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Letter from the Editors

Dear readers of Acta Naturae!
We are delighted to bring you the 

last issue of 2014. What have we been 
able to accomplish by year 2015? For one, 
there is no doubt that we offer undeniable 
benefits to our authors: we translate and pub-
lish open-access full-text articles with colored 
illustrations, free of charge. A strict peer re-
view process (at least two reviews by experts), 
as well as indexing in PubMed, Scopus, Web 
of Science, and the russian Science citation 
Index, has yielded good results. We have al-
ready reported that our journal’s impact fac-
tor has reached 0.872. this year, Acta Natu-
rae received the thomson reuters Awards 
MIPt for Increase in Scientific Productivity 
in rising Star nomination. Of course, this fact 
imposes certain obligations on us. We do not 
strive to artificially boost the journal’s impact 
factor. Improving the quality of our peer re-
view and article selection processes are our 
only weapons. As we have mentioned, pre-
liminary review by the editorial Board prior 
to sending the article to two experts is now a 
routine, and this practice has yielded results. 
this year, we have also decided to move closer 
to the scientific community and to our young 
readers, in particular. We are planning to 
award diplomas to young scientists who have 
won the best poster competitions carried out 

at russian conferences in the fields relevant 
to those featured in our journal. the winners 
of the competition at the IV International Sci-
entific and Practice conference Post-Genome 
Methods of Analysis in Biology and Laborato-
ry and clinical Medicine, held in Kazan (rus-
sia) on October 29–november 1, 2014, have 
already received their diplomas. Let us take 
this opportunity to thank the organizers of 
the competition, Marina Viktorovna tretyak 
and Vadim Markovich Govorun, for their 
hard work. the winners have been invited to 
publish their studies in the Short reports sec-
tion, which will certainly be peer-reviewed. 
the winners work in different russian cities: 
Moscow, nizhny novgorod, Kazan, and no-
vosibirsk. We wish the young scientists suc-
cess, and we are looking forward to publishing 
their articles.

this issue begins with a review devoted to 
the mechanism of activation of voltage-gated 
potassium channels (Grizel et al.) and it's fol-
lowed by a research article that delves into 
the same subject matter (Vigont et al.). this 
subject matter resonates with other research 
articles published in the current issue (efimo-
va et al., chelombitko et al., and Gaidukov et 
al.). We remained committed to highlighting 
issues of innate immunity, with allowance for 
a possible pharmaceutical orientation (Ba-
gaev et al. and Shamova et al.). two articles 
in the field of pharmacology are devoted to 
fluorescence imaging (Grebenik et al. and 
terekhov et al.). An interesting synthetic 
study devoted to phosphoryl guanidines also 
found its way into this issue (Kupryushkin 
et al.). A new actinoporin family is reported 
in the study by Leychenko et al. the nMr 
and calculation studies are presented in high 
quality (Lyukmanova et al.).

We sincerely wish you a new Year 2015 
filled with new research accomplishments! 

Editorial Board
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D. Yu. Logunov, B. S. Naroditsky, R. I. Ataullakhanov, R. M. Khaitov, A. L. Gintsburg

toll-like receptor (tLr) agonists (namely, tLr2, 4, 5, 7, 8 and 9) are shown to enhance 
production of the target protein in cells transduced with recombinant adenoviral vec-
tor (rAd) encoding this target protein. Overexpression is observed in dendritic cells and 
macrophages expressing cytoplasmic, membrane, or secretory proteins. the role of the 
signaling pathways MyD88 → nF-kB and trIF → IrF, respectively, in activation and 
suppression of production of protein encoded by the transgene in the context of rAd 
vector is discussed.

Confocal microscopy 
of dendritic cells trans-
duced with rAd-GFP

Investigation of Channel-Forming Activity of 
Polyene Macrolide Antibiotics in Planar Lipid 
Bilayers in the Presence of Dipole Modifiers

S. S. Efimova, L. V. Shchagina, O. S. Ostroumova

the study is devoted to determining the role of various membrane 
components in the formation and functioning of ion-permeable 
nanopores formed by antifungal polyene macrolide antibiotics in 
model membranes. Dipole modifiers are used as tools for the study. 
the role of the membrane dipole potential, polyene-sterol and poly-
ene-lipid interactions, as well as physicochemical properties of or-
dered membrane domains in polyene channel-forming activity of 
polyene macrolide antibiotics, is discussed.

Schematic representation of the 
microenvironment of AMB channels in 
membranes with different concentrations 
of polyene antimycotics, corresponding to 
the functioning of single channels and the 
integral multi-channel current

A Cytofluorometric Study of Membrane Rafts in 
Human Monocyte Subsets in Atherosclerosis
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A comparative study of membrane rafts of various monocyte subpopulations in 
the blood of atherosclerosis patients compared to healthy volunteers was con-
ducted by flow cytofluorometry in order to elucidate the tentative mechanism 
of preactivation of circulating monocytes. It is suggested that peripheral blood 
monocytes in atherosclerosis accumulate gangliosides that are used to form 
membrane rafts during the macrophage differentiation after the migration of 
monocytes into the arterial intima.
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Reforming Current Legislation On the 
Import and Export of Research Materials

A. E. Voinov, I. B. Khlebnikov, Sh. A. Dzhabrailov*
Autonomous Non-Profit Organization for Higher Education “Skolkovo Institute of Science and 
Technology”
*E-mail: s.jabrailov@skoltech.ru

The current procedure for importing and exporting materials for research and development activity 
prevents their prompt delivery, which leads to a decrease in the effectiveness of research and de-
velopment activity conducted by Russian scientific and educational organizations. A simplified proce-
dure for importing and exporting research materials (issuing a uniform permit required for importing 
and exporting research materials into and from the Russian Federation) is proposed at the legislative 
level.

As russia proceeds to an 
innovation-driven eco-
nomic development 

model, reforms aimed at stimu-
lating research and development 
activity (hereinafter referred to 
as r&D) and improving r&D per-
formance are currently underway. 
Along with other factors, the possi-
bility of prompt delivery of the ma-
terials and equipment required for 
organizing and conducting r&D is 
among the key factors that predi-
cate the success and effectiveness 
of r&D. Leading russian scientists 
and experts continue to insist that 
the current procedure for import-
ing and exporting research mate-
rials does not allow one to ensure 
prompt delivery: thus, it hampers 
the effectiveness of the r&D con-
ducted by russian scientific and 
educational organizations and cur-
tails the ability of russian scien-
tists to participate in international 
research projects. One of the major 
problems is the overbearing legis-
lative control (multiple legal norms 
concerning the same issues) that 
accompany the importing and ex-
porting of biological materials, in-
cluding human materials, reagents, 
and laboratory animals (hereinafter 
referred to as research materials), 

which requires going through a 
large number of approval process-
es to obtain the permit documents 
required to import/export research 
materials (permits, veterinary cer-
tificates, etc.).

At the current stage, the work-
ing group of the Skolkovo Institute 
of Science and technology (here-
inafter referred to as the working 
group) has developed recommen-
dations on improving the current 
rules and regulations governing the 
import/export of research materi-
als.

It seems reasonable to regulate 
the import/export of research ma-
terials based on a comprehensive 
approach. this approach involves 
the establishment of a simplified 
procedure for importing/export-
ing research materials by issuing a 
uniform permit for importing/ex-
porting research materials into and 
from the russian Federation, which 
would be valid for an unlimited 
period of time with respect to the 
types of research materials speci-
fied in it and their hazard (patho-
genicity) classes; expedited customs 
clearance of these research materi-
als; application of special simplified 
procedures foreseen in article 197 
of the customs code of the cus-

toms union [1] to certain categories 
of research materials (a simplified 
declaration procedure for research 
materials in accordance with ar-
ticle 178 of the customs code of 
the customs union); application of 
a simplified declaration procedure 
to research materials, identical to 
that foreseen in articles 279 and 
283 of the Federal Law On customs 
regulation in the russian Federa-
tion [2] for commercial and research 
samples.

Furthermore, subsequent control 
over the targeted use of research 
materials imported into the rus-
sian Federation in compliance with 
the simplified procedure by scien-
tific and educational organizations 
needs to be established. In this con-
nection, it is reasonable to provide 
control mechanisms that would in-
clude the following components:
•  state accreditation of organiza-

tions entitled to use the simpli-
fied procedure for importing/
exporting research materials 
and establishing a registry of the 
accredited scientific and educa-
tional organizations, imposing 
requirements on these organiza-
tions, including the requirements 
concerning the development and 
implementation of in-house pro-
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grams for controlling the use of 
research materials at these orga-
nizations;

•  imposing reporting requirements 
on the accredited scientific and 
educational organizations and 
establishing mechanisms for 
controlling the targeted use of 
research materials by the autho-
rized federal executive bodies;

•  identifying new research ma-
terials, characterizing research 
materials into hazard (pathoge-
nicity) classes, and establishing 
a registry of research materials; 
and 

•  establishing penalties for the 
non-targeted use of research ma-
terials.
the order of using the simplified 

procedure for importing/exporting 
research materials into/from the 
russian Federation by scientific 
and educational organizations is 
suggested to be as follows:
•  the authorized federal execu-

tive body (hereinafter referred 
to as AFeB) shall organize state 
accreditation of scientific and 
educational organizations par-
ticipating in import and export, 
which have established in-house 
programs for controlling the use 
of research materials; shall issue 
the uniform permit for import-
ing/exporting research materi-
als for the purposes of conduct-
ing r&D into/from the russian 
Federation (hereinafter referred 
to as uniform permit); and shall 
keep the registry of accredited 
organizations;

•  the AFeB shall render a decision 
on state accreditation of scien-

tific and educational organiza-
tions based on their applications 
if they comply with the require-
ments. the AFeB shall issue a 
uniform permit for importing/
exporting research materials ac-
cording to the simplified proce-
dure to the accredited scientific 
or educational organizations (ma-
terial type and hazard class being 
specified);

•  the accredited scientific or edu-
cational organizations are en-
titled to import/export research 
materials into/from the russian 
Federation based on the uniform 
permit, without the need to pro-
vide any additional permitting 
documents (except for licenses 
and permits issued in accordance 
with the legislation of the russian 
Federation concerning narcotic 
drugs, psychoactive substances 
and their precursors (except for 
the precursors listed in table III 
of registry IV [3]), as well as vet-
erinary and phytosanitary cer-
tificates);

•  scientific and educational organi-
zations shall undertake the obli-
gation to use research materials 
only for r&D, without the right 
to transfer the material to third 
parties, either for compensation 
or free of charge (except for the 
transferring of research materi-
als under research collaboration, 
while retaining control over tar-
geted use of these materials);

•  scientific and educational organi-
zations entitled to use the simpli-
fied procedure for importing/ex-
porting research materials shall 
report on all materials that have 

been imported/exported and 
their consumption to the AFeB. 
the AFeB shall perform a regu-
lar inspection of the control over 
the targeted use of materials (if 
needed, with the assistance of 
other appropriate federal execu-
tive bodies).
It is also reasonable that the fed-

eral data resource devoted to the 
import/export of research materi-
als into/from the russian Federa-
tion be established, which would 
contain thorough and well-struc-
tured information on rules and 
regulations in the field of import/
export of research materials into/
from the russian Federation, in-
cluding the title and matter of the 
legal acts; the edition they have 
been published; the information 
on the procedure of assigning code 
numbers of the Foreign economic 
Activity commodity nomenclature 
of the customs union to research 
materials; and other legal, refer-
ence, and analytical information 
related to the import/export of 
research materials into/from the 
russian Federation.

An overhaul of the current leg-
islation for importing/exporting 
research materials based on the 
proposed recommendations would 
significantly expedite the import/
export of research materials and, 
therefore, increase the effective-
ness and performance of r&D 
conducted by russian scientific 
and educational organizations, 
and broaden opportunities for 
russian scientists to participate in 
international collaborative r&D 
projects. 

reFerenceS
1. the customs code of the customs union (Appendix to the 

Agreement on the customs code of the customs union ap-
proved by Decree of the Interstate council of the eurasian 
economic community no. 17 dated november 27, 2009).

2. the Federal Law no. 311-FZ dated november 27, 2010 (re-

vised June 4, 2014) On customs regulation in the russian 
Federation.

3. Decree no. 681 of the rF Government dated June 30, 1998, 
On Approval of the List of narcotic Drugs, Psychotropic 
Substances and their Precursors Subject to control in the 
russian Federation (amended and revised).
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A COMMENT ON THE INFORMATION PRESENTED 
By THE WORkING GROUP OF THE SkOLkOVO 
INSTITUTE OF SCIENCE AND TECHNOLOGy
Acta Naturae focuses again on the problem of customs 
handling of research materials (AN 2010, vol. 2, No. 2(5)).

The debate-provoking article presented by the Skolk-
ovo Institute of Science and Technology (Skoltech) pro-
vides a rather detailed overview of the “possible formal-
ization” of customs clearance of research materials and 
equipment. Since the very first publication in our journal 
and my speech at the meeting chaired by D.A. Medve-
dev on March 11, 2011, the number of problems asso-
ciated with exporting high-tech products for Russian sci-
entists has increased. It is absolutely clear that a Russian 
researcher has to buy reagents and equipment abroad 
with an extra charge (50, and sometimes even 100%) 
and wait for them to be delivered for 1–2 months. It is a 
systemic problem. The Russian market is rather small, and 
prominent players in the research industry usually find it 
unprofitable to keep large warehouses in Russia. How can 
the state help Russian researchers who are not involved in 
commercial activity and the research companies deriving 
profits from their research activity (it should be mentioned 
that these companies have not been paid due attention 
in Skoltech’s publication)?. The information presented 
in the article seems to be excessively formalized to me. 
There is a well-defined problem related to customs code 
numbers. All high-tech goods contributing to the devel-
opment of the country’s potential should be indicated 
with a special mark in the customs reference books. It is a 
large amount of work, and qualified experts are needed to 
have it done. Verification is rather simple: relatively small 
quantities of these groups of goods are imported, and the 
use of the code numbers for “research goods” to import 

regular commodity goods can be avoided. Special atten-
tion should be paid to products requiring special storage 
conditions, such as deep freezing (e.g., cell lines). These 
products should be given a special status in the customs 
reference books and have the proper legal requirements 
for conditions and duration of customs clearance. Failure 
to comply with these requirements should imply a pen-
alty for the customs officers responsible for the violation 
in accordance with the established procedure. As for the 
certificates for hazardous chemical or biological materials, 
one-stop shop service should be established at customs 
terminals. Specially trained experts who can make ade-
quate decisions according to the established procedure 
should work in this service. Certificates complying with 
the international regulations and preventing ambiguous 
interpretation should be elaborated. A terminal lacking 
such services should be temporarily closed. This measure 
would prevent getting the runaround and make customs 
clearance of research materials a much faster procedure. 
What about the “scientific export” (in other words, send-
ing genetic constructs, or proteins, or samples to one’s 
foreign colleagues to conduct joint studies)? It is clear that 
a non-bureaucratic structure of customs certification needs 
to be established, involving the Federal Agency for Scien-
tific Organizations, the Ministries of Healthcare and Educa-
tion, and Federal universities. The issued certificate should 
constitute grounds for export customs clearance. The key 
is to work with qualified experts at all stages rather than 
with people who try to wall themselves off from the exist-
ing problem because of lack of knowledge or understand-
ing of the situation. One should be aware, however, that 
there still will be some violations, but it is a problem that 
law enforcement authorities are supposed to deal with. 

Aleksandr Gabibov

Leading Russian scientists and experts keep saying that 
the current procedure for importing and exporting re-
search materials does not allow one to ensure prompt 
delivery, thus reducing the effectiveness of the research 
conducted by Russian scientific and educational estab-
lishments and limits the chances of Russian scientists to 
participate in international research projects.

Today, if no additional permits are required, the cus-
toms clearance of research materials takes 1–2 days.

One of the major problems is the excessive legislative 
control (multiple legal norms concerning the same is-
sues) in importing and exporting biological materials, 
including human materials, reagents, and laboratory 
animals.

The “excess” legislative control in this field is needed 
to prevent importing or exporting of hazardous materi-
als . It is a high-risk commodity group, and the require-
ment to provide a large number of permits is more than 

The editorial board of Acta Naturae has invited representatives of Sigma-Aldrich to comment on the 
article by Voinov et al. from the Skolkovo Institute of Science and Technology. Sigma-Aldrich is among 
the key importers of self-produced materials for chemical and biological research into Russia. The rep-
resentatives of Sigma-Aldrich have commented on such aspects as excessive legislative control over 
the import (exporting) of biological materials, the lenght of the customs clearance process, etc.
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justified . Furthermore, preferences are provided in de-
scription to certain code numbers of the Commodity 
Classifier for Foreign Economic Activities . Thus, a prod-
uct with the specification “for laboratory studies” can be 
imported without any additional permits .

At the current stage, the working group of the Skolkovo 
Institute of Science and Technology (hereinafter re-
ferred to as the working group) has elaborated rec-
ommendations for improving the current procedure of 
importing (exporting) materials for research and diag-
nostics.

Issuing a uniform permit seems infeasible, since the list 
of research materials is too long and is continuously be-
ing updated (e .g ., Sigma-Aldrich catalogue contains over 
300,000 items) . They can be classified into absolutely dif-
ferent commodity groups and are regarded as potentially 
high-risk goods requiring special attention when being 
imported into the Russian Federation .

State accreditation of organizations entitled to use the 
simplified procedure for importing (exporting) re-
search materials and establishing a registry of accred-
ited scientific and educational institutions, imposing 
requirements to these organizations, including the re-
quirements concerning the development and implemen-
tation of in-house programs for controlling research ma-
terials at these organizations.

Research materials are typically imported by commer-
cial companies rather than by research institutions . As re-
search institutions are not foreign trade operators, they 
buy these materials from importers . Therefore, I would 
rather be speaking about establishment of state accredi-
tation for the importers of research materials . 

The certified federal executive agency (hereinafter re-
ferred to as CFEA) shall render a decision on state ac-
creditation of scientific and educational institutions based 

on applications if they comply with the requirements. The 
CFEA shall issue a uniform permit for importing (export-
ing) research materials according to the simplified proce-
dure to the accredited scientific or educational institutions 
(material type and hazard class being specified).

It is impossible to use a single import permit to em-
brace the catalogue including 300,000 research items, 
which is constantly updated . The permit for a uniform 
code number will make it extremely difficult and almost 
infeasible to monitor the fate of these materials in Russia 
in order to determine their targeted (non-targeted) use . 
Furthermore, it may facilitate criminal intent .

Scientific and educational institutions shall undertake an 
obligation to use materials only for research and exper-
imental developments, without the right to transfer the 
material to third parties, either for a compensation or 
free of charge (except for transferring research mate-
rials under research collaboration, while retaining the 
control over targeted use of these materials).

Unification would make control infeasible for the rea-
sons described above .

It is also reasonable that a federal data resource devot-
ed to import/export of research materials into/from the 
Russian Federation be established.

This data resource is available at any customs office, 
any customs station and any customs declarant has it as 
a part of specialized customs software . It provides com-
prehensive data on the Commodity Classifier for For-
eign Economic Activities and regulatory acts of foreign 
economic activities . In addition, it is used as a database 
of all the imported and exported goods . If needed, the 
data can be copied from this resource to a separate 
website . 

Andrey Zubkov, foreign economic activity  
and logistics director, Sigma-Aldrich Russia
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ABSTRACT Voltage-gated potassium ion channels (Kv) play an important role in a variety of cellular processes, 
including the functioning of excitable cells, regulation of apoptosis, cell growth and differentiation, the release 
of neurotransmitters and hormones, maintenance of cardiac activity, etc. Failure in the functioning of Kv chan-
nels leads to severe genetic disorders and the development of tumors, including malignant ones. Understanding 
the mechanisms underlying Kv channels functioning is a key factor in determining the cause of the diseases 
associated with mutations in the channels, and in the search for new drugs. The mechanism of activation of the 
channels is a topic of ongoing debate, and a consensus on the issue has not yet been reached. This review dis-
cusses the key stages in studying the mechanisms of functioning of Kv channels and describes the basic models 
of their activation known to date.
kEyWORDS activation; potassium ion channels; modeling; structure.
ABBREVIATIONS Kv – voltage-gated potassium channel; aa – amino acid residue; VSD, voltage-sensing domain; 
SHM – sliding-helix model; TM – transport model; PM, paddle model; CMH, model of coordinated movement 
of helices; CM – consensus model; MCT – model of charge transfer; MKD – model of Kv deactivation; MMd – 
mechanistic model of Kv activation/deactivation; FRET – Förster resonance energy transfer; MM – molecular 
modeling; СTС – charge transfer center, MD – molecular dynamics; GC – gate channel.

INTRODUCTION
Membrane proteins account for ~30% of the total pro-
teome of an organism, with about half of this number 
being carrier proteins and ion channels. Potassium ion 
channels represent the most diverse and widespread 
class of membrane proteins [1]. Depending on the func-
tioning principle and based on the primary structure of 
a channel-forming subunit, these proteins are subdi-
vided into inwardly rectifying channels (Kir), ca2+-ac-
tivated channels (Kca), two-pore domain (K2P), and 
voltage-gated (Kv) channels. Kv channels form the 
most diverse group (Fig. 1), represented by 12 families 
(Kv1-Kv12) [2].

All Kv channels play an important regulatory role in 
various cellular processes. these proteins participate 
in the functioning of excitable cells [3–5], regulation of 
apoptosis [6], as well as cell differentiation and growth 
[7]. correct functioning of Kv channels is necessary for 
the release of neurotransmitters [8] and hormones [9, 
10], for maintenance of cardiac activity [11], etc.

Mutations in the genes of Kv channels can lead to 
various severe hereditary disorders [12], including 
deafness, epilepsy [13], and certain types of cardiac 
rhythm disorders [11]. they are also involved in the 

pathogenesis of multiple sclerosis and the pain syn-
drome [14]. Kv channels are also linked to the processes 
of tumor onset and development, including in malig-
nant tumors [15].

Functioning of Kv channels can be modulated by us-
ing activators and blockers [16]; therefore, they repre-
sent perspective drug targets [17, 18]: hence, studying 
the structure and function of Kv channels is an impor-
tant task.

QUATERNARy STRUCTURE OF kv CHANNELS
All Kv channels have a high level of similarity. each 
Kv channel gene encodes one α-subunit (Kvα). Four 
α-subunits are required to form a functional channel 
(Fig. 2) [19, 20]. Kv channels usually have a homote-
trameric structure (with all Kvα being identical) [19, 
20]; however, some channels can be heterotetrameric 
(with two or more non-identical Kvα subunits).

the transmembrane domain of the Kv channel 
α-subunit consists of six helices: S1–S6 (Fig. 2A,B). 
these helices form two structurally and functionally 
different parts of the tetrameric channel: 1) a potas-
sium ion-conducting domain (pore domain) – helices 
S5–S6 located in the channel center, and 2) a domain 
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sensible to changes in the membrane potential (volt-
age-sensing domain, VSD) – helices S1–S4 located on 
the channel periphery (Fig. 2B,C).

the pore part includes a channel gate and a selective 
filter that does not allow ions other than K+ to penetrate 
through the channel. the channel gate is formed by 

crossing c-termini of the S6 helices that block passage 
of ions when the channel is closed [22-24]. A conserved 
fragment (P-region) and a S5–S6 loop participate in the 
formation of the selectivity filter of the channel (Fig. 2).

It is known that VSD and the pore domain are cova-
lently bound by the S4–S5 linker, an amphiphylic helix 

Fig. 1. The phy-
logenetic tree of 
Kv channels based 
on the alignment of 
amino acid sequenc-
es. Braces combine 
channels belonging 
to the same family. 
Names are given 
according to the sys-
tem of the Interna-
tional Union of Pure 
and Applied Chemis-
try (IUPAC) (alterna-
tive names according 
to the Gene Nomen-
clature Committee of 
the Human Genome 
Organization [2] are 
given in brackets)
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connected to the c-terminus of S6 helix (S6
t
) and the 

next subunit [21, 25–30]. the highly conserved region 
of the S6

t 
helix plays an important role in the opening/

closing of the channel gates and consists of two Pro res-
idues usually separated by Val or another amino acid, 
PXP (Fig. 2D). this region is flexible, which allows the 
channel to open [21]. Kv channels have two gates: (1) 
the lower gate (LG) formed by crossing the S6 helices 
on the intracellular side, and (2) the upper gate (uG) 
formed by the P-loop of the selectivity filter on the ex-
tracellular side (Fig. 2D). In the Kv channels, as well as 

in the majority of other potassium channels, LG are the 
main activation gates controlled by external stimuli, 
such as the membrane potential. Inner S6 helices inter-
cross, similarly to the blades in the iris diaphragm of a 
photographic camera, and they open/close in a similar 
manner.

Besides the transmembrane part, Kv channels have 
a cytoplasmic part formed by n- and c-termini (Fig. 2). 
the cytoplasmic part does not contain highly conserved 
regions and is different for Kv channels from different 
families [31].

Fig. 2. Structure of Kv channels. A. Scheme of a single α-subunit of the Kv channel. Transmembrane segments S1–S6 
and pore-forming P-loop are marked. Charged Arg of the membrane voltage sensor S4 are marked with “+” signs. PD – 
pore domain. B. Crystal structure of a single α-subunit of the Kv1.2 channel [21]. S1–S6 segments, cytoplasmic domain 
T1, linker connecting the transmembrane portion with the T1 domain (T1–S1), as well as N- and C-termini are marked. 
Charged Arg residues of the membrane voltage sensor S4 are indicated by blue circles. C. Crystal structure of the 
Kv1.2 channel in a complex with the β-subunit (marked as β, grey colored) (modified from [21]). TM – transmembrane 
region. D. Gate of the Kv2.1 channel. Only two opposite subunits of Kvα are shown for clarity reasons. The S6 helix 
is shown in purple, the blue color denotes a highly conserved portion of S6

T
 – PXP helix (Pro-Val-Pro in Kv2.1), a key 

component of the lower gate. Green spheres mark K+ ions in the selectivity filter (P-loop), which represents the upper 
gate of the channel

А b
N-terminus

С-terminus

cytoplasm

m
e

m
b

rane

VSD PD

S1 S2 S3 S4 S5 S6

cytoplasm
m

e
m

b
rane

VSD PD

S1

S2

S3 S4

S4–S5
S5

S6

T1–S1

C N

c d

VSD PD VSD

ТМ

Т1

β

Upper gate (SF)

Lower gate

P



REVIEWS

  VOL. 6  № 4 (23)  2014  | ActA nAturAe | 13

In cells, Kv channels function in the form of large 
macromolecular complexes comprising ion-conducting 
α-subunits, auxiliary cytoplasmic and/or transmem-
brane β-subunits, as well as regulatory and supporting 
proteins [32] (Fig. 2C). the assembly of pore-forming 
α-subunits and the auxiliary subunits of Kv channels 
in mammals takes place in the endoplasmic reticulum, 
where they form a stable complex [33]. α-Subunits 
form the ion pore, while β-subunits (Fig. 2B,C) and 
other auxiliary subunits modulate the properties and 
functions of α-subunits. this complexity of the struc-
tural forms determines the wide variety of the proper-
ties and functions of Kv channels [34].

ACTIVATION OF kv CHANNELS
All Kv channels share a similar mechanism of activa-
tion. they can be present in three functional states: 
quiescent state (closed conformation) ↔ activated state 
(open conformation) ↔ inactivated state (Fig. 3).

the channel does not conduct the ions in the qui-
escent state. Depolarization of the membrane results 
in positive charge of its intracellular part, causing 
conformational rearrangements of Kv channels and 
making an open conformation energetically favor-
able. this rearrangement is termed the activation of 
channel [36]. In case the membrane remains depolar-
ized, the majority of Kv channels switch to the inac-
tivated non-conducting state. two basic inactivation 
types termed n and c have been described so far (Fig. 
3). Fast n-type inactivation is mediated by an inac-
tivation peptide folded into a globule and attached 
by a linker to the n-terminus of either an α-subunit 
(α-ball) or a β-subunit (β-ball) [3, 37]. the inactiva-
tion peptide enters the open pore of the channel and 
blocks ion traffic [3, 38, 39]. In case of slow inactivation 
(c-type), the selectivity filter acts as the second gate 
and closes, preventing the entry of ions [4, 40–42]. the 
channels completely return to the closed conformation 
after the inactivation when the potential drops to the 
resting potential level.

the mechanism of channel activation remains a top-
ic of debate. Knowledge of the atomic structure of the 
channel in various functional states and in at least two 
final conformations (open and closed) is necessary for 
a comprehensive understanding of this issue. the ma-
jority of the crystal structures of Kv channels [21, 43, 
44] have been obtained in the open state; therefore, the 
models of Kv channels activation are often created on 
the basis of structural information acquired by vari-
ous experimental approaches and molecular modeling 
(MM) [43, 45–53]. these models form the basis for rea-
sonable interpretations of the obtained results and de-
sign of further experiments. As of today, an extensive 
amount of data pointing to the features of the Kv chan-

nels structure in the open and closed conformations has 
been collected. the modern models of activation largely 
converge to a single consensus model of channel open-
ing [54–57]. All these models are based on earlier key 
experiments and activation models.

EXPERIMENTAL DATA FOR THE MODELING 
OF ACTIVATION OF kv CHANNELS
It was suggested in the very first models of Kv chan-
nels activation that the change in the transmembrane 
potential during the activation of the channel caused 
the voltage sensor S4 to move upstream of the channel 
that was connected to the external and internal solu-
tions [58]. Later on, experimental data on the function-
ing of Kv channels were accumulated, allowing one to 
refine the available models of activation. the funda-
mental data important for deciphering the activation 
mechanism of Kv channels are as follows:

(1) S4 segment contains a conserved repeated motif 
of three amino acid residues: (+, X1, X2, +, X1, X2 …).

Mutational and electrophysiological analyses al-
lowed researchers to identify the most significant 
(HI – high-impact) and least significant (LI – low-im-
pact) residues for the process of channel activation/

Depolarization Depolarization

Repolarization Repolarization
А

b

C О I

Activation Activation

N-type C-type

Open Open

ClosedClosed Inactivation Inactivation

Inactive Inactive

c

Fig. 3. A. Scheme of the conformational transitions in Kv 
channels: C – closed channel; O – open channel; I – inac-
tivated channel. B. N-type inactivation. The inactivation 
peptide enters the pore and physically blocks the transfer 
of ions after the activation of the channel. C. C-type inac-
tivation. The selectivity filter acts as the second gate and 
closes, preventing the penetration of ions. The channels 
completely return to the closed conformation when the 
potential drops to the resting potential level (modified 
from [35])
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deactivation [59]. the voltage sensor S4 contains the 
conserved sequence (+, X1, X2, +, X1, X2 …), where 
(+) is a positively charged HI (significant) residue, (X1) 
is a hydrophobic HI residue, and (X2) is a hydrophobic 
LI (non-significant) residue (Fig. 3A) [60, 61]. X1 resi-
dues are located in a protein environment where their 
mutations may lead to a disruption in protein folding 
and, consequently, to disruption in the channel open-
ing/closing process. X2 residues are exposed in the li-
pid or water environment, and their impact on channel 
functioning is insignificant. the repeat (+, X1, X2, +, 
X1, X2 …) forms three parallel left-handed coils with a 
small inclination along the right-handed S4 helix.

(2) Each subunit possesses approximately three gate 
charges located on the R1–R4 residues of the S4 helix.

the movement of the voltage sensor S4 can be de-
tected by measuring the gate currents resulting from 
the movement of the electrostatic charges of the S4 
helix relative to the electric field. the transition of the 
Shaker channel from the quiescent to the activated 
state is accompanied by the transfer of ~3.2–3.4 charg-
es per subunit [62–64]. the method of alternate neu-
tralization of the negative charges of S2/S3 helices and 
the positive charges of S4 allowed researchers to iden-
tify the amino acid residues responsible for the transfer 
of the gate charge [63, 64] as r1, r2, r3 and r4 [65, 66].

(3) 10 amino acid residues of the S4 segment are lo-
cated in the membrane.

Substitution of certain amino acid residues of the 
Shaker channel for cys showed that the sequence of 
~10 aa is inaccessible to both intracellular and extracel-
lular solvents while the channel remains in the quies-
cence state [67, 68]. this sequence corresponds to ~13.5 
Å of the α-helix and can include only two or three pos-
itive charges of S4 (Fig. 3B,C). Accordingly, there are 
deep water antechambers on both sides of the mem-

brane and only a small portion of S4 is located in a short 
Gc (gate channel) (Fig. 3B,C).

(4) The S4 helix is able to move in a water-filled cleft 
called gate channel (GC) with a very narrow barrier be-
tween the external and internal solutions.

the three “sides” of the Gc are formed by S2/S3 
helices, the pore domain, and lipids. An interaction be-
tween three conserved negative amino acid residues 
in the S2 and S3 helices and the positive residues in S4 
indicates that S2 and S3 are located on one side of the 
Gc [63, 69–71].

According to fluorescent and mutational analysis 
data, the pore domain is located on the other side of Gc 
[72, 73]. this is supported by the fact that the r1 and 
r2 residues of the S4 helix approach e418 of the pore 
domain during activation [74, 75], while cys inserted 
in S4 can form a bond with cys introduced in the pore 
domain [45, 59].

the third side of Gc is apparently formed by lipids, 
corresponding to the hydrophobic nature of a residue 
of the S4 helix at the X2 position. A weak relationship 
between the mutations in these residues and channel 
activation also points to this fact [60, 61].

(5) Activation leads to a shift of the S4 segment by 9 
amino acid residues.

the fluorescence measurement method shows that 
the activation process is connected to the movement 
of ~9 aa of S4 from Gc into the external solution [61, 
67, 68, 76, 77]. At the same time, the sequence of ~9 aa 
disappears from the inner water antechamber [67, 68].

(6) The S4 helix rotates during activation.
It has been established using the Fret method that 

S4 rotates by ~180о during the activation of the channel 
[78, 79].

(7) The membrane voltage sensor S4 has a stable in-
termediate state.

Fig. 4. A. Schematic arrangement of 
S4 helix residues in the Kv10 and Kv2.1 
channels. The distribution of residues with 
high impact (HI) and low impact (LI) on 
the opening/closing process is shown. 
Three parallel stripes along the S4 helix 
(HI charged residues, HI hydrophobic 
residues, LI hydrophobic residues) are 
continuous for both channels and form 
a three-step coil [59]. B. Kv channel 
activation scheme according to the SHM 
model [59] – screw rotation and motion 
of S4 helix (white cylinder) in a fixed gate 
channel (GC)
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two phases in the movement of gate charges [80] 
and two consecutive movements of gate charges in the 
external direction with an intermediate transmem-
brane position of S4 [68] were established by kinetic 
studies.

(8) The channel can form a proton pore.
A substitution of r1 or r4 for His allows the chan-

nel to conduct protons (omega-current) [65, 66]. conse-
quently, the channel may contain a water channel that 
serves as a bridge between the internal and external 
solutions, while r1H forms the proton pore in the qui-
escent state and r4H – in the activated state.

FUNDAMENTAL MODELS OF 
ACTIVATION OF kV CHANNELS
(1) A sliding-helix model (SHM) [59] was proposed 
basing on the key facts reviewed above. the pore do-
main in a model of the Kv channel was reconstructed 
on the basis of the structure of the homologous potas-
sium channel KcsA, while the location of VSD heli-
ces remained unknown at that time. the SHM model 
describes in details only the relative position of some 
amino acid residues of S1-S4 helices. According to this 
model, the rather short (~13.5 Å) Gc channel has large 
antechambers filled with water on both the outer and 
inner sides. Due to this space, the electric field focuses 
on the small S4 portion, minimizing contact between 
several charged amino acids and the dielectric environ-
ment and providing a large gate charge. the activation 
is accompanied by a screw motion of S4 perpendicular-
ly to the membrane surface in three separate steps. the 
screw motion during the activation can be stopped in 
stable intermediated states, in which the basic charges 
(r1-r4) move to the position occupied by the previous 
charge (Fig. 4A). the positively charged r1-r4 resi-
dues form consecutive ionic pairs with the negatively 
charged amino acid residues of neighbor helices. each 
step is accompanied by the transfer of 1/3 of the total 
charge (~3) per subunit; i.e., 1 charge in general (Fig. 4) 
[59].

(2) A paddle model (PM) is a completely different 
activation model that emerged after the deciphering 
of the crystal structure of the bacterial channel KvAP 
[43, 81].

S3-S4 helices in the crystal structure of the KvAP 
channel are located close to the intracellular surface 
of the membrane and perpendicular to the pore axis 
(Fig. 4B). It has been shown that the S3 helix consists 
of two fragments (S3a and S3b) connected by the S3 
loop (Fig. 3B). the S3b segment and n-terminal part of 
the S4 helix are oriented in antiparallel strictly oppo-
site each other, forming a hydrophobic element with an 
helix-loop-helix structure that is attached to the pore 
domain via the flexible loop of the S3 helix and S4-S5 

linker (Fig. 3B). this S3b-S4 element was termed the 
“paddle” [43], giving its name to the concerned model.

According to the PM, the positively charged pad-
dles of the channel in closed conformation are located 
near the intracellular surface of the membrane; they 
are held in this position by a large electrical field, while 
the membrane resting potential is negative. In response 
to depolarization, the paddles move simultaneous-
ly through the membrane towards the external side, 
pulling along the S4-S5 linker that in turn pulls the S5 
helix away from the pore axis.

this model conforms to some experimental data [46, 
81] that point to a possible long-distance movement of 
a paddle of the potential sensor (about 20 Å). Howev-
er, later experiments have shown that the used crystal 
structure of KvAP [43] possesses a non-native confor-
mation [82].

Acquisition of new structural data [65, 67–69, 71, 73, 
83–86] allowed researchers to propose (3) an advanced 
SHM model [87]. It was created on the basis of the data 
on the sequence of the Shaker channel and the crys-
tal structure of the KvAP channel [43]. Similar to the 
previous model [59, 88], the new model suggests that 
the movement between the open and closed conforma-
tions of the channel includes three consecutive screw 
motions, when S4 moves by ~13.5 Å along the axis 
and rotates by 180о. At the same time, the positively 
charged S4 groups remain in the polar environment 
where they can interact with the negatively charged 
residues of S1-S3 helices, with other polar atoms, neg-
atively charged lipid heads, and water. there is a sin-
gle barrier dividing the amino acid residues of S4 into 
ones accessible from outside and inside (Fig. 4B) in this 
model. It provides a more detailed description of the in-
teraction of the different amino acids of VSD with each 
other and includes a modeling of the channel pore part.

Later data of Fret [78] and potentiometric studies 
[89] showed that S4 virtually does not move towards the 
transmembrane direction [48], which contradicts both 
SHM and, especially, PM. Moreover, in the open state, 
the upper part of the S4 sensor interacts with the pore 
domain, which is impossible according to PM. those data 
as well as earlier studies [45, 84, 89, 90] gave rise to (4) a 
transport model (TM) of activation [48, 84, 91] (Fig. 5A,B).

According to the tM model, similar to the SHM, 
the channel has deep water cavities on both sides of 
the membrane, divided by a small area of the chan-
nel in the middle of the membrane; the electric field 
focuses exactly on this spot, and thus the transfer of 
gate charges from one side of the membrane to anoth-
er does not require big S4 movements. S4 changes its 
position during channel activation, tilting by 45о, but 
at the same time moving perpendicularly to the mem-
brane surface to a small distance (less than 2 Å), while 
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Fig. 5. Various models of Kv channels activation. All channels and their parts are shown in lateral orientation: the extra-
cellular space is at the top, and the cytoplasm is at the bottom. A. Scheme of the paddle model (PM) of Kv activation. 
The movement of the paddles (blue ovals) is shown. Red “+” signs mark Arg in the S4 helix. B. PM based on the crystal 
structure of KvAP [92] in open and closed conformation. Paddle S3b–S4 is shown in red. S1–S4 helices are marked. 
The channel is shown as a frontal section. C. Sliding-helix model (SHM). The changes in the VSD domain of the Shaker 
channel are shown. Movable S4 segments and the S4–S5 loop are purple-colored. Positively charged side chains of the 
S4 helix and negatively charged side chains of the S1–S3 helices interacting with each other are colored blue and red, 
respectively [83]. D. SHM. The full-sized channels are given in closed and open conformations. S1–S6 helices are num-
bered. Helices of the VSD domain are shown in different colors. Helices of the pore domain (S5–S6) are purple-colored 
[83] E. Scheme of S4 helix movement (grey cylinder) during the activation of the Kv channel, according to the transport 
model (TM), showing how depolarization changes the availability of Arg residues (shown as blue circles) from the inner 
and outer aqueous cavities [48]. F. TM of Kv channels activation – closed and open conformations of the Shaker channel 
are shown. Transmembrane helices are color-coded: S1 – white, S2 – yellow, S3 – red, S4 – blue; pore domain is 
shown in green; Arg in S4 are shown in purple [48]
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Arg on this helix move from the deep aqueous cavi-
ty on the intracellular side to the cavity on the outer 
side of the membrane. this relocation of Arg is possible 
due to two barriers that control the accessibility of S4 
amino acid residues to water from the inner and outer 
sides (Fig. 5). the movement of the S4 helix combines 
rotation and inclination, and the helix always stays in 
the polar environment (Fig. 5A,B). In the tM model, S4 
may be qualitatively compared to a transporter that 
has its binding site accessibility changing between the 
inner and outer sides in each cycle. this evolutionarily 
conserved mechanism is sufficient for the transfer of a 
large amount of charge through the electric field with-
out movement of S4 through the membrane. the tM 
model conforms to much of the experimental data [47, 
60, 72, 73, 78, 89, 93].

the biggest difference between the fundamental 
models consists in the amplitude of the S4 segment 
movement, which may be a consequence of the sim-
plifications adopted in these models. For example, the 
movement of S4 in the SHM model is basically repre-
sented as the motion of a rigid body; however, it has 
been shown that S4 can transit from the α-helix con-
formation to a 310

 helix [44, 54, 94-97]. the PM model 
assumes that the S3-S4 paddle moves as a single entity, 
but experiments demonstrate that these two helices 
move independently [98].

MODERN MODELS OF kv CHANNELS ACTIVATION
new data on the open conformation of the Kv channel 
became available after the crystal structures of the eu-
karyotic channel Kv1.2 (Fig. 2C) [21] and Kv1.2/Kv2.1 
chimera [44] were determined, with the first one be-
ing improved later on [99]. the advances in computer 
software and methods allowed researchers to compute 
more complicated molecular models and to study the 
functioning mechanisms by means of molecular dy-
namics. this led to the emergence of several new mod-
els and hypotheses regarding Kv channel activation, 
including (5) a model of coordinated movement of heli-
ces (CMH) [53].

A molecular model of the eukaryotic channel Kv2.1 
in the closed state and the cMH model of activation for 
this channel were created using the data of an X-ray 
structural analysis (Fig. 2C) [53]. De novo modeling (ro-
setta method), the molecular dynamics method (MD), 
and voltage-clamp fluorometry (VcF) data were used 
for that purpose.

According to the cMH model, during depolarization 
of the membrane, S4 moves as an inclining screw that 
rotates by ~180о clockwise (on the extracellular side), 
ascending vertically by 6-8 Å and changing its incli-
nation angle from ~ 60о to ~35о. the amplitude of S4 
vertical movements varies from ~0 Å for S308 to ~14 Å 
for S289. As this takes place, the S1, S2, and S3 helices 

Fig. 6. Comparison of 
Kv1.2 channel models [53] 
in the activated (open) 
state (left) and in the rest-
ed (closed) state (right). 
All transmembrane helices 
are shown as cylinders, 
except for S3 and S4 
shown as spirals. Only one 
VSD domain is shown. S1 
and S2 helices are shown 
in grey; the S4– S5 linker 
is purple-colored. The po-
sitions of Cα carbon atoms 
of Arg in the S4 helix are 
marked as R1 and R4 and 
highlighted in blue. The 
amino acid residue E226 of 
the S2 helix is marked as 
E1; E236 of the S2 helix, 
as E2; and residue D259 
of the S3 helix, as D; these 
amino acids are highlight-
ed in red. A. Lateral view. 
B. View from the extracel-
lular space

А

b

Activated (open)  Relaxed (closed)

Open Closed
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rotate around S4 clockwise, conforming to earlier data 
[49] (Fig. 6).

results of omega-current measurements [100] in-
dicate that a salt bridge is formed between r1 in the 
S4 helix (r294 in Kv1.2) and e226 (in Kv2.1) in the S2 
helix (Fig. 6A) in the closed channel state, stabilizing 
this state and preventing the penetration of ions from 
the extracellular aqueous antechamber to the inner one 
[53]. A substitution of r1 for a small non-polar amino 
acid causes the salt bridge’s destruction and formation 
of a through pore that allows protons to pass; this gives 
rise to the omega-current [100] confirmed by electro-
physiological experiments [101, 102].

the obtained data indicate that Kv channels acti-
vation is linked to two basic types of conformational 
changes: (1) independent movement of VSD domains 
with a transition from the quiescent state to the “closed 
activated” state that keeps the pore domain gate closed 
[103-105]; and (2) cooperative transition of all VSD do-
mains and the pore domain to the open state, when the 
pore domain gate is open for ion entry [104-106].

the role of gate-opening in the cMH model is attrib-
uted to the intracellular region of the S6 helix, while S5 
initially rotates by ~7 Å around the pore domain. thus, 
the second basic rearrangement involves inclinations of 
the S4 helix that promote the inclination of the intra-
cellular half of S5. this counterclockwise movement (on 
the extracellular membrane side) allows S4-S5 linkers 
and S6 helices in all four subunits to move together and 
to open the intracellular gate (Fig. 6).

the cMH models of closed and open channel demon-
strate the following molecular details of the Kv channel 
activation mechanism (Fig. 6):

(1) the S4 helix moves vertically by ~6-8 Å. the 
magnitude of S4 vertical movements in published 
structural models of the VSD domain transmembrane 
region in the open and/or closed states differs signif-
icantly: ~2–4 [48], ~3 [49] and 10–13 Å [87, 100]. the 
model of the KvAP channel in the quiescent state that 
was published earlier [46, 81] suggested an amplitude 
of S4 vertical movements of ~15-20 Å.

(2) the S3 helix moves relative to the S1, S2, and S4 
helices. no significant movements of the S3 helix rela-
tive to all other segments of the VSD domain were not-
ed in the previous publications.

(3) coordinated movements of the S4 and S5 heli-
ces, the S4-S5 linker and S6 in all four subunits during 
the final opening of the channel. the mechanism of 
cooperative movements during channel opening had 
not been shown in any of the activation models pub-
lished prior.

the cMH model conformity with the wide set of 
data that were previously considered as contradictory 
[47, 60, 72, 73, 93, 100, 107] allowed researchers to elim-
inate many contradictons in the discussion of the con-
formational rearrangements underlying the activation 
of Kv channels. Similar to the SHM model [108], the 
main movement in the cMH model is the axial rotation 
of S4 by ~180о. Like in the tM [48], the dielectric cavity 
contributes to the focusing of the transmembrane field, 

Fig. 7. Comparison of Kv1.2 VSD domain models in the open (left) [21] and closed (right) conformations according to 
the consensus model (CM). The S1 helix is shown in grey; S2,in yellow; S3, in red; and S4, in blue. Cα atoms of the R294 
residue move in the vertical direction by 7-10 Å. The values of the root mean square fluctuations (RMSF) reflect the 
variation in the vertical z coordinate calculated for a Cα atom. The blue spheres with lateral radicals represent the basic 
charged amino acid residues of the S4 helix (R1–R4) that interact with amino acid residues in other helices (their side 
chains are marked) [55]

RMSF = 4Å

Δz = 7–10Å

RMSF = 5Å
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thus increasing the gate charge that links the VSD do-
main to the membrane potential energetically.

the cMH model was further improved using a 
full-atom molecular dynamics method in the mem-
brane environment with an evident solvent [55, 109]. 
It was shown that the S4 α-helix spontaneously tran-
sits to the dexiotropic 3

10
 helix in the closed state of the 

Kv1.2 channel. this S4 helix conformation orients Arg 
towards the aqueous cavity in the VSD domain and al-
lows salt bridge formation with the negatively charged 
amino acid residues along the S2 and S3 helices. the 
tendency of S4 to assume the 3

10
 helix conformation 

matches the crystal structures of the channels [44, 94] 
in which the inner part of S4 (~11 AA) forms the 3

10
 

helix.
(6) A consensus model (CM) was developed by Var-

gas et al. [55] based on an improved cMH model [54]. 
they used data on the basic interactions between the 
amino acid residues of the VSD domain helices in the 
closed channel. Four key interactions (r294 and I177; 
r294 and I230; I230 and F267; F233 and r294 in Kv1.2 
channel) were modeled using the MD method. the re-
sulting four independent models were further aver-
aged to create the cM of closed Kv1.2 conformation 
(Fig. 7).

the cM model conformed to all the experimental re-
sults that were used as the basis for the earlier models 
(SHM, tM, PM) [46, 84, 89, 110–113]. cM demonstrates 
that S4 moves in the vertical direction approximately 
by 7-10 Å (Fig. 7) [55].

