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Letter from the Editors

Dear readers of Acta Naturae, 
We would like to bring to your atten-
tion the 13th issue of our journal. In 

spite of the popular superstition around this 
number, we actually believe it to be a for-
tunate one for us: our protracted struggle 
to secure a listing in the PubMed database 
is finally over: we are happy to report that 
now the contents, abstracts, and full-text ar-
ticles of all Acta Naturae issues are available 
in this database. We congratulate all the au-
thors, readers, and publishers of our journal 
on this momentous event – from now on Acta 
Naturae is a fully fledged scientific publica-
tion! We hope that our journal will acquire a 
respectable impact factor in the near future.  
Of course, our success depends primarily 
upon the continued high quality of our dear 
authors’ work.

Let us return to the current issue of the 
journal. the “Forum” section is devoted to 
a topic that is significant for everyone: the 
publication activity of russian scientists in 
the leading world journals and the quality 
criteria of these journals. It is no secret that 
the positive results of russian researchers do 
not always result in publication in high-rank-
ing international journals. We believe that the 
information given in the “Forum” section will 
provide an objective overview of the situa-
tion and will assist in the quest to find a solu-

tion to these appreciably difficult publishing 
problems.

As always, the research section of the jour-
nal opens with the reviews; this time there 
are three of them in total. First of all, it is a 
publication composed by the patriarch of 
russian physicochemical biology, the Acad-
emician, D.G. Knorre. there is no need to 
embellish the title of the review with any 
further comments. We believe that this pub-
lication will be of significant interest to our 
dear readers.

the two other reviews are devoted to the 
topical problems of modern life science.

As always, a significant part of this issue 
is devoted to the medical application of the 
problems under consideration, which certain-
ly reflects the global trends.

referring back to the beginning of this 
Letter – the inclusion of Acta Naturae into 
PubMed – we would like to urge future au-
thors of our journal to strive for high-quality 
work, in line with the high quality papers that 
we have received up until this moment. In re-
turn, the editorial Board promises to always 
remain fair when considering the materials 
received. We express the sincere hope that 
our future collaboration will be fruitful. 

See you in the next issue of Acta Naturae,
Editorial Board
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Contribution of the TGFB1 Gene to Myocardial Infarction 
Susceptibility
R.M. Barsova, B.V. Titov, N.A. Matveeva, A.V. Favorov, 
T.S. Sukhinina, R.M. Shahnovich, M.Ia. Ruda, O.O. Favorova

carriage frequencies of alleles and genotypes of the TGFB1 
gene polymorphous loci –509c>t (rs1800469), 869t>c 
(rs1982073), 915G>c (rs1800471), which affect the level of 
cytokine tGF-β1 production, were analyzed in the patients 
of russian ethnic descent with myocardial infarction (MI) 
and in the control group of the same ethnic descent. the 
results obtained indicate the important role of the TGFB1 
gene in susceptibility to MI, including earlyonset and recur-
rent MI.

Carriage frequencies of alleles and genotypes of 
TGFB1 gene polymorphous loci 869T>C in the 
patients with MI and in the control group.
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Construction of a Full-Atomic Mechanistic 
Model of Human Apurinic/Apyrimidinic 
Endonuclease APE1 for Virtual Screening 
of Novel Inhibitors
I.G. Khaliullin, D.K. Nilov, I.V. Shapovalova, V.K.Švedas

A full-atomic molecular model of human apurinic/apyrimidinic endonuclease 
APe1, an important enzyme in the DnA reparation system, has been con-
structed. the choice of the APe1 mechanism with an Asp210 residue as a 
proton acceptor was validated by means of a generalization of modelling and 
experimental data. Interactions were revealed in the active site that are of 
greatest significance for binding the substrate and potential APe1 inhibitors.

Asn212

His309

Asp210

AP-site

Mg2+

The active site of the full-atomic 
model of APE1 enzyme–substrate 
complex.

Development of Chlamydial Type III Secretion System 
Inhibitors for Suppression of Acute and Chronic Forms  
of Chlamydial Infection
N.A. Zigangirova, E.S. Zayakin, L.N. Kapotina, E.A. Kost,  
L.V. Didenko, D.Y. Davydova, J.P. Rumyanceva, A.L. Gintsburg

the type III secretion system (t3SS) is currently considered to be 
one of the main pathogenicity factors in Gram-negative bacteria, 
which exhibit different types of parasitizing activity. t3tS is one 
of the most promising targets for the development of broad-spec-
trum antimicrobial drugs that do not develop resistance and are 
efficacious for the acute and chronic forms of infection. As a result 
of pilot screening using specific cellular and bacterial tests, fol-
lowed by chemical optimization and detailed characterization of 
the biological activity, a new class of chlamydial t3SS inhibitors 
was obtained. the selected compounds have obvious advantages 
over the currently available inhibitors thanks to the high inhibi-
tory activity with minimal damaging effects on eukaryotic cells. 

Control CL-55 CL-55 CL-55
 12.5 µM 25 µM 50 µM

A

B

Dose-dependent inhibition of the intracellular 
development cycle of C. trachomatis under the 
effect of CL-55. 
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Quality of Scholarly Journals and Major 
Selection Criteria for Coverage by the 
Web of Science 

V.A. Markusova
All-Russian Institute for Scientific and Technical Information, Russian Academy of Sciences, Ul. 
Usievicha, 20, Moscow, 125190, Russia
E-mail: markusova@viniti.ru
Received 02.05.2012

ABSTRACT The major criteria for scholarly journals selection to be covered by the Web of Science are discussed. 
These criteria include the compliance of a journal with world standards, the international diversity, citation 
score of authors and editorial board members, the journal impact factor and journals self-citation. The demand 
for the unified transliteration of the authors name and the use of the unified English-language name and ad-
dress of a research organization, as well as for including the information on funding organization (grant number 
and agency name) is emphasized.
KEYWORDS journals; impact factor; citation; self-citation; selection criteria; Journal Citation Report; Web of 
Science.

BIBLIOMETRIC INDICATORS AND 
THEIR ROLE IN THE EVALuATION 
OF THE RESEARCH ACTIVITY 
OF SCIENTIFIC INSTITuTIONS 
AND uNIVERSITIES
the significant geopolitical chang-
es that have taken place during 
the past two decades, including 
the dissolution of the uSSr, have 
considerably altered the landscape 
of world science. Starting with the 
1990s, a wave of market liberaliza-
tion resulted in the establishment of 
a new economy, which was accom-
panied by an unprecedented level 
of industrial activity, increased in-
vestments into the high-technol-
ogy sector and the corresponding 
changes in the economic structure. 
the governments of a number of 
countries, including the developing 
ones, consider science and technol-
ogy to be the key factor of economic 
growth and development and thus 
have confronted the challenge of 
establishing a knowledge-intensive 
economy. the detailed pattern of 
the resulting significant changes 
in the number of students, PhD 
students, postdoctoral fellows, and 
researchers both in the u.S. and 

in other industrial and develop-
ing countries was presented in the 
report of the u.S. national Science 
Foundation titled Science & en-
gineering Indicators-2012 (SeI), 
published in January 2012, www.
nsf.gov. Impressive statistics on the 
investments made in basic research 
in the u.S., the european union, 
china, russia, and the other lead-
ing world countries was presented 
there. Furthermore, the meas-
ures undertaken by the develop-
ing countries for the development 
of a science and technology (S&t) 
infrastructure, for the stimulation 
of industrial research and develop-
ment (r&D), for the expansion of 
the higher education system and 
establishment of national systems 
for basic research, as well as for the 
establishment of their own markets 
for trade and foreign investments, 
were discussed. As a result of the 
recent financial crisis, investments 
into innovation research and devel-
opment are experiencing downward 
economic pressure; in this context, 
increasing attention is being put on 
assessing the yield and efficiency 
of the national innovation systems. 

the 5th section of the report was 
devoted to the bibliometric sta-
tistics characterizing the levels of 
research and development (r&D) 
in these countries. this statistics is 
based on the data contained in the 
Science citation Index-expanded 
(ScI-e) and Social Science citation 
Index-expanded (SScI-e), which 
are parts of the Web of Science 
(WoS) produced by the thomson 
reuters (hereinafter, tr).

the publication in a prestigious 
international journal covered by 
WoS is the most reliable method for 
bringing the results of the research 
to the attention of the world scien-
tific community. Let us note that 
the experts who deal with assess-
ing the output of scientific activity 
refer to all the journals covered by 
WoS as “international.” the jour-
nal’s prestige or its informational 
significance is assessed through the 
impact factor of a journal (IF).

In accordance with the resolu-
tion of the Presidium of rAS № 212 
dated October 12, 2009, “On the 
establishment of the committee 
for the Assessment of the Activ-
ity of Scientific Institutions,” the 
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institutes of the russian Academy 
of Sciences are in the process of 
collecting a vast body of statistical 
data, including bibliometric indica-
tors, such as the number of papers 
published by institute researchers 
in various  databases (DB), citation 
score , and the mean weighted av-
erage impact factor of an institution. 
the hidden stones of using these in-
dicators were discussed in the jour-
nal Herald of the Russian Academy 
of Sciences [1]; it was noted that the 
assessments of the output of scien-
tific activity should be based on the 
decisions by  experts in the corre-
sponding field of science, whereas 
the bibliometric indicators are an 
additional tool for decision making.

the global financial crisis of 2008 
has forced most foreign investment 
organizations supporting funda-
mental research to focus more on 
bibliometrics as an objective indi-
cator of the quality of a scientific 
product. thus, the uK research 
Assessment exercises has tied the 
distribution of financial support to 
universities to the indicators of sci-
entific output. A trend towards the 
increased attention by university 
administrations to publications in 
prestigious international journals 
with high impact factors has also 
been observed. unfortunately, this 
trend had a negative result: name-
ly, the disappearance of a number 
of national journals on social sci-
ences in the netherlands [2].

the paper published by Dr. e. 
Garfield in Science [3] in 1955, 
where he discussed the idea of cita-
tion indexing, was a historical mo-
ment in the use of the informational 
flows of scientific literature consist-
ing of the papers and citations in 
them. the experimental “Science 
citation Index” (SCI) in natural sci-
ence and engineering was published 
in 1963. the Institute for Scientific 
Information (ISI), which belonged 
to e. Garfield, started publishing 
ScI on a regular basis since 1964. 
Since 2001, ISI has been own by the 

thomson reuters company, the 
leader on the global market for in-
formation resources.

the scientific community rath-
er rapidly welcomed the potential 
offered by the use of large collec-
tion of bibliographic information 
as a tool to assess the efficiency of 
the scientific activity of countries, 
universities, and research institu-
tions. the bibliometric indicators of 
research output and its citedness in 
the u.S. and other countries were 
first published in 1972 in the report 
“Science Indicators” prepared by 
the u.S. national Science Founda-
tion and since then have been pub-
lished every other year. Since 1996, 
these reports have been known as 
Science & engineering Indicators 
(SeI).

the compilation principle of all 
the information products launched 
by ISI is based on the fact that, 
beginning from the late XIX cen-
tury, a paper published in a jour-
nal has been considered as a form 
of scientific communication. the 
well-known American expression 
“publish or perish” attests to the 
fact that the number of papers pub-
lished is a significant factor of the 
professional acknowledgement of a 
researcher and facilitates his or her 
moving up the promotion ladder. 
the nobel laureate and academi-
cian V.L. Ginzburg has mentioned 
that “the timely publication of the 
studies and support of the best ones 
is a necessary condition for success 
in research, namely, in providing 
the international acknowledgement 
of this success” [4].

today, as it was 100 years ago, a 
scientific paper contains citations 
of predecessor research. If a paper 
contains no citations, this is consid-
ered as one of the signs of the low 
qualification of the beginning au-
thor and complicates the publica-
tion of the paper in a journal. When 
the author cites the works of other 
researchers, he or she demonstrates 
by so doing the conceptual relation-

ship between the subject of his or 
her paper and that of the works 
cited. not being strictly formalized 
language, the citations enable to 
detect the internal conceptual links 
between publications [5].

the tens of thousands of articles, 
short notes, editorials, letters and 
reviews that are published daily 
in journals, as well as the millions 
of citations cited by these arti-
cles provide a way for penetrating 
knowledge communication, and its 
dissemination into science and the 
provide  the empirical data on a sig-
nificance of the research and scien-
tific activity (6)..

Along with the accumulation of 
large collections of bibliographic 
information in ISI and the develop-
ment of computation facilities in the 
u.S., there emerged an opportunity 
for the establishment of a new in-
formation product based on the re-
lationships between journals. the 
Journal citation reports (Jcr) for 
natural sciences and engineering, 
which contained statistical data for 
3,000 journals, was first published 
in 1975; since that time, it has been 
published annually. Its special edi-
tion, Jcr-Social Sciences, has been 
published since 1978. According to 
e. Garfield, “Many researchers and 
editors often make the even more 
outrages error of assuming that ScI 
was created just to produce its by-
product  called Journal citation re-
port (Jcr)”. the major purpose for 
these resources was not only to aid 
information retrieval but also to use 
it as an alerting tool, i.e. for selective 
dissemination of information” (7). 
the term “impact factor” (IF) was 
first proposed by e. Garfield joint-
ly with Dr. Irving Sher in 1955 [8]. 
the introduction of this term pro-
moted a more qualitative selection 
of scholarly journals (hereinafter, 
journal) by libraries and informa-
tion services. It soon gained popu-
larity as a symbol of the scientific 
prestige of a journal, although its 
values significantly vary depending 



8 | ActA nAturAe |  VOL. 4  № 2 (13)  2012

FOruM

on the branch of knowledge and its 
relevant subject field.

the elaboration and develop-
ment of methods for the analysis 
of bibliographic information has 
resulted in the emergence of a new 
scientific discipline: scientometrics. 
e. Garfield has noted that “We are 
witnessing the transformation of 
bibliometric research into a new 
field of industry – the assessment 
of the output of the research car-
ried out by university and scientific 
teams” [7]. Although the discontent 
of the scientific community with 
the enthusiasm of bureaucrats 
from foundations and ministries for 
various ratings and evaluations is 
growing, the impact these indica-
tors have on the financial support 
that global fundamental science can 
count on is becoming increasingly 
noticeable.

Over the past decade, the 
progress in the development of 
the databases (DB) and informa-
tion technoly of almost all social 
institutions and processes have re-
sulted in the establishment of net-
work technologies that enable one 
to work with very large collection 
of data. the information platform 
“Web of Knowledge” (WOK) is an 
example of a network technology 
of this type. One of its components, 
the information system Web of Sci-
ence (WoS), comprises the expand-
ed versions: ScI-expanded, Social 
Science citation Index-expanded 
и Art & Humanities citation In-
dex. WoS is currently the largest 
citation DB with indexing of over 
800 million citations in papers pub-
lished over the period from 1900 
until 2010. A total of 12,600 journals 
are covered by  WoS. the attained 
level of development of network 
technologies allows one to use large 
data collection to resolve sciento-
metric problems. In essence, we 
can speak about the establishment 
of “network” scientometrics. the 
network technology enables one to 
obtain more adequate evaluation of 

the russian science contribution to 
the global thesaurus of knowledge.

In 2005, the well-known scien-
tific publisher elsevier (the neth-
erlands) established the ScOPuS 
database (hereafter, ScOPuS) and 
posted it on the Internet; the system 
comprised articles and citations from 
18,000 journals starting from 1996. 
A total of 230 russian journals are 
used for this system. the number 
of russian journals covered by the 
ScOPuS is higher compared to that 
for Web of Science; however, this 
system has a number of significant 
drawbacks. In particular, it is ex-
tremely difficult to obtain reliable 
results during the general search 
using the names of russian research 
institutions and russian Academy of 
Sciences. Still, elsevier is very active 
in the Post-Soviet space; it organizes 
numerous workshops for potential 
users. the search for organizations 
in this system is more complicated 
compared to that in ScI. For a jour-
nal, it is easier to be covered into the 
ScOPuS system than into the Web 
of Science  , since the “selection cri-
teria” are considerably lower in the 
former there . Let us to emphasize 
that all the comparative evaluations 
of the national science contribution 
to global science and university 
ranking are based on bibliometric 
indicators from the Web of Science. 
the monitoring of these bibliomet-
ric indicators is carried out in all in-
dustrially developed countries. the 
data relating to research output as-
sist in making strategic decisions on 
the directions of research develop-
ment and evaluating the position of 
a research institution or a university 
with respect to global standards in a 
certain field of knowledge.

 JOuRNALS SELECTION 
CRITERIA FOR COVERAGE IN 
THE WEB OF SCIENCE (WoS) 
When submission a journal for cov-
erage into any foreign database, one 
needs to keep in mind the mission of 
the journal as the main channel of 

scientific communication. the bib-
liographic data (including the cor-
respondence address and e-mail of 
the author, working address of the 
organization, and source of financial 
support) and all citations within the 
journal are widely used to collect 
the bibliographic information and 
are regarded as important indica-
tors of the researchers’ scientific 
activity. 

A journal has different functions; 
in general, they provide ideas
– on the research‘ development 
of and its progress; competitive 
strength of science and the degree 
of its integration into the global sci-
entific community;
– on the publication activity of the 
authors;
– on the publication activity and 
ranking of institutions;
– on the degree of recognition and 
the level of publications in the glo-
bal scientific community, according 
to the citations of these papers; and
– on the quality of the national 
journals in comparison with the 
world flow of publications in the 
corresponding subject field, etc.

the research performed by 
english bibliographer S. Bradford 
was the theoretical foundation for 
the selection of journals in ScI. In 
1930, he formulated one of the key 
regularities in the distribution of 
publications within scientific pe-
riodicals, which is known as the 
Bradford’s law of scattering. Ac-
cording to this law, three zones 
containing an equal number of ar-
ticles devoted to a certain problem 
can be isolated in the list of journals 
belonging to a certain subject and 
arranged in such a manner that the 
number of articles devoted to this 
problem decreases. these zones dif-
fer in the number and quality of the 
journals comprising them: the first 
zone (the Bradford’s core) includes 
specialized journals (“core” jour-
nals) that are directly devoted to 
a certain subject ; the second zone 
includes the journals that are par-
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tially devoted to the adjacent fields 
of knowledge; the third zone, the 
largest one, comprises the journals 
with subject fields remote from the 
specified one. the number of jour-
nals in these three zones is roughly 
in proportion to 1 : n : n2, where n 
depends on the subject field [9]. One 
of the major principles of acquisi-
tion of library funds and activity of 
all information products and serv-
ices is based on this law.

thus, the analysis of 7,621 jour-
nals covered in the Journal Cita-
tion Reports (JCR) in 2008 demon-
strated that less than 300 journals 
accounted for approximately 50% of 
the citations and contained roughly 
30% of the papers published. 

A group of “core” journals con-
sisting of 3,000 journals publishes 
approximately 80% of all papers; 
among those, 90% were cited at 
least once. this group of “core” 
journals changes in accordance with 
the evolution of science; therefore, 
the task of the company’s person-
nel is to update the list of journals 
covered, as well as to identify and 
evaluate new journals. the journals 
that have become less useful are 
eliminated from the database.

During the first years after the 
ScI was established, the editors of 
journals were wary of their publi-
cation coverage by ScI; then, the 
situation changed dramatically 
with the years. the recognition of 
the significance of the ScI by scien-
tific community and the commer-
cial success of ScI resulted in the 
fact that e. Garfield’s office was 
filled with editors’ requests: “Do 
not perish us, include in the ScI” 
[10]. In the early 1970s, the caption 
“covered by ScI” first appeared on 
the covers of journals.

three indicators connected both 
with the qualitative and quantita-
tive characteristics of journals have 
been taken as a basis for the princi-
ples of journal selection process :
– citation data;
– compliance of a journal with cer-

tain scientific and publisher’s pa-
rameters (journal standard); and
– expert evaluation.

the tr company has used for 
several decades the technological 
and scientific achievements of the 
ISI, the unique information serv-
ice that first started processing the 
references contained in scientific 
articles, letters to editors, editors’ 
columns, and book reviews pub-
lished in journals. these data are 
invaluable sources of information 
pertaining to the qualitative char-
acteristics used for the journals’ 
evaluation that have been in pub-
lication over a long period of time 
(11).

Selection of new journals is 
mostly based on expertise of the 
journal’s quality. The evaluation of 
journals and their exclusion from 
this system is a continuous proc-
ess. every other week, journals are 
added or excluded from the tr da-
tabases. About 2,000 new journals 
annually are examined by the com-
pany staff; only 10–12% of those are 
selected for processing.

continual monitoring of journals 
ensures that they comply with high 
scientific standards and stay rele-
vant to the products in which they 
are covered. All journals covered by 
Web of Science undergo selection 
process regardless of the database 
they are supposed to be covered in: 
Science citation Index-expanded, 
Social Science citation Index-ex-
panded, or Art & Humanities cita-
tion Index. Special attention is given 
to an evaluation of journals on social 
sciences or Art & Humanities due to 
the specificity of the citations pat-
terns in these fields of knowledge 
(lower citations indicators com-
pared to those for natural sciences).

tr editors responsible for the 
journal evaluation have a degree in 
the particular field of science they 
work in. Since these people daily 
monitor journals, they have become 
experts in journals in their corre-
sponding fields of science

Scientific article titles
Scientific article titles need to be in-
formative:

– the commonly accepted abbre-
viations only can be used in article 
titles; 

– no transliterations should be 
used in the titles of articles and 
abstracts translated into english; 
the exception is for untranslat-
able names, such as proper names, 
names of instruments, etc.; no un-
translatable slang can be used. this 
also refers to the abstracts (sum-
mary) and key words.

Geographic aspect
If a journal is not an outstanding 
exception and its subject field is of 
interest only to a small region, it is 
unlikely to find itself in tr prod-
ucts. experience demonstrates that 
the best articles written by authors 
from third World countries have 
been published in international 
journals; therefore, if a choice is 
to be made out of two journals 
with the same specialization, in-
ternationally oriented journals 
are be preferred. Of course, this 
policy creates additional difficul-
ties for authors from third World 
countries with international ambi-
tion. tr has always been blamed 
(and this has now been generally 
acknowledged) for the fact that 
the service has biased American 
and western european journals. 
e. Garfield attributed this to the 
overabundance of research car-
ried out in the u.S. and Western 
europe, the results of this research 
being published in english, Ger-
man, and French. Special attention 
has always been on the analysis of 
Soviet journals. If an ISI analysis 
has shown  that a certain Soviet 
journal was not covered for prep-
aration of the ScI but was highly 
cited by the other source journals, 
this journal was covered in the 
processing. For example, this was 
the case with Teplofizika (Thermal 
Physics). At time of writing, the 
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Web of Science  indexes a total of 
166 russian journals; among them, 
157 are covered in the Science ci-
tation Index  ; 6, in the Social Sci-
ence citation Index (two of those 
are actually American journals fo-
cused on the politics and econom-
ics of cIS, russia, and china), and 
3 russian journals (Voprosy Istorii 
(Questions of History), Voprosy 
Filosofii (Questions of Philosophy), 
and Sotsiologicheskie Issledovaniia 
(Sociological Studies)), in the Art & 
Humanities citation Index.

Depth of coverage of 
the subject field
the depth of  the subject field cov-
erage is one of the evaluation crite-
ria when deciding whether a new 
journal should be covered by tr 
products. Based on private experi-
ence between the tr editor and a 
professional scientific community 
or publishing company, a deci-
sion for a new journal selection of 
launched by this scientific commu-
nity or publishing company can be 
made. unfortunately, good quality  
journals published earlier do not 
always guarantee that a new jour-
nal will be of a high quality, as well. 
It is natural to expect that a new 
journal published by a respectable 
publishing company with solid ex-
perience will be of high quality. 
However, it is rather frequent that 
publishing companies, pushed by 
members of a particularly interest-
ed group of specialists, begins pre-
mature publishing of a new journal. 
Moreover, the community of pub-
lishing companies is not monolithic 
with respect to publishing stand-
ards; there are significant discrep-
ancies in the quality and periodic-
ity of the publications. the same 
observations apply for a number of 
journals that are subsidized by the 
government or partially subsidized 
by other organizations. the fate of 
such publications may hinge on an-
nual budget fluctuations.

Compliance of the journal 
with major standards
the timeliness of a publication is 
one of the criteria in the evaluation 
process. At the first stage of consid-
eration of candidates for inclusion 
in the tr, the journal needs to be 
in line with the claimed periodicity. 
the ability of a journal to come out 
strictly on schedule means that the 
editorial board has a large hoard of 
unpublished articles in its portfolio. 
It is unacceptable for a journal to 
violate the established publication 
timeliness. In order to confirm the 
timeliness of publication, the edi-
torial board needs to successively 
forward three current issues of the 
journal as soon as they are pub-
lished to the tr company.

the tr company also takes no-
tice of compliance with the Interna-
tional Publishing convention, which 
optimizes facilities for searching for 
the source articles. they include 
such items as the informative title 
of the journal, illustrative represen-
tation of article titles and abstract, 
full bibliographic description of all 
the references contained in the ar-
ticles, and full address data of each 
author and organization.

In the modern world, english is 
the universal language of science. 
For this reason, the journals pub-
lished in english or at least having 
bibliographic descriptions and ab-
stracts in english are considered 
first by tr. the WoS includes a 
sufficient number of journals with 
only bibliographic data published in 
english. However, it is obvious that 
the journals that will play the lead-
ing role in the international scientif-
ic community in the future will be 
entirely published in english. this 
is particularly valid for the field of 
natural sciences.

the peer review institute ensur-
ing the general quality of the ma-
terials submitted and completeness 
of the cited references is another 
important indicator of a journal’s 
standard.

Contents of the journal
As mentioned above, the core of 
scientific literature is the basis for 
all scientific disciplines. this core is 
not static; it changes along with the 
evolution of science. the emergence 
of new fields of knowledge results 
in the appearance of new journals, 
while the materials published in the 
new field of science attain a certain 
critical value. the task of the edi-
tors is to determine whether a new 
journal will enrich the products in 
which it should be included or this 
subject area is represented suffi-
ciently well without it.

the tr editors have access to a 
vast amount of cited literature and 
a long experience in daily work 
with new journals. therefore, they 
are capable of evaluating emerging 
scientific trends and active fields of 
research that had been published in 
journals, as well as deciding wheth-
er it is necessary to cover a new 
journal by WoS.

International diversity of the 
authors and the editorial board
tr editors pay attention to the in-
ternational diversity of the authors, 
editors, and members of the edito-
rial Board.. It is a significant factor 
for journals that are aimed to reach 
the international scientific com-
munity. the task of the company 
staff is to update the list of covered 
journals and to identify and evalu-
ate new journals. contemporary 
research is carried out all over the 
world; the international diversity of 
the journal is likely to be important 
for the global scientific community.

However, there is a large number 
of excellent regional journals that 
are intended mostly for the local 
audience rather than the interna-
tional community. they usually are 
not characterized by a great variety 
of materials from different coun-
tries, and tr does not impose this 
requirement on such journals.

All regional journals selected to 
be covered by tr products need to 
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provide complete bibliographic in-
formation in english (article title, 
abstract, key words, authors’ ad-
dresses) and undergo the review 
process. All citations within the 
articles need to be presented in 
Latin letters. An appreciably large 
number of free software programs 
for creating bibliographic descrip-
tions using roman alphabeth can 
be found on the Internet. A Google 
search “create citation” will offer 
you several free software programs 
allowing automatic creation of cita-
tions in accordance with the speci-
fied standards (e.g., http://www.
easybib.com/). It should be noted 
that descriptions can be created 
for different publication types (a 
book, a journal article, an Internet 
resource, etc.).

Citation analysis
evaluating a journal is a unique 
process, since tr editors have an 
enormous collection of citation data. 
Attention should be put on the sig-
nificance of the interpretation of 
these data and their comprehension. 
the quantitative citation indicators 
should be used only in the context 
of a journal that belongs to the same 
subject field. For example, there 
are not so many articles in the field 
of crystallography, and they con-
tain a smaller number of citations 
as compared to those in the field of 
biotechnology or genetics. Or let us 
take another field, Art & Humani-
ties, which is covered in the Art & 
Humanities Index (A&HI). the ar-
ticles relating to this discipline re-
quire a considerably longer period 
of time to accumulate a significant 
number of citations. However, there 
is nothing unusual if an article from 
another field of science (e.g., life sci-
ences) reaches its citation peak 2–3 
years after publication. these facts 
need to be taken into account for a 
fair evaluation.

the citation indicators are evalu-
ated at least at two levels. First, the 
citation indicators of the journal 

are determined on the basis of the 
impact factor or the total number 
of references to this journal. then, 
the citation indicators of individual 
authors are evaluated. this type of 
analysis is always useful, in particu-
lar when a new journal has yet to 
build a citation history.

this type of evaluation is per-
formed for the journals that have 
not been covered by tr products 
and need a re-evaluation. It refers 
to the journals for which an in-
crease in the number of citations 
has been observed due to various 
reasons: translation of articles into 
english, changes in the editorial 
policy, changes of publishing com-
panies, etc. Free access of TR em-
ployees to all literature cited (over 
12,500 journals) means that the 
company has access to data per-
taining to the number of citations 
for the journals both covered and 
not covered in its products.

Self-citation
Self-citation is the number of ref-
erences to the articles published in 
the same journal. For instance, if 
journal X was cited by all journals 
15,000 times, including 2,000 cita-
tions in journal X, the share of self-
citation will be 2 × 100/15 = 13.3%.

All journals tend to publish arti-
cles in a certain subject field. Since 
scientific progress is based on pre-
liminary studies, there is nothing 
unusual about some extent of self-
citation of the journal. However, 
it is appreciably difficult to detect 
deliberate self-citing. 

A high level of self-citation is not 
unusual for the leading journals in 
a certain field of knowledge, since 
high-quality papers or the ones de-
voted to a new, rapidly developing 
scientific discipline are being con-
stantly published in these journals. 
In the ideal situation, the authors 
cite their previous studies, since 
they are the most relevant for the 
work carried out, which does not 
depend on the journal they would 

like to be published in. However, 
self-citation in these journals may 
become dominant in the total pool 
of citations. Self-citation can po-
tentially distort the true value (po-
sition) of a journal in a particular 
subject field.

Among all the journals covered 
by the JCR-Science Edition, 80% 
have a share of self-citation be-
low 20%. A significant deviation 
of this indicator from the normal 
value forces tr to re-examine the 
journal to determine what effect 
the excess self-citation had on the 
growth of the impact factor. If it is 
detected that self-citation was used 
improperly, the impact factor of 
this journal will not be published, 
and it will be considered reasonable 
to exclude the journal from Web of 
Science. there has been a myth in 
the scientific community that the 
editorial boards can manipulate the 
impact factor. Let us provide a curi-
ous example. the journal The World 
Journal of Gastroenterology had an 
excellent start. In 2000, its first IF 
was 0.993. During subsequent years, 
it rose to 1.445, 2.532, and 3.318. 
However, the journal was excluded 
from the Jcr in 2004. the perma-
nent increase in the IF was caused 
by self-citation rather than by the 
recognition of this journal by other 
authors. When calculating the IF, it 
was discovered that over 90% of the 
citations were self-citations. the 
journal was re-covered in the Jcr 
in 2008; its IF was 2.081, the share 
of self-citation was as low as 8%.

In 2003, Marie McVeigh, Director 
of the Jcr and Bibliographic Poli-
cy, examined the factors that cause 
high self-citation. It was found that 
self-citation is independent of the 
volume or subject field of the jour-
nal and is determined by the pat-
tern of behavior of individual jour-
nals. the elimination of self-citation 
upon calculation of IF will have no 
effect on the ranking of most jour-
nals. When M. McVeigh detects 
journals whose IFs are mostly based 
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on self-citation, she acts as a parent 
would do with naughty children: 
she punishes them and gives them 
some time to “reform.”

the journals are given a short 
period of time (usually, several 
years), during which the editors are 
required to make aware their policy 
consequences. If they follow com-
mon norms and standards, they are 
re-covered in the Jcr [12].

Addresses of organizations 
and authors
It is necessary to follow the exist-
ing rules of transliteration and use 
unified spelling (with Latin letters) 
of the authors’ last names and or-
ganization names. these data are of 
great significance for collection of 
analytical statistics on the activity 
of organizations and individual re-
searchers. In WoS, there is a special 
“author finder” section which con-
tains data on organizations where 
a researcher has worked and to his 
or her publications. the russian 
Academy of Sciences wastes a large 
number of publications because 
russian researchers forget to men-
tion the fact that their organization 
is affiliated with the rAS.

If we would like to bolster the 
statistical presence for the rAS in 
global databases, one needs to ask 
the editors of journals published by 
the rAS to use the same english 
version of the name of a rAS in-
stitute. Of course, the authors need 
to use the same organization name; 
otherwise, it will be difficult to de-
termine their real productivity.

 experience in working with the 
WoS has demonstrated that rus-
sian scientists sometimes forget to 
specify the country (“russia”) in 
the “organization address” field.

TR company has developed a re-
searcher identifier (RESEARCHER 
ID) in open access for all Internet 
users: http://researcherid.com.

W i t h  a  u n i q u e  i d e n t i -
f i e r  a s s i g n e d  t o  e a c h  a u -
thor in researcherID, you can  

eliminate author misidentification 
and view an author’s citation metrics 
One needs to visit the aforemen-
tioned website, input his or her 
data, and write the commonly ac-
cepted english-language name of 
the Institute you are working. the 
data pertaining to your identifier 
will be subsequently sent to you 
via e-mail. this will allow to auto-
matically add your publications into 
your profile and save up to 10,000 
bibliographic records obtained upon 
searching in the WoS.

Sources of financial support
the data on the sources of financial 
support, provided in the last sec-
tion of the article, including grant 
numbers, are very important infor-
mation enabling one to search by 
“funding agency” in  WoS. there-
fore, journal editorial board mem-
bers should pay attention to the 
presence of such data.

Social sciences and the Social 
Science Citation Index
All social science journals undergo 
the same evaluation process as the 
natural science and engineering 
journals. the indicators considered 
are as follows: compliance of the 
journal with conventional stand-
ards, including the timeliness of 
publication of the journal; journal 
content; international authors; and 
the number of citations. the cita-
tion statistics takes into account the 
fact that the general citation score 
in the field of social sciences gen-
erally are considerably lower than 
those in the field of natural sciences 
and engineering. Special attention 
is paid to the journals that focus on 
regional studies, since they play a 
special role in the field of social sci-
ences. It is the local specialization 
that is of interest for research.

Art & Humanities and the Art 
& Humanities Citation Index
the compliance with conventional 
standards (including the timely 

publication) is important for Art & 
Humanities, as well. However, the 
citation patterns in the field of Art 
& Humanities do not always corre-
spond to certain predictable models 
used in social and natural sciences 
and engineering. Moreover, articles 
in the field of Art & Humanities 
frequently cite books, music com-
positions, as well as literature and 
art works. the presence of the eng-
lish text is not obligatory in certain 
fields of Arts and Humanities, in 
which it is not needed for the na-
tional specificity of the study object 
(e.g., studies devoted to regional lit-
erature).

Journal Website 
Journal website is one of the indica-
tors of its visibility on the Internet. 
It is reasonable to specify on the 
website which foreign and rus-
sian  s process the journal. Prior to 
designing the website, we recom-
mend having a look at foreign an-
alogues of your subject area. the 
links should be provided on both 
russian- and english-language 
websites. Guidelines for authors for 
a manuscript submission should be 
timely updated and correspond to 
the facilities provided by new infor-
mation technologies. the website 
should be constantly updated.

PROCEDuRE FOR SuBMISSION 
OF A JOuRNAL TO THE 
THOMSON REuTERS 
When requesting inclusion of a 
journal in tr, one needs to double-
check the following:

– titles of the articles need to be 
informative – this requirement is 
considered by the expert system to 
be a major one;

– Only commonly accepted ab-
breviations can be used in article 
titles;

– no transliterations from the 
russian language should be used 
in the titles of articles and abstracts 
translated into english; exception 
is made for untranslatable names, 
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such as proper names, instruments, 
etc.; no untranslatable slang known 
only to russian-speaking specialists 
can be used;

– each paper in the journal 
should be peer reviewed;

–timeliness of the publications is 
mandatory;

– each printed and/or electronic 
material should have an ISSn;

– A list of references using Latin 
letters should be provided;

– the journal title should have 
an english-language name;

– Publication year is mandatory;
– Volume and issue of the publi-

cation are required;
– An english title of the article 

should be provided;
– either page numbers or article 

number (article number is not the 
DOI number). If a journal uses the 
numeration of both pages and arti-

cles, they should be listed individu-
ally, similar to that indicated in pa-
rentheses (art. № 23, pp. 6–10, not 
23.6.–23.10);

– An english-language abstract 
should be provided for each scien-
tific article;

– Authors’ last names and their 
addresses should be provided, in-
cluding the e-mail of the author 
responsible for the distribution of 
reprints;

– All article identifiers, such as 
DOI, PII, and other article numbers 
are needed;

– complete content list of each 
issue should include data pertaining 
to the pages/number of each article 
(except when only one article was 
published in the journal);

– Information on the source of fi-
nancial support and grant number 
(if any) is needed;

–Assignment of these identifiers 
both in the original articles and in 
the references helps in the use of 
the articles containing citations, as 
well as the cited ones, and proper 
identification by the abstracting 
and indexing services.

to submit a journal to the Web of 
Science, one needs to

1. establish an ongoing, compli-
mentary subscription to the title for 
thomson reuters;

2. Send several most current is-
sues of the journal;

3. Forward each subsequent is-
sue of the journal to the following 
address: thomson reuters Attn: 
P u B L I c A t I O n  P r O c e S S -
InG, 1500 Spring Garden Street, 
Fourth Floor, Philadelphia, PA 
19130 uSA. 

reFerenceS
1. Ivanov V.V., Varshavskii A.e., Markusova V.A. //Herald of 

the rAS. 2011. № 7. P. 587–593.
2. Halfman W., Leydesdorff L. Is inequality among universi-

ties increasing? Gini coefficients and the elusive rise of elite 
universities. www.loet@leydesdorff.net

3. Garfield e. citation Indexes for Science // Science. 1955. Т. 
122. № 3159. P. 108–111. 

4 . Ginzburg V.L. Sami vinovaty? Pochemu rossiia poluchaet 
malo nobelevskikh premii (themselves to Blame? Why did 
russia Get a Few nobel Prizes) // Poisk. 2007. № 47. P. 4. 

5. Price D.J. de S. Little Science, Big Science. new York: co-
lumbia university Press. 1963.

6. Garfield e. How ISI selects jopurnals for coverage: Quan-
titative andQualitative considerations//current contents. 
1990. № 22. P. 2-10.

7. Garfield e. A century of citation Indexing. Key note ad-
dress // 12th cOLLnet Meeting, September 20–23, 2011. 
Istanbul: Istanbul Bilgi university, 2011. 

8. Garfield e. the Agony and the ecstasy – the History and 
Meaning of the Journal Impact Factor// J. Amer. Med. As-
sociation. 2006. V. 295. № 1. P.90–93.

