
the DnA containing a mismatch the protein is a ho-
modimer arranged asymmetrically. the subunit form-
ing specific contacts with the mismatch is hereinafter 
referred to as subunit 1 (in Fig. 3 its domains are shown 
in different colors). the second subunit that forms con-
tacts only with the DnA sugar-phosphate backbone is 
hereinafter referred to as subunit 2 (in Fig. 3 it is shown 
in green). the protein surrounds the DnA in the loca-
tion of a mismatch, covering an area comprising 24–28 
bp [88]. the MutS protein covers the DnA in the form 
of a clamp. the binding of the protein to the DnA re-
quires the clamp to “open up.” It is believed that the 
opening of the clamp is promoted by the flexible struc-
ture of the upper part of the domain that contains a 
large percentage of loops [89]. the flexibility of the 
DnA-binding domains is confirmed by the fact that the 

Fig. 2. The phylogenetic tree of MutS family proteins. 
Green branches represent MutS homologues involved 
in the maintenance of genetic material stability during 
vegetative cell division; the brown branches – during 
meiotic DNA recombination

Eukaryotic  
homologues of MutS

Bacterial 
homologues of MutS

MutS of chloroplasts 
and mitochondria

MutS of the common ancestor of bacteria and eukaryotes
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former are not structured in the crystals of the DnA-
free MutS [78].

In a specific complex with MutS, the DnA is bent by 
60° [78, 79] (Fig. 3). A mismatch is located at the apex 
of the corner. Bending results in expansion of the mi-
nor groove of the DnA in a manner that its width be-
comes approximately equal to the major groove width. 
Within the specific complex, the aa of both MutS 
subunits interact with the DnA; however, binding 
is asymmetrical – each subunit forms multiple con-
tacts; however, they are all different. the total sur-
face area of the DnA-protein contacts is ~ 1850 Å2 [81]. 
the majority of the contacts between the protein and 

the DnA are hydrophilic (aa interact with the sugar-
phosphate backbone of the DnA) and do not depend 
on the nucleotide sequence. Hence, MutS can function 
in various nucleotide contexts. Only amino acids from 
the subunit 1 (Phe-X-Glu motif) form specific con-
tacts with a mismatch [86]. With respect to eukaryotic 
homologues, this motif is present in MSH6 but absent 
in MSH2 and MSH3. even prior to the availability of 
XrD results, it was established that Phe36 (number-
ing for MutS from E. coli) performs an important role 
in the binding of MutS to DnA. replacement of Phe36 
with Ala disrupts the ability of MutS to engage in a 
specific interaction with DnA [90]. Perhaps, Phe36 is 

Table 2. Crystal structures of the MutS protein

Organism DnA1 AtP or ADP resolution,  
Å PDB code reference Substitution, 

aa

E. coli2

G/t ADP 2.20 1e3M [55] —

« « 2.10 1WB9 [84] e38t

« « 2.50 1WBB [84] e38A

« « 2.40 1WBD [84] e38Q

« « 2.20 3K0S [83] D693n

« ADP (2 molecules) 2.60 1nG9 [79] r697A

« AtP (2 molecules) 2.27 1W7A [85] –

A/A ADP 2.40 1OH6 [81] –

A/A « 3.40 2Wtu [83] –

G/G « 2.50 1OH7 [81] –

c/A « 2.90 1OH5 [81] –

extra t « 2.90 1OH8 [81] –

Thermus 
aquaticus3

– – 3.19 1eWr [78] –

extra t – 2.20 1eWQ [78] –

extra t ADP (2 molecules ) 2.70 1FW6 [79] –

extra t ADP (2 molecules)·BeF
3

3.11 1nne [82] –

Human 
(MSHα)

G/t ADP 3.30 2O8e [86] –

G/t ADP (2 molecules) 2.75 2O8B « –

G/du ADP 3.00 2O8D « –

m6G/t 4 « 3.37 2O8c « –

extra t « 3.25 2O8F « –

Human
(MSHβ)

loop 4 n.r.5 « 3.09 3tHW – –

loop 3 n.r. « 2.70 3tHX – –

loop 2 n.r. « 2.89 3tHY – –

loop 6 n.r. « 4.30 3tHZ – –

1 Non-canonical pair of nucleotides in the DNA duplex used for crystallization is shown.
2 In the case of MutS from E. coli deletion variants containing aa 1–800 were used.
3 In the case of MutS from T. aquaticus deletion variants containing aa 1–782 were used.
4 m6G – O6-methyl-2’-deoxyguanosine. 
5 n.r. – nucleotide residues.
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important in the search for a mismatch. According to 
XrD data, phenylalanine from the Phe-X-Glu motif 
is involved in the stacking with one of the heterocy-
clic bases of a mismatch on the minor groove side of 
the DnA [55, 78]. In the specific binding of MutS to a 
DnA mismatch, an important role is also performed 
by Glu38 (numbering for MutS from E. coli), which, 
similar to Phe36, forms contacts with the same het-
erocyclic base. the results of this interaction include 
the formation of a hydrogen bond between the car-
bonyl oxygen of Glu38 and the base nitrogen atom. 
Glu38 forms a hydrogen bond with the n3-atom of the 
t in the structures of MutS with a duplex containing 
a G/t pair or an unpaired nucleotide t. Glu38 forms a 
hydrogen bond with the n7-atom of the purine during 
the interaction of MutS with duplexes containing c/A 
and A/A pairs; an analogous contact is also formed 
with a non-canonical G/G pair [81]. Specific contacts 
determine the direction of the bend in the DnA. It was 
demonstrated that the replacement of a conserved 
residue of Glu38 with glutamine completely disrupts 

the ability of the protein to distinguish between ca-
nonical and mismatch-containing duplexes [91].

unfortunately, little is known about the structure 
of the non-specific complex of MutS with the canoni-
cal DnA (homoduplex) as crystals of MutS with this 
DnA fragment could not be obtained. Sixma [89] sug-
gests that the protein searches for a mismatch using 
the bind-release mechanism attempting to insert Phe36 
into the “stack” of bases at each stage and, as a result, 
kink the DnA. the mismatch does not typically dis-
tort the structure of a DnA duplex [92, 93] but desta-
bilizes it [94]. natrajan et al. [81] suggest that MutS is 
able to detect these local weakening in the structure 
of the DnA. Atomic force microscopy demonstrated 
that DnA of non-canonical content in complex with 
MutS can be found in one of two conformations: bent or 
unbent [95]. It is believed that in the search for a mis-
match MutS continuously bends and straightens the 
DnA. Detection of a mismatch leads to AtP-dependent 
rearrangements of MutS domains and the formation of 
the activated DnA-protein complex.

Fig. 3. The overall structure of the MutS from E. coli  in complex with DNA containing a G/T-mismatch. Lateral view (A) 
and frontal view (B) are presented. DNA is colored in brown, MutS subunit 2 – in green. The domains of DNA-binding 
subunit 1 are shown in picture B: the mismatch-binding domain (aa 2–115) is colored in dark green; the connector 
domain (aa 116–266) – in red; the core domain (aa 267–443) – in blue; the lever domain (aa 504–567) – in yellow; the 
clamp domain (aa 444–503) – in pink; the ATPase domain (aa 568–765) – in cyan; and the HTH domain (aa 766–800) – 
in orange. The DNA kink is marked by a red dashed line (PDB code 1E3M)
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the MutS protein belongs to ABc-family AtPases 
(AtP binding cassette). the proteins of this class, such 
as membrane transferases, bind to the substrate and 
hydrolyze AtP to regulate their activity. certain mem-
bers of this family demonstrate dimerization of the 
AtPase domains [96, 97]. the area of dimerization in 
the region of the AtPase domains in the MutS protein 
is significant and equal to 2922 Å2 [85]. A characteristic 
feature of the proteins from ABc-family AtPases is 
a conservative loop protruding from one subunit and 
complementing the active site of the AtPase domain 
in another subunit. the binding of AtP or ADP occurs 
in a classic way characteristic of AtPases through the 
P-loop (phosphate-binding). the position of the ade-
nine base is fixed from two sides by the aa His760 and 
Phe596 (in MutS from E. coli, Fig. 4). the conserved 
Ile597 forms two hydrogen bonds with the nucleotide. 
Ser621 coordinates complex formation consisting of a 
Mg2+ ion and β-phosphate of ADP with the involve-
ment of the four water molecules [55]. the Walker mo-
tif (D-e-X-X, where X is any amino acid) in MutS from 
E. coli formed by the aa 693–696 stabilizes the water 
molecules associated with Mg2+ [55]. Substitutions of 
these aa result in loss of the AtPase activity of MutS 
and inactivation of the repair system [85].

the data obtained using biochemical methods are 
indicative of significant conformational rearrange-
ments in the AtPase domains upon binding to AtP or 
its non-hydrolyzable analogs [98–100]. However, only 
certain aa (Ser668, Asn616 and His728) change their 
position in relation to the complex in the presence of 

ADP in the crystal of the MutS-DnA complex in which 
MutS is bound to two molecules of AtP [85]. According 
to biochemical data, the affinity of the two AtPase do-
mains for each other is higher upon binding to AtP and 
lower in the presence of ADP. the general structure of 
the MutS protein is most compact upon binding to two 
molecules of AtP, whereas the most relaxed form is 
observed in the presence of ADP. the AtP- and ADP-
free protein has an intermediate conformation [101]. In-
direct observations also suggest modulation of protein 
conformation by nucleotides. For instance, the limited 
proteolysis patterns of MutS (from E. coli) in the pres-
ence of ADP, AtP and AtPγS are different from the 
latter in the absence of nucleotides [98, 99].

In addition, nonequivalence of the two domains of 
the protein upon binding to ADP (which is character-
istic of ABc-family AtPases) was observed in MutS 
[55, 85]. ADP binds more efficiently to subunit 1 form-
ing specific contacts with a mismatch. Asymmetry of 
domains is observed even in the absence of DnA [83, 
102].

Structural and biochemical data suggest that the 
conformational changes in the AtPase domain stimu-
late the rearrangements in the DnA binding domains 
and vice versa. transduction of a signal to a distance of 
~60 Å and its amplification occurs through the α-helices 
connecting the two functional domains of the protein 
and the highly conserved mobile loops of the AtPase 
domains (Fig. 4). It is believed that Glu38, Glu694, 
Asp693, Asn616, His728 and Ser668 are the key amino 
acids involved in the signal transduction between the 
DnA-binding and AtPase domains [84]. Substitution of 
these aa results in loss of communication between the 
DnA-binding and AtPase functions of MutS, whereby 
the protein loses its function in the MMr.

the full-sized MutS protein forms tetramers and 
oligomers of higher order in solution. MutS tetrameri-
zation is important for the suppression of homologous 
recombination and repair of adducts of cisplatin with 
DnA [103]. It should be noted that the MutS tetramer 
is not simply a dimer of dimers as it can bind only one 
heteroduplex [73]. All crystal structures where MutS 
was a dimer were obtained using mutants lacking the 
ability for tetramerization (without c-terminal amino 
acids 53 aa in the MutS from E. coli).

The stages of MutS protein function 
in the MMR process
Several stages can be identified in the functioning of 
the MutS protein (Fig. 5). the protein binds nonspe-
cifically to DnA and bends it in a search of a mismatch. 
translocation of MutS along the DnA at this stage 
occurs during linear diffusion [104]. Specific binding 
to a non-canonical pair of nucleotides leads to confor-

Fig. 4. MutS protein ATPase domain. ADP-contacting 
amino acid residues are shown in light-gray; amino acids 
of the Walker motif from subunit 1 are indicated in green; 
from subunit 2 – in cyan; the ADP molecule – in yellow-
orange; and Mg2+ – in gray
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mational rearrangements in the DnA and the protein 
with the formation of the initial recognition complex, 
Irc [13]. Within this complex, the DnA is bent by 60° 
[55]. currently, only the crystal structure of this type 
of complexes with DnA has been established by XrD. 
the formation of an ultimate recognition complex, 
urc, has been proposed. In this complex the DnA is 
straightened and the non-canonical pair of nucleotides 
is located outside of the double helix. this assumption 
is based on analogy with other proteins, such as DnA 
methyltransferases, tn10 transposase, etc., which, sim-
ilarly to MutS, “wedge” recognizing amino acids into 
the DnA from the minor groove side [105, 106]. the 
protein bound to AtP forms an active conformation 
of a sliding clamp capable of activating the subsequent 
stages of mismatch repair.

The role of the ATPase cycle of MutS
Binding of ADP or AtP to the two subunits of MutS is 
necessary for the transition from one conformational 
state to another. It enables the protein to act as a mo-
lecular switch [104, 107, 108].

two nucleotide-binding centers of MutS perform 
different functions in the MMr [79], which is in ac-
cordance with the structural asymmetry established 
through XrD [55, 78]. Both subunits can simultaneously 
bind to adenine nucleotides (AtP or ADP) [109]. the 
dissociation constants for the MutS-AtP or MutS-ADP 
complex are found in the range of 1–20 µM. Such affin-
ity suggests that the state of MutS wherein one or both 
of the nucleotide-binding centers are free from nucle-
otides exists only temporarily. It was demonstrated that 
MutS exhibits different affinities for AtP, ADP and 
non-hydrolyzable analogs of AtP. However, there is no 
unanimity in views regarding the effectiveness of the 
interaction between these nucleotides and MutS. For 
instance, even at high concentrations of ADP (100 µM) 
only one equivalent of a nucleotide per protein dimer 
would bind to MutS homologues from E. coli, yeast, or 
a human [73, 109, 110]. On the other hand, the ratio of 
ADP- to AtP-bound nucleotides in MutSα in the ab-
sence of DnA equals 1.6. Hence, the protein binds nu-
cleotides in various combinations – AtP/ADP or ADP/
ADP, wherein the second combination emerges as a 

result of the hydrolysis of the AtP molecule from the 
first combination [13]. currently, it is well established 
that MSH6 (and the corresponding subunit 1 of bacte-
rial MutS) binds to AtP with a higher efficiency than 
MSH2 (subunit 2 of bacterial MutS) [111, 112]. the 
AtPase activity of all MutS homologues is stimulated 
by the presence of DnA (both canonical and non-ca-
nonical) [113]. However, the data regarding the impact 
of the non-canonical pair of nucleotides in the DnA on 
the AtPase activity of MutS are inconsistent. Several 
studies have described acceleration (approximately a 
4-fold increase) of AtP hydrolysis in the presence of 
DnA containing a mismatch in comparison with a ho-
moduplex [107]. Other studies [114] have demonstrated 
that DnA containing a mismatch stimulates the At-
Pase activity of MutS to a lesser extent in comparison 
to the DnA with a canonical structure. Both homo- and 
heteroduplexes accelerate the exchange of nucleotides 
in the AtPase domains [113]. However, only in the case 
of a heteroduplex does the cycle of hydrolysis of AtP it-
self and not the exchange of nucleotides (occurring after 
hydrolysis) become the rate-limiting step [107].

coordination of DnA binding and the hydrolysis of 
AtP processes in the AtPase domains of both subunits 
of MutS can be described using two schemes. Accord-
ing to scheme 1 [83], the AtPase domain of subunit 1 
contains a single molecule of ADP during scanning of 
the DnA by the MutS protein in search for a mismatch. 
If the DnA is a substrate of the MMr system, e.g. con-
tains a G/t-pair, MutS forms a specific complex. In this 
case, the ADP is replaced with AtP in the AtPase do-
mains. the AtPase domain of the second subunit also 
binds to AtP; the conformational changes then occur 
in the MutS leading to the formation of a sliding clamp 
structure. this sliding clamp serves as a signal and re-
cruits the MutL protein which activates the subsequent 
stages of the repair process. thereafter, dissociation 
of MutS from the DnA-containing complex and AtP 
hydrolysis occur. the MutS protein retains the bound 
ADP molecule in one of the AtPase domains after com-
pletion of the cycle and is ready for a new interaction 
with the DnA.

Scheme 2 [115] suggests a different approach to the 
understanding of the nucleotide-binding and AtPase 

Fig. 5. Dynamic 
model of mismatch 
recognition by 
the MutS protein. 
Heteroduplex is a 
DNA duplex with a 
non-canonical pair, 
modified after [13]
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functions of MutS. this scheme is based on XrD data 
supplemented by calculations using the normal-mode 
analysis. According to the developed model, subunit 1 
binds to and immediately hydrolyzes AtP in the proc-
ess of the scanning of DnA. ADP release is the rate-
limiting step of the AtPase cycle. At this point, only 
ADP is located in subunit 2. After the formation of a 
specific complex with a mismatch, both subunits lose 
their affinity for ADP, then they bind and retain the 
AtP. Hydrolysis of AtP within the two subunits occurs 
only after the transition of MutS from the structure 
sliding clamp into the DnA scanning mode.

In our opinion, the schemes 1 and 2 have significant 
differences:

1. According to scheme 1 AtP and ADP are absent in 
subunit 2 during the process of DnA scanning, whereas 
scheme 2 suggests that subunit 2 at this stage has high-
er affinity for ADP.

2. According to scheme 1 during DnA mismatch 
scanning MutS does not hydrolyze AtP; hydrolysis oc-
curs only during the release of MutS from the DnA-
containing complex, while according to scheme 2 the 
hydrolysis of AtP occurs at the stage of DnA scanning 
and after the formation of a specific complex.

It can be concluded that there is no clear understand-
ing of the function of the AtPase domains of MutS and 

of the coordination of their functions at the different 
stages of the MutS protein action. Hence, the debate 
over this topic continues.

MutL PROTEIN – MOLECULAR 
COORDINATOR OF THE MMR
One of the unique features of the mismatch repair 
process is the distance of the mismatch from the site 
of the hydrolysis of the daughter strand of DnA (dis-
tance approaching 2,000 bp). therefore, there has to 
be a clear coordination in space and time of all the pro-
teins involved in the MMr. A central role in coordinat-
ing various stages of the MMr is assigned to the MutL 
protein. MutL receives a signal regarding the detec-
tion of a mismatch and directs the excision repair in the 
daughter strand of the DnA and DnA repair synthesis. 
Functioning as a coordinator of mismatch repair proc-
esses, MutL interacts with MutS and with the major-
ity of the proteins involved in the subsequent stages 
of the repair process: MutH, uvrD-helicase, polymer-
ase III and polymerase processivity factors – β-clamp 
(in prokaryotes) or proliferating cell nuclear antigen 
(PcnA, in eukaryotes), exonuclease exoI (in prokaryo-
tes) or polymerase Polη (in eukaryotes) [116]. 

the role of MutL and its eukaryotic homologues is 
not limited to the MMr process. It was demonstrated 

Table 3. Crystal structures of the MutL protein

Organism Protein fragment cofactors and their 
analogs resolution, Å PDB code  reference

Е. coli

n-terminal domain – AtPase domain 
fragment (Ln40) - 2.90 1BKn [122]

« ADP, Mg2+ 2.10 1B62 [121]
« ADPnP1, Mg2+ 1.90 1B63 [121]
« ADPnP, Mg2+, rb+ 2.40 1nHH [123]
« ADPnP, Mg2+, K+ 2.00 1nHI [123]
« ADPnP, Mg2+, na+ 2.30 1nHJ [123]

c-terminal domain na+ 2.10 1X9Z [124]

Bacillus  
subtilis

c-terminal domain - 2.50 3GAB [125]
« - 2.00 3KDG [125]
« Zn2+ 2.26 3KDK [125]

Neisseria  
gonorrhoeae c-terminal domain - 2.40 3ncV [126]

Saccharomyces 
cerevisiae  

(MLH1/PMS1)

c-terminal domains of the heterodimer - 2.50 4e4W —
c-terminal domains of the heterodimer 
with the n-terminal domain fragment Zn2+ 2.69 4FMn —

c-terminal domains of the heterodimer 
with the exonuclease I fragment  Zn2+, Mg2+ 3.04 4FMO —

Human (MLH1)
n-terminal domain AtP 2.50 3nA3 —
c-terminal domain - 2.16 3rBn —

1 5’-adenylyl-β,γ-imidodiphosphate
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that MutL interacts with the proteins participating 
in processes involving DnA, such as double-stranded 
DnA break repair, maintenance of the cellular response 
to DnA damage, apoptosis, meiotic recombination, and 
somatic hypermutation [116-119]. All this makes MutL 
the main element in the coordination of DnA damage 
recognition and the cellular response to damage in one 
of the available ways: repair, delay in cell division, or 
apoptosis [116].

MutL (and its eukaryotic homologues) binds non-
specifically to single- and double-stranded DnA [111, 
120]. It is assumed that the interaction of MutL with 
DnA occurs in complex with MutS. Biochemical stud-
ies of the MutL protein are complicated. the latter is 
attributed to its conformational mobility. In addition, 
its effect can be evaluated only through a change in the 
function of its protein partners [116].

MutL, similarly to MutS, functions as a dimer: ho-
modimer in E. coli and heterodimer in eukaryotes 
(MutLα = MLH1 and PMS2, MutLβ = MLH1 and PMS1, 
MutLγ = MLH1 and MLH3). the molecular weight of 
MutL from E. coli is 68 kDa [121]. the structure of a 
full-length protein has not yet been established; how-
ever, crystals of the c-terminal and n-terminal do-
mains have been obtained separately [122–127]. All 
structures to date for MutL and its homologues are 
presented in Table 3.

the current model of the MutL structure (Fig. 6) was 
obtained on the basis of XrD data for the n- and c-
terminal domains of the protein [128]. According to this 
model, the n-terminal (aa 1–349) and c-terminal (aa 
432–615) domains are interconnected by an unstruc-
tured region (aa 350–431) [125, 129]. Interestingly, the 
primary structure of the c-terminal domain of MutL 
homologues is less conserved, whereas the secondary 
structure is conserved. Meanwhile, both the primary 
and secondary structures of the n-terminal domain are 
highly conserved.

the c-terminal domains in the MutL dimer are in-
volved in the formation of the primary dimerization 
interface, and the n-terminal domains contain AtP-
binding sites. MutL is an AtPase which belongs to a new 
family of AtPases containing a novel nucleotide-binding 
motif. this family also includes topoisomerases of the 
second type (gyrases), the Hsp90 chaperone protein, and 
histidine kinases [130]. AtP binding and hydrolysis lead 
to structural rearrangements in the entire n-terminal 
domain [122]. the n-terminal domains undergo dimeri-
zation in the presence of ADP and AtP. the variable 
activity of the two AtPase domains of the heterodimers 
in the AtPase cycle was demonstrated for eukaryotic 
MutL homologues [131]. the value of the AtPase cycle 
is significant for the functioning of MutL. Mutant forms 
of MutL with a lack of the AtPase activity are unable 

to participate in the repair process and are unable to 
perform other protein functions [132]. It is believed that 
AtPase activity is necessary for the MutL protein to 
modulate protein-protein interactions [122].

two loops of the MutL positioned in close proximity 
to the n-terminus are involved in the interaction with 
MutS, and the groove formed along the lateral surface 
of the n-terminal domain is involved in the binding 
to MutH [133] (Fig. 6). the saddle-shaped groove lo-
cated on the surface of the n-terminal domain is most 
likely involved in the DnA binding. Mutations in the 
basic amino acids found in this segment, e.g. Arg266, 
lead to a decrease in the affinity of MutL for DnA 
and reduce its AtPase activity [134, 135]. However, 
the assumption regarding the DnA-binding surface 
in the MutL requires experimental confirmation. In-
terestingly, MutLα contains an endonuclease motif 
DQHA(X)2

e(X)
4
e (where X is any amino acid) which 

is localized in the PMS2 subunit [136]. this catalytic 
motif is found in all homologues of MutL, with the 
exception of some gamma-proteobacteria that are 

N N

ATPATP

Presumed  
DNA-binding  
center

Linker 
regions

CC

Fig. 6. The structural model of a full-length E. coli MutL 
homodimer based on the structures of the N-terminal (PDB 
code 1B63) and the C-terminal (PDB code 1X9Z) domains
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characterized by site-directed hydrolysis of the DnA 
daughter strand performed by the MutH protein. 
However, regulation of the catalytic motif of MutL 
in the hydrolysis of the DnA daughter strand has not 
yet been confirmed.

MutH – PROTEIN DIRECTING THE MMR IN E. coli
the MutH protein, a 25-kDa monomeric site-specific 
nicking enzyme, exhibits similarities to the type II re-
striction endonuclease Sau3AI [137] and with respect to 
structure resembles PvuII and ecorV [138]. the MutH 
protein binds specifically to a double-stranded sequence 
5'-Gm6Atc-3'/3'-ctAG↓-5' (location of hydrolysis is 
indicated by the arrow) and catalyzes the hydrolysis 
of only one unmethylated, i.e. the newly synthesized 
DnA strand [16]. Furthermore, MutH also hydrolyzes 
unmethylated sites, which may cause the emergence 
of double-stranded breaks [101]. MutH can hardly rec-
ognize and hydrolyze a completely methylated DnA 
sequence [139]. Similar to the majority of type II re-
striction endonucleases, MutH contains a character-
istic motif, Asp-(X)

n
-Glu-X-Lys (DeK-motif, where 

X is any amino acid). two Mg2+ ions are required for 
its catalytic activity [140]. the rate of hydrolysis of the 
DnA by this enzyme is low; however, it increases sig-
nificantly in the presence of MutS, MutL, and a DnA 
mismatch [79]. At low ionic strength of the solution, 
the activity of MutH is stimulated by the MutL protein 
without the involvement of the MutS protein bound to 
a mismatch [91].

the crystal structure of the MutH from Haemophilus 
influenzae (61% similarity with MutH from E. coli) in 
complex with DnA and in the absence of the latter has 
been determined [137, 140]. With respect to folding, 
the enzyme resembles the type II restriction endonu-
clease known as PvuII [138]. the MutH apoenzyme is 
a clamp consisting of two “arms” (n- and c-“arms”, 
Fig. 7) separated by a large DnA-binding pocket. the 
catalytic center is located in the n-“arm.” the amino 
acids responsible for the specific binding to the protein-
recognition site, in particular those that form contacts 
with heterocyclic bases, are located in the c-“arm.” 
When specific DnA binding occurs, the protein under-
goes compaction, results in a rotation of both “arms” to-
wards each other by an angle of 6-18° in comparison to 
the closed apoform of the protein, and the DnA-bind-
ing pocket becomes narrower tightly covering the rec-
ognition site. the structure of the DnA also undergoes 
restructuring. this includes the unmethylated recogni-
tion site becoming more prominently curved and dis-
torted (the bending angle is approximately 30°) in com-
parison with the hemimethylated site. nevertheless, 
local DnA-protein contacts with recognition sites in the 
two complexes do not differ. However, hemimethylated 

DnA is more tightly gripped by the enzyme than the 
unmethylated site (the areas of the DnA-protein con-
tact are 2100 and 1850 Å2, respectively). As a result, the 
DeK-motif interacts with the DnA more efficiently, 
which leads to a 10-fold increase in the rate of hydroly-
sis of a hemimethylated recognition site as compared 
with the unmethylated one [140]. therefore, in the case 
of the MutH protein, the bending degree of the DnA 
does not correlate with the efficiency of its hydroly-
sis. Single amino acid substitutions in the DnA-binding 
pocket have revealed that tyr212 is important in the 
determination of the methylated status of the DnA 
[139].

An important feature of MutH is the increase in its 
catalytic activity during the MMr process. up to now 
the mechanism of stimulation of MutH activity remains 
unclear. the DnA-binding channel in the crystal struc-
ture of the MutH protein apoform is not sufficiently 
wide to bind the DnA. It is assumed that binding of 
MutL to MutH widens the DnA-binding channel of 
the latter, increasing the rate of MutH binding to DnA 
[140]. As was shown using protein-protein crosslinking, 
MutL interacts with the c-terminal α-helix E located 
on the surface of MutH globule [141] (Fig. 7). Perhaps 
the formation of protein-protein contacts facilitates the 
rotational movement of the c-“arm” of MutH; as a re-

N

C

Fig. 7. The crystal structure of the Haemophilus influencia 
MutH-DNA complex (colored in gray) containing a hemi-
methylated 5’-Gm6ATC-3’/3’-CTAG-5’ site (PDB code 
2AOR). The two Ca2+ ions coordinated in the complex are 
shown in magenta. The Е α-helix of MutH interacting with 
the MutL protein is indicated
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sult, the DnA-binding pocket becomes more accessible 
for binding to the substrate [132, 140].

INTERACTION OF MutS, MutL, MutH AND DNA
As was previously mentioned, a ternary complex con-
sisting of MutS and MutL proteins associated with DnA 
is the key intermediate in the DnA mismatch repair 
process. It coordinates all stages of the repair after the 
recognition of a mismatch (i.e. excision repair including 
DnA unwinding towards the mismatch) and also par-
ticipates in the transduction of the signal regarding 
DnA damage to other systems of the cell that control 
cell division and the triggering of apoptosis [142]. How-
ever, the structure of this complex has not yet been 
elucidated. Furthermore, the MutL protein itself ex-
hibits a relatively low affinity for DnA, particularly 
for its short linear fragments. Binding to DnA occurs 
more efficiently in the presence of MutS, Mg2+ ions, and 
AtP [83, 115].

the ternary complex (MutS, MutL and DnA) has 
a dynamic nature; hence, it is impossible to investi-
gate it using the XrD method. In order to investigate 
the areas of contact between the MutS and MutL 
proteins, a mutational analysis and hydrogen/deute-
rium exchange mass spectrometry were used. It was 
established that aa of MutS, crucial to the formation 
of contacts with MutL, are located in its connector 
domain [143]. the n-terminal and AtPase domains 
of MutL are involved in the interaction with MutS 
[133]. In addition, detailed studies were conducted 
based on site-directed protein-protein crosslinking 
(using bifunctional chemical agents that react with 
the cysteine residues of the protein) combined with 
fluorescent methods [144]. Before, crosslinking mu-
tant forms of the MutS and MutL proteins containing 
a single cysteine residue in a designated position were 
produced. On experimental data Winkler et al. [144] 
proposed a model of the structure of the complex com-
prising MutS, MutL, and MutH bound to a mismatch-
containing DnA (Fig. 8). In order to build a model of 
the complex, the authors used a structure of the MutL 
protein without a c-terminal domain. Previously, it 
was demonstrated [122] that this domain does not form 
contacts with the DnA and that the n-terminal do-
main of MutL is sufficient for the activation of MutH. 
According to this model, the aa at positions 246 in the 
MutS and 297 in the MutL (from both protein mono-
mers) are located at a distance of less than 40 Å, and 
the aa 449 in MutS and 297 in MutL are located at a 
distance exceeding 50 Å. this model does not describe 
all the possible interactions of biopolymers; further 
investigations are required for a deeper understand-
ing of the processes involved. Furthermore, the mod-
el does not account for the previously described [95] 
transition of the DnA from a bent shape into a linear 
shape following the activation of MutS that precedes 
the interaction of MutS with MutL.

the model of a complex consisting of the MutS, 
MutL, MutH proteins and DnA proposed by Winkler et 
al. [144] is based on their previously published model of 
the interactions between the proteins MutL and MutH 
[133]. the distances between the two proteins and in-
teraction surfaces have also been determined using 
mutant forms of MutL and MutH containing a single 
cysteine residue, as well as thiosulfate reagents and  
photo-crosslinkers. It was concluded that the existence 
of the complex is feasible in which all three molecules, 
MutS, MutL and MutH, are in close proximity to each 
other. the formation of a DnA loop separating the 
proteins is not required in this case, which enables the 
complex to slide along the DnA in search for a signal of 
discrimination between the parent and daughter DnA 
strands.

Fig. 8. Structural model of the MutS-MutL-MutH-DNA 
complex. MutS is shown in gray (the mismatch-binding 
domain is shown in red, the linker domain – in green). 
N-Terminal domains (NTD) of the two subunits of the MutL 
dimer are indicated in dark and light orange. The C-ter-
minal and the linker domains of MutL are not shown. The 
MutH protein is highlighted in purple. The model is based 
on the following structures: MutS (PDB code 1E3M), MutL 
(PDB code 1B63), and MutH with DNA (PDB codes 2AZO, 
2AOR). The amino acids involved in protein-protein con-
tacts formation are shown in the figure. Colors of numbers 
indicate the amino acids residues correspondence to 
definite proteins
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MODELS OF COORDINATION BETWEEN THE 
DNA RECOGNITION AND THE CLEAVAGE 
SITES IN THE MMR SYSTEM
currently different views exist regarding the processes 
that occur after the formation of the ultimate recogni-
tion complex. A number of articles describe attempts 
to systematize these models [13, 14, 59, 145]. However, 
this only complicates the situation as the same phenom-
ena are described using different terminologies and, 
conversely, the same terms apply to different proc-
esses. In the present review we attempted to summa-
rize the existing models of signal transduction from a 
mismatch to the proteins that perform excision repair 
basing on the principles of physical interaction of the 
repair proteins with DnA. the connection between the 
DnA-binding and the nucleotide-binding functions of 
the proteins is discussed above and is not considered in 
order to provide a simplified understanding.

A mismatch and a single-stranded break in E. coli 
cells are separated by significant distances (approaching 
2,000 bp) during the stage of signal transduction of the 
daughter strand detection and subsequent excision re-
pair [146]. the process is bidirectional in nature; i.e., ex-
cision occurs in both directions relative to the mismatch 
[61, 147]. these experimental facts form the basis of all 
models. Various views regarding the mechanism of ini-
tiation of the MMr process are summarized in Fig. 9.

existing trans- and cis-models [13] regarding coor-
dination between the DnA recognition and cleavage 
sites in the MMr system differ with respect to whether 
significant conformational rearrangements of the DnA 
are required (e.g., formation of α-shaped loops) or not, 
respectively. examples of the cis-mechanism of action 
can be found amongst restriction endonucleases (types 

I and III), and a trans-mechanism can be frequently 
encountered during the transcriptional regulation of 
genes [145].

the basis for creating a model also includes anoth-
er feature – whether MutS (or a MutS–MutL–DnA 
ternary complex) remains associated with the mis-
match or moves away from it. Stationary and sliding 
clamp models can be distinguished. to date, all of the 
abovementioned models are supported by experimental 
evidence. the sliding clamp model is the most popular 
one [98, 148–150]. According to this model, MutS loses 
affinity for the mismatch and forms a structure of a 
unique DnA-clamp in the ultimate recognition complex 
containing DnA and two molecules of AtP. In this case, 
the protein dimer has two channels separated by cen-
tral (mismatch-binding) domains, the larger of which 
binds to DnA (Fig. 3). Significant restructuring occurs 
within MutS during the formation of a sliding clamp. 
It is assumed that the central (mismatch-binding) do-
mains from each subunit of the dimer rotated away 
from each other, and, hence, the channel size in which 
the DnA is located increases by a factor of 2 as a result 
of combination of the two channels [44]. However, these 
assumptions need to be experimentally verified. In the 
sliding clamp conformation MutS serves as a “turned 
on” switch capable of translocating along the DnA and 
activating the functions of other proteins in the MMr 
system. Hydrolysis of AtP is not required in order for 
this type of translocation of MutS to occur [104]. “Mo-
lecular clamps” perform important functions in the 
DnA metabolism; e.g., PcnA directs DnA replication 
and increases the processivity of DnA polymerase. this 
model is supported by the fact that bacterial MutS pro-
teins and their eukaryotic homologues in the presence 

Fig. 9. Models of coordination between a mismatch and the hemimethylated 5’-Gm6ATC-3’/3’-CTAG-5’ site: cis- (A 
and B) and trans- (C) models. With respect to another classification: models of a sliding clamp (A), multiple MutL poly-
merization on DNA (B) and DNA looping (C)
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of AtP slide away from the DnA fragment containing 
a non-canonical base pair, and then from the ends of 
linear DnA (if they are not blocked by bulky groups or 
tightly bound proteins) [98, 151]. recent studies [104] 
carried out employing fluorescence techniques ena-
bled to estimate the lifetime of a sliding clamp. It was 
found to be relatively long and was approximately 10 
min. the discussed mechanism suggests the possibil-
ity of the binding of several molecules of MutS to DnA 
containing a mismatch, which can improve the effi-
ciency of a repair process [145].

According to other models, MutS must remain bound 
to the DnA. For instance, Kunkel and erie [13] suggest 
that the AtP-dependent translocation of MutS away 
from the mismatch is not necessary for its functioning, 
and only conformational changes in the protein are im-
portant for the subsequent repair events to occur. this 
model is supported by the fact that the lifetime of the 
MutS–MutL–DnA ternary complex bound to AtP in 
the region containing a mismatch is longer than that 
for individual MutS molecules activated by a mismatch 
and bound to AtP [145, 151, 152]. It is highly proba-
ble that in vivo MutS can translocate away from the 
mismatch but only for short distances as the results of 
footprinting [152] and studies performed using the sur-
face plasmon resonance technique [150] demonstrate 
that the DnA site in the mismatch region is covered 
by bound proteins. Kunkel and erie also suggest that 
DnA bending in the mismatch-containing region or any 
DnA deformation caused by the MutS protein must be 
maintained during all phases of the MMr, which will 
serve as a directing and probably terminating signal 
during exonuclease degradation of the DnA daughter 
strand [13]. this is only feasible if the contact between 
the mismatch and the MutS is preserved.

According to another stationary model, the signal 
transduction from MutS to MutH (between the mis-
match site and the strand discrimination site) occurs 
as a result of a large number of MutL molecules bind-
ing to the DnA (formation of nucleoprotein filaments) 
until the strand discrimination site is reached (Fig. 9B) 
[153]. experimental confirmation of this model has been 
recently obtained. the fluorescence microscopy tech-
nique was used on live cells producing fluorescently 
labeled MutL and MutS proteins; it was demonstrated 
that in the mismatch region the number of MutL pro-
tein molecules exceeds that of MutS by a factor of 3 
[154]. However, this number is not sufficiently large to 
be able to unambiguously confirm the model of polym-
erization.

there are models suggesting DnA looping out (trans-
models, Fig. 9C). the first suggestion of such a mecha-
nism was proposed as a result of an investigation of the 
MutH activation in the presence of MutS and MutL. In 

the experiment the mismatch was located on one plas-
mid and the 5'-Gm6Atc-3'/3'-ctAG-5' site – on an-
other. In the control group, both sites were located on 
the same plasmid. DnA cleavage efficiency in both cas-
es coincided [152]. Moreover, protein-free DnA is rare-
ly encountered within the cell. typically, almost im-
mediately after replication it becomes structured with 
the involvement of proteins and as a result MutS slid-
ing along the DnA is hindered [115]. the data obtained 
using atomic force microscopy also support the model 
that includes looping out of DnA. these data indicate 
the importance of MutS tetramerization in the presence 
of AtP [148, 155]. two types of MutS-DnA complexes 
can be identified in the microphotographs. the first 
type consists of a MutS-DnA dimer, and the other is a 
DnA loop formed by two protein dimers. Hence, MutS 
homodimers can be assigned to two groups with respect 
to the functions where a certain number of molecules 
remain bound to the mismatch and the other pull the 
DnA through itself, maintaining contact with the first 
dimer. the “immobile” group of MutS dimers can result 
from the hydrolysis of AtP in one of the domains of the 
dimer. Both the cis- and trans-mechanisms of the MMr 
process can be explained from the point of view of this 
“combined” mechanism.

CONCLUSION
currently, various views regarding the MMr mecha-
nism exist; therefore, extensive ongoing research in 
this area still continues. the identification of a single 
mismatch amongst many thousands of canonical base 
pairs in the DnA is a unique process [155]. the fluores-
cence resonance energy transfer technique at the single 
molecule level has enabled to identify many conforma-
tions of the MutS protein in the presence of canonical 
DnA ligands [104]. However, binding of the MutS pro-
tein to DnA during the search for a mismatch, which is 
a key event of the MMr process, has not yet been fully 
characterized. the pending issues concern not only the 
short-lived intermediate MutS-DnA complexes but 
more complicated complexes as well: MutS–MutL–
DnA and MutS–MutL–MutH–DnA. In order to char-
acterize these complexes, one can use a combination 
of various optical [95, 153, 154] and fluorescence [104] 
techniques associated with crosslinking of proteins to 
proteins and proteins to DnA [144]. A recently pro-
posed approach to investigating short-lived complexes 
based on the covalent fixation of MutS to the DnA is 
considered to be rather promising [156].

Investigations of the MutS structure during DnA 
scanning are required. It is believed that the mismatch-
binding domains of both subunits of the MutS dimer 
lose affinity for each other: thereby, the protein chan-
nel in which the DnA is located undergoes a 2-fold 
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increase in size [44]. the study of mutual coordination 
of MMr system proteins is a particularly complicated  
issue. the same is true for the influences of other cel-
lular proteins on the activity of the abovementioned 
proteins. It is obvious that further research is required 
to create a complete picture of the MMr repair system 
functioning in living cells.  
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ABSTRACT RNA interference (RNAi) is a powerful method used for gene expression regulation. The increasing 
knowledge about the molecular mechanism of this phenomenon creates new avenues for the application of the 
RNAi technology in the treatment of various human diseases. However, delivery of RNA interference media-
tors, small interfering RNAs (siRNAs), to target cells is a major hurdle. Effective and safe pharmacological use 
of siRNAs requires carriers that can deliver siRNA to its target site and the development of methods for protec-
tion of these fragile molecules from in vivo degradation. This review summarizes various strategies for siRNA 
delivery, including chemical modification and non-viral approaches, such as the polymer-based, peptide-based, 
lipid-based techniques, and inorganic nanosystems. The advantages, disadvantages, and prospects for the thera-
peutic application of these methods are also examined in this paper.
KEYWORDS RNA interference; small interfering RNA; non-viral delivery.
ABBREVIATIONS RNAi – RNA interference; dsRNA – double-stranded RNA; siRNA – small interfering RNA; 
shRNA – small hairpin RNA; miRNA – microRNA; dsRNA – double-stranded RNA; RISC – RNA-induced silenc-
ing complex; NP – nanoparticle.

INTRODUCTION
rnA interference (rnAi) is an evolutionarily conserved 
mechanism of gene expression regulation. Application 
of interfering rnAs offers opportunities for the devel-
opment of novel methods for preventing and treating 
various human diseases [1]. recent advances in biology 
and medicine have extended the range of anticipated 
therapeutic targets. Medicinal agents based on the 
rnAi principle and intended for use in the treatment 
of infectious diseases, cancer, and genetic disorders 
are currently undergoing clinical trials. Such medicinal 
products as therapeutic ribozymes, aptamers, and small 
interfering rnAs (sirnAs) are commonly used in vari-
ous areas of scientific research, as well as in the therapy 
and diagnosis of human diseases. It should be noted that 
interfering rnAs possess potential immunogenicity, 
are characterized by low stability, and require efficient 
and safe methods for delivery to target cells. neverthe-
less, the promising results of clinical trials demonstrate 
that these barriers can be overcome by improving the 
synthetic carriers and chemical modifications of rnA 
[2]. Various methods of non-viral delivery of interfering 
rnAs, as well as their advantages, disadvantages, and 
their prospects for application in clinical practice, are 
discussed in this review. A fairly short review certainly 
cannon provide a thorough description of each method. 

