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S1.1. Molecular dynamics of a-helical poly-1-glutamic acid in water
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a-Helix is a basic element of secondary structure from which the globu-
lar proteins are built. Since true native protein exists in water solution the
structural behavior of protein is determined essentially by their dynamic
properties. However, the problem is rather complicated because a major-
ity of protein structures has been obtained in the crystal state. Here we
have studied the dynamic properties of poly-L-glutamic acid model in
a helical conformation in water solution. It includes 16 Glu residues
placed in 4.5 turns of right-handed a-helix structure built with the data
of Pauling & Corey (1951). In acidic water solution at pH about 3.5 poly-
L-glutamic acid undergoes the helical conformation. Thus, our model has
non-ionized side carbonyl Glu groups, as COOH, and ionized terminal
groups, as NH3+ and COO-. An analysis of all the atomic groups makes
no special sense. So, we have concentrated solely on dynamic study of
peptide skeleton from Ca-atoms. Computational system included helical
fragment, water solution molecules, and ions of sodium and chlorine.
There were introduced 11 Na and 9 ClI ions which supply zero total
charge of the sysytem. Numerical simulations were performed on the
hybrid supercomputing system K-60 at the Keldysh Institute of Applied
Mathematics, Russian Academy of Sciences. The initial part of trajecto-
ries, from 0 to 500 psec, corresponds to the refinement and relaxation of
the model. A dynamic trajectory of a-helical poly-L-glutamic acid has
been calculated from 0.0 to 25.0 nsec. We have inspected fluctuations of
the Ca-chain at each integer numbers of time, in nanoseconds. That has
been done by calculating the absolute shift values of Ca-atom positions
at the next 1.0 nanosec intervals. The model has displayed several fluc-
tuation modes along the dynamic trajectory. The most interesting modes
show the distinctive shifts of Ca-atoms. These modes include two adja-
cent in the turns clusters of Ca-atoms which are placed approximately
at one side of the helix. The observed modes are intrinsically dynamic
feature of a single fragment of a-helix structure. And they suggest play-
ing a key role in dynamics of protein molecules.
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S1.2. Multiscale modelling of DNA repair by photoenzymes
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Photolyase photoenzymes, binding to damaged DNA sites, repair the main
DNA photoproducts formed under the action of UV radiation. The func-
tioning of photolyases is based on the reaction of photoinduced intermolec-
ular electron transfer. Especially interesting from the point of view of the
chemical mechanism is (6-4) photolyase, which repairs the most cytotoxic
(6-4) pyrimidine-pyrimidone photoproducts of DNA. Despite the extensive
study of the (6-4) photolyase mechanism using the high-end experimental
and computational methods, the chemical details of the repair reaction have
not been definitively established. Multiscale modeling, combining classical
molecular dynamics and quantum chemical calculations of photoexcited
states and reaction coordinate, is able to resolve some of the contradictions
existing today in understanding the (6-4) photolyase mechanism.

The present study considers the main stages of the (6-4) photoprodrod-
uct repair by (6-4) photolyase including photoinduced electron trans-
fer leading to the formation of a photoprodroduct radical, breaking
and formation of covalent bonds in the photoprodroduct radical and
back electron transfer. Using density functional theory calculations,
optimized geometries were obtained for modeling the repair reaction
involving various forms of the critically important amino acid residue
His365, whose role in the repair has been extensively discussed in the
literature. In the case of neutral His365, the photoproduct radical rear-
ranges by the OH-group transfer, for which the enzyme reduces the
reaction energy barrier. In the presence of protonated His365, electron
transfer coupled to proton transfer takes place leading to the formation
of a protonated (neutral) photoproduct radical. In order for the repair
reaction to proceed along this path, it is necessary to adjust electron
affinity of the photoproduct. Estimates of the effect of the macromo-
lecular environment on electronic energies were carried by computing
excited electronic states for structures comprising the repair rection
coordinate using the multiconfiguration quantum chemical method
XMCQDPT2-CASSCEF. Within the framework of these calculations,
the electronic coupling matrix elements were also evaluated. The influ-
ence of the macromolecular environment on electron transfer ener-
gies was evaluated using classical molecular dynamics. To assess the
electron transfer reaction rate, the results of the quantum chemical
and molecular dynamics calculations were combined. The estimated
electron-transfer rates indicated that the rapid recombination of the
radical pair takes place in the presence of neutral His365. The presence
of protonated His365, acting as a proton donor for the photoproduct
radical, may substantially slow down back electron transfer. Thus, the
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(18 animals) groups was studied by the mechanographic method using
a Myobath II multi-channel tissue bath system. The control group
was fed with standard laboratory rat diet (protein:fat:carbohydrate
ratio 24%:6%:44%) with a free access to food and water. The rats of
the experimental group at the 12th week were administrated with a
high fat and high carbohydrate diet (protein:fat:carbohydrate ratio
16%:21%:54%), drinking water was replaced with a 20% fructose solu-
tion. Contractions of airway smooth muscle segments were induced by
30 mM potassium chloride solution (KCI, 30 mM). The amplitude of
contractile responses to KCI served as the control (100%). The phar-
macological effects of carbacholin (0.1-100 pM), salbutamol (0.1-100
puM), forskolin (0.1-10 pM) were tested.