9. Mikhailov A.I., chernyi A.I., Giliarevskii r.S. nauchnye 
kommunikatsii i informatika (Scientific communications 
and Informatics). Moscow: nauka, 1976. 435 p.

10. Garfield e. errors – theirs, ours, yours // current con-
tents. 1974. V. 25. Р.5–6.

11. testa J. the thomson reuters journal selection process 
http://thomsonreuters.com/products_services/science/
free/essays/journal_selection_process/

12.Gaming the Impact Factor Puts Journal In time-out. 
www. scholarlykitchen.sspnet.org

An extended session of the Scientific Publishing Coun-
cil of the Russian Academy of Sciences with represent-
atives of Thomson Reuters headed by Vice President 
J. Testa was held on May 14, 2012. Mr. Testa delivered 
his report on journals selection policy to be covered by 
the Web of Science, and answered questions from the 
audience.

The meeting between J. Testa and the Vice 
Presidents of the Russian Academy of Sciences, 
A.I. Grigor’ev and S.M. Aldoshin, was held to discuss 
the results of the extended session of the Scientific 
Publishing Council. During the meeting, the subsequent 
joint collaboration between the RAS and Thomson Reu-

ters company was discussed in terms of the following 
directions:

– Possible expansion of coverage of Russian journals to 
be covered in the Web of Science;

– The results of the free-of-charge test access of the 
RAS institutes to the Web of Science;

– The international conference on scientometrics issues  
that is planned to be held by the Institute for the Study 
of Science jointly with the Thomson Reuters company on 
October 10–12, 2013; and

– Establishment of a working group to solve problems of 
bibliometrics and collaboration between the Russian Acad-
emy of Sciences and the Thomson Reuters company.
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INTRODuCTION
the international and national sci-
ence citation indices contained in 
the bibliographic descriptions of 
articles and reference lists are used 
in bibliometric analysis. evaluation 
of the publication activity in rus-
sian statistics practice began fairly 
recently [1–5]. Despite its rapid de-
velopment, the russian science cita-
tion index (rScI) still fails to reflect 
the publication activity of russian 
scientists adequately. Against this 
background, the materials of the 
science citation databases Web of 
Science (WoS)  and the electronic 
analytical database essential Sci-
ence Indicators based on Web of 
Science were chosen as the infor-

mation base for this work. eugene 
Garfield established web of Science 
(WoS) in 1964. Web of Science is 
the first science citation database 
in the world owned by the thomp-
son reuters information corpora-
tion. As of 2011, the Web of Science 
comprises approximately 48 million 
entries of scientific publications in 
over 15 thousand scientific journals. 
the database includes material pre-
sented in more than 148 thousand 
scientific conferences. the database 
includes science publications dating 
back to 1900.

the essential Science Indicators 
(eSI) in cross-country terms con-
tains data on three basic publica-
tion activity indicators (the number 

of publications (“papers” column in 
eSI database); the number of cita-
tions received by these publications 
(“citations” column in eSI data-
base), and the average number of 
citations per paper (“citations per 
paper” column in eSI database) for 
144 countries over the past 10 years. 
In turn, this ten-year period is di-
vided into five-year sub-periods 
(at the time of writing, the data for 
2001–2005, 2002–2006, 2003–2007, 
2004–2008, 2005–2009, 2006–2010, 
and 2007–2011 were available in 
eSI database). total number of 
publication was grouped into the 22 
fields of science (according to the 
classification of the essential Sci-
ence Indicators).
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ABSTRACT The primary aim of this research report is to analyse  the dynamics and structure of the publications 
of Russian authors, as well as to define the place of Russian science in the global scientific process. Bibliometric 
analysis methods are the main methods for quantitative analysis of scientific cooperation, efficiency, and other 
aspects of scientific activity. The information base for this research includes materials from science citation da-
tabases containing bibliographic descriptions of the articles published in scientific journals (mainly written in 
English) in a significant number of fields of science. Various parameters (e.g. dynamics of the number of publica-
tions, the number of citation, the level of co-authorship, the scientific specialization index, etc.) at various levels 
of aggregation (e.g. individual researchers, research organizations, countries and regions of the world) can be 
calculated based on these data. The results of bibliometric studies can be used in a number of ways:
- analysis of latest trends in the development of various scientific fields;
- evaluation of the effectiveness of research organizations; 
- overall assessment of the scientific potential of Russia (its strengths and weaknesses);
- identification the most productive scientists in various fields of science; 
- drawing the international comparisons of publications; 
- analysis of collaboration networks of scientific teams.
The paper analyses the basic indicators of the publication activity of scientists in Russia and the leading coun-
tries over the period between 2001 and 2011. Publication activity of Russian scientists is analysed in the context 
of specific areas of science. This allows the identification of areas of specialization of Russian publications. The 
paper also examines the dynamics of highly-cited publications and the indicators of the international scientific 
collaboration of Russian researchers. In this paper, materials of Web of Science database were used for analysis 
of publication activity.
KEYWORDS publication activity; bibliometric indicators; publications of Russian authors; the level of citation; 
cross-country analysis.
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Studied sample includes coun-
tries with more than 10 000 publica-
tions in eSI database for the years 
2001 – 2011. this  sample consists of 
57 countries. In certain cases, all the 
countries of the world will be under 
analysis.

A publication is  affiliated to a 
certain country (russia for exam-
ple) if its author (or at least one of 
the co-authors) specified this coun-
try (russia) in his or her working 
address. the terms “publications by 
russian authors”, “russian publi-
cations”, “publications of russia” 
are used as synonyms. the follow-
ing types of documents are classi-
fied under the term “publication”: 
“article”, “proceedings paper”, and 
“review”.

When performing a cross-coun-
try analysis of publication activity, 
one should take into account the 
fact that english-language pub-
lications currently dominate the 
science citation databases. english-
language publications accounted 
for 94.8% of the total number of 
publications presented in the WoS 
database between 1990 and 2011. 
At the same time publications in 
the French, German, russian, Jap-
anese, and chinese languages ac-
counted for only 1.2, 1.1, 0.6, 0.22, 

and 0.1%, respectively. Moreover, 
the profiles of the publication activ-
ity in such fields of science as math-
ematics, computer science, natural 
science, and engineering are not 
sufficiently complete in these da-
tabases with area of social sciences 
and the humanities being the least 
complete. these limitations should 
be taken into account when inter-
preting bibliometric data.

GLOBAL TRENDS IN 
PuBLICATION ACTIVITY
the basic indicator of publication 
activity is the number of publica-
tions in peer-reviewed scientific 
journals. When comparing the pub-
lication activities of different coun-
tries, the share of publications at-
tributed to the countries in the total 
world number of publications result 
in the countries rank in the global 
ranking of the number of publica-
tions. As mentioned, the interna-
tional citation databases contain 
a relatively small number of non-
english-language publications. con-
sequently, the analysis of the pub-
lications of non-english-speaking 
authors will focus primarily on their 
english-language papers, which ac-
tually constitute a relatively small 
share of the total number of pub-

lications in these countries. For ex-
ample, only 10% of all russian pub-
lications are indexed in the Web of 
Science database [1]. therefore, the 
indicators of publication activity are 
artificially underestimated for such 
countries as russia, Japan, china, 
India, as well as for Southeast Asia, 
Latin America, and the Middle east 
countries.

Web of Science database inte-
grates five science citation data-
bases:
– Science citation Index expanded 
(ScI-eXPAnDeD);
– Social Sciences citation Index 
(SScI);
– Arts & Humanities citation Index 
(A&HcI);
– conference Proceedings citation 
Index-Science (cPcI-S); and
– conference Proceedings citation 
Index-Social Science & Humanities 
(cPcI-SSH).

Data from all the databases with-
in the Web of Science database are 
used for all the calculations, tables, 
and figures in this paper.

Data on scientific publications 
can be presented in the WoS da-
tabase in different ways using the 
option “Analyze results”. Table 1 
shows the language structure of 
publications by russian authors in 

Table 1. Language structure of Russian papers: 2001–2011 (%)

Language 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

english 94.1 91.3 93.0 93.0 93.9 94.2 94.0 95.0 94.7 94.4 94.8

russian 4.6 6.3 4.5 5.0 4.1 3.8 4.4 3.5 3.1 1.9 3.9

Other languages 1.3 2.5 2.5 2.0 2.0 2.0 1.6 1.5 2.2 3.7 1.3

Notes: 1. The language structure of Russian papers was calculated as the dynamics of the share of Russian papers writ-
ten in languages specified in the table (English, Russian, other languages) in the total number of publications by Russian 
authors for each year specified in the table.
2. In order to obtain the primary data from the Web of Science database, the option “Analyze results” was used (for 
the selected country “Russia” and the selected time period “2001–2011”); the initial data were  then loaded from the 
category “Languages.” The following types of documents were selected for the analysis: article, proceedings paper, 
and review.
Source: author calculations  on Web of Science database materials. All databases of the Web of Science portal were used.
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scientific journals indexed in the 
Web of Science. the overwhelm-
ing majority (93–95%) of papers 
are english-language publications. 
throughout the studied period, the 
share of russian-language publica-
tions in the total number of russian 
publications in scientific journals 
indexed in the Web of Science var-
ies between 1.9 and 6.3%.

In 2011, the number of russian 
publications in WoS slightly de-
creased in comparison with 2001 
(Table 2). the minimal number of 
russian publications over the stud-
ied was reached in 2006 (27,462 
publications), followed by slight 
growth. the share of russian publi-
cations in the global number of pub-
lications  has dropped from 2.97% in 
2001 to 2.12% in 2011.

Over the past decade, the u.S. 
led the absolute world leader on the 
number of publications in WoS (Ta-
ble 3). Over the period of 2001–2011, 
russia has lost six positions in this 
ranking, dropping from 9th to 15th 
place, overtaken by Spain, Aus-
tralia, South Korea, Brazil, and the 

netherlands. the positions of cana-
da and Western european countries 
remained almost unchanged.

Iran showed the highest growth 
of number of publications among 
the studied countries: by a factor 
of 11.5 over 2001–2011 (Table 4). 
Malaysia, Pakistan, china, Saudi 
Arabia, thailand, and turkey also 
showed high increase (more than 
200% over the studied period) in the 
number of number of publications 
in WoS. Among european coun-
tries, Portugal showed the highest 
increase in the number of publica-
tions (149% over the 2011–2011). 
On the other hand some countries 
showed a decrease in the number 
of publications in scientific journals 
indexed in WoS in 2011 in com-
parison with 2001:  Japan (by 7.4%), 
Venezuela (by 8.2%), and Belarus 
(by 15.9%).

countries with a rapidly increas-
ing publication activity have im-
proved their positions in the global 
ranking of the number of publica-
tions. Iran’s position improved by 23 
places (jump  from the 42nd place in 

2001 to the 19th place in 2011). Ma-
laysia improved its position by  15 
ranks (from the 45th place in 2001 to 
the 34th place in 2011). Some other 
countries (mainly from Asia and 
Latin America) also significant-
ly improved their position in this 
ranking: Pakistan by 11 positions; 
Portugal by 9 positions; turkey by 
7 positions; columbia by 6 positions; 
Saudi Arabia, thailand, Brazil, and 
china by 4 positions each. In con-
trast, some countries (mainly from 
eastern europe) have lost many 
positions in the global ranking of  
number of publications. the follow-
ing countries from the studied sam-
ple have lost six and more positions:  
russia and Venezuela (6 positions), 
Hungary, Bulgaria and Slovakia (7 
positions), Belarus (8 positions), and 
ukraine (12 positions).

the dynamic growth  of publica-
tion activity in  developing coun-
tries led to a  weakening of the 
dominance of the u.S. in the world 
science. In 2001, the share of the 
uSA in the total world number of 
publications was 31.5%; in 2011, 
it decreased to the level of 27.1%. 
Meanwhile, the share of the sec-
ond country in the rating increased 
from 8.9% in 2001 (in 2001, the sec-
ond position was held by Japan)  to 
13.6% in  2011 (in 2011, the second 
position was held by china).

the data on the publication ac-
tivity of different countries in the 
electronic analytical database es-
sential Science Indicators (eSI da-
tabase) developed on Web of Sci-
ence materials are presented in the 
“countries/territories” subsection 
in the “citation rankings” sec-
tion (option “View table of graph 
data”).

the following indicators are pro-
vided for a specified country for 
five-year periods as well as for the 
whole period of 2001–2011 (option 
“View table of graph data”):

1) number of papers;
2) number of citations;
3) Average citations per paper.

Table 2. Dynamics of Russian publications: 2001–2011

Year number of russian 
publications

Shares of russian publications in the total 
world number of publications, %

2001 28 665 2.97
2002 29 612 3.00
2003 28 648 2.75
2004 28 835 2.64
2005 28 281 2.45
2006 27 462 2.24
2007 28 926 2.16
2008 30 673 2.16
2009 30 904 2.09
2010 29 224 2.06
2011 28 573 2.12

Notes: The option “Analyze results” was used to obtain the primary data in 
the Web of Science portal (for the selected country “Russia”); the initial data 
were then loaded from the category “Publication years.”The following types 
of documents were selected for the analysis: article, proceedings paper, and 
review.
Source: author calculations on Web of Science database materials. All data-
bases of the Web of Science portal were used.
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Table 3. Top 25 countries in the world rating for the number of publications

№

2001 2011

country
number  

of publications  
by the country

Share  
of the country  

in the total world 
number  

of publications, %

country
number  

of publications  
by the country

Share  
of the country  

in the total world 
number  

of publications, %

1 uSA 303 917 31.48 uSA 366 507 27.13

2 Japan 86 096 8.92 china 184 029 13.62

3 Great Britain 83 582 8.66 Great Britain 105 411 7.80

4 Germany 77 982 8.08 Germany 97 070 7.19

5 France 55 259 5.72 Japan 79 751 5.90

6 china 44 575 4.62 France 67 990 5.03

7 canada 38 645 4.00 canada 58 855 4.36

8 Italy 38 453 3.98 Italy 55 253 4.09

9 russia 28 667 2.97 Spain 50 256 3.72

10 Spain 26 350 2.73 India 46 172 3.42

11 Australia 25 483 2.64 South Korea 45 971 3.40

12 the netherlands 21 779 2.26 Australia 44 244 3.28

13 India 19 272 2.00 Brazil 34 122 2.53

14 South Korea 19 194 1.99 the netherlands 33 523 2.48

15 Sweden 17 422 1.81 russia 28 577 2.12

16 Switzerland 15 566 1.61 taiwan 28 553 2.11

17 Brazil 13 324 1.38 Switzerland 24 655 1.83

18 taiwan 13 018 1.35 turkey 23 470 1.74

19 Poland 12 824 1.33 Iran 21 768 1.61

20 Belgium 11 964 1.24 Sweden 21 389 1.58

21 Israel 10 836 1.12 Poland 20 818 1.54

22 Finland 8 822 0.91 Belgium 18 686 1.38

23 Austria 8 779 0.91 Denmark 13 468 1.00

24 Denmark 8 754 0.91 Austria 12 852 0.95

25 turkey 7 233 0.75 Israel 12 493 0.93

Notes: 1. In order to obtain the data  on the total world number of publications in the Web of Science portal, the retriev-
al request “PY=2001 AND 2011” was input in the “Advanced search” insertion; the option “Analyze results” was then 
used to load the initial data from the category “Document types.” The following types of documents were selected for 
analysis: article, proceedings paper, and review.
2. The option “Analyze results” was used to obtain the data on the number of publications in the countries  studied on 
the Web of Science portal (for 2001 and 2011); the initial data were then loaded from the category “Countries/territo-
ries.” The following types of documents were selected for analysis: article, proceedings paper, and review.
3. The sum of the shares for all countries is higher than 100%, since some papers were prepared in international co-
authorship.
Source: author calculations on Web of Science database materials. All databases of the Web of Science portal were 
used.
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In essence, the latter indicator is 
the ratio between the second and 
the first indicators. All three indica-
tors can be calculated both for each 
of the 22 fields of science specified 
by WoS and for the total number of 
publications (“All fields” category). 
the same indicators are available 
for the total world number of scien-
tific papers. the data on global in-
dicators of publication activity are 
presented in the “Baselines” sub-
section in the “citation Analysis” 
section (“View field rankings table” 
option). Similar to the case of indi-
vidual countries, the global indica-
tors of publication activity can be 
calculated both for the 22 fields of 
science and for the total number of 
publications for the specified five-
year periods and for the whole pe-
riod of 2001–2011. 

It should be noted here that the 
total number of publications of a 
certain country during a certain 
five-year period can be obtained 

via the  summing up the numbers 
of publications (and citations) of  all 
22 fields of science. In other words, 
the subjects of 22 fields of science  
specified in the essential Science 
Indicators do not overlap. Mean-
while, the global number of publi-
cations (and citations) obtained via 
the summing up of publications of  
all countries exceeds the real total 
world number of publications (and 
citations), due to the fact that some 
papers result from international 
collaboration. Subsequently, these 
publications are assigned to all the 
countries whose authors partici-
pated in these publications. there-
fore, by summing up the number of 
publications (and citations of these 
publications)  of all countries, some 
papers (and citations) will actually 
be accounted several times.

the thematic structure of rus-
sian publications in WoS differs 
from the global one (Table 5). Phys-
ics is the most significant field of 

science in russia. Publications  on 
physics accounted for 28% of the to-
tal number of russian publications  
in 2001–2011. the second and the 
third most significant fields of sci-
ence are chemistry (22.2%) and en-
gineering (7.6%).

clinical medicine is the most sig-
nificant field of science in the world 
structure of publications: its share 
in the total number of scientific 
publications was 21.0% in 2011 – 
2011. the second and the third most 
significant fields of study are chem-
istry (12.0%) and physics (9.3%). the 
share of russian publications on 
clinical medicine, computer and so-
cial sciences in total world number 
of publications was very small. no 
significant changes in the thematic 
structure of russian  publications 
were observed during the stud-
ied period. nevertheless, it should 
be noted that in the structure of 
russian publications the share of  
publications  on pharmacology & 
toxicology, economics & business, 
multidisciplinary studies, and en-
vironment/ecology considerably 
increased.

By comparing the thematic 
structure of scientific publications 
in a specific country with the same 
global  structure, it is possible to 
calculate the index of scientific 
specialisation of the country [1]. 
this index is calculated as the ra-
tio between the shares of publica-
tions in the field of studies i, within 
the total number of publications of 
country j, and the same indicator 
for the global structure of publica-
tions. If this index is greater than 
one in a certain discipline, thus this 
discipline belongs to the sphere of 
scientific specialization sphere of 
that particular country.

the main areas of scientific spe-
cialization  of russian science are 
physics, space science, and geosci-
ences (Fig. 1). Significant areas of 
specialization include mathemat-
ics, chemistry, and materials sci-
ence. Publications on  pharmacol-

Table 4. Country composition  of the studied sample with the most dynamically 
increasing number of publications: 2001–2011

country
number of publications the number of publications 

increased in 2001–2011 
 by a factor of2001 2011

Iran 1 891 21 768 11.51

Malaysia 1 216 8 713 7.17

china 44 575 184 029 4.13

Pakistan 739 5 682 5.47

Saudi Arabia 1 451 5 651 3.89

thailand 1 727 5 991 3.47

turkey 7 233 23 470 3.24

Notes: In order to obtain the primary data from the Web of Science portal, the 
option “Analyze results” was used for the countries specified in the table; the 
initial data were then loaded from the category “publication years.” The fol-
lowing types of documents were selected for the analysis: article, proceedings 
paper, and review.
Source: author calculations on Web of Science database materials. All data-
bases of the Web of Science portal were used.
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ogy and toxicology, economics and 
business, and multidisciplinary 
studies showed the most  signifi-
cant increase in the index of sci-
entific specialization  in 2007–2011 
in comparison with 2001–2005 On 
the contrary, index of scientific 
specialization  for  publications on 
social sciences decreased dramati-
cally.

russian authors have contribut-
ed substantially to the total global 
number of scientific papers (Fig. 2)  
on physics (7.9% of the total world 
number), space science (7.1%), and 
geosciences (6.7%). russian publi-
cations  on chemistry, mathemat-
ics, and materials science were 
also significantly presented  in the 
world science: they accounted to 

3–5% of the total world number 
in 2001–2011. As previously men-
tioned, russia has lost positions 
in world science over the period 
of 2001 – 2011. Let us analyse this 
phenomenon  in the context of 
fields of science. In 2007–2011 in 
comparison with 2001–2005 rus-
sian publications on social science, 
psychiatry & psychology, materi-

Table 5. Distribution of publications over fields of science (%)

Field of science
World structure russian structure

2001–2005 2007–2011 2001–2005 2007–2011

Biology & biochemistry 6.08 5.17 4.01 3.48

Immunology 1.33 1.14 0.16 0.20

clinical medicine 20.79 21.24 4.70 5.09

computer science 2.97 2.09 1.20 0.84

Mathematics 2.47 2.81 4.42 5.46

Materials science 4.60 4.70 6.25 6.01

Microbiology 1.66 1.69 1.27 1.20

Molecular biology and genetics 2.83 2.78 2.12 2.24

Multidisciplinary 0.17 0.17 0.07 0.13

Geosciences 2.83 2.92 7.11 8.08

Space science 1.31 1.15 3.31 3.23

Plant & animal science 5.56 5.42 2.29 2.60

environment/ecology 2.57 2.88 0.90 1.50

neuroscience & behaviour 3.16 2.85 0.78 0.78

Social science 4.06 5.12 1.08 0.95

Psychiatry/psychology 2.38 2.49 0.50 0.44

Agricultural science 1.85 2.30 0.70 0.77

engineering 8.02 8.66 7.95 7.27

Pharmacology & toxicology 1.79 1.96 0.19 0.46

Physics 9.71 8.98 28.29 27.34

chemistry 12.31 11.62 22.58 21.76

economics & business 1.54 1.84 0.10 0.18

Notes: The distribution of publications over fields of science was calculated as the dynamics of the shares of the publica-
tions in the specified fields of science  in the total number of publications.
Source: author calculations on of Essential Science Indicators database materials (section “Citation Rankings, subsection 
“Countries/territories” country “Russia,” option “View table of graph data” for Russian indicators ; section “Citation 
Analysis,” subsection “Baselines,” option “View field rankings table” for the total world indicators).



20 | ActA nAturAe |  VOL. 4  № 2 (13)  2012

FOruM

als science, and engineering have 
lost their positions in the world sci-
ence more dramatically than pub-
lication s on other field of science. 
the share of russian publications 
in the other areas of its scientific 
specialization has also decreased. 
Meanwhile, russia has strength-
ened its position in the fields of 
multidisciplinary studies, as well as 
pharmacology & toxicology, over 
the studied period.

MAJOR TENDENCIES IN 
PuBLICATION CITATION
citation indices are used to evalu-
ate the scientific impact of the pub-
lications of a certain researcher or 
a country in general. the average 
number of citations per publication 
is the basic indicator, which is de-

termined as the ratio between the 
number of citations on the publi-
cations  published  by  a specific 
country and the number of these 
publications  in scientific journals 
reviewed by the science citation 
database over a certain period. this 
indicator is typically assessed for a 
certain period (usually, 3–5 years) 
rather than for one year. the reason 
can be explained as follows: some   
period is necessary before a publi-
cation included in the international 
citation database can accumulate a 
significant number of citations. Let 
us note that in the context of this 
work indicator “average number 
of citations per publication”  refer 
three kinds of scientific documents: 
article, proceedings paper and re-
view.

the following procedure is used 
in the essential Science Indicators 
database to calculate the aver-
age number of citations per paper. 
there are two basic indicators:

- total number of publications 
(“number of papers” indicator in 
eSI database) of a specific coun-
try published during the specified 
5-year period (2001–2005 for exam-
ple) in scientific journals, indexed 
by Web of Science (“number of pa-
pers” indicator in eSI database);

- number of citations on this pub-
lications  during this (2001–2005)  
5-year period (“number of cita-
tions” indicator in eSI database).

therefore, the average number 
of citations per paper (AcP further) 
indicator is simply the ration of B 
and A indicators. Such an approach 

Fig. 1. Indices of the specialization of Russian publications in different fields of science.
Source: author calculations on Essential Science Indicators database materials  (section “Citation Rankings, subsection 
“Countries/territories” country “Russia,” option “View table of graph data” for indicators for Russia; section “Citation 
Analysis,” subsection “Baselines,” option “View field rankings table” for the total world indicators).
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to calculation the AcP indicator al-
lows cross-time evaluation of aver-
age level of citation of publications.

Analysis of citation indicator 
should be performed with caution. 
the number of citations does not 
always adequately represent the 
quality of publications, since op-
portunities to be citied are not equal 
for authors of different countries. 
So-called “Matthew effect that has 
been repeatedly observed in differ-
ent fields of science [6–10] should 
be mentioned here. the Matthew 
effect was first mentioned in 1968 
in the article of the American so-
ciologist robert Merton in Science 
[6, 7]. the researcher analysed the 
psychosocial factors affecting the 
recognition and evaluation of sci-
entific papers. the Matthew ef-

fect means that scientific research 
carried out by famous authors is 
somehow superior to that made by 
their less outstanding colleagues. 
the effect was named in light of 
the flowing quote from the Gospel 
According to St. Matthew: “For 
unto every one that hath shall be 
given, and he shall have abun-
dance: but from him that hath not 
shall be taken even that which he 
hath” (Matthew 25:29, King James 
Version). In context of countries 
Mathew effect means that publica-
tion from “prestigious” (e.g. from 
the uSA) country has, other thing 
equal, (it is assumed that the article 
from the u.S. author and the article 
from tajik author are devoted to 
the same problem, have the equal 
scientific level and are written in 

the same language with the same 
level of the grammatical correct-
ness), more opportunities than the 
publication from “unprestigious” 
(e.g. from tajikistan) country.

the countries with a small num-
ber of publications in the interna-
tional science citation databases 
often have extremely high level of 
the AcP indicator. Let us use the 
following example to illustrate. the 
Bermuda Islands, Panama, and 
Gambia held the first three posi-
tions in the ranking of the AcP 
indicator level over the period of 
2001–2011, respectively. the value 
of the AcP indicator in these coun-
tries was 23.7, 17.9, and 17.0 cita-
tions per paper, respectively. Ga-
bon and Guinea-Bissau were also 
among the top 20 countries of this 

Fig. 2. Shares of Russian publications in the total world number of publications on fields of science (%).
Source: author calculations on Essential Science Indicators database materials  (section “Citation Rankings, subsection 
“Countries/territories” country “Russia,” option “View table of graph data” for Russian indicators; section “Citation 
Analysis,” subsection “Baselines,” option “View field rankings table” for the total world indicators).
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ranking. However, in all these coun-
tries with the exception of Panama, 
the total number of publications in 
scientific journals indexed by WoS 
over the period of 2001–2011 was 
below 1,000 (in Panama, the num-
ber of papers was 2,098).

According to eSI data, russia 
held the 123rd position (out of 144) 
in the world rating on the AcP in-
dicator level. the average number 
of citations received by a russian 
paper published over the period of 
2001–2011 was relatively low: 4.87, 

much lower than the global aver-
age of 10.57 citations per paper. De-
spite this, russia held the relatively 
high position of 21st in the ranking 
of the absolute number of citations 
received by papers.

Table 6 lists the first 20 countries 
for the level of the AcP indicator 
within the studied sample. english-
speaking countries and northern 
european countries hold the first 12 
positions in this ranking, whereas 
russia holds the 47th position out of 
57 countries.

the value of the AcP indica-
tor in all countries characterized 
with rapidly growing publica-
tion activity was lower compared 
to the global level. Among these 
countries, thailand stood  had the 
highest value of the AcP indica-
tor: 7.57 citations per paper (the 
72nd position in the world). the 
other countries characterized by 
a rapid increase in the number 
of scientific papers in the lead-
ing world journals held positions 
below the top 100 in the global 

Table 6. The average number of citations per paper in the leading countries: 2001–2011

№ Страна Average number of citations 
per paper for the country

number of publications  
of the country

Position of the country in 
the  ranking of the number of 

publications

1 Switzerland 16.61 194 618 16

2 uSA 15.83 3 219 337 1

3 Denmark 15.83 104 212 23

4 the netherlands 15.53 268 385 14

5 Sweden 14.82 189 413 18

6 Great Britain 14.79 912 495 2

7 Belgium 13.69 147 261 21

8 Finland 13.59 94 209 25

9 Germany 13.20 836 694 4

10 canada 13.15 479 354 7

11 Austria 12.92 102 129 24

12 Israel 12.72 117 251 22

13 norway 12.56 77 118 29

14 France 12.32 598 138 6

15 Australia 11.97 323 344 10

16 Italy 11.81 458 871 8

17 Ireland 11.51 49 358 37

18 new Zealand 10.84 61 205 34

19 Spain 10.42 364 197 9

20 Japan 10.35 815 789 5

Notes: 1. The top 20 countries from the studied sample in terms of the average number of citations per paper are con-
sidered.
2. All indicators were calculated for the total number of publications over the period of 2001–2011 in scientific journals 
indexed in the Web of Science.
3. The average number of citations per paper is determined as the ratio between the number of citations received in 
2001–2011 by the publications  of the country published in 2001–2011 to the number of these publications.
Source: author calculations on Essential Science Indicators database materials (section “Citation Rankings, subsection 
“Countries/territories,” option “View table of graph data” for indicators of the countries listed in the table; section “Ci-
tation Analysis,” subsection “Baselines,” option “View field rankings table” for the total world indicators).
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ranking of the value of the AcP 
indicator. Iran, the country with 
the most dynamic increase in the 
absolute number of papers among 
the countries of the studied sam-
ple, had one of the lowest indi-

cators of the average number of 
citations per paper in the world 
– 4.19 citations per paper (133rd  
position in the world rating). the 
value of the AcP indicator in eu-
ropean countries was higher than 

in Asian countries. Japan had the 
highest average number of ci-
tations per paper among Asian 
countries: 10.35 citations per pa-
per and  he 35th position in the 
world rating for this indicator).

Table 7. Top 25 countries of the world  ranking of the number of citations of publications

№

2001–2005 2007–2011

country

number of 
citations of the 
publications of 

the country

Share of the 
country in the 

total world 
number of publi-
cation citations, %

Страна

number of 
citations of the 
publications of 

the country

Share of the 
country in the 

total world 
number of publi-
cation citations, %

1 uSA 8 736 259 47.5 uSA 11 542 290 42.2

2 Great Britain 2 231 223 12.1 Great Britain 3 330 285 12.2

3 Germany 1 900 402 10.3 Germany 2 788 268 10.2

4 Japan 1 576 262 8.6 china 2 219 953 8.1

5 France 1 244 048 6.8 France 1 852 765 6.8

6 canada 971 332 5.3 Japan 1 840 922 6.7

7 Italy 870 611 4.7 canada 1 641 349 6.0

8 the netherlands 650 939 3.5 Italy 1 462 765 5.3

9 Australia 572 221 3.1 Spain 1 111 348 4.1

10 china 569 874 3.1 the netherlands 1 086 107 4.0

11 Spain 549 353 3.0 Australia 1 071 029 3.9

12 Switzerland 529 890 2.9 Switzerland 857 170 3.1

13 Sweden 471 150 2.6 South Korea 677 451 2.5

14 Belgium 308 583 1.7 Sweden 666 464 2.4

15 South Korea 288 106 1.6 India 587 965 2.1

16 Denmark 265 646 1.4 Belgium 551 464 2.0

17 Israel 262 033 1.4 Brazil 436 681 1.6

18 russia 258 172 1.4 Denmark 426 175 1.6

19 India 225 529 1.2 taiwan 413 885 1.5

20 Finland 217 603 1.2 Austria 347 819 1.3

21 Austria 215 013 1.2 Israel 338 029 1.2

22 Brazil 185 243 1.0 russia 317 770 1.2

23 Poland 178 917 1.0 Finland 309 117 1.1

24 taiwan 173 626 0.9 Poland 302 810 1.1

25 norway 140 394 0.8 turkey 267 440 1.0

Notes: 1. The indicator “number of citations per publications of the country” is the number of citations received over the 
period of 2001–2005 (and 2007–2011) by the publications of the country in 2001–2005 (and 2007–2011).
2. The total world number of citations received by the publications is calculated for the actual number of the scientific 
publications of all the countries present in the Essential Science Indicators (section “Citation Analysis,” subsection “Base-
lines,” option “View field rankings table”).
Source: author calculations on Essential Science Indicators database materials (section “Citation Rankings, subsection 
“Countries/territories,” option “View table of graph data” for indicators for the countries listed in the table; section 
“Citation Analysis,” subsection “Baselines,” option “View field rankings table” for the total world indicators).
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Among the BrIc countries, Bra-
zil had the maximum level of the 
AcP indicator: 6.37 citations per 
paper (100th position in the global 
ranking). In china and India, the 
average number of citations per 
paper was also higher than in rus-
sia: 103rd and 108th positions in the 
world, respectively (6.15 and 5.87). 
estonia stands out among the coun-
tries of the former Soviet union for 
the highest value of the AcP indi-
cator: 9.35 citations per paper (45th 
position in the world). In all Baltic 
countries, the average number of 
citations per paper was higher than 
in russia. On the contrary, the av-
erage number of citations per pa-
per in central Asian countries, as 
well as in Belarus and ukraine, was 
lower than that in russia. Azerbai-
jan had the lowest value of the AcP 
indicator among the former uSSr 
countries: 2.71 citations per paper, 
143rd   position in the global ranking. 
Serbia held the lowest 144th position 
in the world rating on the value of 
the AcP indicator with 2.66 cita-
tions per paper. 

As mentioned previously, the an-
alytical database essential Science 
Indicators enables one to dynami-
cally compare the average number 
of citations per paper and the abso-
lute number of citations received by 
publications. Among the countries 
of studied sample, the most signifi-
cant growth (by more than 50%) 
in the average number of citations 
per paper was shown by such coun-
tries as Singapore (89.7%), tunisia 
(68.5%), Iran (61.6%), china (60.4%), 
egypt (57.9%), Algeria (57.4), Greece 
(55.8%) and turkey (50.3%).

the u.S. was the stable global 
leader on absolute number of cita-
tions received by publications over 
the studied period. the dominance 
of the u.S. over the other coun-
tries in terms of this indicator is 
even more pronounced than that in 
terms of the number of publications 
(Table 7). the papers published by 
u.S. authors during the period of 

2001–2011 received 45.3% of the to-
tal world number of citations. this 
indicator fell slightly from 47.5% to 
42.2% over the studied period. the 
shares of Great Britain and Germa-
ny, which held the second and third 
positions, respectively, in the rank-
ing of the number of citations over 
the period of 2001–2011, remained 
almost unchanged over the speci-
fied period. russia held the 22nd 
position in this ranking. During the 
specified period, russia lost by four 
positions dropping from 18th to 22nd.

china, which held the second 
position in the ranking of number 
of publications, ranked 7th in the 
ranking of the number of citations 
(5% of the total world number of 
citations). Over the period under 
analysis, china improved its rank 
by six positions: jumping from 10th 
to 4th place. In addition to china, 
some other countries with dynamic 
publication activity also improved 
their positions in this ranking: Iran 
(10 positions), Pakistan (8 posi-
tions), Malaysia (7 positions), china 
(6 positions), Brazil, Singapore, and 
taiwan (5 positions each). Among 
the countries of the studied sample 
under more than threefold increase 
in the number of citations on pub-
lications issued over the period of 
2001–2011 was observed in Iran 
(7.4 times), Pakistan (5.9 times), Ma-
laysia (4.8 times), china (3.9 times), 
Algeria (3.7 times), thailand (3.4 
times), nigeria (3.2 times), and co-
lumbia (3.1 times). However, a dra-
matic increase in the absolute num-
ber of citations on publications did 
little to help these countries to score 
high citation indices.

the following countries lost posi-
tions in the ranking of the number 
of citations on publications: russia, 
estonia and Israel lost four positions 
each; new Zealand and Slovakia 
five positions each; ukraine lost six  
positions, Hungary and Venezuela 
both lost eight positions. As in the 
case for the number of publications, 
the positions of the north european 

and north American countries in 
the ranking of the number of cita-
tions remained almost unchanged 
over the period of 2001–2011. De-
spite the loss of position in the rank-
ing of the number of citations on 
publications, Hungary held the rel-
atively high 38th position in the rat-
ing for the level, in contract to Ven-
ezuela, which held the 84th position. 
Israel, new Zealand, and estonia 
also held relatively high positions  
17th, 28th and 45th, respectively.

the distribution of citations 
on russian publications over the 
fields of science for russian papers, 
as well as the structure of papers, 
strongly differed from the world 
distribution (table 8). 37.5% of all 
the citations over the period of 
2001–2011 were received by rus-
sian publications on physics. the 
share of the remaining fields of 
science in the total number of ci-
tations on publications by russian 
authors was considerably lower. 
nevertheless, the share of citations 
received by russian publications 
on physics decreased in 2007–2011 
as compared to that in 2001–2005. 
Meanwhile, the share of citations 
received by russian publications 
on clinical medicine substantially 
increased from 3.8% to 7.8%.

the field of clinical medicine was 
dominant in the world structure 
of citations, accounting for 25.2% 
of the total number of citations. 
chemistry and physics held the 
second and third positions in terms 
of the number of citations received 
(12.1% and 8% of the total number 
of citations, respectively). the share 
of citations received by the publi-
cations on  biology & biochemistry 
decreased most significantly in the 
world structure of science over the 
period of 2001–2011.

the shares of citations on rus-
sian publications in the total world 
number of citations for differ-
ent fields of science are presented 
in Fig. 3. russian publications on 
physics and astronomy received 
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the largest share of the total world 
number of citations in comparison 
to the papers from other fields of 
science (the total being 6.1% over 
the period of 2001–2011). russian 
publications on mathematics, geo-
sciences, and space science received 
2%–4% of the total world number 
of citations. the share of citations 
on russian publications on physics 
and engineering in the total world 
number of such citations  seri-
ously decreased over the period of 
2001–2011. On the other hand, this 
indicator for publications on multi-

disciplinary studies increased con-
siderably (from 0.3 to 1.9%). Table 9 
lists the values of the AcP indicator 
for russian publications from dif-
ferent fields of science over the pe-
riod of 2001–2011. russian publica-
tions  o immunology had the highest 
average number of citations per pa-
per. However, the world level of the 
AcP indicator for publications on 
immunology was higher than the 
russian one.

russian publications on mathe-
matics, social and computer scienc-
es had the lowest value of the AcP 

indicator in comparison with publi-
cations from other fields of science 
over the period of 2001–2011. In 
2001–2005, the value of the AcP in-
dicator for russian publications on 
economics & business was compa-
rable to the corresponding world in-
dicator. However, the level of AcP 
indicator of russian publications 
from these fields, as well as those 
from the field of pharmacology & 
toxicology, decreased in 2007–2011 
by 28% and 19%, respectively.

russian publications on multi-
disciplinary studies showed quick 

Table 8. Distribution of the citations on publications over fields of science (%)

Field of science
World structure russian structure

2001–2005 2007–2011 2001–2005 2007–2011

Biology & biochemistry 10.47 7.63 6.66 5.54

Immunology 2.98 2.29 0.36 0.59

clinical medicine 25.56 25.09 3.79 7.81

computer science 0.82 0.91 0.32 0.27

Mathematics 0.68 0.94 1.36 1.86

Materials science 2.46 3.75 3.26 3.78

Multidisciplinary 0.07 0.12 0.01 0.20

Microbiology 2.64 2.35 1.59 1.52

Molecular biology and genetics 7.82 6.20 3.60 3.33

Geosciences 2.19 2.58 4.93 6.48

Space science 2.02 1.81 5.18 5.61

Plant & animal science 3.69 3.69 1.59 1.94

environment/ecology 2.16 2.98 0.96 1.42

neuroscience & behaviour 5.68 4.79 1.33 1.17

Social science 1.48 2.10 0.19 0.27

Psychiatry/psychology 2.00 2.36 0.25 0.21

Agricultural science 1.04 1.46 0.20 0.39

engineering 2.92 4.37 4.90 4.39

Pharmacology & toxicology 2.05 2.29 0.31 0.52

Physics 8.60 7.67 43.49 35.49

chemistry 12.09 13.71 15.65 17.15

economics & business 0.58 0.91 0.08 0.09

Notes: The distribution of the publication citations over fields of science is calculated as the dynamics of the shares of 
citations for publications in the specified fields of science in the total number of citations on publications.
Source: author calculations on Essential Science Indicators database materials (section “Citation Rankings, subsection 
“Countries/territories” country “Russia,” option “View table of graph data” for Russian indicators; section “Citation 
Analysis,” subsection “Baselines,” option “View field rankings table” for the total world indicators).
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growth of the value if the AcP 
indicator over the studied period: 
from 0.39 in 2001–2005 to 3.65 in 
2007–2011. In 2007–2011, only the 
publications on multidisciplinary 
sciences had the level of the AcP 
indicator comparable to the world 
indicator. russian publications on 
clinical medicine also showed rela-
tively strong (by a factor of 2.28) 
increase of the AcP level over the 
studied period. In the world struc-
ture of science, publications on mo-
lecular biology & genetics had the 
highest value of the AcP indicator.

