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1. List of abbreviations

AS — allosteric site

ASA — solvent accessible surface area
BSA — buried surface area

cryo-EM — cryo-electron microscopy

CC — central cavity

CV — collective variables

DCJW — N-decarbomethoxyllated JW062
DDT - dichlorodiphenyltrichloroethane
ECL — extracellular loop

GPCR — G protein-coupled receptor

ICL — intracellular loop

IG — inactivation gate

kdr — knockdown resistance

mMAChR — muscarinic acetylcholine receptor
MD — molecular dynamics

NAG — N-acetylglucosamine

NAM - negative allosteric modulator

OS - orthosteric site

PAM - positive allosteric modulator

PD — ion-conducting pore domain

PDB — Protein Data Bank

P-loop — pore loop

RMSD - root mean square deviation
RRCS - residue-residue contact score
SCBI —sodium channel blocker insecticide
SSF — smina scoring function

VGSC - voltage-gated sodium channel
VSD - voltage sensor domain

WHO — The World Health Organization
WT — wild type



2. Abstract of the doctoral thesis entitled: “Neurotoxic ligands
interactions with insects membrane proteins”

Mosquitoes and other insects spread a number of dangerous diseases, including malaria,
denga, or yellow fever, and the increasing range of their occurrence due to climate change
poses a growing threat. Insects also destroy approximately 20% of crop yields, which poses a
tremendous challenge in ensuring the food security of the growing world's population. The
main method of limiting the spread of pest insects is the use of repellents and insecticides that
interact with the nervous system proteins. However, commonly used chemicals lose their
efficacy due to the growing resistance. Therefore, it is necessary to understand the molecular
mechanisms of action of the available chemicals and the resistance to them to develop new
methods of insect control.

The aim of this study was to perform a detailed analysis of the physicochemical
interactions between selected neurotoxic ligands and two target proteins: (1) muscarinic
receptors, responsible for recognizing olfactory stimuli, and (2) voltage-gated sodium
channels, which play a crucial role in neural conduction and are a molecular target of the most
commonly used insecticides. The results are presented in three articles included in the
doctoral thesis.

Firstly, using computer simulations of docking and molecular dynamics on a scale of
hundreds of nanoseconds, we contributed to expanding the knowledge of allosteric pathways
of structural signal propagation in the muscarinic receptor (Article 1). Ligand binding induces
the allosteric pathway of conformational changes that correspond to the function of the target
protein. The models of insect proteins built in this study, as well as the model of the cell
membrane in which they are anchored, enabled the examination of differences in the action of
ligands on human and insect receptors, which is crucial for designing selective agents.
Additionally, the class of photoactive ligands proposed here can serve as an excellent tool in
research on neural conduction.

Secondly, we compared the binding of four peptide toxins from sea anemones to the
voltage-gated sodium channel of the cockroach Periplaneta americana. The results of
molecular modeling are consistent with the electrophysiological experiments presented in
Article Il. A better understanding of the fast inactivation process and its inhibition by
neurotoxins can contribute to the development of selective insecticides, as well as new

analgesics.



Finally, based on the analysis of the dissociation pathways of a sodium channel
blocker insecticide DCJW, we identified its’ entry route into the mosquito channel inner pore.
We also explained the role of the mutation causing resistance to this class of neurotoxins, as
well as the molecular basis of the increased toxicity of the metabolite compared to the pre-
insecticide. We also identified the amino acid residues that constitute the binding site of two
groups of insecticides — channel blockers and pyrethroids. Mutations in these residues may be
involved in the mechanism of cross-resistance. The results are presented in a form of a
preprint to the manuscript that is in review (Article 1).

In summary, the results of computer modeling presented in the doctoral thesis
significantly broaden the knowledge of the molecular mechanisms of action of repellents and
insecticides. Simulations at the scale of individual atoms enabled the examination of the
response of target proteins to the binding of neurotoxic ligands, contributing to a better
understanding of biophysical processes such as fast inactivation of the voltage-gated sodium
channel or activation of muscarinic receptor. These findings may aid in the development of
new insecticides and painkillers with improved effectiveness and selectivity.



3. Streszczenie rozprawy doktorskiej pt. ,,Oddzialywania
neurotoksycznych ligandow z bialkami blonowymi owadow”

Komary i inne owady roznoszg szereg niebezpiecznych chorob, takich jak malaria, denga, czy
zolta febra, a zwigkszajacy si¢ przez zmiany klimatyczne zasieg ich wystepowania stanowi
coraz powazniejsze zagrozenie. Insekty niszcza blisko 20% upraw rolnych, co w konteks$cie
wzrostu liczby ludnosci i braku dostgpnych terenéw pod nowe uprawy, stwarza wyzwanie w
zapewnieniu bezpieczenstwa zywnosciowego wzrastajacej liczby ludnosci. Gtoéwna metoda
ograniczania rozprzestrzeniania si¢ owadzich szkodnikoéw jest stosowanie repelentow i
insektycydow — molekut oddziatlujacych z biatkami ukladu nerwowego. Powszechnie
uzywane $rodki chemiczne tracg jednak skuteczno$¢ ze wzgledu na postepujaca odpornosé
owadoéw. Konieczne jest wigc poznanie mechanizméw molekularnych dziatania
wykorzystywanych neurotoksyn i odpornosci na nie, by opracowa¢ nowe metody kontroli
insektow.

Celem badan poznanie natury oddziatywan fizykochemicznych pomiedzy wybranymi
neurotoksycznymi ligandami i reprezentantami dwoch klas bialek targetowych: (1)
receptorami muskarynowymi, odpowiedzialnymi m.in. za rozpoznawanie bodzcow
zapachowych; (2) bramkowanymi napigeciem kanatami sodowymi odgrywajacymi kluczowsg
role w przewodnictwie nerwowym, stanowigcymi cel molekularny najpowszechniej
uzywanych insektycydéw. Do badan wykorzystano metody biofizyki obliczeniowej, metody
bioinformatyczne i elektrofizjologiczne. Wyniki przedstawione zostalty w formie trzech
artykulow, stanowiacych gtowng czg$¢ rozprawy.

Wigzanie liganda indukuje zmiany konformacyjne odpowiadajace za funkcje
receptora. Stosujagc komputerowe symulacje dokowania i dynamiki molekularnej w skali setek
nanosekund, przyczynitam si¢ do poszerzenia wiedzy o allosterycznych sciezkach propagacji
sygnatu strukturalnego receptora muskarynowego z rodziny receptoroOw sprze¢zonych z
biatkiem G (Artykut I). Opracowane przeze mnie modele receptora owadziego i kotwiczacej
go owadziej btony komoérkowej umozliwity zbadanie roznic strukturalnych w dziataniu
ligandow na receptory ludzkie 1 owadzie, co ma duze znaczenie dla projektowania
selektywnych §rodkow. Ponadto podjetam probe zaprojektowania nowej klasy fotoaktywnych
ligandow odstraszajacych owady, ktore moga stanowi¢ $wietne narzedzie w badaniach
przewodnictwa nerwowego, umozliwiajac jego kontrolg za pomocg fotonow.

Poréwnatam réwniez sposoby wigzania czterech toksyn peptydowych z ukwialéw do

bramkowanego napigciem kanalu sodowego karaczana Periplaneta americana. Wyniki
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modelowania molekularnego sg spojne z eksperymentami elektrofizjologicznymi
prezentowanymi w Artykule Il. Lepsze zrozumienie procesu szybkiej inaktywacji i jego
blokowania przez neurotoksyny moze przyczyni¢ si¢ do powstania selektywnych
insektycydow, a takze nowych lekow przeciwbolowych.

Na podstawie analizy $Sciezek dysocjacji owadobojczego liganda z grupy blokerow
kanalu sodowego — DCJW — okreslitam droge wejscia insektycydu do miejsca wigzania w
kanale komara. Ponadto wyjasnitam rol¢ mutacji powodujacej odpornos¢ na te klase
neurotoksyn oraz podstawe molekularng zwigkszonej toksyczno$ci metabolitu w porownaniu
z preinsektycydem. Wyznaczylam roéwniez reszty aminokwasowe stanowigce miegjsce
wigzania dwoch grup insektycydéw — blokerdéw i pyretroidow, ktorych mutacje moga by¢
zaangazowane w mechanizm odpornosci krzyzowej. Wyniki zaprezentowane zostaty w
formie preprintu manuskryptu, ktory zostal wystany do recenzji (Artykut III).

Podsumowujac, wyniki modelowania komputerowego prezentowane w rozprawie w
znaczny sposob poglebiaja wiedz¢ o mechanizmach molekularnych dziatania $rodkow
odstraszajacych owady. Symulacje w skali pojedynczych atoméw umozliwity zbadanie
odpowiedzi biatek targetowych na wigzanie neurotoksycznych ligandow, przyczyniajac si¢ do
lepszego zrozumienia podstawowych procesow biofizycznych, takich jak szybka inaktywacja

kanatlu sodowego czy aktywacja receptora muskarynowego.



4. Introduction

4.1 Motivation

Arthropod bloodsucking species provide an excellent transportation route for hundreds of
viruses, bacteria, protozoa, and helminths between their vertebrate hosts. In the 17th through
the early 20th centuries, diseases spread by hematophagous insects were responsible for more
human death than all other causes combined [1]. At the turn of the 19th and 20th centuries,
upon the discoveries of transmission cycles of most insect-borne diseases, prevention
programs aimed at vector elimination were implemented. The effective use of repellents and
insecticides contributed greatly to successes in insect control and eradication of vector-borne
diseases outside of Africa. However, a number of diseases began to reemerge in the 1970s due
to insecticide resistance combined with demographic changes and re-invasion of the species
[1]. Nowadays, 68 malaria-endemic countries have confirmed resistance to pyrethroids, the
major class of insecticides and the only one used for indoor nets impregnation. Resistance to
organochlorines, carbamates and organophosphates, which are used for indoor residual
spraying, is also widespread [2]. The World Health Organization (WHO) notes that more than
half of the human population is at risk of mosquito-borne diseases. Resistance threatens to
significantly increase the incidence of malaria and other vector-borne diseases.

Furthermore, it is estimated that arthropods destroy up to 20% of crops annually.
Losses in crop production due to insect pests increase with rising temperatures in all climate
models [3]. Meeting the food requirements of the growing human population will be a global
challenge this century [4] as nearly all the cultivable land is already cultivated. Thus, crop
protection must be improved for future food security.

Insects can also cause structural damage to materials and buildings. Invasive species
disrupt the balance of natural ecosystems posing a threat to biodiversity.

Insects are thus the costliest animal group to human society and the development of
effective methods to control them is one of the world’s most important and urgent needs [4].
However, the development of new chemicals recently plateaued and the negative
environmental impact of some insecticides led to their withdrawal from use. Therefore,
continued research is needed to improve our understanding of insecticide action and

resistance, as well as to develop more sustainable and effective pest management strategies.



In this study, we focus on two targets for neurotoxic agents exerting insecticidal
activity: muscarinic acetylcholine receptors and voltage-gated sodium channels. These
membrane proteins are described in the 4.2 section.

4.2 Biomolecules studied

4.2.1 G protein-coupled receptors

G protein-coupled receptors (GPCRs), also known as seven transmembrane receptors, are the
largest and the most diverse group of membrane proteins in eukaryotes, encoded by over 800
genes in humans [5]. They respond to a great variety of stimuli that include photons, ions,
odorants, tastants, vitamins, neurotransmitters, hormones, growth factors, intermediary
metabolites, and products from commensal bacteria that are translated into intracellular
signals via their binding partners such as G proteins or B-arrestins [6]. Acting as signal
transducers, GPCRs play a critical role in the regulation of nearly all cellular and
physiological processes, thus being the most intensively studied therapeutic target. To this
date, nearly 1/3 of all modern drugs act through GPCRs [6, 7].

Based on sequence homology and functional similarity, six main families of GPCRs
are distinguished: Class A (rhodopsin-like), Class B (secretin receptor family), Class C
(metabotropic glutamate), Class D (fungal mating pheromone receptors), Class E (cyclic
AMP receptors) and Class F (frizzled/smoothened). Since classes D and E are not present in
vertebrates, an alternative classification scheme "GRAFS" (Glutamate, Rhodopsin, Adhesion,
Frizzled/Taste, Secretin) was proposed for mammalian GPCR repertoire [8]. Among them,
the rhodopsin family is the largest and its members recognize the most diverse array of
ligands. Furthermore, approximately 100 orphan receptors exist, i.e. those for which the
endogenous ligand was not found and whose function is still not known [9]. Therefore, the
identification of endogenous ligands for orphan receptors (so-called “deorphanization”)
allows the exploration of previously unknown physiological processes giving the opportunity
to create new drugs [10].

Since 2000, when the first high-resolution crystal structure of GPCR was obtained
[11], with the development of innovative protein engineering and crystallography techniques,
we can observe rapid growth in the number of solved structures [7]. The emergence of

experimental structures was the milestone in understanding how GPCRs function with the



greatest contribution coming from Brian Kobilka and Robert Lefkowitz, who were honored
with the Nobel Prize in 2012.

All GPCRs share the same basic architecture: each receptor consists of seven
transmembrane helices and a short amphipathic helix that lies parallel to the cytoplasmic
surface of the membrane (Figure 1). Helices are linked by three extracellular loops (ECL1-
ECL3) which modulate ligand access and three intracellular loops (ICL1-ICL3) that form a
region for binding of cytosolic signaling proteins. The polypeptide chain starts with its amino
terminus on the extracellular side and ends with its carboxyl terminus on the intracellular side
after spanning the membrane seven times. The residues of the helical bundle form a conserved

network of non-covalent contacts for the GPCR fold [12].
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Figure 1. General structure of G protein-coupled receptors. The X-Ray structure of M1 receptor
(PDB: 5CXV [13]) embedded in a DOPC lipid model with seven transmembrane helices (H1-H7) and
the amphipathic helix H8 shown in purple. The not resolved amino terminus, carboxyl terminus, and

the third intracellular loop (ICL3) are marked by dashed lines.



The simplest macroscopic model of receptors is restricted to active and inactive states,
with an allosteric transition mediating the change between them [14]. However, one should
remember that GPCRs are flexible proteins that are in dynamic equilibrium among multiple
active- and inactive conformations which can be preferentially stabilized by ligands binding
to topologically distinct sites [14, 15].

Extracellular ligand binding to a GPCR initiates a series of conformational changes in
the receptor leading to coupling and activation of the cytosolic proteins thus converting a
signal into a cellular response. The allosteric changes within receptors are facilitated by the
existence of several energy minima and low energy barriers between the conformational states
[16]. The most common feature of GPCR activation is a large outward movement of the sixth
helix on the intracellular side. Together with smaller rearrangements of other helices, it
creates a cavity for binding of the heterotrimeric G protein and/or -arrestin [17].

In addition to regulating the receptor activity and thus the degree of the overall
signaling response, ligands can also selectively activate certain signaling pathways to the
relative exclusion of others [18]. In other words, different ligands acting at the same receptor
can stabilize distinct receptor conformations linked to diverse functional outcomes. In some
cases, one signaling pathway is responsible for the therapeutic effects while the other one
might lead to side effects [19]. This phenomenon, known as biased agonism or functional
selectivity, is exploited in pharmacology. Modern drugs incorporating ligand bias (so-called
biased magic shotguns) [19] could be particularly valuable in the treatment of complex central
nervous system disorders such as depression or schizophrenia [20].

There are two main biological properties with which the candidate compounds are
typically described: affinity - the strength of ligand binding to receptor, and efficacy - the
magnitude of cellular response. In pharmacology, affinity is defined as the extent or fraction
to which a drug binds to receptors at any given concentration. It is inversely proportional to
the dissociation constant of a ligand (Kp). Efficacy (also known as intrinsic activity) is the
ability of a drug to elicit a physiological response when interacting with a receptor. For full
agonists the efficacy is equal to 1, for partial agonists it is between 0 and 1, while for
competitive antagonists the efficacy is equal to 0 [21]. The receptor—G protein association rate
correlates positively with agonist efficacy [22].

The traditional method of GPCRs-based drug discovery has been to target the region
occupied by the given receptor’s endogenous agonist, named the orthosteric site [23]. Leading
molecules acts as agonists by mimicking the response of endogenous ligand, or as antagonists,

by blocking the endogenous ligand action. However, orthosteric sites exhibit a high degree of
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conservation and thus orthosteric ligands are not subtype-specific. Thus, side effects are quite
common. To overcome this problem in pharmacology and to design drugs that would
selectively bind target receptors, researchers are focusing on allosteric sites, which are
topographically distinct and more variable GPCR binding sites.

The allosteric ligands, in addition to acting independently via the allosteric site, can
modulate the efficacy of the orthosteric ligand on the further signaling pathway. Positive
allosteric modulators (PAMSs) enhance the activity of orthosteric ligands while negative
allosteric modulators (NAMSs) inhibit them. Neutral allosteric ligands do not affect the
orthosteric ligands, but block the actions of PAMs or NAMs on the same allosteric site via a
steric interaction. Moreover, one ligand can be PAM for a given agonist, but NAM for the
other [24]. Surprisingly, some ligands may be even both agonists and antagonists at different
functions mediated by the same receptor [25].

Single-molecule microscopy experiments revealed that GPCRs are not randomly
distributed on a plasma membrane, but are concentrated in nanodomains at least partially
constituted by cytoskeleton [26]. Actin fibers, microtubules, and clathrin-coated pits form
barriers to diffusion and anchor membrane proteins. In these low potential energy areas —
called hot spots — GPCRs accumulate and transiently interact with G proteins. Most probably,
the existence of such nanodomains enables the production of rapid, local signals which give
different biological responses in topographically distinct areas [22]. Recent studies show that
GPCRs are found in all membranous organelles within cells including endosomes,
mitochondria, Golgi apparatus, endoplasmic reticulum, and nucleus [27]. As the action of
ligands depends on the organelle their target receptors are located in, the location bias
emerged as a new way for GPCRs functional selectivity [28].

Muscarinic acetylcholine receptors (MAChRs), the subfamily of rhodopsin family
GPCRs, modulate a wide range of physiological functions, such as heart rate, airway
constriction, eye and intestinal smooth muscle contraction, and glandular secretions [29].
Being involved in learning, memory, and cognition, they are also implicated in many
neurological disorders, such as Alzheimer’s disease, schizophrenia, and addictions [30].

In mammals, there are five distinct mMAChR subtypes, denoted M1 to M5 (and encoded by the
genes CHRM1 to CHRMb) with unique distribution in central and peripheral nervous systems.
M1, M3, and M5 preferentially couple to G.q1: effector proteins to increase inositol 1,4,5-
phosphate signaling and intracellular calcium. M2 and M4 couple to G, proteins leading to
the inhibition of adenylyl cyclase activity and prolongation of potassium channel or

nonselective cation channel opening [31]. M1 and M3 subtypes were shown to interact with
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the repellent DEET [32], which acts as a behavior-modifying agent but can also directly act
on both insects’ peripheral and central nervous systems. The olfactory- and contact-mediated
effects of DEET are distinct [33], therefore deep investigation is required for the better
understanding of the mode of action of repellents.