As a result of the airway smooth muscles contractile activity study
in experimental animals, it was found that the action of the nonselec-
tive cholinergic receptors agonist carbacholin (0.1-100 pM) causes
a dose-dependent contraction of bronchial segments in control and
experimental rats. The contractile responses amplitude in airway seg-
ments with removed epithelium in animals of the experimental group
was higher than in the control group in the concentration range of
1-100 pM (p<0.05). Probably, the removing of the epithelium leads to
a decrease in the action of dilatation factors released during the activa-
tion of cholinergic receptors. It was shown that in obesity caused by
a high-fat diet, carbacholine enhances the contraction of the smooth
muscles of the airways due to the calcium mobilization from cytosolic
reserves, which stimulates the phosphorylation of myosin light chains.
Activation of beta2-adrenergic receptors with salbutamol (0.1-100 pM)
against the background of precontraction of segments by carbacholin (1
puM) caused a dose-dependent relaxation of the airway smooth muscle
segments in rats of the control and experimental groups. The dilatation
reactions of the segments with the removed epithelium from experi-
mental rats decreased in the concentration range of 1-100 pM (p<0.05)
when compared to the control group. One of the mechanisms for relax-
ing effect reducing on the bronchodilator action is the desensitization
of beta2-adrenergic receptors, which occurs in obesity, due to increased
expression of type 4 phosphodiesterase, which destroys cAMP. At the
same time, contractile activity modulation in bronchial smooth muscles
also depends on the acting mediator. It is possible that the activation
of cholinergic mechanisms cancels the cAMP-dependent relaxation in
smooth muscles. Against the background of the action of the adenylate
cyclase activator forskolin, a dose-dependent relaxation of segments with
the removed epithelium from rats of the control and experimental groups
(p<0.05) occurred, more pronounced in the group of rats with MS.
Thus, the data obtained indicate that in animals with MS induced by
a high-fat and high-carbohydrate diet, there are functional changes in
the wall of the airways associated with a change in cAMP-dependent
intracellular regulation.

The study was supported by Council for Grants of the President of the
Russian Federation (CS-3302.2022.1.4).
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Cobra cytotoxins (CT) are the main component of their venom, respon-
sible for necrosis of the affected tissues. It is believed that this is based
on the membrane activity of CT. Therefore, it is not surprising that CT
possess cytotoxic and antibacterial activities, like many membrane-
active peptides [1].

The database of protein structures (https://www.uniprot.org) contains
more than 80 members of the CT family. These polypeptides, 59-61

amino acid residue long, belong to the three-finger protein family.
Their characteristic structural feature is the presence of three beta-
structural hairpins held together by 4 disulfide bonds. CT interact with
lipid membranes through the termini of beta-hairpins, or loops. These
regions are the most variable. Which substitutions are most favorable
for membrane activity of CT?

For the first time, a group of researchers from Taiwan tried to answer
this question in 1994 [2]. They found that the presence of either proline
(Pro30) or serine (Ser28) residue at the terminus of the central loop
of CT significantly influences their membrane activity. Therefore, all
CT were divided into 2 groups: P-type (with Pro30) and S-type (with
Ser28). And P-toxins exhibit stronger membrane activity than S-toxins.
However, relatively recently, we found that the antibacterial activity
and cytotoxicity of a number of CT, as well as their capability to induce
calcein leakage from phospholipid liposomes, depend on the presence
of a single proline residue (Pro8) or a pair of prolines (Pro8—Pro9) at
the extremity of the N-terminal loop [3]. At the same time, CT with two
prolines are significantly inferior in activity to those with one proline.
The total number of CT with two prolines is at least 20. It should be
noted that the dependence of activity on P- and S-substitutions in the
second loop also remains.