DYNAMICS OF HIGHLY-
CITED PuBLICATIONS
Highly-cited publications are a 
relatively small group of the most 

influential scientific publications. 
A publication in a certain field of 
science is considered to be highly 
cited if it is among the 1% of the 
most frequently cited publications 
in this field of science. Since the ci-
tation trends (frequency and time 
distribution of the citations) vary 
significantly in different fields of 
science, and the earlier published 
articles are cited more frequently 
than newly published ones, the dis-
tribution of citations over the years 
and individual fields of science are 
taken into account when determin-
ing the highly cited papers.

the highly-cited publications are 
frequently a result of internation-
al collaboration, which may bring 
together authors from different 

countries. Many of them form the 
so-called research fronts, the most 
topical and rapidly developing ar-
eas of research and developments 
in the world. the highly cited pub-
lications characterize the science 
system of a certain country to some 
extent [11, 12].

the index of scientific specializa-
tion for the highly-cited publications 
is calculated using the same proce-
dure as for “usual” publications.

the dynamics of highly-cited 
russian publications is shown in 
Fig. 4. their distribution over the 
fields of science is listed in Table 10. 
After a significant reduction in 
2009, the number of highly cited 
papers in russia increased to an 
even higher extent in 2010.

Fig. 3. Share of citations of Russian publications in the total world number of citations (%).
Source: author calculations on Essential Science Indicators database materials  (section “Citation Rankings, subsection 
“Countries/territories” country “Russia,” option “View table of graph data” for indicators for Russia; section “Citation 
Analysis,” subsection “Baselines,” option “View field rankings table” for the total world indicators).
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In the total world structure of  
highly-cited publications  the fol-
lowing fields of science were the 
most important over the period 
of 2001 – 2011: clinical medicine 
(22.0%), chemistry (11.8%), phys-
ics (8.7%), and engineering (8%). 
the shares of russian highly-cited 
publications from different fields of 
science in their total world number 

are given in Table 10). russian high-
ly-cited publications  on physics ac-
counted for almost half (48.6%) of 
their total number. clinical medi-
cine, engineering, chemistry, and 
geosciences in sum accounted for 
another 28.6% of russian  highly-
cited publications in 2001 – 2011.

Highly-cited publications on 
physics  had the highest index of 

scientific specialization: Its share 
in the total number of the highly 
cited publications by russian au-
thors is more than fivefold higher 
than the identical  world indicator. 
In russia, the share of highly-cited 
publications  on physics in the to-
tal number of highly cited papers 
is ~48%, whereas world  indicator 
is ~8.6%. Hence, the index of scien-

Table 9. The average level of citations of Russian publications: distribution over fields of science: 2001–2011

Field of science

2001–2005 2007–2011

Average number 
of citations per 
publication by 

russian authors

the ratio between 
the average 

number of cita-
tions per publica-

tion by russian 
authors and the 
world indicator

Average number 
of citations per 
publication by 

russian authors

the ratio between 
the average 

number of cita-
tions per publica-

tion by russian 
authors and the 
world indicator

Immunology 4.6 0.48 7.21 0.73

Space science 3.15 0.48 4.18 0.54

Biology & biochemistry 3.35 0.45 3.83 0.53

clinical medicine 1.62 0.31 3.69 0.64

Multidisciplinary 0.39 0.23 3.65 1.04

neuroscience & behavior 3.41 0.44 3.6 0.44

Molecular biology & genetics 3.42 0.29 3.58 0.33

Physics 3.1 0.81 3.12 0.74

Microbiology 2.52 0.37 3.03 0.44

Pharmacology & toxicology 3.35 0.68 2.71 0.47

environmental science 2.16 0.60 2.28 0.45

Geosciences 1.39 0.42 1.93 0.44

chemistry 1.39 0.33 1.9 0.33

Plant & animal science 1.39 0.49 1.8 0.54

Materials science 1.05 0.46 1.51 0.39

engineering 1.24 0.79 1.45 0.58

Agricultural science 0.58 0.24 1.22 0.39

economics & business 1.6 0.99 1.15 0.48

Psychiatry & psychology 1.01 0.28 1.13 0.24

Mathematics 0.62 0.53 0.82 0.50

computer science 0.53 0.45 0.78 0.36

Social science 0.35 0.22 0.67 0.33

All fields of sciences 2.02 0.47 2.41 0.49

Notes: All indicators calculated for the total number of publications indexed in the Web of Science database over the 
period of 2001–2011.
Source: author calculations on Essential Science Indicators database materials  (section “Citation Rankings, subsection 
“Countries/territories” country “Russia,” option “View table of graph data” for Russian indicators; section “Citation 
Analysis,” subsection “Baselines”, option “View field rankings table” for the total world indicators).
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tific specialisation of russian high-
ly-cited publications  on physics is 
48%/8.6% = 5.6. It is also should be 
noted that geosciences, space sci-
ence, and mathematics were  areas 
of specialisation of russian highly-
cited publications. these highly-cit-
ed  russian publications  contribute 
most substantially to world science. 
On the contrary, russian publica-
tions in the field of immunology, 
pharmacology & toxicology, neuro-
science and behavior, psychiatry & 
psychology, economics & business, 
computer science, and social science 
prove the lowest potential  of being 
highly cited.

thus, the position of russia in 
world science is strongest in the 
field of physics. Approximately half 
of  highly-cited russian publica-
tions and a significant share of the 

total number of russian publica-
tions in scientific journals indexed 
by Web of Science are publications 
on  physics.

table 11  allows for analysis of  
positions of highly-cited russian 
publications in the world (Table 11). 
As previously mentioned for the 
total number of publication  the 
uSA  was the once again the stable 
global leader in terms of highly-cit-
ed publications, with 34.1% of their 
total world number. the second and 
third positions in the global rank-
ing of the number of highly-cited 
publications were held by Great 
Britain (8.8%) and Germany (7.2%), 
respectively. china with the largest 
number of highly cited publications 
among the Asian countries held the 
sixth position in this ranking. russia 
held the 21st position with 0.64% of 

total world number of highly-cited 
publications.

Over the period  of 2001 – 2011, 
Switzerland had the highest share 
of highly cited publications in the 
total number of publications among 
the countries listed in Table 11 (2.3). 
On the contrary, in russia this in-
dicator was the lowest among the 
countries listed in Table 11 (0.39%). 

INTERNATIONAL CO-AuTHORSHIP
the last section of this work is a 
brief review of the major direc-
tions of international co-authorship 
by russian authors (methods for 
evaluating the international co-au-
thorship were discussed in [13–15]). 
the intensity and direction of in-
ternational collaboration are typi-
cally measured using the analysis 
of co- authorship indicators for re-

Fig. 4. Dynamics of the number of Russian highly-cited publications: 2001–2010.
Source: author calculations on Essential Science Indicators database materials (section “Most cited papers,” subsection 
“Highly cited papers”).
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searchers from different countries 
(e.g., [1–5, 14, 16–18]). Publication 
is considered to be written in inter-
national co-authorship if there are 
authors from at least two countries 
in the list of co-authors. In such 
publications, authorship is ascribed 
to all of the co-authors in an identi-
cal degree, irrespective of the share 
of contribution of the individual 
author to   the paper. A high share 
of papers published in international 
co-authorship in the total number 
of publications of a country can be 

indicative both of its central posi-
tion in the international research 
networks and of a lack of self-suf-
ficiency within the framework of 
national science.  In line with the 
changes in scientific production in 
the world, which assume the for-
mation of larger research groups, 
a tendency towards hyper- and 
mega-authorship bringing togeth-
er tens of authors from different 
countries has appeared in certain 
fields of science (the methods and 
methodology of assessing the “mul-

tinationality” of publications writ-
ten in international co-authorship 
were discussed in [10, 19, 20]).

the share of publications written 
in international co-authorship in the 
total number of publications is con-
sidered as a relative indicator of the 
level of integration of researchers of 
a particular country into the global 
scientific community. the basic in-
dicators of the level of integration of 
russian researchers into the global 
scientific community are shown in 
Fig. 5. the share of publications pre-

Table 10. Distribution of highly cited publications over fields of science: 2001–2011

Field of science World russia

Share of russian highly 
cited publications in the 
total number of highly 

cited papers, %

Specialization index of 
russian publications

Biology & biochemistry 5501 46 0.84 0.79

Immunology 1252 2 0.16 0.15

clinical medicine 21783 104 0.48 0.45

computer science 2544 3 0.12 0.11

Mathematics 2377 27 1.14 1.08

Materials science 4572 27 0.59 0.56

Microbiology 1646 6 0.36 0.35

Molecular biology & genetics 2806 18 0.64 0.61

Multidisciplinary 180 4 2.22 2.11

Plant & animal science 2872 55 1.92 0.23

Geosciences 1240 27 2.18 1.82

Space science 5789 14 0.24 2.07

environment/ecology 2762 16 0.58 0.55

neuroscience & behavior 3012 4 0.13 0.13

Social science 4562 5 0.11 0.10

Psychiatry & psychology 2477 3 0.12 0.11

Agricultural science 2041 3 0.15 0.14

engineering 7890 91 1.15 1.09

Pharmacology & toxicology 1848 4 0.22 0.21

Physics 8600 508 5.91 5.61

chemistry 11699 77 0.66 0.62

economics & business 1722 1 0.06 0.06

total 99175 1045 1.05

Notes: 1. All indicators were calculated for the total number of highly cited publications in the scientific journals indexed 
in the Web of Science database over the period of 2001–2011.
2. The  data for December 2011 are listed in the table.
Source: author calculations on Essential Science Indicators database materials  (section “Most cited papers,” subsection 
“Highly cited papers”).
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pared in international co-authorship 
in the total number of russian publi-
cations over the period of 2001–2011 
fluctuated around 29%–33%. It cor-
responded to the absolute number 
of approximately 9,000 publications. 
However, a decrease in the number 
of publications prepared in interna-
tional co-authorship started in 2008.

researchers from the uSA and 
Germany were the main foreign 
partners of russian  researchers 
(Table 12):  26%–27% of the total 
number of russian publications 
in international collaboration  was  
prepared in co-authorship with  

researches from these countries. 
French and British researchers 
were also significant partners of  
russian scientists. the strengthen-
ing of scientific links between rus-
sia and Asian countries should also 
be noted. the number of publica-
tions by russian authors in co-au-
thorship with their Indian, chinese 
and taiwanese, and South Korean 
colleagues increased by a factor of 
3.6; 3.1, and 4.6, respectively, over 
the period of 2001–2011. the de-
velopment of scientific coopera-
tion between russia and european 
countries was less  dynamic. Among 

the former uSSr countries, only 
ukraine and Belarus were included 
in the cohort of the 25 most signifi-
cant scientific partners of russia.

On the other hand, russia was 
an important scientific partner for 
central Asian and caucasian coun-
tries,  as well as for Mongolia, ec-
uador, ukraine, and Belarus (Ta-
ble 13). Meanwhile, russia was an 
insignificant scientific partner for 
such countries as the  uSA, Germa-
ny, France, and Great Britain. For 
these countries the share of publi-
cations prepared in co-authorship 
with russia,  in the total number 

Table 11. The main indicators of highly cited publications of the leading countries: 2001–2011

country number of highly cited 
publications

Position in the  ranking 
of the number of highly 

cited publications

Share of highly cited 
publications of the coun-

try in the total world 
number of highly cited 

publications, %

Share of highly cited 
publications in the total 
number of publications 

of the country, %

uSA 55953 1 34.10 1.83

Great Britain 14505 2 8.84 1.76

Germany 12649 3 7.72 1.61

France 7155 4 4.37 1.28

canada 6717 5 4.09 1.49

china 5856 6 3.57 0.70

Japan 5659 7 3.45 0.73

Italy 5097 8 3.11 1.19

the netherlands 4808 9 2.93 1.91

Australia 4210 10 2.57 1.38

Switzerland 4171 11 2.55 2.30

Spain 3584 12 2.18 1.06

Sweden 2747 13 1.68 1.53

Belgium 2310 14 1.41 1.68

Denmark 1940 15 1.18 1.98

South Korea 1773 16 1.08 0.63

Israel 1450 17 0.88 1.31

Austria 1438 18 0.87 1.50

India 1238 19 0.76 0.42

Finland 1172 20 0.72 1.32

russia 1045 21 0.63 0.39

Notes: 1. All indicators were calculated for the total number of highly cited publications in the scientific journals indexed 
in the Web of Science over the period of 2001–2011.
2. The 2011 data correspond to the situation by the beginning of data for December 2011 is listed in the table.
Source: author calculations on Essential Science Indicators database materials  (section “Most cited papers,” subsection 
“Highly cited papers”).
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of publications in co-authorship 
amounted to less than 3.5%.

In northern european countries, 
the level of integration of research-
ers of these countries into the global 
scientific community was consider-
ably higher than  in russia (approx-
imately 50%). this indicator was 
even higher in Indonesia, cyprus, 
tajikistan, turkmenistan, Kyr-
gyzstan, and uzbekistan: 60–65% 
in recent years [21–23]. this indica-
tor was also high for countries with 
transition economies (e.g., Latvia, 
estonia, and Belarus). the indica-
tor has always been high for such  
countries as Germany, France, and 
canada: almost half of all publica-
tions made in these countries were 

the  result of international collabo-
ration. On the contrary, among the 
top 30 countries in number of pub-
lications, this indicator is the lowest 
for china, India, turkey, and Iran. 
In general, the level of integra-
tion of researchers into the global 
scientific community in european 
countries was higher than the level 
observed in Asian countries.

Bibliometric analysis  of the pat-
terns of academic co-authorship at 
the world level have shown a sig-
nificant increase in the number of  
publications prepared in interna-
tional collaboration during the past 
20–30 years.  this phenomenon can 
interpreted as the sign of the deep-
ening  of specialization and globali-

zation of knowledge production. In 
particular, the increasing role of 
the BrIc countries in international 
collaboration has been noted; with 
russia as a leader on this indicator 
among the four BrIc countries. the 
number of  russian publication in 
Web of Science database prepared 
in international co-authorship 
over the period from 1980 to 2011  
jumped from 3% to 31%, reaching 
parity with the level achieved by 
the  uSA.

the distribution of russian pub-
lications in international co-au-
thorship over various fields of sci-
ence generally corresponds to the 
areas of the scientific specialization 
of russia: physics holds a signifi-

Fig. 5. Basic indicators of international collaboration by Russian authors: 2001–2011.
The number of publications of Russian authors prepared in international co-authorship was calculated using the following 
procedure: the publications were tallied for each year over the studied period and all countries, except for Russia, using 
the option “Analyze results” of the Web of Science database for the country “Russia” in the category “Countries/ter-
ritories.”
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cant lead (in particular, solid body 
physics and sub-disciplines study-
ing nuclear processes, fields and 
particles; optics and spectroscopy, 
and plasma physics). Astronomy 
& astrophysics, material science, 
physical chemistry, instrument 
engineering, biochemistry & mo-

lecular biology, geosciences, math-
ematics, and electronics follow 
these disciplines..

CONCLuSIONS
the publication activity of russian 
scientists and the research efficien-
cy of the leading scientific countries 

were reviewed. the dynamics of the 
number of publications in scientific 
journals indexed in the Web of Sci-
ence database and the basic citation 
indicators  was  analysed for the 
countries  of studied  sample (coun-
tries with more than 10000 publica-
tions in scientific journal, indexed 

Table 12. The main scientific partners of Russia

№

2001 2011

country
number of 

publications in 
co-authorship

Share of pub-
lications in the 
total number 

of russian 
publications in 

international co-
authorship, %

country
number of 

publications in 
co-authorship

Share of pub-
lications in the 
total number 

of russian 
publications in 

international co-
authorship, %

1 Germany 2389 27.18 Germany 2564 28.95

2 uSA 2158 24.55 uSA 2366 26.71

3 France 1076 12.24 France 1499 16.92

4 Great Britain 902 10.26 Great Britain 1390 15.69

5 Japan 681 7.75 Italy 924 10.43

6 Italy 651 7.41 Spain 730 8.24

7 Sweden 493 5.61 Japan 665 7.51

8 the netherlands 432 4.91 china 635 7.17

9 Poland 423 4.81 Poland 621 7.01

10 Switzerland 346 3.94 Switzerland 582 6.57

11 canada 319 3.63 ukraine 540 6.10

12 ukraine 318 3.62 canada 514 5.80

13 Spain 315 3.58 Sweden 508 5.73

14 Finland 260 2.96 the netherlands 494 5.58

15 Belgium 246 2.80 Finland 490 5.53

16 South Korea 220 2.50 czech republic 457 5.16

17 czech republic 216 2.46 Belgium 425 4.80

18 china 202 2.30 Austria 405 4.57

19 Israel 185 2.10 South Korea 398 4.49

20 Austria 151 1.72 Brazil 361 4.08

21 Brazil 150 1.71 India 331 3.74

22 Denmark 150 1.71 taiwan 310 3.50

23 Mexico 149 1.69 Belarus 299 3.38

24 norway 147 1.67 Australia 299 3.38

25 Australia 140 1.59 Greece 288 3.25

Notes: 1. The total of the shares for the countries is higher than 100%, since some papers were prepared in co-author-
ship with researchers from more than one country.
2. The procedure for calculating the total number of publications by Russian authors in international co-authorship is 
described in the legend to Fig. 5.
Source: author calculations on Web of Science database materials.



FOruM

 VOL. 4  № 2 (13)  2012  | ActA nAturAe | 33

by Web of Science over the period 
of 2001 – 2011). the fields of scien-
tific specialization for russia were 
also identified. Moreover, the anal-
ysis has demonstrated that russia 
lost positions in the world science  
over the period from 2001 to 2011.  
countries  with  dynamic publica-
tion activity  rose to overtake rus-
sia in the world rating. the most 
significant loss of position for rus-
sia occurred in the fields that are 
considered of traditional strength 
for  russia (physics, engineering, 
materials science, chemistry and 
mathematics). Furthermore, the 
average number of citations per pa-
per in russia was one of the lowest 
in the world.

the conclusions concerning the 
scientific specialization of russia 
can be drawn  through analysis of 

the distribution of publications over 
various fields of science. the major-
ity of russian publications were in 
natural sciences and engineering, 
whereas the world structure of sci-
ence was characterized by the pre-
dominance of publications  on medi-
cal and biological sciences. the most 
significant contribution the russian 
scientific output came from  publi-
cations  on physics. these publica-
tions   accounted for almost 50% of 
russian highly cited publications 
and for 20% of the total number of 
russian publications. russian publi-
cations on physics were much more 
broadly represented in the  world 
science in comparison with pub-
lications in other fields of science. 
Moreover, russian scientific papers  
on physics significantly contributed 
(in comparison with publications in 

other fields of science) to the total 
number of russian publications in 
international co-authorship.

the level of integration of rus-
sian researchers into the world sci-
entific community was relatively 
high. However, this indicator was 
higher in european countries (in 
particular, in northern european 
countries). the main scientific part-
ners of russian researchers were 
scientists from the  uSA, Germany, 
Great Britain, and France. Scien-
tific cooperation between russian 
scientists and their colleagues from 
Asian countries (primarily from 
china, India and South Korea) con-
siderably strengthened over the pe-
riod of 2001 – 2011.

the following conclusions can 
be drawn  from the analysis of  the 
publication activity in the other 
countries. In 2001–2011, the u.S. 
clearly held the leading positions 
in the world science. the publi-
cation activity in Asian countries 
was much more dynamic than in 
european countries. Iran demon-
strated the highest growth rate of 
the indicators of publication ac-
tivity among the countries of the 
studied sample. However, the cita-
tion indicators  and the level of in-
ternational scientific collaboration 
were in european countries  were 
higher than in Asian countries. 
therefore, a significant rearrange-
ment in world science has occurred 
over the past 10 years. Developing 
countries (primarily china, and 
also Iran, thailand, turkey, Ma-
laysia, Brazil, Pakistan, and India) 
have begun closing the gap with 
the established leaders (north 
American countries, northern eu-
ropean countries, and Japan). Be-
cause of the strengthening in this 
trend, russia’s lagging will mani-
fest itself largely. By the next de-
cade russia may lose its status as 
one of the world’s great scientific 
countries without timely reforms 
in scientific policy. 

Table 13. Share of publications in co-authorship with Russian researchers in the 
total number of publications of the country: 2001–2011 (%)

country 2001 country 2011

turkmenistan 40.00 Georgia 30.94

tajikistan 24.00 Belarus 27.66

Armenia 19.83 Armenia 26.29

Kazakhstan 17.87 Kyrgyzstan 23.44

Georgia 17.56 Kazakhstan 23.18

ecuador 16.35 Mongolia 19.29

uzbekistan 13.02 Azerbaijan 18.04

Mongolia 12.50 uzbekistan 15.45

Belarus 8.48 tajikistan 14.81

ukraine 6.40 ecuador 13.61

Azerbaijan 5.44 ukraine 10.34

Notes: 1. The indicators listed in the table are calculated as follows: for each 
country, the number of publications in co-authorship with Russian researchers 
is the indicator “Record count” in the box “Russia,” which is shown after the 
function “Search within results for Countries/territories” in the option “Analyze 
results” in the Web of Science database is executed. The following types of 
documents were selected for the analysis: article, proceedings paper, and 
review.
2. The countries whose share of publications in co-authorship with Russian 
researchers in the total number of publications of the country was higher than 
10% in 2001 or 2011 are listed.
Source: author calculations on Web of Science database materials. All data-
bases of the Web of Science portal were used.
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ABSTRACT In this paper, we shall consider the main evolutionary stages that occurred within the field of physi-
cochemical biology during the 20th century, following the determination of the tertiary structure of DNA by 
Watson and Crick and the subsequent successes in the X-ray structural analysis of biopolymers. The authors’ 
ideas on the pre-emptive problems and the methods used in physicochemical biology in the 21st century are also 
presented, including an investigation of the dynamics of biochemical processes, studies of the functions of un-
structured proteins, as well as single-molecule investigations of enzymatic processes and of biopolymer tertiary 
structure formation.
KEYWORDS DNA structure; enzyme active sites; unstructured proteins; dynamics of biochemical processes; single 
molecule studies of enzymatic processes and biopolymer tertiary structure formation.

the second half of the 20th century represented 
a period of tremendous achievement for man-
kind, witnessing an increase in the understand-

ing of the essence of natural phenomena and heralding 
significant breakthroughs with regard to mankind’s 
technical abilities. Progress achieved in the use of nu-
clear energy has enabled us to cover the earth with a 
network of nuclear power stations, while the appear-
ance of powerful jet engines has opened the doors to 
space voyage; a process which began with Gagarin’s 
flight, continued with the landing on the moon, and is 
now moving towards a flight to Mars. Advancements 
in electronics and materials science have enabled us to 
build computers that can perform trillions of compu-
tations per second and have facilitated the creation of 
devices smaller than a matchbox that are capable of 
storing gigabytes of information, as well as systems for 
ultrahigh-speed information transfer. these factors 
have resulted in the emergence of one of mankind’s 
most impressive technical marvels: the Internet. 

A less obvious, but no less significant, achievement 
was accomplished in our understanding of the chemi-
cal and physical foundation of the functioning of liv-
ing organisms. It is fair to say that the introduction of 
physical and chemical approaches into the field of life 
sciences was a gradual process; this progress made a 
significant leap forward after the publication of the 
famous paper  by James Watson and Francis crick in 
1953, which presented a three-dimensional structure 
of deoxyribonucleic acid (DnA) [1].

A plethora of mysteries exist within nature. Amongst 
these is the question of how an unthinkably huge 
amount of information is transferred accurately from 
one cell produced by the fertilization of an egg cell to 
an adult organism. until 1944, the nature of the car-
rier of hereditary information remained unknown. Al-
though Miescher had discovered nucleic acids in 1869, 
the prevailing view was that a protein played the role 
of such a carrier; indeed, it was not until 1944 that Av-
ery demonstrated that DnA was the actual carrier of 
hereditary information [2].

It was evident that such a carrier had to have three 
main functions. First of all, it was necessary for the car-
rier to possess a huge storagecapacity with which to 
store information relating to the manifold properties of 
a living organism, including its structure and the func-
tions inherent to specific species and even individuals. 
Secondly, such a carrier should possess a mechanism 
for the realization  of the information in to the definite 
structures of a living organism and its numerous func-
tions (in order to express this information). thirdly, 
the most important requirement was the existence of a 
mechanism for transferring the information to subse-
quent generations.

the main claim of DnA to be such a carrier is 
rooted in its chemical structure. DnA is a linear pol-
ymer that is comprised of four different monomers, 
i.e.nucleotides. each monomer consists of three frag-
ments: a carbohydrate residue (deoxyribose) bound 
to an orthophosphoric residue and one of the four 
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heterocyclic residues: adenine, guanine, thymine, and 
cytosine.

thymine cytosine adenine guanine

the nucleotides are bound by phosphodiester bonds 
between deoxyribose and phosphoric acid residues 
(Fig. 1). 

Such a structural principle enables the existence of 
an innumerable quantity of various polymeric struc-
tures differing in the set and sequences of nucleotides. 
For a polymer built from n monomeric units, the 
number of combinations amounts to 4n= 100.6n. even 
for a very short polymer of 200 monomeric units, this 
amount (10120) exceeds the number of atoms in the ob-
servable part of the universe, which is estimated at 
(1080). In fact, the DnA for even the simplest organ-
isms is comprised of thousands, even millions, of nu-
cleotides.

these calculations imply that most imaginable nu-
cleotide sequences could not, in principle, appear in the 
universe and are subjected to natural selection. this 
means that the appearance or generation of organisms 
more fascinating than those that exist at the present 
time can not be excluded.

However, neither the light shed upon the role of the 
DnA as an information carrier, nor the huge informa-
tion capacity of the DnA molecule, has enabled us to 
solve one of the most intriguing puzzles of this area 
of science: i.e., how this vast amount of information is 
transferred from one generation to the other. It has 
been established that the answer to this puzzle is rooted 
in the spatial structure of the DnA. According to the 
model proposed by Watson and crick,which has been 
fully confirmed by numerous subsequent experimen-
tal studies, DnA is a construct of two polynucleotide 
chains which are bound together by hydrogen bonds. 
Within the structure proposed, adenine may interact 
only with thymine; and guanine with cytosine. Such se-
quences are considered complementary. the presence 
of such a correspondence means that any nucleotide 
sequence in one chain unambiguously corresponds to 
one nucleotide sequence in another chain, hereby fol-
lowing the mechanism of information transfer from 
maternal to two daughter cells at cell division. Accord-
ing to this mechanism, two polynucleotide chains sepa-
rate prior to cell division, each of them governing the 
formation (synthesis) of a new complementary chain, 
thus double-stranded structures are formed that are 

identical to the DnA of the maternal cell. the existence 
of such a process was confirmed by Meselson and Stahl 
[3] soon after the appearance of Watson-crick’s work. 
these authors prepared Escherichia coli cells grown 
on a medium containing 15nH

4
cl as a single source of 

nitrogen. thereafter, the cells were permitted to grow 
for several generations in a medium with the usual ni-
trogen isotope. In all subsequent cell generations, the 
presence of heavy DnA with the same amount of the 
heavy nitrogen isotope was observed; indicating that 
the 15n-DnA formed in the first step of the experiment 
remained intact and was simply transferred to one of 
the daughter cells during each subsequent division of 
the daughter cells.

the defining feature of Watson-crick’s work was 
the fact that the structure of a biologically significant 
macromolecule was derived using the established 
geometrical parameters of definite chemical bonds; 
therefore, the elucidation of the biological phenome-
non that begins with the physicochemical parameters 
of the molecule responsible for the phenomenon was 
achieved. consequently, this work can be considered 
as having heralded the birth of physicochemical biol-
ogy.

Fig. 1. Fragment of the structure of a DNA molecule. 
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currently, physicochemical biology includes several 
scientific disciplines: biological chemistry, biophysics, 
bioorganic chemistry, and molecular biology. It can 
reasonably be argued that the traditional separation 
of these disciplines is not entirely appropriate. For 
example, molecular biology, according to Wikipedia, 
is defined as a science that deals with the molecular 
backgrounds of biological activity; however, biologi-
cal chemistry has focussed for a considerable period of 
time upon molecular concepts which describe the most 
essential biochemical processes as being conversions of 
molecules with a commonly known chemical structure 
and has considered the catalysts of these processes to 
be individual compounds, i.e. as molecules. therefore, 
the entire concept of modern biological chemistry re-
fers to molecular science and could therefore reason-
ably lay claim to the appellation “molecular biology”. 
For the remainder of this paper the term physico-
chemical biology will be used to refer to the science 
that studies biological phenomena on the basis of the 
physicochemical properties of separate atoms and 
chemical bonds.

the work of Watson and crick inspired vigorous ef-
forts which eventually resulted in the identification of 
the primary biochemical mechanisms that ensure the 
transfer and expression of genetic information. the 
concept of the matrix synthesis of biopolymers was 
the central element of these mechanisms; according 
to this, each step of elongation of a new biopolymer 
molecule is not only catalyzed by a specific enzyme, 
but is also checked by a special nucleic acid, indicat-
ing which monomer should be bound to the growing 
polymer chain at a given stage. these mechanisms are 
described in all contemporary international and rus-
sian biological chemistry textbooks and manuals, such 
as [4, 5].

the discovery of the enzymes that catalyze the syn-
thesis of complementary DnA molecules has led to the 
elaboration of the polymerase chain reaction (Pcr) [6], 
which has found application in medical diagnosis, fo-
rensic science, and archaeology.

the elucidation of the mechanisms of DnA expres-
sion and the achievement of chemists in the synthesis of 
oligonucleotides of a desired sequence has led to the ap-
pearance of genetic engineering [7]. It has become possi-
ble to carve out definite genes, to modify them and then 
to subsequently insert them into the proper region of the 
genome, thus performing site-directed mutagenesis [8].

the greatest scientific effort in the field of physico-
chemical biology was launched in 1990 under the name 
“Human Genome,”a program aimed at the mapping 
of the complete nucleotide sequence (sequencing) of 
human DnA [9]. As early as in 2001, Venter and 272 co-
authors had published a complete nucleotide sequence 

of the human genome [10]. the methods elaborated 
within the framework of the program and those that 
are still being improved have opened the doors to the 
obtaining of genetic maps for any individual; as well 
as for the obtaining of genome structures for all the 
animals, plants and microorganisms on earth. conse-
quently, irrespective of the striking success that has 
been achieved in the elaboration of high-speed efficient 
sequencing methods, scientists dealing with molecular 
biology have had enough work on their plate to last for 
several decades.

the entire breadth of ground that physicochemical 
biology has covered, from Watson and crick’s effort 
to the determination of the structure of the human 
genome, can be viewed as an incremental effort with 
clearly formulated tasks and with the purpose of inves-
tigating and designing new, innovative methods. Dur-
ing that journey, new and unexpected advances were 
made along the way; among such advances is the dis-
covery of ribozymes by thomas cech [11] and Sidney 
Altmann[12],as well as the discovery of small interfer-
ing rnAs [13].

the appearance of new physicochemical peculiari-
ties for living matter in the future is an eventuality 
which cannot be excluded a priori. the role of a sig-
nificant portion of the human genome remains un-
clear, since only 1.5% of it is responsible for the 23,000 
genes coding human proteins. A significant portion 
of the genome determines the synthesis of various 
non-coding rnAs: transfer and ribosomal rnAs, in-
trons. However, this does not account for the remain-
ing 98.5% of the genome,and thus a significant portion 
is considered junk DnA. establishing the role of this 
DnA is one of the most challenging problems in the 
field of physicochemical biology. the functional im-
portance of the extracellular nucleic acids present in 
appreciable amounts in the blood plasma still remains 
unclear [14].

Among the main achievements in physicochemical 
biology in the past century, it would be short-sighted 
not to mention the great progress achieved through X-
ray crystallography and the nMr study of proteins in 
the understanding of the mechanisms of biological ca-
talysis. A large body of material has been accumulated 
relating to the atomic structure of an enzyme’s active 
sites and their complexes with specific ligands, which 
has enabled the formulation of reasonable hypotheses 
pertaining to the mechanisms of recognition and cat-
alytic conversions. For a perspective on the degree of 
information obtained on the nature of an enzyme’s ac-
tive sites, a scheme of the arrangement of the reaction 
intermediate phenylalanine adenylate in the active site 
of the phenylalanine-trnA-synthetase is presented in 
Fig. 2, with the bonds formed by enzyme active site 
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groups, including the water molecules participating in 
the interaction [15].

However, this author believes that the focus of phys-
iochemical biology in the 21st century should shift to 
other matters. Several aspects which require primor-
dial development both at the theoretical and experi-
mental levels should receive more attention. First and 
foremost, the role of molecular dynamics requires sig-
nificantly more attention.

certainly, the dynamic character of the functioning 
of the biopolymer did not come as an unexpected rev-
elation. However, organic chemistry, including bioor-
ganic chemistry, has dealt predominantly with struc-
tures that are, in essence, static. Dynamic events have 
been considered as a transfer from the static structure 
of the reagents to the static structure of the reaction 
products. In the best cases intermediates were taken 
into account; however, these were also presented as 
static structures. It is absolutely common knowledge 
amongst chemists that molecules, including biopolymer 
molecules, are subjected to internal motions: the atomic 
vibrations proceeding at a subpicosecond time scale, 
fluctuations of a side radical at a pico-nanosecond time 
scale, conformational rearrangements in the millisecond 
range, and even slower intramolecular movements. the 

problem with the molecular dynamics of biopolymers is 
not limited to simply stating and describing these mo-
tions but expands into establishing the role of these dy-
namic events in the recognition process, catalytic con-
versions, as well as intra- and extracellular signalling. 
At the time of writing, the most discussed topic is the 
role of dynamic factors in enzymatic catalysis [16].

the role of dynamics in enzymatic catalysis was first 
brought under discussion in the induced fit hypothesis 
formulated by Koshland [17]. According to this hypoth-
esis, no ideal compliance exists initially in the struc-
ture of the enzyme active site and the substrate which 
would enable procession to the execution of chemical 
conversion immediately after the formation of the en-
zyme–substrate complex. the process is supposed to be 
preceded by a conformational adjustment of the com-
plex; i.e., a certain relocation of the atoms, which pro-
vides the necessary concordance of the chemical bonds 
subjected to conversion and a portion of the enzyme 
active site participating in the catalytic process.

the concept was confirmed by pre-stationary kinetic 
data. Such changes may be observed using rapid kinetic 
methods, such as stopped-flow in the millisecond range 
and relaxation methods (t-jump) in the microsecond 
range [18]. As an example, Fig. 3 shows the curves ob-

Fig. 2. Structure 
of the active site 
of phenylalanine-
tRNA-synthetase 
in complex with 
the intermediate 
(phenylalanine 
adenylate). 
Dots indicate 
hydrogen bonds 
between the 
intermediate 
atoms and the 
enzyme with 
binding water 
molecules.



40 | ActA nAturAe |  VOL. 4  № 2 (13)  2012

reVIeWS

tained by the stopped-flow method for the splitting of 
the base reaction (8-oxoguanine), which is catalyzed by 
8-oxoguanine-DnA-glycosidase. the conversion was 
followed by fluorescence of tryptophan residues. At 
the first stage, the changes in conformation are clearly 
visible, whereas when several stages are recorded, the 
release of the reaction product (8-oxoguanine) is dis-
tinctly observed only at the final stage [19].

the time range in the use of relaxation methods is 
significantly expanded by the application of modern 
lasers capable of irradiating systems via femtosecond 
impulses, thus generating a t-jump within such a short 
time period [20, 21]. Moreover, if the solution contains a 
reagent with pK

a 
of the excited state significantly dif-

ferent from that of the ground state present in the so-
lution, a pH jump may be performed via a laser impulse 
[22, 23]. 

the essential dynamics problem is the mechanism 
by which the system switches from one regime of func-
tioning to another, significantly different, regime. the 
question already arises with regards to enzymes and 
enzymatic complexes that possess several catalytic 
functions manifesting themselves in a certain order. 
this relates to all the multifunctional enzymes which 
realize the sequential switching of different functions 
through a “swinging arm” that is capable of reach-
ing various active sites. A number of such enzymes 
are known. For example, there is a fatty acid synthase 
which represents a complex of proteins that catalyze 
the sequential lengthening of the fatty acid carbon 
backbone by two-carbon fragments [24]. During the 
whole process, the growing chain of carbon residue is 
bound by a thioether bond to the SH-group of phos-
phopantothein

-ОРО
2

--O-СН
2
-С(СН

3
)

2
-СНОН- 

-СО-nH-(cH
2
)

2
-cO-nH-(cH

2
)

2
-SH,

which is covalently bound by a phosphodiester bond 
to the serine residue of the acyl carrier protein (AcP). 
the arm contains a large number of σ-bonds and is 
therefore highly flexible. this allows the acyl residue 
to move alternately between the active sites catalyzing 
sequential stages of the biosynthesis of fatty acid from 
acetyl residues. the primary source of acetyl residues 
is the acetylated coenzyme A, coAS-cOcH

3
, the main 

product of the catabolism of carbohydrates, fats, and a 
number of amino acids. the acetyl residue is carboxy-
lated, and the malonyl residue formed is transferred 
from coenzyme A to AcP via the reaction 

СоАS-СОСН
2
СОО- + АСРSH → 

→ АСРS-СОСН
2
СОО-+ СоАSН.