Our goal was to highlight the variety of already devel-
oped and tested methods of sirnA delivery, which will 
enable an interested reader to quickly understand the 
existing problem. We hope that our work will be inter-
esting to a wide circle of readers of Acta Naturae.

MECHANISM OF RNA INTERFERENCE
the emergence of exogenous (viral or synthetic, in-
troduced during the experiment) or endogenous (a 
product of the transcription of a cell’s own genes) dou-
ble-stranded rnA (dsrnA) in a cell induces rnA in-
terference. the minimum size of dsrnA sufficient for 
the induction of interference is 21 bp. It is most likely 
that this restriction protects cellular mrnAs containing 
short intramolecular self-complementary structures 
against degradation [3, 4].

After the dsrnA penetrates into a cell, the rnase 
III enzyme Dicer (Fig. 1) recognizes and cleaves it [5, 
6]. this evolutionarily conserved protein was found in 
yeast Schizosaccharomyces pombe, lower fungus Neu-
rospora crassa, and lower and higher plants and ani-
mals, including mammals and humans [3, 4].

the Dicer molecule (Fig. 1) contains a double-
stranded rnA-binding domain (dsrBD) located at 
the c-terminus, the central domain PAZ that binds to 
dsrnA with two unpaired nucleotides at the 3’-end, 
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and n-terminal domains – the helicase domain DeAD-
box and DuF283 (Domain of unknown Function 283), 
which are not crucial for the in vitro functioning of the 
Dicer protein [7, 8].

Dicer also contains two rnase domains (rnase III 
domain – rIIID) forming an intramolecular pseudo-
dimer in which both catalytic sites localize in close 
proximity to one another. each domain cleaves one of 
the dsrnA strands, yielding duplexes with two un-
paired nucleotides at the 3’-ends (Fig. 2) [9–11].

In mammals and Caenorhabditis elegans, Dicer mol-
ecules of the same type are intended for the processing 
of mirnAs and sirnAs. there are two types of Dicer 
molecules in Drosophila: Dicer1 – for mirnAs and Dic-
er2 – for sirnAs. Dicer activity leads to the formation 
of 21-to 25-nucleotide-long dsrnA (species-specific 
feature), which has 2-base 3’-overhangs, carries hy-
droxyl groups at the 3’-ends, and phosphate groups at 
the 5’-ends [12].

the next phase in the interference process is the for-
mation of the rLc complex (rISc-loading complex) 
[13]. It consists of the Dicer and trBP (tAr rnA bind-
ing protein) proteins and/or - PAct and dsrnA frag-
ment in humans (in Drosophila melanogaster – Dicer1/
LOQS and Dicer2/r2D2 for mirnAs and sirnAs, re-
spectively). One of the dsrnA ends is characterized by 
a higher melting temperature, thus being more ther-
modynamically stable. Hence, it is believed to bind to 
the trBP, while another interacts with Dicer [14]. this 
arrangement of dsrnA in the rLc complex apparently 
determines which of the two rnA strands will be the 
guide strand (complementary to the target mrnA) and 
which will be the passenger strand (subject to degra-

dation) [15]. rLc transfers dsrnA to the Ago2 protein 
belonging to the Argonaute family (Fig. 3), which is the 
major protein of the pre-rISc (rISc – rnA-induced 
silencing complex) complex. Ago2 consists of three ma-
jor domains (Fig. 3): PAZ acting as a binding site for 
the 3’-end of the sirnA guide strand; MID is a binding 
site for the 5’-end of the sirnA passenger strand; and 
PIWI, which is structurally similar to rnase H [16].

the PIWI domain exhibits endonuclease activity [17]. 
As part of the Ago protein, it cleaves the phosphodi-
ester bond between the nucleotides of the passenger 
strand complementary to bases 10 and 11 of the guide 
strand [10]. After the passenger strand is degraded, 
the pre-rISc complex becomes the functionally active 
rISc complex (rISc contains only an antisense guide 
rnA strand complementary to the segment of the tar-
get mrnA). the target mrnA molecule is subsequent-
ly cleaved (Fig. 4) to yield a 21- to 23-nucleotide-long 
fragments [13]. the mechanism described above is typ-
ical of sirnAs (Fig. 4). Processing of mirnAs includes 
several additional phases (Fig. 4A).

First, an extended primary transcript – pri-mirnA 
(which has a hairpin-like structure of the “stem-loop” 
type) – is synthesized on the mirnA gene with the 
assistance of rnA polymerase II (or, less frequently, 
rnA polymerase III) [18, 19]. mirnA genes are typi-
cally represented by clusters that are transcribed as 
single polycistronic units [20]. Meanwhile, the genes of 
certain mirnAs act as independent transcription units 
[21]. Processing of pri-mirnAs is carried out in the nu-
cleus with the assistance of a complex consisting of two 
proteins (rnase type III), Drosha and Pasha (DGcr8 
protein is an analog in D. melanogaster, C. elegans and 

Fig. 1. Domain organization of the RNaseIII gene family [11]
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mammals), carrying two dsrnA-binding domains 
(dsrBD – double-stranded rnA-binding domain). Pasha 
interacts with pri-mirnAs, enabling Drosha to cleave 
the hairpin stem at a distance of 11 bp from its base. this 
gives rise to pre-mirnA 60–70 nucleotides in length 
characterized by a hairpin structure, 2-base 3’-over-
hang, and a 5’-phosphate group. In dipterans, worms, 
and mammals, certain pre-mirnAs are formed without 
the involvement of the Drosha enzyme (DGcr8).

Further events depend on the degree of homology 
between mirnA and the target mrnA. Most of the 
investigated animal mirnAs are not characterized by 
complete complementarity between the nucleotide se-
quence and the target mrnA [3, 4]. However, certain 
mirnAs in dipterans and mammals are fully comple-
mentary to their target mrnAs, resulting in direct 
mrnA cleavage by endonucleases [22]. Most mirnAs 
are imperfectly complementary to their target gene. 
usually only a short sequence at the 5’-terminal region 
of mirnA known as the “seed” matches the target 
mrnA. the “seed” region is one of the factors deter-
mining the specificity of the target choice. Due to the 
small size of the “seed” it is assumed that one mirnA 
can regulate the expression of hundreds of different 
genes [23, 24].

PROBLEMS IN APPLICATION AND DELIVERY OF siRNAs
the application of sirnA in therapeutic practice shows 
significant limitations: sensitivity to serum nucleases 
[25]; the possibility of non-specific binding; the action of 
sirnA via the mirnA mechanism, resulting in the sup-
pression of the expression of non-target genes, whose 
mrnAs are partially complementary to the “seed” re-
gion [26]; and activation of the innate immune response 
[27].

In order to achieve a therapeutic effect during sys-
temic delivery, small interfering rnA molecules need 
to be in their active form during circulation in the blood 
stream, and they need to avoid kidney filtration, phago-
cytosis, formation of aggregates with serum proteins, 
and degradation by nucleases. Furthermore, sirnAs 
need to pass through the endothelial barrier to pen-

etrate into the tissues. this barrier retains molecules 
larger than 5 nm. However, hepatic and splenic blood 
vessels allow molecules smaller than 200 nm in diam-
eter to pass through, while tumor vessels let through 
substances with a molecular weight of 40 kDa. this 
phenomenon is known as the enhanced permeation and 
retention effect – ePr [28].

After sirnA molecules leave the bloodstream, they 
have to pass through the extracellular matrix, the net-
work of structural proteins and polysaccharides sur-
rounding the target cells. the extracellular matrix can 
significantly hinder the cellular absorption of sirnAs, 
thereby increasing the likelihood of their phagocytosis 
and digestion [29].

the plasma membrane is the major barrier for sir-
nA to penetrate into a cell. the hydrophilic nature, 
high molecular weight, and net negative charge of sir-
nA molecules result in their absorption being of low ef-
ficiency. Several ways to solve this problem have been 
proposed: for instance, binding of sirnA molecules to 

22 b

2 b
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3’

5’

Fig. 2. Model for Dicer catalysis.  
The PAZ domain binds to the 2 nu-
cleotides 3’ overhang of the dsRNA 
terminus. Domains RIIIDa and RIIIDb 
form a pseudo-dimer. Each domain 
hydrolyzes one strand of the sub-
strate [11]
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Fig. 3. Argonaute proteins. A – Ago-family proteins are 
composed of three characteristic domains: the PAZ, MID 
and PIWI domains. B – The PAZ domain acts as a dock-
ing site for the 3’end of siRNA, whereas the MID domain 
anchors the 5’ terminal nucleotide [10, 13]
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cationic polymers and lipids results in the neutraliza-
tion of the negative charge of sirnAs and formation of 
positively charged complexes [30].

non-viral carriers have been shown to penetrate into 
cells via endocytosis. clathrin-mediated endocytosis, 
caveolae-mediated endocytosis, macropinocytosis, and 
clathrin- and caveolae-independent endocytosis have 
been distinguished [31]. unlike viruses, synthetic vec-
tors are characterized by low transfection efficiency. 

One of the approaches to increasing the absorption of 
carriers by cells is to bind the specific ligands that con-
tribute to the receptor-mediated endocytosis of trans-
port molecules. these ligands are typically targeted at 
the receptors that mediate the absorption of nutrients: 
transferrin, folic acid, and low-density lipoprotein re-
ceptors [32, 33].

Having penetrated into a cell, sirnA molecules local-
ize in early endosomes. the vacuolar H+-AtPase activ-

Fig. 4. Mammalian posttran-
scriptional gene silencing path-
way for miRNAs, shRNAs, and 
siRNAs. A – miRNAs are tran-
scribed from DNA as primary 
miRNAs (pri-miRNAs) and proc-
essed into 70 nt stem-loop pre-
cursor miRNAs (pre-miRNAs) 
by Drosha and DGCR8. The 
pre-miRNAs are transported to 
the cytoplasm by dsRNA-bind-
ing protein exportin 5, where 
they are processed into 22 nt 
miRNA duplexes by the Dicer/
TRBP complex. The imperfectly 
complementary miRNA duplex-
es associated with the AGO 
protein are loaded into RISC, 
where the passenger strand is 
removed and the guide strand 
remains to target mRNA for 
silencing. The resulting mature 
RISC complex may silence gene 
expression either by inhibiting 
the initiation of translation or 
by transporting the complex to 
cytoplasmic processing bodies 
(p-bodies), where the mRNA is 
deadenylated and destroyed. 
B – Identically to miRNAs, shR-
NAs are transcribed from DNA 
and undergo similar processing. 
However, the perfect Watson-
Crick base-pairing between 
the guide strand and the target 
mRNA triggers AGO2-mediat-
ed cleavage of the mRNA tar-
get. C – In contrast to shRNAs, 
siRNAs are artificially introduced 
into the cytoplasm. All steps of 
siRNA and shRNA are identical 
after processing by Dicer/TRBP 
[2]
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ity causes the acidification of the internal environment 
of early endosomes (a decrease to pH 5–6), resulting 
in their transformation into late endosomes. the fu-
sion of late endosomes with lysosomes occurs subse-
quently. the latter are characterized by even lower pH 
values (approximately 4.5) and contain nucleases that 
cleave sirnAs. In order to avoid degradation within 
lysosomes, sirnA molecules (in the unbound form or 
in complex with a carrier) need to leave the endosomes 
and enter the cytosol. Leaving the endosome is the key 
stage that puts limits on the rnA interference process 
[34, 35].

efficient sirnA delivery using various cationic pol-
ymers is attributed to the high buffering capacity of 
these compounds (due to the unprotonated secondary or 
tertiary amines) in a pH range of 5–7. these polymers 
are believed to act as proton sponges, thus preventing 
endosomal acidification (Fig. 5). this process is accom-
panied by an increase in the proton influx through the 
activation of the vacuolar H+-АТРase, combined with 
the accumulation of chloride anions cl-, as well as an in-
crease in osmotic pressure. this leads to osmotic swell-
ing and endosomal disintegration [36–38]. 

the umbrella hypothesis, which describes the abil-
ity of polymers to undergo voluminous expansion at pH 
5–6, has also been proposed (Fig. 5). the proton excess 
in endosomes results in protonation of tertiary amines 
in the internal part of the polymer. Due to the electro-
static repulsion between the adjacent, charged amino 
groups, the terminal branches of the polymer are un-
folded; the complex is transformed from a folded state 
to a branched state (provided that there are no steric 
constraints) [39, 40].

the escape of cationic lipid vectors from the endo-
somes is predominantly mediated by electrostatic in-
teractions between these molecules and the negatively 
charged phospholipid membranes of the endosomes, as 
well as by the ability of lipid structures to transit from 
the lamellar phase (a bilayer) to the hexagonal phase. 
the formation of cation-anion pairs destabilizes the li-
pid bilayers, resulting in the release of a nucleic acid 
from the complex [41, 42].

CHEMICAL MODIFICATIONS OF RNA
the half-life of unmodified sirnAs in blood serum does 
not exceed 15 minutes, which significantly impedes 

Fig. 5. Schematic representation of the proton sponge and umbrella effect hypothesis. Cationic polymers form a com-
plex with a negatively charged nucleic acid. At lower pH in the endosomes, the complex partially unfolds. Due to the 
protonation of the terminal amino groups and electrostatic repulsion, the terminal branches of the polymer spread out 
and adopt the fully extended conformation [40]
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their clinical use [25, 43]. According to Y. Zou et al. [44], 
the guide strand in rat and human blood serum is to a 
significant extent affected by exonucleases, while the 
passenger strand is more affected by endonucleases. 
chemical modification is the most common method 
applied to increase the sirnA stability (resistance to 
blood serum nucleases) [45, 46]. However, it should be 
remembered that modification may result in a loss of 
the biological activity of sirnAs [45].

Selection of the chemical modifications to be effect-
ed is determined by the nucleotide sequence of sirnA 
and their presumed scope of application, as well as the 
delivery method [26]. Most of the sirnAs that are cur-
rently used in scientific, pre-clinical, and clinical stud-
ies are synthetic 21 bp rnA duplexes that imitate the 
structure of natural sirnAs. the 19, 25, and 27 bp rnA 
duplexes with blunt ends and asymmetric 25/27 or 
27/29 bp rnA duplexes are also used in basic research 
and for drug development [47, 48].

the following types of chemical modifications of sir-
nAs can be distinguished: modifications of the phos-
phate backbone of a molecule, a sugar, or bases [49]. 
Despite the large number of approaches that can be 
applied to modify the rnA structure, the following 
modifications are the ones most commonly used (Fig. 6): 
phosphorothioate (PS), 2’-O-methyl (2’-OMe), 2’-fluoro 
(2’-F), 2’-O-methoxyethyl (2’-MOe), and locked nucleic 
acid (LnA) [2, 46, 50]. Phosphate backbone modifica-
tions entail changes to the phosphodiester bonds of the 
nucleotides in the rnA molecule. Phosphorothioate re-
sults from the replacement of a nonbridging phosphate 
oxygen atom with a sulfur atom. this modification was 
first used over 25 years ago; however, it is still com-
monly used [51]. PS-modification adds the following 
properties to oligonucleotides: enhanced in vivo re-
sistance to nuclease degradation; ability to effect an 
rnase H-mediated cleavage of the target mrnA; and 
increased affinity for blood plasma proteins reducing 
renal clearance and, thus, preventing rapid excretion 
of oligonucleotides from the organism [2, 52]. Introduc-
tion of phosphorothioates reduces the melting point of 

the sirnA duplexes by approximately 0.5оС per single 
PS [53]. It should be borne in mind that molecules with 
a PS-modification can nonspecifically bind to cell mem-
brane proteins, thereby enhancing sirnA cytotoxicity 
[53]. t. tuschl et al. [53] have reported the cytotoxicity 
of sirnAs where every second nucleotide contained a 
PS. It was demonstrated that toxicity can be reduced 
by decreasing the total PS concentration. the same ef-
fect can be achieved by introducing this modification 
into one sirnA end only. According to Z.Y. Li et al. [54], 
the introduction of PS modifications into positions 3, 5, 
and 17 at the 5’-end of the passenger strand improves 
the efficiency of sirnA activity by accelerating the 
loading of the guide strand into the rISc complex. On 
the other hand, direct introduction of PS modifications 
into the guide strand reduces efficiency in the suppres-
sion of gene expression with the involvement of sirnA 
[53, 54].

Modifications at position 2 of the ribose ring are the 
most commonly used (Fig. 6): 2’-O-methyl, 2’-fluoro-, 
and 2’-O-methoxyethyl [55, 56]. sirnA modified in 
this way forms a type A thermostable duplex. this is 
attributed to the fact that 3’-endo- is the preferred 
conformation of the modified sugar [2, 56]. 2’-O-me-
thyl-rnAs were detected among the ribosomal and 
transport rnAs of mammals. the introduction of 2’-
OMe increases the melting temperature of sirnA du-
plexes by 0.5–0.7оС per single modification, as well as 
simultaneously increasing their resistance to nucleases 
and increasing the efficiency of sirnA activity [53, 56]. 
It is recommended that 2’-OMe-modifications be in-
troduced into the passenger strand. the introduction 
of these modifications into the guide strand can reduce 
the efficiency of rnAi, because binding between the 
guide strand and the rISc complex becomes impossible 
[57]. the addition of 2’-OMe, along with PS, increases 
the affinity of the guide strand for the target mrnA 
and increases sirnA resistance to nucleases without 
decreasing the efficiency of rnA interference [56, 57].

the introduction of 2’-fluoro-modifications does not 
impede the functioning of sirnA and protects the du-

Fig. 6. Chemical modifications of RNA
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plex from nuclease cleavage. Inclusion of 2’-F- at the 
pyrimidine positions maintains the in vitro and in vivo 
activity of sirnA [58, 59]. 2’-F-modification of the sir-
nA cleavage site by the Ago2 protein does not affect 
the efficiency of rnAi [60]. rnA duplexes containing 
both 2’-F-pyrimidines and 2’-OMe-purines are charac-
terized by an extremely high stability in blood serum, 
as well as an increased efficiency in the in vivo inhi-
bition of gene expression [61]. It has been shown that 
these sirnAs can function 500 times more efficiently 
than the unmodified rnAs [59].

2’-Fluoro-β-D-arabinonucleotide (FAnA) is another 
important 2’-c-modification of ribose [56, 62, 63]. the 
introduction of FAnA increases the melting temper-
ature of the rnA duplex by approximately 0.5оc per 
modification [64]. FAnA differs from other 2’-С- mod-
ifications as it contains arabinose and is structurally 
similar to DnA (in its 2’-endo-conformation). the stere-
ochemistry of FAnA is opposite to that of ribose with 
fluorine at position 2. the introduction of FAnA modi-
fications into the rnA duplex inevitably causes distor-
tions in the structure of this molecule. therefore, this 
modification should not be introduced into the guide 
strand. Meanwhile, the efficiency of rnA interference 
is significantly increased by introducing FAnA modifi-
cations along the entire length of the passenger strand 
and at the 3’-end of the guide strand [62, 63].

ribose modification using 2’-O-methoxyethyl (MOe) 
is also commonly used. the insertion of MOe results in 
increased affinity of sirnA for target rnA, increased 
resistance against the in vivo action of nucleases, and 
reduction of the nonspecific binding of proteins, which 
can minimize toxic effects. However, this modification 
should not be introduced into the guide strand. this is 
associated with the occurrence of steric constraints in 
the interaction between the side groups of Ago2 and, 
as a consequence, the inability to load the guide strand 
into the rISc [55, 65, 66].

It was demonstrated that sirnAs containing both 
2’-fluoropyrimidines and 2’-methoxypurines are char-
acterized by extremely high resistance to the action of 
the nucleases found in the human blood serum (half-
life of the guide strand is up to three days) [61]. Locked 
nucleic acid is a modification in which the 2’- and 4’-po-
sitions in the ribose ring are linked to one another via a 
methylene bridge (Fig. 6). the furanose ring is locked 
in the 3’-endo-conformation, which makes it structur-
ally similar to the conventional rnA monomer [67]. 
the rigidity of the LnA conformation ensures a more 
efficient organization of the phosphate backbone and 
the strengthening both of the stacking interactions be-
tween the bases and of the hybridization of the guide 
strand with the target rnA. the high affinity of LnA-
modified sirnAs allows one to use shorter sequences 

(approximately 16 nucleotides instead of 20). the in-
sertion of a single LnA modification can increase the 
melting temperature of the rnA duplex by 5–10оc. 
the choice of the position in which to introduce the 
modification is very important. It was demonstrated 
that the presence of LnA at positions 10, 12, and 14 of 
the guide strand results in elimination of the interfer-
ing activity in sirnAs. this is attributed to steric and 
conformational changes when the LnA is inserted near 
the cleavage site [67, 68]. the presence of LnA at the 
3’-end of sirnA protects the duplex against the action 
of the 3’-exonucleases found in blood serum [69]. nev-
ertheless, the in vivo use of LnA-modified sirnAs is 
difficult because of their high hepatotoxicity [70].

Modified sirnAs also include spiegelmeres. these 
molecules are L-oligo-ribonucleotides, the enantiomers 
of natural D-rnAs, originating from the German word 
“Spiegel” (a mirror). the high resistance of spiegelm-
eres against nucleases, along with the high affinity of 
these molecules to target rnA, makes them extremely 
promising for therapeutic applications [71].

NON-VIRAL DELIVERY SYSTEMS FOR 
SMALL INTERFERING RNAs
the first studies in the field of delivery of oligonucle-
otides into cells have been focused on designing syn-
thetic vectors for DnA delivery [72, 73]. recombinant 
viral vectors have showed promising results in vitro. 
However, after significant drawbacks and complica-
tions during clinical trials were encountered, much at-
tention begun to be focused on non-viral delivery sys-
tems, as well [73]. the following types of complexes and 
nanoparticles (nPs) with a diameter ranging from 1 to 
1,000 nm are currently used for interfering rnA deliv-
ery: polyplexes, cationic peptides, liposomes, quantum 
dots, carbon nanotubes, and other inorganic nanopar-
ticles [73].

Polyplexes
Small interfering rnA complexes with cationic poly-
mers are known as polyplexes. these compounds are 
capable of self-assembly due to ionic interactions be-
tween the repetitive, positively charged regions of 
polymers and negatively charged phosphate groups 
of sirnAs. the major advantage of polymers is their 
structural flexibility, which enables them to easily al-
ter the physicochemical properties of the delivery sys-
tem. Molecular weight, charge density, solubility, and 
hydrophobicity can be adjusted according to the ex-
perimental conditions. thus, a change in the polymer : 
sirnA ratio allows one to regulate the neutralization 
degree of complex charges. Various chemical groups 
can also be added in order to change the parameters of 
the polymer molecules and to impart new properties to 



42 | ActA nAturAe |  VOL. 5  № 3 (18)  2013

reVIeWS

them. Both natural and synthetic polymers are utilized 
to design polyplex systems for the delivery of nucleic 
acids into mammalian cells [74–76].

Polyethyleneimine (PeI) (Fig. 7) is considered to be 
one of the most efficient tools to deliver oligonucleotides 
due to its exceptional ability to undergo endocytosis 
and exhibit endosomolytic activity. High-molecular-
weight PeIs (25 kDa) are commonly applied to deliver 
small interfering rnAs [77]. the high charge density of 
the polymer results in the formation of a strong bond 
between PeI and sirnA and ensures its efficient pro-
tection against enzymatic degradation. However, the 
high cytotoxicity and limited biodegradation of this 
polymer hinder its clinical application [78, 79]. A low-
molecular-weight PeI (< 2 kDa) is less toxic; however, 
it delivers sirnAs less efficiently. It is considered that 
PeI and other cationic polymers increase the perme-
ability of the cell membrane by forming short-lived 
nanoscale holes in it [77, 80]. It is also presumed that 
the destabilizing effect exerted on the membranes can 
be the reason for cytotoxicity [80]. Another factor af-
fecting the efficiency and toxicity of PeI is the degree 
of branching in the polymer structure [60]. A branched 
PeI contains primary, secondary, and tertiary amines 
at a 1 : 2 : 1 ratio, while a linear polymer consists of sec-
ondary amines only (except for the terminal primary 
amines) (Fig. 7) [81]. A branched PeI is superior to a 
linear type in terms of the efficiency of nucleic acid de-
livery [81].

complexes based on the copolymer of lactic and gly-
colic acids (poly(lactic-co-glycolic acid) – PLGA) are 
commonly used as carriers of sirnA and other oligonu-
cleotides. their advantages are a small size, low cyto-
toxicity, and ability to undergo prolonged circulation in 
the blood stream [82]. PLGA·sirnA complexes are pre-
pared in two ways: (1) by inserting sirnA into the com-
plex core and (2) by adsorption of sirnA on the surface 
of modified cationic PLGA nanoparticles via electro-
static interactions. PLGA protects sirnAs against the 
action of blood serum nucleases and ensures prolonged 
release of the substance being delivered [83, 84].

PLGA was employed to deliver sirnA against TNFα 
mrnA (tumor necrosis factor α) in order to suppress 
inflammatory responses. J774.1 cells (mouse macro-

phages) exhibited a reduction in the mrnA and tnFα 
protein levels by 50 and 40 % as compared to the con-
trol, respectively. the efficiency of anti-tnFα-sirnA 
was investigated in vivo using the mouse model of 
collagen-induced arthritis. As a result of injections of 
PLGA·anti-tnFα-sirnA complexes into the affected 
knee joints, a local decrease in tnFα expression, as well 
as a significant reduction in the manifestation of the in-
flammation symptoms of synovial bursa (according to a 
histological investigation), was observed. It is important 
to mention that after these complexes had been inject-
ed into the joint cavity, a significant amount of sirnA 
was detected in the synovial membrane where the cells 
producing tnFα predominantly localize. the inhibitory 
effect was recorded for 11 days after the sirnA injec-
tion had been administered, since PLGA is character-
ized by sustained release properties with respect to the 
transported substance [85].

J. Steinbach et al. have successfully used PLGA to 
deliver sirnAs against mrnAs of the nectin-1 and 
UL29.2 genes, which play the key roles in the devel-
opment of the herpes simplex virus type 2 infection. 
Significant suppression of the expression of target 
genes has been achieved both in vitro and in vivo (us-
ing the mouse model). PLGA nanoparticles were also 
found to exhibit low cytotoxicity. the feasibility of us-
ing PLGA·sirnA complexes during an infection with 
the herpes simplex virus type 2 is demonstrated in this 
article [86].

Dendrimers, which are also utilized to deliver thera-
peutic oligonucleotides, are highly branched polymer 
molecules 1–5 nm in size. Dendrimer branches are 
symmetrically arranged around the central part of the 
molecule. Dendrimers consist of three architectural 
domains (Fig. 8): the inner region including the core, 
dendrons connected to it, and the surface with a large 
number of reactive sites [87, 88]. Dendrimeric molecules 
are characterized by monodispersity and hydrophilic-
ity [89, 90]. the feasibility of functionalizing dendrim-
ers, altering their solubility, and attaching fluorescent 
probes allows one to use these molecules to deliver 
various therapeutic agents into target cells, including 
sirnAs [91]. the transferred substance can be bound 
to the peripheral groups of dendrimers either through 
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a covalent bond or by ionic interactions. the trans-
ported therapeutic agents can be encapsulated within 
the dendrimeric particles, thus forming monomolecu-
lar micelles [89]. conjugates derived from dendrimers 
and transported substances are more stable than lipo-
somes [91]. Highly branched polymers developed in the 
1980s, such as polyamidoamine dendrimeric molecules 
(PAMAM), polypropylenimines (PPI), poly(L-lysine) 
(PLL), and carbon-silane, are now used for sirnA de-
livery [92].

PAMAM-polymers designed for sirnA delivery are 
commercially available (Polyfect and Superfect) [93]. 
PAMAM has been successfully used for in vitro and in 
vivo delivery of sirnAs into neurons (intracranial in-
jection to rabbits) and exhibited very low toxicity levels 
[94].

Y. tang et al. studied in vitro and in vivo efficiency in 
the delivery of anti-GFP-sirnA (GFP – green fluores-
cent protein) using nanoparticles based on PeGylated 
(bound to polyethylene glycol) PAMAM. A significant 
decrease in the GFP expression level in HeK293 (hu-
man embryonic kidney fibroblasts) and cos7 (green 
monkey kidney fibroblasts) cells was observed under 
the action of anti-GFP-sirnA. the transfection effi-
ciency of PAMAM·sirnA nanoparticles was compa-
rable to the efficiency of Lipofectamine 2000 (Invitro-
gen). Intramuscular administration of these complexes 
to GFP-transgenic mice also revealed a decrease in 
the expression level of mrnA of the green fluorescent 
protein. PAMAM nanoparticles were shown to reliably 
protect sirnAs against blood serum nucleases [95].

Polypropylenimine (PPI) was specifically designed 
using PeI for sirnA delivery. O. taratula et al. have 
studied efficiency in delivering sirnAs targeted at- 

bcl-2 mrnA using polypropylenimine complexes. PPI 
nanoparticles were coated with polyethylene glycol 
(PeG) to make them more stable. the distal end of PeG 
was bound to a synthetic analog of the releasing factor 
of the luteinizing hormone to provide targeted delivery 
of sirnAs into tumor cells. A significant in vitro reduc-
tion in the expression level of the target gene in A2780 
(human ovarian cancer) and A549 (human lung cancer) 
cells was observed. In vivo studies have demonstrated 
a decrease in the growth rate of xenografts derived 
from the A549 cells in immunodeficient nude mice. the 
PPI·sirnA complexes predominantly localized in the 
tumor tissue; the concentration of the nanovector with 
sirnA in the liver and kidneys was minimal. the PPI-
based nanoparticles were found to be characterized by 
moderate cytotoxicity; however, it is assumed that the 
decrease in cell viability (by approximately 20 %) can 
be attributed to the suppression of the expression of 
the bcl-2 gene, which plays an important role in the 
regulation of cell proliferation [96].

the natural polysaccharide chitosan, which is used 
for sirnA delivery and consists of glucosamine and 
n-acetylglucosamine monomers (Fig. 9), is obtained 
by deacetylation of chitin [97, 98]. chitosan is read-
ily cleaved in vivo by lysozymes and chitinases [97]. 
this polymer is virtually non-toxic to mammals [99]. 
chitosan·sirnA complexes are typically not larger than 
200 nm, which is an advantage for in vivo delivery [97, 
98]. Despite the relative safety and biocompatibility of 
chitosan, few in vivo experiments have been conducted. 
this fact can be attributed to the limited efficiency of 
the polymer for delivering sirnAs. H. Katas and H.O. 
Alpar are believed to have used chitosan for in vitro 
sirnA delivery for the first time [100]. the method ap-
plied to form chitosan complexes with sirnA was found 
to significantly affect the efficiency of suppression of 
gene expression at the posttranscriptional level. It has 
also been demonstrated that chitosan–tripolyphos-
phate nanoparticles containing sirnAs are character-
ized by a number of advantages over sirnA-chitosan 
complexes: they have a higher binding capacity and 
high filling factor [100].
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K.A. Howard et al. have designed a chitosan-based 
sirnA delivery system which can be used both in vitro 
and in vivo. As a result, ectopic expression of EGFP (en-
hanced green fluorescent protein) in H1299 cells (hu-
man non-small cell lung cancer) and mouse peritoneal 
macrophages was suppressed (reduction in the eGFP 
fluorescence level by 77.9 and 89.3 %, respectively). It 
was also demonstrated that chitosan can be used for 
delivery of anti-eGFP-sirnAs to the bronchiolar epi-
thelial cells of EGFP-transgenic mice via intranasal 
administration. reduction in the expression of EGFP 
was 37 and 43 % as compared to the mismatch- and 
negative controls, respectively. these data support the 
fundamental possibility of using chitosan as a sirnA 
delivery agent in patients with lesions in mucous mem-
branes [101].

e.J. nielsen et al. [102] have developed a system for 
delivering anti-eGFP-sirnA to pulmonary epithelium 
using chitosan nanoparticles in the aerosol form. trans-
fection of these complexes into H1299 cells reduced the 
eGFP fluorescence level by 62%. A 68% decrease in 
eGFP fluorescence as compared to the mismatch control 
was observed after aerosol nanoparticles had been in-
troduced intratracheally to EGFP-transgenic mice. the 
chitosan·sirnA complexes localized in both alveolar and 
bronchiolar cells and evenly spread in the entire volume 
of the lungs. K.A. Howard et al. [103] demonstrated that 
intraperitoneal injection of anti-tnFα-sirnA·chitosan 
complexes to mice with collagen-induced arthritis re-
duces the expression of the target gene in peritoneal 
macrophages by 44% and inhibits the local and general 
inflammatory responses. Hence, chitosan-based nano-
particles can be used as carriers of therapeutic agents in 
patients suffering from systemic diseases.

PeGylation of chitosan enhances the stability of sir-
nA complexes and also increases the half-life of nano-
particles in blood serum [104]. D.W. Lee et al. produced 
chitosan nanoparticles of a specified size by coacerva-
tion in the presence of polyguloronate. the diameter of 
the complexes ranged from 110 to 430 nm, depending 
on the chitosan : sirnA ratio. these nanoparticles have 
exhibited high efficiency in the delivery of sirnA into 
HeK293 (human embryonic kidney fibroblasts) and 
HeLa (cervical cancer cells) cells, as well as low cyto-
toxicity [105].

A.M. Ji et al. described chitosan·sirnA complexes as 
irregular, positively charged lamellar and branched 
structures with a hydrodynamic radius of ~148 nm. 
these nanoparticles are used for delivery of sirnAs tar-
geted at the mrnA of the gene encoding the FHL2 pro-
tein (four-and-a-half LIM-domain protein) expressed in 
the Lovo cells (colorectal cancer cells). Overexpression 
of this oncogene has been observed in various types of 
cancer cells (epithelial ovarian cancer, hepatoblastoma, 
colon adenocarcinoma, certain types of breast cancer, 
and the HeLa cell line). A decrease in the expression of 
the FHL2 gene by 70% was observed; this is comparable 
to the results obtained after transfection of sirnA using 
Lipofectamine 2000 (Invitrogen, uSA) [106].

chitosan was also used as a “shell” to enhance the 
efficiency of other delivery systems. chitosan-coated 
particles of polyisohexylcyanoacrylate were utilized to 
deliver anti-rhoA-sirnA to the cells of breast cancer 
xenografts in nude mice. Overexpression of the RhoA 
gene (ras homolog gene family, member A) is associ-
ated with poor prognosis in cancer patients, since it ac-
celerates tumor cell proliferation and angiogenesis, as 
well as invasive tumor growth. Anti-rhoA-sirnA was 

α-CD  β-CD   γ-CD

Fig. 10. Chemical structure of cyclodextrins. Cyclodextrins are of three types: α-cyclodextrin (α-CD), β-cyclodextrin 
(β-CD), and γ-cyclodextrin (γ-CD). α-, β- and γ-cyclodextrins are composed of six, seven, and eight α-(1,4)-linked 
glycosyl units, respectively
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administered to nude mice every 3 days at a dose of 150 
or 1500 µg/kg body weight. As a result of the introduc-
tion of this sirnA at a dose of 150 µg/kg, tumor growth 
was inhibited by over 90%. Introduction of 1500 µg/kg 
caused partial necrosis of the tumor due to inhibition of 
angiogenesis. the complexes exhibited no toxic effects 
[107].

cyclodextrins are also used for sirnA delivery. 
they are cyclic (α-1,4)-linked oligosaccharides of β-D-
glucopyranose. cyclodextrin molecules are of toroidal 
shape. they consist of a hydrophobic central cavity and 
a hydrophilic outer surface (Fig. 10) [108, 109]. cyclo-
dextrins protect sirnAs against degradation by the 
nucleases found in blood serum and reduce the in vivo 
immunogenicity of sirnA even in the presence of im-
munostimulatory sequences within the sirnA [109]. 
Although natural sirnAs are not characterized by im-
munogenicity, the delivery of double-stranded sirnAs 
and single-stranded rnAs using liposomes can activate 
a mammalian immune system. this is accompanied 
by activation of toll-like receptors (tLr7, tLr8, and 
tLr9) in the peripheral mononuclear cells, monocytes, 
plasmocytoid dendritic cells, and cD34+-precursor 
cells. the possible reasons for the lack of an immune 
response associated with the use of cyclodextrins to de-
liver sirnAs include the antioxidant activity of this de-
livery system (inhibitors of endosomal oxidation were 
shown to be capable of blocking the development of an 
immune response) and the absence of nanoparticle ab-
sorption by immunocompetent cells [109].

S. Hu-Lieskovan et al. [110] have demonstrated that 
the use of complex particles formed using cyclodextrin, 
anti-eWS-FLI1-sirnA, and transferrin (a ligand for 
targeted delivery) significantly reduces the expression 
of the target oncogene in ewing sarcoma cells that ex-
press the transferrin receptor.

Patients with solid tumors are currently participat-
ing in the first phase of clinical trials of sirnA targeted 
at mrnA of the RRM2 gene (ribonucleoside-diphos-
phate reductase subunit M2) [111]. RRM2 encodes a 
small subunit of the ribonucleotide reductase enzyme 
that catalyses the conversion of ribonucleotides to de-
oxyribonucleotides. the inhibitors of ribonucleotide 
reductase were shown to exhibit an antitumor chemo-
therapeutic effect. this is attributed to the fact that 
the reparative capacity of cells depend on the concen-
tration of deoxyribonucleotides [112]. cyclodextrin-
based nanoparticles are used as a system to deliver 
anti-rrM2-sirnA. tumor cells in the biopsy material 
obtained from melanoma patients treated with anti-
rrM2-sirnA contain a large number of nanoparticles. 
A significant decrease in the expression level of mrnA 
and the rrM2 protein was observed as compared to 
the levels detected before the therapy [111].

Lipid-based delivery systems
Liposomes are highly organized lipid aggregates 
(Fig. 11). they are formed by one or several closed con-
centric bilayers made of phospholipids possessing hy-
drophobic tails and hydrophilic heads, which limit the 
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Fig. 11. Lipid-based complexes for siRNA delivery. A – Liposome structure (Encyclopaedia Britannica, Inc.).  
B – Structure of the stable nucleic acid lipid particle – SNALP [117]
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inner aqueous phase. Liposomes have been successfully 
used for delivery of water-soluble substances placed in 
their hydrophilic core [113, 114].

the widespread use of liposomes for sirnA deliv-
ery is associated with their optimal size (approximate-
ly 100 nm), good biocompatibility, and the simplicity 
of the preparation and application procedures [115]. 
thus, neutral lipid 1,2-oleoyl-sn-glycero-3-phospho-
choline (DOPc) can encapsulate up to 65% of sirnAs 
as a result of mixing the solutions of two components. 
Liposomes are also prepared from dioleoyl phosphati-
dylethanolamine (DOPe) (Fig. 12), 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPc) (Fig. 12) , phosphati-
dylcholine (Pc), and other neutral lipids [116].

Liposomes were the first nanoparticles approved 
for clinical application. these nanoparticles consist of 
pegylated liposomal doxorubicin complexes. Some 19 
out of 53 patients with Kaposi’s sarcoma demonstrated 
a partial response, and one patient exhibited a complete 
response following administration of doxorubicin with-
in liposomes every 3 weeks. this was accompanied by 
an increase in the circulation time of doxorubicin in the 
blood stream, as well as a reduction in its cardiotoxicity 
[117, 118].

Doxorubicin incorporated in liposomes and used in 
combination with docetaxel and trastuzumab has been 
undergoing clinical trials (phase II). A total of 31 pa-
tients with metastatic Her2-positive breast cancer 
participate in the trial. Minimal cardiotoxicity and low 
incidence of common-side effects have been observed 
for this drug. Improved prognosis was also recorded in 
patients with metastatic breast cancer [119].

c.n. Landen et al. [120] reported that the expression 
of EphA2 (the tyrosine kinase receptor gene associated 
with poor prognosis in patients with ovarian cancer) 
in nude mice decreases when using DOPc liposomes 
as a delivery system. DOPc liposomes were employed 
to suppress the expression of the PAr-1 receptor 
gene (protease-activated receptor) in order to halt the 
growth and metastasis of melanoma due to the reduced 
angiogenesis. DOPe liposomes were used for delivery 
of sirnA targeted at Ubc13 [116, 120].

S.H. Kang et al. designed liposomes containing sirnA 
targeted at Mcl1 mrnA and the protein kinase MeK 
inhibitor known as PD0325901. the raf/MeK/erK 
signaling pathway with the MeK kinase involved plays 
a significant role in the regulation of cell proliferation. 
Abnormalities in this pathway have been identified for 
several types of cancer. the Mcl1 gene product (myeloid 
cell leukemia sequence 1) belongs to the family of Bcl-2 
proteins that regulate apoptosis. Introduction of anti-
Mcl1-sirnA into tumor cells enhances their sensitivity 
to chemotherapeutic agents that induce apoptosis. the 
antitumor activity of nanoparticles was studied in vitro 

and in vivo. complexes of cationic liposomes based on 
n,n’’-dioleylglutamide with the PD0325901 inhibitor 
and anti-Mcl1-sirnA were added to KB cells (human 
nasopharyngeal epidermal carcinoma cells). Accord-
ing to Western blotting data, the amount of Mcl1 and 
perK1/2 proteins, as well as the tumor cells survival 
rate, significantly decreased as compared to the control. 
these nanoparticles were also administered to BALB/c 
mice with xenografts derived from the KB cells every 
2 days at a dose of 0.7 mg/kg for anti-Mcl1-sirnA and 
0.72 mg/kg for the PD0325901 inhibitor. A significant 
reduction in tumor size (by 79% as compared to the con-
trol group) was recorded; the Western blot data were 
comparable to the results obtained during in vitro ex-
periments [121].

cationic lipid (Fig. 12) and nucleic acid complexes are 
known as lipoplexes. the main advantage of cationic 
lipids is that they passively interact with negatively 
charged sirnAs and the cell membrane, which consid-
erably simplifies the internalization process. However, 
cationic liposomes are more toxic than neutral ones. 
they are characterized by a lower half-life in blood se-
rum (which can be partly attributed to absorption in 
the reticuloendothelial system) and increased immu-

Cationic lipids

Neutral lipids

Ionizable cationic lipids

DOTMA

DOGS

DOSPA

DOPE

DSPC

DLin-DMA

DLin-KC2-DMA

DLin-MC3-DMA

Fig. 12. Cationic, neutral, and ionizable cationic lipids that 
are important for siRNA delivery [117]
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nogenicity (attributed to absorption by macrophages) 
[116].