However, the cMH and the cM models cannot ex-
plain all the aspects of channel opening/closing. One 
of the reasons for that is the absence of information on 
intermediate Kv channel conformations. In this connec-
tion, attempts to determine the quantity of intermedi-
ate conformations and their structure by experimental 
methods and MM were made.

MacKinnon et al. [114] found a highly conserved site 
in the VSD domain (Fig. 8A) formed by two negatively 
charged amino acid residues (D259, e236 – in Shaker 
channel) and one highly conserved (F233) that repre-
sented a “catalyst” for the transfer of each of the VSD 
domain basic amino acids (r1-r4, K5) through the 
membrane field.

this site is termed a charge transfer center (ctc) 
[114]. During the S4 movement, each of its charged res-
idues sequentially binds to this center; as a result, the 
whole activation/inactivation process divides into five 
consecutive stages (open channel, three intermediate 
stages, and closed channel), when the charged amino 
acids of the S4 helix (r1-r4, K5) sequentially bind to 
ctc (Fig. 8B). A group of French researchers [115] used 
the MD method and experimental data to study the 
VSD domain structure at different intermediate stages 

for a Kv1.2 channel placed on a lipid bilayer with an 
applied hyperpolarization potential. these five stages 
(states) are termed as follows: initial upper position, α; 
three intermediate positions, β, γ, δ; and lower closed 
position, ε (Fig. 9). During channel deactivation, the ba-
sic charged amino acid residues of S4 move from the 
external to the internal binding sites that represent 
the negatively charged residues of the S1-S3 segments 
(e183, e226, D259 and e236) as well as PO4

– groups of 
lipids. At the same time, the mass center of r1-r4 resi-
dues moves in the intracellular direction approximately 
by 12 Å [78, 79]. Moreover, each of the four relocations 
is accompanied by the transition of one residue (K5, r4, 
r3 and r2) through the ctc area (Fig. 9). As a result, 
(7) a model of charge transfer (MCT) has been proposed.

In case process is observed from the external mem-
brane side, the movement of S4 is accompanied by a 
slight inclination (~15о); S4 has a bigger inclination to-
wards the membrane at the ε stage compared to the 
α stage. earlier experiments [78, 79] demonstrated a 
moderate helical rotation of S4 clockwise (~45о) and 
a significant helical twisting counterclockwise (~90о) 
(Fig. 9). this model lacks significant (compared to other 

А

b

Fig. 8. A. The charge transfer center (CTC) is highly 
conserved among VSD-containing proteins. The align-
ment of the sequences of the chimeric channel Kv1.2/2.1 
(GI: 160877792), Shaker (GI: 13432103), human channel 
Nav1.1 (GI: 115583677), human channel Cav1.1 (GI: 
110349767), human channel Hv1 (GI: 91992155), and VSP 
(GI: 76253898) is shown. Only CTC-forming portions of 
the S2 and S3 segments are given. The highly conserved 
residues forming the site are marked: F – green; E and 
D – red. F corresponds to Phe233 in the chimeric channel 
Kv1.2/2.1. B. The five-stage model of Kv channel acti-
vation with four steps of VSD movement. At each stage, 
different, positively charged residues of the S4 helix (R1–
R5, indicated by numbers) consistently occupy the CTC 
(shown as a circle). When all four sensors reach stage 5, 
the pore opens [114]
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models) movement of the S4 helix until its top turns 
[50, 53, 96]. this model takes into account the data on 
the ctc presence [114]: the ctc site binds the basic 
residues K5, r4, r3, r2, and r1 in the conformations 
α, β, γ, δ, and ε, respectively. the ctc position in each 
conformation is preserved within the frames of the li-
pid bilayer central part [115].

the results of experiments on the creation of met-
al-ion (cd2+) bridges later served as the basis for the 
identification of 20 new sites of interaction between 
the helices of the VSD domain [116]. these data were 
used for the modeling (by rosetta method) of differ-
ent intermediate conformations of the Shaker channel 
and for the creation of (8) a model of Kv deactivation 
(MKD) [116]. According to the MKD model, channel 
deactivation comprises five stages: O – open channel, 
c1-c2 – intermediate states, c3 – closed conformation, 
and c4 – deep closed state, which occurs under strong 
hyperpolarization (Fig. 10). the c3 stage corresponds 
to the cM of the closed conformation of the Kv channel 
[55].

In the MKD model, S4 moves fast in the intracellular 
direction during the deactivation, sliding along the S3 
helix by at least 12 Å (Fig. 10) [116]. As this takes place, 
the short region of the S4 helix (~10 aa) has the 3

10
 helix 

conformation. At the open channel stage (O), the 3
10

 he-
lix is positioned in the middle of S4; as S4 moves down, 
the 3

10
 helix moves along the S4 segment, always stay-

ing in the center of the membrane. the 3
10

 part is limit-
ed by two out of five charged amino acids (r1-r4, K5) 
on either side, with its central part located opposite the 
ctc (F290). At the c4 stage, the last r1 residue passes 
below the hydrophobic lock formed by F290 and cannot 
form a salt bridge with e283; as a result, the structure 

Fig. 9. Five key intermediate stages of the Kv1.2 channel VSD domain, according to the model of charge transfer 
(MCT): initial upper position – α; three intermediate positions – β, γ, δ; and lower closed position – ε. The basic resi-
dues of the S4 helix are shown as blue sticks; amino acid residues and lipid PO

4
- group that form salt bridges with R1–R5 

are indicated by red sticks and yellow spheres, respectively. The highly conserved residue F233 of the S2 helix is shown 
as blue spheres [115]

α β γ δ ε

of S4 relaxes into an α-helix. the c4 stage is difficult to 
achieve and is possible only under significant hyperpo-
larization [117]. the S4 segment must move by 17 Å in 
order to reach the c4 stage [116]. the existence of c4 is 
confirmed by experimental data [114, 118].

ELECTROMECHANICAL COUPLING OF 
THE PORE AND VSD DOMAINS
It is still unknown how the VSD movement causes the 
opening of the channel pore; i.e., how the electrome-
chanical coupling of VSD and the pore domains is im-
plemented. It is known that the S4-S5 linker plays a 
major role in this process [31, 56], but the structural 
data are missing. In order to explain the functioning of 
the Kv channel and reveal the mechanism of electro-
mechanical coupling of the pore and VSD domains, a 
group of researchers [56] studied the crystal structure 
of the open state of the Kv1.2/Kv2.1 channel [44, 119] 
using the MD method.

An integral and detailed (9) mechanistic model of Kv 
activation/deactivation (MMd) (Fig. 11) was created. 
this model describes many previously unknown fea-
tures of the process [56].

the channel deactivation causes a decrease in the 
ion transport that is accompanied by the exit of wa-
ter from the hydrophobic cavity of the pore and a con-
current closing of the pore (pore collapse), explaining 
the osmotic dependence of the whole process of chan-
nel functioning [17, 18]. next, the following steps take 
place: (1) full relaxation of VSD domains – movement 
of S4 inwards by ~15 Å relative to the more stationary 
S1-S3a helices; (2) S4 rotation by ~120 o that allows the 
charged amino acid residues to stay directed towards 
the VSD cavity; and (3) lateral detachment of VSD and 



REVIEWS

  VOL. 6  № 4 (23)  2014  | ActA nAturAe | 21

the pore domains due to VSD rotation and movement 
outwards relative to the pore, allowing the pore to re-
main closed. During the activated state of the channel, 
the r4 residue is located in the membrane center, in 
a point of the peak transmembrane electric field, and 
serves as an initiator of movement for the gate charges. 

the ctc is the central hydrophobic residue F233 that 
divides the external and internal hydrated cavities of 
the VSD domain. the r2 and r3 residues move sequen-
tially, while S4 movement inward usually stops when 
r1(Q) reaches F233. Several salt bridges are formed 
in the VSD domain, but S4 mainly interacts with the 

Fig. 10. Model of Kv deactivation (MKD). Intermediate stages that the VSD domain of the Shaker channel passes 
during deactivation [116]. A. Molecular models of the VSD domain: O – open channel, C1-C2 – intermediate states, 
C3 – closed conformation, C4 – deep closed state, which occurs under special conditions. At each stage, the side chain 
of one of the Arg residues of the S4 helix (blue sticks) passes through the CTC (F290, green stick), while the Arg side 
chains located close to the CTC form salt bridges with the negatively charged residues of the S1-S3 helices (red sticks; 
E247 in S1 and E283 in S2 above F290; and E293 in S2 and 316D in S3 below F290). At all the stages, the portion of the 
S4 helix situated opposite F290 transits into a 3

10
 helix (purple), but at the C4 stage this portion is relaxed into an α-helix 

(yellow). Thus, the portion of the 3
10

 helix slides along the S4 segment without energy consumption, which prevents the 
rotation of this segment during the activation/deactivation of the channel. B. Schematic, demonstrating the movements 
of the S4 helix. Color coding as in Fig. 10A
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phosphate groups of the lipids. these data conform to 
those on the functional interaction of the VSD domain 
with lipids [13, 120].

the channel follows the same steps during the ac-
tivation, but in the reverse order (Fig. 11): S4 swift-
ly moves outside by ~5-10 Å. In the first step, the 
gate charges move fast because the majority of the 
salt bridges between S4 and the other segment of 
the VSD domain in the closed state are disrupted; 
these salt bridges are temporarily restored, while S4 
moves outward, leading to the gradual slowdown of 
S4 movement. the VSD domains approach the char-
acteristic state of an activated channel as soon as the 

S4 movement approaches its termination. A key dif-
ference as opposed to the deactivation is that all four 
VSD domains must be raised before the full opening 
of the channel pore; the channel with fully raised S4 
segments breaks the packing of the S4-S5 linker to-
gether with S6 helix, allowing water and exiting ions 
to enter the pore again and restore the conductivity. 
the side chains of L331 (S5) and P405 (S6) move into 
a position that allows them to interact [17]. these re-
arrangements favor the binding of the S6 helix to the 
PVP motif, leading to the expansion at the intracellular 
side and full hydration of the pore. this is accompa-
nied by the opening of the upper (hydrophobic) gate 

Fig. 11. Mechanistic model of Kv activa-
tion/deactivation (MMd) [56]. Effect of 
the hyperpolarization potential on the 
activated channel (1) initiates the inward 
movement of the S4 helix and weakens the 
bond between VSD and the pore domains. 
As a result, a depletion of ion transport in 
the pore cavity (2) and subsequent hydro-
phobic collapse of the pore occur. Closure 
of the upper (Ile402 in Kv1.2) and the low-
er gates [PVP motif; Leu331 (S5)–Pro405 
(S6)] stops the ion current (3). The S4 helix 
continues to move inwardly; as soon as 
the S4 movement stops, the S4–S5 linker 
lowers completely and VSD domains are 
removed from the pore; the channel tran-
sits into the closed state (4). The impact of 
the depolarization potential on the closed 
channel leads to the movement of the S4 
helix in an outward direction. The lower 
gate destabilizes when all four segments of 
the S4 and S4-S5 linker rise (5) and all VSD 
domains approach the pore again; the 
transition 4 => 5 represents the rate-limit-
ing step of channel activation. Fluctuation 
of the lower gate causes opening of the 
pore and its partial rehydration. This allows 
potassium ions to enter into the pore and 
to initiate the channel conductance (6); the 
transition 5 => 6 is potential-independent. 
The presence of ions promotes complete 
rehydration of the pore leading to the 
complete opening of the upper and lower 
gates and returning the channel to the 
open state (1). Distribution of VSD do-
mains (circles) relative to the pore domain 
(squares) is shown schematically (view 
from the extracellular side) [56]

Extracellular side

Intracellular side

Open

Closed

D
e

activatio
nA

ct
iv

at
io

n

Linker

Cavity

VSD

Phe Phe

Phe

Lower  
gate

Upper  
gate

Phe

Phe

pore

Phe



REVIEWS

  VOL. 6  № 4 (23)  2014  | ActA nAturAe | 23

(I402) that allows the S5 site of the selectivity filter to 
fill up with K+ ions [121], and the channel transits to the 
fully open state. the S6 helix and S4-S5 linker adopt 
a closely packed configuration that stabilizes the pore 
opening.

We arrive at the conclusion that the opening and 
closing of the Kv channel is an energetically asym-
metric process [56]. As far as the pore is more stable in 
the dehydrated closed state [17, 122] due to the hydro-
phobicity of its cavity [17], its closing does not require 
strong pressure by the S4 helix on the S4-S5 linker. On 
the contrary, channel activation requires the appli-
cation of the depolarization work that stimulates the 
movement of the S4 helix through the membrane. Fi-
nally, S4 strongly pulls the S4-S5 linker, causing dis-
ruption of the S4-S5/S6 interaction and pore opening. 
rather strong destabilization of the closed pore occurs 
only when all charged amino acid residues of the gate 
and S4-S5 linker are in the raised position. As a result, 
the fluctuations of the lower gate due to the disruption 
of linker interaction with the S6 helix allow partial (and 
then full) hydration of the pore cavity. the S4-S5 link-
er is strained during the activated channel state and 
relaxed in the quiescent state; this probably explains 
the conservatism of the linker length: a shorter linker 
inhibits channel closing, because S4 cannot move by a 
sufficient distance, while a longer linker inhibits the 
opening, because even complete outward relocation of 
S4 cannot efficiently pull the S6 helix using the S4-S5 
linker [56].

thus, the MMd model demonstrates that the S4-
S5 linker and c-terminus of the S6 helix govern the 
process of channel opening/closing independently of 
the mechanism that raises and lowers the VSD domain 
[56]. the fact that it is possible to substitute the S3b-S4 
paddle for a homologous sequence with the chimeric 
channel preserving the properties of the native channel 
[123, 124] indicates that this paddle is a key mechanic 
element in the process of channel activation/deacti-
vation. the natural variability of the sequence of this 
functional region (S3b-S4 paddle and interacting re-
gion of the S4-S5 linker with the S6 helix) explains the 
differences in the activation parameters of Kv chan-
nels. 

CONCLUSIONS
A large number of models starting with the fundamen-
tal ones (SHM, PM and tM) and ending with modern 
ones (cMH, cM, Mct, MKD, MMd) [53, 54, 56, 115, 
116] were proposed during the long history of study-
ing the mechanism of Kv channels activation based on 
crystallography, mutational analysis, as well as MM 
and biophysical data. Such a synthesis of different 
methods and approaches allowed researchers to solve 

a very complicated problem: to identify the processes 
underlying the Kv channel activation without using 
the direct structural data on its closed conformation 
and intermediate states.

At present, researchers largely agree on a united 
model of Kv channel activation. the groups of scien-
tists [53, 54, 56, 115, 116] has been able to obtain sim-
ilar results, but the number of stages, the amplitudes 
of movements, and their directions still differ in differ-
ent models. the estimation of the vertical translocation 
of S4 depends on how it is aligned relative to the open 
structure of the channel, as well as on the significant 
fluctuations due to the dynamic nature of the interme-
diate conformations [55].

A comparison of all available models of the VSD do-
mains of the channel in the closed conformation [53, 54, 
56, 115, 116] shows that all of them lay in a limit of ~3.5 
Å rMSD relative to the position of the cα atoms [125]. 
Only one contradiction remains, which consists in de-
termining the position of the r1 residue side chain. In 
some models [53, 55], this residue interacts with e226, 
while in others [56, 115] it interacts with D283. each 
group of researchers asserts that their data are exper-
imentally verified [50, 114, 118, 126]. It is possible that 
both conformations exist simultaneously in the case 
when a hyperpolarization potential is present [127].

the activation models consider two or three in-
termediate stages [53, 54, 56, 115, 116]. It should be 
noted that the intermediate conformations are un-
stable and hardly separable from each other [116]; 
therefore, different authors may well consider the 
same activation steps. thus, in the Mct and MMd 
models [56, 115], three intermediate stages are con-
sidered, while in the MKD model [116] there are two 
stages, but all these models attempt to describe very 
similar processes. Probably, all models consider the 
same process, but they choose different intermediate 
points. Despite the slight differences in the models 
[53, 54, 56, 115, 116], all of them describe satisfacto-
rily the generalized process of Kv channel activation 
and explain the basic principles of its functioning. the 
MMd model [56] is the most developed one. According 
to these principles, each VSD domain of the channel 
has deep aqueous cavities on both sides of the mem-
brane, divided by a thin isthmus that contains a con-
served Phe serving as a catalyst for moving the S4 
gate charges. the positive basic amino acid residues 
of S4 are stabilized, interacting in pairs with the neg-
ative charges in the S1-S3 helices located along the 
S4 surface [49, 69, 71]. During activation, the positive 
charges “jump” from one negative charge to the next, 
leading to conformational change in the VSD. the S4 
movement represents the combination of several pro-
cesses: 1) inclination of the S4 helix in the membrane, 
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2) rotation on its axis, and 3) vertical and radial trans-
location. this movement displaces the S4-S5 linker 
and thus leads to the pore opening. the inner part of 
the S4 helix extends, while its two termini undergo 
screw-like rotation. the channel opening occurs after 
all VSD domains displace, while the channel closing 
requires displacement of only one of these domains. 
In order to reveal the precise mechanism of activa-
tion/deactivation, especially the process of electro-
mechanical coupling of the domains, it is necessary to 
elucidate the atomic structure of the Kv channel not 
only in the two final conformations (open and closed), 

but also in the intermediate states. this represents a 
very complicated problem, because these conditions 
are unstable and short-lived compared to the whole 
activation process timeframe. 
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ABSTRACT Replication-defective adenoviral vectors are effective molecular tools for both gene therapy and gene 
vaccination. Using such vectors one can deliver and express target genes in different epithelial, liver, hemato-
poietic and immune system cells of animal and human origin. The success of gene therapy and gene vaccination 
depends on the production intensity of the target protein encoded by the transgene. In this work, we studied 
influence of Toll-like receptors (TLR) agonists on transduction and expression efficacy of adenoviral vectors in 
animal and human antigen-presenting cells. We found that agonists of TLR2, 4, 5, 7, 8 and 9 significantly enhance 
a production of the target protein in cells transduced with adenoviral vector having the target gene insert. The 
enhancement was observed in dendritic cells and macrophages expressing cytoplasmic (GFP), membrane (HA) 
or secretory (SEAP) proteins encoded by the respective rAd-vectors. Experiments in mice showed that enhance-
ment of the transgene expression can be achieved in the organism of animals using a pharmaceutical-grade 
TLR4-agonist. In contrast to other TLR-agonists, the agonist of TLR3 substantially suppressed the expression of 
transgene in cells transduced with adenoviral vectors having insert of GFP or SEAP target genes.  We propose 
that the enhancement of transgene expression is linked to the activation of MyD88→ NF-kB, while the inhibition 
of transgene expression depends on TRIF→ IRF signaling pathways. Both of these pathways jointly exploited by 
TLR4-agonists lead to the enhancement of transgene expression due to the dominant role of the MyD88→ NF-kB 
signaling.
kEyWORDS gene therapy, gene vaccination, recombinant replication-defective adenovirus vectors, transgene 
expression, Toll-like receptor agonists.
ABBREVIATIONS rAd – replication-defective recombinant adenovirus vector; TLR – Toll-like receptor; PFU – 
plaque-forming unit; CM – complete culture medium; BSA – bovine serum albumin; PBS – phosphate buffered 
saline; LTA – lipoteichoic acid; Poly [I:C] – polyinosinic : polycytidylic acid; LPS – lipopolysaccharide; MPL-A – 
monophosphoryl derivative of lipid A; TNF-α – tumor necrosis factor alpha; GM-CSF – granulocyte macrophage 
colony stimulating factor; CLI-095 – also known as TAK-242, a specific inhibitor of TLR4-signaling; SEAP – se-
creted embryonic alkaline phosphatase; GFP – green fluorescent protein; DAPI – 4′,6-diamidino-2-phenylindole 
dihydrochloride; HA – H1N1 influenza virus hemagglutinin; CMV – Cytomegalovirus; IL – interleukin.

INTRODUCTION
replication-defective adenovirus vectors (rAd) are 
used for transgene expression in different tissues. De-
pending on the transgene inserted rAd are used for 
gene therapy (tumor suppressor genes, growth fac-
tors, etc) or gene immunization (genes encoding infec-
tion-specific antigens). In the case of in vivo immuni-

zation, the transgene is expressed in transduced cells 
during 2-3 weeks, which leads to a potent immune re-
sponse. effective vaccines against tuberculosis, malar-
ia, influenza, and other important infectious diseases 
have been designed as rAd. the majority of rAd-based 
medical preparations are currently in various stages of 
clinical trials [1–5], and only one therapeutic agent has 
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been licensed and approved for use [6]. there is a large 
body of evidence demonstrating that rAd-derived im-
munogens and viccines are safe and efficacious. 

the immune response to the rAd-expressed anti-
gen could be enhanced by toll-like receptor agonists 
(tLr) [3]. We engineered a rAd-based vaccine encoding 
the surface antigens of the influenza virus in combi-
nation with a synthetic tLr4 agonist – Immunomax® 
[7–9], a plant-derived water soluble polysaccharide of 
a molecular weight of over 1 MDa [10]. the use of Im-
munomax as an adjuvant enhances the t-cell response 
to Influenza virus antigens and increases rAd-vaccine 
protectivity. In addition, this adjuvant allows a 3- to 10-
fold reduction in the dosage of rAd, encoding influenza 
virus antigens, without compromising immunogenicity 
and protective efficacy of the vaccine. 

Immunomax has no direct influence on t-cells. It 
stimulates antigen-presenting cells, particularly den-
dritic cells and macrophages. In dendritic cells, Immu-
nomax induces the expression of co-stimulatory mol-
ecules such as cD80, cD86, cD40, and the MHc class II 
and the release of immunostimulatory cytokines such 
as IL1β, tnF-α, IL6, IL8, and IL12 [10]. Although these 
events in antigen-presenting cells are sufficient for the 
immunostimulatory response elicited by Immunomax, 
it is likely that Immunomax also increases the expres-
sion of antigen encoded by rAd. 

Following administration of rAd, the antigen is pro-
duced in antigen-presenting cells, which allows one to 
suppose that Immunomax, alongside co-stimulatory 
molecules and cytokines, could also promote the ex-
pression of rAd-encoded antigen. Such stimulatory 
activity of the preparation could contribute to an en-
hanced response of t-cells, recognizing antigens on the 
surface of the antigen-presenting dendritic cells.

In the present study, we examined the expression 
levels of the rAd-encoded antigens in dendritic cells 
and macrophages treated with Immunomax and ago-
nists of other tLrs. the findings demonstrate that un-
der influence of Immunomax the expression of rAd-
encoded antigens in dendritic cells and macrophages 
is elevated 2- to 11-times. the increased expression 
was observed with rAd-encoded membrane-bound, 
cytoplasmic, and secretory proteins. Similarly to Im-
munomax, another tLr4-agonist --- an Escherichia 
coli Lipopolysaccharide --- also up-regulated the ex-
pression of rAd-encoded transgenic proteins. In addi-
tion, agonists of other tLrs, in particular tLr2, 5, 7, 8 
and 9, increased the expression levels of rAd-encoded 
proteins, whereas the tLr3 agonist down-regulated 
it. comparison of the intracellular signaling pathways 
linked to different tLrs suggested that the pathway 
beginning from MyD88 and ending with nF-κB does 
enhance expression, but the pathway beginning from 

trIF and ending with the IrF-3 and IrF-7 transcrip-
tion factors inhibits the expression of rAd-encoded pro-
teins. the pathway started by MyD88 dominates over 
the one started by trIF. therefore, transgene expres-
sion is increased under influence of tLr4 agonist, when 
both pathways are operational (MyD88 and trIF). 

EXPERIMENTAL SECTION

Antibodies and reagents
the following monoclonal antibodies were used: 
cD11b-BD Horizon V450, Ly-6G APc-cy7 (BD 
Pharmingen™), cD11c Pe, cD19 eFluo450 (eBioscienc-
es), F4/80 APc (BioLegend), Anti Mouse MHc II (I-A)-
FItc (eBiosciences). Monoclonal antibodies to H1n1 
influenza virus (HA) were a courtesy of A.A. Kushch 
(Ivanovskii Institute of Virology, Ministry of Health of 
the russian Federation). the following toll-like recep-
tor agonists were used: lipoteichoic acid (LtA, tLr2 
ligand), a synthetic analog of double-stranded rnA 
– polyinosinic:polycytidylic acid (Poly[I:С], tLr3 li-
gand), monophosphoryl lipid A (MPL-A, tLr4 ligand), 
flagellin (tLr5 ligand), imiquimod (tLr7/8 ligand), 
synthetic oligonucleotide ODn-cpG 1826 (tLr9 li-
gand), all obtained from InvivoGen; lipopolysaccharide 
from E. coli serotype 055:B5 (LPS, tLr4 ligand, Sigma, 
L-2880). In addition, a recombinant tumor necrosis fac-
tor alpha was used (tnF-α, Sigma, t7539). In some ex-
periments cLI-095 (InvivoGen), a specific inhibitor of 
the tLr4-dependent pathway, DAPI dihydrochloride 
(Sigma), was used as a nuclear counterstain.

Animals
eight- to ten-week-old BALB/c mice were obtained 
from the breeder Stolbovaya and fed standard rodent 
food under standard animal house conditions in the 
vivarium of the national research center Institute of 
Immunology FMBA. 

Cell cultures
All cell cultures were incubated in a complete medium 
(cM) based on DMeM with 25 mM HePeS supple-
mented with a cocktail of nonessential amino acids, 
10% fetal bovine serum (FBS), 2 mM L- glutamine, 
1 mM sodium pyruvate, 50 µМ β-mercaptoethanol 
and 10 µg/ml gentamycin (all reagents obtained from 
Paneco) at 37оС in a 5% СO

2 
humidified atmosphere.

the cell line 293/tLr4-MD2-cD14 (InvivoGen), 
stably transfected with the tLr4 and cD14 and MD-2 
co-receptors, was maintained in vitro in the presence 
of the selective antibiotics blasticidin and hygromycin 
according to the manufacture’s instructions. For the as-
sessment of nF-κB activity, the cells were transduced 
with a lentivirus vector (cleveland BioLabs) bearing a 
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reporter β- galactosidase gene under the control of the 
nF-κB-dependent promoter. thereafter, the cells were 
cultured following the manufacturer’s protocol in the 
presence of another selective antibiotic – puromycin. 

Primary cell suspensions from the spleen, bone mar-
row, and peritoneal cavity were made as described 
elsewhere. Dendritic cells were obtained in vitro by 
culturing bone marrow cells of BALB/c mice with a 
granulocyte-macrophage colony-stimulating factor 
(GM-cSF). Bone marrow was washed out from the fe-
murs and the tibias, erythrocytes removed by osmotic 
shock, nuclear cells washed twice in PBS ( Amresco, 
e404), followed by cultivation in a complete medium 
supplemented with 10 ng/ml GM-cSF (Sigma) for 7 
days as described [4]. After 7 days of culture, the non-
adherent cells contained 70–75% of dendritic cells. the 
adherent cells comprised 95% of macrophages. After 
removed of non-adherent cells and washing the re-
maining confluent cells with PBS (0.5% FBS), macro-
phages were detached by incubation in a Versen so-
lution (Paneco) for 1 h at 4оС. then cells were gently 
washed off in PBS (0.5% FBS). 

Peritoneal macrophages were obtained by wash-
ing of the peritoneal cavity of BALB/c mice with PBS 
supplemented with 1% glucose, 10 mM HePeS, and 
0.5% FBS. the cells were pelleted by centrifugation, re-
suspended in cM, and cultured for 18–20 h at 37oc in a 
humidified atmosphere of 5% СO

2
. then non-adhesive 

cells were gently washed away with the medium and 
PBS. the remaining adherent cells comprised over 90% 
of macrophages.

Recombinant replication-defective 
adenovirus vector with a gene insert 
replication-defective adenovirus vectors rAd-SeAP, 
rAd-GFP, and rAd-HA carrying the gene of secreted 
embryonic alkaline phosphatase (SeAP), green fluo-
rescent protein (GFP), or H1n1 influenza virus hemag-
glutinin (HA) were constructed based on the pShut-
tle-cMV plasmid according to the manufacturer’s 
instruction for the Adeasy Adenoviral vector system 
(Stratagene, сat. 240009), using the plasmids pGreen 
(carolina Biological Supply company), p310D (prc-
cMV-SeAP, produced in-house) and pAL-HA (pro-
duced in-house). the GFP, SeAP, and HA inserts in 
the corresponding constructs pShuttle-cMV-GFP, 
pShuttle-cMV-SeAP, and pShuttle-cMV-HA were 
verified by restriction analysis using ecorI, notI and 
ecorV endonucleases, and Pcr.

the presence of the genes GFP, SeAP, and HA in 
rAd was confirmed by Pcr. the effective titer of the 
rAd-GFP, rAd-SeAP, and rAd-HA preparations was 
estimated using the plaque-forming assay in the HeK-
293 cell culture [11]. 

Transduction of cells with recombinant 
replication-defective adenovirus vectors 
the cell cultures were transduced with rAd-SeAP, 
rAd-GFP, or rAd-HA at a dose of 7–200 PFu/cell in a 
50 µl Optmizer™ serum-free medium (“GIBcO”) for 1 
h, 150 µl of cM was then added to the cells. the trans-
duced cells were cultured in the presence or absence of 
the tLr4 agonist Immunomax (10 µg/ml) for 1–6 days. 
When other tLr agonists were studied, the cells were 
incubated in the presence of LtA (1 µg/ml), Poly[I:С] 
(10 µg/ml), LPS (10 µg/ml), MPL-A (5 µg/ml), flagellin 
(0.1 µg/ml), imiquimod (1 µg/ml), or ODn-cpG 1826 
(10 ng/ml). In addition, for cell activation, bypassing 
the tLr pathway, tnF-α (10 ng/ml) was used. tLr4-
associated signaling was inhibited using cLI-095 
(1 µg/ml).

In vivo transduction with recombinant 
replication-incompetent adenovirus vectors 
For in vivo transduction, BALB/c mice were intraperi-
toneally injected with rAd-SeAP at a dose of 108 PFu 
in 200 µl of a physiological saline without or together 
with 10 µg Immunomax (four mice in each group).

transgene expression rate was evaluated by the 
serum level of SeAP protein. On day 3 post-injection, 
blood was sampled from the retro-orbital sinus of rAd-
SeAP-injected mice and serum level of SeAP was 
measured.

Measurement of production intensity of the 
SEAP, GFP, and HA proteins encoded by rAd.
the expression rates of SeAP in the serum or culture 
medium was assessed as described in [12] with minor 
modifications. Samples were clarified by centrifuga-
tion at 14,000 g for 2 min, followed by heating at 65оС 
for 5 min. the substrate p-nitrophenyl-phosphate 
was added in the reaction buffer (0.5 М cacO

3
, 0.5 мМ 

Mgcl
2
, рН 9.8); and the absorbance was measured at 

405 nm. the SeAP activity was expressed as mu/ml, 
given that 1 mu/ml corresponds to an increase in ab-
sorbance of 0.04 u/min.

Intracellular GFP accumulation was estimated by 
flow cytometry on FAcS Aria II (BD Biosciences). Fluo-
rescence was excited with the 488 nm laser, and emis-
sion intensity was measured between 515 and 545 nm. 
cell populations were identified using fluorochrome-
conjugated antibodies to the surface proteins cD11b , 
cD11c, cD19, Ly6G, F4/80; followed by analysis on a 
FAcS Aria II flow cytometer. In addition, accumula-
tion of GFP in dendritic cells and macrophages labeled 
with cD11c or F4/80 antibodies, respectively, was con-
firmed by confocal microscopy.

expression of membrane-bound HA was examined 
by staining cells with HA-specific monoclonal antibod-
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Fig. 1. Influence of the TLR4-agonist (Immunomax) on the transduction and expression of rAd-GFP in different cell types 
of mouse spleen cells. Mouse splenocytes were transduced with rAd-GFP (5x105 PFU/ml) and incubated for 3 days in 
the presence of Immunomax (10 μg/ml) or its absence. Then cells were labeled with fluorochrome-conjugated anti-
bodies and analyzed using a FACS Aria II flow cytometer. The left vertical – gating of CD11c+ dendritic cells, F4/80+ 
macrophages, CD11b+ Ly6G+ granulocytes and CD19+ B-cells with the indication of the cell type content (percent) in 
the total population of splenocytes. Respective horizontal lines represent the contents of GFP-positive dendritic cells, 
macrophages, granulocytes, and B cells after transduction with rAd-GFP and further cultivation with Immunomax or with-
out. The negative control (medium) represents spleen cell cultures without transduction

Transduction with rAd-GFP

Medium  rAd-GFP rAd-GFP + Immunomax®

SS
C

SS
C

SS
C

SS
C

GFP

GFP

GFP

GFPCD11b

CD11b

CD11b

F4/80

0.2% 3.5% 6%

0.3%

30% 46%

8%2.5%

0.1%

0.1% 0.1% 0.1%

2%

2%

60%

1%

B
 c

e
lls

 
G

ra
nu

lo
cy

te
s 

M
ac

ro
p

ha
g

e
s 

D
e

nd
ri

ti
c 

ce
lls

C
D

19
Ly

-6
G

F4
/

80
C

D
11

c

ies, followed by flow cytometry on a FAcS Aria II flow 
cytometer.

Confocal microscopy
the cell cultures in cM were incubated on culture 
slides (SPL Life Sciences Ltd., S. Korea) suitable for the 
following microscopy. After incubation, the cells were 

fixed for 20 min in PBS containing 3.7% paraformalde-
hyde (Sigma), washed in PBS with 0.5% FBS, and then 
stained with antibodies for 1 h. After an extra wash 
with PBS, the cells were stained with DAPI (1 µg/ml) 
in PBS for confocal microscopy on a Axio Observer.
Z1 microscope (carl Zeiss, Germany) with a QuanteM 
512Sc camera (Photometrics, uK). 
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Fig. 2. Influence of the TLR4-agonist (Immunomax) on the transduction and expression of rAd-GFP in dendritic cells ob-
tained by the in vitro differentiation of mouse bone marrow cells, and also in mouse peritoneal macrophages. The cells 
were transduced with rAd-GFP (5x105 PFU/ml) and incubated for 4 days in the presence of Immunomax (10 μg/ml) or 
its absence. Then, the cells were labeled with fluorochrome-conjugated antibodies and analyzed using a FACS Aria II 
flow cytometer. The left vertical – gating of CD11c+I-A+ dendritic cells and CD11b+F4/80+ bone marrow macrophag-
es, and CD11b+F4/80+ peritoneal macrophages with the indication of these cell types percent in the total population. 
Respective horizontal lines represent the contents of GFP-positive dendritic cells and macrophages after transduction 
with rAd-GFP and further cultivation with Immunomax or without. The negative control (medium) represents cell cultures 
without transduction

Statistical analysis
Data are presented as means + SD. Statistical analysis 
of the data was performed using Student’s t-test 

RESULTS

Immunomax enhances expression of 
the protein encoded by rAd 
replication-defective rAd readily transduce epithelial 
cells and transgene is efficiently expressed in this type 
of cells. For rAd-immunization purposes, it is critical-
ly important to achieve the target antigen expression 
within antigen-presenting cells, particularly dendritic 
cells and macrophages. In this study, we showed a sub-

stantial expression of rAd in murine primary dendritic 
cells and macrophages. upon inoculation of rAd-GFP 
into cultures of spleen and bone marrow cells, as well 
as peritoneal macrophages, we observed the trans-
gene expression in splenic dendritic cells, macrophages 
and granulocytes, and in bone marrow-derived mac-
rophages and dendritic cells obtained in the presence 
of GM-cSF, and also in peritoneal macrophages (Fig. 
1 and 2). no rAd expression was observed in lymphoid 
cells, in particular B-cells, cD4 and cD8 t-cells, and 
nK cells. the cell type expressing GFP was confirmed 
via staining with monoclonal antibodies to cD11c for 
dendritic cells, and F4/80 for macrophages, and Ly-6G 
for granulocytes. Figure 3A shows microphotographs 
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Fig. 3. Confocal microscopy of dendritic cells transduced with rAd-GFP in the presence of Immunomax or its absence. 
A - cultures of bone-marrow dendritic cells incubated in a complete medium containing rAd (30 PFU per a cell). In 24 hrs, 
the cells were fixed and stained with the CD11c-PE antibody. Microscopy was performed in PBS with DAPI (1 μg/ml) 
using a Axio Observer. Z1 (Zeiss, Germany) with QuantEM 512SC camera (Photometrics, UK), by the use of 405 nm, 
488 nm, and 561 nm lasers. From left to right, cell images are shown: (1) DIC – differential interference contrast; (2) 
merging of anti-CD11c-PE (red) and DAPI (blue) channels; (3) merging of GFP (green), DAPI, and anti-CD11c-PE chan-
nels. B – the culture of bone-marrow dendritic cells 24 hrs after incubation in the presence of rAd-GFP with Immunomax 
(10 μg/ml) or without. Photographs show the merged images in GFP (green) and DAPI (blue) channels at 20x and 200x 
magnifications
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of dendritic cells expressing cD11c molecules on their 
outer membrane and GFP in the cytosol.

Activation of dendritic cells with Immunomax, si-
multaneously with transduction by rAd-GFP, led to en-
hanced expression of the GFP protein, which could be 
observed by an increase in both the proportion of GFP-
positive dendritic cells (Fig. 1, 2, 4A) and the intensity 
of GFP production (Fig. 3B, 4B). A similar elevation in 
rAd-GFP expression was also observed in macrophages. 
enhanced expression was observed regardless of the 
tissue origin of dendritic cells and macrophages. It was 
pronounced in dendritic cells from the spleen and bone 
marrow as well as macrophages from the spleen, bone 
marrow, or the peritoneal cavity (Fig. 1–4).

No influence of Immunomax on rAd 
tropism for its target cell types 
When studying rAd expression in mouse spleen or bone 
marrow cell cultures, we noticed that Immunomax in-

creased transgene expression in only those cell types 
that exhibited the vector expression in the absence 
of Immunomax. Immunomax did not retarget the ad-
enovirus vector to different cell types. In particular, 
rAd-GFP was expressed in dendritic cells and macro-
phages but not in cD4 or cD8 t-cells, В-cells and nK-
cells. Immunomaх increased rAd-GFP expression only 
in dendritic cells, macrophages, and granulocytes. In 
other cell types, the vector still showed no expression. 
As an example, Fig.1 illustrates В-cell studies (Fig. 1) in 
which rAd-GFP exhibited no expression both before 
and after activation with Immunomax. 

No influence of Immunomax on rAd 
replication in HEK-293 cells
enhanced expression of rAd-encoded transgene under 
the influence of Immunomax raises natural concern 
whether Immunomax can enhance also the replica-
tion of adenoviral particles. Since replication-defective 
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Fig. 4. Influence of the TLR4 agonist (Immunomax) on GFP-expression in dendritic cells and macrophages depending 
on the rAd-GFP dose or the time elapsed after the transduction of cells. Bone marrow dendritic cells and peritoneal 
macrophages were transduced with rAd-GFP and then incubated for 24 hrs in the presence of Immunomax (10 μg/ml), 
or LPS (3 μg/ml), or without activators (medium). Bone marrow macrophages were transduced with rAd-GFP in the 
presence of Immunomax (10 μg/ml) or without it, and then they were incubated for 6 days. Cell samples were taken on 
days 3, 4, 5, and 6. After staining with fluorochrome-conjugated antibodies, the cells were analyzed using flow cytome-
try on a FACS Aria II. x-axis – rAd-GFP dose used for the transduction of cells, or days after transduction (the right side 
vertical). y-axis – (A) percent of GFP-positive cells; (B) mean fluorescence intensity (MFI) normalized on the value of the 
control cultures without the activator. Mean values and standard deviations are shown based on data from three experi-
ments. Significance for P<0.05 is shown using asterisk *

adenovirus vectors cannot replicate in common cells, 
their propagation is usually achieved in the specially 
constructed HeK-293 cell line bearing adenoviral e1-
genes, which are deleted from adenovirus vectors. 

We examined if Immunomax affects the replication 
capacity of rAd in a HeK-293-tLr4/MD2 cell culture. 
In our previous studies, we had demonstrated that Im-
munomax acts through the tLr4 pathway, triggering 
the synthesis of reporter protein in HeK-293-tLr4/
MD2 cells. this effect of Immunomax is suppressed 
by cLI-095, a selective inhibitor of the tLr4-signal 
pathway. As with HeK-293 cells, HeK-293-tLr4/
MD2 cells exhibit active rAd replication, resulting in 
cytopathic effects on days 2–4. the rAd-GFP vector 
was titrated on a HeK-293-tLr4/MD2 cell culture in 

the presence or absence of Immunomax. the rAd-GFP 
vector was added in three wells of a 96-well plate at 
40–50% confluence of HeK-293-tLr4/MD2 cells. Vi-
rus titration was performed as 24 steps of 5-fold suc-
cessive dilutions. cell cultures positive for rAd repli-
cation displayed intracellular GFP accumulation and 
cell death within a few days. the rAd vector replicated 
starting from the highest concentration to the 13th suc-
cessive dilution. In the presence and absence of Immu-
nomax (control cultures) the lowest rAd-GFP dilution 
at which GFP was expressed and cytopathic effects 
were observed was 513; i.e., Immunomax did not affect 
rAd replication in HeK-293-tLr4/MD2 cells carrying 
tLr4 receptors and triggering nF-κB activation in re-
sponse to Immunomax.
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Fig. 5. Influence of the TLR4 agonist (Immunomax) on the expression of the rAd-encoded secretory target protein 
(SEAP) in the in vitro cell cultures and in the mouse organism. (A). Mouse bone marrow dendritic cells and peritoneal 
macrophages were transduced with rAd-SEAP (5x105 PFU/ml) and incubated during 4 days in the presence of the 
shown concentrations of Immunomax. Production intensity of the target protein was estimated according to the concen-
tration of SEAP (mU/ml) in culture supernatants. (B). The SEAP target protein concentration in mouse blood 3 days after 
injection of rAd-SEAP with Immunomax or without it. The experimental mice (n=4) were intraperitoneally injected with 
rAd-SEAP (108 PFU/mouse) with Immunomax (10μg) in a volume of 200 μl physiological saline. The control mice (n=4) 
were injected with a 200 μl volume of physiological saline, instead of Immunomax. Three days later, the concentration of 
SEAP was measured in the blood serum of all mice. Significance for P<0.05 is shown using asterisk *
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Immunomax enhances the expression of 
transgenes encoding cytoplasmic, secretory, 
or membrane-bound proteins.
It was shown above that Immunomax enhanc-
es the expression of transgene incorporated in rAd, 
which encoded the cytoplasmic protein GFP. Here 
we demonstrate that the expression of secretory and 
membrane-bound proteins is also up-regulated in re-
sponse to Immunomax. For these experiments, we used 
rAd-SeAP and rAd-HA, which encode the embryonic 
alkaline phosphatase and the influenza virus hemag-
glutinin, respectively. SeAP expression was estimat-
ed by its concentration in the culture medium, and HA 
expression was measured on the cell surface using flow 
cytometry with HA-specific monoclonal antibodies.

Figure 5A shows the expression of rAd-SeAP in 
mouse dendritic cells and peritoneal macrophages. the 
findings indicate that Immunomax amplifies expres-
sion of the secretory protein SeAP encoded by rAd-
SeAP. In studies of human monocytes transduced with 
rAd-HA, Immunomax also enhanced expression of the 
membrane-bound protein HA encoded by the vector. 
Of note, the increase in transgene expression was ob-
served not only in mouse, but also in human cells. 

Immunomax enhances expression of rAd 
not only in vitro but also in vivo
Our principal concern was to know whether the ex-
pression of rAd-encoded transgene could be enhanced 
in vivo. An increase in the target protein expression 

would be of great benefit to both immunization and 
gene therapy using rAd. 

We investigated the influence of Immunomax on 
transgene expression in BALB/c mice that received 
rAd-SeAP intraperitoneally at a dose of 108 PFu in 
a 200 µl normal saline solution. the expression levels 
of SeAP were assessed by its blood concentration on 
day 3 post-injection. experimental mice were injected 
with rAd-SeAP and Immunomax (10 µg/mouse). the 
control mice received rAd-SeAP with normal saline 
solution. the findings in Fig. 5B demonstrate that Im-
munomax caused a statistically significant increase in 
production of SeAP in mice injected with the rAd-
SeAP vector. 

