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The Effect of a Lipopolysaccharide from Rhodobacter capsulatus
PG on Inflammation Caused by Various Influenza Strains

S. V. Zubova, M. F. Vorovich, A. S. Gambaryan, :’fé’}éﬁ’é’m

A. A. Ishmukhametov, S. V. Grachev, I. R. Prokhorenko 5 :;SOT%B’; Ro-LPs

The development of a specific inflammation in mice that had B s

been infected by two influenza virus strains, A/chicken/Kur- . 0

gan/5/2005 (H5N1) and A/Hamburg/2009 MA (HIN1), was stud- § o

ied. We investigated the effect of a non-toxic lipopolysaccharide i ]

from Rhodobacter capsulatus PG on the survival and body weight £ »

of the mice, production of IgG antibodies, and the induction of

pro- and anti-inflammatory cytokines in blood serum. The admin- o : : : .
istration of the R. capsulatus PG lipopolysaccharide was shown C Day3  Day4  Day5

to induce interferon-f synthesis, both in healthy and influenza A Dynamics of cytokine levels in response to
virus-infected mice, and to promote production of antiviral anti- the administration of the Rb. LPS, HIN1 influ-

bodies in the blood of the influenza-infected animals. enza virus, and both factors simultaneously

An Abnormally High Closing Potential of the OMPF Porin Channel
from Yersinia Ruckeri: The Role of Charged Residues and

Intramolecular Bonds

YrOmpF D. K. Chistyulin, O. D. Novikova, E. A. Zelepuga, V. A. Khomenko,
' - G. N. Likhatskaya, O. Yu. Portnyagina, Y. N. Antonenko

Electrophysiological experiments on bilayer lipid membranes showed that the
isolated outer membrane major porin of Yersinia ruckeri (YrOmpF) exhibits
activity typical of porins from Gram-negative bacteria, forming channels with
a mean conductance of 230 pS and slight asymmetry with respect to the ap-
plied voltage. The studied channel significantly differed from the porins of
other bacteria by high values of its critical closing potential (Vc): Ve = 232 mV
atpH =7.0and Vc =164 mV at pH = 5.0. A theoretical model of the YrOmpF
spatial structure was used for the analysis of the charge distribution in the

Distribution of basic and acidic mouth and inside the channel to explain these properties and quantitatively
amino acid residues in the vari- assess the bonds between the amino acid residues in the L3 loop and on the
able regions of the porins inner wall of the barrel.

The Structural and Immunological Properties of Chimeric Proteins
Containing HIV-1 MPER Sites

A. P. Rudometov, N. B. Rudometova, D. N. Shcherbakov, A. A. Lomzov, O. N. Kaplina, N. S. Shcherbakova,
A. A. llyichev, A. Yu. Bakulina, L. I. Karpenko

The objective of this study was to develop immunogens capable
of targeting an immune response to MPER, one of the regions of
bNADb binding in Env. Two immunogens carrying MPER frag-
ments on their scaffolds (protein YkuJ Bacillus subtilis and arti-
ficial polypeptide TBI) were constructed. The antigenic structure
of the MPER-TBI and YkuJ-MPER proteins was characterized
using bNAbs that recognize HIV-1 MPER. The rabbit model
made it possible to show the immunogenicity of the constructed
recombinant proteins. The resulting serum was found to be cross- The model of interactions of Ykul with the
reactive with immunogens carrying MPER. Fab fragmenfs of mAbs 2F5 and 4E10
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ABSTRACT Fertilization (gamete fusion followed by zygote formation) is a multistage process. Each stage is
mediated by ligand-receptor recognition of gamete interaction molecules. This recognition includes the move-
ment of sperm in the gradient of egg chemoattractants, destruction of the egg envelope by acrosomal proteins,
etc. Gametic incompatibility is one of the mechanisms of reproductive isolation. It is based on species-specific
molecular interactions that prevent heterospecific fertilization. Although gametic incompatibility may occur
in any sexually reproducing organism, it has been studied only in a few model species. Gamete interactions in
different taxa involve generally similar processes, but they often employ non-homologous molecules. Gamete
recognition proteins evolve rapidly, like immunity proteins, and include many taxon-specific families. In fact,
recently appeared proteins particularly contribute to reproductive isolation via gametic incompatibility. Thus,
we can assume a multiple, independent origin of this type of reproductive isolation throughout animal evolution.
Gametic incompatibility can be achieved at any fertilization stage and entails different consequences at different
taxonomic levels and ranges, from complete incompatibility between closely related species to partial incompat-
ibility between distantly related taxa.

KEYWORDS gamete recognition proteins; gametic incompatibility; gametic isolation; reproductive isolation;
speciation; invertebrates.

ABBREVIATIONS GRM /P — gamete recognition molecules/proteins; GI — gametic isolation; AR — acrosome reac-
tion; FCC — female cryptic choice; SC — sperm competition; RI — reproductive isolation; PCPZ — post-copulatory
prezygotic reproductive barriers.

INTRODUCTION

The modern interpretation of species identity is based
on the idea of unity of the species gene pool [1-3]. The
hypotheses describing the mechanisms of speciation
(microevolution) refer to the potential mechanisms of
species subdivision into either partially or completely
reproductively isolated groups [3]. Reproductive isola-
tion (RI) is an essential stage of speciation and, at the
same time, the key species criterion [1—3].

RIis realized via prezygotic and postzygotic mecha-
nisms that are triggered at the stages that precede
and follow zygote formation, respectively [3]. Their
biological roles differ: the prezygotic and reproductive
barriers form and function at early stages of specia-
tion; postzygotic — at the late stages [4—7]. For example,
it took at least 22 million years of divergence for the

4| ACTANATURAE| VOL.11 Ne 3 (42) 2019

postzygotic RI between closely related bird species to
form [3]. On the contrary, the prezygotic reproduc-
tive barriers between the Drosophila species can form
within less than ten generations [8]. Gametic incompat-
ibility (GI) is one of the prezygotic reproductive barri-
ers that might emerge rather quickly [3].

GIis based on interactions between highly special-
ized gamete-recognition molecules. Gamete recogni-
tion proteins (GRPs) are expressed in reproductive
tissues and are typically uninvolved in other functions
[9, 10].

Even single amino acid substitutions in GRPs influ-
ence the efficiency and/or species specificity of gamete
recognition [9, 10]. For example, it is considered that as
few as 10 amino acid changes in the sea urchins acroso-
mal protein bindin can lead to RI between two species
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[11]. Remarkably, the GRP structure is modified by
some forms of natural selection, leading to an adap-
tive high level of GRP polymorphism; along with the
immunity proteins, GRPs are among the most rapidly
evolving traits [9—20].

Investigation of the individual mechanisms of RI at
the molecular level has now become possible: the post-
genomic era offers novel tools for studying the genomes
and proteomes of many organisms. However, many of
the proteins involved in RI belong to novel families and
their secondary structure and/or functions cannot be
adequately predicted using the available bioinformatic
resources.

Sea urchins and marine mollusks (genus Haliotis)
are the model objects routinely used for GI studies in
externally fertilizing species [9, 10]. In some other in-
vertebrates, only distinct stages of gamete recognition
were studied (this will be discussed below). In many
high-level invertebrate taxa, no molecular mediators
of gamete recognition have been detected yet. For
example, the recently described paraspermal protein

Acrosomal .
proteins

Actin filaments

the description
provided in the
main text

S ———

LOSP became the first identified potential GRP in
caenogastropods [21, 22].

GAMETE RECOGNITION

Gametic incompatibility is based on the structural
changes that take place in GRM to ensure their specific
interaction. The principal mechanisms of gamete rec-
ognition are similar in different organisms (with a few
exceptions, such as Nematoda) and involve five stages
(Fig. 1, exemplified by the sea urchin) [9, 23].

Stage 1: sperm guidance (steps 0—1)

At the start of this stage, after a period of spontaneous
movement of a spermatozoon (usually following a wide
loop without linear sections) (Fig. 1, step 0), a sperm
guidance program is initiated (Fig. 1, step 1; [24]). The
action of egg chemoattractants forces the sperm to
move linearly with sharp loop-shaped turns [24]. This
sperm movement pattern has been demonstrated for
many phylogenetically distant taxa, such as echino-
derms, chitons [25], cnidaria [25, 26], and polychaete

VOL. 11 Ne 3 (42) 2019 | ACTA NATURAE |5
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Fig. 2. Schematic illustration of the
signaling cascade that is activated by
speract, a sea urchin egg chemoat-
tractant. The illustration was adapted
from [28]
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A list of egg chemoattractants detected in invertebrates and protists
Taxon Species Chemoattractant Reference
Cnidaria Montipora digitata; Lobophytum Unsaturated fatty alcohols; macrocyclic diterpene (30, 31]
crassum alcohols
Echinodermata . [32, 33]
; ; SRR Peptides
1 Octopus vulgaris; Sepia of ficinalis [34, 35]
M
orusea Haliotis L-tryptophan [36]
Ascidia Ciona intestinalis Sulfated steroids [37]
Nematoda Caenorhabditis elegans Polyunsaturated fatty alcohols (PUFAs) [38]
Brown algae Fucus vesiculosus Unsaturated carbohydrates (fucoserratins) [39, 40]
Infusoria Euplotes Proteins [41]

Arenicola marina [27]. It is made possible by molecular
mechanisms similar to those in the sea urchins Stron-
gylocentrotus purpuratus (Fig. 2) [28].

In sea urchins, the egg chemoattractant (speract)
activates the guanylate cyclase receptor on the sperm
membrane, resulting in the emergence of cGMP
opening of the cGMP-dependent K* channels (Sp-tet-
raKCNG). Opening of these channels causes membrane
hyperpolarization and activates the signaling cascade
that drives calcium concentration oscillations [28]. The
oscillating pattern of the signal results in an alternation
of the individual phases of sperm movement: the sper-
matozoon moves linearly at low Ca?" concentrations
while assuming a sharp loop-shaped turn at high Ca*"
concentrations [29].

The structure of egg chemoattractants is unique in
all the studied taxa (Table) [30—41]. It is possible that
different sperm guidance systems form independently
based on the fundamental mechanism of sperm motil-
ity [42].

6| ACTANATURAE| VOL.11 Ne 3 (42) 2019

Stage 2—3: the acrosome reaction and

destruction of the egg envelope (steps 2—4)

The key stage of fertilization is the penetration of a
spermatozoon through the egg envelope ensured by
acrosomal proteins. These specialized proteins reside
in the acrosome, a vesicle in the apex of the sperm [43].
In most animals, spermatozoa have a relatively large
acrosome; however, the acrosome can also be rather
small (e.g., in filiform spermatozoa of Littorina mollusks
and Lepisma insects) [44, 45].

Acrosomal proteins are released upon acrosomal
exocytosis during the acrosome reaction (AR; step 2).
Also in many animals, such as sea urchins, pH-depen-
dent actin polymerization occurs and an acrosomal
rod forms (Fig. 1, 3—4) [46, 47]. AR is triggered by the
interaction between specific sperm receptors and their
ligands in the egg envelope.

Among invertebrates, the molecular basis of these
processes has been studied only in echinoderms. Yet,
they probably differ among invertebrate taxa. For
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Fig. 3. Schematic illustration of the signaling cascades inducing the acrosome reaction in sea urchins and mammals. The

illustration was adapted from [48]

example, these processes vary even within deutero-
stomes. In sea urchins and mammalians, AR is induced
by different classes of molecules: sulfated polysac-
charides and glycoproteins ZP3, respectively [46, 48].
As a result, non-homologous proteins are responsible
for the recognition of these compounds: the 210 kDa
membrane glycoprotein (REJ) acts as a receptor in sea
urchins; PKDREJ and B-galactosyl transferase act as
receptors in mice [46, 48].

In humans, the acrosome reaction can be induced
not only by glycoprotein ZP3, but also by ZP1 and ZP4;
additional receptors also seem to be involved [49]. Un-
like the activation of AR via the ZP3 pathway, activa-
tion via the ZP1 and ZP4 does not involve G-protein
signaling cascades and activates the L- and T-type
voltage-gated calcium channels [49]. Hence, the signal-
ing cascades inducing AR significantly differ within
mammals; furthermore, they seem to use several inde-
pendent pathways for their activation.

However, there also are fundamental similarities
between the signaling cascades that induce AR in
mammals and sea urchins (Fig. 3) [48]. Although their
receptors belong to different classes, they induce the
opening of calcium channels and those that cause a lo-
cal increase in pH. These factors activate phospholipase
C. The emergence of IP3 causes the release of intracel-
lular calcium, the opening of the calcium channels con-
trolled by the Ca*" release (SOCs), and induction of AR.

Further, the course of fertilization depends on the
activity of acrosomal proteins. In the organisms studied
so far, these proteins are non-homologous but can be
clearly subdivided into three functional groups.

(1) Components that degrade the egg envelope.
These components usually are proteases or other en-
zymes [9, 10,50], but the integrity of the egg envelope
can be lost even without the rupture of covalent bonds.

The acrosome of abalones (genus Haliotis) contains
the 16 kDa lysin protein that degrades the egg enve-
lope via the non-enzymatic mechanism. Lysin contains

five a-helices that form two surfaces: a hydrophobic
surface on one side and a cationic surface on the other.
Lysin exists in the form of dimers noncovalently bound
due to hydrophobic surfaces. The cationic surface
sticks outside the dimer and is responsible for the in-
teraction with VERL.

The vitelline envelope of abalones eggs consists of
dense fibers that contain 6—10 VERL glycoprotein
molecules, each; its structure is stabilized by hydro-
gen bonds. The interaction between the lysin dimer
and VERL repeats causes lysin monomerization and
binding to VERL. This specific recognition replaces the
hydrogen bonds between VERL molecules with VERL-
lysin hydrogen bonds, causing local degradation of the
egg envelope [51-53].

(2) Components that ensure sperm adhesion to the
egg envelope. Bindin discovered in sea urchin sperm
was the first protein known to have this function [13].
In different sea urchin species, the size of mature
bindin ranges from 193 to 418 amino acids. It consists
of a 55-amino-acid-conserved core, which is involved
in gamete fusion (stage 4), and two flanking regions
responsible for species-specific adhesion to the egg
envelope [13]. Non-homologous proteins with a similar
function were detected in the echiuran (spoon worm)
Urechis sp. [54]. Five highly homologous lectins serve
this function in oysters [55].

(3) Components that affect the cell physiology. For
example, the acrosomal proteins M3, M6, and M7 in
bivalve mollusks of the genus Mytilus induce comple-
tion of oocyte meiosis [56] while bindin in spoon worm
activates the oocyte [54].

Stage 4: membrane fusion (step 5)

After local degradation of the outer envelope of the
egg, the membranes of interacting gametes approach
each other and fuse. The lipid composition of these
membranes, especially the cholesterol concentration
[67], may affect the fusion process [58]. However, the

VOL. 11 Ne 3 (42) 2019 | ACTA NATURAE |7
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key role is played by specialized proteins. It is assumed
that HAP2, a homologue of the class II viral fusion pro-
tein, is involved in gamete fusion in eukaryotes [59].
It was demonstrated experimentally that this protein
participates in gamete fusion in sea anemones Nema-
tostella vectensis [60], in angiosperms belonging to the
genus Arabidopsis [61], and protists Chlamydomonas,
Tetrahymena, and Plasmodium [62, 63]; the orthologous
genes of protein HAP2 were detected in the genomes
of almost all metazoans [64]. In addition to HAP2, there
are data on the involvement of group-specific proteins
in membrane fusion (e.g., bindin from sea urchins,
which has already been mentioned) [65—67].

Gamete recognition is based on conserved processes
controlled by second messengers (primarily by cal-
cium ions). However, a large number of non-homol-
ogous proteins are involved in gamete recognition in
distantly related taxa. Its complexity has increased
multiple times throughout the evolution of individual
taxa.

THE MECHANISMS OF GAMETE INCOMPATIBILITY

IN EXTERNALLY FERTILIZING INVERTEBRATES

GI is studied in detail in a model of closely related sea
urchin species. For other taxa, data exists only for
individual stages; unfortunately, the reasons why GI
evolves at specific stages of gamete recognition have
been elucidated in none of the models.

Peptide chemoattractants (Fig. 1, steps 0—1) in sea ur-
chins often display species-specific differences in their
amino acid sequences [68]. The species specificity of
sperm guidance was confirmed by experimental data
collected on 17 species from several sea urchin gen-
era [69]. For example, the chemoattractant of Arbacia
punctulata has no effect on S. purpuratus or Lytechinu
spictus sperm [70—72].

A similar phenomenon has been observed in several
holothurian species belonging to the Bohadschia genus
and 22 ophiuroid species [73]. However, there are a
number of examples when chemoattractants exhibit
no species-specific activity. In a number of holothu-
rian species (e.g., Cucumaria piperata), spermatozoa
respond not only to the egg chemoattractants of closely
related species, but also to starfish eggs [74, 75]. In echi-
noderms, the specificity of sperm guidance varies from
the species level to the absence of specificity within
the class. The reason for these observed differences
remains unknown.

Total extracts of the reproductive tissues of the bi-
valve mollusks Dreissena polymorpha and D. bugensis
can guide both homo- and heterospecific sperm, but
the chemoattractant concentration has to be 100-fold
higher in order to guide heterospecific gametes [75].

8| ACTANATURAE| VOL.11 Ne 3 (42) 2019

A similar situation is typical for sea anemones of the
genus Montipora: experiments with three synthetic
analogues of chemoattractants demonstrated that
the spermatozoa of different species vary in their re-
sponse to different concentrations of these substances
[30]. Finally, it has also been reported that, sometimes,
the chemical structure of egg chemoattractant can be
identical in the groups that are being studied, since it is
involved in basic physiological processes. For instance,
this is true for L-tryptophan (a chemoattractant in
Haliotis), which is considered to release in its intact
form [36].

Induction of AR (Fig. 1, steps 2—3) in sea urchins
may also be species-specific. This is made possible by
the differences in the position and number of sulfate
groups in the polysaccharide chains of the sulfated pol-
ysaccharides of the egg envelope [15].

In starfish, specificity of AR induction exists only at
the subfamily level (e.g., between the species belonging
to the genera Asterias and Aphelasterias (Asteriinae
subfamily)) [76]. Furthermore, in most species AR can
be induced by many nonspecific interactions, such as
mechanical contact with a microscope slide.

Enzymatic degradation of the egg envelope (Fig. 1,
step 4) in sea urchins appears to be not species-specific
[77]. It is believed that in most cases of heterospecific
fertilization between closely related species, sperm
adhesion to the egg envelope is disrupted [78—82]. For
example, in experiments on heterospecific gamete in-
teractions among 11 sea urchin species AR induction
occurred in nine combinations, but heterospecific ad-
hesion was observed in none of the cases [80, 81]. It has
been confirmed that the variability in bindin plays a
crucial role in the species specificity of these processes
in sea urchin species that dwell in the same habitat
(genera Echinometra, Heliocidaris, and Strongylocen-
trotus) [83—85]. Species specificity is achieved through
structural matching between the flanking regions of
bindin and its receptor, EBR1. Alleles characterized by
different interaction efficiencies have been revealed in
the sea urchin population; however, a model that in-
terprets the matching between them has not yet been
developed.

Species-specific egg-envelope degradation has
been revealed only in abalones (Haliotis spp.), but not
in other animal taxa. As mentioned above, acrosomal
protein lysin degrades the egg envelope via specific
interactions with VERL. The lysin protein either does
not dissolve the envelope of heterospecific eggs at all
or is inefficient in in vitro experiments with the eggs of
three abalone species (H. rufescens, H. cracherodii, and
H. corrugata) [86]. This specificity is due to the respec-
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tive mutations in VERL repeats and in the positively
charged lysin region that carries 24 cationic amino acid
residues, of which only seven are conserved (Fig. 4).

Finally, there are data showing species-specific dif-
ferences in the acrosomal proteins in oysters and mus-
sels: it has been hypothesized that the polymorphism
in acrosomal proteins maintains the reproductive
barriers that exist between the closely related species
Crassostrea [54, 87] and Mytilus [88].

The species specificity of membrane fusion (Fig. 1, step
5) has been reported (e.g., upon heterospecific fertiliza-
tion of gametes in the sea urchins Echinometra mathaei
and E. oblonga [78]). However, this species specificity
appears to be related to some unknown factors, rather
than to the structural differences in protein HAP2,
which controls gamete fusion in all eukaryotes [58, 59].

Therefore, the variability of individual gamete rec-
ognition proteins can reduce fertilization efficiency
and even cause GI. GI can occur at any stage of gamete
interaction.

In invertebrates, GI is implemented at different
taxonomic levels. In a number of studied taxa, it is inef-
ficient at the species level [30, 68, 69, 73—75]. Unequivo-
cal examples of GI between closely related species have

been reported only for complexes of closely related
species: in the mollusk genera Haliotis and Tegula and
the sea urchin genera Echinometra, Heliocidaris, and
Strongylocentrotus. Heterospecific fertilization is of-
ten possible but is not as efficient as the interactions
between homospecific gametes; in particular, this was
demonstrated in no-choice experiments [52, 75, 77,
89—91]. It is possible that in a number of the studied
taxa, GI between closely related species is achieved
only upon competition between homo- and heterospe-
cific gametes.

It is expected that genome-wide sequencing and
whole-genome annotation of many species listed in this
section, as well as advances in bioinformatic methods
for predicting the secondary structures of sought-after
proteins, will lead to some breakthrough in this field.

GAMETIC INCOMPATIBILITY IN

INTERNALLY FERTILIZING SPECIES

In internally fertilizing species, gamete interaction
largely depends on the physiological state of a female.
For example, oocyte maturation in insects is induced
by the synthesis of vitellogenin, whose secretion is
regulated by a juvenile hormone, ecdysosteroid, and
a number of nutritional signals [92]. The female im-
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mune status also plays an important role as it affects
sperm storage and survival. The more active the fe-
male immune system is, the shorter the sperm storage
period will be (see review [93]). This phenomenon is
clearly visible in insects that mate only once in their
life. A high activity of the immune system of an Atta
colombica ant queen has a negative effect on sperm
survival; in order to ensure long-term sperm storage,
special mechanisms that suppress immunity are ac-
tivated in the female’s organism [94]. To gauge the
activity of the immune system, Baer et al. measured
the efficiency of encapsulation response: small pieces
of nylon were inserted into a female’s body at equal
time periods, and the number of melanized haemo-
cytes encapsulating this extraneous object was count-
ed [94]. This method provides only indirect evidence to
the correlation between insects’ immune systems and
sperm storage, and it still remains to be elucidated
what specific molecular cascades are involved in these
processes.

In internally fertilizing animals, it would be more
accurate to use the term “post-copulatory pre-zygotic
reproductive barriers (PCPZ)” instead of GI. This con-
cept involves a number of mechanisms of reproductive
isolation that have similar manifestations but are based
on different molecular cascades.

PCPZ is often based on a male ability to affect a
female physiology. For example, in Anastrepha sus-
pensa flies, male presence increases the rate of female
ovarian development [95]. Another example is the
phenomenon of nuptial gift transfer to females, which
affects their physiology and the mating rate (see re-
view [96]). Seminal fluid proteins transferred by the
male during internal fertilization play an important
role. For instance, the seminal fluid components of
the moth Heliothis virescens stimulate the female to
produce oocytes [97]; the specific protein inducing oo-
cyte production in homospecific females is also known
in the cricket Allonemobius [98, 99]. We believe that,
despite their functional similarity, these proteins are
non-homologous.

It has been demonstrated that seminal fluid proteins
are rather diverse in terms of their functions and struc-
ture. For example, at least 127 proteins were found in
the seminal fluid of the beetle Callosobruchus macu-
latus [100]. Seminal fluid proteins may affect oocyte
production and changes in the shape of reproductive
ducts; they also ensure antimicrobial activity and
female receptivity. The proteins can determine the
period of sperm storage and modulate the activity of
spermatozoa, thus influencing potential sperm com-
petition (SC). Finally, these proteins were shown to be
involved in the blocking of the spermatheca (via the
formation of mating plugs, see review [101]). A pro-
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teomic analysis of seminal fluid components is quite
relevant, since many seminal fluid proteins belong to
novel families with unknown functions. The available
data do not allow one to perform a comparative struc-
tural analysis and thoroughly evaluate their role in re-
production. For example, 19 previously not-annotated
proteins with unknown functions were discovered in
2009 by proteomic analysis of the seminal fluid of the
fruit fly (one of the most commonly used model or-
ganisms), followed by a bioinformatic analysis of the
whole-genome data [102]. This problem is likely to find
a solution as bioinformatic algorithms for predicting
protein structure and function based on their primary
structure are developed.

Nonetheless, the PCPZ strategy involves the same
principles of ligand—receptor interactions. Like in gam-
ete incompatibility, PCPZ species specificity is caused
by the coevolution of individual pairs of molecules.
These mechanisms may be classified into two groups:
female cryptic choice and sperm competition.

Sperm competition (SC)

Polyandry (multi paternity) is a phenomenon that
materializes when spermatozoa from several homo-
specific or sometimes heterospecific partners enter a
female reproductive system. Seminal fluid is involved
in the formation/sustaining of the active state of
the spermatozoa; its components can determine the
probability of oocyte fertilization. When sperm from
heterospecific males comes into contact, seminal fluid
components may be responsible for the outcome of
sperm competition (see reviews [103, 104]). This com-
petition may result in conspecific sperm precedence.
For example, single mating between individuals from
closely related Drosophila species may result in inter-
specific hybridization. However, when a female mates
with a hetero- and a homospecific males, most of the
progeny will come from the homospecific male [105].
It has been demonstrated experimentally that this
effect is connected with seminal fluid proteins [105].
These mechanisms have been extensively studied in
a pair of closely related species: Drosophila simulans
and D. mauritiana. PCPZ between them is based on
two mechanisms that depend on the copulation order.
(1) If homospecific copulation is the first to occur, the
seminal fluid components inactivate the heterospecific
sperm subsequently entering the female reproduc-
tive system. (2) If heterospecific copulation is the first
to occur, subsequent homospecific mating results in
physical displacement of heterospecific sperm from
the sperm storage organs [106]. A similar phenomenon
has been demonstrated in flour beetles [107], crickets
[108], beetles Callosobruchus [109], dragonflies [110],
and ladybugs [111].
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Female cryptic choice

Female cryptic choice (FCC) is a combination of be-
havioral, anatomical, and physiological features that
allow a female to control efficiency in the process of re-
productive products transferring (precopulative FCC)
or fertilization (postcopulative FCC; see review [112]).
For example, upon the mating of the yellow dung flies
Scathophaga stercoraria, the probability of egg fertili-
zation depends on which spermatheca the sperm has
entered. The female controls sperm distribution, thus
rendering the contributions of males to the progeny
unequal [113]. Furthermore, the components of female
accessory reproductive glands affect sperm survival,
which varies in males with different genotypes [113].

Identically to SC, FCC is responsible for conspecific
sperm precedence [112]. For example, after the mat-
ing of crickets belonging to two species Allonemobius
fasciatus and A. socius, heterospecific sperm loses its
motility in the female reproductive system [108].

It is clear that the SC and FCC strategies are phe-
nomenologically similar: so, it is challenging to pin-
point the specific mechanisms that are responsible
for reproductive isolation. For example, a female of
L. saxatilis belonging to the currently being studied
group of promiscuous, closely related species of the
genus Littorina stores sperm and can simultaneously
carry progeny from 20 or even more males. However,
the distribution of embryonic genotypes in that case is
quite abnormal: most of the progeny would originate
from one to several males [114]. This phenomenon is
considered to result from SC [114]. We presume that it
could be related to the recently revealed paraspermal
(ie., residing in “paraspermatozoa”, type of sperm cells
that are incapable of fertilization but are present in the
sperm) protein LOSP and seminal fluid proteins [21,
22]. However, we possess no direct evidence of this yet.

THE EVOLUTIONARY INTERPRETATION

OF GAMETIC INCOMPATIBILITY

GRP polymorphism limits panmixia (random mating)
in populations of externally and internally fertilizing
invertebrates. Thus, coevolution of individual protein
pairs has a direct effect on speciation. The phenom-
enon of rapid GRP evolution, which has been widely
discussed in reviews published since 2002, warrants
special attention [9, 10, 12]. The observed level of GRP
polymorphism in a number of organisms, ranging
from protists to metazoans, is much higher than the
expected. Nonsynonymous substitutions in the genes
encoding these proteins within the population occur
more often than the synonymous ones (dN/dS > 1).
This means that selection acts on the analyzed loci and
the level of polymorphism in the respective proteins is
potentially high [9, 10, 115]. For instance, this is true for

pheromones of Euplotes and Basidiomycota, acrosomal
proteins lysin in mollusks Tegula and Haliotida, and
bindin in sea urchins [9, 10, 12]. The evolutionary sig-
nificance of this phenomenon may be interpreted from
two perspectives: explaining the reasons for the high
level of GRP polymorphism and analyzing the role of
GRP polymorphism and GI in speciation.

The reasons for the high level of GRP polymorphism
Although modifications in GRPs significantly reduce
fertilization efficiency, there probably are some factors
that form/maintain a high level of polymorphism.

Sympatry (coexistence of species in habitats overlap-
ping either completely or partially) is tightly associated
with a rapid rate of GRP evolution. Thus, GI and dN/
dS GRP > 1 are observed only between the sympatric
sea urchin species of the genera Echinometra, Helioc-
idaris, and Strongylocentrotus [11, 13—15]. A similar
situation is also typical of most of the other taxa men-
tioned in this article in which GI was demonstrated
at the species level. In insects, the condition for GI is
not just sympatry, but also polygamy (a reproductive
strategy when a female can mate with several males,
sometimes as many as a few dozen).

Reinforcement is a special form of selection driving
reproductive isolation between spatially subdivided
subpopulations within one species, which are adapt-
ed to different microniches. We have found only one
published experimental confirmation that GI and
reinforcement are linked. Under conditions of ex-
perimental sympatry in D. yakuba and D. santomea
from allopatric populations (sympatric populations
are also known for these species), ethological isolation
and PCPZ become significantly stronger within four
generations [8].

The discovered polymorphism in protein LOSP,
which is potentially involved in RI in closely related
sympatric species of the genus Littorina, probably
serves as additional evidence of a connection be-
tween GI and reinforcement [21, 22]. According to our
preliminary data, LOSP polymorphism is maximal
in populations of L. saxatilis. This species exhibits a
strong potential to forming races and local ecotypes
[115—119] and exists sympatrically with the geneti-
cally closely related cryptic species L. arcana and L.
compressa [120—122]. By contrast, this protein is virtu-
ally monomorphic in L. obtusata populations that exist
sympatrically with L. fabalis but form no ecotypes in
the analyzed populations.

One can assume that the high likelihood of a contact
between heterospecific gametes or hybridogenesis
between closely related subspecific groups makes the
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high level of GRP polymorphism and GI formation
adaptive [8, 122—126].

Interspecific sexual conflict can also increase the level
of GRP polymorphism in a population [18, 19, 127—129].
This model is based on simple stochastic principles:
the likelihood of fertilization of the passive partner
(the egg) by a spermatozoon is always high, while the
spermatozoa compete for the fertilization of a specific
egg. For an egg, the highest risk is polyspermia: so, it
is adaptive to reduce the efficiency of gamete interac-
tion. For a spermatozoon, the highest risk is competition
with other spermatozoa: so, it is adaptive to an increase
in the efficiency of gamete interaction. This conflict
may result in high GRP polymorphism in the popula-
tion [18, 19, 127—129], and it may also imply a molecular
arms race between a spermatozoon and an egg.

Relationship between the GRP

polymorphism and speciation

Taking into account the aforedescribed effect of single
amino acid substitutions in GRP for GI, the high level
of GRP polymorphism maintained in a population will
inevitably partially limit random mating (panmixia).

Speciation is primary. The assumption that selection
against hybrids directly influences the GRP polymor-
phism correlates well with one of the first definitions
given for this form of selection by E. Mayr (1970):
formation of reproductive isolation between two taxa
would be adaptive if the hybrids are less well adapted
than their parents [124]. The GRP genes are among the
few loci whose products are either predominantly or
exclusively related to fertilization: this very part of the
genome can be the most “sensitive” to selection against
hybrids [8, 125—127]. This point of view significantly
contributes to our conventional model of ecological spe-
ciation. The phenomenon of high GRP polymorphism
as a direct result of selection against hybrids explains
the mechanisms of formation of reproductively isolat-
ed taxa and confirms the mere possibility of ecological
speciation in sympatric populations.

Limitation of panmixia is primary. The data on the
potential association between the GRP polymorphism
and speciation can also be interpreted in the opposite
direction. The subdivision of gene pools may be caused
by “background” processes that are not directly in-
volved in speciation. Sexual conflict can be such a fac-
tor. In this case, the intraspecific competition will form
the primary genetic subdivision. This interpretation
is supported by the fact that formation of intra- and
interspecific SC in fruit flies is accompanied by similar
genomic changes in the same loci [130].
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Although the opinions presented in this review
seem contradictory, they are in fact largely comple-
mentary. On the one hand, sexual conflict reduces the
stability of the gene pool of species due to a high level
of GRP polymorphism. On the other hand, selection
against hybrids may lead to a “targeted” formation
of reproductively isolated groups. According to the
ecological speciation concept, any form of RI is adap-
tive and GI in particular arises given certain prereq-
uisites — biological characteristics of individual taxa,
such as polyandry.

Verification of these concepts is quite challenging
and requires the development of novel model systems.
The closely related, internally fertilizing species of
marine mollusks from the genus Littorina (Mollusca:
Caenogastropoda) may serve as such a model. This
group has been comprehensively studied in respect to
ecological speciation, local adaptation, reproductive
behavior, parasite—host interactions, etc. [116—122,
131-133]. Potential effectors of gamete recognition
(e.g. paraspermal protein LOSP involved in RI between
closely related species via one of the mechanisms de-
scribed above, such as SC) are currently being actively
researched [21, 22, 118]. At least several dozen novel
seminal fluid proteins, potentially involved in the for-
mation of interspecific reproductive barriers, have al-
ready been discovered, and we plan to report on them
in the near future.

CONCLUSIONS

In all studied species, gamete recognition goes through
the same stages; however, the stages are based on
non-homologous proteins in phylogenetically distant
taxa. GI can emerge at any step of gamete recognition,
due to structural changes in the respective molecules,
and can be observed at various taxonomic levels:
between members of different classes, at the genus
level, between closely related species, and even at the
intraspecific level.

Despite the wide use of whole-genome sequencing,
studying novel, highly variable protein families is a
challenging task; therefore, the data on GRPs is still
fragmentary.

The key trends in this field are related to (1) de-
veloping new model systems belonging to different
taxonomic groups and manually annotating novel
protein families and (2) improving our bioinformatics
algorithms for automated annotation and prediction of
protein structure and function. @
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and the Russian Science Foundation (grant
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ABSTRACT The high mortality rate that accompanies cancer spurs the search for new methods that can be used to
treat malignant neoplasms. In addition to chemotherapy, electrophysical techniques for tumor treatment appear
rather promising. The results of in vitro exposure of A549 human lung adenocarcinoma cells to cold atmospheric
plasma (CAP) are hereby presented. A gas-discharge device that generates a sequence of streamers propagating
along a stream of inert gas in the ambient air was used. In the zone where the plasma jet came into contact
with the target object, there were high-intensity electric fields and high plasma concentrations, while the gas
temperature changed by less than a degree. In this study, we compared the cytotoxic effect of CAP in helium and
argon. Direct irradiation of cells by CAP with U = 4.2 kV for 30—120 s was shown to reduce cell viability by 25%.
Variation of the amplitude of the AC voltage in the plasma device in argon within a range of 3.8—5.6 kV did not
significantly alter the cell death rate. Further optimization of the modes of CAP generation in gas-discharge
devices with various geometries for the treatment of a tumor cell and animal tumor models can underlie the
development of antitumor plasma medicine.