Figure 4 represents a scheme of the processes that 
occur in all the two-carbon fragments introduced dur-
ing the process. Malonyl-AcP is the direct donor of 
these fragments; it binds to the growing chain resulting 
in the detachment of cO

2
 and the cleavage of the bond 

of the fragment with the protein, reduction of the frag-
ment to –cHOHcH

3
, its dehydration to –cH=cHcH

3
, 

and reduction to –cH
2
cH

3
.

clearly, each reaction proceeds with the participa-
tion of its own active site. the active sites may reside 
in different polypeptide chains (in eubacteria) or in one 
polyfunctional protein (in eukaryotes, including hu-
mans). the swinging arm must transport fragments of 
cOcH

2
r in a definite order to the four active sites for 

the procession of all sequential conversions.
the notion of intrinsically unordered proteins is a 

problem which has recently come to light and requires 
further study from the perspective of molecular dy-
namics [25–27]. currently, there are a large number 
of such proteins which, in contrast to the commonly 
held view, function in the absence of a definite terti-
ary structure. Such proteins are unlikely to exist in the 
form of a statistically coiled polypeptide chain. In all 
likelihood, they represent an ensemble of rapidly, mu-
tually transferring conformations in the solution. the 
predominance of proteins with an unordered confor-
mation is typical of many neurodegenerative diseases, 
such as the Huntington disease and spinocerebellar 
ataxia (disorders of the gait and other types of move-
ment coordination). However, many proteins with an 
unordered structure or at least containing rather ex-
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Fig. 3. Kinetic curve of the changes in fluorescence inten-
sity (arbitrary units) during the initial phase of the reaction 
of 8-oxoguanine excision from the oligonucleotide con-
taining an oxidized guanine residue.
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panded (more than 50 amino acid residues) unordered 
fragments are encountered within the established norm 
and more often in eukaryotes than in unicellular organ-
isms. Among such proteins, the transcription factors 
and proteins responsible for chromatin remodeling and 
intracellular signalling occur more often. this certain-
ly does not mean complete disorder. this can be sup-
ported by the fact that many of these proteins become 
structured after binding to their targets. the absence 
of order creates a serious problem for the elucidation of 
their spatial structure, since these proteins do not give 
rise to reflexes during the X-ray analysis. Meanwhile, 
more data has been accumulated pertaining to the fact 
that these unordered parts are most typical of poly-
functional proteins. In all likelihood, the conformations 
with an affinity to different partners are also present 
among the conformations of these pseudo-unordered 
proteins.these proteins are typically characterized by 
a small content of bulky hydrophobic amino acid res-
idues and an increased content of polar and charged 
residues.

At the time of writing, the theoretical investigation 
of biopolymer molecular dynamics is limited by the ca-
pabilities of computer techniques. the calculation of 
molecular dynamics assumes that a stepwise procedure 
is used, and it requires femtosecond time increments. 
even for the modern supercomputers and software, 
the advance for several tens of nanosecond increment-
scan only be attained for the biopolymers consisting of 
thousands atoms. Meanwhile, the most interesting con-

formational events occur in the micro- and even mil-
lisecond ranges. 

Most studies focused on the physicochemical ground 
of the vital activity, in particular in the case of quanti-
tative characteristics, were carried out in vitro. Most 
of the values obtained may be to a significant extent 
related to intracellular processes, especially to those in 
eukaryotic cells. A common eukaryotic cell may carrya 
large number of biopolymer molecules. the conditions 
in its cytosol do not significantly differ from those in a 
test tube.this may be demonstrated via a simple cal-
culation for a spherical cell with a linear dimension of 
20µm, which is typical of a eukaryotic cell. A spherical 
cell of a 20-µm diameter was used to simplify the eval-
uation. For illustrative purposes, it is more convenient 
to perform calculations in Daltons (Da) as mass units 
and angstroms as length units (they can be qualified as 
the “cell” ones). Since 1g = 6 × 1023Da and 1cm = 108Å, 
the density is measured in 1g/cm3 = 0.6Da/Å3. the cell 
volume amounts approximately to 4 × 1015; the volume 
of a relatively large protein molecule (approximately 
100kDa) is ~ 105Å3. Assuming that the proteins occu-
py 10% of the cytosolic volume, 4 billions of such mol-
ecules can be accommodated in one cell. therefore,it 
can be reckoned that cytosol conditions (with allowance 
made for the increased viscosity of the 10% protein so-
lution) do not differ significantly from those in a tube. 
the arrangement of proteins on the cell surface can be 
estimated in a similar manner. Assuming that 10% of 
the plasma membrane surface is occupied by embed-

CoA – coenzyme A

ACP – acyl carrier peptide

Fig. 4. Scheme 
representing 
the lengthening 
of two-carbon 
fragments cata-
lyzed by fat acid 
synthase.
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ded proteins (functioning as receptors, transport and 
channel-forming proteins, etc.), it is simple to calculate 
that ~4·105 proteins of 100 kDa can be accommodated 
therein.

Both in vitro and whole-cell studies provide data 
on the physicochemical characteristics of biochemical 
processes averaged on the entire set of the molecules 
involved in it. therefore, the new possibilities that open 
up with the development of techniques for dealing with 
single molecules represent a new and important direc-
tion of research. On one hand, these investigations are 
aimed at elaborating methods for the sequencing of sin-
gle DnA molecules; a considerable degree of progress 
has been made in such work in recent times [28]. the 
second direction is the investigation of reactions cata-
lyzed by a single enzyme molecule. In this case, the re-
action should be accompanied by a fluorescence change. 
cholesterol oxidase (ec 1.1.3.6) [29], which catalyses 
cholesterol oxidation through molecular oxygen, can be 
used as an example.the reaction involves two stages:

cholesterol + FAD ↔  
↔ cholesterol oxidized + FADH

2

FADH
2
 + O

2
 ↔ FAD.

cholesterol is oxidized by fluorescent cofactor fla-
vin adenine dinucleotide (FAD) bound to the protein 
moiety of the enzyme. During the process of cholesterol 
oxidation, FAD is transformed into the non-fluorescent 
reduced form FADH

2
. At the second stage of the re-

action, FADH
2
 is oxidized by molecular oxygen to the 

initial FAD. each separate catalytic process is charac-
terized by the attenuation and intensification of fluo-
rescence, allowing one to follow each process of enzyme 
functioning. Figure 5 shows the results of the registra-

tion of fluorescence upon the catalytic oxidation of cho-
lesterol.

the investigation of macromolecule folding is an-
other important aspect of the application of single mol-
ecule spectroscopy. thus, single molecule fluorescence 
can be used to observe the dynamics of the formation of 
the spatial structure of rnA, which can also be record-
ed via the Fret (Forster resonance energy transfer) 
technique [30]. the intensity of the fluorescence en-
ergy transfer between the fluorophores bound to cer-
tain points of a fluorescence donor being irradiated and 
its acceptor is in inverse proportion to the sixth power 
of the distance between them. Any changes in the dis-
tance between the fluorophores during the formation 
of the spatial structure affect the fluorescence of an 
acceptor between them. the acceptor fluorescence will 
change with changes in the spatial structure.

the problems considered above, which arise in 
physicochemical biology, are related to proteins and 
nucleic acids, the investigation of which was a prior-
ity in research in the 20th century. When discussing 
new horizons in physicochemical biology, one should 
mention the demand for increasing the level of atten-
tion paid to other groups of compounds, with reference 
primarily directed at carbohydrates  of an irregular 
structure, which play a significant role in the provi-
sion of a number of highly selective processes (i.e., the 
distribution of biochemical processes between cellular 
organelles). In addition to their cognitive significance, 
these directions will contribute significantly to the de-
sign of new drugs, the investigation of their interactions 
with living organisms, as well as their transformations 
and side effects. therefore, these directions have the 
potential of becoming important elements of medicine 
in the 21st century. 
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Fig. 5. Registra-
tion of cofactor 
fluorescence 
during catalytic 
oxidation of cho-
lesterol.
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ABSTRACT Telomerase is an enzyme that maintains the length of the telomere. The telomere length specifies the 
number of divisions a cell can undergo before it finally dies (i.e. the proliferative potential of cells). For example, 
telomerase is activated in embryonic cell lines and the telomere length is maintained at a constant level; there-
fore, these cells have an unlimited fission potential. Stem cells are characterized by a lower telomerase activity, 
which enables only partial compensation for the shortening of telomeres. Somatic cells are usually character-
ized by the absence of telomerase activity. Telomere shortening leads to the attainment of the Hayflick limit, the 
transition of cells to a state of senescence. The cells subsequently enter a state of crisis, accompanied by massive 
cell death. The surviving cells become cancer cells, which are capable both of dividing indefinitely and maintain-
ing telomere length (usually with the aid of telomerase). Telomerase is a reverse transcriptase. It consists of two 
major components: telomerase RNA (TER) and reverse transcriptase (TERT). TER is a non-coding RNA, and it 
contains the region which serves as a template for telomere synthesis. An increasing number of articles focuss-
ing on the alternative functions of telomerase components have recently started appearing. The present review 
summarizes data on the structure, biogenesis, and functions of telomerase.
KEYWORDS telomerase; reverse transcriptase; telomeres; mitochondria; DNA damage; gene expression.
ABBREVIATIONS TER – telomerase RNA; hTR – human telomerase RNA; TERT – telomerase reverse tran-
scriptase.

INTRODuCTION
the genetic information in eukaryotic cells is stored 
in linear DnA molecules known as chromosomes [1]. It 
was revealed as early as in the 1930s that the behav-
ior of the whole chromosome and its fragments in cells 
varies. torn chromosomes can fuse with each another, 
rearrange, and they are characterized by instability 
[2, 3]. An assumption was made back in the 1930s that 
these differences are caused by the presence of specific 
nucleotide sequences at the chromosome ends; these 
sequences were referred to as telomeres [3–5]. the 
telomeres consist of repeating sequences and a set of 
special proteins, which interact with these repeats and 
spatially organize them in a specific manner, resulting 
in the formation of the nucleoprotein complex known 
as telomeric heterochromatin [6, 7]. Shortening of the 
5’-terminus of the daughter strand, caused by the re-
moval of the terminal rnA-primer and the subsequent 
incomplete replication of linear DnA molecules, is ob-
served during the genome replication occurring upon 
cell fission. the independent formulation of the so-

called “end-replication problem” was proposed in the 
1970s by A.M. Olovnikov and J. Watson [8, 9]. Olovnikov 
hypothesised that there is a special enzyme, i.e. telom-
erase, which is capable of compensating for the “end-
replication problem.” this enzyme was discovered in 
1987 by c. Greider and e. Blackburn [10].

telomerase consists of two major components: re-
verse transcriptase (tert) and telomerase rnA (ter), 
which contains the template domain for the telomere 
repeat synthesis [9]. Furthermore, the telomerase com-
plex contains numerous additional components that 
ensure the in vivo activity of the enzyme. Additional 
proteins participate in various processes. A number of 
these proteins are required in order for telomerase to 
attach to a telomere at a certain instant of the cell cy-
cle [10], whereas the others serve to regulate the enzy-
matic activity [11]. It is already known that telomerase 
does not function in all higher eukaryotic cells; how-
ever, its components are almost always present in a cell. 
the data on the non-telomeric functions of telomerase 
components were recently reported.
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TELOMERE STRuCTuRE
telomeres are the repeating nucleotide sequences 
bound to the specific proteins protecting chromosome 
ends against degradation and the double-strand break 
repair systems [12, 13]. As data accumulated, a hy-
pothesis was postulated that telomeres consist of three 
distinct regions. Firstly, they contain the so-called cap, 
a terminal structure protecting the chromosome ends 
against degradation and the double-strand break re-
pair systems (DDr – DnA damage response); they also 
regulate telomere elongation. the major component of 
a telomere is a double-stranded DnA (dsDnA) consist-
ing of repeating and transcribed sequences. the third 
component of a telomere is represented by repeating 
telomere-associated sequences, the so-called subtelom-
eric regions [14, 15]. the telomere nucleotide sequence 
is enriched in thymidine and guanosine residues and 
is appreciably conserved. Mammalian telomeres are a 
double-stranded region consisting of ttAGGG repeats 
and the 150–200 nucleotide long 3’ G-strand overhang. 
According to one of the hypotheses, the G-strand over-
hang is intertwined with the double-stranded telomeric 
region, thereby forming a t-loop. the so-called D-loop 
is formed at the site of the interaction between the pro-

truding 3’-terminus with the double-stranded region 
(Fig. 1). t-Loops were detected via electron microscopy 
after DnA was extracted and treated in a special man-
ner. However, the existence of these structures in cells 
has as yet not been unequivocally proven; therefore, 
the D-loops are considered as tentative structures. te-
lomere functions depend on the minimal length of telo-
meric repeats and the activity of the protein complex 
associated with them. this complex is known as shel-
terin and consists of six proteins: trF1, trF2, POt1, 
tIn2, tPP1, and rAP1. the proteins trF1, trF2 (te-
lomeric repeat binding factor 1 and 2) and POt1 (pro-
tection of telomeres protein 1) are bound to telomeric 
DnA. trF1 and trF2 are bound to the double-strand 
telomeric regions; РОТ1 can be bound to the 3’-protrud-
ing single-stranded region of the G-strand [16]. trF1 
and trF2 bind telomeres independently; they do not 
interact with each other. Both proteins, which have the 
form of a homodimer and an oligomer, are capable of 
specifically binding the DnA duplex to the telomeric se-
quence 5’-YtAGGGttr-3’ [16–20]. POt1 binds highly 
specifically to the telomeric single-stranded DnA (ssD-
nA) 5'-tAGGGttAG-3', attesting to a possible inter-
action both with the G-strand overhang and with the 

TERT-TER

t-loop

D-loop

А

B

Fig. 1. Telomere 
structure. (A) – 
Schematic repre-
sentation of the 
telomeric DNA 
complex, pro-
teins of the shel-
terin complex 
and telomerase. 
(B) –Schematic 
representation 
of the shelterin 
complex bound 
to telomeric 
DNA, in the 
t-loop conforma-
tion.
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sequence of the D-loop displaced by it [13, 21–23]. POt1 
interacts with trF1. It is believed that trF1 facilitates 
the binding of РОТ1 to the single-stranded telomeric re-
gion in this manner. Via its independent domains, tIn2 
(trF1-interacting protein 2) simultaneously interacts 
with trF1 and trF2, as well as with the ТРР1–РОТ1 
complex, forming a bridge between the shelterin compo-
nents [24, 25]. the c-terminal domain of tPP1 is bound 
to tIn2, the central domain is bound to POt1 [26–29]; 
thus, POt1 is attracted to the telomeres [30, 31]. Moreo-
ver, tPP1 contains a domain interacting with telomerase 
on its end. this fact supports the assumption that tPP1 
attracts telomerase to the chromosome end [32]. Protein 
rAP1 forms a complex with trF2 and the telomere [33, 
34]. It has been demonstrated in studies undertaken by 
several research teams that rAP1 is not essential for 
telomere capping; however, it impedes recombination 
at telomeric regions and enhances their stability [35, 36]. 
thus, rAP1 (unlike trF1, trF2, POt1, and tPP1) does 
not protect telomeres [32, 35, 36].

there is a hypothesis holding that G-quadruplex 
structures are formed in the telomeric regions of chro-
mosomes. Four telomeric repeats can form a G-quad-
ruplex, which inhibits telomerase activity [37–41]. the 
formation of these structures in ciliate cells has been 
clearly demonstrated using G-quadruplex-specific an-
tibodies [42, 43]. the ability of the telomeric regions of 
higher eukaryotes to form G-quadruplex structures was 
indirectly supported by experimental data. According to 
[44], long 3’-protruding telomere ends form the G-quad-
ruplex in vitro. the ligands binding the G-quadruplex 
structures are known to cause telomere shortening in 
cells. the telomerase activity remains intact, but the in-
teraction between the shelterin complex and telomeric 
DnA is disrupted. telomeres become instable, and their 
binding to POt1 is disrupted, resulting in the activation 
of the DnA damage response system. this may be an 
indicator of the adverse effect of the stabilization of the 
G-quadruplexes in telomeric regions. these structures 
can presumably form in transition states; however, the 
telomeres cannot permanently maintain the structure of 
G-quadruplexes [45].

the chromosomes in eukaryotic cells are known 
to be packaged into chromatin by special proteins. It 
is believed that chromatin in a condensed state is un-
transcribed: euchromatin being associated with the cell 
transcription apparatus [46]. the telomeric regions of 
chromosomes form the so-called telomeric chromatin 
[47]. the assumption has been made that telomere elon-
gation can depend upon the epigenetic status of telom-
eric chromatin [48]. Both the telomeric and subtelom-
eric regions are known to be enriched in histones that 
are typically bound to the repressed heterochromatic 
regions, such as histones Н3 (Н3К9m3) and Н4 (Н4К20) 

trimethylated at lysine 9 and lysine 20 residues, respec-
tively. Heterochromatin binding proteins1α, 1β, and 1γ 
(known as СВХ5, СВХ1, and СВХ3, respectively) also 
bind to these regions [49–51]. Moreover, it has been as-
certained that telomeric DnA is strongly methylated. 
the telomeres in the chromosomes in cells without n-
methyltransferases (SuV420H1 and SuV39H1), which 
modify lysine residues in histones, are too long [49, 50]. 
the same was observed in cells with reduced methyla-
tion status of subtelomeric regions due to the deficiency 
in DIcer1 or DnA-(cytosine-5)methyltransferases 1, 
3A, and 3B (DnMt1, 3A and 3В) [52]. rnA containing 
telomeric repeats (terrA – telomeric repeat con-
taining rnA), or telomeric rnA – telrnA, which is 
formed as a result of telomere transcription, was re-
cently detected. these rnAs are capable of interacting 
with telomeric chromatin and of in vitro suppression of 
telomere elongation by acting as a potential telomerase 
inhibitor [48, 53, 54]. One can reasonably assume that 
the synthesis of terrA cells is repressed in oncotrans-
formed cells, rendering them incapable of suppressing 
telomerase activity.

telomeric chromatin is dynamic, and its state may 
change. Differentiated somatic cells can be converted 
into induced pluripotent cells (iPS) via nuclear repro-
gramming [55]. the transition of the cells into a pluripo-
tent state is accompanied by changes in the epigenetic 
status of telomeres: telomeric chromatin becomes less 
condensed; the histone content decreases, resulting in 
the subsequent formation of a large amount of terrA; 
the level of telomere recombination becomes more fre-
quent; and the telomere length becomes comparable 
with telomere length of embryonic stem cells [56]. Al-
though no direct evidence exist so far to support the 
fact that the telomere length is regulated by changes in 
the chromatin state, the aforementioned observations 
lends credibility to the assumption that this theory is 
based on the truth.

TELOMERASE STRuCTuRE
the assembly of telomerase, its existence in a cell, and 
its entry to the telomeres are processes that are similar 
in some aspects, yet differ in other aspects with regards 
to evolutionary distant organisms [57–59]. Properties 
common to all telomerase components have been re-
vealed: reverse transcriptase (tert), telomerase rnA 
(ter), and ter-binding proteins, which stabilize rnA 
and facilitate the assembly of the active enzyme. It 
should be noted that only tert is a highly conserved 
telomerase component. the data obtained through the 
study of the components within telomerase are rather 
inconsistent [60–64]. telomerase apparently interacts 
with various components throughout its vital activity 
and thus can be found in various complexes.
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TER structure
telomerase rnA is one of the major components of te-
lomerase; it contains the region that acts as a template 
for telomere synthesis [65, 66]. Despite the differences 
in length and the nucleotide sequence of telomerase 
rnAs derived from different organisms, secondary 
structures of ter demonstrate high levels of similar-
ity and contain similar structural elements [65, 67]. the 
template region, the pseudoknot, the trans-activating 
domain, and the domains required to ensure in vivo 
stability are the conserved elements of the ter struc-
ture (Fig. 2). thus, ter contains the elements that are 
essential for telomerase activity and for the assembly, 
localization, and stability of rnA, but it is not required 
itself for enzymatic activity. the template domain of 
ter interacts with the 3’ G-strand overhang of tel-
omeres and guides DnA synthesis. this region can be 
single-stranded, although the differences in structure 
were detected via the analysis of the secondary struc-
ture of the transcript obtained in vitro and ter car-
ried out in the in vivo experiments, attesting to its in-
teraction with the other cell components [68–70]. Data 
indicating that a triplex structure is formed between 
the pseudoknot elements and the template domain was 
recently obtained by nMr spectroscopy. It is presum-
ably the formation of this structure that can explain 

the differences in the structure of the template domain 
of ter [71]. A hypothesis has also been put forth that in 
the absence of tert and other necessary components, 
ter cannot form the correct structure. the template 
domain is flanked by two elements: the 5’-template 
boundary and the 3’-template recognition ones [72–
75]. the 5’-element is a double-stranded region located 
immediately before the template domain; it regulates 
nucleotide addition during reverse transcription and, 
presumably, is the binding site with tert. It has been 
demonstrated using mutagenesis that it is the second-
ary structure of this region, rather than the nucleotide 
sequence, that is of significance for the efficient func-
tioning of telomerase. the 3’-recognition element is a 
single-stranded structure located after the template 
domain, which allows the 3’-terminus of the template 
to occupy the active site, stimulates telomerase activity 
and the ability to process after the repeats are added, 
and it contains the binding site of the n-terminus of 
tert [76, 77].

Among the elements of the secondary structure of 
telomerase rnA, the pseudoknot has been the most in-
tensely studied element. changes in the stability of the 
pseudoknot result in a reduction in telomerase activity, 
which attests to the fact that this structural element 
plays an essential biological role [78, 79]. the recent  

Template (CR1)

H/ACA domain 
(CR6/CR7)

Human telomerase RNA

Template

T. thermophila telomerase RNA

Stem-loop IV

Pseudoknot
Template boundary element      
Trans-activating domain           
Stem-loop required for in vivo stability

Fig. 2. Structure of 
telomerase RNA. 
The schematic 
representation 
of the secondary 
structures of human 
and T. thermophila 
telomerase RNA. 
The conserved ele-
ments are shown in 
color.
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study of oligonucleotides representing the structural 
elements of the ter pseudoknot via nMr spectros-
copy and molecular modeling have proved that it is the 
dynamics of the tertiary structure of the pseudoknot 
that plays a significant role in telomerase functioning 
[80–85]. the pseudoknot is formed due to the forma-
tion of the evolutionary conserved Hoogsteen triplet 
u*A*u between the u-rich loop 1 (J2b/3) and the ma-
jor stem-loop (P3), which facilitates the maintenance of 
the structural integrity and is required for telomerase 
activity. Meanwhile, the A-rich loop 2 (part of J2a/3) 
enters the two other non-canonical triplet interactions, 
which facilitate the stabilization of the pseudoknot [86, 
87]. Another Hoogsteen pair, A*u, is located between 
these two structural elements consisting of triplets. 
this pair is responsible for the stacking interaction be-
tween the two main stems, resulting in the formation 
of the final structure of the triple helix [85]. nucleotide 
mutations inside the pseudoknot result in disintegra-
tion of the tertiary structure and considerably reduce 
telomerase activity, whereas compensatory mutations 
restore telomerase activity. these data confirm the fact 
that the tertiary structure has a more significant im-
pact on the catalytic activity of the enzyme, compared 
to that of the nucleotide sequence [71, 87, 88]. It was 
assumed that the pseudoknot is necessary for correct 
orientation the template-primer duplex at the telom-
erase active site [71]. It is possible that the ability of this 
structure to exist in two conformations, the pseudo-
knot and the stem-loop, is of significance for telomerase 
functioning [83].

unlike the pseudoknot, the structure of the trans-
activating domain of ter has been subjected to less 
thorough study. the primary structures of this do-
main derived from different organisms are char-
acterized by a high level of homology [7, 9, 87]. the 
trans-activating domain is a long stem-loop consist-
ing of several, extremely stable helices broken apart 
by asymmetric loops and single-nucleotide bulges. 
this domain is required for the correct formation of 
the pseudoknot, nucleotide addition, and telomerase 
processivity upon repeat addition [88–90]. the P6.1 
helix of the trans-activating domain of human ter 
is the one that has been best studied. this element is 
essential for enzyme functioning [90–93]. the role of 
the P6.1 in vertebrates has not been completely elu-
cidated; however, it has been known that accurate 
structure of this helix is necessary for telomerase as-
sembly, whereas specific sequences in the loops play a 
significant role in catalysis [93]. It is believed that the 
interaction of the P6.1 loop with the template domain 
yields the tertiary structure of ter, which thus ex-
plains the role of these enzymes in telomerase activity 
and ability to process [94].

the H/AcA domain, which is present in small nucle-
olar rnAs (snornAs) and in small cajal body specific 
rnAs (scarnAs), is located at the 3'-terminus of ter 
in vertebrates. the H/AcA domain is a single-stranded 
region containing the H-box (AnAnnA, where n is a 
random nucleotide), the stem-loop that follows (con-
taining the cAB-box), and the single-stranded 3’-ter-
minus containing the AcA-box [94, 95]. the H/AcA 
domain is required to ensure the in vivo stability of te-
lomerase rnA [96]. the cAB-box acting as a signal of 
localization in cajal bodies is located inside this domain. 
the cAB-box does not participate in the 3’-terminal 
processing of telomerase rnA [97].

Data attesting to the fact that the first 17 nucleotides 
of human ter are essential for telomerase activity, and 
that absence of this region or mutation in it considera-
bly reduces the enzymatic activity, have recently been 
reported. the ribooligonucleotide with this sequence 
was shown to form a G-quadruplex. It can be assumed 
that the structure of this element is likely to affect the 
structure of the P1 helix and positioning of the tem-
plate domain of telomerase rnA [98–100].

Structure of telomerase reverse transcriptase
the telomerase catalytic subunit, tert, is much 
more conserved in comparison with ter. It has a large 
number of motifs that are common to the other reverse 
transcriptases. three domains can be distinguished in 
the structure of all known tert: the rnA-binding do-
main (also known as trBD and subdivided into rID1 
and rID2), reverse transcriptase domain, and the poor-
ly conserved c-terminal domain [57, 95, 101]. certain 
tert contain an additional n-terminal ten domain, 
which is involved within the process of primer bind-
ing and facilitates the processive addition of telomere 
repeats [57, 102]. the primary structure of the reverse 
transcriptase domain is similar to the structures of ot-
her polymerases and contains seven conserved motifs 
(1, 2, А, В, С, D, and Е). It is assumed that tert origi-
nates from retrotransposons [103]. Intron-containing 
(the so-called Penelope-like) elements are the ones 
most similar to tert.

Structures with high-resolution ten and trBD 
tert domains and full-length tert were recently 
derived from Tetrahymena thermophila [102, 103] and 
Tribolium castaneum [104], respectively; they showed 
new features of telomerase structure and function. As 
follows from the analysis of the structure of tert de-
rived from T. castaneum, high structural homology ex-
ists between tert and other polymerases, including 
the p66 subunit of HIV reverse transcriptase [105]. the 
spatial arrangement of the major domains and of the 
key amino acid residues in them remains constant and 
corresponds to the right-hand structure that was first 
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described for the Klenow fragment of DnA polymerase 
I from Escherichia coli. It is common to distinguish the 
so-called palm, fingers, and thumb subdomains in these 
structures [106]. It was revealed that the loop responsi-
ble for the binding and positioning of the template and 
nucleotide is located between the β-sheets of motifs 1 
and 2 and oriented towards the active site [107, 108]. 
Meanwhile, there also are differences in the structure 
of tert and other polymerases (Fig. 3). thus, tert 
contains an additional domain known as IFD (inser-
tion in fingers domain). this domain is located outside 
the central ring between the “fingers” and the “palm.” 
It is clear from the structure of tert derived from 
T. castaneum that three completely conserved domains 
form a ring-like structure. the conserved reverse tran-
scriptase domain forms “fingers” and a “palm” (simi-
lar to the other polymerases) and occupies one side of 

the ring, whereas the c-domain forms the “finger” and 
is located in direct proximity to the n-terminal rnA-
binding domain and thus closes the ring. the inner di-
ameter of this structure is 26 Å, and its depth is 21Å; 
approximately corresponding to the size of the A-helix 
consisting of 8 bp. the DnA–rnA duplex located in 
the polymerase active site has precisely this type of 
structure [109]. the surface of the opening is a spiral 
structure consisting of positively charged amino acid 
residues. this structure allows the protein to make 
close contact with the rnA–DnA heteroduplex [110]. 
the helices 10 and 19 interact with the major and mi-
nor grooves of the DnA–rnA duplex located in the 
active site [111–115]. the nucleotide binding domain 
is located at the “fingers”–”palm” interface; this fact 
is attested to by the high levels of similarity with the 
other polymerases. Several conserved amino acid resi-
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Fig. 3. Structure of telomerase reverse transcriptase. (A) – Schematic representation of the domain organization of TERT 
in different organisms and HIV reverse transcriptase. Homologous domains are shown in color. (B) – Spatial structure of 
the T. castaneum TERT complex and the RNA–DNA duplex. The image was obtained using the PDB file 3KY. (C) – Spa-
tial structure of T. castaneum TERT. The image was obtained using the PDB file 3DU5. (D) – Spatial structure of HIV RT. 
The image was obtained using the PDB file 1N6Q. Asn residues of the enzyme catalytic sites are shown in red.
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dues forming the nucleotide-binding pocket have been 
determined [115]. the active site of the enzyme con-
tains several unchangeable aspartic acid residues and 
a lysine residue, which activates the pyrophosphate 
leaving group.

As follows from an analysis of its structure, the 
trBD domain of T. thermophila and T. castaneum 
tert is enriched in helical structures and is divided into 
two parts. these two structural elements are bound via 
cP- and t-motifs. the cP-motif contains a positively 
charged pocket, whereas the t-motif is a narrow hy-
drophobic gap with positively charged residues near the 
cP-motif. together, they form an extensive groove on 
the surface of trBD, to which ter is bound [100, 103, 
116–119]. the t-motif contains a β-stem-loop stretched 
in the direction of the c-terminal domain, which forms 
the “thumb,” and links it to the “fingers” of the reverse 
transcriptase domain. this arrangement of the trBD 
domain allows the residues located on the inner side 
of the ring to come in direct proximity with the active 
site. Moreover, the gap between the trBD and reverse 
transcriptase domains enables ter to get into the active 
site. One can assume that telomerase rnA penetrates 
through this gap, thus carrying the template into the 
enzyme’s active site [120].

TELOMERASE BIOGENESIS
As previously mentioned, telomerase consists of the 
two major components; however, the synthesis and 
processing of each component, as well as the forma-
tion of an active enzyme, require the contribution of 
a large number of additional factors. the regulation 
of tert expression at the transcriptional phase was 
thoroughly discussed in the review by Skvortsov et al. 
[121]. the alternative splicing of the primary transcript 
of the hTERT gene yields 13 different mrnA variants 
[122–125]. Out of these variants, the so-called α- and 
β-forms are both the most common and well-studied. 
When the α-form is produced, 36 nucleotides are de-
leted from the sixth exon, resulting in the change of 
the reverse transcriptase motif A. the open reading 
frame is not disrupted [126, 127]. the deletion of 182 
nucleotides from the exons 7 and 8 and the insertion 
of 38 nucleotides triggers a premature translation ter-
mination, resulting in the formation of the β-htert, 
which does not contain the three essential reverse tran-
scriptase motifs [128, 129]. Splicing can independently 
occur at different sites; therefore, different forms of 
hTERT mrnA often co-exist in cells. the combination 
of different mrnA forms and their number depend on 
the particular cell type. thus, one of the mrnA vari-
ants (α-/β+ form) has regulatory functions by acting 
as a dominant negative inhibitor of telomerase activity 
both in normal and tumor cells.

It remains unclear as to whether the ratio between 
the full-length hTERT mrnA and its spliced forms 
affects telomerase activity. the total level of hTERT 
expression was shown to correspond to the level of te-
lomerase activity in some studies [126–129], whereas 
no regularities in the alteration of telomerase activity 
with the variation of any hTERT mrnA form have 
been revealed [130]. It is assumed that the regulatory 
functions executed by the products of the alternative 
splicing of hTERT are cell-type dependent. the set of 
hTERT transcripts changes during human embryonic 
development. During the early stages, all tissues con-
tain full-length hTERT mrnA and active telomerase; 
subsequently, the set of mrnA forms changes depend-
ing on a tissue’s type [131]. One can assume that the 
variation of tert expression is required for cell differ-
entiation during the development of the organism.

reversible phosphorylation of tert plays a signifi-
cant role in the regulation of the telomerase function 
[132]. numerous kinases and phosphatases are already 
known. they affect the phosphorylation of serine, thre-
onine, and tyrosine residues, thus changing the struc-
ture, localization, and activity of enzymes. non-specific 
phosphorylation sites have been detected in the pri-
mary structure of hTERT; however, only a few of these 
can be modified, and their phosphorylation affects telo-
merase activity.

telomerase rnA belongs to the family of non-coding 
rnAs; i.e., it does not act as a template for protein syn-
thesis. As mentioned above, telomerase rnA contains 
structural elements that are characteristic both to small 
nucleolar rnAs and to small cajal body specific rnAs. 
All human Н/АСА rnAs are encoded by introns, 
which are synthesized in the form of pre-mrnA and 
are processed to yield mature rnAs without the cap 
structure at their 5’-terminus [133]. In contrast, human 
ter is transcribed by rnA polymerase II from its own 
promoter. the processing of the primary transcript re-
sults in the formation of the 451 nucleotide mature form 
containing a trimethylguanine cap at its 5’-terminus. 
the processing of telomerase rnA has been partially 
studied in yeast cells. It is known that the 3’-terminal 
processing of ter in Schizosaccharomyces pombe cells 
is performed by a spliceosome. Only the first splicing 
stage resulting in the release of the 5’-terminal exon is 
required for the formation of active telomerase rnA 
[134]. exon ligation would yield the rapidly degradable 
product. It is unclear how the splicing is terminated at 
the intermediate stage.

trimethylation of 5’-terminal guanine in ter in 
yeast cells is performed by methyltransferase tgs1. It 
is assumed that in vertebrates this enzyme (htgs1р) 
also participates in the hypermethylation of the 5’-cap 
of ter in cajal bodies, in which it is contained [135].
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the study of the processing of human telomerase 
rnA is complicated by its low content in cells. Human 
telomerase rnA is expressed and undergoes processing 
in yeast cells [136]. Both polyadenylated and non-poly-
adenylated, processed and non-processed hter forms 
are produced during expression in yeast cells. Process-
ing of hter in this system is performed by yeast pro-
teins cbf5p (dyskerin homolog), nhp2p, and nop10p, 
which participate in the processing of small nucleolar 
rnAs containing the H/AcA-domain [137–139]. H/
AcA-proteins are bound to the H/AcA-domain of 
telomerase rnA, which determines the 3’-bound-
ary of the mature hter. It is assumed that during 
the processing of hter, its 3’-terminus is cleaved via 
exonucleases, whereas the H/AcA-proteins that have 
been bound determine the boundary of the mature 
hter form [136]. A hypothesis that nucleases are acti-
vated as a result of H/AcA-protein binding to telom-
erase rnA has also been postulated [140].

It was ascertained in 2011 that the telomerase com-
plex contains the DHX36 protein, or rHAu (known as 
rnA helicase). It also participates in the degradation 
of mrnAs containing Au-rich elements and is the re-
solvase both for the DnA and rnA of G-quadruplex-
es [141–145]. It was found that this protein interacts 
with the 5’-terminal region of the hter forming the 
G-quadruplex and stabilizes hter. this occurs be-
fore the 5’-terminal guanosine is trimethylated by 
telomerase rnA and is presumably required to pro-
tect hter against degradation. Once hter is capped, 
the formation of the G-quadruplex is no longer feasi-
ble and rHAu is no longer able to bind to hter [146]. 
Furthermore, rHAu stimulates the formation of he-
lix P1,thereby providing the correct positioning of the 
template domain of hter [147].

the telomerase complex contains additional proteins, 
which participate in enzyme biogenesis [148]. the te-
lomerase complex always contains the rnA-binding 
protein dyskerin, which is capable of recognizing the 
H/AcA-motif both in telomerase and in the other non-
coding rnAs (small nucleolar and cajal body specific 
rnAs) [149, 150]. Dyskerin is believed to participate 
in the biogenesis of telomerase rnP (ribonucleopro-
tein) and maintains the stability of telomerase rnA 
[151, 152]. the telomerase complex may contain the 
dyskerin-binding proteins nOP10, nHP2, and GAr1 
[153, 154]. DnA helicases pontin and reptin, which ex-
hibit AtPase activity, interact with hter, htert, 
and dyskerin [155]. the content of the htert complex 
with these proteins is highest in the S-phase of the 
cell cycle. telomere elongation in yeasts occurs pre-
cisely at this moment [156], whereas in human cells 
telomerase is associated with telomeres [157, 158]. It 
can be reasonably assumed that pontin and reptin can 

affect the regulation of the htert content at differ-
ent phases of the cell cycle, or affect the assembly of 
active telomerase in the S-phase. Dyskerin is perma-
nently bound to hter, whereas pontin and reptin in-
teract with htert. In the S-phase, pontin and reptin 
interact with dyskerin by participating in a de novo 
formation of the telomerase rnP.

One of the recent studies is devoted to the identifi-
cation of another protein participating in the assem-
bly and effecting of telomerase activity [159]. It was 
shown that this protein is AtPase nVL2. It was de-
monstrated using the two-hybrid system that htert 
interacts with the nVL2 protein. the NVL gene en-
codes two isoforms of nVL AtPase (nVL1 and nVL2), 
which belong to the AAA (AtPase associated with a 
variety of cellular activities) family of AtPases [160, 
161]. htert interacts with both isoforms; however, 
the complex with nVL2 turned out to be stronger. In 
cells, htert is co-localized with nVL2, which contains 
two AtPase domains. the Lys311 mutation in the first 
domain disrupts the binding of this protein to htert, 
whereas nVL2 knockdown reduces the telomerase ac-
tivity in cells [159].

the telomerase holoenzyme contains the WDr79/
tcAB1 protein (telomerase cajal body protein 1) [58]. 
cajal bodies are enriched in this protein, which is as-
sociated with tert, ter, and dyskerin. Meanwhile, 
ТСАВ1 does not interact with the telomerase assem-
bly factors nAF1, pontin and reptin. It is assumed that 
pontin and reptin at the first stage of telomerase matu-
ration facilitate assembly of the minimally active en-
zyme consisting of tert, terc, and dyskerin. tcAB1 
subsequently interacts with active telomerase and de-
termines its localization in cajal bodies, thus facilitating 
the binding to telomeres.

the data regarding the architecture of the telo-
merase holoenzyme lack consistency. thus, telomer-
ase has been demonstrated to possess catalytic activity 
only when in dimeric form; however, it has also been 
claimed that dimerization is not a prerequisite under 
physiological conditions [162–164]. the immunopre-
cipitation method was used to study the composition 
of the proteins isolated along with telomerase [165]. It 
turned out that telomerase can form several comple-
xes differing by the proteins they consist of. It was as-
sumed that the composition of the telomerase complex 
changes during maturation. At the first stage, the H/
AcA-proteins are bound to the 3’-terminal stem-loop 
of hter; the second complex of H/AcA-proteins with 
the GAr1 protein subsequently interacts with the stem 
of the Сr4/cr5 stem-loop. At the second stage, GAr1 
is replaced from the telomerase rnP by the ТСАВ1 
protein and is bound to htert. Meanwhile, tert and 
tcAB1 are present in the complex at a substoichiomet-
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rical ratio. this fact may be evidence of the existence of 
either a single complex containing both components, or 
two different complexes, each of those containing one 
of the components. It was assumed that both complexes 
are simultaneously present in cells; however, they per-
manently exchange components.

the interaction between telomerase and the other 
proteins (La, Staufen, L22, hnrnP, c1/c2, teP1, p23, 
and Hsp90) is required for the formation of the ap-
propriate structure and its stabilization [132, 166, 167]. 
However, it is unclear whether these proteins affect 
the telomerase activity.