Lipoplexes based on dimethyl-hydroxyethyl-amino-
propane-carbamoyl-cholesterol (DMHAPc-chol) and 
dioleoyl phosphatidylethanolamine were successfully 
applied to deliver sirnA targeted at mrnA of the vas-
cular endothelial growth factor (VeGF) to A431 (hu-
man epidermoid carcinoma) and MDA-MB231 (human 
breast cancer) cells. the introduction of DMHAPc-
chol·DOPe complexes containing anti-VeGF-sirnA 
reduced the expression of the target gene by over 
90 %. these nanoparticles were characterized by higher 
transfection efficiency as compared to the application 
of Lipofectamine 2000 (Invitrogen). transfection of a 
GFP-containing plasmid and anti-GFP-sirnA allowed 
one to discover that lipoplexes based on DMHAPc-
chol·DOPe are more efficient in transporting sirnA 
than plasmids [122].

K. un et al. suggested using lipoplexes that are as-
sociated with mannose and are sensitive to ultrasound 
exposure [123–125] for the selective delivery of small 
interfering rnAs to hepatocytes. this sirnA delivery 
method combines the advantages of lipofection and 
sonoporation: a significant amount of the transported 
nucleic acids can penetrate directly into the cytoplasm 
due to the pore formation in the cell membrane under 
ultrasound irradiation. In this article, sirnAs targeted at 
the mrnA of the intracellular adhesion protein ICAM-1 
gene, whose expression is elevated in liver endotheli-
al cells in the early stages of hepatitis, were used. the 
expression of ICAM-1 was significantly lower both in 
vitro in liver endothelial cells and in vivo in mouse mod-
els of liver inflammation induced by lipopolysaccha-
rides, dimethylnitrosamine, carbon tetrachloride, and 
ischemia-reperfusion. Furthermore, an in vivo anti-in-
flammatory effect induced by this sirnA was observed. 
the proposed method for sirnA delivery is considered 
to be highly promising for treating liver diseases [126].

Stable nucleic acid-lipid particles (SnALPs) have 
been designed relatively recently by tekmira Phar-
maceuticals corporation. SnALPs are polymeric na-
noparticles ~ 100 nm in size and consisting of ionizable 
cationic lipids, such as DLin-DMA (1,2-dilinoleyloxy-
3-dimethylaminopropane), DLin-Kc2-DMA (2,2-dili-
noleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane) and 
cholesterol, lipids with a high phase transition temper-
ature (1,2- distearoyl-sn-glycero-3-phosphocholine – 
DSPc), and PeGylated lipids. complex SnALPs are 
characterized by a prolonged time of circulation in the 
blood stream and great potential for modifications, 
which make it possible to solve various problems as-
sociated with sirnA delivery [116, 127].

D.V. Morrissey et al. [61] have demonstrated that it is 
possible to use SnALPs for efficient systemic delivery 

of sirnAs in a mouse model of viral hepatitis B (HBV). 
Intravenous administration of SnALPs containing an-
ti-HBV-sirnAs (3 mg/kg) during 3 consecutive days 
resulted in the inhibition of hepatitis B virus replica-
tion. this effect persisted for 7 days after the injection 
of SnALP·anti-HBV-sirnA complexes.

t.S. Zimmermann et al. successfully used SnALPs 
as a system for delivering sirnAs targeted against 
apolipoprotein B mrnA (ApoB) in Javanese macaque. 
the liver ApoB mrnA levels are reduced by 80–90 % 
48 h following a single intravenous administration of 
2.5 mg/kg of anti-ApoB-sirnA contained in SnALPs. 
this is accompanied by a reduction in the concentration 
of serum cholesterol by 65%. this approach provides a 
prompt, long-term effect (up to 11 days after the injec-
tion of SnALP·sirnA complexes) [128].

SnALPs were successfully utilized to deliver sirnA 
targeted at PLK1 kinase mrnA. Overexpression of the 
PLK1 gene plays an important role in the abnormal-
ity in the regulation of the proliferation of tumor cells 
of different histological origins. Intravenous adminis-
tration of SnALP·anti-PLK1-sirnA complexes sup-
pressed orthotopic liver tumor growth (Hep3B cells) 
in mice. SnALPs have also been shown to be not im-
munogenic [122].

Peptide delivery systems
Peptides can also be used as efficient systems to deliver 
interfering rnAs [129]. A special class of cationic pep-
tides (cell-penetrating peptides – cPPs) is known as 
trans-plasma membrane carriers of various macromol-
ecules, including interfering rnAs [130, 131]. HIV-1 tat 
protein and InF-1, InF-7 of the influenza virus are the 
cPPs that were discovered first [116]. Despite their be-
ing small in size (5–40 a.a.r.), cPPs can carry substances 
with a molecular weight 100 times their own [132]. the 
best-studied cPPs include the basic HIV-1 tat protein 
and polyarginine, since basic amino acids (lysine and ar-
ginine) participate in the formation of the complex with 
sirnA [133]. Arginine contains a terminal guanidine 
group in its side branch, which binds to the cell surface 
via ionic interactions [134]. cPPs are characterized by a 
low cytotoxicity level at the concentrations used for the 
delivery of macromolecules [118, 135].

two approaches enabling one to use cPPs to deliv-
er interfering rnAs to target cells are currently used 
[131]. the first approach is based on the formation of 
a covalent bond between cPPs and sirnAs [136]. the 
covalent bond between sirnAs and cPP is formed via 
the disulfide or, less frequently, thioester bond that is 
degraded in the cytoplasm [137]. It should be mentioned 
that the use of this strategy can reduce sirnA activity 
because of incomplete dissociation of the cPP·sirnA 
complex [131].
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Successful in vitro application of cPPs penetratin 
and transportan, which are covalently bound to sirnA 
targeted at GFP mrnA, has been described by A. Mu-
ratovska et al. transfection of cPP·sirnA conjugates 
into GFP-expressing cHO (chinese hamster ovary) 
cells reduced the GFP fluorescence level by 53 and 
63 %, respectively. the use of Lipofectamine 2000 (In-
vitrogen) resulted in fluorescence reduction by only 
36 % [138]. cPP nanoparticles containing penetratin 
and tAt have recently been tested in vivo. sirnA 
targeted against mrnA of p38 MAP-kinase (this pro-
tein is involved in the development of various inflam-
matory responses) was covalently bound to one of the 
following carriers: tAt, penetratin, or cholesterol. 
Incubation of the complexes with mouse fibroblasts 
resulted in a reduction in the expression of p38 MAP-
kinase by 20–36%. However, intratracheal administra-
tion of these complexes to mice revealed no significant 
changes in the expression of p38 MAP-kinase. In addi-
tion, penetratin·sirnA complexes increased the levels 
of tnFα and IL12 immune markers. thus, it can be 
assumed that cPPs can activate the immune response 
[118, 139].

Another approach is based on the formation of 
complexes between cPPs and sirnAs via the electro-
static interactions associated with positively charged 
cPPs binding to the negatively charged sirnAs [140, 
141]. the latter gives rise to a very stable complex in 
which sirnA is reliably protected against degrada-
tion by blood serum nucleases [131]. However, this ap-
proach is associated with the risk of neutralizing the 
positive charge of cPPs during the electrostatic in-
teractions with sirnAs; hence, binding of cPPs to the 
plasma membrane and the subsequent absorption of 
the cPP·sirnA complex becomes impossible [142, 143]. 
the article by J. Hoyer et al. is an illustration of the use 
of the “noncovalent” approach for the formation of 
cPP·sirnA nanoparticles [144]. the researchers have 
synthesized branched derivatives of the truncated form 
of human calcitonin and evaluated their efficiency as a 
tool for the delivery of sirnA targeted against mrnA 
of the human nPY Y1 receptor gene. this receptor 
belongs to the family of G-protein-coupled receptors, 
whose expression increases in the presence of various 
systemic diseases. thus, reduction in the expression 
level of the nPY Y1 receptor gene is considered to be 
one of the potential directions for osteoporosis therapy. 
It has been demonstrated that cPPs can efficiently de-
liver sirnAs into HeK293 cells without exhibiting any 
signs of cytotoxicity. the reduction in target gene ex-
pression is comparable to the results obtained lipofec-
tion.

L. Johnson et al. have described the POD peptide 
(peptide for ocular delivery), which is a cPP designed 

to deliver macromolecules into eye tissues. POD has 
been successfully applied to transfer anti-GFP-sirnA 
into a human retinal embryonic stem cell culture where 
GFP is ectopically expressed. the expression level of 
transgenic GFP decreased by over 50%. It was also 
shown both in vitro and in vivo that POD can effec-
tively deliver quantum dots into eye tissues [145].

Inorganic nanoparticles for siRNA delivery
Inorganic nanomaterials (carbon nanotubes, quantum 
dots, gold nanoparticles, etc.) are an alternative method 
to deliver interfering rnAs [146–149]. these nanopar-
ticles differ from organic ones in their structure, di-
mensions, physical, and chemical properties; they can 
also be functionalized easily. these materials reproduce 
the structural properties of high-molecular-weight pol-
ymers, while possessing a lowmolecular weight [150].

carbon nanotubes (cnts) are linear, elongated cy-
lindrical layers graphene. Single-walled carbon nano-
tubes are composed of one graphene layer, while multi-
walled ones consist of several concentric single-walled 
nanotubes. the diameter of a single-walled nanotube is 
less than 0.4 nm, while that of a multi-walled one can be 
~100 nm. the length of these structures typically rang-
es from hundreds of nanometers to several dozens of 
micrometers. the unique feature of carbon nanotubes 
is the graphene layer that can be easily modified us-
ing various biomolecules. cnts·sirnAs complexes can 
be formed via a covalent or noncovalent bond. carbon 
nanotubes are nontoxic to mammalian cells as they can 
pass through the cell membrane via the endocytosis-
independent pathway without adversely affecting its 
integrity [146, 151].

I.B. neagoe et al. compared the in vitro efficiency of 
single-walled cnts to that of the commercial trans-
fection agent siPOrt neoFX, which is manufactured 
by Ambion and used for delivery of sirnAs targeted 
at TNFα and VEGF mrnAs. the expression level (as 
a percentage of the baseline level) was 53.7 and 56.7% 
for the VEGF and TNFα, respectively, when siPOrt 
neoFX was used. When using single-walled cnts, the 
expression level was 47.7 and 46.5%, respectively [152].

X. Wang et al. demonstrated that ammonium-modi-
fied cnts can bind to sirnA targeted against A2 cyclin 
mrnA via electrostatic interactions. the introduction 
of cnt·anti-cyclin A2-sirnA complexes into K526 (hu-
man erythroleukemia) cells causes cell growth inhibi-
tion and death [153].

Quantum dots (QDs) are colloidal semiconductor 
nanoparticles [147]. QDs are typically used as fluores-
cent probes due to their unique physical and chemical 
properties that make it possible to overcome the limi-
tations of fluorescent proteins and organic dyes. these 
nanoparticles have a broad excitation band (which al-
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lows one to excite differently colored nanocrystals by 
a single electromagnetic radiation) and narrow sym-
metrical fluorescence peaks. In addition, QDs exhibit 
high photostability [154]. they can be efficient tools to 
deliver therapeutic oligonucleotides. For instance, QDs 
have been successfully used for simultaneous visuali-
zation and delivery of sirnAs in order to selectively 
inhibit the expression of the epidermal growth fac-
tor receptor III gene in u87 cells (human glioblastoma 
cells) [155].

High cytotoxicity is the main hurdle for a possible 
clinical application of QDs as fluorescent probes and 
delivery tools: most QDs contain highly toxic cadmium 
(cd), selenium (Se), or tellurium (te) [156]. Hence, the 
application of QDs is currently limited to in vitro stud-
ies only.

In order to solve the toxicity problem, W.B. tan et al. 
incorporated QDs in chitosan-based nanoparticles and 
used these conjugates as carriers of sirnA targeted 
against mrnA of the human epidermal growth factor 
receptor (HER2/neu). the delivery of sirnA to cells 
was monitored using flow cytometry techniques. A sig-
nificant suppression of human HER2/neu gene expres-
sion was attained [157].

M.V. Yezhelyev et al. designed QDs coated with a 
polymer that absorbs protons (a proton sponge) [158]. 
the balanced composition of positively and negatively 
charged functional groups (such as carboxylic acids 
and tertiary amines) on a QD surface enables to apply 
these nanoparticles in efficient and safe sirnA deliv-
ery. QDs coated with a proton sponge layer increased 
efficiency in the suppression of cyclophilin B gene ex-
pression by 10–20 times, while their cytotoxicity in 
the MDA-MB231 cells (breast cancer) was decreased 
by 5–6 times as compared to Lipofectamine 2000 (In-
vitrogen), transIttKO (Mirus Bio corp.), and JetPeI 
(Qbiogene). Moreover, the QD·sirnA complexes exhibit 
identical transfection efficiency both in the absence and 
in the presence of serum in the culture medium, while 
the best results for other transfection agents can be 
achieved only in a serum-free medium. the absorption 
of these nanoparticles by cells can be monitored inter-
actively using the QD fluorescence signal. the localiza-
tion of complexes in various cellular compartments can 
be determined using electron microscopy by detecting 
the presence of semiconductors [158].

A new type of quantum dots has recently been ob-
tained (I-III-VI2

): AgInS
2
, cuInS

2
 and ZnS·AgInS

2
. 

P. Subramaniam et al .  synthesized a library of 
Zn

x
S·Ag

y
In

1-y
S

2
 (ZAIS) quantum dots with variable 

physical properties (photoluminescence). ZAIS quan-
tum dots were shown to exhibit a considerably lower 
cytotoxicity level as compared to their analogs; thus, 
they can also be used as multifunctional nanoparticles 

for simultaneous visualization and sirnA delivery into 
u87 glioblastoma cells [159].

Gold nanoparticles possess the unique chemical and 
physical properties required for oligonucleotide trans-
port. they are almost inert and nontoxic; their size var-
ies between 1 and 150 nm [148].

S.t. Kim et al. assessed efficiency in the suppression 
of β-galactosidase (β-gal) gene expression in SVr-bag4 
endothelial cells by rnA interference. the nanoparti-
cles synthesized by the researchers consisted of a gold 
core (2 nm in diameter) and polymeric dendrons with 
terminal triethylenetetramine, and they were used as 
a delivery system. Positively charged dendrons were 
bound to the negatively charged sirnA via electro-
static interactions. the suppression of the β-gal expres-
sion was found to be dependent on the nP:sirnA ratio; 
maximum reduction in the β-gal expression level was 
48% at a nP:sirnA ratio = 2. efficiency in transfec-
tion with gold nanoparticles was comparable to that 
achieved with Lipofectamine 2000 (Invitrogen) [160].

Alternative classification of nanovectors
the dose and biological activity of the substance car-
ried by nPs depends on several factors: the kinetics of 
the binding to the cell surface and internalization, in-
tracellular processing, final localization of nPs, and the 
cell cycle stage. the kinetics of cell surface binding and 
internalization depends on the size, shape, charge, and 
biological activity of nPs. During cell division, nanopar-
ticles are distributed randomly and unevenly; hence, 
the nanoparticle concentration in each daughter cell 
can be different. the metabolic pathway of a nP and its 
final location in the cell determine the dose and biologi-
cal activity of the delivered substance [161, 162].

three main classes can be distinguished (with regard 
to their functions and features) among a vast variety 
of delivery systems with different compositions, ge-
ometries, and surface modifications.

the first generation of nanovectors is represented by 
the simplest nanoparticles that are passively delivered 
to the target sites. these vectors are delivered to tumor 
cells due to the enhanced penetration and retention 
(ePr) effect, which is the transfer of substances from 
blood vessels to the tumor tissue and their accumula-
tion there [163].

nanovectors of the second generation are more so-
phisticated than their predecessors; they are an ad-
vanced version of first-generation nanoparticles. these 
delivery systems possess additional functions: binding 
to the target site via specific interaction between lig-
ands and receptors that are either unique or overex-
pressed in the tumor tissue, co-delivery of therapeutic 
agents, and controlled release of the transferred sub-
stances [163].
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the third generation of nanovectors is represented 
by multicomponent systems. Since none of the single 
agents can penetrate through multiple barriers on its 
way to the target mrnA, these systems are composed 
of nanoparticles with different properties embedded in 
a single nanovector. these carriers (known as logic-em-
bedded vectors [164]) are therapeutic multicomponent 
constructs in which the functions of biological recog-
nition and penetration through biological barriers are 
performed by different components of the nanovector, 
ensuring a more efficient and selective delivery. A vec-
tor that can pass through the circulatory system due 
to its geometry can serve as an example of this thera-
peutic strategy. the vector binds to the capillary wall 
in the affected area due to specific surface interactions. 
It subsequently releases various nanoparticles that are 
synergistically transported from the vessels to the tis-
sue, reach target cells, and deliver therapeutic agents 
at optimal concentrations with minimal side effects 
[163].

Biologically active molecular networks consisting 
of bacteriophages connected to gold nanoparticles and 
known as nanoshuttles belong to the third generation 
of nanoparticles. nanoshuttles combine the ability to 
exhibit a hyperthermic response near-infrared or radio 
frequency radiation (which is typical of gold nanopar-
ticles) and the feasibility of targeted delivery of sub-
stances [165].

nanoparticles known as nanocells are another exam-
ple of third-generation delivery nanosystems. nanocells 
have been designed to be used in the field of combined 
chemotherapy. the outer shell of these nanovectors 
consists of lipid nanoparticles; the inner core is com-
posed of polymeric nanoparticles [166].

Silicon-based nanoparticles also belong to the third 
generation of nano-vectors. nanoparticles based on 
silicon with medium-sized pores have been success-
fully used for co-delivery of doxorubicin and sirnA 
targeted against bcl-2 gene mrnA. Doxorubicin lo-
calized inside the silica pores; anti-bcl-2-sirnA was 
bound to the dendrimeric shell. the aim of producing 
this nanovector was to ensure simultaneous delivery of 
an anticancer drug (to induce apoptosis in tumor cells) 
and anti-bcl-2-sirnA molecules (to suppress ion pumps 
mediating the occurrence of multidrug resistance). As 
a result, a significant increase in doxorubicin cytotoxic-
ity was observed by decreasing the Ic50 

(half maximal 
inhibitory concentration) 64-fold [167].

CONCLUSIONS
the rnA interference technology holds great promise 
for treating various human diseases by the targeted sup-
pression of gene expression. certain therapeutic agents 
based on the rnA interference principle are currently in 
clinical trials. Further progress in this therapeutic area 
depends on the development of safe and efficient carri-
ers for systemic delivery of sirnAs. the general trans-
fection efficiency of non-viral transport agents remains 
lower than that of viral vectors. Further improvements 
are required to increase the efficiency and reduce the 
toxicity of non-viral delivery systems.

this review has attempted to acquaint the reader 
with currently existing non-viral methods for the de-
livery of interfering rnAs, as well as the challenges en-
countered in attempts to implement these technologies 
in medicine. More thorough information about each of 
the presented systems can be found in [74–76, 88, 97, 
98, 108, 113, 134, 149]. 
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ABSTRACT Despite the numerous drawbacks, 3’-azido-3’-deoxythymidine (AZT, Zidovudine, Retrovir) remains 
one of the key drugs used in the treatment and prevention of HIV infection in both monotherapy and HAART. 
A strategy in searching for new effective and safe AZT agents among latent (depot) forms of AZT has yielded its 
first positive results. In particular, the sodium salt of AZT 5’-H-phosphonate (Nikavir, phosphazide) has demon-
strated clinical advantages over parent AZT: first and foremost, lower toxicity and better tolerability. It can be 
effectively used for the prevention of vertical transmission from mothers to babies and as an alternative drug 
for HIV-infected patients with low tolerance to Zidovudine. Preclinical studies of another phosphonate, AZT 
5’-aminocarbonylphosphonate, have demonstrated that it releases AZT when taken orally. Pharmacokinetic 
studies have shown a prolonged action potential. Based on the analysis of both toxicological and pharmacological 
data, AZT 5’-aminocarbonylphosphonate has been recommended for clinical trials.
KEYWORDS anti-HIV therapy; AZT 5'-phosphonates; depot forms; Nikavir; preclinical trials.
ABBREVIATIONS HIV RT – human immunodeficiency virus reverse transcriptase; AZT – 3’-azido-3’-deoxythy-
midine; 3ТС – (-)-β-L-2’,3’-dideoxy-3’-tiacytidine; L-FTC – (-)-β-L-2’,3’-dideoxy-3’-thia-5-fluoro-cytidine; 
НААRТ – high active antiretroviral therapy; LD50 – mean lethal dose; AUC – area under the concentration-time 
curve; MRT – mean residence time; CL – total clearance; Vss – steady state volume of distribution; F – bioavail-
ability.

INTRODUCTION
In the last quarter of the 20th century, AIDS  morphed 
into one of the main threats to human health. the 
protracted efforts of researchers yielded a number of 
agents with anti-HIV activity which can be subdivided 
into several groups: 1) nucleoside and nonnucleoside re-
verse-transcriptase inhibitors of HIV (HIV rt); 2) pro-
tease inhibitors; 3) integrase inhibitors; and 4) inhibitors 
of virus binding and penetration into cells. nucleoside 
reverse transcriptase inhibitors (nrtI) are the most 
numerous group of anti-HIV agents used in clinical 
practice; the most commonly known members include 
3’-azido-3’-deoxythymidine (AZt, Zidovudine, retro-
vir), (-)-β-L-2’,3’-dideoxy-3’-thiacytidine (3tc, Lami-
vudine), (-)-β-L-2’,3’-dideoxy-3’-thia-5-fluorocytidine 
(L-Ftc, emricitabine), 2’,3’-dideoxyinosine (ddI, Dida-
nosine), etc. [1]. the mechanism of action of these inhib-
itors includes intracellular triphosphorylation, followed 
by specific blocking of viral DnA synthesis catalyzed 
by HIV rt. However, all nrtIs have a number of seri-
ous drawbacks. Due to their pharmacokinetic proper-

ties and the low efficiency of intracellular conversions 
(e.g., as little as 0.3% of AZt is converted into the corre-
sponding triphosphate in cells), high doses of the drug 
are needed, which in turn causes increasing toxicity. 
Furthermore, the high variability of the virus results in 
the rapid development of viral resistance [2, 3], which 
also narrows the range of therapy outcomes.

Among the clinical circumstances of AZt toxicity 
there are numerous hematological effects, suppression 
of bone marrow cell functions, liver disorders, myopa-
thies, etc. [4, 5]. Mitochondrial toxicity of AZt causes 
hyperlactatemia and lipodystrophy in patients with 
AIDS [6, 7]. Since AZt is eliminated rather fast, this 
drug needs to be administered three times a day. After 
long-term therapy, AZt loses its efficiency with the 
development of viral resistance to it [8, 9]. neverthe-
less, despite all the adverse effects, AZt remains the 
most widely used drug.

the currently used regimens of combined drug ther-
apy (highly active antiretroviral therapy, HAArt) al-
low one to control HIV replication to a more significant 
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extent, as compared to the drugs taken individually; 
however, they also require novel components that can 
be efficient and nontoxic.

One of the ways to enhance the efficacy of an anti-
viral drug is to synthesize its depot (latent) form; i.e., 
such a derivative that would release the active sub-
stance when undergoing chemical or enzymatic con-
version in the organism [10]. Designing depot forms is a 
good means to reducing nrtI toxicity both by improv-
ing the pharmacokinetic parameters and by decreas-
ing their affinity to mitochondrial transport proteins. 
this approach has been used in many laboratories in 
the search for novel anti-HIV agents. the following 
drugs illustrate the successful application of the depot 
forms of nrtI in practical medicine: Viread® (tenofovir 
disoproxil fumarate) and nikavir® (sodium salt of AZt 
5’-H-phosphonate, phosphazide) [11, 12].

NIKAVIR (PHOSPHAZIDE), THE FIRST ACHIEVEMENT 
IN DESIGNING DEPOT FORMS OF AZT
nikavir was licensed in the russian Federation in 1999 
as an agent to be used for therapy in patients with 
AIDS and for the prevention of HIV infection [13–15]. 
nikavir was designed as a result of lengthy studies de-
voted to the synthesis and investigation of antiviral 
agents headed by A.A. Kraevsky at the engelhardt In-
stitute of Molecular Biology, russian Academy of Sci-
ences [16, 17]:

AZt 5’-H-phosphonate was synthesized in 1989 and 
tested on cell cultures infected with HIV-1 [16]; how-
ever, there was a significant discrepancy between the 
data obtained from the experiments conducted at dif-
ferent laboratories. It was initially reported that phosp-
hazide 1 exhibited moderate anti-HIV activity and low-
er toxicity in a Mt-4 cell culture as compared to AZt 
[18, 19]. Its selectivity index was higher than that of 
AZt. However, when phosphazide was later tested on 
three different cell lines (Mt-4, ceM-SS and ceM-X 
174), its activity was found to be lower than that of 
AZt by almost an order of magnitude [20]. It was re-
ported in another paper [21] that the anti-HIV activity 
of compound 1 in the cell cultures c8 and JM was 10–20 
times higher vs. that of AZt. contrariwise, according to 
[22], the selectivity indices of H-phosphonate 1 were 1.5 
and 15 times higher than those of AZt (IIIB and HXB2 

strains of HIV in blood mononuclear cells were used). 
Despite these discrepant and disputable data, the re-
search into phosphazide was continued, which made it 
possible to reveal its superiority over AZt in laboratory 
animal experiments [23].

Pharmacokinetic studies of phosphazide have shown 
the main difference from AZt: the pharmacokinetic 
profile of AZt after oral administration of phosphaz-
ide was considerably smoother as compared to the 
case when AZt was administered alone (Cmax

 and t
max

 
~ 0.13 mg/l and 2–2.5 h, respectively, vs. 1.2 mg/l and 
0.5–0.8 h for AZt). A lower peak concentration of AZt, 
which was observed after the administration of phos-
phazide, did not reduce antiviral efficacy but could fa-
cilitate a decrease in toxicity. this difference was used 
in clinical practice: a stable positive therapeutic effect 
(reduction of viral stress, immunorestoration, and a de-
crease in the risk of developing concomitant diseases) 
was observed. Phosphazide is well tolerated in both 
adults and children. no adverse effects that are typical-
ly observed in patients taking AZt (such as vomiting, 
nausea, headache, diarrhea, myalgia, anemia, throm-
bocytopenia, and neutrocytopenia) have been detected 
during phosphazide therapy [17].

A significant therapeutic efficacy and the safety of 
phosphazide were observed in HIV-infected patients 
receiving HAArt. Various combinations of nikavir 
with Didanozine and nevirapine [24], with Didanozine 
and ritonavir/Saquinavir [25], with Lamivudine and 
efavirenz or a protease inhibitor (Atazanavir or Lopi-
navir/ritonavir) [26], etc. have shown good results. 
these HAArt regimens have demonstrated higher 
efficacy in patients with concomitant diseases (ane-
mias, chronic hepatitis B and c [27], hepatic cirrhosis, 
and tuberculosis [28]) as compared to regimens com-
prising retrovir or combivir. the essential advantage 
of nikavir is that it is safe for patients with tubercu-
losis and liver pathologies of viral etiology, since most 
HIV-infected patients suffer from these opportunistic 
infections [27, 28].

Another clinical application of phosphazide is the 
chemoprophylaxis of mother-to-child transmission of 
HIV during pregnancy, peri- and postnatal periods. 
Phosphazide does not affect the course of the preg-
nancy in HIV-infected women, fetal maturity or vi-
ability. AZt from phosphazide is capable of efficiently 
penetrating the placenta; thus, equal AZt concentra-
tions are maintained in the mother’s umbilical cord and 
blood. the use of nikavir during a pregnancy (com-
bined with retrovir or nevirapine during childbirth 
and the postnatal period) efficiently prevents vertical 
transmission of HIV [29, 30]. In some cases, retrovir can 
be substituted by nikavir because of a low hemoglobin 
level in the blood of a pregnant woman. the agent is 
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well-tolerated; the hematologic indices have been re-
stored in all such cases.

thus, low toxicity and good tolerance of phosphazide 
make it a promising component for various examples of 
HAArt. It can be efficiently used to prevent mother-
to-child transmission of HIV, to treat HIV infection (in 
particular, in patients with concomitant chronic viral 
hepatitis), and to prevent healthcare-worker infections. 
It is no coincidence that phosphazide has been recom-
mended as a component of the preferred regimens of 
first-line antiretroviral therapy in the current edition 
of the Protocols on treatment of and care for People 
with HIV [31].

5’-AMINOCARBONYL PHOSPHONATES AS A TREND 
IN SEARCHING FOR NEW DEPOT FORMS OF AZT
Following the efforts focused on designing phospho-
nate depot forms of AZt, various types of compounds 
have been studied [32–37]. the class of AZt 5'-ami-
nocarbonyl phosphonates substituted at the nH-frag-
ment by various functional groups (c
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) has turned out to have the highest poten-

tial [38–40].

.

Antiviral experiments in HIV-infected Mt-4 cells 
have demonstrated that AZt 5’-aminocarbonyl phos-
phonates inhibit viral replication with an efficiency an 
order of magnitude lower than that of AZt. Meanwhile, 
their toxicity (except for the methylamide derivative) 
is considerably lower than that of AZt. All the synthe-
sized phosphonates have turned out to be stable in bio-
logical fluids (human blood serum, canine whole blood). 
the preliminary evaluation of the pharmacokinetic pa-
rameters after oral administration of AZt 5’-aminocar-
bonyl phosphonates in dogs has demonstrated that all 
the compounds can be metabolized to AZt. the shapes 
of the curves of concentration of the released AZt in 
blood plasma vs. time have been similar in all amides 
under study. the peak concentrations (C

max
) of AZt for 

phosphonates carrying c
6
H

13
, c

4
H

9
, PhcH

2
cH

2
 moieties 

at the nH-fragment, as well as that of nonsubstitut-
ed amide 2, are 2.0, 0.8, 0.9, and 3.7 mg/l, respectively. 
thus, AZt 5’-aminocarbonyl phosphate 2 is the most 
efficient AZt donor within this group. this compound 
has been studied more thoroughly.

AZT 5’-AMINOCARBONYL PHOSPHONATE

Cell culture experiments
the investigation of the antiviral activity of AZt 
5’-aminocarbonyl phosphonate 2 on a human lymphob-
lastoid cell line Mt-4 has shown that its antiviral activ-
ity is inferior to that of AZt by about an order of mag-
nitude and 3–4.5 times lower than that of phosphazide. 
However, its toxicity is considerably lower (by 34–50 
and 12.5–15 times, respectively). therefore, phospho-
nate 2 is characterized by a higher selectivity index 
than AZt and phosphazide [38–40].

the efficiency of penetration of phosphonate 2 into 
cells is 10–100 times lower than that of AZt and ap-
proximately 6 times lower than that of phosphazide 
[23, 39]. this fact gives grounds to hypothesize that the 
decrease in anti-HIV activity and toxicity in a Mt-4 
cell culture as compared to the same indicators for AZt 
and phosphazide is associated with a decrease in the ef-
ficiency of its penetration into cells; i.e., there is a direct 
relationship between the penetration of phosphonate 
2, phosphazide, and AZt into cultured cells and the 
antiviral properties of these compounds. It should be 
mentioned that both depot forms are appreciably sta-
ble in cell culture experiments, while being efficiently 
converted into AZt in the organism [39].

Stability studies
the stability of phosphonate 2 in 100% human blood 
serum has turned out to be comparable to that of phos-
phazide: the half-life of both compounds is over 6 h [39]. 
Meanwhile, phosphonate 2 is characterized by a consid-
erably higher stability in canine whole blood at 37°С as 
compared to phosphazide (Т1/2

 > 24 h vs. 3 h).

PHARMACOKINETIC PARAMETERS AFTER 
SINGLE-DOSE ADMINISTRATION [41]

Outbred dogs (average weight 22 ± 3.4 kg)
It has been ascertained during a pharmacokinetic study 
of drug 2 (capsules № 2; 250, 500 and 1000 mg or 10, 20 
and 40 mg/kg) that most of it is metabolized into phar-
macologically active AZt. Table 1 lists the pharmacoki-
netic parameters of AZt released after a single-dose 
oral administration of phosphonate 2 in dogs.

It was shown by comparing phosphonate 2 with AZt 
and phosphazide (Table 2) that the peak AZt concen-
tration in plasma during the administration of phospho-
nate 2 is lower, while the accumulation of AZt and the 
clearance time are longer. the pharmacokinetic param-
eters of AZt formed from phosphonate 2 were close to 
those of phosphazide (C

max
 being 2.5 times lower; Auc 

being twice as low, but t
max

 and other parameters being 
higher). the maximum concentration of AZt after oral 
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administration of phosphonate 2 was attained after 4 
h, which is twice as long as that after administration of 
AZt and 1 h longer than for phosphazide (Table 2).

It is noteworthy that the t
1/2

 and t
max

 AZt values in 
dogs increases in the following order: AZt < phosphaz-
ide < AZt 5’-aminocarbonyl phosphonate, which gives 
grounds for regarding AZt 5’-aminocarbonyl phospho-
nate 2 as a depot form of AZt with a long-term effect.

no AZt has been detected in the blood plasma of 
dogs after intravenous administration of phospho-
nate 2 at a dose of 50 mg (2–5 mg/kg body weight). 
the pharmacokinetic parameters of 2 were as fol-
lows: Auc

t 
= 2.19 mg·h/l, t

1/2 
= 0.35 h, Mrt = 0.74 h, 

cL = 16.8 l/h, V
ss 

= 12.4 l.
the bioavailability of 5’-aminocarbonyl phospho-

nate 2 administered orally at specified doses was 4.7%, 
while the bioavailability of AZt after 2 had been ad-
ministered orally was 8%, which is twice as low as that of 
phosphazide. the bioavailability of AZt during oral ad-
ministration of this drug was six-fold higher than that in 
the case of phosphonate 2. However, the high Auc value 
during the administration of AZt is associated with the 
excessive peak concentration in plasma, which decreases 

at a very fast rate. this causes toxicity and rapid emer-
gence of drug-resistant viral strains. In turn, when ad-
ministering phosphonate 2, the difference between the 
maximum and minimum blood concentrations of AZt is 
significantly less pronounced, and this may reduce toxic-
ity and inhibit the emergence of resistance.

Chinchilla rabbits (average weight 3 ± 0.4 kg) [41]
Studies of the pharmacokinetics of phosphonate 2 (its 
aqueous solution was intragastrically administrated to 
rabbits) have also supported the assumption that it is a 
depot form of AZt. AZt has not been detected in the 
peripheral blood of rabbits (as well as dogs) that had re-
ceived phosphonate 2 intravenously. the original phos-
phonate 2 was the only product detected [17]. this fact 
confirms the hypothesis that AZt is formed as a result 
of the absorption of the original compound [17].

A comparison of the pharmacokinetic parameters 
of AZt and phosphonate 2 after a single-dose oral in-
troduction of phosphonate 2 in rabbits at doses of 7, 70, 
and 200 mg/kg of body weight has demonstrated that 
AZt is present in the blood in all the cases. the shape of 
the concentration–time curves and the ratio between 

Table 1. Pharmacokinetic parameters of 5’-aminocarbonyl phosphonate 2 and its major metabolite AZT after a single-
dose oral administration of capsules of 5’-aminocarbonyl phosphonate 2 to dogs at doses of 10, 20, and 40 mg/kg 
body weight

Dose of  
compound 2, 

mg

tested 
compound

Pharmacokinetic parameters

c
max

,  
mg/l

t
max

,  
h

Auc,  
mg h/l

t
1/2

,  
h

Mrt,  
h

c
max

/Auc,  
1/h

10
2 0.31 ± 0.09 1.5 ± 0.25 0.47 ± 0.15 0.62 ± 0.1 2.43 ± 0.04 0.662 ± 0.066

AZt 0.36 ± 0.24 4.7 ± 1.0 2.87 ± 1.56 4.57 ± 1.46 8.90 ± 5.34 0.119 ± 0.033

20
2 0.51 ± 0.18 1.6 ± 0.2 0.98 ± 0.44 0.81 ± 0.2 2.65 ± 0.16 0.561 ± 0.122

AZt 0.69 ± 0.49 5.0 ± 1.7 6.0 ± 3.3 9.7 ± 4.3 12.0 ± 2.6 0.107 ± 0.023

40
2 0.51 ± 0.26 1.75 ± 0.27 1.25 ± 0.86 0.59 ± 0.2 2.87 ± 0.49 0.478 ± 0.117

AZt 0.98 ± 0.56 6.0 ± 1.3 10.4 ± 6.1 7.0 ± 2.5 12.2 ± 1.4 0.100 ± 0.016

Note. Here and in Tables 2, 3: AUC
t
 – area under the concentration-time curve; MRT – mean residence time; t

max
 – 

time needed to achieve the maximum concentration; C
max

 – maximum concentration of substance; t
1/2 

– half-life period.

Table 2. Comparison of the pharmacokinetic parameters of AZT after a single-dose oral administration of AZT 5’-aminoc-
arbonyl phosphonate 2, phosphazide 1, or AZT to dogs at doses equivalent to 20 mg of AZT/kg body weight

compound c
max

,  
mg/l

t
max

,  
h

Auc,  
mg h/l

t
1/2

,  
h

Mrt,  
h

cL,  
l/h

2 0.74 ± 0.03 5 9.2 ± 0.2 9.6 ± 0.2 13.9 ± 0.2 27 ± 2.6

1 1.89±0.07 4 16.6 ± 0.3 7.2 ± 0.3 10.4 ± 0.5 15 ± 0.7

AZt 9.77 ± 0.3 2.5 58.8 ± 1.1 5.2 ± 0.5 7.5 ± 0.4 4.2 ± 0.3
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AZt and the original 2 remains virtually unchanged as 
the dose is altered [39].

the results of a comparison of the pharmacokinetic 
properties of AZt after oral administration of single 
doses of AZt, phosphazide 1 or phosphonate 2 to rab-
bits are listed in Table 3. It should be mentioned that 
the shape of the dependence on the concentration 
of AZt released from phosphonate 2 was consider-
ably smoother; the С

max 
values of AZt released from 

phosphazide 1 or phosphonate 2 differs only twofold, 
while the Auc values of both phosphonates are rather 
close.

Wistar rats and BALB/c mice
no original phosphonate 2 was detected in the blood 
plasma after it was taken orally by rats (body weight 
200 ± 7 g) at a dose of 20 mg/kg. Only its metabo-
lite AZt (characterized by the following phar-
macokinetic parameters: Auc

0-t
 = 2.27 mg·h/l, 

Mrt = 6.54 h, t
max

 = 4 h, С
max

 = 0.4 mg/l, t
1/2

 = 2.45 h 
and С

max
/Auc

t
 = 0.176 h-1) was detectable.

contrariwise, when phosphonate 2 at a dose of 
20 mg/kg was introduced intraperitoneally into rats 
(body weight 250 ± 10 g), phosphonate 2 was the 
main compound detected, with trace amounts of its 
metabolite AZt. the pharmacokinetic parameters of 
phosphonate 2 were as follows: Auc

0–t
 = 8.02 mg·h/l, 

Mrt = 0.82 h, СL = 0.45 l/h, t
1/2

 = 0.42 h, and 
V

ss
 = 0.37 l. It is noteworthy that not only the original 

phosphonate 2, but also 3.5% AZt were detected in the 
blood after phosphonate 2 was administered intraperi-
toneally to mice at a dose of 6 g/kg of body weight.

thus, AZt 5’-aminocarbonyl phosphonate 2 releas-
es AZt after being administered via different routes 
(orally, intragastrically or intraperitoneally) to exper-
imental animals (mice, rats, rabbits and dogs) over a 
wide range of doses (7–6000 mg/kg of body weight) 
[17]. the pharmacokinetic parameters of phosphonate 2 
and the AZt released from it in the blood plasma differ 
for different animal species. these differences can be 
attributed to the metabolic features of different ani-
mals and/or the route of drug administration.

the linear dependence of the pharmacokinetics of 
phosphonate 2 with respect to its major metabolite AZt 
allows one to extrapolate the animal dose to a human dose. 
thus, it can be expected for a single-dose oral administra-
tion of 600 mg of phosphonate 2 that the AZt concentra-
tion in human blood plasma will be 100–115 ng/ml, with 
an appreciably gentle slope of the pharmacokinetic curve, 
which is considerably higher than the minimum AZt 
concentration achieved during regular (200 mg three 
times a day) oral administration of Zidovudine [42].

PHARMACOKINETIC PARAMETERS DURING 
MULTIPLE-DOSE ADMINISTRATION OF AZT 
5’-AMINOCARBONYL PHOSPHONATE [41]
the results of multiple-dose administration of AZt 
5’-amino carbonyl phosphonate show great promise as 
well.

experiments on rabbits have shown a gradual ac-
cumulation of phosphonate 2 in blood after a course of 
oral administration (solution – 1 g in 4–5 ml of water; 
administered after 6 and 18 h during 5 days) (Fig.). Fur-
thermore, after the last dose had been administered 
(96 h after the onset of the experiment), AZt could be 
detected in human blood for 66 h (up to 162 h after the 
onset of the experiment).

Dogs (average weight 10.2 ± 1 kg) received com-
pound 2 orally (600 mg on an empty stomach for 7 days, 
24 h intervals). AZt was detected in plasma during the 
entire interval between the administrations of phos-
phonate 2. the identical С0 

(0.17 ± 0.07 mg/l) and С
min 

(0.17 ± 0.07 mg/l) values on day 7 of administration in-
dicate that the steady state was attained. the quasi-
stationary concentration was 0.96 mg/l. the plasma 
levels of AZt at the steady state (2.82 ± 0.26) were 
characterized by an admissible fluctuation.

On day 7 of oral administration of phosphonate 2 
capsules, AZt accumulation in the dog's organism was 
observed, manifesting itself in an increase in the Auc 
value (by 1.3 times as compared to day 1 of administra-
tion) and C

min 
(by 1.7 times as compared to day 1), as 

well as in t
max

 (from 2.7 to 4 h) and in С
max

 (from 2.45 to 
2.75 mg/l blood plasma).