KEYWORDS cold atmospheric plasma, antitumor therapy, reactive oxygen species, lung adenocarcinoma.
ABBREVIATIONS CAP - cold atmospheric plasma; FBS — fetal bovine serum; MTT — 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide; RNS — reactive nitrogen species; ROS — reactive oxygen species.

INTRODUCTION
Along with the development of efficacious chemother-
apeutic agents to treat malignant neoplasms, much

with chronic skin ulcers [4, 5]. CAP is a sequence of
streamers that are generated in inert gases in the di-
electric channel of a plasma jet device and propagate

attention is currently being focused on physical meth-
ods such as radiotherapy (including photon radiation
therapy, proton beam therapy, and boron neutron
capture therapy) [1, 2]. The application of cold atmos-
pheric plasma (CAP) is among the promising novel
biophysical approaches to the treatment of a number
of malignancies [3]. The potential risk factors associated
with the use of CAP on humans include the risk that
some amount of current may flow through tissue, ther-
mal damage, and exposure to UV radiation. However,
all these drawbacks can be eliminated at the stage of
selection of gas composition, radiation intensity, and
duration. CAP has been shown to be safe in patients

16| ACTA NATURAE| VOL.11 Ne 3 (42) 2019

along the gas stream in ambient air under atmospheric
pressure. A gas mixture consisting of an inert gas, ni-
trogen, oxygen, and water vapor is excited and ionized
thanks to high-energy electrons and the high plasma
concentration in the steamer head, where the electric
field intensity can go as high as 10—20 kV /cm. Various
oxygen- and nitrogen-containing compounds, such as
H,0,, HNO,, HNO,, N,O, NO,, NO, and N,O,, form in
plasma-stimulated chemical reactions. Inert gases are
commonly used as a working gas in plasma jet devices,
since air breakdown voltage is much higher. The low
temperature in the zone where cold plasma comes into
contact with a biological object is an attractive feature
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of the technique of using a plasma jet in antitumor ap-
proaches [3]. Cold atmospheric plasma was shown to
exhibit cytotoxic activity against more than 20 lines
of tumor cells of different histogenesis and in experi-
mental in vivo models in animals carrying tumors [6].
Reactive oxygen (ROS) and reactive nitrogen species
(RNS) were identified as the key molecules that trig-
ger cell death upon exposure to CAP. H,O, molecules
are believed to play a crucial role among ROS as they
can induce mitochondrial and DNA damage [7]. It was
shown experimentally that cells undergo a synergistic
effect of H,0,, NO," and NO,” upon exposure to CAP,
but the cytotoxicity of RNS is much lower than that
of ROS [8]. Not only does CAP treatment induce cyto-
toxic effects, but it also may restore the susceptibility
of resistant tumor cells to cytostatics (e.g., in case of
temozolomide-resistant glioblastoma) [9].

In this study, we used an original device that gener-
ates a plasma jet, which allows one to widely vary the
modes of streamer breakdown in the dielectric channel
and the dynamics of streamer sequence propagation
along an inert gas jet (Fig. 1). The effects of the expo-
sure of human tumor cells to CAP in helium and argon
were compared. The reason for using two working
gases was that argon and helium have different physi-
cal properties (namely, argon atoms are tenfold heavier
than helium atoms, while the threshold ionization and
excitation energies are lower for argon), which eventu-
ally influences the physical properties of the plasma jet
(electron concentration, electric field intensity, etc.) and
the near-surface plasma chemistry.

EXPERIMENTAL
Our gas-discharge device consisted of a dielectric co-
axial channel (100 mm long) with an inside diameter

Fig. 1. The plas-
ma jet device
for the irradia-
tion of cultured

Potential cells

electrode

Capillary

Ground
electrode

of 8 mm. A metal (copper) electrode (50mm long and
2 mm in diameter) and a capillary (6 mm long; inside
diameter, 2.6 mm) were coaxially inserted into the
channel and immobilized with a quartz bushing (23 mm
long; inside diameter, 5 mm). The quartz channel was
surrounded by an annular copper electrode. The dis-
charge zone consisted of an inner (recording) and outer
(ground) electrode. A sinusoidal voltage (frequency, ~
25 kHz and amplitude < 6 kV) produced by a high-volt-
age pulse generator was applied to the recording elec-
trode. The gas system ensured a flow rate of working
gases of up to 15 1/min at an excessive pressure in the
gas line of 1 atm. The experiments were conducted us-
ing helium and argon as working gases.

As the working gas is fed and the sinusoidal volt-
age U applied, a breakdown is observed during the
positive half-wave between the recording and ground
electrodes. As the voltage U is further increased to
> 1-3 kV (depending on the gas and gas flow rate), a
plasma jet is formed. This jet leaves the dielectric chan-
nel and propagates in free space. Depending on the ex-
citation parameters, a typical jet length is 5—50 mm (in
helium) and 5—20 mm (in argon).

A549 human lung adenocarcinoma cells (Russian
Collection of Cell Cultures Vertebrate, Institute of
Cytology, St. Petersburg, Russia) were used in this
study. The cells were cultured in DMEM (GIBCO, USA)
supplemented with 2 mM L-glutamine (Sigma-Aldrich,
USA), 10% FBS (GIBCO, USA), and an antibiotic-
antimycotic solution (100 U/ml penicillin, 100 mg/ml
streptomyecin sulfate, 0.25 ug/ml amphotericin; GIBCO,
USA) at 37.0 = 1.0°C under an atmosphere of 5.0 = 0.5%
Co,.

The cells to be further exposed to CAP were cul-
tured in 96-well plates (4 X 10° cells per well) in 100 pL.

VOL. 11 Ne 3 (42) 2019 | ACTA NATURAE |17
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Fig. 2. The effect of cold physical plasma on the viability of
A549 adenocarcinoma cells. Voltage, 4.2 kV. The viability
of the control (untreated) cells was 100%. The MTT assay
data are presented as a mean of three independent ex-
periments £ SD, *p < 0.05

Once the cell monolayer had reached 70—80% conflu-
ence, the cells were exposed to cold atmospheric plas-
ma treatment. The cells were cultured under standard
conditions for 24 days. The medium was then replaced
with a serum-free RPMI medium supplemented with
0.25 mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (Sigma, USA), and the
cells were incubated for 4 h at 37°C. Next, the medium
was removed from the wells and formazan crystals
were dissolved in DMSO. The optical density of the
solution in the wells was measured on a multichannel
spectrophotometer (Berthold Technologies, Germany)
at A =570 nm.

RESULTS AND DISCUSSION

The effect of a cold atmospheric plasma on the survival
of tumor cells was studied using the A549 human lung
adenocarcinoma cell line. It was demonstrated by MTT
assay that cell viability decreases as treatment dura-
tion is increased from 5 s to 2 min. Short-term (< 30 s)
CAP treatment of the cells had virtually no effect on
cell survival (Fig. 2). The maximum reduction of cell
viability was attained after a 2-min treatment phase,
both for helium and for argon.

Cell death was visualized using propidium iodide
(PI), a low-molecular-weight fluorescent dye that is ca-
pable of intercalating into the DNA of dying cells with
the damaged membrane but does not penetrate into
living cells. It was found that the percentage of stained
cells increases with CAP treatment duration (the data
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Fig. 3. Voltage-dependent cytotoxicity of CAP irradiation
of A549 cells in argon. The MTT assay data 48h post-irra-
diation. C — control (untreated) cells. The data are pre-
sented as a mean of three independent experiments = SD

are not shown). Hence, it was demonstrated that CAP
treatment induces cell death.

When using a plasma jet, the loaded electrode volt-
age is one of the key parameters responsible for plasma
jet dynamics and the plasma—surface interaction. The
energy of the electrons in the plasma jet, as well as
the rates of ionization, dissociation, and excitation of
molecules due to electron impact, depends on the ap-
plied pressure, which may have a significant effect on
the induced plasma-chemical processes and, therefore,
the biological effect of a plasma jet. Direct irradiation
at various AC voltage amplitudes was employed to
analyze the effect of the voltage applied to the loaded
electrode in a plasma jet device generating CAP on cy-
totoxic activity against A549 cells. It was found experi-
mentally that changes in the voltage amplitude of ar-
gon within a range of 3.8—5.6 kV have no effect on the
level of cell death (Fig. 3). Additional studies focused
on the impact of an inert gas flow without a plasma
jet on cells and studies at zero voltage demonstrated
that both the argon and helium flows did not affect the
viability of the irradiated cells.

CONCLUSIONS

Hence, it has been demonstrated for A549 lung ade-
nocarcinoma cells that direct exposure to cold atmos-
pheric plasma causes tumor cell death. Variation of the
modes of the irradiating inert gases (including their
mixtures with molecular gases) in the gas-discharge
device allows one to generate a cold plasma jet with
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a wide range of energy parameters and compositions,
which certainly is an advantage of this study. Further
optimization of devices based on dielectric channels of
different geometries, as well as the mediated treatment
of cells through the pre-irradiated culture medium,
will make it possible to choose the optimal conditions
for the impact of cold atmospheric plasma on human
tumor cells. The safety of CAP treatment as relates

to human tissue has already been demonstrated,
therefore, it is beyond any doubt that this method can
potentially be used in clinical practice to treat certain
malignant neoplasms. ®

This study was supported by the Russian Science
Foundation (grant No. 19-19-00255) and by State
Budget Program (0245-2019-0001).
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ABSTRACT The development of novel drugs against the influenza virus with high efficiency and low toxicity is
an urgent and important task. Previous reports have demonstrated that compounds based on sulfo derivatives of
oligo- and polysaccharides possess high antiviral activity. In this study, we have examined the ability of a novel
sulfonated derivative of -cyclodextrin (KS-6469) to inhibit the influenza virus A/WSN /33 (H1N1) infection in
vitro and in vivo. The antiviral potential of KS-6469 against the influenza virus was evaluated in Madin-Darby
Canine Kidney epithelial cells treated with serially diluted KS-6469. We found out that KS-6469 completely
inhibited viral reproduction after treatment of the infected cells with the compound for 48 h. Our data show
that double intranasal treatment of mice with KS-6469 fully protected the animals from a lethal infection
and significantly decreased the viral titers in the lungs of the infected animals. Thus, the novel sulfonated
B-cyclodextrin derivative KS-6469 is a promising candidate for the development of antiviral drugs for prevent-
ing and treating the influenza infection.

KEYWORDS influenza virus, antiviral activity, sulfonated derivative of f-cyclodextrin.

ABBREVIATIONS IAV —influenza A virus; PBS — phosphate-buffered saline; MDCK — Madin-Darby canine kidney
cells; IMDM — Iscove’s Modified Dulbecco’s Medium; MOI — multiplicity of infection; IC50 — compound concentra-
tion that produces 50% cell growth inhibition; CI — cell index; FFA — focus-forming assay; FFU — focus-forming
unit; NA — neuraminidase; MUNANA - 2’-(4-methylumbelliferyl)-a-D-N-acetylneuraminic acid; HA — hemag-
glutination activity; p.i. — post-infection; MBCD — methyl-f3-cyclodextrin; mAbs — monoclonal antibodies.

INTRODUCTION

The influenza virus causes respiratory diseases that
are responsible for the death of up to 650,000 people
each year worldwide [1]. The emergence of new drug-
resistant strains of influenza and the limited effective-
ness of existing vaccines mean that the development
of new, more effective antiviral compounds is critical
in order to fight the virus. To this end, sulfonated
polysaccharides are among the most promising anti-
viral compounds. This group of compounds includes
sulfo derivatives of oligo- and polysaccharides con-
taining O-sulfate and/or N-sulfamate moieties. The
antiviral properties of sulfonated polysaccharides
have been known for a long time. Ginsberg et al. in-
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vestigated the antiviral properties of the capsular
polysaccharide of Klebsiella pneumoniae and showed
that this polysaccharide effectively suppresses the
replication of the mumps virus [2]. It has previously
been reported that sulfonated polysaccharides, in-
cluding B-cyclodextrin, display antiviral activity
against a number of enveloped viruses [3—7]. There
is evidence that a number of sulfonated polysaccha-
rides—in particular, sulfo derivatives of oligo- and
polysaccharides containing O-sulfate groups—possess
high antiviral activity [8—11]. Synthetic polymers of
the N-sulfonate derivatives of poly(allylamine hydro-
chloride) have been shown to effectively inhibit the
influenza A virus in vitro and ex vivo, mainly in the
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late stages of the infection [12]. It is noteworthy that
i-carrageenan, a sulfated polysaccharide, has been
clinically tested, authorized for release, and sold in
some countries for intranasal treatment of an influ-
enza infection [13]. However, no data on the antiviral
activity of the sulfo derivatives of carbohydrates con-
taining sulfonate groups (C-sulfates) are available.

In this study, we investigated the antiviral proper-
ties of a sulfonated (C-sulfate) oligosaccharide (a bi-
sulfite derivative of oxidized B-cyclodextrin KS-6469)
against the influenza A/WSN/33 (HIN1) (IAV) virus
in vitro and in vivo. The results revealed that KS-6469
effectively inhibits the replication of IAV in MDCK
cells by acting in the late stages of the viral infection,
and that it possesses virucidal properties. The results
obtained on a mouse model of lethal influenza infection
in vivo confirmed the high antiviral potential of this
compound.

EXPERIMENTAL

Synthesis of the KS-6469 compound

The KS-6469 compound was developed and synthe-
sized at the A.E. Favorsky Irkutsk Institute of Chem-
istry (Siberian Branch of the Russian Academy of Sci-
ences) based on commercially available 3-cyclodextrin
(KLEPTOSE®, Belgium). A detailed description of the
synthetic procedure and the physicochemical proper-
ties of KS-6469 will be published separately. Oseltami-
vir (Tamiflu®, Switzerland) was prepared as a solution
in phosphate-buffered saline (PBS) for oral gavage
administration.

Cytotoxicity of KS-6469 in MDCK cells

The MTT assay. The cytotoxicity of KS-6469 was eval-
uated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) test as described
previously [14]. Madin-Darby Canine Kidney (MDCK)
cells were received from the Bank of Cell Cultures (In-
stitute of Cytology, St. Petersburg, Russia). The cells
were maintained in Iscove’s Modified Dulbecco’s Medi-
um (IMDM; Sigma, USA) supplemented with 5% fetal
bovine serum (Sigma, USA), 100 units/L penicillin,
100 mg/mL streptomycin, and 0.25 mg/mL ampho-
tericin (antibiotic-antimycotic solution, Sigma, USA)
at 37°C in a humidified atmosphere containing 5% CO,
(from here on referred to as “standard conditions”).
Briefly, MDCK cells were seeded into 96-well plates
and grown to confluence under standard conditions.
The medium was replaced with a fresh medium con-
taining serially diluted KS-6469, and the cells were
incubated for another 24 h under standard conditions.
Aliquots of the MTT solution were added to each well,

and incubation was continued for an additional 3 h. The
dark blue formazan crystals formed within live cells
were solubilized with dimethyl sulfoxide (DMSO); ab-
sorbance was measured at 570 nm in a Multiskan™ FC
plate reader (Thermo LabSystems, Finland). The IC_|
was determined as the compound concentration re-
quired to decrease the A to 50% of the control (DMSO
alone) and was determined by interpolation from the
dose-response curves.

Real-time cell analysis. The cytotoxic effects of
KS-6469 on the MDCK cells were measured on an
xCELLigence real-time cell analyzer (ACEA Biosci-
ences Inc., USA), which is based on the microelec-
tronic biosensor technology. The electrode impedance
displayed as the cell index (CI) value was measured to
compare the status of treated and untreated cells. The
cells were plated in 16-well plates (ACEA Bioscience
Inc, USA) in IMDM supplemented with 10% FBS and
a antibiotic-antimycotic solution and incubated over-
night (20 h) under standard conditions. The growth
medium was then removed, the cells were washed
with PBS, and 150 pL of IMDM either containing
different concentrations of KS-6469 or without the
compound was added to each well. The cells were then
incubated under standard conditions for 65 h with cell
viability monitored every 15 min using the xCELLi-
gence real-time cell analyzer. The points were run in
duplicate, and the IC_ value was calculated using the
xCELLigence real-time cell analyzer software. The
concentration of KS-6469 at which the diagram of CI
for the treated cells coincided with that of CI for the
untreated cells was defined as the maximum tolerated
concentration (MTC).

Determination of the antiviral activity

of KS-6469 in MDCK cells

The influenza virus strain A/WSN /33 (H1IN1) was ob-
tained from the Ivanovsky Institute of Virology (Mos-
cow, Russia). MDCK cells were grown to confluence
in 24-well plates under standard conditions. The cells
were then infected with IAV at MOI 0.1 in a medium
supplemented with KS-6469 (70—600 pug/mL) and
incubated at 37°C for 24 or 48 h under standard condi-
tions. Twenty-four or 48 h post-infection (p.i.), the cells
were subjected to one freeze/thaw cycle (-20/20°C)
and then the viral titer was determined by FFA as de-
scribed previously [15].

The index of virus yield reduction (KI, %) and the
chemotherapeutic index (CTI) were used as basic crite-
ria for evaluating the efficacy of KS-6469 in vitro. The
index of virus yield reduction was determined as:

KI=(T,—T,)/T, X 100%,
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where T is the viral titer in the medium without KS-
6469, and T is the viral titer in the medium supple-
mented with KS-6469 [16]. CTI of the compound was
defined as the ratio:

CTI = MTC / MEC,

where MTC is the maximum tolerated concentration,
and MEC is the minimum concentration of the com-
pound producing a 100-fold reduction in virus titer
[17].

Time-of-addition assay

To determine the steps of the IAV life cycle that
proved sensitive to the KS-6469 treatment, the
MDCK cells were grown to confluence in 24-well
plates and infected with IAV (MOI 0.1) for 1 h under
standard conditions. The KS-6469 compound was
added at a concentration of 5 mg/mL before, during,
or after the IAV infection. After each period of in-
cubation with the virus, the cells were washed with
PBS and incubated with a fresh infection medium at
37°C. Forty-eight h p.i., the cells were subjected to one
freeze/thaw cycle and the viral titer was determined
by FFA.

The NA-Fluor™ Influenza Neuraminidase Assay
Neuraminidase (NA) activity was measured using
the NA-Fluor™ Influenza Neuraminidase Assay kit
(Applied Biosystems, USA), according to the manu-
facturer’s protocol. The assay is based on the NA
enzyme cleaving the 2’-(4-methylumbelliferyl)-a-
D-N-acetylneuraminic acid (MUNANA) substrate
to release the fluorescent product, 4-methylumbel-
liferone. The fluorescent signal was measured us-
ing a CLARIOstar® fluorescence plate reader (BMG
LABTECH, Germany). The assays were performed
in triplicate.

Hemagglutination assay

The antiviral activity of KS-64649 was estimated using
hemagglutination assay (HA). Viral suspensions were
incubated with an equal volume of the medium with
or without KS-6469. In this assay, a 0.5% suspension
of chicken erythrocytes was used. The viral titer of
the sample was calculated as the inverse value of the
dilution at which the last agglutinated appearance was
detected.

Analysis of the cholesterol level in the viral envelope

The cholesterol level in the viral envelopes was de-
termined using the Amplex Red Cholesterol assay kit
(Molecular Probes, USA), according to the manufac-
turer’s instructions. Briefly, the viruses were incubat-
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ed with different concentrations of KS-646 for 6 h at
37°C then pelleted and re-suspended in Amplex Red
reaction buffer. Methyl-B-cyclodextrin was used as a
positive control. Fluorescence was then analyzed on a
CLARIOstar® plate reader at an excitation wavelength
of 550 nm and an emission wavelength of 590 nm. The
assays were performed in triplicate.

Virucidal activity of KS-6469

Viral suspensions were incubated with an equal volume
of the medium with or without KS-6469 for 3 or 6 h at
4,20 or 37°C. The viral titer was estimated using the
FFA. The assays were performed in triplicate.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assays were performed
using commercially available monoclonal antibodies
against influenza virus hemagglutinin [IVC102],
[1.B.408] and [B219M] (Abcam) as described previously
[18].

Antiviral activity of KS-6469 on the mouse
model of lethal influenza infection

Animals. Female 4- to 6-week-old BALB/c mice
were purchased from the State Research Center
of Virology and Biotechnology Vector (Koltsovo,
Russian Federation). The animals were kept in the
vivarium of the Institute of Chemical Biology and
Fundamental Medicine, SB RAS, with a natural light
regime on a standard diet for laboratory animals
(GOST [State Standard] R 5025892) in compliance
with the international recommendations of the Eu-
ropean Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific
Purposes [19], as well as the rules of laboratory prac-
tice in the performance of pre-clinical studies in the
Russian State Standards (R 51000.3-96 and 51000.4-
96). The experimental protocols were approved by
the Inter-Institute Bioethics Commission of SB RAS
(22.11 dated May 30, 2014).

In vivo toxicity analysis. To evaluate the toxicity of
KS-6469, the mice were treated by intraperitoneal or
intranasal administration of varying amounts of the
compound. Each of the experimental groups contained
six BALB/c mice. The animals received KS-6469 in dif-
ferent doses intraperitoneally in 0.2 mL of PBS, or 250
mg/kg twice daily intranasally in 40 pL of PBS. The
mice from the control groups received the same vol-
ume of PBS. After the treatment, signs of intoxication
including general condition, weight, and depression of
the central nervous system were assessed daily for 14
days.
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Fig. 1. Cytotoxicity of KS-6469 with respect to MDCK
cells. MDCK cells were exposed to different concentra-
tions of KS-6469 and incubated at 37°C, followed by cell
viability measurement by MTT assay (A); the viability of
MDCK cells treated with KS-6469 was monitored by Real-
Time Cell Analysis (B). Cells incubated in IMDM without
KS-6469 were used as control

Protective efficacy in mice. To test the protective
efficacy of KS-6469, we evaluated weight changes,
the survival rate, and viral titer in the lungs of the
infected mice. BALB/c mice with an average weight
of 14 to 16 g were divided into groups of six animals.
The mice were anesthetized by intraperitoneal in-
jection of tribromoethanol (Avertin®) and infected
intranasally with 3 LD, being equal to ~1.2 X 10* +
0.7 X 10* FFU of IAV immediately after intranasal
administration of KS-6469 at a dose of 250 mg/kg.
The following day, the mice received a second dose of
KS-6469 intranasally. The study included a positive
control group that received oseltamivir daily (7.5 mg/
kg) for 5 days. The control mice received PBS instead
of KS-6469. The animals were inspected daily and
weighed for 14 days after infection. The degree of

protection was estimated according to the reduction
in the mortality rate. To assess the viral titer in the
lungs, BALB/c mice were divided into groups of six
animals. The mice were infected intranasally with
3 LD,, of IAV immediately after intranasal admin-
istration of KS-6469 at various doses. The following
day, the mice received a second dose of KS-6469 in-
tranasally. The control mice received PBS instead of
KS-6469. The mice in each group were euthanized
on day 3 p.., and the lung tissue was harvested. The
lungs were weighed and the medium was added at
a ratio between the lung tissue and the medium of
1:10 (v/v). The homogenates were prepared using a
Sonopuls HD 2070 ultrasonic homogenizer (Bandelin,
Germany). The viral titers of the lung homogenates
were determined using FFA.

Statistical analysis

The data are expressed as the mean = SD. The sta-
tistical analysis was performed using the two-tailed
unpaired t-test. P-values of less than 0.05 were deemed
statistically significant.

RESULTS

Characterization of KS-6469

The compound KS-6469 is a bisulfite derivative of
oxidized B-cyclodextrin. The sulfonate moieties of
bisulfite derivatives are bound directly to a carbon
atom with the general formula (Glu_) -C -(SO,Na)_,
where (Glu ) -C_is oxidized (-cyclodextrin, x is the
number of sulfonated carbon atoms, and SO,R is the
bisulfite (sulfonate) group. The detailed structure
and physicochemical properties of KS-6469 are the
subject of ongoing research and will be published
later.

Cytotoxicity of KS-6469

The cytotoxicity of KS-6469 toward the MDCK cells
was examined. The half maximal inhibitory concen-
tration (IC,)) value (the concentration of KS-6469
that caused 50% cell lethality) was 15 + 3.3 mg/mlL,
as determined by MTT assay after 24 h incubation
with the compound (Fig. 1A). An analysis of the cy-
totoxic effect of KS-6469 on the cells following 65 h
exposure to KS-6469 was measured using real-time
cell analysis. The IC,  value obtained by this method
was found to be 8.9 = 1.3 mg/mL after 65 h exposure
(Fig. 1B). These results confirmed the low cytotoxic-
ity of KS-6469 toward eukaryotic cells, which reached
15 and 8.9 mg/mL for the 24 and 65 h exposure dura-
tions, respectively. Based on the data from these ex-
periments, we can conclude that KS-6469 possesses low
toxicity toward MDCK cells.
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Fig. 2. The replication of the influenza virus A /WSN /33
(H1N1) is effectively inhibited in MDCK cells by treatment
with KS-6469. Various concentrations of KS-6469 were
used to treat MDCK cells. The production of infectious
viruses was determined by FFA 24 and 48 h p.i. The limit
of detection for the FFA is 1.7 I|g FFU /mL and is shown by
a dotted line. Significance: *p < 0.05, **p < 0.01 vs. virus
only (0)

Antiviral properties of KS-6469

The antiviral activity of KS-6469 was tested in vi-
tro in the MDCK cells/IAV model of the influenza
infection. The MDCK cells were simultaneously
treated with different doses of KS-6469 and IAV
(MOTI 0.1). Virus quantification (Fig. 2) showed that
replication was severely affected by KS-6469. Dose-
dependent inhibition of viral replication was ob-
served at KS-6469 concentrations of 70—600 pug/mkL.
At 70 pg/mL KS-6469, the viral titer was signifi-
cantly reduced: KI = 75% (60.0—80.2%) (p < 0.05). It
should be noted that when the virus was incubated
with 600 pg/mL KS-6469, viral replication was
entirely suppressed by KS-6469 because the virus
levels were undetectable in the culture medium at
48 h post-infection. Hence, the sulfonated derivative
of B-cyclodextrin investigated in this study could
significantly reduce the virus titer when used at a
concentration > 70 ug/mL and entirely suppressed
viral replication at 600 pg/mkL.

To gain insight into the mechanism of KS-6469 in-
hibition of IAV replication, we determined the step of
the viral life cycle that was affected by the compound
using time-of-addition assay. First, we investigated
whether KS-6469 added to the cells prior to virus ad-
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Fig. 3. Time-of-addition experiment showing the mecha-
nism of influenza virus inactivation by KS-6469. Cells were
infected with IAV at MOI 0.1 for 1 h (from time point (-1)
to 0 h); 5 mg/mL KS-6469 was then added to the cells at
the indicated time points ( - ). After each incubation pe-
riod (shown with arrows), the medium containing KS-6469
was replaced with a compound-free medium. At 48 h p.i.,
the supernatants were collected and the viral titers were
evaluated by FFA. The data are presented as mean = SD
(n = 3). The limit of detection for FFA (1.7 Ig FFU/mL) is
shown with a dashed line

sorption could protect the cells against infection. The
cells were treated with KS-6469 2 h prior to IAV in-
fection ((-3) to (-1) h) (Fig. 3). The viral yield showed
no difference when compared with the virus-only
control. Similarly, no antiviral activity was observed
when KS-6469 was introduced into the well dur-
ing infection ((-1) to 0 h) or during the early stages
of viral replication ((—1 h) to 6 h p.i.). These results
indicate that the compound directly affects neither
the binding nor virus entry into the target cells, or
its early release. Inhibition of viral replication was
only observed either when KS-6469 was continuously
present in the medium from the post-infection period
(0 to 48 h) or when it was added 6 h after infection
(Fig. 3).



RESEARCH ARTICLES

OD at 492 nm
© - N w
n - 0 N L W
—1—
= =
e

- 125 25 50 -
- - - - 10

= [KS-6469] mg/mL
20 [MBCD]mg/mL

Fig. 4. The effect of treatment with KS-6469 on the bind-
ing of virus hemagglutinin to specific monoclonal antibod-
ies. The data are presented as mean OD + SD (n = 3).
OD is the optical density. The experiment was conducted
in triplicate

Effect of KS-6469 on the functional activity

of influenza virus surface proteins.

Functional balance between influenza virus hemag-
glutinin (HA) and neuraminidase (NA) was found to be
very important for successful viral replication and fit-
ness. In order to determine whether KS-6469 affected
the structure of viral hemagglutinin, we investigated
virus attachment to erythrocytes. The influenza virus
was treated with KS-6469 (5 mg/mL) for 1 or 6 h at 37
or 4°C, and the viral HA titer was evaluated using HA
assay (Table 1). Virus co-incubation with KS-6469 for
1 h at 37°C caused a fourfold reduction in the HA titer,
and after 6 h of incubation HA was reduced 16-fold
(Table 1). Interestingly, the HA titer did not change sig-
nificantly after incubation for 6 h at 4°C in the presence
of KS-6469 at the same concentration. The reduction
in hemagglutinin binding suggests that KS-6469 could
induce changes in the conformation of the surface
epitopes of the protein.

The ability of KS-6469 to affect the structure of
the surface epitope of viral hemagglutinin was ana-
lyzed using a set of monoclonal antibodies specific to
hemagglutinin of IAV. The treatment of IAV with
KS-6469 (5 mg/mL) at 37°C, which resulted in a
16-fold decrease in HA titer, changed neither the
structure of virus hemagglutinin nor the efficacy of
its binding to specific monoclonal antibodies (Fig. 4).
It should be noted that the process of inhibiting HA of
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Fig. 5. Neuraminidase activity assay. The influenza virus
A /WSN/33 was incubated with KS-6469 or Oseltamivir
for 6 h before addition of a MUNANA substrate and then
incubated for 1 h at 37°C. The results are presented in
RFU £ SD (n = 3). RFU stands for relative fluorescence
units. The experiment was conducted in triplicate

Table 1. HA titer of the virus after incubation with KS-6469

HA titer of the virus and incubation
conditions
Compound 4°C 37°C
1h 6 h 1h 6 h
KS-6469, 5 mg/mL 64 32 16 4
PBS 64 64 64 64

virus glycoproteins and, therefore, the infectivity of
the virus particle, require a sufficiently long incuba-
tion with KS-6469 at a temperature of at least 37°C;
so, we observed only a partial decrease in HA activity
following incubation of the virus with the compound
for 1 h.

In order to gain an understanding of the mechanism
by which K-6469 inhibits viral replication, we exam-
ined the inhibition of viral neuraminidase (NA), which
mediates the release of viral progeny from infected
cells and promotes viral transmission. The results (Fig.
5) indicated that KS-6469 (5 mg/mL) did not change
the NA activity, suggesting that NA is not targeted
by KS-6469. Given that the mechanism of the anti-
viral effect of another derivative of B-cyclodextrin,
methyl B-cyclodextrin (MBCD), is associated with
cholesterol removal from the viral envelope [20], we
examined the cholesterol level of virus particles with
and without KS-6469 or MBCD treatment. IAV was
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Table 2. Virus titer (Ig FFU /mL) after treatment of the influenza virus with KS-6469

Incubation conditions
KS-6469 (mg/mL) 4°C 20°C 1
3h 6 h 3h 6 h 3h 6 h
0.3 nd. 54=*0.1 nd. 4901 nd. 48 +0.3
0.6 54 =*0.1 4901 53 *0.1 4.9 +0.2 3.9=0.1 1.9 == 1.3
1.25 4.7+0.3 51+0.1 48 +0.2 4.6 +0.2 24+0.2 <17
2.5 5.0=*=0.2 95.3=03 4.5=+0.2 4.3 +=0.2 <17 <17
5.0 n.d. 49=+04 nd. 43+04 <17 <1.7
PBS 51=*0.1 8.2 == 0.2 51=%0.1 50=*0.3 44=+0.3 46=+0.1
n.d. — not determined.
A
o 1001 !
BN T 24
o 804 T T . M
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5 o 16
° 60 2 —-250mg/kg
(]
- i 124 -+ 500 mg/kg
< 0
O
20 - 41
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2|5 mg/mL 12.5 mg/:nL 1.0 mg/mL 5 mg/mL. Days after intraperitoneal adminis-
MBCD KS-6469 tration of KS-6469
B
20
Fig. 6. Cholesterol level in the IAV envelope following o 16 LW

treatment with KS-6469 or MBCD. IAV was incubated
with different concentrations of KS-6469 or MBCD for 6 h
at 37°C, and cholesterol levels were detected using the
Amplex Red Cholesterol assay kit (n = 3). The cholesterol
level in the untreated virus was set as 100%. Significance:
*p < 0.05. The experiment was conducted in triplicate

pretreated with various concentrations of KS-6469
and MBCD or left untreated (Fig. 6). A relative deple-
tion of viral envelope cholesterol was observed after
treatment with MBCD but not following treatment
with KS-6469. Unlike MBCD, the antiviral effect of
KS-6469 is, therefore, not associated with changes in
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Fig. 7. Effects of KS-6469 treatment on the body weight
of healthy mice. BALB /c mice (n = 6) received KS-6469
at doses of 500 and 250 mg /kg once as an intraperitoneal
injection in 200 pL of PBS (A), or once or twice intranasally
at a dose of 250 mg/kgin 40 pL of PBS (B). Mean values
+ SD are shown at each time point
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the cholesterol content in the viral envelope. Taking
into account these findings, a conclusion can be drawn
that treatment with KS-6469 partially decreases the
HA activity of the virus but does not change the NA
activity and cholesterol content in the viral envelope.

Virucidal properties of KS-6469

It has been previously shown that sulfated polysac-
charides possess virucidal activity [21, 22]. In the
present study, a series of experiments was conducted
to examine the ability of KS-6469 to directly inac-
tivate influenza virus particles. The incubation of
IAV with 5 or 2.5 mg/mL KS-6469 at 37°C for 3 h
resulted in complete inactivation of virus infectivity.
Treatment with 1.25 mg/mL KS-6469 followed by
3 h incubation at 37°C resulted in a ~2 lg reduction
of viral titer, and no infectious virus particles were
detected by FFA after 6-h incubation (Table 2). In-
cubation with 0.3 mg/mL KS-6469 at 37°C for 6 h
did not affect viral infectivity. The lower incubation
temperature resulted in significantly decreased viru-
cidal properties for KS-6469. When virus particles
were incubated with the compound at 4 or 20 °C, no
effect on infectivity was observed. We hypothesized
that the virucidal effect of KS-6469 might be medi-
ated by the formation of aggregates of virus parti-
cles and the compound, and that a lower incubation
temperature might drastically reduce the formation
of such aggregates, thus diminishing the virucidal
activity of the compound.

Antiviral activity of KS-6469 in the
mouse model of influenza

In vivo cytotoxicity of KS-6469. BALB/c mice were
subjected to a single intraperitoneal injection of dif-
ferent doses of KS-6469 (250 mg/kg or 500 mg/kg) in
PBS. The physical parameters and body weights of the
animals were monitored daily (F'7g. 7). A single injection
of the compound at a maximum dose of 500 mg/kg did
not cause any weight loss or changes in the general
condition, or death, thus indicating that KS-6469 ex-
hibits low toxicity (Fig. 7A). Mice treated twice with
KS-6469 intranasally (dose 250 mg/kg) had minimal
weight loss and no signs of toxic side effects during the
entire observation period (Figs. 7A and 7B).