With this in mind, all CTs, according to their membrane activity, can
be divided into 4 groups, depending on the presence of critical amino
acid residues at the extremities of the N-terminal and central loops of
the molecule. Group-1 consists of CT with Pro8-Pro9 and Ser28 resi-
dues. Group-2 is represented with CT possessing Pro8-Pro9 and Pro30.
Group-3 includes CT with Pro8 and Ser28. Group-4 - with Pro8 and
Pro30. At the same time, the membrane activity of CT increases in the
following order: group-1 < group-2 < group-3 < group-4. In many cases
it is the membrane activity of CT that determines their antibacterial
activity and cytotoxicity [2]. Thus the proposed classification of CT will
allow to predict and compare their antibacterial/cytotoxic properties.
Currently, we are validating the proposed classification by expanding
the number of CT for which antibacterial/cytotoxic activities have been
determined.

This work was supported by the Russian Science Foundation (grant
no. 21-14-00316).
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Anxiety, depending on the situation, can be a natural defensive reac-
tion of the body or a serious pathology. Anxiety is often viewed as an
exaggerated reaction of the body to an external threat, occurring in the
absence of a life-threatening stimulus. The anxiety in mammalian is
deeply rooted in their evolutionary past and can be found in inverte-
brates. So, in mollusks, an anxiety-like behaviour is expressed as an

@ Springer



Biophysical Reviews

unpredictable change in defensive and motor activity. It was determined
that during the formation of long-term sensitization, which is close
reaction such as fear, there is an increase in the excitability of the main
elements of the neural network: sensory and command neurons, as
well as an increase in the amplitude of EPSP. (Hochner et al., 1986).
At the same time, it seems interesting how change the characteristics of
neurons involved in the performing of defensive and motor responses
in mollusks during anxiety. The aim of present study was to investigate
how the anxiety-like behaviour affected the membrane characteristics
of premotor interneurons of defensive reflex in snails.

The experiments were carried out on the terrestrial mollusk Helix
Pomatia. To develop an anxiety-like behavior, 4 electrical stimuli
were applied to mollusk on the area of the head each day with an
interval of 1.5 hours within 3 days. Then the animals had 3 days of
rest and after the same series of electrical stimulations were repeated.
Anxiety-like behaviour was determined by behavioral tests such as
locomotion, ommatophore and pneumostom retraction time. The elec-
trophysiological activity of premotor interneurons was recorded on
an isolated preparation of the nervous system of snails. The animals
of the control group were kept in identical conditions, as well as the
animals of the group when an anxiety-like behaviour was formed. The
following parameters of the membrane characteristics of premotor
interneurons were studied: membrane potential (Vm), amplitude and
duration of excitatory postsynaptic potentials (EPSP). The registration
of electrophysiological characteristics in snails that did not undergo the
formation of anxiety-like behaviour was a control.

The study of the membrane characteristics of premotor interneurons
showed that the membrane potential of premotor interneurons of snails
with anxiety-like behaviour significantly shifted towards depolariza-
tion: Vm of the interneurons of animals with anxiety-like behaviour
was -52.95+1.7 mV (n=9 ), while the Vm of the interneurons of ani-
mals in the control group was 59.2+2 mV (n=6) (P<0,05).

An analysis of the EPSP activity of premotor interneurons in snails
showed that the total amplitude of EPSP recorded from these neurons
in anxiety snails (1,01+0,1 mV) was slightly reduced compared to
the total amplitude of EPSP in the premotor neurons of animals in the
control group (1,3+0,3 MmB). The frequency of EPSP appearance in pre-
motor interneurons in the group of animals with anxiety-like behaviour
did not differ from that in the interneurons of control animals.