Enhanced rAd-expression in antigen-presenting 
cells is induced by agonists of TLR2, 4, 5, 7/8 and 
9. The TLR3 agonist suppresses rAd expression
Immunomax acts as a tLr4 agonist which up-regu-
lates rAd transgene expression in dendritic cells and 
macrophages. We were curious if another tLr4 ago-
nist, in particular LPS, could exhibit the same activi-
ty. In addition, it was worthwhile to study agonists of 
other tLrs by their possible effects on rAd-encoded 
transgene expression. Data presented in Figures 4 and 
6 confirm that, similarly to Immunomax, LPS amplifies 
the transgene expression. Interestingly, the monophos-
phoryl lipid A (MPL-A), a minimal immunostimulatory 
derivative of LPS, also enhanced rAd-GFP expression. 
In addition, agonists of tLr2, 5, 7/8, and 9, similarly to 
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Fig. 6. Influence of different Toll-receptor agonists on the transduction and expression of rAd-SEAP and rAd-GFP in 
mouse macrophages. Mouse peritoneal macrophages were transduced with (A, C) rAd-SEAP 5x107 PFU/ml, or (B) 
rAd-GFP 5x107 PFU/ml, or (D) different concentrations of rAd-GFP, then the cells were incubated for 4 days in the 
presence of different TLR agonists. At the end of incubation, the concentration of SEAP in the culture supernatants (A, 
C), or percentage of GFP-positive cells (B, D) was determined. The following ligands were used in the experiments 
(A, B, D): LTA (1 μg/ml), poly[I:C] (10 μg/ml), LPS (10 μg/ml), MPL-A (5 μg/ml), flagellin (1 μg/ml), imiquimod 
(1 μg/ml), ODN-CpG 1826 (10 ng/ml), Immunomax (10 μg/ml). x-axis – the concentration of ligands in the experi-
ments (C). Mean values and standard deviations are represented. Significance for P<0.05 is shown using asterisk *
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agonists of tLr4, up-regulated the expression of SEAP 
and GFP genes comprised in rAd-SeAP and rAd-GFP, 
respectively (Fig. 6). the transgene expression increase 
caused by agonists of tLr2, 4, 5, 7/8, and 9 ranged in 

different experiments from 2- to 11-fold (P < 0.05).
Importantly, increased rAd expression induced by 

agonist of tLr was not attributed to the complex for-
mation between rAd and the agonists or facilitated up-
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Fig. 8. A selective inhibitor of TLR4-signal (CLI-095) ab-
rogates the enhancement of rAd-GFP expression by the 
TLR4-agonists. Peritoneal macrophages were incubated 
for 1 hr in a complete culture medium containing CLI-095 
(1 μg/ml) or without it, then rAd-GFP (70 PFU/ml) and 
Immunomax (10 μg/ml), or LPS (3 μg/ml) were added 
into the culture medium. Control cultures were transduced 
with rAd-GFP without activators. After 24 hrs, the cells 
were harvested using a Versene solution and analyzed for 
GFP-positive cells using a FACS Aria II flow cytometer

Fig. 7. Enhancement of rAd-GFP expression by the 
sequential (separate) use of the rAd-GFP and TLR4-
agonists. (A). Peritoneal macrophages (2x104 per a well) 
were incubated during 4 hrs in a complete culture medium 
in the presence of Immunomax (10 μg/ml), then they 
were washed 3-times with PBS, transduced with rAd-GFP 
(70 PFU/cell), and transferred in the culture condition for 
further incubation under 37oC in 5% CO

2
. After 24 hrs, 

the culture medium was replaced with a Versene solution 
(PanEco), the cultures were kept for 1 hr at 4oC, then the 
cells were carefully washed and harvested in PBS (0.5% 
BSA) and analyzed for GFP-positive cells using a FACS 
Aria II flow cytometer. (B) Peritoneal macrophages (2x104 
per a well) were incubated during 2 hrs in a complete 
culture medium in the presence of rAd-GFP (70 PFU/cell). 
Then some of the wells were washed 3-times with PBS 
and re-filled with the complete culture medium with Im-
munomax (10 μg/ml) or LPS (3 μg/ml). Negative control 
cultures were washed and re-filled with the complete 
culture medium without activators. After 24 hrs, the cells 
were harvested using a Versene solution and analyzed for 
GFP-positive cells using a FACS Aria II flow cytometer

M
e

d
iu

m

Im
m

un
o

m
ax

®

Im
m

un
o

m
ax

®
 w

as
he

d
 o

ut Immunomax®

LPS

rAd-GFP washed out

G
FP

+
 c

e
lls

 (
%

)

G
FP

+
 c

e
lls

 (
%

)

А  b

take of rAd. this was shown in experiments in which 
rAd was washed prior to adding tLr4 agonists (Immu-
nomax, LPS) over a cell monolayer, or vice versa, the 
tLr4 agonist was washed away prior to transduction 
of cells with rAd. In both cases, the increase in rAd ex-
pression was consistent with that observed for simulta-
neous use of rAd and a tLr agonists (Fig. 7A,B). 

It was unexpectedly found that in contrast to ag-
onists tLr2, 4, 5, 7/8, and 9, the agonist of tLr3 not 
only did the up-regulation of rAd-expression, but it 
suppressed the production of protein encoded by rAd. 
Agonist of tLr3 inhibited expression of rAd-SeAP 
and rAd-GFP (Fig.6).

NF-κB activation bypassing the TLR pathway 
also enhances transgene expression 
All tLrs, except for tLr3, mediate the intracellular 
signal through an adaptor protein, MyD88, which ulti-
mately leads to activation of nF-κB. We suggested that 
transgene expression is up-regulated by tLr agonists 
due to the activation of the MyD88 → nF-κB signaling 
axis. this suggestion was verified using two approach-
es: inhibition of the signal tranduction from tLr to 
MyD88 and activation of nF-κB without engagement 
of tLr. Signal transduction from tLr4 to MyD88 was 
blocked using a selective inhibitor: cLI-095. Activation 
of nF-κB, bypassing tLr, was performed with tnF-α, 
which activates nF-κB via tnF receptors.

the findings are given in Figs. 8 and 9. As anticipat-
ed, cLI-095 abrogated the enhancement of rAd-GFP 
expression caused by Immunomax or LPS (Fig. 8). 
Activation of peritoneal macrophages with recombi-
nant tnF-α (10 ng/ml) induced increase in the expres-
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Fig. 9. TNF-α enhances the expression of target proteins 
in macrophages transduced with rAd with inserts of the 
GFP- or SEAP-target genes. Mouse peritoneal macro-
phages were transduced with rAd-SEAP (5x107 PFU/
cell) or rAd-GFP (5x107 PFU/cell) then incubated during 4 
days in the presence of Immunomax (10 μg/ml) or TNF-α 
(10 ng/ml). The control cultures were transduced with 
vectors in the absence of activators. At the end of incuba-
tion, the concentration of SEAP in the culture supernatants 
or percentage of GFP-positive cells was measured
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sion of SEAP and GFP (Fig. 9), similar to that caused 
by Immunomax. the latter indicates that activation 
of tLr-pathways is not necessary, while activation 
of nF-κB is sufficient for the enhanced expression of 
transgene encoded by rAd.

DISCUSSION
recombinant replication-defective adenovirus vectors 
transduce epithelial cells as well as dendritic cells and 
macrophages. the last two cell types are professional 
antigen-presenting cells, thus they are of interest in 
terms of rAd-based vaccines. expression of rAd-encod-
ed antigens in antigen-presenting cells ensures success 
of vaccines based on rAd. to elicit potent humoral and 
cell-mediated immune responses to the protein antigen 
at least two crucial requirements should be met. First-
ly, the antigen-presenting cells should express target 
antigen peptide fragments bound to MHc class I and 
II molecules. Secondly, these cells also should express 
co-stimulatory cD80, cD86, and cD40 molecules on 
their surface, priming t-cells while encountering an 
antigen-presenting cell. the first requirement is met 
when the target antigen is produced by dendritic cells 
and macrophages transduced with rAd. to comply 
with the second requirement dendritic cells and mac-
rophages must be activated through tLr receptors or 
other pathways.

In this work, we showed that the proteins encod-
ed by rAd vectors are expressed in dendritic cells and 
macrophages (Fig. 1–3). Additional activation of anti-
gen-presenting cells using the tLr4 agonist induces 
overexpression of the co-stimulatory molecules cD80, 
cD86, and cD40. In addition, as demonstrated in this 
study, the tLr4 agonist enhances the expression of 
the target protein (Fig. 1–4). An enhanced produc-
tion of the protein antigen, together with expression of 
the co-stimulatory molecules cD80, cD86 and, cD40, 
could enhance efficacy of immune response when the 
combination of rAd and tLr4-agonist is used. We have 
previously reported that coadministration of rAd-HA 
encoding the influenza virus hemagglutinin and the 
pharmaceutical tLr4 agonist (Immunomax) allows one 
to increase efficacy of the vaccination against influenza 
viruses A and B [7].

replication-defective adenovirus vectors could be 
used not only for vaccination, but also for gene ther-
apy. In the latter case, administration of rAd with the 
transgene insert to a patient leads to the following 
production of the therapeutic protein during a period 
of 2-3 weeks. the possibility, shown in this study, for 
the increase of rAd-encoded protein production using 
combined administration of tLr4-agonist might be 
important for advancing effectiveness of rAd-based 
gene therapy. It is likely that the combination of rAd 
and tLr4-agonists enables one to obtain much higher 
concentrations of the therapeutic protein, as compared 
to rAd used alone, or substantially decrease the dose of 
rAd necessary to obtain the desired concentration of 
the protein.

tLr signaling has been the focus of much research 
for the last 15 years. these studies led to a good un-
derstanding of the intracellular signaling events trig-
gered by ligands of tLr1/2, tLr2/6, tLr3, tLr4, 
tLr5, tLr7/8, and tLr9 in mouse and human cells 
[13, 14]. As was discovered, tLrs operate through 
two signaling pathways. One pathway is begun by 
the MyD88 key adaptor molecule and is ended by the 
activated nF-κB transcription factor. the other path-
way is started by the trIF key adaptor molecule and 
is ended by IrF transcription factors, in particular 
IrF3.

the signal pathway MyD88 → nF-κB comes into play 
when agonists act via tLr1/2, tLr2/6, tLr5, tLr7, 
tLr8 and tLr9 receptors. the signal pathway trIF → 
IrF is employed during tLr3 activation. A unique fea-
ture of tLr4 is the use of both pathways. Immediate-
ly after ligation of the agonist, tLr4 signals from the 
outer cell membrane to the MyD88 → nF-κB pathway. 
Shortly, following endocytosis of the ligand-receptor 
complexes tLr4 initiates the second signal pathway 
trIF → IrF.
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Fig. 10. A hypo-
thetical mechanisms 
of enhancement and 
inhibition of Ad-vector 
encoded target 
protein expression by 
different TLR-agonists
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In this study, we found that agonists of differ-
ent tLrs enhance production of proteins encoded by 
rAd. enhanced expression of transgene was observed 
following the use of the tLr2, tLr4, tLr5, tLr7/8 
and tLr9 agonists (Fig. 6A,B). the tLr3 agonist act-
ed opposite to the other agonists tested. exposure of 
dendritic cells and macrophages to Poly[I : c] during 
their transduction with rAd-GFP or rAd-SeAP lead 
to a significant suppression of the GFP and SeAP pro-
duction, respectively (Fig. 6A,B). comparing various 
intracellular signaling pathways mediated by different 
tLrs, we suggested that the activation of nF-κB is re-
sponsible for up-regulation while the activation of IrF 
is involved in the down-regulation of the rAd-encoded 
protein synthesis.

A special case is the tLr4 agonist. Since tLr4 ago-
nists enhance production of rAd-encoded proteins, we 
suggest that the MyD88 → nF-κB signaling axis domi-
nates over the trIF → IrF one (Fig. 10). 

the suggestion of a stimulatory role for the MyD88 
→nF-κB signaling axis is partially confirmed by our 
findings. cLI-095, a specific inhibitor of signal trans-
duction from tLr4 to the adaptor molecule MyD88, 
abrogated enhancement induced by tLr4-agonists 
in production of rAd-encoded protein (Fig. 8). In turn, 
nF-κB activation bypassing tLr caused amplified ex-
pression of transgenes encoded by rAd. Activation of 
cells with tnF-α simultaneously with their transduc-
tion with rAd-SeAP or rAd-GFP enhanced the pro-
duction of SeAP and GFP, respectively (Fig. 9). tnF-α 
signaling is known to operate through the tnFr1 and 
tnFr2 receptors. the intracellular signaling pathway 
is ended by nF-κB activation. Hence, nF-κB activation 
bypassing tLr receptors also enhances transgene ex-

pression, which does not confirm but bolsters our sug-
gestion that up-regulation of the transgene-encoded 
protein production is dependent on nF-κB. 

the rAd-GFP, rAd-SeAP, and rAd-HA constructs 
used in this study contained genes of corresponding 
proteins under the control of nF-kB-responsive cMV 
promoter having four recognition sites for nF-κB [15]. 
It is logical to hypothesize that additional activation of 
the nF-κB by tLr2, tLr4, tLr5, tLr7, tLr8, and 
tLr9 agonists could promote transcription of genes 
under the control of cMV-promoter. 

In principle, tLr-mediated signaling can enhance 
production of a protein by affecting transcription, 
translation, and other essential cellular processes. the 
precise mechanisms by which the transgene expres-
sion is up-regulated upon activation of tLr2, tLr4, 
tLr5, tLr7, tLr8, tLr9 or reduced by the activation 
of tLr3 remain to be elucidated. 

replication-defective adenovirus vectors are used 
not only for immunization, but also in gene therapy. 
the effects of tLr agonists on rAd-transgene expres-
sion reported herein hold promise for a new approach 
to developing controlled transgene expression tech-
niques in vivo. Ideally, advances in this field would al-
low to develop methods for controlled up-regulation 
or down-regulation of transgene expression in patient, 
depending on the purpose.

CONCLUSION
In our study, we examined the effects of toll-like re-
ceptor agonists on the efficacy of transduction with 
and expression of rAd in the antigen-presenting cells of 
humans and animals. It is demonstrated that the ago-
nist of tLr2, 4, 5, 7, 8, and 9 enhance production of the 
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protein encoded by rAd. the enhancement occurs in 
dendritic cells and macrophages producing cytoplasmic 
(GFP), membrane-bound (HA), or secretory (SeAP) 
proteins. experiments in mice showed that target pro-
tein expression can be also enhanced in the animal or-
ganism with the use of a pharmaceutical tLr4 agonist. 
In contrast to other tLr agonists, the tLr3 agonist 
suppresses production of the protein (GFP or SeAP) 
in cells transduced with rAd having a corresponding 
gene insert.

the molecular mechanisms of the up- and down-
regulation of rAd expression in antigen-presenting 
cells activated with various tLr agonists remain to 
be determined. In this paper, we reported on results 
that support the suggestion that the enhancement in 
rAd-transgene expression is due to the activation of 
the transcription factor nF-kB and that the suppres-
sion is attributed to the activation of IrF transcription 
factors. 
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ABSTRACT We have shown that the expression of full-length mutated huntingtin in human neuroblastoma cells 
(SK-N-SH) leads to an abnormal increase in calcium entry through store-operated channels. In this paper, the 
expression of the N-terminal fragment of mutated huntingtin (Htt138Q-1exon) is shown to be enough to pro-
vide an actual model for Huntington’s disease. We have shown that Htt138Q-1exon expression causes increased 
store-operated calcium entry, which is mediated by at least two types of channels in SK-N-SH cells with differ-
ent reversal potentials. Calcium sensor, STIM1, is required for activation of store-operated calcium entry in these 
cells. The results provide grounds for considering the proteins responsible for the activation and maintenance of 
the store-operated calcium entry as promising targets for developing novel therapeutics for neurodegenerative 
diseases.
kEyWORDS Huntington’s disease, calcium, neurodegeneration, SOC, STIM1.
ABBREVIATIONS HD – Huntington’s disease; I-V curves – current-voltage characteristic; PM – plasma membrane; 
ER – endoplasmic reticulum; Htt138Q-1exon – product of the 1st exon of the gene encoding mutated huntingtin 
or cells expressing this product; Htt138Q-1exon STIM1(-) – Htt138Q-1exon cells with suppression of STIM1 pro-
tein; IP3 – inositol 1,4,5-trisphosphate, IP3R1 – receptor of inositol 1,4,5-trisphosphate 1; GFP – green fluorescent 
protein; SK-N-SH – human neuroblastoma cells; STIM1 – stromal interaction molecule 1 (protein).

INTRODUCTION
Abnormal calcium signaling has been detected in many 
diseases; in particular, destabilization of calcium ion 
channels of different types is associated with pathol-
ogies such as diabetes mellitus [1] or amyotrophic lat-
eral sclerosis [2]. Many studies have demonstrated the 
involvement of impaired calcium signaling processes in 
neurodegeneration [3, 4].

Huntington’s disease (HD) is an autosomal dominant 
neurodegenerative disease caused by an increased 
number of repeats encoding glutamine in the first exon 
of protein-coding in the huntingtin gene. the length 
of the polyglutamine repeat normally does not exceed 
35 residues; in the case of the disease, the length of re-
peats can reach up to 90 or more glutamine residues. [5] 
HD affects striatal neurons first.

In cells, huntingtin acts as an adapter protein that 
provides co-localization of the proteins interacting with 
it and helps these proteins to perform their functions. 
Many proteins interact with huntingtin, their function 
varying from vesicular transport and endocytosis to the 
regulation of transcription and apoptosis [6]. 

One of the toxic functions of mutant huntingtin is 
destabilization of calcium signaling. It was previously 
shown that mutant huntingtin is capable of binding di-
rectly to the c-terminus of the inositol 1,4,5-trisphos-
phate 1 receptor (IP3

r1). Such binding increases IP
3
r1 

sensitivity to its ligand, which may activate the receptor 
and deplete the intracellular calcium stores in response 
to IP

3
 basal concentration in cytosol [7]. It was also 

shown that expression of mutant huntingtin increas-
es the function of nr2B-containing nMDA receptors 
[8] and affects the voltage-gated calcium channels [9]. 
All the pathways mentioned above cause an increased 
concentration of calcium ions in the cytosol and, as a 
consequence, abnormal accumulation of calcium in mi-
tochondria [10, 11], activation of calpains [12], patholog-
ical initiation of calcium-dependent signaling pathways, 
and apoptotic activity of neuronal degeneration. 

Previously, we detected an abnormal activation of 
store-operated calcium channels in human SK-n-SH 
neuroblastoma cells, expressing the full-length mutant 
huntingtin protein for the modeling of HD [13]. In ad-
dition, we demonstrated that the store-operated cal-
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cium entry can be considered as a potential target for 
therapeutic intervention in the development of new 
approaches for treating HD. the hyperactivation of 
store-operated calcium entry in striatal neurons iso-
lated from YAc128 mice, used as a model for HD, was 
demonstrated using the fluorescent method [14].

It is believed that HD is associated with cleavage of 
the n-terminal fragment of mutant huntingtin that 
contains the polyglutamine tract and is encoded by the 
first exon of the huntingtin gene. this process is accom-
panied by the accumulation of the cleaved fragments in 
the nucleus, whereas the wild-type huntingtin is main-
ly localized in cytosol [15, 16]. It was also shown that ex-
pression of only the n-terminal fragment of pathogenic 
huntingtin is sufficient for an increased sensitivity of 
IP

3
r1 to IP

3
 [7]. 

therefore, the goal of our study was to investigate 
the changes in the operation of store-operated calcium 
channels in SK-n-SH cells expressing the first exon of 
the pathological huntingtin gene with 138 glutamine 
residues in the tract (Htt138Q-1exon) and to identify 
the role of the StIM1 protein in the activation of these 
channels.

MATERIALS AND METHODS

Cells
Human neuroblastoma SK-n-SH cells from the cell 
culture collection of the Institute of cytology, rAS, 
were cultured on a DMeM medium supplemented 
with a 10% fetal calf serum and an antibiotic (80 mg/ml 
gentamicin). the cells were plated on 3 × 3 mm glass 
cover-slip fragments 2–3 days prior to the experiment. 
the cover glasses were coated with a 0.01% polylysine 
for better cell adhesion.

Infection of cells, transfection, and RNA interference
A shuttle vector encoding the n-terminal fragment 
of the Htt138Q-1exon protein (270 amino acids) con-
jugated with the HA-tag, HIV-1-8.9 (Δ8.9)packing 
vector and VSVG plasmids encoding the surface gly-
coproteins of the viral particle were kindly provided 
by Prof. I. B. Besprozvanny (ut Southwestern Med-
ical center, uSA). Virus Lenti-Htt138Q-1exon was 
obtained by co-transfection of the shuttle vector with 
the HΔ8.9-packing vector and VSVG plasmids encod-
ing the surface glycoproteins in the packing HeK293t 
cell line. Petri dishes with the cells were incubated for 
24 h at 37 °c and then for 72 h at 32 °c after the addi-
tion of the transfection solution to the medium. During 
this time, the packed viruses were excreted by the cells 
in the medium. the medium with viruses was filtered 
(Ø 0.45 µm) after incubation, immediately frozen in liq-
uid nitrogen, and stored at –80 °c.

Immunostaining with anti-HA-tag antibodies was 
used to determine the virus titer. the proportion of in-
fected cells out of the total number of cells on the glass 
was determined visually using a Pascal microscope. 
Having estimated the efficiency of the infection based 
on the proportion of luminous cells, we chose the ratio 
between the virus-containing medium and the culture 
medium with a minimal efficiency of 90%. 

the cells were infected the following day after plat-
ing. the culture medium with the amount of lentivirus 
providing the minimal transfection efficiency of 90% 
was added to the cells.

In the control experiments, the cells were infected 
with an empty expression vector (control vector) (SIG-
MA, uSA). 

In experiments with the suppression of StIM1 ex-
pression in addition to infection of Lenti-Htt138Q-1ex-
on cells, we used co-transfection with plasmid encoding 
the sirnA against StIM1 (SIGMA, uSA) and plasmid 
encoding a green fluorescent protein (GFP), with a 3:1 
ratio. 

In the control experiments, we used a co-transfec-
tion of plasmid with sirnA without a specific target 
(control sirnA) (SIGMA, uSA) and plasmids encoding 
GFP with a 3:1 ratio.

Electrophoresis and immunoblotting 
the cells were grown in 50-mm Petri dishes. After 
transfection, the cells were lysed in a buffer solution 
containing 10 mM tris-Hcl pH 7.5, 150 mM nacl, 1% 
triton X-100, 1% nP40 (nonidet P40, non-ionic deter-
gent nonylphenyl-polyethylene glycol), 2 mM eDtA, 
0.2 mM PMSF (phenylmethanesulfonyl fluoride, a ser-
ine protease inhibitor ) supplemented with protease 
inhibitors (PIc, Hoffmann-La roche AG, Germany). 
Lysate proteins were separated by electrophoresis 
in a 8% polyacrylamide gel in a vertical chamber and 
transferred to a nitrocellulose membrane. Proteins 
were detected by immunoblotting using monoclonal 
anti-StIM1 antibodies (BD Bioscience, uSA) diluted 
1:250. the secondary antibodies were anti-mouse IgG 
produced in goat (1:30000). Proteins on immunoblots 
were detected using the Super Signal chemilumines-
cent Substrate (PIerce, uSA). the experiments were 
repeated at least three times using different cell lysates. 
Specific monoclonal anti-α-tubulin antibodies (1:1000) 
(SIGMA, uSA) were used to control equal loading. the 
percentage of protein content was compared using the 
standard program for comparing the color intensities of 
the scanned immunoblots.

Electrophysiological measurements 
A patch clamp was used to detect ion currents for 
whole cell recordering [17]. All measurements were 
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performed using an Axopatch 200B amplifier (Axon 
Instruments, uSA). resistance of the microelectrodes 
was 5–15 MΩ. Series resistance was not compensated. 
the signal was amplified and pre-filtered using a two-
pole Bessel filter built-in amplifier (cut off frequen-
cy 500 Hz). the signal was digitized at a frequency of 
5000 Hz using an ADc board L305 (L-card, russia). 
the membrane potential was kept at –40 mV during 
the recording of integral currents within the cell. the 
membrane potential was changed to –100 mV (per 30 
ms) periodically (every 5 s), and then the membrane 
potential was gradually changed to +100 mV at a con-
stant rate of 1 mV/ms. the measurement interval was 
0.5 mV. the recorded currents were normalized for cell 
capacity (10–30 pF). the records obtained prior to the 
activation of the investigated currents were used to 
subtract the leak current and currents via other chan-
nels.

Solutions
In the measurements made in the whole-cell con-
figuration, the recording pipette solution contained 
(mM): 135 cscl, 10 eGtA-cs, 30 Hepes-cs, 4.5 cacl

2
, 

1.5 Mgcl
2
, 4 na-AtP, 0.4 na

2
-GtP (pca7), pH 7.3. the 

extracellular solution contained (mM): 130 nMDG-Asp, 
10 Bacl

2
, 20 Hepes-cs, 0.01 nifedipine, pH 7.3. 

Barium ions were selected as a current carrier to 
prevent calcium-dependent inactivation. nifedipine 
was added to the solution of the experimental cham-
ber in order to eliminate the possible contribution of 
integral L-type voltage-gated calcium channels to the 
inward current. 

thapsigargin (1 µM) was added to the extracellular 
solution to activate store-operated currents; the solu-
tion was supplied to the object by perfusion of the ex-
perimental chamber. the solution replacement time in 
the chamber was less than 1 s.

Calculation
calculations of electrophysiological data and lineariza-
tion of the current-voltage characteristics were per-
formed using the OriginPro 8.0 software package.

RESULTS AND DISCUSSION
to simulate HD, SK-n-SH human neuroblastoma cells 
were infected with a lentivirus containing the construct 

Fig. 1. Effect of the lentiviral expression of Htt138Q-1exon on the level of store-operated calcium currents in SK-N-SH 
cells. A – the average I-V curves of currents evoked by passive depletion of calcium stores by 1 mM Thapsigargin in SK-
N-SH cells expressing the Htt138Q-1exon (black line), control SK-N-SH cells expressing the control empty vector (red 
line). I-V curves were recorded after full development of the store-operated currents. Each trace is an average based 
on the number of experiments as indicated in (b). B – The average amplitude of store-operated currents in control SK-
N-SH cells (red filling) and in SK-N-SH transfected with full-length Htt138Q (blue filling) or infected with Htt138Q-1exon 
(black filling). For all groups of cells, the amplitude was determined at a potential of –80 mV and plotted as a mean ± 
SE (n = number of experiments). p < 0.05
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encoding the product of the first exon of the huntingtin 
gene with a polyglutamine tract consisting of 138 glu-
tamine residues (Htt138Q-1exon). 

thapsigargin is an irreversible blocker of all Ser-
cA (sarco/endoplasmic reticulum ca

2
+-AtPase) iso-

forms that operate in the membranes of the endoplas-
mic reticulum (er) as calcium pumps and control the 
pumping of calcium ions from the cytosol into the er 
lumen. thapsigargin (1 mM) was added to the solution 
to activate store-operated calcium channels. the re-
corded current can only be attributed to the operation 
of store-operated channels, since application of thapsi-
gargin leads to passive depletion of the stores and does 
not affect other cellular signaling pathways.

the analysis of electrophysiological experiments 
with the patch clamp technique in the whole-cell con-
figuration, in response to the application of thapsi-
gargin (1 mM), demonstrated that store-operated entry 
of calcium was significantly higher in cells expressing 
the first exon of mutant huntingtin than in the control 
cells (ctrl) expressing the empty control vector (Fig. 
1A). the amplitude of thapsigargin-induced currents 
in Htt138Q-1exon cells was 2.86 ± 0.24 pA/pF, whereas 
the amplitude of the same currents in the control cells 
was only 0.44 ± 0.07 pA/pF.

Based on a comparison with the data obtained ear-
lier for SK-n-SH cells expressing full-length mutant 
huntingtin [13, 14], we could conclude that the expres-
sion of the full-length Htt138Q protein and the product 
of the first Htt138Q-1exon exon have almost the same 
effect on the level of store-operated calcium entry in 
SK-n-SH cells (Fig. 1B). the amplitude of store-oper-
ated calcium entry was 2.86 ± 0.24 pA/pF in SK-n-SH 
cells expressing the n-terminal fragment of pathogenic 
huntingtin; the amplitude for the expression of full-
length pathogenic huntingtin was 2.30 ± 0.40 pA/pF 
(Fig. 1B). the difference in the amplitudes of store-op-
erated calcium entry for various HD models on SK-n-
SH cells was statistically insignificant (p < 0.05).

thus, we have shown that the expression of the 
n-terminal fragment of mutant huntingtin in SK-n-
SH cells is an adequate model for investigating the im-
pairment of store-operated calcium channels in HD. 

Another objective of this study was to investigate 
the role of the StIM1 protein in the activation of 
store-operated calcium channels in the lentiviral mod-
el of HD. 

StIM1 is an integral membrane protein of er and 
the plasma membrane (PM) with a single transmem-
brane domain. It is believed that StIM1 is mainly local-
ized in the er membranes, and only about 15–25% of 
StIM1 is localized on the PM of the cells [18].

In the cells, StIM1 acts as a calcium sensor in the lu-
menal space of the er and an activator of the store-op-

erated channels of PM [18]. normally, when the intra-
cellular calcium stores are filled, the StIM1 protein is 
localized in the er membrane in a non-oligomerized 
state. calcium store depletion causes a number of 
conformational changes resulting in the clustering of 
StIM1 and its transport to the puncta region, adjacent 
to the PM [18]. the presence of the proline-rich domain 
in the c-terminal region of the StIM1 protein suggests 
the possibility of protein–protein interactions between 
individual StIM1 molecules, as well as interaction with 
other proteins. Moreover, the localization of StIM1 in 
er membranes located in close proximity to the PM 
enables direct interaction between StIM1 in the er 
membrane proteins with the proteins of PM.

Various channel-forming proteins and the plasmatic 
pools of StIM1 proteins are among the proteins that 
interact with the endoplasmic StIM1. It was shown 
that StIM1 interacts with the proteins responsible for 
store-operated calcium entry into different types of 
cells: trPc proteins [19] and the Orai1 protein [20]. 

expression of StIM1 in Htt138Q-1exon cells was 
suppressed by small interfering rnA. the effective-
ness of the suppression was confirmed by immunoblot-
ting (Fig. 2D).

the results of electrophysiological experiments 
demonstrated that suppression of StIM1 leads 
to a marked decrease in the amplitude of thapsi-
gargin-induced currents from 2.86 ± 0.24 pA/pF 
in Htt138Q-1exon cells to 0.91 ± 0.07 pA/pF in Ht-
t138Q-1exon StIM1(–) cells (Fig. 2A, B, C). thus, we 
can conclude that the StIM1protein is a key element in 
the activation of the store-operated calcium response in 
Htt138Q-1exon cells.

the reversal potential of the average current 
through the store-operated channels in Htt138Q-1ex-
on StIM1(–) cells was not different from that in Ht-
t138Q-1exon cells (Fig. 2B). However, the plotting of 
the current-voltage characteristics (I-V curves) of 
separate experiments on the same graph demonstrat-
ed that store-operated currents in Htt138Q-1exon 
StIM1(–) cells have a wide range of different rever-
sal potentials, indicating the different selectivity of the 
channels that mediate the store-operated current (Fig. 
3A). A detailed analysis of the individual I-V curves of 
registered store-operated currents in Htt138Q-1exon 
StIM1(–) cells and their linearization showed that the 
reversal potentials of these currents can be divided into 
three different groups (Fig. 3B, C). Some I-V curves 
had low reversal potentials (less than 5 mV), while 
the second group had mid-level reversal potentials of 
about 20 mV, and finally, the third group had high re-
versal potentials (more than 35 mV). thus, it becomes 
clear that more than one type of store-operated chan-
nels with different selectivities for ca2+ are involved 
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Fig. 2. Effect of STIM1 suppression on the store-operated calcium currents in SK-N-SH Htt138Q-1exon cells. A – the am-
plitude of store-operated currents recorded in whole-cell experiments is shown as a function of time after the application 
of 1 mM thapsigargin to Htt138Q-1exon cells transfected with the control GFP protein (Htt138Q-1exon) (black circles) 
or transfected with GFP and siRNA against STIM1 (Htt138Q-1exon STIM1(–)) (red squares). The amplitude of the cur-
rents for all groups of cells was measured every 10 s at a potential of –80 mV. Data from representative experiments are 
shown. B – the average I-V curves of currents evoked by passive depletion of calcium stores with 1 mM thapsigargin in 
Htt138Q-1exon cells transfected with the control GFP protein (Htt138Q-1exon) (black trace) or transfected with GFP 
and siRNA against STIM1 (Htt138Q-1exon STIM1(–)) (red trace). I-V curves were recorded after full development of 
the store-operated currents. Each trace is an average based on a number of experiments as indicated in (c). C – the 
average amplitude of store-operated currents in Htt138Q-1exon cells transfected with the control GFP protein (Ht-
t138Q-1exon) (black filling) or transfected with GFP and siRNA against STIM1 (Htt138Q-1exon STIM1(–)) (red filling). 
For all groups of cells, the amplitude was determined at potential –80 mV and plotted as mean ± SE (n = number of 
experiments). p < 0.05. D – Western blot showing the levels of STIM1 expression in SK-N-SH Htt138Q-1exon cells 
transfected with the control GFP protein or transfected with GFP and siRNA against STIM1
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in the store-operated calcium entry in Htt138Q-1exon 
StIM1(–) cells. the amplitudes of the currents with 
high, medium, and low reversal potentials were simi-
lar to each other at a potential of –80 mV (Fig. 3B) and 
were 0.88 ± 0.20, 0.87 ± 0.17 and 1.00 ± 0.28 pA/pF, re-
spectively.

One hypothesis that explains these observations 
may be the assumption that there are two different 
types of channels in Htt138Q-1exon cells which are 
controlled by the store-operated mechanism and have 
similar amplitudes at a potential of –80 mV but differ-
ent selectivities. In this case, when thapsigargin-in-
duced currents are activated in Htt138Q-1exon cells, 
the I-V curves of integral currents are a superposi-
tion of two types of activated store-operated channels 
(Fig. 2B). As long as there is enough of the StIM1 pro-
tein responsible for the activation of store-operated 
entry in Htt138Q-1exon cells, the channels differing 
in their selectivity are activated to the same extent, 
producing averaged I-V curves with a reversal po-
tential somewhere between the reversal potentials of 
each channel (Fig. 2B, 4A). When the StIM1 protein 
in Htt138Q-1exon StIM1(–) cells is suppressed, the 
equilibrium can be shifted toward the predominant 

Fig. 3. Store-operated calcium currents in SK-N-SH Htt138Q-1exon cells with suppression of the STIM1 protein. A – 
the non-averaged I-V curves of currents evoked by the passive depletion of calcium stores with 1 mM thapsigargin in 
Htt138Q-1exon cells transfected with the control GFP protein and siRNA against STIM1. I-V curves were recorded after 
full development of the store-operated currents. (each colored line represents an independent experiment) B – the 
fragments of linear fit of I-V curves from the (A) panel with a low (red lines), medium (black lines), and high (blue lines) 
reversal potential. C – the average I-V curves of currents evoked by the passive depletion of calcium stores with 1 
mM thapsigargin in Htt138Q-1exon STIM1(–) cells with a low (red trace), medium (black trace), and high (blue trace) 
reversal potential. I-V curves were recorded after full development of the store-operated currents
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activation of store-operated channels with a high (Fig. 
4B) or low (Fig. 4C) reversal potential due to the lack 
of StIM1. Another possibility is the activation of an 
equal number of channels with different reversal po-
tentials even when there is a lack of StIM1 (Fig. 4D), 
which can explain the experiments performed on Ht-
t138Q-1exon StIM1(–) cells, when average values of 
the reversal potential were observed.

this is only one possible explanation, and the actual 
chain of events could be much more complicated. For 
example, store-operated currents in Htt138Q-1ex-
on cells may represent a superposition of not two, but 
three or more, channels. In particular, we demonstrat-
ed in previously published studies the existence of four 
types of channels with completely different biophysical 
properties, which can be activated by store-operated 
mechanisms in human embryonic kidney epithelium 
cells (HeK293 cell line) [21]. Similar results were ob-
tained for A431 human epidermoid carcinoma cells 
[22–24].

CONCLUSIONS
thus, we have demonstrated that the expression of 
the n-terminal fragment of mutant huntingtin can 
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Fig. 4. Possible pathway of activation of the store-operated calcium channels with different reversal potentials in SK-
N-SH Htt138Q-1exon STIM1 (-) cells. In this scheme, it is shown that activation of all types of store-operated channels 
could be observed under conditions of a large quantity of the STIM1 protein, resulting in average I-V curves of these 
currents with a medium reversal potential (A). Suppression of the STIM1 protein could lead to preferential activation of 
one type of store-operated channels with a high (b) or low (c) reversal potential. It also could lead to activation of an 
equal quantity of both channels with low and high reversal potentials (d). Channels with a high reversal potential are 
represented by blue ovals and a blue line on the plot. Channels with a low reversal potential are represented by red 
rectangles and a red line on the plot. Activation of both channel types is shown as black lines on the plots. Reversal 
potentials are shown by dotted lines of the corresponding colors
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effectively simulate the earlier described changes in 
store-operated calcium entry in human neuroblas-
toma cells. We have also found that the activation of 
store-operated calcium channels in SK-n-SH cells 
requires the presence of a calcium sensor; the StIM1 
protein. Furthermore, we established that store-oper-
ated calcium entry in SK-n-SH cells simulating DH is 
controlled by at least two different types of channels.  

This work was supported by the Russian Science 
Foundation (grant № 14-14-00720 (V.V., J.K., 

M.R., E.K.), grants of the Russian Foundation for Basic 
Research, the program of the Presidium of the Russian 

Academy of Science Molecular and Cellular Biology, 
a grant from Era.NetRUS, and a scholarship of the 

President of the Russian Federation.



RESEARCH ARTICLES

  VOL. 6  № 4 (23)  2014  | ActA nAturAe | 47

reFerenceS
1. Graham S., Yuan J.P., Ma r. // exp Biol Med (Maywood). 

2012. V. 237 № 2 P. 111–118.
2. Pieri M., caioli S., canu n., Mercuri n.B., Guatteo e., Zona 

c. // exp. neurol. 2012. V. 247. P. 349–358.
3. Wojda u., Salinska e., Kuznicki J. // IuBMB Life. 2008. 

V. 60. № 9. P. 575–590.
4. Bezprozvanny I. // trends Mol Med. 2009. V. 15. № 3. 

P. 89–100.
5. Vonsattel J.P., Myers r.H., Stevens t.J., Ferrante r.J., Bird 

e.D., richardson e.P. Jr. // J. neuropathol. exp. neurol. 
1985. V. 44. № 6. P. 559–577.

6. Harjes P., Wanker e.e. // trends Biochem Sci. 2003. V. 28. 
№ 8. P. 425–433.

7. tang t.S., tu H., chan e.Y., Maximov A., Wang Z., Wel-
lington c.L., Hayden M.r., Bezprozvanny I. // neuron. 
2003. V. 39. № 2. 227–239.

8. Zeron M.M., Hansson O., chen n., Wellington c.L., Leavitt 
B.r., Brundin P., Hayden M.r., raymond L.A // neuron. 
2002. V. 33. № 6. P. 849–860.

9. Kaltenbach L.S., romero e., Becklin r.r., chettier r., Bell 
r., Phansalkar A., Strand A., torcassi c., Savage J., Hurl-
burt A., et al. // PLOS Genet. 2007. V. 3. № 5. e82.

10. Bossy-Wetzel e, Petrilli A, Knott A.B. // trends neuros-
ci. 2008. V. 31. № 12. P. 609–616.

11. Panov A.V., Gutekunst c.A., Leavitt B.r., Hayden M.r., 
Burke J.r., Strittmatter W.J., Greenamyre J.t. // nat. neu-
rosci. 2002. V. 5. № 8. P. 731–736.

12. Vosler P.S., Brennan c.S., chen J. // Mol neurobiol. 2008. 
V. 38. № 1. P. 78–100.

13. Glushankova L.n., Zimina O.A., Vigont V.A., Mozhaeva 
G.n., Bezprozvanny I.B., Kaznacheeva e.V. // Dokl Biol Sci. 
2010. V. 433. P. 293–295.

14. Wu J., Shih H-P., Vigont V., Hrdlicka L., Diggins L., Singh 
c., Mahoney M., chesworth r., Shapiro G., Ahlijanian M., 
et al. // chemistry and Biology. 2011. V.18. №6. P. 777–793.

15. Davies S.W., turmaine M., cozens B.A., DiFiglia M., 
Sharp A.H., ross c.A., Scherzinger e., Wanker e.e., Man-
giarini L., Bates G.P. // cell. 1997. V. 90. № 3. P. 537–548.

16. DiFiglia M., Sapp e., chase K.O., Davies S.W., Bates G.P., 
Vonsattel J.P., Aronin n. // Science. 1997. V. 277. № 5334. 
P. 1990–1993.

17. Hamill O.P., Sakmann B. // nature. 1981. V. 294. № 5840. 
P. 462–464.

18. Dziadek M.A., Johnstone L.S. // cell calcium. 2007. V. 42. 
№ 2. 123–132.

19. Yuan J.P., Zeng W., Huang G.n., Worley P.F., Muallem S. 
// nat cell Biol. 2007. V. 9. № 6. P. 636–645.

20. Peinelt c., Vig M., Koomoa D.L., Beck A., nadler M.J., 
Koblan-Huberson M., Lis A., Fleig A., Penner r., Kinet J.P. 
// nat cell Biol. 2006. V. 8. № 7. P. 771–773.

21. Bugaj V., Alexeenko V., Zubov A., Glushankova L., 
nikolaev A., Wang Z., Kaznacheyeva e., Bezprozvan-
ny I., Mozhayeva G.n. // J Biol chem. 2005. V. 280. № 17. 
P. 16790–16797.

22. Kaznacheyeva e., Glushankova L., Bugaj V., Zimina 
O., Skopin A., Alexeenko V., tsiokas L., Bezprozvanny 
I., Mozhayeva G.n. // J Biol chem. 2007. V. 282. № 32. 
P. 23655–23562.

23. Gusev K., Glouchankova L., Zubov A., Kaznacheyeva e., 
Wang Z., Bezprozvanny I., Mozhayeva G.n. // J Gen Physi-
ol. 2003. V. 122. № 1. P. 81-94.

24. Kaznacheyeva e., Zubov A., Gusev K., Bezprozvanny I., 
Mozhayeva G.n. // Proc natl Acad Sci u S A. 2001. V. 98. 
№ 1. P. 148–153.



48 | ActA nAturAe |   VOL. 6  № 4 (23)  2014

RESEARCH ARTICLES

Specific Visualization of Tumor Cells Using 
Upconversion Nanophosphors

E. A. Grebenik1*, A. N. Generalova1, A. V. Nechaev2, E.V. Khaydukov3, K. E. Mironova1, 
O. A. Stremovskiy1, E.N. Lebedenko1, A. V. Zvyagin1,4,5, S. M. Deyev1,4

1Shemyakin/Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Miklukho-
Maklaya Str., 16/10, Moscow, 117997, Russia
2Lomonosov Moscow State University, GSP-1, Leninskie Gory, Moscow, 119991, Russia
3Institute of Laser and Information Technologies, Russian Academy of Sciences, Pionerskaya Str., 2, 
Troitsk, 142190, Russia
4 Lobachevsky Nizhniy Novgorod State University, Gagarina Prospekt, 23, Nizhniy Novgorod, 
603950, Russia
5Department of Physics and Astronomy, Macquarie University, Sydney, NSW 2109, Australia
*Е-mail: katya.ivukina@rambler.ru
Copyright © 2014 Park-media, Ltd. This is an open access article distributed under the Creative Commons Attribution License,which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT The development of targeted constructs on the basis of photoluminescent nanoparticles with a high 
photo- and chemical stability and absorption/emission spectra in the “transparency window” of biological 
tissues is an important focus area of present-day medical diagnostics. In this work, a targeted two-component 
construct on the basis of upconversion nanophosphors (UCNPs) and anti-tumor 4D5 scFv was developed for 
selective labeling of tumor cells overexpressing the HER2 tumor marker characteristic of a number of human 
malignant tumors. A high affinity barnase : barstar (Bn : Bs) protein pair, which exhibits high stability in a wide 
range of pH and temperatures, was exploited as a molecular adapter providing self-assembly of the two-com-
ponent construct. High selectivity for the binding of the two-component 4D5 scFv-Bn : UCNP-Bs construct to 
human breast adenocarcinoma SK-BR-3 cells overexpressing HER2 was demonstrated. This approach provides 
an opportunity to produce similar constructs for the visualization of different specific markers in pathogenic 
tissues, including malignant tumors.
kEyWORDS upconversion nanophosphors; biomarker imaging; anti-tumor antibodies; self-assembly; HER2.
ABBREVIATIONS EDC – 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; HER2 – human epidermal growth 
factor receptor 2; PBS – phosphate buffered saline; scFv – single chain variable antibody fragment; sulfo-NHS – 
N-hydroxysulfosuccinimide; Bn – barnase; Bs – barstar; BSA – bovine serum albumin; UCNPs – upconversion 
nanophosphors; PAAG – polyacrylamide gel; PMAO – poly(maleic anhydride-alt-1-octadecene) amphiphilic 
polymer; TEM – transmission electron microscopy.

INTRODUCTION
the use of modular constructs based on immunoglobu-
lin superfamily proteins for targeted drug delivery and 
diagnosis is the current trend in molecular medicine re-
ferred to as theranostics [1–3]. In this case, special inter-
est is generated by the problem of developing targeted 
constructs based on photoluminescent nanoparticles 
that have targeting modules that ensure their delivery 
to the target cells [4]. this approach enables the devel-
opment of fundamentally new, highly efficient tech-
niques for personalized optical diagnosis. these con-
structs, which accumulate in target cells, can contrast 
these cells against a background of healthy tissues due 
to photoluminescent response to excitation by light of 
a certain wavelength. In particular, the use of photolu-
minescent constructs capable of targeted binding to an 
appropriate cell cancer marker provides the most sensi-
tive and noninvasive early diagnosis method for  cancer.

cell cancer markers such as the protein of the fam-
ily of human epidermal growth factor receptors Her2 
are abundant in tumor tissues, where they serve as ef-
fective targets for the detection and therapy of cancer. 
Her2 is overexpressed in many tumors, including tu-
mors of the ovarian, uterine cervix, urinary bladder, 
rectum, stomach, esophagus, and breast, and the level 
of its expression is often correlated with poor prognosis 
and increased resistance to chemotherapy [5]. conse-
quently, the development of Her2-targeted photolu-
minescent constructs is one of the most promising ap-
proaches in the early-molecular diagnosis of cancer. 
targeted delivery is provided by the use of a targeting 
module of protein nature, which is part of the construct. 
As the Her2-targeted module, a full-length humanized 
monoclonal antibody, 4D5, was used. It is widely utilized 
in clinical practice under the trade name Herceptin® 
[6]. the antibody was attached to a nanoparticle using 
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a variety of crosslinking agents or simple physical ad-
sorption. In this study, a genetic engineering fragment 
of the antibody 4D5 scFv is used as a targeting module 
that is a single polypeptide chain in which the variable 
domains of light and heavy immunoglobulin chains are 
connected by short flexible linkers, and the constant 
domains are lacking [7]. the 4D5 scFv fragment, as the 
targeting module, attracts attention because it is also 
capable of effectively recognizing Her2 [8–10], but, 
unlike full length antibodies, it does not provide inter-
action with the receptors of immune system cells and 
complement system proteins [11].

to develop the targeted constructs, the principle of 
self-assembly through the system of barstar : barnase 
(Bs : Bn) protein adapters was suggested. It enables 
the combination of individual modules with different 
functionalities and the generation of constructs with a 
predetermined set of properties [12–15]. Bacterial ribo-
nuclease Bn and its natural inhibitor Bs form a strong 
complex with a dissociation constant of ~ 10-14 M [16] and 
high individual stability in a wide range of pH and tem-
peratures [17]. Furthermore, the feature of these pro-
teins is their biotechnological producibility, and their use 
allows one to improve the properties of the targeted con-
structs. For example, Bn as a part of genetically encoded 
fusion proteins acts in some cases as an intramolecular 
chaperone providing correct folding of the composite do-
mains comprising the targeting modules [18].

upconversion nanophosphors (ucnPs) are inorganic 
photoluminescent nanoparticles whose photolumines-
cence is based on upconversion, which is the process 
of converting several photons of lower energy (longer 
wavelength) into a single photon with a higher ener-
gy (shorter wavelength). ucnPs are highly efficient 
contrasting agents with unique photoluminescence 
properties; they have a whole number of advantages 
compared to the fluorescent proteins and organic dyes 
traditionally used for optical diagnosis. these include 
their exceptional resistance to photodegradation and 
chemical degradation, excitation with wavelengths 
(typically 980 nm) falling into the “transparency win-
dow” of biological tissue, and long-term photolumi-
nescence shifted to the shorter wavelengths, includ-
ing visible and far-red light [19]. Moreover, long-term 
photoluminescence provides the possibility of delayed 
signal detection, which makes possible the elimination 
of tissue autofluorescence and the achievement of a 
significant increase in the image contrast at the indi-
vidual nanoparticle level in a biological environment.

ucnP-based targeted constructs were used in a 
number of studies devoted to the visualization of cell 
and tissue structures [20], including cancer cells with 
Her2 overexpression. targeting of ucnPs at Her2 by 
means of full-length antibodies attached to them was 

described in [21, 22]. In this paper, we offer a new ap-
proach to the development of targeted constructs on the 
basis of ucnP and 4D5 scFv specific to the Her tumor 
marker, by means of self-assembly through the system 
of Bs : Bn molecular adapters.