Treatment of mice with KS-6469 confers protection
against a lethal challenge of the influenza virus. The
efficacy of KS-6469 against a lethal challenge of IAV
was tested in the mouse model of influenza. To assess
whether the compound could inhibit viral replica-
tion in vivo, we estimated the pulmonary viral titer
in animals challenged with a lethal dose of 3 LD, of
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Fig. 8. Protective efficacy of KS-6469 in a lethal challenge
of IAV: A— BALB/c mice (n= 6/group) were treated
intranasally with KS-6469 at the indicated doses and
infected with 3 LD, of IAV. The following day, the mice
received a second dose of KS-6469 intranasally. The data
show the pulmonary viral titers on day 3 p.i. by FFA. B —
The average body weight of mice treated intranasally with
KS-6469 at the indicated doses, oseltamivir (7.5 mg/kg)
or PBS and infected with 3 LD, of IAV. C — The survival
rate of BALB /c mice (n = 6) treated intranasally with
KS-6469 at the indicated doses, oseltamivir (7.5 mg/kg)
or PBS and infected with 3 LD, of IAV. Significance:

*p < 0.05 vs. control group (without treatment)
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IAV after the administration of different doses of
KS-6469 via intranasal instillation. On day 2 p.., the
mice received a second dose of KS-6469 intranasally.
The study included a positive control group that re-
ceived oseltamivir daily (7.5 mg/kg), starting 30 min
prior to viral challenge. On day 3 p.i,, six animals per
group were sacrificed and lung tissue extracts were
analyzed by FFA (Fig. 8A). Viral titers were signif-
icantly reduced in the lungs of the animals treated
with KS-6469 compared with those in the untreated
group (p < 0.05), suggesting that intranasal therapy
with KS-6469 inhibits influenza replication in mouse
lungs (Fig. 8A). On day 3 p.i., the mock-treated mice
had ~2.5 1g higher viral lung titers than the KS-6469-
and oseltamivir-treated mice (p < 0.05). We suppose
that the dose-independent antiviral activity of KS-
6469 may be related to the mechanism of action of the
compound.

To compare the protective effect of KS-6469, two
groups of mice were treated intranasally with KS-
6469 at a dose of 250 mg/kg, followed by challenge
with a lethal dose of 3 LD,  IAV. On day 2 p.i,, one
of the two groups received a second dose of KS-
6469 intranasally. Mice in the positive control group
were treated orally with oseltamivir at a dose of
7.5 mg/kg. The control animals were treated intra-
nasally with PBS on the same schedule. The daily
weight loss and survival rate were evaluated within
14 days. Figure 8B, C shows that two doses of KS-
6469 or treatment with oseltamivir led to minimal
body weight loss with a 100% survival rate, which is
significantly different than the untreated group (20%
survival rate). The survival rate among mice treated
with KS-6469 only once was 66%, and weight loss
was minimal. Taken together, these data show that
KS-6469 protects mice against a lethal infection of
the influenza virus.

DISCUSSION

Influenza remains one of the most dangerous vi-
ral diseases in existence. To date, only two classes
of drugs have been approved for the treatment of
influenza: M2 ion channel blockers (adamantanes)
and NA inhibitors [23, 24]. Vaccination is a reliable
way to control an influenza infection [25], but the
emergence of mutated viruses has resulted in a low
effectiveness of the influenza vaccine and antiviral
therapeutic agents. Thus, there is an urgent need
to develop new approaches to combat influenza.
One of the possible solutions is to develop antiviral
compounds based on sulfo derivatives of oligo- and
polysaccharides derived from either synthetic or
natural products. Although the antiviral studies are
generally performed with enveloped viruses that are
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more susceptible to these compounds [3—7]; sulfated
polysaccharides from marine microalgae have been
shown to be active against non-enveloped viruses
[26]. It is believed that sulfated polysaccharides tar-
get certain stages of the influenza replication cycle,
such as binding of virus particles to the cell surface
receptors of the host [27], internalization [28], mRNA
and protein expression, and viral release [12, 29].
However, due to the manifold activities of sulfated
polysaccharides, additional studies are required to
elucidate the specific molecular mechanisms of their
antiviral action. In the present study, we investigat-
ed the antiviral properties of a novel sulfonated de-
rivative of B-cyclodextrin: KS-6469. We found that
viral replication was completely suppressed after
incubation of infected cells with 600 pg/mL of KS-
6469 for 24 h, indicating that the compound exhibits
a high antiviral potential. To elucidate the mecha-
nism of antiviral activity of KS-6469, we evaluated
the effectiveness of inhibition at different stages of
the virus replicative cycle (Fig. 3). Co-incubation of
MDSK cells with KS-6469 did not affect the early
stages of viral replication; however, the viral titer
was significantly reduced when infected cells were
co-incubated with KS-6469 for a long period of time.
Based on these data, we hypothesized that KS-6469
affects the late stages of the influenza infection. The
inhibitory effect of KS-6469 in the late stages of the
infection might be related to the suppression of NA
activity. We did not detect any changes in NA activ-
ity after incubation with KS-6469 (Fig. 5), but the
activity of another viral envelope protein, hemag-
glutinin, decreased significantly under these condi-
tions. After incubation of IAV with KS-6469 for 1 h
at 37°C, the HA decreased fourfold compared with
that in the untreated control, which did not lead to
inhibition of the binding of viral hemagglutinin to si-
alic acid-containing receptors on cell surfaces (Table
1) and did not reduce virus reproduction. It should be
noted that treatment with KS-6469 did not decrease
the ability of viral hemagglutinin to interact with
specific monoclonal antibodies (mAbs), suggesting
that the structure of the hemagglutinin (the mAb
target) remained intact (Fig. 4). Our results revealed
that KS-6469 has pronounced virucidal activity, be-
ing able to cause complete loss of viral infectivity
(Table 2). The virucidal activity of the compound was
at its highest at 37°C but required a longer incuba-
tion period, which in turn explains the absence of
KS-6469-induced inhibition during the early stages
of viral replication. Treatment of the virus with KS-
6469 during the first 6 hours p.. resulted only in a
partial loss of infectivity and did not inactivate a
sufficient number of virus particles to prevent infec-



RESEARCH ARTICLES

tion. We hypothesize that viral inactivation occurs
due to the interaction between KS-6469 and viral
particles with the concomitant formation of aggre-
gates, leading to a significant reduction in infectivity.
Previously, it was suggested [21] that the virucidal
activity of antiviral drugs observed in vitro would
produce much more pronounced therapeutic effects
in vivo. This assumption has been confirmed by the
data presented in this study. We have demonstrated
the antiviral efficacy of KS-6469 over a wide dose
range in mice infected with IAV (Fig. 8). Intranasal
treatment of influenza-infected mice with KS-6469
reduced the mortality rate in mice. Single application
of KS-6469 increased the survival rate to 66%, while
double application of the compound provided com-
plete protection to the animals. The placebo-treated
group showed only a 16% survival rate. Intranasal
treatment of influenza-infected mice with KS-6469

markedly decreased the pulmonary viral titer even
at the lowest dose used (62.5 mg/kg (Fig. §)).

CONCLUSIONS

Our study has shown that KS-6469 is a low-toxicity
and safe agent that effectively inhibits the develop-
ment of the infectious disease caused by the influenza
virus. Intranasal application of KS-6469 had anti-IAV
effects comparable to those of oseltamivir. Hence, KS-
6469 is a promising candidate for developing an effec-
tive antiviral drug for the prevention and treatment of
influenza infections. ®
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ABSTRACT The nerve growth factor (NGF) and its mimetics, which have neuroprotective and neuroregenerative
properties, are attractive candidates for developing new drugs for brain injury therapy. A dipeptide mimetic of
NGF loop 4, bis(N-succinyl-L-glutamyl-L-lysine) hexamethylenediamide (GK-2), developed at the Zakusov
Research Institute of Pharmacology, has the NGF-like ability to activate TrkA receptors, but unlike NGF, GK-2
activates mainly the PI3K/AKT pathway associated with neuroprotection and has no effect on the MAPK
cascade associated with hyperalgesia, the main side effect of NGF. That GK-2 possesses neuroprotective activity
has been observed in various models of cerebral ischemia. GK-2 was found to statistically significantly reduce
the cerebral infarct volume in experimental stroke, even at treatment onset 24 h after injury. This suggests that
GK-2 possesses neuroregenerative properties, which may be associated with the activation of neurogenesis
and/or synaptogenesis. We studied the effect of GK-2 on neurogenesis and synaptogenesis in experimental
ischemic stroke caused by transient occlusion of the middle cerebral artery in rats. GK-2 was administered 6 or
24 h after surgery and then once a day for 7 days. One day after the last administration, proliferative activity in
the hippocampus and striatum of the affected hemisphere was assessed using Ki67 and synaptogenesis in the
striatum was evaluated using synaptophysin and PSD-95. Ki67 immunoreactivity, both in the striatum and in
the hippocampus of the ischemic rats, was found to have dropped by approximately 30% compared to that in the
sham-operated controls. Synaptic markers - synaptophysin and PSD-95 - were also statistically significantly
reduced, by 14 and 29%, respectively. GK-2 in both administration schedules completely restored the level
of Ki67 immunoreactivity in the hippocampus and promoted its increase in the striatum. In addition, GK-2
restored the level of the postsynaptic marker PSD-95, with the therapeutic effect amounting to 70% at the start
of its administration after 6 h, and promoted restoration of the level of this marker at the start of administration
24 h after an experimental stroke. GK-2 had no effect on the synaptophysin level. These findings suggest that
the neurotrophin mimetic GK-2, which mainly activates one of the main Trk receptor signaling pathways PI3K /
AKT, has a stimulating effect on neurogenesis (and, probably, gliogenesis) and synaptogenesis in experimental
cerebral ischemia. This effect may explain the protective effect observed at the start of dipeptide administration
24 h after stroke simulation.

KEYWORDS NGF, GK-2 dipeptide mimetic, stroke, neurogenesis, synaptogenesis, Ki67, PSD-95, synaptophysin.

INTRODUCTION
The development of pathogenic treatments for an is-
chemic stroke after reperfusion remains a challenge in
modern medicine.

The nerve growth factor (NGF) is an attractive
neuroprotective agent capable of affecting the main

mechanisms of ischemic neuronal injury: glutamate
toxicity mediating excessive calcium entry into the cell
[1]; oxidative stress [2]. NGF reduces the expression
of pro-apoptotic proteins and activates the synthesis
of anti-apoptotic proteins [3, 4]. NGF was experimen-
tally proven to be involved in neurogenesis in the
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adult brains of rodents. NGF enhances the prolifera-
tion of neuronal stem cells, promotes the survival of
progenitor cells, and stimulates the differentiation of
neuroblasts in both major neurogenic zones: the sub-
ventricular zone and the dentate gyrus of the hippo-
campus [5—9]. The efficacy of intracerebral and intra-
nasal administration of NGF has been proven in various
cerebral ischemia models in rodents. It is extremely
important that the neurotrophin remains active upon
delayed administration — 24 h after a simulated stroke
[6, 10]. Applications of NGF in clinical practice are lim-
ited not only due to its unsatisfactory pharmacokinetic
properties, but also due to serious pleiotropic side ef-
fects, such as hyperalgesia, catastrophic weight loss,
excessive neuritogenesis, and angiogenesis [11]. Prob-
ably, the disadvantages of the full-length NGF protein
may be obviated through the development of related
low-molecular-weight mimetics with a selective phar-
macological activity [12].

At the Zakusov Research Institute of Pharmacol-
ogy, a hypothesis has been developed, holding that
receptor recognition and binding are controlled by the
most exposed portions of neurotrophin loops, usually
by the central parts of their beta-turns, with mimetics
of beta-turns from different loops imitating different
functions of the neurotrophin [13]. This hypothesis was
the basis for the development of a dimeric dipeptide
mimetic of NGF loop 4, bis(N-monosuccinyl-L-glu-
tamyl-L-lysine) hexamethylenediamide, that received
the laboratory code GK-2 [RF Patent No. 2410392,
2010; US patent US 9,683,014, 2017; Chinese Patent
CN 102365294 B, 2016]. GK-2 was found to have the
NGF-like ability to activate TrkA receptors, but unlike
the full-length protein, GK-2 primarily activates the
PISK/AKT pathway associated with neuroprotection
and has no effect on the MAPK cascade that mediates
hyperalgesia [14].

In vitro studies have shown that GK-2 in micro-
nanomolar amounts, like NGF, has a neuroprotective
effect on both immortalized and primary neuron cul-
tures under oxidative stress and glutamate toxicity
[15]. The neuroprotective activity of GK-2 was also
demonstrated in vivo upon systemic administration in
Alzheimer and Parkinson models, as well as in vari-
ous cerebral ischemia models [16]. In support of the in
vitro data, GK-2, unlike the full-length protein, did
not cause hyperalgesia and weight loss in in vivo ex-
periments [14]. A study of the neuroprotective effect of
GK-2 in a model of ischemic stroke caused by transient
occlusion of the middle cerebral artery in rats showed
that the dipeptide statistically significantly reduced
the amount of brain injury if the onset of therapeutic
administration started between 4 and 24 h, with the
strongest effect (60%) being observed if the first ad-
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ministration occured 6 h after surgery [17]. Preserva-
tion of the GK-2 activity when its first administration
occurs 24 h after a simulated ischemic stroke is prob-
ably not explained by its neuroprotective properties,
because the infarction area has fully formed by that
time [18]. Therefore, the protective effect of GK-2 ad-
ministered 24 h after an ischemic stroke may be associ-
ated with the regenerative properties of the mimetic.

To shed light on this issue, we studied the effect
of GK-2 on neurogenesis and synaptogenesis in an
experimental ischemic stroke using antibodies to the
Ki67 proliferation marker and synaptogenesis mark-
ers (synaptophysin and PSD-95). Neurogenesis and
synaptogenesis parameters were assessed in the hip-
pocampus and striatum. These structures were chosen
because one of the main neurogenic zones in the adult
brain (subgranular zone) is located in the hippocampus,
and the striatum is the most affected structure during
occlusion of the middle cerebral artery [6]. The effects
of GK-2 were studied when its administration occurred
6 and 24 h after a simulated stroke.

EXPERIMENTAL

Animals

We used 34 male Wistar rats weighing between 220
and 250 g and 8—9 weeks of age at the beginning of
the experiment. The animals originated from the An-
dreevka Branch of the Scientific Center of Biomedical
Technologies of the FMBA, Russia. The animals were
kept in a vivarium under natural circadian light/dark
cycles with free access to standard granular feed and
water. The study complied with the requirements of
Order of the Ministry of Health of the Russian Fed-
eration No. 199 “On Approval of the Rules of Good
Laboratory Practice” and Decision of the Council of
the Eurasian Economic Commission No. 81 “On Ap-
proval of the Rules of Good Laboratory Practice of the
Eurasian Economic Union in the Area of Circulation of
Medicines.” All manipulations with the animals were
approved by the Bioethical Commission of the Zakusov
Research Institute of Pharmacology.

Simulation of ischemic stroke

Ischemic stroke was simulated by intravascular thread
occlusion of the middle cerebral artery [19]. All surgical
procedures were performed using titanium micro-
surgical tools. The rats were anesthetized with a 5%
chloral hydrate solution (350 mg/kg, ip). Following a
midline incision in the neck, the right carotid triangle
was identified, which is bounded superiorly by the
digastric muscle, laterally by the sternocleidomastoid
muscle, and medially by the sternohyoid muscle. In
the carotid triangle, the carotid neurovascular bundle
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formed by the common carotid artery and the vagus
nerve was identified. The vagus nerve was carefully
isolated, and a microsurgical vascular titanium clip was
placed on the common carotid artery 1.5 cm below its
bifurcation. The external and internal carotid arteries
were carefully isolated from adhesions. The external
carotid artery was tightly tied with a cotton suture.
The internal carotid artery was loosely tied with a vic-
ryl suture, and then the external carotid artery was
cut proximal to the suture. A 0.25-mm heparinized
nylon filament was inserted through the stump of the
external carotid artery into the internal carotid artery
to a depth of 19—-21 mm (until the middle cerebral
artery was occluded) and fixed with a microvascular
clip. The circulation was occluded for 60 min; then, the
filament was removed from the vessel, restoring blood
supply in the middle cerebral artery territory. After
filament removal, the stump of the external carotid
artery was tightly sealed by electrocautery coagulation.
Sham-operated animals underwent the same proce-
dures, except for vascular transection and filament
insertion. The midline incision in the neck was sutured
with a cotton thread and treated with streptocide. In
our experiments, the ischemic injury volume on day 7
after the simulated stroke was 700—800 mm?® (accord-
ing to the morphometry of brain sections stained with
2,3,5-triphenyltetrazolium chloride) [17].

Study design

Operated animals were randomly divided into three
groups: the “stroke” group (operated untreated ani-
mals; n = 9) and two groups receiving GK-2 (1 mg/kg,
ip) diluted in water for injection. GK-2 was adminis-
tered in a volume of 2 mL per kilogram of body weight,
starting 6 (n = 10) or 24 h (n = 7) after surgery, and
then once a day, with the end of administration on day
6 after surgery. Animals from the groups “stroke” and
“sham surgery” (n = 8) received water for injection
according to the same schedule. On day 7 after surgery,
the rats were decapitated; the brain was removed at a
temperature of 0—4°C; and the striatum and hippocam-
pus were removed from the affected hemisphere, fro-
zen in liquid nitrogen, and stored at —70°C. The experi-
mental design is shown in Fig. 1.

Assessment of the proliferative

activity and synaptogenesis

The effect of GK-2 on the proliferative activity and
synaptogenesis in the striatum and hippocampus was
evaluated using a Western blot analysis [20]. After
thawing, animal tissue samples from one group were
combined to prepare at least three samples. Then, the
samples were homogenized at 4°C in a glass homoge-
nizer with lysis buffer (50 mM Tris-HCI, 5 mM EDTA,

. _ ] Brain
Administration of GK-2 starting tissue
6 or 24 h after surgery sampling

R S I A

0 1 2 3 4 5 7
Days( | | | | | {

=

MCAO

Fig. 1. Experimental design. MCAO — middle cerebral
artery occlusion

1 mM dithiothreitol, 1% Triton X-100, pH 7.5) contain-
ing a cocktail of protease inhibitors (pepstatin, bestatin,
leupeptin, and aprotinin; Sigma-Aldrich, USA), at a
tissue : buffer ratio of 1 : 10 (weight/volume). Then,
the samples were incubated at 4°C for 20 min and
centrifuged (15,000 rpm for 20 min; Allegra® X-12R
centrifuge; BeckmanCoulter Inc., USA) at the same
temperature. The protein concentration in the super-
natant was determined according to the Folin—Lowry
method [21]. Supernatant proteins were separated on
a 12% polyacrylamide gel and transferred onto a pol-
yvinylidene fluoride membrane by electroelution. The
membranes were then incubated in Tris-HCI buffer
(200 mM, pH 7.5) containing 1% Tween-20 (TBST)
and 5% (w/v) skim milk at room temperature for 1 h.
Then, the membranes were incubated with primary
monoclonal antibodies against synaptophysin (BD Bio-
sciences, Great Britain) at a 1 : 5,000 dilution, primary
monoclonal antibodies against PSD-95 (Thermo Fisher
Scientific, USA) at a 1 : 1,000 dilution, and primary
polyclonal antibodies against Ki67 (Thermo Fisher
Scientific) at a 1 : 5,000 dilution at room temperature
for 1.5 h; excess antibodies were removed with TBST
containing 0.5% (w/v) skim milk. The membranes were
incubated with secondary goat antibodies against rab-
bit IgG (Santa Cruz Biotechnology, USA; 1 : 2,000) con-
jugated to horseradish peroxidase at room temperature
for 1 h. After the removal of secondary antibodies with
TBST, the proteins were detected by a reaction with
enhanced chemiluminescence reagents (ECL reagents,
Santa Cruz Biotechnology) using the Alliance Q9 gel
documentation system (UVITEC, UK). Images were
analyzed using the GIMP2 software.

Statistical processing

Intergroup differences were evaluated using a Mann—
Whitney U test. Differences were considered statisti-
cally significant at p < 0.05. Data was presented as a
mean and a standard error of the mean.
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Fig. 2. Effect of GK-2 on Ki67 proliferation marker levels
in the hippocampus upon subchronic (7 days) administra-
tion (1 mg/kg, ip) after an experimental ischemic stroke
caused by transient occlusion of the middle cerebral
artery inrats, in a 6 or 24 h therapeutic window (the time
between surgery and the first injection of the agent).
R.D.U. —relative densitometric units. * — p < 0.05
compared to the sham-operated group, # — p < 0.05
compared to the stroke group (Mann—Whitney U test)

RESULTS AND DISCUSSION

Seven days after surgery, the immunoreactivity for the
Ki67 proliferation marker, both in the striatum and in
the hippocampus of the ischemic brain of rats untreat-
ed with GK-2, was reduced by about 30% compared to
that in the sham-operated controls (Fig. 2, 3). Adminis-
tration of GK-2 to ischemic animals for seven days led
not only to a restoration of the Ki67 immunoreactivity
level in the hippocampus, but also to an excess of its
baseline values by 35 and 36% for a 6- and 24-hour
interval between surgery and the first peptide admin-
istration, respectively (Fig. 2). These findings indicate
the ability of the NGF mimetic to stimulate a prolifera-
tive activity in the hippocampus of the ischemic brain.
Based on previously obtained data on the improvement
in the neurological status of rats receiving GK-2 (ad-
ministration starting 6 and 24 h after surgery) under
the same conditions as in this experiment [17], we sug-
gest that dipeptide-induced stimulation of proliferative
activity leads, at least predominantly, to neurogenesis.
This is also supported by published data indicating that
the full-length NGF stimulates hippocampal neurogen-
esis, increasing the proliferative activity and promoting
the survival of neuroblasts in the dentate gyrus of the
hippocampus [5, 9].
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Fig. 3. Effect of GK-2 on Ki67 proliferation marker levels
in the striatum upon subchronic (7 days) administration (1
mg/kg, ip) after an experimental ischemic stroke caused
by transient occlusion of the middle cerebral artery in
rats, in a 6 or 24 h therapeutic window (the time between
surgery and the first injection of the agent). R.D.U. —
relative densitometric units. * — p < 0.05 compared to
the sham-operated group; ~ — p < 0.1 compared to the
stroke group (Mann-Whitney U test)

Therefore, we may draw a preliminary conclusion
that GK-2 reproduces the effects of NGF, increasing
hippocampal neurogenesis in cerebral ischemia. An ef-
fect of GK-2 on gliogenesis is less likely, because even
full-length neurotrophin primarily stimulates neuro-
blast formation.

In the striatum, GK-2 administered in both sched-
ules increased the level of Ki67 immunoreactivity
about 1.2-fold compared to that in the untreated
animals (which corresponds to a therapeutic effect
of 36—37% (p = 0.08)) (Fig. 3). During middle cere-
bral artery occlusion, NGF is known to stimulate
the proliferative activity and increase the survival
of neuroblasts in the subventricular zone and stria-
tum of rats [6, 10]. In the same brain ischemia model,
by using the BrdU proliferation marker, intranasal
administration of NGF was shown to increase the
survival rate of progenitor cells in the striatum about
1.5-fold after 4 weeks [6]. By using another prolifera-
tion marker, Ki67, NGF expressed in the rat brain
using a lentiviral vector was found [10] to stimulate
neurogenesis in the injured striatum, increasing the
number of neuroblasts about 2-fold compared to
that in untreated animals 3 weeks after a simulated
stroke.



RESEARCH ARTICLES

' 3 88 . «—PSD-95

— — — —— [3—actin

sham stroke  stroke+ stroke+
surgery GK-2 (6 h) GK-2(24h)

6.0
5.0
D 4.0 -
a
o 3.0
2.0
1.0

stroke+ ‘ stroke+ I
GK-2 (6 h) GK-2(24h)

sham stroke

surgery

Fig. 4. Effect of GK-2 on PSD-95 levels in the striatum
upon subchronic (7 days) administration (1 mg/kg, ip)
after an experimental ischemic stroke caused by transient
occlusion of the middle cerebral artery in rats. Administra-
tion of GK-2 was begun 6 or 24 h after surgery. R.D.U. —
relative densitometric units. * — p < 0.05 compared to the
sham-operated group; # — p < 0.05 compared to the
stroke group; ~ — p < 0.1 compared to the stroke group
(Mann-Whitney U test)

Therefore, systemically administered GK-2 appar-
ently has an effect on neurogenesis in the striatum of
ischemic rats, which is similar to that of NGF intro-
duced in the brain intranasally or by gene therapy.

To date, a large amount of experimental data has
been accumulated indicating a compensatory role for
neurogenesis in the subventricular and subgranular
zones in cerebral ischemia [22]. According to the pub-
lished data, neurogenesis is activated in pathological
conditions; in this case, newly formed neuroblasts mi-
grate to injured brain areas, where they replace dead
neurons [23]. Therefore, it may be assumed that the
stimulating effect of GK-2 on the proliferative activity
in the hippocampus leads to the activation of neurore-
generative processes in the ischemic injury area due to
the migration of a larger amount of survived neuronal
progenitor cells into this area and, ultimately, to their
integration. Probably, the GK-2-induced increase in
the Ki67 proliferation marker level in the striatum is
related to the migration of neuroblasts from neuro-
genic zones to this region.

Assessment of the synaptic marker levels in the
striatum of the injured hemisphere in ischemic rats
showed that the levels of both the PSD-95 postsynap-
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Fig. 5. Effect of GK-2 on synaptophisin presynaptic marker
levels in the striatum upon subchronic (7 days) administra-
tion (1 mg/kg, ip) after an experimental ischemic stroke
caused by transient occlusion of the middle cerebral artery
in rats. Administration of GK-2 was started 6 or 24 h after
surgery. R.D.U. — relative densitometric units.

* — p < 0.05 compared to the sham-operated group
(Mann-Whitney U test)

tic density protein and the presynaptic synaptophysin
protein were statistically significantly lower compared
to those in sham-operated animals (29 and 14%, respec-
tively) (Fig. 4, 5). These results confirm the presence
of an ischemic injury in this area, which is associated
with a loss of neurons and synapses. GK-2 restored the
PSD-95 level with a therapeutic effect of 70% when its
administration started 6 h after surgery; however, ad-
ministration of GK-2 starting 24 h after surgery caused
only a tendency (p = 0.08) to restore the level of this
marker (Fig. 4).

At the same time, GK-2 had no statistically signifi-
cant effect on the synaptophysin level in the striatum
(Fig. 5).

A possible explanation for the lack of changes in the
presynaptic synaptophysin protein upon administra-
tion of GK-2 is the formation of presynaptic terminals
at the final stages of neurogenesis, which completes in
at least 3 weeks. On the other hand, the postsynaptic
density protein PSD-95 is a component of the dendritic
spines that form in a shorter time [24]. On the basis of
these findings, we may suggest that GK-2 stimulated
striatal synaptogenesis in terms of dendpritic spine for-
mation 7 days after an experimental stroke.
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Neuroprotective and neuroregenerative effects of GK-2 (1 mg/kg, 7 days) in a model of ischemic stroke caused by
transient occlusion of the middle cerebral artery in rats

First admin- | Reduction in the | Stimulation of neurogenesis (based on the Ki67

Stimulation of synaptogenesis in the

istration after

ischemic injury

proliferation marker), therapeutic effect,%

striatum (based on the postsynaptic

surgery, h volume [17], % hippocampus striatum marker PSD-95), therapeutic effect, %
6 60* 220%* 37" s
24 24* 205* 36 30"

Note. The therapeutic effect was calculated using the formula: [(protein level in the stroke + GK-2 group — protein level

in the stroke group) /(protein level in the sham-surgery group — protein level in the stroke group)] X 100%.
*— p <0.05; " — p < 0.1 compared to the stroke group (Mann—Whitney U-test).

To assess the contribution of neuroregeneration
to the protective effects of GK-2 in an experimental
stroke, we compared our biochemical data with the re-
sults of a previous morphological study [17] on the role
of GK-2 in reducing the volume of an ischemic brain
injury. All dipeptide effects were evaluated on the 7th
day after surgery (see Table).

As seen from Table, GK-2 reduced the volume of the
ischemic injury by 60% and 24% when administration
started 6 and 24 h after surgery, respectively. Accord-
ing to [18], a significant amount of penumbra neurons
are preserved 6 h after a stroke, which may survive
thanks to the neuroprotective effect of GK-2. Prob-
ably, recovery in the brain occurs partially due to neu-
rogenesis. In the absence of a penumbra, restoration of
injured brain tissue (by 24%) after 24 h may occur only
due to regenerative processes. These findings suggest
that regeneration associated with the proliferation and
migration of new cells does not depend on the penum-
bra volume, which is evidenced by similar indicators
of Ki67 immunoreactivity upon GK-2 administration
starting 6 and 24 h after surgery.

However, given the PSD-95 postsynaptic marker
levels, synaptogenesis may depend on the total amount
of intact neurons, both survived and newly formed.
Changes in the density of this marker in the presence
of GK-2 are proportional to the degree of neuronal vol-
ume recovery in the ischemic injury area (72/60 and
30/24, respectively).

Therefore, our findings suggest that the effect of
GK-2 administered shortly after a simulated stroke is
associated with both neuroprotective and reparative
processes; while the effect of GK-2 administered after

24 h is associated with the stimulation of reparative
processes, including both neurogenesis (and, probably,
gliogenesis) and synaptogenesis.

CONCLUSION

The dimeric dipeptide mimetic of nerve growth factor
loop 4, GK-2, administered subchronically and starting
6 and 24 h after surgery statistically significantly re-
stores the reduced proliferation of neuronal stem cells
in the hippocampus and increases the proliferative
activity in the striatum, according to the Ki67 marker,
in an experimental ischemic stroke caused by transient
occlusion of the middle cerebral artery. Based on the
previously obtained data on the improvement in the
neurological status of rats receiving GK-2 under condi-
tions similar to those of the present experiment [17], we
may suggest that stimulation of proliferative activity
by the dipeptide leads, at least primarily, to neuro-
genesis. The effect of GK-2 increases the number of
synaptic contacts being reduced after surgery, which
was assessed using the postsynaptic marker PSD-95,
upon administration starting 6 h after surgery and
increases this indicator when the first administration
occurrs 24 h after surgery. These findings demonstrate
the stimulating effect of GK-2 on neurogenesis (and,
probably, gliogenesis) and synaptogenesis in experi-
mental cerebral ischemia. ®

This work was supported by the Russian Science
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ABSTRACT The effects of new synthetic antibacterial agents — tris(1-pentyl-1H-indol-3-yl)methylium chloride
(LCTA-1975) and (1-(4-(dimethylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl)-1H-indol-3-yl)bis(1-propyl-
1H-indol-3-yl)methylium chloride (LCTA-2701 — on model lipid membranes were studied. The ability of the
tested agents to form ion-conductive transmembrane pores, influence the electrical stability of lipid bilayers
and the phase transition of membrane lipids, and cause the deformation and fusion of lipid vesicles was in-
vestigated. It was established that both compounds exert a strong detergent effect on model membranes. The
results of differential scanning microcalorimetry and measuring of the threshold transmembrane voltage that
caused membrane breakdown before and after adsorption of LCTA-1975 and LCTA-2701 indicated that both
agents cause disordering of membrane lipids. Synergism of the uncoupling action of antibiotics and the alkaloid
capsaicin on model lipid membranes was shown. The threshold concentration of the antibiotic that caused an
increase in the ion permeability of the lipid bilayer depended on the membrane lipid composition. It was lower
by an order of magnitude in the case of negatively charged lipid bilayers than for the uncharged membranes.
This can be explained by the positive charge of the tested agents. At the same time, LCTA-2701 was characterized
by greater efficiency than LCTA-1975. In addition to its detergent action, LCTA-2701 can induce ion-permeable
transmembrane pores: step-like current fluctuations corresponding to the opening and closing of individual ion
channels were observed. The difference in the mechanisms of action might be related to the structural features
of the antibiotic molecules: in the LCTA-1975 molecule, all three substituents at the nitrogen atoms of the
indole rings are identical and represent n-alkyl (pentyl) groups, while LCTA-2701 contains a maleimide group,
along with two alkyl substituents (n-propyl). The obtained results might be relevant to our understanding of
the mechanism of action of new antibacterial agents, explaining the difference in the selectivity of action of the
tested agents on the target microorganisms and their toxicity to human cells. Model lipid membranes should be
used in further studies of the trends in the modification and improvement of the structures of new antibacterial
agents.

KEYWORDS antimicrobial agents, antibiotics, turbomycin A, lipid bilayers, liposomes, ion-permeable nanopores.
ABBREVIATIONS LCTA-1975 — tris(1-pentyl-1H-indol-3-yl)methylium chloride; LCTA-2701 — (1-(4-(dimethyl-
amino)-2,5-dioxo0-2,5-dihydro-1H-pyrrol-3-yl)-1H-indol-3-yl)bis(1-propyl-1H-indol-3-yl)methylium chloride;
DOPS — 1,2-dioleoyl-sn-glycero-3-phospho-L-serine; DOPE — 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine;
DPhPC - 1,2-diphytanoyl-sn-glycero-3-phosphocholine; POPC — 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline; DPPC — 1,2-dipalmitoyl-sn-glycero-3-phosphocholine.

INTRODUCTION of drugs. One of the promising ways to overcoming
The main challenge of modern antibiotic therapy is these difficulties is to modify natural antibiotic com-
the side effects of antibacterial agents and the grow- pounds in order to create semisynthetic derivatives,
ing resistance of pathogenic bacteria to them, which  which not only exhibit pronounced activity against
results in the loss of their clinical potency by a number resistant microorganisms, but also exert an extended

38| ACTANATURAE| VOL.11 Ne 3 (42) 2019



RESEARCH ARTICLES

spectrum of action, compared to their original ver-
sions.

The antibiotic turbomycin A, first isolated as a met-
abolic product of Saccharomyces cerevisiae, exhibits
relatively low activity against Gram-positive bacteria
[1] and presents a salt of tris(indol-3-yl)methylium
[2]. Introduction of alkyl substituents at nitrogen at-
oms of the indole rings of the antibiotic was shown to
significantly increase the antibacterial effect, expand
the antibacterial spectrum, and induce the antitumor
activity of the drug [3, 4].

Of great interest are the novel homologs of tur-
bomycin A, namely, tris(l-pentyl-1H-indol-3-yl)
methylium chloride (LCTA-1975) and (1-(4-(dimeth-
ylamino)-2,5-dioxo-2.5-dihydro-1H-pyrrol-3-yl)-1H-
indol-3-yl)bis(1-propyl-1H-indol-3-yl)methylium
chloride (LCTA-2701), which were synthesized at the
Gause Institute of New Antibiotics. In addition to its
high antibacterial activity against multidrug-resistant
Gram-positive bacteria, LCTA-1975 also induces the
apoptosis of tumor cells via the NF-kB signaling path-
way [3, 5, 6]. LCTA-2701, which exhibits approximately
the same level of antibacterial activity as LCTA-1975,
is significantly less toxic to human cells (donor fibro-
blasts) [7]. This work presents a study of the mecha-
nisms of interaction of LCTA-1975 and LCTA-2701
with lipid bilayers, including those that simulate the
membranes of target cells.