Thus, obtained data showed that, the rest membrane potential of premo-
tor interneurons of defensive reflex in snails with anxiety-like behav-
iour was more depolarized compare with rest membrane potential in
premotor interneurons in control snails, while the parameters of EPSP
which reflected the activation of synapses from sensory neurons do
not change significantly. The tendency to decreasing EPSP amplitude
after the formation of an anxiety-like behavior can be explained by the
depolarization of the membrane potential against which a part of the
EPSP signal is lost. The mechanisms of the depolarization shift of the
resting membrane potential during the formation of an anxiety-like
state requires further study and is the goal of our next work.
1.Hochner B., Klein M., Schacher S., Kandel E.R. Additional in the
cellular mechanism of presynaptic facilitation contributes to behavioral
dishabituation in Aplysia // Proc. Natl. Acad. Sci. USA. 1986 V. 83 P.
8794-8798.
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serotonin, glutamate, and nitric oxide in the formation of condi-
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Processes of learning and memory underlie behavior change, and mem-
ory is one of the main cognitive functions of the brain. The mechanism
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for storing and/or remembering the received information constitutes
memory. The issues of memory consolidation, including the formation
of conditioned reflexes, remain relevant. Although the question about
the mechanisms of learning and memory arose a long time ago, it has
not yet been fully studied. Neuromodulation can have a significant
impact on the formation of long-term memory [1]. Examples of neu-
romodulators in the simple nervous system of mollusks are serotonin,
nitric oxide, and glutamate. The literature demonstrate that serotonin
(5-HT) is the main mediator that modulate defensive behavior in mol-
lusks. 5-HT, applied to the surrounding solution, causes several cellular
changes that lead to an increase in the defensive reflex. In addition to
the well-known role of 5-HT as a mediator in synaptic transmission, it
was shown that it can perform integrative functions when released into
the extracellular environment [1]. These results served as the basis for
the application of 5-HT washing solution as a reinforcing stimulus for
the purpose of creating cellular analogs of learning. By applying 5-HT
to the solution washing the central nervous system, it is also possible to
reproduce the electrophysiological correlates of plasticity.

Nitric oxide (NO) is known as one of the most important signaling
molecules regulating the physiological functions of the body and cell
metabolism. Much attention is drawn to the study of the role of NO
in the mechanisms of learning and memory. NO-synthesizing neurons
have been found in the nervous system of invertebrates, including mol-
lusks. In mollusks, as in mammals, NO plays the role of an intercellular
messenger and a signaling molecule in various parts of the nervous sys-
tem. We have shown that both the NO donor sodium nitroprusside and
the NO-synthase blocker L-NAME have a direct effect on the electri-
cal characteristics of the premotor interneurons of the terrestrial snail.
It is known that an essential role in the regulation of brain activity,
particularly in memory processes, is played by L-glutamate, the main
excitatory neurotransmitter in both vertebrates and many invertebrates.
On the one hand, we studied the effect of changes in the content of
serotonin, nitric oxide and glutamate on the formation of conditioned
defensive reflexes of aversion to food and changing the environment,
as well as on the reconsolidation of memory of these reflexes. On the
other hand, we have conducted studies of the membrane mechanisms
of the formation of conditional defensive reflexes in a mollusk with a
simple nervous system — the terrestrial snail. To do this, we analyzed
changes in the excitability of the premotor interneurons of the defensive
reflex LPa3 and RPa3: the values of the membrane potential (Vm) and
the threshold of action potential generation (Vt).

It was found that the application of 5-HT and the precursor of its syn-
thesis 5-hydroxytryptophan (5-HTP) into the washing solution caused
a decrease in the membrane potential (Vm) of LPa3 and RPa3 neu-
rons, in both intact and trained animals. At the same time, in trained
and sensitized snails, unlike intact snails, this application caused an
increase in threshold potential (Vt). The results show that the responses
(sensitivity) of premotor interneurons to extracellularly applied 5-HT
or 5-HTP change after associative learning and long-term sensitization.
It has been demonstrated that the reconsolidation of this contextually
dependent memory of the situational conditioned reflex (CR) during
reminder and simultaneous inhibition of protein synthesis does not
occur if serotonin transmission is disrupted in the nervous system. It
is shown that the development of the CR to the situation is accompa-
nied by a depolarization shift and a decrease in the Vt of LPa3 and
RPa3 neurons. No further Vm changes were detected after the reminder
(initiation of reconsolidation) both with the subsequent injection of a
protein synthesis blocker or saline solution. The Vt of these neurons
decreases after learning and remains unchanged after the initiation of
reconsolidation.

It was found that blocking the NMDA receptor with the MK-801
blocker in terrestrial snails accelerates the process of aversive learning.
It has been shown that the application of a NO sodium nitroprusside
donor into a solution washing the preparation of intact snails causes an
increasing hyperpolarization of the membrane of premotor interneu-
rons at 5.5 mV by the 10th minute. The application of the L-NAME