EXPERIMENTAL

Synthesis of UCNP
Hydrophobic ucnPs in the form of naYF4

 crystals 
doped with Yb

3
+ and er

3
+ and bearing a surface oleate 

anion were synthesized by the method described in [23]. 
crystals of programmable size were grown from a solu-
tion of sodium salts and oleic acid in an oxygen-free at-
mosphere. A mixture of Y

2
O

3
 (0.78 mM), Yb

2
O

3
 (0.2 mM), 

and er
2
O

3
 (0.02 mM) was refluxed in 70% trifluoroacetic 

acid (20 mL) for 6 h. the clear solution was then cooled to 
room temperature, and the solvent was evaporated. the 
resulting precipitate was dried under 0.1 mmHg vacu-
um for 3 h and triturated carefully in an agate mortar 
to a homogeneous state. this powder was mixed with 
sodium trifluoroacetate (2 mM), oleic acid (6 mL), and 
1-octadecene (6 mL) at 100 °c in vacuum for 30 min.

the degased and dehydrated mixture was gradually 
heated to 290 °c at arate of 6 °c/min and held at this 
temperature for 45 min under argon. the temperature 
was then raised to 310 °c for 70 min. In the next step, 
the solution was cooled, suspended in isopropanol (130 
mL), and centrifuged at 6,000 rpm for 30 min (Z206A 
centrifuge, Hermle, Germany). the resulting particles 
were washed four times in absolute ethanol and dried. 
the particles were then dissolved in chloroform (10 
mL), precipitated with isopropanol (50 mL), and centri-
fuged twice at 4,000 rpm for 10 min. the desired prod-
uct was dried at room temperature.

Preparation and characterization of proteins
the recombinant 4D5 scFv-Bn protein consisting of Bn 
and 4D5 scFv connected by a flexible peptide linker was 
produced as previously described [7], with slight mod-
ifications. Escherichia coli cells of the SB536 strain [F-, 
WG1, ΔfhuA (ton Δ), ΔhhoAB (SacII), shh] were trans-
formed with the pSD4D5BnHis5 plasmid bearing the 
gene encoding the 4D5 scFv-Bn protein under the con-
trol of the lac-promoter and with the Bs gene, whose 
constitutive synthesis protects bacterial cells from the 
cytotoxic effect of Bn [24]. transformants were grown 
in a nutrient YtPS broth (1% yeast extract, 1% tryptone, 
150 mM nacl, 40 mM K2

HPO
4
, 10 mM KH

2
PO

4
, 2 mM 

Mgcl
2
, 0.1 g/L ampicillin, pH 7.5) at 37 °c until the opti-

cal density 0.6 at 560 nm; then, β-D-1-thiogalactopyra-
noside (1 mM) was added to induce the lac-promoter 
and transformants were incubated for more 5 h. the re-
sulting biomass was collected by centrifugation (Allegra 
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21r centrifuge, Beckman coulter, uSA) and sonicat-
ed on ice in a lysis buffer with 5 mM tris-Hcl, 40 mM 
K

2
HPO

4
, and 500 mM nacl, pH 8.2. the resulting extract 

was clarified by centrifugation and filtration through a 
membrane filter with a pore size of 0.22 µm and load-
ed onto the 1 mL Hitrap column with an affinity sorb-
ent, ni-nitrilotriacetic acid (ni-ntA), (Ge Healthcare 
Worldwide, uSA). to free the target 4D5 scFv-Bn pro-
tein from the Bs inhibitor, the column was washed with 
8 M urea, followed by refolding of 4D5 scFv-Bn with a 
linear urea gradient of 8–0 M. the target protein was 
eluted with 225 mM imidazole, transferred into a phos-
phate buffer (20 mM nacl, 6.5 mM naH

2
PO

4
, 41 mM 

na
2
HPO

4
, pH 6.5) on the desalting PD-10 column (Ge 

Healthcare Worldwide, uSA), and subjected to final pu-
rification on the 1 mL Hitrap SP-Sepharose Fast Flow 
cation exchange column (Ge Healthcare Worldwide, 
uSA) that was eluted with a nacl gradient; fractions 
were analyzed by electrophoresis in a 12.5% PAAG. Ac-
cording to the electrophoretic analysis in a 12.5% PAAG, 
the fraction of the target 4D5 scFv-Bn protein was elut-
ed in 275 mM nacl.

the cysteine-free Bs (C40/82A) barstar mutant was 
isolated from E. coli cells of the HB101 strain [F- Δ (gpt-
proA)62 leu B6 glnV44 ara-14 galK2 lacY1Δ(mcrC-mrr) 
rpsL20 (Strr) xyl-5 mtl-1 recA13] bearing the pMt641 
plasmid [7]. the bacterial culture was grown in a YtPS 
broth to the stationary phase, and the cells were sepa-
rated by centrifugation and re-suspended in a cold lysis 
buffer of the following composition: 0.05 M tris-Hcl, 
0.1 M nacl, 10 mM eDtA, 10 mM dithiothreitol, pH 8.0. 
the cells were disrupted by sonication on ice (30% sat-
uration with (nH

4
)

2
SO

4
), then nucleic acids were pre-

cipitated with polyethyleneimine. Proteins were pre-
cipitated from the resulting cell extract by adjusting 
the ammonium sulfate concentration to 70% saturation. 
the protein precipitate was dissolved in a buffer (0.1 M 
tris-Hcl, 10 mM eDtA, 10 mM dithiothreitol, pH 8.0) 
and size-fractionated on the Sephadex G-100 Super-
Fine (c16/100) column equilibrated with a buffer: 0.02 
M tris-Hcl, 0.02 M nacl, 2 mM eDtA, 2 mM dithioth-
reitol, 0.05% tween-20, pH 8.0. Final purification of Bs 
was performed on the 1mL Hitrap Q-Sepharose Fast 
Flow anion exchange column (Ge Healthcare World-
wide, uSA) equilibrated with a buffer: 0.2 M tris-Hcl, 
2 mM dithiothreitol, 10% glycerol, pH 8.0. the target 
protein was eluted with a nacl gradient; the fractions 
were analyzed by electrophoresis in 17% PAAG.

Ribonuclease activity of the recombinant 
4D5 scFv-Bn protein
the ribonuclease activity of the recombinant 4D5 scFv-
Bn protein was determined by the acid-insoluble rnA 
precipitate method [25]. 40 µL of the analyzed protein 

solution with a concentration of 30 to 0.015 nM in a 0.125 
M tris-Hcl buffer, p H 8.5, was mixed with 160 µL of a 
yeast rnA solution (2 mg/mL) and incubated at 37 °c 
for 15 min. the rnAse reaction was quenched with 6% 
HclO3

 (200 µL), and the mixture was kept at 2 °c for 15 
min. unreacted rnA was separated by centrifugation. 
the concentration of the released nucleotides, which was 
directly proportional to the rnAse activity of the studied 
protein, was determined by optical absorption (OD

260
).

to assess the binding of the Bs : Bn pair, different 
Bs dilutions were added to the Bn solution at a known 
concentration and rnAse activity was measured as de-
scribed above. In the latter case, the Bs concentration 
was inversely proportional to OD

260
.

Affinity of the 4D5 scFv-HER2/neu 
protein to the HER2 receptor
Affinity of the 4D5 scFv-Her2/neu protein to the Her2 
receptor was assessed using polyclonal rabbit anti-hu-
man IgG antibodies. the p185Her2-eSD antigen (a recom-
binant protein that is an extracellular domain of the 
Her2 receptor) in a buffer (0.1 M na

2
cO

3
, 0.1 M naH-

cO
3
, pH 9.2) was added into polystyrene flat bottom 96-

well plates in the amount of 8 and 16 ng/well. After ad-
sorption of the antigen for 1 h, the plates were washed 
with PBS and the unsaturated surface binding sites 
were blocked with a 5% solution of milk powder (tes-
co, uK) in PBS, pH 7.4. the 4D5 scFv-Bn protein solu-
tion in PBS with 0.1% tween-20 at different concentra-
tions, beginning with 5 nM, was added to the wells and 
incubated for 1 h on a shaker, then washed. to detect 
the immobilized 4D5 scFv-Bn protein, the plates were 
treated with polyclonal rabbit anti-human IgG antibod-
ies, followed by goat anti-rabbit IgG antibodies conju-
gated to horseradish peroxidase with washes between 
stages. For colorimetric measurement, the wells were 
added with 0.04% 1,2-diaminobenzene (Sigma-Aldrich, 
Germany) with 0.06% H

2
O

2
 in a citrate buffer (7.3 g/L 

citric acid, 11.86 g/L na
2
HPO

4
∙2H

2
O, pH 5). the reaction 

was stopped by adding 50 µL of 2 M H
2
SO

4
, and OD

450
 

was measured, and on a tablet spectrophotometer (Stat-
Fax-2100, Awareness technology, uSA). the affinity 
constant, K

a
, was calculated as described in [26], taking 

into account the monovalency of the studied mini-anti-
body according to the following equation:

                     K
a
 = (n – 1)/n[Ab’]

t
 – [Ab]

t
, (1)

where [Ab’]
t
 and [Ab]

t
 are total concentrations of the 

mini-antibody in wells with the values OD
450

’ and OD
450

 
treated with the antigen at concentrations of [Ag’] 
(8 ng) and [Ag] (16 ng), respectively, 

                                     n = [Ag]
t
/[Ag’]

t
. (2)
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Fig. 1. Transmission electron microscopy imaging of UC-
NP-PMAO 

200 nm

Preparation of UCNP bioconjugates
ucnPs synthesized as described above were coated 
with an amphiphilic alternating copolymer of maleic 
anhydride and 1-octadecene (PMAO, Sigma-Aldrich, 
Germany) as described in [27] with minor modifica-
tions. to create a PMAO shell around the ucnP par-
ticles and to form cross links, 1,6-diaminohexane (Ser-
va, Germany) was added. to attach the biomolecules 
to ucnP, the surface carboxyl groups of the resulting 
PMAO shell were activated with an excess of cross-link-
ers, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (eDc) and n-hydroxysulfosuccinimide 
(sulfo-nHS) (Sigma-Aldrich, Germany), in a cold buffer 
with additional sonication. the resulting nanoparticles 
were then washed from the unreacted cross-linkers by 
centrifugation at 4 °c, re-suspended in a cold Bs protein 
solution, and incubated overnight for the attachment 
of Bs. unbound Bs molecules were washed out in three 
cycles of centrifugation/re-suspension. the resulting 
nanoparticles were stored in PBS.

Transmission Electron Microscopy (TEM)
ucnP and ucnP-PMAO were dissolved in n-hexane 
and water, respectively, sonicated, and laid on copper 
teM grids (300 mesh) coated with a 0.3% Pioloform® 
solution (Wacker Polymer Systems, Burghausen, Ger-
many). then the grids were dried at room temperature 
in a desiccator overnight and microscoped on a Philips 
cM10 teM device (Philips, the netherlands). the Im-
ageJ software was used to analyze the ucnP fractional 
composition.

Infrared Spectroscopy
Free PMAO was carefully triturated with KBr in a 
mortar and compressed to form tablets. PMAO-modi-
fied ucnPs were dried using a Savant SpeedVac con-
centrator (France), then they were triturated with KBr 
and compressed to form tablets. Ir spectra were re-
corded on a Varian 3100 spectrophotometer (uSA).

Detection of the UCNP-PMAO emission spectra
the ucnP-PMAO powder was placed in a sample 
holder and irradiated by a laser with a wavelength of 
978 nm through a multimodal optical fiber. An emission 
signal, passed through an emission filter with a band-
width to 842 nm (Semrock, uSA), was recorded in the 
transmitted light on a calibrated spectrophotometer 
(Ocean Optics, uSA).

Cell labeling
Human breast adenocarcinoma SK-Br-3 cells and 
chinese hamster ovary cHO-K1 cells (American type 
culture collection, uSA) were cultured in a rPMI-
1640 culture medium (Hyclone, uSA) supplemented 

with L-glutamine and 10% fetal bovine serum (Hy-
clone, uSA). the cells were seeded onto 8-well glass 
slides at a concentration of 3 × 104 cells/mL and cul-
tured at 37 °c in a cO

2
 incubator (5% cO

2
) for 24 h. the 

cells were inactivated by addition of 1% formaldehyde 
to prevent nonspecific internalization. to prevent non-
specific binding of the particles, the cover glasses were 
treated with 1% bovine serum albumin (BSA) (Bio-rad, 
uSA) in PBS for 1 h. then, to create cell-surface sites 
for specific binding of an imaging agent, Bs-ucnP, 
the recombinant 4D5 scFv-Bn protein solution in PBS 
containing 0.1% BSA and 0.1% tween-20 was laid on 
the glasses and incubated for 1 h. the cells were then 
washed with PBS and treated with a colloidal Bs-uc-
nP solution (100 µg/mL) for 20 min. this time was 
enough to complete the formation of 4D5 scFv-Bn : 
Bs-ucnP complexes due to the exceptionally high af-
finity constant of the Bs : Bn pair ~ K

d
 10-14 M.

the cells were then washed several times from un-
bound Bs-ucnP, fixed in a 4% formaldehyde solu-
tion in PBS, and covered with a cover glass. In order 
to demonstrate that binding of ucnP is not a result of 
the nonspecific 4D5 scFv-Bn protein adsorption on the 
glasses, cHO cells were used as a negative control.

Photoluminescence cell microscopy
Photoluminescence cell microscopy was performed on 
an Olympus IX70 epi-luminescence inverted micro-
scope (Japan) with excitation at 978 nm by a diode laser 
(LD980-01cW, cXcH-Photonics, china). to visualize 
the cells in visible light, a dry lens × 50, nA 0.45 (Olym-
pus, Japan) was used.

RESULTS AND DISCUSSION
Hydrophobic ucnPs in the form of naYF

4
 crystals 

doped with Yb
3

+ and er
3

+ and bearing oleate ani-
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Fig. 2. Structural diagram of 
the targeted UCNP-PMAO-
Bs : 4D5 scFv-Bn construct. 
UCNPs – upconversion na-
nophosphors, OA – oleate 
anion, PMAO – poly(maleic 
anhydride-alt-1-octade-
cene) amphiphilic polymer, 
Bs – barstar, Bn – barnase, 
4D5 scFv – variable fragment 
of anti-HER2-antibody 4D5

– UCNPs

– ОА

– PMAO

– Bs

– Bn

– 4D5scFv

Fig. 3. Photoluminescence microscopy imaging  
of SK-BR-3 cells overexpressing the HER2 tumor marker, 
and CHO cells (negative control) after treatment with 
UCNP-PMAO-Bs and 4D5 scFv-Bn

Bright-field image  Photoluminescence

С
H

O
-K

1 
SK

-B
R

-3

ons on their surface were synthesized by the method 
described previously [23]. In order to impart hydro-
philicity, the particles were further coated with the 
molecules of an alternating copolymer, poly(maleic 
anhydride-1-octadecene) (PMAO), interconnected by 
means of 1,6-diaminohexane (Serva, Germany). When 
the ucnP-PMAO particles are transferred from an 
organic solvent into water, the anhydride ring opens 
to form a carboxyl group exposed to the solution, 
which ensures the solubility of ucnP in water [27]. 
the ucnP-PMAO hydrodynamic diameter measured 
by dynamic light scattering was 130 ± 20 nm. Figure 
1 presents an image obtained by a transmission elec-
tron microscope of nanoparticles with the polymicellar 
PMAO structure on the ucnP surface. According to 
measurements using the calibrated integrating sphere, 
maximum efficiency of nanoparticle upconversion 
was achieved with a laser excitation power density of 
~ 60 W/cm2 and amounted to 1.2%.

evaluation of the potential of ucnPs as agents for 
the optical imaging of target cells was carried out in 
vitro using human breast adenocarcinoma SK-Br-3 
cells overexpressing the Her2 surface tumor marker. 
For this purpose, a targeted, two-component construct 
was developed that comprised contrasting and target-
ing modules capable of assembling by means of a sys-
tem of molecular Bs : Bn adapters, as shown in Figure 2. 
the contrasting module was produced by conjugation 
of mutant Bs c40/82A with carboxyl groups of ucnP-
PMAO using the crosslinking reagents 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride 
and n-hydroxysuccinimide. the resulting conjugates 
retained the non-aggregated state and photolumines-
cence parameters. the targeting module capable of 
highly efficient binding to the external domain of the 

Her2 receptor on the tumor cell surface was repre-
sented by the recombinant fusion 4D5 scFv-Bn protein 
described in [7]. It was produced by attachment of Bn 
to the c-terminal segment of the 4D5 scFv via a flex-
ible peptide linker. Both polypeptides were proven [7] 
to preserve their functional properties – the ability to 
specifically recognize the Her2 receptor (4D5 scFv) 
and the ability to bind Bs with high affinity (Bn).

Highly sensitive visualization of SK-Br-3 cells using 
the described two-component construct was realized 
via two-stage delivery. to recognize the Her2 recep-
tor, cells, grown on a scaffold and fixed with formal-
dehyde, were treated with the targeting 4D5 scFv-Bn 
module. then, for visualization purpose, the cells were 
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nanocrystals are capable of highly specific visualization of 
the cancer marker on tumor cells. these nanoconstructs 
can serve as promising carriers for the targeted delivery 
of a wide variety of cytotoxic and imaging agents, which 
creates new opportunities for a highly accurate molecular 
diagnosis and effective therapy of tumor diseases. An im-
portant advantage of the ucnP-based constructs [28] is 
the possibility of their detection deep in the living tissue, 
which determines their particular potential for personal-
ized optical diagnosis of malignant tumors.  
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added with a contrasting Bs-ucnP module that pro-
vided optical detection through binding to Bn, which 
was part of the 4D5 scFv-Bn module immobilized on 
Her2. After incubation, excess Bs-ucnP was removed 
by thorough washing of cells with a phosphate buffer. 
chinese hamster ovary cHO cells lacking Her2 were 
used as a negative control. Based on photoluminescence 
microscopy of SK-Br-3 and cHO cells treated sequen-
tially with the 4D5 scFv-Bn and Bs-ucnP modules, 
with the excitation of luminescence at 978 nm (Figure 
3), it was demonstrated that the produced two-com-
ponent 4D5 scFv-Bn : Bs-ucnP construct selectively 
binds to SK-Br-3 cells overexpressing the Her2 re-
ceptor and does not bind to control cHO cells lacking 
Her2. the total luminescence signal from the surface 
of tumor SK-Br-3 cells was 10 times higher than the 
signal from the surface of the control cHO cells.

CONCLUSION
the produced hybrid constructs consisting of targeting 
biopolymer molecules and inorganic photoluminescent 
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ABSTRACT Recombinant proteins represent a large sector of the biopharma market. Determination of the main 
elimination pathways raises the opportunities to significantly increase their half-lives in vivo. However, eval-
uation of biodegradation of pharmaceutical biopolymers performed in the course of pre-clinical studies is fre-
quently complicated. Noninvasive pharmacokinetic and biodistribution studies in living organism are possible 
using proteins conjugated with near-infrared dyes. In the present study we designed a highly efficient probe 
based on fluorescent dye self-quenching for monitoring of in vivo biodegradation of recombinant human buty-
rylcholinesterase. The maximum enhancement of integral fluorescence in response to degradation of an intra-
venously administered enzyme was observed 6 h after injection. Importantly, excessive butyrylcholinesterase 
labeling with fluorescent dye results in significant changes in the pharmacokinetic properties of the obtained 
conjugate. This fact must be taken into consideration during future pharmacokinetic studies using in vivo bio-
imaging.
kEyWORDS fluorescent probe, biodegradation, pharmacokinetics, in vivo bioimaging, self-quenching, 
butyrylcholinesterase, proteolysis.
ABBREVIATIONS SPECT – single-photon emission computed tomography; PET – positron emission tomogra-
phy; HIV – human immunodeficiency virus; rhBChE – tetrameric recombinant human butyrylcholinesterase; 
PRAD – proline-rich attachment domain; MMP – matrix metalloproteinase; sCy5 – Sulfo-Cyanine5; sCy7 – 
Sulfo-Cyanine7; Fmax – relative fluorescence intensity enhancement; Fenz – fluorescence intensity enhancement 
after proteolytic digestion; F0 – fluorescence intensity before proteolytic digestion; N – modification degree of 
pharmaceuticals; rhBChE-sCy7 ON – fluorescent rhBChE-sCy7 conjugate having no self-quenching effect; 
rhBChE-sCy7 OFF – nonfluorescent rhBChE-sCy7 conjugate having a quenching effect; BSA – bovine serum 
albumin; KLH – hemocyanin.

INTRODUCTION
Modern pharmacokinetics is a technology-intensive 
field that utilizes cutting-edge noninvasive approaches, 
such as single-photon emission computed tomography 
(SPect), positron emission tomography (Pet), and in 
vivo bioimaging not only for determining pharmacoki-

netic parameters but also for studying biodistribution 
and evaluating the accumulation profiles of pharma-
ceuticals [1]. Since recombinant protein-based pharma-
ceuticals are widely used in treatment of serious diseas-
es such as cancer [2, 3], autoimmune diseases [4], and 
blood disorders [5], it is extremely important to examine 
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their biodistribution and biodegradation during preclin-
ical studies. the new infrared fluorescent dyes with a 
high brightness allow working in the tissue transparen-
cy window (700–900 nm), are commercially available, 
safe, and efficient, which makes fluorescence bioimag-
ing one of the most widely used imaging techniques [6, 
7]. the imaging data can reveal pharmaceutical accu-
mulation compartment [8] and pharmacokinetic param-
eters of elimination [9]. the relationship between ac-
cumulation and biodegradation is especially crucial for 
the recombinant protein-based pharmaceuticals with 
specific activity. the knowledge about pharmaceutical 
biodegradation is also of great interest as it allows one to 
determine the main elimination routes.

the aim of this study was to design a probe that en-
ables determination of the main biodegradation com-
partments of a recombinant protein. recombinant 
human butyrylcholinesterase, a bioscavenger of or-
ganophosphorus agents, was used as an example of the 
protein-based biological antidote against nerve-agent 
poisoning [10, 11]. the approach employed is based on 
self-quenching of fluorophores [12]. the essence of this 
phenomenon is that fluorescence quenching is typi-
cal of fluorophore molecules characterized by a small 
Stokes’ shift (~20–30 nm) and situated at a distance of 
less than 10 nm from one another. Quenching effective-
ness depends, among other factors, on the aggregation 
tendency of fluorophore molecules due to their π-π and 
hydrophobic interactions [13]. thus, excessive modifica-
tion of a protein-based pharmaceutical with an infrared 
fluorophore having the self-quenching effect gives rise 
to a conjugate with “switched off” fluorescence, while 
its degradation and the formation of peptide products 
enhances the integral fluorescence. this approach is cur-
rently used for tumor imaging based on the presence of 
MMP activity or presence of specific or hyperexpressed 
receptors [14–18] and to detect the activity of proteo-
lytic antibodies against HIV surface protein, gp120 [19]. 
In this study, we proposed excessive labeling of recom-
binant butyrylcholinesterase to visualize the compart-
ments responsible for biodegradation and elimination of 
the pharmaceutical in vivo and to evaluate the param-
eters of enzyme biodistribution and biodegradation.

MATERIALS AND METHODS

Protein-based pharmaceuticals
tetrameric recombinant human butyrylcholinester-
ase (rhBche) was produced in cHO-K1 cells trans-
fected with a pFuSe PrAD-F2A-Bche construct, 
which results in simultaneous expression of the PrAD 
tetramerization peptide gene and the human buty-
rylchoninesterase gene. rhBche was purified by af-
finity chromatography on a procainamide-Sepharose 

XK10/50 column (Ge Healthcare, uSA) followed 
by ion exchange chromatography on a MonoQ 5/50 
column (Ge Healthcare, uSA). Polyacrylamide gel 
electrophoresis followed by coomassie staining and 
Karnovsky and roots’s staining to detect specific bu-
tyrylcholinesterase activity [20] showed 95% protein 
purity. commercially available KLH and BSA proteins 
were purchased from Sigma Aldrich.

Synthesis of pharmaceuticals based on 
fluorescently labeled proteins
the proteins were labeled with various nHS-activated 
fluorophores of the cyanine family: Sulfo-cyanine5 
(scy5) and Sulfo-cyanine7 (scy7) (Lumiprobe). the 
conjugation procedure was performed in 0.1 M naHcO3

 
in accordance with the manufacturer’s protocol. re-
action products were removed from the fluorescently 
labeled proteins by gel filtration chromatography on a 
Hitrap Desalting column (Ge Healthcare, uSA). the 
fluorescence of the pharmaceuticals was measured 
on a Varioscan Flash instrument (thermo Scientific). 
to determine the maximum relative fluorescence en-
hancement, the protein-based pharmaceuticals were 
subjected to proteolysis with a solution containing a 
protease mixture (1 mg/ml proteinase K (Fermentas) 
and 2 mg/ml subtilisin carlsberg) in phosphate buff-
ered saline pH 7.4 at 37оc for 4 h. the completeness of 
proteolysis was monitored fluorimetrically according 
to saturation attainment on the fluorescence intensity 
(rFu) vs. time curve. the relative fluorescence en-
hancement (F

max
) was calculated as the ratio between 

the difference of fluorescence intensity after proteo-
lytic digestion (F

enz
) and fluorescence intensity before 

proteolytic digestion (F
0
): F

max
 = (F

enz
 - F

0
)/F

0
*100%. 

the modification degree of the samples (n), i.e., the 
number of fluorophore groups per protein molecule, 
was determined by the absorbance measurements of 
the solutions at 280 nm (e1%=18) and 760 nm; the mo-
lar extinction coefficient of scy7 was assumed to be 
240600 M−1cm−1.

Determination of the pharmacokinetic 
parameters of rhBChE-sCy7 conjugates
rhBche samples (without a fluorescent label, low-la-
beled rhBche-scy7 On and excessively conjugated 
rhBche-scy7 OFF) were intravenously injected at a 
dose of 200 µg/mouse into three groups of BALB/c 
mice with 6 animals per group to assess blood concen-
trations of rhBche conjugates. rhBche concentration 
in mouse blood serum was determined according to its 
activity using the ellman’s method [21]. the pharma-
cokinetic characteristics of rhBche samples were ob-
tained from fitting the serum rhBche vs time curve 
using the two-compartment model [10].
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In vivo imaging experiments
the biodistribution and the degradation pattern of 
rhBche were determined using rhBche-scy7 OFF and 
rhBche-scy7 On. the rhBche-sulfo-cyanine7 conju-
gates were intravenously injected into BALB/c mice at 
a dose of 500 µg/mouse. An In Vivo MS FX PrO small 
animal imaging system (Bruker) was used to visualize 
the distribution of Bche and its degradation products. 
the excitation (730 nm) and emission (790 nm) filters 
were used to detect the fluorescence of scy7.

RESULTS AND DISCUSSION
the application of excessively labeled protein fluores-
cence quenching with subsequent fluorescence en-
hancement via proteolytic degradation has been suc-
cessfully demonstrated in studies with a low level of 
proteolytic activity [22] or by analyzing low enzyme 
levels [23]. It is evident that fluorescein cannot be used 
as a source of analytical signal in in vivo studies, since 
organs and tissues provide a high background signal. 
to eliminate this disadvantage, we conjugated pro-
tein molecules to scy5 and scy7 dyes under various 
conditions. We also suggested that the use of red and 
near-infrared fluorophores results in more sensitive 
probes for proteolytic activity as fluorescence enhance-
ment would be more efficient. We used the conven-
tional substrate proteins utilized to analyze nonspecif-
ic proteolytic activity (bovine serum albumin (BSA)) 
and hemocyanin (KLH)) and butyrylcholinesterase—a 
pharmaceutical utilized as a biological antidote against 
nerve-agent poisoning. As a result, KLH-scy5, BSA-
scy5, rhBche-scy5, BSA-scy7, rhBche-scy7 On and 
rhBche-scy7 OFF specimens were obtained (table 1).

the conjugates were subjected to proteolysis to deter-
mine the fluorescence enhancement efficiency. All the 
fluorescent substrates exhibited high levels of maximum 
enhancement of fluorescence (Fmax

) (table 1), which ex-

ceeded those of the conventional BSA–FItc substrate. 
the rhBche-scy5 specimen showed the highest effi-
ciency (fluorescence increased over 700-fold).

the fluorescence of the rhBche-scy7 On specimen 
remained unchanged before and after proteolytic di-
gestion, while the fluorescence of the rhBche-scy7 
OFF specimen was significantly quenched and in-
creased 220-fold after proteolytic digestion. thus, the 
rhBche-scy7 OFF specimen can act as a probe to as-
sess the proteolytic degradation of rhBche in pharma-
cokinetic experiments. We analyzed several variants of 
excessively labeled butyrylcholinesterase to design a 
fluorescent probe with maximum efficiency. We relied 
on two selection criteria: relative fluorescence intensity 
enhancement and specific activity of the modified en-
zyme (Fig. 1). the variant with a modification degree 
n=32 was eventually chosen, since more than 70% of 
its specific activity was retained.

Fig. 1. Analysis of rhBChE-sCy7 conjugates with different 
modification degrees
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Table 1. Properties of the fluorescent dye labeled proteins used in the present study

conjugate N F
0
, rFu F

enz
, rFu F

max

BSA-FItc 
(Voss et al.)

25 - - 3450

KLH-scy5 380-750 6.25 1140 18100

BSA-scy5 6.7 2.37 1680 70800

rhBche-scy5 30 6.17 1750 28300

BSA-scy7 6.5 1.8 660 36500

rhBche-scy7 OFF 32 2.71 597 21900

rhBche-scy7 On 1 50 50.05 0.1

N – modification degree; F
0
 – fluorescence before proteolytic digestion; F

enz
 – fluorescence after proteolytic digestion.
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Pharmacokinetic studies of rhBChE-sCy7 
ON and rhBChE-sCy7 OFF specimens
Studying the pharmacokinetic parameters of the 
rhBche-scy7 On and rhBche-scy7 OFF specimens, 
we used a unique opportunity to assess the butyryl-
cholinesterase level in the blood flow simultaneously 
using the kinetic and fluorescent methods. Indeed, the 
pharmacokinetic parameters of protein-based pharma-
ceuticals are usually assessed using either a direct radi-
oactive method or indirect methods (e.g., eLISA). How-
ever, all these methods often indicate only that there 
is a protein fragment (containing a radioactive label or 
specific antibody–epitope binding, respectively) but do 
not prove the presence of an active protein-based phar-
maceutical. In the case of butyrylcholinesterase, only 
the active enzyme acts as a biological antidote; hence, 
the actual pharmacokinetic parameters of the pharma-
ceutical can be evaluated by observing the changes in 
its activity in the blood. the fluorescent probe shows 
the existence of the integral protein as well as its frag-
ments. Hence, comparison of the elimination profiles 
observed using two different methods demonstrates 
pharmaceutical degradation against a background of 
elimination from the organism.

Figure 2 and table 2 show the identity of the elimi-
nation pattern and parameters of rhBche-scy7 On to 
the respective unmodified enzyme, while the rhBche-
scy7 OFF specimen is characterized by drastic changes 
in its behavior in the organism. the elimination rate 
greatly increases (table 2).

It was found by analyzing the elimination profiles 
observed by fluorescence in different time points after 
the pharmaceutical had been administered (Fig. 3) that 
the maximum fluorescence level is observed 1.5–8 h 
after administration. It is fair to say that within this pe-
riod pharmaceutical accumulation reaches the highest 
level in liver where the enzyme is actively degraded, 
which results in an increase in fluorescence (Fig. 4). the 
pharmacokinetics of elimination of rhBche-scy7 On 
with fluorescent detection (Fig. 3) does not significant-
ly differ from a similar elimination curve for rhBche-
scy7 On detected according to the enzymatic activity 
(Fig. 2). Hence, fluorescent detection of enzyme distri-
bution adequately shows the accumulation of rhBche 
in a certain compartment. Meanwhile, the comparison 
of these curves for the rhBche-scy7 OFF specimen 
clearly indicates that two different processes take 
place: 1 – rapid elimination of rhBche-scy7 OFF from 

Fig. 2. Analysis of the pharmacokinetic parameters of elim-
ination of rhBChE and rhBChE-sCy7 conjugates from serum

Time, min

rh
B

C
hE

, 
μg

/
m

L

rhBChE
rhBChE-sCy7 ON
rhBChE-sCy7 OFF

0 1000 2000 3000

100

10

1

0.1

Fig. 3. Analysis of the elimination kinetics of rhBChE-sCy7 
conjugates observed by sCy7 fluorescence
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Table 2. Pharmacokinetic parameters of rhBChE and rhBChE-sCy7 conjugates

Parameter rhBche rhBche-scy7 On rhBche-scy7 OFF

τ
1/2

 disr, min 100±40 140±50
6±2

τ
1/2 

el, min 1600±300 2200±400

Mrt, min 2400±600 2700±700 9±3
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Fig. 4. Biodistribution analysis of rhBChE-sCy7 conjugates 
using fluorescent bioimaging
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the blood flow (which is unrelated to the degradation 
of rhBche-scy7 OFF and results in a rapid decrease 
in rhBche activity in blood but is not accompanied by 
fluorescence intensity enhancement); 2 – slow degra-
dation of rhBche-scy7 OFF in the accumulation area 
(fluorescence increases to attain its maximum while 
zero activity of rhBche in blood is detected).

the results of an in vivo biodistribution of rhBche-
scy7 On and rhBche-scy7 OFF specimens in mouse 
organs are shown in Fig. 4. Both specimens mainly ac-
cumulate in the liver, kidneys, and bladder. the liver 
is the main organ responsible for degradation of the 
enzyme; maximum enhancement of integral fluores-
cence indicating enzyme biodegradation is observed 6 h 
after intravenous injection. the degradation products 
enter the blood flow and are eliminated mostly by the 
kidneys. Hence, in vivo distribution data of a protein-
based pharmaceutical mainly confirm the findings ob-
tained at the previous stages (see Fig. 2, 3 and Table 2).

CONCLUSIONS
Fluorescent probes are a simple and very sensitive 
method to detect proteolytic activity. the advances 
in the chemistry of fluorescent dyes have made it 
possible to design substrates with a high fluores-
cence intensity and low background signal. We de-
signed a panel of fluorescent substrates based on 
proteins excessively labeled with sulfo-cyanine5 and 
sulfo-cyanine7 fluorophores and attained a 700-fold 
enhancement of fluorescence after proteolysis. the 
application of an excessively labeled specimen for in 
vivo imaging of the organs and tissues responsible for 
degradation and elimination of pharmaceuticals en-
able one to characterize the behavior of therapeutic 
protein-based pharmaceuticals in the organism more 
thoroughly. It is evident that researchers should take 
into account the pattern and site of degradation of a 
potential pharmaceutical when attempting to improve 
its pharmaco kinetic parameters. the methods increas-
ing blood retention together with the liver accumu-
lation rate reduction may contribute to the design of 
pharmaceuticals with prolonged half-life. It should be 
mentioned that this approach is universal allowing one 
to perform in vivo degradation studies of any protein 
or peptide. However, excessive labeling may drastically 
change the pharmacokinetic properties and the elimi-
nation route of a certain protein-based pharmaceutical 
[24], which should be taken into consideration when 
choosing a fluorescent bioimaging technique during 
pharmacokinetic studies. the proposed approach may 
prove to be extremely topical during comparative pre-

clinical studies using a panel of similar protein-based 
pharmaceuticals and selecting the optimal candidate 
that would exhibit the targeted effect.  
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ABSTRACT Human secreted Ly-6/uPAR related proteins (SLURP-1 and SLURP-2) are produced by various 
cells, including the epithelium and immune system. These proteins act as autocrine/paracrine hormones regu-
lating the growth and differentiation of keratinocytes and are also involved in the control of inflammation and 
malignant cell transformation. These effects are assumed to be mediated by the interactions of SLURP-1 and 
SLURP-2 with the α7 and α3β2 subtypes of nicotinic acetylcholine receptors (nAChRs), respectively. Avail-
able knowledge about the molecular mechanism underling the SLURP-1 and SLURP-2 effects is very limited. 
SLURP-2 remains one of the most poorly studied proteins of the Ly-6/uPAR family. In this study, we designed 
for the first time a bacterial system for SLURP-2 expression and a protocol for refolding of the protein from cy-
toplasmic inclusion bodies. Milligram quantities of recombinant SLURP-2 and its 13С-15N-labeled analog were 
obtained. The recombinant protein was characterized by NMR spectroscopy, and a structural model was devel-
oped. A comparative study of the SLURP-1 and SLURP-2 effects on the epithelial cell growth was conducted 
using human colorectal adenocarcinoma HT-29 cells, which express only α7-nAChRs. A pronounced antiprolif-
erative effect of both proteins was observed. Incubation of cells with 1 μM SLURP-1 and 1 μM SLURP-2 during 
48 h led to a reduction in the cell number down to ~ 54 and 63% relative to the control, respectively. Fluorescent 
microscopy did not reveal either apoptotic or necrotic cell death. An analysis of the dose-response curve revealed 
the concentration-dependent mode of the SLURP-1 and SLURP-2 action with EC50 ~ 0.1 and 0.2 nM, respectively. 
These findings suggest that the α7-nAChR is the main receptor responsible for the antiproliferative effect of 
SLURP proteins in epithelial cells.
kEyWORDS nicotinic acetylcholine receptor; bacterial expression; refolding; Lynx; colon cancer.
ABBREVIATIONS nAChR – nicotinic acetylcholine receptor; SLURP – secreted Ly-6/uPAR related protein; ws-
Lynx1 – water-soluble domain of human Lynx1.

INTRODUCTION
the nicotinic acetylcholine receptor (nAchr) is a li-
gand-gated ion channel found both in the central and 
peripheral nervous systems and in many other human 
tissues, including the epithelium [1, 2]. During last dec-
ade, in higher animals, proteins were found that belong 
to the Ly-6/uPAr family and have a modulating ef-
fect on nAchrs (Lynx1, Lynx2, Lypd6, SLurP-1, and 
SLurP-2) [3–7]. A conserved location of cys residues 
(Fig. 1), forming disulfide bonds, indicates the homol-
ogy of the spatial structure of the Lynx and SLurP 

proteins to the three-finger structure of snake venom 
α-neurotoxins, which are highly efficient and specific 
nAchr inhibitors [8].

SLurP-1 and SLurP-2 are secreted proteins found 
in many human tissues, including the epithelium, as 
well as the immune and nervous systems [5, 6, 9, 10]. 
SLurPs affect the growth, migration, and differen-
tiation of epithelial cells, and they are involved in the 
control of inflammation and tumors [6, 11, 12]. With 
the Het1A keratinocyte line, it was demonstrated that 
SLurP-1 exhibits antiproliferative activity and pro-



RESEARCH ARTICLES

  VOL. 6  № 4 (23)  2014  | ActA nAturAe | 61

motes apoptotic cell death [11], while SLurP-2 accel-
erates keratinocyte growth, delaying their differentia-
tion and reducing the response to proapoptotic signals 
[6]. In addition, SLurPs regulate wound healing in the 
skin and mucous membranes [13] and are involved in 
the protection of skin cells from the oncogenic trans-
formation caused by nitrosamines (nicotine derivatives) 
[14, 15]. Probably, SLurP-1 and SLurP-2 act as auto/
paracrine regulators and their effects are mediated by 
the interaction with the nAchrs presented on the cell 
membrane surface of keratinocytes and immune cells 
[10, 16]. α7 and α3β2 nAchrs are the putative targets 
for SLurP-1 and SLurP-2, respectively [6, 11]. re-
cently, SLurP-1 expression was detected in Ht-29 
human colorectal adenocarcinoma cells and the level of 
endogenous production of SLurP-1 in these cells was 
demonstrated to decrease significantly when the cells 
are treated with nicotine [17]. At the same time, Ht-29 
cells were shown to be able to express only the α7 type 
of nAchrs [18].

currently, the structural and functional properties 
of human SLurP-1 and SLurP-2, as well as their 
mechanism of action, remain poorly studied. the main 
stumbling stones in studying SLurP-1 and SLurP-2 
are related to the inability to produce adequate 
amounts of protein samples from natural sources, as 
well as to the problems of recombinant production of 
these proteins with a native sequence and spatial struc-
ture. As a consequence, the majority of previously pub-
lished results were obtained using hybrid constructs 
containing, along with the SLurP protein sequence, 
additional polypeptide sequences that can significantly 
affect resultant activity. For example, in the study [6], a 
construct fused with the SuMO protein (the total pro-
tein weight was 22 kDa, of which only ~ 8 kDa account-
ed for SLurP-2) was used to investigate SLurP-2.

In the present study, an efficient bacterial system 
for human SLurP-2 production in the form of cyto-
plasmic inclusion bodies was developed for the first 
time and protein refolding protocol was proposed. the 
resulting recombinant analog differs from the wild 
type protein by the presence of one additional residue 
(n-terminal Met). A high-expression yield (~ 5 mg of 
the refolded protein per 1 L of the bacterial culture) 
enabled production of milligram quantities of the re-
combinant protein and its 13c15n-labeled analog. the 
development of this system of recombinant production 
opens up new perspectives for structural and function-
al studies of SLurP-2. For example, in this paper, we 
demonstrated for the first time a significant antiprolif-
erative effect of SLurP-1 and SLurP-2 on Ht-29 line 
cells. this suggests that α7-nAchr plays the main role 
in transduction of SLurP-induced signals resulting in 
the reduction of growth of epithelial cells.

EXPERIMENTAL

Cloning and bacterial production of SLURP-2.
the slurp-2 gene encoding 75 amino acid residues of 
the human SLurP-2 protein (Fig. 1A) was construct-
ed from overlapping synthetic oligonucleotides using 
Pcr and with allowance for the codon frequency in 
E. coli (evrogen, Moscow, russia). the slurp-2 gene 
was cloned into the pET-22b(+) expression vector 
(novagen) at ndeI and BamHI restriction sites. BL21 
(De3) E. coli cells transformed with the pET-22b(+)/
slurp-2 vector were cultured at 37 0c on a tB medium 
(12 g of bacto-tryptone, 24 g of yeast extract, 4 mL of 
glycerol, 2.3 g of KH

2
PO

4
, 12.5 g of K

2
HPO

4
 per 1 L of 

the medium, pH 7.4) in a Bioflo 3000 fermentor (new 
Brunswick Scientific) under automatically maintained 
conditions of a relative oxygen content in the system 
of not less than 30% of the maximum achievable value. 
the slurp-2 gene expression was induced by adding 
isopropyl β-D-1-thiogalactopyranoside (IPtG) to the 
final concentration of 0.05 mM at an optical density of 
the cell culture of 1.0 OD. After the induction, the cells 
were cultured for 8 h.

In order to produce the 13c-15n-labeled SLurP-2 an-
alogue, 1 L of the cell culture, which had been prelimi-
narily grown on a tB medium in flasks to a cell density 
of 1.0 OD, was centrifuged at 1,000 g for 20 min. the 
cell pellet was aseptically re-suspended in 1 L of the M9 
minimal medium (6 g of na

2
HPO

4
, 3 g of KH

2
PO

4
, 0.5 g 

nacl, 2 g of nH
4
cl, 240 mg of anhydrous MgSO

4
, 11 mg 

of cacl
2
, 3 g of glucose, 2 mg of yeast extract, 200 µL 

of 5% thiamine chloride per 1 L of the medium, pH 7.4) 
containing 13c-glucose and 15n-nH

4
cl (cIL) as a source 

of glucose and nitrogen, respectively. Induction and 
further growth were carried out similarly to growth on 
the tB medium.

Purification and refolding of recombinant SLURP-2. 
Inclusion bodies containing SLurP-2 were isolated and 
washed according to the protocols described previously 
for SLurP-1 [19]. the washed inclusion bodies were 
re-suspended in 30 mM tris-Hcl, pH 8.7, containing 
8 M urea, 0.4 M sodium sulfite, 0.15 M sodium tetrathi-
onate in the amount of 10 mL of the buffer per 1 g of 
inclusion bodies. the suspension was disintegrated by 
ultrasound (Branson Digital Sonifier) at an output pow-
er of 50 W and 4 °c for 1 min and left for 8 h under mild 
stirring. the suspension was then centrifuged at 36,000 
g, 4 °c, for 30 min, and the supernatant was diluted 10 
times with 2 M urea. Afterwards, the sulfited SLurP-2 
sample was loaded onto a column of DeAP-sferonit-
OH (joint development by the Institute of Highly Pure 
Biopreparations, St. Petersburg, and the Institute of 
Bioorganic chemistry, Moscow, russia) preliminarily 
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equilibrated with the buffer A (30 mM tris-Hcl, pH 
8.0). After loading of the protein, the column was se-
quentially washed with the buffer A, with the buffer 
A supplemented with 1 M nacl, and with the buffer 
A supplemented with 8 M urea. the sulfited SLurP-2 
was eluted with the buffer A supplemented with 8 M 
urea and 0.5 M nacl. Fractions containing SLurP-2 
were added with a 1,000-fold (relative to the protein) 
molar excess of Dtt. reduced SLurP-2 was purified 
by HPLc (Jupiter c4, A300, 10×250 mm, Phenomen-
ex). SLurP-2 was eluted with the acetonitrile gradient 
(20 – 45%) in the presence of 0.1% tFA for 40 min. the 
resulting reduced SLurP-2 sample was lyophilized 
and dissolved in the refolding buffer containing 50 
mM tris-Hcl, pH 9.0, 2 M urea, 0.5 M L-arginine, 2 
mM GSH, and 2 mM GSSG to a final protein concen-
tration of 0.1 mg/mL. refolding was performed at 4 °c 
for three days. Analysis and purification of SLurP-2 
after refolding was performed by HPLc (Jupiter c4, 
A300, 4.6x250 mm, Phenomenex). the resulting refold-
ed SLurP-2 sample was lyophilized.

NMR spectroscopy and modeling 
of the structure of SLURP-2.
nMr spectra of 13c-15n-labeled and unlabelled 
SLurP-2 (sample concentration was 0.5 mM) were ac-
quired on an AVAnce-700 spectrometer (Bruker) at 
30 °c.

to model the structure of SLurP-2, the ws-Lynx1 
protein (PDB 2L03) was used as a template. Alignment 
of amino acid sequences was performed on the clus-
tal web server (www.clustal.org). the model was con-
structed using the Modeller V8.2 software [20].

Working with the HT-29 cell line.
Ht-29 colorectal adenocarcinoma cells (Institute of 
cytology of the russian Academy of Sciences, St. Pe-
tersburg, russia) were maintained in a rPMI-1640 
medium (Paneco, Moscow, russia) supplemented 
with 5% fetal bovine serum (Hyclone, thermo Fisher 
Scientific). the cells were maintained in a humidified 
atmosphere (37 °c, 5% cO

2
) and were passaged every 

48 h. Sixteen hours before the experiment, the cells 

Fig. 1. Comparison of the structures of three-finger proteins of the Ly-6/uPAR family. (A). Amino acid sequence align-
ment of human SLURP-1, SLURP-2, and a water-soluble domain of human Lynx1 (ws-Lynx1), the WTX neurotoxin from 
Naja kaouthia, the neurotoxin II from Naja oxiana, and the α-cobratoxin from Naja kaouthia. The positively charged 
(Arg/Lys), negatively charged (Asp/Glu), His and Cys residues are highlighted by color, the disulfide bonds are 
shown. The protein fragments forming β-strands are underlined. The loop regions are highlighted by a yellow back-
ground. The amino acid sequence homology between SLURP-2 and other three-finger proteins was calculated using the 
CLUSTAL W2 software. (B). Comparison of the SLURP-2 structure model with the spatial structures of SLURP-1 (Shenk-
arev et. al, submitted, PDB 2MUO) and ws-Lynx1 ([23], PDB 2L03)
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were seeded in 96-well culture plates at a density of 
104 cells per well. After adsorption of cells, they were 
added with SLurP-1 and SLurP-2 samples (the re-
combinant SLurP-1 sample was prepared according 
to the protocol described in [19]). All sample dilutions 
were performed in the culture medium. the cells were 
incubated with SLurP-1 and SLurP-2 samples for 
48 h. cell proliferation was studied using a WSt-1 re-
agent (water soluble tetrazolium salt 1, Santa cruz). 
WSt-1 was dissolved in 20 mM HePeS (pH 7.4), and 
an electron transport reagent, 1-m-PMS (1-meth-
oxy-5-methylphenazinium methyl sulfate, Santa 
cruz), was dissolved in deionized water, after which 
the solutions were mixed and added to plate wells in 
the amount of 0.5 mM WSt-1 and 20 µM 1-m-PMS 
per well. After 3 h incubation with WSt-1, cell via-
bility was evaluated spectrophotometrically by ab-
sorbance at 450 nm with alignment of the background 
at 655 nm (Biorad Spectrophotometer 680, Biorad 
Laboratories).