EXPERIMENTAL

The following compounds were used in the study:
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC), and 1,2-dipalmitoyl-sn-glyce-
ro-3-phosphocholine (DPPC) (Avanti Polar Lipids,
USA); KCl, KOH, HEPES, pentane, ethanol, hexade-
cane, dimethyl sulfoxide, capsaicin, caffeine (Sigma,
USA). The chemical structures of the triindolylmeth-
ane derivatives LCTA-1975 and LCTA-2701 synthe-
sized at the Gause Institute of New Antibiotics are
presented in Fig. 1.

Preparation of planar lipid bilayers and

recording of the transmembrane currents

Bilayer lipid membranes were formed according to the
Montal and Miiller technique [8], by mixing condensed
lipid monolayers over a hole in a Teflon film dividing
the experimental chamber into two (the cis and trans)
compartments. The volume of each compartment was
1.5 ml, the thickness of the Teflon film was 10 um, and
the hole diameter was about 50 um. The hole in the
Teflon film was treated with hexadecane prior to mem-

Fig. 1. The chemical structure of triindolylmethane deriva-
tives: LCTA-1975 (A) and LCTA-2701 (B)

brane formation. Planar lipid bilayers were formed
from DPhPC or POPC, as well as from an equimolar
mixture of DOPS and DOPE. The experiments were
carried out using aqueous electrolyte solutions (0.1 M
KCl, pH 7.4) with an identical ionic composition sep-
arated by a membrane. The acidity of the solutions
(pH 7.4) was maintained using a 5 mM HEPES/KOH
butfer.

The tested substances, LCTA-1975 and LCTA-2701,
were added from a 10 mg/ml solution in dimethyl sul-
foxide and H,O (1 : 1) to the cis compartment of the
chamber to the final concentration as indicated in Ta-
ble 1. At least four independent experiments (repeats)
were performed for each agent-lipid bilayer system.

Silver/silver chloride electrodes connected to the
chamber solutions through 1.5% agarose bridges con-
taining 2 M KCI were used to apply the transmembrane
potential and record the transmembrane current. The
potential of the current flow of cations from the cis to
the trans compartment of the chamber was considered
positive.

Transmembrane currents were measured and dig-
itized in the voltage clamp mode using an Axopatch
200B and Digidata 1440A systems (Axon Instruments,
USA). The data were processed using an eight-pole
Bessel filter (Model 9002, Frequency Devices) at a fil-
tering frequency of 1 kHz.

Transmembrane current recordings were processed
using the Clampfit 9.0 software package (Axon Instru-
ments). Statistical analysis of the data was performed
using the Origin 8.0 software (Origin Lab., USA).

The conductance of the pore was determined as the
ratio of the current flowing through a single pore to
the transmembrane voltage. Histograms of current
fluctuations were obtained for the values of the trans-
membrane currents determined by the changes in the
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Table 1. The dependence between the membrane activity and concentration of triindolylmethane derivatives in the

membrane-bathing solutions (C, pM)

Activity type LCTA-1975 LCTA-2701
DOPS : DOPE DOPS : DOPE
(50 : 50 mol%) DPhPC POPC (50 : 50 mol%) DPhPC POPS
No activity <15 <315 <200 <8 <55 <30
Ion-permeable pores - - - 8—-25 55—135 30—130
Detergent effect > 15 > 315 > 200 > 25 >135 > 130

Note: The concentration error is < 10%.

current amplitude upon opening or closing of individ-
ual channels. Records of current fluctuations through
membranes with a single integrated channel were used
to determine the channel lifetime (the open state time).
For each of the experimental systems, the conductance
and pore lifetime values were presented as an arithme-
tic mean and a standard error (mean + SE).

The threshold values of the transmembrane voltage
Vbd, which causes the destruction of the DPhPC mem-
branes before and after the addition of triindolylmeth-
ane derivatives to the membrane-bathing solutions,
were measured by applying a voltage in the range of
0 to = Vbd to the membrane. No differences were found
between the positive and negative transmembrane po-
tentials.

Determination of changes in the electric potential
at the membrane/aqueous solution interface
upon introduction of the test derivatives
The nonactin ionophore was added to the bathing solu-
tions on both sides of the membrane to a final concen-
tration of 107"—10"% M. Lipid membranes were formed
from DPhPC in 0.1 M KCI, 5 mM HEPES/KOH buffer,
pH 7.4, according to the procedure described above.
Bilayer conductance (G) was determined as the
ratio of the steady-state transmembrane current to
the transmembrane potential, which equaled 50 mV.
Changes in the electric potential at the membrane/
aqueous solution interface caused by the introduction
of the test derivatives (Ap,) were determined as

Gm eA¢d
—2 =exp(—%),
G p( T )

where G’ and G, are the values of the steady-state K*
conductance of the bilayer induced by nonactin before
and after the introduction of the test agent.

The studied compounds LCTA-1975 and LCTA-2701
were added to the cis compartment of the experimen-
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tal chamber from a 1 : 1 dimethyl sulfoxide-to-H,O
solution to a final concentration of 300 and 150 puM,
respectively.

Confocal fluorescence microscopy of liposomes

Giant unilamellar liposomes were formed from POPC
in an electric field using a commercial Nanion vesicle
prep pro setup (Germany) on a pair of glasses coated
with a conductive mixture of indium oxide and tin
oxide with a standard protocol (alternating voltage
with an amplitude of 3 V, 10 Hz frequency, 1 h, 25°C)
according to [9].

The resulting suspension of liposomes was divided
into aliquots. Triindolylmethane derivatives were add-
ed into the experimental samples at a lipid-to-agent
ratio of 10 : 1. Aliquots were equilibrated for 30 min at
room temperature, and 10 pl of the obtained liposome
suspension was placed between the slide and cover
glasses. Liposomes were observed in transmitted light
on an Olympus FV3000 confocal microscope (Germa-
ny). Independent experiments (3 to 5) were carried out,
and the average liposome diameter was determined for
each of the experimental systems (mean = SE).

Differential scanning microcalorimetry of liposomes

Giant unilamellar liposomes were formed from DPPC
in an electric field as described above. The resulting
liposome suspension was adjusted to 800 pl with a
buffer solution (5 mM HEPES, pH 7.4). The final lipid
concentration was 5 mM. LCTA-1975 and LCTA-2701
were introduced into the experimental samples at a
lipid-to-agent ratio of 10 : 1 or 5 : 1. The control sam-
ples remained unmodified. Thermograms of liposome
suspensions were obtained using a uDSC7 differential
scanning microcalorimeter (Setaram, France). The re-
quired amount of suspension was placed in a cell and
heated at a constant rate of 0.2 K/min; an equivalent
volume of the buffer solution was placed in the second
cell. The reproducibility of the temperature depend-
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Fig. 2. Current fluctuations corresponding to the opening and closing of individual pores induced by LCTA-2701 in the
planar lipid bilayer at antibiotic concentrations of 10 (A), 70 (B), and 100 (C) pM. Membranes were formed from the
DOPS:DOPE (50 : 50 mol%) (A), DPhPC (B) and POPC (C) and bathed in 0.1 M KCI, 5 mM HEPES, pH 7.4. The trans-

membrane voltage was equal to 100 mV

ence of the heat capacity was achieved by reheating
the sample immediately after cooling. Thermogram
peaks were characterized by the temperatures of the
pre-transition (Tp) and the main transition (T ), and
the width at half-maximum of the main peak (Tl/z),
which characterizes the cooperativity of the transition
of DPPC from gel phase to liquid phase, as well as the
change in the enthalpy of the main phase transition
(AH).

RESULTS AND DISCUSSION

The membrane activity of the synthetic homologs of
turbomycin A, namely LCTA-1975 and LCTA-2701,
has been studied. Table 1 presents the characteristics
of the action of the tested agents on lipid bilayers. In-
troduction of LCTA-1975 to membranes made from an
equimolar mixture of DOPS and DOPE to a final con-
centration of 15 uM does not cause any noticeable fluc-
tuations in the transmembrane current. An increase in
the agent concentration disturbs the bilayer, with its
subsequent breakdown. Addition of LCTA-2701 to a
concentration of 8 uM does not affect the ionic perme-
ability of negatively charged membranes. Introduction
of LCTA-2701 to a concentration of 8—25 uM into the
cis compartment solution increases the membrane
conductance through the formation of ion-perme-
able pores. Figure 2A shows examples of recordings
of step-like current fluctuations for DOPS : DOPE
(50 : 50 mol%) membranes in the presence of LCTA-
2701. It can be seen from Fig. 2A that the pores have
differing conductance. Pore conductance varies from
5to 100 pS, and their lifetime ranges from 0.1 to 5s. A
further increase in LCTA-2701 concentration results in
the disintegration of the lipid bilayer.

Unlike for negatively charged membranes, includ-
ing DOPS, the tested agents exert a detergent effect
with respect to the bilayers composed of neutral lipids,
DPhPC or POPC, at concentrations higher by an order
of magnitude (Table 1). An increase in the concentra-

tions of LCTA-1975 and LCTA-2701 to 200 and 130 uM,
respectively, disturbs the stability of uncharged mem-
branes and causes their breakdown. LCTA-2701
at a concentration of 30—130 uM also demonstrates
pore-forming ability. Recordings of current fluctua-
tions corresponding to the opening and closing of the
transmembrane pores induced by this substance in the
DPhPC or POPC bilayer are shown in Fig. 2B,C.

The obtained results allow us to conclude that the
test compounds act differently on the model lipid mem-
branes: both agents exhibit detergent activity, while
LCTA-2701 is also capable of inducing transmembrane
pores. It should be noted that the type of membrane
activity for these substances does not depend on the
membrane composition. The threshold concentration
at which the destructive effect of the tested agents is
manifested is determined by the surface charge of the
bilayer. A possible explanation for this may be the posi-
tive charge of the tested compounds, which contributes
to their sorption on the negatively charged membranes
composed of DOPS and DOPE. In addition, the mem-
brane activity of the tested derivatives is virtually
independent of the shape of the membrane-forming
lipids. The effect of the tested substances on the mem-
branes of cone-shaped DPhPC and cylindrical POPC
molecules [10, 11] manifests itself at similar concen-
trations. The threshold concentration that causes an
increase in the ionic permeability of the lipid bilayer
also depends on the type of agent. LCTA-2701 is more
effective than LCTA-1975 with respect to both nega-
tively charged and neutral membranes.

The planar lipid bilayers formed from DPhPC ex-
hibit the highest electrical stability in the absence of
any modifiers. The threshold value of the transmem-
brane voltage (Vbd) that causes a disruption of DPhPC
membranes is 450 = 30 mV. Introduction of LCTA-1975
or LCTA-2701 to a concentration of 100 uM leads to
a drop in Vbd to 310 = 30 mV and 370 + 30 mV, re-
spectively. This indicates that the electrical stability

VOL. 11 Ne 3 (42) 2019 | ACTA NATURAE |41



RESEARCH ARTICLES

A B

100 - 100
’_g\ —~

s 75 0 75
X X

> 50 ¥ 50
. N
=) -

x 25 © 254
o* x
Q

0 O oo

Fig. 3. The ther-
mograms of DPPC
melting in the ab-
sence (control, black
line) and presence of
LCTA-1975 (A) and
LCTA-2701 (B). The
lipid : antibiotic ratio
was equal to 10 : 1
(red lines) and 5 : 1
(blue lines)

of the membrane decreases in the presence of these
substances. The results suggest that the tested agents
exhibit a disordering effect on the lipids in the bilayer.

The proposed assumption is independently con-
firmed by the results of a study focused on the effect
of alkaloids on the membrane activity of LCTA-1975 or
LCTA-2701. Comprehensive studies using such meth-
ods as differential scanning microcalorimetry, X-ray
diffraction, fluorescence probe spectroscopy, and
NMR demonstrated the significant effect of capsaicin,
an alkaloid from chili pepper, on the phase transitions
of membrane lipids [12, 13]. Capsaicin significantly
reduces the melting temperature and cooperativity
of dimyristoylphosphatidylcholine [14] and dipalmi-
toylphosphocholine [12]. Significant deconvolution of
the peak corresponding to the main phase transition
is observed in the thermogram at relatively high con-
centrations of the alkaloid, which is an indication that
several mixed alkaloid—lipid phases coexist. Moreover,
capsaicin enhances the ability of phosphoethanolamine
to form non-lamellar inverted hexagonal phases. Cap-
saicin adsorption is believed to increase the negative
spontaneous curvature of lipid monolayers [12, 15]. In
palmitoyl—oleoyl—phosphocholine membranes, capsa-
icin is located between the lipid—water interphase and
the plane of the double bond of the unsaturated acyl
lipid chain [13]. A decrease in membrane stiffness in the
presence of capsaicin was found to be responsible for
the modulation of ion currents induced by the antibiot-
ic gramicidin A [16, 17]. According to the reported data
on the disordering effect of capsaicin, one can expect
that the tested compounds would exhibit an enhanced
detergent action in its presence. Indeed, the introduc-
tion of 0.4 mM capsaicin into the solutions bathing the
DOPS : DOPE (50 : 50 mol%) membranes modified by
LCTA-1975 or LCTA-2701 reduces the concentrations
of the substances by 20—30%, thus causing a destabili-
zation of the bilayer.

42| ACTANATURAE| VOL.11 Ne 3 (42) 2019

Table 2. Thermodynamic characteristics of DPPC lipos-
omes in the absence and presence of triindolylmethane
derivatives

. Lipid :
Experimental agent Peak T c|T C AH,
system . No. | 'm 172 kcal/mol
ratio

Control - 1 41.2 0.6 13.3

1 41.0

2 38.7
10:1 0.9 12.3

3 35.8

4 33.7

LCTA-1975

1 41.0

2 37.8
5:1 0.9 11.2

3 35.5

4 344

1 41.1
10:1 2.4 10.6

2 39.1

LCTA-2701 1 41.2
5:1 2 39.1 1.8 9.6

3 37.6

Note. T_is the temperature at the local maximum of heat
capacity; T, ,is the width at half -maximum of the main
peak; AH is the enthalpy change of the main phase transi-
tion.

Interaction of another plant alkaloid, caffeine, with
water molecules bound to neighboring lipids leads to a
local increase in hydration and membrane thickness,
while reducing its fluidity [18]. These results are con-
sistent with calorimetry and molecular dynamics data
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according to which caffeine significantly compensates
for the uncoupling effect of the local anesthetic tet-
racaine [19]. The effect is absent in the case of LCTA-
1975 and LCTA-2701. The non-specific interaction of
caffeine with DOPS : DOPE (50 : 50 mol%) bilayers has
almost no effect on the membrane activity of the tested
substances. The inability of caffeine to compensate for
the uncoupling effect of LCTA-1975 or LCTA-2701
may indicate a significant difference between the lo-
calization of these substances and caffeine in the mem-
brane. According to [18, 20], xanthine molecules are
located at the boundary between the regions of lipid
“heads” and “tails.” LCTA molecules are more likely
to be able to immerse in the hydrophobic region of the
membrane due to their alkyl substituents, which re-
sults in an increase in the lateral pressure in this region
and its expansion. The proximity of the location of the
tested antibacterial agents and capsaicin in the mem-
brane may explain the synergism of their disordering
effect.

Figure 3 presents the thermograms for the DPPC
liposomes in the absence (control, black lines) and in the
presence of LCTA-1975 or LCTA-2701 in the suspen-

Fig. 4. Decon-
volution analysis
of the main
transition peak
of DPPC in the
presence of
LCTA-1975 (A,
B) and LCTA-
2701 (C, D).
The lipid : anti-
biotic ratio was
equalto 10 : 1
(A, C)and 5: 1

30 (B, D). Peak pa-
rameters are
presented in

Table 2

sion at the lipid-to-agent molar ratio of 10 : 1 (red lines)
and 5 : 1 (blue lines). In the absence of LCTA deriva-
tives, the pre-transition temperature T is 32.6°C; the
temperature of the main phase transition T'_ is 41.2°C;
and the width at half-maximum of the main peak T, ,,
which characterizes the cooperativity of the transition
of DPPC from gel phase to liquid phase, does not ex-
ceed 0.6°C. Both tested agents significantly affect the
DPPC melting process. In both cases, pre-transition
is eliminated. Table 2 presents the T and T, values
for the lipid-to-agent ratio used in this study. Decon-
volution of the peak corresponding to the main phase
transition of DPPC should be noted, since its degree
depends on the lipid-to-agent ratio observed in the
presence of the tested compounds (Fig. 3). Figure 4
shows the result of deconvolution of the peak corre-
sponding to the main phase transition of DPPC into
separate components in the presence of the tested
agents. The presence of several peaks indicates the co-
existence of different phases. The number 1 peak in the
thermograms (Fig. 4A—D) can be associated with the
melting of pure DPPC, while the two remaining peaks
are associated with the presence of different phases,
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including both DPPC and LCTA (peak 2 and(or) 3 in
Fig. 4A—D). The drop in the temperature and coop-
erativity of DPPC transition in the presence of test
substances can be associated with their immersion in
the hydrophobic region of the bilayer, resulting in an
increase in the area per lipid molecule and, consequent-
ly, an increase in the mobility of the lipid acyl tails. The
obtained results also demonstrate that an increase in
the LCTA-1975 and LCTA-2701 concentrations leads
to a decrease in the change of the main phase transition
enthalpy (AH): an approximately 10% decrease in AH is
observed with a 2-fold increase in concentration. A de-
crease in AH can be due to the transition of part of the
lipid to the non-lamellar phase [21—-23]. In particular,
the appearance of a pronounced peak at 34°C after the
introduction of LCTA-1975 at all tested concentrations
may indicate a significant change in the distribution of
the lateral pressure in the membrane and appearance
of non-layer lipid formations in the presence of this
agent (peak 4 in Fig. 4A,B).

The effect of antibacterial substances on the bound-
ary potential of the planar lipid bilayers formed of
DOPS : DOPE (50 : 50 mol%) has been also studied.
LCTA-1975 and LCTA-2701 do not affect the steady-
state transmembrane current induced by the com-
plex of nonactin ionophore with the potassium ion
(Ap, =1+ 1 mV). This indicates the invariance of the
distribution of the electric potential at the membrane/
aqueous solution interface during adsorption of the
tested compounds.

POPC vesicles were studied using confocal micros-
copy before and after the introduction of LCTA deriv-
atives into the suspension. The addition of LCTA-1975
or LCTA-2701 to POPC liposomes at a lipid-to-agent

ratio of 10 : 1 does not change the spherical shape of
lipid vesicles. The identical average liposome diame-
ter before (15 = 6 um) and after (15 = 7 um) addition
indicates that the tested agents do not cause fusion or
division of the lipid vesicles.

CONCLUSION

It has been established that the tested compounds act
differently on model lipid membranes: LCTA-1975
demonstrates detergent properties, while LCTA-2701,
in addition to its detergent activity, is also capable
of inducing pores in phospholipid membranes. The
differences in their mechanisms of action are due to
their structural features: all three substituents at the
nitrogen atoms of the indole rings in LCTA-1975 are
identical and present n-alkyl (pentyl) groups, while
LCTA-2701 contains, along with the two alkyl sub-
stituents (n-propyl), a maleimide group. The obtained
results might be relevant to our understanding of the
mechanism of action of new antibacterial agents, ex-
plaining the difference in the selectivity of their action
on microorganisms and their cytotoxicity to human
cells. Model lipid membranes should be used in further
studies on the trends in the modification and improve-
ment of the structures of new antibacterial agents. ®
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ABSTRACT The development of a specific inflammation in mice that had been infected by two influenza virus
strains, A/chicken/Kurgan/5/2005 (H5N1) and A/Hamburg /2009 MA (H1N1), was studied. We investigated
the effect of a non-toxic lipopolysaccharide from Rhodobacter capsulatus PG on the survival and body weight of
the mice, production of IgG antibodies, and the induction of pro- and anti-inflammatory cytokines in blood se-
rum. The administration of the R. capsulatus PG lipopolysaccharide was shown to induce interferon-f§ synthesis,
both in healthy and influenza A virus-infected mice, and to promote production of antiviral antibodies in the
blood of the influenza-infected animals.

KEYWORDS influenza virus, H5N1, HIN1, Rhodobacter capsulatus PG lipopolysaccharide, mice, antiviral anti-
bodies, cytokines.

ABBREVIATIONS DAMP — damage-associated molecular pattern; HA — hemagglutinin; HMGB1 — high mobility
group box 1 protein/amphoterin; IFN — interferon; Ig — immunoglobulin; IL — interleukin; MD-2 — myeloid
differentiation protein 2; MDCK cells — Madin-Darby canine kidney cells; MyD88 — myeloid differentiation
protein 88; NP — nucleoprotein; PA, PB1 — polymerase complex proteins; TLR — Toll-like receptor; TNF — tumor
necrosis factor; TRAF6 — TNF receptor-associated factor 6; ELISA — enzyme-linked immunosorbent assay;
LPS —lipopolysaccharide.

INTRODUCTION
Influenza epidemics have, to date, affected millions of
people across the world despite the use of recommend-
ed vaccines, whose effectiveness proves lower than
expected [1, 2]. Influenza A viruses have a high degree
of genomic variation and produce resistant strains that
can be controlled by vaccines or antiviral systemic
medication for some time. The development of safe and
effective vaccines remains an important public health
goal.

The interaction of viral components with various
receptors activates the intracellular pathways respon-
sible for the secretion of type I IFN, pro-inflammatory
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cytokines, and chemokines. The key factors involved in
the recognition of viral ligands are the Toll-like recep-
tors (TLRs) of innate immune cells. TLR2 and TLR4,
situated on the cell surface, recognize viral envelope
glyco/lipoproteins, while intracellular endosomal
TLR3, TLR7, TLRS, and TLRY recognize nucleic acids
[3, 4]. Toll-like receptors can interact with other recep-
tors, thereby stimulating the response of innate im-
mune cells to pathogens, including influenza viruses [4].
TLR4 can be activated by damage-associated molecu-
lar patterns (DAMPs), which are molecular structures
released by virus-infected cells [5]. Different influenza
strains activate cells through various mechanisms,
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which lead to the synthesis of various cytokines and
chemokines [6, 7].

Compound E5564 (Eritoran), a synthetic analogue
of the non-toxic lipid A from Rhodobacter sphaeroides,
when administered in a certain regimen to C57BL/6J
mice, was shown to protect mice from death caused by
the mouse-adapted HIN1 influenza virus [8]. The nu-
clear non-histone high mobility group box 1 (HMGB1)
protein/amphoterin, which is a DAMP, is known to be
released relatively late after the infection onset and is
involved in the development of both gram-negative
sepsis and influenza complications, interacting with
MD-2 and activating TLR4 [5, 9, 10]. TLR4 activation
leads to a cytokine storm with an accentuated release
of pro-inflammatory cytokines, including interferons,
tumor necrosis factors, interleukins, and chemokines
[11]. Pharmacological blockade of TLR4 by Eritoran
can significantly reduce mouse mortality from avian
influenza [8]. A lipopolysaccharide (LPS) from a pho-
totrophic bacterium R. capsulatus PG (Rb.) strain [12],
with a lipid A structure similar to that of lipid A from
R. sphaeroides, is an endotoxin antagonist that inhibits
activation of the synthesis of numerous pro-inflamma-
tory cytokines by human blood cells [13], an indication
of its ability to block TLRA4.

Mice are the main tools used for studying the hu-
man immune system and immune responses. However,
there are significant differences between the innate
and adaptive immune systems of mice and those of
humans, which reside in the blood cell ratio, plasma
composition, surface receptors, the expression levels
of various cytokines and chemokines, etc. [14, 15]. This
should be considered when using mice as human dis-
ease models.

In this paper, we studied the effect of a non-toxic Rb.
LPS on the induction of pro- and anti-inflammatory
cytokines and survival rates of mice infected with vari-
ous influenza A strains. The study aim was to investi-
gate the features of the inflammatory processes caused
by HIN1 and H5N1 influenza viruses.

EXPERIMENTAL
The following ELISA kits were used: mouse TNF alpha
platinum ELISA, mouse IL-6 platinum ELISA, mouse
IL-10 platinum ELISA, and mouse INF gamma plati-
num ELISA (eBioscience, USA), as well as a mouse IFN
beta ELISA kit (PBL Assay Science, USA).

The Rb. LPS was produced in a laboratory of the
Institute of Basic Biological Problems, according to the
procedure described previously [16].

Viruses
We used the following influenza A virus strains:
chicken/Kurgan/5/2005 (H5N1) and mouse-adapted

Hamburg/2009 MA (H1N1). Viruses were cultured in
chicken embryos. The virus median tissue culture in-
fectious dose (TCID, ) was determined by titration in a
Madin-Darby canine kidney (MDCK) cell culture. The
median lethal dose (LD, ) was determined by titration
in mice. Experiments with the highly pathogenic A/
chicken/Kurgan/5/2005 virus were performed in box-
es with the BSL-3 safety level.

Mice

We used 10—14 g Balb/c mice, 36—38 days of age,
regardless of gender. The animals originated in the
nursery of the Scientific Center for Biomedical Tech-
nology of the Federal Medical and Biological Agency.
All manipulations with the animals were performed
according to the Rules of Laboratory Practice in the
Russian Federation [17], in compliance with biological
ethics in experiments on laboratory animals.

Experimental influenza infection in mice

infected with the influenza virus strain H5N1

Mice were divided into six groups depending on the re-
ceived drugs. Each group included at least 12 animals.
The animals in the five groups were infected, under
light ether anesthesia, intranasally (50 pL each) with
the highly pathogenic avian influenza virus H5N1 at
doses of 10 to 10° TCID,, per mouse, which amounted
to 107! to 10° LD, . The sixth control group remained
uninfected. After 24 h, all groups were divided in half.
One half of the animals was injected intraperitoneally
with 500 pL/mouse of saline daily for the following 4
days, and the other half was injected with the Rb. LPS
at a dose of 400 ug/500 pL/mouse. Mice not injected
with any agents were the controls. The experimental
design is shown in Fig. 1. Blood was sampled from the
animals that survived by the end of the experiment
(day 14), after euthanasia in a CO, chamber; blood cells
were precipitated; and the resulting serum was frozen
at —20°C until the H5N1 influenza virus antibody titer
in the serum was determined by ELISA.

Experimental influenza infection in mice infected
with the mouse adapted influenza virus strain HIN1
The mice-adapted pandemic virus HIN1 used in the
study was passed serially 20 times in a mouse lungs and
differed from the parent A/Hamburg/2009 (HIN1)
strain by a deletion in neuraminidase (NA) and muta-
tions in the HA, NP, PA | and PBI1 proteins (Table). The
HIN1 influenza virus is 10°—fold more pathogenic for
mice compared to the initial parent strain.

The mice were divided into three groups depending
on the received drugs. Each group included at least 12
animals. Two groups of mice were infected, under mild
ether anesthesia, intranasally (50 uL each) with the
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Day 0: intranasal infec-
tion (50 pL) with the
H5N1 virus in different
dilutions (from 10 to

10-14 g Balb /¢ mice, 36—38
days of age, regardless of gender

10° TCID, ) under ether
anesthesia
Day 14
| 1 1 I 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Intraperitoneal injec-
tion of the LPS from
R. capsulatus PG
(400 pg /500 L) or
saline (500 pL) daily

Fig. 1. Design of the experiment on the infection of mice with the A /chicken /Kurgan /5 /2005 (H5N1) influenza virus
strain

Day 0: infranasal infection 10—14 g Balb /c mice, 36—38 days
(50 pL) with the H1N1 of age, regardless of gender
virus in dilutions 10 and
300 TCID,, under ether
anesthesia
Day 12
1 | 1 I I 1 | 1 I | I | 1
0 1 2 3 4 5 ® 7 3 9 10 11 12

Intraperitoneal injec-
tion of the LPS from
R. capsulatus PG
(400 pg /500 pL) or
saline (500 pL) daily

Fig. 2. Design of the experiment on the infection of mice with the A /Hamburg /2009 MA (H1N1) influenza virus strain

Substitutions in the A /Hamburg /2009 virus during adaptation to mice

Viral protein, amino acid sequence
Viral strain NA HA NP PA PB1
56—67 158 224 225 289 92 317
Hamburg/2009 G R D H N M
Hamburg/2009 MA | Del 56-67 E K G Y S v
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mouse-adapted HIN1 influenza virus at doses of 10 and
300 TCID,, per mouse. The control group included un-
infected mice. Two days after infection, all groups were
divided in half. One half of the animals was injected
intraperitoneally with 500 pL,/mouse of saline daily for
the following 4 days, and the other half was injected
with the Rb. LPS at a dose of 400 ug/500 pL/mouse.
Mice not injected with any agents were the controls.
The experimental design is shown in Fig. 2. Five hours
after administration of the Rb. LPS, blood was sampled
in three mice from each group, after euthanasia in a
CO, chamber, on days 3, 4, and 5. The blood was cen-
trifuged, and the resulting serum was frozen at —20 °C
until the cytokine levels were determined by ELISA.
Blood was sampled from the animals that had survived
by the end of the experiment (day 14), after euthanasia
in a CO, chamber; blood cells were precipitated, and
the resulting serum was frozen at —20 °C until the se-
rum levels of the H1N1 influenza virus IgG1 and IgG2a
antibodies were determined by ELISA.

Determining Cytokine Levels

Levels of TNF-a, IL-6, IL-10, IFN-y, and IFN-f cy-
tokines in the blood serum of mice infected with the
HINI1 influenza virus were determined using ELISA
kits according to the manufacturer’s recommended
procedure. The optical density of the samples was
measured using a STAT FAX 3200 immunoassay ana-
lyzer (Awareness, USA) at a wavelength of 450 nm.

Determining influenza virus antibody levels

To determine the levels of antibodies to hemagglutinin
(HA) of the H5N1 and H1N1 influenza viruses in the
serum of the mice, allantoic fluid containing 64 HA
units of one of the viruses was added to a plate sen-
sitized with fetuin, kept at 40°C overnight, washed
with phosphate-buffered saline (PBS) pH 7.4 with 0.1%
Tween-20, and blocked with buffer A (0.1% Tween-20,
0.2% BSA in PBS) for 1 h. To determine the IgG1 and
IgG2a antibodies, each serum sample was titrated on
two different plates. The blocking solution was re-
moved, and wells were added with 100 pL of the serum
from H5N1-infected mice at 1 : 40 to 1 : 2,560 dilutions
or from HIN1-infected mice at 1 : 50 to 1 : 3,200 di-
lutions in buffer A. Plates were incubated at 40°C for
4 h, washed with PBS, added with horseradish perox-
idase-labeled rabbit antibodies against mouse immu-
noglobulins (Sigma, USA) or against mouse IgG1 or
IgG2a, and incubated at 40°C for 2 h. Then, the plates
were washed with PBS and stained with ortho-phe-
nylenediamine. The optical density of the samples was
measured using an AIFR-01 Uniplan immunoassay
analyzer (Picon, Russia) at a wavelength of 492 nm.
Control wells without viral particles were used to ex-

clude nonspecific binding. The antibody level in the
samples was expressed as serum dilution enabling a
signal exceeding twice the background value.

Statistical analysis

Microsoft Office Excel 2010 (AtteStat plugin) and Orig-
inPro 7.5 were used for statistical analysis and graph-
ical presentation of our data. Statistically significant
differences between the results were evaluated using
a nonparametric Mann—Whitney U-test. Differences
were considered significant at a significance level p <
0.05.

RESULTS AND DISCUSSION
The condition of the experimental animals was evalu-
ated based on survival and body weight changes. The
administration of the Rb. LPS into the control mice, as
well as infection with a minimum dose of 10 TCID,, of
the H5N1 virus, regardless of Rb. LPS administration,
did not affect the survival rates of the animals up to
the end of the experiment (day 14) (Fig. 3). Deaths of
animals in the groups infected with doses of 10%/10°
and 10*/10°TCID,, of the H5N1 virus began on days 8
and 6 after infection, respectively. All mice that had
received 10% 10% and 10° TCID, of the influenza virus
died by day 10 after the infection, regardless of Rb.
LPS administration. Additional administration of the
Rb. LPS to mice infected with the influenza virus at
a dose of 10> TCID, increased their mortality (Fig. 3).
The curves of weight changes revealed that introduc-
tion of the Rb. LPS into healthy animals did not affect
their condition and weight (Fig. 4). Mice infected with
10—-10* TCID, of the virus continued to gain weight
throughout the experiment. Infection with doses of
10°~10° TCID,  significantly affected the condition of
the animals, causing significant inflammation and rapid
weight loss. Additional administration of the Rb. LPS to
infected animals led to even greater weight loss (Fig. 4).
The administration of the Rb. LPS to the control
mice and infection with a dose of 10 TCID,  of the HIN1
influenza virus, followed by the administration of the
Rb. LPS, did not affect the survival rate of the animals
until the end of the experiment (day 12). In the group
of mice infected with the influenza virus at a dose of
300 TCID,,, 14% of the mice survived until the end of
the experiment; additional administration of the Rb.
LPS increased mortality in mice (Fig. 5). An analysis of
weight change curves showed that the administration
of the Rb. LPS to healthy mice did not affect the condi-
tion and weight of the control animals. Mice infected
with 10 TCID,; of the HIN1 virus showed no signs of
disease and began rapidly gaining weight on the 3rd
day after infection, until the end of the experiment
(day 12). Additional administration of the Rb. LPS to
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the animals infected with the virus at this dose led to
a decrease in the animals’ weight after day 7 of the
experiment. Virus infection (300 TCID, ) markedly af-
fected the condition of the mice, causing significant
inflammation and weight loss. The administration of
the Rb. LPS to infected mice worsened the condition
of the animals and led to additional weight loss (Fig. 6).

Survival and weight changes in the animals infected
with the H5N1 or HIN1 influenza virus revealed the
absence of a protective effect on the part of the Rb.
LPS on mice against a lethal infection (Fig. 3—6). Daily
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Fig. 3. Survival of
mice in response

to the administra-
tion of the Rb. LPS,
A /chicken /Kur-
gan/5 /2005 (H5N1)
influenza virus, and
both factors simulta-
neously

Fig. 4. Weight
changes in mice in
response to the
administration of the
Rb. LPS, A /chick-
en/Kurgan/5 /2005
(H5N1) influenza vi-
rus, and both factors
simultaneously

(for 5 days) intravenous administration of Eritoran
starting 2 days after infection was shown to protect
mice from the A/PR/8/34 (H1N1) influenza virus. Pro-
tection from DAMPs released from influenza infected
and destroyed cells that occurred through the TLR4-
dependent mechanism [18]. The virus type determines
the response mechanisms of innate immunity to infec-
tion. The signaling pathways in an infection caused by
different H5N1 and HIN1 virus strains differ and de-
termine the survival rate and pathology of the inflam-
mation [7]. Obviously, the infection in our experiments
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develops through molecular mechanisms other than
cell activation through the TLR4 pathway. Probably,
the administration regiment and Rb. LPS concentration
used in our experiments were ineffective in protecting
against these viral strains.

Signs of viral infection include an increased induc-
tion of pro-inflammatory cytokines and chemokines,
such as TNF-q, IL-1, IL-6, IL-8 [19], as well as IFN-[3
and IFN-v, which have antiviral effects [20, 21].

The administration of the Rb. LPS to mice caused
a 1.5-fold increase in the TNF-a level in blood serum
compared to that in the control mice by day 3, which

remained at about the same level until day 5 of the ex-
periment. It should be noted that the serum TNF-a lev-
el in the control mice was quite high (74.7 = 8.7 pg/mL),
indicating a sensitized state of the animals. Production
of TNF-a in the blood of the influenza-infected mice
depended on the virus dose and showed positive dy-
namics during the experiment. The administration of
the Rb. LPS to infected mice enhanced TNF-a produc-
tion in their blood (Fig. 7A).