TELOMERE ELONGATION
the major activity of telomerase ensures the rnA-
dependent telomere elongation [168]. the telomerase 
catalytic cycle consists of several sequential stages. One 
telomeric repeat is added after the substrate binding. 
the resulting product can either dissociate from the 
enzyme’s active site or undergo translocation, followed 
by elongation. the ability of telomerase to move the 
DnA synthesized to the template beginning site allows 
one to use two processivity types to describe its func-
tion. nucleotide addition (type I processivity) is intrinsic 
to all polymerases, since repeat addition (type II proces-
sivity) is unique to telomerase and determines the abil-
ity of an enzyme to repeatedly copy an rnA template 
region via elongation of the one substrate molecule only 
[169, 170].

Primer binding at the first stage of the telomerase 
reaction cycle is stipulated by its complementary ac-
tion with the ter template region. When using primers 
with different sequences, the efficiency of formation of 
the complex with an enzyme does not correlate with the 
length of the resulting DnA–rnA duplex [171], since 
telomerase is bound to the substrate upon immediate 
participation of not only the template region of telo-
merase rnA. the structural elements of the tert ac-
tive site regulate the efficiency of duplex formation, as 
well as translocation of the freshly synthesized product 
during the processive synthesis of telomeric repeats. 
the anchor regions in tert and ter also participate 
in the primary binding of the primer.

nucleotides are bound to the primer at the second 
stage of the telomerase reaction cycle [168, 172].

the major feature of telomerase is its ability to 
processively add the repeats [170]. the mechanism 
of telomerase translocation after a repeat is synthe-
sized remains unknown. It remains ambiguous as to 
whether enzyme processivity of this type is required 
for efficient telomere elongation or not. It has recently 
been ascertained that critically short telomeres elon-
gate processively [173]. A set of products differ in the 
number of telomeric repeats is formed during tel-

omerase operation. After a single telomeric repeat is 
added, the reaction is either terminated or the rate of 
reaction decreases; i.e., template translocation and an-
nealing are the rate-limiting stages. It has been dem-
onstrated that POt1 and tPP1 proteins efficiently 
stimulate telomerase processivity [174]. An assump-
tion was made that telomerase processivity is regulat-
ed by the POt1–tPP1 complex. telomerase activity is 
inhibited when the complex is bound to the 3’-termi-
nus of the primer. When it is bound to the 5’-terminus, 
telomerase functions processively.

It is known that telomerase is not active in all cells. 
nevertheless, telomerase rnA occurs in all cells; re-
verse transcriptase occurs in the majority of cells. 
the localization of telomerase components does not 
necessarily coincide with the site of its “operation.” 
telomerase rnA frequently occurs in the cytoplasm; 
reverse transcriptase is found in mitochondria and 
other organelles. these data enable to assume that 
telomerase can have additional functions in the 
cell rather than just maintenance of the telomere 
length.

ALTERNATIVE FuNCTIONS OF 
TELOMERASE COMPONENTS
the first batch of data on the alternative functions of 
telomerase were reported at the early stages of the 
study of this enzyme. the products of other enzyme ac-
tivities were detected when studying the activity, sub-
strate specificity, and other properties of telome rase. It 
turned out that telomerase is also capable of acting as a 
catalyst for the other reactions (Fig. 4).

Telomerase nuclease activity
It was demonstrated through a study of the catalytic 
activity and substrate specificity of telomerase de-
rived from Thermus thermophila that the length of 
the resulting product depends on the complementa-
rity degree of a primer and the template region of te-
lomerase rnA [175]. If the 3’ terminus of the primer is 
non-complementary to the template region, a break at 
the boundary between the coupled and non-coupled 
substrate regions occurs. Moreover, the break is also 
possible in a entirely complementary primer. In this 
case, the site and possibility of a break will depend on 
the length and site of preferential primer annealing at 
the template region. thus, telomerase derived from 
Th. thermophila exhibits nuclease activity. It was later 
ascertained that human and yeast telomerases also ex-
hibit such activity [176–181]. A thorough investigation 
into the mechanism of endonuclease activity has de-
monstrated that a substrate can be cleaved even when 
it is completely complementary to the template so that 
it could be preferentially located in the telomerase cat-
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alytic site. the endonuclease activity of telomerase is 
not sequence-specific. the primers having non-hydro-
lyzable internucleotide bonds at preferential cleavage 
sites are subjected to cleavage at other sites [179, 182].

Transferase activity
Yeast and human telomerase can also exhibit trans-
ferase activity. In the presence of Mn2+-ions, telomer-
ase can add nucleotides independently of the template. 
Preference is given to telomere-like primers with Gt-
rich 5’-end. It is unknown whether there can be in vivo 
situations when the intracellular Mn2+ concentration 
reaches values at which transferase activity is detected 
in vitro. nevertheless, it has been assumed that certain 
small molecules can stimulate this ability of telomerase 
[183, 184].

Telomerase and mitochondria
It was revealed during the early stages of the investi-
gations into telomerase that htert is also expressed 
in cells where telomerase activity is not detected [185, 
186]. It has recently been reported that the htert pro-

tein occurs in each somatic cells, predominantly in the 
S-phase [187]; moreover, it is present not only in the 
nucleus, but it is also present in cytoplasm and mito-
chondria [188–194]. In immortalized human fibroblasts 
under treatment with Н

2
О

2 
and oxidative stress condi-

tions, htert is exported from the nucleus and trans-
ferred to the mitochondria [194]. Mouse embryonic fi-
broblasts are known to undergo earlier senescence if 
cultivated in conditions with increased oxygen content 
[195]. As shown in similar experiments using human 
cells, oxygen deficiency results in an increased life span 
[196, 197]. the oxidative stress can activate the tumor 
suppressor proteins p53 and rb [198, 199]. there are 
several factors that cause cellular senescence under 
oxidative stress conditions. Firstly, they include DnA 
damages effected upon oxidative stress and induce 
the activity of the regulators of the cell cycle р21 and 
р16, which facilitate cellular senescence and cell cycle 
delay [200, 201]. As a result of decreased proliferation, 
telomeres critically shorten; subsequently, the cells ex-
perience a crisis. At this stage, the cells either die, or 
telomerase is activated, making them immortal. Sec-
ondly, oxidative stress can cause damage of telomere. 
the DnA within the telomeres is enriched in guanine 
residues that are sensitive to oxidation. Due to the oxi-
dation of these residues telomeres become more sensi-
tive to damage, their degree of shortening increasing 
[202, 203]. It has been demonstrated that the treatment 
of cells with mitochondria-targeted antioxidant MitoQ 
reduces the level of telomere damage and prolongs the 
life span of the fibroblasts subjected to oxidative stress 
[204]. thirdly, premature senescence induced by oxida-
tive stress may be a result of the direct inactivation of 
telomerase activity.

It was predicted recently that the n-terminus of 
tert contains the mitochondria transport signal 
(MtS) consisting of 20 amino acid residues [205]. MtS 
is highly conserved in the tert of higher eukaryotes, 
such as plants, fish, and mammals; however, yeasts and 
ciliate organisms contain none of this sequence [192]. 
the green fluorescent protein (GFP) with MtS local-
izes in mitochondria. the in vitro synthesized protein 
A containing MtS from htert at its n-terminus is 
transported into the purified mitochondria through the 
membrane potential [205]. Various methods have been 
used to detect the localization of htert in mitochon-
dria, including immunoblotting and coimmunoprecipi-
tation [191, 192, 194, 206–208].

Mytochondrial extracts from various human cells 
exhibit telomerase activity. htert is located in the 
mitochondrial matrix and is co-precipitated with the 
proteins ТОМ20, ТОМ40, and tIM23 [191]. It has also 
been demonstrated that htert is extracted along 
with the mtDnA-binding proteins tFAM, HSP60, and 
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Fig. 4. Telomerase is the enzyme with versatile functions. 
Schematic representation of the mechanisms of telome-
rase functions in the cell.
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tIM23, but not with tOM20 [205]. Increased htert 
content in mitochondria subjected to oxidative stress 
results in the stabilization of mtDnA and stimulates the 
mitochondrial function. this suppresses the formation 
of reactive oxygen species and increases the potential 
of the mitochondrial membrane [194]. htert inter-
acts with the mtDnA regions encoding the subunits 1 
and 2 of the nADH–ubiquinone oxidoreductase (nD1 
и nD2). changes in respiratory chain activity were ob-
served in mouse cardiac (but not hepatic) cells express-
ing htert [191]. nevertheless, non-specific interaction 
between htert and mtDnA was later detected[205]. 
the chromatin immunoprecipitation assay modified for 
mitochondria was used to demonstrate that telomerase 
reverse transcriptase interacts both with the regions 
encoding nD1, nD2 and with 12S and 16S rrnA, nD4 
and nD5, cOXI and cOXIII, tРНК and the subunits 6 
and 8 of АТР-synthase [205]. It is known that increased 
expression of htert in human fibroblasts does not 
prevent the stress-induced senescence, but protects 
them against apoptosis and necrosis [209]. the opposite 
effect of increased expression of htert under oxida-
tive stress (i.e., increased degree of DnA damage) has 
also been demonstrated [192, 206]. the content of a bio-
accessible iron, which can stimulate the formation of 
the hydroxyl radicals that damage DnA, increases in 
these cells [192].

the factors responsible for the intracellular trans-
port of htert remain unknown. htert contains the 
mitochondria transport signal and the nuclear export 
signal (neS). It has been hypothesized that htert 
contains several nuclear localization signals (nLS) [210, 
211]. However, the regulation mechanism of the locali-
zation of this protein inside the cell remains unclear. 
It is a known fact that the intracellular distribution of 
htert changes under oxidative stress conditions due 
to posttranslational modifications [189, 194, 208, 210, 
212–216]. Src kinase was shown to regulate the export 
of htert from the nucleus to the cytoplasm under oxi-
dative stress [189, 194], whereas dephosphorylation of 
htert by phosphatase Shp-2 results in the import of 
htert from the cytoplasm into the nucleus [212]. Dur-
ing oxidative stress, Src kinase phosphorylates tyr707 
in tert. the modified htert interacts with the nu-
clear pore component, protein ran, followed by its ex-
port from the nucleus with the participation of karyo-
pherin crM1. treatment of the cells with hydrogen 
peroxide reduces the level of wild-type mitochondrial 
htert, whereas the level of htert, in which tyr707 
is substituted by Phe and thus cannot be phosphor-
ylated by Src kinase, remains unchanged. the mutant 
htertY707P expressed in cells is accumulated in the 
nucleus during the oxidative stress, the apoptosis level 
of these cells being lower than that of the cells contain-

ing the wild-type htert [189]. It has also been shown 
that treatment of cells with H2

O
2 
results in an increase 

in the level of wild-type mitochondrial htert for sev-
eral hours, whereas it takes several days for this effect 
to develop under hyperoxic conditions. htert returns 
to the nucleus in the cells that returned to the normal 
state after being cultured under hyperoxic conditions 
[194].

Several years ago it was revealed that htert can 
form complexes with the rnA-component of mito-
chondrial rnA that processes endoribonuclease rMrP, 
along with the complexes with hter. It turned out 
that the htert–rMrP complex exhibits the activity 
of rnA-dependent rnA-polymerase and synthesizes 
double-stranded rnAs using the rnA-component of 
rMrP as a template. these rnAs are processed by 
the enzyme complex DIcer yielding small interfering 
rnAs (sirnA), which subsequently reduce the rMrP 
cell level; i.e., the rMrP function is regulated according 
to the principle of negative drawback [217].

It has been reliably ascertained that htert func-
tioning in mitochondria is hter-independent, and 
hter is not imported into mitochondria [205]. It turned 
out that mitochondrial trnAs are released from the 
mitochondria, along with htert; the mitochondrial 
trnAs act as primers in the reverse transcription re-
action catalyzed by htert. Meanwhile, this reaction 
can be inhibited by the addition of hter and mutation 
in one of the reverse transcriptase domains of htert. 
If the mitochondria contains no htert, the result is 
mitochondial dysfunction. It was assumed that htert 
can participate in the replication and repair of mtDnA 
[205].

It follows from the aforementioned facts that data 
regarding the functions of htert, and the components 
that interact with it in mitochondria, lack consistency. 
this fact can most likely be attributed to the limited 
amount of enzymes in a cell. All the studies devoted to 
the functions of telomerase in mitochondria have been 
carried out under conditions of protein overexpression. 
the additional domains that are used to extract and de-
tect the protein can be the reason behind the unreliable 
results. It should be noted that at the time of writing, 
no clear-cut opinion has emerged within the research 
community regarding the functions of telomerase in 
mitochondria.

Telomerase and DNA damages
non-functional telomeres are known to interact with 
a set of proteins involved into the DnA damage re-
sponse [218–220]. these proteins participate in signal 
transmission in response to different impacts. Atr and 
AtM belong to the family of protein kinases related to 
phosphoinositide 3-kinases (PIKK) [221]. AtM is the 
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major protein activated on double-strand DnA breaks 
(DSB) [222], whereas Atr is activated when single-
stranded DnA ends emerge upon the formation of 
DnA adducts, during DSB processing, or during ter-
mination of the replicative fork [223, 224]. the absence 
of AtM results in telomere decapping and shortening; 
furthermore, trF2 is bound to AtM kinase to inhibit 
its activation [225].Suppression of Atr kinase activity 
is observed under conditions of increased expression 
of hter. On the contrary, the decrease in the amount 
of telomerase rnA in cells facilitates an increase in 
Atr activity. these processes are independent from 
the level of telomerase activity and telomere length. 
A reduced level of hter expression in cells results in 
an increase in the amount of protein p53, the tumor 
suppressor and the major contributor to the signalling 
pathway upon oncogenic stress. Meanwhile, the cell 
content of the protein cHK1, the cell cycle regulator, 
increases. p53 and cHK1 are the major substrates of 
Atr kinase. hter inhibits Atr kinase and disrupts 
the regulation of the cell cycle checkpoints upon DnA 
damage in vivo[226].

the mutations in the template region of telomerase 
rnA induce a decrease in the level of the protein trF2, 
which stimulates the apoptosis. this effect is AtM-de-
pendent. AtM activation results in the phosphoryla-
tion of p53, which in turn activates the transcription of 
the GADD45γ gene. the increase in the GADD45γ level 
results in the apoptosis. thus, mutations in the tem-
plate region of telomerase rnA trigger DnA damage; 
the cells systems consider these damages to be double-
strand breaks [227].

Histone H2
AX in eukaryotic cells is phosphorylated 

by AtM kinase in response to DnA damage. the phos-
phorylated γН

2
АХ is bound to DnA at double-strand-

break sites. In cells without htert, which were ex-
posed to ionized radiation, the DDr system ceases to 
function. In fibroblasts with htert expression stably 
suppressed by rnA interference, the AtM and γН

2
АХ 

content is reduced. the telomere length in these cells 
changes to a negligible degree, whereas the chroma-
tin structure and post-translational modifications of 
histones are changed [187]. It is already known that 
the frequency of spontaneous chromosome breaks at 
the G1-phase decreases by 20-fold and the AtP level 
increases in human foreskin fibroblasts upon over-
expression of htert [228]. the presumable reason 
is that htert has a protective role in mitochondria. 
AtP is required for the functioning of chromatin re-
modeling factors [229] and activation of AtM kinase 
[230]. Whilst protecting the mitochondria, htert 
presumably has a mediated effect on AtP synthesis 
in a cell, as well as on all the processes for which its 
hydrolysis is required.

Telomerase and regulation of gene expression
the development of methods for the investigation of 
cell functioning and gene expression has enabled to 
study how the activity of some genes affects the ex-
pression of other genes. the cDnA microarray  was 
used to ascertain that the expression level of 284 genes 
changes in bovine adrenal cells that overexpress tert 
[231].

nowadays, it is a known fact that telomerase can af-
fect the cell cycle via regulation of the expression of 
various genes. An increase in the tert level enhances 
the proliferative potential of human bone marrow stro-
mal cells [232] and results in hyperplasia and hypertro-
phy of murine cardiomyocites [233]. the increase in the 
level of hTERT expression in human breast epithelial 
cells with the deleted р16 gene makes them resistant 
against the antiproliferative effect of the transforming 
factor β (tGF-β) [234]. Meanwhile, no dependence be-
tween the telomere length and cell sensitivity to tGF-β 
has been detected. It is also known that telomerase acti-
vation in human breast epithelial cells stimulates their 
processing into mitosis [235].

evidence to the fact that telomerase affects the 
prB/e2F signalling pathway has been obtained. cy-
clin D upon mitotic stimulation form a complex with 
cDK4 and cDK6 and phosphorylate and simultane-
ously inactivate the retinoblastoma protein prB. As a 
result, the interaction between prB and the e2F tran-
scription factor is disrupted. e2F is activated, trigger-
ing the expression of the genes required for cell tran-
sition from the G1- to the S-phase. Overexpression of 
htert in human crystalline lens cells induces their 
growth. Meanwhile, hyperphosphorylation of prB and 
expression inhibition of р53, р21, and GcIP are ob-
served [236]. р21 and GcIP are the inhibitors of cyclin 
complexes with cyclin-dependent kinases [237, 238], 
whereas p53 activates p21 transcription [239]. thus, 
htert activates the prB/e2F-dependent cell cycle 
pathway. On the other hand, htert stimulates the 
proliferation of human embryonic stem cells by short-
ening the G1-phase of the cell cycle [240]. this process 
is associated with the enhancement of the expression 
of cyclin D1 and hyperphosphorylation of prB. One 
can assume that the transcriptional activity of e2F in-
creases, since the level of one of its activators (cDc6) 
is increased. Moreover, prB is hyperphosphorylated 
in htert-immortalized human foreskin fibroblasts 
and human adenoid epithelial cells, which overcome 
the crisis state after htert overexpression [241]. It is 
an interesting fact that in this case expression of p21 
and p53 remains constant; furthermore, these cells 
contain no protein p16, which is an inhibitor of cyclin-
dependent kinase cDK4/6 in complex with cyclin D 
[242].
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thus, htert-dependent stimulation of cell prolif-
eration is induced by the inhibition of protein prB and 
activation of the e2F transcription factor. Meanwhile, 
the same mechanism ensures apoptosis induction [243, 
244].

It is known that htert overexpression in cells re-
sults in an increased content of the epidermal growth 
factor receptor (eGFr), the transmembrane recep-
tor tyrosine kinase participating in the processes of 
growth, survival, proliferation, and differentiation of 
mammalian cells [235, 245]. Following ligand binding, 
eGFr becomes capable of activating different signal-
ling pathways. two of those (ras/raf/MeK/erK and 
PI3K/Akt-kinases) participate in tumor development. 
these kinase cascades jointly stimulate cell entry into 
the S-phase of the cell cycle by affecting the expres-
sion, stability, and intracellular localization of D-type 
cyclins [246–250]. this fact is attested to by the results 
of experiments where the cells overexpressing the 
hTERT gene have the same phenotype as the one in 
the cells with the EFGR gene overexpressed or kinase 
cascades activated.

htert overexpression in epithelial cells was shown 
to increase the content of the fibroblast growth fac-
tor (FGF) and the fibroblast growth factor receptor 
(FGFr) [228, 235]. Moreover, the content of epiregulin, 
one of the ligands of the epidermal growth factor re-
ceptor (eGFr), which plays the key role in maintaining 
the proliferation status of these cells, is significantly 
increased in htert-immortalized fibroblasts [251]. 
epiregulin is known to be repressed in normal human 
cells; however, it is activated in tumors with high pro-
liferative potential [252]. It is plausible that telomerase 
stimulates its anti-apoptotic, pro-proliferative, and 
pro-neoplastic properties.

expression of the two isoforms of the vascular en-
dothelial growth factor (VeGF) is activated in human 
breast cancer cells, as well as in HeLa cells and in the 
htert-transfected normal embryonic lung cells [253]. 
VeGF is also known to stimulate htert expression 
and activate telomerase via the signal cascades of ras- 
and Akt-kinases. thus, htert and the growth factors 
interact via the positive feedback mechanism in pro-
cesses of cell cycle regulation, tumor formation, and 
angiogenesis.

It was reported in 2003 that telomerase activation 
can result in the epigenetic silencing of the suppressor 
genes in cancer cells [254]. the DnA-methyltransferase 
I promoter (DNMT1) is activated in normal human fi-
broblasts upon htert expression. the mechanism 
underlying this effect has not been elucidated yet; 
however, one can assume that the transcription factor 
StAt3 is one of the major participant factors in tran-

scription activation. It is already known that StAt3 
induces DNMT1 expression in malignant t-cell tumors 
[255]. In this case, the signal from htert to StAt3 
can be transduced by the previously mentioned eGFr, 
which phosphorylates and thereby activates StAt3 
[256]. DnMt1 participates in the regulation of gene ex-
pression by methylating the promoter regions of these 
genes.

It has recently been established that telomerase 
also interacts with the Wnt/APc/β-catenin signalling 
pathway. It has been shown that tert interacts with 
the chromatin-remodulating BrG1 factor. BrG1 is the 
β-catenin co-factor in the processes of the regulation 
of transcription of the genes associated with the Wnt-
signalling pathway. It turned out that tert can di-
rectly interact with the promoters regulated by Wnt 
and β-catenin. the signalling pathway is known to play 
a significant role in the cell differentiation and prolif-
eration processes. the effects observed upon tert ex-
pression in stem cells can presumably be explained by 
the effect of telomerase components on the regulatory 
cascade [257].

CONCLuSIONS
Data attesting to the diversity of the functions carried 
out by the major components of cell telomerase have 
recently been reported. Some of these functions (such 
as the nuclease and transferase activities) are associat-
ed with the major role of telomerase and its polymerase 
activity. the other functions (e.g., regulation of gene 
expression, protection against apoptosis, and contribu-
tion to the DnA response to damage) are not directly 
associated with polymerase activity. It should be noted 
that the telomerase content in higher eukaryotic cells is 
very low; hence, almost all the data have been obtained 
under conditions of artificial expression of its compo-
nents. under such conditions, conclusions can be drawn 
that are divorced from reality. researchers from dif-
ferent laboratories obtain inconsistent data, which are 
difficult to interpret. the inconsistency is most likely a 
result of the use of different systems and models. nev-
ertheless, the new data reported allows one to assume 
that telomerase has a more versatile function, and that 
its impact on the cell is not confined to the regulation of 
the length of telomere. 
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ABSTRACT Factor IX is a zymogen enzyme of the blood coagulation cascade. Inherited absence or deficit of the IX 
functional factor causes bleeding disorder hemophilia B, which requires constant protein replacement therapy. 
Reviewed herein are the current state in the manufacturing of FIX, improved variants of the recombinant pro-
tein for therapy, transgenic organisms for obtaining FIX, and the advances in the gene therapy of hemophilia 
B. 
KEYWORDS сoagulation factor IX; hemophilia B; heterologous protein expression systems.
ABBREVIATIONS FIX –Factor IX; rFIX – recombinant factor IX; rhFIX - recombinant human factor IX; FIXa 
- activated FIX; pdFIX - plasma-derived factor IX; PTM - posttranslational modification; VKD - vitamin K de-
pendent; IU – international unit; EGF – epidermal growth factor.

INTRODuCTION
Factor IX (FIX, christmas factor) is a blood clotting 
factor, a zymogen of serine protease. upon activation, 
FIX is converted into the active serine protease and, 
in the presence of ca2+ and membrane phospholipids, 
it hydrolyses one arginine-isoleucine bond in factor X 
to form the activated factor X (Xa) [1]. the catalytic 
efficiency of activated FIX (FIXa) is greatly increased 
by the cofactor, the activated factor VIII (FVIIIa). the 
non-covalent complex of FIXa, FVIIIa and FX, bound 
to the phospholipid membrane, is called “the X-ase” or 
“tenase” and represents a major signal amplification 
loop in the blood coagulation cascade (Fig. 1).

Factor IX is produced in the liver, and the inactive 
precursor protein is processed in the endoplasmic re-
ticulum and Golgi, where it undergoes multiple post-
translational modifications and is secreted into the 
bloodstream upon proteolytic cleavage of the propep-
tide. circulated mature FIX, 57 kDa and app. 90 nM, 
takes part in the blood coagulation cascade after spe-
cific proteolytic cleavage by the activated factor XI 
(of the contact pathway) or the activated factor VII (of 
the tissue factor pathway), with the formation of two 
polypeptide chains linked by a single disulfide bridge. 
Activated FIX is slowly deactivated by multiple fac-
tors – binding to antithrombin III, nexin-2, the protein 
Z-dependent protease inhibitor, and endocytic hepato-
cyte receptors or degraded by neutrophil elastase [3]. 

the gene of human FIX lies in the X chromosome, 

has 8 exons, and spans 33.5 Kb. Various mutations in 
this gene can impair the functioning of the FIX protein, 
resulting in bleeding-disorder hemophilia B: these mu-
tations are present in the dedicated database [4]. the 
rate of incidence of severe hemophilia B, requiring 
regular replacement therapy, is 1 in every 30,000 men, 
which represents approximately 20% of all hemophili-
acs. recently, it has been proved that european royalty 
suffered from hemophilia B: the last affected person 
passed away in 1940 [5]. the point mutation discovered 
in these kindred resulted in altered splicing and trun-
cated form of the FIX protein. 

In some cases, mutations in the promoter region of 
the gene result in the less severe hemophilia B Leiden 
[6], characterized as a nearly complete absence of FIX 
in childhood and steady increase in the level of endog-
enous FIX during puberty to the near-normal values.

current treatment of hemophilia B is restricted to 
protein-replacement therapy, which is very expen-
sive for patients and the healthcare system. Only 20% 
of the world’s population can afford the treatment; 
so hemophilia B remains lethal in childhood in poor 
countries [7]. 

REPLACEMENT THERAPY OF HEMOPHILIA B
Initial specific therapy of hemophilia B used to consist 
of periodic treatment by plasma transfusions, later re-
placed by more effective prothrombin complex concen-
trates (Pcc), which contain a mixture of VKD pro-co-
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agulation factors, including FII, FVII and FX. the most 
significant drawback of Pcc is the risk of thrombotic 
episodes. Purer preparations of FIXhave been isolated 
through cohn fractionation by ion-exchange chroma-
tography. the safety of plasma-derived FIX prepara-
tions has  also been improved by the introduction of 
various virus-inactivation steps, including heating, 
thiocyanate, and solvent-detergent treatment, which 
allow to remove enveloped viruses; and nanofiltration, 
to remove nonenveloped viruses [8].

Another limitation on the safety of FIX plasma con-
centrates is placed by the detectable amount of activated 
FIX (FIXa) and residual levels of other pro-coagulation 
factors, which result in a still significant risk of throm-
botic episodes. Immunoaffinity purification of plasma-
derived FIX has been sufficient to overcome these limi-
tations [9], but as in any other plasma-derived product, 
the risk of viral and prion transmission remains [10]. 

RECOMBINANT FIX
cloning of FIX cDnA was reported in 1982 [11], and 
biologically active FIX was expressed in a rat hepatoma 
cell line, mouse fibroblasts, and baby hamster kidney 
(BHK) cells in 1985 [12-14]. expression of FIX in indus-
trially suitable cHO cells was achieved in 1986 [15]. 

the first and only marketed medicinal product of 
recombinant FIX to date is nonacog alpha (trade name 
Benefix). It was approved for clinical use in the u.S. and 
european union in 1997. nonacog alpha is expressed by 
cHO cells, cultivated in an animal origin components-
free medium, purified through 4 chromatographic 
steps without the use of immunoaffinity columns, and 
virus-inactivated by nanofiltration with a cut-off lim-
it of 70 kDa [16]. the final product is formulated as a 
lyophilized powder without human serum albumin [17]. 
Initial formulation allowed for 250- to1,000-Iu strength 
in one vial, and reformulation of recombinant FIX ex-

Fig. 1. Scheme of blood coagulation cascade and international nomenclature of coagulation factors [2]. VKD - vitamin 
K dependent; SP - serine protease,  TG - transglutaminase; E – extrinsic pathway; I – intrinsic pathway; NEC - non-
enzymatic cofactor, FC - final common pathway.
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tended this interval up to 2000 Iu/vial strength [18], 
additionally allowing for room-temperature storage.

clinical studies of recombinant FIX have showed 
that the safety and efficacy of recombinant and plas-
ma-derived FIX are comparable, and no evidence of 
viral transmission was detected after 1,514 infusions of 
recombinant FIX to 56 patients [19]. the immune re-
sponse level to infused recombinant FIX was also com-
parable to plasma-derived FIX [20]. 

recombinant FIX has been extensively investigat-
ed for structural deviations from natural FIX and the 
significance of such deviations. the germinal studies 
claimed that there were close similarity in post-transla-
tional modifications [21], although the adjusted recov-
ery of FIX activity following a bolus infusion was found 
to be significantly lower for recombinant FIX [22], re-
sulting in a 1.5- to 2-fold  increase of the recommended 
dose [23]. the pattern of post-translational modifica-
tions was found to be indistinguishable between lots of 
recombinant FIX from two production plants [24]; thus, 
the differences in recombinant and plasma-derived 
FIX appear to be rather process-specific.

STRuCTuRE AND POST-TRANSLATIONAL 
MODIFICATIONS OF FIX
the FIX protein is a member of vitamin K-dependent 
(VKD) blood clotting factors and consists of four struc-
tural domains: the Gla domain, two tandem eGF-like 
domains, and a c-terminal serine protease domain (Fig. 
2). the n-terminal signal peptide of FIX is released 
after translocation to endoplasmic reticulum, and the 
propeptide, immediately preceding the Gla-domain, is 
removed at secretion. the activation peptide, which is 
located between the second eGF domain and the serine 

protease domain, is specifically cleaved by the factor 
XIa at the activation of FIX.

the n-terminal Gla domain of mature FIX, common 
to members of the VKD group, mediates the binding 
of FIX and FIXa to the surface of endothelial cells; this 
interaction is disrupted completely if γ-carboxylation of 
the Asp residues in the Gla domain is blocked [25]. the 
first eGF-like module is known to have a high-affini-
ty ca2+ binding site and to take part in the interaction 
with factor VIIIa [26] and with the tissue factor [1]. It 
contains an unusual modification of the Asp64 residue 
to β-hydroxyaspartate (Hya). this modification does 
not affect the pro-coagulation properties of FIX [25], 
but exchange of the Asp64 residue to a basic or neu-
tral amino acid impairs the activity of FIX [27]. Second 
eGF-like module also participates in the assembly of 
the FIXa-FVIIIa-FX complex [28, 29]. the eGF2 and 
protease domains of FIX are connected via the activa-
tion peptide and a single disulphide bond. 

the activation peptide contains many sites of post-
translational modifications that have various impacts 
on the properties of the protein (summarized in Table 1). 
the protease domain accounts for half of the mass of 
FIX. the serine protease active site in this domain is 
buried under the activation peptide and exposed af-
ter its cleavage. there are no known post-translational 
modifications in this domain; upon activation, it con-
nects to the rest of the FIX molecule by a single disul-
phide bond located opposite the active site. the c-ter-
minus of the activated FIX also lies far from the active 
site cavity of protease and allows the creation of func-
tionally active fusion protein molecules. 

Although the only post-translational modification 
with a direct and significant effect on the pro-coagu-
lation activity of FIX is the γ-carboxylation in the Gla 
domain [30], other modifications also play a more or less 
clear role in the functioning of FIX. 

the decrease in activity recovery in recombinant 
FIX was assigned by the research group of the Genet-
ics Institute, Inc., to two PtM’s – absent phosphoryla-
tion of Ser158 and nearly absent sulfation of tyr 155 
in the recombinant FIX [21]. It was demonstrated that 
infusion of recombinant FIX enriched in the sulfated 
variant results in increased activity recovery, and, at 
the same time, that isolation of recombinant FIX from 
infused hemophilia B dogs results in the enrichment 
of the material by the sulfated FIX. It should be noted 
that both sites of the modification are located in the 
activation peptide and are in very close proximity to 
each other, as well as to the n-linked glycan at Asn157, 
making the separation of sulfated and phosphorylated 
molecules questionable. 

natural FIX undergoes both O- and n-glycosylation. 
Berthing sites of O-linked oligosaccharides are present 

Fig. 2. Structure of FIX. S – signal peptide; P – propep-
tide, Gla – Gla domain, EGF1 and EGF2 – epidermal 
growth factor-like domains, AP – activation peptide, 
Protease – serine protease domain. Posttranslational 
modifications sites: Gla – γ-carboxylation, Hya – 
β-hydroxylation; S – sulfation, P – phosphorylation, ♦ – 
N-linked and ● – O-linked glycosylation, cleavage points 
are indicated by triangles, main possible routes for factor 
IX production or activity improvement are typed in grey.
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in the eGF1 domain [31] and activation peptide. two O-
linked oligosaccharides in the eGF domain are present 
uniformly in natural and recombinant FIX, and 2 to 4 
possible O-glycosylation sites in the activation peptide 
are modified only partially [32, 33]. 

there are also two sites for the mooring of n-linked 
oligosaccharides in the activation peptide of factor IX 
at the asparagine residues 157 and 167 [11]: both sites 
are fully occupied by predominantly sialated oligosac-
charide groups in plasma-derived FIX [34]. enzymatic 
cleavage of all sialic acid residues from the O- and n-
linked groups does not alter the activation rate of FIX 
and its ability to activate factor X [35]. At the same 
time, the low level of sialation in n-linked glycans in 
the recombinant FIX may account for the differences 
in the binding to endothelial cells, the rate of clearance 
from circulation, or the susceptibility to proteolysis. 

the level of the last known PtM in the FIX - 
β-hydroxylation of Asp64 in the eGF1 domain of FIX 
is slightly increased in the recombinant FIX [25], but 
incomplete modification of Asp64 in the natural pro-
tein clearly indicates that this PtM is not biologically 
important for FIX [36]. 

Since the currently marketed drug of recombinant 
FIX is not superior to plasma-derived FIX, at least in 
terms of the required dose strength and duration of ac-
tion, further advances in studies of recombinant FIX 
variants and derivatives have clinical perspectives.

IMPROVEMENTS IN RECOMBINANT FIX PRODuCTION
the reported secretion level of recombinant FIX by the 
production cell line is relatively low: ca. 30 mg/l [37]. It 
may be increased by 30-50% upon addition of 1 nM of 
methyl testosterone to the culture medium [38] or dou-
bled after the addition of phorbol 12-myristate, 13-ac-
etate, and calcium ionophore [39]. the appearance of 
undesired activated FIX in the culture medium can be 
controlled by decreasing the ca2+ ions concentration 
to 0.5 mM from 1.12 mM [40]; in another study of the 
same group, it was found that an increase of ca2+ ions 
to 1.3 mM leads to a 30% increase in the production of 
FIX, without a significant rise in the FIXa level [41].

In the early investigation of recombinant FIX from 
cHO cells, it was found that propeptide processing in 
the secreted FIX is incomplete and that FIX with an 
attached propeptide is inactive [42]; complete or nearly 
complete propeptide processing can be achieved by 
co-expression of the subtilisin/kexin-like convertase 
PAce/furin. Homologous convertase Pc5 [43] may also 
be employed [44]. 

Pro-coagulation activity of FIX requires complete 
gamma-carboxylation of the first 10 Glu residues in 
the Gla domain: last 2 residues may not be carboxy-
lated [45]. natural FIX is completely γ-carboxylated 

in all 12 residues, and in recombinant FIX the level of 
γ-carboxylation is reduced at last two residues, yielding 
an average of 11.5 Gla residues per molecule [37] and 
normal clotting activity (not less than 200 Iu/mg). In 
the case of BHK host cells, the pro-coagulant activity 
of the secreted FIX declined for highly producing line, 
and over-expression of vitamin K 2,3-epoxide reduct-
ase enzyme (VKOr), which produces the cofactor for 
the γ-carboxylation reaction, restored the relative pro-
coagulant activity to its normal level [46].

there are no direct investigations of the rate-lim-
iting step in the post-translational modifications cas-
cade for recombinant FIX, and various enhancements 
in the cHO enzymes levels may increase the secretion 
of rightly processed FIX. At least one type of modifica-
tion – processing of propeptide – may be carried out 
in the culture medium utilizing the co-expressed solu-
ble truncated PAce variant [37]. In the case of the ho-
mologous VKD protein – human protein c (hPc) – it 
was found that the rate-limiting step for recombinant 
hPc, expressed in human 293 cells, is n-glycosylation 
[47]; in the case of another VKD homologue – factor 
VII expressed in cHO cells – both glycosylation and 
γ-carboxylation limit the secretion of the product [48]. 
It is interesting to note that the typical secretion level 
of factor VII is ~5 times higher than that of FIX in in-
dustrially deployed cell lines and that the only signifi-
cant difference in the post-translational modifications 
of these two proteins is more abundant O-glycosylation 
of FIX.

cHO-derived cell lines, which are currently em-
ployed for the production of recombinant FIX, may be 
substituted for more productive ones. natural FIX is 
produced by liver cells, and it has been established that 
the human hepatoma cell line HepG2 produces 1.5 times 
more recombinant FIX than the human kidney cell line 
293 after transfection by the same retroviral vector 
[39]. nonvertebrate cultured cells were also evaluated 
for the expression of FIX, and in a drosophila-derived 
SF2 cell line a 12-fold increase in functionally active 
FIX secretion, compared with cHO cells, was detected 
[49]. 