Fluorescence microscopy.
to study the morphology of tumor cell nuclei, the 
Hoechst 33342 dye (Sigma) was used. necrotic cell 
death was determined by staining the cells with 
propidium iodide (Sigma). the cells were treated in the 
same manner as for the proliferation assay, but after 
incubation with SLurP-1 and SLurP-2 samples, the 
cells were stained with 1 µM Hoechst 33342 dye and 0.5 
µM propidium iodide, and then the nuclei were analyz-
ed using a nikon eclipse tS100-f microscope (nikon 
corp) with a 40x lens.

RESULTS AND DISCUSSION

Bacterial production and refolding of SLURP-2.
Previously, using the example of the weak toxin WtX 
from Naja kaouthia venom [21], ws-Lynx1 modulat-
ing the nAchr activity [22], and the human SLurP-1 
[19], it was demonstrated that the optimal way for the 
production of recombinant three-finger containing the 
fifth disulfide bond in the first loop (Fig. 1A) is produc-
tion in the form of cytoplasmic inclusion bodies, fol-
lowed by refolding. this approach was also used for the 
recombinant production of SLurP-2. the yield of the 
SLurP-2 with reduced disulfide bonds was approxi-
mately 40 mg and 15 mg per 1 L of the bacterial cul-
ture on rich (tB) and minimal (M9) media, respectively. 
However, the refolding protocols developed earlier for 
other three-finger proteins [19, 21, 22] were ineffective 
for the refolding of SLurP-2.

to optimize conditions for the refolding of SLurP-2, 
different pH values (7.0–9.0) of the refolding buffer and 
different concentrations of the reduced (GSH) and ox-
idized (GSSG) forms of glutathione (4:1 mM, 4:2 mM, 
2:2 mM, and 3:0.3 mM) were tested (Figs. 2A and B). 
under the optimum conditions (see experimental sec-
tion), the yield of refolded SLurP-2 and 13c-15n-la-
beled analog was 4.6 and 3 mg per 1 L of the bacterial 
culture, respectively. the homogeneity of the refolded 
SLurP-2 was confirmed by SDS electrophoresis (Fig. 
2C), HPLc (Fig. 2A) and mass spectrometry (Fig. 2D). 
the molecular weight of the recombinant protein was 
8146 Da, which, with allowance for the experimental 
error, was in accordance with the predicted weight of 

Fig. 2. Analysis of recombinant SLURP-2. (A–B). The SLURP-2 refolding efficiency depends on the pH of the refolding 
buffer (A) and the concentration of the reduced (GSH) and oxidized (GSSG) forms of glutathione (B). The peak cor-
responding to the refolded SLURP-2 is denoted by an asterisk. (C). SDS-PAGE analysis of the refolded SLURP-2 after 
purification by HPLC. (D). Mass-spectrum of the refolded SLURP-2
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SLurP-2 (8145 Da) with five closed disulfide bonds 
and an additional n-terminal methionine residue. the 
formation of disulfide bonds was also confirmed by the 
ellman’s reagent.

NMR spectra and modeling of the 
structure of SLURP-2.
An analysis of the 2D 1H-15n correlation nMr spectrum 
of recombinant SLurP-2 (Fig. 3A) confirmed the ho-
mogeneity and purity of the obtained sample. A consid-
erable dispersion of the 1Hn backbone signals (7 to 9.7 
ppm) indicated the presence of β-structural regions in 
the protein. A single set of signals was observed in the 
nMr spectra, which indicated a lack of conformational 
heterogeneity due to cis-trans isomerization of Xxx-
Pro peptide bonds. In this aspect, the SLurP-2 protein 
is similar to ws-Lynx1, which has a single structural 
form in the solution [23], and differs from SLurP-1, 
which in the solution forms two equally populated 
structural states due to slow (on the nMr timescale) 
isomerization of the tyr39-Pro40 peptide bond [19]. In 
this regard, it should be noted that, according to the 
amino acid sequence analysis, SLurP-2 has greater 
homology with ws-Lynx1 than with the SLurP-1 (32 
and 29%, respectively, Fig. 1A). Interestingly, human 
Lynx1 and SLurP-2 proteins are the products of a sin-
gle gene located on the chromosome 8 that arise during 
alternative splicing.

the similarity of the SLurP-2 and ws-Lynx1 struc-
tures is also indicated by the presence of the character-
istic downfield 1Hn signal at 11.6 ppm (circled, Fig. 3A). 
According to the published spatial ws-Lynx1 structure 
[23], a significant downfield shift of the 1Hn Asn15 sig-
nal is caused by the formation of a hydrogen bond with 

a side chain of His4. A similar hydrogen bond in the 
structure of SLurP-2 can be formed between the side 
chain of His4 and the backbone amide group of His14. 
A reduction in the pH value of the SLurP-2 sample 
from 5 to 3 resulted in a significant decrease in the sig-
nal intensity in the downfield region (8.7–9.7 ppm) of 
the 1H nMr spectrum with a simultaneous increase in 
the signal intensity around 8 ppm (Fig. 3B). this indi-
cated partial disruption of the spatial structure of the 
protein, accompanied by transitions of individual frag-
ments from the β-structural conformation to the ran-
dom coil conformation. Similar pH-induced denatura-
tion was previously observed for ws-Lynx1 but not for 
SLurP-1 (Shenkarev et al., unpublished data).

taking into account this indirect evidence of the 
spatial structure similarity, a model of SLurP-2 was 
built (Fig. 1B) based on the known structure of the ws-
Lynx1 protein. the resulting model shows the typical 
three-finger fold with β-structural core enclosing two 
antiparallel β-sheets formed by five β-strands.

Effects of SLURP-1 and SLURP-2  
on the HT-29 cells
Incubation of colorectal adenocarcinoma Ht-29 cells 
with the SLurP-1 and SLurP-2 at a concentration of 
1 µM for 48 h resulted in a significant decrease in the 
cell number to 54 ± 2% and 63 ± 2% relative to the con-
trol, respectively. An analysis of cell nuclei morphology 
by fluorescence microscopy demonstrated that neither 
SLurP-1 nor SLurP-2 causes apoptotic or necrotic 
death of Ht-29 cells (Fig. 4). For example, a reduction 
in the cell density was not accompanied by a change 
in the morphology of most of the cell nuclei compared 
to the control, and staining of cells with propidium 
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Fig. 3. NMR analysis of recombinant SLURP-2. (A). 2D 1H-15N HSQC spectrum of 0.5 mM 13С-15N-labeled SLURP-2  
(30 оC, pH 5.0). (B). Fragments of 1D 1H spectra of unlabeled SLURP-2 at pH 5.0 and 3.2
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iodide showed no increase in the fraction of necrotic 
cells (3 ± 1% in the control and in wells containing 1 µM 
SLurP-1 and SLurP-2). therefore, the observed ef-
fects of SLurP-1 and SLurP-2 are associated with 
inhibition of Ht-29 cell’s proliferation.

A comparative analysis of results of WSt-1 test re-
vealed that SLurP-1 and SLurP-2 significantly inhib-
it the growth of Ht-29 tumor cells. An analysis of the 
dose-effect curve showed that the inhibitory effect of 
SLurP-1 and SLurP-2 depends on their concentration 
(Fig. 5). the half maximal effective concentration (ec

50
) 

was ~ 0.1 nM for SLurP-1 and ~ 0.2 nM for SLurP-2. 
the maximum inhibitory effect was achieved at a pro-
tein concentration of about 1 µM (Fig. 5).

Ht-29 cells were demonstrated to contain mrnAs 
encoding only α4, α5, α7 and β1 subunits of the nAchr 
[18]. Due to the fact that only α7 subunits of this set can 
form functional receptors [1], the authors suggested 
that the α7-nAchr is the only nicotinic acetylcholine 
receptor presented in Ht-29 cells [18]. Perhaps, this is 
the receptor that is involved in the regulation of inter-
leukin-8 release by Ht-29 cells exposed to nicotine [18]. 
Based on these data, we may assume that α7-nAchr is 
the target of SLurP-1 and SLurP-2 proteins in Ht-
29 cells.

Previously, based on experiments on the competi-
tion between 3H-nicotine and 3H-epibatidine in Het1A 
keratinocytes, which, contrary to Ht-29 cells, express 
different types of nAchr [24], it was suggested that 
the target of SLurP-1 is α7-nAchr and that SLurP-2 
affects primarily α3β2-nAchr [6, 11]. In this case, 
SLurP-1 reduced the proliferation of keratinocytes 
[11], while SLurP-2, instead, increased it [6]. there-
fore, it may be assumed that the inhibitory effect of 
SLurP-1 and SLurP-2 observed on Het1A and Ht-29 

А control B SLURP-1 C SLURP-2

Fig. 4. Effect of SLURP-1 and SLURP-2 on the morphology of colorectal adenocarcinoma НТ-29 cell nuclei. (A). Cells 
without SLURP proteins. (B–C). Cells after 48 h incubation with 1 μM SLURP-1 and 1 μM SLURP-2, respectively. Cell 
nuclei were stained with Hoechst 33342 and propidium iodide. Bar scale is 10 microns
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Fig. 5. Effect of SLURP-1 and SLURP-2 on the growth of 
colorectal adenocarcinoma НТ-29 cells as determined by 
the WST-1 test. Each point is the mean ± S.E. of 3 inde-
pendent experiments. Dose-effect curves of SLURP-1 and 
SLURP-2 (the percentage ratio of viable cells to the con-
trol) were fitted to the Hill equation (y=A1+(100%-A1)/
(1+([SLURP]/EC

50
)nH). The calculated parameters EC

50
, 

nH, and A1 were 0.11 ± 0.05 nМ, 0.4 ± 0.1, and 54 ± 
2%, respectively, for SLURP-1, and 0.19 ± 0.07 nМ, 0.5 
± 0.1, and 63 ± 2%, respectively, for SLURP-2

cells is mediated by the interaction with α7-nAchr. In 
this case, the activating effect of SLurP-2 observed 
on keratinocytes could be due to the interaction with 
α3β2-nAchr. the lower antiproliferative activity of 
SLurP-2 compared to that of SLurP-1 on Ht-29 cells 
is probably associated with lower affinity of this pro-
tein to the α7-nAchr.
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CONCLUSIONS
In this study, an efficient system for the production of 
the human SLurP-2 was developed for the first time 
and milligram quantities of the recombinant protein 
and its 13c-15n-labeled analogue were obtained. recom-
binant SLurP-2 differs from the wild type protein by 
the presence of an additional n-terminal Met residue. 
the development of this system opens up new oppor-
tunities for structure-function studies of SLurP-2, 
including by site-directed mutagenesis. the antipro-
liferative effect of the SLurP-1 and SLurP-2 on the 
human colorectal adenocarcinoma Ht-29 cell line has 
been described for the first time, and this effect is as-
sumed to be mediated by the interaction with α7-nA-

chr. these findings provide a fresh look at the role of 
the nicotinic acetylcholine receptor and its distinct sub-
types in the regulation of epithelial cell growth.  

The development of the system for recombinant 
SLURP-2 production, the production of recombinant 

SLURP-2, and the structural and functional studies of 
SLURP-2 were performed with the financial support 

of the Russian Science Foundation (agreement #14-14-
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of the Russian Academy of Sciences (“Molecular and 
Cell Biology” program) and the Russian Foundation 
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ABSTRACT The role of membrane components, sterols, phospholipids and sphingolipids in the formation and 
functioning of ion-permeable nanopores formed by antifungal macrolide antibiotics, amphotericin B, nystatin 
and filipin in planar lipid bilayers was studied. Dipole modifiers, flavonoids and styryl dyes, were used as a tool 
to study the molecular mechanisms of polyene channel-forming activity. The introduction of dipole modifiers 
into the membrane bathing solutions was shown to change the conductance of single channels and the steady-
state transmembrane current induced by polyene antibiotics in the sterol-containing phospholipid-bilayers. The 
conductance of single amphotericin B channels was found to depend on the dipole potential of the membrane. 
The experiments with various phospholipids, sterols, and polyenes led to the assumption that the shape of a 
phospholipid molecule, the presence of double bonds at the positions 7 and 22 of a sterol molecule, the number of 
conjugated double bonds, and the presence of an amino sugar in the polyene antibiotic molecule are important 
factors impacting the stability of polyene-lipid complexes forming ion-permeable pores. Experimental and liter-
ature data presented in the paper suggest that the channel-forming activity of polyene antibiotics is also affected 
by the physicochemical properties of polyene-enriched ordered membrane domains. 
kEyWORDS planar lipid bilayers, polyene antibiotics, sterols, styryl dyes, sphingolipids, flavonoids, phospholipids.
ABBREVIATIONS AMB – amphotericin B; NYS – nystatin; FIL – filipin; DPhPC – 1,2-diphy-
tanoyl-sn-glycero-3-phosphocholine; DPhPS – 1,2-diphytanoyl-sn-glycero-3-phospho-l-serine; 
DOPC – 1,2-dioleoyl-sn-glycero-3-phosphocholine; POPC – 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; 
DOPS – 1,2-dioleoyl-sn-glycero-3-phospho-l-serine; DOPE – 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; 
Rh-DPPE – 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine); Chol – cholesterol, 
Erg – ergosterol; DhChol – 7- dehydrocholesterol; Stigm – stigmasterol; PhSG – N-stearoyl-phytosphingosine 
(Saccharomyces cerevisiae); SM – porcine brain sphingomyelin; SG – N-stearoyl-D-erythro-sphinganine.

INTRODUCTION
Polyene macrolide antibiotics are among the most ef-
fective drugs against fungal infections and deep sys-
temic mycoses. they have been widely used in clinical 
medicine for many decades. Polyene macrolides also 
attract attention due to their anti-tumor and antiviral 
activity [1–3]. In spite of side effects, such as nephro-
toxicity, anemia, and cardiac arrhythmia [4, 5], poly-
ene macrolide remains the drug of choice for treatment 
of immunosuppressed patients [6, 7]. Pharmaceutical 
technologies develop innovative formulations that aim 
at reducing the concentration of free AMB in patients’ 
serum without compromising its therapeutic efficacy. 

the main representatives of non-aromatic polyene 
macrolide antibiotics are amphotericin B (AMB) [8], 
nystatin (nYS) [9, 10], and filipin (FIL) [11]. the lactone 
ring of amphotericin B contains 38 carbon atoms (Fig. 
1). Hydrophilic and heptaenic chains in the AMB mac-
rolactone ring include c

1
–c

15
 and c

20
–c

33
 carbon atoms, 

respectively. these chains are arranged parallel to each 
other. the c

20
–c

33
 heptaenic chain is a rigid system 

consisting of seven double bonds. the hydrophilic chain 
of AMB contains hydroxyl and carbonyl groups. the 
hydroxyl groups in the hydrophilic region of the mol-
ecule are arranged in one plane. A carboxyl group and 
a mycosamine residue are located at positions 6 and 19, 
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respectively. Another hydroxyl group is located in the 
hydrophobic portion of the molecule at position 35. the 
chemical structure of nystatin, a tetraene, is similar to 
that of AMB. nystatin differs from AMB in the posi-
tions of hydroxyl groups in the hydrophilic chain and 
discontinuity of the conjugated double bond system. A 
saturated bond divides the chromophore into the diene 

and tetraene portions. Filipin belongs to methylpen-
taens and has a smaller polyene fragment and no amino 
sugar residue as compared to AMB and nYS [12].

It is widely accepted that polyene antibiotics bind to 
the plasma membranes of the target cells, participate in 
formation of transmembrane pores and disrupt the wa-
ter-electrolyte balance in cells, leading to cell death. the 

Fig. 1. Chemi-
cal structures of 
flavonoids (phlo-
retin, phloridzin, 
genistein, genis-
tin, biochanin A, 
quercetin, myricetin 
and THAP), sty-
ryl dyes (RH 160, 
RH 237 and RH 
421), polyenes 
(AMB, NYS and 
FIL), phospholipids 
(DPhPC, DPhPS, 
DOPC, POPC, 
DOPE and DOPS), 
sterols (Chol, Erg, 
DhChol and Stigm) 
and sphingolipids 
(PhSG, SM and SG)
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presence of sterols in the target cell membranes is a pre-
requisite for pore formation [8, 13, 14]. Despite 40 years 
of research into the molecular mechanisms of formation 
and functioning of the AMB channel, its precise molec-
ular architecture is still under debate. Various models 
of AMB channels have been proposed. the most popu-
lar one is the sterol-dependent model, where the chan-
nel, in case of a two-sided (in respect to the membrane) 
addition of the antibiotic, is formed via association of 
two “half-pores” formed by polyene-sterol complexes 
located in opposite monolayers [8, 13, 15]. the cylindri-
cal half-pore is formed by the same number (7 to 10) 
of antibiotic and sterol molecules, which are oriented 
perpendicular to the membrane plane. the cavity of the 
pores is lined with hydrophilic chains of lactone rings. 
A transmembrane pore is formed via hydrogen bonds 
between the hydroxyl groups of AMB molecules that 
are present in the interacting half-pores [12].

the sterol-dependent membrane activity of am-
photericin B indicates that the therapeutic efficacy of 
AMB is primarily related to its differential preference 
for various sterols in cell membranes. It is well known 
that cholesterol (chol) is the major membrane sterol in 
mammalian cells, whereas ergosterol (erg) is the major 
sterol in fungi. It is still unclear whether the specificity 
of interaction of various polyenes with cell membranes 
is due to better stability of the AMB–erg complex as 
compared to the AMB–chol one or if the observed ef-
fects are mediated by different impacts of these sterols 
on structural and dynamic properties of membranes 
[16, 17]. 

the data reported by neumann et al. [18, 19] sup-
port the first hypothesis. the more rigid and extended 
molecular shape of erg, compared to chol, facilitates 
erg interaction with AMB. Since van der Waals inter-
actions between rod-shaped molecules depend on their 
relative orientation and reach the maximum when two 
molecules lie in one plane and are parallel to each oth-
er, the π-π-electron interaction between a double bond 
in erg side chain and AMB polyene chromophore may 
be an additional site required for stabilizing the proper 
orientation of the complex (Fig. 2 A, B) [20]. In case of 
chol, not only is the energy of the complex formation 
higher (no double bond in the side chain of the sterol 
molecule), but in addition there is a need to compen-
sate for entropic losses associated with a decrease in 
conformational flexibility of the sterol side chain. the 
results of the studies of mobility of AMB and sterols 
molecules in phospholipid bilayers by 2H nMr conduct-
ed by Matsumori et al. [21] confirmed the hypothesis of 
stronger intermolecular interaction between AMB and 
erg compared to chol.

Sterols are responsible for membrane fluidity and 
are predominantly located in the more ordered mem-

brane domains, lipid rafts, which may be considered 
as an argument in favor of the second hypothesis. 
It has been shown that AMB has higher affinity for 
sterol-containing ordered phase and hence it can, like 
sterols, be accumulated in lipid rafts [17, 22]. Several 
studies indicate that the presence of AMB increases 
orderding of chol-containing membranes and that no 
such effect is observed in case of erg-containing mem-
branes [17, 23, 24]. 

czub and Baginski [17] demonstrated that the neg-
atively charged carboxyl group (cOO-) in AMB mol-
ecule is shifted towards the aqueous phase compared 
with the protonated amine group (nH

3
+). the authors 

suggested that the dipole of the polar head of AMB 
(cOO- → nH

3
 +) tends to be oriented parallel to the di-

poles of phosphatidylcholine polar heads, thus increas-
ing the dipole potential of the membrane. this jump in 
the potential occurs at the bilayer–solution interface as 
a result of specific mutual orientation of the lipid mem-
brane dipoles and the adjacent water dipoles [25–27] 
and plays an essential role in regulation of transport 
across the membrane. 

As mentioned before, polyene macrolide antibiotics 
exhibit their antifungal effect by binding to membrane 
sterols, but little information is available on the role 
of other membrane components, in particular, phos-
pholipids and sphingolipids. there is some evidence to 
suggest that phospholipids affect the activity of poly-
ene antifungals. According to the published data, pol-
yene antibiotics can form transmembrane pores in the 
bilayer even in the absence of sterols [28–32]. Fujii et 
al. [33] have shown that AMB can specifically interact 
with phospholipid molecules. In the 2H nMr studies 
of liposomes made of dimyristoyl-phosphatidylcholine 
with AMB, Dufourc et al. [34] have noted the improved 
ordering of acyl chains of this lipid molecule in its in-
teraction with AMB. Furthermore, based on the anal-
ysis of circular dichroism spectra of AMB in liposomes 
in the absence of sterol, Balakrishnan and easwaran 
[35] have suggested the presence of a multi-molecular 
organized structure in the bilayer, in which AMB in-
teracts with acyl chains of the dipalmitoyl-phosphati-
dylcholine molecule at a 1:1 ratio. the differential scan-
ning calorimetry studies by Fournier et al. [36] showed 
that AMB induces phase separation in the membrane; 
namely, that three phases of dipalmitoyl-phosphati-
dylcholine liposomes are simultaneously detected in 
the presence of AMB. the first phase corresponds to 
pure phospholipid, the second and the third phases are 
characterized by phase transition in a wide range of 
temperatures above the phase transition point of pure 
phospholipid. Furthermore, Paquet et al. [23] demon-
strated a dose-dependent increase in the lipid phase 
transition point from gel to the liquid crystal state in 
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the presence of AMB. Milhaud et al. [37] suggested that 
AMB interacts with multi-molecular phospholipid en-
sembles. the results obtained by Sternal et al. [38] using 
the molecular dynamics methods do not contradict the 
hypothesis of interaction between polar heads of AMB 
and dimyristoyl-phosphatidylcholine. Such interac-
tion was observed, in particular, between the carboxyl 
group of AMB and the amino group of a lipid. Herec 
et al. [39] suggested that hydrogen bonds between the 
horizontally oriented AMB molecules and polar groups 
of a lipid lead to condensation of the bilayer.

We have found only indirect evidence of possible in-
teractions between polyene macrolides and membrane 
sphingolipids. For example, Zager [40] showed that pol-
yene antibiotics affect the concentration of phospholip-
ids and ceramides in the plasma membrane. nagiec et al. 
[41] found that a mutant strain of Saccharomyces cere-

visiae, capable of growth without producing sphingo-
lipids, is more susceptible to AMB than wild-type cells. 
Studies of the effect of the sphingolipid composition of a 
membrane on the activity of polyene macrolides are also 
interesting because sphingolipids, as well as sterols and 
polyenes, are located in lipid rafts [17]. 

the aim of the present work was to determine the 
molecular mechanisms of the formation of polyene 
transmembrane pores in membranes containing var-
ious phospholipids, sterols, and sphingolipids. Dipole 
modifiers, namely flavonoids and styryl dyes, which 
are capable of altering the dipole potential of mem-
branes, were used as a research tool. the choice of 
dipole modifiers was based on their successful appli-
cation in the studies focused on formation and func-
tioning of ion channels in model and cell membranes 
[42–51]. 

Fig. 2. Schematic 
representation 
of intermolecular 
bonds in the com-
plexes of AMB-Erg 
(A), AMB-Chol (b), 
AMB-Stigm (c), 
AMB-DhChol (d), 
AMB-Chol with 
phloretin (e), FIL-
Chol with quercetin 
(F), the FIL-Erg 
with quercetin (G), 
AMB-Erg-DPhPC 
with phloretin (H) 
and AMB-Erg-POPC 
with phloretin (I). 
AMB-Chol and 
AMB-Erg complex-
es as shown in [20] 
with some changes

А b
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MATERIALS AND METHODS

Materials
the following reagents were used: Kcl, HePeS, 
pentane, ethanol, chloroform, dimethyl sulfoxide 
(DMSO), hexadecane and squalene, phloretin, phlo-
ridzin, genistin, genistein, quercetin, myricetin, bi-
ochanin A, 2 ‘, 4’, 6’-trihydroxyacetophenone mono-
hydrate (tHAP), rH 421, amphotericin B (AMB), 
nystatin (nYS) and filipin (FIL) (Sigma, uSA); rH 
160 and rH 237 (Molecular Probes, uSA); 1,2-diphy-
tanoyl-sn-glycero-3-phosphocholine (DPhPc), 1,2-di-
phytanoyl-sn-glycero-3-phospho-l-serine (DPhPS), 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPc) 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPc), 1,2-dioleoyl-sn-glycero-3-phospho-l-serine 
(DOPS), 1,2-dioleoyl-sn-glycero-3-phosphoethan-
olamine (DOPe), cholesterol (chol), ergosterol (erg), 
7-dehydrocholesterol (Dhchol), stigmasterol (Stigm), 
n-stearoyl-phytosphingosine from S. cerevisiae 
(PhSG), porcine brain sphingomyelin (SM), a synthetic 
sphingolipid n-stearoyl-D-erythro-sphinganine (SG) 
and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine-n-(lissamine rhodamine) (rh-DPPe) (Avanti 
Polar Lipids, uSA). chemical structures of flavonoids, 
styryl dyes, polyenes, phospholipids, sterols and sphin-
golipids are shown in Fig. 1.

Measurement of currents flowing 
through the planar lipid bilayers
the bilayer lipid membranes were formed using the 
Montal and Mueller method [52] by combining the con-
densed lipid monolayers on the aperture in a teflon 
film dividing the experimental chamber into two (cis- 
and trans-) compartments. the volume of each com-
partment was 1.5 ml, the thickness of the teflon film 
was 10 µm, and the aperture diameter was ~ 50 µm. Be-
fore the membrane formation process was started, the 
aperture in the teflon film had been pretreated with 
hexadecane. Monolayers were formed on the air–water 
interface of the solution of 1 mg/ml lipid in pentane. 
the phospholipid:sterol and phospholipid:ergoster-
ol:sphingolipid mixtures were used to form monolayers 
(the molar ratios were 67:33 mol % and 53:27:20 mol %, 
respectively). the channel-forming activity of polyenes 
was measured under the same ionic composition of 
aqueous electrolyte solution (2.0 M Kcl). the acidity 
of the solution (pH 7.0) was maintained with a 5 mM 
HePeS-KOH buffer mixture.

Polyene antibiotics were added to the aqueous phase 
in both compartments: AMB and nYS as DMSO solu-
tion (10-4 to 10-3 M, respectively), and FIL as ethanol 
solution (10-4 M) to a final concentration of 10-8–10-6 M 
in the membrane bathing solution. the two-side ad-

ministration of polyene antibiotics was chosen, because 
according to [8, 13, 15] the channels are formed by two 
associated half-pores. the final concentration of etha-
nol or DMSO in the chamber did not exceed 0.1% and 
did not cause any changes in the consistency of the 
membrane conductance. 

Flavonoids phloretin, phloridzin, genistin, genistein, 
quercetin, myricetin, biochanin A and tHAP were 
added in both compartments of the chamber as milli-
molar solutions in ethanol or DMSO to a final concen-
tration of 20 µM in the membrane bathing solutions; 
and styryl dyes rH 160, rH 237, and rH 421, to a con-
centration of 5 µM.

the current flowing through the lipid bilayer mem-
brane was measured in voltage clamp mode. Ag/Agcl 
electrodes with 1.5% agarose/2 M Kcl bridges were 
used to apply the transmembrane voltage (V) and 
measure the transmembrane current. Positive volt-
age refers to the potential initiating flow of cations 
from the cis-compartment to the trans- one. electro-
physiological measurements were performed at room 
temperature.

transmembrane currents were measured and digi-
tized in a voltage clamp mode using Axopatch 200V and 
Digidata 1440A systems (Axon Instruments, uSA). the 
data were processed using an 8-pole Bessel filter (Mod-
el 9002, Frequency Devices) and filtering frequency of 
1 kHz. the data were processed using the clampfit 9.0 
software package (Axon Instruments, uSA). Statisti-
cal analysis of the data was performed using Origin 8.0 
software (OriginLab, uSA).

the average ratio (I∞/I
∞

0) of the steady-state integral 
transmembrane current, induced by a channel-forming 
agent (AMB, nYS and FIL) in the presence (I

∞
) and in 

the absence (I
∞

0) of dipole modifiers, was defined as the 
arithmetic mean of I

∞
/I

∞
0 measured in three to nine bi-

layers (mean ± Se). the steady-state number of chan-
nels operating in the membrane was defined as a ratio 
between the steady-state transmembrane current (I

∞
0) 

and the current flowing through a single channel (i).
Single-channel conductance (g) was defined as the 

ratio between the current flowing through a single 
channel (i) and the transmembrane potential difference 
(V). to construct histograms of current fluctuations, 
the transmembrane current values were determined 
by changes in the amplitude of currents at opening (or 
closing) of single channels. the total number of events 
(N) used for the analysis at a fixed value of the trans-
membrane potential ranged from 100 to 5000. relative 
frequencies of the transmembrane current values are 
plotted along the Y axis . All peaks in the histograms 
were approximated using the normal density distribu-
tion. the distribution hypothesis was verified using χ2 
(P<0.05).
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Measurements of channel selectivity
to measure the cation-anion selectivity of the channel, 
a 10-fold concentration gradient of Kcl electrolyte has 
been created in the membrane. the selectivity of AMB 
channels was measured at solution concentrations of 
0.2 and 2.0 M Kcl in the cis- and trans-compartments 
of the experimental chamber, respectively. the anion 
transference number (t-) (t- + t+ = 1) was calculated us-
ing the Henderson equation [53]:

               Vrev = (RT/F)(1–2t–)ln(C
cis

/C
trans

), (1)

where Vrev is the reversal potential corresponding to 
zero transmembrane current at a given ratio between 
concentrations of ions penetrating from the cis- and 
trans-sides of the membrane (C

cis
/C

trans
); R is the uni-

versal gas constant (R = 8.31 J/(mol K)); T is thermo-
dynamic temperature (T = 294 K); and F is the Faraday 
constant (F = 96485 c/mol). 

Confocal microscopy of giant unilamellar vesicles
Giant unilamellar vesicles were produced by electro-
formation using nanion Vesicle Prep Pro workstation 
(Germany) (standard protocol, 3 V, 10 Hz, 1 h, 25°c). 
the lateral phase separation was visualized by intro-
ducing a fluorescent rh-DPPe probe into the source li-
pid solution of POPc in chloroform (11 mM). rh-DPPe 
concentration in the sample was 1 mol %. the resulting 
liposome suspension was divided into aliquots. An ali-
quot without AMB was used a control. the experimen-
tal samples contained 100 or 300 µM of AMB. Vesicles 
were observed through immersion lenses 100.0×/1.4 
HcX PL on an Apo Leica tcS SP5 confocal laser sys-
tem (Leica Microsystems, Germany). the preparations 
were studied at 25°c. rh-DPPe was excited by 543 nm 
light (He-ne laser). It is known that rh-DPPe in a bi-
layer with phase separation is preferably incorporated 
into the disordered liquid phase [54], while the ordered 
liquid and solid (gel) phases remain unstained [55]. At 
least four independent experiments have been per-
formed for each system.

RESULTS AND DISCUSSION

The influence of dipole modifiers on 
conductance of single amphotericin channels 
Figure 3 shows the examples of fluctuations in trans-
membrane current flowing through the single AMB 
channels in DPhPc:chol membranes (Fig. 3, left col-
umn) and DPhPc:erg bilayers (Fig. 3, right column), 
before and after the addition of dipole modifiers, fla-
vonoids (phloretin and quercetin) and styryl dyes (rH 
160, rH 237 and rH 421). Figure 3 A, B shows that the 
current flowing through single AMB channels in the 

absence of dipole modifiers does not depend on sterol 
type (chol or erg) in the membrane. the addition of 
phloretin to the membrane bathing solutions reduces 
the transmembrane current through single AMB chan-
nels, both in DPhPc:chol membranes and in DPhP-
c:erg bilayers (Fig. 3 C, D). However, the addition of 
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Fig. 3. Fluctuations of transmembrane current through 
the single AMB channels in the lipid bilayers. Membranes 
were made from DPhPC:Chol (67:33 mol %) and DPhP-
C:Erg (67:33 mol %) and bathed in 2.0 M KCl (pH 7.0). 
A, b – control (no dipole modifiers). Membrane bathing 
solution contains (μM): 20 phloretin (c, d), 20 quercetin 
(e, F), 5 RH 160 (G, H), 5 RH 237 (I, J), 5 RH 421 (K, L). 
Dashed lines correspond to 0 pA. V = 50 mV
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quercetin reduces the transmembrane current through 
AMB channels only in DPhPc:chol membranes but 
does not affect the transmembrane current through 
AMB channels in DPhPc:erg membranes (Fig. 3 E, F). 
the introduction of styryl dyes of the rH series into 
the membrane bathing solutions increases the trans-
membrane current through single AMB channels. the 
current rises in the series rH 160 < rH 237 < rH 421 
both for DPhPc:chol membranes (Fig. 3 G, I, K) and 
for DPhPc:erg bilayers (Fig. 3 H, J, L). 

Table 1 presents the ratios between conductance of 
single AMB channels in the absence and in the pres-
ence of dipole modifiers at the transmembrane poten-
tial of 50 mV (g/g

V = 50
). the results shown in Table 1 

reveal that phloretin reduces the conductance of single 
AMB channels in DPhPc:chol and DPhPc:erg mem-
branes by a factor of 3 and 2, respectively. However, 
the addition of quercetin reduces the conductance of 
single AMB channels by a factor of 1.7 in DPhPc:chol 
membranes but basically does not change g in the case 
of DPhPc:erg bilayers. the introduction of other fla-
vonoids to the membrane bathing solutions, such as 
phloridzin, biochanin A, tHAP, genistin or genistein, 
do not practically affect the conductance of AMB chan-
nels. the addition of styryl dye to the membrane bath-
ing solutions increases g in the series rH 160, rH 237 
and rH 421 in DPhPc:chol membranes by factors of 
1.3, 1.4 and 1.5 and in DPhPc:erg bilayers by factors of 
1.6, 1.7 and 2.1, respectively. 

Table 2 presents changes in the dipole potential of 
DPhPc:chol and DPhPc:erg bilayers in the presence 

of dipole modifiers in the membrane bathing solutions. 
For example, phloretin reduces the dipole potential 
of DPhPc:chol membranes by 75 ± 10 mV, and that 
of DPhPc:erg bilayers by 150 ± 5 mV. the addition 
of quercetin to the membrane bathing solutions leads 
to an almost identical reduction in φd

 in chol- and 
erg-containing DPhPc-bilayers by 100 ± 15 mV. the 
introduction of genistin and tHAP into the membrane 
bathing solutions has little effect on the φ

d
 of DPhP-

c:chol and DPhPc:erg bilayers. the addition of styryl 
dyes of the rH series to the membrane bathing solu-
tions increases the dipole potential of the membrane. 
the ability to increase the dipole potential of ster-
ol-containing membranes increases in the series rH 
421 ≈ rH 160 < rH 237. the addition of styryl dye rH 
237 to the membrane bathing solutions increases φ

d
 of 

sterol-containing bilayers by 80 ± 10 mV, regardless of 
sterol composition of the membrane. Meanwhile, the 
presence of rH 421 or rH 160 in the membrane bathing 
solutions increases the dipole potential of DPhPc:chol 
and DPhPc:erg membranes by 55 ± 10 mV and 50 ± 
10 mV, respectively. comparison of the values in Tables 
1 and 2 suggests a correlation between the changes in 
the conductance of single AMB channels and the dipole 
potential of sterol-containing DPhPc-bilayers upon in-
troduction of dipole modifiers. these results suggest 
that the change in g with introduction of phloretin or 
styryl dyes into the solutions bathing the chol- and 
erg-containing DPhPc-membranes and quercetin into 
the solutions bathing the DPhPc:chol bilayer may be 
associated with a change in the membrane dipole po-

Table 1. Ratios between the conductances of single am-
photericin channels in the absence and in the presence of 
various dipole modifiers at V = 50 mV (g/g

V = 50
). Mem-

branes were made from DPhPC:Chol (67:33 mol %) and 
DPhPC: Erg (67:33 mol %) and bathed in 2.0 M KCl (pH 
7.0) 

Dipole modifier
Membrane-forming solution

DPhPc:chol DPhPc:erg 

Flavonoid

Phloretin 3.30 ± 0.21 2.20 ± 0.41

Phloridzin 1.00 ± 0.10 1.00 ± 0.10

Quercetin 1.72 ± 0.21 0.95 ± 0.15

Genistein 0.98 ± 0.09 –

Genistin 0.96 ± 0.08 –

Biochanin A 0.89 ± 0.11 –

tHAP 0.91 ± 0.15 –

Styryl dyes

rH 421 0.69 ± 0.07 0.49 ± 0.06

rH 237 0.71 ± 0.08 0.61 ± 0.05

rH 160 0.80 ± 0.09 0.63 ± 0.06

Table 2. Changes in the dipole potential (Δφ
d
, mV) of 

DPhPC:Chol (67:33 mol %)* or DPhPC:Erg (67:33 mol 
%)* membranes in the presence of different dipole mod-
ifiers 

Dipole modifier
Membrane-forming solution

DPhPc:chol DPhPc:erg

Flavonoid, 
20 µM

Phloretin -75 ± 10 -150 ± 5

Phloridzin -45 ± 10 -50 ± 10

Quercetin -110 ± 10 -105 ± 15

Genistein -35 ± 5 -40 ± 10

Genistin -30 ± 5 –

Biochanin A -75 ± 15 -80 ± 15

tHAP -40 ± 10 -40 ± 10

Styryl dyes, 
5µM

rH 421 50 ± 8 57 ± 9

rH 237 75 ± 10 85 ± 5

rH 160 55 ± 10 45 ± 5

* Results are taken from [69]. 
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tential. the discrepancies between the changes in the 
conductance of single AMB channels and dipole poten-
tial of sterol-containing DPhPc-bilayers caused by in-
troduction of dipole modifiers suggest that the change 
in g is caused not only by the changes in the membrane 
dipole potential, but may also result from interaction 
of dipole modifiers (phloretin, quercetin and/or styryl 
dyes) with the AMB-chol and/or AMB-erg complexes.

Fig. 2 shows schematic representation of intermolec-
ular bonds in the polyene-sterol complexes. It is known 
that polyene-sterol complexes are formed by van der 
Waals interactions [19]. the strength of interaction in 
this case depends on the coplanarity and parallelism of 
polyene and sterol molecules. the relative orientation 
of molecules occurs through the formation of hydrogen 
bonds between the OH group of the sterol molecule and 
the amino sugar of the polyene molecule. the presence 
of extra (compared with chol) double bonds in the ster-
oid core and in the side chain of the erg molecule leads 
to the formation of a stable AMB-erg complex through 
additional points of π-π-electron interaction compared 
to AMB-chol complex [20] (Fig. 2 A, B). therefore, 
AMB-erg and AMB-chol complexes may interact with 
the dipole modifiers in a different manner.

INFLUENCE OF DIPOLE MODIFIERS ON 
MULTICHANNEL MEMBRANE CONDUCTANCE 
INDUCED By POLyENE ANTIFUNGALS 

Influence of sterol composition
to test the hypothesis about the interaction between 
dipole modifiers and polyene-sterol complexes, we 
have studied the effect of dipole modifying agents on 
the steady-state transmembrane current induced by 
amphotericin B. the mean ratio between the steady-
state transmembrane currents induced by AMB in 
chol- and erg-containing DPhPc bilayers before 
and after the introduction of various dipole modifiers 
(I∞/I

∞
0) at a transmembrane voltage of 50 mV is pre-

sented as diagram in Fig. 4. the addition of phloretin 
to the membrane bathing solutions caused a significant 
increase in the steady-state transmembrane current 
induced by AMB in DPhPc:chol bilayers. no such in-
fluence of phloretin on I

∞
 was observed in case of DPh-

Pc:erg membranes. the introduction of quercetin to 
the membrane bathing solutions does not affect I

∞
 in 

DPhPc:chol membranes and reduces I
∞
 in DPhPc:erg 

bilayers. Such flavonoids as phloridzin, genistein, genis-
tin, biochanin A, myricetin and tHAP do not impact I

∞ 

in chol- and erg-containing DPhPc-membranes. the 
introduction of rH 421 to the solution bathing DPhP-
c:chol bilayers does not practically affect I

∞
, and the 

addition of the modifier to the solution bathing DPh-
Pc:erg membrane increases I

∞
. However, other styryl 

dyes, such as rH 160 and rH 237, have no effect on the 
multi-channel activity of AMB in chol- and erg-con-
taining DPhPc membranes. It seems likely that in 
the case of the less energetically favorable AMB-chol 
complex, phloretin, due to its “hairpin” conformation, 
can become a mediator between the polyene and ster-
ol molecules and can stabilize the AMB-chol complex 
(Fig. 2 E), which is expressed as an increase in AMB 
channel-forming activity in the presence of this dipole 
modifier in chol-containing membranes. Quercetin, 
due to the greater depth of immersion into the bilayer 
compared with phloretin [56], can compete with ster-
ols for the interaction with AMB and destabilize the 
most energetically favorable AMB-erg complex, which 
expressed by a reduction of channel-forming activity 
of polyene (Fig. 4). considering the fact that rH 421 
styryl dye is characterized by intermediate chromo-
phore immersion depth in the bilayer compared with 
rH 160 and rH 237 and has near-normal orientation on 
the membrane surface [57], we can assume its colocal-
ization with the AMB-erg complex. In this case, styryl 
dyes can be regarded as a third party to van der Waals 
interactions, which acts as an additional orienting fac-
tor via its participation in the π-π-electron interactions.

Since the main difference between erg and chol mol-
ecules is the presence of two double bonds at the posi-

Fig. 4. The ratio between the steady-state transmem-
brane currents induced by amphotericin B in sterol-con-
taining bilayers before and after the introduction of various 
dipole modifiers (I∞/I

∞
0). Membranes were made from 

DPhPC:Chol (67:33 mol %) or DPPhC:Erg (67:33 mol %) 
and bathed in 2.0 M KCl (pH 7.0)
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tion 7 in the steroid core and at the position 22 in the side 
hydrocarbon chain, the choice of sterols included those 
that differ from cholesterol in having one double bond 
at the position 7 or 22, 7-dehydrocholesterol (Dhchol) 
and stigmasterol (Stigm), respectively (see Fig. 1). It has 
been determined that the addition of phloretin to the 
membrane bathing solution leads to a greater increase 
in the steady-state transmembrane current through 
DPhPc:Stigm membranes (I

∞
/I

∞
0 = 5.3 ± 3.1), compared 

with DPhPc:Dhchol bilayers (I
∞
/I

∞
0 = 1.7 ± 0.3). the 

strength of phloretin effect on AMB-modified DPh-
Pc:chol and DPhPc:Stigm membranes, as well as its 
absence in DPhPc:erg bilayers and its weakness in the 
case DPhPc:Dhchol membranes, indicates similar ge-
ometry of AMB-chol and AMB-Stigm complexes and 
AMB-erg and AMB-Dhchol complexes, respectively. 
Schematic representation of intermolecular bonds in 
AMB-Dhchol and AMB-Stigm complexes is shown in 
Fig. 2 C, D. Since the similarity between chol and Stigm 
molecules and Dhchol and erg molecules is the absence 
or presence of a double bond at the position 7, respec-
tively, one can suggest that the decisive role of electri-
cal density distribution in the steroid core area (near the 
position 7), which can affect the possible formation of a 
hydrogen bond between the hydroxyl group of the ster-
ol molecule and the OH groups of phloretin. the intro-
duction of rH 421 to the solutions bathing DPhPc:Dh-
chol and DPhPc:Stigm bilayers does not significantly 
effect on I∞ (I

∞
/I

∞
0 = 1.1 ± 0.1). As rH 421 is only effective 

in case of DPhPc:erg membranes and does not affect 
AMB-modified DPhPc:Dhchol bilayers, and erg dif-
fers from Dhchol in the presence of a double bond at 
the position 22, the results suggest that rH 421 is a more 
sensitive tool for studying AMB-sterol complexes than 
phloretin, and the double bond at position 22 still has an 
effect on the geometry and energy of the complex.

Influence of the type of polyene antibiotic
Since polyene molecules can also interact with dipole 
modifiers, their effect on the steady-state transmem-

brane current induced by nystatin and filipin (Fig. 1) 
has been studied in sterol-containing bilayers. nYS 
molecule differs from AMB molecule in the absence of 
a double bond in the middle of the polyene fragment, 
which may affect π-π-electron interactions in poly-
ene-sterol complexes. FIL molecule, unlike AMB and 
nYS, does not contain an amino sugar residue. this 
structural difference should affect the formation of the 
network of hydrogen bonds between the polyene and 
sterol molecules. In the case of nystatin, I

∞
 increases 

with addition of phloretin both in DPhPc:chol and in 
DPhPc:erg containing membranes, while introduction 
of quercetin does not affect I

∞
 if the membrane contains 

either chol or erg (Fig. 5 A). Both flavonoids (phloretin 
and quercetin) increase the steady-state equilibrium 
transmembrane current induced by filipin, regardless 
of the type of the membrane-forming sterol, by a fac-
tor of 2 and 10 for DPhPc:chol and DPhPc:erg mem-
branes, respectively (Fig. 5 B). However, the addition of 
rH 421 to the solutions bathing DPhPc:chol and DPh-
Pc:erg membranes does not change the steady-state 
transmembrane current induced by both nystatin and 
filipin (Fig. 5 A, B). Disruption of double bond conjuga-
tion in nYS molecule may destabilize the polyene-ster-
ol complex and increase the depth of sterol immersion 
in the bilayer, pushing it away from the polar “head” 
of polyene molecules. Phloretin may be able to stabi-
lize such nYS-sterol complexes. the absence of amino 
sugars in filipin molecule changes the hydrogen bond 
network in the polyene-sterol complexes and destabi-
lize them. It is possible that localization of quercetin in 
the hydrocarbon region of the bilayer allows its inter-
action with a more hydrophobic polyene filipin (Fig. 
2 F, G), thus significantly increasing the steady-state 
transmembrane FIL-induced current in the chol- and 
erg-containing DPhPc-bilayers. 