Table 3. Comparison of the pharmacokinetic parameters of AZT after a single-dose oral administration of AZT 5’-aminoc-
arbonyl phosphonate 2, phosphazide 1, or AZT in rabbits at doses equivalent to 200 mg of AZT/kg body weight

compound c
max

,  
mg/l

t
max

,  
h

Auc,  
mg h/l

t
1/2

,  
h

Mrt,  
h

cL,  
l/h

2 3.75 ± 0.01 3.5 25.12 ± 1.08 3.66 ± 0.74 4.72 ± 0.08 44.22 ± 1.95

1 7.38 ± 3.08 2.0 22.99 ± 10.17 1.42 ± 0.12 3.02 ± 0.12 54.95 ± 22.85

AZt 39.64 ± 4.24 1.0 88.5 ± 25.5 2.13 ± 0.71 2.10 ± 0.30 9.40 ± 2.70
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DISTRIBUTION IN TISSUES [41]
the investigation of the tissue availability of novel 
drugs is an important stage in pharmacokinetic studies. 
through distribution processes, a drug is delivered to 
its zone of action, where the drug interacts with struc-
tures that determine its effect. Measuring the tissue 
availability value allows one to quantitatively assess 
the intensity of the penetration of an active substance 
into peripheral tissues and the target organ.

the distribution of AZt, the metabolite of phospho-
nate 2, was studied in organs and tissues that differed in 
terms of blood supply, in the organs ensuring its elimi-
nation, and in the organ that is a potential action zone: 
strongly vascularized (liver, kidneys, spleen, lungs), 
moderately vascularized (skeletal muscles), and poorly 
vascularized (mesentery) tissues. AZt was detected in 
all these organs and tissues; its distribution over the or-
gans was characterized by significant heterogeneity. the 
threshold of quantitative determination was 10 ng/ml. 
AZt could be detected in the blood plasma and organs of 
rats 12 h after a single-dose oral administration of phos-
phonate 2 at a dose of 100 mg/kg of body weight. tissue 
availability of AZt in strongly vascularized organs (liver, 
spleen, lungs, and kidneys) was considerably higher than 
that in skeletal muscles and mesentery.

the AZt concentration generally decreased in a 
monophasic manner. the half-life period of the drug 
after oral administration was 3.9 h (blood plasma).

After a single-dose oral introduction of phosphonate 
2 at a dose of 200 mg/kg, the original substance could 
not be detected in daily urine and feces, which can be 
attributed to intense biotransformation of the drug at 
the absorption stage. Only the major metabolite AZt 
was detected; it is eliminated as an insignificant per-
centage (4.11 and 0.04%, respectively) of the introduced 
dose of the drug.

TOxICITY [41]
the results of toxicity studies conducted in mice have 
supported the assumption that slow accumulation in 
the blood and slower elimination of AZt released from 
phosphonate 2 as compared to AZt administered di-
rectly and released after the introduction of phosphaz-
ide can decrease toxicity. Indeed, phosphonate 2 is a 
low-toxicity compound, which has been confirmed by 
data obtained in experiments measuring acute toxicity 
(BALB/c mice and Wistar rats) and in chronic experi-
ments (Wistar rats, breedless dogs). A single-dose ad-
ministration of this substance to mice and rats at tested 
toxic doses (2000–50000 mg/kg) was accompanied by 
short-term agitation in animals replaced by distress, 
inertness and adynamia. the mean lethal dose (LD50

) of 
phosphonate 2 during intraperitoneal administration 
to mice was ≥ 5 g/kg, against 1.5 and 2.3 g/kg for AZt 
and phosphazide, respectively. LD

50 
for a single-dose 

intragastric administration of the substance to rats was 
higher than 40 g/kg.

the toxicity of phosphonate 2 was studied under 
chronic experimental conditions in rats that had intra-
gastrically received this substance at doses of 133 and 
266 mg/kg daily for 3 months. the tested drug doses 
were 10- and 20-fold higher than the human daily dos-
age (13.3 mg/kg body weight). It turned out that com-
pound 2 at tested doses was well-tolerated by animals 
and had no effect on the functional state of the main 
organs and systems of the organism (according to the 
results of biochemical tests) or hematological indicators. 
the absence of toxic lesions in internal organs and local 
irritating effects was confirmed in a pathomorphological 
study conducted after the conclusion of the experiment.

the toxicity of phosphonate 2 in the form of capsules 
for oral administration, 200 mg, was assessed in dogs 
which intragastrically received the compound at a dose 
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of 166 mg/kg (the 12.5-fold maximum recommended 
therapeutic dose for humans) daily for 4 weeks. It was 
found to be well-tolerated by the animals and to af-
fect neither the functional state of the internal organs 
nor their hematological parameters (according to the 
data of biochemical tests). the absence of toxic lesions 
in internal organs and local irritating effects of phos-
phonate 2 in this pharmaceutical form after multiple-
dose intragastric administration to dogs was confirmed 
through pathomorphological studies.

In order to assess the mutagenic properties of phos-
phonate 2, its ability to cause gene mutations in indi-
cator strains of Salmonella typhimurium (Ames test), 
to cause chromosomal aberrations in the bone marrow 
cells of hybrid mice F1(cBAxc57Bl6), and to affect the 
number of dominant lethal mutations in mouse embry-
onic cells has been studied. It has been demonstrated 
that phosphonate 2 at concentrations of up to 1 mg/dish 
does not increase the number of revertants in the Ames 
test in any statistically significant way.

When administered at doses 50-fold higher than the 
maximum recommended therapeutic dose for humans, 
phosphonate 2 exhibited no mutagenicity in in vivo 
tests: it neither caused an increase in the number of 
chromosomal aberrations in mouse bone marrow cells 
nor affected the number of dominant lethal mutations 
in mouse embryonic cells.

When intragastrically administered at a dose of 133 
mg/kg (10-fold maximum recommended therapeu-
tic dose for humans) daily to Wistar rats (for 10 and 2 
weeks to males and females, respectively), no effects of 
compound 2 on the animal reproduction function was 
detected.

When intragastrically administered at a dose of 
133 mg/kg daily to pregnant female rats on days 
1–19 of gestation, phosphonate 2 had no effects on the 
weight gain in pregnant rats, gestation duration, the 
number of corpus luteum, sites of embryo attachment, 
embryonic body weight, their craniocaudal dimension, 
indicators of pre- and post-implantation fetal death, 
or postnatal development of rat pups. Administration 
of compound 2 caused neither malformations nor de-
velopmental disorders in embryos; in other words, it 
exhibits neither embryotoxic nor teratogenic effects.

the allergic properties of phosphonate 2 have been 
studied in guinea pigs. Phosphonate 2 was found 
to cause no anaphylactic shock when administered 
as a five-dose series at sensibilizing doses (133 and 
266 mg/kg), followed by intragastric administration of 
an anaphylaxis-provoking dose (266 mg/kg) on days 14 
and 21 after the sensibilization. At the doses and sen-
sibilization schemes tested, the agent had no allergic 
effect in a type III hypersensitivity reaction on guinea 

pigs. Moreover, phosphonate 2 was shown not to affect 
the popliteal lymph node reaction in mice.

When administered at doses of 166 and 332 mg/kg 
(12.5- and 25-fold maximum recommended therapeu-
tic doses for humans), phosphonate 2 affects neither the 
number of nuclear cells in spleen nor the hypersensitivi-
ty of the decelerated type reaction in mice. When admin-
istered at the highest of the doses tested (332 mg/kg), 
phosphonate 2 reduced the primary immune response 
to a certain extent in F1(cBAxc57BI6) mice.

thus, AZt 5’-aminocarbonyl phosphonate 2 has 
been proved to be considerably less toxic as compared 
to the certified drugs retrovir and nikavir, to exhibit 
neither mutagenic nor allergic properties, to have no 
immunotoxicity, embryotoxicity or teratogenicity, and 
to have no effect on the reproductive functions of ani-
mals.

CONCLUSIONS
the efforts of numerous researchers have resulted in 
the synthesis of over 100 novel potential depot forms 
based on a 5’-phosphonate modification of AZt; their 
anti-HIV activities have been tested. nikavir® is the 
first AZt 5’-phosphonate that has been used as an 
anti-HIV drug. Preclinical studies of another phospho-
nate, AZt 5’-aminocarbonyl phosphonate, were com-
pleted recently, yielding rather encouraging results. 
Pharmacokinetic studies conducted on animals have 
demonstrated that when administered, phosphonate 2 
is converted into AZt to a significant degree. the phar-
macokinetic parameters of AZt attest to a long-term 
pharmacological effect.

An analysis of the combination of preclinical toxico-
logical and pharmacological data gives grounds for rec-
ommending phosphonate 2 for further clinical studies. 
the pharmacokinetic properties of this compound will 
presumably enable the administration of a drug based 
on it once a day, as opposed to Zidovudine, which is to 
be administered 2–3 times a day. Due to its lower toxic-
ity, phosphonate 2 can be used not only to prevent ver-
tical HIV transmission, but also in children and HIV-
infected patients with liver pathologies.

thus, AZt 5’-aminocarbonyl phosphonate 2 has an 
outstanding potential as an alternative to AZt and de-
serves further study.  
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ABSTRACT Macromolecules gain access to the cytoplasm of eukaryotic cells using one of several ways of which 
clathrin-dependent endocytosis is the most researched. Although the mechanism of clathrin-mediated endocy-
tosis is well understood in general, novel adaptor proteins that play various roles in ensuring specific regulation 
of the mentioned process are being discovered all the time. This review provides a detailed account of the mecha-
nism of clathrin-mediated internalization of activated G protein-coupled receptors, as well as a description of 
the major proteins involved in this process.
KEYWORDS adaptor proteins, clathrin, endocytosis.
ABBREVIATIONS EEA1 – Early Endosome Antigen 1; GPCR – G-Protein-Coupled Receptor; GRK – G-protein-
coupled Receptor Kinase; LDLR – Low-Density Lipoprotein Receptor; PtdIns(4,5)P2 – phosphatidylinositol-4,5-
bisphosphate.

INTRODUCTION
endocytosis is a fundamental process that ensures de-
livery of extracellular or membrane-localized macro-
molecules to the cytoplasm. endocytosis is necessary for 
nutrients to reach the cell, the regulation of the activity 
of transmembrane receptors, and synaptic vesicle re-
cycling. clathrin-mediated endocytosis represents the 
entry of fragments of the cytoplasmic membrane, along 
with all of their contents, into the cell in the form of 
vesicles coated on the outside with a lattice consisting 
of polymerized clathrin. In particular, the clathrin-me-
diated mechanism is utilized to carry out the endocy-
tosis of activated cell surface receptors. Binding of the 
receptor molecule to the ligand and activation of the 
former render possible the subsequent binding of the 
intracellular part of the receptor to the adaptor pro-
teins. these proteins mediate the interaction between 
receptors and clathrin molecules, resulting in the for-
mation of the clathrin coat. Several classes of adaptor 
proteins have been identified.

ENDOCYTOSIS OF G-PROTEIN-COUPLED RECEPTORS AS 
AN ExAMPLE OF CLATHRIN-MEDIATED ENDOCYTOSIS
the superfamily of G-protein-coupled receptors 
(GPcr) is considered to be the largest family of mem-
brane proteins involved in intracellular signal trans-
duction [1]. the general structural feature of GPcr is 
the presence of seven α-helical transmembrane hydro-
phobic segments each consisting of 25–35 amino acid 
residues [2]. the n-terminal portion of GPcr and three 

loops between the transmembrane segments are found 
outside the cell, and the c-terminal part and the other 
three loops are found on the cytoplasmic side of the 
plasma membrane.

the ligands of various GPcr include ions, organic 
odorants, amines, peptides, proteins, lipids, nucleotides, 
and photons. Activation of the receptors by their cor-
responding ligands leads to the formation of complexes 
consisting of receptors and heterotrimeric G-proteins 
(consisting of 3 subunits) and the associated exchange 
of GDP for GtP. this exchange causes the dissociation 
of a G-protein into a GtP-bound α-subunit and a com-
plex consisting of β- and γ-subunits, as well as the dis-
sociation of all three subunits of the G-protein from the 
receptor. It is now proven that both the α-subunit and 
the βγ complex serve as signal transducers by activat-
ing or inhibiting enzymes and ion channels [3]. Bound 
GtP is hydrolyzed following interaction with the effec-
tor and re-association of the α-subunit and βγ to form 
a complex consisting of three subunits with a bound 
GDP. this complex is again able to interact with the 
activated receptor [4].

Binding of the ligand to the receptor leads to confor-
mational changes that give rise to the G-protein-medi-
ated signal transduction and conversion of the receptor 
into the protein kinase GrK substrate (G-protein-cou-
pled receptor Kinases). the serine or threonine res-
idues of the ligand-activated receptor located in the 
cytoplasmic domain and/or in the third cytoplasmic 
loop are phosphorylated. then, β-arrestins bind to the 
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activated and phosphorylated receptor [5]. β-Arrestins 
play a significant role in the process of internalization of 
GPcr as their binding leads to clathrin-mediated en-
docytosis of the receptor attributed to interaction with 
the components of the endocytotic mechanism – clath-
rin and the AP-2 adaptor protein complex [6, 7].

newly formed clathrin-coated vesicles containing 
the receptor detach from the cytoplasmic membrane 
by means of the protein called dynamin tightening the 
neck of the forming vesicles [8]. the internalized recep-
tor-ligand complex detached as part of the vesicles fur-
ther undergoes intracellular transport. the first stage 
of this pathway is the formation of early endosomes. 
It is believed that canonical early endosomes contain a 
small GtPase rab5 and the early endosome antigen 1 
(eeA1). In the majority of cases, the internalized recep-

tor remains accessible to the molecules of the intracel-
lular signaling cascade and, therefore, can continue to 
participate in the signal transduction as if it was local-
ized on the surface of the membrane [9]. then, depend-
ing on the type of the receptor, one of two scenarios is 
possible. the receptor either dissociates from the bound 
ligand and is recycled back to the cell surface (re-sensi-
tization) or is transferred to late endosomes and is sub-
jected to degradation within lysosomes (Fig. 1). the fate 
of specific receptors depends on whether the activation 
was of a short-term nature or was a prolonged type of 
activation/reactivation [10]. thus, for instance, the β2-
adrenergic receptor following short-term activation by 
an agonist recycles back primarily to the cytoplasmic 
membrane; however, upon prolonged activation it can 
be transferred to the lysosome for degradation, thereby 
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Fig 1. Schematic diagram of clathrin-mediated internalization of a receptor following its activation
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reducing the number of receptors on the surface of the 
membrane (down-regulation) [10].

recycling to the cytoplasmic membrane can occur 
via a rapid pathway through rab4-containing endo-
somes, and via a slow pathway through rab11-con-
taining recycling endosomes [11]. It is believed that late 
endosomes contain receptors intended for degradation. 
transition from early to late endosomes is accompa-
nied by the replacement of protein rab5 with protein 
rab7 – the so-called “rab conversion” [12].

MECHANISM OF CLATHRIN-MEDIATED 
INTERNALIZATION
clathrin-coated vesicles have a three-layered struc-
ture: the outer layer is formed by clathrin (clathrin 
lattice), the internal layer is a lipid membrane with 
protein inclusions, while adaptor proteins are found in 
between. the adaptor protein complexes interact di-
rectly with the lipid bilayer, and clathrin in turn binds 
to the adaptors [13].

It is presumed that endocytosis begins with the for-
mation of pits on the inner surface of the cytoplasmic 
membrane containing clathrin, the AP-2 adaptor pro-
tein complex, and accessory proteins [14]. the subu-
nits of the adaptor complex trigger the formation of 
the clathrin lattice at specific sites of the cytoplasmic 
membrane and mediate the interaction between clath-
rin and the cargo protein [15]. AP-2 plays an important 
role in selecting the target for endocytosis by bind-
ing either directly to a transmembrane cargo protein 
containing the necessary sequences or via helper pro-
teins, such as β-arrestins [16]. Binding of AP-2 to the 
membrane is a two-stage process. First the α-subunit 
of AP-2 binds weakly to phosphatidylinositol-4,5-bi-
sphosphate (PtdIns(4,5)P2). AP-2 affinity for the cor-
responding endocytic motifs increases upon phosphor-
ylation of a threonine residue in the µ2-subunit of AP-2 
[17] by adaptor-associated kinase, AAK1 [18, 19]. this 
phosphorylation enables the µ2-subunit to bind to mo-
tifs of the cargo protein undergoing endocytosis and to 
PtdIns(4,5)P2 in the membrane creating the foundation 
for the formation of a clathrin-coated vesicle. then, the 
adaptor complex can bind to the other accessory pro-
teins, such as cALM, required for the formation of a 
clathrin lattice. removal of this protein from the cell 
leads to the formation of large asymmetric clathrin-
coated pits [20]. Simultaneously with the polymeriza-
tion of clathrin, the process involves a variety of other 
proteins required for the control of the invagination of 
the cytoplasmic membrane and the formation of the pit 
on it. It is believed that the bending of the membrane 
is attributed to the action of several proteins contain-
ing BAr-domains (Bin/amphiphysin/rvs) [21], such as 
amphiphysin [22] and endophilin [23]. the protein epsin 

is also able to stimulate the bending of the membrane 
[24]. Polymerizing clathrin forms the lattice (consisting 
of hexagons and pentagons) surrounding the emerging 
pits and, thus, stabilizes the membrane curvature [25].

Subsequent deformation of the membrane and po-
lymerization of clathrin lead to the clathrin-coated ves-
icle remaining attached to the main part of the mem-
brane via a narrow neck requiring GtPase dynamin for 
the completion of the detachment of the vesicle. Am-
phiphysin already being a part of the vesicle contains 
binding sites for both clathrin and dynamin. It is pre-
sumed that it “attracts” dynamin to the forming vesicle 
and facilitates its oligomerization [26]. According to the 
two proposed models, after polymerization of dynamin 
around the neck of the vesicle, a GtP hydrolysis-de-
pendent change in its structure results in the constric-
tion (first model) or stretching (second model) of the 
neck and detachment of the vesicle from the remainder 
of the membrane [27].

removal of the clathrin coat from the surface of the 
vesicle is necessary for further fusion of the vesicle 
with the target membrane and delivery of endocytosed 
“cargo” to the target destination. the primary partici-
pants in the process of depolymerization of the clathrin 
coat include the proteins Hsc70 and auxilin. Auxilin, 
an homologue of Hsp40, binds to clathrin and attracts 
Hsc70, which interacts with its J-domain. As a result of 
interaction with auxilin, the AtPase activity of Hsc70 
increases and it binds to clathrin with increased affin-
ity, thus distorting the conformation and contributing 
to the dismantling of the clathrin lattice into individual 
molecules [28, 29]. the layer formed by the adaptor 
complex is removed as a result of dephosphorylation of 
the AP-proteins by phosphatases, as it was shown for 
the µ1-subunit of the AP-1 [30]. the proteins synapto-
janin and endophilin dephosphorylate membrane phos-
pholipids, thereby reducing the affinity of the adaptors 
for vesicles [31].

KEY PROTEINS INVOLVED IN 
CLATHRIN-MEDIATED ENDOCYTOSIS

G-protein-coupled receptor kinases and β-arrestins
A large number of proteins that are capable of di-
rect interactions with the GPcr have been described 
[32]. However, only two classes of proteins, other than 
G-proteins, that specifically interact with ligand-acti-
vated receptors are known: GPcr kinases (GrK) and 
β-arrestins [33].

the GrK family comprises products of seven dif-
ferent genes. the expression of GrK1 and -7 is limited 
to retinal rods and cones, respectively. GrK4 is exclu-
sively expressed in the cerebellum, testis and kidneys. 
GrK2, -3, -5 and -6, in contrast, are expressed in vari-
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ous mammalian tissues. Seven kinases are divided into 
three subfamilies with respect to amino acid sequence 
homology. GrK1 and -7; GrK2 and -3 contain pleck-
strin homology (PH) domain, and association of these 
kinases with plasma membranes is dependent on the 
interaction with the Gβγ-subunit of the G-proteins and 
PtdIns(4,5)P2; GrK4–6 proteins are continuously as-
sociated with the membrane [34].

Arrestins comprise 4 proteins. Arrestins 1 and 4 
(x-arrestin) are expressed in retinal rods and cones, re-
spectively. Arrestins 2 and 3 (also known as β-arrestins 
1 and 2) are present in all tissues [5]. GrK and arrestins 
control GPcr activity at three levels: (1) silencing – 
functional detachment of the receptor from its G-pro-
tein; (2) regulation of transport – removal of the recep-
tor from the cytoplasmic membrane (internalization), 
recycling back to the membrane and/or degradation; 
and (3) signal transduction – activation or inhibition 
of the intracellular signaling pathways independent of 
G-proteins. the n-terminal portion of arrestin 1 [35] 
and arrestins 2 and 3 [36, 37] contains the regions re-
sponsible for the recognition of agonist-activated phos-
phorylated GPcr. According to the proposed model, 
the charged phosphate groups of the receptor destroy 
the polar core of the arrestin resulting in the release 
of its c-terminal part, which is responsible for binding 
to the proteins involved in endocytosis – clathrin and 
AP-2 [38].

Clathrin
the major protein of clathrin-coated vesicles isolated 
by Pierce [39] was named clathrin as it was character-
ized by an ability to form structures with an ordered 
lattice, or “clathrates.” the clathrin molecule resembles 
a triskelion (derived from Greek. τρισκελης – three-leg-
ged – a symbolic mark resembling three running legs 
that extend from one point) and consists of three heavy 
and three light chains [40] (Fig. 2).

A clathrin heavy chain (Hc) isolated from a rat’s 
brain is composed of 1,675 amino acid residues and has 
a molecular weight slightly exceeding 191 kDa (ap-
proximately 180 kDa as determined by denaturing 
polyacrylamide gel electrophoresis (SDS-PAGe)). the 
amino acid sequences of the clathrin heavy chain isolat-
ed from the brain of a human, rat or bovine are highly 
conserved (~ 99%) [41]. clathrin heavy chains have also 
been isolated from the clathrin-coated vesicles of yeast 
[42] and plants [43].

each clathrin heavy chain is in a complex with one 
of the light chains, Lca

 or Lc
b
, encoded by different 

genes. the amino acid sequences of the light chains 
are highly conserved across different species (95-98%). 
the electrophoretic mobility of light chains consist-
ing of 230–250 amino acid residues in the SDS-PAGe 
corresponds to a molecular weight of approximately 
30–40 kDa. three domains are identified in the light 
chain: the conserved c-terminal, the central α-helical, 

Heavy chain

Light chain
Proximal segment

Knee

Distal  
segment

Ankle

Linker
Terminal domain

Fig 2. Clathrin molecule (triskel-
ion).  Segments of the clathrin 
heavy chain are indicated. The 
terminal domain is the N-terminal 
domain and the C-terminal do-
mains are localized in the center of 
the molecule. The position of the 
light chains is shown schematically. 
Figure adapted from [40]
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and the acidic n-terminal. the homology of both chains 
at the amino acid sequence level reaches 60% [41]. the 
region consisting of 22 amino acid residues located at 
the n-terminus, the clathrin heavy chain binding site, 
the cysteine   residues near the c-terminal portion, and 
the serine residues enriched casein kinase II phosphor-
ylation site of the light chain Lc

b
 are highly conserved 

[44]. Light chains bind the proximal domains of the 
clathrin heavy chains [45]; primary binding is provid-
ed by the amino acid residues 1267–1522 of the heavy 
chain, the residues 93–160 of the light chain Lc

a,
 and 

the residues 90–157 of the Lc
b
 [46].

the regions that are necessary for the trimerization 
of heavy chains, binding of light chains, and formation 
of the clathrin lattice are located at the intersection of 
clathrin heavy chains [47, 48]. the domain that ensures 
the trimerization of heavy chains is localized between 
the amino acid residues 1488 and 1587.

two sites for the binding of clathrin to adaptor pro-
teins are located in the n-terminal domain. the first 
site interacts with peptides containing the “clathrin 
box” (LØXØ[D/e], where Ø is a large hydrophobic ami-
no acid). examples of proteins containing such a motif 
include β-adaptins (the LLnLD sequence is found in 
β-adaptins 1 and 2, the LLDLD sequence is found in 
β-adaptin 3), β-arrestins 1 (LIeLD) and 2 (LIeFe) and 
amphiphysins 1 and 2 (LLDLD) [49]. the second site 
binds proteins containing the W-box motif (PWXXW, 
where X is any amino acid); e.g., the molecules of the 
aforementioned amphiphysins 1 and 2 [50].

clathrin molecules spontaneously self-assemble in 
weakly acidic ca2+-containing buffers with a low ionic 
strength to form a heterogeneous population of closed 
polyhedral structures resembling a lattice [51, 52]. the 
vertex of each triskelion is located at the vertex of the 
lattice. the heavy chain legs and associated light chains 
extend outwardly from the vertices forming the edges 
of the lattice (Fig. 3).

All heavy chains form the two adjacent edges of a 
polyhedral lattice. the legs appear to interact via their 
proximal and distal domains. each edge consists of two 
antiparallel proximal domains located above two an-
tiparallel distal domains [53]. the fragments of clathrin 
obtained by expression in a heterologous system and 
consisting of a proximal domain and a region necessary 
for trimerization are able to self-assemble into trimers 
but cannot form lattices. Formation of the clathrin lat-
tice requires distal domains that are correctly oriented 
by binding of the terminal domains to adaptor proteins 
[54]. terminal domains in the lattice are directed in-
wardly towards the center and are located under the 
vertex, which is positioned at a distance of two vertices 
from the center of the triskelion. Here, the terminal do-
mains assume the shape of hooks-projections provid-

ing a points of contact with the inner layer formed by 
adaptor proteins [55].

It is worth mentioning that clathrin is also involved 
in mitosis. It is presumed that it is necessary for the 
stabilization of the microtubules that attach to kineto-
chores (called K-fibers) [56].

AP adaptor protein complexes 
the second major protein of clathrin-coated vesicles is 
the adaptor protein complex. Its discovery was made 
possible by its ability to stimulate the assembly of the 
clathrin lattice under physiological conditions [57]. At 
least two adaptor complexes – AP-1 and AP-2 – have 
been extensively researched. these complexes have 
structural similarities and are composed of two dif-
ferent subunits of high molecular weight ~ 100 kDa 
(typically called adaptins), two subunits of medium size 
(47–50 kDa), and two low-molecular-weight subunits 
(17–19 kDa). the AP-2 complex comprises the follow-
ing subunits: α and β2 (or β) adaptins, the µ2 subunit 
(50 kDa) or AP50 and the σ2 subunit (17 kDa) or AP17. 
the AP-1 complex comprises γ and β1 (or β’) adaptins, 
AP47 (or µ1) and AP19 (or σ1) [58].

the designation that uses the same letters of the 
Greek alphabet reflects the structural and presumably 

Fig 3. Hexagonal clathrin barrel model (7.9Å resolution). 
Only the heavy chains of clathrin are indicated. Figure 
adapted from [40]
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functional similarity of the subunits of the AP-1 and 
AP-2 complexes [59, 60]. α- and γ-adaptins differ most 
significantly (~ 30% amino acid sequence homology), 
while the µ- and σ-subunits of the AP-1 complex ex-
hibit high levels (~ 50%) of homology to the correspond-
ing µ- and σ-subunits of the AP-2 complex, and β1- and 
β2-adaptins are highly homologous (> 90%). AP-3 and 
AP-4 complexes that are similar in subunit composition 
have also been identified: δ and β3, µ3, σ3 – in the AP-3 
complex; ε and β4, µ4, σ4 – in the AP-4 complex [61, 62].

the complex of subunits forms a structure resem-
bling Mickey Mouse’s head (Fig. 4), where the center is 
formed by the µ and δ subunits, and the two “ears” are 
composed of the c-terminal domains of the two large 
subunits, α and β, connected to the “head” via a flex-
ible neck [63].

While the assembly of the clathrin lattice occurs on 
the membrane, it has been established that clathrin it-
self has no affinity with lipids. It is therefore considered 
that clathrin is attracted to the membrane by adaptor 
proteins [64, 65].

AP-2 is the main protein adaptor found on the 
plasma membrane and is involved in the formation of 
clathrin-coated vesicles during endocytosis. Immun-
ofluorescence and immunoelectron microscopy demon-
strated that AP-1, -3 and -4 are localized in endosomes 
and the Golgi complex [66]. AP-1 mediates the trans-
port of proteins from the Golgi complex to early or late 
endosomes.

AP-1 and AP-2 directly interact with the n-terminal 
domain of the clathrin heavy chain via the clathrin-
binding site in the β-chain. In 1998, cryoelectron mi-
croscopy was utilized to elucidate the structure of the 
AP-2 complex with clathrin [55]. It was established that 
AP-2 forms a shell of continuous density in the center 
of the lattice. Based on the images obtained, it was also 
concluded that AP-2 forms contacts with the terminal 
domains of the clathrin lattice. Subsequently, an X-ray 
diffraction analysis confirmed that the β-subunits of 
the AP-1, -2, and -3 containing the clathrin-binding 
motif interact with the terminal domain of the clathrin 
heavy chain [49].

In addition to clathrin, AP complexes interact with 
integral membrane proteins. the YXXØ sequence, lo-
cated in the intracellular domains of many receptors, is 
recognized by the µ-subunit of all AP-complexes [67]. 
[De]XXXL[LI] motifs, which are also found in the cyto-
plasmic domain of the receptors, bind to the β-subunits 
of the AP-complexes, and these subunits exhibit dif-
ferent affinities to different [De]XXXL[LI] motifs. For 
instance, AP-1 and AP-2, but not AP-3, interact with 
the DDQrDLI and neQLPML sites [68]. the DerA-
PLI and eeKQPLL signals interact with AP-3, but not 
AP-1 or AP-2 [69].

Adaptor protein complexes are capable of binding to 
cell membrane lipids. two lipid binding sites have been 
described [70]. the first site is located in the n-terminal 
part of the α-subunit of AP-2, and the second site is lo-
calized on the surface of the µ2 subunit [71]. Binding to 
the membrane is determined by the interaction of the 
phosphates PtdIns(4,5)P2 and side chains of the basic 
amino acid residues of the adaptor protein.

Auxilin
Auxilin is a multi-domain protein with a molecular 
weight of 100 kDa containing a clathrin-binding do-
main, a J-domain, and a region homologous to phos-
phoinositide phosphatase Pten (Fig. 5A) [72, 73]. the 
n-terminal domain binds to phosphoinositol derivatives 
and PtdIns(4,5)P2 [74, 75]. the auxilin central domain 
interacts with clathrin, the AP-2 complex [76], and dy-
namin [77].

cryoelectron microscopy at a 20Å resolution was uti-
lized to obtain images of full-sized auxilin [78] and its 
fragment (549-910) [79] with a clathrin lattice. Auxilin 
forms a shell of density within the lattice with points of 
contact with the clathrin terminal domains. Auxilin is 
capable of interaction with the terminal domain of the 
clathrin heavy chain via the LLGLe motif comprising 
the amino acid residues 496-500. It was established that 

Ear

Hinge

Head

AP-1 AP-2

AP-3 AP-4

Fig 4. Schematic diagram of the AP complexes. All com-
plexes consist of two large subunits, one medium subunit, 
and a small subunit. Figure adapted from [63]



68 | ActA nAturAe |  VOL. 5  № 3 (18)  2013

reVIeWS

the fragment containing the J- and clathrin-binding 
domains of auxilin interacts with the two “ankles” of 
the clathrin heavy chain at their point of intersec-
tion and with the subsequent terminal domain. Bind-
ing of auxilin to the clathrin lattice causes the termi-
nal domains to twist outwards, which is attributed to 
a change in the position of the “ankle.” this change in 
the position of terminal domains causes global changes 
throughout the entire lattice, increasing its diameter. 
It is believed that auxilin attracts Hsc70 to these areas, 
which are important for interaction within the lattice 
[55, 79].

Hsc70
Hsc70 is a constitutively expressed chaperone involved 
in many cellular processes, including protein folding, 
degradation, and translocation. Another interesting 
function of Hsc70 is its ability to “dismount” the clath-
rin lattice. thus, addition of AtP and Hsc70 to clathrin-
coated vesicles in vitro causes disassembly of the clath-
rin lattice [80]. this is a stoichiometric reaction that 
requires 3 mol of Hsc70 and AtP for the dissociation of 
1 mol of clathrin triskelions [80-82].

Similary to all Hsp70 family members, Hsc70 re-
quires a protein containing a J-domain to “work” with 
a particular substrate [83]. Auxilin, which binds to 
clathrin and contains a J-domain, plays that function. 
the J-domain in the auxilin molecule is positioned in 
a way that the motif required for the interaction with 
the Hsc70 protein is exposed on the outside of the lat-
tice. the QLMLt sequence (1638-1642) located in the 
c-terminal portion of the clathrin heavy chain is also 
required [84] (Fig. 5B). the following model of lattice 
disassembly is proposed: bending at the location of in-
tersection of “ankles” caused by the interaction with 
auxilin enables Hsc70 to bind to its site near the c-ter-

minus of the clathrin molecule. It is assumed that one 
vertex of the triskelion binds one molecule of Hsc70 and 
for the strong interaction to be achieved hydrolysis of 
AtP is required. therefore, deformation of the clath-
rin lattice which had begun after binding to auxilin is 
enhanced [85].

Other clathrin-interacting proteins
Apart from the AP-2 adaptor complex, clathrin-coat-
ed vesicles also contain other proteins. A vast array 
of monomeric adaptors that bind to clathrin and are 
able to interact with integral membrane proteins, Pt-
dIns(4,5)P2 and AP-2, in order to ensure the occur-
rence of clathrin-mediated endocytosis of transmem-
brane proteins have been identified (Fig. 6). examples 
of such adaptors include epsins, the cALM/AP180 
protein, HIP1, and HIP1r. the n-terminal domain 
of these proteins that binds to PtdIns(4,5)P2 is called 
entH (epsin n-terminal homology) or AntH (AP180 
n-terminal homology domain). Another group of mono-
meric proteins includes Dab2, ArH, and numb. these 
proteins bind to AP-2, and some of them interact with 
clathrin. they all contain a phosphotyrosine-binding 
domain (PtB) responsible for interaction with mem-
brane lipids and for recognition of the FXnPXY motif 
localized in the cytoplasmic portions of LDLrs. It was 
demonstrated that phosphorylation of tyrosine at this 
motif is not a prerequisite for the binding of monomeric 
adaptors [71].

In addition to binding to cell membrane lipids, the 
adaptors recognize the signals localized in the cyto-
plasmic portion of the receptors. these may include 
posttranslational modifications (phosphorylation, 
ubiquitination), short peptide motifs, or both [86]. It is 
presumed that binding of the adaptor to the cytoplas-
mic membrane is stabilized upon simultaneous interac-

Auxilin 1А

B

Lipid binding Clathrin binding Hsc70 binding

PTEN binding

1 60 387 547 814 910

J

Hsc70

Nucleotide binding Substrate binding

NBD SBD

1 384 395 650

Fig 5. Domain or-
ganization of auxilin 
and Hsc70. Num-
bers indicate the 
boundaries of vari-
ous domains. Figure 
adapted from [85]
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tion of the adaptor with PtdIns(4,5)P2 and the receptor 
[70, 87].

the role of all these adaptor proteins is poorly un-
derstood. Perhaps, the use of various proteins enables 
to avoid simultaneous accumulation of various GPcr in 
the same clathrin-coated vesicle [88].

Specific recognition of the receptor for its subse-
quent removal from the membrane is the role of adap-
tors that has been most researched. this recognition 
leads to disruption of the delivery of the receptor to 
the ligand responsible for its activation and often to the 
transfer of the receptor to lysosomes for degradation. 

Internalization of the receptor mediated by a specific 
adaptor may also result in the receptor being directed 
to another cellular compartment with its own set of 
signaling molecules [89]. Another consequence of the 
selective removal of the receptor from the cell surface 
may be such a cellular development, which is associ-
ated with one of the daughter cells receiving a differ-
ent set of adaptors responsible for the endocytosis of 
certain receptors. For instance, during the development 
of Drosophila sense organs, the adaptor numb is trans-
ferred to only one of the two daughter cells. numb is 
responsible for the adjustment of the development of 

Fig. 6. Monomeric 
clathrin-binding adap-
tors. Schematic repre-
sentation of the overall 
domain structure. Figure 
adapted from [70]
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the cell it is located in by inhibiting transduction of sig-
nals along the notch-pathway. Inhibition is attributed 
to receptor endocytosis; however, it is unclear whether 
the protein numb controls the endocytosis of notch di-
rectly or via the transmembrane regulator of notch – 
Sandopo [90, 91].

As mentioned above, the proteins numb, Dab2, and 
ArH contain a domain that specifically recognizes the 
FXnPXY sequence in the cytoplasmic portion of the 
receptors. It was demonstrated that the proteins ArH 
and Dab2 are involved in the endocytosis of the LDL 
receptor, and the numb protein regulates the endocy-
tosis of the integral membrane proteins, including the 
eGF and notch receptors [88].

the epsin protein is involved in clathrin-mediated 
endocytosis in mammalian cells, where it plays an im-
portant role in the cytoplasmic membrane bending at-
tributed to the action of the entH domain. the occur-
rence of this process is associated with the c-terminal 
portion of the protein binding to clathrin coat compo-
nents (clathrin and AP-2 n-terminal domains, and eH-
domain of the protein eps15), which leads to the as-
sembly of the clathrin lattice. the uIM-repeats of the 
epsin protein that acts as an adaptor protein facilitate 
recognition of the ubiquitinated “cargo”: in particular 
transmembrane proteins [88, 92].

the proteins AP180 and cALM ease the assembly of 
the clathrin-coated vesicles and regulate their size [20, 
93, 94]. It is assumed that AP180 and cALM play an im-
portant role in ensuring the polarity and control of the 
growth of the axons and dendrites of the hippocampal 
neurons [95].

TRIP8b – novel clathrin-binding protein 
and a potential endocytosis adaptor
trIP8b (tPr-containing rab8b interacting protein) 
is one of the recently discovered potential adaptors in-
volved in the regulation of endocytosis. Being expressed 
predominantly in brain tissue, trIP8b was initially 
identified as a protein that interacts with the small 
GtP-ase rab8b [96]. Six tPr-motifs are located in the 
c-terminal part of trIP8b, forming the tPr-domain 
(Fig. 7). tPr-motifs represent repeats consisting of 34 
amino acids. these motifs are found in many proteins 

Fig 7. Schematic representation of the protein TRIP8b domain organization

and are involved in protein-protein interactions [97]. 
these repeats are often arranged consecutively, result-
ing in a spatial structure consisting of two antiparallel 
α-helices connected by a short loop [98]. the n-terminal 
portion of trIP8b does not contain sequences homolo-
gous to other known proteins and undergoes alterna-
tive splicing [99].

It is known that trIP8b is 40% identical to the Pex5 
protein (peroxin protein) and their c-terminal por-
tion containing tPr-domains are 57% identical (other 
names for the trIP8b include Pex5rp, Pex5p related 
protein) [100]. the Pex5 protein is found in many organ-
isms ranging from yeast to mammals; it is responsible 
for the recognition and import of peroxisomal proteins 
containing the c-terminal SKL motif (peroxisome-
targeting signal type 1, PtS1) from the cytosol into 
peroxisomes. Despite the fact that trIP8b recognizes 
the PtS1 sequence it has been established that it is not 
involved in peroxisomal protein import [100].

trIP8b interacts with the rab8b protein and also di-
rectly with a protein that forms the Hcn-channel (Hy-
perpolarization-activated, cyclic nucleotide-regulated 
channel) [99, 101]. It was found that trIP8b binds to 
the cIrL1 receptor [102], which belongs to the GPcr 
class, and to the transmembrane protein called caspr 
[103].

Hcn channels belong to the family of voltage-de-
pendent channels [104-106]. these channels are in-
volved in the control of the heart and brain pacemak-
ers’ activity, ensuring resting membrane potential and 
synaptic transmission (see reviews [107] and [108]). In-
vestigations into the interactions between trIP8b and 
the Hcn channel demonstrated that trIP8b regulates 
the functions and surface expression of the channel [99, 
101, 109, 110]. It is assumed that trIP8b acts as an aux-
iliary adaptor for Hcn and that the interaction is me-
diated by at least two different regions in the trIP8b 
and Hcn molecules [111, 112].

All of the previously identified interactions of 
trIP8b with other proteins were mediated by the 
tPr-domains localized in the c-terminal part of 
trIP8b [96, 99, 100] or a segment located in the con-
served central region of the protein [109, 111, 112].

As mentioned above, the n-terminal portion of 
trIP8b undergoes alternative splicing. Isoforms of the 
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protein generated as a result of splicing affect the Hcn 
transport and its localization on the cytoplasmic mem-
brane differently: some isoforms increase the surface 
expression of Hcn1 and others decrease it [109, 110]. 
It was found that trIP8b interacts with clathrin and 
this interaction involves the n-terminal portion of the 
protein trIP8b [103, 113]. the clathrin-binding site in 
the trIP8b molecule consists of two short motifs remi-
niscent of the “clathrin box” motif.

In order to investigate the trIP8b functions two 
types of knockout mice were obtained. the phenotype 
of mice lacking certain trIP8b isoforms was identical 
to that of wild-type mice [114]. Abnormalities in the 
motor learning and increased resistance during the 
behavioral despair test were observed in mice with a 
complete absence of the protein (trIP8b-/-) [115].

the need to conduct further investigations into 
clathrin-mediated endocytosis is unquestionable. In-

ternalization of ligand-activated receptors and the 
functions of various accessory proteins are of signifi-
cant interest. Interactions between clathrin and nu-
merous adaptor proteins are currently being actively 
investigated. clathrin is involved in various processes: 
endocytosis, intracellular traffic, and segregation of 
chromosomes. It is assumed that abnormalities in the 
functioning of clathrin can lead to the development of 
certain diseases. In this regard, investigations into the 
structure and functions of clathrin-coated vesicles, as 
well as the proteins involved in the formation of the 
latter, is of interest from the point of view of molecular 
biology and biomedicine.  
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ABSTRACT We studied the cytotoxicity of acadesine (5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside) 
for tumor and normal cells of various species and tissue origin. In tumor cells, acadesine triggered non-apoptotic 
death; the potency of the compound to normal cells was substantially lower. Acadesine was toxic for tumor cells 
with multidrug resistant phenotypes caused by the transmembrane transporter Р-glycoprotein or lack of pro-
apoptotic p53. Activity of adenosine receptors was required for acadesine-induced cell death, whereas function-
ing of АМР-dependent protein kinase was not required. A more pronounced cytotoxicity for tumor cells, as well 
as the non-canonical death mechanism(s), makes acadesine a promising candidate for antitumor therapy.
KEYWORDS acadesine, cell death, tumor cells.