Insects MAChRs are divided into three subfamilies (A, B, and C) among which
MAChR-A is most closely related to human M1 [34, 35]. Recently, mAChR-A which is
highly expressed in the insects’ antennal lobe [36], was shown to have a strong behavioral
impact on odor responses through olfactory receptor neurons [37]. These receptors play a key
role in learning how to associate odors with unpleasant experiences [38]. Focusing on the
differences in response to ligand binding to human and insect mAChRs is crucial in the
development of novel, resistance-breaking repellents that would have no adverse effects in
humans.

As GPCRs require conformational changes to transmit the signal into the cell, it is
critical to understand the molecular basis of these changes at an atomistic level. Molecular
docking followed by molecular dynamics (MD) simulations provide the opportunity to take a
close look at multiple conformational states of a single receptor thus broadening the

knowledge of how they respond to different classes of ligands.

4.2.2 Voltage-gated sodium channels

lon channels are pore-forming proteins that allow a regulated flow of ions across cell
membranes thus playing a principal role in regulating cellular excitability and control of
homeostasis. As key proteins in the propagation of nerve signals, they modulate sensory
perception, muscle activity (including the heartbeat), secretion of hormones and cytokines,
transepithelial transport of salt and water, the immune response, cell proliferation, motility,
and volume [39]. lon channel malfunctions caused by inherited mutations are responsible for
debilitating diseases called “channelopathies”. These include cystic fibrosis, hypertension,
defective insulin secretion, cardiac arrhythmias, epilepsy, ataxia, deafness, chronic pain, and
kidney stones [39, 40]. Approximately 13.5% of all drugs approved by the Food and Drug
Administration target ion channels, making them the second largest protein target family after
GPCRs [41]. The majority of these drugs have been developed through traditional
pharmacology methods without a clear understanding of their specific targets. Despite
attempts to use high-throughput molecular techniques, the discovery of new drugs that target

ion channels has been difficult [42].
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Two fundamental properties distinguishing ion channels from simple aqueous pores are:

e high selectivity through the narrowest part of the channel (the selectivity filter) while
retaining high permeability (conduction rates close to the free diffusion limit);

e pore gating - the tightly regulated mechanism of opening and closing of the pore in

response to specific stimuli [43].

According to these features, ion channels are classified based on the ion type that they
conduct and depending on the trigger of their opening into: ligand-gated (opening upon ligand
binding), voltage-gated (opening upon change in the membrane potential), and lipid-gated
(opening in response to lipid molecules such as phosphatidylinositol 4,5-bisphosphate or
phosphatidic acid). From the latter category, we can distinguish mechanosensitive channels
that are gated by lipid deformation in the membrane in response to mechanical force [44].
Additionally, the activity of some ion channels is sensitive to changes in temperature [45, 46].

Here, we focus on the channel types that are of critical importance in insect control,
voltage-gated sodium channels (VGSCs). These proteins are wildly distributed in eukaryotes,
including unicellular algae in which single-domain channels were identified, and prokaryotes.
Nine subtypes of highly conserved VGSC have been identified in humans (hNavl.1-hNav1.9)
with specific tissue-expression patterns. Nav1.1, Nav1.2, and Nav1.3 are mainly expressed in
the central nervous system, Nav1.4 in skeletal muscles, Nav1.5 in cardiomyocytes, Nav1.6 in
both central and the peripheral nervous system, while Nav1.7, Nav1.8, and Nav1.9 are highly
expressed in the peripheral nervous system. In most insects, a single gene coding VGSC can
be found but alternative splicing and RNA editing provide functional diversity of insects’
sodium channels [47]. These multi-domain transmembrane proteins are responsible for the
depolarizing phase of action potentials in nerves and muscles [48].

The structure of the a-subunit of metazoan VGSC consists of a single polypeptide
chain that folds into four domains (DI-DIV) with six transmembrane helices (S1-S6) each
(Figure 2). In each domain, helices S1-S4 constitute the voltage-sensing-domain (VSD) with a
positively charged helix S4 acting as a voltage sensor. Helices S5 and S6, linked by
membrane-reentrant pore loop (P-loop) comprising the selectivity filter DEKA motif,
contribute to the ion-conducting pore domain (PD) [48]. Upon membrane depolarization, the
outward movement of positively charged S4 helices generates the gating current, which
triggers the activation of the channels leading to the sodium ions flow. The opening of the
channel is followed by the fast inactivation process, in which the full outward movement of
the S4 helix from VSDIV releases the inactivation gate (IG). The IG is a part of the
cytoplasmic linker connecting DIII and DIV (DIII-DIV linker, see Figure 2), with the crucial
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region centered on the lle-Phe-Met motif in mammals and Met-Phe-Met in insects. When
released, IG quickly (within 1-2 ms) occludes the inner pore of the channel, thus blocking
sodium ions influx.

The B-subunits, built by an extracellular immunoglobulin-like domain and a single
transmembrane helix, bind to the a-subunit to modulate the biophysical properties of VGSC
such as voltage dependence of activation and inactivation. Moreover, B-subunits promote the
expression and trafficking of a-subunit to the plasma membrane and modulate cell adhesion.
Mutations in genes coding B-subunits are implicated in epilepsy, cardiac arrhythmia,

neurodegenerative and mood disorders [49].
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Figure 2. Architecture of mammalian voltage-gated sodium channels. (a) Topology of an a-subunit
showing four homologous domains (DI-DIV) comprising six transmembrane helices each. The crystal
structure of the inactivated-state human Nav1.7 channel (PDB: 6J8G [50]) in a top (b) and side view
with B-subunits in grey (c).
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Playing a critical role in the regulation of membrane excitability makes the VGSCs a
significant target for a broad range of naturally occurring neurotoxins [51]. There are about
220,000 venomous species [52] that produce toxins for defense or predation. Perfected by
millions of years of evolution, venom toxins became maximally efficient on a particular
protein in the central nervous system. Those targeting VGSCs disrupt sodium conductance by
blocking the ion-conducting pore or by altering gating [51]. Six main neurotoxin binding sites
were described on the VGSCs distinguished by matters of localization but also by the results
of neurotoxin action in a particular site [53]. In addition, two binding sites for synthetic
compounds are discussed: the seventh for dichlorodiphenyltrichloroethane (DDT) and
pyrethroid insecticides and the eighth for local anesthetics and sodium channel blocker
insecticides (SCBIs) [54].

In this study, we investigate the interactions of VGSC with two groups of neurotoxins:

e peptide toxins from sea anemones — gating modifiers that are of great interest in the
research of neuronal conductance modulation in both human and arthropods

e synthetic insecticides: SCBIs and non-ester pyrethroid etofenprox

4.3 Methods

Computational techniques play an important and continuously increasing role in the quest to
understand and predict the biophysical phenomena arising from the structure and function of
molecular systems (see Figure 3). They are particularly useful in studying biomacromolecules
and their interactions with ligands thus being frequently used in drug design. The following
subsection will introduce computational methods applied in this study: homology modeling,
molecular docking, molecular dynamics (MD), and metadynamics simulations. For the review

of the elecrophysiological measurements on Periplaneta americana nervous system see [55].
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Figure 3. The sequence-structure-function paradigm. Computational methods applied in
this study are listed to visualize the steps toward understanding the biophysical properties of
investigated biomolecules.

4.3.1 Homology modeling

Homology modeling aims to predict the three-dimensional structure of a protein from its
amino acid sequence based on the known structure of a related protein. This method is based
on two main findings:

e The structure of a protein is uniquely determined by its amino acid sequence [56]

e In the course of evolutionary processes, the stability of protein structure tends to be
relatively higher and exhibits slower rates of change compared to the associated
sequence. Consequently, sequences of high homology adopt nearly identical
structures, while even distantly related sequences display a propensity to fold into
structurally similar conformations [57, 58].

The limit for the second rule has been found based on the analysis of more than a million
sequence alignments between protein pairs of known structures [59] and is presented in
Figure 4. Two protein sequences can be regarded as homologous and therefore adopt the same
structure if their sequence identity falls into the region marked as a safe zone. If the identity
value of two sequences falls into the twilight zone, other method should be applied, e.g. de
novo modeling.
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Figure 4. The zones of protein sequence alignments. Two protein sequences can be regarded as
homologous folding into the same structure if their percentage sequence identity falls into the region
marked as a safe zone. For sequence identity values falling below the zone boundary, marked as the
twilight zone, homologous relationships are less certain and thus models cannot be reliably determined
using homology modeling. Based on the analysis of Rost [59], figure derived from [58] with
modifications.

15



This in silico method can be summarized in the following steps. First, a suitable
template protein is identified based on its sequence similarity to the target protein. Next, the
template structure is aligned with the target sequence and the resulting alignment is used to
guide the construction of the backbone, followed by modeling of loops and side chains.
Finally, the model is refined and optimized to improve its accuracy and reliability. In addition,
validation of the output should be performed to find regions that might need further
improvement.

This powerful tool has been the prerequisite of countless computational studies of

proteins and their interactions with ligands.

4.3.2 Molecular docking

In the field of molecular modeling, docking is a computational method for predicting binding
sites and poses of ligands on their macromolecular target and the associated binding affinities
of the complex (Figure 5). The basic tools of the docking programs are search algorithm and
energy scoring function used for generating and evaluating the ligand conformations within
the receptor sites according to the intermolecular interaction energy, respectively.

The rigid docking refers to the “lock-and-key” model in which the correct orientation of a
ligand, the “key”, has to be found to fit in the protein and thus open up the “lock”. In this
model, the importance of geometric complementarity between the investigated molecules is
emphasized, being directly proportional to the binding affinity. However, the real ligand
binding conditions involve high flexibility of both ligand and its target protein. Thus, the
“induced fit” model has been developed in which both molecules change their conformation
to fit each other well forming a stable, low-energy complex [60]. The ability to effectively
manage the inherent molecular flexibility of a target protein and accurately depict the binding
affinity of a complex are the key challenges in the continuous effort in docking methodologies

development [61].
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docking

Figure 5. The schematic view of molecular docking. This computational method aims to find the
binding mode of ligand in the target protein to form a stable complex. Here, the repellent DEET (red)
binds to the orthosteric site of GPCR (green).

To evaluate the accuracy of a given docking software to predict the ligand binding
modes on a target protein, the re-docking procedure is applied. Here, the crystallographic
structures of ligand-bound proteins are compared to the docking results obtained by removing
the ligand from the binding pocket and docking it again. When the root mean square deviation
(RMSD) of the Cartesian coordinates of ligand atoms is below the 2 A threshold, the docking
is regarded as successful [62].

The key steps in molecular docking workflow are common to all protocols. Those
include the preparation of both protein and ligand structures, selection of putative binding
region if such data is available, running the docking program, and the evaluation of the
results. The protein preparation involves the removal of water molecules, ions, or other
ligands from the crystallographic structure, and filling the missing atoms. Energy
minimization is then required to remove any steric clashes or other structural abnormalities.
To find low-energy ligand conformations that are favorable for binding, a conformational
search or energy minimization can be performed. One should also ensure that the protonation,
tautomeric, and stereoisomeric forms of the ligand are correct. If there is no information
regarding the location of ligand binding site, the search space should incorporate the whole
protein surface to run a so-called “blind docking”. If the mutagenesis data on active site
residues are available, the search space can be reduced to limit the computational time and
increase the probability of reliable results. Upon completion of these steps, the docking
software is run to generate possible protein-ligand complexes by systematically varying the
position of the ligand within the target protein. The generated complexes are then scored and
ranked based on their binding affinities. Each docking software has its own scoring function
that incorporates various molecular descriptors, such as van der Waals interactions,

electrostatic interactions, hydrogen bonding, desolvation effects, and the number of rotatable
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bonds in the ligand. These are used to predict the binding energy of each complex. The
greatest challenge for a user is to evaluate the docking results. It is highly advisable to take
any available information into account to eliminate false positive poses.

Docking programs can be classified by their search algorithms into three categories:
shape matching, systematic search (e.g. exhaustive search, fragmentation, and conformational
ensemble), and stochastic search algorithms (Monte Carlo simulations, genetic algorithms,
Tabu search, and swarm optimization methods) [63, 64]. Sampling refers to the allowed
degree of binding site flexibility which can be alternatively represented by using multiple
conformers or ensembles of rigid protein structures.

Presuming adequate search strategies, docking accuracy relies on the scoring function.
Four classes of scoring functions are distinguished:

e force-field based scoring functions aim to quantify the actual molecular forces
between a protein and a ligand by calculating the sum of the non-bonded
(electrostatics and van der Waals) interactions using a set of derived force-field
parameters such as AMBER or CHARMM;

e knowledge-based scoring functions are based on the statistical analysis of the
interatomic contact frequencies and/or distances between the ligand and protein
deposited in databases of experimental structures;

e empirical scoring functions estimate the binding affinity of a complex on the basis
of a set of weighted energy terms, such as hydrogen bond, ionic interaction,
hydrophobic effect, and desolvation. Coefficients are obtained from regression
analysis fitted to a test set of crystal complexes with known binding affinities.

e consensus scoring functions combine several different scores to assess the docking
conformation [65].

One of the most popular and highly cited academic docking program is AutoDock

Vina [66]. Its empirical scoring function is based on pairwise interactions between atoms and
includes Gaussian steric interaction terms, a finite repulsion term, piecewise linear
hydrophobic and hydrogen-bond interaction terms, and an entropic term proportional to the
number of rotatable bonds. The code uses an elaborated optimization method (Iterated Local
Search global optimizer [67] which includes Broyden-Fletcher-Goldfarb-Shanno method
[68]).Final scoring function is linearly reweighted to fit the score to free energies (kcal/mol).

In the comparative assessment of scoring functions 2013, AutoDock Vina was found in the
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first quarter among all methods tested and the best of all methods in terms of docking power
with 93% of native poses in the three best-ranked ones [69].

In this study, we use smina, a fork for AutoDock Vina [66] that provides enhanced
support for minimization and scoring [70]. The empirical scoring function of smina is
designed based on a set of potential terms of AutoDock Vina and a high-quality data set of
structures and affinities. In the Community Structure—Activity Resource 2011 exercise, smina
outperformed AutoDock Vina in sampling low RMSD poses when cross-docking [70].

The complexes found using docking often serve as the starting points for MD or

metadynamics simulations.

4.3.3 Molecular dynamics simulations

Molecular Dynamics (MD) simulations can serve as a computational microscope capturing
the behavior of biomolecules at spatial and temporal resolution difficult to access
experimentally, i.e. in the order of the hydrogen atom and femtosecond [71]. This state-of-the-
art method, based on the numerical integration of Newton's equations of motion, aims to
observe the natural time evolution (physical movement of atoms) of a system. It is commonly
used to study the biophysical phenomenon in controlled conditions, as it enables modeling of
dynamic processes thus helping to understand the properties of molecule assemblies and the
interactions between remote parts of proteins. MD simulations are of particular importance for
membrane proteins, as experimental characterization of their structural dynamics is
challenging [72].

Recently, X-Ray crystallography and cryo-electron microscopy (cryo-EM) techniques
have led to a bloom of published structures of membrane proteins. While being extremely
valuable, they provide only a static, frozen view of a complex system which is not sufficient
for understanding a full picture of their biological activity. Nowadays, practically all
experimental structures of biomolecules are MD refined, which is particularly important for
membrane proteins that suffer from the absence of lipid bilayer. Moreover, the development
of highly parallelized and optimized hardware and software tools and thus the growing
computing power allow studying molecular systems of hundreds of thousands of atoms on
continuously increasing time scales (reaching milliseconds when dedicated supercomputers
like Anton are used) [73]. Dynamic motions on larger timescales connect structure and

function complementing the sequence-structure-function paradigm (see Figure 3).
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The MD time step (10™ s) involves a computationally demanding calculation of the
forces acting on each atom in a system, followed by a less computationally expensive
integration step that updates the positions of the atoms based on classical laws of motion [73].
Forces acting on a given atom are calculated using a force field mathematical model based on
the positions of the other atoms and the network of covalent bonds connecting them. In
commonly used biomolecular force fields, the total force acting on an atom is composed of
two components:

e bonded forces that arise from interactions between small groups of atoms connected
by one or more covalent bonds. These typically consist of bond stretching terms, angle
bending terms, and terms describing the rotation of torsional angles;

e non-bonded component comprise point-charge Coulomb electrostatic interactions and
van der Waals forces modeled by the Lennard-Jones potential which describes short
range repulsion (1/r*?) and weak long-range attraction (1/r°)

Among the most popular force fields are CHARMM [74], AMBER [75], GROMOS [76], and
OPLS [77], the first three of which are often employed in biomolecular simulations, while the
latter was originally developed to simulate condensed matter. These can be applied in the
most popular MD software packages that support multiple force fields, such as NAMD [78],
GROMACS [79], AMBER [80], CHARMM [81], or OpenMM [82].

In this study, we applied the CHARMM force field that presents the following general

expression for the energy [83]:

E = Ebonded T Enonbonded
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where: indeces i, j - denote atoms; r;, rj — denote positions of atoms; b are bond lengths; 6 —
bond angles; ¢ — improper angles; @ - torsional angles; g;, g; — denote partial atomic charges;

and other symbols are parameters depending on the amino acid and force field version used.
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MD simulations are a valuable tool for several reasons. Primarily, they enable the
precise determination of the position and motion of each atom at any given time, which is a
challenging task with experimental techniques. Additionally, the simulation conditions can be
accurately controlled, including the initial conformation of a protein, its post-translational
modifications, mutations, and the presence of other molecules in its environment, as well as
the protonation state, temperature, and voltage across a membrane. By comparing simulations
performed under different conditions, the effects of various molecular perturbations can be
identified [84].

Despite their many advantages, MD simulations also have the following important
limitations that must be considered:

e Timescale: MD simulations are limited by the computing power to relatively short
timescales that may not be enough to capture biophysical phenomena that take longer
to occur

e Accuracy of force fields: force fields are inherently approximate and not reactive —
covalent bond formation and breaking are not possible during simulations;
polarization effects are not included — the redistribution of electrons around each atom
in response to changes in the environment cannot be captured

These problems can be overcome by applying enhanced sampling techniques (see the 4.3.2
subsection) or quantum mechanics/molecular mechanics simulations. Force fields are
continuously improved leading to improved accuracy and the development of sophisticated
polarization algorithms.

Nevertheless, the greatest challenge is in analyzing the results. Precise specification of
the most informative quantities and events a priori is not a trivial task. To derive highly
valuable insights from simulations, it is crucial to analyze and interpret them while
considering all experimental data for the molecular system being investigated. Such analyses
typically involve both quantitative analysis and a meticulous visual inspection using
molecular rendering software [84].