Influence of phospholipid composition
the channel-forming activity of AMB in lipid bilayers 
that comprise, in addition to sterols, various phospho-
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Рисунок 5. 
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Fig. 5. The ratios between 
the steady-state transmem-
brane currents induced by 
nystatin (A) and filipin (b) in 
sterol-containing bilayers 
before and after the intro-
duction of various dipole 
modifiers (I

∞
/I

∞
0). Mem-

branes were made from 
DPhPC:Chol (67:33 mol %) 
or DPPhC:Erg (67:33 mol 
%) and bathed in 2.0 M KCl 
(pH 7.0)
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lipids and sphingolipids was studied in the presence of 
phloretin and rH 421 to investigate the interaction of 
polyenes with other membrane components. the av-
erage ratio between the steady-state transmembrane 
currents induced by AMB in erg-containing phospho-
lipid bilayers before and after the introduction of di-
pole modifiers (I

∞
/I

∞
0) at a transmembrane voltage of 

50 mV is shown in Fig. 6 A. It has been established that 
the introduction of phloretin into the membrane bath-
ing solution leads to a significant increase in the AMB 
channel-forming activity in erg-containing POPc (12-
fold) and DOPc (4-fold) bilayers, while this dipole mod-
ifier does not affect the AMB-modified erg-containing 
membranes formed with by DPhPc, DPhPS, DOPe 
and DOPS. the introduction of rH 421 to the mem-
brane bathing solutions causes a manifold increase in I

∞
 

through erg-containing DPhPc (15-fold) and DPhPS 
(42-fold) bilayers, but does not affect the steady-state 
transmembrane current induced by AMB in erg-con-
taining membranes, including POPc, DOPc, DOPe 
and DOPS. Given that DPhPc, DPhPS, DOPe and 
DOPS molecules have a conical shape and DOPc and 
POPc molecules have a cylindrical shape [58, 59], we 
can assume that the latter are better fit for a rigid AMB 
molecule. Schematic representation of intermolecular 
bonds in AMB-erg-DPhPc and AMB-erg-POPc com-
plexes is shown in Fig. 2 H, I. It is possible that strong 

“polyene-phospholipid” interaction weakens “poly-
ene-ergosterol” interaction. Such polyene-sterol com-
plex can be stabilized by phloretin molecules, which, 
due to their high conformational mobility and four 
functional hydroxyl groups, are able to act as inter-
mediaries in the formation of hydrogen bond network 
between sterol and AMB. Differences between rigid 
rod-shaped AMB molecules and conical phospholip-
ids (DPhPc, DPhPS, DOPe and DOPS) prevent strong 
“polyene-phospholipid” interaction and therefore there 
is no destabilization of the polyene-sterol complexes. 
Previously, we have assumed that rH 421 increases 
the channel-forming activity of AMB in erg-containing 
DPhPc-membranes as this dipole modifier takes part 
in both hydrogen bonds network and in π-π-electron 
interactions between erg and AMB molecules. Prob-
ably, similar processes take place in AMB-modified 
erg-containing DPhPS bilayers.

Influence of sphingolipid composition
the introduction of sphingolipids into the mem-
brane-forming solutions significantly affects the in-
teraction between AMB molecules and phospholip-
ids. It was established that phloretin is responsible 
for a 2-fold increase in I∞ in case of DPhPc:erg:PhSG 
membranes and that rH 421 leads to a 1.7-fold in-
crease in case of DPhPS:erg:PhSG bilayers. replace-

Fig. 6. The ratios between 
the steady-state transmem-
brane currents induced by 
amphotericin B in ergoster-
ol-containing bilayers be-
fore and after the introduc-
tion of the dipole modifiers 
(I

∞
/I

∞
0). Membranes were 

made from phospholip-
id:Erg (67:33 mol %) (А), 
phospholipid:Erg:PhSG 
(53:27:20 mol %) (b) and 
DPhPS:Erg:sphingolipid 
(53:27:20 mol %) (c) and 
bathed in 2.0 M KCl (pH 
7.0)
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ment of sphingolipid (PhSG to SG or SM (Fig. 6 C)) or 
phospholipid (DPhPc to DPhPS, POPc, DOPc, DOPe 
or DOPS in case of phloretin and DPhPS to DPhPc, 
POPc, DOPc, DOPe, DOPS in the case of rH 421 
(Fig. 6 B)) component in the aforementioned mixtures 
does not increase I

∞
 in the presence of dipole modifi-

ers. these results indicate that the sphingolipids in-
troduced to the membrane-forming solution play an 
important role in the interaction of AMB with phos-
pholipids and sterols. 

Since phloretin reduces the conductance of single 
AMB channels in DPhPc:erg membranes, the lack 
of effect of this dipole modifier on the steady-state 
transmembrane current induced by AMB must in-
dicate a jump in the number of open AMB channels. 
Lack of evidence for such a conclusion suggests two 
hypotheses: 1) differences in the properties of single 
AMB channels, in particular, the lack of selectivity of 
AMB channels responsible for integral current; in this 
case the conductance of the channels should not be a 
function of the membrane dipole potential; 2) differ-
ences in properties of the channel microenvironment 
in the membrane, i.e. single AMB pores and channels 
that are responsible for integral current are localized 
in the membrane regions with different properties, 

including those with different values of the mem-
brane dipole potential (Fig. 7).

Cation-anion selectivity of amphotericin channels
to test the first hypothesis, we have measured the cat-
ion-anion selectivity of the single AMB channel and the 
integral transmembrane current. the results showed 
that AMB channels in sterol-containing bilayers are 
predominantly anion-selective, regardless of the de-
gree of modification of the AMB membrane. the ani-
on transference number for the single AMB channels 
t- = 0.9 ± 0.1, while t- for the integral current induced 
by AMB is 0.8 ± 0.1. the data obtained indicate that 
due to the high selectivity the conductance of the AMB 
channels that are responsible for integral current is ex-
pected to depend on the membrane dipole potential. 

Amphotericin channels in membranes 
with phase separation
there is some evidence in favor of the second hypoth-
esis. For example, a dose-dependent increase in the 
phase transition point of lipids from the gel phase to 
the liquid crystal one has been demonstrated in the 
presence of AMB [23]. It implies that AMB triggers the 
formation of a more ordered phase in the membrane. 
Moreover, as mentioned earlier, AMB molecules have 
higher affinity to ordered lipid domains (rafts) [17]. 
Since ordered lipid domains are rich in sphingolipids 
and sterols, their physicochemical properties are de-
fined by the lipid composition of the membrane. It is 
known that the degree of ordering of lipid molecules 
and the likelihood of rafts formation depend on the 
type of sterol incorporated into bilayer [60–62]. Sphin-
golipid composition of the membrane is also important. 
In particular, PhSG is different from SG in having a 
hydroxyl group at the c

4
 position. Idkowiak-Baldys et 

al. demonstrated that c
4
-hydroxylation significantly 

affects the physical and structural properties of lipid 
microdomains [63]. the additional hydroxyl group most 
likely promotes condensation of lipid molecules by in-
creasing the number of hydrogen bonds [64]. Plasma 
membranes of fungal cells contain phytosphingosine 

Fig. 7 . Schematic representation of the microenvironment 
of AMB channels in membranes with different concentra-
tions of polyene antimycotics, corresponding to the func-
tioning of single channels (A) and integral multi-channel 
current (b). High concentrations (b) of AMB provoke the 
formation of a more ordered lipid phase in the membrane 
(shown in green)

AMB-channel

dipole  
modifier

         disordered lipid phase

gel 
phase

Fig. 8. Photomicrographs of 
unilamellar POPC vesicles in 
the absence of polyene antibi-
otics (A) and in the presence 
of 300 μM AMB in the mem-
brane bathing solutions (b) 
and a combination of 300 μM 
AMB and 400 μM phloretin (c)

А b c

5 μm 5 μm 5 μm
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and ergosterol [65], and plasma membranes of mam-
malian cells contain sphingomyelin and cholesterol [66]. 
evolutionary preference for these combinations can be 
attributed to the properties of ordered lipid domains 
formed by them. Moreover, some phospholipids with a 
low melting temperature, which are not localized in the 
ordered membrane domains, can induce the formation 
of these domains. therefore, the ability to stabilize lipid 
rafts depends on phospholipid structure and decreases 
for the series DPhPc, DPhPS, POPc (DOPc) [67].

Fluorescent confocal microscopy of giant unilamel-
lar vesicles demonstrated that dipole modifiers affect 
phase separation in liposomes [68]. Flavonoids biocha-
nin A and phloretin lead to liquefaction of solid crystal-
line regions in liposome membranes and promote the 
formation of membrane rafts, while myricetin causes 
bilayer condensation. the data obtained by differential 
scanning calorimetry confirm the effect of flavonoids 
on phase separation in liposomes [68]. 

Our results show that liposomes from POPc are ho-
mogeneously stained in the absence of AMB; lateral het-
erogeneity of the membrane is not observed (Fig. 8 A). 
the addition of 300 µM AMB induces the formation of 

unstained dendritic domains in liposomes, which can be 
attributed to the solid lipid phase (Fig. 8 B). Phloretin 
in a concentration of 400 µM liquefies gel domains in 
AMB-modified vesicles and liposomes become homo-
geneously dyed (see Fig. 8 C). these data indicate that 
dipole modifiers influence the formation and dynamics 
of polyene-enriched ordered membrane domains.

CONCLUSION
It has been established that the channel-forming ac-
tivity of polyene antibiotics in lipid bilayers is defined 
by the superposition of several factors: the membrane 
dipole potential, stability of the polyene-lipid complex-
es, and physicochemical properties of ordered lipid do-
mains.  
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ABSTRACT The peripheral blood monocytes of atherosclerotic patients are pre-activated and have some of the 
features of tissue macrophages. Their adhesion to the endothelium is 1.5 times higher than that of monocytes 
from healthy subjects, and they express a number of receptors and antigens typical of tissue macrophages. Ad-
ditionally, earlier we showed that the biosynthesis of gangliosides, whose main function is the formation of 
membrane rafts, is significantly activated in blood monocytes from atherosclerotic patients, as well as during 
the in vitro differentiation of normal monocytes into macrophages. In this study, we investigated the expression 
of membrane rafts on various monocyte subsets from healthy subjects and atherosclerotic patients. Based on 
flow cytometry results, the monocytes in the examined atherosclerotic patients were found to differ from those 
in healthy subjects by a twofold increase in the proportion of the intermediate subset (CD14++/CD16+) and by 
enhancement in the expression of the fractalkine receptor CX3CR1 on the intermediate and non-classical sub-
sets (CD14++/CD16+ and CD14+/CD16++) (2.3 and 1.8 times, respectively). This suggests a pre-activated state 
of monocytes in atherosclerotic patients. At the same time, the expression of the membrane raft marker on the 
monocyte subsets was similar in both studied groups. However, a study of the in vitro differentiation of mono-
cytes into macrophages showed that the membrane raft expression increased 2 times as early as on the 1st day 
of culturing and 3 times on the 7th day compared to that in freshly isolated monocytes. Therefore, it is suggested 
that monocytes in atherosclerosis accumulate gangliosides that are used to form membrane rafts during the 
macrophage differentiation after the migration of monocytes into the arterial intima.
kEyWORDS monocyte subsets, macrophages, membrane rafts, flow cytometry, atherosclerosis.

INTRODUCTION
Monocytes are immune system cells that play a key role 
in the formation of innate and adaptive immunity. Hu-
man blood monocytes are morphologically and function-
ally heterogeneous; several subsets can be distinguished 
based on the differential expression of cD14 (a compo-
nent of the receptor complex that recognizes bacterial 
lipopolysaccharides) and cD16 (FcγrIII, the low affinity 
receptor for the Fc-fragment of IgG) [1, 2]. recently, the 
committee on nomenclature of the International un-
ion of Immunological Societies and the WHO adopted 
an official nomenclature, according to which monocytes 
are divided into three subsets: a classical (cD14++/cD16-

), an intermediate (cD14++/cD16+), and a non-classical 
(cD14+/cD16++) (percentage of subsets is 83–85, 4–5, 
and 7–11%, respectively) [3, 4].

clinical and experimental studies have shown that 
there is a significant increase in the number of mono-
cytes in intermediate and non-classical subsets in infec-
tious, autoimmune and inflammatory diseases, which 
may be an indication of the proinflammatory nature of 
their activity [5]. Furthermore, the monocytes of these 
populations are the main producers of proinflammatory 
cytokines: the tumor necrosis factor (tnF) and inter-
leukin-12 (IL-12) [6]. Monocytes play a critical role in 
the pathogenesis of atherosclerosis, because after they 
are attracted to the lipid and lipoprotein-enriched inti-
mal areas of the arteries, they differentiate into macro-
phages under the influence of the macrophage colony-
stimulating factor (M-cSF) produced by the activated 
endothelium. Macrophages absorb oxidized lipoproteins 
and other lipids and form lipid saturated foam cells, 
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which are the main cells of atherosclerotic plaques [7]. 
It is also obvious that the relative level of monocytes of 
minor subsets is significantly increased in atherosclerosis 
[8, 9]. In the peripheral blood of atherosclerotic patients, 
monocytes have been found to be preactivated and to 
exhibit some macrophage features. their adhesion to the 
endothelium is 1.5 times higher than that of monocytes 
in healthy subjects. they express a number of receptors 
(Fcγ-receptor type I and II, IcAM) and an increased lev-
el of MHc II, which is typical of tissue macrophages [10–
12]. In addition, we demonstrated previously that the 
biosynthesis and level of gangliosides in the circulating 
monocytes of atherosclerotic patients are significantly 
higher than those in the monocytes of healthy subjects, 
similar to upon the in vitro differentiation of monocytes 
into macrophages [13, 14].

Gangliosides are sialic acid-containing glycosphingo-
lipids that play an active role in the formation, stabili-
zation, dynamics, and biological functions of membrane 
rafts. Due to the amide bond and bulk carbohydrate 
moiety in their molecule, gangliosides form in cell 
membranes, through a large number of hydrogen 
bonds, and conglomerate with cholesterol, sphingomy-
elin, and receptor proteins, the so-called membrane mi-
crodomains (rafts) that can move easily in the plane of 
the phospholipid membrane layer [15]. therefore, raft 
gangliosides are involved in the processes of reception, 
adhesion, cell motility, and apoptosis. their qualitative 
and quantitative composition changes dramatically 
during cell differentiation and transformation.

It is known that upon activation of lymphocytes, 
many receptors are transported into the rafts, where 
they acquire an active conformation and form com-
plexes with other co-receptors and auxiliary proteins. 
receptor phosphatidylinositol-anchored proteins, simi-
larly to myristoylated and palmitoylated proteins, are 
permanent components of these membrane structures 
that are enriched in sphingolipids and cholesterol. Fur-
thermore, transmembrane proteins are inductively 
involved in the rafts, thereby forming reception and 
adhesion foci [16].

In this paper, we conducted a comparative study of 
the expression of membrane rafts in different subsets 
of monocytes from the blood of atherosclerotic patients 
and healthy subjects, using flow cytometry, to eluci-
date the monocyte pre-activation mechanism in ath-
erosclerosis.

EXPERIMENTAL

The study object
In this study, peripheral blood samples were used that 
were obtained at the russian cardiology research and 
Production complex of the russian Ministry of Health 

from patients with angiographically confirmed coro-
nary atherosclerosis (n = 25) and apparently healthy 
donors (n = 15). In all cases, an informed patient con-
sent was obtained. the mean age of the healthy sub-
jects was 25 ± 3 years; the mean age of the patients was 
55 ± 8 years. Since atherosclerosis is typical of almost 
all elderly people, the control group (healthy subjects) 
was composed of younger people.

Isolation and flow cytometry analysis of human 
peripheral blood mononuclear leukocytes
Mononuclear leukocytes were isolated from the periph-
eral blood by a traditional method in the Ficoll-Paque™ 
PLuS (Amersham Biosciences, uSA) density gradient 
(1.077 g/L). the venous blood collected into tubes with 
6% sodium eDtA (0.5 mL of eDtA per 10 mL of blood) 
was centrifuged at 400 g for 30 min. the blood cell 
pellet at the tube’s bottom was combined with phos-
phate buffered saline (PBS) to the original volume and 
carefully re-suspended. the resulting suspension was 
gently layered on Ficoll-Paque ™ PLuS at a 2.5 : 1 ratio 
and was centrifuged at 400 g for 30 min. the interphase 
layer containing the blood mononuclear cells was har-
vested and washed twice in PBS.

the expression of the surface markers of mononu-
clear leukocytes was analyzed by triple immunofluo-
rescence staining. Membrane rafts were detected with 
the cholera toxin B subunit conjugated with Alexa Flu-
or 488 (Vybrant® Lipid raft Labeling Kit, Molecular 
Probes, Inc.). Surface receptors were identified with 
specific, fluorescently labeled mouse monoclonal an-
tibodies: cD14-Pc5 (Beckman coulter Inc.), cD16-Pe 
(Beckman coulter Inc.), cD16-FItc (Beckman coulter 
Inc.), ccr5-Pe (eBioscience Inc.), cX3cr1-Pe (r & D 
Systems), and tLr-4-Pe (eBioscience). After washing, 
the resultant precipitate was added with PBS (pH 7.2) 
containing 1% bovine serum albumin (BSA) in the 
amount of 100 µL of solution per sample. cells were re-
suspended, and 100 µL aliquots of the suspension were 
transferred into 2 mL microtubes. Samples containing 
the cholera toxin B subunit (ctB) conjugated with Al-
exa Fluor 488 were incubated for 10 min; the remaining 
samples were incubated in the dark at 4 °c for 30 min. 
Further, each sample was added with 300 µL of 1% for-
malin, and the suspension was analyzed by flow cytom-
etry. As the isotype control, mouse IgG isotype immu-
noglobulins labeled with dyes identical to labels of the 
monoclonal antibodies were used.

Flow cytometric studies were performed on a FAc-
Scalibur flow laser cytometer (Becton Dickinson, uSA) 
using identical instrument settings for all samples. the 
Summit V3.1 Built 844 (cytomation Inc., uSA) software 
was used for the analysis and visualization of the flow 
cytometry data. the monocyte region was identified 
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based on the forward (FSc) and side (SSc) scatter pa-
rameters. the total monocyte population was identified 
based on cD14, in combination with SSc. Based on the 
expression level of cD14 and cD16 receptors, mono-
cytes were divided into three subsets: cD14++/cD16-, 
cD14++/cD16+, and cD14+/cD16++. Separately, each 
subset was evaluated for the expression level of ccr2, 
tLr4, and cX3cr1 receptors using the mean fluores-
cence intensity (MFI).

Culturing and immunocytochemical analysis 
of mononuclear cells in healthy subjects
A portion of the isolated mononuclear cells from 
healthy subjects was plated on the bottom or glass of 
Petri dishes (ø 60 mm) at a concentration of 2–2.5 mil-
lion/mL in a X-VIVO-10 culture medium (Lonza Bio-
sciences, uSA) containing 2 mM L-glutamine, 0.01 % 
fungizone, 1% penicillin/streptomycin mixture (Sigma 
reagents), and 10 ng/mL of M-cSF (Biosource) [13].

the dynamic pattern of co-expression of mem-
brane rafts and various monocyte markers (cD14 and 
cD16) and the marker of differentiation of monocytes 
into macrophages (cD206) were analyzed at different 
stages of culturing (1st, 4th, and 7th day) by triple im-
munofluorescence staining using specific, fluorescent-
ly labeled mouse monoclonal antibodies: cD14-Pc5, 
cD16-Pe, and cD206-Pe (Beckman coulter, uSA). 
rafts were identified using the cholera toxin B sub-
unit conjugated with Alexa Fluor 488. For this, cells 
were detached from the plastic support by a rubber 
scriber and centrifuged at 400 g for 10 min. then, the 
cells were stained as described above and analyzed on a 
FAcScalibur flow cytometer (Becton Dickinson).

the dynamic pattern of co-expression of membrane 
rafts with different markers of monocytes and macro-
phages at different stages of culturing (4th, 7th, and 12th 
day) was analyzed by double immunofluorescence stain-
ing. For this, the cells plated on glass were stained using 
the cholera toxin B subunit conjugated with Alexa Fluor 
488 and antibodies conjugated to phycoerythrin (Pe) (to 
detect cD14-, cD16- and cD206-positive cells) and in-
cubated at 37 0c in 5% cO

2
 for 30 min. thereafter, the 

cells were washed three times with a warm medium and 
fixed in 10% formalin for 10 min. then the samples were 
embedded in glycerin-gelatin and analyzed using a Leica 
DM 5000B fluorescence microscope (filters BP 450-490, 
LP 515 and BP 515-560, and LP 590) equipped with a Dc 
420 digital camera and an image analysis system. r-Pe 
conjugated IgGs of the same subclass as the specific an-
tibodies were used as the isotype control.

Statistical analysis
the statistical analysis of the data was performed us-
ing the excel and Statistica 7.0 software. the two-sided 

Mann-Whitney u-test was used to estimate the sta-
tistical significance of intergroup differences. the dif-
ferences were considered statistically significant at P 
< 0.05. the data are presented as the arithmetic mean 
and its standard deviation (M ± SD).

RESULTS AND DISCUSSION

Flow cytometry analysis of the monocyte 
subsets of patients and healthy subjects
the monocytes and their subsets were identified by 
flow cytometry using the forward and side scatter 
parameters and the expression level of the surface 
markers cD14 and cD16. A gating strategy used to 
identify the classical (cD14++/cD16-), intermediate 
(cD14++/cD16+), and non-classical (cD14+/cD16++) 
monocyte subsets is presented in Figs. 1A–C. the ob-
tained cytofluorograms and percentage ratio of the 
subsets are consistent with published data [3, 4].

Figures 1D–F present the results of the flow cytom-
etry analysis of the membrane rafts on monocyte sub-
sets using monoclonal antibodies to cD14 and cD16 and 
the cholera toxin B subunit, which identifies membrane 
rafts. to detect rafts on the membranes of whole cells, 
a commonly used method based on the very high affin-
ity (10-12 M) of the cholera toxin B subunit to the GM1 
ganglioside was utilized. the method is based on their 
interactions on the cell membrane, although the level 
of this ganglioside compared to that of other ganglio-
sides in the plasma membrane of blood cells is low [17]. 
therefore, the use of GM1 as a raft marker is related 
not so much to its significance for the raft structure as 
to its availability as a reactant [18]. the analysis of the 
results by the Summit V3.1 Built 844 software dem-
onstrated that all of the monocyte subsets expressed 
GM1, a marker of membrane rafts (Figs. 1D–F).

Interestingly, our data are partly inconsistent with 
the results obtained previously by Moreno-Altamirano 
et al. [19], who divided the monocytes of healthy sub-
jects into two populations based on the expression of 
rafts: cD14+/GM1+ (95.5% with a low raft expression) 
and cD14+/GM1++ (2.5% with a high raft expression). 
to analyze the rafts, they, like us, used a fluorescently 
labeled cholera toxin B subunit. We observed a differ-
ent pattern (Figs. 1D–F): the classical and intermedi-
ate monocyte subsets had the same raft expression; the 
low expression was typical of the non-classical subset 
only. this contradiction may be due to the different 
gating strategy used by Moreno-Altamirano et al. In-
deed, as seen from the data in Figs. 2A and B, based 
on the granularity (SSc) and size (FSc) parameters, 
which were different from those of the monocytes in 
the gate, we identified the so-called non-gate classi-
cal (cD14++/cD16-) and intermediate (cD14++/cD16+) 
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monocyte subsets. In this case, the latter subset had a 
higher expression of the marker rafts than the classical 
one. It is most likely that Moreno-Altamirano et al. [19], 
contrary to us, probably took into account the cells of 
non-gated subsets. We observed the monocytes of non-
gated subsets in equal amounts both in patients and in 
healthy subjects (Fig. 2B). the properties and functions 
of this population need to be further studied.

Figures 3A and B provide the typical cytofluoro-
grams of the monocyte subsets of a healthy subject 
and an atherosclerotic patient. the data in Fig. 3B 
demonstrate that the percentage of intermediate sub-
set monocytes is significantly increased (20.7 ± 7.0%) 
and the percentage of classical subset monocytes is de-
creased (68.6 ± 7.9%) in patients with atherosclerosis 
compared to those of healthy subjects (12.8 ± 3.4 and 
74.8 ± 7.6%, respectively). therefore, atherosclerosis is 
apparently accompanied by a redistribution of mono-

cyte subsets: the proportion of monocytes with an in-
termediate phenotype (cD14++/cD16+) is increased 
due to the reduction in the proportion of the main sub-
set of classical monocytes (cD14++/cD16-). the level of 
non-classical subset monocytes was identical in patients 
and healthy subjects.

these findings are consistent with the results of a 
series of studies that explored monocyte subsets in ath-
erosclerosis. For example, the high level of intermedi-
ate subset monocytes (cD14++/cD16+) was found to be 
associated with an increase in the body mass index and 
thickening of the intima-media complex. clinical data 
indicate a higher level of cD14++/cD16+ monocytes 
and the total population of cD16+ monocytes in pa-
tients with coronary heart disease compared to healthy 
subjects. An increase in the number of monocytes of 
the cD16+ subsets was associated with the predomi-
nance of unstable plaques in the coronary arteries and 

Fig.1. Multistep 
gating of monocyte 
subsets. (A) Identifi-
cation of the mono-
cyte region based on 
the forward scatter 
(FSC) and side scatter 
(SSC) parameters; 
(B) Gating of the total 
population based on 
CD14 positive events; 
(C) Identification of 
monocyte subsets 
by the expression 
level of the surface 
markers CD14 and 
CD16; (D–F) Gating 
in the analysis of the 
expression of various 
receptors and mem-
brane rafts on mono-
cyte subsets based on 
the SSC parameters 
and positive events 
(illustrated by an ex-
ample of the GM1 raft 
marker)
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an unfavorable prognosis in the coronary heart disease 
[3, 6, 20]. It should also be noted that, until recently, the 
cD14++/cD16+ and cD14+/cD16++ monocyte subsets 
were analyzed together in many clinical studies, be-
cause a standard gating protocol was not adopted in the 
analysis of flow cytometry data to identify monocyte 
subsets. this did not allow researchers to draw an un-
ambiguous conclusion on the role of individual cD16+ 
subsets in the pathogenesis of atherosclerosis. As seen 
from Fig. 3B, no significant differences in the percent-
age of non-classical subset monocytes in healthy sub-
jects and in atherosclerotic patients were found.

Expression of cytokine receptors on monocyte subsets
the function of chemokines and their receptors is to at-
tract specifically different monocyte subsets to the in-
flammatory area [21]. Monocyte populations are known 
to differ in their expression of chemokine receptors 
[22]. For example, the classical cD14++/cD16- subset 
is characterized by a high level of ccr2, the receptor 
of the monocyte chemoattractant protein-1 (McP-1), a 
moderate expression of cX3cr1, the fractalkine recep-

tor, and a low level of ccr5, the receptor of the inflam-
matory cytokines ccL3, ccL4, ccL8, and ccL3. the 
cD16+ subsets are ccr2 negative and express a high 
level of the cX3cr1 and ccr5 receptors. these two 
receptors were also found to play a prominent role in 
the formation of atherosclerotic lesions, because their 
ligands are found in the atherosclerotic plaques and are 
expressed by endothelial cells after their activation by 
cytokines [23, 24]. In connection with this, the expres-
sions of ccr5, cX3cr1, and the LPS receptor (tLr4), 
which is common to all monocytes, were studied on 
the monocytes of healthy subjects and arteriosclerotic 
patients using flow cytometry with triple staining by 
monoclonal antibodies. no significant differences in the 
ccr5 and tLr4 expression by the monocytes of ath-
erosclerotic patients and healthy subjects were found 
among all the subsets (data not shown).

the expression of cX3cr1 (fractalkine receptor) on 
the intermediate and non-classical subsets was higher 
than that on classical monocytes, which is consistent 
with the concept of its localization on cD16+ monocytes 
[23]. In this case, both cD16+ monocyte subsets in pa-

Fig. 2. Blood cell subsets from a healthy subject located 
outside a monocyte gate. (A) Characteristics of CD14++/
CD16– and CD14++/CD16+ cell subsets based on their 
granularity (SSC) and size (FSC); (B) Cumulative data on 
the fluorescence intensity of the raft marker (GM1) on 
CD14++/CD16– and CD14++/CD16+ cells in 15 healthy 
subjects (green bars) and 25 atherosclerotic patients (red 
bars). Values are presented as M ± SD. *,#P<0.5
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rotic patient (B); (C) Cumulative data on the percentage 
ratio of monocyte subsets in 15 healthy subjects (green 
bars) and 25 atherosclerotic patients (red bars). Values 
are presented as M ± SD. *,#P<0.05
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tients had a cX3cr1 fluorescence intensity 2 times 
higher than that of the monocytes in healthy subjects 
(Fig. 4).

An unambiguous role of cX3cr1/cX3cL1 in the 
formation of atherosclerotic lesions in human vessels 
was also demonstrated in experimental atherosclerosis 
in mice [24]. therefore, our findings confirm the results 
of previous studies.

Expression of lipid rafts on monocyte subsets
Previously, we found that the biosynthesis of gangli-
osides whose main function is the formation of lipid 
rafts is significantly activated in the blood monocytes 
of patients with atherosclerosis [15]. On this basis, we 
suggested that pre-activation of circulating monocytes 
in atherosclerosis is accompanied by an increase in the 
number of the lipid rafts necessary for the functioning 
of membrane proteins.

Many antigens and receptors of monocytes, such as 
cD14, cD32, cD64, cD11/cD18, and the major his-
tocompatibility complex class II (MHc II), were pre-
viously demonstrated to be permanent components 
of membrane rafts [25, 26]. When monocytes are ac-
tivated, additional protein molecules are transported 
to the plasma membrane. For example, under certain 
conditions, cD16 are mobilized from cytosol depots 
to membrane rafts [27]. Activation and functioning of 

monocytes require the integration of individual rafts 
into large platforms with the involvement of additional 
protein components [28, 29]. Disruption of rafts through 
treatment of cells with nystatin or methyl cyclodextrin 
(cholesterol binding compounds), conversely, results in 
a loss of the association of receptors in lipid platforms 
and, consequently, in a disruption of signal transduc-
tion and cellular responses to specific ligands [10].

As seen from the data shown in Fig. 3B, the percent-
age ratio among the subsets of monocytes expressing 
GM1+ rafts (cD14++/cD16-/GM1+, cD14++/cD16+/
GM1+, and cD14+/cD16++/GM1+) in healthy subjects 
and in atherosclerotic patients did not differ; howev-
er, a redistribution of monocytes among the subsets of 
cD14++/cD16-, cD14++/cD16+ and cD14+/cD16++ oc-
curred in atherosclerosis (see above).

the analysis of fluorescence after triple staining 
with antibodies to cD14 and cD16 and the cholera tox-
in B subunit demonstrated that the mean fluorescence 
intensity (MFI) of rafts on monocytes with a high ex-
pression of cD14 was higher than that on monocytes 
with a low expression of cD14 both in patients and in 
healthy subjects (1.4 and 1.27 times, respectively) (Fig. 
5). Based on these data, it may be concluded that the di-
rect relationship between the accumulation of ganglio-
sides in monocytes in atherosclerosis and an increase 
in the number of rafts in the membranes of these cells 
is not obvious. We assumed that this ganglioside pool 
may be realized in the form of lipid rafts as a result of 
the differentiation of pre-activated monocytes in the 
arterial intima during the atherogenesis.

M
FI

 o
f C

X
3C

R
1

* #

CD14
++ /CD16

- /CX3CR1
+

CD14
++ /CD16

+ /CX3CR1
+

CD14
+ /CD16

++ /CX3CR1
+

Fig. 4. Fractalkine receptor (CX3CR1) expression on 
monocyte subsets in 15 healthy subjects and 25 ath-
erosclerotic patients. The differences are statistically 
significant for the CD16+ cells of healthy subjects (green 
bars) and atherosclerotic patients (red bars). Values are 
presented as M ± SD. P<0.05
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Fig. 6. Cytofluorometric analysis of the in vitro differ-
entiation of cultured monocytes from healthy subjects. 
(A) Change in the proportion of СD14+/CD16+ (■) and 
CD14+/CD206+ cells (●) during the differentiation (n=3). 
*,#The differences are statistically significant between the 
1st and the 4th day and the 1st and 7th day; (B) Change in 
the raft marker expression on CD14+/CD206+ cells during 
the differentiation (n=3). *The difference is significant be-
tween the reference point and 1st day, and the 1st and 7th 
day. Values are presented as M ± SD. *,#P<0.05

А

Po
si

ti
ve

 c
e

lls
, 

 %

Days

*
*

*
*

*

#

#

M
FI

 o
f r

af
t 

m
ar

ke
r

B

Days

Flow cytometry analysis of the membrane rafts of 
cultured monocytes/macrophages in healthy subjects.
Previously, we observed a significant increase in the 
synthesis of gangliosides during the in vitro differen-
tiation of human monocytes into macrophages [14]. We 
also found that the mrnA level of GM3 synthase (a key 
enzyme of the ganglioside synthesis) was significant-
ly higher in cultured monocytes/macrophages than in 
freshly isolated monocytes and in the intima of an ath-
erosclerotic plaque compared to the intima of unaffect-

ed regions of the human aorta [30]. It should be noted 
that macrophages are the main cells in the intima of 
the atherosclerotic arteries, whereas they are actually 
absent in the normal intima.

this study demonstrated, using the flow cytometry 
analysis of cultured monocytes of healthy subjects, a 
reduction in the proportion of cD14+/cD16+ cells and 
an increase in the proportion of cD14+/cD206+ cells 
(Fig. 6A), which indicates a differentiation of mono-
cytes into macrophages [30]. Increasing MFI of rafts by 
2 times as early as after 24 h and by 3 times on the 7th 
day of culturing compared to freshly isolated mono-
cytes (Fig. 6B) was revealed by triple staining with 
antibodies to cD14 and cD206 (macrophage differen-
tiation marker) and the fluorescently labeled cholera 
toxin B subunit.

these findings, in conjunction with our earlier re-
sults [13, 14, 30], indicate a probable relationship be-
tween biosynthesis activation and, as a consequence, 
an increase in the level of gangliosides and a higher 

Fig. 7. Double immunofluorescence staining of cultured 
monocytes/macrophages from a healthy subject. Double 
staining with the cholera toxin B-subunit, which reveals 
GM1ganglioside, and monoclonal antibodies, which 
recognize the differentiation marker CD206 (A) or the 
monocyte/macrophage marker CD14 (B). The left images 
are obtained by phase contrast microscopy of the same 
cells. The length of the bar is 10 μm
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expression of lipid rafts in cultured macrophages com-
pared to freshly isolated monocytes. An increasing 
amount of data confirms that monocytes are already 
pre-activated, circulating before their migration to 
inflammation areas during inflammatory pathologies 
accompanied by an increased production of cytokines, 
such as tnF-α, M-cSF, or IL-6 [10–12]. In this regard, 
it seems likely that the previously found accumulation 
of gangliosides in the activated monocytes of athero-
sclerotic patients [13] is necessary for the formation of 
membrane rafts after the infiltration of monocytes into 
the vascular wall intima with their subsequent differ-
entiation into macrophages.

In previous studies, we found, using methods of im-
munocytochemistry with specific antibodies to the 
main ganglioside of monocytes/macrophages, that the 
intima of human atherosclerotic lesions contains a large 
number of cells with a high expression of this ganglio-
side. the study of the phenotype of these cells demon-
strated that the majority of them were macrophages 
[31,32].

A study of the expression of differentiation and lipid 
raft markers using double staining of monocytes/mac-
rophages revealed that a significant portion of cD14+/
SD206+ cells was raft-positive (Figs. 7A and B). A small 
number of cells of different morphologies with a high 
expression of the raft marker were present at all stages 
of culturing. Among these cells, cells expressing and 
non-expressing markers of macrophages were present.

CONCLUSION
the flow cytometry study based on a single strat-
egy of gating monocyte subsets demonstrated that 
three monocyte subsets (classical, intermediate, and 
non-classical) can be identified in the peripheral blood 
of both atherosclerotic patients and healthy subjects. 
In patients with atherosclerosis, an increase in the pro-

portion of the intermediate subset (cD14++/cD16+) 
and a decline in the proportion of the classical subset 
(cD14++/cD16-) of monocytes were observed com-
pared to healthy subjects. In them, the monocytes of 
the intermediate subset were characterized by a higher 
expression of the fractalkine receptor cX3cr1 com-
pared to healthy subjects. the monocytes of patients 
and healthy subjects did not differ in the expression of 
membrane rafts. However, cD14++ monocytes differed 
from cD14+ monocytes by a higher expression of rafts. 
In addition, the so-called non-gate classical (cD14++/
cD16-) and intermediate (cD14++/cD16+) monocyte 
subsets were identified in both of the studied groups, 
with the latter subset having a higher expression of 
the raft marker. During culturing of monocytes/mac-
rophages in the presence of M-cSF, their activation 
with further differentiation accompanied by a three-
fold increase in the expression of membrane rafts oc-
curred. In conjunction with our previous data, it may 
be concluded that the accumulation of gangliosides, 
which are essential components of rafts, in pre-acti-
vated monocytes of atherosclerotic patients did not 
result in an increase in the expression of membrane 
rafts. However, the data obtained in this work suggest 
that during the differentiation of monocytes into mac-
rophages, an accumulated pool of gangliosides is real-
ized in macrophages in the form of the rafts required 
for activating the adhesion and phagocytosis.  
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ABSTRACT Several new actinoporin isoforms with molecular weights of 18995.5 to 19398.7 Da exhibiting a high 
hemolytic activity were isolated from the tropical sea anemone Heteractis crispa using a combination of liquid 
chromatography techniques. The actinoporins were demonstrated to occur as mono-, di-, and trimers in aqueous 
solutions. The sequences of the genes encoding actinoporins were identified, and the amino acid sequences of 
the new polypeptides belonging to the Hct-A actinoporin family were obtained. The new acinoporins differ in 
their isoelectric points, the number and localization of charged amino acid residues at the functionally important 
N-terminal fragment of the molecule, as well as in the charge of a tetrapeptide (amino acid residues 74–77) in-
volved in an electrostatic interaction with the cytoplasmic membrane. A recombinant actinoporin, rHct-A2, with 
a molecular weight of 19141 Da, pI of 9.64, and hemolytic activity of 4.0 × 104 HU/mg, was obtained. The conduc-
tivity of the ion channels formed by rHct-A2 in the BLM was demonstrated to be similar to that of the native 
actinoporin from H. crispa. The obtained data expand knowledge on the structural and functional relationships 
of actinoporins and contribute to our understanding of the functioning mechanism of these molecules, which is 
the basis for the development of compounds with a high biomedical potential. Currently, they are considered as 
models for obtaining antitumor, antibacterial, and cardiac-stimulating agents.
kEyWORDS sea anemone; actinoporins; hemolytic activity; lipid membrane conductivity; structural and func-
tional analysis.
ABBREVIATIONS PFT – pore-forming toxins; BLM – bilayer lipid membrane; aa – amino acid residue; GST – glu-
tathione S-transferase; IPTG – isopropyl-β-D-1-thiogalactopyranoside.

INTRODUCTION
the reason for the close attention paid by researchers 
to sea anemones, marine coelenterates, is their toxins 
that are complex mixtures of biologically active com-
pounds of a protein nature. neurotoxins (modulators of 
nav, ASIcs and Kv ion channels), proteinase inhibitors 
differing in their structure and mechanism of action, 
and actinoporins belonging to the α-pore-forming tox-
in (α-PFt) family are of great interest for future use 
as pharmacological agents [1–3]. Actinoporins have a 
unique spatial structure that allows them to exist both 
in the water-soluble and in membrane-bound states 
and determines their ability to bind to sphingomye-
lin-containing membranes and to form ion channels 
or pores in them [4]. A wide range of pharmacological 
activities exhibited by these polypeptides, such as an-
ti-tumor, anti-parasitic, dermatonecrotic, and cardiac 
stimulatory [5–7] activities is associated with the pore 
formation. It was found that eqtII actinoporin from Ac-
tinia equina at a concentration of 0.1–1 nM has a car-

diotoxic effect, but at higher concentrations it stimu-
lates platelet aggregation [8]. tenebrosins (actinoporins 
from A. tenebrosa) at low concentrations (~ 10-9 M) were 
demonstrated to also act as cardiac stimulants [9]. eqtII 
and Bc2 actinoporins from Bunodosoma caissarum [10] 
were found to be effective anticancer agents affect-
ing fibrosarcoma and glioblastoma [11]. recently, using 
HeLa, tHP-1, MDA-MB-231, and Snu-c4 cells, we 
demonstrated that rtX-A actinoporin from Heteractis 
crispa, at nontoxic concentrations, exhibits antitumor 
effect and suppresses the epidermal-growth-factor-in-
duced tumor transformation of JB6P+cl41 mouse ep-
ithelial cells [7]. this effect was found to be due to the 
induction of p53-independent apoptosis and inhibition 
of the activity of the oncogenic nuclear factors AP-1 
and nF-κB.

In recent years, α-pore-forming toxins from sea 
anemones have been used to develop pharmaceutical 
drugs on the basis of immunoconjugates of actinoporins 
with ligands, such as monoclonal antibodies, hormones, 
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or growth factors, whose action is directed at the cy-
toplasmic membranes of tumor and/or parasitic cells 
[6]. In this regard, investigation of the molecular basis 
of the actinoporin pharmacological effects seems to be 
of interest.

this work continues the structural and functional 
studies of actinoporins. It describes the isolation of ac-
tinoporins from the H. crispa sea anemone, identifica-
tion of the sequences of the genes encoding them, pro-
duction of recombinant analogues, and investigation of 
some aspects of the mechanism for interaction of acti-
noporins with biological targets.

EXPERIMENTAL
reagents from the following companies were used in 
the study: reanal, Hungary; Whatman, uK; Icn Bi-
ochemicals, Sigma, Invitrogen, and thermo Scientif-
ic, uSA; Fermentas, Lithuania; Merk, Germany; Kri-
ohrom, Sibenzyme, Helicon, and evrogen, russia.

Biological material
H. crispa sea anemones were collected in the intertidal 
zone of the South china Sea during a scientific expedi-
tion on the Akademik Oparin research vessel in 2007. 
the species of the sea anemone were identified by 
e.e. Kostina (Institute of Marine Biology, Far eastern 
Branch of the russian Academy of Sciences, Vladiv-
ostok, russia). the sea anemone samples were frozen 
and stored at –20 °c.

Isolation and purification of polypeptides
Preparation of an aqueous extract and precipitation of 
the total fractions of water-soluble proteins with ace-
tone (63%) were performed as described previously [12]. 
All manipulations were performed at 4 °c.

Ion exchange chromatography of the polypep-
tides was performed on a cM-32 cellulose column 
(2.6 × 50 cm) equilibrated with a 0.01-M ammonium ac-
etate buffer, pH 6.0, with a linear concentration gradi-
ent of nacl (0–0.5 M, total volume of 2 L) in the work-
ing buffer. the elution rate was 20 mL/h; the fraction 
volume was 5 mL.

Gel filtration of the polypeptides was conducted on 
a Superdex Peptide 10/30 column equilibrated with a 
0.1-M ammonium acetate buffer, pH 6.0, using FPLc 
(AKtA System Pharmacia, Sweden). elution was per-
formed at a rate of 3 mL/min. the fraction volume was 
1.5 mL.

HPLc of the polypeptides was performed on a nu-
cleosil c18

 reversed phase column (4.6 × 250 mm) equili-
brated with 10% acetonitrile in 0.1% trifluoroacetic acid 
using an Agilent 1100 chromatograph (Agilent tech-
nologies, uSA). elution was performed with a concen-
tration gradient of acetonitrile from 10 to 90% in 0.1% 

trifluoroacetic acid at pH 2.2 for 60 min. the elution 
rate was 0.5 mL/min. A concentrator 5301 vacuum 
concentrator (eppendorf, Germany) was used for the 
evaporation of acetonitrile.

the protein concentration was determined by the 
Lowry method [13]; bovine serum albumin was used as 
a standard.

Cloning of actinoporin genes
cDnA was synthesized based on the total mrnA iso-
lated from tentacles of the H. crispa sea anemone 
[14]. nucleotide sequences encoding mature actinop-
orins were amplified using the gene-specific prim-
ers 5’-tcGttAcc/aAtGAtA-3’ (hct_sign) and 
5’-GAttctctAtttGtcttc-3’ (hct_notransl) con-
structed with the Vector ntI 8 software (Invitrogen, 
uSA) based on the sequences of known actinoporin 
genes. the primers were synthesized at evrogen (Mos-
cow, russia). Pcr was performed on a GeneAmp® 
Pcr System 2700 thermocycler (Applied Biosystems, 
uSA) under the following conditions: 94 °c for 5 min; 
followed by 28 cycles of 94 °c for 30 s, 59 °c for 45 s, 
and 72 °c for 45 s; followed by 72 °c for 15 min. Pcr 
fragments (650 bp) were isolated from agarose gel with 
a DnA extraction Kit (thermo Scientific, uSA) and 
cloned into ptZ57r/t using a t/A cloning system 
(thermo Scientific, uSA). recombinant plasmids were 
transformed into DH5 Escherichia coli cells. clones 
were selected using moderately blue selection on a LB 
medium containing X-Gal and IPtG. the presence of 
a desired insert in selected clones was determined by 
colony Pcr with standard primers.

Determination and analysis of nucleotide 
and amino acid sequences
Plasmid DnA was isolated by the alkaline lysis method 
[15]. Determination of the nucleotide sequences of in-
serts was performed on an ABI3130xl genetic analyz-
er (Applied Biosystems, uSA) [16]. the nucleotide and 
deduced amino acid sequences were analyzed using the 
Vector ntI 8 software package (Invitrogen, uSA).

Expression of actinoporin genes
to generate an expression construct, an acti-
noporin encoding a DnA fragment was ampli-
fied using Vent DnA polymerase (Sibenzyme, 
russia) and the gene-specific primers: hct-a(f) 
(5’-GGctttAGctGGtAcAAttAtcGcGGGtGcA-
3’)  and hct-a(r)  (5 ’-ccccAAGcttAGcGt-
GAGAtcttAAtttGcAGtAt-3’). to preserve the 
endopeptidase site and to insert correctly the gene into 
the pet-41a(+) vector (novagen, uSA), the 5’-end of 
the forward primer was added with dGMP, and the 
reverse primer was introduced with the restriction site 
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for HindIII, combined with the stop codon, and with 
four additional nucleotides for efficient restriction en-
zyme activity. Pcr was conducted under the following 
conditions: 94 °c for 5 min; then 30 cycles of 94 °c for 
30 s, 65 °c for 45 s, and 72 °c for 45 s; followed by 72 °c 
for 15 min. ptZ57r/t with the hct-a2 gene insert was 
used as the template. the Pcr fragment was treated 
with the HindIII restriction enzyme and cloned into the 
pet-41a(+) vector at the PshAI and HindIII restric-
tion sites. recombinant plasmids were isolated and se-
quenced. Plasmids with the correct insert were used 
to transform rosetta (De3) E. coli cells by electropora-
tion on a Multiporator device (eppendorf, Germany). 
the transformed cells were cultured in a 2xYt medi-
um containing antibiotics kanamycin (50 µg/mL) and 
chloramphenicol (34 µg/mL) overnight, after which 
the culture was grown in a volume of 100 mL until a 
absorbance A

600
 = 0.5–0.6. to induce expression, IPtG 

was added (Fermentas, Lithuania) to the final concen-
tration of 0.1 mM and the cells were further grown at 
30 0c for 3 h to obtain a fusion protein in soluble form. 
the cells were then centrifuged (8000 rpm) and washed 
with a 1× PBS buffer.

Isolation of recombinant actinoporin
cells containing the fusion protein were re-suspended 
in 1× PBS (1 : 5 by volume) and sonicated on a Sono-
puls HD 2070 device (Bandelin electronic, Germany) 
to destroy the cell membrane. After centrifugation 
(10000 rpm), the cell lysate was loaded onto a ni2+-cAM 
agarose, incubated for 10 min (4 0c) with constant stir-
ring for the binding of the fusion protein to the carrier. 
to remove cell lysate proteins, ni2+-cAM agarose with 
the fusion protein was washed with a buffer solution 
(50 mM naH

2
PO

4
, 300 mM nacl, 10 mM imidazole, pH 

8.0) and then with an enteropeptidase reaction buffer 
solution (20 mM tris-Hcl, 50 mM nacl, 2 mM cacl

2
, pH 

8.0). the fusion protein was added with enteropeptidase 
(new england BioLabs, uK) in the amount of 1 enzyme 
unit per 20 µg of the fusion protein, and the mixture was 
incubated at room temperature with constant stirring 
overnight. After sedimentation of ni2+-cAM agarose by 
centrifugation at 3000 rpm, the recombinant actinoporin 
containing the fraction was collected and incubated with 
StI agarose to remove enteropeptidase.