The dynamics of IL-6 synthesis in all experiment
variants was similar. The IL-6 level increased signifi-
cantly (1000- to 2000-fold) by day 4 of the experiment.
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IL-6 production in the infected mice depended on the
virus dose. The IL-6 level in response to the introduc-
tion of the Rb. LPS was comparable to that in the
influenza-infected mice. The administration of the Rb.
LPS to infected mice slightly increased IL-6 production
by day b5 of the experiment (Fig. 7B).
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A—-TNF-a, B—IL-6, C—IL-10, D = IFN-y, E — IFN-f

These findings demonstrate that a viral infection
causes a dose-dependent induction of the synthesis of
the pro-inflammatory cytokines TNF-a and IL-6, with
the induction increasing with time. These cytokines are
produced mainly by monocytes and macrophages in re-
sponse to both bacteria and viruses, using independent
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signaling pathways involving different surface and
intracellular receptors but the same adapter proteins
and transcription factors. The data on the induction of
TNF-o and IL-6 synthesis show that the administration
of the Rb. LPS to influenza-infected mice enhanced the
pro-inflammatory response of their immune cells (Fig.
7A, B). This worsened the condition of the animals, as
evidenced by the data on the survival rate and weight
changes (Fig. 5, 6).

The administration of the Rb. LPS into mice caused
an increase in the anti-inflammatory IL-10 cytokine
level that exceeded the baseline level 3-fold by day
5. The influenza virus, regardless of the dose, had no
effect on the production of the anti-inflammatory
IL-10 cytokine. The administration of the Rb. LPS
into infected mice, regardless of the virus dose, had
almost no bearing on the induction of IL-10 synthesis
compared to the administration of the Rb. LPS alone
(Fig. 7C). The immunoregulatory cytokine IL-10 is a
key component of the system that regulates excessive

Antibody titer, relative units

3000—_
2500—_ .
2000—-
1500—-
1000—_ [
J
m——— ;
10TCID,; 10 TCID,,+ 100 TCID,, 100 TCID,; +

Rb. LPS Rb. LPS

Fig. 8. Effects of the Rb. LPS on the levels of antibodies to
the A /chicken /Kurgan /5 /2005 (H5N1) influenza virus in
the serum of mice survived by day 14 of the experiment.
A — virus dose of 10 TCID,; B — virus dose of 10° TCID_;
C — antibody titer in relative units. ***p < 0.001

immune responses by suppressing the expression of
pro-inflammatory cytokines such as TNF-a, IL-6, and
IL-1[22, 23]. Levels of IL-10 production in response to
LPS are significantly higher than those in a viral infec-
tion [24, 25]. The obtained results indicate an increase in
the IL-10 level in response to the administration of the
Rb. LPS into both healthy and influenza-infected mice.
This may indicate that the Rb. LPS promotes enhanced
anti-inflammatory responses by cells (Fig. 7C).

These findings indicate a lack of IFN-y production in
response to the administration of the Rb. LPS to mice.
The influenza virus increases the blood IFN-v level in
mice in a dose-dependent manner. Furthermore, ad-
ditional administration of the Rb. LPS to mice infected
with the HIN1 influenza virus reduced IFN-y produc-
tion in their blood (Fig. 7D).

Having no effect on the production of IFN-vy, the Rb.
LPS caused a 4-fold increase in the IFN-f production
compared to the control level by day 4 of the experi-
ment. On day 5, the IFN-f level had decreased to its
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baseline value. In response to a HIN1 virus infection
at a dose of 10 TCID, , the IFN-f level increased 3-fold
by day 5 of the experiment. The influenza virus at a
dose of 300 TCID, significantly increased the induc-
tion of IFN-f (16-fold), compared to the baseline value
by day 4. The administration of the Rb. LPS to mice
infected with 10 TCID, and 300 TCID,  of the influenza
virus enhanced or decreased, respectively, the cytokine
level, compared to that in mice infected with the influ-
enza virus alone (Fig. 7E).

These results demonstrated that the levels of IFN-y
and IFN-f synthesized in response to the used Rb. LPS
administration schedule were insufficient for an effec-
tive antiviral protection against the virus strains under
study.

IFN-B, a component of the influenza vaccine, acts as
a powerful adjuvant and helps induce the synthesis of
IgG2a and IgA, providing protection against infection.
Production of IgG2a antibodies, which is characteristic
of the response to a viral infection, has a protective and
neutralizing effect against influenza viruses. Expres-
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serum of mice survived by day 12 of the experiment.
C — titer of IgG antibodies in relative units. *p < 0.05

sion of type I IFN and generation of IgG2a antibodies
in a viral infection are interrelated events of biological
significance for subsequent protective immunity [26].

The action of existing vaccines against an influenza
virus infection is based mainly on the induction of neu-
tralizing antibody synthesis in response to viral HA [27].
Determination of the level of H5N1 virus HA antibodies
in mouse serum revealed that the higher the infective
virus dose, the higher the titer of serum antibodies in
the infected animals. Additional administration of the
Rb. LPS to H5N1-infected mice resulted in a significant
increase in the antibody titer (p < 0.001) in blood serum
(Fig. 8).

Determination of IgG1 and IgG2a antibody levels
in response to the HIN1 virus infection showed that
IgG2a titers were significantly higher than the IgG1l
titers in all the groups of animals. Introduction of the
Rb. LPS statistically significantly increased the serum
IgG2a level compared to influenza-infected mice with-
out additional administration of the Rb. LPS (p < 0.05)
(Fig. 9).
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The innate immune response is crucial in the fight
against viruses and plays a key role in the induction
and regulation of adaptive immune responses. For this
reason, TLR ligands are considered as potential adju-
vants for inclusion in vaccines. Simultaneous delivery
of a TLR ligand and an antigen of interest is believed to
be more effective than vaccination with a mixture of an
adjuvant and an antigen [28, 29].

Our findings demonstrate that the administration
of the Rb. LPS to mice promotes IFN-f3 production
(Fig. 7E) or controls the blood IFN-f3 level in mice in-
fected with various doses of the influenza virus. IFN-f3
promotes antibody production by acquired immunity
cells [26]. Our findings also demonstrate that additional

administration of the Rb. LPS leads to the production
of antibodies in the blood of animals infected with the
influenza A virus (Fig. 8, 9).

CONCLUSION

Our study has demonstrated that the nontoxic natu-
ral Rb. LPS promotes the production of the immuno-
modulatory cytokine IFN-f3 both in healthy mice and
in animals infected with influenza A /chicken/Kur-
gan/5/2005 (H5N1) and A/Hamburg/2009 MA (HIN1)
strains and also promotes the production of antibodies
to the HA of these strains in the blood of infected ani-
mals. @
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ABSTRACT The human immunodeficiency virus (HIV-1) poses a serious risk to global public health. The develop-
ment of a safe and effective vaccine could stop the HIV /AIDS pandemic. Much of the research focused on HIV-1
prevention through vaccination is aimed at developing immunogens and immunization strategies to induce the
formation of antibodies with neutralizing activity against a broad range of HIV-1 isolates (bNAbs). The objective
of this study was to develop immunogens capable of targeting an immune response to MPER, one of the regions
of bNAb binding in Env. Two immunogens carrying MPER fragments on their scaffolds (protein YkuJ Bacillus
subtilis and artificial polypeptide TBI) were constructed. Circular dichroism spectroscopy was used to show
that the secondary structure of the immunogens was consistent with their theoretical models. The antigenic
structure of the MPER-TBI and YkuJ-MPER proteins was characterized using bNAbs that recognize HIV-1
MPER (2F5,4E10, and 10E8). The rabbit model made it possible to show the immunogenicity of the constructed
recombinant proteins. The resulting serum was found to be cross-reactive with immunogens carrying MPER.
The constructs designed and characterized in this study can be used for targeting the humoral immune response
to MPER, which is known to be one of the sites of HIV-1 vulnerability.

KEYWORDS HIV-1, neutralizing antibody epitopes, recombinant immunogens, bNAbs, MPER.

ABBREVIATIONS HIV-1 — human immunodeficiency virus type 1; bNAbs — broadly neutralizing antibodies;
BSA — bovine serum albumin; MPER — membrane-proximal external region; mAb — monoclonal antibody;
PBS — phosphate buffered saline.

INTRODUCTION the development of immunogens capable of inducing

A safe and effective anti-HIV-1 vaccine is needed to
stop the HIV/AIDS pandemic [1, 2]. The discovery of
antibodies that exhibit neutralizing activity against
a broad range of HIV-1 isolates (broadly neutralizing
antibodies, bNAbs) has created hope that such a type
of vaccine would be created [3, 4]. It has been found
that passive administration of isolated bNAbs or their
combination can completely protect animal models
against the HIV infection [5, 6]. Although bNAbs ap-
pear in the body during the natural course of the HIV
infection, inducing the production of these antibodies
through vaccination is quite challenging and still needs
a solution [7]. There currently are several trends in
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the production of bNAbs [4, 8, 9]. One such trends is to
insert conserved HIV-1 regions (sites of HIV-1 vulner-
ability), the targets of broadly neutralizing antibodies,
into scaffold proteins [10, 11].

The membrane-proximal external region (MPER)
of gp41, which plays a key role in the fusion between
the viral and cellular membranes, is one of the sites
of HIV-1 vulnerability [12]. There exist a number of
bNADs targeted at this epitope: 2F5, 4E10, Z13, Z13el,
m66.6, CH12, 10E8 and DH511.2 [13, 14].

A series of attempts were previously made to de-
velop immunogens that can induce the production of
bNADs that target MPER [15]. However, only a few
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of these immunogens proved capable of inducing the
production of neutralizing antibodies (characterized
by a low effectiveness and limited neutralization
breadth) [16, 17]. There can be various reasons for that
outcome, including the autoreactivity of anti-MPER
antibodies [18], the changes in the conformation of
the MPER domain as the virus penetrates the cell [14],
and the complexation between the lipid membrane
and anti-MPER antibodies [19]. Furthermore, the high
hydrophobicity of MPER [20] and the steric hindrance
imposed by the gpl120 fragment [21] make it weakly
immunogenic.

This study aimed at developing and characterizing
recombinant immunogens, YkuJ-MPER and MPER-
TBI, capable of targeting the immune response at
MPER, the site of HIV-1 vulnerability.

EXPERIMENTAL

Monoclonal antibodies, bacterial strains, and enzymes
MAbs 4E10 (No.10091), 10E8 (No. 12294), and 2F5 (No.
1475) were provided by the NIH AIDS Research and
Reference Reagent Program (USA). The Escherichia
coli BL21(DE3) pLysS strain (Invitrogen) was provid-
ed by the Department of Microorganism Collections,
State Research Center of Virology and Biotechnol-
ogy “Vector,” Federal Service for the Surveillance
of Consumer Rights Protection and Human Welfare
(Koltsovo, Russia). The restriction endonucleases
Xbal, FauNDI, Sfr2741, EcoRI, Zsp2I, Kpnl, and T4
DNA ligase were purchased from SibEnzyme (Novo-
sibirsk, Russia).

Constructing the gene encoding the

chimeric protein YkuJ-MPER

In order to choose a scaffold protein for YkudJ, we
searched through the Structural Classification of
Proteins (SCOP) database. The amino acid sequence
homology between YkuJ and human proteins was
analyzed using the UniProt database and the BLAST
software in order to estimate the likelihood of an au-
toimmune response. When designing the chimeric pro-
tein YkuJ-MPER, the N- and C-termini of the selected
scaffold protein were substituted for HIV-1 MPER
fragments.

The gene encoding the chimeric protein YkuJ—
MPER was synthesized by Evrogen (Moscow, Russia)
and cloned into the pET21a plasmid vector (Novagen)
at the restriction sites FauNDI and Sfr2741.

Constructing the gene encoding

MPER-TBI polypeptide

MPER-TBI immunogen was constructed by substi-
tuting the C- and N-terminal domains of TBI tag

polypeptide [22] for the fragments corresponding to
MPER in YkuJ-MPER. The resulting oligonucleotide
duplexes encoding the ELLELDKWASLANWFIITN-
LLWLIK and JALLLDAWASLWNWFDITNWLWYI
sequences and carrying adhesive terminal domains
similar to those formed as a plasmid vector is treated
with the restriction endonucleases EcoRI and Zsp2I,
or Kpnl and Sfr274I, respectively, were synthesized
by Evrogen (Moscow, Russia). The oligonucleotide du-
plexes were cloned at unique sites into pET-TBI tag
recombinant plasmid encoding TBI tag polypeptide.
The first oligonucleotide duplex was cloned at the
EcoRI and Zsp2I sites; the env (255—266) fragment
within TBI tag was substituted. The second oligonu-
cleotide duplex was cloned at the KpnI and Sfr2741I
sites; the fragments gag (351—-361), gag (211-305), and
gag (99—109) of TBI tag polypeptide were substitut-
ed. Hence, the recombinant plasmid pET-MPER-TBI
was obtained. The structures of the target plasmids
pET-YkuJ-MPER and pET-MPER-TBI were con-
firmed by sequencing at the Genomics Core Facility,
Siberian Branch of Russian Academy of Sciences (No-
vosibirsk, Russia).

Building models of interaction between

YkuJ-MPER and the Fab fragments of

the 10ES8, 2F5, and 4E10 antibodies

The models were built using the Modeller and Py-
MOL software. The PyMOL software was used to
combine the structure of YkuJ from PDB (2FFG) and
the structure of MPER fragments from the MPER
complexes with Fab fragments of the antibodies 2F5
(2PR4), 4E10 (2FX8) or 10E8 (4G6F). The result of
this combination was employed as a template for ho-
mology modeling in the Modeller software. Next, the
respective structures of the MPER complexes with
Fab fragments of the antibodies were superposed onto
the resulting models in the PyMOL software in order
to test whether YkuJ-MPER could bind to monoclonal
antibodies.

Production and purification of the recombinant
proteins YkuJ-MPER and MPER-TBI

Bacterial strains producing the proteins YkuJ-MPER
and MPER-TBI were obtained by transformation of
BL21 competent E. coli cells with the pET-YkuJ-MPER
and pET-MPER-TBI plasmids and then cultured ac-
cording to the procedure described in [22]. Chimeric
proteins were purified by metal-chelate affinity chro-
matography on a Ni-NTA column (Qiagen, Germany)
according to the manufacturer’s protocol. Refolding
of the purified proteins was carried out by dialysis
against PBS (four buffer changes with decreasing urea
concentration (6, 4, 2, 1 M)); the final dialysis stage
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was conducted against normal saline. The purification
degree of the target protein was assessed by PAGE
(15%), followed by fixation and staining with Coomassie
G-250. Quantitative assay of the protein content was
performed by spectrophotometric measurements of
the concentration at 280 nm (NanoDrop-2000, Thermo
Fisher Scientific).

Predicting the secondary structure of MPER-TBI
The secondary structure of immunogen MPER-TBI
was predicted using the PSSfinder algorithm (GeneSil-
ico Metaserver) [23].

Circular dichroism spectroscopy

The circular dichroism (CD) spectra of the proteins
YkuJ-MPER and MPER-TBI were recorded in nor-
mal saline at 25°C using a thermostated 1-mm cuvette
on a J-600 spectropolarimeter (JASCO, Japan). All
the spectra were measured at a wavelength range of
195-260 nm, with a step of 1 nm, and they were aver-
aged after three measurements. Sample concentrations
in normal saline were normalized to the same optical
density at A = 214 nm.

In order to determine the percentages of a-helices,
B-sheets, turns, and the disordered structures, we
minimized the difference between the theoretical and
experimental curves. The theoretical curves were cal-
culated as a linear combination of the basis spectra of
various components of the secondary structures taken
from the CCA+ software [24].

Dot blot assay

Dot blot assay was conducted using the SNAP id. sys-
tem (Millipore, USA) according to the previously de-
scribed procedure [22]. The proteins YkuJ-MPER and
MPER-TBI, obtained as a series of two-fold dilutions
(2 pl each; initial concentration, 0.2 mg/ml), were ap-
plied onto a nitrocellulose membrane (Amersham, Aus-
tria). MAbs 4E10, 10E8, and 2F5 (1 : 10,000 dilution in
PBS, 1% BSA) were used as primary antibodies. Rabbit
anti-human IgG secondary antibodies (Sigma, USA)
conjugated to alkaline phosphatase (1 : 5,000 dilution
in PBS, 1% BSA) were used as secondary antibodies.
The immune complex was visualized by adding the
NBT/BCIP stock solution (Sigma, USA).

Collecting and analyzing serum samples

from the animals immunized with the

proteins YkuJ-MPER and MPER-TBI
Four-month-old female chinchilla rabbits (weight,
1.6—2 kg) were used in the experiments. The animals
were housed in individual cages (vivarium of the State
Research Center of Virology and Biotechnology “Vec-
tor,” Federal Service for Surveillance of Consumer

58 | ACTANATURAE| VOL.11 Ne 3 (42) 2019

Rights Protection and Human Welfare), were fed a
standard diet, and had unrestricted access to food and
water. The experiments were approved at a meeting of
the Bioethics Committee of the State Research Center
of Virology and Biotechnology “Vector” (protocol No. 3
dated April 25, 2018) and conducted in compliance with
the ethical principles laid out in EU directives (86/609/
EEC) and the Declaration of Helsinki.

The animals were randomly assigned into two
groups (three rabbits per group). Each animal received
four injections of protein products on days 1, 14, 28,
and 42. At the first immunization, the rabbits were
subcutaneously injected with 500 pg of YkuJ-MPER
or MPER-TBI supplemented with complete Freund’s
adjuvant. At the second immunization, the animals
received 500 pg of the sample supplemented with com-
plete Freund’s adjuvant; at the following immuniza-
tions, they received 800 pg of the sample without the
adjuvant. Blood samples were collected prior to each
immunization and 2 weeks after the last immunization
and used to isolate serum samples.

Enzyme-linked immunosorbent assay

The specific activities of the serum samples from the
rabbits immunized with the proteins YkuJ-MPER
and MPER-TBI were assessed by ELISA according to
the procedure described in [22]. The proteins YkuJ-
MPER and MPER-TBI (5 pg/ml) were sorbed onto the
wells of a 96-well plate (Greiner Bio-One, Germany).
Serum samples were added in a series of five-fold
dilutions. Horseradish peroxidase-conjugated goat
anti-rabbit IgG secondary antibodies (Sigma, USA)
(1:10,000 dilution in PBS) were then added. The plate
was washed, and a TMB substrate solution (Amresco,
USA) was added. The optical density at 450 nm was
measured on an ELISA reader (Model 680 Microplate
reader, Bio-Rad, USA). All the experiments were
conducted in three replicates. When determining the
serum titer, the maximum dilution was the one with
an optical density (OD) twofold higher than the OD
value of the negative control (at the same dilution).
The diagrams were plotted using the GraphPad Prism
6.0 software.

Analyzing the serum samples to detect

antibodies specific to HIV-1 proteins

The analysis was conducted using a New Lav Blot I test
kit (Bio-Rad, France), in compliance with the manufac-
turer’s protocol. Goat anti-rabbit IgG secondary anti-
bodies (1 : 5,000 dilution in PBS) conjugated to alkaline
phosphatase (Sigma, USA) were used as a conjugate
for the rabbit serum samples. The immune complexes
were visualized by adding a NBT /BCIP stock solution
(Sigma, USA).
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Fig. 1. A — The structure of the protein Ykul, PDB ID 2FFG;

B — the model of the chimeric protein YkulJ-MPER. For illus-

trative purposes, the frame of the original protein is shown
in cyan; the MPER regions inserted at the N- and C-termini
are shown in red and brown, respectively; the histidine
tag is shown in gray

RESULTS

Designing proteins carrying HIV-1 MPER

Two scaffold proteins varying in their spatial structures
were used to ensure MPER presentation to the immune
system. The scaffolds are supposed to ensure the con-
formational mobility of MPER, be nontoxic, soluble and
small-sized, and not elicit an autoimmune response.

Having searched through the Structural Classifica-
tion of Proteins (SCOP) database, we chose the scaffold
protein YkuJ from Bacillus subtilis (Fig. 1A). The core
of this protein consists of antiparallel B-strands that
form a rigid scaffold. The terminal regions are helical,
corresponding to the conformation of epitopes in mAbs
4E10 and 10ES8. It is reasonable to expect the protein
YkulJ to be safe, since B. subtilis is pathogenic for nei-
ther animals nor humans. In order to eliminate the pos-
sible autoimmune responses to YkuJ, we searched for
its homologues in the human protein database using
the BLAST software. No significant matches between
the amino acid sequence of this protein and those of the
human proteins were revealed; therefore, it is unlikely
that the protein YkuJ will induce an autoimmune re-
sponse.

When designing the chimeric protein YkuJ-MPER,
the N- and C-termini of the scaffold protein were sub-
stituted for fragments of the consensus sequence of
subtype B HIV-1 MPER; the numbering corresponds to
the HXB2 strain: , ELLELDKWASLWNWFDITNWL-
WYIK,,.. Meanwhile, when YkulJ residues that are cru-
cial for maintaining the spatial structure of the scaffold
protein overlapped with the sequence being inserted,
they were left intact. The core of the scaffold protein
was also left unaltered so that the original structure of

Fig. 2. The model of the interactions of Ykul with the
Fab fragments of mAbs 2F5 and 4E10 (A) and with 10E8
(B). A — The Fab fragments of antibody 2F5 are shown in
purple; the Fab fragments of antibody 4E10 are shown in
blue; B — The Fab fragments of antibody 10E8 are shown
in green. The models were built using the PyMOL soft-
ware

YkuJ was preserved to the maximum possible extent.
The YkuJ-MPER structure contains all the amino acid
residues of MPER that are critical in binding bNAbs
10E8, 4E10, and 2F5. Six histidine residues were added
to the C-terminus to enable purification of the recom-
binant protein by metal-chelate affinity chromatog-
raphy. The size of the final construct, YkuJ-MPER, is
119 amino acid residues; its molecular weight is 14.2
kDa (Fig. 1B). The amino acid sequence of YkuJ-MPER
(the fragments belonging to MPER are shown in bold
and underlined): MELLELDKWASLANWFIITNLLW-
LIKTAEAANEPMQRYFEVNGEKICSVKYFEKNQT-
FELTVFQKGEKPNTYPFDNIDMVSIEIALLLLDA-
WASLWNWFDITNWLWYIHHHHHH.

Molecular modeling revealed that the MPER do-
mains at the ends of the chimeric protein YkuJ-MPER
could acquire the conformations that are typical of the
epitopes of the known monoclonal antibodies targeting
this region: 2F5 and Z13 (conformation without a regu-
lar secondary structure), 4E10 and 10E8 (the a-helical
conformation); two antibodies can simultaneously bind
to two domains of the molecule (Fig. 2). The molecular
modeling of the spatial structure of the chimeric pro-
tein also demonstrated that the 6 X His-tag does not
impede binding between antibodies and YkuJ-MPER
(Fig. 2).
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When designing the gene encoding YkuJ-MPER, the
unique restriction sites (FauNDI, Bpul4Il, Bsa29I, and
Sfr274I) flanking the MPER domains were added to the
nucleotide sequence so that this protein could be used
as a platform to construct immunogens carrying other
antigenic determinants of HIV-1 or other infectious
agents. The synthesized YkuJ-MPER gene was cloned
into the plasmid vector pET21a.

The optimized variant of polypeptide TBI, TBI tag
[22], was used as the second scaffold. As a component
of the CombiHIVvac candidate vaccine, TBI has passed
phase I clinical trials and proved immunogenic and safe
[25]. The difference between TBI_tag and TBI was that
the codon composition in the original polypeptide was
optimized to ensure its efficient expression in E. cols.
In addition, the fragment encoding 20 amino acid
residues of the RecA protein from Proteus mirabilis
was substituted for the sequence encoding a fragment
(7 amino acids) of the E. coli transcription activator
protein InfB. In this study, the terminal fragments of
TBI tag were substituted for HIV-1 MPER domains
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H gag (291-305)H

Fig. 3. A schematic presentation
of the structure of the immuno-
gens TBI_tag and MPER-TBI.
B-cell epitopes are shown on a
dark background; Th-epitopes
are shown on a light background.
InfB is a fragment of the E. coli
transcription activator protein,
InfB; 6 X His — six histidine amino
acid residues; MPER — parts of
the membrane-proximal external
region of HIV-1

JHenv (421-437)

Henv (421-437

6xHis

1 T T T T 50
MTDVTIKGSTHGIELLELDEWASLANWFIITNLLWLIKTMHEDIISLWDQ

51 T T T T 100
SLEPGIQRGPGRAFGSKQIINMWQEVGKAMYAPGAPEGIEEEGGERDRGS

101 : : . : 150
DRVIEVVQGAYRAIRGTEIALLLLDAWASLWNWFDI TNWLWY IGSGLEVE
——— ——

151
HHHHHH
=

156

Fig. 5. Amino acid sequence and the secondary structure
of the MPER-TBI protein. The unordered areas are shown
in blue; the a-helices are shown in red; and 3-sheets are
shown in green. The PSSfinder prediction method was
used

similar to those included in YkuJ-MPER. The designed
polypeptide was named MPER-TBI (156 amino acid
residues, 17.8 kDa). Figure 3 shows the block diagrams
of the proteins TBI tag and MPER-TBL

The gene encoding polypeptide MPER-TBI was
cloned into the plasmid vector pET21a in the reading
frame with a sequence encoding six His residues.

Synthesis and analysis of the properties of the
recombinant proteins YkuJ-MPER and MPER-TBI
The proteins YkuJ-MPER and MPER-TBI were syn-
thesized and purified by metal-chelate affinity chro-
matography. The degree of protein purity was assessed
by PAGE (15%) (Fig. 4). Additional purification and
refolding of the proteins was carried out by dialysis
against buffers with a decreasing urea concentration.
The degree of protein purity in the final protein prod-
ucts was > 90%.

Predicting the secondary structure of MPER-TBI
The secondary structure of the protein MPER-TBI
predicted using the PSSfinder software and its amino
acid sequence are shown in Fig. 5. According to the
predictions, MPER-TBI has a predominantly a-helical
structure; the percentage of a-helices is 56%.
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Circular dichroism spectroscopy of

YkuJ-MPER and MPER-TBI

The fraction of secondary structure elements of the an-
tigens YkuJ-MPER and MPER-TBI were determined
experimentally by circular dichroism spectroscopy. The
percentages of secondary structural elements of the
immunogens according to the CD spectra measured in
normal saline are listed in Table.

According to the model shown in Fig. 1B, the ratio
between the secondary structural elements in YkuJ-
MPER with terminal regions corresponding to the epi-
topes of 10E8 is as follows: 45% of a-helices and 24% of
B-strands. The findings obtained by circular dichroism
spectroscopy were consistent with this model in terms
of the percentage of B-strands, while the experimen-
tally determined percentage of a-helices was lower.

The predicted model of the secondary structure of
MPER-TBI (Fig. 5) showing that the percentage of
a-helices is 56% slightly differs from the CD data, since
MPER-TBI contains 68% of a-helices and no 3-strands,
according to these findings.

Dot blot assay of the proteins

Dot blot assay with mAbs 10E8, 4E10, and 2F5 was
conducted to analyze the antigenic properties of the
epitopes of bNAbs 4E10, 10E8, and 2F5 within MPER
in the proteins YkuJ-MPER and MPER-TBI (Fig. 6).
The protein TBI tag containing no epitopes of these
antibodies was used as a control. It was confirmed that
mAbs 10E8, 4E10, and 2F5 interact with the proteins
YkuJ-MPER and MPER-TBI, but they do not interact
with the control.

Immunogenicity analysis of the proteins

Immunogenicity analysis was conducted on rabbits.
Two groups of the animals were immunized with pu-
rified products based on the protein YkuJ-MPER or
MPER-TBI (see the EXPERIMENTAL section). The
specific activities of the serum samples were studied by
ELISA by comparing the values to the control samples
(serum collected from the rabbits prior to immuniza-

2F5 4E10 10ES8

Fig. 6. Dot blot assay: 1 — TBI_tag (control); 2 — MPER-
TBI; 3 —=YkuJ-MPER; 2F5, 4E10 and 10E8 — mAbs. Two-
fold dilutions of the corresponding proteins are applied
from top to bottom

tion). It was shown that the blood serum samples in
both groups of immunized animals contained anti-
bodies specific to the immunogens under study. After
the fourth immunization, antibody titers in the serum
samples of the rabbits immunized with MPER-TBI and
YkuJ-MPER were 1 : 1,000,000 and 1 : 3,000,000, re-
spectively (Fig. 7). In both groups, the titers increased
from the first to the third immunization. The ELISA
signal from the preimmune serum samples was compa-
rable to the background level.

Analysis of the cross-immunogenicity of the proteins
The ability of the serum samples to bind to the “for-
eign” antigen (in other words, whether serum samples

Secondary structural elements of the proteins YkuJ-MPER and MPER-TBI

Sample
YkuJ-MPER MPER-TBI
Structure
Theoretical CD spectroscopy Theoretical CD spectroscopy
calculations, % in normal saline, % calculations, % in normal saline, %

a-helices 45 26 56 68
[3-strands 24 26 3 0
TurnI - 5 - b)

Turn IT - 0 - 0
Unordered structures 31 43 41 27
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Fig. 7. ELISA results of serum samples from the rabbits immunized with MPER-TBI or YkuJ-MPER. A is a group of rabbits
immunized with MPER-TBI: the protein MPER-TBI is sorbed as an antigen. B is a group of rabbits immunized with Ykul-
MPER: the protein Ykul-MPER is sorbed as an antigen. The OD value (450 nm) is plotted on the Y axis; serum dilutions
are plotted on the X axis. The data in the diagrams are presented as the mean value and standard deviation

from the animals immunized with MPER-TBI can react
with protein YkuJ-MPER, while serum samples from
the animals immunized with YkuJ-MPER can react
with protein MPER-TBI) was tested by ELISA (Figs. 8
and 9, respectively). It was demonstrated that serum
samples from the animals could cross-react with the
respective antigens. Upon immunization with MPER-
TBI, the titers of the antibodies produced in response
to the antigen YkuJ-MPER in serum samples from all
animals in the group were 1 : 400,000 (Fig. 8). The titers
of the antibodies produced in response to the antigen
MPER-TBI in the serum samples from animals immu-
nized with YkuJ-MPER were 1:1000,000 (Fig. 9).

Specificity analysis of the serum samples

from the immunized animals

The New Lav Blot I test kit was used to study wheth-
er the serum samples contained antibodies specific
to HIV-1 proteins. It was found that the serum sam-
ples collected from the rabbits immunized both with
MPER-TBI and with YkuJ-MPER contained anti-
bodies against the proteins gpl60 and gp41 (Fig. 10).
The serum samples from the animals immunized with
MPER-TBI additionally recognized gp120.

DISCUSSION
The membrane-proximal external region of HIV-1 is
considered to be among the most promising targets for
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which to develop immunogens inducing the formation
of bNAbs [14]. Nevertheless, there have been no suc-
cessful attempts in efforts to create an immunogen that
could ensure the reliable formation of bNAbs specific
to this target [18, 19]. In order to enhance efficiency
in the presentation of MPER epitopes to the immune
system, they can be incorporated into the scaffolds
obtained using the rational design method. The con-
secutive immunization (‘prime-boost’) strategy using
these constructs would make it possible to increase the
immune response to the incorporated epitopes [26—28].

In this study, we have designed two immunogens
based on scaffold proteins of different spatial organi-
zations. Their application in the prime-boost immu-
nization strategy can prevent an untoward immune
response to the scaffold. The globular protein YkuJ
from B. subtilis having a known tertiary structure and
the earlier characterized artificial polypeptide TBI tag
were used as scaffolds.

Experimental identification of the secondary struc-
tures of the immunogens in normal saline by circular
dichroism spectroscopy yielded results that showed
agreement with the theoretically predicted structures.
It turned out that the structure of MPER-TBI was
predominantly a-helical, which is consistent with its
secondary structure predicted using the PSSfinder
method. The number of B-strands in YkuJ-MPER
agrees with the constructed model of spatial structure,
while the percentage of a-helices is smaller than that
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in the model where both inserted MPER fragments
have a a-helical conformation that corresponds to the
epitope of antibody 10E8. This fact indicates that the
central B-sheet of YkuJ-MPER remains stable, while
the inserted epitopes are flexible (as was expected).

problem.

Fig. 8. ELISA
results of serum
samples from the
rabbits immunized
with MPER-TBI.

A — the pro-

tein MPER-TBI

is sorbed as an
antigen; B — the
protein Ykul-
MPER is sorbed
as an antigen.
Preimmune is the
serum of the intact
animals. Immune
is the serum of the
animals after the
4" immunization

Fig. 9. ELISA re-
sults of serum sam-
ples from rabbits
immunized with
YkulJ-MPER. A —
the protein Ykul-
MPER is sorbed as
an antigen; B — the
protein MPER-TBI
is sorbed as an an-
tigen. Preimmune
is the serum of the
intact animals. Im-
mune is the serum
of the animals after
the 4" immuniza-
tion

Both immunogens were soluble under physiological
conditions. Hydrophobicity is one of the known prob-
lems related to MPER as an immunogen [20]. Expect-
edly, our constructs made it possible to overcome this
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The results of dot-blot assay demonstrated that
YkuJ-MPER and MPER-TBI could specifically interact
with mAbs 4E10 and 10E8, which bind to MPER in the
a-helical conformation, and with antibody 2F5, which
binds to MPER in the conformation without a regular
secondary structure [14]. This result indirectly attests
to the conformational mobility of the inserted MPER
fragment. We have not experimentally tested how
many antibody molecules can bind to a single molecule
of the protein YkuJ-MPER, but the models demon-
strate the possibility for two antibodies to be bound
simultaneously. It was also assumed that MPER-TBI
could simultaneously bind two antibodies, since its
structure is appreciably mobile. This hypothesis also
requires experimental verification.

Immunization of laboratory animals with purified
protein drug products demonstrated that the rabbit's

organism produces specific antibodies whose titers
increase as early as after the first immunization. Fur-
thermore, it was found that antibodies formed as a
result of immunization with YkuJ-MPER interact with
MPER-TBI, and vice versa. Since, with the exception of
the histidine tag (6 XHis-tag), YkuJ-MPER and MPER-
TBI have no common fragments except for the MPER
region, it is fair to say that these constructs induce the
formation of anti-MPER antibodies.

The New Lav Blot I kit was used to demonstrate
that the antibody formed after the immunization of
the animals with YkuJ-MPER or MPER-TBI interacts
with the sorbed HIV proteins (namely, with gp41l and
gpl60) (Fig. 10). Furthermore, MPER-TBI induces the
formation of antibodies that recognize the gp120 pro-
tein, owing to the fact that the scaffold protein TBI_tag
contains fragments of HIV-1 gp120 (env 102—118, env
309-317, and env 421—-437).