The emergence of high-quality crystal structures (with a resolution below 3.5 A),
together with increasing computing power, open the way to study such biophysical processes
as ligand binding, membrane transport, and protein folding [71]. In this study, we apply MD
to investigate the allosteric changes in mAChRs in response to repellent binding and the
interactions of SCBIs with VGSC.

4.3.4 Metadynamics simulations
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The use of equilibrium MD simulations as a computational microscope is limited by sampling
difficulties when an energy barrier separating potential energy minima is high and thus the
physical process occurs rarely [85]. The probability that the system will cross such barrier
driven by a thermal fluctuation only is small as the system is likely to get stuck in a
metastable state. According to the transition state theory, the time to cross a free energy
barrier increase exponentially with its height. The timescales of MD runs usually do not allow
the system to visit all the energetically relevant configurations which is known as the
ergodicity problem [86]. Therefore, enhanced sampling methods should be applied to

accelerate conformational transitions between metastable states [87].

Free energy
Free energy

> >
cv cv

Figure 6. A schematic view of metadynamics concept. A collection of Gaussian potentials (blue) is
deposited to fill up a metastable state and the system (red dot) moves into the second metastable basin,
overcoming in that way a large free energy barrier. Geometries of molecular systems are analyzed in

terms of collective variables (CV).

Metadynamics is a technique used to enhance sampling of rare events and reconstruct
a free-energy landscape of complex systems during atomistic simulations. Metadynamics
allows the exploration of new reaction pathways by enabling the system to cross the free
energy barriers by pushing it away from local free energy minima [86]. It is achieved by
filling in the potential energy minima thus making the system escape from the metastable
state. To do so, a set of low-dimensional descriptors — collective variables (CVs), i.e.
functions of reaction Cartesian coordinates, has to be defined to describe the relevant degrees
of freedom of the system. As the simulation progresses, the system is biased by a history-
dependent potential that varies in response to the evolution of these collective variables. The
small gaussian-shaped repulsive potentials are added at locations on the free energy landscape
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that have already been explored, thereby discouraging the system from revisiting sampled
configurations [85]. Filling in the energy wells allows the system to explore new regions.
After a transient, the bias potential provides an unbiased estimate of the underlying free
energy [86].

The usefulness of metadynamics largely depends on the appropriate choice of CVs
that describe the relevant transitions. CVs have to distinguish between the initial and final
state and describe all the relevant intermediates. They should include all the slow modes of
the system while being limited in number [86]. Among the most frequently used CVs are
interatomic distances, angles, dihedrals, coordination numbers, radius of gyration, dipole
moment, or number of hydrogen bonds. CVs can be found by trial and error or selected
automatically using approaches inspired by machine learning [87].

Metadynamics has been successfully applied to various biological problems, including
protein folding, ligand binding, and conformational transitions in biomolecules. In this study,
we use enhanced sampling techniques to find the entry route of insecticide to the ion-
conducting pore of VGSC.
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5. The aims of the study

The aims of the doctoral thesis were to:

characterize the conformational changes in human M1 muscarinic receptor and
in insect MAChR-A upon agonists and antagonists binding

create a map of predicted subtle local changes in mAChRs related to agonists
and antagonist action by the detailed analysis of the residue-residue contact
score (RRCS) dynamic evolution

propose a novel type of bitopic, photoswitchable compound with a potential
repellent activity that would cause the desired effects in terms of RRCS in
insect MAChR-A

investigate the interactions between VSD of the cockroach VGSC with four
peptide toxins from the sea anemones and compare their efficacy

find the entrance pathway for N-decarbomethoxyllated JW062 (DCJW)
insecticide to the central cavity of the ion-conducting pore of mosquito VGSC
evaluate the impact of target site insensitivity conferring resistance to

pyrethroids on SCBIs action on mosquito VGSC

The outcomes of the investigation framed above are presented in three original articles [88-

90].
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Abstract: Insect vector-borne diseases pose serious health problems, so there is a high demand for
efficient molecules that could reduce transmission. Using molecular docking and molecular dynamics
(MD) simulation, we studied a series of compounds acting on human and insect muscarinic acetyl-
choline receptors (mAChRs), a novel target of synergistic agents in pest control. We characterized
early conformational changes of human M1 and fruit fly type-A mAChR G protein-coupled receptors
(GPCRs) in response to DEET, IR3535, and muscarine binding based on the MD analysis of the
activation microswitches known to form the signal transduction pathway in class A GPCRs. We
indicated groups of microswitches that are the most affected by the presence of a ligand. Moreover,
to increase selectivity towards insects, we proposed a new, bitopic, photoswitchable mAChR ligand—
BQCA-azo-IR353 and studied its interactions with both receptors. Modeling data showed that using
a bitopic ligand may be a promising strategy in the search for better insect control.

Keywords: GPCR modulators; docking; bitopic ligands; molecular dynamics; IR3535; DEET;
muscarinic receptors; synergy

1. Introduction

Mosquitos are the primary vectors of diseases such as malaria, yellow fever, dengue,
chikungunya, West Nile, and Zika, which affect about 700 million and kill a million people
each year. The World Health Organization (WHO) notes that more than half of the human
population is currently at risk of mosquito-borne diseases. Moreover, there are concerns that
progressive climate change may affect the extent of vector-borne disease outbreaks and in-
secticide sensitivity [1,2]. In 2019, malaria alone caused 229 million clinical episodes, which
led to 409,000 deaths (WHO, World Malaria Report 2020). This primary life-threatening
disease is transmitted through the bites of infected female Anopheles mosquitoes.

Currently, the primary way to reduce malaria transmission and protect individuals is
through the usage of repellents and/or insecticides. However, most mosquito species have
become resistant to frequently used insecticides such as organophosphates, carbamates,
and pyrethroids [3,4]. Regarding repellents, i.e., volatile substances that make mosquitos
escape from a source of smell [5,6], the most effective broad-spectrum insect repellent
is N,N-Diethyl-3-Methylbenzamide (DEET) [7]. Although it is considered safe, several
reports in the last decades have indicated its potential adverse effects on human health and
the environment [8-12]. Another active ingredient of repellents, 3-(N-n-butyl-N-acetyl)-
amino-propionic acid ethyl ester (IR3535), is apparently safer for mammals. Furthermore,
it is also known that DEET and IR3535 can elicit diverse modes of action [13-17], and can
display novel non-classical effects, that can represent an alternative in the Insect Resistance
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Management for preventing the spread of mosquito-borne diseases. They can be used
as a synergistic agent [18] to increase sensitivity to insecticides via a complex calcium-
dependent intracellular signaling pathway following muscarinic acetylcholine receptor
(mAChR) activation [19,20]. Searching for synergistic effects is becoming a popular strategy
in the control of insect vector-borne diseases with a particular interest in the cholinergic
system [21].

As acetylcholine (ACh) is the major signaling neurotransmitter in the insect nervous
system, the ligand-gated ion channels named nicotinic acetylcholine receptors (nAChRs)
are suitable targets for several classes of insecticides, including neonicotinoids, widely
used in plant protection against insects since the late 1990s [22-24]. By contrast, mAChRs,
which are G-protein-coupled receptors (GPCRs), are still unexploited in this area. However,
recent studies have reported that insect mAChRs are interesting targets for repellents used
as synergistic agents [18-20]. Both DEET and IR3535 were shown to interact with M1
andM3 mAChR subtypes at low concentrations inducing intracellular calcium rise that
synergistically increase the insecticide efficacy when mixed with propoxur [19] and thiaclo-
prid [20], respectively. This increased efficiency, based on the positive interaction between
two compounds, represents a promising strategy to design more suitable approaches to
control insect vector-borne diseases.

While mammalian mAChRs are divided into five subfamilies (M1-M5, Figure 1),
three types have been identified in insects: type-A (mAChR-A), type-B (mAChR-B),
and type-C (mAChR-C), and characterized in the fruit fly Drosophila melanogaster [25,26].
Very recently, mAChR-A have also been described in the malaria-spreading mosquito
Anopheles gambiae [27]. The most closely homologous to the mammalian mAChRs is
mAChR-A, which uses M1/M3/MS5 types signaling pathways via activation of Gq/11
protein and phospholipase C, resulting in the release of Ca?* from internal stores through
inositol 1,4,5-trisphosphate [28]. Like human types, it is activated by ACh and mus-
carine (see structures in Figure 1) and fully inhibited by classical mAChR antagonists such
as atropine.

b
M1 human mAChR-A fruit fly
SEEEF ®§F _ EEE 55

a3 : IcL3

?H

3
K©\o/ kCHa Hac/go

muscarine BQCA DEET IR3535

Figure 1. (a) Muscarinic acetylcholine receptors (mAChR) are divided into M1-M5 subtypes in
mammals and A/B/C types in insects. (b) Snake plots [29] of human M1 (left) and fruit fly
(Drosophila melanogaster) mAChR-A show the main structural features of a GPCR receptor—seven
transmembrane helices linked by three extracellular and three intracellular loops among which the
third one (ICL3) is the largest. Note that ICL3 is neither present in the human X-ray structure used in
this study nor in the fruit fly homology model. (c) Structures of classical M1 agonists—acetylcholine,
atropine; BQCA modulator and DEET and IR3535 repellents.

Using electropharmacological approaches together with the molecular docking of
DEET and IR3535 to static human M1 and M3 receptor models, the ligand-receptor interac-
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tions and their mode of action were described [19,20]. However, the expected conforma-
tional changes in receptor structure with repellents bound could not be observed with this
approach. Here, for the first time, we report on the molecular dynamics (MD) simulations
of both insect and human mAChRs with repellent bound ligands.

Recent progress in the structure determination of GPCRs [30,31] triggered numerous
studies in virtual screening and structure-based molecular design, which led to the devel-
opment of new ligands for these receptors. To overcome the problem of limited subtype
selectivity in small molecules targeting the highly conserved orthosteric sites (OS), there is
a shift towards the allosteric ligands that bind in spatially distinct and less conserved sites
(allosteric sites, AS) [32,33]. Allosteric ligands, apart from acting as the subtype-selective
agonist or inverse-agonists, can modulate the efficacy and potency of orthosteric ligands.
This effect is desirable because when they are used in new repellent formulations, it may
allow for the reduction of doses of active substances. The discovery of bitopic (or dualsteric)
ligands that occupy both binding pockets simultaneously [34-36] inspired researchers to
fuse known orthosteric ligands with their allosteric modulators [37-39]. This approach,
although challenging, may lead to the development of high-affinity subtype-selective
molecules limiting the off-target activity and side effects of drugs. Therefore, here we
propose a novel bitopic compound acting on insect mAChR. To assure a proper distance
between the AS and OS ligands and to add a new dimension to chemical pest control, we
augmented our design with a light-sensitive unit.

A promising approach that allows for the precise, reversible, and real-time spatiotem-
poral control of biological signaling is to use light as an external trigger to change a ligand
shape and its pharmacological properties. A widely used molecular scaffold that changes
structure upon irradiation is azobenzene [40,41]. Azobenzene has two isomers: the ther-
mally stable trans and the thermally unstable cis isomer. Photoswitches, such as azobenzene,
can be introduced into the structure of the bioactive ligands to control the activity of the
target protein [41]. The mAChRs were the first GPCRs from the rhodopsin family that were
successfully modulated by light upon binding of photoswitchable azobenzene-derived
ligands [42]. Here we propose one prototype of hypothetically photoactive compound
BQCA-azo-IR3535 and model its dynamical interactions with human and insect mAChRs.

The fact that the ligand binds to the receptor manifest in structural changes, often
occurring in a place remote from the receptor site. Extensive analysis of all available
experimental GPCR structures led to the discovery of a common and conserved activation
pathway in class A GPCRs [43]. In this pathway, 34 residue pairs (formed by 35 residues,
total) link a ligand-binding pocket with the G protein-coupling region of GPRCs via
previously known structural motifs. These include a previously known set of four molecular
switches: W6.48 tryptophan toggle switch (in CWxP motif), Y7.53 tyrosine toggle switch
(in NPxxY motif), ionic lock involving helices TM3 and TM6 (D/ERY motif in TM3) and
3-7 lock linking helices TM3 and TM7 in the ligand-binding site [44] as well as a sodium
ion-binding allosteric site D2.50 [45]. The pathway starts from the ligand-binding region
and ends at the G protein interface going through four layers that reflect consecutive stages
of the receptor activation.

In this study, we present, for the first time, a homology-based model of insect mAChR-
A that may serve as a base for computational studies of repellents-GPCRs interactions.
Based on the conserved activation pathway of class A GPCRs [43], we investigate the
allosteric changes in mAChRs evoked by selected repellents and M1 modulators binding.
All-atom MD simulations enable us to track the subtle, local alterations in the human and
insect receptors conformations that accompany an early stage of their activation. Finally, we
propose a novel type of bitopic and photoswitchable compound with a potential repellent
activity and investigate its effect on mAChR-A dynamics.

2. Results and Discussion

We analyze two closely related molecular GPCR systems: human M1 and insect
mAChR-A. The first structure is based on the X-ray data, and the second one is a homology-
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based model. One should remember that a direct comparison of results may be somewhat
biased due to the hypothetical nature of the starting insect protein structure used for further
MD modeling. However, due to the very good templates found for mAChR-A, this bias is
acceptable. Reference human 150 ns MD GPCR data are used mainly to facilitate analysis
and discussion for longer, 500 ns, insect mAChR-A trajectories.

2.1. Single Ligands Docking
2.1.1. Single Ligands Docking to Human M1 mAChR

In the first step, we performed the molecular docking of eight ligands to the X-ray
structure of human M1 mAChR (PDB code: 5CXV) using SMINA code [46], a fork for
AutoDock Vina [47]. Ligands selected included repellents (DEET, IR3535), M1 agonists
(muscarine, acetylcholine, oxotremorine-M), antagonists (atropine, pirenzepine), and mod-
ulators (BQCA, benzoquinazolinone 12). We have chosen the lowest energy poses of each
ligand for further analysis. All ligands except pirenzepine and benzoquinazolinone 12
(bgz-12) docked with the best-scored poses in M1 OS, identified by FTSite [48] before dock-
ing. Pirenzepine docked well to both orthosteric and allosteric sites, while bqz-12 docked
only to the AS. The poses of DEET and IR3535 are shown in the Supplementary Material
(SM) Figure S1d,e. Interactions plots for all ligands made using the PLIP server [49] can be
found in the SM Figures 52-55.

DEET and IR3535 occupy the same orthosteric binding site as indicated by the residues
(Tyr333, Tyr”-38, Tyr®51, WO48) that gave the highest contribution to the SMINA scoring
function (SSF), presented in SM Figure S1b. The experimental alanine substitution of a
majority of those residues strongly reduced the affinity of the endogenous agonist acetyl-
choline and the classical antagonist [50]. Superscripts refer to the Ballesteros—Weinstein
numbering [51].

The SSF for DEET is equal to —7.3 kcal/mol. DEET in this pose is stabilized by
pi-stacking interaction with Tyr381%>!, highly conserved in class A GPCRs. The highest
contribution to the energy of binding gave interactions with the aromatic ring of DEET
(the structure is shown in Figure 1c and the docking pose in SM Figure S1d). The binding
affinity of IR3535 was slightly weaker with SSF = —6.26 kcal/mol.

2.1.2. Single Ligands Docking to the Insect mAChR-A Model

There are no experimental structures for any type of insect muscarinic receptors. To
check how the effects of ligands binding manifest in insect type-A receptors, we build the
homology model of a fruit fly (Drosophila melanogaster) mAChR-A protein (Figure 2a). As
the cytoplasmic loop connecting TM5 and TM6 helices (ILC3) is very long (431 residues,
more than a half of the whole receptor sequence length, see Figure 1b), the model could be
built only after the removal of this intracellular part. Such simplification in GPCR structure
modeling is a typical procedure. The dockings of DEET, IR3535, and muscarine were
performed using the same protocol as for the human M1 described in the methods section.

In insect mAChR-A, the best docking score (i.e., low SFF value) was observed for
DEET (—7.19 kcal/mol), followed by IR3535 (—6.08 kcal /mol). According to our approach,
muscarine binds weaker to_mAChR-A (SFF = —5.79 kcal/mol). The order of these numbers
is the same for the human M1 GPCR, but the binding affinity is predicted to be slightly
weaker (ASFF = 0.1-0.2 kcal/mol). Similar to M1, in the insect receptor, the strongest
stabilization of ligands comes from aromatic residues (five out of six presented in Figure 2e).
The lists of most stabilizing residues in both receptors are identical (cf. Figure 2e and
Figure S1b). Clearly, the tryptophan toggle switch (Trp®4%) plays a major role in the
OS of both receptors. This strong similarity in repellents’ affinity to insect and human
receptors may indicate possible physiological effects of DEET in humans, induced via
the M1 activation pathway. The docking is only a computational procedure, sensitive
to numerous parameters, including details of the hypothetical docking site geometry.
However, it is an interesting observation that IR3535 shows weaker binding than DEET, so
its negative effect is expected to be somewhat weaker.
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Figure 2. (a) The homology model of Drosophila melanogaster mAChR-A receptor based on the
UniProtKB P16395 (ACM1_DROME) sequence and human M1 structure template (PDB code: 5CXV).
The orthosteric binding-site region is marked with a black dashed line. (b—e) SMINA molecular
docking of insect repellents DEET (b) and IR3535 (c) and classical agonist muscarine (d) to the
homology model shown in (a). Top views are presented. (e) Docking energy decomposition presented
as SMINA scoring function (SSF) in kcal/mol shows interacting ligand residues of the mAChR-A
orthosteric binding site.

2.2. What Happens upon Ligand Biding? Dynamical Response of Human M1 Receptor

Ligands present in the orthosteric (or allosteric) site exert their biological roles by
changing the conformation of GPCRs. The transduction of those signals to remote places
such as the G-protein binding site requires mechanical interactions occurring within the
receptor body. Tightly packed helices, present in the intramembrane part, facilitate this
task but not all out of hundreds (>800) possible residue-residue contacts are critical for
such signal transduction. The role of such contacts in M1 and mAChR-A has not been
investigated thus far. The whole process of triggering a response to a ligand is too long
for computational investigation, but the important initial stages of signal transduction
may be monitored using MD simulations on hundreds of ns timescale. Thus, to get a
dynamical picture of repellents induced changes in GPCRs, we performed MD simulations
and analyzed closest contacts in regions delineated in extensive studies by Zhou et al. of all
available X-ray type-A GPCR structures [43].
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In the first step, the lowest energy docking poses were used as starting points for
the MD simulations of the M1 receptor embedded in a lipid bilayer. We performed three
repetitions of 150 ns long MD for M1 receptor without ligand (APO) with DEET, IR3535,
and muscarine. RMSD plots indicate (data not shown) that reasonable convergence has
been achieved in our relatively short simulations.

On a relatively short timescale exploited here, the analysis of contacts with the Get-
Contacts server [52] or RRCS contact scores using a method introduced recently [43] may
be illuminating.