INTRODUCTION
Acadesine (5-aminoimidazole-4-carboxamide-1-β-D-
ribofuranoside, AIcAr) is currently undergoing clini-
cal trials as an agent for treating chronic lymphocytic 
leukemia [1, 2]. A very important property of acadesine 
is its preferential toxicity for tumor cells, while nontu-
mor cells are damaged to a lesser significant extent [2, 
3]. It has been demonstrated previously that acadesine 
can stimulate AMP-activated protein kinase (AMPK), 
the essential regulator of the cellular energy balance 
that controls the oxidation of fatty acids, the glucose 
metabolism, and synthesis of proteins, fatty acids, 
and cholesterol [4–10]. the mechanism of action of 
acadesine is determined by its phosphorylation with 
adenosine kinase, yielding ZMP (5-amino-4-imidazole 
carboxamide ribotide), an intermediate product of de 
novo synthesis of purine nucleotides [1, 4, 5, 8]. ZMP 
can activate AMPK by imitating the metabolic effects 
of AMP. the antitumor effect of acadesine is attributed 
to apoptosis induction [7, 9, 11, 12]. Meanwhile, data on 
non-apoptotic cell death and the AMPK-independent 
mechanism of action of acadesine on tumor cells have 
also been obtained [12, 13].

the effect of acadesine on mammalian cells was 
studied in this work. Acadesine was shown to trigger 
the death of tumor cells of different tissue origins, in-
cluding those resistant to a number of antitumor agents. 
the mechanisms of cell death differ from apoptosis; the 
necessity for adenosine transport turns out to be their 

crucial feature. the selectivity of the cytotoxic effect 
and features of the mechanisms of tumor cell death 
may be significant factors that determine the potential 
use of acadesine in antitumor therapy. 

ExPERIMENTAL
the following human cell lines were used in the ex-
periments: НСТ116 (large intestine adenocarcinoma), 
НСТ116р53КО (isogenic p53 knockout subline), К562 
(promyelocytic leukemia), К562/4 (subline obtained 
after selection for survival in the presence of doxorubi-
cine; the multidrug resistance protein (MDr) P-glyco-
protein (Pgp) was expressed), McF-7 (breast adenocar-
cinoma), McF-7Dox (subline obtained after selection 
for survival in the presence of doxorubicine; Pgp-me-
diated MDr phenotype), passaged human fibroblasts 2 
(PHF-2), lymphocytes from healthy blood donors, and 
murine cells P388 (lymphocytic leukemia) and Sp2/0 
(myeloma). the reagents were purchased from Pan-
eco (russia), except for the specially mentioned cases. 
the cells were grown in Dulbecco’s modified eagle’s 
medium (DMeM) supplemented with 5% fetal bovine 
serum (BioWhittaker, Austria), 2 mM L-glutamine, 
100 Au/ml penicillin, and 100 µg/ml streptomycin at 
37°С, 5% СО2

 in a moist atmosphere. cultures in the log-
arithmic growth phase were used for the experiments. 
Lymphocytes were isolated from the peripheral blood 
from donors via centrifugation in a ficoll–urographin 
density gradient (d = 1.077 g/cm3).



reSeArcH ArtIcLeS

 VOL. 5  № 3 (18)  2013  | ActA nAturAe | 75

Acadesine was obtained at the State research Insti-
tute of Genetics and Selection of Industrial Microorgan-
isms via the microbiological procedure using an original 
recombinant strain [14]. Moreover, the cytotoxicity of 
acadesine purchased from Sigma was assessed. Dipy-
ridamole (inhibitor of adenosine receptors) [8], 5-io-
dotubercidine (adenosine kinase inhibitor preventing 
the conversion of acadesine to ZMP), and zVAD-fmk 
(carbobenzoxyvalylalanyl-aspartyl-[O-methyl]-fluor-
omethylketone), a pan-caspase inhibitor, were also 
purchased from Sigma. All the compounds were dis-
solved in dimethyl sulfoxide or water (10–20 mM) and 
stored at –20°С. On the day when the experiment was 
supposed to take place, dilutions of the sample in the 
culture medium were prepared. the Mtt assay, stain-
ing with propidium iodide and Annexin V conjugated 
to fluorescein isothiocyanate (FItc), determination 
of the cell cycle by flow cytofluorometry, and elec-
trophoretic analysis of the integrity of genomic DnA 
were used to assess acadesine cytotoxicity [15, 16]. An 
apoptosis inductor, alkyl cationic glycerolipid rac-n-
{4-[(2-ethoxy-3-octadecyloxy)prop-1-yloxycarbonyl]
butyl}-n’-methylimidazolium iodide, was used as the 
control compound in individual experiments [17].

RESULTS AND DISCUSSION

Predominant sensitivity of tumor cells to acadesine
We had ascertained in the preliminary experiments 
that an acadesine sample obtained microbiologically 
and commercial acadesine are characterized by identi-
cal physicochemical properties, purity, storage stabil-
ity, and cytotoxicity (data not shown). Acadesine ob-
tained according to the authors’ procedure was used 
for further experiments. Table 1 lists the cytotoxicity 
of acadesine for the transformed and non-transformed 
cells (cultured or freshly isolated) originating from dif-
ferent species and tissues.

It follows from the data listed in Table 1 that P388 
(murine leukemia) and Sp2/0 (murine myeloma) cells 
exhibit the highest sensitivity to acadesine: ~ 1/3 of the 
cell population survives at an acadesine concentration 
of 0.125 mM. Sub-millimolar concentrations of acades-
ine also cause the death of other transformed cell lines. 
It is important to note that the acadesine cytotoxici-
ties are almost identical for the K562 leukemia cell line 
and its subline with Pgp-mediated MDr (K562/4). this 
is also valid for a McF-7 breast adenocarcinoma cell 
line and the MDr subline (Table 1). the comparison of 

Table 1. Acadesine cytotoxicity for mammalian cells

cells
Acadesine, mM

0 0.125 0.25 0.5 1.0 2.0

К562 100* 100 70 46 9 0

P388 100 36 30 20 9 0

Sp2/0 100 34 29 14 0 0

К562/4 100 100 72 42 8 0

McF-7 100 100 82 50 15 2

McF-7Dox 100 100 86 48 17 1

Hct116 100 100 50 36 23 0

Hct116p53KO 100 100 54 34 25 0

PHF-2, proliferating 100 100 100 96 96 86

PHF-2, nonproliferating 100 100 100 100 95 92

Donor lymphocytes 100 100 100 98 94 90

Note. MTT assay data of the cells after 72 h of incubation are shown. *The survival rate of the cells incubated without 
acadesine were taken as 100%. Each value is the average value of five independent experiments; standard deviation ≤ 
0%. ** Fibroblast proliferation was terminated by growing cells until the monolayer reached 100% confluency (contact 
inhibition of cell division).
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the cytotoxicities of acadesine for a Hct116 line and 
Hct116p53KO subline (resistant to a number of DnA-
damaging anticancer drugs) [18] has demonstrated that 
inactivation of the proapoptotic protein p53 does not 
increase the survival rate of cells in the presence of 
acadesine.

the considerably higher survival rate of nontumor 
cells in the presence of acadesine is also important: 
death of the donor’s lymphocytes and non-transformed 
fibroblasts was virtually absent even when continu-
ously exposed to acadesine at millimolar concentrations 
for 72 h (Table 1). thus, acadesine primarily causes the 
death of transformed cells (suspension and epithelial 
ones), including the sublines resistant to other antican-
cer drugs. nontumor cells are damaged by acadesine 
to a significantly lesser extent. these features speak to 
the potential of using acadesine as an antitumor agent. 
However, the mechanisms that underline the toxicity 
of acadesine for tumor cells need to be understood.

Acadesine causes non-apoptotic cell death
the effect of acadesine on ploidy distribution in a 
Hct116 large intestine adenocarcinoma cell line was 
studied by flow cytofluorometry. Arrest in the S phase 
and massive cell death (the region to the left of the G1 
peak; hypodiploid nuclei) (Fig. 1) were observed 24 and 
48 h, respectively, after the introduction of acadesine 
(0.25 mM). Accumulation of fragmented DnA can be 
indicative of apoptotic cell death if the DnA is split in 
internucleosomal regions, which can be seen from the 
formation of a number of 140- to 170-bp-long frag-
ments during electrophoresis. In order to verify this 
idea, DnA integrity in acadesine-treated Hct116 cells 
was determined. It turned out that acadesine, as op-
posed to the control compound (alkyl cationic glycer-
olipid [17]), does not result in the emergence of a DnA 
ladder typical of apoptosis (Fig. 2).

the results of staining cells with Annexin V-FItc 
and propidium iodide (Fig. 3) argue in favor of a non-
apoptotic mechanism of death of НСТ116 cells under 

А

B

C

sub-G1

sub-G1

sub-G1

N
um

b
e

r 
o

f f
lu

o
re

sc
e

nt
 e

ve
nt

s

Fluorescence

Fig. 1. Cell cycle distribution of HCT116 cells treated with 
0.4 mM acadesine. A – intact cells; B – arrest in S phase 
after 24 h; C – sub-G1 peak after 48 h

Fig. 2. DNA integrity in 
HCT116 cells. 1 – intact cells; 
2 – acadesine, 0.4 mM, 24 h; 
3 – alkyl cationic glycerolipid 
[17], 6 µM, 24 h (technical 
control)
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the action of acadesine. Annexin V binds to phosphati-
dylserine on the plasma membrane (translocation of 
phosphatidylserine from the inner lipid layer of the 
membrane to the outer one is considered to be a sign 
of apoptosis). Propidium iodide is capable of penetrat-
ing into cells undergoing necrosis (disrupting the in-
tegrity of the plasma membrane). Acadesine-treated 
НСТ116 cells (0.4 mM, 24 h) were not stained with An-
nexin V-FItc; contrariwise, the cells accumulated pro-
pidium iodid (Fig. 3), which allows one to hypothesize 
about a necrotic component of the cell death mecha-
nism. Similar results were obtained when necrotic cells 
were visualized using trypan blue (data not shown). the 
disruption of the integrity of the plasma membrane is 
presumably a late event during acadesine-induced cell 
death. the control agent, alkyl cationic glycerolipid, 
caused an increase in the number of Annexin V-pos-

Table 2. Acadesine cytotoxicity in combinations with dipyridamole or 5-iodotubercidine

effect
Acadesine, mM

0 0.08 0.1 0.2 0.4 0.8

Acadesine 100* 79 38 33 20 18

Acadesine + dipyridamole, 5 µM 100 100 99 99 100 101

Acadesine + 5-iodotubercidine, 0.05 µM 100 76 39 31 22 16

*Survival rate (%) of P388 leukemia cells according to the MTT assay data after 72 h of incubation.

Fig. 3. Staining of HCT116 cells with Annexin V-FITC 
and propidium iodide. Pseudo colors: red – intact cells; 
violet – acadesine (0.4 mM, 24 h); blue – alkyl cationic 
glycerolipid (see legend to Fig. 2)
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itive cells, which is typical of apoptosis (Fig. 3). Since 
apoptotic cell death assumes that caspases play a sig-
nificant role in it, the effect of the pan-caspase inhibi-
tor zVAD-fmk on acadesine cytotoxicity was studied. 
Hct116 cells were incubated with 200 µM zVAD-fmk 
for 30 min; acadesine was then introduced in the cul-
tures, and the incubation was carried out for an addi-
tional 24 h. the presence of zVAD-fmk did not reduce 
cell death, which supports the conclusion about the 
non-apoptotic mechanism of the cytotoxicity of acade-
sine.

Interaction with the adenosine receptors 
is required to ensure the death of tumor 
cells under the action of acadesine
Acadesine can be transferred from the extracellular 
space into the cells by adenosine transporters [19]. We 
have studied the effect of dipyridamole, the inhibitor of 
these transporters, on acadesine cytotoxicity in a P388 
cell line. cells turned out to be insensitive even to the 
relatively high (up to 0.8 mM) acadesine concentrations 
in the presence of dipyridamole (Table 2).

In order to shed light on the role of the metabolic 
pathway acadesine–ZMP–AMPK in the cytotoxicity 
of acadesine (its phosphorylation by adenosine kinase 
yielding ZMP and activation by AMPK), cells were in-
cubated with acadesine and the adenosine kinase in-
hibitor 5-iodotubercidine. the inhibitor had no effect 
on acadesine cytotoxicity (Table 2). Hence, cell death in 
response to acadesine is not caused by the formation of 
ZMP or activation of AMPK.

thus, the investigation into the mechanisms of 
acadesime cytotoxicity has revealed a number of fea-
tures indicating a nontrivial nature of the pharmaco-
logical effects of this compound. Acadesine triggers 
death in cultured tumor cells, while its effect on nontu-
mor cells is pronounced to a considerably lesser extent. 
Acadesine is toxic for cells with molecular determinants 
of drug resistance: Pgp expression and non-functional 
p53. It is important to emphasize the non-apoptotic 
character of the tumor cell death induced by acadesine. 
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these results provide grounds for regarding acadesine 
as a crucial agent for studying the mechanisms of tu-
mor cell death and a promising drug candidate.

the question regarding the intracellular target of 
acadesine, the interaction with which causes tumor 
cell death, remains open. We have demonstrated that 
the function of adenosine transporters is the criterion 
for cell death, while no activation of AMPK is required. 
It is reasonable to assume that tumors expressing the 
aforementioned adenosine transporters and receptors 
will exhibit the highest sensitivity to acadesine. the 
role of the purine nucleotide transport in cell death has 

yet to be studied sufficiently; an analysis of the differ-
ential expression of adenosine carriers and receptors 
in different types of tumors is required. the enhanced 
expression of these molecules may turn out to be a nov-
el molecular marker of tumor sensitivity to acadesine 
and a criterion for the selection of patients for proper 
therapy. 

This work was supported by the Ministry of Education 
and Science of the Russian Federation (state contract 

16.N08.12.1010) and in part by the Fund for Non-
commercial Programs “Dynasty.”

reFerenceS
1. «Acadesine. AIcA riboside, ArA 100, Arasine, GP 1 110» 

Drugs r D 2008; V. 9 (3). P. 169–175.
2. Jose c, Bellance n, chatelain eH, Benard G, nouette-

Gaulain K, rossignol r. // Mitochondrion. 2012. № 12. 
P. 100–109.

3. Jose c, Hébert-chatelain e, Bellance n, Larendra A, Su 
M, nouette-Gaulain K, rossignol r. // Biochimica et Bio-
physica Acta . 2011. № 1807. P. 707–718.

4. Van Den neste e, Van den Berghe G, Bontemps F. // ex-
pert Opin. Investig. Drugs. 2010. № 19(4). P. 571–578.

5. Javaux F, Vincent MF, Wagner Dr, Van den Berghe G. //
Biochem. J. 1995. V. 305. P. 913–919.

6. Merrill GF, Kurth eJ, Hardie DG, Winder WW // endo-
crinol. Metab. 1997. V. 273. № 6. P. 1107–1112.

7. Su rY, chao Y, chen tY, Huang DY, Lin WW. // Mol can-
cer ther. 2007.V. 6(5). P. 1562–1571.

8. theodoropoulou S, Kolovou Pe, Morizane Y, Kayama M, 
nicolaou F, Miller JW, Gragoudas e, Ksander Br, Vavvas 
DG. // FASeB. 2010. № 24. P. 2620–2630.

9. teresa Whei-Mei Fan et al. (eds.), «the Handbook of 
Metabolomics», Methods in Pharmacology and toxicology. 
2012. № 17. P. 439–480.

10. Walker J, Jijon HB, Diaz H, Salehi P, churchill t, Madsen 
KL // Biochem. J. 2005. № 385. P. 485–491.

11. campàs c, Santidrián AF, Domingo A, Gil J. // Leukemia. 
2005. № 19. P. 292–294.

12. López JM, Santidrián AF, campàs c, Gil J. // Biochem. J. 
2003. № 370. P. 1027–1032.

13. Guigas B, Sakamoto K, taleux n, reyna SM, Musi n, 
Viollet B, Hue L. // IuBMB Life. 2009. V. 61. № 1. P. 18–26.

14. Lobanov K.V., errais Lopes L., Korolkova n.V., tyaglov 
B.V., Glazunov A.V., Shakulov r.S., Mironov A.S. // Acta 
naturae 2011. V. 3. № 2 (9). P. 83–93.

15. Lysenkova L.n., turchin K.F., Korolev A.M., Bykov e.e., 
Danilenko V.n., Bekker O.B., trenin A.S., elizarov S.M., 
Dezhenkova L.G., Shtil A.A., Preobrazhenskaya M.n. // 
Journal of Antibiotics (tokyo). 2012. № 65(8). P. 405–411.

16. Simonova V.S., Samusenko A.V., Filippova n.A., tevyash-
ova A.n., Lyniv L.S., Kulik G.I., chekhun V.F., Shtil A.A. // 
Bul. exp. biol. Med. 2005.V. 4. P. 451–455.

17. Shchekotikhin A.e., Glazunova V.A., Dezhenkova L.G., 
Shevtsova e.K., traven’ V.F., Balzarini J., Huang H.-S., 

Shtil A.A., Preobrazhenskaya M.n. // european Journal of 
Medicinal chemistry 2011. № 46. P. 213–218.

18. Markova A.A., Plyavnik n.V., Pletneva M.V., Serebren-
nikova G.A., Shtil A.A. // clin. Onkogematology. 2012. V. 5. 
№ 2. P. 141–143.

19. Gadalla Ae, Pearson t, currie AJ, Dale n, Hawley SA, 
Sheehan M, Hirst W, Michel AD, randall A, Hardie DG, 
Frenguelli BG. // Journal of neurochemistry. 2004. № 88. 
P. 1272–1282.



reSeArcH ArtIcLeS

 VOL. 5  № 3 (18)  2013  | ActA nAturAe | 79

Cancer Specificity of Promoters of the 
Genes Involved in Cell Proliferation 
Control

K. N. Kashkin*, I. P. Chernov, E. A. Stukacheva, E. P. Kopantzev, G. S. Monastyrskaya, 
N. Ya. Uspenskaya, E. D. Sverdlov
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry , Russian Academy of Sciences, 
Miklukho-Maklaya St., 16/10, Moscow, Russia, 117997
*E-mail: kachkine@yandex.ru
Received 08.02.2013
Copyright © 2013 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 Core promoters with adjacent regions of the human genes CDC6, POLD1, CKS1B, MCM2, and PLK1 
were cloned into a pGL3 vector in front of the Photinus pyrails gene Luc in order to study the tumor specificity 
of the promoters. The cloned promoters were compared in their ability to direct luciferase expression in differ-
ent human cancer cells and in normal fibroblasts. The cancer-specific promoter BIRC5 and non-specific CMV 
immediately early gene promoter were used for comparison. All cloned promoters were shown to be substan-
tially more active in cancer cells than in fibroblasts, while the PLK1 promoter was the most cancer-specific and 
promising one. The specificity of the promoters to cancer cells descended in the series PLK1, CKS1B, POLD1, 
MCM2, and CDC6. The bidirectional activity of the cloned CKS1B promoter was demonstrated. It apparently 
directs the expression of the SHC1 gene, which is located in a “head-to-head” position to the CKS1B gene in 
the human genome. This feature should be taken into account in future use of the CKS1B promoter. The cloned 
promoters may be used in artificial genetic constructions for cancer gene therapy.
KEYWORDS promoter; cloning; cancer-specific; cancer gene therapy.
ABBREVIATIONS TSS – transcription start site.

INTRODUCTION
the design of genetically engineered vectors that ex-
press products that are toxic for tumor cells holds an 
important position among the topical directions in the 
development of antitumor agents. these vectors need to 
contain cancer-specific regulatory elements that can en-
sure both the expression of the therapeutical gene in the 
maximum possible number of tumors and the absence 
of expression in normal tissues. today, the number of 
promoters known to have these properties is limited.

While searching for new cancer-specific promoters, 
we have put forward a hypothesis that many promot-
ers participating in DnA replication may exhibit tu-
mor specificity, since the disturbed regulation of cell 
division is considered to be the common property of all 
tumors. In order to verify this hypothesis, we cloned 
the promoters of several genes participating in DnA 
synthesis and cell division and assessed the ability of 
these promoters to direct the expression of the reporter 
gene in normal and tumor cells of different origins. Pro-
moters of the CDC6, POLD1, CKS1B, MCM2, and PLK1 
genes were used for cloning.

the CDC6 gene product is the homologue of Saccha-
romyces cerevisiae cDc6, a protein essential for the initi-

ation of DnA replication. cDc6 regulates the early stag-
es of DnA replication and helps control the check-point 
determining the termination of DnA replication before 
mitosis begins. A disturbed regulation of CDC6 expres-
sion is associated with a high risk of cancer development 
[1, 2]. the POLD1 gene encodes the catalytic subunit of 
DnA polymerase δ, which participates in the replication 
and reparation of human genomic DnA. this subunit 
exhibits polymerase (synthesis of DnA) and exonucle-
ase (in the 3’–>5’ direction) activities. Moreover, POLD1 
participates in the completion of the Okazaki fragments 
initiated by the DnA polymerase α/primase complex. 
the frequency of the development of spontaneous tu-
mors is higher in mice with a deficient DnA polymer-
ase δ function [3]. the cKS1B protein is a component of 
cDc28 protein kinase required for embryogenesis and 
correct alternation of the phases of the somatic cell cycle 
[4]. cKS1B forms a complex with the cDc2 protein and 
regulates the transcription of the CDC20 gene. the in-
teraction between cKS1В and the SKP2–cyclin e-p27KIP 

complex ensures ubiquitination and degradation of p27 
which is the cell blocker in the G0/G1 phase in response 
to different signals and unfavorable factors and the reg-
ulator of cell mobility and apoptosis [5]. the CKS1B gene 
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localizes head-to-head with the SHC1 gene and presum-
ably uses the bidirectional promoter shared with this 
gene [6]. SHC1 gene products are known to regulate the 
transfer of mitogenic signals in the cell, to participate in 
p53-dependent apoptosis under oxidative stress, and to 
regulat the lifespan. the protein р66Shc plays an im-
portant role in carcinogenesis and tumor dissemination 
[7]. the MCM2 gene encodes one of the subunits of the  
McM2-7 protein complex, which is required for the ini-
tiation of DnA replication, formation of the replicative 
fork, and recruitment of the other proteins that partici-
pate in DnA replication. By interacting with the other 
proteins of the initiation complex, McM2 regulates its 
helicase activity [8]. the promoters of the SHC1 and 
MCM2 genes are not characterized yet in detail. PLK1 
(polo-like kinase 1) – serine/threonine protein kinase 
1 – has several crucial functions during the M-phase of 
the cell cycle, including centrosome maturation, mitotic 
spindle assembly, and regulation of mitotic exit and cy-
tokinesis. the PLK1 protein is required for cell restora-
tion after DnA damage and when it enters mitosis [9]. 
the listed properties of the six genes and their increased 
expression in a number of human tumors (GeneHub 
GePIS, [10]) provide grounds for hoping that the select-
ed promoters could exhibit both tumor specificity and 
versatility with respect to tumors and would be able to 
act as regulator elements within genetically engineered 
anti-tumor constructs.

ExPERIMENTAL
Promoters were amplified from the human genomic 
DnA using tersus and encyclo DnA polymerases (ev-
rogen, russia). Promoters were cloned in the given coor-
dinates with respect to the transcription start site (tSS) 
using the primers listed in Table. All the primers were 
synthesized on an ABI 3900 synthesizer (Applied Biosys-
tems). the amplified DnA fragments were cloned into 
the vector in pAL-tA (evrogen, russia) and re-cloned 
into the pGL3 Basic Vector (Promega, WI, uSA) at the 
proper restriction sites in front of the Photinus pyralis 
luciferase gene. Plasmid clones containing promoters 
in the required orientation were selected by restriction 
analysis and DnA sequencing. the resulting clones with 
promoters of the CDC6, CKS1B, and PLK1 genes con-
tained no nucleotide substitutions, while the clones with 
the promoters POLD1 and MCM2 contained one and two 
substitutions with respect to the nucleotide sequences, 
respectively, which are listed in ncBI GenBank. We 
used the plasmid clones containing the cloned promot-
ers to transfect the following cell lines: A375 (malignant 
melanoma, Atcc), A431 (epidermoid carcinoma of the 
skin, Atcc), A549 (lung carcinoma, Atcc), calu1 (lung 
epidermoid carcinoma, ecAcc), HepG2 (hepatocellu-
lar carcinoma, Atcc), Ht1080 (fibrosarcoma, Atcc), 

Panc-1 (epithelioid pancreatic carcinoma, Atcc), and 
normal fibroblasts IVL-7c. Fibroblasts IVL-7c were 
obtained from the morphologically normal tissue of the 
lung of a patient who had undergone surgical resection 
of his lung cancer at the Blokhin cancer center, russian 
Academy of Medical Sciences, using the previously de-
scribed procedure [11]. co-transfection with the plasmid 
prL-tK (Promega, WI, uSA) expressing the Rluc gene 
was used as an internal control of the transfection. Paral-
lel transfection of cells with the vectors pGL3 Basic Vec-
tor, pGL3 Promoter Vector (Promega, WI), and pGL3-
cMV Pr/enh containing the AseI/BglII fragment of the 
promoter of early cytomegalovirus genes from the plas-
mid peGFP-n1 (clontech Laboratories, Inc.) in front of 
the Luc gene was used to standardize the experimental 
results. In order to compare the tumor specificity of the 
promoters, the cells were transfected with the 1500-bp-
long pGL3-based plasmid containing the promoter of the 
surviving gene (BIRC5) [12]. the cells were transfected 
by means of Lipofectamine 2000 (Invitrogen, uSA) in 
24-well plates according to the manufacturer’s recom-
mendations. Promoter activity was assessed from the 
chemiluminescence of cell extracts. the chemilumines-
cence was measured using a Dual Luciferase reporter 
Assay System (Promega, uSA) on a Genios Pro plate 
luminometer (tecan, Switzerland). the luminescence 
values of P. pyralis luciferase were standardized for the 
luminescence of Renilla reinformis luciferase in each 
measurement, and a correction for the background ac-
tivity of the luciferase for the plasmid pGL3 Basic Vec-
tor was introduced. the resulting values were averaged 
for two repeats in each experiment and for a series of 
three experiments. the data were standardized for the 
P. pyralis luciferase activity under the control of the 
SV40 promoter within the pGL3 Promoter Vector.

Primers used for promoter amplification

Promoter Primer (5’ –> 3’)

POLD1  
(–1338; +66)*

GGTACCTGAATACAATCCAGCCCGGAG
GGTACCCCTCTACTCACCCGCTTCAAAC

CDC6  
(–1539; +238)

GCTAGCGATCATGGCACGGCACTCA
GCTAGCTCAGACCTCCAGCGAGCTCA

CKS1B  
(–910; +106)

GGTACCGGTCCCACAAAGATAAAGCTCC
GGTACCTATGATCGCTCGGTTTGCTAG

MCM2  
(–1949; +57)

ATCCGAGGTGCATCCTTCAC
AGCAGTACCACGATCCTCTCC

PLK1  
(–2338; +35)

GCAAGACTCCATCTCAACAACA
CAGACCTCGATCCGAGCAG

* Coordinates of promoter with respect to the transcrip-
tion start site of the gene.
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RESULTS AND DISCUSSION
It was demonstrated in the transfection experiments 
that the cloned promoters exhibited activity in all the 
cell types under study. It should be mentioned that the 
activity of the cytomegalovirus promoter (cMV) within 
the construct pGL3-cMV Promotor/enhancer Vector 

was 100- to 1,000-fold higher as compared to that of 
all the other promoters. the activities of promoters of 
the POLD1, CDC6, CKS1B, PLK1 and MCM2 genes in 
all the human tumor cell lines turned out to be higher 
than that of the SV40 promoter and were comparable 
to that of the BIRC5 gene promoter (Fig. 1A). Mean-
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Fig. 1. Activity and 
cancer specificity of 
cloned promoters. 
A – Chemilumines-
cence of lysates of 
cells transfected 
with plasmids with 
the corresponding 
promoters (loga-
rithmic scale). The 
mean values and 
standard errors of 
the mean (SEM) 
are presented. 
B – Cancer spe-
cificity of promot-
ers expressed as 
ratios between the 
chemiluminescence 
levels of the lysates 
of cancer cells and 
fibroblasts for each 
promoter. M – the 
median of the ratios, 
generalized index of 
cancer specificity of 
promoter
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while, the promoters under study (except for the cMV 
promoter) in normal fibroblasts ensured a considerably 
lower level of luciferase activity as compared to the 
SV40 promoter. In order to assess the cancer specificity 
of each cloned promoter, we calculated the ratio be-
tween the chemiluminescence levels of the lysates of 
tumor cells and fibroblasts transfected with plasmids 
with the corresponding promoters, and the median val-
ue of these ratios as the generalized index of the can-
cer specificity of the promoter (Fig. 1B). the activity 
exhibited by the BIRC5 gene promoter, similar to that 
in the previous study [12], was higher in all the tumor 
cell lines as compared to that in normal fibroblasts. the 
activity of five cloned promoters in the tumor cells was 
also higher than that in normal fibroblasts (p < 0.01, 
Mann–Whitney u test). the cMV promoter exhibit-
ed no specificity: its activity in some tumor cells was 
higher as compared to that in fibroblasts, while in other 
tumor cells it was lower.

As mentioned previously, the CKS1B and SHC1 
genes have a head-to-head orientation and presumably 
share one bidirectional promoter [6]. Hence, when clon-
ing the CKS1B promoter, we additionally selected the 
pGL3 plasmid clone containing this promoter in reverse 
orientation. the coordinates of the cloned DnA frag-
ment with respect to the tSS of the SHC1 gene were 
(–264; +751). In order to verify the promoter activity 
of the cloned fragment, we used this clone to transfect 
A549 cells and normal fibroblasts and measured the 
chemiluminescence of the cell lysates. the results are 
shown in Fig. 2. the results of determining the activity 

of the incorporated CDC6 promoter with the reverse 
orientation (CDC6-rev), which was identical to that of 
the control vector pGL3-BV, and the BIRC5 promoter 
in direct orientation are given here for the sake of com-
parison. It turned out that the activity of the cloned 
SHC1 promoter was higher than that of the CKS1B 
promoter both in the tumor cells and in normal fibrob-
lasts. the activity of the SHC1 promoter in A549 ad-
enocarcinoma cells was approximately eightfold higher 
than that in normal fibroblasts, which is lower than 
the activity of the CKS1B promoter but is comparable 
to the cancer specificity of the BIRC5 promoter (not 
shown). Since the range of tumors with an increased 
expression level of the SHC1 gene is smaller than that 
of the tumors with an increased expression level of 
the other genes that were used in our work (GeneHub 
GePIS, [10]), we did not study the SHC1 promoter us-
ing other cells.

thus, the promoters of five genes that regulate DnA 
replication and cell division, exhibiting tumor-specific 
expression, and significantly contribute to carcinogen-
esis had been cloned. When cells were transfected with 
plasmid vectors expressing the luciferase gene under 
the control of these promoters, the promoters exhib-
ited a considerably higher activity in tumor cells of 
different origins as compared to their activity in nor-
mal fibroblasts. the activity and tumor specificity of 
the cloned promoters, except for the PLK1 promoter, 
was comparable to the indices for the BIRC5 promoter 
that had been studied previously. the specificity of 
the promoters slightly decreased for the series CKS1B, 
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of the lysates of 
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POLD1, MCM2, CDC6. the PLK1 promoter exhibited 
considerably higher cancer specificity; the expression 
levels of the reporter gene controlled by the PLK1 and 
BIRC5 promoters in the tumor cells were approximate-
ly identical. this makes the PLK1 promoter superior to 
other promoters and provides grounds to regard it as 
the most promising promoter for designing genetically 
engineered anti-tumor constructs.

We have also demonstrated the bidirectional activity 
and high cancer specificity of the cloned CKS1B/SHC1 
promoter. One should take these features into account 
when designing genetically engineered vectors with 
this promoter, since its bidirectional activity may result 
in undesirable transcription of the vector sequences in 
a direction reverse to that of the therapeutical gene. On 
the other hand, this promoter can be used to simultane-
ously express two therapeutical genes in tumors or to 
design anti-tumor constructs that have binary effect 
with a more complex regulation. Further investigation 
into the CKS1B/SHC1 promoter and the genes whose 
expression it directs in various tissues and tumors is 
required.

It should be mentioned that only non-tumor control 
(normal lung fibroblasts) was used in this study. tak-
ing into account the source of the cells (normal tissue 
obtained from a patient with lung cancer) and the fact 

that the properties of cells dividing in culture may dif-
fer from their properties in vivo, one needs to study 
the cloned promoters in in vivo models in order to draw 
unambiguous conclusions about the cancer specificity 
of the promoters.

the significant length of the promoters (1016–2373 
bp) allows one to put forward a hypothesis that they 
contain key elements in transcription regulation, such 
as core promoters and proximal regulatory elements. 
However, it is entirely possible that there are additional 
remote regulatory elements, such as enhancers, silenc-
ers or repressors, which also participate in the regula-
tion of the activity of these promoters. A comparison of 
the endogenous activity of the corresponding genes in 
various cell lines and tissues with the results obtained 
in our study will allow one to assess the relative contri-
bution of the promoter and additional regulatory ele-
ments. 
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ABSTRACT Dipeptide mimetic of the nerve growth factor (NGF) loop 4, hexamethylenediamide bis-(N-monosuc-
cinyl-glutamyl-lysine) (GK-2), was synthesized at the V.V. Zakusov Scientific Research Institute of Pharmacol-
ogy of the Russian Academy of Medical Sciences. GK-2 exhibited in vitro neuroprotective activity at nanomolar 
concentrations, was efficient in animal models of the Parkinson’s disease, ischemic and hemorrhagic stroke, and 
global cerebral ischemia at doses of 0.01–5 mg/kg (intraperitoneally) and 10 mg/kg (per os). The mnemotropic 
effects of subchronic intraperitoneal administration of GK-2 on rat models of the Alzheimer’s disease are de-
scribed in this paper. Dipeptide GK-2 at a dose of 1 mg/kg is found to decrease the habituation deficit induced by 
the septo-hippocampal pathway transsection and, at a dose of 0.5 mg/kg, to significantly prevent spatial memory 
impairment in Morris water maze induced by intracerebral injection of streptozotocin. Thus, GK-2, an original 
dipeptide mimetic of NGF, acts on models of the Alzheimer’s disease upon systemic administration.
KEYWORDS low molecular mimetic of NGF; GK-2; septo-hippocampal transsection; streptozotocin model of 
Alzheimer’s disease; habituation; Morris water maze.
ABBREVIATIONS AD – Alzheimer’s disease; NGF – nerve growth factor; APP – amyloid precursor protein; i/p – 
intraperitoneally; EL – escape latency, EOR – exploratory orientation reaction.

INTRODUCTION
the Alzheimer’s disease (AD) is the most common cause 
of dementia. the number of AD patients is expected to 
double by 2050 [1]. no pharmacological agents capable 
of providing long-term neuroprotection to AD patients 
or limiting the development of cognitive impairment 
area vailable at the moment [2].

the contribution of the nerve growth factor (nGF) 
to the pathogenesis of AD has been well documented. 
the progressive decline in cognitive functions in AD 
patients is associated with the degeneration of cholin-
ergic neurons in the basal forebrain [3], which are the 
primary target of this neurotrophin in the central nerv-
ous system. this neurotrophin ensures the preserva-
tion of the biochemical and morphological phenotypes 
of the aforementioned neurons and their survival in 
the presence of damaging factors [4]. nGF inhibits the 
formation of amyloid plaques and neurofibrillary tan-
gles in the brain – the main pathomorphological char-
acteristics of AD – via the inhibition of amyloidogenic 
processing of APP [5] and hyperphosphorylation of the 
tau protein, which is involved in the formation of neu-
rofibrillary tangles [6].

the exact reasons behind sporadic AD still remain 
unknown; however, evidence is accumulating in sup-
port of the hypothesis of the deterioration of trophic 
maintenance of the cholinergic neurons of the basal 
forebrain by nGF as a trigger of the disease [7, 8]. It 
was demonstrated in AD11 transgenic mice (anti-nGF 
antibodies develop in these mice during the postnatal 
period) that chronic nGF deprivation causes a cholin-
ergic deficit, loss of neurons and synapses, formation of 
amyloid plaques and neurofibrillary tangles, a decrease 
in synaptic plasticity, and memory deficit [8]. Intranasal 
administration of nGF to AD11 mice prevented the dis-
ruption of cholinergic transmission, the accumulation 
of β-amyloid and the hyperphosphorylated tau protein, 
and the development of memory deficit [9].

A variety of experimental AD models (such as the 
destruction of the basal nuclei of Meynert by ibotenic 
acid, septo-hippocampal transsection and natural ag-
ing) have shown that therapeutic intracerebral nGF 
administration counteracts the degeneration of cholin-
ergic neurons and restores cognitive functions [10–12].

Poor pharmacokinetic properties and the limited 
ability to penetrate through the blood–brain barrier 
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and pleiotropy limit the medical application of native 
nGF. Hence, a number of pharmaceutical companies 
and research groups are currently in the process of de-
veloping low-molecule-weight nGF mimetics [13–15].

Dimeric dipeptide mimetic GK-2 (hexamethylen-
ediamide bis-(n-monosuccinyl-glutamyl-lysine)) was 
synthesized based on the structure of the β-turn of the 
nGF loop 4 at the V.V. Zakusov Scientific research 
Institute of Pharmacology of the russian Academy of 
Medical Sciences [16]. Identically to nGF, GK-2 causes 
the phosphorylation of specific trkA receptors and the 
kinases Akt that participate in the manifestation of the 
neuroprotective effects mediated by these receptors 
[17]. GK-2 at nanomolar concentrations exhibited a 
high nGF-like neuroprotective activity during in vitro 
experiments. However, in contrast to the native pro-
tein, GK-2 demonstrated no signs of differentiating ac-
tivity [18]. GK-2 prevented H

2
O

2
- or glutamic-acid-in-

duced destruction of immortalized mouse hippocampal 
neurons in culture (Ht-22 line) and protected rat phe-
ochromocytoma Pc12 cells from the action of neuro-
toxin MPtP (1-methyl-4-phenyl-1,2,3,6-tetrahydropy-
ridine) [19]. Dipeptide GK-2 exhibited neuroprotective 
properties and improved cognitive functions [20–22], 
and reduced the severity of behavioral symptoms in a 
number of models of the parkinsonian syndrome [23] 
in experimental models of acute and chronic cerebral 
ischemia in rats. Dipeptide GK-2 exhibits low toxicity 
(LD

50
 = 714 mg/kg upon intravenous administration 

to male mongrel mice) and shows none of the major 
side effects typical of nGF. It does not reduce the pain 
threshold (at doses of 0.5–2 mg/kg i/p in a tail flick test 
after thermal stimulation, water temperature of 55°c) 
[24] and does not cause weight loss upon chronic ad-
ministration to rats (0.5 mg/kg, i/p) [25].

GK-2
the aim of this study was to investigate the mnemo-

trophic effects of GK-2 on AD models. there are two 
main approaches to the modeling of the abnormalities 
typical of AD: surgical and neurotoxic. the former ap-

proach entails the transsection of the septo-hippocam-
pal pathway, which is a well-researched and widely 
used AD model. Deafferentation of the hippocampus 
attributed to septo-hippocampal transsection results 
in the development of cholinergic deficiency and the 
related disorder of cognitive functions [26, 27]. this 
model has been used by various researchers to study 
the effects of nGF [28, 29]; hence our decision to use it 
to evaluate the activity of the nGF mimetic GK-2. A 
streptozotocin AD model reproducing the major patho-
logical processes in the brain (including the accumu-
lation of β-amyloid and the hyperphosphorylated tau 
protein, as well as the spatial memory abnormalities 
[30] that are also typical of AD patients) was used as a 
neurotoxic model [31].

ExPERIMENTAL

Substances
Dipeptide GK-2 (hexamethylenediamide bis-(n-
monosuccinyl-glutamyl-lysine), molecular weight of 
835 Da) was synthesized at the V.V. Zakusov Scientific 
research Institute of Pharmacology of the russian 
Academy of Medical Sciences [16]. nembutal (Sigma, 
uSA) was used for anesthesia. Memantine (1-amino-
3,5-dimethyladamantane hydrochloride, molecular 
weight of 215 Da) was purchased from the Merck KgaA 
company (Germany).

Memantine

nembutal was administered in the form of a saline 
suspension, dipeptide GK-2 was dissolved in distilled 
water, and memantine was administered in the form 
of a distilled water suspension. All substances (except 
streptozotocin) were administered i/p at a dose of 2 ml/
kg of body weight.

the GK-2 doses (0.5 and 1 mg/kg) were selected as 
the ones most efficient in vivo according to the data 
obtained in a study of the dose-dependent effect of 
this compound in the haloperidol catalepsy model in 
rats used for screening compounds with potential anti-
parkinsonian activity [23]. the efficacy of these doses 
was also confirmed in various cerebral ischemia models 
[20–22].
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Animals
the experiments were conducted on 32 male mongrel 
white rats and 24 male Wistar rats obtained from the 
animal nursery “Stolbovaya” of the russian Academy 
of Medical Sciences. the animals were kept in a vivar-
ium under ad libitum feeding and natural light condi-
tions. Behavioral experiments were performed during 
winter between 10.00 and 14.00 hours,  local time. the 
requirements regarding the use of animals for experi-
mental research specified in the european council Di-
rectives 86/609/eeS were abided by during the ex-
periments on the rats.

Investigations into the effects of GK-2 
on an AD model with septo-hippocampal 
pathway transsection [26]

Study design. the Wistar rats (280–400 g) were ran-
domly divided into three groups: rats subjected to 
sham surgery (n=6); rats subjected to surgery (n=10); 
and rats that were subjected to surgery and received 
dipeptide GK-2 (n=8). Dipeptide GK-2 (1 mg/kg) was 
administered 2 h after the surgery and subsequently 
every 48 h (a total of seven injections). the “sham sur-
gery” and “surgery” groups received distilled water 
instead of GK-2, according to the same scheme and in 
equivalent volumes. the animals were subjected to an 
open-field test for 48 h after the last injection of GK-2 
(or distilled water).

Surgery. A nembutal-anesthetized (60 mg/kg) and 
scalped animal was mounted onto a stereotaxic appa-
ratus. transverse incisions 1 mm wide were made in 
the cranial bone: the starting point of the incision local-
ized at the level of bregma (AP = 0.0) and 2 mm later-
ally relative to the latter (L = ± 2.0); the endpoint of the 
incision localized 2 mm caudally relative to the bregma 
and 1 mm laterally relative to the latter (AP = –2.0; 
L = ± 1.0). After the bone had been cut, the dura mat-
ter was incised in the area of incisions. A sterile bent 
needle was placed into the incision to a depth of 6.2 
mm from the bone surface (DV = +6.2). Simultaneous 
manipulation using two stereotaxic screws allowed to 
relocate the needle almost to the endpoint of the trans-
verse incision. the needle was then slowly lifted from 
the incision. the procedure was repeated twice on each 
hemisphere. the sham surgery procedure was similar 
to that of transsection with one exception: the needle 
was placed to a depth of 3 mm from the bone surface 
(DV = +3.0).