TRANSGENIC ORGANISMS
the milk of transgenic animals has been considered as 
a better source of recombinant therapeutic proteins 
for the last twenty years. FIX has been expressed in 
transgenic sheep as a fusion gene comprising the beta-
lactoglobulin and FIX sequences, and small quantities 
of inactive FIX have been detected in the milk [50]. 
Higher levels of FIX, secreted in sheep milk, have been 
achieved using the nuclear transfer technique devel-
oped by PPL therapeutics [51]. the producing species 
were created using the same technique as the one em-
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ployed for Dolly the Sheep and called Molly and Polly. 
Similar results have been obtained for transgenic goats 
– 13.7 µg/l with >90% of active “gamma-glycosylated” 
form [52], and mice – up to 60 mg/l at 50% of biologi-
cally active FIX [53].

the most successful studies were those that used pigs 
[54 - 56]. Despite good theoretically predicted yields, 
actual factor IX production levels were moderate (sum-
marized in table 2). the supposed rate-limiting step in 
the secretion of FIX by porcine mammary gland cells 
is γ-carboxylation. Full specific activity (i.e. complete 
carboxylation) of the product was noted for these ani-
mals, producing FIX at 200 mg/l [54], and only 10-20% 
of normal specific activity was noted for FIX from pigs, 
producing at the level of 2-3 g/l [55]. nevertheless, a vi-
able purification process was developed for this source 
of under-carboxylated FIX, and the purified product, 
highly enriched in fully carboxylated FIX, was found 
to be correctly glycosylated [56] and is expected to be 
included in clinical trials. It should be noted that us-
age of milk from transgenic pigs, instead of the bio-
reactor harvest medium, results in approximately a 
10-fold higher concentration of the target protein at 
the expense of a much higher level of contaminating 
proteins, lipids, and lack of sterility. Another protein 
with comparable structure complexity – antithrombin 
III – was expressed in goat milk at a 1-2 g/l level and 
purified to pharmaceutical grade with a 53% yield [57]. 
the consumption of FIX in the u.S. can be estimated 
at 2 kg/year; and world consumption, at 40 kg/year. 
Based on the known milk output, 40 pigs will cover the 
u.S. market of FIX and 800 will cover the world at the 
present level of expression and 50% total process yield.

Other potential sources of biopharmaceutical pro-
teins are the seeds and tissue of transgenic plants. At 
present, production of functionally active VKD pro-
teins in transgenic plants is impossible, because the 
plants lack γ–carboxylases [60]. this limitation may be 
bypassed by co-expression in the plants of mammalian 
γ–carboxylases and their co-enzymes, but it is unlikely 
that such a complex task will be accomplished in the 
near future. 

expression of inactive FIX in transgenic plants has 
been reported to date in transgenic tomatoes [61] and 
soybean seeds [62]. the expression level of FIX in to-
matoes was quite low: 15.84 µg/kg of fresh fruits. In 
the case of soybean seeds, a very promising 800 mg/kg 
expression level was achieved. Both systems yielded a 
mature glycosylated form of the target protein. 

In some rare cases of hemophilia B (1.5–3%), large 
titers of neutralizing antibodies are developed by the 
immune system of patients in response to replacement 
therapy by FIX preparations [63]. these inhibitor an-
tibodies render ordinary therapy and prophylaxis by 
FIX ineffective and require higher doses of FIX or im-
mune tolerance induction (ItI) by frequent infusions 
of very high quantities of FIX. ItI protocols for hemo-
philia B last from months to years and are dangerous 
for patients due to the development of the nephritic 
syndrome and life-threatening anaphylactic reactions. 
At least some of the side effects in ItI treatments are 
caused by the excessive pro-coagulant activity of the 
FIX infused, and inactive variants of FIX may better 
serve as the immune-tolerance-inducing agent. the 
fusion protein of FIX and the known transmucosal car-
rier cholera toxin β-subunit were expressed in tobacco 

Table 2. Main characteristics of transgenic animals as live bioreactors and calculations of expected flock size for FIX pro-
duction

Animal Gestation, 
months

Maturation, 
months

Milk 
output, 

l*#

Initiation of 
transgene to 

lactation time 
(month)

estimated 
productivity 
values, g*#, 

calculated pro-
ductivity values 

for rFIX, g *

reported FIX secretion 
values, corrected to 

actual concentration of 
active form

Mouse 0.75 1 0.0015 3-6 0.01- 0.02 0.000 045 30 mg/l [53]

rabbit 1 5-6 2-5 7-8 20 - -

Sheep 5 6-8 200-500 16-18 2500 5 – 12.5 25 mg/l, inactive [50]

Goat 5 6-8 600-800 16-18 4000 0.008 – 0.011 0,0137 mg/l [52]

Pig 4 6-8 200-400 15-16 1500 75 - 150 375 mg/l [55]

cow 9 16 8,000 30-33 4,000-8,000 - -

*- per year per doe
#- data from [58], [59]
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chloroplasts (400 mg/kg of leaf tissue) and tested as ad-
ministered orally frozen leaf powder for the prevention 
of inhibitor antibodies formation in FIX knockout mice 
treated with human FIX [64]. the control animals, fed  
the leaf powder from untransformed tobacco, devel-
oped 2-90 Beteshda units per ml (Bu/ml) of inhibitor 
antibodies toward human FIX, and in mice fed the leaf 
powder with encapsulated fusion of the toxin subunit 
and FIX, the inhibitor level was indistinguishable from 
the baseline. these data are backed by the mortality 
rate of treated and control mice – 10% vs. 75% after 
eight weekly injections of human FIX.

VARIANTS OF RECOMBINANT FIX
Historical use of plasma-derived FIX for hemophilia B 
therapy dictated the utilization of intact recombinant 
FIX as a drug. the exact recombinant copy of the natu-
ral FIX is expected to be nonimmunogenic for patients 
and perform comparably to the proven plasma-derived 
preparations. At the same time, current replacement 
therapy using FIX requires very frequent infusions 
of large quantities of high-priced FIX drugs. Modifi-
cations to the FIX molecule making it more active or 
more stable in the bloodstream may prove significantly 
advantageous to the patients and healthcare profes-
sionals involved.

the specific activity of FIX in the blood coagula-
tion assay may be increased threefold by a single point 
mutation, Arg338-> Ala338 [65], without affecting the 
tenase complex assembly. An exchange of 2 aminoac-
ids and 2 short surface loops between FIX and factor 
X molecules was sufficient for the creation of a hybrid 
molecule with very high proteolytic activity and en-
zyme specificity, which is typical of factor X [66]. Fur-
ther work limits the minimal set of point mutations re-
quired to 3 – Lys98, tyr177, and tyr94 [67]. no data on 
pro-coagulant activity were collected for these mutant 
forms of FIX.

Since the majority of hemophiliacs suffer from the 
absence of factor VIII, a protein cofactor of FIX, engi-
neered variants of FIX capable of direct activation of 
FX may serve as therapy for hemophilia A. they are 
also insensitive to inhibitor antibodies toward factor 
VIII. the triple mutant of FIX Val181Ile, Lys265thr, 
and Ile383Val employed as the gene therapy vector 
successfully bypassed factor VIII and corrected the 
hemophilia A phenotype in mice [68].

the pharmacokinetic properties of FIX can be im-
proved by genetic fusions with long-lasting plasma 
proteins or covalent conjugation with hydrophilic pol-
ymers. Fusion of FIX and human serum albumin has 
been realized through the noncleavable short linker 
peptide or the linker peptide cleavable by factor Xia, 
simultaneously with the activation of FIX [69]. the 

noncleavable linkers were (G)6
V and SS(GGS)

6
GS, the 

cleavable linkers were derived from FIX and consisted 
of the amino-terminal activation site encompassing the 
amino acids 136 to 154  or 137 to 154 of mature FIX. Ac-
tivation of rIX-FP with a noncleavable linker results in 
an activated FIXa molecule with albumin still attached 
to it, and activation of rIX-FP with a cleavable linker 
results in the release of albumin and a FIXa molecule 
that differs from wild-type FIXa only by a short c-ter-
minal linker fragment derived from the FIX molecule 
itself (Fig. 3A). utilization of the cleavable linker result-
ed in a 10- to 30-fold increase in the specific activity of 
fused FIX in the coagulation assay, and the variant of 
albumin fusion demonstrated a significant increase in 

Fig. 3. Genetic fusions of FIX. Panel A  fusion of FIX and 
HAS, panel B  fusion of FIX and Fc fragment of IgG. L – 
linker peptide, H – hinge region of IgG, CH2 and CH3 – 
second and third constant domains of IgG.
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the half-life in animal models and efficacy in reducing 
bleeding time in FIX(-/-) mice. 

the presence of the Fc domain of immunoglobulin 
G enables the fusion protein to bind to the neonatal Fc 
receptor (Fcrn), a heterodimer of the MHc class I-like 
protein heavy chain with beta-2-microglobulin. Fcrn 
protects Fc-containing IgG molecules from catabolism 
byreversible binding to the surface of endothelial cells 
[70]. 

Fusion of FIX and the Fc fragment expressed in 
human HeK-293H cells and isolated as the covalent 
heterodimer of the FIX-Fc chain and free Fc chain 
(Fig. 3B) has acceptable specific pro-coagulant activity 
(ca. 50 Iu/mg) and has demonstrated a significant in-
crease in terminal half-life in many animal models [44]. 
the half-life in monkey was 47.3 ± 9.1 h versus 12.7 h 
for intact FIX. A similar 3-fold increase in half-life was 
recorded in phase I/II clinical trials of the FIX-Fc fu-
sion [71]. 

Group-specific attachment of PeG moiety to the n-
glycans of FIX (Fig. 2) will lead to the conjugate, which 
will convert to natural, activated FIX, leaving the at-
tached PeG on the released activation peptide. this 
kind of conjugate, with a single 40-kDa PeG group at-
tached (n9-GP), was used in animal studies [72] and 
clinical trials at dose levels of 25-100 u/kg, showing a 
mean half-life of 93 h, 5 times higher than that of the 
intact FIX [73]. It is interesting to note that the incre-
mental recovery of n9-GP was 94% higher compared 
with recombinant FIX, a possible indication that the 
PeG group may shield the FIX molecule from an unde-
sired interaction with the cell surface or block the abil-
ity of n-glycans to mediate such an interaction. this 
difference in activity recovery may also be caused by 
the full sialation of glycans performed in vitro after pu-
rification of the FIX.

Prolonged action of FIX may be achieved by vari-
ous encapsulation techniques, allowing a slow release 
of the entrapped protein into circulation. the carrier 
material can be a biodegradable polymer, liposome, etc. 
A detailed description of this field is out of scope of the 
present review. A very unusual method of FIX encap-
sulation was recently developed for human trials [74]. 
red blood cells were mixed with FIX ex vivo, shocked 
for the encapsulation of the target protein inside the 
cells, and injected back to the patient. the entrapped 
FIX slowly released from the red blood cell ghosts upon 
their lysis in the bloodstream. 

GENE THERAPY OF HEMOPHILIA B
Simultaneously with the development of recombinant 
FIX protein therapeutics, gene therapy strategies for 
hemophilia B treatment have been developed. Protein 
substitution therapy has obvious limitations: treatment 

is not curative, and during all of the patients’ lives 
there remains a significant risk of bleeding episodes 
and chronic joint damage. Other general disadvantages 
of constant protein infusions are the high cost of the 
treatment, limited availability of the medication, low 
half-life of the clotting factor, and risk of neutralizing 
antibodies (inhibitors) formation toward the adminis-
tered FIX protein.

Both forms of hemophilia are a particularly good tar-
get for gene therapy since they are caused by a well-
known single gene defect and have a broad therapeutic 
window:  achievement of 1% of the normal plasma FIX 
level can prevent most patient’s risks, and a concentra-
tion of the clotting factor as high as 150%, likewise, is 
not expected to cause any side-effects. For gene thera-
py, the therapeutic level of the expressed FIX is usually 
considered as 5-10% of the normal plasma level; in this 
case further protein injections might be avoided. A low 
(under-therapeutic) expression level of FIX may still 
be enough for immune tolerance induction in patients 
suffering from the inhibitory form of the disease. 

transfer of the FIX gene in vivo is possible even by 
the naked plasmid DnA, as has been shown in animal 
models. Hydrodynamic injection of expression plasmid 
containing human FIX cDnA and the hepatic control 
region was sufficient to achieve therapeutic levels of 
FIX in deficient mice for 210 days [75]. the delivery 
technique employed – injection of 50 µg of the plasmid 
in 2 ml of solution in 5-8 sec into the tail vein – is defi-
nitely unsuitable for human therapy, and a significant 
modification of hydrodynamic injection should be in-
vented before clinical studies can take place. 

target cDnA may be delivered more efficiently by 
chromosome-integrating viral vectors of retroviral 
(rV) or lentiviral (LV) origin or by predominantly epi-
somal adenoviruses (AV) or adeno-assoсiated viruses 
(AAV).

Historically, rV particles had been used first for the 
transduction ex vivo of fibroblasts from model animals 
by FIX cDnA and subsequent re-implantation of the 
modified cells. A low level of human FIX was detected 
in the plasma of the treated animals [76]. A very small 
percentage of the animals with re-implanted trans-
duced fibroblasts test positive for FIX production, but 
the effect remains stable for more than 600 days on 
the rabbit model [77]. A phase I clinical trial for hemo-
philia B was conducted with autologous skin fibroblasts 
transduced ex vivo with FIX-encoding γ-retroviral vec-
tors [78] and resulted in a transient, moderate increase 
in the FIX plasma level in two patients. 

Lentiviral vectors, in contrast to γ-retroviral vectors, 
are able to transduce hepatocytes of the adult liver in 
vivo. therapeutic levels of FIX have been achieved 
(transiently) in adult hemophilic mice, following in-



70 | ActA nAturAe |  VOL. 4  № 2 (13)  2012

reVIeWS

travenous injection of LV [79]. LV are also able to ef-
fectively transduce spleen antigen-presenting cells 
(APc), leading to an immune response against circu-
lating transgene proteins [80]. this unwanted ability of 
LV may be diminished by restricting transgene expres-
sion to certain cell types by utilizing tissue-specific pro-
moter sequences and by co-expression of micrornA’s, 
eliminating off-target expression. Long-term FIX ex-
pression in mice using a hepatocyte-specific promoter 
and hematopoietic cells-specific micrornA mir-142-
3p has resulted in a more than 10% level of circulated 
FIX for 280 days in hemophilia B model mice [81]. no 
antibodies toward FIX were detected, and all animals 
survived after a challenge by tail-clip. 

expression of FIX may also be restricted to hemat-
opoietic cells to ensure better availability of the tar-
get protein to the sites of its action. Integrin alpha II b 
promoter-bearing LV constructs, expression-targeted 
to megakariocytes, were used in hemophilia B mice 
models and showed promising results:  accumulation of 
FIX in the alpha-granules of platelets and release after 
activation [82], and phenotype correction was proven 
by full survivability after tail-clip.

common to all integrating viral vectors, including 
rV and LV, are safety concerns of insertional mutagen-
esis and oncogene activation after vector integration 
[80]; so vectors with episomic persistence, bearing FIX 
transgene, are attracting much more attention. High-
capacity adenoviral vectors (HcAV) with episomic per-
sistence, bearing no viral genes, are known to trigger 
a reduced immune response, and the use of a tissue-
specific promoter (e.g. hepatic) can further diminish 
the response, therefore prolonging the gene expres-
sion period [83]. HcAV with a liver-specific promoter 
has yielded therapeutic expression levels of IX with 
limited toxicity in hemophilic mice [84] and hemophilic 
dogs [85, 86], and yet a gradual decline in transgene 
expression was observed. Inhibitor antibodies, as well 
as hematologic and hepatic toxicities, were detected in 
animals injected at high vector doses [86], limiting the 
expression period to 446-604 days in dogs. 

Adeno-associated viruses are believed to be better 
carriers of target genes at the expense of  limited pack-
aging capacity, not exceeding 4.7 k.b.p. they are non-
pathogenic, replication-deficient, and have a very low 
probability of chromosomal integration. [87]

AAV particles for gene therapy studies can be man-
ufactured by the GMP-compliant process [88]. In most 
clinical trials with AAV vectors intramuscular injection 
or portal vein infusion routes have been used, directing 
viral particles to skeletal muscle cells or hepatocytes. 

Long-term FIX expression has been achieved fol-
lowing muscle-directed gene transfer by the AAV2-
FIX vector in hemophilia B dogs with a missense 

mutation [89]. Inhibitor antibodies development de-
pended on the nature of the FIX gene defect in the 
treated animals – dogs with missense mutation in the 
FIX gene developed virtually no inhibitors [89], and 
dogs with premature stop codon and unstable mrnA 
in the FIX gene developed a significant level of the 
inhibitor [90] that correlated with the AAV dose used 
[91]. A phase I clinical trial for intramuscular injection 
of AAV2-FIX vectors was performed in hemophilia B 
patients with missense mutations using a limited vec-
tor dose per site [92-94]. the treatment proved safe 
but ineffective:  the achieved FIX levels were below 
the therapeutic level. 

utilization of a more invasive procedure aimed at de-
livering  AAV particles to the liver resulted in FIX ex-
pression without inhibitor development in normal and 
hemophilic mice, hemophilia B dogs, and nonhuman 
primates [87, 95-99]. An 8-year study in inhibitor-prone 
null mutation hemophilia B dogs treated with liver-di-
rected AAV2-FIX demonstrated long-term hemophilia 
correction without inhibitor development [100]. 

A phase I clinical trial was conducted for hemophilia 
B patients with intrahepatic infusion of AAV2 vectors 
encoding FIX and a liver-specific promoter [101]. FIX 
levels of up to 10% were achieved, but the transgene 
expression period was no longer than 6 weeks, most 
likely the result of an immune response toward capsid 
components. It has been suggested that the rapid elim-
ination of the transduced viruses could be caused by 
the pre-existing immune response to wild-type AAV2 
viruses, which are common in the population [101, 102]. 
Other serotypes of AAV, namely AAV8 and AAV9, 
both having a liver tropism and less common in human 
population [103], have been tested on model animals. 
AAV8 has been found to be a more effective carrier of 
the FIX gene than AAV2 in mice and dog models  [104], 
[105] and has demonstrated long-term (up to 5 years) 
safety and efficacy in nonhuman primates [106], with a 
constant therapeutic level of transduced FIX in the op-
timal vector dose group. Phase I clinical trials are being 
conducted for the AAV8-FIX delivered by peripheral 
vein infusion. the expected immune reactions were di-
minished by a several-weeks course of prednisolone; 
the levels of FIX achieved have been in the range of 1% 
to 8% of normal values in the six patients treated. two 
of them cut back infusions of FIX, and four have gone 
off infusions [107]. 

CONCLuSION
Despite a sustained research effort, existing therapy 
for hemophilia B relies mainly on the infusion of FIX, 
with no significant justification for the bias for plasma-
derived or recombinant protein. Modification of the 
FIX molecule by domain fusions or conjugation with 
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PeG may decrease the frequency of infusions, but 
rather will change the cost and overall safety of the 
treatment. Gene therapy by FIX cDnA in viral vec-
tors is promising for a significant proportion of patients. 
It has the potential to diminish the need for transfu-
sions for the majority and completely eliminate that 
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ABSTRACT Carriage frequencies of alleles and genotypes of the TGFB1 gene polymorphous loci –509C>T 
(rs1800469), 869T>C (rs1982073), 915G>C (rs1800471), which affect the level of cytokine TGF-β1 production, 
were analyzed in the patients of Russian ethnic descent with myocardial infarction (MI) (406 cases) and in the 
control group of the same ethnic descent (198 controls). Significant association with MI was observed in car-
riage frequencies of the allele TGFB1*–509T (p=0.046, OR =1.45, 95% CI: 1.02-2.06), genotypes TGFB1*869T/T 
(p=0.0024, OR =1.75, 95% CI: 1.22-2.51), and TGFB1*915G/G (p=0.048, OR=1.76, 95% CI: 1.05-2.97). Linkage 
disequilibrium analysis for these SNPs has shown that the associations revealed can be considered to be inde-
pendent. A complex analysis of MI association with combinations of alleles/genotypes of said SNPs indicates 
their cumulative effect. An analysis of susceptibility to early-onset MI (≤ 50 years old) revealed a positive asso-
ciation of the allele TGFB1*–509T (p=0.002, OR=2.24, 95% CI: 1.35-3.71) and genotype TGFB1*869T/T (p=0.008, 
OR=1.93, 95% CI: 1.18-3.15), as well as their additivity. An analysis of susceptibility to recurrent MI revealed an 
association of the genotype TGFB1*–509T/T (p=0.0078, OR=2.60, 95% CI: 1.28-5.28). The results obtained indi-
cate the important role of the TGFB1 gene in susceptibility to MI, including early-onset and recurrent MI, in 
Russians.
KEYWORDS myocardial infarction; Russians; genes; allelic polymorphism; transforming growth factor β1; TGFB1; 
APSampler.
ABBREVIATIONS dNTP – deoxynucleoside triphosphate; LD – linkage disequilibrium; SD – standard deviation; 
SNP – single nucleotide polymorphism; TGF-β1 – transforming growth factor beta 1; TGFB1 – gene encod-
ing transforming growth factor beta 1; CI – confidence interval; IHD – ischemic heart disease; MI – myocar-
dial infarction; OR – odds ratio; PCR – polymerase chain reaction; PCR-SSP – polymerase chain reaction with 
sequence-specific primers; CVD – cardiovascular diseases.

INTRODuCTION
the absolute majority of cardiovascular diseases 
(cVD) are complex polygenic diseases. to date, a lot 
of cVD genetic markers have been revealed; among 
them a special place belongs to the genes, which en-
code proteins involved in the atherosclerotic proc-
ess. this is also true for ischemic heart disease (IHD), 
which includes the myocardial infarction (MI) as one 
of the forms. Among these markers is the TGFB1 gene, 
product of which (transforming growth factor beta 1) 
belongs to the tGF-β cytokine superfamily and func-
tions both as a pro-atherogenic and anti-atherogenic 

factor. there are three single nucleotide polymor-
phisms of interest: rs1800469 (SnP –509c>t) in the 
promoter, rs1982073 (SnP 869t>c, Leu10Pro), and 
rs1800471 (SnP 915G>c, Arg25Pro) in the signal se-
quence (exon 1) [1]. All of the polymorphisms studied 
affect the level of tGF-β1 production: according to 
the literature [2-4], allele t of the SnP –509c>t, al-
lele Т of the SnP 869t>c, and genotype G/G of the 
SnP 915G>c are associated with the higher protein 
plasma level.

A number of studies are dedicated to the association 
analysis of these SnPs with IHD or MI development; 
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some of them demonstrate such an association [1, 5, 6], 
while some do not. 

Since it was finally proved that genetic susceptibility 
to many polygenic diseases varies in different ethnic 
groups, studies should be performed in ethnically ho-
mogenous populations. no studies have been performed 
on the association of the SnP 869t>c and 915G>c of 
TGFB1 gene with MI and other cVDs occurrence in 
russians. Previously, we observed a positive associa-
tion of MI occurrence in a smaller sampling with the 
allele TGFB1*–509t in combinations with the alleles/
genotypes of the SnPs of other inflammation genes, as 
well as a contribution of the “alternative” allele –509*С 
to protective combinations [7]. In the present study, a 
search for the association of rs1800469 (SnP –509c>t), 
rs1982073 (SnP 869t>c, Leu10Pro), and rs1800471 
(SnP 915G>c, Arg25Pro) of the TGFB1 gene with MI 
occurrence was performed in more than 400 patients of 
russian descent, as well as an analysis of haplotypes of 
these SnPs in healthy individuals. the distribution of 
alleles and genotypes of said SnPs were analyzed by a 
comparison of patients of different age groups and sub-
jects of the control group, as well as groups of patients 
with a single and recurrent MI(s).

MATERIALS AND METHODS
For the case-control study we used blood samples from 
406 patients of russian descent with MI, with a mean 
age ± standard deviation (SD) - 57.5 ± 12.8 years.  272 
of the individuals were men (mean age - 53.4 ± 11.9 
years), and 134 were women (65.6 ± 10.3 years). the 
control group consisted of 198 individuals of russian 
descent without cVDs in medical history.  112 of the 
individuals were men (mean age - 57.1 ± 11.9 years), 
while 86 were women (mean age - 63.2 ± 14.2 years). 

MI was diagnosed according to the 2001 AHA/eSc 
guidelines. the subjects of the control group under-
went an examination in order to exclude IHD. All of the 
patients (or their relatives) and the subjects of the con-
trol group gave informed consent for this study.

The extraction of DNA with a phenol-chloroform mix-
ture was performed according to [8].

The polymorphous loci of the TGFB1 gene were ana-
lyzed using the Pcr-SSP method. A DnA fragment of 
283 bp containing SnP 869t>c was amplified using the 
allele-specific primers 5’-AGcAGcGGtAGcAGcAG-
cA-3’ (SSP t), 5’-GcAGcGGtAGcAGcAGcG-3’ 
(SSP c), and the common primer 5’-ct Acctttt 
Gcc GGGAGAcc -3’. In the case of SnP 915G>c, a 
DnA fragment of 125 bp was amplified using the allele-
specific primers 5’- tGGtGctGAcGcctGGccG-3’ 
(SSP G), 5’-tGGtGctGAcGcctGGccc-3’ (SSP c), 

and the common primer 5’-GGcGAGccGcAGctt-
GGAcA-3’. All primers were designed using the Vec-
tor nt I 7.1 and Primo software [9]. the amplification 
mixture (10 µl) contained 70 mM tris-HcI (pH 9.0), 
20 mM (nH4

)
2
SO

4
, 1.0 mM Mgcl

2
, 0.025% tween-20, 

0.025% nP-40, 5 pmole of each primer, 0.2 mM dntP, 
0.5 u taq-polymerase, and 100–200 ng DnA mineral 
oil. Amplification program: 95°С, 5 min. then, 10 cycles: 
95°С – 1 min, 64°С – 1 min, 72°С – 1 min; and 20 cycles: 
95°С – 30 s, 58°С – 50 s, 72°С – 50 s. Pcr was performed 
in МС16 amplifier (DnA-technology, LLc, russia). the 
presence of amplified products was checked by elec-
trophoresis in a 2% agarose gel with ethidium bromide. 
SnP –509c>t was analyzed as described in [7].

Statistical analysis. An analysis of the deviation of 
the observed genotype frequencies from the Hardy–
Weinberg equilibrium and the linkage disequilibrium 
(LD) analysis were performed using the free Haplov-
iew 4.0 software [10]. the carriage frequencies of alleles 
and genotypes of single SnPs in different groups were 
compared by a two-sided Fisher’s exact test using the 
free online GraphPad Instat software [11]. We used the 
APSampler software [12,13] to identify significant as-
sociations between MI and carriage of allele/genotype 
combinations of said TGFB1 SnPs and to assess the 
level of association significance for each combination 
found by the general algorithm by the value of one-sid-
ed Fisher’s exact test. the differences were considered 
significant at p-values ≤0.05. We computed the odds ra-
tio (Or) and its 95% confidential intervals (cI) for each 
allelic combination found, and we considered only those 
combinations, for which cI did not cross 1.

RESuLTS
the genomic typing of the polymorphous loci –509c>t, 
869t>c and 915G>c of the TGFB1 gene was carried 
out in patients with MI and individuals without cVDs, 
followed by an analysis of a possible association of these 
SnPs with MI development. We did not observe devia-
tions in the distribution of SnPs alleles and genotypes 
frequencies from the Hardy–Weinberg equilibrium in 
the control group. In the group of patients, SnP 869t>c 
and 915G>c were in the Hardy–Weinberg equilibrium, 
while –509c>t was not (p = 0.0007).

the carriage frequencies of alleles and genotypes of 
the TGFB1 gene in the patients and controls are shown 
in Figure 1. the allele TGFB1*–509t (as genotypes Т/Т 
and С/Т) was more frequent in the group of patients 
(p = 0.046, Or = 1.45, 95% cI: 1.02–2.06) than in con-
trols, while the genotype TGFB1*–509c/c was less 
frequent (p = 0.046, Or = 0.69, 95% cI: 0.49–0.98). Fur-
thermore, genotypes TGFB1*869t/t (p = 0.0024, Or = 
1.75, 95% cI: 1.22–2.51) and TGFB1*915G/G (p = 0.048, 
Or = 1.76, 95% cI: 1.05–2.97) were also more frequent in 
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the group of patients. Accordingly, alleles TGFB1*869c 
(sum of С/С and С/Т genotypes) (p = 0.0024, Or = 0.57, 
95% cI: 0.40–0.81) and TGFB1*915c (sum of С/С and 
G/c) (p = 0.048, Or = 0.57, 95% cI: 0.34–0.96) were 
more frequent in the control group. thus, carriage of 
the allele TGFB1*–509t, or genotype TGFB1*869t/t, 
or genotype TGFB1*915G/G, can be considered as risk 
factors for MI development. thereby, an association of 
the genotype TGFB1*869t/t with MI development is 
20 times more significant than for other markers.

Due to the fact that all of the SnPs above are local-
ized in one gene, and taking into account published data 
for the linkage disequilibrium of the loci in this region 
[14-16], we analyzed the possible haplotypes of these 
SnPs. We used only the control group, because only in 
this group Hardy–Weinberg equilibrium was observed 
for all SnPs. calculation of the pairwise linkage dis-
equilibrium between SnP –509c>t, SnP 915G>c, and 

869t>c, as measured by the Haploview 4.0 software 
[10], revealed a weak linkage (r2 < 0.05 for all pairs). 
Probably, the association of MI with these SnPs can be 
considered to be independent. It provides grounds for 
an analysis of the association of the alleles/genotypes-
combined carriage with MI development using the re-
sults of APSampler calculations (Table).

As seen from the Table, combined carriage of the al-
lele TGFB1*–509t and genotype TGFB1*869t/t, each 
of which is the MI risk factor (Fig. 1A, B), leads to an 
increase of both the significance level (p = 0.00048) and 
Or value (2.06) relative to the carriage of each of them 
alone. An addition of TGFB1*915G, carriage of which 
wasn’t associated with MI alone (Fig. 1B), to this bial-
lelic combination maintains the p and Or values un-
changed, since all (TGFB1*–509t + TGFB1*869t/t) 
combination carriers also bear the allele TGFB1*915G. 
carriage of the other two combinations (TGFB1*869t/t 

Table. Association of myocardial infarction with carriage of alleles/genotypes of three TGFB1 SNPs

SnPs of TGFB1 gene carriers (%)/non-carriers (%)  
of the combination p-value  

in comparison  
of frequencies*

Or (95%cI)  
for reliable  
differences–509c>t 869t>c 915G>c Patients

(n=397)
control group

(n=198)

Predisposing combinations

t t/t G 116 (29.2)/281 (70.8) 33 (16.7)/165 (83.3) 0.00048 2.06
(1.34-3.18)

t t/t - 116 (29.2)/281 (70.8) 33 (16.7)/165 (83.3) 0.00048 2.06
(1.34-3.18)

- t/t G 181 (45.6)/216 (54.4) 64 (32.3)/134 (67.7) 0.0012 1.75
(1.23-2.51)

t - G 273 (67.2)/ 133 (32.8) 116 (58.6)/ 82 (41.4) 0.023 1.45
(1.02-2.06)

Protective combinations

c c c 17 (4.3)/380 (95.7) 23 (11.6)/175 (88.4) 0.00097 0.34
(0.18-0.65)

- c c 20 (5.0)/377 (95.0) 23 (11.6)/175 (88.4) 0.0036 0.40
(0.22-0.75)

c - c 31 (7.8)/375 (92.2) 29 (14.6)/169 (85.4) 0.0061 0.48
(0.28-0.83)

c c - 190 (47.9)/207 (52.1) 117 (59.1)/81 (40.9) 0.0062 0.64
(0.45-0.90)

*For each of the three SNP, the risk allele (genotype) is shown in a darker background color than the protective allele.
**Presented in decreasing order of the significance level for predisposing and protective combinations, individually.
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+ TGFB1*915G) and (TGFB1*–509t + TGFB1*915G) is 
characterized by the less significance level (p = 0.0012 
and 0.023, respectively) and Or values (1.75 and 1.45, 
respectively) than the combination (TGFB1*–509t + 
TGFB1*869t/t).

combined carriage of the alleles TGFB1*–509c, 
TGFB1*869c, and TGFB1*915c is also highly signifi-
cant, but it is negatively associated with MI (Table). A 
single negative association with MI was shown for the 
two latter alleles, but not for TGFB1*–509c (Fig. 1). In 
this case, the significance level and Or dissimilarity 

from 1 for the triallelic combination (p = 0.00097, Or = 
0.34) were higher than for all three biallelic combina-
tions embodied (p 0.0036 to 0.0062; Or 0.40 to 0.64). Fur-
thermore, alleles/genotypes of the three SnPs included 
in protective combinations are alternative to the alleles 
included in the predisposing combination.

It is known that genetic risk factors are often more 
significant for MI development at a younger age (in the 
case of early-onset MI). On this basis, we analyzed the 
alleles/genotypes distribution of polymorphous loci in 
patients of different age subgroups with MI. By the 
allocation of the a subgroup of patients who had de-
veloped the MI before 50 years of age inclusive (121 
individuals), comparison of them with the total con-
trol group showed differences similar to the differenc-
es in the total sample. thus, the allele TGFB1*–509t 
(p = 0.002, Or = 2.24, 95% cI: 1.35–3.71) and geno-
type TGFB1*869t/t (p = 0.008, Or = 1.93, 95% cI: 
1.18–3.15) were more frequent in the group of patients 
younger than 50, while the genotype TGFB1*–509c/С 
(p = 0.002, Or = 0.45, 95% cI: 0.27–0.74) and allele 
TGFB1*869c (p = 0.008, Or = 0.52, 95% cI: 0.32–0.85) 
were more frequent in the control group. Furthermore, 
the complex analysis revealed the combination of the 
allele TGFB1*–509t and genotype TGFB1*869t/t 
(p = 0.00015, Or = 2.73, 95% cI: 1.60–4.63), which is as-
sociated with an early-onset MI and analogous to that 
obtained in the total group. 

then, we divided the group of patients into sub-
groups of patients with first MI (73 individuals) and 
with recurrent MI(s) (226 individuals) and compared 
their genotypes with each other. We found an associa-
tion with only one SnP: genotype TGFB1*–509t/t was 
more frequent in the group of recurrent MI(s), then in 
the group of patients with only one MI (p = 0.0078, Or 
= 2.60, 95% cI: 1.28–5.28), whereas allele TGFB1*–509c 
was protective (p = 0.016, Or = 0.38, 95% cI: 0.19–0.78). 
combinations found by complex analysis were less sig-
nificant than single association of SnP –509c>t.

DISCuSSION
In this paper we present data on the distribution of al-
leles and genotypes of three functional polymorphous 
loci of the TGFB1 gene in a population sample of rus-
sians (control group). We could find published data on 
the frequency of alleles/genotypes only for one of the 
SnPs studied in russians: namely 869t>c, notably in 
a group of men [17]. the genotype frequencies obtained 
in that study are close to the frequencies identified in 
the present study (Fig. 2B).  Figure 2 shows data not 
only for russians, but also published data on the geno-
type distribution of the SnP–509c>t, SnP 869t>c 
and SnP 915G>c of the TGFB1 gene in different cau-
casian populations. Generally, the genotype frequen-
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Fig. 1. Carriage frequencies of alleles and genotypes of 
TGFB1 gene polymorphous loci in the patients with MI 
and in the control group. (A) – SNP –509C>T.  
* p = 0.046, OR = 0.69; ** p = 0.046, OR = 1.45; (B) – 
SNP 869T>C. * p = 0.0024, OR = 1.75, ** p = 0.0024, 
OR = 0.57; (C) – SNP 915G>C. * p = 0.048, OR = 1.76; 
** p = 0.048, OR = 0.57.
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cies we observed in russians fall within a fairly wide 
range of frequencies, which are described for differ-
ent populations of europe. Besides, the picture varies 
for individual SnPs: if there is complete uniformity of 
genotype distribution for 915G>c in all the caucasian 
populations studied (Fig. 2C), then in the case of SnP–
509c>t and SnP 869t>c, ethnic differences reach the 
significance level (р = 0.001) when the genotype fre-
quencies of –509Т/Т in russians and Italians are com-
pared (Fig. 2A).

these data may reflect differences in the linkage 
patterns of TGFB1 polymorphous loci in different pop-
ulations. Although many studies on caucasians have 
revealed different haplotypes containing TGFB1 pol-
ymorphous loci, we obtained no similar data for rus-
sians. Probably, this is due to the population-specific 
character of LD pattern formation, while the differ-
ences observed reflect the significant ethno-specific 
variability of haploblocks [18].

We have shown the contribution of the TGFB1 gene, 
specifically the contribution of carriage of the poly-
morphous loci –509c>t, 869t>c and 915G>c of the 
TGFB1 gene, as well as their combinations to MI ge-
netic susceptibility in russians. the comparison of sig-
nificance level and Or values for these combinations 
with those of individual alleles/genotypes suggests 
that, in case of their combined carriage, a cumulative 
effect occurs, which most likely reflects summation of 
the independent contributions of different polymor-
phous loci of the same gene in MI development. Since 
all the risk alleles/genotypes we found (TGFB1*–509t, 
TGFB1*869t/t and TGFB1*915G/G) are associated 
with the higher level of gene expression [2–4], we can 
assume that cumulative association is determined by 
the unidirectionality of changes in the tGF-β1 protein 
level.

In the analysis of genetic susceptibility to early-on-
set MI, we observed a significant association of SnP 
TGFB1*–509c>t and 869t>c, but not for 915G>c. In 
the case of recurrent MIs, significant associations were 
observed only for SnP TGFB1*–509c>t. Besides, the 
risk alleles were the same as for the total group of pa-
tients. thereby, SnP –509c>t and SnP 869t>c can be 
considered as MI markers irrespective of age, including 
early-onset MI, while the SnP TGFB1*–509c>t can 
serve as a predictive marker of recurrent MI develop-
ment. However, we cannot exclude that the reduction 
in the number of associated markers in the subgroups 
analyzed, compared to the total group of patients, may 
be caused by the reduction in the size of the sample.

the associations found are in general consistent with 
the results obtained for other caucasians, although it 
should be noted that significant variations are found in 
the published data. the results of study of early-onset 
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Fig. 2. Carriage frequencies of genotypes of the TGFB1 
gene polymorphous loci in different Caucasian popula-
tions . (A) – SNP –509C>T. 1 – Russia, control group in 
the present study, 2 – Italy [6], 3 – Germany [5], 4 – UK 
[14], 5 – ECTIM study (France + Northern Ireland) [1]; (B) 
– SNP 869T>C. 1– Russia, control group in the present 
study, 2 – Russia, men [17], 3 – Italy [6], 4 – Germany 
[5], 5 – England [14], 6 – ECTIM study (France + North-
ern Ireland) [1]; (C) – SNP 915G>C. 1 – Russia. Control 
group in the present study, 2 – Germany [5], 3 – UK [14], 
4 – ECTIM study (France + Northern Ireland) [1].  
* - p = 0.001.