RRCS is an atomic distance-based parameter that quantifies the strength of contact
between residue pairs by summing up all possible inter-residue heavy atom pairs without
weighting factors [43]. Not only does it capture side-chain repacking if the backbone atoms
of the two residues are close to each other, but it also describes local contacts involving
adjacent residues (excluding backbone atoms of residues that are within four amino acids in
protein sequence). Thus, RRCS can be used as a quantitative descriptor of dynamical contact
rearrangement in protein and a useful tool for the comparison of multiple receptor states.
Zou et al. performed RRCS calculations on all available high-resolution 3D structures of
class A GPCRs comparing their active and inactive states. The universal signal transduction
path has been proposed consisting of 34 pairs of AA [43]. Unfortunately, it is not known
how such RRCS values evolve over time, how they change upon ligand-binding, and to
what extent the indicated critical contacts last.

2.2.1. GetContacts

To examine the initial response of the M1 receptor to the ligands, we calculated
fractions of simulation frames in which a given residue pair, found in [43] as a part of the
signal transduction pathway, form a contact. In Zhou et al. meta-analysis [43], two types of
structural response upon ligand-binding were postulated: (i) some residue residue pairs
increase their contact frequency in the activated form of GPCR with respect to the apo or
inactivated protein, and (ii) other pairs decrease contacts frequency. Initially, we used for
the analysis GetContacts server [52]. Here, Van der Waals contacts (vdw) between two
atoms are registered if the distance between their centers is less than the sum of their van
der Waals radii plus an epsilon value of 0.25 A. Data for representative 14 pairs (out of 34
indicated by Zhou et al.) that exhibited the most profound variations between molecular
systems are shown in Figure 3. Contacts between other residues pairs from the pathway
set of Zhou et al. [43] were not affected by the presence/absence of our ligands.

Such a dynamic picture is very interesting. Indeed, all pairs which were predicted
to decrease contacts upon agonist binding show a decrease in our MD calculated contact
fraction (see Figure 3, left panel) and vice-versa: all residue pairs that should increase their
contacts when the ligand comes into the orthosteric site do have substantially higher contact
fraction (Figure 3, right panel). We estimated the global effect (GE) of ligand-binding using
the following metric:

GE+ =Y (ACE(+)APO — ACF(+)16)?

i

GE— =Y | (ACE(-)O — ACF(—)F'S)’,

where ACF(+/—) are averaged contact fractions (see Figure 3) for gain and loss in contact
frequency, respectively, LIG = DEET, IR3535, or muscarine.

From Table 1, one can see that DEET exerts its effect on M1 GPCR in a similar way
as muscarine, but the decrease of frequency contacts (GE— = 0.829) is much weaker than
that for muscarine (DE— = 1.682). IR3535 basically does not increase the contacts between
critical pairs but strongly reduces that number for another set of residues, its GE— of 1.30 is
close to GE— calculated for muscarine.
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Figure 3. Average contacts as a fraction of total simulation time (450 ns) [52] observed for M1 apo
and for M1 having DEET, IR3535, and muscarine ligands in the orthosteric site.

Table 1. Parametrization of global effects of ligands on averaged contact fractions.

Parameter DEET IR3535 Muscarine
GE+ 0.276 0.070 0.334
GE— 0.829 1.300 1.682

We found that for our three agonists, in general, the highest gain in contact frequency in
human M1 was observed between the tryptophan toggle switch Trp378%48 with Val113340,
the residue contributing to the sodium ion binding pocket Asp71%°? with Ser11233° and
between residues located on the H7 Pro4157°% and Lys4207°. Loss of contacts was noted
in highly conserved DRY motif Asp12234 x Arg123%30, Vald6'3 with the tyrosine toggle
switch Tyr418”3 and in interactions of 1119%4¢ with the microswitch Lys36737.

2.2.2. Analysis of Residue-Residue Contact Scores in Human M1

The recently proposed [43] residue-residue contact scores (RRCSs) are better suited
for the analysis of the subtle effects in GPCR structure induced by ligands than the simple
contact fraction presented in the previous section. RRCS takes into account further located
atoms and is defined as:

RRCS = ¥ ic aLjendij

where,
115 < Tmin,
o = 0 T 2 I'max,

((rmax - rrnin)

" (rmax — 1j7) otherwise,

and rj; is the distance between i and j-th atom, and 1, = 3.23 A and rmay = 4.63 A. In our
case, group A contains atoms of one residue of the investigated pair and group B consists
of atoms belonging to the other residue in the analyzed pair.

We applied this approach to investigate differences in contacts between all 34 key
residue pairs of the M1 receptor caused by agonist muscarine and repellents DEET and
IR3535. Half of the 34 residue pairs contacts were not affected by interactions with lig-
ands. Therefore, we limited the further analysis to nine pairs that increased contacts upon
muscarine binding (Figure 4, green lines) and eight pairs that decreased (or loose) con-
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tacts while ligand-bound (Figure 4, red lines). Among them, 5 were intrahelical and 12
were interhelical.

Figure 4. Contacts between key residue pairs involved in the first stage of M1 receptor activation
discussed in this paper. (a) Side, (b) top, and (c) bottom views of M1 are shown with distances that
increase (green) and decrease (red) upon activation, represented by lines. IR3535 is shown in black
surface representation to indicate the position of the orthosteric binding site.

In Figure 5a,b we show RRCS histogram plots for the bare M1 receptor (apo, grey) and
M1 with a ligand in its orthosteric site: muscarine (green), DEET (orange), and IR3535 (red).
Figure 5a presents the contacts that were strengthened during activation, while in Figure 5b,
the residue pairs that loosened contact during activation are shown. Histograms of the
RRCSs for other interesting but less affected RRCS are presented in the SM Figure S6. The
effect of muscarine is clearly seen as this ligand moved the mean RRCS values of M1 residue
pairs towards the active form of GPCR (residue pairs from Figure 5a are much closer than
in the apo form, while those in Figure 5b have loosened their short distances). We found
that the effect of repellents was located somewhat in between APO and muscarine, and
IR3535 increases contacts to a larger extent than DEET does. Notably, the indicated residues
corresponded to the known, highly conserved classical points of GPCR activity regulation:
the residue contributing to the sodium ion binding pocket Asp712°?, the hydrophobic lock
Leul16%43, Asp1223'49, and Arg1233'50 from the DRY motif, the microswitch Leu367%7, the
tryptophan toggle switch Trp37848, and the tyrosine toggle switch Tyr4187->3 [44].
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Figure 5. (a,b) Histograms of residue-residue contact scores (RRCSs). Sampling was 1 frame /0.8 ns

of 150 ns MD simulation (average of 3 repetitions). Contacts that increase (a) and decrease (b) RRCS

are shown for M1 apo receptor in grey, M1 with muscarine in green, M1 with DEET in orange, and
M1 with IR3535 in red.

The shapes of the RRCS histograms allow for the qualitative assessment of the mo-
bility of a given amino acid pair: the wider the distribution, the more flexible the re-
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gion. In Figure 5a, we see a strong impact of the ligands on Val113340 x Trp378%4® and
Pro415750 x Leu420”- pairs, since, in M1 apo, there was no contact, but in the ligands’
activated forms, such contacts were formed. Notably, the most important pairs involved in
the GPCR activation process determined by the GetContacts server [52] were also indepen-
dently discovered in our more precise RRCS analysis.

2.2.3. In Search for Repellent Modulation: Sequential Docking and Dynamics of the
Human M1

In M1 GPCR, both OS and AS may be occupied by small ligands at the same time. We
expect that an extra ligand in AS may enhance selectivity and the action of repellents by a
positive allosteric modulation. To develop a bitopic ligand with a repellent function that
could occupy both sites simultaneously, we examined how the presence of allosteric modu-
lators influences the effect of repellents on the receptor structure. We docked pirenzepine
to the M1 with DEET or IR3535 in the orthosteric site of M1 (Figure 6). The same study was
repeated for the modulator/agonist BOCA. Those four systems dynamics were simulated
(150 ns x 3 repetitions for each system) to monitor RRCSs structural parameters and to
compare with the single ligand cases.

DEET——— pirenzepine

IR3535° > BQCA

Figure 6. Multiple molecular docking of insect repellents and modulators to the human M1 mus-
carinic receptor. (a) Surface representation of orthosteric (OS) and allosteric (AS) sites of M1 receptor
and scheme of multiple docking protocol. (b) Docking poses of IR3535 in the OS (bottom, black) and
BQCA in the AS (top, black); the key residues of OS are marked.

We analyzed all pairs from the consensus signal transduction pathway in which
RRCS were affected by DEET or IR3535 (see Figure 5a,b and Figure S7a,b), looking for
the modulatory effect of allosteric ligands. The presence of both pirenzepine and BQCA
reduced the impact of DEET on RRCS values (data not shown). We expected that those
modulators would not potentiate DEET repellent activity.

More promising results were found for IR3535. While pirenzepine slightly and nega-
tively modulated the action of IR3535, we observed symptoms of positive modulation of
IR3535 impact on M1 by BQCA docked to AS (results of RRCSs from MD are presented in
SM Figure S7a,b as reference data and are discussed further). Based on this observation,
we proposed a new, possibly photoswitchable compound composed of BQCA, a linker,
and IR3535 (BQCA-azo-IR3535). As a linker, we applied azobenzene since it has a proper
size and useful photophysical properties. The structure of this test molecule is shown in
Figure 7.
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Figure 7. Structure of the bitopic, photoswitchable insect repellent BQCA-azo-IR3535 with parts that
target orthosteric (OS, red) and allosteric (AS, violet) sites of the muscarinic acetylcholine receptor
(left side) indicated in red and purple boxes, respectively.

2.3. Computer Modeling of Designed Bitopic Ligand (BQCA-azo-IR3535)

Bitopic ligands designed for better modulation of the mAChRs were studied in the
past. For example, the M2 agonist Phthalimide-Azo-Iperoxo, which links the fragments of
muscarinic agonist iperoxo and allosteric modulator W84 via azobenzene functional group,
was proposed recently by Riefolo et al. [53]. Azobenzene in its ground state was extended,
i.e,, trans conformation. It activated the M2 receptors and can be reversibly photoswitched
to enable precise spatiotemporal control of cardiac function [53]. Another bitopic ligand—
BQCAAI—was obtained by connecting the agonist iperoxo with the positive allosteric
modulator BQCA through an azobenzene linker as well. Strikingly, cis-BQCAALI acts
as an antagonist (under 366 nm) of the M1 receptor, while trans-BQCAAI is an agonist
(under dark conditions or 455 nm illumination) [39]. These results inspired us to search
for a similar system with repellents as main part ligands. Using a molecular builder (see
Methods), we drafted a skeleton and optimized the geometry of the BQCA-azo-IR3535
derivative (see Figure 7).

2.3.1. Bitopic BQCA-azo-IR3535 Ligand Effect on Human M1 GPCR

As expected, SMINA molecular docking of IR353-azo-BQCA to human M1 receptor
showed that the IR3535 part occupies the orthosteric site, while the modulator part (BQCA)
was docked in the allosteric site (see a comparison of IR353-azo-BQCA docking poses in
human and insect receptor in SM Figure S8). The trans-azobenzene linker fits into a narrow
grove connecting the pockets. The binding energy (SSF) was equal to —11.35 kcal/mol,
while for IR3535 alone, SSF was —6.26 kcal/mol and for BQCA —8.6 kcal/mol. Thus, our
bitopic ligand should have a higher affinity towards M1 than any of these two ligands.

The lowest energy pose of BQCA-azo-IR3535 was used for MD simulations (3 x 150 ns)
of the ligated M1 receptor. The comparison of RRCS values for an M1 receptor with IR3535
alone and IR3535 together with unlinked BQCA and the receptor with BQCA-azo-IR3535
are shown in the histogram plots in SM Figure S7a,b.

Our large, bitopic ligand affects contacts between critical residues of human M1 in a
way that is not a simple superposition of BQCA and IR3535 ligands effects (SM Figure S7a,b).
In general, we do not observe the strengthening of contacts in the receptor with BQCA-azo-
IR3535 (in comparison to the APO form), but rather the loosening of M1 packing is seen.
In the RRCSs analyzed here, the contacts of helix H6 are present six times. This helix is
particularly important since it made an outward movement upon GPCR activation. The
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bitopic ligand exerted no modulatory effect in tightening contacts on those pairs. However,
a strong loosening of H6 (Leul16>%® x Leu371%43 and 11e11934¢ x Leu367%%) induced by
this ligand was observed. Of special interest is the 116343 x 371641 pair, which, together
with the 11634% x 370940, is known as the hydrophobic lock [44]. This region was loosened
as 116348 x 37194l contacts decreased to zero in 1/3 of BQCA-azo-IR3535 simulation
frames. Such reduction is even stronger than that induced by muscarine (Figure 5b). The
effect of BQCA-azo-IR3535 on the Ile11934¢ x Leu367°37 microswitch pair was comparable
to that exerted by muscarine.

The MD results are encouraging in the sense that the good quality M1 structure was
not affected much, and a strong affinity for the bitopic ligand was predicted. Now, we
have a good reference point for more extensive MD studies of bitopic ligand action in
insect mAChR-A.

2.3.2. Bitopic BQCA-azo-IR3535 Ligand and Insect mAChR-A Dynamics

We docked BQCA-azo-IR3535 ligand to human and insect GPCR models using the
same methodology (Figure 8). Similar to the M1 receptor in mAChR-A, the BQCA part went
to AS, and IR3535 part fit well into the orthosteric cavity. The total SSF value for the bitopic
ligand-binding to the insect receptor equals —11.97 kcal/mol (while —11.35 kcal/mol was
obtained for the human M1). The docking energy decomposition showed that the highest
contributions to the binding of BQCA-azo-IR3535 again produced the aromatic residues
(Figure 8b). Most of the binding energy came from the interaction of the repellent part
with the OS. Only three of these residues (W’*, Y258 from the extracellular loop 2, and
F2%9) contributed to the BQCA part binding in the AS, while the T5.40 interacted with the
azobenzene linker. The comparison of BQCA-azo-IR3535 docking poses to the aligned
M1 human and insect mAChR-A structures, together with the energy decomposition, are
provided in SM Figure S8. To investigate the differences between the repellents binding
to the active state receptors, we performed docking of the DEET, IR3535, and BQCA-azo-
IR3535 to the X-ray structure of human M1 in its active state (PDB code: 60]J) to the insect
mAChR-A model built using this template, and also to the most recently released human
M1 structure (PDB code: 6ZG9). SSF values can be found in the SM Table S1.

To assess the action of the BQCA-azo-IR3535 ligand on insect receptor dynamics, we
performed longer MD simulations of mAChR-A without a ligand (APO) and with IR3535,
muscarine, and bitopic ligands. Three independent 500 ns simulations were run for each
system (note that the simulation time was over three times longer than for the human M1
receptor, so conformational space for the less reliable model is well sampled).

The protocol used was the same as for the M1 receptor (see Methods) with the plasma
membrane composition modification to obtain more insect-like lipid content.

The plasma membrane in which receptors are embedded provided not only a neutral
environment but also affected the ligand affinity [54]. The majority of MD simulations
of membrane proteins had been performed assuming in human-like membrane mod-
els (usually phosphatidylcholine: POPC or DOPC). However, flies differ in their lipid
composition from humans substantially. Insects have an inverted and four times higher
phosphatidylethanolamine to phosphatidylcholine ratio than mammals [55]. Thus, us-
ing CHARMM-GUI [56], we created a heterogeneous bilayer model composed of: 38%
DOPE, 18% DOPS, 16% DOPC, 13% POPI, 11% SM (CER180), 3% DOPG and 1% PALO
16:1 fatty acid. Data from the MD showed that BQCA-azo-IR3535 was more tightly bound
to the insect receptor than to the human one (Figure 9). In Figure 9a, we present dynamical
changes in values of SSF, which are proportional to binding affinity, for numerous MD struc-
tures “on-the-fly”. Except for one ”“outlier” trajectory (grey in Figure 9a,c,d), we observed
that the SFF for the bitopic ligand in insect GPCR for the first 150 ns is systematically lower
(Figure 9a) than that calculated for the human M1. We extended our simulations for the
insect mAChR-A, and, indeed, the good SFF values were kept low throughout the whole
simulation. The same analysis performed for the IR3535 ligand showed no differences
between those species (Figure 9b). This conclusion is supported by the convolutional neural
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network (CNN) data (Figure 9c). The CNN scoring function, measured in “pK” units, may
be easily converted to the ligand affinity, where 1 uM is 6, and 1 nM is 9, so the higher
CNN, the better. Thus, affinity towards the humans calculated using GNINA software [57]
was around 1 uM, and towards the insects, close to 10 nM. We inferred that the bitopic
ligand should have a stronger physiological effect in insects than in humans.

Docking energy decomposition
W7.34 Y333 Y7.38 Y6.51 Y258 F2.60 W6.48 W4.57 T5.40 N6.52

0.00 ol ol
-0.20 I I
-0.40

-1.20

SSF Affinity [kcal/mol)

)/

Figure 8. Molecular docking of bitopic ligand BQCA-azo-IR3535 to the homology model of Drosophila

melanogaster mAChR-A. (a) Receptor structure with the ligand-bound (black licorice and surface
representation). Note that intracellular loop 2 was removed from the model. (b) Docking energy
decomposition shows residues giving the highest contribution to the affinity of ligand-binding. These
residues are marked in (d). The top view (c) and the side view (d) of the BQCA-azo-IR3535 (black)
docked to the mAChR-A.