CONCLUSIONS

Two immunogens capable of inducing the formation
of anti-MPER antibodies have been developed in this
study. One of these immunogens is based on the protein
YkuJ, which has never been used as a carrier platform
for viral epitopes; the second immunogen is based on
the TBI immunogen that has been previously well
studied. It was demonstrated that chimeric proteins in-
teract with bNAbs targeting HIV-1 MPER. The results
of cross-verification of the immunogenic properties
of YkuJ-MPER and MPER-TBI and the immunoblot
analysis with HIV-1 proteins show that both constructs
can ensure the formation of anti-MPER antibodies
in immunized animals. A preliminary study of the
structural features of the developed immunogens was
carried out. The results of this study and the chimeric
proteins (YkuJ-MPER and MPER-TBI) could lay the
groundwork for the development of immunogens ca-
pable of targeting the humoral immune response at the
sites of HIV-1 vulnerability. ®

This study was supported by the Russian Foundation
for Basic Research (project No. 18-34-00314).
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ABSTRACT Long noncoding RNAs (IncRNA) play important roles in the regulation of transcription, splicing,
translation, and other processes in the cell. Human and mouse IncRNA (DEANRI1 and LL35 /Falcor, respectively)
located in the genomic environment in close proximity to the Foxa2 transcription factor were discovered earlier.
In this work, tissue-specific expression of LL35/Falcor IncRNA has been shown in mouse liver and lungs. The
use of antisense oligonucleotides allowed us to achieve LL35 /Falcor IncRNA downregulation by 90%. As a result,
the level of Foxa2 mRNA and protein dropped, which confirms the involvement of LL35 /Falcor IncRNA in the
regulation of transcription factor Foxa2. We have shown a decrease in the expression of LL35 IncRNA in liver
fibrosis, which correlates with the previously published data for mRNA Foxa2. Thus, IncRNA LL35 regulates
Foxa2 expression in the liver not only in normal conditions, but also during development of fibrosis, which

allows one to consider IncRNA a biomarker of this pathological process.
KEYWORDS non-coding RNA, transcription factor Foxa2, regulation, liver.
ABBREVIATIONS IncRNA - long non-coding RNA; ASO — antisense oligonucleotides.

INTRODUCTION

Analysis of the human transcriptome demonstrated
that less than 2% of the genome encodes proteins, while
noncoding RNA genes prevail among the remaining
98%. Among the variety of noncoding RNAs, short (less
than 200 nucleotides in length) and long RNAs (more
than 200 nucleotides) can be distinguished [1]. Long
noncoding RNAs (IncRNAs) perform regulatory func-
tions in all major cellular processes. They participate in
the regulation of transcription both locally (in cis) and
remotely (in trans), having an impact on such regula-
tory elements as promoters and enhancers, as well as
the chromatin structure and RNA polymerase activity
[2]. LncRNAs can participate in the regulation of trans-
lation [3] and alternative splicing by recruiting protein
factors [4], serve as “molecular sponges” for miRNAs,
and regulate their level of free form in the cell [5]. Ln-
cRNAs are also often expressed in tissue-specific man-
ner and/or transcribed only in certain conditions. An
uncontrolled increase of IncRNAs transcription, such as
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MALAT-1, HOTAIR, H19, and HULC, stimulates the
development of oncological diseases [6].

The number of characterized functionally important
long noncoding RN As increases every year. However,
their mechanisms of action remain unknown for the
most part. Despite the fact that cell culture stud-
ies allow us to describe the molecular mechanisms of
IncRNA action, the use of animal models provides a
more general and consistent approach to the study
of IncRNA functions. However, the low homology
between IncRNAs even amongst closely related spe-
cies complicates such studies and, in some cases, the
homology is observed only at the level of the second-
ary structure. The search for functional analogues of
human IncRNAs in mice also allows us to expand the
conditions for a functional study of IncRNAs by using
various mouse disease models.

It has been previously shown that human IncRNA
DEANRI regulates the proliferation and promotes the
apoptosis of choriocarcinoma cells [7], it influences the



RESEARCH ARTICLES

Notch signaling pathway [8], and serves as a potential
biomarker for a number of cancers such as chorio-
carcinoma [9], gastric [10], pancreas [11] and colon
[12] cancers, as well as several types of lung cancer
[13]. The DEANRI1 IncRNA gene is located in close
proximity to the Foxa2 transcription factor gene in
the human genome. DEANRI is involved in the regu-
lation of Foxa2 during the differentiation of human
pancreatic endoderm cells [14]. The authors proposed
a mechanism for the activation of Foxa2 transcrip-
tion through the recruitment of Smad2/3 proteins to
its promoter by DEANRI. Foxa2 is essential for liver
development from the endoderm [15] and serves as
a transcriptional activator of the liver-specific genes
that encode albumin and transferrin. Foxa2 also plays
an important role in glucose homeostasis in the liver
[16]. An analysis of the genomic environment of FoxaZ2
in the mouse genome revealed a potential functional
analogue of DEANRI1: LL35/Falcor IncRNA (herein-
after referred to as LL35) [17]. Knockout of the gene
encoding LL35 IncRNA leads to a decrease in the level
of Foxa2 mRNA by 25-30% in the mouse lung epithe-
lium and does not result in a pronounced phenotype
in the development of embryo lungs. However, LL35
plays an important role in the regulation of Foxa2 in
response to additional exposure, such as lung damage
[18]. In this work, LL35 IncRNA has been character-
ized: we established its tissue-specific expression in
mouse organs and demonstrated its intracellular local-
ization. We compared different approaches to IncRNA
knockdown, achieved LL35 IncRNA knockdown, and
demonstrated the involvement of Foxa2 transcription
factor in mouse hepatocytes. Also, we revealed a drop
in the level of LL35 IncRNA in liver fibrosis.

EXPERIMENTAL

Cell lines

AML12 mouse hepatocytes (ATCC, USA) were cul-
tured in a DMEM /F12 medium supplemented with
10% tetal bovine serum at 37°C and 5% CO,,

Isolation of nuclear and cytoplasmic cell fractions

AMLI12 cells (=1 X 10°) were grown under standard
conditions, then they were removed from the substrate
using a 0.25% trypsin solution in 0.5 mM EDTA, washed
with phosphate buffer (10 mM sodium phosphate,
100 mM sodium chloride, pH 7.4), followed by centrifu-
gation at 500 g for 5 min. The pellet was resuspended in
CE buffer (20 mM HEPES (pH 7.4), 1.5 mM MgCl,, 10%
glycerol, 0.05% NP-40) containing protease inhibitors;
incubated on ice for 10 min; and centrifuged at 1,700 g
and 4°C for 5 min. The supernatant fraction contained
the cytoplasmic cell extract. The pellet was resuspend-

ed in NE buffer (20 mM HEPES (pH 7.4), 1.5 mM MgCl,,
10% glycerol, 0.05% NP-40, 500 mM NaCl) containing
protease inhibitors; incubated on ice for 10 min; and
centrifuged at 1,700 g for 5 min at 4°C. The superna-
tant fraction contained the nuclear cell extract. Total
RNA was isolated from the separated extracts using
the Trizol reagent (Invitrogen, USA) according to the
manufacturer’s protocol.

RT-qPCR

Total RNA was isolated from mouse organs or AML12
cells using the Trizol reagent (Invitrogen, USA) accord-
ing to the manufacturer’s protocol. Next, ~1 ug of total
RNA was treated with DNase I (Thermo Scientific,
USA) according to the manufacturer’s instructions in
order to remove residual genomic DNA. Reverse tran-
scription was performed using a Maxima First Strand
cDNA synthesis kit (Thermo Scientific, USA). The re-
action mixture was 3x diluted with water, and qPCR
was performed using a PowerUp SYBR Green Master
Mix reagent kit (Applied Biosystems, USA) according
to the manufacturer’s protocol (0.3 pM primer mixture,
0.2 pg of cDNA). For the amplification of LL35 IncRNA,
two sets of primers were selected which were further
used in all experiments (table). The reaction products
were analyzed by 1% agarose gel electrophoresis in
TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 7.6).
For RT-PCR of the isolated cell fractions, the level of
target RNA in the nuclear fraction was normalized to
the level of U2 snRNA and the level of target RNA
in the cytoplasmic fraction was normalized to Gapdh
mRNA.

Transfection of AML12 cells with siRNAs

and antisense oligonucleotides

Small interfering RNAs (siRNA) and antisense oli-
gonucleotides (ASO) (table) were synthesized using
the phosphoramidite method and purified by ion ex-
change chromatography. Oligonucleotide purity was
confirmed by LC-MS. AML12 cells (~1 X 10°) were
transfected with siRNA or ASO at concentrations of
10 and 5 nM, respectively, using the Lipofectamine-
RNAIMAX reagent (Invitrogen) according to the
manufacturer’s instructions. Small interfering RNA
and ASO for luciferase gene were used as a control
(table). To obtain the siRNA and ASO mixtures, the
components were mixed in an equimolar ratio. Small
interfering RNA: No. 1: 1+2+3+6; No. 2: 1+3+2; No.
3: 1+3+6; No. 4: 1+3+6; No. 5: 2+3+6. ASO: No. 1:
3+4+7+8+14; No. 2: 3+7+14; No. 3: 3+4+14; No. 4:
3+14. Total RNA was isolated 24 h after transfection
using the Trizol reagent (Invitrogen, USA) according
to the manufacturer’s protocol. Knockdown efficiency
was analyzed by RT-qPCR.
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Primers for RT-gPCR, siRNA, and ASO used in the study

LL35-1-F TTTGGCCAAGGGAGAAAGCTCAGA
LL35-2-F GCTCGGTTTGAGCTCAAATAAATG

Gapdh-F TGCACCACCAACTGCTTAGC
U2-F GAAGTAGGAGTTGGAATAGGA
TATGCTGGGAGCCGTGAAGATGG

cucAAAGUUUAGAGuucAuTsT
AUGAACUCUAAACUUUGAGTST

siRNA 1

cuUGAAUUAGAGAAAcAAcuTsT

SIRNA 3 AGUUGUUUCUCUAAUUCAGTST

GuGGAAUAAUGUUAAGcuuTsT

siRNA 5 AAGCUUAACAUUAUUCCACTST

uGGuGuGGAAUAAUGUUAATST

SIRNA 7 UuAACAUUAUUCCACACCATST

AuGGcAAGGUAUGAACcAATST

LR UUGGUUCAUACCUUGCCAUTST

Control cuUaCgCuGaGuAcUuCgATCGAAGTATST
siRNA UCgAaGuAcUcAgCgUaAgTsT

ASO 2 gsasgsususGsGsAsAsAsGsUsGsAsAscsescsasu
ASO 4 cscsesesusCsTsCsAsGsTsGsCsTsGsgsasascsc
ASO6 gsasusasgsGsTsCsAsGsGsGsCsAsGsGsAsususcsesu

Note. Capital letters indicate ribonucleotides, capital italics denote 2'-deoxynucleotides, lowercase letters indicate
2'-O-methylribonucleotides, s — phosphorothioate groups.
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Western blot

The AML12 cells (~1%x10°) were lysed in RIPA buffer
(Thermo Scientific, USA) containing 1 mM DTT, 0.05%
Triton X-100, 0.2 mM phenylmethylsulfonyl fluoride,
protease and phosphatases inhibitors. The concentra-
tion of proteins in lysates was determined by spectro-
photometry using the Bradford reagent (Thermo Sci-
entific, USA). For further analysis, a lysate containing
40 pg of the protein, preliminarily denatured at 95°C
for 5 min, was used. The proteins were separated in
10% PAGE in Tris-glycine buffer (pH 8.3), and then
they were transferred to a PVDF membrane (Millipore)
at a voltage of 70 V for 1 h. Next, the membrane was in-
cubated with a 5% BSA solution for 1 h, and then with
a solution of specific antibodies. The antibodies against
Foxa2 (ab108422 Abcam, USA) and actin (ab179467
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Abcam, USA) proteins, horseradish peroxidase con-
jugates with antibodies against rabbit and mouse
immunoglobulins (ab6721 and ab6728 Abcam, USA)
were used. Secondary antibodies were visualized on the
membranes by chemiluminescence using a Pierce ECL
kit (Thermo Scientific, USA) according to the manu-
facturer’s protocol.

Statistical analysis of the experimental data

All the diagrams are based on at least three independ-
ent experiments. Statistical data processing was per-
formed using the GraphPad Prism software (version
6.0) with a two-sample t-test, as well as a two-way
ANOVA analysis of variance or repeated-measures
ANOVA and Sidak t-test. The data were considered
statistically significant at P < 0.05.
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Fig. 1. A) Quantification of LL35 IncRNA in mouse organs (control — Gapdh mRNA); B) Determination of the cellular
localization of LL35 in AML12 hepatocytes (controls — U2 RNA for the nuclear fraction, Gapdh mRNA for the cytoplasmic
fraction); C) Comparison of LL35 RNA distribution between the nuclear and cytoplasmic fractions of AML12 cells using
U2 and Gapdh RNAs as a reference; D) Quantification of LL35 IncRNA in the samples of mouse liver with CCl -induced

fibrosis at weeks 2 and 4 (control — Gapdh mRNA)
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Prediction of LL35 IncRNA secondary structure

To propose secondary structure of the LL35 IncRNAs,
the ViennaRNA software package (http://rna.tbi.uni-
vie.ac.at/) was used. It predicts secondary RNA struc-
tures with minimal free energy taking into account the
probability of base pair formation for RNA.

RESULTS

Determination of the LL35 IncRNA expression

level in mouse organs and AML12 liver cells
According to NCBI database, the LL35 IncRNA gene
(9020622022Rik) is located 2,500 nucleotides down-
stream of the Foxa2 transcription factor gene and
encodes 38 annotated transcripts, the majority of
which share the same exons (the first and the last
two ones) (https://www.ncbinlm.nih.gov/gene/?ter-
m=9030622022Rik). Analysis of the expression level of
exons common to all transcripts was used to determine
the level of LL35 IncRNA in the mouse organs. Tis-
sue-specific expression and the highest abundance of
LL35 IncRNA were shown for lungs and the liver (Fig.
1A). To determine the localization of LL35 IncRNA in
normal liver AML12 cells, nuclear and cytoplasmic cell
fractions were isolated for further analysis by RT-qP-
CR. LL35 IncRNA is predominantly located in the cell
nucleus: only ~20% of the total RNA is located in the
cytoplasm (Fig. 1B). Moreover, the level of LL35 RNA
in the nucleus is only 1.3 times lower than that of U2
snRNA, which is an indication of a high transcription
level for IncRNA (Fig. 1C).

It has been previously shown that the level of the
transcription factor Foxa2 mRNA decreases in liver fi-
brosis, while a deletion of this factor predisposes one to
the development of fibrosis [19]. We noted a up to 70%
decrease in LL35 IncRNA in mouse liver two weeks
after fibrosis induction with carbon tetrachloride, fol-
lowed by partial restoration of IncRNA levels up to 60%
of their base level four weeks after induction (Fig. 1D).

Selection of the conditions for LL35

IncRNA knockdown in AML12 cells

At the first stage of the study, we used RNA interfer-
ence to knockdown LL35 RNA in vitro. The sequence
of LL35 RNA was analyzed, and possible siRNA bind-
ing sites, as well as sequences found in other RNAs of
the mouse transcriptome, were excluded. Afterwards,
10 siRNAs specific to LL35 RNA and containing
2’-O-methyl pyrimidine nucleotides and phosphoro-
thioates groups for increasing the stability to intracel-
lular nucleases were designed and synthesized. The
efficiency in LL35 knockdown by individual siRNAs
did not exceed 40% (Fig. 24). In order to improve that
knockdown efficiency, siRNA combinations (three to
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four siRNAs in the mixture) were tested. In this case,
knockdown achieved approximately 60% of the base
LL35 RNA level (Fig. 2B). One of the possible explana-
tions for such a low efficiency of the siRNAs can be the
predominant nuclear localization of LL35 IncRNA and
the absence of active nucleus ¢ cytoplasm transport.
Taking into account the nuclear localization of LL35
IncRNA, antisense oligonucleotides (ASO) were cho-
sen as an alternative approach to knockdown LL35
IncRNA. A model of the secondary structure of LL35
IncRNA was obtained using the ViennaRNA software
for the design of ASO (Fig. 2C) [20]. Fourteen antisense
oligonucleotides complementary to the helixes in the
predicted RNA structure were selected. ASO 3, 4, 7,
8, 13, and 14 showed a higher efficiency for LL35 In-
cRNA knockdown (Fig. 2D) than individual siRNAs
and their combinations. The use of ASO combination
No. 1 allowed us to reduce the level of LL35 IncRNA
expression to 90% of the basal level. Therefore, this
combination was selected for further studies (Fig. 2E).

LL35 IncRNA is involved in the regulation

of the Foxa2 transcription factor in

AML12 mouse hepatocytes

Previously, analysis of the transcriptome of human
embryonic stem cells at the differentiation stage re-
vealed a correlation between changes in the expression
of both DEANRI1 IncRNA and Foxa2 mRNA. A possible
mechanism for the activation of the transcription of
Foxa2 through Smad2/3 transcription modulators that
directly interact with DEANRI1 has been proposed [14].
The level of Foxa2 mRNA decreases by 20% of the ba-
sal mRNA level (Fig. 3B) upon knockdown of the func-
tional analogue of DEANRI, LL35 IncRNA, in mouse
hepatocytes (Fig. 3A). The level of the Foxa2 protein is
reduced by 30% (Fig. 3C).

DISCUSSION

The Foxa2 transcription factor is an important regu-
lator of endoderm differentiation into various types of
tissues. In an adult liver, FoxaZ2 is required for normal
functioning of the organ and acts as one of the main
regulators of the transcription of the liver-specific
genes encoding key participants in the lipid metabo-
lism and ketogenesis [16]. The important role of Foxa2
in regulating liver organogenesis should be also noted
[21]. In genome, human IncRNA DEANRI1 and mouse
IncRNA LL35 are located in close proximity to the
Foxa2 gene. A mechanism has been proposed for the
regulation of the Foxa2 by human IncRNA DEANRI1
in embryonic stem cells [14]. The genomic localization
of the LL35 IncRNA gene suggests that LL35 IncRNA,
which can be involved in the regulation of the tran-
scription factor Foxa2, performs similar functions.
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is as follows: in the liver, then the stomach, then in
the lungs, pancreas, and intestines (https://www.
ncbinlm.nih.gov/gene/140828). Analysis of the level
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Fig. 2. Knockdown of LL35 IncRNA in AML12 mouse he-
patocytes by: A) individual siRNAs (No. 1-10; control —
siRNA for firefly luciferase mRNA); B) combinations of
siRNAs (No. 1-5; control — siRNA for the firefly luciferase
gene); C) A model of LL35 IncRNA; color scale indicates
the probability of formation /stability of the secondary
structure elements; D) Individual antisense oligonucle-
otides (No. 1-14; control — ASO for the firefly luciferase
gene); E) combinations of ASO (No. 1—-4; control — ASO
for the firefly luciferase gene)

of a potential functional analogue of DEANR-LL35
RNA—-in mouse organs revealed its tissue-specific ex-
pression in the lungs and liver, which is slightly dif-
ferent from the expression of human DEANR1 RNA.
It is possible that there are differences in the func-
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Fig. 3. A) Efficacy of LL35 IncRNA knockdown in AML12 mouse hepatocytes with ASO mix No. 1; B) knockdown of LL35
RNA results in downregulation of the transcription factor Foxa2 mRNA; C), D) Analysis of the Foxa2 protein level under

conditions of LL35 RNA knockdown (control — [3-actin)

tion of DEANRI1 and LL35 in some organs. Therefore,
we selected the liver as our object of further studies,
since both IncRNAs are highly abundant in the liver.

We have shown that, in mouse hepatocytes, LL35
IncRNA, as well as human DEANRI1 IncRNA, is lo-
cated mainly in the nucleus. The use of antisense
oligonucleotides is considered to be the optimal ap-
proach to knockdown and study of the function of
IncRNAs that have targets localized in the nucleus.
However, siRNA can be also used in case of active
nucleus < cytoplasm transport. Small interfering
RNAs are advantageous for in vivo studies, because
they are effective at lower doses and provide a longer
suppression of the target expression while minimiz-
ing hepatotoxicity. Having compared the two ap-
proaches, we have chosen ASOs, which knockdown
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LL35 IncRNA with higher efficiency. However, the
use of individual ASO to suppress LL35 IncRNA can
result in the preservation of the functionally active
part of IncRNA. In order to increase the probability
of inactivation of the functional center of LL35 In-
cRNA, the efficiency of LL35 knockdown by various
ASO combinations was tested. Using this approach,
we were able to achieve a 90% knockdown of LL35
IncRNA in mouse hepatocytes. Knockdown of the
IncRNA in AML12 mouse hepatocytes resulted in
a 20% decrease of Foxa2 mRNA and 30% decrease
of the Foxa2 protein. The obtained data are in good
agreement with the published ones on the changes
in the Foxa2 level in mouse lung cells in embryonic
knockout of the LL35 IncRNA gene. We suggest a
similar mechanism of regulation for the transcription
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factor Foxa2 through recruitment of Smad2/3 pro-
teins to the Foxa2 promoter region resulting in tran-
scription activation [14]. One can also assume that, in
an adult healthy liver, LL35 IncRNA is involved in
maintenance of normal liver function by regulating
the activation of Foxa2 and its targets, depending on
external signals.

LncRNA functions and the molecular mechanisms
they are involved in are studied mainly in vitro,
which complicates determination of their role in the
development of various diseases. The optimal ap-
proach to solving this problem is studying IncRNA
functions in vivo. It has been previously shown that,
in liver fibrosis, the transcription factor Foxa2 is sup-
pressed, which results in stress to the endoplasmic
reticulum and leads to the death of hepatocytes [19,
22]. The level of Foxa2 also decreases in hepatic in-
juries of various etiologies [22]. The decrease in the
LL35 IncRNA level detected in liver samples with
induced fibrosis is consistent with previously pub-
lished data on a decrease in the level of Foxa2 mRNA,
which also confirms the existence of the regulation.
Moreover, the expression level of LL35 IncRNA on
the second and fourth week after fibrosis induction
is consistent with the proliferative activity of hepa-
tocytes during liver regeneration in fibrotic damage
[23].

CONCLUSION

Based on the data obtained, as well as previously pub-
lished data, we can conclude that mouse LL35 IncRNA
is a functional analogue of human IncRNA DEANRI.
In the present work, tissue-specific expression of LL35

IncRNA has been demonstrated in the liver and lungs.
Nuclear localization was established for liver cells, and
efficient knockdown of LL35 IncRNA expression by
ASO was demonstrated for the first time. A decrease
in the level of LL35 RNA results in a decrease in the
level of Foxa2 mRNA and protein in liver cells. For
the first time, a decrease in the level of LL35 IncRNAs
in liver fibrosis was determined, which indicates the
potential of further studies of IncRNA in vivo. Based
on the obtained results, one can assume that LL35
IncRNA is involved in the molecular mechanisms of
endoplasmic reticulum stress in hepatocytes, which
occurs in liver fibrosis. On the other hand, LL35 IncR-
NA can also contribute to fibrosis via interaction with
Smad2/3 transcription modulators in stellate cells [14].
For example, LFAR1 IncRNA regulates the level and
degree of phosphorylation of Smad2/3 proteins, which,
in turn, causes their translocation to the nucleus and
activates the expression of a number of genes, includ-
ing those involved in the synthesis of type I collagen
[24]. All these hypotheses require further confirmation,
while the possibility of targeted in vivo delivery of the
proposed antisense oligonucleotides to liver cells allows
one to study LL35 IncRNA in various mouse models of
liver diseases [25]. ®
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ABSTRACT We developed and verified an original, minimally invasive method for surgical simulation of a
posttraumatic spinal cord glial scar in rats. The model is intended for use as a biological platform for testing
the stimulation of regenerative processes in the central nervous system. Unification of the model enables one
to achieve versatility both for implantation techniques and for the development of system-action approaches.
Faced with a standard structural defect of the spinal cord, researchers will have the unique opportunity to test
in vivo promising methods for spinal function recovery in the posttraumatic period. We developed anesthetic
support, surgical tactics, and a set of rehabilitation measures for the chronic postoperative period. Experimental
exposure effects were preliminarily assessed in vivo using a standard technique for recording the motor activity
of rats in the postoperative period of spinal cord injury. Our final conclusions were drawn based on an analysis
of histological sections of the rat spinal cord glial scar in three mutually perpendicular planes.

KEYWORDS surgical simulation, laboratory rat, spinal cord injury, glial scar, axonal regeneration, cryoapplica-
tion, unilateral hemilaminectomy.

ABBREVIATIONS SC — spinal cord; SCI — spinal cord injury; 3Rs — principles (Reduce, Refine, Replace) for per-
forming more humane animal research; BBB scale — a scale (Basso, Beattie, Bresnahan) to evaluate locomotor
recovery in rats with spinal cord injury; SPF — specified pathogen free.

INTRODUCTION
Spinal cord injury (SCI) is one of the main causes of
disability [1], which is associated with the inevitable
formation of a glial scar in the posttraumatic peri-
od, which prevents regenerative axonal growth and
nerve impulses. Clinically, SCI is accompanied by a
serious functional deficit, which may lead to irreversi-
ble paralysis of body areas distal to the injury. Several
weeks after injury, 30% of patients develop posttrau-
matic syringomyelia, which reduces their neurological
status [2].

The prospects for treating patients with spinal
cord injuries will depend on the success of ex-

perimental studies based on the use of appropriate
animal models. According to 3R principles, smaller
animals are preferred for biomodeling. However, in
the case of biomodeling on the spinal cord, which is
associated with surgical intervention, minimization
of the animal size faces obvious limitations due to
the need for a sufficient amount of a simulated post-
traumatic scar which allows for its use in the devel-
opment of methods for spinal function recovery. The
use of small rodents is considered most suitable for
the modeling of SCI thanks to the common patho-
physiology between the injury and clinical practice
[3, 4]. Based on all these described conditions, species
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preference for use as an animal model was given to
laboratory rats.

The most common SCI models in rats are closed
SC injuries — compression-simulating impaction and
contusion-simulating bruise. However, these models
are difficult to reproduce, and they cannot be used to
study spinal cord regeneration in structural injuries [3].

Our research team developed an approach to the
modeling of SCI that uses an original cryoapplicator.
The proposed innovative method for the modeling of a
standard glial scar by means of cryoapplication is based
on research by Vasiliev S.A. et al. on the cryodestruc-
tion of the spinal cord [5, 6], as well as on methods of
nerve cryoanalgesia [7].

EXPERIMENTAL

To optimally visualize and identify the anatomical
structures and ensure sufficient space for the surgi-
cal procedure, we used large, 320—358 g, male SD rats
with the SPF status. The animals were kept under
standard conditions at the Animal Breeding Facility
of the Branch of the Institute of Bioorganic Chemis-
try (BIBCh). All manipulations with the animals were
approved by the Institutional Animal Care and Use
Committee at BIBCh.

A total of 26 animals were used in experiments test-
ing the use of cryotechnologies in the modeling of a
structural defect of the spinal cord in rats: 14 rats were
used at the stages of mastering of the experimental
methodology, including development of a cryoconduc-
tor design, choice of the spinal cord cooling exposure,
and access control, and 12 rats were involved at the
stage of verification of the selected method for low-
temperature exposure (local cryoapplication).

Preoperative preparation and anesthetic support

The animals were placed in cages with clean bedding
and water 24 h before surgery. Surgery was performed
under general isoflurane inhalation anesthesia; pre-
medication was not used.

Surgical approach

A standard microsurgical tool kit was used to make a
2-cm median incision in the skin, subcutaneous fascia,
and adipose tissue in the projection of the intersection
of the vertebral column with the costal arch of the
animal (Fig. 1B). The spinous process of the last tho-
racic vertebra T13 was identified cranial to the con-
vergence of the posterior spinal muscle aponeuroses
(musculus erector spinae) to spinous lumbar processes
(Fig. 1A). The spinous process and posterior arch of
the approach vertebra were skeletonized under visual
control using a binocular operating microscope (Opti-
ka, Italy) (Fig. 1C). Hemostasis was provided with a
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thermocautery (FTS, England). The spinous process
was resected to ensure sufficient operative space.
Unilateral hemilaminectomy was performed using
an original technique, by means of a portable dental
micromotor. We used end-paramedian perforation
by a 1.0-mm diamond burr at 30,000 rpm (Fig. 1D).
In this case, the dura mater was not involved, which
was confirmed by the absence of a CSF leak. After
completion of laminectomy, the approach area was
washed with physiological saline, the excess of which
was synchronously removed by vacuum suction (Mil-
lipore, Germany).

Surgical procedure
The spinal cords in all animals in the experimental
group were locally cooled by applying a cryoconductor
through the dura mater (Fig. 1D, E). The conductor
diameter in the area of contact with biological sub-
strate tissue was 0.8 mm; the material was copper; the
distance from the source of the cold (liquid nitrogen)
in the original device was 9 cm; the exposure time for
application was 1 min; the conductor temperature in
the contact area was 20°C.

The animals in the control group (four rats) under-
went a surgical approach to the spinal cord similar to
that in the experimental rats, but without local cooling.

Wound closure
Tissues were closed in layers using Prolene 6/0 atrau-
matic nonabsorbable monofilament material (Ethicon,
USA).

Single application of microporous aluminum suspen-
sion (Vetoquinol, France) was used to protect the surgi-
cal wound surface.

Temperature mode

During surgery, the animals were fixed on an oper-
ating table with a temperature of 38°C to compen-
sate for the hypothermia developed upon anesthesia.
Immediately after surgery and until full recovery
from anesthesia, the animals were placed in a cage
mounted on an electrically heated table and fed oxy-
gen-enriched air.

Postoperative monitoring

The follow-up period in the experiment was 30 days.
The developed surgery protocol and clinical monitoring
regimen yielded a 100% survival rate of rats.

To prevent wound infection and because of the sig-
nificant extent of the surgical injury and the chronic
period of postoperative follow-up, preventive antibiotic
therapy was performed through an intramuscular in-
jection of Baytril (enrofloxacin, 25 mg/mL) at a dose of
10 mg/kg once a day, for 10 days.
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Fig. 1. Development of the surgical approach: A — ana-
tomical 3D-reconstruction; B — topographic landmarks,
C — dissection and resection of the spinous process,

D —unilateral hemilaminectomy, E — cryoprobe, F — local
cooling of the spinal cord
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For postoperative analgesia, the rats were treated
with Norocarp (carprofen) at a dose of 10 mg/kg of live
weight once a day, for 4—6 days.

For re-hydration immediately after surgery, the
animals were subcutaneously injected with 5 mL of
a physiological sodium chloride solution preheated to
38°C.

Throughout the chronic experiment, the operated
animals were evaluated for appearance, unprovoked
behavior, respiratory rate, feed and water consump-
tion, bodily functions, nest building, response to hands,
mucous membrane color, skin turgor, surgical wound
condition, body weight changes, body temperature
(rectal), and motor and sensitive functions of pelvic
limbs and tail.

Assessment of locomotor activity

The effect of the experimental procedure on the loco-
motor activity of the rats was tested “in open field,”
according to the 21-point BBB scale, which is tradi-
tionally used in the simulation of spinal cord injury

[8].

Morphological examination

The spinal cord was isolated from the spinal canal
(within the T12—L1 vertebrae) by transecting the lat-
eral walls of the posterior vertebral arches using a burr,
which ensured maximum preservation of the posterior
spinal cord surface at the site of impact. The ostensible
site of cold exposure was macroscopically identified
by a light brown spot on the tissue, which was about
3/4 of the spinal cord diameter. Samples were fixed in
a 10% formalin solution in phosphate buffer (pH 7.4)
for 24 h. After fixation, the samples were dehydrated
in isopropyl alcohol (Isoprep, Biovitrum), embedded
in paraffin, sliced in 5-pum sections on a rotational mi-
crotome (RM2245, Leica), and stained with hematoxy-
lin and eosin according to routine protocols [9].

To comprehensively assess the morphological
features of the injury, we prepared serial sections
in three mutually perpendicular planes: sagittal (to
evaluate the depth and longitudinal extent of the
defect), frontal (area in the contact spot plane), and
segmental (transverse defect size relative to the spinal
cord diameter). The sections with a maximum defect
area were selected for morphological measurements
in each plane. The topography of the affected spinal
cord structures was determined according to the data
of [10].

Sample images and morphometric procedures were
produced with an Axioscope Al microscope and a MRc
5 camera using the AxioVision 3.0 software (Carl Zeiss,
Germany). The obtained data were processed using the
SigmaPlot statistic (v. 13.0) software package.
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Fig. 2. Hemilaminectomy of the T13 posterior arch in a rat,
using a dental burr

RESULTS AND DISCUSSION

Surgical approach development

The investigation of spinal function recovery requires
the modeling of a posttraumatic glial scar — standard
and minimal in volume. In contrast to the mainly me-
chanical contusion impacts on the spinal cord used to
simulate spinal cord injury, we modeled the glial scar
using an original technique of local low-temperature
spinal cord injury. The idea’s prototype was the ex-
periment of using cryotechnologies for cryoanalgesia
of peripheral nerves and cryodestruction of central
nervous system tissue [5—7].

To ensure the most correct interpretation of the re-
sults obtained in the model of the posttraumatic spinal
cord glial scar during the development of methods for
spinal function recovery, we chose a unilateral spinal
cord impact which enabled the use of clinical and
pathomorphological changes to the intact state as a
control.

Due to the need to standardize the spinal cord ap-
proach level, we attempted original approaches, such
as using the topography of the convergence of the pos-
terior spinal muscle aponeuroses as an intraoperative
landmark of the last thoracic vertebra from the side
of the operational action vector (Fig. 1B) and using the
dura mater as a damper for direct cold effect on the
spinal cord. It should be noted that intraoperative navi-
gation may be significantly complicated in younger ani-
mals, which are smaller in size, as well as in rats with
dark pigmentation (e.g., the Dark Agouti line) because
the posterior spinal muscle aponeuroses involved in the
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lumbar spinous processes look much less contrasting
than those in large albino rats.

Therefore, the technique for applying a cryoconduc-
tor to the spinal cord enables maximal localization of
the low-temperature exposure site and minimization of
nonspecific concussive organ damage during surgery.
An indicator of structural preservation of the spinal
cord during unilateral hemilaminectomy performed by
end perforation was a lack of CSF leaks. Animals with
iatrogenic durotomy were excluded from the experi-
ment. A transosseous approach to the spinal cord was
performed using a dental burr (Fig. 2).

Clinical monitoring indicators

According to the BBB scale [9], monoplegia was ob-
served on the exposure side in most rats with a simu-
lated posttraumatic scar of the spinal cord, which last-
ed for 21 days. The animals in the experimental group
had a medium level of locomotor dysfunction (2.3 points
of the BBB scale), while in the control group lacking
cold exposure complete recovery of the motor activity
was observed 5 days after surgery.

Current SCI models cause significant urinary sys-
tem dysfunctions in rats, which is a serious drawback
[11]. It is necessary to manually empty the bladder
of the animals several times a day after injury to
avoid bladder rupture and infectious inflammation
[12; 13]. Our model had no such drawback thanks to
the minimal surgical injury. After injury, the ani-
mals retained their ability to naturally empty their
bladder and intestines during the entire follow-up
period despite the persistent monoplegia. The ability
to urinate independently and defecate is the key to
life support in the chronic postoperative period; it
prevents the development of distress in rats and a
nonspecific injury to the spinal cord when stimulating
natural movements by palpation on the walls of the
intestines and bladder through the abdominal wall of
the animal.