Electrophoretic analysis
electrophoresis was performed according to the 
Laemmli method [17] in vertical plates (9 × 12 × 1 mm) 
in a 15% polyacrylamide gel in the presence of 0.1% so-
dium dodecyl sulfate (SDS). Molecular weights were 
estimated using a Pageruler™ unstained protein lad-
der (a set protein markers, 10–200 kDa, (Fermentas, 
Lithuania)).

Mass spectrometric analysis
the molecular weights of the polypeptides were de-
termined on an ultraflex III tOF/tOF (time of flight) 
mass spectrometer (Bruker Daltonics, Germany). time 
of flight mass spectra was recorded in the linear and 
reflector modes.

Hemolytic activity
the hemolytic activity was detected in mouse erythro-
cytes in a medium containing 0.9% nacl. the hemoglo-
bin level in the supernatant was measured spectropho-
tometrically at 540 nm after preliminary rapid cooling 
of the reaction mixture and its centrifugation to pre-
cipitate erythrocytes and their shadows. the amount 
of protein causing 50% hemolysis of red blood cells in 1 
mL of 0.7% suspension at 37 °c for 30 min was taken as 
one hemolytic unit (Hu).

the results processed according to the variation sta-
tistics rules using the MS Office excel 2007 software 
package are presented as the mean values of six inde-
pendent experiments ± standard deviation. the statis-
tical significance of the differences among the indica-
tors was assessed by the AnOVA one parameter test.

Determination of the N-terminal 
amino acid sequence
the amino acid sequence of the recombinant actinoporin 
n-terminal fragment was determined on a Procise 492 
cLc automatic solid-phase protein sequencer (Applied 
Biosystems, uSA) according to the manufacturer’s pro-
gram using a protein sample on the PVDF membrane. 
the recombinant protein was transferred from a poly-
acrylamide gel to a 0.45 µm PVDF membrane (Millipore, 
uSA) in a buffer solution containing 25 mM tris, 192 
mM glycine, 20% methanol, 0.1% SDS, pH 8.3, at 26 V 
and 60 mA, overnight, using a Mini trans-Blot® camera 
(Bio-rad, uSA). the membrane was stained with 0.04% 
coomassie Brilliant Blue G-250 in 10% (by volume) gla-
cial acetic acid and then washed free of dye with 50% 
(by volume) methanol and dried in a thermostat at 37 °c.

Preparation of bilayer lipid membranes
Bilayer lipid membranes (BLMs) were formed on the 
0.25 mm aperture of a teflon cup by the Muller method 
[18] using a 1% solution of monoolein in n-heptane con-
taining predetermined concentrations of sphingomye-
lin. Aqueous phase: 0.1 M or 1 M nacl, 10 mM Hepes, 
pH 7.5. Actinoporins rtX-A (5 ng/mL) and Hct-A2 
(50 ng/mL) were added to the aqueous phase until the 
BLM formation.

Measurement of BLM electrical characteristics 
the current through the BLM was measured by a 
VK2-16 high resistance voltmeter-electrometer in 
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the membrane voltage clamp mode using silver/silver 
chloride electrodes (asymmetry potential of 2.3 mV). 
current recording at the amplifier output was per-
formed by means of a KPS-4 potentiometer.

Homology modeling of actinoporins
Actinoporins spatial structure models were generated 
by homology modeling using the SWISS-MODeL web 
server [19] and Swiss-PdbViewer software [20]. the 
spatial structure of StnII sticholysin (PDB ID 1GWY) 
[21] from the Stichodactyla helianthus sea anemone, 
received from the Protein Data Bank, was used as a 
prototype in constructing the model [22]. evaluation 
of the electrostatic properties of the molecular surface 
in the Amber ff12 force field and visualization of the 
structures were performed using the MOe software 
[23].

RESULTS AND DISCUSSION
According to published data, native actinoporins are 
usually isolated from the aqueous extracts of whole an-
imals and their further purification is carried out by a 
combination of various methods of liquid chromatog-
raphy [4, 12, 24, 25]. In this study, to isolate individual 
actinoporins, their precipitation from an aqueous ex-
tract of the H. crispa (=Radianthus macrodactylus) sea 
anemone with acetone and separation of the compo-
nents of the total protein sample by cation exchange 
chromatography, FPLc gel filtration, and rP-HPLc 
were used.

Figure 1A presents the elution profile of the total 
protein sample obtained by chromatography on cM-
32 cellulose. the polypeptides of fraction 2 had a high 
hemolytic activity, and those of the fractions 1 and 3 
had a lower activity. the fraction 2 polypeptides were 
rechromatographed under the same conditions. Sub-
sequent purification of actinoporins was performed 
by gel filtration (Fig. 1B). In result the hemolitic active 
fractions containing 50 to 500 µg of the protein were 
obtained. According to the electrophoretic analysis, 
these fractions contained polypeptides with a molec-
ular weight of about 19–20 kDa. the polypeptides of 
fractions 1–3 were subjected to reverse phase HPLc 
on a nucleosil c18

 column (Figs. 1C–E, respectively). 
Based on this, both fractions of the homogeneous pol-
ypeptides (Fig. 1D) and fractions containing several 
polypeptides (Figs. 1C, E) with a molecular weight 
of 18995.5 to 19398.7 Da, according to the mass spec-
trometric analysis, were obtained. Obviously, acti-
noporins in the combined fractions are presented as 
multiple isoforms with very similar physicochemical 
properties, which is likely the reason for the peak 
broadening during chromatographic separation of 
polypeptides.

Previously, from H. crispa, we isolated and charac-
terized actinoporins rtX-A, rtX-S, and rtX-SII as 
well as identified the sequences of the genes and de-
duced amino acid sequences for 18 actinoporins of the 
Hct-S family that contain the n-terminal serine resi-
due [12, 14, 25, 26]. the experimental values of the mo-
lecular weights of the isolated actinoporins range from 
18995.5 to 19398.7 and are consistent with the calcu-
lated values for the Hct-S family (from 19338 to 19518 
Da) that indicates the existence of many actinoporin 
isoforms not only at the genomic or transcriptomic, but 
also at the translational levels. the presence of lower 
intensity signals in the regions of 38543 and 57950 m/z 
in the mass spectra demonstrates that actinoporins ex-
ist in aqueous solutions likewise in the form of dimers 
and/or trimers, respectively, which is consistent with 
the experimental data obtained previously for StnII 
from S. helianthus [27].

It should be noted that the absence of the first two 
n-terminal amino acid residues is a distinctive feature 
of the primary structure of rtX-A actinoporin isolated 
from H. crispa (19273 Da) [12]. According to the calcu-
lated molecular weights of actinoporins of the Hct-S 
family (from 19338 to 19518 Da) and the values deter-
mined for actinoporins by MALDI tOF mass spectrom-
etry (18995.5 to 19398.7 Da), the existence of another 
family of actinoporins with smaller molecular weights 
and, probably, with an alanine residue at the n-termi-
nus of the molecule, may be assumed.

Cloning of actinoporin genes
to determine the sequences of the genes encoding 
mature actinoporins of the H. crispa sea anemone, the 
forward (hct_sign) and reverse (hct_notransl) prim-
ers were constructed. the hct_sign primer was con-
structed on the basis of the signal sequence analysis 
of known actinoporins, and the gene-specific reverse 
hct_notransl primer was constructed on the basis of 
previously obtained information on the 3’-untranslated 
region of rtx-a and rtx-sii from H. crispa [28].

With the use of Pcr, cloning, sequencing, and anal-
ysis of Pcr fragments, 17 sequences of the actinoporin 
genes were obtained, five of which encoded actinopor-
ins of the new Hct-A family (Hct-A2–Hct-A6), and 12 
were actinoporins of the Hct-S family established by us 
previously (Fig. 2) [26]. the identity of the nucleotide 
sequences ranged from 93 to 99%, and that of amino the 
acid sequences ranged from 88 to 99%. Hct-A2–Hct-A4, 
Hct-S3, Hct-S5, and Hct-S6 were the most represented.

the calculated molecular weights of the actinoporins 
of the Hct-A and Hct-S families ranged from 19158 to 
19518 Da, which corresponds to the native actinoporins 
from H. crispa, A. equina, S. helianthus, H. magnifica, 
and Phyllodiscus semoni [12, 24–32]. All members of 
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Fig. 1. Chromatography of 
the hemolytic active poly-
peptides of the sea anemone, 
H. crispa. A – Ion exchange 
chromatography of the total 
protein preparation on a CM-
32 cellulose column. Boundar-
ies for combining fractions of 
polypeptides with hemolytic 
activity are denoted. b – FPLC 
gel filtration of fraction 2 poly-
peptides after ion exchange 
chromatography on a Super-
dex Peptide 10/30 column; 
boundaries for combining 
fractions are denoted. c–e – 
RP-HPLC of fractions 1–3 poly-
peptides, after gel filtration, 
on a Nucleosil C

18
 column and 

mass spectra of the obtained 
compounds
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the Hct-A and Hct-S families are highly basic polypep-
tides; the calculated values of their isoelectric points 
are in the range of 9.10–9.74, which is typical of acti-
noporins from H. crispa, as well as of the majority of 
well-known members of actinoporins from other spe-
cies of sea anemones.

According to the obtained data, a number of actinop-
orin isoforms encoded by multigene families are syn-
thesized in the tentacle tissue of H. srispa as well as the 
sea anemones A. equina [29, 33], H. magnifica [34], and 
S. helianthus [24, 35]. Actinoporins differ by single ami-
no acid substitutions (Fig. 2), most of which are located 
in the functionally important amphiphilic n-terminal 
fragment of the molecule (1–27 aa) that is involved in 
the pore formation and is associated with the β-core 
by the highly charged S/KrK30 loop [21, 28, 36]. All 
actinoporins are characterized by a high conservation 

of amino acid residues within the aromatic phospho-
rylcholine (POc) membrane binding site (104–137 aa) 
as well as the Lys77 residue localized in the loop con-
necting the β5- and β6-strands (76–79 aa). this residue, 
as demonstrated for eqtII, is involved in the monomers 
oligomerization [37].

In silico analysis of charged amino 
acid residues in the area of interaction 
of actinoporins with the membrane
to date, it has been established that the molecular 
mechanism of pore formation is based on the electro-
static attraction between a positively charged actinop-
orin molecule and the oppositely charged cytoplasmic 
membrane and on the specific interaction between the 
POc binding site and the phosphorylcholine head of 
sphingomyelin [5, 21, 28, 36]. Subsequent conforma-

Fig. 2. Multiple alignment of actinoporin amino acid sequences. RTX-A, RTX-SII, Hct-As, and Hct-Ss are actinoporins 
of H. crispa; HMgIII is magnificalysin of Heteractis magnifica (Swiss-Prot, Q9U6X1); StnI and StnII are sticholysins of S. 
helianthus (Swiss-Prot, P81662, P07845); EqtII, EqtIV, and EqtV are equinatoxins of A. equina (Swiss-Prot, P61914, 
Q9Y1U9, Q93109). Identical residues are marked by points; the length of α-helices and β-strands corresponds to the 
StnII structure and is denoted by H and S, respectively
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tional rearrangement of the n-terminal fragment of 
the molecule leads first to its transition to the water-li-
pid interface and then to its inclusion into the mem-
brane hydrophobic core. the process is accompanied 
by oligomerization of three, or four, or nine monomer 
molecules [27, 38–40].

to determine the localization of the functionally 
important sites of actinoporins of the Hct-A family 
(Hct-A2–Hct-A6), models of their spatial structures 
were built. the crystal structure of StnII (PDB, 1gwyA) 
with the highest resolution of 1.71 Å (sequence identity 
ranging from 90.29 to 99.43%) was used as a prototype. 
the resulting 3D actinoporin structure models contain 
12 β-strands, which form the β-core, and two α-hel-
ices located at the n- and c-termini of the molecule. 
the antiparallel β-strands are connected to each other 
and to the α-helices by different-length loops (Fig. 3), 
which are included into the membrane interface during 
the pore formation [40]. the rMSD value for 175 cα 
atoms of the model relative to the prototype was 0.27 Å.

In this study, an analysis of variations in charged 
residues in the area of interaction of the actinoporins 
with the membrane was performed. Mapping the mo-

lecular surface of these molecules with the changes in 
their electrostatic properties demonstrated that despite 
high conservation of the location of charged residues 
in the structure of the actinoporins, the 74–83 loop 
connecting the β5- and β6-strands contains a variable 
region (Figs. 2 and 3). According to cryoelectron mi-
croscopy, this loop is localized, like the POc binding 
site, on the surface of the contacts between the acti-
noporins and the lipid interface and plays an important 
role both in the recognition and in interaction with the 
membrane [21]. Substitution of the neutral thr residue 
with the positively charged Arg residue at position 77 
and the negatively charged Asp with Asn at position 
76 in three members of the Hct-A4–Hct-A6 family 
was demonstrated to increase significantly the positive 
charge density in this region (Fig. 3). In our opinion, this 
should lead to a strong electrostatic interaction of both 
this loop and the adjacent, highly charged, “pseudorig-
id” SrK loop (28–30 aa) with the membrane surface. 
Obviously, these are electrostatic interactions that fa-
cilitate, in turn, the conformational reorganization of 
the n-terminal fragment and its subsequent dislocation 
and integration into the membrane.

Fig. 3. Spatial structure models of Hct-A2 and Hct-A6 actinoporins. The spatial structure models of Hct-A2 (A) and Hct-
A6 (b) actinoporins are presented as a ribbon diagram and colored according to the secondary structure elements. The 
amino acid residues forming the POC binding site and “pseudorigid” 28SRK30 loop as well as residues with a charged 
side chain in the loop connecting the β5- and β6-strands are presented as a sticks; the amino acid residues Arg77 and 
Asn76 of the Hct-A6 actinoporin are presented as a ball-and-sticks. The variable regions of the molecular surface are 
colored according to electrostatic properties: positively charged residues are in blue, and negatively charged ones are 
in red. Visualization was performed using the MOE software [23]
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Obtaining of recombinant actinoporin 
and study of its properties
A large number of actinoporin isoforms in a single pro-
ducer species creates certain difficulties in producing 
homogeneous polypeptides in an amount sufficient in 
order to conduct structural and functional studies. In 
order to obtain individual actinoporins, conditions for 
the expression of their genes in a bacterial system were 
selected and a scheme of their isolation in the recombi-
nant form was developed.

to generate a construct expressing the actinopor-
in gene, the pet system was chosen; in particular, the 
pet-41a(+) plasmid vector designed for E. coli expres-
sion of target proteins fused with a carrier protein, glu-
tathione S-transferase (GSt). Based on the sequences 
of genes encoding mature actinoporins of the Hct-A 
family, the gene-specific primers hct-a(f) and hct-a(r) 
flanking the hct-a2 gene at the 5’- and 3’-termini, re-
spectively, were constructed. the recombinant ptZ57r 
plasmid containing the hct-a2 gene was used as a tem-
plate for Pcr. A 550 bp fragment was obtained using 
Pcr that was inserted into the plasmid at the PshAI 
and HindIII sites. recombinant plasmids with the de-
sired insert were used to transform the rosetta (De3) 
E. coli strain. the recombinant actinoporin was ob-
tained as a GSt-fused protein with a polyhistidine tag 
(GSt–His6–rHct-A2). According to the electrophoretic 

analysis, the molecular weight of the fusion protein was 
slightly above 50 kDa (Fig. 4), which is consistent with 
the calculated data (~52 kDa). GSt–His6–rHct-A2 
was also detected in the culture medium, but in small-
er quantities. IPtG concentration of 0.1–1.0 mM had 
practically no effect on the recombinant protein yield. 
the recombinant rHct-A2 actinoporin with a molecular 
weight of approximately 20 kDa was isolated from the 

Fig. 4. Electrophoregrams of cell lysate proteins after 
expression of pET41a(+)-hct-a2 without addition of IPTG 
(1); after expression of pET41a(+)-hst-a2 with addition 
of IPTG at concentrations of 0.1, 0.5, and 1.0 mM (2–4, 
respectively); and the recombinant rHct-A2 actinoporin 
(6); 5, 7 – molecular weight markers, kDa
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mV. b – conductivity histograms of membranes modified 
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12 pA

15 s

20 mV

RTX-A

12 pA
15 s

20 mV

I

I

rHct-A2

rHct-A2 RTX-A

N
um

b
e

r 
o

f c
ha

nn
e

ls
, 

N

N
um

b
e

r 
o

f c
ha

nn
e

ls
, 

N

Conductivity, pS Conductivity, pS

0 60 120 180 240 300 420 0 60 120 180 240 300 420

60

40

20

0

60

40

20

0



RESEARCH ARTICLES

  VOL. 6  № 4 (23)  2014  | ActA nAturAe | 97

cell lysate by affinity chromatography under native 
conditions (Fig. 4). the actinoporin yield was 4 mg/L, 
on average. the n-terminal amino acid sequence (15 
aa) was determined by sequencing that fully corre-
sponded to that deduced from the nucleotide sequence. 
the calculated molecular weight of rHct-A2 was 19141 
Da, and the isoelectric point was 9.64. the hemolytic ac-
tivity of rHct-A2 was 4.0 × 104 Hu/mg, which is com-
parable to that of actinoporins both from H. crispa [12, 
25, 26] and from other species of sea anemones [4, 5, 9, 
24, 29].

Based on the analysis of the recombinant actinoporin 
channel activity on the monoolein : sphingomyelin (1 : 
3) BLM, it was found that rHct-A2 at a concentration 
of 50 ng/mL causes discrete current fluctuations in the 
membrane, which indicates the formation of conduc-
tive structures in the membrane – ion channels (Fig. 
5A). the most probable conductivity value of the rHct-
A2-induced channels in 0.1 M nacl at pH 7.5 was 180 
± 30 pS, which corresponds to the conductivity of the 
channels formed by native rtX-A (Fig. 5B).

CONCLUSION
According to pharmacological studies of actinoporins, 
their biological activity is determined by a nonspecific 
effect that leads to an increase in the membrane per-
meability, which can stimulate a variety of toxic effects 
in cells. In fact, an increase in the actinoporin-induced 
cell permeability leads to profound changes in the mor-

phology of the cell and its organelles, cell fragmenta-
tion [5], as well as to an increase in cell size and to cell 
death [41, 42]. Structural and functional studies of ac-
tinoporins, as well as many other toxins, are ultimately 
aimed at determining their pharmacological activity 
and therapeutic potential. currently, α-PFts of sea 
anemones are considered as models for the designing 
of anticancer, antibacterial, and cardiac-stimulating 
agents [43, 44]. these natural, unique compounds may 
find successful application as pharmaceuticals (or the 
basis for developing drugs) in a combined therapy of 
cancer diseases and/or various cardiac and cytological 
pathologies.  
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ABSTRACT Antimicrobial peptides (AMPs) play an important role in the innate defense mechanisms in humans 
and animals. We have isolated and studied a set of antimicrobial peptides from leukocytes of the Russian sturgeon 
Acipenser gueldenstaedtii belonging to a subclass of chondrosteans, an ancient group of bony fish. Structural analy-
sis of the isolated peptides, designated as acipensins (Ac), revealed in leukocytes of the Russian sturgeon six novel 
peptides with molecular masses of 5336.2 Da, 3803.0 Da, 5173.0 Da, 4777.5 Da, 5449.4 Da, and 2740.2 Da, designated 
as Ac1–Ac6, respectively. Complete primary structures of all the isolated peptides were determined, and the biologi-
cal activities of three major components – Ac1, Ac2, and Ac6 – were examined. The peptides Ас1, Ас2, Ас3, Ас4, and 
Ac5 were found to be the N-terminal acetylated fragments 1–50, 1–35, 1–49, 1–44, and 1–51 of the histone Н2А, re-
spectively, while Ас6 was shown to be the 62–85 fragment of the histone Н2А. The peptides Ac1 and Ac2 displayed 
potent antimicrobial activity towards Gram-negative and Gram-positive bacteria (Escherichia coli ML35p, Listeria 
monocytogenes EGD, MRSA ATCC 33591) and the fungus Candida albicans 820, while Ac6 proved effective only 
against Gram-negative bacteria. The efficacy of Ac 1 and Ac2 towards the fungus and MRSA was reduced upon an 
increase in the ionic strength of the solution. Ac1, Ac2, and Ac6, at concentrations close to their minimum inhibi-
tory concentrations, enhanced the permeability of the E.coli ML35p outer membrane to the chromogenic marker, 
but they did not affect appreciably the permeability of the bacterial inner membrane in comparison with a potent 
pore-forming peptide, protegrin 1. Ac1, Ac2, and Ac6 revealed no hemolytic activity against human erythrocytes at 
concentrations of 1 to 40 μM and had no cytotoxic effect (1 to 20 μM) on K-562 and U-937 cells in vitro. Our findings 
suggest that histone-derived peptides serve as important anti-infective host defense molecules.
kEyWORDS innate immunity; antimicrobial peptides; sturgeon leukocytes; histone H2A derivatives; acipensin.
ABBREVIATIONS Ac – acipensin, AMP – antimicrobial peptides, CFU – colony forming units, EDTA – ethylenedi-
aminetetraacetic acid, HNP – human neutrophil peptide (alpha-defensin), MIC – minimum inhibitory concen-
tration, MRSA – methicillin resistant Staphylococcus aureus, ONPG – ortho-nitrophenyl β-D-galactopyranoside, 
PAGE – polyacrylamide gel electrophoresis, PBS – phosphate buffered saline, PCR – polymerase chain reac-
tion, PG-1 – protegrin 1, SDS – sodium dodecyl sulfate, TFA – trifluoroacetic acid, TSB – trypticase soy broth; 
MALDI-TOF-MS – matrix-assisted laser desorption ionization time of flight mass spectrometry; Tris – tris 
(hydroxymethyl) aminomethane.

INTRODUCTION
Antimicrobial peptides (AMPs) of the innate immune 
system play an essential role in the anti-infective pro-
tection of humans and animals [1]. these molecular fac-
tors of innate immunity are of particular importance 
in providing protective functions to lower vertebrates 

(fish, amphibians), because the system of adaptive 
immunity in poikilothermic animals cannot ensure a 
sufficiently rapid and effective response (antibody 
formation) to infection at a low temperature in the en-
vironment. therefore, an investigation of the antimi-
crobial peptides of fish phagocytes and mucous coats is 
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important for explaning the biological role of this group 
of physiologically active substances in anti-infective 
immunity.

to date, the AMPs (defensins, cathelicidins, etc) of 
phagocytes and barrier epithelium of various mam-
mals, birds, and amphibians have been described. In-
formation on fish AMPs remains limited and mostly 
relates to investigation of the compounds isolated 
from the mucus, skin, gills, kidneys, spleen, and gas-
trointestinal tract [2]. For example, pleurocidins [3, 
4], which are a group of linear antimicrobial peptides 
with an α-helix conformation and a positive charge 
of the molecule, were isolated from the mucus of the 
Pleuronectes americanus flounder. A peptide called 
pardaxin was isolated from the mucous secretions of 
another flounder species, Pardachirus marmoratus [5]. 
the peptide hepcidin containing four intramolecular 
disulfide bridges was isolated from the gills of the hy-
brid striped bass [6]. Later, hepcidins were found in 
other fishes. An antimicrobial peptide, misgurin, with 
broad-spectrum microbicidal activity was obtained 
from the skin mucus of the loach (mudfish) Misgurnus 
anguillicaudatus [7].

Peptides of the α-defensin family have not yet 
been found in fish. However, in recent years, data on 
β-defensins of bony fish have appeared: these peptides 
were found in epithelial cells of the digestive tract, gills, 
and spleen of the chinese perch Siniperca chuatsi [8], 
in the liver of the orange-spotted grouper Epinephelus 
coioides [9], and in the skin and gills of the carp Cyp-
rinus carpio L. [10]. Peptides of the cathelicidin family 
have been found in the rainbow trout and other salmon 
and cod species [11–15].

Peptides that are histone derivatives have been 
found in the skin and mucous coats of some fishes. For 
example, antimicrobial peptides that are n-terminal 
parts of histone H2A were isolated from the skin mu-
cus of the Atlantic halibut (Hippoglossus hippoglossus 
L.) and the Amur catfish Parasilurus asotus and called 
hipposin [16] and parasin 1 [17], respectively. An an-
timicrobial protein (SAM) with a molecular weight of 
20,734 Da that appeared to be histone H1 was isolated 
from the liver of the Salmo salar salmon [18].

therefore, to date, a number of antimicrobial pep-
tides have been described that were isolated from the 
mucous coats, skin, digestive tract, gills, liver, and 
spleen of fish. However, there is actually a scarcity of 
data on AMPs from fish blood leukocytes. therefore, 
the aim of this study was to investigate the structural 
properties and biological activity of antimicrobial pep-
tides from blood leukocytes of the russian sturgeon 
Acipenser gueldenstaedtii, a member of the subclass 
chondrostei, the oldest group of bony fish (Osteich-
thyes).

EXPERIMENTAL

Reagents
We used acrylamide, n,n’-methylene-bis-acrylamide 
(Sigma, uSA), urea, sodium chloride, tris(hydroxym-
ethyl)aminomethane, Mtt (3-[4,5-dimethyl-2-thi-
azolyl]-2,5-diphenyl-2H-tetrazolium bromide), agarose, 
trypticase soy broth, trifluoroacetic acid, heptafluoro-
butyric acid, o-nitrophenyl-β-D-galactopyranoside 
(Sigma, uSA); acetic acid (Vekton, russia); media and 
sera for cell cultures (Biolot, russia); Saburo medium 
(Pharmacotherapy research center, russia); and en-
zymes and buffers for Pcr and genetic engineering 
(thermo Fisher Scientific, uSA). Antimicrobial pep-
tides were used as standards: chemically synthesized 
protegrin 1 kindly provided by Professor robert Lehr-
er (university of california, Los Angeles, uSA), hu-
man defensin HnP-1 and bactenecin 5 isolated from 
human and goat blood leukocytes, respectively, using 
the method described previously [19].

Isolation and purification of antimicrobial peptides 
from leukocytes of the Russian sturgeon
Blood from A. gueldenstaedtii sturgeons, caught in the 
Volga delta (Alexandrovskiy sturgeon plant), was sta-
bilized by heparin and kept in vessels for 6 h for delam-
ination, after which the buffy coat was pipetted off and 
washed twice with saline, followed by centrifugation at 
400 g for 5 min. the resulting precipitate was homog-
enized. extraction of proteins from the leukocyte-rich 
suspension was carried out in 20% acetic acid at 4 °c 
under magnetic stirring for 20 h. the homogenate was 
then centrifuged at 15,000 g for 1 h. the supernatant 
was collected and subjected to ultrafiltration through 
the YM-10 membrane using a device from Amicon 
(uSA). the resulting material containing peptides and 
low-molecular-weight proteins with molecular weights 
under 10–12 kDa was concentrated to 1 mL by ultrafil-
tration through the YM-0.5 membrane and loaded onto 
an electrophoretic column (a sample was preliminarily 
added with urea to a concentration of 3 M) for separa-
tion of the proteins by preparative electrophoresis (eP). 
Preparative eP with continuous elution of proteins was 
performed in a 12.5% polyacrylamide gel (PAAG) in an 
acidic buffer system in the presence of urea [20] using 
a Bio-rad cell (uSA). Protein fractions eluted from the 
column were analyzed in the presence of sodium do-
decyl sulfate [21] by analytical eP, which was carried 
out in PAAG plates on a Hoeffer device (uSA). the 
solution absorbance of each fraction was measured at 
280 nm, and the antimicrobial activity was determined. 
the fractions with antimicrobial activity were collect-
ed, and the peptides present in them were separated 
by means of several successive cycles of reverse phase 
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high-performance liquid chromatography (rP-HPLc) 
on a Gold System instrument (Beckman, uSA) using 
Vydac c-18 columns (4.6 × 250 mm; 10 × 250 mm, the 
diameter of sorbent particles was 5 µm), eluting pep-
tides with the gradient of acetonitrile concentration 
using different counterions (0.1% trifluoroacetic acid or 
0.13% heptafluorobutyric acid). the fractions obtained 
by rP HPLc were lyophilized by centrifugation un-
der vacuum using a SpeedVac device (Savant, uSA). 
evaluation of the purity was performed by analytical 
eP, MALDI tOF mass spectrometry, and analytical 
rP HPLc. the protein concentration in the extracts 
from sturgeon leukocytes and in the purified peptide 
samples was determined by the Bradford method and 
the Wolf method using the following equation: peptide 
concentration (µg/mL) = (A

215
 – A

225
) × 144 [22].

Evaluation of peptide antimicrobial activity 
by radial diffusion in agarose gels
the antibiotic effect of the peptides isolated from 
leukocytes was measured by the method proposed 
by Lehrer et al. [23]. the antimicrobial activity of the 
samples towards a number of Gram-negative and 
Gram-positive bacteria, as well as one of the fungi, 
was determined. the following strains of bacteria were 
used: Gram-negative bacterium Escherichia coli ML-
35p, Gram-positive bacteria: Listeria monocytogenes 
eGD and MrSA Atcc 33591 (methicillin resistant 
Staphylococcus aureus), and fungus Candida albicans 
820. the bacteria were grown on a solid medium con-
taining a 3% trypticase soy broth (Sigma, uSA); the 
fungi were grown in a medium containing 3% Saburo. 
When E. coli ML-35P was cultured, the medium was 
supplemented with 100 µg/mL ampicillin and the me-
dium for MrSA Atcc 33591 was supplemented with 
6 µg/mL oxacillin. Microorganism strains were kind-
ly provided by Professor robert Lehrer (university of 
california, Los Angeles, uSA).

the microorganisms were cultured for 16–18 h in a 
medium containing a 3% trypticase soy broth (tSB) so-
lution at 37 °c. Bacterial suspension aliquots were taken 
from the resulting culture, transferred to the fresh 3% 
tSB solution, and incubated at 37 °c for 2.5 h to obtain 
microorganisms in the logarithmic growth phase. the 
overnight culture was used in experiments with the 
fungus C. albicans. Microorganism suspensions were 
further centrifuged at 400 g for 10 min, the precipitate 
was washed twice with a 10 mM sodium phosphate buf-
fer (PBS), pH 7.4, and re-suspended in 3 mL of the same 
buffer. to prepare agarose gels containing microorgan-
isms, the volume of the suspension with 4 × 106 cells 
was calculated [23]. the number of bacterial cells was 
evaluated by measuring the suspension optical density 
at 620 nm (it was assumed that the optical density of 

0.2 corresponds to 5 × 107 cFu/mL). Another equation 
was used for fungi: the optical density of 1 at 450 nm 
corresponds to 2.86 × 107 cFu/mL [23]. the calculated 
amount of microorganism suspension was added to 8 mL 
of a sterile 1% agarose solution in a 10 mM sodium phos-
phate buffer (in some experiments, 100 mM nacl), pH 
7.4, at a temperature of 43 °c. the resulting mixture was 
poured into a sterile plastic Petri dish with a diameter of 
90 mm, wherein the mixture was solidified to form an 
agarose gel. Holes with a diameter of 2 mm were per-
forated in the agarose gels. Wells were filled with the 
analyzed samples (serial (two-fold) dilutions of the pep-
tides in a 0.01% aqueous acetic acid solution and a con-
trol, 0.01% acetic acid without peptides) and incubated 
at 37 °c for 3 h. During incubation, the peptides diffused 
from the wells into the agarose gels. After completing 
incubation, a 1% agarose solution containing a 6% tryp-
ticase soy broth was applied to the agarose gel surface. 
the dishes were then incubated for more 20 h at 37 °c. 
to quantify the peptide antibiotic activity, the diameter 
of the microbial growth inhibition zone around the wells 
was measured, taking 0.1 mm as the unit, and 20 units 
were subtracted, which corresponded to the well diam-
eter, from the measured value. the minimum inhibitory 
concentration (MIc) was determined for each peptide 
by plotting the dependence of the peptide antimicro-
bial activity on their concentration. the value obtained 
for the intersection of the plot of the linear regression of 
each peptide with the X axis (peptide concentration in 
µM) was taken as the MIc. two parallel samples were 
tested in each experiment. experiments were performed 
in triplicate, and the arithmetic mean of the obtained 
MIc ± standard deviation was calculated.

Evaluation of the peptide’s effect on the 
permeability of the outer and cytoplasmic 
membranes of E. coli ML35p
the E. coli ML35p strain used in this method is char-
acterized by a lack of lactose permease (enzyme trans-
porting lactose into the cell), with the synthesis of 
β-galactosidase in the bacterium cytoplasm being con-
stitutive, not inducible as in most bacteria. Furthermore, 
the β-lactamase enzyme is present in the periplasmic 
space of E. coli ML35p [24]. the state of the cytoplas-
mic and outer membranes of E. coli ML35p was judged 
by their permeability to chromogenic markers, o-nitro-
phenyl-β-D-galactopyranoside (OnPG) and nitrocefin, 
which are substrates of β-galactosidase and β-lacta-
mase, respectively. A modification of the previously 
described procedure was used [25]. If the medium sur-
rounding the bacteria contains substrates of β-galacto-
sidase or β-lactamase, the enzymatic reaction involv-
ing these substrates can occur only if they are able to 
penetrate through the bacterial membranes. If the outer 
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and cytoplasmic membranes of the bacteria, under the 
action of some damaging agent, such as an antimicro-
bial peptide, become permeable to the substrates, then 
the chromogenic products of substrate hydrolysis by in-
tracellular enzymes pass into the incubation medium. 
the optical density of the medium at 496 or 420 nm (ab-
sorption maximum of the chromogenic products of hy-
drolysis of nitrocefin or OnPG, respectively) increases, 
which enables monitoring, in real time, of the process of 
damage to the outer and cytoplasmic membranes of the 
bacteria by the antimicrobial agent. Sample composition 
(100 µL): 2.5 mM OnPG or 20 µM nitrocefin; 2.5 × 107 
cFu/mL of bacteria; 0.01 M na-phosphate buffer, pH 
7.4; 0.03% tSB; the peptides at a concentration that is 
equal to their minimum inhibitory concentration under 
these conditions and is measured by a standard colony 
count method. the controls contained equal volumes of 
the solvent (0.01% acetic acid) instead of preparations. 
the samples were added into the wells of a 96-well plate, 
and the solution absorbance was measured at 496 and 
420 nm using a SpectraMax 250 spectrophotometer (Mo-
lecular Devices, uSA) at 37 °c and under periodic shak-
ing of the plates for 2 h. the data were processed with 
the Sigma Plot 11 software. the plots present the results 
of a typical experiment: each point is the average of two 
values obtained for duplicate samples. the experiments 
were performed in triplicate, and the curve pattern was 
similar for all three series.

Analysis of peptide hemolytic activity
Blood from healthy donors was collected in plastic 
tubes, using heparin as an anticoagulant and centri-
fuged at 250 g, 4 °c, for 10 min. the supernatant was 
removed, and the pellet was added with 10 mL of buff-
ered saline (PBS), pH 7.4, with 4 mM eDtA and cen-
trifuged at 250 g, 4 °c, for 10 min. the precipitate was 
washed 3 times with PBS using centrifugation as de-
scribed above. 280 µL of the erythrocyte precipitate 
(the precipitate was assumed to be 100% red blood 
cells) was adjusted to 10 mL with cold PBS to obtain 
a 2.8% suspension. the analyzed samples were added 
with 27 µL of the erythrocyte suspension and 3 µL of 
the test peptide at various concentrations in PBS. to 
prepare a positive control (100% erythrocyte lysis), 27 
µL of the erythrocyte solution was added with 3 µL of 
a surfactant (10% triton X-100). to prepare a negative 
control (0% erythrocyte lysis), 27 µL of the erythro-
cyte solution was added with 3 µL of PBS. Samples in 
triplicate were incubated at 37 °c for 30 min, and the 
reaction was terminated by adding 75 µL of ice-cold 
PBS. the samples were centrifuged at 5,000 g, 4 °c, for 
4 min, and the supernatant was collected and added to 
the wells of a 96-well plate (corning, uSA). the sam-
ple’s optical densities at 540 nm were measured on a 

SpectraMax 250 spectrophotometer (Molecular Devic-
es, uSA). the erythrocyte hemolysis parameters were 
calculated as a percentage according to the equation:

% Hemolysis = ((Aexper
 – A

control
)/(A

total
 – A

control
)) x 100%, 

where A
exper

 and A
control

 are the supernatant absorbance 
obtained for treated with the peptides and untreated 
(0% lysis) erythrocytes, respectively, and A

total
 is the su-

pernatant absorbance for red blood cells treated with 
triton X-100 (100% lysis).

MTT test
the effect of the peptides on cell viability was examined 
by the Mtt assay [26]. this test is based on the ability 
of dehydrogenases from living cells to reduce colorless 
forms of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (Mtt reagent) or 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide to 
a blue formazan crystal. the cultured cell lines K-562 
(human erythroleukemia cells) and u-937 (human his-
tiocytic lymphoma cells) were used in the experiments. 
the cell suspensions were placed into the wells of 96-
well plates (Orange Scientific, Belgium) in a rPMI-1640 
medium, 20,000 cells per well. the cells were added with 
10 µL of a peptide solution (in rPMI-1640 medium) at 
various concentrations in quadruplicate. control sam-
ples were added with 10 µL of the medium instead of the 
peptides. the plates were then placed in a cO

2
 incubator 

for 20 h. three hours before the end of incubation, the 
plate wells were added with 10 µL of the Mtt solution 
(5 mg/mL in PBS). After incubation, the wells were add-
ed with 100 µL of isopropanol with 0.04 M HcI, stirred, 
and the optical density of the solution in plate wells was 
measured at 540 nm (subtracting the absorbance at 690 
nm as a background) on a Spectra Max 250 spectropho-
tometer (Molecular Devices, uSA). the significance of 
the differences between groups was evaluated using the 
Wilcoxon-Mann-Whitney u-test. In all calculations, the 
95% confidence level (P<0.05) was considered as signif-
icant.

Mass Spectrometry
the molecular weights of the isolated peptides were 
determined on a reflect III MALDI-tOF mass spec-
trometer (Bruker, Germany) equipped with a uV-laser 
with a wavelength of 336 nm. 2,5-dihydroxybenzoic acid 
(Sigma, Germany) in 20% acetonitrile and 0.1% tFA at a 
concentration of 10 mg/mL was used as a matrix.

Determination of the N-terminal 
amino acid sequence
the amino acid sequence was determined by using a 
Procise cLc 491 protein sequencing system (Applied 
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Biosystems, uSA). the phenylthiohydantoin deriva-
tives of amino acid residues were identified on a 120A 
PtH analyzer (Applied Biosystems, uSA).

Deblocking of N-terminal amino acid residues
Deacylation of the n-terminal acetylserine residue was 
performed according to the procedure in [27] on an in-
ert carrier, Immobilon, used for automatic protein se-
quencing. A peptide sample was applied to Immobilon, 
placed in a 500 µL test tube, damped with 30 µL of 25% 
tFA solution, and then incubated in a sealed test tube 
at 45 °c for 4 min. Peptide-coated Immobilon was dried 
in an open test tube at 20 °c for 5 min and at 45 °c for 
another 10 min and then incubated in a sealed test tube 
at 45 °c for 72 h. the resulting sample was used for au-
tomated sequencing of the peptide.

Isolation of genomic DNA
Sturgeon tissue fragments were incubated in the tneS 
buffer (10 mM tris-Hcl, pH 7.5; 400 mM nacl; 100 mM 
eDtA, 0.6% SDS) with 10 mg/mL proteinase K at 55 ° c 
for 16 h. After centrifugation at 12,000 g for 10 min, the 
supernatant was added with a 0.25 volume of 5M nacl 
and DnA was precipitated by adding one volume of 95% 
ethanol. the precipitate was washed with 80% ethanol, 
dried in an open test tube, and dissolved in water. then, 
a single purification of DnA was performed with the 
phenol : chloroform mixture (1 : 1, v/v); the remaining 
phenol was extracted with an equal volume of chloro-
form, and DnA was precipitated with 95% ethanol.

Amplification of nucleotide sequences
to amplify an internal  region of  the stur-
geon histone H2A gene, degenerate primers №1 
(AtGtGtGGAcG(A,c)GG(c,t)AA(A,G)Ac(A,c,t)
GG) and №2 (GtcttcttGGG(c,G)AG(c,t)AG(c,t)
Ac(G,t)Gcc) were used. Pcr was performed with 
a stepwise reduction in temperature at the stage 
of primer annealing: 94 °c – 1 min; 5 × (94 °c – 30 s, 
61 °c – 40 s, 68 °c – 60); 5 × (94 °c – 30 s, 58 °c – 40 s, 
68 °c – 60); 30 × (94 °c – 30 s, 55 °c – 40 s, 68 °c – 60 s).

Prior to inverse Pcr, the sturgeon genomic DnA 
was treated with BglII restrictase. composition of the 
reaction mixture: 1 × buffer O (thermo Fisher Scien-
tific), 50 ng/µL DnA, 40 units of BglII (thermo Fisher 
Scientific). the reaction was conducted in a volume of 
50 µL at 37 °c for 16 h. the reaction products were di-
luted 25 times with water (2 ng/µL of DnA), followed 
by the ligation reaction conducted in the presence of 
10 mM AtP at 4 °c for 16 h. then, DnA was precipi-
tated with 95% ethanol: the precipitate was dissolved in 
water and used as a template for inverse Pcr.

Inverse Pcr was conducted using two prim-
er pairs in two stages. At the first stage, primers 

№3 (GAGcAcAGcGGccAGAtAGA) and №4 
(ctGAAAtcctGGAGctGGc) and the follow-
ing amplification program were used: 94 °c – 5 min; 
35 × (94 °c – 30 s, 58 °c – 60 s, 72 °c – 120 s). the 
resulting product was diluted with water (1:100) 
and used as a template for nested Pcr with prim-
ers №5 (cAcGctGGGcAtAGtttcc) and №6 
(GAAtcAtcccGcGtcAcctG) under the following 
conditions: 94 °c – 5 min; 35 × (94 °c – 30 s, 62 °c – 60 s, 
72 °c – 120 s).

Cloning and sequencing of PCR products
Pcr products were eluted from low-melting-point 
agarose and ligated into the pGeM-t vector at sticky 
t/A ends (Promega, uSA). Manipulations with recom-
binant DnA were performed according to the refer-
ence procedures [28]. competent cells of the Escheri-
chia coli DH-10B strain (Life technologies, uSA) were 
used for transformation. the plasmid DnA was isolated 
by alkaline lysis. DnA sequencing was performed using 
the ABI PrISM BigDye terminator v. 3.1 reagent kit, 
followed by an analysis of the reaction products on a 
3730 DnA Analyzer automatic sequencer (Applied Bi-
osystems, uSA).

Statistical analysis of results
Data obtained in the study of peptide antimicrobial ac-
tivity are presented as an arithmetic mean + standard 
deviation. the arithmetic mean was calculated based 
on three independent experiments, each of which was 
performed in duplicate. the data were processed with 
the Statistica 6 software.

RESULTS

Structural study of AMPs from 
leukocytes of the Russian sturgeon
to isolate the antimicrobial peptides from russian 
sturgeon leukocytes, a procedure for isolation and 
purification was used that involved acid extraction 
of proteins and peptides from leukocytes, ultrafiltra-
tion, preparative eP, and reverse-phase high-perfor-
mance liquid chromatography [29]. the use of this set 
of methods yielded six purified AMPs with molecular 
weights of 5,448.8 Da, 5,336.0 Da, 5,174.0 Da, 4,777.6 Da, 
3,804.0Da, and 2,741.7 Da determined using MALDI 
tOF mass spectrometry, with the three peptides with 
molecular weights of 5,336.0 Da, 3,804.0 Da, and 2,741.7 
Da accounting for the predominant peptide fractions. 
the described isolation procedure was repeated several 
times using the blood leukocytes of sturgeons that were 
caught at different times and were of different ages 
and genders, with each cycle of isolation resulting in a 
similar spectrum of the antimicrobial peptides. In some 
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experiments, during preparation of the leukocyte-rich 
suspension and extraction, the serine protease inhibi-
tor, phenylmethylsulfonyl fluoride, was used which did 
not lead to a significant change in the spectrum of the 
isolated antimicrobial peptides. the objectives of this 
study included the structural analysis of the selected 
peptides and investigation of their biological activity.

A partial n-terminal amino acid sequence of the iso-
lated peptides was established by automated microse-
quencing. In some cases, sequencing was possible after 
the chemical reaction of deblocking of the n-terminal 
amino acid residues. removal of the acetyl group of the 
n-terminal acetylserine residue was carried out in an 
acidic medium using a 25% solution of tFA. After the 
removal of the acetyl protection, the n-terminal amino 
group was easily modified with phenylisothiocyanate, 
which allowed stepwise degradation of the peptides 
by the edman method using a Procise cLc 491 protein 
sequencing system and identification of the obtained 
phenylthiohydantoin derivatives of the amino acid 
residues.

the analysis of the n-terminal peptide sequences 
from the russian sturgeon Acipenser guldenstaedtii, 
which we named acipensins 1–5, using the BLASt 
software (http://blast.ncbi.nlm.nih.gov/Blast.cgi) dem-
onstrated that they were the n-terminal fragments of 
a histone of the H2A family, while another peptide, 
acipensin 6, was a fragment of the central part of the 
histone molecule of the same family. these AMPs con-
stitute the dominant part of acid-soluble peptides with 
antimicrobial activity from sturgeon leukocytes.

to determine the complete primary structure of 
the acipensins, cloning and sequencing of encoding 
nucleotide sequences was performed. It is known that 

the genes of canonical histones, which are most widely 
present in eukaryotic cells, lack introns, and that their 
mrnAs lack the 3’-terminal polyA sequence [30]. Only 
mrnAs of specialized histone variants constituting a 
minor fraction of these proteins are subjected to poly-
adenylation. Another feature of the canonical histones 
is the presence of multiple copies of their genes in the 
genome. All this makes it preferable to use genomic 
DnA as a template for the amplification of nucleotide 
sequences encoding histones. Based on the assumption 
that the isolated AMPs were products of the partial 
proteolysis of the dominant fraction of the sturgeon 
histone H2A, it was decided to amplify a region of the 
genomic DnA encoding this histone. Due to the low 
evolutionary conservation of the untranslated regions 
flanking this site, the experiment was carried out in 
two stages. the internal part of the gene with degen-
erate primers selected for conserved segments of the 
translated region were first amplified. cloning and 
sequencing of the resulting amplicon about 300 bp in 
length enabled selection of the structure of primers for 
inverse Pcr that was used to amplify the nucleotide 
sequence of the regions immediately adjacent to the 
fragment sequenced at the first stage. the amplicon 
size in this case was about 400 bp. the data obtained 
by DnA sequencing (GenBank KP059880) in combina-
tion with the data of the n-terminal amino acid anal-
ysis and mass spectrometry allowed us to determine 
the complete amino acid sequence of acipensins 1–6 
(Fig. 1). It was found that Ac1, Ac2, Ac3, Ac4, and Ac5 
are the n-terminal acetylated fragments 1–50, 1–35, 
1–49, 1–44, and 1–51 of histone H2A, respectively, and 
Ac6 is the fragment 62–85 of histone H2A. the struc-
tural analysis of acipensins 1–6 showed the presence of 

Fig. 1. The structure of acipensins and related AMPs. Histone H2A N-terminal amino acid sequence (A. gueldenstaedtii) 
and Ac1–Ac6 acipensins are presented. Buf I and Buf II – buforins I and II (bufo bufo gargarizans); Par – parasin 1 (Para-
silurus asotus); Hip – hipposin (Hippoglossus hippoglossus L.). The asterisk (*) denotes acetylated N-terminal amino 
acid residues. M.m. – calculated molecular weights of AMPs, Da. Lys and Arg residues are highlighted with blue; Asp 
and Glu residues are highlighted with pink. The single amino acid differences between AMP sequences and sturgeon 
histone H2A are shown in bold

H2A
Ac1
Ac2
Ac3
Ac4
Ac5
Ac6
Buf I
Buf II
Par
Hip

M.m.