The space occupied by the bitopic ligand in both receptors was very large. The overlaps
of all positions occupied by non-hydrogen atoms of BQCA-azo-IR3535 (yellow) in M1 (blue)
and mAChR-A (red) receptor during three repetitions of MD trajectories are shown in
Figure 9e f, respectively. The ligand was bound deeper in mAChR-A, and moved towards
the sodium ion pocket identified as a highly conserved D*>* residue (Figures 9f and 10a).
Note that one mAChR-A trajectory (shown in gray in Figure 9f) is perhaps an outlier: in the
last 30% of the 500 ns trajectory, the ligand shows a tendency to leave the allosteric pocket.
The evolution of the distance between the ligand and the D> residue is shown in Figure 9d.
The small and flexible endogenous agonist acetylcholine was found to be able to diffuse
from the OS into the new binding site next to the D> residue of M3 and M4 muscarinic
receptors [58]. The sodium ion located at D> was present in inactive conformations of
most GPCRs, but not in agonist-bound ones. As a negative allosteric modulator of receptor
activation, it stabilized the inactive state of the receptor, decreased affinities for agonists,
and enhanced affinities for some antagonists [59]. A strong sensitivity to the sodium ion
has been shown for a negative allosteric modulator SB269652 that adopted an extended
bitopic pose in the dopamine D2 receptor and completely lost its modulatory effect in the
absence of sodium ion [60]. In turn, BMS986122, a positive allosteric modulator of the
p-opioid receptor, was found to exert its effect through disruption of the sodium binding,
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thereby promoting receptor activation [61]. We speculate that a similar effect may happen
for the BQCA-azo-IR3535 ligand-bound into mAChRs.

a

|
~N

|
-
o

SSF Affinity [kcal/mol]
|
©

SSF Affinity of BQCA-azo-IR3535 to the mAChR

mAChR-A
—— mAChR-A outlier
—— M1 human

o Nl
iy

i

|
-
-

C

CNN Affinity

) 20 40 60 80 100

CNN Affinity of BQCA-azo-IR535 to the mAChR

mAChR-A
—— mAChR-A outlier
~—— M1 human

b -4.0

-4.5

|
o
°

|
b
[

SSF Affinity [kcal/mol]

|
o
°

Distance [Ang]

SSF Affinity of IR3535 to the mAChR

—— mAChR-A
—— M1 human

min BQCA-azo-IR3535 - D2.50 distance

—— mAChR-A
—— mAChR-A outlier
—— M1 human

o 100 200 300 400 500
simulation time [ns]

Figure 9. BQCA-azo-IR3535 interaction with mAChRs. The SSF affinity evolution for bitopic ligand
(a) and IR3535 (b) are shown for mAChR-A and, for the reference, for the human M1 receptor. (c) The
convolutional neural network (CNN) scoring function, measured in “pK” units where 1 uM is 6,
1nM s 9, is plotted for BQCA-azo-IR3535 interaction with mAChRs. (d) The distance [A] between
the closest non-hydrogen atom of a ligand and the D20 residue (sodium pocket) of human M1 (blue)
and insect mAChR-A (red and grey). (ef) Positions occupied by non-hydrogen atoms of BQCA-
azo-IR3535 (yellow) in the human M1 receptor (e) and insect mAChR-A model (f). The W648 and

D2.50

residues are marked (orange in human and cyan in insect mAChR) as indicators of the distance

between ligand OS and the sodium ion-binding site. For all plots, data collected from the 3 x 500 ns
MD simulation for the human M1 receptor and 3 x 500 ns for the insect mAChR-A are shown.
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Figure 10. (a) Tunnels were found in insect mAChR-A receptor at the minimized and equilibrated
structure (left) and in the representative MD snapshot of the receptor with BQCA-azo-IR3535 ligand.
(b) The bottleneck radius of the tunnels created below the ligand-binding site allows water flow
(i-e., with the bottleneck radius higher than 1.4 A). In gray, the tunnels found in the 3 x 500 ns
MD of the APO mAChR-A are shown, while in yellow, those found in the receptor with the bound
BQCA-azo-IR3535. Tunnels were visualized using MOLE 2.0 [62], and the bottleneck analysis was
performed with CAVER [63].

Water plays an important role in GPRC-mediated signaling. We investigated the
formation of the tunnels in mAChR-A. (Figure 10). While the hydrophobic layer was
present at t = 0 and water cannot flow through the receptor (Figure 10a, left panel), the
presence of BOCA-azo-IR3535 ligand promoted the formation of a tunnel between the OS
and the G-protein binding site (dark blue in Figure 10a, right panel). The bottleneck was
formed by a tryptophan toggle switch W848 (part of the CWxP motif). The disruption of
water-mediated interactions between W48 and D?°? was critical for the receptor activation,
as the incoming water that passed the W®48 gate changed the conformation of the tyrosine
toggle switch Y73 (part of the NPxxY motif) to allow a continuous pathway of water
molecules to the cytoplasm [44]. We investigated the dynamic changes of the bottleneck
radius in 3 x 500 ns MD trajectories of mAChR-A with no ligand (APO, grey in Figure 10b)
and with the bitopic-bound ligand (yellow in Figure 10b). The instances of bottleneck
radius value >1.4 A are shown to illustrate the fraction of MD in which the water flow
is allowed. The difference between the APO and ligand-bound receptor conformation
is evident.
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Finally, we return to the RRCS analysis. Data for 500 ns long simulations for the
insect APO mAChR-A and the receptor with muscarine, IR3535, and BQCA-azo-IR3535
ligands are presented in Figure 11a,b. In a few cases, significant changes in the RRCS
patterns induced by ligands were observed. The most striking effect we saw was for the
Val340 x Trp®4® pair that corresponded to the tryptophan toggle switch: the bitopic ligand
dramatically increased RRCS with respect to APO and muscarine forms.

A comparison of data presented in Figure S7a,b and Figure 11a,b may reveal possible
differences in structural effects exerted by our bitopic ligand on human and insect receptors,
respectively. Similar to human M1 GPRC, the bitopic ligand does not strikingly strengthen
the mAChR-A contacts in the signaling pathway pairs (Figure 11a).

However, bitopic ligand decreases the contacts of some critical pairs in the insect
receptor structure stronger than IR3535 or even stronger than muscarine (Figure 11b).
Particularly interesting were the contacts involving the tyrosine toggle switch Tyr’->3
(NPxxY motif): Val'> x Tyr”>® and Leu?* x Tyr”53. We recall that substantial dynamical
changes of the NPxxY motif are typically observed when the GPCR is bound to its full
agonist [64]. Tyr’5® was found to switch between three rotameric conformations affecting
water flow through the receptor. Upon GPCR activation, a hydrophobic layer breaks as a
continuous water channel is formed from the ligand-binding pocket to the cytoplasm [64].
This postulate is in accordance with our analysis of the water tunnel formation (Figure 10)
in mAChR-A with BQCA-azo-IR3535.
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Figure 11. (a,b) Histograms of residue-residue contact scores (RRCSs) calculated for 1 frame/1 ns of
500 ns MD simulation (average of 3 trajectories) of insect mAChR-A Apo receptor (in grey). Contacts
that increase (a) and decrease (b) RRCS upon activation by a ligand are shown for muscarine in green,
IR3535 in red, and for BQCA-azo-IR3535 in yellow.

Quite interesting to note is the behavior of the Gly!4 x Pro”-* pair: in human M1,
the large BQCA-azo-IR3535 ligand makes this contact stronger, while in insect mAChR-A
those residues are pushed away, and contacts are weaker.

In our detailed, molecular-level analysis, we indicated sensitive spots in the muscarinic
GPCRs activation pathway. The characterization of early-stage conformational changes in
both human and insect receptors in response to repellent ligand-binding provides ground
for the development of new chemicals that would be selective towards insects. Our in silico
analysis of a novel, bitopic, and photoswitchable ligand BQCA-azo-IR3535 interactions
with mAChRs calls for further experimental studies.

3. Conclusions

MD simulations, despite all known limitations related to simplified models when
experimental structures are scarce and limited sampling, are widely used in studies of mem-
brane proteins, including the conformational changes of GPCRs induced by ligands [65,66].
Even though the timescale of GPCR activation by agonists is too long for classical MD,
the dynamics of microswitches revealed that relatively short simulations could indicate
important allosteric coupling [67].

In this work, for the first time, we provided molecular insights into the early-stage
responses of human and insect muscarinic receptors on activation by the safe repellent
IR3535 and its bitopic, photoswitchable derivative BQCA-azo-IR3535. The concept of this
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ligand was based on the positive allosteric modulation of IR3535 by BQCA we observed
in the human M1 receptor. IR3535 was linked to the positive allosteric modulator BQCA
part that binds receptor mAChR in the less conserved AS. The ligand proposed here is a
molecule that may, hopefully, combine repellent activity with selectivity.

Based on the docking of ligands to the human M1 X-Ray structure and our homology
model of the Drosophila melanogaster mAChR-A GPCRs and MD simulations, we analyzed
the dynamical responses of receptors to the repellents. The recently proposed signal
transduction pathway for class A GPCR [43] enumerated 34 pairs critical for receptor
activity. After careful analysis of the differences in the close contacts of the RRCS parameters
calculated from the 3 x 500 ns MD data sets, we identified pathway pairs that were affected
substantially by ligand-binding. The most profound structural effects were localized in the
following regions: (a) the tryptophan toggle switch Trp®4® with Val34?, and (b) the residues
located at H7 Pro”->* and Lys”->°. Substantial loss of contacts was noted in (c) Lys>*® with the
tyrosine toggle switch Tyr”>% and (d) in interactions of Ile>4® with the microswitch Lys®37.
The MD simulations analysis suggests that the large, bitopic ligand BQCA-azo-IR3535 was
bound more tightly to the insect mAChR-A than to the human M1 and, therefore, may
increase the rate at which the insect GPCR transition to the active conformational state
more profoundly. Thus, based on the presented limited modeling, we believe that the
strategy of using simultaneous modulators of both orthosteric and allosteric sites in pest
control studies is promising. Such investigations, especially aimed at GPCRs [68], could
bring new compounds with reduced toxicity to humans.

4. Materials and Methods
4.1. Molecular Docking

3D structures of the ligands were downloaded from PubChem [69] and docked to
the inactive structure of the whole M1 receptor protein (PDB code: 5CXV) using SMINA
package [46], a fork of Autodock Vina [47] that provides enhanced support for minimization
and scoring. For each ligand, 10 independent docking runs were carried out using default
settings, generating up to 100 poses per run. The best-scored poses of the ligands occupying
the pockets found using the FTSite [48] and POCASA1.1 [70] were selected and further
prepared using Schrodinger Maestro [71] by adding hydrogen and were minimized to
obtain optimal conformation.

4.2. Molecular Dynamics (MD)

Topology and parameters files for the ligands were generated by SwissParam [72].
The proper orientation of the receptor in a membrane was found using the PPM OPM
server [73]. Each human receptor with a ligand system was placed in a homogenous
lipid bilayer environment consisting of approximately 200 (190-207) dioleoylphosphatidyl-
choline (DOPC) molecules. About 21,000 (20,968) molecules of water were added above
and below the lipids to generate a 20 A thickness layer. The system was neutralized with
counterions to the concentration of 0.15 M. Temperature was controlled by the Langevin
thermostat with a value of 303.15 K and the target pressure was set to 1.01325 bar (1 atm).
We applied the CHARMMS36 force field with the TIP3P model for water. Equilibration
followed by 150 ns MD simulations of whole systems (receptor + ligand + membrane +
ions + water) was performed using NAMD [74] based on the input files generated with the
CHARMM-GUI Membrane Builder [75]. Three independent simulations were performed
for each system generating a total of 8550 ns trajectory data.

4.3. Homology Modeling

The homology model of the fruit fly (Drosophila melanogaster) mAChR-A receptor
was built using the SWISS-MODEL [76] based on a UniProtKB P16395 (ACM1_DROME)
sequence. As a whole sequence model could not be built properly, the residues 300-700
(part of the intracellular loop 3) were removed to obtain the seven transmembrane helices
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model. The inactive state of the human M1 receptor (PDB code: 5CXV) was used as a
template due to the highest similarity and the best scoring.

The quality of the mAChR-A model was validated by PROCHECK [77], ERRAT [78],
Verify3D [79] and PROVE [80], all of which belong to the structure analysis-validation online
server sponsored by the UCLA-DOE Institute for Genomics and Proteomics. The overall
quality factor of ERRAT, expressed as the percentage of the protein for which the calculated
error value falls below the 95% rejection limit, equals 98.94. Only three residues exceeded
the error value (see SM Figure S9). VERIFY3D validation was passed with 99.66% of the
residues having averaged 3D-1D score > 0.2. PROVE validation was passed with no buried
outlier protein atoms found. The Ramachandran plot and the all-residue Chil-Chi2 plots
generated by PROCHECK [77] can be found in the SM Figures S10 and S11, respectively.

Molecular docking and dynamics were performed as described above with changed
plasma lipid composition. Approximately 200 lipid molecules were used in the following
proportions: 38% DOPE, 18% DOPS, 16% DOPC, 13% POPI, 11% SM (CER180), 3% DOPG
and 1% PALO 16:1 fatty acid. For the insect model, three repetitions of 500 ns MD simulation
each were collected.

4.4. Analysis

The analysis and visualization were made using the VMD code [81], Python pack-
age [82], and homemade scripts. Snake plots of human M1 and insect mAChR-A were
made using the Protter server [29].

A residue-residue contact score (RRCS), an atomic distance-based calculation that
quantifies the strength of contact between residue pairs, was calculated with the python
script provided by Zhou et al. [43] and further analyzed with the NumPy package.

The percentage of MD frames in which any pairs of M1 residues possibly interacted
were calculated using the GetContacts server [52]. MOLEonline [62] and CAVER [63] were
used to investigate the water tunnels in protein. For CAVER analysis, trajectories were
aligned and processed into a series of PDB snapshots (one frame every 5 ns of MD). The
parameters used included the probe radius of 0.9 A to identify internal tunnels. W®4® was
used as a starting point residue for calculations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/molecules27103280/s1, Figure S1. Molecular docking of DEET and IR3535 to the human
M1 GPCR (PDB code: 5CV) together with the SMINA scoring function (SSF) affinity decompo-
sition. Figures S2-S5. Molecular docking of ligands (DEET, IR3535, muscarine, atropine, BQCA,
Oxotremorine-M, pirenzepine, BQZ-12) to the human M1 GPCR (PDB code: 5CV). SMINA scoring
function (SSF) shows the minimized affinity of the ligand to the receptor. Figure S6. Histogram
plots for residue-residue contact scores (RRCSs) of human M1 receptor in APO form and bound
with DEET, IR3535, or muscarine. Figure S7a,b. Histogram plots for residue-residue contact scores
(RRCSs) of human M1 receptor in APO form and with IR3535, IR3535 together with BQCA and with
bitopic BQCA-azo-IR3535 ligand bound. Figure S8. BQCA-azo-IR3535 interaction with human M1
receptor and insect mAChR-A model. Figures S9-S11. Homology model assessment. Table S1. SSF
values of repellents docking to the active structures.
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Abstract: Animal venoms are considered as a promising source of new drugs. Sea anemones release
polypeptides that affect electrical activity of neurons of their prey. Voltage dependent sodium (Nav)
channels are the common targets of Avl, Av2, and Av3 toxins from Anemonia viridis and CgNa from
Condylactis gigantea. The toxins bind to the extracellular side of a channel and slow its fast inactivation,
but molecular details of the binding modes are not known. Electrophysiological measurements on
Periplaneta americana neuronal preparation revealed differences in potency of these toxins to increase
nerve activity. Avl and CgNa exhibit the strongest effects, while Av2 the weakest effect. Extensive
molecular docking using a modern SMINA computer method revealed only partial overlap among
the sets of toxins” and channel’s amino acid residues responsible for the selectivity and binding
modes. Docking positions support earlier supposition that the higher neuronal activity observed in
electrophysiology should be attributed to hampering the fast inactivation gate by interactions of an
anemone toxin with the voltage driven S4 helix from domain IV of cockroach Nav channel (NavPaS).
Our modelling provides new data linking activity of toxins with their mode of binding in site 3 of
NavPaS channel.

Keywords: anemone toxins; sodium channels; fast inactivation; docking; electrophysiology

1. Introduction

Voltage dependent sodium (Nav) channels are cell transmembrane proteins respon-
sible for the depolarizing phase of action potentials which are carriers of information in
excitable tissues. Nav channel structure consist of a single polypeptide chain that folds
into four domains (DI-DIV) with six transmembrane helices (51-56) each. In each domain,
helices S1-54 constitute the so-called voltage-sensing-domain (VSD) with helix 54 acting
as a voltage sensor. Helices S5 and S6 contribute to the ion conducting pore. Upon mem-
brane depolarization, the outward movement of positively charged 54 helices generates
the gating current which triggers the activation of the sodium channel [1]. A particular
function is linked with the upward motion of the S4 segment in DIV since it is coupled
to the inactivation gate (IG). When S4 helices are raised outwards, the intracellular IG
quickly blocks sodium ions entry into the neuron in a process named fast inactivation
(completed within 1-2 ms). Due to this blocking mechanism, neurons exhibit very short
action potentials and, therefore, enable a high frequency of signal transmission [2]. It is
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accepted that, in vertebrates, the IG gate, located in DIII-DIV linker, consists of Isoleucine-
Phenylalanine-Methionine (IFM) motif [3], but consensus identification of IG in insects, as
well as molecular details of Nav channel blocking mechanism by the gate, is still elusive.

Many modifications in Nav function result in the disruption of nervous and muscle
function and can lead to convulsions, contractive or flaccid paralysis, and even death.
In humans, mutations in sodium channels cause several diseases, such as miotonias,
myasthenias, epilepsy, and pain and movement disorders [4,5]. Nav channels are quite an
old “invention” of evolution [6] and, as such, have become a target for many natural toxins.
Years of research on the interaction between sodium channels and natural toxins allowed
to classify them into two groups: (1) sodium channel blockers and (2) Nav channel gating
modifiers. Toxins bind to seven receptor sites (site 1-site 7) localized in different parts of the
Nav protein [7]. Depending on the type of receptor site, toxins induce various modification
of the Nav channel function. Toxins that bind to receptor site 3 (site 3 toxins), which is
located in the extracellular loop connecting segment S3 and 54 in VSDIV of Nav channel
(Figure 1), inhibit the fast inactivation of the sodium channel. Such toxins, usually cysteine-
rich peptides [8], were found in the venoms of scorpions [9], spiders [10], sea anemones [11],
and venomous sea snails—Conus [12]. Many sea anemone venom neurotoxins immobilize
pray and serve as defense against predators. They act by binding to site 3 and inhibiting
the fast inactivation phase of Nav channels [13]. Sea anemone toxins are, therefore, of great
interest in the research on pain [14] and neuronal conductance modulation.

VSDIV

VSDIII VSDII

Figure 1. A schematic view of the Periplaneta americana voltage dependent sodium channel (NavPaS) based on the Protein

Data Bank structure 6A95 [15]. Helices S5 and S6 contributing to the pore formation are shown in blue. Helices S1-54

forming voltage sensing domains (VSD) are in silver. An approximate location of the pore is indicated by the dashed line.

Helix S4 of domain VSDIV is shown in purple. The C-terminal domain (CTD) is presented in orange and located close to it

the hypothetical inactivation gate (IG) marked in red (a surface representation) as a part of DIII-DIV linker (red). Toxin

binding site 3 region (dotted circle) is delineated by Glu1255 (yellow) and N-acetylglucosamine (NAG) molecule (cyan). In

the top view, a single sodium ion is indicated as a red dot.

Since site 3 and IG of Nav channel are located on opposite sides of the cell membrane,
in order to affect conductance, the presence of a toxin must be communicated to a distant
location in the channel, implying allosteric effects in Nav channels. However, the precise
mechanism on the molecular level of changes induced by toxin binding leading to the inhi-
bition of Nav channel inactivation is still elusive. Here, we present data that contribute to a
better understanding of the first part of this process, i.e., toxins-Nav channel interactions.