Histological findings

According to the spinal cord histological data, an iden-
tical histological pattern was observed in all animals
on the 30th day after cryodestruction (Fig. 3). At the
defect center, there was a cavity filled with cell debris
and macrophage-like cells. The cavity was partially
lined with elements of a maturating gliomesodermal
scar, which were more pronounced on the meningeal
side and formed cords and commissures. Most of the
wall, including areas adjacent to the scar tissue, was
represented by fibrous and vacuolated neuropil that
gradually transformed into intact nervous tissue. In
the vacuolization area, there were no neurons but
there were cells of unclear morphology with signs of

Fig. 3. Typical histological pattern of spinal cord cryode-
struction on day 30 after the proposed surgical proce-
dure: A — sagittal section (the walls of a crater-shaped
defect are depicted by arrows). B — frontal section (the
structural defect cavity is clearly visible); C — segmental
section (the structural defect cavity is clearly visible). H&E
staining, X25 magnification

VOL. 11 Ne 3 (42) 2019 | ACTA NATURAE |79



RESEARCH ARTICLES

apoptosis (karyorrhexis and karyopyknosis of nuclei).
There was no acute exudative inflammation in the
defect area, but there was moderate infiltration by
lymphocytes and microglial elements. The total injury
area was 3.6 = 0.25 mm? (n = 6) in the sagittal plane
(Fig. 34), 3.2 = 0.36 mm? (n = 4) in the frontal section
(Fig. 3B), and 1.1 = 0.1 mm? (n = 4) in the cross sec-
tion (Fig. 3C). In all cases of experimental exposure,
the posterior horns of gray matter and the adjacent
lateral funiculi in the tractus pyramidalis et tractus
dorsolateralis area were structurally altered.

It should be noted that in the control group, where
only hemilaminectomy was performed, a gliomezoder-
mal-like scar was found in the approach area (Fig. 4).
This fact may be associated with technical errors in-
herent to the approach technique, but it is also an indi-
cation of how much the spinal cord is sensitive to any
outside influence.

Further optimization of the local spinal cord cooling
technology will involve improvements to the origi-
nal cryoconductor design and optimization of low-
temperature exposure conditions. Detailed studies on

Fig. 4. Morphology of the
affected spinal cord area dur-
ing hemilaminectomy (%200).
A — intact tissue; B — reactive
changes (neuropil rarefaction);
C — necrosis area, arrows
indicate cells of inflammatory
infiltrate (lymphocytes or mi-
croglial elements)

animal models related to the improvement of surgical
techniques and use of innovative laser-optical tech-
nologies and other techniques will bring practicing
surgeons closer to solving the problem of functional
recovery of the spinal cord in the posttraumatic pe-
riod [14—16].

CONCLUSION

This study substantiated, developed, and verified a
method for the simulation of a posttraumatic spinal
cord glial scar in rats. Exact adherence to the estab-
lished anatomical landmarks, as well as the use of
original tools and methods of local cold exposure of the
spinal cord, enabled the unification of the simulated
object. According to the clinical and histological data
harvested, the proposed technique indicates the cre-
ation of an adequate animal model of posttraumatic
spinal cord scar. ®

Data obtained using animals from the unique
scientific unit "Biomodel" BIBCh RAS.
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ABSTRACT In the reaction between tryptophan indole-lyase (TIL) and a substrate containing a bad leaving group
(L-serine), general acid catalysis is required for the group's elimination. During this stage, the proton originally
bound to the C_atom of the substrate is transferred to the leaving group, which is eliminated as a water mole-
cule. As a result, the basic group that had accepted the C_proton at the previous stage has to be involved in the
catalytic stage following the elimination in its basic form. On the other hand, when the substrate contains a good
leaving group (ff-chloro-L-alanine), general acid catalysis is not needed at the elimination stage and cannot be
implemented, because there are no functional groups in enzymes whose acidity is strong enough to protonate
the elimination of a base as weak as Cl- anion. Consequently, the group that had accepted the C_proton does not
lose its additional proton during the elimination stage and should take part in the subsequent stage in its acidic
(not basic) form. To shed light on the mechanistic consequences of the changes in the ionic state of this group, we
have considered the pH dependencies of the main kinetic parameters for the reactions of TIL with L-serine and
-chloro-L-alanine and the kinetic isotope effects brought about by replacement of the ordinary water used as
a solvent with 2HZO. We have found that in the reaction between TIL and f3-chloro-L-alanine, the aminoacrylate
hydrolysis stage is sensitive to the solvent isotope effect, while in the reaction with L-serine it is not. We have
concluded that in the first reaction, the functional group containing an additional proton fulfills a definite
catalytic function, whereas in the reaction with L-serine, when the additional proton is absent, the mechanism
of hydrolysis of the aminoacrylate intermediate should be fundamentally different. Possible mechanisms were
considered.

KEYWORDS tryptophan indole-lyase, mechanism, kinetics, L-serine, f-chloro-L-alanine.

ABBREVIATIONS TIL - tryptophan indole-lyase; PLP — pyridoxal-5’-phosphate; SOPC — S-o-nitrophe-
nyl-L-cysteine; LDH — lactate dehydrogenase; NADH — nicotinamide-adenine dinucleotide; SKIE — solvent
kinetic isotope effect.

INTRODUCTION

In studies focused on enzymic mechanisms, the basic stages [1]. In this context, the mechanisms of enzymes
notion frequently taken into account is that completion  displaying broad substrate specificities are of consider-
of any stage of the process creates favorable chemical able interest, since some situations arising in the active
and conformational prerequisites for the subsequent site depending on the chemical nature of the substrate
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may violate the aforementioned principle. Tryptophan
indole-lyase (TIL), also known as tryptophanase (EC
4.1.99.1), is a pyridoxal-5’-phosphate (PLP)-dependent
enzyme catalyzing the reversible a,B-elimination of
L-tryptophan with the formation of indole and ammo-

nium pyruvate.
@(\) + csCoCo0 NH;
NH

The other substrates of TIL are tryptophan analogs
substituted at various positions of the indole ring [2,
3], benzimidazole analogs of tryptophan [4], as well as
amino acids containing suitable leaving groups at the
B-carbon atom, including S-(o-nitrophenyl)-L-cysteine
(SOPC) [5], S-alkyl-L-cysteine analogs [6], B-chloro-L-
alanine [5], and L-serine [6] and O-acyl-L-serines [7].

The three-dimensional structure was established by
X-ray analysis for TIL from Escherichia coli [8—10] and
for the enzyme from Proteus vulgaris [11]. The catalytic
mechanism of TIL was studied in detail in [12—16]; the
role of specific residues in the mechanism of TIL was
elucidated in [17—20].

His.nsa

Asprar—c -

E+ CH;COO™NH,
b
N
-
NI I/

g

Scheme shows the catalytic mechanism of TIL with
its natural substrate, L-tryptophan, which is in agree-
ment with the known X-ray and kinetic data. The key
stages in this mechanism involve the abstraction of
the a-proton of external aldimine under the action
of the side amino group of the lysine 270 residue,
and subsequent elimination of the side indole group
assisted by proton transfer from phenol hydroxyl of
the tyrosine 74 residue to the 3-position of the leav-
ing indole group. According to the data reported in
[16], proton transfer and breaking of the C—C bond
proceed almost simultaneously. It was determined in
[21] that enzymic decomposition of L-tryptophan is
accompanied by a considerable intramolecular trans-
fer of the C_proton of the substrate to the 3-position
of the indole that has been formed. Since the lysine
270 and tyrosine 74 residues are far apart from each
other and are located on opposite sides of the cofactor
plane, direct transfer of a proton between them seems
improbable. Therefore, the observed intramolecular
transfer [21] might be a result of the existence of a
chain of hydrogen bonds between several residues,
which renders the observed transfer possible. Con-
vincing X-ray evidence of the existence of such a

Scheme The prin-
cipal mechanism
of the reaction
between TIL and

H L-tryptophan,
which is consistent
with [12—18]. E —
internal aldimine;
EA — external
aldimine; Ql — qui-
nonoid intermedi-
ate; TS — transition
state; and AA —
aminoacrylate

Tyr;— OH

i
Aspi7—C,_ -

So_
-
N
o1

Y

NH

Tyryg Coo~

(

PLP

TS
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chain was presented in [20]. In a,B-elimination reac-
tions with substrates containing bad leaving groups
(e.g., L-serine), general acid catalysis is required at
the stage of the leavinggroup elimination. During this
stage, formal transfer of a proton (either directly or
through the chain of hydrogen bonds) from the C_
position of the substrate to the leaving group takes
place; the latter is eliminated in the form of the re-
spective conjugated acid. As a result, the base that
has originally accepted the a-proton should appear as
the respective conjugated base once the leaving group
has been eliminated. f-Chloro-L-alanine is known to
be a good substrate for a,Bf- and a,y-eliminating ly-
ases. In the reactions with this substrate, the role of
the leaving group is played by a chlorine anion. No
general acid catalysis is needed with such a leaving
group; in this case, it cannot even be implemented,
since the enzymes carry no functional groups whose
acidities are strong enough for the acids to give away
their protons to a base as weak as the chlorine anion.
Consequently, the catalytic group that had originally
accepted the a-proton from the substrate should
appear in its acidic, rather than basic, form at the
following stage. We believe that it is of considerable
interest what mechanistic consequences the change in
the ionic state of this group has. Two possibilities seem
plausible: (1) the emergence of a new acidic group in
the pH profile of kinetic parameters, which is associ-
ated with the necessity of a transition of the group
that has accepted the a-proton into its basic form; (2)
changes in the mechanism of the stage(s) following
the elimination brought about by the changes in the
ionic state of the aforementioned catalytic group. In
the present work, we attempted to shed light on this
question by considering the pH dependencies of the
main kinetic parameters of the reactions of TIL from
Escherichia coli with L-serine and B-chloro-L-alanine,
as well as the kinetic isotope effects resulting from the
replacement of ordinary water, as a solvent, for *H,O.

EXPERIMENTAL
The reagents used in this work were purchased from
Sigma-Aldrich. The isotopic purity of *H,O was 99%.

Enzyme
Tryptophan indole-lyase was isolated from E. coli
JM101 cells containing plasmid pMD6 with the E. coli
tnaA gene, as described in [22]. Enzyme concentrations
were estimated from the absorbance of the holoenzyme
at 278 nm (A, = 9.19) [23] using a subunit molar mass
of 52 kDa [24].

The activity of TIL was determined using S-o-ni-
trophenyl-L-cysteine (SOPC) as a substrate. The reac-
tion mixture contained 0.6 mmol SOPC, the enzyme,
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Table. The solvent isotope effect on the kinetic parame-
ters of the TIL reactions with L-serine and B-chloro-L-ala-
nine

Substrate Parameter SIE
L-serine V/K 35=05
L-serine A% 0.8=+0.2

B-chloro-L-alanine V/K 22*05
B-chloro-L-alanine A% 3.6*12

0.12 M potassium phosphate buffer (pH 7.8), 3 mM
dithiothreitol, 0.06 mM PLP, and 10% glycerol. Activ-
ity was measured at 30°C according to the decline in
SOPC absorbance at 370 nm (¢ = -1860 M'min™). One
unit of activity was assumed equal to the amount of
enzyme catalyzing the decomposition of one micromole
of SOPC per minute under standard conditions. SOPC
was synthesized as described in [25].

Steady-state kinetic measurements were performed
at 30°C using the lactatedehydrogenase (LDH) coupled
assay. Reaction mixtures contained 0.2 mM NADH,
8 units of LDH, and 0.2 pM TIL in 0.1 M potassium
phosphate or borate buffer solutions in the presence of
0.1mM PLP at various pH and substrate concentrations.
The reaction rates were determined at 30°C accord-
ing to the decline in absorbance of NADH at 340 nm
(e =-6220 M'cm™).

Determination of the solvent

kinetic isotope effect (SKIE)

The potassium phosphate buffer solution (20 ml,
pH 8.2) was evaporated to dryness in vacuum. The
residue was vacuum-dried over CaCl, and dissolved in
20 ml of *H,O. The obtained buffer solution was used
for kinetic studies under conditions analogous to those
described earlier for solutions in water.

Comparing the kinetic parameters for the reac-
tions in water and *H,O allowed us to collect the data
presented in Table. The steady-state kinetic data were
analyzed using the Cleland’s FORTRAN programs [26].

RESULTS AND DISCUSSION

In the present work, we have studied the pH depend-
encies of the main kinetic parameters for the reactions
of TIL with L-serine and B-chloro-L-alanine. The re-
sults were compared with the literature data for the
reaction of TIL with its natural substrate, L-trypto-
phan [13]. For this reaction, the pH dependence of V/K
can be described by equation (1) with two pKs equal to
7.6 and 6.0.
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Fig. 1. The pH dependence of V /K for the reaction
between TIL and L-serine. The points denote the exper-
imentally determined values obtained by data-fitting to
the Michaelis—Menten equation, while the curve was
plotted by fitting the resulting values using Eq. (2) where
pK, =7.6

heat _ ¢ (1)
Ko = o 12
"o Ho W
K, K.L.K%

where pK = 7.6 =0.09, K, =6.0 =0.2.

The value of 7.6 can be ascribed to the amino group
of the Lys270 residue, which is responsible for the
abstraction of the C_proton of the external aldimine,
whereas the pK equal to 6.0 can be ascribed to the side
group of Aspl37 interacting with nitrogen of the indole
moiety at the stage of substrate binding [15, 17], which
leads to activation of the indole group as a leaving
group.

We have shown that pH dependence of V/K for the
reaction with L-serine (Fig. 1) could be described by
equation (2) with one pK equal to 7.6.

kcat C
= (2)
k)
I+—
K.

where pK = 7.6 = 0.1.

A conclusion can be drawn that ionization of the
acidic group of Aspl37, which takes part in the activa-
tion of the leaving indole group in the reaction with
the natural substrate, is not reflected in the pH depen-
dence for the reaction with L-serine. We may assume
that serine conformation in the active site is analogous
to that of tryptophan in the sense that the position of
hydroxylic oxygen strictly corresponds to the position
of the C atom of the indole ring. In this case, according
to the X-ray data [20], hydroxylic oxygen of L-serine
should be located in close proximity to the phenol group
of the Tyr74 residue, which is connected to the amino
group of the Lys270 residue by a chain of hydrogen
bonds [20]. In the course of a,B-elimination, a proton

08
Ig kcaf
09
* *
1 .
-
14
12 .
43
14 .
A5
-1.6
171 o
18 pH

Fig. 2. The pH dependence of V for the reaction be-
tween TIL and L-serine. The points are the experimentally
determined values obtained by fitting the data to the
Michaelis—Menten equation, while the curve was plot-
ted by fitting the resulting values using Eq. (1), where
pK,=pK,6=6.3

from the ammonium group of Lys270 is transferred to
Tyr74 through the chain of hydrogen bonds. The Tyr74
residue donates its own proton to the hydroxylic group
of serine, which is eliminated as water. The ionic states
of all the participants in this process, except for Lys270,
remain unchanged, and the whole process may be con-
sidered a formal transfer of a proton from Lys270 to
the leaving group. It seems probable that, in the pH
range under study, the phenol group of the Tyr74 resi-
due remains in its acidic form, which is needed for the
reaction to proceed. This explains the absence of the
respective pK in the pH dependence.

Figure 2 shows the pH dependence of k_ for the
reaction of TIL with L-serine, which can be described
by an equation with two similar pKs (Eq. (1), where
pK, = pK, = 6.3 = 0.1). At the same time, it was estab-
lished for the reaction of TIL with L-tryptophan [13]
that k_ is independent of pH, thus providing evidence
for a protonation mechanism in which the substrate
binds only to the correctly protonated enzyme form.
As a result, the enzyme—substrate complex forms,
being inaccessible to protons from the environment.
It seems probable that in the reaction with L-serine
containing a small side group, the latter occupies less
space in the active site. Therefore, hydroxonium cat-
ions from the external solvent are able to penetrate into
the enzyme—substrate complex and protonate certain
functional groups, thus making the reaction impos-
sible. We have shown that for the reaction of TIL with
B-chloro-L-alanine the pH dependence of V/K (Fig. 3)
is virtually identical to a similar dependence for the
reaction with L-serine. It can be described by an equa-
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Fig. 3. The pH dependence of V /K for the reaction
between TIL and B-chloro-L-alanine. The points are the
experimentally determined values obtained by data-fitting
to the Michaeli—Menten equation, while the curve was
plotted by fitting the resulting values using Eq. (2), where
pK, =7.8

tion with one pK_ (Eq. (2)) equal to 7.8 = 0.1. Meanwhile,
the pH dependence of V has a fundamentally different,
bell-shaped appearance (Fig. 4) and can be described
by Eq. (3):

C

kw = 77—, (3)
1+£+&
K H

where pK = 6.7 = 0.2; pK_ = 10.3 = 0.2.

As it was mentioned above, the reaction with
B-chloro-L-alanine is most likely to proceed without
activation of the leaving group, which is eliminated
as a chlorine anion. As a consequence, the situation in
the active site immediately after the elimination of CI°
should fundamentally differ from that in the reaction
with L-serine, because the proton originally bound to
the a-carbon atom of the substrate in the reaction of
B-chloro-L-alanine remains in the active site, while it
is withdrawn from the active site together with the
leaving group in the reaction with L-serine. We may
assume that the pK, value = 10.3, which was observed
in the pH profile of V for the reaction of f-chloro-L-
alanine, reflects the acidic dissociation of exactly this
additional proton in the enzyme—substrate complex.
The observed decrease in V can be associated with a
given catalytic function fulfilled by the respective
acidic group during chemical transformations follow-
ing the elimination of the chlorine anion.

In order to conduct a detailed study of the roles
played by various elementary stages in the mecha-
nisms of reactions with nonstandard substrates, we
examined the kinetics of the reactions of TIL with
B-chloro-L-alanine and L-serine in water and *H,0
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Fig. 4. The pH dependence of V for the reaction between
TIL and B-chloro-L-alanine. The points are the experi-
mentally determined values obtained by data-fitting to
the Michaelis—Menten equation, while the curve was
plotted by fitting the resulting values using Eq. (3), where
pK,=6.7, pK,=10.3

in the optimal pH range and determined the solvent
isotope effects on the main kinetic parameters. These
results are presented in Table. Unlike in the reaction
with a natural substrate, reactions of TIL with L-serine
and with B-chloro-L-alanine proceed only in the direc-
tion of substrate decomposition, but not their synthesis.
Thus, the a,p-elimination yielding an aminoacrylate
intermediate in the active site is irreversible in this
reaction. Taking this fact into account, we considered
the mechanisms of both reactions under the following
kinetic scheme (scheme 2):

Ks ke ke ky
~ ES ~EQ —>EA —> P,

E+S <

~

ke

where E is the internal aldimine, ES is the external
aldimine, EQ is the quinonoid intermediate, EA is the
aminoacrylate complex, and P is the reaction product
(pyruvate).

For the presented kinetic scheme, the main kinetic
parameters are described by Egs. (4) and (5).

kcat — kekt
K, K.k +k)

m

(4)

kykoky

k. = . 5
Uk (kg +k, + k)T K, ©)

One can see that the solvent isotope effect on V/K
for the reaction between TIL and L-serine is equal to
3.5 (see Table). Among the constants in Eq. (4), k, is not
isotope-sensitive if the abstraction of the C_ proton
under the action of the Lys270 amino group occurs di-
rectly. On the contrary, the k value should be isotope-
sensitive because this constant refers to the return of
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Fig. 5. The possible scheme of aminoacrylate hydrolysis in
the reaction between TIL and L-serine

a proton to the C_atom of the quinonoid intermediate
under the action of the ammonium group of Lys270,
which contains at least two deuterons in *H,O, and
even three deuterons if isotopic exchange with the sol-
vent proceeds sufficiently fast. However, as it follows
from Eq. (4), this effect should accelerate the reaction
in °H,O, whereas in fact we observed that it slowed
down. Hence, a conclusion can be drawn that elimina-
tion of the leaving hydroxylic group is the only stage
determining the observed solvent isotope effect, since
it assumes that a proton is transferred from Lys270 to
Tyr74 through the chain of hydrogen bonds, and then
to the hydroxylic oxygen. When ordinary water used as
a solvent is replaced with *H,O, all the protons involved
in this transfer are exchanged for deuterons and the
process is expected to slow down. It follows from the
data presented in Table that the solvent isotope effect
on V within the experimental error does not differ from
unity. This probably results from the fact that a new
constant, kh, appears in Eq. (5) describing k_; Eq. (4)
did not contain this constant. It determines the rate
of aminoacrylate hydrolysis. It is evident that when
k, (k, + k tk)<<kk,the k_ value should be equal
to the k, (k_, ~ k,) value. The k, constant is apparently
rate-limiting; on the other hand, it is insensitive to the
solvent isotope effect. In the case of the TIL reaction
with B-chloro-L-alanine, the elimination of the leaving
group should not be accompanied by proton transfer to
the chlorine anion being eliminated. Consequently, the
stage described by the k_constant should not be iso-
tope-sensitive. Everything that has been said about the
k and k_constants in the reaction with L-serine should
also be true for the reaction with B-chloro-L-alanine.
Therefore, it seems reasonable to suggest that there is
no solvent isotope effect on the V/K parameter. How-
ever, an isotope effect equal to 2.2 is in fact observed.

HaO® . Co o Lyssg HiCo ®.C_ & Lysazo C.
| N0 | ~¢ HyC —c’ ~3

o °
H N N HaN? \!J‘%H HoN: N
HC? ? HCF S HCF
O ’ O
—®
N N

H;C ]
oo sl ‘-\8+ H(‘/’h

Ho”” \
O

N

Fig. 6. The possible scheme of aminoacrylate hydrolysis in
the reaction between TIL and 3-chloro-L-alanine

A plausible explanation is that the stage of C_-proton
abstraction (k) may proceed not directly but through
a water molecule (or molecules), which is expected to
reduce k, when the solvent is changed from water to
’H,0. A similar phenomenon can also take place in the
reaction with L-serine. In this case, the solvent isotope
effect on V/K, observed for this reaction, can be associ-
ated not only with the stage of aminoacrylate forma-
tion.

For the reaction with -chloro-L-alanine, the solvent
isotope effect on parameter V is equal to 3.6 (see Table).
Therefore, the emergence of the rate of aminoacrylate
hydrolysis (k,) in Eq. (5) considerably increases the
isotope effect, contrary to its decline in the L-serine re-
action. It is fair to conclude that aminoacrylate hydro-
lysis is an isotope-sensitive stage in the reaction with
B-chloro-L-alanine; the hydrolysis mechanism differs
significantly from that in the reaction with L-serine. In
the reaction with L-serine, the amino group of Lys270
exists in its basic form at the stage of aminoacrylate
hydrolysis. The attack of the lysine amino group at the
aldimine double bond of the aminoacrylate interme-
diate is probably the rate-limiting stage of hydrolysis
(see Fig. 5). Since no transfer of protons that could be
exchanged for deuterons accompanies the limiting
stage, the hydrolysis should be insensitive to solvent
replacement. On the other hand, in the reaction with
B-chloro-L-alanine, a similar limiting stage cannot be
implemented because the side amino group of Lys270
is present in its acidic---ammonium---form contain-
ing the additional proton. The ammonium group can
donate this additional proton to the methylene group
of aminoacrylate, most probably through the chain of
hydrogen bonds (see Fig. 6). Since the protons of the
ammonium group and those participating in the chain
of hydrogen bonds can undergo isotopic exchange with
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the solvent, aminoacrylate hydrolysis should be an
isotope-sensitive stage, which was actually observed.

CONCLUSIONS

Hence, the results of our work show that the changes
in the nucleophilic nature of the leaving group in TIL
substrates may alter not only the mechanism of elim-
ination of the leaving group, but also the mechanism
of the subsequent stage of aminoacrylate hydrolysis. ®
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ABSTRACT Electrophysiological experiments on bilayer lipid membranes showed that the isolated outer mem-
brane major porin of Yersinia ruckeri (YrOmpF) exhibits activity typical of porins from Gram-negative bacteria,
forming channels with a mean conductance of 230 pS (in 0.1 M KCl) and slight asymmetry with respect to the
applied voltage. Under acidic conditions (up to pH = 3.0), there was no significant decrease in the total conduct-
ance of the YrOmpF channel reconstituted into the bilayer. The studied channel significantly differed from
the porins of other bacteria by high values of its critical closing potential (V¢): Ve = 232 mV at pH = 7.0 and
Ve =164 mV at pH = 5.0. A theoretical model of the YrOmpF spatial structure was used for the analysis of the
charge distribution in the mouth and inside the channel to explain these properties and quantitatively assess
the bonds between the amino acid residues in the L3 loop and on the inner wall of the barrel. The parameters of
YrOmpF were compared with those of the classical OmpF porin from E. coli. The results of electrophysiological
experiments and theoretical analysis are discussed in terms of the mechanism for voltage-dependent closing of
porin channels.

KEYWORDS Yersinia ruckeri, pore-forming proteins, bilayer lipid membranes, voltage-dependent gating.
ABBREVIATIONS YrOmpF — Yersinia ruckeri OmpF porin; EcOmpF — Escherichia coli OmpF porin; V¢ — critical
voltage; OM — outer membrane; AA — amino acid; MD — molecular dynamics; BLM — bilayer lipid membrane;
octyl-POE — n-octylpolyoxyethylene; DPhPC — 1,2-diphytanoyl-sn-glycero-3-phosphocholine.

INTRODUCTION passive transport of low-molecular-weight hydrophilic

Yersinia ruckeri is a Gram-negative bacterium that
causes yersiniosis in fish, mainly in salmonids. Like
other yersinia, this pathogen is able to survive and
maintain virulence in various environmental conditions
and in a wide temperature range. Y. ruckeri causes out-
breaks of the disease in aquaculture fish, which leads
to large economic losses each year [1—4].

Porins, along with lipopolysaccharide, are known to
be a quantitatively dominant component of the outer
membrane (OM) of Gram-negative bacteria and to play
a crucial role in the adaptation of microorganisms to
changing environmental conditions. Like transmem-
brane proteins, they form a system of channels for the

compounds through the bacterial OM. The main func-
tional unit of porins is a homotrimer [5, 6]. The protein
monomer is an ellipsoid beta-folded cylinder (barrel)
consisting of antiparallel beta strands connected by
segments (external loops) with an alpha-helical or dis-
ordered structure. The inner part of the porin monomer
channel is the hydrophilic surface of the beta-barrel,
and the outer part is formed by adjacent parts of the
loops (the pore mouth and vestibule region). The pore
vestibule is in immediate contact with a fragment of
the adjacent barrel’s loop L2 that is directed away
from “its” monomer. In the channel center, there is
the longest loop L3 that, unlike the others extending
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outside the barrel, is inserted into the middle of the
pore, thereby limiting its size and forming a narrow-
ing, the so-called constriction zone or pore eyelet. The
barrel wall consists mainly of positively charged amino
acid (AA) residues; on the contrary, the L3 loop con-
tains a large number of acidic AA residues. The spatial
configuration of charged AA residues is such that an
electrostatic field is generated inside the channel and
underlies the channel’s selectivity for the charges of
penetrating ions and hydrophilic compounds [7].

Electrophysiological experiments performed on
nonspecific porins from Escherichia coli have demon-
strated that the OmpF protein channel occurs in an
open state most of the time, ensuring the entry of ions
and hydrophilic molecules into the cell. However, most
porins can switch to a stable, closed state; e.g., upon
increasing medium acidity and/or under an applied
external voltage (voltage-dependent closure) [8—14].

With regard to the biological function of these chan-
nel properties, various hypotheses are put forward. In
particular, this may be due to the closing of the chan-
nels of improperly incorporated proteins and may also
be the protective (as the medium pH decreases) or even
regulatory transport function of porins (e.g., in proteins
with a very low critical channel closure voltage, Vc)
[15, 16]. However, all the proposed explanations are not
sufficiently convincing and, perhaps, this property may
be considered only as an unusual artifact [17].

Various suggestions for the mechanism of voltage-
dependent closure of porin channels (gating mecha-
nism) have been proposed. Based on molecular dynam-
ics (MD) data, a model of a movable loop L3 whose
displacement leads to channel blockage was proposed
as a possible gating mechanism [18]. However, because
this loop has many interactions with the barrel wall
(salt bridges, hydrogen bond network), this idea seems
unlikely. In addition, the closing of the channel is not
accompanied by significant changes in the loop’s posi-
tion: there are no noticeable differences in this prop-
erty in E. coli OmpF whose L3 loop is modified with
disulfide bridges [19, 20]. This fact indicates that a po-
tential cause of channel blockage may be local changes
in the tertiary structure of some L3 loop fragments.
MD studies of perturbations have suggested that at
least part of loop L3 from R. capsulatus porin is flexible
[21]. This part may well correspond to the region im-
mediately following the conserved PEFGG sequence
motif found in OmpF from Escherichia coli. Indeed,
replacement of two glycine residues in PEFGG led to a
change in the functional properties of the channel [22].
It is worth noting that the hypotheses explaining the
voltage-dependent closing of the channels of the pore-
forming proteins, as well as the facts underlying those
hypotheses, are quite contradictory. For example, the
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charged AA residues located inside the barrel and gen-
erating the electrostatic field are known to strongly af-
fect the Vc value. Moreover, the replacement of nega-
tively and positively charged residues with neutral
ones has a different effect on porins of different types.
For example, PhoE from E. coli, which is selective for
negative ions, decreases Vc in response to a substitution
of acidic residues in the L3 loop by neutral ones, while
cation-selective OmpF from E. coli increases Vc. On the
contrary, substitution of basic residues in the barrel
increases Vc in PhoE and decreases Vc in OmpF [23].

However, based on the hypothesis of a flexible loop
L3, the inconsistency of experimental facts may be
explained by a dual role of charged AA residues. On
the one hand, these residues are involved, through
hydrogen and ionic bonds, with neighboring AA resi-
dues in the channel tertiary structure formation and,
therefore, in the stabilization of the channel open state.
On the other hand, they are sensors of the electric field
and promote the transition of the channel to a closed
state. In this case, their sensitivity to changes in the
membrane potential, in combination with localization
in the long and rather mobile L3 loop, may cause con-
formational changes in the L3 loop. This is explained
by the fact that the transport of molecules through the
pore is accompanied by a redistribution of water mol-
ecules (or counterions) inside the channel and a related
reorientation of the side chains of AA residues in the
channel. As a result, there may be local displacements
within the L3 loop, which could lead to closure of the
pore [13, 24].

In this work, we characterized the electrophysi-
ological properties of the porin channels OmpF from
the OM of Y. ruckeri (YrOmpF) and OmpF from E.
coli (EcOmpF) using artificial bilayer lipid membranes
(BLMs); namely, we determined single channel conduc-
tance for these proteins and critical closing potentials in
neutral and slightly acidic media. We also investigated
the changes in the total conductance of the channels
during stepwise changes in the medium pH to a pH of
3.0. We used spatial models of YrOmpF and EcOmpF
for a comparative analysis of the charged AA distribu-
tion in the mouth, vestibule, and inside the channel of
both proteins, as well as for a quantitative assessment
of the intramolecular bonds within the L3 loop. Given
the decisive importance of these data for characterizing
the functional properties of porin channels, this com-
parison was of particular interest, because the OmpF
porin from Y. ruckert differs in its number of acidic AA
residues in the L3 loop from the classical OmpF porin of
E. coli. The calculated data enabled the identification of
a more rigid L3 loop conformation in YrOmpF, which
obviously affects the open state stability of its channel
and underlies the higher Vc value.
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EXPERIMENTAL

Microorganisms

Y. ruckeri (strain KMM 821) was used in the study. Mi-
croorganisms were cultured in 2XYT medium at 6 “C as
described in [25] and were harvested at the logarithmic
growth phase. Then, the cell suspension was centri-
fuged at 5,000 g and the resulting pellet was washed
twice with physiological saline.

Preparation of peptidoglycan-associated

protein fractions and isolation and

purification of YrOmpF porin

Y. ruckeri bacteria were destroyed by ultrasound using
a disintegrator (UZDN-2T, Russia) at 44 MHz (10 times
for 1 min with a 1-2 min break to cool the mixture) in
an ice bath. Undisrupted cells were removed by cen-
trifugation at 5,000 g for 10 min, and the supernatant
was centrifuged at 20,000 g for 1 h. The resulting crude
membrane fraction in the form of a pellet was treated
with 0.5% nonionic detergent n-octyl-polyoxyethylene
(POE) in 10 mM phosphate buffer pH 8.5 (buffer A),
according to the Garavito procedure [26]. The target
protein in the extracts was determined by denaturing
polyacrylamide gel electrophoresis (SDS-PAGE) [27].
Fractions containing maximum amounts of oligomeric
YrOmpF were pooled and purified by ion exchange
chromatography on DEAE-Sepharose CL 6B; the pro-
tein was eluted with buffer A containing 0.1% Zwitter-
gent 3-14, using a 0.137—-0.5 M NaCl gradient. Homo-
geneous electrophoretically pure YrOmpF was eluted
with 0.4 M NaCl, which was confirmed by SDS-PAGE.
This sample was used in the electrophysiological ex-
periments.

Electrophysiological experiments

BLMs were prepared according to the Mueller—Rudin
technique [28] from a diphytanoylphosphatidyl choline
(DPhPC) solution in n-heptane (5 mg/mL) in Teflon
cells separated by a septum with 1-mm holes for the
total current and 0.25-mm holes for single channels.
The aqueous phase contained 0.1 or 1 M KCl in the fol-
lowing buffer: 10 mM Tris-HCI, 10 mM MES, and 10
mM beta-alanine (pH 7.0, 5.0, and 2.8). The ion current
was detected by a pair of Ag/AgCl electrodes in volt-
age detection mode. The electrode on the cis membrane
side was grounded, and that on the trans side was con-
nected to a BC-525C amplifier (Warner Instrunments,
USA). Measurements were carried out at room tem-
perature. A protein solution was added to the cis side of
the cell, and, by raising the voltage to 200 mV, channels
were inserted. The total current through the BLM was
recorded at a YrOmpF concentration of 50—500 ng/mL;
single protein channels were obtained at a concentra-
tion of 5—20 ng/mL. Changes in the current through

the BLM were recorded in the presence of the protein
dissolved in neutral or acidic buffer at various mem-
brane potential values (50 to 150 mV).

Theoretical analysis of intramolecular bonds

To generate a theoretical model of the spatial Y. ruckert
OmpF structure, we used the AA sequence of porin
E2FHCY9 from the Uniprot database [29]; the atomic
coordinates of E. coli OmpF porin (PDB ID 20MF)
were used as a prototype. Homologous models were
generated using the MOE software as described pre-
viously [30]. The models were optimized with the MOE
2018.0101 program and Amberl0:EHT force field [31].
According to the Ramachandran map, about 96.4% of
residues in the generated models of the YrOmpF and
EcOmpF channels occurred in a favorable conforma-
tion and 3.6% of residues were in an allowable confor-
mation. This indicated that these models might be used
for further investigation. The energy contribution of
intramolecular non-covalent interactions to the porin
structure formation was analyzed and evaluated using
the MOE 2018.0101 program [31]. The geometric and
physicochemical parameters of the pore’s interior were
estimated using a distant MOLE online resource [32].

RESULTS AND DISCUSSION

Electrophysiological properties of

YrOmpF in neutral and acidic media

Figure 1 shows changes in the total electrical con-
ductance of a planar DPhPC bilayer membrane under
a voltage of = 50 mV in the presence of YrOmpF or
EcOmpF at various pH values. The current fluctua-
tions (initial parts of the curves) illustrate an active
stepwise increase in the membrane conductance upon
addition of porins at a concentration of 100 ng/mL into
the aqueous phase (buffer pH 7.0). This effect, charac-
teristic of Gram-negative bacterial porins, reflects the
incorporation of functionally active protein trimers.