5336.2 
3803.0
5173.0
4777.5
5449.4
2740.2
4263.0
2434.9
2000.3
5458.4
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peptides with calculated molecular weights of 5,336.2 
Da, 3,803.0 Da, 5,173.0 Da, 4,777.5 Da, 5,449.4 Da, and 
2,740.2 Da, respectively, in sturgeon leukocytes. the 
calculated molecular weights of acipensins 1–6 were in 
good agreement with the experimental data of mass-
spectrometry analysis (5,336.0 Da, 3,804.0 Da, 5,174.0 
Da, 4,777.6, 5,448.8 Da, and 2,741.7 Da, respectively).

the literature data indicate that histone H2A de-
rivatives have already been isolated from the skin and 
mucus of lower vertebrates (fish and amphibians). In 
particular, buforins [31] that are structurally similar to 
acipensins (Fig. 1) were isolated from the gastric mu-
cosa of the Asian toad Bufo bufo gargarizans and char-
acterized. As previously mentioned, the antimicrobial 
peptides hipposin and parasin that appeared to be the 
n-terminal fragments of histone H2A were isolated 
from the mucous coats of bony fishes, the halibut Hip-
poglossus hippoglossus L. [16], and the Amur catfish 
Parasilurus asotus [17], respectively.

Analysis of acipensin antimicrobial activity
Antimicrobial activity is believed to be a central func-
tional property of AMPs. the peptides described in the 
literature (defensins, cathelicidins, etc) have it to dif-
ferent extents: the mechanism of their antibacterial ac-
tion is diverse. the antimicrobial activity of three major 
fractions of acipensins (Ac1, Ac2, Ac6) was evaluated 
by radial diffusion, with experiments being conduct-
ed under various conditions: in a medium containing 
only a 10 mM sodium phosphate buffer with no added 
salts and in the same medium but with 100 mM sodium 
chloride (close to the physiological concentration of so-
dium chloride). this approach aimed at evaluating the 
impact of an increase in the solution’s ionic strength on 

the efficiency of the antimicrobial activity of peptides 
was used in many experimental studies of the antimi-
crobial properties of natural AMPs described in the lit-
erature, and its use enables a comparison of the activity 
of the isolated peptides with the antibiotic effects of 
other AMPs. the results of the analysis of the acipen-
sin’s antimicrobial activity against bacteria Esherichia 
coli ML-35p, Listeria monocytogenes eGD, methicil-
lin-resistant Staphylococcus aureus (MrSA) Atcc 
33591, and the fungus Candida albicans 820 are pre-
sented in table 1. the activity of acipensins was stud-
ied in comparison with three other AMPs with a differ-
ent structure and mechanism of antimicrobial action: 
porcine protegrin 1, human alpha-defensin HnP-1, and 
goat bactenecin chBac5. Alpha-defensins are the main 
antimicrobial peptides, along with cathelicidin LL-37, 
of human neutrophilic granulocytes. Proline-rich bac-
tenecins are the dominant family of the AMPs of goat 
and sheep neutrophils. Protegrin 1 (PG-1) of porcine 
leukocytes, which has a beta-hairpin conformation, is 
one of the most active peptides, described to date, of 
animal leukocytes that exhibits a broad spectrum of 
antimicrobial activity based on its ability to damage the 
membranes of microorganisms.

As seen from the table, in a medium with a low ionic 
strength, acipensins 1 and 2 demonstrate a broad spec-
trum of action and exhibit a high antimicrobial activity 
against both Gram-negative and Gram-positive bac-
teria, as well as the fungus. However, the spectrum of 
Ac1 and Ac2 activity changes with increasing medium 
ionic strength: the efficiency of their effect against the 
Gram-positive bacterium MrSA Atcc 33591 and the 
fungus Candida albicans 820 is significantly reduced. 
Ac6 demonstrates an antimicrobial effect only against 

Table 1. Antimicrobial activity of acipensins Ac1, Ac2, and Ac6*

Minimum Inhibitory concentration, µM

E.coli ML35p Listeria monocytogenes 
EGD MrSA Atcc 33591 Candida albicans 820

without 
nacl

100 mM 
nacl

without 
nacl

100 mM 
nacl

without 
nacl

100 mM 
nacl

without 
nacl

100 mM 
nacl

Ас1 0.7 ± 0.1 0.4 ± 0.1 1.1 ± 0.2 2.3 ± 0.4 0.9 ± 0.2 >40 1 ± 0.2 >40

Ас2 0.3 ± 0.1 1.1 ± 0.2 1.0 ± 0.2 2.7 ± 0.3 0.6 ± 0.1 >40 0.9 ± 0.1 >40

Ас6 2.5 ± 0.3 >40 >40 >40 >40 >40 >40 >40

HnP-1 0.8 ± 0.1 >50 1.0 ± 0.3 1.1 ± 0.2 1.7 ± 0.3 >50 2.1 ± 0.4 >50

PG-1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.05 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.2 0.4 ± 0.1 1.2 ± 0.4

chBac5 0.4 ± 0.1 0.3 ± 0.1 0.6 ± 0.1 1.5 ± 0.7 0.8 ± 0.3 >40 0.9 ± 0.2 >40

* Data are presented as the minimum inhibitory concentration of peptides in μM; the peptides were incubated with 
microorganisms in a 10 mM sodium phosphate buffer, pH 7.4, in one case, and in a 10 mM sodium phosphate buffer, pH 
7.4, containing 100 mM NaCl, in another case. The comparison peptides were porcine protegrin 1 (PG-1), human alpha-
defensin HNP-1, and goat bactenecin ChBac5.
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the Gram-negative bacterium E.coli in a low-ionic-
strength medium. the antimicrobial effect of Ac1 and 
Ac2 differs from that of membrane-active PG-1 and is 
similar to the effects of bactenecin chBac5. Bactene-
cins are known to exhibit antibacterial action mainly 
against Gram-negative bacteria, and this action is ex-
erted without significant damage to the bacterial mem-
branes and is directed against intracellular targets [14]. 
Although acipensins do not have a structural similarity 
with proline rich bactenecins, it may be assumed that 
the prime targets of their antibacterial action, similarly 
to bactenecins, are not bacterial membranes. Investiga-
tion of the effects of Ac1, Ac2, and Ac6 on the barrier 
function of bacterial membranes was the next objective 
of this study.

The effect of acipensins on the permeability 
of the outer and cytoplasmic membranes of 
E.coli ML35p to chromogenic markers
Figure 2 presents the kinetics of the action of acipensins 
1, 2, and 6 (at a concentration equal to their minimum 
inhibitory concentration (MIc) against this bacteri-
um) on the outer and inner (cytoplasmic) membranes 

of E.coli ML35p. the membrane-active peptide PG-1 
was used as a standard. Acipensins 1 and 2 have a dis-
tinct effect on the permeability of the outer membrane 
of the bacterium to a chromogenic marker, nitrocefin 
(as evidenced by an increase in the solution’s optical 
density due to the appearance of a colored product of 
the nitrocefin cleavage (see experimental section)), al-
though to a lesser extent than PG-1. An increase in the 
outer membrane permeability was observed 15–29 min 
after the addition of Ac1 and Ac2 to bacteria and 50 
min in the case of Ac6. However, an action of all three 
studied acipensins on the cytoplasmic membrane of 
E.coli ML35p, evaluated by this method, was hardly 
observed 90 min after the start of the experiment: the 
membrane permeability to the chromogenic marker 
OnPG was unchanged compared to the control values 
(indicators in samples without peptides). therefore, 
these data suggest that the main target of acipensins 
at concentrations close to the MIc are not the bacterial 
membranes but intracellular components.

Apart from the antimicrobial activity, most AMPs 
are known to exhibit a variety of effects on the host 
cells, including a cytotoxic effect, causing cell death. 

Fig. 2. Kinetics of the changes in the e.coli ML35p membrane permeability to chromogenic markers under the action of 
antimicrobial peptides. X axis – time of incubation of peptides and bacteria, min. Y axis – optical density of a solution 
containing chromogenic markers: the nitrocefin hydrolysis product (left panel displaying the outer membrane perme-
ability) and the ONPG hydrolysis product – o-nitrophenol (right panel displaying the inner membrane permeability). The 
peptides were applied at concentrations equal to their MICs for e.coli ML35p under similar conditions
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We investigated the possibility of acipensin’s toxic ef-
fect on cells of a macroorganism.

Acipensin cytotoxic activity against 
human cells in vitro
As in most published studies on the cytotoxic activi-
ty of various AMPs, human cells are the main subject 
of the investigation of this peptide’s activity, because 
natural AMPs are considered as promising prototypes 
of new drugs for use in medicine, and elucidation of the 
toxicity of these compounds, especially against human 
cells, is of great importance. We investigated the hemo-
lytic activity of acipensins 1, 2, and 6 against human 
erythrocytes. erythrocyte hemolysis was found not to 
be observed for the studied peptides at concentrations 
of 1–40 µM (Fig. 3). As in previous experiments, PG-1, 
which has a high hemolytic activity contrary to that 
of sturgeon peptides, was used as a positive control. A 
study of the acipensin effect on the cultured human cell 
lines K-562 (human erythroleukemia cells) and u-937 
(human histiocytic lymphoma cells) revealed that the 
peptides at concentrations of 1–20 µM did not exert 
toxic effects on the target cells: the proportion of via-
ble cells after their incubation with each of the studied 
acipensins for 20 h did not differ from the proportion of 
viable cells in the control samples.

DISCUSSION
the discovery, in fish and amphibians, of cationic pep-
tides that exhibit antimicrobial activity and are histone 
fragments allowed a number of researchers to suggest 
that these histone derivatives might have a non-nu-
clear localization and function as antimicrobial protec-
tors [18, 32, 33]. this hypothesis is supported by data 
on the detection of histone H1 in the cytosol of human 
intestinal villus cells [34]. In mice, H1 was found on the 
macrophage surface, where it acts as a thyroglobulin 
receptor [35]. Histones H1 (MuMP-1 and MuMP-2) and 
H2B (MuMP-3) were isolated from the granular frac-
tion of mouse macrophages [36]. In addition, histone H1 
was found on the surface of mouse neurons [37], human 
monocytes [38], and the nonspecific cytotoxic cells of 
channel catfish (similar to natural killer cells of mam-
mals) [39]. the importance of histones in the course of 
immune processes became apparent when information 
about their involvement in the functioning of neutro-
phil extracellular traps (nets) emerged [40, 41]. the 
formation of these structures, first identified in 2004, is 
the third, along with phagocytosis and secretion of an-
timicrobial compounds, mechanism of neutrophil kill-
ing activity [42]. extracellular traps are formed during 
netosis (controlled cell death, significantly different 
from necrosis and apoptosis) and are a decondensed 
chromatin network that includes antimicrobial factors 

of both granular (proteases, AMPs) and nuclear (his-
tones and products of their partial proteolysis) origin. 
extracellular traps ensure capture and destruction of 
pathogenic microorganisms that, for some reason, can-
not be neutralized by phagocytosis. Due to the struc-
turing role of DnA, diffusion of antimicrobial factors 
from the trap is slowed, which enables achievement 
of high local concentrations of these substances and a 
reduction in their harmful effect on healthy tissues.

the obtained data on the structural and functional 
properties of antimicrobial peptides from leukocytes of 
the russian sturgeon, acipensins, as histone H2A de-
rivatives confirm the hypothesis that during evolution, 
derivatives of proteins that usually have a nuclear lo-
calization might be selected as endogenous antibiotic 
peptides in separate groups of animals. this demon-
strates a surprising variety of structural AMP families 
among members of different taxa of the animal world. 
the most common group of AMPs is known to be mem-
bers of the defensin family, whose functional activity is 
realized in phagocytes (neutrophils and macrophages 
of vertebrates, and amoebocytes and coelomocytes of 
invertebrates) and at the level of barrier epithelia of 
the integument and mucosae of animals. However, pep-
tides of the defensin family were not found in sturgeon 
leukocytes. Defensins are also absent in the phagocytes 
of certain mammalian species (mouse, cat, dog, sheep 
and goat). In these species, the function of molecules 
inactivating phagocytized microbes is performed by 

Fig. 3. Hemolytic activity of acipensins. X axis – pep-
tide concentration, μM. Y axis – percentage of eryth-
rocyte hemolysis calculated by the following equation: 
% Hemolysis = ((A

exper
 – A

control
)/(A

total
 – A

control
)) x 100%, 

where A
exper

 and A
control

 are the supernatant absorbance 
obtained for treated and untreated red cells, respective-
ly, and A

total
 is the supernatant absorbance for red cells 

treated with 1% Triton X-100. A strong hemolytic activity 
of the peptide PG-1 was used as a positive control
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peptides of the cathelicidin family (bactenecins, prote-
grins, etc). the peculiarity of the species pattern of the 
antimicrobial peptides of russian sturgeon leukocytes 
is that they are dominated by peptides, histone H2A 
derivatives, that had not previously been found in fish 
phagocytes.

Acipensins have a broad spectrum of antimicrobial 
action like other, currently known histone H2A deriva-
tives: buforin, parasin, hipposin, abhizin (peptide from 
the Haliotis mollusc) [16, 17, 31, 43]. unlike parasin and 
buforin 1, acipensins 1–5 are molecules with an acety-
lated n-terminus. the hipposin molecule has the same 
property [16]. Acetylation of the n-terminus was found 
not to be necessary for the exhibition of antimicrobial 
activity, because synthetic non-acetylated hipposin 
turns out to be active [16].

the observed decrease in the antimicrobial activ-
ity of acipensins with an increase in the solution ionic 
strength is characteristic of many AMPs described in 
the literature: e.g., human alpha-defensins and goat 
bactenecins. the antimicrobial activity of defensins is 
known to be able to recover in media containing physi-
ological concentrations of sodium chloride, which re-
sults from synergistic action with other AMPs of hu-
man neutrophils, in particular, cathelicidin LL-37 [44]. 
It may be assumed that, along with the constitutively 
synthesized acipensins, sturgeon leukocytes contain 
inducible antimicrobial factors whose synthesis is in-
creased during the infectious process, and that can act 
together with acipensins, which increases the efficien-
cy of the antimicrobial action of AMPs.

the data on the low antimicrobial activity of Ac6 
compared to that of Ac1 and Ac2 suggest that these 
are n-terminal derivatives of histone H2A that play a 
key role in anti-infective protection.

the mechanisms of action of AMP derivatives of his-
tone H2A described in the literature are slightly dif-
ferent: the main mechanism of antimicrobial action 
of buforin 2 is associated with its ability to penetrate 
into bacterial cells without significant damage to their 
membranes and to interact with nucleic acids, which 
leads to inhibition of vital processes in microbial cells 
and to their death [45, 46]. However, another peptide, 
parasin, exerts a pronounced damaging effect on the 
bacterial membranes [47]. A synthetic analog of hip-
posin was demonstrated also to have the ability to in-
crease the permeability of bacterial membranes (E. coli 
Atcc 25922) [48]. Although acipensins have a signifi-
cant structural similarity to hipposin, no appreciable 
increase in the permeability of the cytoplasmic mem-
brane of E. coli ML35p under the action of acipensins 
was observed in our experiments. On the one hand, it 
may be assumed that the difference in the results is 
related to the fact that other bacterial strains and per-

meability markers were used in our study. On the other 
hand, the decisive role is probably played by the pep-
tide concentration. For example, the dual mode of ac-
tion [49] was established for proline-rich peptides, in 
particular bactenecins: at concentrations close to the 
MIc, the peptides did not have a damaging effect on 
the membranes, their effects were associated with the 
impact on intracellular targets, while at concentrations 
above the MIc, these AMPs, in addition to the inhibi-
tion of intracellular processes, disturbed the structural 
integrity of the membrane. Because concentrations 
close to the MIc were used in experiments on the eval-
uation of the acipensin effect on the permeability of 
bacterial membranes, we may assume that acipensins 
at higher concentrations, like bactenecin and hippo-
sin, can also disturb the barrier function of bacterial 
membranes. Finally, it cannot be excluded that the ob-
served discrepancy in the results may be due to those 
few amino acid substitutions that distinguish Ac1 and 
Ac2 from the hipposin analog used in [48]. A more de-
tailed investigation of the effect of acipensins on bacte-
rial membranes will be conducted in our future studies 
using recombinant acipensin analogs.

Similarly to other natural AMP derivatives of his-
tone H2A, all three studied acipensins (Ac1, Ac2, and 
Ac6) exhibited no significant cytotoxic activity against 
the cultured human cells. Further investigation of the 
interaction of acipensins and their structural analogs 
with the cells will establish whether they possess the 
potential to translocate across the eukaryotic cell mem-
branes, as it was demonstrated for buforins [46]. Hav-
ing similar properties opens prospects for the practical 
application of the peptides in antitumor therapy as vec-
tors for the delivery of drugs into malignant cells.

CONCLUSION
A set of antimicrobial peptides called acipensins that 
are histone H2A fragments were for the first time 
isolated from leukocytes of the russian sturgeon A. 
gueldenstadti. these peptides have a broad spectrum 
of antibacterial activity and do not exhibit toxic prop-
erties towards host cells. the obtained data contribute 
to the development of ideas regarding the evolution of 
the molecular factors of innate immunity and support 
the assumption of the biological role of histones as pro-
tective molecules involved in the implementation of the 
anti-infective function of the immune system. 
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ABSTRACT The mechanism of action of tonically applied choline, the agonist of α7 nicotinic acetylcholine re-
ceptors (nAChRs), to the spontaneous and evoked release of a neurotransmitter in mouse motor synapses in 
diaphragm neuromuscular preparations using intracellular microelectrode recordings of miniature endplate 
potentials (MEPPs) and evoked endplate potentials (EPPs) was studied. Exogenous choline was shown to exhibit 
a presynaptic inhibitory effect on the amplitude and quantal content of EPPs for the activity of neuromuscular 
junction evoked by single and rhythmic stimuli. This effect was inhibited either by antagonists of α7-nAChRs, 
such as methyllycaconitine and α-cobratoxin, or by blocking SK-type calcium-activated potassium (KCa) chan-
nels with apamin or blocking intraterminal ryanodine receptors with ryanodine. A hypothesis was put forward 
that choline in mouse motoneuron nerve terminals can activate presynaptic α7-nAChRs, followed by the release 
of the stored calcium through ryanodine receptors and activation of SK-type KCa channels, resulting in sustained 
decay of the quantal content of the evoked neurotransmitter release.
kEyWORDS quantal content, ryanodine receptors, choline, α7-nicotinic acetylcholine receptors, SK channels.
ABBREVIATIONS ACh – acetylcholine; MEPP – miniature endplate potential; nAChRs – nicotinic acetylcholine 
receptors; EPP – endplate potential.

INTRODUCTION

Although postsynaptic nAchrs in the motor synapses 
of the skeletal muscles of vertebrates have been thor-
oughly studied [1–3], data on presynaptic ones is rather 
scarce and contradictory. Immunohistochemical and 
pharmacologic tests demonstrate that there are several 
types of presynaptic nAchrs in motor synapses [4–7]. 
At the same time, the location and functions of the spe-
cific nAchrs remain poorly studied, especially those of 
α7-nAchrs [8, 9] that are characterized by a compar-
atively high calcium-ion conductivity [10–12]. In con-
trast to the central nervous system where activation of 
presynaptic α7-nAchrs with Ach or selective agonists 
(choline, nicotine) typically facilitates neurotransmitter 
release [13–16], inhibition of the release in peripheral 
motor synapses has been reported [5, 17]. In our previ-
ous research, activation of α7-nAchrs with small dos-
es of nicotine triggered calcium-dependent inhibition 
of the evoked release of acetylcholine in rhythmically 
stimulated neuromuscular junctions of mouse, which 
could be prevented by using methyllycaconitine, a se-
lective antagonist of α7-nAchrs [18]. the mechanisms 
of this inhibition remain unclear. Due to this fact, pre-
synaptic α7-nAchrs in the present work were activat-

ed by their selective agonist choline in order to assess 
its ability to suppress the evoked Ach release and to 
study the mechanisms of this effect.

EXPERIMENTAL

Object of research
experiments were carried out using isolated neu-
romuscular preparations of the diaphragm (m. dia-
phragma – n. phrenicus) of mature (30) male mice of 
the 129/Sv line provided by the Anokhin Institute of 
normal Physiology of the russian Academy of Sciences 
(Moscow, russia). A total of 27 animals were used. the 
mice were managed in accordance with the Directive 
86/609/eec regulating the use of laboratory animals. 
the procedure was approved by the Bioethics com-
mission of the Department of Biology of the Moscow 
State university. the mice were euthanized by quick 
decapitation.

Electrophysiology
the dissection of muscle fiber allowing one to simul-
taneously record both a spontaneous and non-reduced 
evoked release of the neurotransmitter was performed 
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according to the standard protocol [5, 17, 18]. the left 
half of the diaphragm with the phrenic nerve was 
put into a 3-mL camera and rinsed with an oxygenat-
ed (95% O

2
, 5% cO

2
) Liley buffer (pH 7.2–7.4, 135 mM 

nacl, 4 mM Kcl, 0.9 mM naH
2
PO

4
, 2 mM cacl

2
, 1 mM 

Mgcl
2
, 16.3 mM naHcO

3
, 11 mM glucose) at room tem-

perature. All experiments were carried out at 20–22 °c. 
MePPs and ePPs were recorded using intracellular 
glass microelectrodes filled with 2.5 M Kcl (resistance 
at the microelectrode tip was 15–20 MΩ). Single ePPs 
were detected upon stimulation of the phrenic nerve 
with suprathreshold impulses of 0.3 Hz frequency (at 
least 30 stimuli). When studying the rhythmic synaptic 
activity, the phrenic nerve was stimulated with short 
trains of stimuli (50 stimuli 0.1 ms long each, frequency 
of 50 Hz). Signals were registered by an Axoclamp-2B 
amplifier (Molecular Devices) and recorded using an 
L-card Е-154 analog-to-digital converter (with Pow-
erGraph interface) into the Pc hard drive. the data 
were processed using the MiniAnalysis software (Syn-
aptosoft). controls included MePP and ePP recordings 
from 5 or more different synapses under normal con-
ditions and after the substances under study had been 
administered in a certain order. the synaptic activity 
was registered during 1–1.5 h. At least 3 neuromus-
cular preparations were used in each series of exper-
iments.

Substances and solutions
choline, methyllycaconitine, apamin (Sigma, uSA), 
and ryanodine (enzo Life Sciences, uSA) were used. 
A high-affinity blocker of α7-nAchrs, namely the 
long-chain α-cobratoxin (extracted from Naja naja ka-
outhia) [19–21], was kindly provided by Yu.n. utkin, 
the head of the Laboratory of Molecular toxicology of 
the Shemyakin–Ovchinnikov Institute of Bioorganic 
chemistry, russian Academy of Sciences (Moscow, 
russia).

Data analysis and statistics
We estimated the amplitude, variation of MePPs and 
ePPs with time, the MePP frequency, and the quan-
tal content of ePP (the latter was calculated as the 
ratio between the mean ePP amplitude corrected for 
non-linear summation [22] to the mean MePP ampli-
tude). the statistical significance of the difference be-
tween sample groups was assessed using the Student’s 
t-test and Mann–Whitney test. the significance level 
of the differences between two sample groups was 0.05 
(n – being the number of synapses studied).

RESULTS
In the first series of experiments, the muscle was rinsed 
with a 100-µM choline solution for 40 min. the charac-

teristics of MePPs and the single-evoked ePPs were 
analyzed. no statistically significant changes in the 
membrane potential (MP) in the postsynaptic mem-
brane were revealed during choline perfusion ((the av-
erage MP in the controls was –39.16 ± 1.13 mV (n = 18) 
and –40.06 ± 1.18 (n = 19) in the presence of choline). 
choline reduced the ePP amplitude by over 25% on av-
erage as compared to the control (Fig. 1A). the effect 
developed within 10–15 min after the administration 
of choline and remained unchanged during the next 
30 min. the changes in amplitude, temporal character-
istics, and MePP frequency were not statistically sig-
nificant; the decline in the ePP amplitude was caused 
by a decrease in the quantal content of ePPs from 
34.20 ± 2.56 in the control to 25 ± 2.56 in the presence of 
choline (p < 0.05) (Fig. 1B). In additional experiments 
on intact (non-dissected) neuromuscular preparations, 
100-µM choline caused no significant changes in the 
MePP amplitude (1.49 ± 0.07 mV in controls (n = 17) 
and 1.52 ± 0.11 (n = 17, p < 0.05) in the presence of cho-
line). compared with the controls, the MePP frequency 
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Fig. 1. Inhibitory effect of exogenous choline on the single 
(0.3 Hz) evoked release of neurotransmitter mediated by 
its influence on α7-nAChRs. A – averaged recordings of 
single EPPs in controls, in the presence of choline (100 μM) 
and in the presence of both choline (100 μM) and MLA 
(20 nM). b – quantal content of single EPPs in controls, in 
the presence of choline and in the presence of choline and 
previously administered MLA and CTx (5 nM). The Y axis 
shows the quantal content of EPPs (% compared to the 
control), *p < 0.05 compared to the controls



112 | ActA nAturAe |   VOL. 6  № 4 (23)  2014

RESEARCH ARTICLES

and its variation with time in the presence of choline 
were not significantly different. thus, the decline in 
the quantal content of ePPs in the presence of choline 
at the same MP and MePP values indicates that choline 
has a presynaptic inhibitory effect on the evoked quan-
tal release of Ach.

choline-induced inhibition of the quantal content of 
the single ePP could be prevented by a selective block-
er of α7-nAchrs, methyllycaconitine (MLA), adminis-
tered in a concentration of 20 nM. When administered 
for 15–30 min, MLA caused no statistically significant 
changes in MePPs and ePPs; however, the amplitude 
and quantal content of single ePPs did not decrease 
in the presence of methyllycaconitine choline, either 
(Fig. 1A,B). A similar result—the prevention of the in-
hibitory effect of exogenous choline on the quantal con-
tent of single ePPs—was obtained with the aid of an-
other selective blocker of α7-nAchrs, the long-chain 
α-cobratoxin (СТх) administered in a concentration of 
5 nM (Fig. 1B). this means that choline, when admin-
istered tonically, facilitates the inhibition of the evoked 
release of Ach precisely by activating α7-nAchrs.

the following series of experiments was aimed 
at investigating choline-induced responses to short 
trains consisting of 50 ePPs (50 Hz, 1s). Administra-
tion of 100-µM choline for 40 min showed the same 
decrease in the amplitude and quantal content as that 
observed for single-evoked ePPs; this effect was re-
corded for the first and all following ePPs in the train. 
It developed during the first 10–15 min of choline ad-
ministration and remained unchanged for the next 
30 min. there, the ePP train pattern did not change: 
identically to the controls, we observed short-term fa-
cilitation of the synaptic transmission in the beginning 
of the train, which was followed by the depression 
continuing into a lower stable level of ePPs compared 
to the first one (a plateau) (Fig. 2A). Preliminary 
administration of selective blockers of α7-nAchrs, 
20nM MLA (Fig. 2B) or 5 nM ctx, to the neuromuscu-
lar preparation changed neither the MePP parame-
ters nor quantal content of ePP of the high-frequency 
short train. Meanwhile, choline administered along-
side the mentioned blockers of α7-nAchrs had no in-
hibitory effect on the quantal content of ePP in trains 
(Fig. 2B).

to elucidate the mechanism of the inhibitory effect 
of choline, an assumption was made that choline-in-
duced activation of α7-nAchrs letting calcium in the 
terminal generates a calcium signal that can activate 
SK Kca

 channels similar to the pathway of the inhibi-
tory effect of Ach on the impulse activity of some oth-
er excitable cells [23, 24]. A selective blocker of SK K

ca
 

channels, apamin, was administered to the muscle in a 
concentration of 200 nM to verify this hypothesis. Apa-

min alone provided no statistically significant chang-
es in the amplitude and quantal content of the single 
or rhythmically generated ePPs, but 100-µM choline 
administered along with it lost its ability to inhibit the 
quantal content of ePPs in trains (Fig. 3A). All these 
facts allowed us to assume that the inhibitory effect 
of exogenous choline depends on calcium and is based 
on the choline-induced activation of the calcium influx 
into the terminal via channels of α7-nAchrs, which 
activates potassium SK-channels and the outgoing po-
tassium current. the ensuing membrane hyperpolari-
zation suppresses the voltage-dependent calcium chan-
nels in active zones, thus diminishing the possibility of 
the evoked Ach release.

Fig. 2. Change in the quantal content of EPPs during the 
short train of stimuli at a rhythmical activity of synapses of 
50 Hz. A – in controls and upon administration of 100 μМ 
choline. b – in controls, in the presence of 20 nM MLA 
and upon administration of choline subsequent to MLA. 
The Y axis shows the quantal content of EPP; the X axis 
shows the number of EPPs in the train, *p < 0.05 com-
pared to controls
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According to publications, SK channels can be ac-
tivated by calcium from different sources [25]. thus, 
for instance, the activity of SK channels in certain hip-
pocampal synapses [24] rises due to the calcium-trig-
gered release of calcium from stores caused by the 
influx of calcium from the outside through the chan-
nels of α7-nAchrs. that is why the next series of ex-
periments were aimed at elucidating the possible in-
volvement of ryanodine receptors and the release of 
calcium from the calcium stores of motor terminals in 
the mechanisms of the calcium-dependent inhibitory 
effects of choline employing SK potassium channels.

Application of ryanodine in a concentration that 
reciprocally blocks ryanodine receptors (3 µM) to the 

muscle showed no statistically significant changes in 
the amplitude and quantal content of ePPs but insig-
nificantly worsened the transmission in the beginning 
of the short train of ePPs (Fig. 3B). With a ryanodine 
presence (3 µM), the subsequent application of choline 
did not decrease the amplitude or quantal content of 
ePPs in the train (Fig. 3B). this fact demonstrates that 
calcium-dependent choline-induced inhibition of the 
evoked release of Ach requires not only α7-nAchrs, 
but also the release of calcium from stores.

DISCUSSION
the effects discovered by administering exogenous 
choline (100 µM) and selective blockers of α7-nAchrs 
(methyllycaconitine and а-ctx), along with the impact 
of an inhibitor of SK channels (apamin) and that of the 
blocker of ryanodine receptors (ryanodine), elucidated 
the mechanism of the inhibitory effect of choline on the 
evoked Ach release.

the ability of certain endogenous and exogenous ag-
onists of neuronal nAchrs when applied briefly (sev-
eral seconds) and in high (millimolar) concentrations to 
inhibit Ach release in motor synapses has been report-
ed earlier in a number of studies [5, 8, 17]. However, 
those studies specified neither the type of presynaptic 
nAchrs mediating these effects nor the mechanism of 
the latter. choline is known to be a full selective ago-
nist of α7-nAchrs and at the same time an activator 
of the M1

-choline receptors located on the terminals 
and motor synapses of Schwann cells [26]. However, 
the publications state that choline activates these re-
ceptors when administered in doses that are consider-
ably higher than those used in our study [27, 28]. Apart 
from that, the selective activation of the M

1
-choline 

receptors of motor synapses facilitates the release of 
neurotransmitter [29, 30] and, thus, cannot be a rea-
son for the discovered inhibitory effect of exogenous 
choline on Ach release. that is why in our attempts to 
explain the discovered choline effects we relied on the 
well-documented and widely known facts of choline 
ability to selectively activate the α7-nAchrs of nerve 
terminals [31, 32].

According to the protocol used, choline was applied 
tonically (during several dozens of minutes) at a low 
concentration of 100 µM, which does not reach ec

50
 for 

activating α7-nAchrs (0.5–1.5 mM) [31, 33]. It is com-
monly known that α7-nAchrs belong to the family of 
rapidly desensitizing choline receptors [34]. However, 
according to the desensitization model of α7-nAchrs, 
low (not exceeding ec

50
) concentrations of agonists 

lead to prolonged opening of the channel of α7-nA-
chrs with insignificant desensitization or blockage 
of the open channel at negative (hyperpolarized) MP 
values [32]. the fact that choline-induced decay of the 

Fig. 3. Change in the quantal content of EPPs during the 
short train of stimuli at a frequency of 50 Hz. A – in con-
trols, in the presence of 200 nM apamin, and in the pres-
ence of both 100 μM choline and apamin. b – in controls, 
in the presence of 3 μM ryanodine, and in the presence of 
both 100 μM choline and ryanodine. The Y axis shows the 
quantal content of EPPs; the X axis shows the number of 
EPPs in the train

А

b

Q
ua

nt
al

 c
o

nt
e

nt
 o

f E
PP

s
Q

ua
nt

al
 c

o
nt

e
nt

 o
f E

PP
s

EPP number in a train

EPP number in a train

Control
Apamin
Apamin+Choline

Control
Ryanodine
Ryanodine+Choline

40

35

30

25

20

15

10

5

0

40

35

30

25

20

15

10

5

0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49



114 | ActA nAturAe |   VOL. 6  № 4 (23)  2014

RESEARCH ARTICLES

quantal content of ePPs can be prevented by blockers 
of α7-nAchrs means that the effect of choline in this 
particular concentration (100 µM) is mediated by the 
activation, not desensitization, of neuronal nAchrs on 
the presynaptic membrane. the prolonged effects of 
choline might be due to the processes taking place upon 
activation of α7-nAchrs. It has recently been shown on 
preterminal axons of hippocampal neurons that even 
short-term activation (10 min) of nAchrs with exog-
enous agonists may lead (after the immediate effects) 
to a long-term (30 min and more) intracellular rise in 
the calcium content, activation of caMKII and other 
enzymes, accompanied by a long-term increase of the 
neurotransmitter release [35].

In our study of peripheral synapses, attempts to ac-
tivate presynaptic α7-nAchrs with choline revealed 
another effect, namely the long-term inhibition of the 
neurotransmitter release caused by the involvement of 
SK K

ca
 channels. these channels have been described 

for motoneuron nerve terminals in rodents [36]. It also 
has been shown that they might be involved in the reg-
ulation of the spontaneous MePP frequency [37]. Our 
work is the first to report the activation of SK channels 
and their involvement in the possibly mediation of the 
inhibitory impact of choline on the evoked Ach release. 
Similar examples of the response of SK channels to the 
activation of α7-nAchrs have been described for the 
central synapses of hair cells [23] and hippocampal neu-
rons [24].

Administering ryanodine as a blocker of ryanodine 
receptors demonstrated another necessary component 
that mediates the inhibitory effects of choline — ryan-
odine-dependent release of calcium from stores. In the 
central nervous system, functional coupling of α7-nA-
chrs to ryanodine receptors strengthens the calcium 
signal in terminals and facilitates the release of Ach 
and other neurotransmitters [14, 38, 39]. We were first 
to demonstrate that in peripheral synapses, on the con-
trary, functional interaction between α7-nAchrs and 
the ryanodine receptors of calcium stores decreases the 
evoked neurotransmitter release due to the activation 
of SK Kca

 channels. α7-nAchrs are apparently located 
in the terminals of motoneurons, far from the exocytosis 
sites, but spatially close to certain perimembrane cis-
terns of ryanodine calcium stores; thus, the entire com-
plex can activate SK potassium channels. A similar in-
teraction between α7-nAchrs, ryanodine receptors, and 
SK channels was described for hippocampal interneu-
rons at the postsynaptic level [24] and in hair cells [40]. In 
both cases, it slowed down the neuronal activity.

It is widely known that spatial diffusion of the com-
bined action of extracellular Ach and its derivate, cho-
line, in the central nervous system may regulate the 
activity of the extrasynaptic and perisynaptic α7-nA-

chrs located on preterminal axons, neuronal dendrites, 
and bodies of glial cells [41]. For peripheral axons and 
the terminals of motoneurons, a regulation that would 
employ Ach and choline has not been reported yet. In 
neuromuscular junctions, the rate of Ach release and 
the level of Ache activity are significantly higher com-
pared to those in the central cholinergic synapses [41]. 
therefore, the prolonged activity of synapses and Ach 
hydrolysis must significantly increase the level of en-
dogenous choline in the synaptic cleft. Its diffusion from 
the cleft and the activation of presynaptic α7-nAchrs 
might serve as a negative feedback mechanism of en-
dogenous auto-regulation of Ach release. nevertheless, 
we were not successful in establishing a response by 
endogenous choline to the Ach release upon single and 
short-train stimulation of synapses. contrary to expec-
tations, administration of blockers of α7-nAchrs failed 
to cause any changes in the quantal content of the single 
ePPs and short trains of ePPs(50 ePP, 50 Hz). A longer 
and more intensive action of motor synapses is probably 
required to accumulate endogenous choline. the same 
relates to its diffusion (spillover) from the cleft and de-
velopment of an inhibitory effect, especially when pre-
synaptic α7-nAchrs are distanced from the exocytosis 
sites (e.g., preterminal α7-nAchrs in central synapses) 
[42]. this concept was confirmed by the results of ex-
periments on the rat diaphragm, where the ability of 
blockers of α7-nAchrs to prevent a decline in the quan-
tal content of ePPs could be detected only on condition 
that it was evolving during a prolonged (several hours) 
low-frequency activity of synapses [17].

CONCLUSIONS
Our study has demonstrated the tonic effect of choline 
administered in concentrations relatively low on the 
activation of α7-nAchrs to cause long-term inhibition 
of the Ach release.

We were the first to reveal the mechanism of this in-
hibition. It consists in the activation of presynaptic ax-
onal α7-nAchrs with choline, the subsequent release 
of calcium from stores through ryanodine receptors, 
and activation of SK КСа

 channels in mouse motor ter-
minals. We cannot rule out other possible participants 
in this mechanism; such as certain calcium-dependent 
enzymes. However, further research is required to elu-
cidate this point. It is also interesting to test whether 
choline-dependent inhibition of the neurotransmitter 
release can contribute to the fatigue of neuromuscular 
transmission at a prolonged intensive work of motor 
synapses in mammals. 

This present work was supported by the Russian 
Foundation for Basic Research  

(grant No 13-04-00413a).
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ABSTRACT A new type of nucleic acid analogues with a phosphoryl guanidine group is described. Oxidation of 
polymer-supported dinucleoside 2-cyanoethyl phosphite by iodine in the presence of 1,1,3,3-tetramethyl guan-
idine yields a dinucleotide with an internucleoside tetramethyl phosphoryl guanidine (Tmg) group as the main 
product. The Tmg group is stable under conditions of solid-phase DNA synthesis and subsequent cleavage and 
deprotection with ammonia. Oligonucleotides with one or more Tmg groups bind their complementary DNA or 
RNA with affinity similar to that of natural oligodeoxyribonucleotides.
kEyWORDS nucleic acid analogue; modified oligonucleotide; solid-phase synthesis; tetramethylguanidine; phos-
phoryl guanidine; phosphite.
ABBREVIATIONS MALDI-TOF – matrix-assisted laser-desorption ionization time-of-flight, RP-HPLC – re-
verse-phased high-performance liquid chromatography, TMG – 1,1,3,3-tetramethyl guanidine.

nucleic acid analogues of various structures are 
widely used in molecular biology and are re-
garded as promising therapeutic agents and 

probes for molecular diagnostics [1, 2]. the main im-
pediment to the widespread application of nucleic acid 
derivatives for therapy is their generally poor cell up-
take in the absence of specific transfection agents or 
delivery systems. the relative inefficiency of oligonu-
cleotide penetration into cells can be at least partly at-
tributed to their large net negative charge.

Only two types of nucleic acid analogues with the-
oretically charge-neutral backbones have been rea-
sonably well studied over the past 20 years: peptide 
nucleic acids (PnA) [3] and phosphorodiamidate mor-
pholino oligomers (PMO) [4]. Both types of analogues 
can bind natural DnA and rnA sequence-specifically 
and therefore they have found applications both in mo-
lecular biology and, in particular, in medicine as po-
tential drugs [5, 6]. taking this into account, the search 
for new nucleic acid analogues that could be used for 
development of oligonucleotide therapeutics capable of 
efficient cell penetration in the absence of transfection 
agents or other delivery means remains a highly rele-
vant and challenging task.

We have shown that oxidation of 3’,5’-dithymi-
dine-β-cyanoethyl phosphite by iodine in pyridine in 
the presence of 1,1,3,3-tetramethyl guanidine (tMG) 
yields a dinucleotide with an internucleotide tetrame-
thyl phosphoryl guanidine group (tmg) as the main 

product (Figure A) (similarly, oxidation of trialkylphos-
phite with iodine in pyridine in the presence of a pri-
mary amine yields phosphoramidates [7]). Solid-phase 
oligonucleotide synthesis was carried out until hex-
athymidylate was formed. the oligonucleotide was 
cleaved from the polymer using a 25% aqueous ammo-
nia solution at room temperature for 1 h; ammonia was 
subsequently removed in vacuo, and the solution con-
taining the oligonucleotide was analyzed by rP-HPLc 
and MALDI-tOF mass spectrometry.

the elution profile of the reaction mixture (Figure 
B) showed that the main product is an oligonucleotide 
5'-d(t5

p*t), where p* indicates the position of the tmg 
group. two main peaks with τ

r
 16.7 and 17.6 min cor-

responded to the modified oligonucleotides; they were 
assigned to individual diastereomers resulting from 
chirality of the internucleotide phosphoryl guanidine 
group. the unmodified oligonucleotide dТ

6
 (τ

r
 14.3) 

was also present as a by-product that most likely was 
formed via hydrolysis of the intermediate reactive io-
dophosphonium derivative by traces of moisture. the 
tmg group exhibits pronounced hydrophobic proper-
ties: it is characterized by a longer retention time (τ

r
) 

of the tmg group-containing oligonucleotides com-
pared with that of the unmodified oligonucleotide. 
Other modified oligothymidylates up to 20 nucleotide 
long have been synthesized, featuring one or two tmg 
groups at various positions in the oligonucleotide chain. 
the presence of tetramethyl phosphoryl guanidine 
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groups in the oligonucleotides was confirmed by MAL-
DI-tOF mass spectrometry (Table).

thermal denaturation experiments with optical reg-
istration of signal carried out at 10-5 M concentrations 
of each oligonucleotide in a 10 mM na-cacodylate buff-
er (pH 7.2) containing 100 mM nacl and 5 mM Mgcl

2
 

showed a relatively small effect of an isolated tmg 
group at the 3’-end or in the middle of the chain on the 
stability of the complementary complex formed by the 
modified oligodeoxyribonucleotides with poly(dA) or 
poly(rA) templates as compared with the unmodified 
oligonucleotide dt

20
. the melting temperatures (T

m
) for 

the complexes formed with a poly(rA) template were 

48оc for 5'-d(t
19

р*t) and 46.5оc for 5'-d(t
11

р*t
9
); for 

those formed with a poly(dA) template, the T
m

s were 
54 and 52.5оc, respectively, which was sufficiently close 
to the T

m
 of the complexes formed by the unmodified 

dТ
20

 oligonucleotide with the same templates (48 and 
55оc, respectively). Individual d(t

19
р*t) diastereomers, 

which could be separated by rP-HPLc, showed only 
slightly different Т

m
 values with the dc

2
A

20
c

2
 template: 

45.8оc for the diastereomer with a shorter retention 
time and 45.1оc for the diastereomer with a longer re-
tention time, compared with 45.1оc for the unmodified 
dt

20
 oligonucleotide. the complex of an oligonucleotide 

d(t
11

р*t
9
) with the modification in the middle of the 

Table. Structures and molecular masses of phosphoryl guanidine oligonucleotide derivatives with the Tmg group

№ Oligonucleotide sequence, 
5' → 3'

Molecular mass#

calculated 
[M]

experimental 

[M + H]+ [M–H]–

1 d(tttttр*t) 1860.39 1860.35 1857.54

2 d(tр*ttttt) 1860.39 1860.34 1858.63

3 d(tcp*A) 941.80 942.17 938.97

4 d(tttttttttttttttttttр*t) 6119.16 6121.13 6113.80

5 d(tttttttttttр*ttttttttt) 6119.16 6121.54 –

6 d(ttр*tttttttttttttttttt) 6119.16 6120.01 6114.19

7 d(ttр*tttttttttttttttttр*t) 6216.33 – 6221.11

р* indicates the position of the Tmg group.
#Positive or negative ion MALDI-TOF spectra were recorded on a Bruker Reflex III Autoflex Speed mass spectrometer 
(Germany) using 3-hydroxypicolinic acid as a matrix.
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Fig. A – Structure of an oligonucleotide with an internucleotide tetramethyl phosphoryl guanidine group (Tmg). b – 
Elution profile of an oligonucleotide 5'-d(T

5
p*T), where p* indicates the position of the Tmg group. RP-HPLC was carried 

out on an Agilent 1200 HPLC system (USA) using a Zorbax SB-C18 (5 μm) 4.6 × 150 mm column with a gradient of ace-
tonitrile (0 → 40%) in 20 mM triethylammonium acetate (pH 7) for 30 min; flow rate 2 mL/min



118 | ActA nAturAe |   VOL. 6  № 4 (23)  2014

SHORT REPORTS

chain, obtained as a mixture of diastereomers, melt-
ed at 44.7оc. these results are quite surprising, since a 
replacement of an internucleotide phosphate with the 
tetramethyl phosphoryl guanidine group leads to the 
substitution of a 20-atom group (including hydrogens) 
for one oxygen atom. the data indicated that oligo-
deoxyribonucleotides modified with tmg groups can 
bind their complementary DnA and rnA to form sta-
ble complexes that differ only slightly in their thermal 
stability from the natural duplexes, a property which is 
a prerequisite for their therapeutic application.

to conclude, we have described a new type of nucle-
ic acid analogues, phosphoryl guanidines [8], which is a 
third class of the formally charge-neutral oligonucleo-
tide derivatives described so far in addition to known 
peptide nucleic acids (PnA) and morpholino oligomers 
(PMO). Our results indicate that oxidation of an inter-
nucleotide phosphite triester by iodine in pyridine in 
the presence of 1,1,3,3-tetramethylguanidine is a con-
venient method for obtaining oligonucleotide deriva-
tives with the tetramethyl phosphoryl guanidine (tmg) 
group. It is noteworthy that, unlike the previously de-
scribed oligonucleotide analogues such as PnA or PMO, 
phosphoryl guanidine derivatives can be synthesized 
by conventional phosphoramidite chemistry using a 
standard DnA synthesizer. therefore, it becomes pos-
sible to obtain various phosphoryl guanidine oligomers 
using a wide range of commercially available phospho-

ramidites, including those modified at the sugar resi-
due and/or heterocyclic base. 

We have shown that the tmg group is stable under 
solid-phase oligonucleotide synthesis conditions, sub-
sequent deprotection and cleavage from their polymer 
support of mixed-sequence oligodeoxyribonucleotides 
using standard 25% aqueous ammonia treatment at 
55оc for 16 h. Oligonucleotides containing one or more 
tmg groups are able to bind their complementary DnA 
and rnA sequences with affinity that is only slightly 
different from that of natural oligodeoxyribonucleo-
tides, despite the steric bulk of the tmg group. In our 
opinion, the results obtained indicate that this novel 
class of phosphoryl guanidine nucleic acid analogues 
may be quite promising for the designing of new bio-
logically active oligonucleotide derivatives.  
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