Molecules 2021, 26, 1302

30f22

Recent determination of the cryo-electron microscopy (cryo-EM) structure (2.6 A)
of Nav channel from American cockroach, Periplaneta americana, (NavPaS) allowed us to
perform molecular docking of selected toxins to Nav protein and to monitor toxin-channel
interactions [15]. Moreover, based on electrophysiological studies, we were also able to
measure effects of these peptides on electrical signaling in isolated cockroach nerves. The
aim of our research was to compare interactions of different sea anemone toxins, Avl, Av2,
Av3 from Anemonia viridis venom (formerly ATX I, ATX II, ATX III from Anemonia sulcata
venom) and CgNa from Condylactis gigantea venom with insect NavPaS channel. Such
knowledge will contribute to the understanding of the boundaries of receptor site 3 and
may be useful in design of new, natural toxins-derived drugs [16].

2. Results

A schematic structure of NavPaS studied here, based on cryo-EM measurements from
2018 [15], is presented in Figure 1.

2.1. Electrophysiology

The four sea anemone toxins differ in sequence and structure (Supplementary In-
formation (SI), Figure S1); thus, we set to compare their effectiveness in physiological
conditions. We used a system for extracellular recordings of isolated cercal nerve activity
of the cockroach [17]. Nerve activity was quantified as a size of response to a mechanical
stimulus. In control conditions, the level of nerve activity remained constant (94.1-101% of
the initial activity) over 20 min of experiment (Figure 2b).

Sea anemone toxins were expected to increase the cockroach nerve activity because,
as it was shown in 1984, they prolong considerably action potentials in isolated giant ax-
ons [18]. Indeed, in the cercal nerve preparation, all toxins induced a progressive increase of
the response to mechanostimulation (Figure 2). As an example of our experimental results,
a comparison of nerve activity between the control and Av3 toxin treated preparations
is presented in Figure 2a. Within 20 min after application, Av1 toxin caused an increase
of nerve activity to 147.3 &= 9.8% of the initial control value (the Fisher’s least significant
difference (LSD) test, d.f. = 138.189, p < 0.001, Figure 2b). The structurally similar toxin Av2
caused a much weaker effect. After 20 min, the nerve activity was only 117.9 4= 10.8% of the
initial value and did not significantly differ from the control values (Figure 2b). Application
of the structurally unique Av3 toxin resulted in an intermediate increase of the nerve
activity. The endpoint activity was raised to 130.0 £ 10.1% of the initial value (LSD test,
d.f. =139.035, p < 0.001, Figure 2b). The last toxin tested—CgNa—caused the fastest and
greatest increase of activity, to 149.6 &= 10.9% of the initial value (LSD test, d.f. = 139.035,
p < 0.001, Figure 2b). Notably, the effects of Av2, Av3, and CgNa were fast, visible already
in the first few minutes of experiments. In contrast, the impact of Avl was observed with
delay, and the first increase of nerve activity was noticeable only after 10 min of toxin
application (Figure 2b).

Among the four toxins tested, the influence of Av2 on the nerve activity was significantly
lower than the effects induced by the other toxins (Av1 vs. Av2 d.f. =138.132, p < 0.01; Av3 vs.
Av2 d.f. =139.035, p < 0.05; CgNa vs. Av2 d.f. = 139.035, p < 0.001; Figure 2c). Thus, the
four toxins increased neuronal activity at different efficacies.
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Figure 2. Sea anemone toxins increase the activity of the cockroach (Periplaneta americana) cercal nerve. (a) Original,
representative records of cercal nerve activity are presented for control and after sea anemone toxin (Av3) application. The
moment of stimulation is marked by an arrow. (b) Normalized nerve activity (measured as a surface under the peaks
for response to mechanical stimulation of cerci—mV*ms) is presented in time after toxins application. Black dashed line
represents the application of toxin in time “0”; the mean of values before toxin application was set as “initial value”. Grey
dots represent control values, blue circles represent Av1 toxin, red triangles represent Av2 toxin, orange squares represent
Av3 toxin, and green diamonds represent CgNa toxin. (c) For clarity, statistical differences between all groups were shown
for the endpoint (activity in 20 min after application of toxin). The statistically significant differences between control and
tested toxins are marked: * p < 0.05, ** p < 0.01, *** p < 0.001. The data is presented as mean values + SE, n = 8.

2.2. Molecular Docking

A schematic structure of NavPaS used for molecular docking is shown in Figure 1.
Anemone toxins were docked using Scoring and Minimization with AutoDock Vina
(SMINA) software [19] to the whole sodium channel, but only the lowest energy poses
localized in the site 3 region (DIV-DI) (see Figure 1) were further scrutinized. Amino
acid sequences of Avl, Av2, Av3, and CgNa may be found in Figure S1 (SI). For docking
of Av2 the homology model was used (see Materials and Methods). However, for Avl,
Av3, and CgNa, where 8§, 28, and 20 NMR alternative structures are published in Protein
Data Bank (PDB) (codes: 1ATX, 1ANS, 2H9X), respectively, a selection was necessary. We
performed preliminary screening docking in order to determine which alternative NMR
toxin structure gives the best SMINA score. For example, in the Av1 set, the best SMINA
score was —4.89 kcal/mol, and the worst —4.18 kcal/mol, with a standard deviation in
this population of 0.30 kcal/mol. The same data for Av3 NMR structures are —9.72, —7.25,
and 0.58 kcal/mol, respectively. These numbers show that a toxin structure flexibility may
contribute up to 2.5 kcal/mol in SMINA score, related to the energy of binding. Eventually,
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for Avl, model 7; for Av3, model 4; for Av3’, (an alternative binding pose of Av3, see below)
model 24; and for CgNa, model 19, from PDB database were selected for further analysis.

Structures of the anemone toxins selected are presented in Figure 3. Main residues
being in close contacts (distance <2.5 A) with NavPaS upon docking and their hydropho-
bic/hydrophilic character are indicated. The charge of the selected residues involved in
sodium channel interactions is indicted by coloring in Figure 3. Anemone toxins contain
3-6 charged residues and are, therefore, easily soluble in water.

Figure 3. Upper panel: Molecular shapes of anemone toxins studied. In the upper row, electrostatic potential is mapped
on a molecular surface; positive = blue, negative = red. In cartoon representation, a peptide backbone is shown, and
disulfide bonds are marked in yellow (licorice shapes). Lower panel: Neutral (green), hydrophobic (yellow), and charged
(positive = blue, negative = red) residues being in close contacts with NavPaS site 3 residues are indicated.

In Figure 4, electrostatic potentials, calculated using the method based on Poisson-
Boltzmann equation [20] implemented in PDB2PQR server, Adaptive Poisson-Boltzmann
Solver (APBS) module in Visual Molecular Dynamics (VMD) [21], and projected on the
solvent accessible surfaces of the interacting toxins’ residues and the site 3 region of
NavPaS, are depicted. Coloring facilitates analysis of charges compatibility between toxins
(Figure 4a—d) and the site-3 region of NavPaS (Figure 4e).

Toxins are located in a close vicinity of site 3, in the extracellular region of DIV-DI
junction (Figure 1, Figure 5). The selected representations showing modes of docking and
used for further analysis are presented in Figure 5.
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Figure 4. Electrostatic potential maps projected on solvent accessible surfaces of anemone toxins, parts involved in the
interface: (a) Avl, (b) Av2, (c) Av3, (d) CgNa, and (e) the site 3 region of NavPaS visualized from the extracellular side
accessible to toxins. In red, negative potential regions are shown, and positive ones are in blue. The neutral regions are
white/gray. Note that toxins projections are simply shifted from the docked complexes without mirror reflection. The
Visual Molecular Dynamics (VMD) software was used to make these figures [22].

In Table 1, we show parameters calculated to characterize intermolecular interactions
of toxins with the channel. SMINA scoring function (SSF) is proportional to the expected
binding energy. The negative values indicate that all toxins upon binding are stabilized.
Clearly, the binding energy of Av3 is the lowest one (see Table 1, SSF).

Table 1. Parameters (*) characterizing interactions of anemone toxins with NavPaS channel.

Parameter * Avl Av2 Av3 Av3’ CgNa
Activity in experiment $$% $ $$ $$ $$$
SSF (kcal/mol) —4.89 —4.98 -9.72 —8.85 —5.53
Total RRCS (AA) 122.10 86.00 152.80 145.90 119.13
Total RRCS for NAG 26.63 19.90 13.90 2.53 38.08
RRCS S4 only 14.80 7.52 21.84 6.51 10.14
Toxin AA in interface (%) 61 55 85 78 70
NAG atoms in interface (%) 68 75 50 46 86
ASA_TI (%) 34 22 46 45 37
ASA_Navl (%) 1.40 1.20 1.40 1.40 1.70
% BSA Glul255 98 74 43 89 72
% BSA Arg1265 (54) 77 54 94 31 35
% BSA Arg1268 (54) 27 0 83 22 0
% BSA NAG 35 42 25 20 42

(*) for description of parameters, see the text.
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Figure 5. Representations of toxins binding to NavPaS channel site 3: for clarity, only a part of DIV (middle) is presented;
(a) Avl =blue, (b) Av2 =red, (c) Av3 = orange (d) CgNa = green. In purple, helix 54 is presented, E1255 is shown in a yellow
licorice representation, and N-acetylglucosamine (NAG) is depicted in cyan licorice. A schematic structure of the whole
NavPaS structure is presented in the middle right panel.
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Recently introduced Residue-Residue Contact Score function (RRCS) (ij) is defined as
a distance based measure of possible interactions between a particular toxin residue i and a
channel residue j [23]. Analysis of RRCS may facilitate studies of individual residues impact
on NavPaS function. It is purely structural and static parameter but monitoring RRCSs
in different stages of the ion channel “life-cycle” may lead to useful data on allosteric
interactions and regulation. Here, RRCS allows for estimation of how tight a toxin is
in a contact with the channel and how many residues are potentially involved in direct
interactions with the toxin. Moreover, the analysis of RRCS shows how deep into the
channel structure toxin effects may extend. The total contact score between toxins and
the channel vary from RRCS=86 for Av2 to RRCS=152.8 for Av3 (Table 1). Notably, di-N-
glycosylated residue Asn330 from NavPaS is a partner in all toxins binding, but to different
degrees (Table 1). We denote this particular glycan side chain as NAG (2-acetamino-2-
deoxy-beta-D-glucopyranose). The contact of Av3 with this glycan is significantly lower
as compared to the other toxins. RRCS values for all scored residue pairs are available
in Table S1 (SI). The non-zero RRCS data presented in Table S1 (in SI) delineate a broad
site 3 region. Interestingly, the data presented in Table 1 indicate that all docked toxins
are in contacts with S4 segment of DIV. This 54 DIV helix is critically important for the
IG control [2]. Upon binding, between 55% (Av2) to 85% (Av3) of all amino acids in
toxins are located in the channel-toxin interface region and perhaps participate in the
binding. Therefore, the solvent has quite reduced contacts with sodium channel bound
toxins. We quantified these arrangements by analyzing Solvent Accessible Surface Area
(ASA) values. Parameter ASA_TI (in %) quantifies a percentage of toxin ASA coming from
residues which contribute to the toxin-channel interface. In each case, ASA_TI is lower
than 50% (Table 1). Notably, the ASA_TI value for Av3 is the highest, perhaps due to its
high hydrophobic interacting surface [24] and small size. We also show ASA_Navl (in
%)—an analogous parameter—showing a percentage of the whole NavPaS present in the
interface. As expected, these are quite small numbers; only 1.2-1.7% of total channel ASA
is covered by a toxin after binding. If we take into account only the extracellular part, these
percentage will be higher by at least a factor of four. Still, we infer that the binding of toxin
only weakly screens the channel from water, and this does not affect channel’s structure.

We calculated Buried Surface Area (%BSA) for the channel residues Glu1255, Arg1265,
Arg1268 which are possibly important for toxins binding and IG dynamics modifications
(Table 1). Interestingly, all toxins covered Glu1255, and all are in a contact with top arginines
(Argl265, Argl268) from voltage sensing helix S4 DIV, supporting their common mode of
action on the sodium channel.

The small Av3, in contrast to the other toxins, exhibits four co-localized aromatic
residues (Tyr7, Trp8, Trp13, Tyrl8) previously suggested to participate in toxin binding [24].
Therefore, we added a relatively low energy pose Av3’ having that region more deeply
buried in the channel than the standard, i.e., the lowest energy Av3 structure, for further
analysis. Data for the alternative binding pose (Av3’) of Av3 toxin is presented in Table 1.
Notably, whereas the RRCS for amino acid residues (AA) is highly similar to Av3 as is the
SSFE, the RRCS for NAG is significantly lower for Av3’, suggesting weaker interaction with
the D1 loop.

It is tempting to search for hot spots in channels structures affecting toxins binding
with similar mode of action. A recent study [25] indicated that mutations of a histidine
residue in Drosophila melanogaster Nav channel, located in analogous position to His392
in NavPaS D1 pore region, affect Av3 toxin modulation of sodium currents. Therefore,
we performed several simulations of Av3 toxin docking into the following variants of
NavPaS: His392Ala, His392Phe, His392Tyr. Results of docking to those protein variants
are presented in Tables S2-54 and Figure S5. The type of residue in the 392 position of
NavPaS affects some close contacts between Av3 and the channel. However, the total RRCS
values for Av3-channel residues contacts are similar in wild type (WT) and mutant variants
(Table S2). We observed a closer contact of Av3 with NAG of mutated channel, as the pose
of the toxin was shifted towards DI domain to which NAG is attached. Positions of Cx
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of Av3 in the lowest energy pose in docking to H392F (SFF: —9.41 kcal/mol) and H392Y
(—9.05 kcal/mol) overlap, with only differences observed in a region of Cys22-Val27.
However, this Av3 terminal part gives a high contribution to the contact with 54 of VSDIV.
Val27 of Av3 docked to the H392F Nav channel mutant interacts with Argl1268 from 54,
which gives BSA value of this Arg equal to 83%. Similarly, high value of BSA for Arg1265 in
H392T variant results from contacts with Val27 and Tyr7 of Av3. However, total BSA value
for 54 arginines is the highest in the lowest energy pose of Av3 docked to the WT channel.

Another interesting position in the NavPaS channel is D1252, since mutations in
analogous positions in various organisms affected anemone toxin binding [26]. Therefore,
we repeated the four toxins docking procedures to D1252E, D1252R, and D1252A channel
mutants. SMINA derived binding energies are indeed affected and are collected in Table S5
(SI). The relatively limited changes in toxins interaction to those channel mutants calculated
here may suggest that channel mutations might modify its structure under physiological
conditions, as have been demonstrated electrophysiologically for Av2 activity on the
equivalent to D1252R, monitored on DmNav1-D1701R expressed in oocytes [24].

We determined what WT channel residues contribute the most to anemone toxin
binding energy. Detailed contributions, estimated as values of a decomposed SSF score,
are presented in Figure 6. According to our docking results, the NAG side group is a
major player in anemone toxin binding. The second most important moiety is Glu1255. On
average, Tyr1192, Ser1199, GIn1194, Arg1265 contribute approximately in a similar way to
each toxin stabilization. The majority of channel amino acids involved in anemone toxin
binding are from DIV domain, only two residues (GIn345, Asp303) are from DI. Notably, the
roles of particular channel residues vary between toxins, but the list of channel’s residues
involved with substantial contributions to SFF (Figure 6) is limited (13 AA). Interestingly,
the smallest toxin Av3 interacts apparently with 7 residues (Ser1199, GIn1194, Arg1265,
Asp1203, Met1196, Tyr1257 and Pro1261) more strongly than the other toxins, in accordance
with its highest interacting energy SSF (kcal/mol) (Table 1).

GLU TYR SER GLN ARG GLN ASP MET LYS ASP TYR PRO GLU

NAG 1255 1192 1199 1194 1265 345 1203 1196 1256 303 1257 1261 1200

1)

LR TERLE

mAvl
mAv2
Av3

mCgNa |-

Figure 6. Contributions (in kcal/mol) of NavPaS residues to toxin binding energy measured by the SMINA scoring function

(SSF) parameter. The role of each residue varies, depending on the toxin.
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Data showing which amino acids from toxins are involved in binding to the NavPaS
are presented in Figure S2 (SI). We observed that the toxins in their best poses engage the
following residues (contribution to SSF > 1 kcal/mol): Av1l: Argl4, Thrl3, Ile40, Arg37,
Prol1, Lys45, Asn12; Av2: Ser12, Vall3, Asnl6, GIn47; Av3: Argl, Val27, Lys26, Trp13,
GIn15, Ser23, Tyr1l8, Asnl6, Pro25, Ser2; CgNa: GIn47, Trp31, Ser12, Trp23, Vall3, Lys33,
Gly1, His14, Arg5, His32.

Our best docking poses were further analyzed using server GetContacts [22]. Using
this server, we determined possible hydrogen bonds and salt bridges between NavPaS
and each toxin. Results are presented in Table 2 and Figure 7. This analysis shows that
salt bridges are present in all toxins in poses exhibiting the lowest energy: Glu1255-Lys
is seen in Avl and Av2, while Asp-Lys is present in Av3 and CgNa (Table 2). Dominant
interactions, shown in Table 2, are hydrogen bonds. Their number vary from 10 (Av2) to 19
(Av3). So, the high number of hydrogen bonds in Av3 (Table 2) correlates with the highest
binding energy calculated by SMINA for this toxin (Table 1). Av3 is the smallest peptide,
with only 27 amino acids, and because of that, it docks quite deeply in the site 3 region of
NavPaS. Notably, in its alternative Av3’ pose two aromatic ring-cation interactions were
discovered: Tyr1192-Argl and Tyr1204-Lys26. Interestingly, no aromatic residues of Av3
were involved in that type of interactions. Instead, Trp8 and Trp13 from Av3 oriented in
the Av3’ pose participate in hydrophobic interactions with some five hydrophobic patches
in the channel.

Table 2. Residue (#NavPaS)-residue (#toxin) interactions responsible for anemone toxin binding to NavPaS channel.