Open-field test. this test is commonly used to assess 
general motor and exploratory activities [32]. the setup 
consisted of a circular arena made of white PVc. the 

arena diameter was 90 cm; the walls were 40 cm high. 
the floor of the arena was divided into 19 squares of 
approximately equal area with lines. the animal was 
carefully placed on the floor in the center of the are-
na; the number of squares and vertical stands crossed 
by it during 4 min was recorded using the realtimer 
software program (Scientific and Production company 
“Open science,” russia). transsection of the septo-hip-
pocampal pathway in rats is known to cause impair-
ment of the extinction of the exploratory orientation 
reaction (eOr) in the open field test [33, 34]. the eOr 
extinction coefficient, which represents the ability of 
rats to exhibit habituation, was calculated according 
to the equation Ce

 = a/b, where a is the number of 
squares crossed in the group during the first minute of 
observation, and b is the number of squares crossed in 
the group during the last minute of observation.

Investigations into the effects of GK-2 on the 
AD model associated with the administration of 
streptozotocin into cerebral ventricles [30]

Study design. the mongrel male rats (330–380 g) were 
randomly allocated into four groups: those subjected to 
sham surgery (n = 6); those subjected to surgery (n = 9), 
those subjected to surgery and treated with dipeptide 
GK-2 (n = 7), and those subjected to surgery and treated 
with the reference drug, memantine (n = 6). Dipeptide 
GK-2 (0.5 mg/kg or 6 × 10-7 mol/kg) was administered 
4 h after the surgery and then once daily for 2 weeks (a 
total of 14 injections). Memantine was administered ac-
cording to the same scheme at a dose of 10 mg/kg (4.6 × 
10-5 mol/kg). this dose was selected as the most effective 
one according to the published data [35]. Distilled water 
was administered to the “sham surgery” and “surgery” 
groups instead of GK-2 or memantine according to the 
same scheme in equivalent volumes. three weeks after 
the surgery, the rats were trained to search for a sub-
merged platform in the “Morris water maze” setup for 5 
days. One week after the completion of the training, the 
rats were tested for retention of this skill.

Surgery. A nembutal-anesthetized rat (60 mg/kg) 
was mounted onto a stereotactic apparatus. Strepto-
zotocin in a ringer’s solution at a dose of 3 mg/kg was 
bilaterally injected into the cerebral ventricles of the 
animal (5 µl per ventricle) according to the coordinates 
AP = –1; L = ±1.5; DV = +3.5. A total of 5 µl of the 
ringer’s solution was injected into the cerebral ventri-
cles of the sham-operated animals. the injections were 
carried out at a rate of 1 µl/min with a pause after each 
microliter (1 min). upon completion of the administra-
tion, the needle was left in place for an additional 3 min 
and then removed.
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Morris water maze. this test, first proposed by Mor-
ris D. [36], is mainly used to assess spatial memory. Our 
experimental setup consisted of a pool made of gray 
plastic (150 cm in diameter, 60 cm high). the pool was 
filled with water (24–25°c) to a depth of 40 cm. the 
pool was conventionally divided into four sections. A 
platform measuring 10 cm in diameter and submerged 
in water to a depth of 2 cm was located in the center of 
one of the sections. Various visual stimuli were placed 
on the walls of the room facing each of the conventional 
sectors. the rats were taught to find the submerged 
platform for 5 days. During this period, the animals 
were placed in water at 4 different starting positions 
near the pool wall (starting positions were located in 
the centers of the conventional sectors) four times per 
day. the sequence of starting positions was identical for 
all animals during the day and was changed every day. 
the interval between the placements was 30 s. After a 
rat reached the platform, it was left on it for 5 s. If an 
animal could not find the submerged platform within 
60 s, it was gently guided to it. After 1 week, the test for 
retention of the acquired skill of finding the platform 
was carried out. During the test the animals were again 
placed in water 4 times at different starting positions. 
escape latency (eL) was recorded for each attempt.

Statistical analysis. Statistical processing was carried 
out using the Statistica 10.0 software. reduction of the 
average daily eL during the training period was used 
as a criterion for spatial learning ability in the Morris 
water maze setup. the average eL on the day of the 
test, as well as the eL during the fourth and last test 
placement, was used as a criterion of safety and effec-
tiveness of reproduction of the acquired skill. In order 
to carry out the analysis of intergroup differences in 
the Morris water maze setup, a univariate analysis of 
variance (one-way AnOVA) and a Fisher’s multiple 

comparison test were utilized. the Wilcoxon test was 
used for pairwise comparison of the related samples. 
the data are presented as medians of the samples, 
lower and upper quartiles. the results were considered 
statistically significant at p < 0.05.

the therapeutic effect (te
) of dipeptide GK-2 was 

calculated using the equation:

t
e
 = [(c–d)/(e–d)] × 100%, 

where c is the value of the parameter in the “surgery 
+ treatment” group, d is the value of the parameter in 
the “surgery” group, and e is the value of the param-
eter in the “sham surgery” group.

RESULTS AND DISCUSSION

Dipeptide GK-2 counteracts the septo-
hippocampal pathway transsection-induced 
impairment of cognitive functions in rats
no statistically significant intergroup differences in 
the intensity of horizontal and vertical motor activi-
ties were identified. the analysis of the dynamics of 
the horizontal locomotor activity (number of squares 
crossed) demonstrated that this parameter in sham-
operated animals decreased significantly and 4 min-
utes into the test was significantly lower than that 
during the 1st minute (c

e
 = 2.3). rodents are charac-

terized by gradual extinction of eOr upon encounter-
ing a new situation, which is attributed to addiction or 
habituation. transsection of the septo-hippocampal 
pathway led to impairment of eOr extinction over 
time, which was reflected at an almost constant level 
of the horizontal locomotor activity in the rats sub-
jected to surgery over the entire period of testing (c

e
 

= 1). Similar results were also obtained by other re-
searchers using this model [33, 34]. Impairment of the 

Table 1. Effect of GK-2 on the impairment of EOR extinction during the open-field test caused by transsection of the 
septo-hippocampal pathway

Group min 1 min 2 min 3 min 4 extinction  
coefficient

Sham surgery 21(15–32) 14(11–25) 9.5(7–16)* 9(8–13)* 2.3

Surgery 11.5(8–35) 12(9–32) 19(11–24) 11.5(9–29) 1

Surgery + GK-2 12.5(9–21) 11.5(7–14) 15.5(8–17) 6.5(3–8)* 1.9

* p < 0.05 as compared to the locomotor activity in the same group during the first minute of the test.
Note. The data are presented as medians of respective samples. The extinction coefficient (C

e
) of the EOR reflecting the 

ability of rats to habituate was calculated using the equation C
e
 = a/b, where a is the number of squares crossed in the 

group during the first minute of observation, and b is the number of squares crossed in the group during the last minute 
of observation.
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extinction of eOr under new conditions caused by the 
septo-hippocampal transsection was probably associ-
ated with abnormalities of the spatial memory [33]. 
the animals subjected to surgery and treated with 
GK-2 demonstrated recovery of the ability to habitu-
ate (c

e
 = 1.9) (table 1). the therapeutic effect of GK-2 

was approximately 70%.

Dipeptide GK-2 completely restores the abnormality 
of spatial memory caused by the administration of 
streptozotocin into the cerebral ventricles of rats
Intracerebral administration of streptozotocin is known 
to cause the development of cognitive deficit, which can 
be detected within 2 weeks after surgery and progress-
es for several months [30]. In particular, intracerebral 
administration of streptozotocin causes abnormalities 
in spatial memory during the Morris water maze test. 
this disorder correlates with biochemical changes in 
the hippocampus (decreased activity of choline acetyl-
transferase [30]), as well as with a significant decrease 
in the immunoreactivity of the transcription factor 
creB, which plays an important role in the regulation 
of learning and the memory processes participating in 
the transformation of short-term memory into long-
term memory [37].

In this study, the eL decreased during the learning 
period in all groups; no statistically significant intra-
group differences were identified during this period 
(Fig. 1). Hence, administration of streptozotocin had 
no effect on the learning ability of animals during the 
Morris water maze test. this can be attributed to the 
fact that the training was either conducted 3 weeks 
after the surgery (the cognitive deficit was probably 
not sufficiently pronounced during this period) or that 
mongrel rats were used. Intracerebral administration 
of streptozotocin in the study conducted by Shingo et 
al. [37] also had no effect on the ability of Wistar rats to 
learn in the Morris water maze test 2 weeks after the 
surgery.

the test for the retention of the acquired skill car-
ried out 1 week after the learning phase had been com-
pleted demonstrated that the average (over four place-
ments) eL in the sham-operated rats was characterized 
by a tendency to decrease as compared to the last day 
of learning, which is consistent with the data on the 
increased level of reproduction of long-term spatial 
memory during later periods after the learning phase 
[38]. Meanwhile, the eL of the rats subjected to surgery 
did not decrease as compared to the last day of learning 
and was higher than that in the “sham surgery” group, 

Fig. 1. Spatial learning and skill retention test in the Morris water maze. Sham surgery – bilateral administration of a 
Ringer’s solution into the cerebral ventricles of rats plus subchronic intraperitoneal administration of distilled water. 
Surgery – bilateral administration of streptozotocin dissolved in the Ringer’s solution into the cerebral ventricles of rats 
plus subchronic intraperitoneal administration of distilled water.
Surgery + GK-2 – bilateral administration of streptozotocin dissolved in the Ringer’s solution into the cerebral ventricles 
of rats plus subchronic intraperitoneal administration of dipeptide GK-2. 
Surgery + memantine – bilateral administration of streptozotocin dissolved in the Ringer’s solution into the cerebral 
ventricles of rats plus subchronic intraperitoneal administration of memantine. 
The EL per four placements within 1 day were averaged for each animal. The data are presented as medians and inter-
quartile ranges
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after the surgery can be associated with increased sur-
vival of cholinergic neurons and/or improvement of 
cholinergic transmission in the hippocampus [28]. In-
tracerebral administration of recombinant human nGF 
to rats for 3 weeks after the destruction of the basal 
nuclei of Meynert by ibotenic acid partially prevented 
the impairment of the learning ability in the Morris 
water maze with a therapeutic effect of approximately 
25% [39]. Administration of recombinant human nGF 
resulted in a decrease in the body weight of rats. In ad-

Table 2. Effects of GK-2 on EL in the Morris water maze 
in rats with experimental AD induced by administration of 
streptozotocin into the cerebral ventricles

Group eL* 

Sham surgery 7 (3–7)

Surgery 13 (7–48)

Surgery + GK-2 5 (4–6.5)

Surgery + Memantine 4 (2–8)

* Data are presented as medians; interquartile ranges are 
given in parentheses.

Fig. 2. Effects of GK-2 on the retention of the skill of finding the submerged platform in the Morris water maze setup, 
which is deficient in rats with experimental AD induced by the injection of streptozotocin into the cerebral ventricles. 
The data are presented as medians and interquartile ranges. * – p = 0.017 in comparison to the “sham surgery” group; 
# – p = 0.012 (“surgery + GK-2”) and 0.014 (“surgery + memantine”) in comparison with the “surgery” group (one-
way ANOVA with subsequent post hoc Fisher test). The therapeutic effect (T

e
) of dipeptide GK-2 was calculated using 

the following equation: T
e
 = [(c–d)/(e–d)] × 100%, where c is the EL in the “surgery + treatment” group, d is the EL 

in the “surgery” group, and e is the EL in the “sham surgery” group
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although these results were not statistically significant. 
the eL among rats receiving GK-2 did not differ from 
that for the “sham surgery” group (Fig. 1). the analysis 
of intergroup differences with respect to eL during the 
last (fourth) placement in the test showed that this pa-
rameter in rats subjected to surgery was significantly 
higher than that in the “sham surgery” group (Fig. 2, 
table. 2). nGF mimetic GK-2 fully prevented this ab-
normality and was equal in terms of its effectiveness to 
the reference drug memantine (Fig. 2).

Hence, dipeptide GK-2 can counteract the cognitive 
deficit in rat AD models.

It has previously been established that GK-2 has 
neuroprotective activity and acts via an nGF-like 
mechanism [18]. Intracerebral administration of nGF 
is known to restore cognitive functions in in vivo AD 
models. thus, administration of mouse nGF into the 
cerebral ventricles of rats subjected to septo-hippocam-
pal transsection over a period of 14 days significantly 
improved the spatial memory in the Morris water maze 
test with a therapeutic effect of approximately 75% 
[28]. the recovery of cholinergic neurons under the in-
fluence of exogenous nGF 1 month after fimbria-fornix 
transsection in rats was described in [29]. Improvement 
of the spatial memory in rats treated with nGF 2 weeks 
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dition to weight loss, such side effects of nGF as pain 
syndrome [40, 41], Schwann cell hyperplasia, and mul-
tiple sprouting of sympathetic and sensory axons in the 
medulla and the spinal cord have been observed [42].

Low molecular weight mimetics of nGF exhibiting 
activity in AD models have been described. A non-
peptide mimetic of nGF, the selective agonist of trkA-
receptors known as D3, restored cholinergic deficit and 
improved spatial memory in aged animals in the Morris 
water maze upon intracerebral administration (40 µg 
per rat) [43].

Another low-molecular-weight non-peptide mimetic 
of nGF known as Mt2, which is also a trkA-receptor 
agonist, exhibits neuroprotective and antiamyloidog-
enic activity in cellular AD models at a concentration 
of 5–30 µmol/ml [44].

no data regarding the systematic application of both 
nGF and its low-molecular-weight mimetics activat-
ing trkA-receptors in AD models have been obtained. 
Only a non-peptide agonist of p-75 receptors known as 
LM11A-31, which demonstrated neuroprotective and 

antiamnestic activities in a genetic mouse model of AD, 
has been identified [45].

CONCLUSIONS
Hence, data on the mnemotropic effects of the dipep-
tide mimetic of nGF causing the phosphorylation of 
trkA-receptors and Akt-kinases upon systemic admin-
istration in AD models have been obtained for the first 
time.

Dipeptide GK-2 considerably prevents the abnor-
malities of habituation caused by septo-hippocampal 
transsection. Identically to memantine, which is widely 
used for treatment of AD, GK-2 significantly prevents 
spatial memory deficit in the Morris water maze in the 
streptozotocin AD model. the effective dose of GK-2 by 
weight is 20 times lower than that of memantine; the 
effective dose by amount of matter is 80 times lower.

the results obtained suggest that further develop-
ment of GK-2 as a neuroprotective medicinal product 
that could prevent the development of AD is rather 
promising.  
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ABSTRACT The steady-state kinetic parameters of pyridoxal 5’-phosphate-dependent recombinant methionine 
γ-lyase from three pathogenic bacteria, Clostridium tetani, Clostridium sporogenes, and Porphyromonas gingiva-
lis, were determined in β- and γ-elimination reactions. The enzyme from C. sporogenes is characterized by the 
highest catalytic efficiency in the γ-elimination reaction of L-methionine. It was demonstrated that the enzyme 
from these three sources exists as a tetramer. The N-terminal poly-histidine fragment of three recombinant 
enzymes influences their catalytic activity and facilitates the aggregation of monomers to yield dimeric forms 
under denaturing conditions. The cytotoxicity of methionine γ-lyase from C. sporogenes and C. tetani in com-
parison with Citrobacter freundii was evaluated using K562, PC-3, LnCap, MCF7, SKOV-3, and L5178y tumor 
cell lines. K562 (IC50=0.4–1.3 U/ml), PC-3 (IC50=0.1–0.4 U/ml), and MCF7 (IC50=0.04–3.2 U/ml) turned out to be 
the most sensitive cell lines. 
KEYWORDS kinetic parameters; methionine γ-lyase; pathogenic microorganisms; oligomeric structure; cytotox-
icity.
ABBREVIATIONS DTT – dithiothreitol; His-tag – poly-histidine fragment; MGL – methionine γ-lyase; MSC – mes-
enchymal stromal cells; PLP – pyridoxal 5’-phosphate.

INTRODUCTION
Methionine γ-lyase (MGL) [ec 4.4.1.11] is a pyridoxal 
5’-phosphate-dependent enzyme that catalyzes the 
γ-elimination reaction of L-methionine, yielding me-
thyl mercaptan, α-ketobutyric acid, and ammonia:

In addition to the physiological reaction, the enzyme 
catalyzes the β-elimination reaction of L-cysteine 
and its S-substituted derivatives, yielding the corre-

sponding mercaptans, pyruvic acid, and ammonia [1]. 
the enzyme was isolated from Pseudomonas putida, 
Aeromonas sp., Clostridium sporogenes, Porphyrom-
onas gingivalis, Brevibacterium linens BL2, Citrobacter 
freundii, and several others, from eukaryotic protozoa 
Trichomonas vaginalis and Entamoeba histolytica, and 
from fungi Aspergillus flavipes [2]. this enzyme is ab-
sent in mammalian cells but is present in pathogenic 
bacteria, such as Aeromonas sp. [3], C. sporogenes [4], 
P. gingivalis [5], and in pathogenic protozoa E. histo-
lytica [6], T. vaginalis [7], which allows one to consider 
the enzyme as a potential target for novel antibiotics. 
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the enzyme is of interest as an anticancer agent, since 
the growth of malignant cells of various origins (unlike 
the growth of normal cells) is accompanied by obliga-
tory methionine utilization [8]. the possibility of de-
velopment of an anticancer agent based on MGL from 
P. putida has been demonstrated in vitro and in vivo 
[9–12]. Antitumor activity of the enzyme from A. fla-
vipes with respect to several human tumors was ob-
served in vivo [13]. Several kinetic parameters of the 
recombinant MGL derived from the pathogenic micro-
organisms C. tetani (causative agent of tetanus), C. spo-
rogenes (causative agent of gas gangrene and enteritis), 
and P. gingivalis (causative agent of periodontitis) were 
determined in the present study; the data on the cy-
totoxic activity of the enzyme from these sources and 
from C. freundii were analyzed.

ExPERIMENTAL

Bacterial cultivation and purification of the enzyme
Escherichia coli BL21 (De3) cells containing the MGL 
genes from C. sporogenes, C. tetani, and P. gingivalis in 
the plasmid pet-28a [14] were cultured in an “induc-
ing” medium [15] at 37°c under stirring (180 rpm) for 
24 h. the cells were harvested by centrifugation and 
stored at –80°c. cell disruption and the removal of nu-
cleic acids were performed according to [16]. After the 
separation of nucleic acids, the preparations were trans-
ferred to a 50 mM potassium phosphate buffer, pH 8.0, 
containing 0.05 mM pyridoxal 5’-phosphate (PLP) using 
a “centricon-30 ultrafiltration unit” (Amicon, uSA). 
the polypeptide chains of the enzymes isolated from 
three sources contained the poly-histidine fragment  
MGSSHHHHHHSSGLVPrGSH at their n-termini. 
the preparations were purified using affinity chroma-
tography on a column with  a ni2+IMAc –Sepharose 
sorbent (Ge Healthcare, Sweden); a 10–500 mM imida-
zole gradient in a 50 mM potassium phosphate buffer, 
pH 8.0, containing 0.05 mM PLP was used for MGL elu-
tion. Fractions with the characteristic spectra of py-
ridoxal 5’-phosphate-dependent enzymes with λ

max
 at 

420 nm were obtained at an imidazole concentration of 
25–155 mM. cultivation of the biomass of E. coli BL21 
(De3) cells containing a plasmid with the MGL gene 
from C. freundii and purification of the enzyme was 
carried out as per [17]. the concentrations of the pu-
rified preparations were determined using the coef-
ficient А

1%
278 = 0.8 [17]. the purity of the preparations 

was evaluated using electrophoresis under denatur-
ing conditions according to the Laemmli method [18]. 
the bands in the electrophoregrams were identified 
by coomassie r-250 staining [19] and Western blot-
ting using the poly-histidine fragment HisProbe-HrP 
reagent (thermo scientific, rockford, IL, uSA) [20]. 

the activity of the preparations in the γ-elimination 
reaction was determined by the rate of formation of 
α-ketobutyric acid in the coupled reaction with D-2-
hydroxy isocaproate dehydrogenase under the condi-
tions described in [17]. One unit of enzyme activity was 
defined as the quantity of MGL catalyzing the forma-
tion of 1.0 µM/min α-ketobutyrate at 30°c. the specific 
activities of the enzyme from C. tetani, C. sporogenes, 
P. gingivalis and C. freundii were 16.6, 12.8, 5.0, and 
10.2 u/mg, respectively.

cleavage of the His-tag fragment was performed in 
a reaction with thrombin. the reaction mixture (1 ml) 
containing 10 mg of the enzyme in a 50 mM potassium 
phosphate buffer, pH 8.0, 1 mM Dtt, 0.05 mM PLP, 
and 100 units of thrombin were incubated for 24 h at 
4°c. the product was then purified by gel filtration on a 
Superdex 200 column (Ge Healthcare, Sweden) equili-
brated with a 50-mM potassium phosphate buffer, pH 
8.0, containing 1 mM Dtt and 0.05 mM PLP. the ho-
mogeneity of the preparation was determined by elec-
trophoresis under denaturing conditions.

Determination of the oligomeric composition of 
MGL from C. tetani, C. sporogenes, and P. gingivalis
the molecular weights of the enzymes from C. teta-
ni, C. sporogenes, and P. gingivalis were determined 
for the enzymes containing His-tag, and after the 
thrombin-facilitated cleavage of the tag, followed by 
gel filtration on a Superdex 200 10/300 GL column (Ge 
Healthcare, Sweden). A 50 mM potassium phosphate 
buffer, pH 8.0, containing 0.05 mM PLP and 1 mM Dtt 
was used for elution.

Determination of the steady-state kinetic 
parameters of the γ- and β-elimination reactions
the steady-state parameters of the γ-and β-elimination 
reactions were determined by the formation rate of 
α-ketobutyric and pyruvic acids in coupled reactions 
with D-2-hydroxy isocaproate dehydrogenase and 
lactate dehydrogenase under the conditions described 
in [17] by varying the substrate concentrations in the 
reaction mixtures. the data were processed according 
to the Michaelis–Menten equation using the enzfitter 
software program. the molecular weights of the en-
zyme subunits with allowance for His-tag (which were 
equal to 44.04, 44.36, an 44.08 kDa for MGL from C. teta-
ni, C. sporogenes, P. gingivalis, respectively) were used 
in the calculations.

Evaluation of in vitro cytotoxicity 
the cytotoxic activity of MGL of various origins was 
evaluated for the Fisher L5178y lymphadenosis cell 
line (a collection of tumor strains from the n.n. Blokhin 
cancer research center), Pc-3 and Lncap human 
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prostate cancer cell lines (Atcc, uSA), the McF7 hu-
man breast cancer cell line (Atcc , uSA), K562 chronic 
erythroblastic human leukemia cell line (Atcc, uSA), 
and the SKOV-3 human ovarian cancer cell line (a col-
lection of tumor strains from the n.n. Blokhin cancer 
research center). cells were cultured at 37°c and 5% 
cO

2
 in the rPMI 1640 medium (Paneco, russia) con-

taining 10% of fetal bovine serum (Hyclone Laborato-
ries, uK), 2 mM L-glutamine, and 100 u/ml of penicil-
lin and streptomycin (Paneco, russia). the cells that 
reached the logarithmic growth phase were passed 
into 96-well flat bottom microplates (costar, uSA) 
– (4-6) × 104 cells per well – and pre-incubated for 
24 h prior to the addition of the test enzymes under the 
abovementioned conditions. Light microscopy of the 
cells was carried out using an AxioVision 4 system (carl 
Zeiss, Germany). cell viability was determined using 
trypan blue dye exclusion staining (Paneco, russia). 
cell count was determined in the Goryaev chamber.

the MGL preparations in the rPMI 1640 medium 
in a wide range of progressively decreasing concentra-
tions were added in the wells with the cell culture and 
co-incubated for 72 h. In addition to MGL, the culture 
medium contained 5 × 10-4 M PLP. the range of enzyme 
concentrations in the culture medium corresponded 
to 0.000001–6.2 u/ml. An equal volume of the rPMI 
1640 medium with PLP was added in the control wells. 
the level of cell metabolism following the incubation 
period was determined using a standard Mtt colori-
metric assay [21]. the optical absorption of the dime-
thyl sulfoxide colored solutions was measured using 
a Multiskan MS plan-table photometer (Labsystems, 
Finland) at λ = 540 nm. the viability of a cell culture 
after co-incubation with test substances was evaluated 
using the following formula: (N

о
/N

c
) × 100%, where N

o
 

is the optical absorbance in the test samples and N
c
 is 

the optical absorbance in the control sample. the non-
linear regression method was used to calculate the in-
hibitory concentration of each enzyme in the medium; 
i.e., the concentration that caused a 50% reduction in 
the number of viable cells (Ic

50
).

Statistical data analysis
the data were processed using the SPSS 11.5 software 
package. the relationships between Ic

50
 and K

м
 were 

studied using the Pearson correlation analysis. the cor-
relation coefficients were calculated for the grouped cy-
totoxicity data in various cell lines and for the ungrouped 
data. In the former case, the correlation analysis includ-
ed the geometric mean of Ic

50
 for various cell cultures. In 

the latter case, the cytotoxicity was individually assessed 
using each cell line; the data were pre-logarithmized for 
the symmetrization of the distribution law.

One-way AnOVA test was used to compare the cyto-
toxicity of the enzymes from C. freundii, C. sporogenes, 
and C. tetani. An analysis of the logarithmized data was 
conducted, since the dispersions of Ic

50
 in the groups 

varied considerably. the mean values ± SD – arith-
metic mean and standard deviation; geometric mean 
(antilog of the logarithmic means); р

AnOVA
= 0.005 – sta-

tistical significance of the differences according to the 
data from the analysis of the variance in general were 
calculated. the statistical significance of the differences 
in the cytotoxic activity of various enzymes was evalu-
ated using the tukey method.

RESULTS AND DISCUSSION

Kinetic parameters of MGL from 
three pathogenic bacteria
We determined the steady-state kinetic parameters 
of MGL from three sources in the γ-elimination reac-

Table 1. Kinetic parameters of MGL from various sources*

Substrate
MGL from P. gingivalis MGL from C. tetani MGL from C. sporogenes MGL from C. freundii**

k
cat

,
s-1

К
m

,
mM

k
cat

/K
m

, 
M-1s-1

k
cat

, 
s-1

K
m

,
mM

k
cat /

K
m

, 
M-1s-1

k
cat

,
s-1

K
m

,
mM

k
cat /

K
m

, 
M-1s-1

k
cat

, 
s-1

K
m

, 
mM

k
cat /

K
m

,
, 

M-1s-1

L-Met 3.9 1.77 2.2×103 12 0.947 1.27×104 9.86 0.432 2.28×104 6.2 0.7 8.85×103

S-et-L-Hcy 3.84 0.93 4.13×103 5.89 0.545 1.08×104 7.05 0.278 2.54×104 6.78 0.54 1.26×104

L-Met(SO) 5.05 12.22 4.13×102 2.7 7.07 3.82×102 6.7 33.51 2.0×102 2.52 6.21 4.06×102

S-et-L-cys 8.05 2.17 3.71×103 7.08 0.72 9.83×103 6.3 0.358 1.76×104 5.03 0.17 2.96×104

S-Bzl-L-cys 5.8 1.47 3.94×103 8.5 0.766 1.11×104 10 0.348 2.87×104 8.16 0.18 4.53×104

* The mean squared error of the experiment in the determination of the kinetic parameters did not exceed 10%.
** Data from [16, 17].
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tion for three substrates: L-methionine, L-methio-
nine sulfoxide, S-ethyl-L-homocysteine, and in the 
β-elimination reaction for two substrates – S-ethyl-
L-cysteine and S-benzyl-L-cysteine. the data are pre-
sented in table 1 in comparison with the parameters 
for the MGL from C. freundii.

In general, the kinetic parameters for the three en-
zymes and MGL isolated from C. freundii were compa-
rable. the enzyme from C. sporogenes is characterized 
by the highest catalytic efficiency in comparison with 
other enzymes (к

cat
/К

m
 value) in the reaction with the 

physiological substrate, and the enzyme from P. gin-
givalis is characterized by the lowest catalytic activ-
ity. As mentioned above, antitumor activity was previ-
ously determined primarily for MGL from P. putida 
[22, 23]. the k

cat
, K

m
, k

cat
/K

m 
values for the γ-elimination 

reaction of L-methionine for MGL from this source 
are equal to 25.39 s–1, 0.92 mmol, and 2.76 × 104 М-1s-1, 
respectively [24]; i.e., the enzyme from C. sporogenes 
is characterized by a higher affinity to L-methionine 
than MGL from P. putida, but their catalytic efficiency 
is virtually identical.

Oligomeric structure of the recombinant proteins
It has previously been demonstrated that MGL from 
P. putida exists in solutions as a tetramer [25]. the X-
ray diffraction analysis data for the recombinant MGL 
from C. freundii also indicated that the enzyme exists 
as a tetramer [26].

two major bands have been revealed in the electro-
phoregrams of denatured preparations from C. sporo-
genes, C. tetani, and P. gingivalis. the first band with 
respect to the molecular weight corresponds to the 
MGL subunit; the second band is twice as large as the 
first one (Fig. 1A). Both of these bands interacted with 
the His-tag reagent (Fig. 1B). the bands corresponding 
to the dimeric form of MGL could form either during 

the oxidation of the sulfhydryl groups of MGL under 
the conditions of Laemmli electrophoresis, or their for-
mation could be attributed to the His-tag. In most cases, 
the presence of the His-tag at the n-or c-terminus of 
the recombinant proteins did not affect their structure 
and function [27]; however, data on the influence of 
the His-tag on the structure and function of proteins 
are available. thus, it has been demonstrated [28] that 
the presence of the His-tag at the c-terminus restores 
the ability of the mutant form of the DnA binding pro-
tein π30.5 to form dimers, as opposed to the wild-type 
protein that is incapable of dimerization. the presence 
of the His-tag at the n-terminus of galactitol-1-phos-
phate 5-dehydrogenase reduced the enzyme’s stability 
and resulted in aggregation of dimeric molecules [29].

It can be presumed that the presence of the MGSSH-
HHHHHSSGLVPrGSH sequence at the n-termini of 
the polypeptide chains of MGL from C. sporogenes, 
C. tetani and P. gingivalis affects the oligomeric organi-
zation of the enzymes.

the molecular weights of the native MGL prepa-
rations from the three sources mentioned above and 
C. freundii were determined by gel filtration. It was 
established that all the enzymes, independent of their 
source, are characterized by a tetrameric form. Fig-
ure 2 shows the data on the gel filtration of MGL from 
C. sporogenes. It was demonstrated that the molecular 
weights of the preparations from C. sporogenes, C. teta-
ni and P. gingivalis after cleavage of the His-tag by 
thrombin are all equal approximately to 170 kDa, which 
corresponds to the tetrameric form. It should be noted 
that the oligomeric form was identified in the MGL 
preparation from C. tetani (characterized by the physi-
ological activity of MGL) with a molecular weight of 
approximately 258 kDa. no dimeric forms were detect-
ed in the electrophoregrams of any of the preparations 
(Fig. 3), which excludes the aforementioned possibility 

Fig. 1. Electrophoresis 
(a) and western blot 
(b) of MGL from vari-
ous sources.  
1 – standard  molecular 
weight markers,  
2 – C. freundii MGL, 
3 – P. gingivalisMGL, 
4 – С. sporogenes 
MGL, 5 – C. tetani 
MGL

А B

40 kDa

1 2 3 4 5

86 kDa

43 kDa

2 3 4 5
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that they form during the oxidation of the sulfhydryl 
groups of MGL under standard conditions of Laemmli 
electrophoresis. therefore, the dimeric form of MGL is 
observed exclusively during the gel electrophoresis of 
denatured preparations from three sources containing 
a His-tag at the n-termini of polypeptide chains.

According to the X-ray diffraction analysis data, 
a tetrameric molecule of MGL from C. freundii con-
sists of two catalytic dimers, each possessing two ac-
tive sites  formed by the residues of two subunits. the 
n-terminal domains of each subunit participate in the 
formation of a dimer, generating multiple hydrogen 
bonds with the residues of the c-terminal domain of 
the adjacent subunits and in the association of two 
catalytic dimers as they come into contact with the 
residues of the two c-terminal domains of the sec-
ond catalytic dimer (Fig. 4) [26]. It is possible that the 
n-terminal His-tag present in the molecules of MGL 
from C. sporogenes, C. tetani and P. gingivalis forms 
additional bonds with residues of the c-terminal do-
main of the catalytic dimer and with the c-terminal 
residues of two subunits of the second catalytic dimer; 
thus, dimerization of the subunits can occur in dena-
tured preparations.

the specific activity of the MGL preparations from 
C. sporogenes, C. tetani, and P. gingivalis determined 
after the cleavage of the His-tag by thrombin in the 
γ-elimination reaction of L-methionine turned out to be 
1.5 times higher. the 50% increase in the specific activ-
ity of the preparations cannot be attributed exclusively 
to their minor additional purification after the treat-
ment with thrombin. It is possible that the presence of 
a His-tag affects MGL activity.

In order to explain the variability in the catalytic 
efficiency of the enzymes and probable influence of 
the His-tag localized at the n-terminal regions of the 
polypeptide chains of the MGL from C. sporogenes, 
C. tetani, and P. gingivalis on enzyme activity, further 
investigations involving an X-ray diffraction analysis 
are required.

Cytotoxicity of methionine γ-lyase from 
C. freundii, C. sporogenes and C. tetani
the calculated Ic50

 values for MGL of various origins on 
a panel of cell cultures are presented in table 2. Pc-3 
prostate cancer and K562 human chronic erythroblas-
tic leukemia cell cultures were the ones most sensitive 
to the action of the enzymes; their Ic

50
 values were 

Fig. 3. Electro-
phoresis of С. 
sporogenes 
MGL. 1 – enzyme 
with His-tag frag-
ment, 2 – enzyme 
after thrombin de-
tachment of His-
tag, 3 – standard 
molecular weight 
markers

40 kDa

1 2 3 
Fig. 2. Gel filtration of С. sporogenes MGL. The column 
was calibrated using standard markers: their molecular 
weights are shown in the figure
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Table 2. IC
50 

of MGL for several tumor cell cultures

cell 
culture

Ic
50 

of MGL, u/ml

С. freundii C. sporogenes C. tetani

K562 1.3 0.9 0.4

Pc-3 0.1 0.4 –

Lncap > 2.9 > 2.9 >6.2

McF7 0.5 0.04 3.2

L5178y 1.7 > 2.9 –

ScOV-3 – – 5.3
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0.1–0.4 and 0.4–1.3 u/ml, respectively. Lncap prostate 
cancer cells were the least sensitive: in the investigated 
concentration range, the Ic

50
 value could not be deter-

mined for any of the enzymes. the sensitivity of K562 
and McF7 cells to the action of MGL is characterized 
by a significant variability.

the results obtained are indicative of the relatively 
high sensitivity of most of the cells that had been in-
vestigated to the action of MGL. thus, the cytotoxicity 
of MGL is comparable to that of the other known en-
zymes, in particular, L-asparaginase from E. coli: with 
respect to the K562 and McF7 cell cultures, the Ic

50
 

values for L-asparaginase from E. coli are equal to 0.8 
and 10.9 u/ml, respectively [30]. the cytotoxicity level 
closest to that of MGL from P. putida was observed for 
the corresponding enzyme from C. sporogenes.

Fig. 4. Tetramer of C. freundii MGL. The subunits are 
marked using different colors, active sites are shown in 
pink, and the contact region between catalytic dimers is 
shown in yellow

there is a statistically substantiated hypothesis re-
garding the direct dependence of the antitumor ef-
fect of the preparations whose effect is based on the 
destruction of another amino acid, L-asparagine (L-
Asparaginase) [31, 32]. In connection to this, the con-
tribution of enzymatic activity to the materialiation of 
the cytotoxic effect of MGL is of considerable interest. 
A statistical analysis of the grouped data on the de-
pendence of MGL cytotoxicity on K

m 
for various sub-

strates revealed no relationships between these param-
eters. However, a tendency has been noted towards a 
positive relationship between K

m
 with respect to L-me-

thionine and Ic
50

 (r = 0.549, p = 0.100), which indirectly 
supports the existence of a relationship between enzy-
matic reduction of the methionine level in the medium 
and cytotoxic activity.

the identified tendency towards an increase in Ic
50

 
with increasing K

m
 may allow one to cautiously assume 

the probability of an increase in MGL cytotoxicity with 
increasing affinity to L-methionine. this does not con-
tradict the existing concept regarding the enzymes 
used in oncology as medicinal products, whose antitu-
mor effect is associated with increased sensitivity of 
cancer cells to the lack of amino acids.

CONCLUSIONS
the determination of the kinetic parameters and cyto-
toxic activity of MGL from three bacterial sources dem-
onstrated that the enzyme from C. sporogenes shows 
promise and requires further research. It is character-
ized by a minimal K

m
 value as compared to the other 

investigated enzymes and the highest cytotoxicity ap-
proaching that of MGL from P. putida.

the results obtained for the K562, McF7, and Pc-3 
cell cultures allow one to consider further research into 
the in vivo antiproliferative activity of MGL and in 
vitro research into an extended panel of cell cultures 
as rather promising; there is a possibility of using the 
enzyme to design a novel antitumor agent. 
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ABSTRACT Alcohol abuse is one of the main reasons behind the low life span in Russia. Both social and genetic 
factors affect the alcohol consumption level. The genetic factors are alleles of the alcohol dehydrogenase ADH1B 
and aldehyde dehydrogenaseALDH2 genes. We have typed and found frequencies for the alleles in a cohort of 
642 men, ethnic Russians. The individuals of the cohort were asked to complete a questionnaire in the frame-
work of the Izhevsk Family Study (Leon et al., 2007, 2009) regarding the amount of alcohol consumed and on the 
type of hazardous alcohol consumption (nonbeverage alcohol consumption and the so-called “zapoï” which is 
a Russian term for a heavy drinking bout lasting for at least 2 days, when an individual is withdrawn from the 
normal social life). The ADH1B*48His allele was found among heterozygous individuals only (N=68, 10.6% of the 
cohort). The ALDH2*504Lys allele was also found among heterozygous individuals only (N=2, 0.3%) The effect 
of ADH1B alleles and the influence of the education level on the amount and type of alcohol consumed had not 
previously been studied in Russians. We have found that the amount of consumed alcohol is 21.6% lower (1733 g 
of ethanol per year) for ADH1B*48His allele carriers in the cohort of Russian men. The amount of consumed 
alcohol was found to be 9.8% lower (793 g of ethanol per year) in the case when individuals had a higher educa-
tion as compared to those who had a secondary- or elementary school education level in the same cohort. Hence, 
the protective effect of the genetic factor (ADH1B*48His allele carriage) has proven to be more pronounced than 
the influence of the social factor (education level) at the individual level in the cohort of Russian men. Both 
factors have also proven to have a protective effect against hazardous types of alcohol consumption. Zapoï was 
not scored among individuals of the cohort with ADH1B*48His allele carriage (OR=12.6, P=0.006), as compared 
to 8.4% of “zapoï” individuals who did not carry the ADH1B*48His allele (genotype Arg/Arg).The percentage 
of individuals who consume non-beverage alcohol is lower (0.6%) in the subcohort of people with a higher edu-
cation degree. This percentage is higher (6.0%, OR=10.0, P=0.004) in the subcohort of people without a higher 
education degree.
KEYWORDS alcohol consumption level; genetic polymorphisms; ADH1B gene; social factors.
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INTRODUCTION
Alcohol abuse is admittedly one of the main causes be-
hind the low life span in russia. It is responsible, either 
directly or indirectly, for up to 60% of the deaths oc-
curring to non-elderly males in russian populations 
[nemtsov, 2001; Andreev et al., 2008; Leon et al., 2009; 
Zaridze et al., 2009].

exogenous ethanol is metabolized in humans pre-
dominantly by liver enzymes, alcohol dehydrogenase 
(ADH) and aldehyde dehydrogenase (ALDH), which 
are responsible for the sequential oxidation of up to 90% 
of consumed alcohol. Another alcohol oxidation route is 
driven by microsomal cytochrome P450 that converts 
about 9% of exogenous alcohol; peroxisomal catalase 
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also has a minor contribution of about 1% [Ostrovsky, 
Sadovnik, 1984; Halej, Berndt, 1987; Luzhnikov, 1994].

Seven ADH genes characterized by distinct tissue- 
and age-specific expression patterns have been identi-
fied in the human genome [edenberg, 2000]. the first 
step of exogenous ethanol oxidation is accomplished 
predominantly by the ADH1B-encoded enzyme. A sin-
gle nucleotide polymorphism in this gene corresponds 
to an Arg48His amino acid substitution that influences 
enzyme velocity, so that the histidine-containing iso-
form (corresponding to ADH1B*48His) is 100 times 
more active than the arginine-containing one (corre-
sponding to ADH1B*48Arg) [Jornvall et al., 1984; Mat-
suo et al., 1989].

Acetaldehyde formed by ADH from ethanol is con-
sequently oxidized to acetate by ALDH. up to 95% of 
acetaldehyde is converted into acetate by mitochondri-
al ALDH encoded by ALDH2 [Goedde et al., 1987; Hsu 
et al., 1988]. A single nucleotide polymorphism in this 
gene corresponds to a Glu504Lys substitution, which 
yields an inactive protein in homozygous individuals. 
Moreover, since ALDH functions as a homotetramer 
with one dysfunctional subunit inactivating the en-
tire complex, heterozygous persons possess only about 
6% of the ALDH activity characteristic of 504Glu ho-
mozygous humans [crabb et al., 1989].

the observable toxic effect of consuming large 
amounts of exogenous alcohol is caused not by alco-
hol itself but by its primary metabolite, acetaldehyde 
[Halej, Berndt, 1987]. For ALDH2*504Lys carriers, con-
sidering his or her low acetaldehyde detoxication rate, 
a drinking bout may lead to high blood acetaldehyde 
levels. Hence, the toxic effects of alcohol consump-
tion for these individuals are much more pronounced 
[Gelernter, 2009]. therefore, heterozygous carriers of 
ALDH2*504Lys consume less alcohol and are at lower 
risk of alcohol dependence than those lacking this al-
lele [Wall et al., 2000; Kim et al., 2008]. A similar pro-
tective effect, although less pronounced, was shown 
for the ADH1B*48His allele both in combination with 
ALDH2*504Lys for Japanese and Korean populations 
[Matsuo et al., 2006; Kim et al., 2008] and on its own for 
white Americans and Australians [Sherva et al., 2009; 
Macgregor et al., 2009]. For russian populations, there 
is still no evidence that these alleles affect the levels of 
alcohol consumption.

the ALDH2*504Lys allele frequency in Asian popu-
lations varies from 40% in east Asia to less than 1–2% in 
central Asia. the allele is virtually absent in european 
populations, and among all the examined russians, only 
one individual was shown to be an heterozygous carrier 
of ALDH2*504Lys [Li et al., 2009]. the ADH1B*48His 
allele frequency is also very high for east Asia (70%). 
In europe it varies between less than 1% and 8–10%. 