MI in Italians [6] and ectIM study, which was per-
formed on the French and the northern Ireland popu-
lation [1], are similar to our findings on the predispos-
ing role of the alleles TGFB1*–509t and TGFB1*915G, 
respectively. Our results on the positive association of 
the allele TGFB1*869t coincide with the findings for 
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Germans [5], but are in contradiction with the data for 
Italians [6]. A number of publications have reported no 
significant associations of these polymorphisms with 
MI in caucasians.

cytokine tGF-β1, which is secreted by different 
cell types, including blood mononuclear cells, vascular 
smooth muscle cells and fibroblasts, participates in the 
formation and remodeling of vessels, as well as in cell 
differentiation and migration [19]. It plays an important 
role in the pathogenesis of cVDs, including atheroscle-
rosis (including IHD and MI), essential hypertension, 
myocardial hypertrophy and fibrotic events, leading to 
heart failure and restenosis after heart surgery [20].

Some studies have found that tGF-β1 has an anti-
atherogenic effect: it inhibits inflammation and pro-
motes atherosclerotic plaque stabilization. On the other 
hand, the high level of the tGF-β1 associated with the 
stenosis of blood vessels and thrombosis [20] promotes 
fibrosis and inhibits endothelial regeneration [21]; i.e., 
it acts as a proatherogenic factor. In particular, it may 
contribute to early lipid spots by stimulating the for-
mation of an extracellular matrix and inhibiting its 

degradation [20]. On the basis of data on the role of 
tGF-β1 in atherosclerosis pathogenesis, both low and 
high tGF-β1 level can be unfavorable for the devel-
opment of MI, depending on the combination of other 
factors. One such factor may be the ethnic identity of 
the groups studied.

CONCLuSIONS
Our data on the association of MI with alleles/geno-
types of SnP TGFB1*–509t, TGFB1*869t/t and 
TGFB1*915G/G, which are associated with the higher 
level of gene expression [2–4], may be indicative of the 
dominance of the proatherogenic functions of this cy-
tokine in MI in russians.

An aggregation of the results indicates the important 
role of the TGFB1 gene in the formation of susceptibil-
ity to MI in russians. It once again shows the necessity 
of studying the genetic factors in each ethnic group in-
dividually. 

The study was supported by grant 8/3-280n-10 of the 
Moscow Government.
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ABSTRACT A full-atomic molecular model of human apurinic/apyrimidinic endonuclease APE1, an important 
enzyme in the DNA repair system, has been constructed. The research consisted of hybrid quantum mechanics/
molecular mechanics modeling of the enzyme-substrate interactions, as well as calculations of the ionization 
states of the amino acid residues of the active site of the enzyme. The choice of the APE1 mechanism with an 
Asp210 residue as a proton acceptor was validated by means of a generalization of modeling and experimental 
data. Interactions were revealed in the active site that are of greatest significance for binding the substrate and 
potential APE1 inhibitors (potential co-drugs of interest in the chemo- and radiotherapy of oncological dis-
eases).
KEYWORDS apurinic/apyrimidinic endonuclease; QM/MM; enzymatic mechanism; molecular modeling; inhibi-
tion.
ABBREVIATIONS BER – base excision repair; AP – apurinic/apyrimidinic; APE1 – human apurinic/apyrimidinic 
endonuclease 1; QM/MM – quantum mechanics/molecular mechanics; MD – molecular dynamics.

INTRODuCTION
DnA damages occur frequently as a result of rep-
lication errors or on exposure to various exo- and 
endogenic factors, such as ultraviolet radiation and 
oxidative stress. In order to ensure genomic stability, 
mammals possess enzymatic repair systems – direct 
repair, base/nucleotide excision repair, and recombi-
nation mechanisms – which facilitate the elimination 
of most forms of DnA damage [1–3]. the pharmaco-
logical inhibition of the repair systems is a promis-
ing method for improving the efficacy of oncological 
therapy. the reason which accounts for this fact is 
that the repair systems resist the effect of the chemo-
therapeutic agents (e.g., temozolomide and cisplatin 
[4]) which damage the DnA in order to kill the tu-
mor cell. therefore, the selective inhibition of the 
enzymes participating in the DnA repair processes 
can be used as an accompanying therapy. the agents 
whose binding in the enzyme active site affects the 
residues directly participating in the catalytic mecha-
nism are reasonably expected to exhibit the highest 
levels of efficacy. therefore, adequate data regard-
ing the organization of the active site of the target 

enzyme, the charge distribution, and analysis of the 
interactions determining the strength of substrate–
inhibitor binding are fundamentally necessary in the 
search for novel potential pharmaceuticals in the field 
of cancer therapy.

Apurinic/apyrimidinic endonuclease 1 (APe1) is the 
key enzyme in the DnA repair system, known as “base 
excision repair” (Ber). Apurinic/apyrimidinic (AP) 
sites are the deoxyribose residues in the DnA molecule 
without a nitrogenous base; they result from the enzy-
matic hydrolysis of the n-glycoside bond of a damaged 
nucleotide and actually are the intermediates of the 
Ber process. Furthermore, the AP sites may spontane-
ously emerge in cells due to apurinization [5]. According 
to current estimations, up to 10,000 AP sites are formed 
in mammalian cells per day [6]. the APe1 endonuclease 
recognizes the AP sites and hydrolyzes their 5’-phos-
phodiester bond for subsequent replacement with an 
undamaged nucleotide [5, 7]. the data obtained in labo-
ratory and clinical studies attest to the significant role 
played by this enzyme in the development of a tumor 
and in the appearance of tumour resistance to antitu-
mor agents [8].
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there exists a wide variety of viewpoints concerning 
the catalytic mechanism underlying the action of endo-
nuclease APe1. the first crystal structure of the enzyme 
was obtained in 1997 (PDB ID 1bix) [9]. In their descrip-
tion, the authors proposed a mechanism in which the 
role of the general base in the catalysis was attributed to 
the His309 residue. In this hypothetical mechanism, the 
uncharged residue His309, jointly with Asp283, forms a 
proton relay system similar to the one formed by serine 
proteases. the only difference is that a water molecule 
acts as an activated nucleophilic agent (Fig. 1A). the role 
of a metal ion in this mechanism consists in the binding 
and polarization of the negatively charged phosphate 
group of the substrate and in the stabilization of the 
transition state of the enzymatic reaction.

the fundamental significance of another residue in 
the active site (Asp210) for the catalysis was demon-
strated in studies performed using site-directed muta-
genesis: mutant forms of the enzyme with the substi-
tutions Asp210Ala and Asp210Asn almost completely 
lost their catalytic properties (more than 25,000-fold 
reduction in activity was observed) as compared to the 
wild-type enzyme [10]. the determination of the crys-
tal structures of human APe1 in complex with DnA 
derivatives resulted in a major revision of the assump-
tions regarding the mechanism of action of the enzyme 
[11]. One of the ascertained structures (PDB ID 1de8) 
is a complex of an inactive enzyme containing no metal 
ions with a substrate analogue, whereas the second 
structure (PDB ID 1de9) contains a metal (bivalent 
manganese) ion and the enzyme-bound DnA analogue 
of the substrate after catalytic cleavage. the concep-
tion was made regarding the structure of the enzyme–
substrate complex, which simultaneously contains both 
the substrate analogue and a metal ion via the combina-

tion (spatial superposition) of the structures. Although 
the resulting model structure of the enzyme–substrate 
complex does not contain water molecules potentially 
capable of attacking the substrate, the arrangement 
of the residues in the active site before and after the 
catalytic process allowed making assumptions regard-
ing the alternative mechanism of the catalytic reaction 
[11]. In the scheme proposed, the Asp210 residue acts as 
a general base activating the water molecule, whereas 
the His309 residue, along with the metal ion, partici-
pates in the binding and coordination to the phosphate 
group of the substrate (Fig. 1B). It is assumed that the 
positive charge of the His309 residue participates in 
the catalytic process, which is presumably facilitated 
by the proximate location of the Asp238 residue. the 
authors [11] attribute the major stabilizing function in 
the formation of the transition state of the enzymatic 
reaction to the Asn212 residue.

Hypotheses postulating that a secondary metal bind-
ing area exists in the enzyme active site have been put 
forward in subsequent crystallographic [12] and mo-
lecular dynamics (MD) [13] studies. the “two metal 
ions” mechanism of action of APe1 [12] (similar to that 
revealed in a related enzyme, endonuclease endo IV) 
and the “moving metal” mechanism [13], involving 
the moving of the magnesium ion between two bind-
ing sites during the catalytic process, were proposed in 
these works.

It should be noted however that the nMr study uti-
lizing the 25Mg isotope [14] did not confirm the hypoth-
esis of secondary magnesium ion binding in the active 
site of endonuclease APe1, thereby casting doubt on 
the “two metal ions” and the “moving metal” mecha-
nisms. the authors of study [14] attribute the results of 
crystallographic studies [12] to the artefacts caused by 

А B
Base Base

His309 His309

Asp210 Asp210

Mg2+Mg2+

Fig. 1. Basic concepts of 
APE1 catalytic mecha-
nism found in literature: 
(A) the His309 residue 
activates a water mol-
ecule acting as a base; 
(B) the Asp210 residue 
activates a water mol-
ecule acting as a base, 
while the His309 residue 
participates in substrate 
binding. The link atoms 
used in the present work 
on QM/MM modeling of 
APE1 are depicted as ●.
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the use of the lead ion instead of the magnesium ion. In 
turn, the effect of the motion of the metal ion during 
the MD modeling can be caused by the inaccuracy and 
approximations of the classical MD method.

Mundle et al. [15] proposed a two-step variant of the 
APe1 mechanism involving the tyr171 residue acting 
in the form of the phenolate ion for a direct nucleophilic 
attack on the phosphate group of the substrate. this 
conclusion was drawn on the basis of the data obtained 
via site-directed mutagenesis on the 171st position. the 
kinetic studies of the catalytic properties of the mutat-
ed forms tyr171Ala, tyr171Phe, and tyr171His dem-
onstrated a fall in enzymatic activity by almost five or-
ders of magnitude. It should be noted however that the 
authors [16] subsequently admitted the inconsistency 
of the previously proposed two-step scheme and sup-
ported the one-step mechanism, in which the His309 
residue acts as the general base activating the water 
molecule, while the tyr171 residue participates in the 
binding and proper orientation of the substrate.

the molecular modeling methods could assist con-
siderably in the study of the mechanism of action of 
the enzyme; however, this approach has not been ex-
tensively explored in the study of APe1. Modeling of 
the inhibitor–enzyme interaction was performed with 
no allowance for the ionization state of the inhibitor, 
thereby making the interpretation of the obtained re-
sults more difficult [17]. 

thus, there exists no unambiguous conception re-
garding the mechanism of action of human endonu-
clease APe1 or the role of the amino acids of the active 
site in binding and catalysis. therefore, shedding more 
light on the structure of the active site, the nature of 
the interactions between the enzyme and substrate or 
inhibitors and the involvement of the active site resi-
dues into the catalytic mechanism of APe1 appears to 
be a topical task in molecular modeling.

MATERIALS AND METHODS

Molecular modeling software 
the ionization states of the amino acid residues were 
calculated using the PrOPKA 2.0 software [18, 19]. 
the preparation of the initial structure for simulations 
and the trajectory analysis were performed using the 
Ambertools 1.2 package (http://ambermd.org). the 
energy minimization and MD simulations were per-
formed using the Amber 10 package [20, 21]; the mo-
lecular docking was performed using the Lead Finder 
1.1.14 program (Moltech Ltd., russia) [22]. Modeling 
of the spatial structure of 6-hydroxy-DOPA was per-
formed using the AcD/chemSketch 8.17 program [23]. 
the visualization of the structures and trajectories was 
carried out using the VMD 1.8.6 software [24]. Paral-

lel computations of the molecular dynamic trajectories 
were run on the SKIF-MSu “chebyshev” supercom-
puter (MSu research computing center).

Structure preparation
the initial model of the APe1 enzyme–substrate com-
plex was built on the basis of the 1de8 crystallographic 
structure [11]. the coordinates of the attacking water 
molecule were calculated by docking. the coordinates 
of the manganese ion were transferred from the 1de9 
structure; the metal type was subsequently substituted 
for magnesium. the structure of the enzyme–substrate 
complex was protonated and placed into a box of tIP3P 
type water molecules with the shortest distance of 
12 Å between the box edge and protein. Sodium ions 
were added to neutralize the charge of the system. the 
ff99SB force field [25] was used to describe the protein 
and DnA molecules; parameters from the r.e.DD.B da-
tabase (http://q4md-forcefieldtools.org) [26] were used 
to describe the AP site.

Energy minimization and molecular dynamics
the model of the APe1 enzyme–substrate complex 
was equilibrated and subjected to calculation of the 
1000 ps MD trajectory according to the following pro-
tocol. Initially, the two-stage energy minimization of 
the solvated system was performed. At the first stage 
(2,500 steps of the steepest descent algorithm followed 
by 2,500 steps of the conjugate gradient algorithm), 
the molecular mechanics description of the system was 
performed with the coordinates of the protein, DnA, 
and magnesium ion being fixed by position restraints 
k(Δx)2 with a force constant of 2 kcal/(mol·Å2). At the 
second stage (5,000 steepest-descent steps followed by 
5,000 conjugate-gradient steps), the system was divid-
ed into a quantum mechanical (QM) region and a mo-
lecular mechanical (MM) region; energy minimization 
was performed without any restraints. the QM region 
included the side chain of the Asp210 residue of the 
active site, the attacking water molecule, and the AP 
site fragment; this region was described by the rM1 
semi-empirical Hamiltonian [27]. the link atom model 
was used to make allowance for the bonds crossing the 
QM–MM boundaries.

After energy minimization, using the aforemen-
tioned QM/MM division the system was heated from 
0 to 300 K over 50 ps (with positional restraints of 
1 kcal/(mol·Å2) on the protein, DnA, and magnesium 
ion), equilibrated over 500 ps at 300 K, and finally sim-
ulated for 1,000 ps. All simulations were performed us-
ing periodic boundaries and the PMe (Particle Mesh 
ewald) method to allow for long-range electrostatic in-
teractions. the cut-off radius of the non-bonded inter-
actions was 10 Å. the system was heated at a constant 
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volume; the equilibration and 1,000 ps trajectory simu-
lation were performed under constant pressure. the 
temperature was controlled by the Langevin method. 
the integration time step was 0.002 ps. Interatomic 
distances and angles in the active site of APe1 were 
estimated by analyzing the 1,000 ps trajectory of equi-
librium simulation.

Molecular docking
the model for performing the molecular docking pro-
cedure was obtained as follows. Water molecules, so-
dium ions, and the DnA substrate analogue molecule 
were removed from the structure of the solvated APe1 
enzyme–substrate complex after energy minimization. 
the energy grid map surrounding the AP-site area was 
then calculated. Finally, a potential inhibitor molecule, 
6-hydroxy-DOPA, was docked into the active site with 
the use of the genetic search algorithm implemented in 
the docking program.

RESuLTS AND DISCuSSION

Ionization states of the active site residues
Based on the results of the calculation of the ionization 
states of the active site residues using the PrOPKA 2.0 
method, it was determined that the His309 residue is 
protonated (the calculated pK

a 
value of 8.6 matches the 

pK
2 

value of the experimentally determined pH pro-
file of enzyme activity) under optimal conditions of the 
hydrolysis of the phosphodiester bond (pH 7–8 [12]), 
whereas the Asp210 residue is deprotonated (the calcu-
lated pK

a
 value of 6.2 is close to the pK1 value of the pH 

profile of enzyme activity). thus, it can be said that the 
deprotonated and negatively charged Asp210 residue 
acts as a general base in catalysis, whereas the posi-
tively charged His309 residue participates in the bind-
ing of the negatively charged phosphate group of the 
substrate and in stabilization of the reaction intermedi-
ate product. therefore, when building the full-atomic 
model of APe1, Asp210 and His309 were modelled in 
their charged forms.

Model of the enzyme-substrate complex 
and the deduced catalytic mechanism 
of action of APE1 endonuclease 
the starting solvated model of the enzyme–substrate 
complex APe1 was created on the basis of the 1de8 and 
1de9 crystallographic structures as described in Mate-
rials and Methods. It was then necessary to optimize 
the atom positions within the model (especially the 
coordinates of the hydrogen atoms added); therefore, 
a two-stage minimization of the energy of the system 
was performed. Molecular-mechanical minimization 
was performed at the first stage to remove the larg-

est strains in the system. refinement of the active site 
structure was carried out at the second stage using the 
hybrid QM/MM method for energy minimization us-
ing the rM1 Hamiltonian. the stability of the result-
ing structure was confirmed by calculation of the 1,000 
ps QM/MM MD trajectory. the calculated interatomic 
distances in the APe1 active site are listed in Table. 
It was demonstrated via the analysis of the resulting 
model that substrate binding in the active site of APe1 
is accompanied by the formation of a number of bonds 
and interactions of a different nature. Among these, 
the hydrophobic interactions of deoxyribose of the AP 
site in the hydrophobic pocket formed by the Leu282, 
Phe266, and trp280 residues should be noted. the free 
hydroxyl group in deoxyribose of the AP site also forms 
a hydrogen bond with the backbone carbonyl group 
of the Ala230 residue. the phosphate group at the 3’ 
terminus of the AP site is held by the positive charge of 
the Arg177 residue. the phosphate group under attack 
electrostatically interacts with the magnesium ion and 
forms hydrogen bonds with the side chains of Asn174, 
Asn212, and His309. the hydroxyl group of the tyr171 
residue is oriented towards the oxygen atom of the 
leaving group.

the orientation of the attacking water molecule 
is provided via the interaction with the general base 
Asp210, carbonyl group of Asn212, and the side chain of 
His309; however, the interactions H2

O:H2 ··· Asn212:OD1 
and H

2
O:O ··· His309:He2 are not conventional hydrogen 

bonds, since the average O···H2···OD1 and ne2···He2···O 
angles are 137° and 122°, respectively. In the case of a hy-
drogen bond, these values should to be at least 150°. the 
reactive conformation of the carboxyl group of the gen-

Table. Distance characteristics of the APE1 enzyme–
substrate complex obtained via the equilibrium 1,000 ps 
QM/MM MD simulation. Mean values are presented 
together with the standard deviation

Interaction Distance, Å

H
2
O:O···AP site:P 1.91 ± 0.03

H
2
O:O···His309:He2 2.52 ± 0.17

H
2
O:H

1
···Asp210:OD1 1.49 ± 0.07

H
2
O:H

2
···Asn212:OD1 2.62 ± 0.47

AP site:O1P···Mg2+ 1.84 ± 0.04

AP site:O1P···His309:He2 1.78 ± 0.09

AP site:O2P···Asn212:HD2 2.08 ± 0.32

dc5:O3’···Mg2+ 1.95 ± 0.06

Asp210:OD2···Asn212:H 2.22 ± 0.20
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eral base Asp210 in the enzyme is maintained via the in-
teraction between its side chain and the backbone amino 
group of Asn212 (Fig. 2).

Oriented and polarized by Asp210, His309, and the 
metal ion, the water molecule can attack the phosphate 
group of the substrate with the simultaneous trans-
mission of the proton to the general base, the Asp210 
residue. the intermediate resulting from the attack is 
shaped as a trigonal bipyramid and stabilized via the 
following interactions in the enzyme active site: oxy-
gen atoms in the “apexes” of the bipyramid interact 
with the side chains of the His309 and tyr171 residues; 
the trigonal base of the bipyramid is placed between 
Asn174, Asn212, and the magnesium ion (Fig. 3).

the data pertaining to the mutagenesis on tyr171 [15] 
attest to the crucial role of this residue in the catalytic 
mechanism of APe1; however, in contrast to the previ-
ous suggestions [15, 16], we assume a different role for 
this residue in the catalysis. the proximate location of 
the positive charge of magnesium ion and the Arg156 
residue are supposed to facilitate proton migration from 
the hydroxyl group of tyr171. therefore, we consider 
this residue to be a potential proton donor for the leav-
ing group, which is a strong base. the weaker influence 
of the mutations at position 171 on substrate binding in 
comparison with the decrease in the catalytic constant 
[15] is attributed to the weak interaction between the 

Asn212

His309

Asp210

AP-site

Mg2+

Fig. 2. The active site of the full-atomic model of APE1 
enzyme–substrate complex. Hydrogen bonds are shown 
as dotted lines. Electrostatic interactions other than 
hydrogen bonds are shown as dashed lines. The arrow 
shows the direction of nucleophilic attack.

Asp210
His309

Asn212

Asn174

Tyr171

Mg2+

Fig. 3. The schematic picture of the hypothetical structure 
of the transition state (intermediate shaped as a trigonal 
bipyramide) and its conversion upon a hydrolysis reaction 
catalyzed by endonuclease APE1.

residue and the substrate at the earlier stages of the 
reaction preceding the catalytic process, which fully 
matches the assumption made. In the catalytic trans-
formation, the leaving group apparently approaches the 
chain of the tyr171 residue, enabling proton transfer.

As the reaction proceeds, the less stabilized P–O- 
bond located at the base of the bipyramid and directed 
towards the Asn212 residue is subsequently trans-
formed into a double P=O bond. the P–O bond di-
rected towards the tyr171 residue is simultaneously 
broken; as a result, the leaving group takes the proton 
away from the hydroxyl group of tyrosine (Fig. 3).

restoration of the catalytically active site (deproto-
nation of the general base Asp210 and protonation of 
the acid tyr171) occurs via the interaction with sur-
rounding water molecules.

Analysis of the binding of substrate and 
mechanism-dependent inhibitors
A large number of charges and polar groups participate 
in the substrate binding and intermediate stabilization 
during the reaction. the character of these interactions 
and the ionization states of the amino acid residues of 
the active site define certain requirements to the struc-
ture of the substances capable of binding to the active 
site of APe1. It is necessary to implement the most sig-
nificant interactions when constructing efficient inhibi-
tors of the enzyme. the existence of the hydrophobic 
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А B

His309 His309

Mg2+ Mg2+

Fig. 4. Positions 
of the substrate 
(A) and the 
potential inhibitor 
(B) in the ac-
tive site of the 
full-atomic APE1 
model. Residues 
of the hydropho-
bic pocket are 
shown in yellow: 
Phe266, Trp280, 
Leu282.

binding site, along with the number of polar groups and 
groups with various charges, further complicates the 
search for low-molecular-weight compounds of appro-
priate structure. Amino acids are a class of natural com-
pounds the structure of which simultaneously contains 
substituents of a different nature, capable of both per-
forming the hydrophobic and electrostatic interactions 
and of acting as hydrogen bond donor or acceptor. It 
has been noted [17] that 6-hydroxy-DOPA is a potential 
inhibitor of APe1endonuclease activity; however, an 
incorrect allowance was made for the ionization state 
of the inhibitor when modeling the enzyme–inhibitor 
interaction, making it more difficult to interpret the re-
sults. to clarify enzyme interactions with the potential 
inhibitors of this structure, molecular docking of dif-
ferent amino acids and their derivatives into the APe1 
active site was carried out, taking into account the ion-
ization states of the inhibitors and active site residues.

It was demonstrated via the analysis of the molecu-
lar docking results that the presence of the carboxyl 
group allows the selected compounds to bind to the 
metal ion and the His309 residue, whereas the hydro-
phobic substituent (e.g., phenyl radical) can occupy the 
hydrophobic pocket (Fig. 4). the introduction of hy-
droxyl substituents to the phenyl radical may lead to 
the formation of additional hydrogen bonds with the 
polar residues of the enzyme active site. Furthermore, 
the binding of the inhibitor to the charged residue of 
the general base is one of the factors presumably de-
termining the inhibition efficiency.

CONCLuSIONS
the aim of this work was to select the most reliable 
mechanism of action of APe1 on the basis of a mo-
lecular modeling, analysis of the full-atomic model of 
APe1, and a critique of the experimental results and 

assumptions previously made in the literature. For this 
purpose, calculation of the ionization states of the ac-
tive site residues and a hybrid QM/MM modeling of 
the enzyme–substrate complex containing a water 
molecule capable of attacking the substrate were car-
ried out. As a result of the investigation conducted, it 
was demonstrated that the Asp210 is likely to act as 
the general base in the catalytic mechanism, whereas 
the His309 residue, being protonated (and positively 
charged), participates in the binding of the phosphate 
group of the substrate. the analysis of the molecular 
dynamic trajectory of the enzyme–substrate complex 
attested to its high reactivity and confirmed the valid-
ity of the molecular modeling performed.

the most important interactions in the active site de-
termining the efficiency of binding of the substrate and 
the potential enzyme inhibitors (which are promising 
co-drugs of interest in the chemo- and radiotherapy 
of oncological diseases) were revealed. An assumption 
regarding the role of the tyr171 of the active site of 
APe1 as the residue capable of ceding the proton to 
the leaving group of the substrate was made. thus, the 
investigation enabled to establish a consistent mecha-
nism of action of the enzyme. Furthermore, it allowed 
to summarize MD data, as well as the experimental re-
sults of kinetic studies and the other published data. 
In the next step, we plan to use higher level QM/MM 
methods to calculate the energy barrier of the reaction 
catalyzed by endonuclease APe1, in compliance with 
the mechanism proposed, and to screen for effective 
inhibitors with the use of the constructed mechanistic 
full-atomic model of the enzyme. 

This work was supported by the Ministry of Education 
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ABSTRACT The Type III secretion system (T3SS) is currently considered to be one of the main pathogenicity 
factors in Gram-negative bacteria, which exhibit different types of parasitizing activity. The presence of this 
structure is essential for the development of an acute infection; the chronicity of the infection is fundamentally 
dependent upon its functioning. In this regard, T3TS is one of the most promising targets for the development of 
broad-spectrum antimicrobial drugs that do not develop resistance and are efficacious for the acute and chronic 
forms of infection. The mechanism of action in drug development is based on the specific inhibition of T3SS, 
which should interrupt the infectious process, thereby enabling the immune system to eliminate the pathogen. 
As a result of pilot screening using specific cellular and bacterial tests, followed by chemical optimization and 
detailed characterization of the biological activity, a new class of chlamydial T3SS inhibitors was obtained. The 
selected compounds have obvious advantages over the currently available inhibitors of T3SS pathogens thanks 
to the high inhibitory activity of these compounds with minimal damaging effects on eukaryotic cells. Preclini-
cal trials of the selected inhibitors are currently under way.
KEYWORDS thiohydrazones; thiohydrazides; thiadiazines; type III secretion system; citotoxicity; Chlamydia; 
inhibitors; microscopy; electron microscopy; morphology.
ABBREVIATIONS T3SS – type III secretion system; MOI – multiplicity of infection; МОМР – major outer mem-
brane protein of Chlamydia; LPS – lipopolysaccharide; EB – elementary bodies; RB – reticular cells; IFU – inclu-
sion forming units.

INTRODuCTION
chlamydia are Gram-negative bacteria that parasitize 
intercellularly. t wo species of chlamydia are common 
pathogenic agents responsible for diseases in humans. 
the chlamydia infection caused by Chlamydia tracho-
matis is the most prevalent  among sexually transmitted 
diseases,causing over 100 million new cases of the disease 
annually [1]. According to the WHO, the number of peo-
ple in the world infected with chlamydia by the most 
conservative estimate has reached a billion; the number 
of infections is on a steady increase even in the developed 
world. the fraction of cases of respiratory chlamydiosis 
caused by C. pneumoniae in the total structure of pneu-
monias stands at 20%; epidemic outbursts of this infection 
occur in european countries every 4–7 years (according 
to WHO data). As a result, up to 80% of the world popula-
tion are infected with respiratory chlamydiosis during 
their lives. chronic chlamydioses pose the most serious 
problem; it is a proven fact that these diseases act as a 

mechanism triggering severe chronic diseases, such as 
asthma, atherosclerosis, arthritis, female and male infer-
tility, as well as pregnancy pathologies [2, 3].

the medical and socio-economic significance of 
searching for new-generation drugs using target-spe-
cific technologies is rooted in the absence of efficacious 
agents that can help treat chromic bacterial infections 
and the rapid development of pathogen resistance to 
the antibacterial agents used to treat acute infectious 
processes [4–6]. In the case of antibacterial drugs, this 
technology includes selecting the proteins responsi-
ble for the exhibition of pathogenic properties by the 
microorganism as targets; the subsequent search for 
specific inhibitors using computer software, organic 
synthesis techniques and experimental assaying; and 
verification of the predicted biological activity on mod-
el systems for the infectious process.

Secretion of pathogenic factors (the proteins re-
sponsible for the exhibition of pathogenic properties 
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by bacteria) into the macroorganism’s cell is the key 
mechanism underlying the development of an infec-
tious process. A total of seven secretion systems, char-
acterized by various specificities with respect to the 
molecules secreted and differences in the structure of 
the secretory apparatus, have been described thus far. 
One of these systems (referred to as the type III secre-
tion system (t3SS)) transfers protein pathogenic fac-
tors from the bacterial cell directly into the cytoplasm 
of the eukaryotic cell. this “molecular syringe” has 
been detected only in pathogenic bacteria, since it is 
through its functioning that the bacteria with various 
types of parasitizing actions, exo- and endoparasites, 
exhibit their pathogenic properties [7]. Because of the 
conservative nature of this structure, in the taxonomi-
cally distant microorganisms that are behind socially 
significant infections, such as Chlamydia, Salmonella, 
Shigella, Pseudomonas, Escherichia, Yersinia, Brucella, 
etc., it is reasonable to expect antibacterial drugs based 
on specific t3SS inhibitors to have a wide range of ef-
fects.

In intracellular pathogens (chlamydia being a typi-
cal example of such organisms), the transport system 
makes it possible to use the regulatory pathways of 
a host eukaryotic cell and to subsequently suppress 
the cellular response. t3SS is required at each stage 
of chlamydial life cycle; it provides the possibility of 
intracellular reproduction of the pathogen upon both 
acute and chronic forms of the infection. t3SS inhibi-
tion results in the suppression of the in vitro reproduc-
tion of chlamydia [8].

Several t3SS inhibitors, low-molecular weight com-
pounds of different classes, which were selected by 
high-efficiency screening of chemical compound data-
bases, have been discoveredthus far [9–13]. A substan-
tial drawback of these compounds is their poor solu-
bility in organic solvents and water. Moreover, these 
inhibitors exhibit significant toxicity towards mammal 
cells, resulting in the death of up to 60% of the cells 
in the presence of a specific inhibitory concentration 
(50 µM), a factor which restricts the development of 
these compounds for further application as antibacte-
rial drugs.

this study was aimed at designing pharmacologi-
cally promising compounds that can suppress acute 
and chronic infections which inhibit the secretion of 
chlamydial pathogenic factors, but do not have the 
aforementioned drawbacks.

METHODS

Bacterial strains and cell lines
reference strain of C. trachomatis Bu-434 serovar L2 
(АТСС Vr 902B), C. muridarum strain nigg(АТСС 

Vr-123), and C. pneumoniae strain  K-6 kindly provid-
ed by P. Saikkii (Finland), and the Mccoy В cell line (a 
hybrid cell line consisting of human synovial cells and 
mouse fibroblasts) were used in this study.

Assessment of the toxicity for eukaryotic cells
96- and 24-well plates and a one-day cell monolayer 
were used in the study. the cells were cultured for 24 h 
in the presence of various doses of inhibitors. the cy-
totoxic effect of the agents was assessed using three 
conventional procedures: methylene blue staining, the 
Mtt assay (“Sigma”), and the calcein assay (LIVe/
DeAD Viability/cytotoxicity Kit for mammalian cells, 
Invitrogen, united States).

Cell infection with Chlamydia strains
the МсСоу В cells were infected with chlamydia with 
multiplicity of infection of 1 (MOI of 1) according to the 
conventional procedure [3].

Immunofluorescent detection of 
Chlamydia development
the intracellular chlamydial inclusions were detected 
via direct immunofluorescence (DIF) using monoclonal 
species-specific antibodies against the major outer 
membrane protein (MOMP) of C. trachomatis and fluo-
rescein isothiocyanate (FItc) labelled genus-specific 
anti-chlamydial LPS antibodies (OOO niarmedic Plus, 
Moscow).

Assessment of chlamydial progeny
chlamydial progeny was assessed via a semi-quantita-
tive analysis based on immunofluorescence. Lysates of 
the infected cells were seeded onto a new cell monolay-
er. For this purpose, the 48-hour monolayer of infected 
cells was removed by a sucrose phosphate glutamine 
buffer (SPG) and lysed by freezing. the necessary 
lysate dilutions were prepared and then seeded onto 
a new monolayer. the cells were incubated for 48 h, 
fixed, and stained with FItc-labelled monoclonal anti-
bodies for subsequent assessment of the results via lu-
minescent microscopy. the count of infected cells was 
determined in 10 random locations within the visual 
fields; the average number of inclusion-forming units 
(IFu) per 1 ml of the specimen was calculated (the re-
sults of three independent experiments were used).

Detection of the C. trachomatis effector protein IncA 
A one-day monolayer of Mccoy cells was infected with 
C. trаchomatis with MOI of 5. the compounds under 
study were added at varying doses eight hours post in-
fection (the onset of the effector protein translocation 
to the inclusion membrane). After 24 h of incubation  
the cells were stained with primary anti-IncA-antibod-
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ies (Innovagen, Sweden) and secondary FItc-labelled 
antibodies. the cells were simultaneously stained with 
anti-C. trachomatis МОМР monoclonal antibodies.

Transmission electron microscopy (TEM)
the cells were cultured and infected in 6-well plates. 
the cell pellet obtained via centrifugation for 10 min at 
1500 rpm (rotanta 460r, Hettich) was fixed in aIto-Kar-
novsky fixative. Post-fixation with OsO

4 
and contrasting 

in aqueous uranyl acetate were used for this purpose. 
the specimens were subsequently dehydrated in an as-
cending series of alcohols, infiltrated in a 1 : 1 mixture of 
a Lr White resin and 100% ethanol for 1 h and in a pure 
resin for 12 h at +4°С. resin polymerization was per-
formed at +56°С for 24 h. ultrathin sections were then 
prepared, then they were contrasted with a lead solution 
(reynolds) and analyzed using teM Jeol 100B.

RNA isolation and analysis of gene expression
rnA was isolated from the cell culture using the trizol 
reagent (Invitrogen) 24 h post infection. the concen-
tration of rnA pretreated with DnAse I (DnA-free™, 
“Ambion”) was determined on a nanoDrop nD-100 
spectrophotometer (thermoFisher Scientific, united 
States). the reverse transcription (rt) reaction was 
carried out using the “reverse transcription System” 
kit (Promega, united States).

real-time Pcr  with the resulting cDnA was car-
ried out using primers to the following genes: 16S 
rrnA (primer forward 5-’GGcGtAtttGGGcAt 
ccGAGtAAcG, primer reverse 5’-tcAAAtc-
cAGcGGGtAttAAccGcct, Pb 5’-r6G-tGG cGG 
ccA Atc tct cAA tcc Gcc tAG A-BHQ2), trpA 
(primer forward 5’-cGG GAA tAA AtG GtG tGt 
GcG t, primer reverse 5’-tAAAGAcAtccGttccG-
GcGtt, Pb 5’-rOX-Atc ttc cAG cAc ctt tAt 
cAc AcG GAG A-BHQ2), incA (primer forward 5’-
ctA cAG AAG AAA tGc GcA AAc ttt, primer 
reverse 5’-AAt GAt tGc tGG ttA tGc Gct AAt, 
Pb 5’-FAM-cGG cGA Act tct tct Gct AAt GGG 
Gtt-BHQ1), lcrE (primer forward 5’-GAG Gct GtG 
ttG AGG tAG Gt, primer reverse 5’-cGA tAA AtG 
cGG AtA AtG AGG At, Pb 5’-FAM-AGG tAc tGG 
AGc AtG AGG AGG cGt A-rtQ1). rt-Pr was per-
formed on a cFX 96 amplifier (Bio-rad Lab., united 
States).

RESuLTS

Analysis of the structural similarity 
of the known 3TSS inhibitors
Among the known 3tSS inhibitors [9–13], the com-
pounds that belong to hydrazones based on hydrazides 
of aromatic carboxylic acids and various salicylic alde-

hydes (IV) have been the beststudied. the structures of 
t3SS inhibitors are shown in Fig. 1.

these molecules are similar, to a certain extent, since 
all of them contain  residues of salicylic and 4-hydroxy-
benzoic acids and their derivatives (these residues are 
shown in green). Also worthy of note is the structural 
similarity of the concatenation between the deriva-
tives of salicylic acids and the remaining molecular 
part (shown in red). Based on the concept of bioisosteric 
replacement [14, 15], according to which the carbon-
ylic and thiocarbonylic groups in biological systems are 
functionally interreplaceable, one can assume that the 
action of the thiohydrazones of oxamine acids and vari-
ous salicylic aldehydes is similar to that of hydrazones. 
this class of compoundsis relatively new; until recently, 
its biological properties were almost completely outside 
the realm of study.

Our goal was to resolve the following issues using 
thiohydrazones of thiohydrazides of oxamine acids as 
possible t3SS inhibitors:

– obtain compounds with a low toxicity with respect 
to eukaryotic cells;

Fig 1.Structures of various classes of the known T3SS 
inhibitors.

Fig. 2.The general formula of thiohydrazones of the thio-
hydrazides of oxamine acids.
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Table 1. Toxicity indices of the selected compounds – thiohydrazones of thiohydrazides of oxamine acids

compound 
№ Structure

Methylene blue staining, 
% of dead cells

calcein assay,  
% of dead cells

Mtt assay,  
% of metabolically  

inactive cells
12.5
µM

25
µM

50
µM

12.5
µM

25
µM

50
µM

12.5 
µM

25
µM

50
µM

1 0+2 12+2 23+2 0+2 11+2 20+2 3+1 12+3 29+3

2 2+2 13+1 24+3 3+2 12+1 21+3 3+2 15+1 31+5

3 6+4 20+2 27+2 5+4 16+2 23+2 2+2 15+5 30+4

4 5+1 15+2 28+2 6+1 12+2 23+2 3+3 13+4 28+2

5 2+1 14+2 26+3 3+1 16+2 22+3 4+3 20+4 29+6

6 2+1 15+2 26+2 5+1 12+2 24+2 2+4 17+5 27+8

7 2+2 15+4 29+5 4+2 16+4 22+5 4+5 18+3 29+9

8 2+1 14+1 24+4 6+1 12+1 24+4 3+3 15+3 28+4

9 2+1 12+1 24+4 4+1 15+1 25+4 4+5 20+4 30+4

10 2+1 12+2 24+2 5+1 14+2 22+2 3+3 19+3 31+7

11 1+1 12+1 21+4 4+1 13+1 25+4 5+1 16+2 30+5

12 0+1 11+1 22+3 3+1 10+1 24+3 5+5 15+4 29+6

13 2+1 15+2 26+3 2+1 11+2 25+3 5+4 14+3 29+7

14 4+1 15+1 25+4 3+1 12+1 22+4 3+5 17+3 28+6

15 0+1 11+2 22+3 0+1 10+2 21+3 4+1 13+3 29+5

Obtaining of thiohydrazones and testing their 
in vitro T3SS inhibition activity and toxicity 
thiohydrazones of oxamine acids (Fig. 2) were syn-
thesized based on the appreciably simple scheme [16] 
shown in Fig. 3.