To evaluate the potential effect of medium acidity on
the functional activity of YrOmpF reconstituted in the
lipid bilayer, the aqueous phase in both parts of the cell
was sequentially acidified to pH 5.0 and 3.0 during the
experiment. The current recordings shown in Fig. 1B
(second and third segments) demonstrate that as the
medium pH decreases, the membrane conductance
increases. In this case, the single channel conductance
does not change, which means that this effect illus-
trates a sharp activation of protein incorporation into
the membrane.

At a medium pH of 3.0 (the third curve segment),
the total conductance of the YrOmpF channel sharply
decreases and then gradually recovers. Current re-
cordings under these conditions are characterized by
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increased noise, which is typical of porin channels in
an extremely acidic medium and is associated with fast
opening/closing of channels.

It should be noted that we did not observe a decrease
in the total channel conductance during short-term in-
cubation (for minutes) of the protein at low pHs. How-
ever, long-term incubation of the protein in buffer at
pH 3.0 before incorporation into the BLM led to a loss
in the functional activity of YrOmpF, which was not
restored even after neutralization of the medium (data
not shown). Probably, at extremely acidic medium
pHs, the studied porin molecules undergo significant
conformational changes disabling porins to form con-
ducting channels in the membrane. Obviously, the lipid
environment protects the protein from similar changes
in the spatial structure and facilitates the stabilization
of their functionally active conformation, which leads
to preservation of the functional activity of most of the
incorporated channels.

To investigate the effect of pH on the conductance
of a single YrOmpF channel and its asymmetry, the
protein (10 ng/mL) was inserted into the membrane
in buffer at pH 7.0 in 0.1 M KCI then the buffer was
acidified in both cells simultaneously. During this ex-
periment, the porin channel was found to have a small
conductance asymmetry (12%), which remained dur-
ing medium acidification to pH 5.0. The channel con-
ductance during acidification increased by 2% (n = 4),
on average. It should be noted that a similar channel
asymmetry was also observed for the E. coli OmpF
porin [14].

The conductance histograms of single YrOmpF
and EcOmpF channels in neutral and acidic media
(Fig. 2) were obtained in 0.1 M KCIL Protein samples
pre-incubated in buffer solutions with different pHs
(7.0 and 5.0) were added to the cis side of the cell to a
final concentration of 100 ng/mL, and a voltage of 50
to 150 mV was applied. During the experiment, hun-
dreds of insertional steps of the studied proteins were
analyzed.
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Inserted into the model DPhPC membrane both in
neutral and acidic media, YrOmpF was shown to form
a pore population heterogeneous in conductance. At pH
7.0 in 0.1 M KClI, the largest number of channels had a
conductance of about 230 pS (Fig. 24); in this case, the
histogram contains minor multiple conductance peaks,
which are obviously associated with protein trimer
aggregates (460 and 690 pS). As the medium pH de-
creased to 5.0 (Fig. 2B), the conductance heterogeneity
of YrOmpF channels increased even more. Additional
peaks appeared on the histogram, and the proportion
of channels with major multiple conductance also in-
creased.

Compared to YrOmpF, the EcOmpF channel is
characterized by a less heterogeneous pore population
with a peak of 276 pS at pH 7.0 and 285 pS at pH 5.0.
However, in an acidic medium, a wider distribution of
channel conductance and EcOmpF protein is observed.

Previously, we demonstrated that the Yersinia po-
rins, especially nonpathogenic ones [33], were charac-
terized by a wide range of channel conductance levels
compared to E. coli OmpF. In the case of YrOmpF, this
may be due to the fact that this porin is a wild-type
protein obtained from the membrane using the non-
ionic POE detergent that more gently affects the porin
conformation upon release than the ionic SDS deter-
gent. For this reason, protein trimer associates with a
higher conductance may remain in the YrOmpF sam-
ple. The described pH-dependent changes in the func-
tional properties of YrOmpF were also observed in the
OmpF channels from Y. pseudotuberculosis (YpOmpF).
We found that the protein occurred predominantly
as a trimer in the aqueous solution at pH 7.0 and as a
monomer at pH 3.0 [34]. The main disturbances in the
spatial organization of YpOmpF in an acidic medium
are associated with a decrease in the beta-barrel pack-
ing density and the changes in the microenvironment
of the aromatic chromophores in the protein molecule.
At low pHs, changes in the electrostatic potential on the
protein surface are accompanied by significant struc-
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tural rearrangements, which leads to dissociation of po-
rin trimers into monomers [34]. In addition, we showed
earlier that both molecular protein forms (trimer and
monomer) had high affinity for the membrane, but
only binding of trimers led to porin channel formation
in the lipid bilayer [35].

Therefore, the experimental data obtained for
YrOmpF and EcOmpF and the results of earlier stud-
ies of a closely related porin of the pseudotuberculosis
microbe suggest that extremely low pHs lead to irre-
versible changes in the ability of the studied porins to
incorporate into the model membrane to form channels.
However, these conditions do not reduce the conduc-
tance of pre-inserted channels. Therefore, the ten-
dency of porin channels to close at lower pH is unlikely
to play a significant role in the regulation of ion fluxes
through the bacterial membrane.

Potential-dependent closing of YrOmpF channels

One of the properties of pore-forming protein channels
from Gram-negative bacteria is their ability to switch
to a closed state as the voltage applied to the mem-
brane is increased. This closing is stepwise and reflects

HHHD Hﬂﬂﬂ =/ I 4

400 1000

Conductance, pS

sequential closure of monomer channels in the protein
trimer.

Because YrOmpF channels had a weak tendency
to close, and high membrane potentials (more than
220 mV) often led to significant activation of channel
incorporation, recording of classical current—voltage
characteristics posed certain experimental difficulties.
Therefore, the ability of YrOmpF channels for voltage-
dependent closure was studied in single channels. For
this purpose, a 5 ng/mL YrOmpF sample was added
to the cell cis side, and the membrane potential was
increased to 250 mV, awaiting a single channel inser-
tion event. Then, the voltage was reduced to 100 mV
and increased stepwise at a rate of 10 mV /min. The
voltage causing stable closure of at least one monomer
was considered the critical closing voltage (Vc). Simi-
larly, 10 YrOmpF channels were analyzed at pH 7.0
and 15 channels at pH 5.0, which enabled to measure
the Ve value under these conditions. We also used this
technique for measuring Vc of the EcOmpF channels.
The obtained values are given in Table.

Typical current recordings illustrating the differ-
ence in the closing voltage of the channels of the two
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Fig. 3. Conductance of YrOmpF and EcOmpF porin chan-
nels during a stepwise increase in the membrane poten-
tial. Aqueous phase: 0.1M KCl, 10 mM Tris-HCI, 10 mM
MES, 10 mM beta-alanine, 10 ng/mL protein. Voltage, 0,
50, —250 mV

Critical closing potential of the studied porins

Porin Ve, mV
pH 7.0 pH 5.0
E. coli OmpF 124 =6 (n = 10) 103 =10 (n =15)
Y. ruckeri OmpF 2327 (n=10) 164 =8 (n =15)

proteins are shown in Fig. 3 (not all channels in the
given records are single).

During the experiment, YrOmpF channels were
found to have unusually high critical closing potentials
compared to those of EcOmpF channels (Table). In ad-
dition, this characteristic of the YrOmpF channels was
found to depend on medium acidity because lowering
of the electrolyte pH to 5.0 led to a decrease in Vc. Thus,
the pH dependence of channel conductance for the
studied protein is similar to that for the E. coli OmpF
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channels [36]. The Vc values obtained for the EcOmpF
sample used in this study also correspond to the data
of [36].

The functional characteristics of porin channels
are known to be controlled mainly by the structure
of their constriction region, where the beta-barrel
diameter decreases significantly [7]. An unusual or-
ganization of the pore constriction region with two
oppositely charged semirings situated across each
other in a restricted space generates an intense elec-
trostatic field in the pore, which controls solute flow
through the channel and determines the pore activity
of a given protein.

The cationic cluster on the inner wall of the E. coli
OmpF barrel is formed by three arginine residues
(Arg42, Arg82, and Argl32) that are flanked by a
lysine residue (Lysl16). A positively charged cluster is
present inside the OmpF barrel of Yersinia porins, like
in E. coli OmpF as was shown earlier [37]. In YrOmpF,
this arginine cluster is represented by three residues
(Arg37, Arg76, and Argl27). However, the acidic
residue Glull7 (present in E. coli OmpF) in a highly
conserved PEFGG porin region of the loop L3 [38] is
replaced by neutral Vallll as in other Yersinia. In ad-
dition, this loop in YrOmpF lacks another charged resi-
due: Aspl27 (in E. coli OmpF) is replaced by Asnl22.
As a result, instead of six acidic residues in the L3 loop
of E. coli OmpF, YrOmpF contains only four residues,
whose charge can change in an acidic medium.

Replacement of charged residues in the L3 loop and
in opposite segments of the beta-barrel in the AA se-
quence of E. coli OmpF is known to lead to significant
Ve variations. For example, higher Vc values were
obtained for E. coli OmpF mutants with acidic residues
in the L3 loop replaced by neutral ones [23]. Therefore,
the structural differences in the functionally important
sites of the L3 loop, revealed by a comparative analysis
of the AA sequences of YrOmpF and OmpF from E.
coli, may be responsible for the differences in the Vc
values of these two proteins.

Analysis of intramolecular interactions

based on theoretical porin models

To explain the higher experimental Vc value of Y.
ruckeri OmpF porin compared to that of classical E. coli
OmpF, we used a comparative analysis of the charge
distribution at the mouth, entrance, and inside the pore
in a theoretical model of the spatial structure of these
two proteins, which was generated by homologous
modeling.

Alignment of the AA sequences of the studied
proteins revealed that the primary structure of the
barrel in their molecules has a high degree of homol-
ogy, but that the external loops differ in the length
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Fig. 4. Distribution of basic and acidic amino acid residues in the variable regions of the porins.

The protein structures are shown as a monomer ribbon diagram. Variable amino acid residues are shown as translucent
surfaces and colored according to their charge: basic AAs are shown in blue; acidic AAs are shown in red. Amino acid
side chains in EcOmpF and YrOmpF are shown as balls-and-sticks or sticks, respectively

and AA composition. Here, there are both inclusions
of additional residues and deletions. For example, loop
L1 in YrOmpkF is shorter by two residues, and loops
L4 and L8 contain two and four additional residues,
respectively, compared to the same loops in EcOmpF.
In addition to the differences in the number of AA
residues in the loops forming the channel entrance, the
number of basic residues in this region of the EcOmpF
molecule was found to be noticeably smaller than that
in YrOmpF (data not shown).

A detailed MOLE-based analysis of the charge dis-
tribution revealed significant differences in the num-
ber and localization of basic and acidic AA residues
both in the external loop region and inside the pore of
the studied proteins (Figs. 4 and 5). For example, the
channel entrance region in EcOmpF contains a greater
amount of acidic AA residues (Fig. 4), so this region is
charged more negatively than that in YrOmpF. How-
ever, the external vestibule and constriction zone of
the EcOmpF channel contain more basic AA residues
and, therefore, have a stronger positive charge than
YrOmpF (Fig. 5).

In addition, despite a comparable pore length (38.9 A
for YrOmpF and 38.4 A for EcOmpF), the studied po-
rins significantly differ in their charge distribution
in the inner part of their channels. For example, the
interior of EcOmpF is characterized by a finer struc-
tural organization in terms of alternating positively and
negatively charged residues along the pore, while the

inner surface of the YrOmpF channel contains longer
charged areas (Fig. 5).

These facts may be one of the causes for the differ-
ences in the closing potential of the studied proteins.
It is known that Omp-Pst1 and Omp-Pst2 porins from
Providencia stuartii, which have close structural simi-
larity but significantly differ in their charge distribu-
tion patterns along channel walls and, respectively,
in the strength of electrostatic interactions inside the
pore, not only possess opposite ion selectivity, but also
significantly differ in their closing potential [16].

On the other hand, the degree of conformational
mobility of the L3 loop is known to be controlled by the
network of hydrogen bonds and salt bridges located
between the top and base of L3 and the adjacent bar-
rel wall [39]. It is the strength of these bonds that af-
fects the porin channel sensitivity to the membrane
potential [16]. Therefore, the features of intramolecular
interactions associated with L3 may play a significant
role not only in the pore conductance, but also in the
voltage-gated switching of the channel on/off. As
mentioned above, the hypothesis of a “flexible” L3 loop
is the most plausible among existing explanations for
voltage-gating of porin channels. Due to its capacity for
significant fluctuations, this loop can change its spatial
orientation under voltage applied to the membrane,
which switches off the ion flow. If this hypothesis is
true, then the difference in the closing potential be-
tween YrOmpF and EcOmpF porins should depend
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Fig. 5. Geometrical characteristics (length, radius) and charge distribution in the pore interior. A — EcOmpF;
B — YrOmpF.The spatial structures of monomeric porins are shown on the left

Fig. 6. Intramolecular non-covalent interactions of functionally important amino acid residues in loop L3 in YrOmpF and
EcOmpF porins. Protein secondary-structure elements are shown as ribbons; functionally important amino acid residues
are shown as sticks. Elements of loop L3 are shown in grey; B-strands and other loops are shown in brown. Hydrogen
bonds are shown as blue dotted lines; ionic interactions are shown as blue contours

on the degree of conformation stability of the L3 loop.
In both proteins, this is controlled by the contacts and
bonds that exist between specific AA residues in the
L3 loop and residues in other loops and the barrel wall.

An analysis of the intramolecular interactions be-
tween the residues of the L3 loop in the studied porins
revealed that the total interaction number varies
significantly. For example, the position of this loop
in EcOmpkF is stabilized by 23 non-covalent interac-
tions with a total energy contribution of —63.8 kcal/
mol, while the L3 loop conformation in YrOmpF is
controlled by 35 interactions whose energy is —131.6
kcal/mol.
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According to the calculated data, there are hydro-
gen bonds in the E. coli porin between the variable
residues Argl67 (Vall63 in YrOmpF) and GIn213
(Ala215 in YrOmpF) localized in the L4 loop and 310
strand, respectively, and the conserved residues Ser125
(Ser120 in YrOmpF) and Phel29 (Phel23 in YrOmpF)
in the L3 loop (Fig. 6). Their presence leads to a side
chain conformation of the conserved residue Aspl26
in EcOmpF, which prevents the formation of both salt
bridges (with Lys80 side chains) and additional hydro-
gen bonds with Argl00 (only two hydrogen bonds are
formed). However, the conserved residue Aspl21 in
the L3 loop of YrOmpF, which corresponds to Asp126
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in EcOmpF, forms five salt bridges and four hydro-
gen bonds with Arg94 in the 85 strand (corresponds to
Argl00 in EcOmpF) with a total contribution of about
—17.563 kcal/mol. In addition, there is another hydro-
gen bond between Aspl21 and Lys74 in the 34 strand
of Y. ruckeri porin (Lys80 in EcOmpF) with a contribu-
tion of —13.8 kcal/mol (Fig. 6).

In another part of the L3 loop, replacement of Ile314
(in EcOmpF) with Lys315 (in YrOmpF) changes the
interaction pattern of the conserved Asplld residue
(corresponds to Aspl21 in EcOmpF) in the L3 loop of
YrOmpF porin. Therefore, in addition to the interac-
tions between Aspll5 and Tyr295 (—38.27 kcal/mol)
conservative for these porins, Asp115 in YrOmpF forms
a network of energy-intensive hydrogen bonds and
ionic interactions (—10, —6.355, and —2.652 kcal/mol)
with the Lys315 side chain in the f15 strand, which are
absent in EcOmpF (Fig. 6).

Therefore, the calculated data indicate that the L3
loop of YrOmpF has a more stable conformation.

CONCLUSION

Our electrophysiological experiments revealed an ab-
normally high critical closing potential of the OmpF
channel from Y. ruckeri compared to that of the E. coli
porin. A theoretical analysis of the charge distribution

in regions of the spatial porin structure which are im-
portant for channel conductance and a quantitative
assessment of the intramolecular bonds inside the
YrOmpF and EcOmpF pores revealed significant dif-
ferences in polar interactions between the AA residues
of the L3 loop and the barrel. The conformational mo-
bility of the L3 loop in YrOmpF is much more restrict-
ed, which may create a need to apply an additional
(compared to E. coli porin) potential in order to switch
the YrOmpF channel to a closed state.

The obtained results contribute to the investigation
of the molecular mechanisms of channel conductance
in nonspecific porins from Gram-negative bacteria.
These proteins are of interest, as biological nanopores,
for use in nanotechnology and nanomedicine. The basis
for this is their ability to change conductivity in re-
sponse to any external factor and/or an analyte. In this
regard, a detailed investigation of the structural basis
for the functioning of pore-forming proteins will lead to
a more meaningful approach to the design of biological
sensors with the desired properties. ®

This work was financially supported in part
by the Russian Foundation for Basic Research
(No. 19-03-00318).
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ABSTRACT Radiation therapy with heavy particles including neutrons, an otherwise therapeutically perspective
because of its high tissue penetration and efficient tumor damage, is currently limited by the lack of adequate
equipment. An NG-24 generator (140 kg, 42 X 110 ¢m, ~10'! particles/s, > 14 MeV) has been designed and en-
gineered to replace the huge and environmentally harmful neutron reactors, cyclotrons, and accelerators with
a compact, portable, safe, and potent source of high-energy neutrons. We demonstrate that the neutron beam
produced by NG-24 causes a significant antiproliferative effect on human tumor cell lines regardless of the
status of the anti-apoptotic p53 protein. Phosphorylation of histone 2A and increased amounts of p21, cyclin D,
and phospho-p53 were detectable in HCT116 colon carcinoma cells (wild-type p53) irradiated with 4 Gy several
days post-treatment, accompanied by G2/M phase arrest. These treatments dramatically reduced the ability of
single cells to form colonies. In the HCT116p53KO subline (p53 -/-), the G2/M arrest was independent of the
aforementioned mechanisms. Hence, the NG-24 generator is a source of a powerful, therapeutically relevant
neutron flux that triggers a p53-independent antiproliferative response in tumor cells.

KEYWORDS fast neutrons, neutron generators, tumor cells, DNA damage, cell death.

INTRODUCTION

Photons with an energy range of 30 keV—25 MeV are
routinely used in the conventional radiation therapy of
tumors. However, heavy particles (in particular, neu-
trons with energy > 1 MeV; fast neutrons)) are more
effective than photons. Due to its high linear energy
transfer and relative biological effectiveness (RBE),
fast neutron therapy of radioresistant tumors has an
advantage over photon beam radiation therapy [1]. Fast
neutrons can be used in combination with photon beam

therapy. Despite their therapeutic potential, the clini-
cal use of neutrons remains limited, partly because of
a lack of adequate equipment. The cyclotrons, nuclear
reactors, and accelerators currently in use worldwide
[1, 2] are huge stationary devices that are difficult to
operate and maintain.

Fast neutron generators can be an alternative. An
NG-24 generator designed at the N.L. Dukhov All-
Russia Research Institute of Automatics is a compact,
portable, and safe device with a therapeutically suf-
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Table. Parameters of the NG-24 neutron source

D-T neutron flux, particles/s o
Neutron energy, MeV >14
Time resource, h 500
Dimensions, mm 420 x 1100
Weight, kg 140
Electric supply 50/60 Hz, 220 V, 1200 W
Body Grounded

ficient particle flux [3]. The characteristics of the NG-
24 generator are shown in Table. Because of its small
dimensions, NG-24 can be mounted both on a gantry
and on a robotic manipulator. A tritium-saturated tar-
get to which a deuterium ion beam accelerated in the
electric field is focused serves as a source of irradiation.
The nuclear reaction *H(d,n) generates 14—15 MeV
neutrons. Due to a big reaction cross section (5 barn at
107 keV), one can obtain a flux of >10 neutrons/s [4,
5]. Theoretical calculations and experiments showed
that the neutron energy (14.71-14.87 MeV) was prac-
tically linearly dependent on the accelerating voltage
[6, 7].

In this study, we evaluated the ability of a neutron
beam produced by NG-24 to induce therapeutically
relevant effects in cultured human tumor cells.

EXPERIMENTAL

The dose absorbed by the cell monolayer was assessed
according to the particle flux by computer simulation
using the Geant4 software [8] (Physicslist QGSP_BIC
HP for neutrons with energy < 20 MeV). The calculated
coefficient of neutron flux conversion into the dose
absorbed by the cell monolayer was 5.7 X 107!* Gy/neu-
tron. Non-homogeneity of the neutron flux across the
monolayer was * 15%.

The reagents were purchased from PanEco (Russia),
except when specified otherwise. The HCT116 colon
cancer (wild type p53) and MCF7 human breast cancer
(caspase-3 deletion) cell lines were purchased from the
American Type Culture Collection. The HCT116p53KO
subline with an inactivated p53 protein has been gen-
erated in the B. Vogelstein’s laboratory [9]. The cells
(50% monolayer) in 25-cm? cell culture flasks were ir-
radiated with 14 MeV neutrons. For colony formation,
1,000 irradiated cells were plated onto a 100-mm Petri
dish in 20 ml of a Dulbecco modified Eagle’s medium
supplemented with 10% fetal calf serum (HyClone,
USA), 2 mM L-glutamine, 100 U/ml penicillin, and 100
pg/ml streptomycin, and incubated at 37°C, 5% CO, for
14 days. The colonies were fixed with methanol and
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stained with methyl violet. For flow cytometry and
immunoblotting, the irradiated cells were incubated
in the aforementioned medium for 1—4 days. The an-
tibodies were purchased from Cell Signaling (USA).
The protocols have been published in our earlier papers
[10—12].

RESULTS AND DISCUSSION

Irradiation of HCT116 cells with a single dose of 2 Gy
significantly reduced the proliferation rate of the cells;
only small individual colonies (< 6 cells) were detected
after 3 Gy (Figure A). Two days post-irradiation, the
cells accumulated in the G2/M phase. This arrest was
observed for at least 4 days (Fig. B; note the increased
percentage of polyploid cells, a hallmark of altered
mitosis). These data indicated that DNA damage was
the major mechanism of cell response to the neutron
irradiation generated by NG-24. Indeed, after 4 h, the
percentage of cells with phosphorylated H2A histone, a
marker of DNA double-strand breaks, increased from
10% in untreated cells to > 70% in the cells exposed to
4 Gy. This effect persisted for at least 24 h after irra-
diation.

Importantly, the effects of neutron irradiation on
HCT116 cells were reproduced for the isogenic sub-
line HCT116p53KO. This subline with inactivated
pro-apoptotic p53 is resistant to a number of DNA-
damaging anticancer drugs [10]. Therefore, p53 is not
needed for the antiproliferative activity of neutrons.
The described effects were also observed in a MCF7
breast cancer cell line (caspase-3 deletion). Hence, an-
tiproliferative potency is revealed in cells of different
tissue origins; individual nonfunctional mechanisms of
cell death, which may limit the therapeutic effects in
other situations, do not impede the antitumor efficacy
of the neutrons.

The molecular events in cells with the wild type and
inactivated p53 were different. The accumulation of
p21, the protein known to halt cell cycle progression
in response to DNA damage, and activation of cyclin
D1 driving the G1-S transition were detected only in
HCT116 cells but not in the HCT116p53KO0O subline (4
Gvy; Figure B). Therefore, the increased p53, p21, and
cyclin D1 levels contributed to G2/M arrest in HCT116
cells, while other mechanisms are responsible for the
same cell cycle arrest in the case of non-functional p53.
These mechanisms need to be elucidated, and the final
outcome of neutron irradiation (apoptosis, mitotic ca-
tastrophe, senescence, etc.) has to be determined.

Hence, the NG-24 neutron generator produces a
neutron flux that is sufficient for inducing molecular
and phenotypic changes at doses and time intervals
relevant to those used in radiation therapy. Therefore,
one may expect that the generator can be used in
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therapeutic applications. Meanwhile, neutron radiation
requires special measures for patient safety.

The damage to non-tumor cells caused by neutrons
is a crucial issue. Taking into account the dependence
between antitumor efficacy and radiation parameters,
the lack of information about the biological mecha-
nisms of neutron irradiation, as well as the challenges
associated with accurate quantification of the neutron-
absorbed dose, there is little sense in comparing the
responses of tumor and non-tumor cells. Experimental
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Molecular mechanisms of the response of HCT116 and
HCT116p53KO cells to irradiation with fast neutrons. A —
colony formation; B — cell cycle distribution (flow cytome-
try; P — polyploids); C — immunoblotting. The results of at
least three replicates are shown

studies are complicated by the inability of non-trans-
formed cells to form colonies and by the challenges
related to long-term culture.

The conformity of neutron radiation is ensured by
proper technical solutions. Modern radiotherapy tools
allow one to significantly reduce or avoid the damage
to surrounding tissues due to the possibilities offered
by treatment planning (calculating the radiation-
absorbed dose in the tumor and peritumoral tissue).
Since the dose produced by neutrons on the surface
(skin) is higher than that inside the tumor (the ab-
sorbed dose decreases twofold at a depth of 5—6 cm),
the therapy employs multiple field irradiations. The
dose accumulates in the tumor as the patient’s body is
irradiated at different angles. It is possible to reduce
the specific surface dose, while the therapeutically
effective dose in the tumor is retained. Multileaf col-
limators are used for an accurate shaping of the tumor.
As the radiation source is rotated around the patient’s
body, the collimator leaves move to generate a field
for each radiation angle. Irradiation may require many
collimator leaf positions. Furthermore, the RBE of
neutrons increases with a decrease of neutron energy.
It is expected that RBE inside the tissue, where the
neutrons are slowed down, will be higher compared
to that on the skin. However, taking into account the
complexity of measuring the RBE value, this question
needs further investigation.

This communication demonstrated that the experi-
mental NG-24 neutron generator produces a neutron
flux with biological parameters that are acceptable for
antitumor radiotherapy. The problem to be solved next
is the design of a therapeutic prototype that would
combine the high antitumor efficacy of neutron radia-
tion with radiation therapy conformity and meet the
requirements for the safety of patients and personnel.

CONCLUSIONS

This safe and compact NG-24 neutron generator pro-
duces a fast neutron flux which allows one to deliver
a radiation dose sufficient for inducing a pronounced
antiproliferative response in tumor cells. Loss of DNA
integrity and delayed cell cycle progression in response
to neutron irradiation are detectable regardless of the
status of the pro-apoptotic protein p53. These findings
suggest that fast neutrons efficiently eliminate tumor
cells in which individual molecular mechanisms that
control the cell death/survival balance are not func-
tioning. @

This work was supported by the Ministry of Education
and Science of the Russian Federation (Agreement
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of Sciences, No. 14.W03.31.002).
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GENERAL RULES
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views, as well as articles on topical issues, short reviews,
and reports on the subjects of basic and applied life
sciences and biotechnology.

The journal Acta Naturae is on the list of the leading
periodicals of the Higher Attestation Commission of the
Russian Ministry of Education and Science. The journal
Acta Naturae is indexed in PubMed, Web of Science,
Scopus and RCSI databases.

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

The maximum length of a review, together with ta-
bles and references, cannot exceed 60,000 characters
with spaces (approximately 30 pages, A4 format, 1.5
spacing, Times New Roman font, size 12) and cannot
contain more than 16 figures.

Experimental articles should not exceed 30,000 sym-
bols (approximately 15 pages in A4 format, including
tables and references). They should contain no more
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A short report must include the study’s rationale,
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should not exceed 12,000 symbols (8 pages in A4 format
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1) text in Word 2003 for Windows format;

2) the figures in TIFF format;

3) the text of the article and figures in one pdf file;

4) the article’s title, the names and initials of the au-
thors, the full name of the organizations, the abstract,
keywords, abbreviations, figure captions, and Russian
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5) the cover letter stating that the submitted manu-
script has not been published elsewhere and is not un-
der consideration for publication;

6) the license agreement (the agreement form can be
downloaded from the website www.actanaturae.ru).
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manner:
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not exceed 100 characters. It should reflect the ma-
jor result, the essence, and uniqueness of the work,
names and initials of the authors.

- The corresponding author, who will also be working
with the proofs, should be marked with a footnote *.

- Full name of the scientific organization and its de-
partmental affiliation. If there are two or more sci-
entific organizations involved, they should be linked
by digital superscripts with the authors’ names.
Abstract. The structure of the abstract should be
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introduce the reader to the main issue and describe
the experimental approach, the possibility of prac-
tical use, and the possibility of further research in
the field. The average length of an abstract is 20 lines
(1,500 characters).

- Keywords (3 — 6). These should include the field of
research, methods, experimental subject, and the
specifics of the work. List of abbreviations.

-+ INTRODUCTION

- EXPERIMENTAL PROCEDURES

- RESULTS AND DISCUSSION

- CONCLUSION
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listed at the end of this section with grant numbers in
parenthesis.

- REFERENCES
The in-text references should be in brackets, such

as[1].
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AND FORMATTING OF THE TEXT

+ We recommend the use of Microsoft Word 2003 for
Windows text editing software.

- The Times New Roman font should be used. Standard
font size is 12.

+ The space between the lines is 1.5.

+ Using more than one whole space between words is
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+ We do not accept articles with automatic referencing;
automatic word hyphenation; or automatic prohibition
of hyphenation, listing, automatic indentation, etc.

- We recommend that tables be created using Word
software options (Table = Insert Table) or MS Excel.
Tables that were created manually (using lots of spac-
es without boxes) cannot be accepted.

+ Initials and last names should always be separated by
a whole space; for example, A. A. Ivanov.

- Throughout the text, all dates should appear in the
“day.month.year” format, for example 02.05.1991,
26.12.1874, etc.

+ There should be no periods after the title of the ar-
ticle, the authors' names, headings and subheadings,
figure captions, units (s — second, g — gram, min —
minute, h — hour, d — day, deg — degree).

- Periods should be used after footnotes (including
those in tables), table comments, abstracts, and
abbreviations (mon. — months, y. — years, m. temp.
— melting temperature); however, they should not
be used in subscripted indexes (T — melting tem-
perature; Tpt — temperature of phase transition).
One exception is mln — million, which should be used
without a period.

+ Decimal numbers should always contain a period and
not a comma (0.25 and not 0,25).

+ The hyphen (“-”) is surrounded by two whole spaces,
while the “minus,” “interval,” or “chemical bond”
symbols do not require a space.

+ The only symbol used for multiplication is “X”; the
“x” symbol can only be used if it has a number to its
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right. The “-” symbol is used for denoting complex
compounds in chemical formulas and also noncovalent
complexes (such as DNA-RNA, etc.).

+ Formulas must use the letter of the Latin and Greek
alphabets.

- Latin genera and species' names should be in italics,
while the taxa of higher orders should be in regular
font.

- Gene names (except for yeast genes) should be ital-
icized, while names of proteins should be in regular
font.

- Names of nucleotides (A, T, G, C, U), amino acids
(Arg, Ile, Val, etc.), and phosphonucleotides (ATP,
AMP, etc.) should be written with Latin letters in
regular font.

* Numeration of bases in nucleic acids and amino acid
residues should not be hyphenated (T34, Ala89).

+ When choosing units of measurement, SI units are to
be used.

- Molecular mass should be in Daltons (Da, KDa, MDa).

+ The number of nucleotide pairs should be abbreviat-
ed (bp, kbp).

+ The number of amino acids should be abbreviated to
aa.

- Biochemical terms, such as the names of enzymes,
should conform to IUPAC standards.

+ The number of term and name abbreviations in the
text should be kept to a minimum.

- Repeating the same data in the text, tables, and
graphs is not allowed.

GUIDENESS FOR ILLUSTRATIONS

- Figures should be supplied in separate files. Only
TIFF is accepted.

- Figures should have a resolution of no less than 300
dpi for color and half-tone images and no less than
500 dpi.

- Files should not have any additional layers.

REVIEW AND PREPARATION OF THE

MANUSCRIPT FOR PRINT AND PUBLICATION

Articles are published on a first-come, first-served ba-
sis. The members of the editorial board have the right
to recommend the expedited publishing of articles
which are deemed to be a priority and have received
good reviews.

Articles which have been received by the editorial
board are assessed by the board members and then
sent for external review, if needed. The choice of re-
viewers is up to the editorial board. The manuscript
is sent on to reviewers who are experts in this field of
research, and the editorial board makes its decisions
based on the reviews of these experts. The article may
be accepted as is, sent back for improvements, or re-
jected.

The editorial board can decide to reject an article if it
does not conform to the guidelines set above.

The return of an article to the authors for improve-
ment does not mean that the article has been accepted
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for publication. After the revised text has been re-
ceived, a decision is made by the editorial board. The
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the responses to all comments. The date of acceptance
is the day on which the final version of the article was
received by the publisher.
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lisher a week after the authors have received the com-
ments; if not, the article is considered a resubmission.

E-mail is used at all the stages of communication be-
tween the author, editors, publishers, and reviewers,
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is ready, the publisher sends out PDF files to the au-
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figures, or tables are not allowed at the final review
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editorial board.
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ument (the author’s rights or patent), the patent num-
ber, the name of the country that issued the document,
the international invention classification index, and the
year of patent issue.

The list of references should be on a separate page.
The tables should be on a separate page, and figure
captions should also be on a separate page.
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Fluerescence of cells after staining with various prefeins.
The mean values for the three experiments £ mean error
are given

Unstained cells 3700 + 400 3700 + 900
+ p-LG-FITC 5700 + 600 3300 + 400
+ 4DGscFv-FITC 27H10' £ T X 1| 3200 + 500

F 4DGscFv-miniSOG 23X100 £ 3% 10¢ 4600 £ 400

+ DARPIn-miniSOG | L71%10'+ 1.6 x 10° [ 3000 + 400

Henee, it has been demonstrated that the targeted
recombinant proteins 4D3scFv-miniSOG and DAR-
Pin-miniSOG are capable of highly specific binding
to the HER2/neu receptor on the surface of human
breast adenocarcinoma SK-BR-3 cells.

It was revealed that receptor-mediated inter-
nalization of proteins did not take place after the
DARPin-miniSOG and 4D3scFv-miniSOG proteins
were bound to the receptor on the surface of SK-BR-3
cells at +4°C. However, the receptor—protein complex
undergoes internalization at +37°C, as evidenced by
the reduction in the fluoreseence intensity AMFI
(the difference between the average fluorescence
intensities of stained and unstained cells) (Fig. 1). The
DARPin-miniSOG recombinant protein as part of its
complex with the receptor is internalized faster than
4D5seFv-miniSOG, since AMFI for DARPin-miniSOG
decreases twofold as compared to its baseline during
the first 10 min, while AMFI for 4 D5scFv-miniSOG is
40 min. These findings are consistent with the pub-
lished data: 4D5seFv-miniSOG has a higher eytotoxice-
ity than DARPin-miniSOG [5, 6], because 4DascFv-
miniSOG resides on the membrane for a longer time.
Since neerosis is the predominant death meehanism of

cells irradiated in the presence of these phototoxins,
membrane damage makes a crucial contribution to
the toxicity of targeted proteins. However, the de-
cline in the fluorescence intensity of miniSOG can be

indicative of reactions involving chromophaore, which
is also expected to affect its efficiency as a phototoxin.

In order to elucidate the reasons for the decline in
the fluorescence intensity and toxicity of miniSOG-
based proteins observed during their internalization,
we evaluated the effect of various factors on the fluo-
rescent properties of miniSOG. A hypothesis has been
put forward that quenching of DARPin-miniSOG
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