In russia, ADH1B*48His carriers were shown to con-
stitute from 5% to 15%, which corresponds to an allele 
frequency of 2.5–8% [Borinskaya et al., 2009].

In this study, we focused on specific alcohol con-
sumption patterns characteristic of russian males with 
ALDH2*504Lys and the ADH1B*48His alleles.

MATERIALS AND METHODS
Blood samples of 642 russian males aged 22 to 59 col-
lected during the 2008–2009 Izhevsk Family Study 
program [Leon et al., 2007; Andreev et al., 2008] were 
used as material for this study. the probes were sup-
plemented with biochemical and immunological assay 
data. the corresponding questionnaire forms (includ-
ing the fields’ ethnicity, educational status, and alcohol 
consumption habits) were filled out by the individuals 
and their relatives under the supervision of competent 
personnel trained for the Izhevsk Family Study pro-
gram [Leon et al., 2007; Andreev et al., 2008].

the participants were questioned on the amounts 
of consumed alcoholic beverages and how often they 
drank them. the individual annual volume of pure 
ethanol was inferred from data on the periodicity of 
intake, beverage volume, and alcohol content. the 
ethanol content of the beverages available in Izhevsk 
was taken as stated on labels. the alcohol content of the 
vodka sold in the city was measured independently us-
ing conventional laboratory techniques (see table 1 for 
specific alcohol consumption characteristics).

Table 1. Alcohol consumption indices among Russian men 
in Izhevsk 2008-2009

Alcohol consumption number of 
individuals (%)

total persons 642 (100%)

Abstainers (a year before the survey) 83 (12.9%)

       - former consumers 80 (12.5%)

       - lifelong abstainers 3 (0.5%)

Alcohol consumed weekly 322 (50.2%)

       - including daily consumption 44 (8.9%)

Individuals had at least one zapoï episode 
during the past year 48 (7.5%)

nonbeverage alcohol consumers* 30 (4.7%)

*Nonbeverage alcohol means an alcohol containing liquid 
not supposed to be used for drinking purpose (eau-de-
Cologne, pharmaceutical alcohol containing tinctures, 
alcohol containing liquids used for technical needs, etc.).
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Genomic DnA from the blood samples was puri-
fied with the QIAmp DnA Blood Mini Kit (QIAgen). 
the genotyping assays for ADH1B*Arg48His and 
ALDH2*Glu504Lys were based on the duplex four-
primer Pcr design [tamakoshi et al., 2003].

Descriptive statistics and a multiple regression 
analysis were performed using the StAtIStIcA 6.0 
software. Intergroup variances were estimated by the 
non-parametric Mann-Whitney test. Odds ratio (OR) 
calculations and the Fisher’s exact test for significance 
were performed using the WinPepi program [avail-
able at www.brixtonhealth.com/pepi4windows.html; 
Abramson, 2004].

the contribution of the genotype (D) and other fac-
tors (I) to alcohol consumption was calculated according 
to the formula:
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where D is the relative risk for Arg/Arg genotype car-
riers,  –x

i
  is the average level of alcohol consumptions 

for the i -genotype, n
i 
 is the number of i-genotype car-

riers, and I is the input of the factor  influencing the 
level of alcohol consumption in the group.

RESULTS AND DISCUSSION
the alcohol consumption indexes for the given sam-
ple are presented in table 1. the average index of pure 
ethanol consumption is 6765±364 g per individual per 
year, excluding nonbeverage alcohol consumers. Sur-
prisingly, it is approximately twice as low as the aver-
age pure ethanol consumption per individual in russia 
[24]. the discrepancy can be explained by at least two 
factors: i) the share of heavy drinkers among young 
people in the group is rather low; ii) the amount of al-
cohol consumption depends on the type of registration 
in the questionnaire [25]. the amount of alcohol scored 
by the period type of registration (over a month) shows 

a twofold lower level of consumption as compared to 
the day-by-day type of registration for russians [26].

According to the questionnaire-based estimates, one 
half of the total amount of alcohol drunk is attributed 
to 14% of the sample. the distribution of individual 
consumption values (related to the integral sample con-
sumption) in subgroups ranging by consumption level 
from the maximal to the minimal is presented in Fig.1.

All individuals in the sample were genotyped for 
the ADH1B*Arg48His and ALDH2*Glu504Lys poly-
morphisms. Heterozygous ADH1B*48His carriers con-
stituted 10.6% of the sample; no homozygous carriers 
were identified (table 2). the distribution of genotype 
frequencies corresponded to the Hardy-Weinberg equi-
librium distribution. the total ADH1B*48His allele fre-
quency in the sample (5.2%) corresponded to the data 
obtained for the previously studied russian samples 
[Borinskaya et al., 2009].

Since only two individuals in the sample were identi-
fied as ALDH2*504Lys heterozygous carriers (0.16% al-
lele frequency), the allele was eliminated from further 
analysis. the individuals who consumed nonbeverage 
alcohol were excluded from the analysis, since it was 
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Fig. 1. Share of consumed alcohol in 10 subgroups (53 
men in each group) ranked by the alcohol consumption 
level. Abstainers are excluded; nonbeverage alcohol 
consumers are excluded

Table 2. ADH1B*Arg48His allele and genotype frequencies

Genotype frequencies (number of individuals) Allele frequencies (SD)
c2

(p-value)
Arg/Arg Arg/His His/His G A

0.894 (574) 0.106 (68) 0 0.947+0.008 0.053+0.008 2.01
(0.157)
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impossible to estimate the amount of pure alcohol con-
sumed in that case.

the ADH1B*48His allele association with the level of 
alcohol consumption was analyzed using two approach-
es: between-group comparison of the allele frequency 
(ranged by consumption values); comparison of con-
sumption values for ADH1B*48His and ADH1B*48Arg 
genotyped individuals in the sample stratified by age.

For the first approach, the total sample was subdi-
vided into 4 groups (table 3). One group included all 
nonbeverage alcohol consumers (30 individuals); anoth-
er group included people who reported consuming no 
alcohol for at least a year (83 individuals). the remain-
ing alcohol consumers (529 individuals) were ranked by 
the alcohol consumption level and subdivided into two 
nearly equal subgroups (table 3): one having a higher 
consumption level (“heavy drinkers,” 264 individuals) 
and the other having a lower consumption level group 
(“moderate drinkers,” 265 individuals).

the ADH1B*48His allele carriage frequency in the 
“moderate drinkers” subgroup was found to be 13.4% 
as compared to 8.7% in the “heavy drinkers” subgroup. 
the result does not contradict the hypothesis on the 
protective role of the ADH1B*48His allele against a 
high level of alcohol consumption; however, the result 
is not quite statistically valid (p=0.074, two-tail Fisher 
test).

carriers of the ADH1B*48His allele in the “no alco-
hol consumption” group constituted 8.4%. As long as all 
but three individuals in this group indicated drinking in 
the past, a plausible cause of drinking cessation at least 

for part of this group could be related to health prob-
lems. this assumption is supported, in particular, by an 
increased occurrence of Treponema pallidum reactive 
antibodies in the blood samples of this group. the anti-
bodies were detected in 4 of 83 individuals in the “no al-
cohol” group (4.8%) as compared to 3 of 264 “moderate 
drinkers” (1.1%) and 5 (1.9%) of 265 “heavy drinkers.” 
A more detailed analysis of individual reasons for the 
cessation could be of interest.

Only one carrier of the ADH1B*48His allele was 
identified (3.3%) among the non-beverage alcohol con-
sumers.

the groups also differed by the educational status 
of individuals (table 3). Among the total sample, 158 
individuals (24.6%) possessed a degree in higher educa-
tion. the percentage of individuals with higher edu-
cation was 33.6% and 22.3% for “moderate drinkers” 
and “heavy drinkers,” respectively. this difference is 
statistically significant (Or=1.72, p=0.007 by two-tailed 
Fisher’s test); i.e., a degree in higher education is less 
frequently accompanied by heavy drinking habits as 
compared to lack of a degree.

In the abstainer group, the percentage of individu-
als with a degree in higher education was 9.6% of the 
group, which was less than in both previous groups 
(table 3). this difference is statistically significant 
(p<0.02). taking into account the lower probability of 
heavy drinking for individuals with higher education, 
the smaller percentage of individuals having a degree 
in higher education in the “abstinent” group may be re-
garded as an indirect indication of excessive consump-

Table 3. ADH1B*48His carrier frequency and higher education level at different alcohol consumption levels

Alcohol consumption level and style total number of 
individuals

Mean alcohol  
consumption 

level (g of ethanol 
per person per 

year)

ADH1B*48His 
carrier frequency 

% (n)

High education 
level % (n)

Higher level of alcohol consumption 264 13517 8.7%  (23) 22.3% (60)

Lower level of alcohol consumption 265 2162 14.0% (37) 33.6% (89)

Abstainers 83 0 8.4% (7) 9.6% (8)

nonbeverage alcohol consumers 30 not determined 3.3% (1) 3.3% (1)

total: 642 -- 10.6% 24.2% (158)

At least one zapoï episode during the past year 48 15984 0 18.8% (9)

no zapoï episodes during the past year 574 7278 11.8% (68) 24.4% (140)

total 642

Note. Number of individuals is given in parentheses.
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tion in the past as one of the reasons for cessation. this 
consideration is also supported by weaker representa-
tion of the ADH1B*48His allele carriers in this group 
(8.4%) that is virtually equal to their representation in 
the “heavy drinkers” group (8.2%).

In the nonbeverage alcohol consumer group, only 
one out of 30 individuals (3.3%) declared having a de-
gree in higher education.

Alcohol consumption levels with relation to genotype 
were determined for the total sample and also sepa-
rately for different age groups. the ADH1B*48His allele 
carriers consume 1,749 g of ethanol per year less (21.8%) 
than individuals lacking this allele (ADH1B*48Arg/Arg 
genotype). the differences in alcohol consumption 
levels were observed for all age groups; however, the 
statistical significance is compromised (Fig. 2) either 
due to the inconsistency of the effect or to the small 
sample size. Since a similar effect of reduced alcohol 
consumption levels was previously described for other 
populations on bigger samples (e.g., for Japanese [Mat-

suo et al., 2006] and for caucasian groups [Sherva et al., 
2009; Macgregor et al., 2009]), it is reasonable to assume 
that the effect is genuine and statistical significance 
for russian males can also be achieved by increasing 
sample size. the reduced alcohol consumption deter-
mined for russian ADH1B*48His carriers in the cur-
rent study is close to the published data for other popu-
lations; e.g., alcohol consumption was reduced by 18% 
for white American ADH1B*48His carriers [Sherva 
et al., 2009]. For white Australians, the similar effect 
varied between 20 and 50% depending on the absolute 
individual alcohol consumption level (more pronounced 
for heavy drinkers) [Macgregor et al., 2009]. A similar 
reduction in the amounts of consumed alcohol for Japa-
nese ADH1B*48His carriers was found to depend on 
the ALDH2*Glu504Lys background. For the 504Glu/
Glu genotype (normal acetaldehyde detoxication), the 
presence of ADH1B*48His was found to reduce alcohol 
consumption by 7.1%. For the 504Glu/Lys genotype 
(impeded acetaldehyde detoxication), this level was re-
duced by 48.1% [Matsuo et al., 2006].

We found it interesting to compare the effect of the 
educational status of an individual with the “protec-
tive effect” of the ADH1B*48His allele. the analysis in-
cluded data for the entire year prior to the survey. An 
analysis of the ratio of standardized regression Beta co-
efficients (table 4) has revealed that alcohol consump-
tion in ADH1B*48His allele carriers is 1.6-fold lower as 
compared to the previously described effects of higher 
education levels. 

the average alcohol consumption (calculated as pure 
ethanol) was 813 g (10%) lower per year for men with a 
degree in higher education as compared to those with-
out a degree. Individuals consuming nonbeverage al-
cohol were excluded from the analysis. Meanwhile, the 
carriers of the “protective allele” ADH1B*48His had 
on average consumed 1,749 g (21.8%) less ethanol per 
person per year (table 5). the effects of these factors 
were similar at the population level. Alcohol consump-
tion was 2.5% lower for the ADH1B*48His allele car-
riers and 2.8% lower for those with a degree in higher 
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Fig.2. Mean alcohol consumption level (g per person per 
year) in age groups for Arg/Arg and Arg/His genotype 
carriers

Table. 4. Regression analysis of the association between the alcohol consumption level and the ADH1B genotype and 
education level

Linear regression coefficients Beta* Se B Se p-value

Intercept 12864 1260 0.0000

ADH1B genotype (Arg/His vs. Arg/Arg) -0.073 0.043 -2113 1255 0.0929

education level (High vs. Low and Medium) -0.047 0.043 -971 884 0.2722

Note. Abstainers are excluded; nonbeverage alcohol consumers are excluded.
*Regression coefficients for standardized data.
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education (table 5). However, since the results were 
not statistically significant for the selected groups, we 
chose to compare our preliminary data with the results 
obtained for larger population groups.

the effects of genotype on the pattern of alcohol 
consumption were assessed by comparing the percent-
age of individuals with heavy drinking problems and 
individuals involved in the consumption of nonbever-
age alcohol among carriers of the ADH1B*48Arg and 
ADH1B*48His alleles (Fig. 3). no cases of zapoï have 
been detected and only one person was involved in the 
consumption of nonbeverage alcohol among the group 

of 68 russian males, ADH1B*48His allele carriers. On 
the contrary, these numbers were 8.1% (48 individuals, 
statistically significant difference, OR=12.6, P=0.006) 
and 5.1% (29 individuals, statistically non-significant), 
respectively, for the group of 574 ADH1B*48Arg/
Arg genotype carriers. Hence, in this population-
based randomly selected sample of russian men, the 
ADH1B*48His allele carriers appear to be protected 
against zapoï. Our data represent the first piece of evi-
dence of the influence of the ADH1B*48His allele on 
heavy drinking and nonbeverage alcohol consump-
tion behavior among russian men. A bigger size cohort 
needs to be studied in order to assess the details of this 
observation.

the earlier research data involving a group of rus-
sian men of different ethnic backgrounds has indicated 
that the percentage of individuals with a dangerous 
pattern of alcohol consumption is lower for individuals 
with a degree in higher education [2, 21, 27]. the fre-
quency of zapoï for russian men was 5.8% in the higher 
education subgroup as compared to 8.1% in the second-
ary and elementary education subgroups.

the higher the education level, the lower the fre-
quency of zapoï in the subgroup (table 6). the result is 
statistically valid. the conclusion was drawn from an 
analysis of bigger groups (combined group of 927 men 
consisting of individuals both with established and not 
established genotypes). the education level influences 
the nonbeverage alcohol consumption level as well. the 
percentage of nonbeverage alcohol consuming persons 
was higher in the subgroup of individuals without a 
high education degree (6.0%) as compared to 0.6% in 
the higher education subgroup (OR=10.0, P=0.004) 
(Fig. 3).

Table 5. Alcohol consumption level in relation to genotype and education level

Mean alcohol consumption  
(g per person per year)

Differences
(D)

contribution of a factor to 
lower alcohol consumption in 

the cohort (I)

ADH1B*Arg48His genotype

Arg/Arg
(469 individuals)

Arg/His
(60 individuals) Arg/His vs. Arg/Arg

8041 6292 21.8% 2.5%

education level

Low and Medium
(380 individuals)

High
(149 individuals) High vs. Low+Medium

8071 7259 10.1% 2.8%

Note. Abstainers are excluded; nonbeverage alcohol consumers are excluded.
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Table 6. Association of the incidence of zapoï during the previous year in drinkers and their education level

Did a person have any zapoï episodes 
during the previous year?

education level (n, %)
totalIncomplete

secondary Secondary Higher

Yes 5
12.20

62
9.31

9
4.09

76
8.20

no 36
87.80

604
90.69

211
95.91

851
91.80

total 41
100.00

666
100.00

220
100.00

927
100.00

Note. Pearson χ2 = 6.8939   Pr = 0.032.

the comparison of the “protective effects” of higher 
education and presence of the ADH1B*48His allele in-
dicates that “genetic protection” is more effective at 
the individual level, whereas both factors are equally 
effective at the group level, (tables 4 and 5).

It has been demonstrated that the ADH1B*48His al-
lele is associated with a lower risk of incidence of zapoï 
in russian males and with lower overall alcohol con-
sumption on average by 1,749 g (2186 ml) of pure etha-
nol per person per year. this effect is 2–3 times lower 
than that of the “dry law” campaign practiced in the 
late 1980s, which had lowered alcohol consumption to 
4–6 L per individual per year [28, 29]. the restriction of 
alcohol sales has an effect on the entire population. the 
established protective effect of the ADH1B*48His allele 

corresponds only to 10% of russian males. However, the 
frequency and significance of this allele may be high-
er in other ethnic groups of the russian Federation. 
Hence,  research into the effects of the ADH1B*48His 
allele on alcohol consumption in different ethnic groups 
in russia may be important. 
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ABSTRACT Silver nanoparticles (NPs), widely used in the manufacture of various types of consumer products and 
for medical applications, belong to novel types of materials that pose potential risks to human health. The poten-
tial negative effects of the influence of these NPs on reproduction are insufficiently researched. A quantitative 
assessment of the transfer of metallic silver nanoparticles through the placenta and breast milk was carried out 
during an in vivo experiment. We used 34.9 ± 14.8 nm in size silver NPs that were stabilized by low-molecular-
weight polyvinylpyrrolidone and labeled with the 110mAg radioactive isotope using thermal neutron irradiation 
in a nuclear reactor. [110mAg]-labeled NPs preparations were administered intragastrically via a gavage needle to 
pregnant (20th day of gestation) or lactating (14–16th day of lactation) female rats at a dose of 1.69–2.21 mg/kg 
of body weight upon conversion into silver. The accumulation of NPs in rat fetuses and infant rats consuming 
their mother’s breast milk was evaluated using a low-background semiconductor gamma-ray spectrometer 24 
and 48 hours following labeling, respectively. In all cases, we observed a penetration of the [110mAg]-labeled NPs 
through the placenta and ther entry into the mother’s milk in amounts exceeding by 100-1,000 times the sensi-
tivity of the utilized analytical method. The average level of accumulation of NPs in fetuses was 0.085–0.147% 
of the administered dose, which was comparable to the accumulation of the label in the liver, blood, and muscle 
carcass of adult animals and exceeded the penetration of NPs across the hematoencephalic barrier into the brain 
of females by a factor of 10-100. In lactating females, the total accumulation of [110mAg]-labeled NPs into the milk 
exceeded 1.94 ± 0.29% of the administered dose over a 48 h period of lactation; not less than 25% of this amount 
was absorbed into the gastrointestinal tract of infant rats. Thus, this was the first time experimental evidence of 
the transfer of NPs from mother to offspring through the placenta and breast milk was obtained.
KEYWORDS pregnancy, lactation, nanoparticles, radioactive tracer, silver, fetoplacental barrier.
ABBREVIATIONS FS – food supplement; GIT – gastrointestinal tract; MG – methodological guidelines; MDA – 
minimum detectable activity; NPs – nanoparticles; NMs – nanomaterials; PVP – polyvinylpyrrolidone; M – sam-
ple mean; m – standard error of the mean.

INTRODUCTION
Advances in the development of nanotechnology and 
the increase in the volume of production and practical 
application of artificial nanoparticles (nPs) and nano-
materials (nMs) have led to the belief that in the near 
future nPs could become a significant source of envi-
ronmental contamination. Among the most prominent 
nMs, special attention is focused on the silver nPs that 
are widely used in various types of consumer prod-
ucts (disinfecting agents, textiles, paint-and-lacquer 
materials, cosmetics, packaging materials, food sup-

plements) [1, 2] and for a variety of biopharmaceutical 
applications, including their use as antimicrobial [3, 4], 
anti-inflammatory agents [5] and as in vivo molecular 
nanodiagnostic tools [6]. However, silver nPs should 
also be regarded as a particular source of risks because 
of their potential toxicity to humans [7-15]. this par-
ticularly applies to those risks that are associated with 
the influence of nMs on a child’s organism as a result of 
their possible transfer across the placenta and through 
breast milk [16]. the possibility of a transfer of the nMs 
present in a mother’s diet or used by her as part of cos-
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metic products or household chemical products to her 
offspring cannot be excluded [17]. A quantitative evalu-
ation of such a transfer of nPs is necessary in order to 
gauge the potential risks of exposure of offspring to the 
silver nPs in their mother’s body and develop appro-
priate protective measures, including hygiene regula-
tion of consumer products. 

However, the very idea of a natural transfer of the 
nPs entering a mother’s body to her offspring has yet 
to be sufficiently investigated. this is due to the spe-
cific methodological difficulties associated with detect-
ing the presence of nPs in biological objects [18, 19]. An 
analysis of the methods used to detect nPs in biological 
samples, including electronic and atomic force micros-
copy, spectroscopic methods, chromatography, the use 
of fluorescent, spin, stable-isotope and other labels [18], 
has enabled to pinpoint the radioactive tracer technique 
as the optimal method. the latter is strictly quantita-
tive, highly sensitive, and enables a simple and graphic 
interpretation of the results related to nPs which do 
not undergo biotransformation and biodegradation in 
the body – gold, platinum, and silver nPs [20].

the present work contains a quantitative assessment 
of the transport of silver nPs through the placenta and 
breast milk on a model of pregnant and lactating female 
rats using [110mAg]-labeled nPs preparations.

ExPERIMENTAL

Experiment design
the study was conducted on pregnant and lactating 
Wistar rats at the clinic of laboratory animals of the 
Federal State Budgetary Institution “Institute of nu-
trition” of the russian Academy of Medical Sciences. 
During the preconception period and throughout the 
pregnancy and lactation, the females received the 
standard semi-synthetic diet according to [21]. the ges-
tation period of the females was 20 days following con-
ception; lactation period – on average 10–11 days after 
the birth of offspring. Pregnant rats received [110mAg]-
labeled silver nPs intragastrically through a gavage 
needle at a dose of 1.69 mg/kg of body weight (three fe-
males) and 2.21 mg/kg of body weight (four females) in 
the form of a dispersion in deionized water containing a 
non-toxic, non-absorbable in the gastro-intestinal tract 
(GIt) stabilizer of nPs – polyvinylpyrrolidone (PVP) 
with a molecular weight of 15-30 kDa. the rats were 
then placed into individual cages made of polystyrene. 
twenty-four hours following the administration of the 
preparation, the rats were subjected to deep anesthesia 
using diethyl ether, their abdominal cavities were dis-
sected, the rats were bled from the inferior vena cava, 
and the uterus with fetuses, the liver, and brain were 
collected. the fetuses were removed from the uterus 

and thoroughly washed to get rid of the amniotic fluid. 
thereafter, the fetuses, liver, and brain of the females 
were placed into vials made of high-purity polyethyl-
ene for gamma spectrometry. Precaution measures to 
avoid contamination of the organs and fetuses of the 
rats with nPs in other internal organs and blood were 
observed during sampling. 

In the experiment on lactating rats, five female spe-
cies nursing 9 infant rats each were administered a so-
lution of [110mAg]-labeled silver nPs intragastrically at a 
dose of 2.11 mg/kg of body weight. the rats were then 
returned to their individual cages made of polystyrene, 
where their offspring were located. According to the 
conditions of the experiment, the possibility of con-
sumption of female excrements (coprophagy) by infant 
rats was excluded. Forty eight hours after labeling, in-
fant rats nursed by the females were subjected to a le-
thal dose of diethyl ether by inhalation. they were then 
thoroughly washed to remove any traces of female ex-
crements from the fur; the skin with subcutaneous fat 
tissue was removed, and carcasses were placed into vi-
als for gamma spectrometry. the carcasses of the four 
infant rats were dissected; the gastrointestinal tract, 
liver, kidneys, spleen, and the remaining carcass were 
removed. the preparations obtained were placed sepa-
rately into vials for gamma spectrometry.

Obtaining [110mAg]- labeled nanoparticles
A preparation of colloidal silver “Argovit” produced by 
the Scientific and Production company “Vector-Vita,” 
co., Ltd. (russia) was used for the experiments. the 
preparation is an aqueous dispersion of nPs of metal-
lic silver containing 1.0–1.4% of silver and 18.6–19.0% 
of PVP by weight. According to electron microscopy 
data (Fig. 1), the average diameter of the nPs was 
34.9 ± 14.8 nm; the minimum size was 8.4 nm, and max-
imum size was 80.9 nm; the particle’s shape was close to 
spherical. the preparation was diluted with deionized 
water at a ratio of 1:11 or 1:47 and sealed in high-pu-
rity quartz vials which were then subjected to thermal 
neutron irradiation (0.005 < en < 0.4 eV) in the vertical 
experimental canal Vec-9 of the nuclear reactor Ir-8. 
After removal from the reactor, the vials were kept for 
48 hours to reduce the background gamma activity of 
the short-lived silicon isotope in the vial material, fol-
lowed by their opening. the contents were pooled, soni-
cated (5 min, 44 kHz, 40 W) to eliminate secondary ag-
gregation of nPs, and adjusted to a fixed volume using 
deionized water. A total of 0.04 ml of the dispersion of 
[110mAg]-labeled nPs was collected, transferred into vi-
als for gamma spectrometry, and adjusted using deion-
ized water to a volume approximately corresponding to 
the volume of the biological sample (fetus or carcass of 
the infant rat) immediately prior to the administration 
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to rats, which accounted for 1% of the amount admin-
istered to the rats. the resulting sample was used as a 
reference in determining the biological activity of the 
samples.

Analysis of samples
the activity of the biological samples was measured 
on a gamma-spectrometer manufactured by canberra 
company (u.S.) containing a germanium semiconductor 
detector Gc4018, DSA-1000 analyzer, Genie-2000 – 
Genie S501, and Genie S502 software. the magnitude 
of the activity   expressed in impulses per second in one 
of the selected energy ranges of the 110mAg isotope [22] 
was converted into relative quantities of the radioiso-

topic label (µ) in % of the injected dose according to the 
equation:

,

where A
p
 is the bioprobe activity, A

r
 is the activity of 

the reference sample containing 0.04 cm3 of the disper-
sion of the [110mAg]-labeled nPs, and K is the conversion 
factor representing the ratio between the individual 
amount of the dispersion of nPs (cm3/kg body weight) 
administered to the females and the average dose ob-
tained by dividing the total volume of the administered 
dispersion by the total body weight of all female rats in 
the group.

the concentration of silver nPs in the analyzed 
samples expressed in ng/g of the sample was calcu-
lated with allowance for the individual amount of nMs 
administered to the female according to the following 
equation:

C D F s= × × ( ) ×μ 106,

where µ is the relative amount of the radioactive label, 
% of the amount administered to the female rat, D is 
the administered dose in mg/kg of body weight, F is 
the female rat body mass in kg, s is the mass of the bio-
logical sample in g, and 106 is the coefficient of transi-
tion from mg to ng.

Application of the relative gamma-spectrometric 
measurements technique for determining the mass of 
110mAg in the biological samples enabled to exclude the 
absolute activity (expressed in Bq) from the calculations 
and use primary raw data of measurements (impulses/
sec), thus, eliminating a number of errors that had oc-
cured during the transition from the primary raw data 
to absolute activity. In this situation, the basic error of 
measurements is determined by the background val-
ues    in the selected energy range. For this reason, the 
concept of minimum detectable activity (MDA) in the 
form of a limit of quantitative determination, L

q
,

 
was 

utilized
 
for assessing the minimum significant level of 

the 110mAg counting rate in the samples [23, 24].

Metrological characteristics of the method
For determining the metrological characteristics we 
utilized the concept of MDA in the form of the limit of 
quantitative determination, L

q
, calculated according to 

the relation:

L R Tbq = ×5 66. / ,

where R
b
 is the background counting rate equal to 

2.64 × 10-3 impulses/sec in the applied gamma-spectro-
metric devices, T is the average measurement time of 
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Fig.1. Transmission electronic microscopy of silver NPs 
preparation Argovit. NPs image (A) and diameter 
distribution (B). Electron microscope JEM-100CX (“Jeol”, 
Japan), accelerating voltage 80 kV. Data obtained by 
prov., D.Sc. Dzantiev B.B., RAS Institute of biochemistry, 
Moscow
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the sample equal to 3600 sec, and 5.66 is the coefficient 
with allowance for the confidence interval of evaluation 
of p = 0.95 and relative statistical uncertainty ± 50%. 
Accordingly, L

q
 was equal to 4.8 × 10-3 impulses/sec [23, 

24]. With regard to the preparation used, [110mAg]-nPs 
corresponds to the minimum limit of quantitative de-
termination of 2.6 ng of silver nPs.

RESULTS
Figure 2 shows the content and the concentration of Ag 
nPs in rat fetuses 24 hours after intragastric admin-
istration of [110mAg]-labeled nPs to pregnant females, 

and Table 1 shows the mean (M ± m) values per each 
pregnant female rat and for the experiment in gen-
eral with respect to two utilized doses of nMs. As can 
be seen from these results, silver nPs were identified 
in the fetuses of all pregnant females in amounts sig-
nificantly exceeding the detection limit. the findings 
are indicative of penetration of silver nPs through the 
intestinal wall and placenta with subsequent accumu-
lation in the fetuses.

comparison with data on the absorption and inter-
organ distribution of [110mAg]-labeled nPs adminis-
tered intragastrically to male rats at a comparable dose 
(0.81 mg of Ag/kg of body weight) [20] shows (Table 2) 
that penetration of Ag nPs through the placenta ex-
ceeds the accumulation in the brain by more than 10 
times, corresponds to the level in the blood and spleen, 
and is significantly lower than the accumulation in the 
liver. the silver nPs content in the liver and brain of 
pregnant female rats determined in the present ex-
periment (Table 2) did not differ significantly from the 
values   obtained previously for adult males [20] under 
comparable conditions (P > 0.05; t-Student test).

As can be seen from the data presented in Fig. 3 
and Table 3, [110mAg]-labeled nPs administered intra-
peritoneally to lactating females were detected in the 
bodies of all 45 infant rats in the litters of five lactat-
ing rats. the concentrations of these nPs significantly 
(100-100-fold) exceeded the limit of quantitative de-
termination.

According to the experimental conditions, such 
amounts of [110mAg]-labeled nPs cannot be explained by 
ingestion of female feces containing significant amounts 
of nPs by the offspring, contamination of the cutaneous 
covering removed prior to carrying out the gamma-ray 
spectrometry, and ingestion of the mat contaminated 
with female rat urine, as the total excretion of silver 
nPs with urine as follows from the data [20] did not ex-
ceed 0.032% of the administered dose of the prepara-
tion over 2 days, which was 60 times less than the total 
amount of nPs detected in infant rats.

As can be seen from Table 4, the maximum amount 
of 110mAg was detected in the gastro-intestinal tract of 
infant rats; however, significant (well above the limit 
of quantitative determination) levels of nanoparticles 
were detected in the internal organs and in the carcass-
es of the infant rats, which in turn indicates a high level 
of absorption of nPs in their GIt.

As follows from Table 3, the total amount of [110mAg]-
labeled nPs excreted with milk and detected in infant 
rats was comparable (or exceeded) to the one-time 
total content of the label in all organs and the carcass 
of the animal following intragastric administration of 
the preparation (provided in Table 2 according to [20]). 
therefore, there are grounds to believe that the excre-
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Fig.2. Individual values of total content (A) and concentra-
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tion of Ag nPs with milk during lactation is one of the 
major ways of excreting these nanoparticles from the 
body, which is second only to fecal excretion and is far 
superior to urinary excretion with respect to quantity.

DISCUSSION
thus, the concentration of nPs in organs and tissues of 
the offspring is equal to approximately 0.020–0.040 and 
0.030–0.070 µg/g of tissue, respectively, upon adminis-
tration of Ag nPs at doses of approximately 2 mg/kg of 
body weight to pregnant and lactating female rats. the 
doses of silver nPs administered to female rats were 
relatively high upon conversion to average human 
body weight (70 kg) and were approximately 140 mg. 
the possibility of exposure of a human to such quanti-
ties of nMs at the same time may occur upon consump-
tion of contaminated drinking water, food products, or 
abuse of Ag-containing FS. the data obtained confirm 
directly the feasibility of transfer of silver nPs enter-
ing the gastrointestinal tract of the mother to her off-
spring during pregnancy and lactation. the likelihood 
of such transport of nPs of various types has repeated-
ly been postulated as a potential source of risks to the 
development of a fetus and newborn [16, 17], although 
direct experimental evidence for the occurrence of the 
process is scarce. It was demonstrated [25] that 14 nm 
in size silver nPs are absorbed in the gastrointestinal 
tract of adult rats in limited amounts in the course of 
multiple intragastric administrations over a period of 
28 days and are distributed between organs and tis-
sues, including kidneys and the liver. Data on the pen-
etration of silver nPs through the fetoplacental bar-
rier and mammary gland are unavailable; however, 
results confirming the transfer of similar, with respect 
to physical and chemical properties, 12-14 nm in size 
metal nanoparticles made of gold [26] following their 
intravenous administration to pregnant female mice 
have been obtained. Penetration of cdSe quantum dots 
through the fetoplacental barrier after parenteral ad-
ministration to female mice was described in [27]; the 
ability of 50-100 nm in diameter fluorescent polysty-
rene nPs to penetrate the fetoplacental barrier mod-
eled by a monolayer of human choriocarcinoma cells 
was demonstrated in [28]. Our data demonstrate that 
with respect to silver nPs the process is carried out in 
vivo under conditions of natural route of entry of nPs 
into a mother’s body.

the question arises as to how significant are the con-
centrations of nPs detected in rat fetuses and infant 
rats and whether they can pose a hazard to the devel-
opment and health of the offspring. A relatively sub-
stantial amount of data has been accumulated on the 
biological effects of silver nPs given different ways of 
in vivo administration. thus, colloidal silver was ad-

ministered to mice intraperitoneally at extremely high 
doses approaching 1000 mg/kg [12]. under these delib-
erately non-physiological conditions, nPs managed to 
penetrate the hematoencephalic barrier, causing the 
development of signs of oxidative stress in various re-
gions of the brain. the genotoxic effects of silver nPs 
administered intraperitoneally at a dose of approxi-
mately 1 mg/kg of body weight to mice were demon-
strated in [13]. Interpretation of the results of this work 
was rendered difficult by the presence of toxic sur-
factants in the nPs preparation – dioctyl sodium sulfo-
succinate. the presence of inhalation toxicity by silver 
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Table 1. Results of silver [110mAg]-NPs determination in fetuses from pregnant rats after 24 hours of intragastric adminis-
tration of labeled preparation

№ 
experi-

ment

Dose mg 
per kg 

body mass 
of female

№№ females number of fetuses

Mean, M±m

total nPs 
content in 

single fetus, % 
of ingested dose

nPs concentra-
tion in fetus, 

ng/g of tissue
Mass of fetus, g

1 1.69

1 10 0.0114±0.0005 31.7±1.4 2.66±0.04

2 8 0.0122±0.0006 40.0±1.8 2.13±0.08

3 9 0.0254±0.0007 46.7±1.8 4.07±0.08

Mean of 1-st experiment (n=27) 0.0163±0,013 39.1±1.5 2.97±0.16

test of homogenity for rats №№ 1-3 AnOVA, P <0.001 <0.001 <0.001

2 2.21

4 9 0.0104±0.0009 23.7±2.2 3.91±0.08

5 5 0.0093±0.0011 15.1±1.8 5.72±0.10

6 6 0.0067±0.0008 22.2±1.4 3.07±0.23

7 14 0.0116±0.0004 20.1±0.8 5.26±0.10

Mean of 2-nd experiment (n=34) 0.0101±0.0005 20.7±.08 4.58±0.18

test of homogeneity for rats №№ 4-7 AnOVA, P <0.001 0.008 <0.001

Table 2. Comparison of mean NPs accumulation in fetuses and in internals of pregnant rats 24 hours after intragastric 
administration of [110mAg]-NPs 

experiment №
Dose of  

([110mAg]-nPs),  
mg/kg body mass

number of 
rats Organ/tissue content, % of dose ingested

Male rats, experi-
ment from 2011 

[11]
0.81 4

carcass 0.36±0.17

Liver 0.60±0.18

Blood 0.126±0.051

Spleen 0.054±0.020

testes 0.016±0.003

Kidneys 0.014±0.002

Lungs 0.0094±0.0026

Brain 0.0029±0.0010

Pancrestic 0.0079±0.0015

Heart 0.0042±0.0016

Pregnant females, 
present study

1.69 3

Fetuses in total 0.147±0.041

Liver 0.559±0.229

Brain 0.0035±0.0004

2.21

4 Fetuses in total 0.085±0.028

4 Liver 0.324±0.046

4 Brain 0.0035±0.0006
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nPs in rats was established [14, 15]. Oral administration 
of this nanomaterial at a dose approaching 30 mg/kg 
of body weight to rats over 28 days resulted in no signs 
of systemic toxicity or genotoxic effects in the rats, 
although silver nPs accumulated in the kidneys and 
liver of the animals [29]. Significantly higher doses of 
silver nanoparticles (approaching 1000 mg/kg of body 
weight) administered orally resulted in the emergence 
of specific biochemical and histopathological changes 
indicative of toxicity [8, 29].

the toxic properties of silver nPs rendered impor-
tant the assessment of the likelihood of toxicity in the 
offspring of animals subjected to exposure to this sub-
stance as a result of transplacental transfer or transfer 
through milk. the data on the in vitro cytotoxicity of 
silver nPs obtained under conditions when the concen-
tration of nPs is precisely determined is without doubt 
of interest. thus, it was demonstrated that silver nPs 
at a concentration of 5–50 µg/cm3 damage cultured 
BrL3A rat hepatocytes [30]. the cytotoxic effects of 
silver nPs identifiable by the release of lactate dehy-
drogenase in a mitochondrial tetrazolium test were 
demonstrated at concentrations exceeding 5 µg/cm3 in 
experiments on rat spermatogonial cells [31]. Stimula-
tion of apoptosis in mouse fibroblasts was also observed 
(using caspase-3 activity assay) at a concentration of 
silver nPs exceeding 3.12 µg/cm3 [32]. Silver nPs at a 
concentration exceeding 10 µg/cm3 impaired the con-
ductivity for na+ ions in cultured cA-1 hippocampal 
neurons [33]. experiments on mononuclear cells of hu-
man peripheral blood [34] demonstrated that silver nPs 
at a concentration equal to or exceeding 3 µg/cm3 stim-

Table 3. Results of silver [110mAg]-NPs determination in suckling pups 48 hours after intragastric administration to nursing 
dams.

№ 
experi-

ment

Dose 
mg per 
kg body 
mass of 
female

№№ females number of pups

Mean, M±m
Amount of 

[110mAg]-nPs 
in one suckling 

pup, % of 
ingested dose

concentration 
[110mAg]-nPs in 
pups ng/g body 

weight

Mass of pups, g

1 2.11

1 9 0.136±0.004 31.9±1.0 28.9±0.4

2 9 0.302±0.022 62.5±5.2 29.2±0.4

3 9 0.272±0.009 68.5±3.2 28.2±0.8

4 9 0.150±0.004 33.3±0.9 31.4±0.7

5 9 0.220±0.007 52.9±1.7 28.5±0.2

Mean of experiment (n=45) 0.216±0.011 49.8±2.6 29.3±0.3

test of homogenity for rats №№ 1-5, AnOVA, P <0.001 <0.001 0.002

total content in offspring, % of ingested dose 1.94±0.29

ulate the production of the tumor necrosis factor-α. A 
pronounced cytotoxic effect of silver nPs was observed 
at concentrations exceeding 15 µg/cm3. According to 
[35], silver nPs coated with PVP or citrate are capable 
of influencing the differentiation of Pc12 pheochromo-
cytoma cells of neuroendocrine origin. the minimum 
effective concentration of nPs was 3 µM by silver (ap-
proximately 0.3 µg/cm3). Finally, the effects of differ-
ent in size silver nPs in the primary culture of rat cor-
tical neurons were characterized in [36]. A statistically 
significant increase in the death of cells cultured for 
14 days in the presence of 20 nm in size nPs at a mini-
mum concentration equal to or exceeding 5 µg/cm3 was 
demonstrated. the toxicity of nPs decreased with a de-
crease in size. thus, 40 nm in diameter nPs were only 
cytotoxic at a concentration exceeding 10 µg/cm3.

A comparison of the data provided above with the 
results of our work enables to suggest that the con-
centration of silver nPs in rat fetuses (not exceeding 
50 ng/g of tissue at an administered dose of nPs of ap-
proximately 2 mg/kg of body weight, Table 1) were 
60–300 times lower than the minimum effective con-
centrations of nPs detected in in vitro systems. How-
ever, this estimate does not take into account the possi-
bility of a non-uniform distribution of nPs between the 
organs and tissues of the fetus. It is known that silver 
nPs accumulate mainly in the liver and kidneys [20, 
25]. If we assume that all nanomaterials accumulate in 
one of these organs, whose mass at this gestational age 
is 6.0 and 0.9% of the fetal weight, then we obtain an 
excessive concentration of nPs in the organs – 830 and 
5000 ng/g in the liver and kidneys, respectively. the 
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Table 4. Tissue distribution of [110mAg]-NPs in suckling pups (N=4) 48 hours after intragastric administration to nursing 
dams 

№№ Organ/
tissue

Mean content of [110mAg]-nPs , % of amount, 
detected in the pup, M±m

Mean content of [110mAg]-nPs , % dose ingested 
by nursing dams, M±m

1 GIt 73.8±4.4 0.106±0.006

2 carcass 7.4±1.4 0.0125±0.0011

3 Liver 17.9±3.0 0.0287±0.0033

4 Kidney 0.90±0.18 0.0014±0.0003

latter value is comparable to an in vitro determined 
lower limit of a possible cytotoxic effect equal approxi-
mately to 3000–5000 ng/g. It should be noted that the 
dose of nanomaterials administered to the pregnant 
female rats of approximately 2 mg/kg of body weight 
was aggravated by a factor of 2,000 in comparison with 
the upper tolerable level of silver intake in any form 
(colloidal particles and ions), which is equal to 70 µg or 
approximately 1 µg/kg of human body weight. It can, 
therefore, be concluded that the level of accumulation 
of silver nPs in the organs of rat fetuses subject to cer-
tain conditions can be regarded as safe in the event of 
intake of silver nanoparticles in physiological amounts 
(e.g., together with drinking water or food supple-
ments).

the average level of labeled nPs in infant rats re-
ceiving milk feeding was 50 ng/g. Seventy-five percent 
of this value is attributed to the label detected in the 
gastrointestinal tract. the content of nPs in the liver 
amounts to 17.9%, and in the kidneys it amounts to 0.9% 
of the total amount detected in an infant rat. the mass 
of organs at this age of development is equal to 3.8 and 
1.2% of body weight on average, which implies that the 
concentration of nPs in these organs is approximately 
235 and 38 ng/g, respectively. these values   are well 
below the hypothesized level at which cytotoxic effects 
can be observed and are indicative of the safety of the 
intake of nPs by lactating females at the above men-
tioned, deliberately aggravated dose to the develop-
ment of the offspring.

therefore, on the basis of the published data it may 
be concluded that the levels of nPs in the tissues of in-
fant rats and fetuses detected after a single-dose ad-
ministration of nPs to female rats can be regarded as 
safe. At the same time, the following must be given due 
consideration: firstly, the possible accumulation of nPs 
in the body upon multiple intakes; hence, the level of 
nPs in the organs and tissues will be higher than upon a 
single instance of intragastric exposure, and, secondly, 
partial matching of the conditions during in vitro ex-
periments and in vivo. In particular, the duration of the 

exposure to nPs in cell cultures amounts to hours, rare-
ly – 7–14 days, while in vivo their effects may last for a 
lifetime. therefore, the study of reproductive toxicity 
must be recommended during a comprehensive assess-
ment of the safety of novel types of nPs and nMs. the 
transfer of nPs through the placenta and breast milk 
should be considered during the development of proce-
dures aimed at maximizing the prevention of exposure 
of a woman’s body to nPs and nMs during pregnancy 
and lactation.