It can be seen that a large variety of compounds 
can be obtained via the use of different commercially 

– obtain compounds with high selective activity with 
respect to t3SS;

– obtain compounds with good pharmacokinetic 
properties; and

–develop a simple scheme for the synthesis of the 
desired compounds.



reSeArcH ArtIcLeS

 VOL. 4  № 2 (13)  2012  | ActA nAturAe | 91

available amines and aldehydes via simple chemical 
conversions. A total of approximately 300 compounds 
have been synthesized; a number of compounds with 
good levels of solubility have been selected for further 
analysis. A total of 120 compounds were selected; de-
spite having superior solubility as compared to that of 
hydrazones, thiohydrazonesgenerally have poor levels 
of solubility.

the toxicity of the selected compounds for eukaryo-
tic cells was assessed. First, the methylene blue stain-
ing technique was used. the compounds exhibiting 
satisfactory toxicity level were analyzed further using 
the calcein and Mtt assays. As a result, 15 compounds 
were selected (Table 1). they manifested acceptable 
toxicity at concentration of 50 µM (death of less than 
30% cells). All these compounds contained residues of 
various fluoroderivatives of aniline, as well as deriva-
tives of salicylic and 4-hydroxybenzaldehyde.

chlamydial t3SS inhibitors are known to suppress 
in vitro the intracellular reproduction of the pathogen. 
It was shown, via testing of the ability of the selected 
compounds to suppress the chlamydial infection in the 
cell cultures, that all the compounds exhibit good in-
hibitory activity (Table 2).

the ability of these compounds to suppress the 
translocation of C. trachomatis  effector protein IncA  
was determined via immunofluorescence. It turned out 
that all the tested compounds inhibit the effector func-
tion of chlamydial t3SS.

thus, new inhibitors of C. trachomatis t3SS that be-
long to the class of thiohydrazones of the thiohydrazides 
of oxamine acids were selected; all the compounds sup-
pressed chlamydia reproduction in cell cultures. the 
presence of a fluorine atom can be assumed to enhance 
the lipophilicity of the selected molecules, which ena-

bles them to penetrate more easily through biological 
membranes, and presumably increases their resistance 
to various enzymes [17]. Moreover, the inclusion of the 
derivatives of salicylic and 4-hydrobenzaldehydes has 
enabled to obtain compounds with improved solubility 
and activity.

Investigation of the stability and the nature 
of the toxicity of thiohydrazones
Based on the results of the analyses performed, three 
t3SS inhibitors were selected from a total of 15 for fur-
ther study of their stability upon storage under various 
conditions. It turned out that these compounds in their 
dry form remained stable for a long time (according to 
the tLc data), whereas their activity in solutions de-
creased rapidly.

It was ascertained via the analysis of the published 
data [18, 19] that ring–chain tautomerism is typical of 

Fig. 3. Synthesis of thiohydrazones 
based on the thiohydrazides of ox-
amineaicds: a – chloroacetyl chlo-
ride, DMF; b – 1) TEA, elemental 
sulphur, morpholine, DMF; 2) DMF, 
hydrazine hydrate; c – methanol, the 
corresponding aldehyde R1.

a b c

Fig. 4. Ring-chain tautomerism of thiohydrazones and the 
oxidation product, thiadiazole.

Table 2. Inhibition of the intracellular development of 
C. trachomatis caused by the compounds under study

compound 
№

Inhibition of the development of c.  
trachomatis (% of infection suppression)  
at different inhibitor concentrations, µM

12.5 25 50 

1 30+4 99+7 100+1

2 70+5 98+3 100+1

3 1+1 30+6 60+5

4 5+2 10+5 60+11

5 0+1 10+3 75+6

6 20+4 40+5 90+12

7 15+3 85+8 100+2

8 5+3 10+5 90+13

9 30+8 40+7 90+10

10 0+2 10+7 98+3

11 10+2 90+7 100+1

12 0+1 70+15 100+3

13 15+5 70+14 100+15

14 15+4 45+7 100+3

15 40+3 85+8 100+2
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thiohydrazones. cyclic tautomers (thiadiazolinesII) are 
easily oxidized by air oxygen, yielding inactive and tox-
ic thiadiazoles III (Fig. 4).

these assumptions were experimentally verified 
via the synthesis of the hypotheticalthiadiazoles and 
by nMr studies of the thiohydrazones of oxamine ac-
ids. It was ascertained that the both cyclic and linear 
forms are indeed present in thiohydrazone solutions; 
the oxidation products in the solution are identical to 
the target-synthesized thiadiazoles.

Attention was paid not only to the stability of the 
compounds, but also to the results of the Mtt assay, 
which attested to an appreciably high toxicity of the 
compounds due to the suppression of the cellular res-
piration  and the disruption of its oxidation-reduction 
potential. the analysis of the data published enables 
one to conclude that the open and considerably active 
thiocarbonyl group affects the level of toxicity; this 
group is bound to the reduced glutathione and induces 
the development of oxidative stress. this hypothesis 
was verified in the experiments in which glutathione 
was added to the cell culture medium, resulting in a 
30%–40% decrease in toxicity.

thus, the task was to enhance the stability of the 
resulting compounds whilst reducing their toxicity in 
such a manner so as to prevent the activity and specifi-
city from being adversely affected.

Modification of thiohydrazones aimed at 
enhancing stability and reducing toxicity
In order to enhance the stability and reduce the toxic-
ity of thiohydrazones, it was necessary to modify the 
structure so as to eliminate the formation of tautomeric 
forms and the open reactive thiocarbonyl group.

this was achieved by means of the synthesis of sev-
eral heterocyclic compounds based on reduced thiohy-

drazones, according to the diagram shown in Fig. 5.
the synthesized heterocyclic derivatives of the thio-

hydrazones of oxamine acids were characterized by 
a higher solubility compared to the initial products; 
thus, their toxicity and capacity to inhibit t3SS was 
assessed. the compounds belonging to groups IV and V 
were characterized by low toxicity and exhibited spe-
cific activity with respect to t3SS, whereas the com-
pounds belonging to groups VI and VII did not exhibit 
such activity.

compounds belonging to group IV turned out to be 
instable in solutions (according to the tLc, the decom-
position products were detected as early as 24 h after 
upon storage of the solutions at +20oС). the compounds 
from group V were characterized by acceptable indi-
cators. A total of 12 compounds belonging to group V 
were synthesized on the basis of the fluorine-contain-
ing thiohydrazones of oxamine acids.

All these compounds proved considerably less toxic 
with respect to eukaryotic cells compared to the t3SS 
inhibitors that are already known and were obtained 
earlier (Table 3).

It was demonstrated that the synthesized thiadiazi-
nons suppress the development of intracellular infection 
in dose-dependent fashion. Four compounds at a concen-
tration of 50 µM completely suppressed the infectious 
process in the cell culture (Table 4). the most efficient 
compound was selected via a comparison of the results 
of a determination  of the toxicities and activities. this 
compound, known as cL-55, was used for a further, 
more advanced investigation of biological properties.

Inhibition of the effector function of 
T3SS by the synthesized inhibitor
the specific activity of chemical compounds (i.e., their 
ability to inhibit the action of the type three secretion  

Fig. 5. Synthesis of various het-
erocyclic compounds eliminating 
the existence of tautomerism and 
containing a closed thiocarbonyl 
group: a – sodium borohydride, 
methanol; b – aldehyde R2, 
isopropanol, hydrochloric acid; 
c –chloroacetic acid, isopro-
panol, ammonium acetate; 
d – ethanol, α-bromoketone, 
sodium acetate; e – carbonyldi-
imidazole, tetrahydrofuran.

a

b c d e
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system (t3SS) was studied using the method based on 
the detection of the C. trachomatis effector protein. 
the IncA protein, one of the effector proteins of this 
pathogen, is synthesized in the bacterial cell, followed 
by secretion and incorporation into the chlamydial in-

clusion membrane. this protein is known to be synthe-
sized 6 h following the onset of infection; it emerges at 
the inclusion surface after 8 h. Specific antibodies can 
be used to detect the IncA protein within the inclusion 
membrane. the inhibition of the translocation of the 

Table 3. Toxicity indices of thiadiazines

compound 
№ Structure

Methylene blue staining, 
% of dead cells

calcein assay,  
% of dead cells

Mtt assay, % of metaboli-
cally inactive cells

12.5
µM

25
µM

50
µM

12.5
µM

25
µM

50
µM 12.5 µM 25

µM
50

µM

16 0+2 5+2 10+2 0+1 6+2 12+3 1+2 8+3 13+3

17 0+2 6+1 11+3 0+3 7+2 10+3 0+2 9+3 14+4

18 0+1 4+2 9+2 0+2 8+1 12+3 0+1 9+2 15+3

19 0+1 6+2 11+2 0+1 5+1 13+4 0+1 8+3 13+3

20 0+1 5+2 12+3 0+2 6+2 14+2 0+1 8+3 14+4

21 0+1 6+2 9+2 0+1 7+2 12+3 0+1 9+3 14+3

22 0+2 5+4 10+5 0+3 6+3 12+4 1+2 8+3 15+4

23 0+2 7+1 12+4 0+1 6+2 13+3 0+2 9+3 14+5

24 0+1 4+1 10+4 0+1 6+1 14+3 0+1 10+3 17+4

25 0+3 6+2 11+2 0+2 7+2 12+3 1+3 9+2 14+3

26 0+1 7+1 12+4 0+2 6+3 13+3 0+1 8+3 14+2

27 0+2 5+1 10+3 0+3 7+2 11+3 1+2 8+3 13+3
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Table 4. Inhibition of the development of C. trachomatis in 
a cell culture

compound 
№

Inhibition of the development of c. tracho-
matis (% of infection suppression) at different 

inhibitor concentrations, µM

12.5 25 50 

16 15+5 40+8 87+6

17 24+3 69+6 100+5

18 7+2 26+7 63+6

19 12+3 37+6 65+8

20 9+3 26+7 59+7

21 15+7 42+7 86+10

22 2+4 23+6 52+4

23 34+6 78+8 100+2

24 30+8 69+6 98+4

25 25+5 59+6 95+5

26 24+3 82+9 100+2

27 27+4 65+10 100+2

effector protein IncA of t3SS in C. trachomatis  with 
a selected inhibitor is shown in Fig. 6. Small inclusions 
can be detected by cell staining with anti-c.trachomatis 
major outer membrane protein (anti-MOMP) antibod-
ies; the size of the inclusions correlates with the infec-
tion period.

An additional assay enabling the assessment of the 
specificity of compounds with respect to t3SS is based 
on the fact that the chlamydial IncA protein translo-
cated through t3SS participates in the fusion of sepa-
rate inclusions that are developed inside a cell. Staining 
of the cells infected with anti-MOMP antibodies has 
demonstrated that the introduction of a compound af-
fecting the t3SS 8 h following infection results in the 
formation of several small nonfused inclusions, whereas 
large inclusions (one per cell) were observed in the con-
trol cells (Fig. 6).

Effect of the T3SS inhibitor on the morphology 
of C. trachomatis intracellular inclusions
the effect of the t3SS inhibitor, cL-55, on the intrac-
ellular development of the causative agent was studied 
by luminescence and electron microscopy. Mccoy cell 
culture was infected with C. trachomatis and the inhib-
itor was simultaneously added to the culture medium at 
varying concentrations (12.5, 25 and 50 µM). Following 
48 h, the cell cultures were analyzed by immunofluo-
rescence and transmission electron microscopy.

MOMP IncA

-CL-55

+CL-55

Fig. 6. Inhibition of 
the translocation of 
the C. trachomatis  
effector protein IncA 
into the intracellular 
inclusion membrane 
under the action of the 
T3SS inhibitor, CL-55. 
The McCoy cells were 
infected with C. tra-
chomatis; 50 µM CL-
55 was introduced into 
the culture medium 
after 8 h, and the me-
dium was cultured for 
an additional 24 h. The 
chlamydial inclusions 
were stained with anti-
C. trachomatis MOMP 
antibodies or anti-IncA 
antibodies and viewed 
under a luminescence 
microscope (green 
luminescence). Scale – 
20 µM.
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the effect of cL-55 on the intracellular development 
of chlamydia resulted in the reduction of the count of 
infected cells and the inclusion size. At a dose as low as 
12.5 µM, the inclusion count was 80% of the control ; the 
inclusions were smaller in this case. At cL-55 concen-
tration of 25 µM, the accumulation of chlamydia was 
inhibited by 50%. the average size of inclusions was 
several times lower compared to that in the control 
specimen. Almost no inclusions were observed when 
using cL-55 at a dose of 50 µM (Fig. 7).

A decrease in the inclusion size and a considerable 
decrease in the number  of bacteria per inclusion were 
revealed through an electron microscopy study. More-
over, it should be noted that a typical pattern of ter-
mination of the chlamydial life cycle was observed in 
the control specimen: the overwhelming majority of 
the chlamydia inside the inclusions were of the extra-
cellular form (the elementary bodies); some inclusions 
were disintegrated. upon action of the t3SS inhibitor, 
the intracellular chlamydia was in the state of reticu-
lar bodies. Single, tiny inclusions containing abnormal 
bacterial cells were observed in the cells at a concentra-
tion of 50 µM. It has been thus demonstrated that the 
selected t3SS inhibitor dose-dependently suppresses 
the intracellular reproduction of C. trachomatis. 

Effect of CL-55 on C. trachomatis progeny
the effect of the t3SS inhibitor on chlamydial devel-

opment was also assessed using the semi-quantitative 
method for the in vitro determination of the infectious 
properties of the pathogen. the calculation of the count 
of C. trachomatis infectious particles after the action of 
the inhibitor at different concentrations demonstrated 
a dose-dependent reduction (Fig. 8) and a complete vi-
ability inhibition in the presence of 50 µM of cL-55. 
Meanwhile, a significant number of the inclusions be-
ing formed possessed an atypical morphology at lower 
concentrations of the compound. no intracellular inclu-
sions were formed upon further passaging.

Control CL-55 CL-55 CL-55
 12.5 µM 25 µM 50 µM

A

B

Fig. 7. Dose-dependent inhibition of the intracellular development cycle of C. trachomatis under the effect of CL-55. (A) – 
luminescent microscopy after staining with anti-C. trachomatis MOMP antibodies. Scale – 10 µM. (B) – Transmission 
electron microscopy. Control x 4000, CL-55 (12,5 µM) x10000, CL-55 (25 µM) x 4000, CL-55 (50 µM) x10000

0 12.5 25 37.5 50 62.5 75

              CL-55 concentration, µM

lg
 IF

U
/

m
l

7

6

5

4
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Fig. 8. Suppression of the C. trachomatis viability after the 
addition of varying concentrations of CL-55.
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Effect of CL-55 on gene expression in C. trachomatis
the effect of the t3SS inhibitor on the activity of con-
stitutive genes, the 16S rrnA and trpA, the tryptophan 
operon gene, and on the expression of the incA gene 
encoding the synthesis of the effector protein, and the 
lcrE gene of the t3SS regulatory protein in C. tracho-
matis were studied at this stage. the inhibitor was in-
troduced simultaneously with cell infection; after 24 h, 
the rnA was isolated and the gene expression was ana-
lyzed using quantitative real-time Pcr.

the use of the compound at concentrations of 25 and 
50 µM reduced the activity of the 16S rrnA gene by 4 
and 29 times, respectively. All specimens were subse-
quently normalized with respect to cDnA of the 16S 
rrnA DnA. the activity of the trpA and incA genes 
under action of 25 and 50 µM cL-55 remained un-
changed compared to the control. these data attest 
to the following facts:firstly, the inhibitor had no pro-
nounced effect on the pathogen metabolism; secondly, 
the inhibitor had no effect on the expression of the ef-
fector protein IncA gene at transcriptional level. the 
expression of the lcrE gene encoding the t3SS regula-
tory protein reduced by 90% in the presence of 50 µM. 
the study of the effect of cL-55 on the expression of 
t3SS-specific chlamydial genes aimed at elucidat-
ing the mechanism of action of the selected inhibitor 
wastaken further recently.

Effect of the inhibitor CL-55 on the intracellular 
development of other chlamydial species
the effect of the selected t3SS inhibitor on the in-
tracellular reproduction of representatives of two 
other species belonging to the Chlamydiaceae family, 
C. pneumoniae and C. muridarum, was assessed using 
the methods described above. the fact that cL-55 at a 
concentration of 50 µM completely inhibited both the 
intracellular accumulation and the viability of these 
chlamydial species attested to the universality of the 
effect of this inhibitor on the other chlamydia.

DISCuSSION
the type III secretion system detected only in patho-
genic bacteria was selected for use as a target for the 
search for new antibacterial drugs that would demon-
strate efficacy with respect to both acute and chronic 
infections. the formation of this secretory apparatus, 
the so-called “molecular syringe,” starts after contact 
with a eukaryotic cell. It forms a pore in the target cell 
membrane, resulting in the direct penetration of the 
pathogenicity factors into the host cell’s cytoplasm [20]. 
t3SS can also function upon intracellular localization of 
the pathogen. the transport of the pathogenic factors 
results in cytoskeletal rearrangement, apoptosis inhi-
bition, modification of the apparatus of transcription 

and translation in the eukaryotic cells, modulation of 
cytokine production and other processes in the host cell 
which facilitates pathogen invasion, blockage of host 
protection, and the establishment of continuous per-
sistence [21]. t3SS is absolutely essential for the devel-
opment of an acute infectious process; the chronization 
of the infection fundamentally depends on how it func-
tions. thus, the specific inhibition of the t3SS function 
is expected to interrupt the infectious process both at 
early stages and upon a chronic course, thus allowing 
the immune system to eliminate the pathogen.

new efficacious t3SS inhibitors were explored ac-
cording to the following scheme: similar regions were 
found in the molecules of organic compounds via a 
structural analysis of the known t3SS inhibitors, 
thereby enabling the construction of a new class of 
compounds exhibiting antibacterial activity that is spe-
cific with respect to t3SS. A significant number of such 
compounds have been synthesized, enabling molecular 
screening using cellular assays and with the selection of 
15 compounds that specifically inhibit chlamydial t3SS 
in vitro in order to study the structure–activity rela-
tionship. the selected compounds were subsequently 
modified in order to enhance their solubility, stability, 
and biological activity, to reduce toxicity for eukaryotic 
cells, and enhance specific efficiency.

All this enabled to obtain a new t3SS inhibitor be-
longing to the class of heterocyclic compounds. this 
low-molecular-weight compound blocked the effector 
function of C. trachomatis t3SS. thus, IncA (one of the 
early effector t3SS proteins) was not detected on the 
membrane of the chlamydial inclusion, and the process 
of homotypic phagosome fusion mediated by this pro-
tein was disrupted with the introduction of cL-55. An 
analysis of the expression of the incA gene has shown 
that the inhibitor does not reduce the transcription of 
this gene. A conclusion can thus be drawn that the se-
lected compound is capable of selective inhibition of the 
translocation of the chlamydial effector protein.

compound cL-55 had no pronounced inhibiting ac-
tion on the level of expression of the C. trachomatis 
constitutive genes, a fact in agreement with the known 
mechanism of action of the t3SS inhibitors. According 
to this mechanism, the inhibitor affects the function-
ing of the secretory apparatus rather than the metabo-
lism of a bacterial cell. Meanwhile, a considerable re-
duction of gene activity in one of the key regulators of 
chlamydial t3SS (copn protein) was observed. under 
normal conditions, this gene is expressed at all stages 
of the intracellular life cycle of chlamydia. Functioning 
as a chaperon protein, it participates in the secretion 
regulation of the proteins of the Inc family at the early 
stages of intracellular development and regulates the 
t3SS-mediated differentiation of reticular chlamy-
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dial bodies into elementary bodies at the late stage of 
life cycle. It is of importance that the proliferation of 
reticular bodies depends on direct contact with an in-
clusion membrane and on interaction with the effector 
proteins translocated into it. Being a negative regula-
tor, the copn protein reduces the translocation of the 
major effector proteins (including IncA) on the inclu-
sion membrane and closes the channel, thus impeding 
the translocation of the other t3SS effectors [22]. the 
resulting decrease in the expression of the gene encod-
ing this regulatory protein can be an indicator of the 
specific action of the selected inhibitor on the regula-
tion of the function of the chlamydial t3SS. the effect 
of the cL-55 inhibitor on the activity of a number of 
genes regulating the activity of C. trachomatis t3SS is 
currently under investigation.

Since the functioning of the chlamydial t3SS deter-
mines the possibility of intracellular development of 
the pathogen, the specific t3SS inhibitor is intended to 
disrupt the life cycle and block the infectious process 
upon both acute and persistent forms of the infection. 
the designed inhibitor suppressed the reproduction of 
three chlamydial species, C. trachomatis, C. pneumo-
niae, and C. muridarum, on cell culture models. the 
suppression manifested itself in the following ways: in 
the changes observed in the morphology of the chlamy-
dial inclusions, by the disruption in the differentiation 

of the reticular bodies into elementary bodies, and by 
the inhibition of the infectious properties of the patho-
gen. Moreover, it has been demonstrated (the results 
are not shown) that the selected inhibitor blocked the 
secretion of the t3SS effector proteins in Salmonella, a 
representative of the taxonomically non-related group 
of pathogenic bacteria, which may attest to the univer-
sality of the resulting t3SS inhibitor. Meanwhile, the 
compound exhibited no bactericidal effect on a number 
of Gram-negative and Gram-positive bacteria, repre-
sentatives of the normal bacteria. 

thus, a new t3SS inhibitor belonging to the class 
of heterocyclic compounds has been obtained via tar-
geted chemical synthesis, experimental screening, and 
chemical optimization. this compound is currently be-
ing studied with the use of experimental animals for its 
therapeutical activity and pharmacokinetic properties. 
these studies are intended at probing the application of 
the compound for the further development of an anti-
bacterial drug that would be efficacious with respect to 
the acute and chronic forms of infection. 

This work was supported by Government Contract 
№ 16.512.11.2248 under order of the Department of 
Priority Directions of Science and Technology of the 

Ministry of Education of the Russian Federation.
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ABSTRACT The chemotactic properties of cyclophilin A are well-known. There exists however a poor level of 
understanding regarding the hemostatic effects of this protein. Herein it is shown that recombinant human 
cyclophilin A (rhСyA), in contrast to the granulocyte colony-stimulating factor, is capable of inhibiting in vitro 
the formation of a fibrin clot, thereby violating the spatial dynamics of clot growth; this effect is transient and 
dose-independent. Furthermore, the hypothesis that the conformational changes in the thrombin–rhCyA com-
plex may mediate the anticoagulant effect of rhCyA on the autowave processes of blood clotting is postulated.
KEYWORDS recombinant human cyclophilin A; spatial dynamics of clot growth; anticoagulant activity.
ABBREVIATIONS rhCyA – recombinant human cyclophilin A; DCG – delay of clot growth, min; IGR – initial 
growth rate, min; SSGR – steady-state growth rate, min; CS-30 – clot size after 30-minute growth, µm; CD – the 
clot density; G-CSF – granulocyte colony-stimulating factor.

INTRODuCTION
cyclophilin A is a protein with a molecular weight of 
approximately 20 kDa. cyclophilin A exhibits cys-
trans-isomerase activity and possesses a wide and var-
ied range of functions. cyclophilin A is produced by 
thymus cells and exhibits chemotactic activity by regu-
lating the stem cell migration from the bone marrow to 
the peripheral regions [1]. Activated macrophages are 
also capable of secreting rhcyA, which attracts mature 
monocytes, neutrophils, eosinophils, and the activated 
t cells to the inflammatory focus [2].

However, the participation of this protein in the role 
played by the hemostatic system has not been suffi-
ciently studied. the smooth muscle cells of vascular 
walls are known to secrete rhcyA under hypoxic and 
oxidative stress conditions; the activated platelets in 
the injured vascular wall are capable of secreting rh-
cyA [3], which in turn stimulates endotheliocyte pro-
liferation [4], thereby facilitating the development of 
regenerative processes.

the in vitro effect of recombinant human cyclophi-
lin A on the growth of a fibrin clot is studied in this 
work.

EXPERIMENTAL
recombinant human rhcyA was produced using Es-
cherichia coli BL21 cells transformed with plasmid de-
rived from pcyPAwt/pGeX-2tK, which encodes the 
GSt-cyPA fusion protein. the genetic construct was 
used with the kind permission from M. Bukrinsky (Al-
bert einstein college of Medicine of Yeshiva univer-
sity, uSA). the synthesis of GSt-cyPA was induced 
by adding 0.2 mM isopropyl-β-D-thiogalactopyranoside 
until a finite concentration of 100 µM was achieved. 
the cells were then deposited via centrifugation, sus-
pended in a na-K phosphate buffer (pH 7.3), and sub-
jected to ultrasonic destruction. the cell lysate was 
centrifugated; the superprecipitate was applied onto a 
GStrap FF column (“Ge Healthcare”). the GSt-cyPA 
fusion protein was eluted with 50 mM tris-Hcl buffer 
(pH 8.0) containing 10 mM reduced glutathione. the 
fractions containing GSt-cyPA were combined, trans-
ferred into a 10 mM tris-Hcl solution (pH 8.0) on a Hi-
trap Desalting column (“Ge Healthcare”), and applied 
onto a MonoQ 5 × 50 column (“Ge Healthcare”). elution 
was performed using a 1 M sodium chloride gradient 
(0–1 M) in 10 mM tris-Hcl, pH 8.0. the fractions con-
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taining GSt-cyPA were transferred via dialysis into 
a na-K phosphate buffer (pH 7.3); a thrombin solution 
(“Sigma-Aldrich”) on the basis of a 1 u/mg fusion pro-
tein was subsequently added. the cleavage was car-
ried out for 10 h at 4°c. the mixture of the cyPA and 
GSt proteins was separated on a GStrap FF column. 
thrombin was removed from the cyPA solution on a 
Hitrap Benzamidine FF column (“Ge Healthcare”). 
the degree of reaction completion was controlled via 
polyacrylamide gel electrophoresis under denaturizing 
conditions (SDS-PAAG). the purity of the protein used 
was ~98%.

the in vitro effect of rhcyA on the spatial dynamics 
of clot growth was studied using venous blood collect-
ed by gravity flow from the peripheral vein of healthy 
volunteers and stabilized with a 3.7% solution of sodium 
citrate at a 1 : 9 citrate : blood ratio.

Blood samples were centrifugated at 1500 rpm for 
7 min. the platelet-rich plasma was divided into two 
parts. the first probe was used as the control (c); rh-
cyA at a final concentration of 10 or 50 µg/ml was 
added into the second probe (experimental – e), fol-
lowed by incubation at 37оС for 30 min and 3 h with 
constant stirring to prevent platelet sedimentation. A 
granulocyte colony-stimulating factor (G-cSF) at a fi-
nal concentration of 20 µg/ml was added as the refer-
ence substance.

After the incubation, the platelet-rich plasma was 
centrifugated at 13700 rpm for 10 min. the platelet-free 
plasma was used in order to study the spatial dynamics 
of clot growth in accordance with the manual for throm-
boImager-2 instrument (OOO “GemaСor”, russia).

the values of the delay of clot growth (the so-called 
lag phase) (min), the initial (min) and steady-state 
(min) clot growth rates, clot size after the 30 minutes of 
growth (µm), clot density (arbitrary units), and spon-
taneous thrombus formation in a chamber were re-
corded.

the experimental results were statistically processed 
using the Mann–Whitney test. differences with р < 0.05 
were considered to be statistically significant.

RESuLTS
the parameters of the spatial dynamics of clot growth 
upon the incubation of the platelet-rich plasma with 
rhcyA for 30 min and 3 h are listed in Table. 

It is clear from Table that the 30-min incubation of 
platelet-rich plasma with rhcyA at a final concentra-
tion of 10 µg/ml resulted in a statistically significant 
inhibition of the spatial dynamics of clot growth; i.e., 
rhcyA exhibited the properties of a substance exhibit-
ing a hypocoagulation effect. Spontaneous thrombus 
formation in the volume of the measuring chamber was 
detected for two samples in the control group. the in-
cubation with rhcyA prevented the development of 
spontaneous clot formation in the system. However, 
this effect lasted for a short time; the differences in the 
parameters of the spatial dynamics of clot growth dis-
appeared as early as after 3 h (Table).

no dose-dependent effect of the agent on clot growth 
was revealed upon incubation of the samples of plate-
let-rich plasma with rhcyA at the final concentration 
of 50 µg/ml. the parameters of the spatial dynamics of 
clot formation were identical to those during the incu-

Effect of 30-min and 3-h incubations of platelet-rich plasma with rhCyA on the parameters of the spatial dynamics of clot 
growth

Probe DcG, min IGr, min SSGr, min cS-30, µm cD, arb. units

30-min incubation

control 3.0 ± 1.6 53.3 ± 16.7 32.8 ± 13.1 868.0 ± 180.1 13679.0 ± 2395.0

test 14.8 ± 5.7* 14.3 ± 6.2* 16.8 ± 7.2* 341.1 ± 114.3* 9116.0 ± 2086.0*

3-h incubation

control 1.0 ± 0.3 59.7 ± 4.8 37.0 ± 9.0 1329.0 ± 244.7 16182.0 ± 2797.0

test 1.4 ± 0.6 61.8 ± 6.7 33.5 ± 5.2 1258.0 ± 189.8 13971.5 ± 3294.5

Note: * – reliability of differences p <0.05 compared with the control.
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bation with rhcyA at a final concentration of 10 µg/ml. 
no fall in the clot growth rate was observed after 3 h of 
incubation.

G-cSF had no effect on the values of the determined 
indices, which were comparable to those in the control 
group.

DISCuSSION
clot formation in the organism only occurs locally; a 
clot is formed in a small area of a damaged blood ves-
sel wall.  Vessel wall damage results in exposure of the 
tissue factor (the protein immobilized on the mem-
brane of vessel wall cells, which are covered with an 
endothelium layer prior to the damage) into the blood. 
Diffusion of the coagulation factors plays a significant 
role in the spatial growth of the clot and its localiza-
tion. Individual pathologies have specific effects on 
the activity of the components of the blood coagula-
tion system, causing defined changes at various stages 
of the process. the disruptions in the mechanism of 
haemocoagulation manifest themselves clinically ei-
ther as a haemorrhage, as thrombosis, or as a combi-
nation of these factors.

It should be noted however that the clot formation 
process to a significant extent occurs in the organism 
under spatially heterogeneous conditions. therefore, 
the role of individual coagulation reactions can differ 
for in vitro experiments under stirring and in vivo [5].

the method for recording the spatial dynamics of 
clot growth is based on the contact between the blood 
and the tissue factor in a measuring cell containing im-
mobilized thromboplastin [6]. the activated nucleation 
and spatial growth of a clot is recorded on the basis of 
dark-field scattering microscopy. this method enables 
to measure such significant characteristics of the proc-
ess as the clot growth rate, clot size, and spontaneous 
clot formation; i.e., information that is not available 
when using homogenous methods [7]. this allows one 
to perform the simultaneous and independent record-
ing of the disruptions at all stages of the process.

It has also been ascertained (unpublished data) that 
rhcyA at a dose of 10 µg does not affect the internal 
and external pathways of blood coagulation in vitro. 
However, an eightfold increase in the level of plasma 
anti-Xa activity as compared to control values was ob-
served 10 min after the onset of incubation with rh-
cyA. After 30- and 60-min-long incubations with the 
protein, the level of anti-Xa-activity decreased to some 
extent; however, it was still 3 times higher than that 
in the control sample. Identical data were obtained in 
animal-model experiments. the introduction of rhcyA 
at a dose of 100 µg to Р815 intact mice was accompa-
nied by a statistically significant threefold increase in 
the level of inhibition of the factor Xa; a 200 µg dose re-

sulted in the inhibition of the factor Xa, corresponding 
to 0.6 anti-Xa u/ml. the data presented in this paper 
indicate that rhcyA impedes clot growth by slowing 
the rate at which it forms via the inhibition of the fac-
tor Xa. clot growth does not start immediately and is 
a heterogeneous process; therefore, thrombus forma-
tion is less plausible, since this clot is washed off by the 
bloodstream in the organism [8].

the blood coagulation has threshold and autocata-
lytic properties; therefore, its spatial behavior may 
have much in common with the active media. In 1994, 
Ataullakhanov and Guriya put forth a hypothesis ac-
cording to which spatial (but not homogeneous) clot 
formation is an autowave process [9]. A deficiency 
in the factors of the internal coagulation pathway or 
their inhibition may disrupt the autowave phase of 
growth.

Autowave propagation of thrombin cannot be 
slowed by natural inhibitors, since they are incapable 
of ending an autowave because of their homogeneous 
spatial distribution. to provide deceleration, the au-
tocatalytic generation of coagulation factors has to be 
suppressed. the hypothesis of an autowave propaga-
tion of the coagulation process involves the existence 
of a double autowave mechanism for the termination 
of the thrombin wave [10]. It is believed that the sec-
ond wave of substance can be initiated in the environ-
ment; this wave emerges after thrombin formation 
and punctuates its synthesis. If this wave propagates 
at a higher speed than the first wave, it will be able to 
end the propagation of the first wave.

A thrombin inhibitor capable of propagating auto-
catalytically thus far remains unknown. Assumptions 
have been made that thrombin can exist in pro- and 
anticoagulant forms [11]. In its procoagulant state, 
thrombin is highly active with respect to fibrinogen 
and poorly active with respect to protein c. On the 
contrary, thrombin in its anticoagulant form (due to 
the change in the conformation of thrombin conju-
gated with some compounds) shows a high level of 
activity with respect to protein c and weak activity 
with respect to fibrinogen [12]. Our data on the action 
of rhcyA on the spatial dynamics of clot growth ena-
bles to hypothesize  that rhcyA might influence the 
mechanisms regulating the autowave process of blood 
coagulation.

CONCLuSIONS
recombinant human cyclophilin A exhibits a pro-
nounced dose-independent anticoagulant effect.

recombinant human cyclophilin A can prevent spon-
taneous thrombus formation.

the anticoagulant effect of recombinant human cy-
clophilin A persists for no longer than 2 h. 



 VOL. 4  № 2 (13)  2012  | ActA nAturAe | 101

SHOrt rePOrtS

reFerenceS
1. Khromykh L.M., Kulikova n.L., Anfalova t.V., Muranova 

t.A., Abramov V.M., Vasiliev A.M., Khlebnikov V.S., Ka-
zansky D.B. // cell Immunol. 2007. V. 249. № 1. P. 46–53.

2. Xu Q., Leiva M.c., Fischkoff S.A., Handschumacher r.e., 
Lyttle c.r. // J. Biol. chem. 1992. V. 267. P. 1168–1171.

3. coppinger J.A., cagney G., toomey S., Kislinger t., Belton 
O., Mcredmond J.P., cahill D.J., emili A., Fitgerald D.J., 
Maguire P.B. // Blood. 2004. V. 103. № 6. P. 2094–2104.

4. Lay A., Jiang X.M., Kisker O., Flynn e., underwood A., 
condron r., Hogg P.J. // nature. 2000. V. 408. P. 869–873.

5. tijburg P.n., ryan J., Stern D.M., Wollitzky B., rimon S., 
rimon A., Handley D., nawroth P., Sixma J.J., de Groot P.G. 
// J. Biol. chem. 1991. V. 266. № 18. P. 12067–12074.

6. Ataullakhanov F.I., Guriia G.t. // Biofizika. 1994. V. 39. 
№ 1. P. 89-96.

7. Kondratovich A.Y., Pokhilko A.V., Ataullakhanov F.I. // 
Biochim. Biophys. Acta. 2002. V. 1569. № 1–3. P. 86–104.

8. Ovanesov M.V. Influence of the internal path of blood 
clotting in the spatial dynamics of clot growth. M.: Hrc 
rAMS, 2002.

9. Ataullakhanov F.I., Guria G.t., Safroshkina A.Y. // Bi-
ofizika. 1994. V. 39. № 1. P. 97-106.

10. Ataullakhanov F.I., Vilkova r.I., Pokhilko A.V., Sinauridze 
e.I. // Biofizika. 1994. № 39. № 4. P. 713-720.

11. Ataullakhanov F.I. // Soros educational Journal. 2000. 
V. 6. № 7. P. 2-10.

12. Griffin J.H. // nature. 1995. V. 378. № 6555. P. 337–338.



102 | ActA nAturAe |  VOL. 4  № 2 (13)  2012

GuIDeLIneS FOr AutHOrS

GENERAL RuLES
Actae Naturae publishes experimental articles and re-
views, as well as articles on topical issues, short reviews, 
and reports on the subjects of basic and applied life sci-
ences and biotechnology. 

the journal is published by the Park Media publish-
ing house in both russian and english. 

the journal Acta Naturae is on the list of the leading 
periodicals of the Higher Attestation commission of the 
russian Ministry of education and Science

the editors of Actae Naturae ask of the authors that 
they follow certain guidelines listed below. Articles 
which fail to conform to these guidelines will be reject-
ed without review. the editors will not consider articles 
whose results have already been published or are being 
considered by other publications. 

the maximum length of a review, together with ta-
bles and references, cannot exceed 60,000 symbols (ap-
proximately 40 pages, A4 format, 1.5 spacing, times 
new roman font, size 12) and cannot contain more than 
16 figures. 

experimental articles should not exceed 30,000 sym-
bols (20 pages in A4 format, including tables and refer-
ences). they should contain no more than ten figures. 
Lengthier articles can only be accepted with the pre-
liminary consent of the editors. 

A short report must include the study’s rationale, 
experimental material, and conclusions. A short report 
should not exceed 12,000 symbols (8 pages in A4 format 
including no more than 12 references). It should contain 
no more than four figures. 

the manuscript should be sent to the editors in elec-
tronic form: the text should be in Windows Microsoft 
Word 2003 format, and the figures should be in tIFF 
format with each image in a separate file. In a separate 
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etc. 
We recommend that tables be created using Word • 
software options (table → Insert table) or MS excel. 
tables that were created manually (using lots of spac-
es without boxes) cannot be accepted. 
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board are assessed by the board members and then 
sent for external review, if needed. the choice of re-
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thors for a final review. 

changes other than simple corrections in the text, 
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stage. If this is necessary, the issue is resolved by the 
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IN THE ARTICLE T .V . DEMIDKINA “ THE 110TH ANNIVERSARY OF ACADEMICIAN ALEXANDER EVSEEVICH 
BRAuNSTEIN”, PuBLISHED IN ACTA NATuRAE, 2012, V . 4, № 1 (12) EDITORIAL MADE THE TRANSLATION MISTAKES:

 
1. correct spelling of surname: Kritzman M. G.
2. “Many foreign scientists ...” read as H.B.F. Dixon (Great Britain), H.c. Dunathan and D.e. Metzler (uSA)
3. A portrait’s of A.e. Braunstein caption supplemented with quote: “On this trail there were erroneous findings 
and questionable inferences, but many important results gained general acceptance as fundamental contribution 
to present-day knowledge of the pathways, enzymes, and integration of nitrogen and sulphur metabolism. For an 
active researcher there can be no happier reward. “
4. Page 7, left column - “electron” read as “electronic”. 