Interaction
Type

Avl

Av2

Av3

Av3’

CgNa

salt bridge
T-cation
H bond

s—side chain
b—-backbone

Av3’
hydrophobic

ASP 359-ARG 14
GLU 1255-LYS 45 *

sb MET 281-ARG 14
sb GLY 282-ARG 14
ss GLN 345-ARG 37
sb PHE 358-ARG 14
sb ASP 359-ARG 14
ss ASP 359-ARG 14
ss GLN 1194-THR 13
ss SER 1199-ASN 12
sb SER 1199-THR 13
ss ASP 1203-ASN 12
sb VAL 1253-LYS 45
ss GLU 1255-ASP 9
ss GLU 1255-LYS 45
ss LYS 1256-ASN 32
b NAG-GLY 36

b NAG-ILE 39

b NAG-ILE 40

b NAG-GLY 41

GLU 1255-LYS 35

ss GLN 278-SER 12
ss GLN 345-ASN 16
ss GLN 345-THR 17
ss ASP 1190-SER 12
sb GLN 1194-SER 12
ss ASP 1252-THR 40
sb GLU 1255-LEU 5
ss GLU 1255-LYS 35
sb ARG 1265-GLY 10
s NAG-SER 19

ASP 1190-LYS 26 *

ss GLN 286-ARG 1
ss GLN 286-GLN 15
ss ASN 330-ARG 1
sb SER 331-ARG 1

ss SER 331-ARG 1

sb GLN 345-ASN 16
sb SER 387-ARG 1
bb ALA 388-ARG 1
ss ASP 1190-LYS 26
ss GLN 1194-TYR 18
sb GLN 1194-VAL 27
ss SER 1199-TYR 18
sb SER 1199-SER 23
ss ASP 1203-SER 23
sb ASP 1203-GLY 24
sb THR 1262-SER 2
ss THR 1262-SER 2
sb ARG 1265-PRO 25
s NAG-ASN 16

TYR 1192-ARG 1
TYR 1204-LYS 26

sb ILE 279-TRP 13
sb HIS 1191-ARG 1
sb GLY 1993-ARG 1
sb GLN 1994-ARG 1
sb GLU 1200-GLY 24
sb ASP 1203-LYS 26
ss ASP 1203-VAL 27
sb LEU 1248-TYR 7
sb GLU 1255-GLY 9

VAL 283-TRP 13
ALA 388-TRP 13
PHE 1258-TRP 8
ILE 1259-TRP 8

PRO 1261-TRP 8

ASP 1203-LYS 33

HIS 392-HIS 14
TYR 1192-HIS 32

ss GLN 286-SER 12
sb ASP 303-GLY 1
ss TYR 1192-GLN 47
ss SER 1199-LYS 33
ss ASP 1203-LYS 33
sb GLU 1255-ARG 5
sb GLU 1255-ASP 7
b NAG-GLY 1

s NAG-HYP 3

s NAG-THR 21

s NAG-GLN 47

The residues involved in anemone toxin- NavPaS hydrogen-bonded and salt bridges
interactions are presented in Figure 7. Interacting pairs in best energy poses were deter-
mined by GetContacts server [22]. This presentation highlights the smallest number of
Av3-channel interactions, which is in good agreement with our experimental results.
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NAG  asp9
ASN 12

LYS 1256

LEUS

GLU 1255 ARG 1265 GLY 10
VAL 1253 ARG 14 GLU 1255 SER12
ASP 1203 ASN 32
ASP 1252 ASN 16
SER 1199 GLY 36
GLN 1994 ARG 37 GLN 1194 THR 17
ASP 359 ILE 39
ASP 1190 SER 19
PHE 358 ILE 40
GLN 345 GLY 41 GLN 345 LYS 35
GLY 282 LYS 45 GLN 278
MET 281 THR40
ARG 1265 NAG  Giv1
THR 1262 GLU 1255 ARG S
ASP 12
SP 1203 ASP 1203 ASP7
SER 1199
SER 1199 SER12
GLN 1194
ASP 1190 TYR 1192 HIS 14
ALASES HIS 392 SER19
SER 387
GLN 345 SER 21
GLN 345
SER331 ASP 303 HIS 32
ASNSS0 GIN278 GLN 286 Lvs 33
GLN 286 GLN 47

Figure 7. Pairs of residues forming hydrogen bonds and salt bridges between anemone toxins and
NavPaS. Avl, Av2, Av3, and CgNa residues are indicated in blue, red, orange, and green, respectively.
NavPaS residues are in black. Note that residues from 278-388 belong to DI, the rest to DIV of
NavPaS. GetContacts server was used to determine contacts and prepare the plots [22].

3. Discussion

Ion channels are complex multi-domain membrane proteins and, therefore, present
a big challenge to structural biology. The first cryo-EM structures of eukaryotic voltage
dependent sodium channels were published in 2017 for NavPaS subtype from American
cockroach (Periplaneta americana) [27] and EeNav1.4 from electric eel (Electrophorus electri-
cus) [28]. Those extremely important successes opened up the possibility of (1) defining
the structure of other different subtypes of Nav channels, (2) the more detailed studies of
the mechanism of Nav channels functioning, (3) study of the effects of point mutations
occurring in sodium channels and responsible for many diseases, and (4) determination
of the mechanism of interaction between Nav channels and natural and artificial ligands
that modify Nav activity. Such structural studies may reveal subtle differences in the Nav
channel-ligand interactions for substances with apparently similar mode of action.

In the present study, we selected four sea anemone toxins [29] to compare their effects
on the insect preparation containing voltage dependent sodium channels. All these toxins
bind to receptor site 3 region in NavPaS [11] and inhibit its fast inactivation (see Figure 8).
However, they differ in several aspects. Avl, Av2, and CgNa are larger peptides (4647 AA,
Type I sea anemone toxin) in comparison to the small Av3 (27 AA, Type III). While Av1 and
Av2 are quite homologous [30], the amino acid sequence of Av3 is unrelated to Avl and
Av2 [11] (also see Figure S1 in SI). The 3D structures of these toxins are also different [31].
Type I toxins have a four-stranded, anti-parallel 3-sheet linked by three loops with a
conserved arginine (Figure 3) and three pairs of S-S bound cysteines [32]. The small Av3
lacks any secondary structure (see Figure 3), having a series of four turns (two type I turns
and two y turns) [33] stabilized into a compact form by three disulfide bridges: Cys3-Cys17,
Cys4-Cysll, and Cys6-Cys22.
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Figure 8. (a) Schematic representation of voltage gated sodium channel in control conditions (upper
raw) and in the presence of site-3 toxins (lower raw). The inactivation gate and voltage sensors
(S4) of domains I-IIl and domain IV are indicated in green. Depolarization of membrane from
resting potential to positive values leads to sodium channel activation, where 54 are moved outward
and activation gate is opened, making the sodium channel conductive to sodium ions. Reaching
the activation state does not require a full 54 movement in the IV domain. In the next step, S4 of
the domain IV makes full outward movement and releases the inactivation gate, which closes the
channel. When the membrane potential returns to its resting values (repolarization), all S4s move
inward which close channel and push out the inactivation gate from channel pore. In the presence of
site-3 toxin (lower panel), the complete movement of 54 in IV domain is not possible, allowing the
channel to remain activated, not allowing the inactivation gate to close. As a result, the channels are
opened until the membrane potential reaches its resting values. (b) Representation of action potential
generation in typical, isolated nerve cell: In resting state, the membrane potential is highly negative
inside (green area). Depolarization pulse leads to opening of the sodium channels; rapid influx of
sodium ion pushes the membrane potential to positive values (red area). Next, fast inactivation
blocks the Na* conduction and the membrane potential returns to its resting value due to the outflow
of potassium ions (blue area). In the presence of site-3 toxin, the inactivation of channels is inhibited;
thus, they remain open and positive membrane potential is maintained (the plateau action potential
is recorded).
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All tested toxins induced an increase in the cercal nerve activity recorded under
stimulation of the cercal mechanoreceptors (see Figure 2); our results are in accordance
with previous research performed on different preparations. Avl, Av2, and Av3 caused
repetitive firing in motor axons in the crayfish (Astacus leptodactylus) [34]. Av2 induced
repetitive activity in the giant axon in situ in the cockroach’s nerve chain (own unpublished
data) and in frog skeletal muscle fibers [35]. Another anemone toxin (anthopleurin-B)
increased nerve activity in frog spinal cord [36].

The excitatory effect of the tested toxins is usually explained by the similar mode of
action of toxins that bind to receptor site 3 region on the sodium channel. Av2 and Av3
compete with the site-3 scorpion a-toxin binding to insect neuronal membranes [24,37].
When tested on single cells, they induce a large prolongation of action potential duration
(for review, see Reference [11]). Such effect was observed also in an isolated giant axon
of a cockroach after application of Av2 (formerly ATX II) and CTX (Condylactis toxin) [18].
Prolongation of action potential duration is the consequence of inhibition of sodium
channel fast inactivation and an increase in the time constant of Na current decay under
depolarization observed with site 3 anemone toxins acting on sodium channels from
vertebrates and insects [24,38]. At the single channel level, site 3 anemone toxins prolong
the open time of channels and often induce bursting openings [39,40]. It is worth noting
that some isoforms of mammalian Nav channel can show quite different sensitivity to sea
anemone toxins [41]. Some of them (cloned rNav1.231, rNav1.431, rNav1.731, rNav1.83
channels) appeared to be completely insensitive to CgNa [32].

In our study, we found differences in the efficiency of toxins to increase the cercal
nerve activity (Figure 2). Differences in effective toxin concentration have been previously
observed when comparing the effects of Avl, Av2, and Av3 sea anemone toxins on various
crayfish neuronal preparations [34,42]. Later, three similar anemone toxins (ATX II, AFT
I, Bc-IIT) were tested on six isoforms of mammalian sodium channels [43]. ATX II differs
from AFT II by only one amino acid, and toxin Bc-III has 70% similarity with ATX IL
Unexpectedly significant differences were found in dose-response modification of sodium
current induced by these toxins [43]. Thus, our studies further support earlier observations
that, despite similarity of amino acid sequences and structures, and/or similarity in mode
of action, the binding modes of toxins to the sodium channel may vary greatly. In the
present study, we tried to clarify this challenging matter.

Molecular modeling (MM) is currently a well-established tool for studying modes
of ligand-protein binding, which we recently used for elucidating mosquito repellents—
G protein-coupled recetor interactions [44,45]. Similar peptide toxins interactions with
various Nav channels were recently assessed using MM [46]. Permeation of ions through a
channel is important topic [47-50] and studied here NavPaS channel was recently analyzed
by molecular dynamics (MD) simulations with respect to that, as well [51]. However, to the
best of our knowledge, there were no data on Type I nor Type III anemone toxin docking to
insect sodium channels.

Our SMINA based protocol (see Materials and Methods) enabled us to detect that all
anemone toxins had low energy poses in a relatively limited fragment of NavPaS exposed
to the extracellular medium (Figure 5). The common feature is “capping” S4 VSDIV helix
by the docked peptides. Molecular electrostatic potential maps presented in Figure 4 show
that binding is rather dominated by electrostatic forces and hydrophobic interactions have
a minor role. All toxins form salt bridges between their positively charged lysine residues
and negatively charged channel amino acids (Table 2). However, these critical interactions
are not identical; Av1: Lys45-Glu1255, Av2: Lys35-Glu1255, Av3: Lys26-Asp1190, CgNa:
Lys33-Asp1203. This is in a good agreement with experimental observations underscoring
the role of lysines from C-terminal toxin region [13]. Data in Tables 1 and 2 shows that Avl,
Av2, and CgNa are quite well stabilized by interactions with the channel residues. The
value of SFF, being on the order of -5 kcal /mol, cannot be directly converted into a binding
constant since the solvent effects were neglected in our docking; however, it shows similar
propensity of these three toxins to the site 3 region.



Molecules 2021, 26, 1302

14 of 22

In Av1, in accordance with previous observations [52], we observe strong involvement
of Argl4 hydrogen bond and salt bridge interactions with domain DI region (Met281,
Gly281; Phe358, Asp259; Table 2). Interestingly, Arg37 of Av1, involved in interactions with
DI through GIn345 (Table 2 and Figure S2), is unique for Avl sequence in comparison with
other type I anemone toxins (see SI in [31]).

Av2 exhibited the lowest ability in modulation of neuronal activity in the cockroach
neuronal preparation (Figure 2, Table 1). Its binding to the channel seems to be the weakest
one, despite similar to other toxins SSF value, since RRCS of 86 is clearly much below
the next smallest calculated value of 119 (CgNa). The surface of contact with the channel
(ASA_TI) is only 22%, while, in the other toxins, it is in 34—46% range (Table 1). In Av2 the
smallest number of hydrogen bonds is observed (Table 2). Interestingly, Ser12 seems to be a
major player here, interacting both with DI (Glu28) and DIV (Asp 1190, Glu1194) residues.
This residue was not denoted previously as important for Av2 binding in mutagenesis
study [38].

CgNa has 47 amino acids and also has interactions (via Argb, Table 2) with Glu1255
of NavPaS, which seems as most important for anemone toxins interaction. In this toxin
interactions with NAG (via Gly1, Ser19, Thr21, GIn47) are particularly strong. A special
role of Lys33 bound both to Ser1199 and Asp1203 is also visible. Despite a relatively small
direct contact of CgNa with 54 (Table 2), this toxin is quite well stabilized. In the predicted
position, it may block helix’s S4 further motion “up” and prevent the fast inactivation
of NavPaS.

A much better energetic stabilization of Av3 toxin (SFF ~ —9 kcal/mole) stems from
the deeper localization of this small peptide in the DIV cleft. The number of NavPaS
residues being in contact with Av3 is the highest in the series, and the total RRCS score (152
vs. 122 and 119 for Avl and CgNa, respectively) is the highest, as well (see Figure 7, Table 2,
Table S1 in SI). Parameters, such as a number of hydrogen bonds, RRCS, and BSA, obtained
for Av3 (Table 1) indicate that Av3 exhibits the strongest interaction with S4. Due to its
relatively small size, together with loose contacts with Glu1255 and NAG, it is tempting
to speculate that Av3 might be partially moving together with 54 upon increase/decrease
of the membrane potential. This may explain why the effect of Av3 on insect preparation
electrical activity was weaker than that of Avl and CgNa (Figure 2).

Av3 toxin affects specifically arthropods, while mammalian brain Nav1.2a channels
are insensitive to this toxin. In a recent paper [25] mutagenesis studies suggested that in
the Drosophila DmNav1 channel Trp404 and His405 localized near the membrane surface
in D1 are a part of the channel receptor site interacting with Av3. The sequence of insect
channels in this region is highly conserved (see Figure 54 in SI) and differs from mammalian
Nav channels. Using our protocol, we docked Av3 to His392Ala, His392Phe, His392Tyr
variants of NavPaS. The SSF score is similar to those obtained in docking to WT channel
(Table S2 in SI) and poses are in the site 3 region, as well (Figure S5 in SI). Analysis of
Av3 binding modes (Figure S5 in SI) and toxin-channel close contacts (Tables S3 and 5S4 in
SI) indicate that Av3 indeed has low energy (—9 kcal/mol) poses, being in contact with
that DI/S52-56 linker region. However, the differences in the calculated Av3 binding
energies alone do not explain diverse effects of the toxin on those mutants in a chimeric
Nav channel [25], suggesting that perhaps dynamic toxin-channel interactions are missed
in our docking models.

By combining results of computational analysis, we selected the most important
residues that contribute to anemone toxins binding to NavPaS. For Av1 these are: Asp9,
Asn12, Thrl3, Argl4, Arg37, and Lys45. For Av2, we found Leu5, Gly10, Ser12, Asn16,
Thr17, Lys35, and Thr40 to have the substantial role. This is in a partial agreement with
mutagenesis studies results [38], in which Val2, Leu5, Asn16, Leul8, and Ile41 were indi-
cated as key players in the binding. Notably, our Thr17 and Thr40 are in the same region
of Av2 as Leul8 and Ile41, noted in experiments as important. The involvement of Argl4
in Av2 binding, discussed in [38], is observed only in one of higher energy poses of this
toxin. It is plausible that dynamic changes of the toxin in solution upon binding may
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differ from the toxin structure in our MM conditions, which may account for some of the
differences observed. Analysis of CgNa docking (Table 2, Figure 52) showed that Glyl1,
Arg5, Asp7, Ser12, His14, Lys33, and GIn47 are the most important CgNa amino acid
residues in NavPaS binding. Majority of them are polar or charged residues.

A more complex analysis was required for Av3 toxin, as we found two low energy
poses (using different NMR models) that are favorable in terms of electrostatic potential
(Av3, model 4) or hydrophobicity (Av3’, model 24). Moran et al. [24] showed that mutation
of Argl, Tyr7, Trp8, Prol2, Trp13, Tyr 18, Glu20, and Ser23 decreased toxin binding affinity
to cockroach neuronal membranes. In our docking study, we found five of these residues
(shown in bold) as crucial in binding to NavPaS, distributed in Av3 and Av3’ poses. For
Av3, we selected Argl, Ser2, GIn15, Asn16, Tyr18 and Val27 and for Av3’ Argl, Tyr7, Trp8,
Gly9, Trp13, Gly24, Lys26, and Val27. Indeed, our pose Av3’ have aromatic residues buried
deeply in the channel groves. We suggest that, in native NavPaS channels, both binding
poses (Av3, Av3’) are possible, and both may modulate electrical activity, but in Av3 pose
the toxin may have stronger effect on IG through stronger interactions with S4 (see Table 1).

Possible Hot Spots in Toxin Binding to Site 3 of Sodium Channels

In previous experimental research on sodium channels residues critical for toxin
binding, the role of a negatively charged aspartic acid residue, the equivalent of NavPaS
Asp1252, have been examined. This residue, located in S3-54 loop of VSDIV, is conserved in
insects and some mammals. Mutagenesis study performed on Xenopus oocytes expressing
Drosophila melanogaster Nav (DmNav1) channel showed that substitution of aspartic acid to
arginine (D1701R) abolished the effects of Av2 and scorpion site-3 toxin LghalT [24]. In
contrast, the DmNav1P!70IR mutation has only minor effect on Av3 activity. In the rat brain
rNav1l.2a channel, which is insensitive to Av3 and Lgh«IT toxins, there is glutamic acid
in the equivalent position. A single substitution E1613D was found to convert rNav1.2a
channel from being insensitive to highly sensitive toward scorpion LghalT toxin [53].
Interestingly, a single substitution of aspartic acid to glutamic acid in the equivalent position
in rat skeletal muscle rNav1.4 channel (D1428E) decreased the effect of LqhalT [54]. In
our molecular docking study, we observe that Asp1252 slightly contributes to the binding
energy (SSF) of Av2 (—0.75 kcal/mol) and Av1 (—0.1 kcal/mol) but does not participate in
Av3 and CgNa binding. Asp1252 can also form a hydrogen bond with Thr40 of Av2. The
higher affinity of Av2 than that of Av3 toxin to NavPaS Asp1252 is in good agreement with
mutagenesis studies [24].

The effect of channel mutation D1252X varied between investigated toxins (Table S5
in SI). We observed the most striking impact in Av1, binding of which to the site 3 region
of NavPaS mutants was completely abolished (see Table S5 in SI). The D1252R mutation
in channel increased the SSF energy of Av2 binding with respect to WT by 0.32 kcal/mol.
Although this change in SSF value is limited, dissociation rate of toxin could be increased
due to steric interactions in response to depolarization followed by S4 movement [26].
Surprisingly, our D1252R mutation of NavPaS improved CgNa binding by 0.3 kcal/mol,
while no effect was observed in binding to neither D1252E nor D1252A mutant variants.
Results of SMINA values for D1252X variants should be interpreted with caution, since
here we take into account only local, limited to D1252 site, relaxation of NavPaS structure.
Possible large scale structural effects of mutations are not included in the modeling. There
is also no experimental data providing D1252X structures.