CONCLUSIONS
1. It was established that [110mAg]-nPs penetrate the 
placenta and reach breast milk in quantities exceed-
ing the sensitivity of the analytical method used by a 
factor ranging from 100 to 1,000 upon administration 
of 110mAg-labeled silver nPs into the gastrointestinal 
tract of pregnant and lactating female rats at a dose of 
approximately 2 mg/kg of body weight.

2. the average level of accumulation of nPs in fetus-
es was 0.085–0.147% of the administered dose, which 
was comparable to the accumulation in the liver of fe-
male rats (0.3–0.5% of the administered dose) and ex-
ceeded the penetration of nPs through the hematoen-
cephalic barrier into the brain of female rats by at least 
10-100 times (3.5.× 10-3 %).

3. In lactating females the total inflow of [110mAg]-nPs 
into the milk was no less than 1.94 ± 0.29% of the ad-
ministered dose over a 48-hour period of lactation; no 
less than 25% of the amount was absorbed in the diges-
tive tract of infant rats.

4. Maximum levels of silver nPs were detected in the 
kidneys of fetuses upon their administration to female 
rats at a dose multiplied 2,000 times in comparison with 
an adequate level of intake of this microelement, where 
they were not significantly higher than the toxic con-
centrations established during in vitro experiments; in 
other cases, the levels of nPs were significantly lower 
than the effective concentrations. However, consider-
ing the possible effects of an accumulation of nPs in the 
organs and tissues of offspring upon their prolonged 
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intake by the mother, it is recommended to conduct 
an investigation into the reproductive toxicity of nPs 
in the course of a comprehensive assessment of their 
safety.

therefore, for the first time experimental evidence 
of the transfer of silver nPs from a mother to her off-

spring through the placenta and breast milk has been 
obtained. 

The authors are grateful to S.A. Khotimchenko for a 
useful discussion of the results of this work.
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ABSTRACT A metagenomic analysis of the dynamic changes of the composition of the intestinal microbiome of 
five participants of the MARS-500 experiment was performed. DNA samples were isolated from the feces of the 
participants taken just before the experiment, upon 14, 30, 210, 363 and 510 days of isolation in the experimental 
module, and two weeks upon completion of the experiment. The taxonomic composition of the microbiome was 
analyzed by pyrosequencing of 16S rRNA gene fragments. Both the taxonomic and functional gene content of 
the microbiome of one participant were analyzed by whole metagenome sequencing using the SOLiD technique. 
Each participant had a specific microbiome that could be assigned to one of three recognized enterotypes. Two 
participants had enterotype I microbiomes characterized by the prevalence of Bacteroides, while the microbiomes 
of two others, assigned to type II, were dominated by Prevotella. One participant had a microbiome of mixed type. 
It was found that (1) changes in the taxonimic composition of the microbiomes occurred in the course of the ex-
periment, but the enterotypes remained the same; (2) significant changes in the compositions of the microbiomes 
occurred just 14-30 days after the beginning of the experiment, presumably indicating the influence of stress 
factors in the first stage of the experiment; (3) a tendency toward a reversion of the microbiomes to their initial 
composition was observed two weeks after the end of the experiment, but complete recovery was not achieved. 
The metagenomic analysis of the microbiome of one of the participants showed that in spite of variations in the 
taxonomic compositions of microbiomes, the “functional” genetic composition was much more stable for most of 
the functional gene categories. Probably in the course of the experiment the taxonomic composition of the gut 
microbiome was adaptively changed to reflect the individual response to the experimental conditions. A new, 
balanced taxonomic composition of the microbiome was formed to ensure a stable gene content of the commu-
nity as a whole without negative consequences for the health of the participants.
KEYWORDS metagenomics, intestinal microbiota, stressful influences, enterotypes.

INTRODUCTION
Metagenomic studies of the human microbiome con-
ducted within the framework of large-scale interna-
tional research programs [1–3] are aimed at shedding 
light on the role microorganisms play in human life, 
developing diagnostic techniques, and preventing and 
treating various diseases. the taxonomic and genetic 
composition of the microbiota inhabiting the intestines 

is one of the criteria used to assess human health [4–6]. 
the intestinal ecosystem is dominated by five phyla of 
bacteria accounting for over 95% of the entire micro-
biota; however, the proportion of taxa at the genus and 
species level is specific to each person [2, 7, 8]. the lat-
ter is attributed to the genetic characteristics of every 
individual, the dominant type of nutrition, and the spe-
cifics of the interactions between microbes in a holistic 
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ecosystem. Meanwhile, every “healthy” individual is 
characterized by their own balanced and constant me-
tagenomic composition [8–10], which can vary signifi-
cantly in the presence of various diseases [5, 7, 11, 12] 
or due to the impact of medicinal products [7, 13, 14]. 
the interrelation between the condition of the resident 
microbiota and the type of nutrition [15–17], psycho-
physiological, and neurohumoral factors [18–20] has 
been identified. Stressful physical and emotional over-
loads affect the composition of the microbiota. Devia-
tions from the usual lifestyle (e.g. long trips) can lead to 
an imbalance in the ratio of various taxa in the micro-
biota [11], and they are often accompanied by painful 
symptoms (diarrhea, constipation, etc.). the conditions 
inherent in space flights may impose both physical and 
psychological stresses on astronauts [21, 22], influencing 
the functioning of their intestinal microbiota [23–25].

the “MArS-500” experiment was conducted at the 
Institute of Biomedical Problems of the russian Acad-
emy of Sciences. It involved the simulation of some of 
the conditions of a long interplanetary flight. the par-
ticipants were put into an isolated module for 510 days 
in order to investigate the possible influence of the 
conditions of “space flight” on their physiological and 
psychological states. the composition of the intestinal 
microbiota of five subjects was assessed during one of 
the biomedical tests (in the course of the “MArS-500” 
experiment their feces were periodically sampled). 
DnA preparations isolated from feces were used for 
sequencing, with subsequent determination of the tax-
onomic and genetic composition of the microbiota.

the study established that a prolonged stay in an 
isolated module leads to changes in the composition of 
the microbiota. the dynamics of the changes were spe-
cific to each participant. Adaptive restructuring of the 
intestinal ecosystem apparently occurred, reflecting 
the individual response of each participant to the in-
fluence of experimental conditions (psycho-emotional 
stress, change in type of nutrition, use of probiotics, 
etc.). these conditions had no significant negative im-
pact on the health of the participants, as evidenced by 
the results of medical and biological monitoring of each 
of the participants’ condition [26, 27].

ExPERIMENTAL

Collection of samples for the metagenomic analysis
citizens of four countries (russia, Italy, France, china) 
aged 28 to 38 selected for inclusion in the crew subject 
to approval on the basis of the results of medical and 
psychological testing participated in the “MArS-500” 
experiment. In the course of the experiment, their feces 
were sampled at point zero (immediately prior to enter-
ing the isolation module), then after 14, 30, 210, 363, 

510 days of stay  in the module and 2 weeks after exit-
ing the module (524 days). the samples of feces were 
stored at –80°c; DnA preparations were isolated using 
the QIAamp DnA stool Mini Kit (Qiagen, Germany), 
commonly used for the analysis of microbiota in feces. 
the quality of the DnA preparations was evaluated 
by agarose gel electrophoresis. It should be noted that 
the method used for DnA isolation can lead to an un-
derestimation of the proportion of Actinobacteria and 
overestimation of the proportion of Bacteroidetes [28]; 
however, the comparative metagenomic analysis at dif-
ferent stages of the experiment is substantiated, as an 
identical approach was applied to all samples.

Amplification and pyrosequencing of 
fragments of 16S ribosomal RNA genes 
In order to perform the Pcr amplification of the 
fragment of the 16S rrnA gene comprising the vari-
able V3–V5 regions barcoded “universal,” the prim-
ers PrK341F (5’-cctAcGGGrBGcAScAG) and 
PrK806r (5’-GGActAcYVGGGtAtctAAt) were 
used. Pcr was performed in a volume of 50 µl contain-
ing 2.5 units of Gotaq-DnA polymerase (Promega), 
0.2 mM Mgcl2

, 0.1 µM of each of the deoxyribonucle-
oside triphosphates, and 1 µM of each primer and 0.1 µg 
of the metagenomic DnA. the reaction was carried out 
using the eppendorf Mastercycler amplifier (eppen-
dorf, Germany) according to the following schedule: 
initial denaturation for 2 min at 96°c, followed by 30 
cycles (96°c – 40 s, 58°c – 40 s, 72°c – 1 min), then fol-
lowed by final elongation for 10 min at 72°c. Pcr frag-
ments were purified by agarose gel electrophoresis. the 
samples were prepared for pyrosequencing according to 
the standard methodology (excluding the step of DnA 
fragmentation) using the GS rapid Library Prep Kit. 
the GS titanium LV emPcr Kit (Lib-L) v2 was used 
for emulsion Pcr; pyrosequencing on the GS FLX (ro-
che) was performed according to the titanium protocol 
using the GS titanium Sequencing Kit XLr70. reads 
exceeding 350 nucleotides in length were selected for 
further analysis. thus, 549,668 independent sequenc-
es of fragments of the 16S rrnA gene were obtained. 
they were aligned and filtered using the Mothur soft-
ware package [29] (version 1.23.1). chimeric sequences 
were removed using chimera.uchime [30], which is 
part of the Mothur package. reads that did not pass 
the filtration process amounted to up to 10% of the total 
number in different samples. taxonomic classification 
of the reads that passed the filtration process was per-
formed using the Wang et al. method [31] implemented 
in the rDP classifier program. Analysis of the results 
of the re-sequencing of the four DnA preparations 
obtained from participants № 1 and № 5 at different 
stages of the experiment demonstrated that the differ-
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ences between the parallel samples (with respect to the 
ratio of fractions of the major taxa) did not account for 
more than 3% of the total microbial community. this 
demonstrates the methodological appropriateness of 
the results shown in the diagrams.

Sequencing of metagenomes using SOLiD technology
Libraries of fragments of metagenomic DnA samples 
were prepared according to the standard methodol-
ogy using the SOLiD Fragment Library construction 
Kit. the sizes of the libraries were measured using the 
Agilent BioAnalyzer DnA1000 kit. the length of the 
fragments varied from 183 to 254 bp. emulsion Pcr 
was performed according to the standard protocols 
recommended by Applied Biosystems company using 
the eZ Bead System. Determination of DnA nucleotide 
sequences was carried out using 50 bp reads on the 
SOLiD 4.0 sequencing machine (Applied Biosystems). 
the volume of sequencing after the filtration with re-
spect to the quality of a reading ranged from 1.8 to 3.4 
billion bp per sample. After filtration the reads were 
collected and assembled into contigs using a parallel 
version of Abyss 1.2.5 [32]. the search for genes in the 
contigs and their functional and taxonomic classifica-
tion were performed on the MG-rASt server (http://
metagenomics.anl.gov/) for automatic annotation and 
analysis of the metagenomic data. this program pre-
dicts genes in the contigs on the basis of FragGeneScan 
[33] and then conducts a search for their homologues 
[34] in its own M5nr database using BLAt, which in-
tegrates multiple databases – GenBank, KeGG, cOG, 
the SeeD [35], and uniProt [36]. During the taxonomic 
classification each gene was assigned to a family of the 
closest homologue from the GenBank. Genes containing 
matches in the KeGG database were assigned several 
KeGG categories corresponding to different levels of 
the hierarchy.

the MG-rASt functional and taxonomic classifica-
tion does not consider a multiplicity of gene readings, 
and the analysis results were corrected with allowance 
for the coverage. the nucleotide coverage of the pre-
dicted genes was determined by mapping the individ-
ual reads onto the assembled contigs using the Bowtie 
program [37].

RESULTS AND DISCUSSION

Taxonomic composition of the intestinal microbiome 
on the basis of the results of pyrosequencing 
of fragments of the 16S rRNA genes
Metagenomics methods using 16S rrnA as a marker 
revealed more than 40 genera of bacteria in the intes-
tinal microbiota of the participants in the “MArS-500” 
experiment, the majority belonging to the four phyla: 

Bacteroidetes, Firmicutes, Proteobacteria and Actino-
bacteria, which is in agreement with data regarding 
the composition of the intestinal microbiota in healthy 
adults [38, 39]. representatives of certain other phyla, 
including Fusobacteria, Verrucomicrobia and Syn-
ergistia, were also identified. Methanogenic archaea 
(Methanobrevibacter genus) were detected in two par-
ticipants.

A comparative taxonomic analysis of the microbiota 
in fecal samples obtained from five participants at point 
zero of the experiment (prior to entering the isolated 
module) revealed significant individual differences 
between the participants with respect to the composi-
tion of the microbiota. the results obtained (Table 1) 
allowed to determine the belonging of the microbiota 
to specific enterotypes according to the classification 
proposed in 2011 [40, 41]. Specific clusters of microbes 
with the predominance of a particular taxon are des-
ignated as enterotypes. these clusters control the food 
chains in the microbial community and the interaction 
of the latter with the host characterized by individual 
genotypic characteristics.

Participants № 1 and № 3 were characterized by 
enterotype II dominated by Prevotella, combined 
with Firmicutes Faecalibacterium, Coprococcus, 
Blautia. Minor groups of Akkermansia (Verrucomi-
crobia) and β-proteobacteria were detected in the in-
testinal microbiota of participant № 3, while partici-
pant № 1 was characterized by a high proportion of 
γ-Proteobacteria.

the microbiota of participants № 2 and № 5 belongs 
to enterotype I with the predominance of Bacteroides 
in a cluster with Parabacteroides, Faecalibacterium and 
certain groups of ruminococcaceae and Lachnospirace-
ae. Fusobacteria was also detected in these participants. 
One of the features of the composition of the micro-
biota of participant № 5 is a relatively high content of 
β-Proteobacteria, as well as the prevalence of the Phas-
colarctobacterium genus amongst negativicutes, while 
the Dialister genus is predominant in participant № 2.

A different picture of the taxonomic composition 
of the microbial community was found in participant 
№ 4. At point zero of the experiment no pronounced 
predominance of phylogroups determining enterotypes 
I and II was identified. A high proportion of rumino-
coccaceae (including unclassified phylotypes), Lach-
nospiraceae, as well as Paraprevotella, was found in-
stead. Amongst negativicutes the genus Dialister was 
predominant as in participant № 2. the microbiota of 
participant № 4 was characterized by the presence of 
archaea Methanobrevibacter. thus, the intestinal mi-
crobial community of this participant was different and 
could belong to a mixed type close to enterotype III [41]. 
Such a mixed composition could be viewed from the 
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perspective of the notions regarding the gradient of 
microbiome composition as opposed to the concept of 
discrete enterotypes [42, 43].

the results of the metagenomic studies demonstrat-
ed that prolonged stay in the isolated module exerted 
influence on the taxonomic composition of the micro-
biota of each of the participants (Fig. 1). the dynamics 
of these changes had an individual character reflect-
ing the differences in the initial composition of the mi-
crobial communities and the different reactions of the 
participants to the influence of the conditions/factors 
of the experiment. As can be seen from Fig. 1A–D, a 
single unidirectional trend in the changes in microbiota 
composition was absent in the participants from the 
beginning to the completion of the experiment. the 
variability of the changes appears to be associated with 
differences in the conditions at different stages of the 
experiment. this applies to the administration of the 
probiotic Enterococcus faecium (in the form of tablets 

during the first 180 days) and eubikor and Vitaflor dur-
ing the last months, change in diet, the performance of 
special types of tasks by certain members of the crew 
associated with the exit from the main module to the 
simulated surface of Mars (after 210 days but before 
sampling after 363 day). All participants received iden-
tical probiotics and prebiotics during a single period. 
Participants № 2, № 3, and № 5 exited the module to 
the simulated surface of Mars wearing spacesuits.

the individual nature of the response of each par-
ticipant is reflected in the data regarding the dynamics 
of the changes in the microbiota at the genus and spe-
cies level and such indicators as the ratios of the major 
phyla, Firmicutes (F), and Bacteroidetes (B). With re-
spect to microbiota, the ratio F/B changed significantly 
in participants № 1, № 2, and № 3 and in participants 
№ 4 and № 5 it remained relatively stable throughout 
the entire experiment (Fig. 1A). the F/B ratio of partic-
ipant № 1 significantly increased only to the 210th day 

Table 1. Enterotypes of the microbiota of the participants at point zero of the experiment

taxonomic affiliation
Participant, №

1 2 3 4 5

Firmicutes

Lachnospiraceae 8.63 12.33 7.59 19.11 15.07

negativicutes 2.33 4.88 10.35 2.75 7.18

ruminococcaceae 3.06 19.99 13.66 20.41 5.45

Others 0.6 2.98 3.47 5.60 1.31

Bacteroidetes

Prevotellaceae 75.25 < 0.01 35.78 9.63 0.03

rikenellaceae 0.56 1.62 2.77 1.82 1.72

Porphyromonadaceae 0.58 1.23 2.87 5.34 1.31

Bacteroidaceae 2.57 53.36 17.16 28.92 63.82

Others 0.96 0.26 4.62 5.60 0.83

Minor groups

Proteobacteria 5.09 0.72 1.14 0.15 2.50

Actinobacteria 0.08 0.07 0.02 < 0.01 0.04

Fusobacteriaceae < 0.01 2.06 < 0.01 < 0.01 0.37

Verrucomicrobia < 0.01 < 0.01 0.31 0.07 < 0.01

Other microorganisms 0.28 0.5 0.27 0.61 0.36

number of reads prior to filtration 5450 4883 6253 4929 7882

number of reads after filtration 5321 4567 5886 4610 7545

enterotype II I II III I

Note. Proportion (%) of the determined 16S rRNA sequences assigned to the respective taxonomic groups.
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Fig. 1. Dynamic changes in the gut microbiome of participants of the MARS-500 experiment. (A) – main groups of 
microorganisms, (B) – microorganisms of phylum Bacteroidetes, (С) – microorganisms of the phylum Firmicutes, (D) – 
minor groups. Fraction of sequences assigned to a particular taxonomic group is shown in vertical axis (%), horizontal 
axis shows the sample codes (1 – 0 days, 2 – 14 days, 3 – 30 days, 4 – 210 days, 5 – 363 days, 6 – 510 days, and 7 – 
524 days). Identification numbers of participants are shown above
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of stay in the module, while an increase in this index 
was observed after 2 weeks in participant № 2. How-
ever, after 210 days it began to decline. On the contrary 
during the first month the F/B ratio decreased in par-
ticipant № 3 and then increased once again. Several 
studies have shown that abrupt changes in the ratio 
of Firmicutes/Bacteroidetes occur in the presence of 
certain gastrointestinal [13, 44] and other diseases [45, 
46]. However, symptoms of such diseases were not ob-
served in any of the participants of the “MArS-500” 
experiment during their stay in the module.

throughout the entire experiment, there were no 
changes in the basic enterotype, although the frac-
tional content of individual taxa was significantly al-
tered in the microbiota. the proportion of unidentified 
bacteria, representatives of Firmicutes (Fig. 1C), and 
Proteobacteria (Fig. 1D) increased in participant № 1 
from the 210th day, while high levels of Prevotella, Fae-
calibacterium and Coprococcus remained (Fig. 1B). In 
participant № 2 the loss of Fusobacteria was discov-
ered already on the 14th day of the experiment (Fig. 1D) 
and fluctuations in the relative abundance of bacte-
ria from the genus Bacteroides defining enterotype II 
were detected (Fig. 1B). During the first weeks, a slight 
increase in the proportion of Faecalibacterium (with a 
subsequent decline) and a decrease in the proportion of 
Roseburia with an increase in the minor species of Al-
istripes (Rikkenellaceae) and representatives of Lach-
nospiraceae was recorded. An insignificant decrease 
in the proportion of Bacteroides during the first weeks 
with an accompanying increase in the relative con-
tent of Prevotellaceae (Fig. 1B) and the proportion of 
γ-Proteobacteria, as well as Megamonas (negativicutes) 
and unclassified groups of bacteria, were detected in 
the microbiota of participant № 3. the history of the 
changes in the composition of the majority of species 

and genera of the intestinal microbiota of participant 
№ 4 showed no significant fluctuations (Fig. 1). How-
ever, an increase in the relative content of Faecalibac-
terium prausnitzii (Fig. 1C) during the first weeks of 
the experiment and Roseburia on the 210th day, as well 
as an increase in the proportion of Actinobacteria, was 
clearly identified (Fig. 2). no significant changes in the 
microbiota composition (except for Proteobacteria) in 
participant № 5 (Fig. 1A) were detected. However, a 
trend towards a decrease in the proportion of Bacter-
oides towards the completion of the stay in the module 
was identified (Fig. 1B).

the detailed comparative analysis of the microbi-
ota profiles revealed certain patterns in the dynam-
ics of the content of Actinobacteria and negativicutes. 
the Actinobacteria content was minimal in the initial 
samples of the microbiota of all participants, which 
could potentially be attributed to the peculiarities of 
the methods of DnA extraction and/or use of primers, 
which were ineffective for obtaining fragments of bi-
fidobacteria 16S rrnA. As can be seen from Fig. 2, the 
samples obtained at different stages of the experiment 
demonstrated an increased relative content of Actin-
obacteria, especially in the microbiota of participant 
№ 4. this increase in the proportion of Actinobacteria 
can probably be attributed to the intake of probiotics, 
as it could stimulate the growth of bifidobacteria. It is 
possible, however, that this increase in the proportion 
of Actinobacteria was determined by their more active 
dissociation from the surface of the epithelium at the 
sites where colonization occurred. If the composition 
of negativicutes at the genus level did not change sig-
nificantly during the experiment for participants № 2, 
№ 4 and № 5, the microbiota of participant № 3 re-
vealed a consistent replacement of bacteria from the 
genus Phascolarctobacter with bacteria from the genus 

Fig. 2. Dynamic 
changes in the 
relative abun-
dances of Actin-
obacteria in the 
gut microbiome 
of participants of 
the MARS-500 
experiment
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Megamonas (Fig. 3) without restoration of the initial 
composition of negativicutes 2 weeks after exiting the 
module.

the following trends could be noted during the anal-
ysis of the dynamics of the changes in the composition 
of the intestinal microbiota occurring in the course of 
the experiment. First, the impact of conditions/factors 
of the experiment was observed during the first weeks, 
although to varying degrees for different participants. 
It is believed that the rapid changes were caused by 
the initial psychological and emotional reaction to the 
unusual stressful conditions of containment in the iso-
lated module. Second, there was a tendency toward 
partial recovery of the initial composition of the micro-
biota with respect to individual groups of taxa after the 
completion of the experiment. However, none of the 
participants demonstrated complete recovery of their 
initial composition 2 weeks after exiting the module. It 
is known that the use of antibiotics that cause drastic 
changes in the composition of the intestinal microbial 
community is followed by initiation of recovery in the 
initial composition after discontinuation of the medici-
nal product [14]. However, even partial recovery of the 
composition of the indigenous microbiota requires pro-
longed periods of time [47].

Determination of the gene composition 
of the microbiota of participant № 2
the results of the analysis of the taxonomic composi-
tion of the microbiome with respect to the sequences of 
16S rrnA genes presented above did not provide direct 
information regarding the set of functional genes in the 
microbial metagenome. therefore, we determined the 
gene composition of the samples of the microbiota of 

participant № 2. this participant demonstrated notice-
able changes in the taxonomic composition of microor-
ganisms in the course of the experiment.

During the analysis of the results of the sequencing 
of samples of metagenomic DnA according to the SOL-
iD technique (table 2), one must consider the following: 
1) the average length of the contigs for different points 
did not exceed 200 nucleotides; i.e., it was significantly 
smaller than the average size of a bacterial gene, and 
2) the Bacteroidetes present in the microbiome were 
represented mainly by the Bacteroides genus (complete 
genomic sequences of many species from this genus 
had been determined). the bacteria of the phylum Fir-
micutes were phylogenetically more diverse. there-
fore, the taxonomic identification of contigs belonging 
to Bacteroidetes was relatively more complete, whilst 
many contigs de facto belonging to Firmicutes could not 
be classified due to the lack of close homologues in the 
databases. this led to an underestimation of the pro-
portion of Firmicutes in the metagenome compared to 
the results of the 16S rrnA analysis. nevertheless, the 
dynamics of the changes in the ratio between Bacter-
oidetes and Firmicutes remained the same.

Quantitative representation of the genes of certain 
functional categories in the metagenome (according 
to KeGG classification, [34]) and their assignment to 
various taxonomic groups of bacteria were character-
ized. In general, significant changes in the microbiota of 
participant № 2 in the course of the experiment were 
absent with respect to the major functional categories 
of genes. thus, the KeGG category “carbohydrates 
metabolism,” one of the most important for the func-
tioning of the intestinal microbiota, at various stages of 
the experiment was represented by 16.7 to 18.6% of the 
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Fig. 3. Dynamic changes in the relative abundances of Veillonellaceae in the gut microbiome of participants of the 
MARS-500 experiment. Fraction of sequences assigned to a particular taxonomic group is shown in vertical axis (%), 
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Fig. 4. Dynamic changes in the fractions of genes assigned to KEGG functional categories “Carbohydrates metabolism” 
(A) and “Cell motility” (B) in the gut microbiome of participant 2. Fraction of genes assigned to a particular category is 
shown in vertical axis (%), horizontal axis shows the sample codes (1 – 0 days, 2 – 14 days, 3 – 30 days, 4 – 210 days, 
5 – 363 days, 6 – 510 days and 7 - 524 days). Fractions of genes taxonomically assigned to Bacteroidetes are shown in 
yellow, those assigned to Firmicutes, in orange
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identified genes (Fig. 4A). However, the relative contri-
bution of various taxa of Bacteroidetes and Firmicutes 
changed in a significantly wider range as evidenced by 
the results of the “taxonomic” classification of these 
genes and the data obtained on the basis of the taxo-
nomic analysis with respect to 16S rrnA. We can as-
sume that the process of restructuring of the taxonomic 
composition of the microbiome involved the replace-
ment of genes in various representatives of Bacter-
oidetes and Firmicutes that determine the metabolism 
of carbohydrates, although the overall proportion of 
this functional category in the metagenome remained 
almost unaltered.

A different picture was obtained during the analysis 
of the dynamics of changes in the proportion of genes 
of the KeGG category “cell motility” responsible for 
cellular motility (Fig. 4B). the majority of the genes in 
this category was assigned to Firmicutes and, accord-
ingly, their proportion in the metagenome varied with 
changes in the relative content of Firmicutes and, per-
haps, Proteobacteria in the community. these data are 
consistent with a small number of genes that determine 
cellular motility in the sequenced genomes of members 
of the genus Bacteroides. cellular motility in Firmicutes 
and Proteobacteria is controlled by a large number of 
genes [48]. Flagella not only provide mobility but also 
perform sensory functions and are involved in inter-
cellular communication in ecosystems [49]. Perhaps the 
“demand” for cellular motility determined the increase 
in the proportion of certain phylotypes of Firmicutes 
in the restructuring of the microbial community in the 
course of the experiment.

It can be assumed that during the “MArS-500” 
experiment, adaptive restructuring of the microbial 

community occurred in response to the stressful con-
dition of prolonged isolation. Likewise, the formation 
of a new and balanced taxonomic composition of the 
microbiota occurred, providing maintenance of the 
normal functioning of the genetic and metabolic net-
works in the intestinal microbial community and in 
the system of interactions between the microbiota 
and the host organism. this adaptive transition to a 
new combination of taxa with preservation of the op-
timal gene composition in the entire community can 
be achieved through redundancy of the majority of 
categories of genes and functional interchangeabil-
ity of bacterial phylotypes from different taxonom-
ic groups. An exchange of genes by horizontal gene 
transfer [50], which is possible with the involvement 
of viruses, mobile elements and conjugative plasmids 
that are common in many microbes inhabiting the in-
testine, can be one of the mechanisms of such inter-
changeability.

CONCLUSIONS
the results of the metagenomic analysis of the intesti-
nal microbiota of the participants of the “MArS-500” 
experiment simulating some of the conditions of long 
interplanetary flights suggest that containment in an 
isolated module is associated with the microbiota un-
dergoing substantial changes in the composition of the 
microbial community. these changes were specific to 
each of the participants, which is attributable to the 
differences in the initial composition of the microbiota 
and the different nature of the responses to the influ-
ence of the experimental conditions depending on the 
genetic, physiological, and biochemical characteristics 
of each participant.
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the factors affecting the taxonomic composition of 
the microbiota include the psychological stress attrib-
uted to the change in lifestyle, the switch to a different 
type of nutrition, and the use of probiotics. Monitoring 
of the dynamics of the changes in the microbiota dem-
onstrated that (1) significant changes in the taxonomic 
composition began to appear during the initial stages of 
the experiment; (2) changes in the enterotypes in the 
individual taxonomic groups did not occur despite the 
large variability: i.e., the basic composition of the intes-
tinal ecosystem remained unchanged; and (3) 2 weeks 
after exiting the module a tendency toward a return to 
the initial composition of the microbiota was observed; 
however, none of the participants demonstrated com-
plete restoration of the initial composition of their mi-
crobial community. Perhaps, a two-week period of “re-
habilitation” was simply insufficient for such recovery 
to occur.

As during the experiment, none of the participants 
demonstrated symptoms of diseases associated with 
considerable changes in the composition of the micro-
biota [6, 11, 12]: it can be assumed that restructuring of 
the taxonomic composition occurred in their intestinal 
ecosystems, reflecting their individual responses to the 
conditions of the experiment and a new balanced com-
munity was formed. this hypothesis is supported by 
the data on the analysis of the gene composition of the 
microbiota of participant № 2. the gene composition 
of the metagenome of the intestinal microbiota of this 
participant experienced little change throughout the 
experiment, which could be attributed to a compensa-
tory substitution of certain species/strains with others 
able to perform functions related to ensuring “normal” 

interaction between the microbial community and the 
host organism.

thus, it can be concluded that the powerful stressful 
condition of prolonged containment in an isolated mod-
ule had no “dramatic” effect on the state of the intestinal 
microbiota and did not lead to significant negative con-
sequences for the health of the participants of the ex-
periment. Obviously, isolation during long space flights 
is just one of the stress factors that have the  potential to 
affect astronauts. With proper selection and training of 
a crew, this factor could be rendered moot. Zero grav-
ity, radiation, and certain specific working conditions 
in a spaceship may be more significant. these factors, 
which are difficult to reproduce during an experiment 
on earth, can increase the likelihood of functional disor-
ders in the gastrointestinal tract, the immune and other 
systems, potentially leading to the development of dys-
biosis manifested as significant changes in the genetic 
and taxonomic composition of the intestinal microbiota. 
the data obtained during this experiment regarding the 
changes in the composition of the intestinal microbiota of 
the participants of the “MArS-500” experiment should 
be considered with respect to the possibilities of using 
methods of metagenomic analysis of the microbiota as 
one of the approaches to testing the state of health of 
the participants of  real space flights and candidates for 
performing work under extreme conditions associated 
with powerful stressful factors.  
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of the Federal State Educational Institution of Higher 

Professional Education “M.V. Lomonosov Moscow 
State University” until 2020.
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ABSTRACT We show that the mutations D137L and G126R, which stabilize the central part of the tropomyosin 
(Tm) molecule, increase both the maximal sliding velocity of the regulated actin filaments in the in vitro motility 
assay at high Са2+ concentrations and the Са2+-sensitivity of the actin-myosin interaction underlying this slid-
ing. Based on an analysis of the recently published data on the structure of the actin–Tm–myosin complex, we 
suppose that the physiological effects of these mutations in Tm can be accounted for by their influence on the 
interactions between the central part of Tm and certain sites of the myosin head. 
KEYWORDS actin-myosin interaction; in vitro motility assay; regulation of muscle contraction; tropomyosin.
ABBREVIATIONS Tm – tropomyosin.

INTRODUCTION 
tropomyosin (tm) is one of the key components of the 
regulatory apparatus of thin filaments in all types of 
muscles. According to the ‘steric blocking’ theory un-
derlying the advanced concept of the regulatory mech-
anism of contraction of skeletal and cardiac muscles, 
tm is capable of opening or closing the sites of actin 
interaction with myosin heads by shifting over the 
surface of an actin filament [1]. the tm molecule is a 
dimer of α-helices forming a left-handed superhelix 
(‘coiled-coil’) [2]. evidence has recently been obtained 
showing that the structure of the tm molecule is not 
as simple as it has been considered so far. extraordi-
nary features specific only to tm, such as the pres-
ence of sites with increased conformational mobility 
(flexibility), were observed. the conserved non-canon-
ical residues Asp137 [3] and Gly126 [4], which disrupt 
the coiled-coil structure, were found in the central part 
of the tm molecule. replacement of these residues by 
canonical ones (mutations D137L, G126r and G126A) 
resulted in the stabilization of this part of the tm mol-
ecule and completely prevented trypsin cleavage of tm 
at the nearby Arg133 [3, 4]. Moreover, it was shown in 

both papers that the stabilizing mutations D137L and 
G126r (but not G126A) at high calcium concentrations 
(pca ≤ 5) cause a significant increase in the actin-ac-
tivated AtPase activity of myosin heads during their 
interaction with actin filaments containing tm and tro-
ponin, although having no effect both on the ca2+-sen-
sitivity of the myosin AtPase and on the tm affinity 
for actin [3, 4]. In the present work, a thorough study 
of the effects of these mutations on the tm regulatory 
properties was conducted. An in vitro motility assay, 
a highly sensitive method allowing one to monitor the 
sliding velocity of the reconstituted thin filaments over 
the surface covered with immobilized myosin, was used 
for this purpose for the first time.

ExPERIMENTAL
recombinant skeletal muscle α-Тms with the muta-
tions D137L and G126r were prepared as described 
previously [4] using tm with the mutation c190A in 
which cys190 was replaced by Ala as a ‘wild type’ pro-
tein [3]. the experiments and the measuring of the slid-
ing velocities of the regulated thin filaments with the 
in vitro motility assay at different ca2+ concentrations 
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were performed according to the described method [5]. 
A flow cell coated on the inside with nitrocellulose was 
filled with a solution of rabbit skeletal muscle myosin at 
a concentration of 0.5 µM (0.2 mg/ml); unattached my-
osin was subsequently washed out, and the regulated 
thin filaments were added into the cell. the filaments 
consisted of 10 nM F-actin labeled with rhodamine 
phalloidin, 0.1 µM troponin, and 0.1 µM tm in a buffer 
containing 25 mM Kcl, 25 mM imidazole, 2 mM AtP, 
4 mM Mgcl

2
, 1 mM eGtA, 20 mM Dtt, 3.5 mg/ml glu-

cose, 20 µg/ml catalase, and 0.15 mg/ml glucose oxi-
dase, pH 7.5 (these conditions are optimal for studying 
the sliding of the reconstituted thin filaments in an in 
vitro motility assay [6]). Free calcium concentrations 
were set by eGtA/caeGtA in proportions calculated 
with the WebMaxc Standard program (http://www.
stanford.edu/~cpatton/webmaxc/webmaxcS.htm). 
the experiments were conducted at 30°c; the slid-
ing velocity of the filaments was measured using the 
GMimPro software [7].

RESULTS AND DISCUSSION
the results of the experiments indicate that the D137L 
and G126r mutations, which stabilize the central part 
of tm, not only enhance the maximum sliding velocity 
of the regulated thin filaments in the in vitro motility 
assay at high ca2+ concentrations (Fig. 1A), but also in-
crease the ca2+-sensitivity of the velocity by shifting 
the calcium-velocity curve towards lower ca2+ con-
centrations (Fig. 1B). the pca

50
 value (i.e. the negative 

logarithm of the concentration of free ca2+ at which the 
sliding velocity is half-maximal) was 6.06 ± 0.04 (here 
and onwards mean ± SeM) for the regulated thin fila-
ments containing the ‘reference’ tm with the c190A 
mutation. the value was equal to 6.36 ± 0.05 for the fila-
ments containing tm with the mutations D137L/c190A 
and 6.42 ± 0.03 for the filaments with the tm mutant 
G126r/c190A. thus, we have demonstrated for the 
first time that the mutations D137L and G126r stabi-
lizing the central part of the tm molecule significantly 
increase the ca2+-sensitivity of the actin-myosin inter-
action underlying the molecular mechanism of mus-
cle contraction, which is regulated by changes in the 
ca2+ concentration within muscle fiber. the data on the 
increase in the filament sliding velocity in the in vitro 
motility assay (Fig. 1A) correlate well with the increase 
in the myosin AtPase rate in the presence of regulated 
thin filaments with the mutations D137L and G126r in 
the central part of tm at a saturating ca2+ concentra-
tion [3, 4]. 

In order to interpret the results, we chose a new 
approach based on an analysis of recent data regard-
ing the structure of the actin–tm–myosin complex 
obtained using cryo-electron microscopy with a 8 Å 

resolution [8]. An important feature of this structure is 
the presence of direct contacts between tm located on 
the surface of the actin filament and some areas of the 
myosin heads. Since this structure was obtained with 
a non-muscle myosin-I, our model (Fig. 2) was built 
by replacing the tm-interacting domain in myosin-I 
with the corresponding domain of the skeletal muscle 
myosin-II used in our experiments. In this model, we 
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Fig. 1. The average sliding velocity of the thin filaments 
along the myosin-coated surface as a function of the Ca2+ 
concentration. A: average data for 2–3 experiments with 
each of the Tm mutants. Vertical lines show the standard 
deviations. B: the same data as in A normalized for the 
maximum velocity
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searched for the residues in the myosin head that are 
sufficiently close to the residues at the positions 126 
and 137 in the central part of tm in order to be able to 
interact with them. the results of the search are shown 
in Fig. 2. It turned out that a small Gly126 is incapa-
ble of any interaction with myosin. However, due to 
the G126r mutation, the side chain of Arg126 in tm 
is in the vicinity of that of residue Lys399 in the my-
osin head, so that an electrostatic repulsion emerges 
between the positively charged atoms of these residues 
(Fig. 2A). Such interpretation is supported by the fact 
[3] that the replacement of Gly126 in tm with a small 
hydrophobic Ala, not charged Arg, did not affect the 
AtPase activity of myosin in the presence of regulated 
actin filaments. On the other hand, the negative charge 
of Asp137 is close to the positive charge of Arg371 of 
the myosin head and electrostatically interacts with it 
(Fig. 2B). this interaction is violated by replacing the 
charged residue Asp137 with a neutral Leu residue in 
the D137L mutant.

thus, the investigated mutations in the central part 
of the tm molecule in both cases should lead to a de-
crease in the energy of interaction between tm and the 
myosin head strongly bound to actin. the magnitude of 
the energy reduction is small compared to the energy of 
the strong myosin binding to actin [8] but is comparable 
to the energy required to move tm over the surface 
of the actin filament. According to the steric blocking 
theory [1, 9], in the absence of ca2+ troponin keeps tm 
on the actin filament at a position in which it covers the 
myosin binding sites on actin. When the ca2+ concen-
tration increases, troponin detaches from actin and tm 
moves aside, slightly opening the myosin binding ar-
eas. the myosin heads first attach to actin ‘weakly’ and 
not tightly, and then go into the ‘strongly’-bound state 
and shift the tm chain further away, thus opening the 
neighbor myosin binding sites on the adjacent actin 
monomers. According to our data, the explored muta-
tions which stabilize the central part of tm facilitate its 
displacement over the surface of the actin filament by 
strongly bound myosin heads and accordingly allow a 
greater number of neighboring myosin heads to bind 
actin and to produce mechanical work. this can prob-
ably explain the noticeable effect of such mutations in 
the tm molecule on the sliding velocity of regulated 
thin filaments and the ca2+-sensitivity of their sliding 
in the in vitro motility assay.  

This work was supported by the Russian Foundation 
for Basic Research (grants 12-04-00411, 11-04-00750, 
11-04-00908, 12-04-31328, 13-04-40099, 13-04-40100, 

and 13-04-40101) and the Program ‘‘Molecular and 
Cell Biology’’ of the Russian Academy of Sciences
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Fig. 2. The structural model of the contact area of a my-
osin head strongly bound to actin with Tm on the surface 
of the thin filament. Only some parts of the myosin head 
adjacent to the amino acid residues 126 (A) and 137 (B) in 
the central part of Tm are shown. Actin and other parts of 
myosin and Tm are not shown. The model was obtained 
from the structure of the actin–myosin–Tm complex ([8], 
pdb code 4A7H) by superimposing the upper 50-kDa 
domain of the myosin head of chicken fast skeletal muscle 
myosin II (pdb code 2MYS) instead of the same domain of 
myosin-I used in [8]. Segments of the Tm double α-helix 
are shown by blue ribbons, the parts of the myosin-I 
head used in [8] are shown in red, and those of the head 
of skeletal muscle myosin-II are green. The residue R126 
of the Tm G126R mutant (A) and a ‘non-canonical’ Tm 
residue D137 (B), which was replaced with Leu in the Tm 
mutant D137L/C190A, as well as the charged myosin 
residues K399 (A) and R371 (B) located in close proxim-
ity to these Tm residues are shown in a ‘ball-and-stick’ 
atomic representation. The distance between the charged 
atoms of myosin residue K399 and Tm residue R126 (A) in 
the model was 8.8 Å, and that between myosin R371 and 
Tm D137 (B) was 4.7 Å. The model and the picture were 
prepared using ICM-Browser (MolSoft, CA, USA)
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