However, our docking results clearly suggest that the most important amino acid
residue for the investigated toxins binding is Glu1255 (Figure 6, Table 2). Notably, this
residue is conserved in insect and some mammalian Nav channels. Substitution of cor-
responding Glu by GIn (E1589Q)) in human Nav1.7 channel reduced the effects of CvIV4
scorpion toxin [55] and selectively decreased ProTx-II ability to induce sustained currents
around 6-fold [56]. Experimental studies on mammalian Nav1.2a channels revealed that
substitution of corresponding Glu by Gln or Arg (E1616Q, E1616R) both significantly de-
creased affinity for Av2 but not for scorpion x-toxin LqTx [26]. Although sea anemone
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toxins and scorpion «-toxin bind to overlapping sites, non-identical amino acids of site 3
are crucial for their activity [57].

Possible NavPaS Residues Affecting Anemone Toxin Binding

We found that receptor site 3 on the NavPaS channel comprises a broad region in
domains DIV and DI, based on the combined data collected in Table 2, Tables S1a and S3 (SI),
and Figure 7. The most detailed information come from RRSC which shows close contacts
between toxin and channel atoms without assessing any particular physical interaction.
The contacts result from calculated optimum docking poses. The broad site 3 region of
cockroach NavPaS channel found in this study, based on RRCS cutoff of 1.0, encompasses
the following residues:

e DI [S5: GIn278, 11e279], [EC3: Met281, Gly282, Val283, GIn286, Phe301, Asp303,
Trp306, Phe307, Gly329, Asn330, NAG1601, NAG1602, Ser331, GIn345, Tyr347, Phe358,
Ap359], [EC4: Ser387, Ala388, His392]

e  DIV: [S1-S2 loop: Asp1190, His1191, Tyr1192, Gly1193, GIn1194, Met1196, Ser1199,
Glu1200], [S2: Leul202, Asp1203, Tyr1204, Asn1206], [S3: Gly1247, Leu1248], [S3-S4
loop: Asp1252, Val1253, lle1254, Glu1255, Lys1256, Tyr1257, Phel258, 1le1259, Pro
1261, Thr1262], [S4: Leul264, Arg1265, Arg1268].

Important observation from the present analysis is the role of NAG group in anemone
toxin binding. NAG1601-NAG1602 form a part of site 3 region (Figure 5). Glycosylation in
a position corresponding to Asn330 of NavPaS is conserved in human Nav channels and
was recently found to play a role in scorpion AaH2 toxin binding [58]. Increased potency
of AaH?2 for Nav1.2 over Navl.7 was linked to the fact that Nav1.2 have glycosylated
Asn residue in site 3, while Nav1.7 do not have such modification [58]. It is known that
glycosylation is a tool of evolution [59] and affects sodium channels function [60]. It would
be interesting to know whether the presence of NAG in places corresponding to the site 3
of NavPaS has any special biological role. Experimental studies focused on NAG might
resolve this issue.

The mechanism of anemone toxin impact on NavPaS channel inactivation discussed
earlier for site 3 toxins [2] is summarized in Figure 8, and refers to our data, as well.

Now, we ask the basic question: should we expect the full agreement between our
modeling and mutagenesis studies [24,38], since both NavPaS channel and toxins’ struc-
tures are known? The answer is not so straightforward. If one assumes, that the anemone
toxins “attack” sodium channels in a single and unique mode, then our results seem to
be disappointing. However, toxin peptides are partially flexible structures. NMR results
in up to 24 alternative structures [33], with RMS distance up to 2 A. Our SMINA rigid
docking shows that binding energies of Av3 and Av3’ differ by less than 1 kcal/mol. Thus,
anemone toxins are able to dock in heterogeneous way, and exact distributions of the poses
may depend on experimental conditions.

Our MM results are based on several assumptions. One should remember that the
SMINA scoring functions, being universally accepted, is one of many theoretical models for
toxin-channel binding. For example, other approaches may give different distributions of
electrostatic potentials (Figure 4). Since the peptides are quite rich in hydrophilic residues
(see Figure 3) we have assumed that water contributes to all toxins in the same way.
However, solvent effects may preferably stabilize some toxin poses. The static NavPaS
channel structure adopted here is also approximate. We assume that the structure (PDB
6A95) used here, resembles the most abundant natural resting state of this insect channel,
but during the working cycle of NavPaS distinct conformations of the site 3 region might be
envisaged. Data of RRSC presented in Table S1 should be helpful in tracing allosteric effects
in inactivation of sodium channels [58]. How the presence of toxin in the extracellular
part of the channel mechanically affects IG located about 80 A apart cannot be deduced
from our docking studies, yet. So, performing extensive molecular dynamics simulations
may bring new data on this fascinating but complex systems. We plan to perform such
investigations in our lab.



Molecules 2021, 26, 1302

17 of 22

4. Materials and Methods
4.1. Electrophysiology

Material: Electrophysiological experiments were performed on adult, male Ameri-
can cockroaches (Periplaneta americana). Insects were reared in our own colony, kept a
29 £ 2 °C, fed with oat flakes, apples, and dog food and water ad libitum. Twenty-four
hours before the experiment, the cockroaches were moved to room temperature (21 + 1 °C).

Chemicals: Physiological saline was prepared with 210 mM Na(l, 3.1 mM KCl, 5 mM
CaCly, 5.4 mM MgCly, 5 mM Hepes. pH was adjusted to 7.4 with NaOH. All chemicals
were purchased from POCH. SA., Gliwice, Poland. The toxins Avl and Av2 and Av3 were
isolated from sea anemone Anemonia viridis venom (formely ATX I, ATX II, ATX III from
Anemonia sulcata) [61], CgNa toxin was isolated from the Condylactis gigantea venom [62].
Lyophilized toxins were dissolved in physiological saline to 0.1 mM concentration and
then diluted to 1 uM.

Electrophysiological experiments: To determine the effects of anemone toxins on the
bioelectrical activity of the cercal nerve, the extracellular recordings were conducted as
previously described [17]. Abdominal part of cockroach’s escape system was isolated from
insect body. The preparation consisted of two cerci, cercal nerves, terminal abdominal
ganglion, and short part of connective nerves. In the experimental chamber (3.5 cm Petri
dish), the preparation was slowly perfused with physiological saline, while cerci were
kept dry. Compound bioelectrical activity of cercal nerve was recorded using extracellular
electrodes (Alpha Omega Engineering LTD, Nof HaGalil, Israel). Signals were amplified by
a differential amplifier, observed at oscilloscope (Hameg 507, Hameg Instruments Gmbh,
Mainhausen, Germany) and stored in a computer. Data were analyzed using modified
Hameg software.

During each recording at first the spontaneous (“resting”) activity was recorded
during 40 ms. Then, mechanoreceptors covering the cercus were stimulated with gentle air
puffs, generated by loudspeaker membrane movements controlled by impulse generator
with 0.4 Hz frequency. The response to cercus stimulation was seen as an increase of cercal
nerve activity, appearing just after the stimulation. Usually the response was well defined
and its size was estimated as the area under the response peaks. Nerve activity returned
to a resting level up to 50 ms (Figure 2a). Each preparation was allowed to stabilize for
10 min before the activity registration. The initial activity was recorded for 5 min and then
the physiological saline (in control) or toxin was applied at a concentration of 1 uM. The
effects of the toxin were recorded for 20 min.

The treatment effect with anemone toxins on nerve activity was tested by a one-way
generalized linear mixed model (GLMM). We included measurement time (minutes of
the test) as a continuous variable and replicate as a random factor. Nerve activity was
used as a dependent variable while toxin (Avl, Av2, Av3, CgNa) as main factor. Each
analysis was followed by multiple comparisons using Fisher’s LSD post hoc test. Analysis
was conducted in the IBM SPSS 25 Statistics software (IBM Corporation, Armonk, NY,
USA). The results were expressed as mean values & SE. The differences were considered as
significant when p < 0.05.

4.2. Molecular Modeling and Docking

We performed molecular docking of four toxins to the Periplaneta americana voltage-
gated sodium channel (PDB: 6A95) using SMINA package [19], a fork of Autodock Vina [63]
that provides enhanced support for minimization and scoring. After removing of spider
toxin Dcla present in the original structure. we carried out a single rigid docking run for
each NMR derived model of CgNa (PDB: 2H9X), Av1 (PDB: 1ATX), and Av3 (PDB: 1ANS)
and selected two best scored models for further studies of each toxin. Then, we performed
next round of 5 independent rigid docking runs per each model using default SMINA
settings, generating up to 100 poses per run. We build a homology model of Av2 toxin using
SWISS-MODEL structure homology-modeling server [64] with the following structures
of sea anemone toxins as templates based on highest sequence homology structures with
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PDB codes: 1AHL, 1APE, 1SHI. For the best scored homology model of Av2, we performed
10 independent docking runs. Thus, we have obtained more than 5000 docking poses. We
added hydrogen atoms using CHARMM-GUI server [65] and then analyzed and visualized
results with the VMD code [21] and home-made scripts.

A residue-residue contact score (RRCS) is an atomic distance-based parameter that
quantifies the strength of contact between residue pairs by summing up distances in
all possible inter-residue heavy atom pairs [23]. For each docked toxin, we calculated
RRCS values using the python script provided by Zhou et al. and further analyzed data
with NumPy package. We calculated the Accessible Surface Area (ASA), Buried Surface
Area (BSA), and percentages of residues corresponding to the toxin-channel interface
using PDBePISA server [66]. GetContacts [22] server was used to identify toxin-channel
interaction residues and a character of those interactions (hydrogen bonds, salt bridges,
etc.). To create maps of electrostatic potential for toxins, we used PDB2PQR server [67] and
APBS in VMD [21].

5. Conclusions

Electrophysiological experiments revealed different effects of four sea anemone toxins
on Periplaneta americana neuronal preparations activity. Avl and CgNa are the most potent
toxins affecting inactivation process of sodium channel, while Av2 has the lowest impact
on inactivation.

Our molecular docking with SMINA software [19] provides firm arguments that Av1,
Av2, Av3, and CgNa bind in site 3 extracellular part of NavPaS channel. The low energy
modes of binding prefer surfaces of toxins that fit the best in terms of a number of hydrogen
bonds and salt bridges to the channel surface. We noticed that hydrophobic contacts play
less significant role in sea anemone binding to NavPaS. We observe moderate compatibility
of electrostatic potentials surfaces between all four toxins and the site 3 NavPaS region. The
contact areas toxin-channel moderately correlate with activity modulation effect observed
in electrophysiology measurements in cockroach neurons. The docking poses obtained
support the molecular model in which the upward motion of 54 helix in DIV domain is
hampered by the presence of the anemone toxin in site 3 (Figure 8). The inactivation gate,
in this case pivoted by the Alanine-Threonine-Aspartic acid (ATD) triad in the DIII-DIV
linker, upon application of any toxin studied here, is locked in an intermediate position
and cannot complete the fast inactivation cycle. Docking provided various sets of residues
affected by formation of sea anemone toxins and sodium ion channel complex (Table S1
in SI of RRCS). One may expect that mutations in these sites will affect functioning of
NavPaS. In several cases, there is a reasonable correspondence between our predicted “hot
spots” and earlier mutagenesis based experimental studies [11]. The lack of full agreement
is justified by expected heterogeneity in anemone toxin binding modes in physiological
conditions. Due to the overall high similarity of human and NavPaS sodium channel
structures, the analogous critical regions in the human proteins may be now identified.
Such data should facilitate tracking genetic effects in channelopathies.

Supplementary Materials: The following are available online, Figure S1: Multiple sequence align-
ment of investigated anemones toxins: Avl, Av2, Av3 and CgNa, Figure S2: Contributions of toxins
residues to the binding energy to NavPaS, Figure S3: Binding mode of Av3 alternative pose-Av3’ in
the NavPaS site 3 region, Figure S4: Multiple sequence alignment of DI/SS2-56 region of selected
arthropod voltage-gated sodium (Nav) channels, Figure S5: Representations of Av3 toxin binding
modes to the site 3 of NavPaS channel H392X mutant variants, Table Sla: Residue-Residue Contact
Score (RRCS) values for possible toxin-NavPaS channel (amino acid residues) contacts, Table S1b:
Residue-Residue Contact Score (RRCS) values for possible toxin-NavPaS channel NAG contacts,
Table S2: Parameters characterizing interactions of Av3 anemone toxin with NavPaS channel wild
type (WT) and H392X mutant variants, Table S3: Residue (# H392X NavPaS)-residue (#Av3 toxin)
interactions responsible for anemone toxin binding to NavPaS mutant variants channel, Table S4a:
Residue-Residue Contact Score values for possible Av3 toxin-NavPaS channel H392X variants (amino
acid residues) contacts, Table S4b: Residue-Residue Contact Score values for possible toxin-NavPaS
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channel NAG contacts, Table S5: Values of SMINA Scoring Function (kcal/mol) for anemones toxins
binding to NavPaS channel variants (the lowest energy poses of 5 repetitions up to 100 poses).
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ABSTRACT

Diseases spread by mosquitoes lead to death of 700,000 people each year. The main way to reduce
transmission is vector control by biting prevention with chemicals. However, the most commonly
used insecticides lose efficacy due to the growing resistance. Voltage-gated sodium channels
(VGSCs), membrane proteins responsible for the depolarizing phase of an action potential, are
targeted by a broad range of neurotoxins, including pyrethroids and sodium channel blocker
insecticides (SCBIs). Reduced sensitivity of the target protein due to the point mutations threatened
malaria control with pyrethroids. Although SCBIs — indoxacarb (a pre-insecticide bioactivated to
DCIW in insects) and metaflumizone — are used in agriculture only, they emerge as promising
candidates in mosquito control. Therefore, a thorough understanding of molecular mechanisms of
SCBIs action is urgently needed to break the resistance and stop disease transmission. In this study,
by performing an extensive combination of equilibrium and enhanced sampling molecular dynamics
simulations (3.2 ps in total), we found the DIII-DIV fenestration to be the most probable entry route
of DCJW to the central cavity of mosquito VGSC. Our study revealed that F1852 is crucial in limiting
SCBI access to their binding site. Result explain the role of the F1852T mutation found in resistant
insects and the increased toxicity of DCJW compared to its bulkier parent compound, indoxacarb. We
also delineated residues that contribute to both SCBIs and non-ester pyrethroid etofenprox binding
and thus could be involved in the target site cross-resistance.

Key words: voltage-gated sodium channel, insecticide, mosquito, fenestration
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1. INTRODUCTION

The World Health Organization (WHO) warns that more than half of the human population is
currently at risk of mosquito-borne diseases. It is predicted that progressive climate change will
increase the extent of outbreaks [1, 2]. Malaria is a life-threatening disease caused by Plasmodium
parasites transmitted to people through the bites of infected female Anopheles mosquitoes. In 2021,
an estimated 247 million malaria cases led to approximately 619 000 deaths, with a tremendous toll
on children under 5 years old (WHO, World Malaria Report 2022).

The primary way to reduce transmission is biting prevention with chemicals. Vector control
relies heavily on insecticides and thus can be compromised by resistance [3, 4]. Resistance to
pyrethroids, the only insecticide class integrated into bed nets, is widespread globally [5]. To find
new ways to control insect populations, a thorough understanding of molecular mechanisms of
insecticide action and resistance is required.

The voltage-gated sodium channels (VGSCs) represent one of the major molecular targets of
insecticide action. These multi-domain transmembrane proteins are responsible for the depolarizing
phase of action potentials in nerves and muscles [6]. While nine subtypes of VGSCs are expressed in
humans (hNav1.1-hNav1.9), a single copy of gene coding a sodium channel protein (~2,050 amino
acids) can be found in most insects [7, 8]. The a-subunit comprises four homologous domains (DI-
DIV) including six transmembrane helices (S1-S6) each (Figure 1a). Helices S1-S4 constitute the
voltage-sensing domain (VSD) with a positively charged S4 helix acting as a voltage sensor, while
helices S5 and S6 linked by membrane-reentrant pore loop (P-loop) contribute to the ion-conducting
pore domain (PD). Due to the crucial role of VGSCs in regulating neuronal membrane excitability,
they are targeted by a broad range of naturally occurring and synthetic neurotoxins that alter sodium
conductance by blocking the ion-conducting pore or altering gating (opening and closing of a
channel) [9]. Some of them — DDT, pyrethroids, and sodium channel blocker insecticides (SCBIs) — are
known for their insecticidal activity [10].
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Figure 1. a) Topology of the pseudotetrameric a-subunit of the mosquito Anopheles gambiae voltage-gated
sodium channel shows four domains consisting of six transmembrane helices each (S1-S6). Helices 1-4
contribute to the voltage-sensor domain (VSD, grey), with a positively charged S4 helix acting as a voltage
sensor, and helices S5-S6 create the pore domain (PD). The S4-S5 linkers are shown in dark blue. The
inactivation gate MFM motif, as a part of the DIII-DIV linker, is marked in violet. b) Structures of sodium
channel blocker insecticides: indoxacarb/DCIW (left) and metaflumizone (right). c) Homology model of the
mosquito channel based on the inactivated-state structure of the hNav1.7 channel (PDB code: 6J8G [11]). The
approximate location of the pore is indicated by the dashed line. d) The side (left) and top (right) view of the
channel with the four lateral fenestrations found by MOLE shown in green.

The extensive use of pyrethroids for the last 50 years has led to the development of
knockdown resistance (kdr) in insects worldwide. Over 50 mutations that reduce neuronal sensitivity
to DDT and pyrethroids were reported in the a-subunit of VGSC in arthropod species [8]. Due to the
reduced sensitivity of target protein by point mutation and/or metabolic resistance (i.e.,
overexpression of detoxifying enzymes), the effectiveness of long-lasting insecticidal nets and indoor
residual spraying treatment of houses with pyrethroid formulations are under threat. No alternative
is recommended by WHO Pesticide Evaluation Scheme (WHOPES) for use on mosquito nets.
Therefore, there is an urgent need to develop new chemicals for efficient vector control.

SCBIs are relatively new and highly selective insecticides. Two compounds of this group —
indoxacarb and metaflumizone — were commercialized [12]. These potent inhibitors of VGSCs have
an overlapping binding site with local anesthetics (e.g., lidocaine) [12]. SCBIs preferably bind to and
trap VGSC in the slow-inactivated, nonconducting state and block neuronal action potentials in both
peripheral and central nervous systems [13, 14].

Indoxacarb (Figure 1b), an oxadiazine SCBI, was developed in 1992 by DuPont by optimizing
pyrazoline analogs to limit non-target activity in mammals and other organisms and to increase
environmental safety while maintaining insecticidal efficacy [15]. It was registered in 2000 as a
reduced-risk compound. In insects, indoxacarb undergoes rapid bioactivation to the more neurotoxic
DCIW (N-decarbomethoxyllated JWO062) derivative [14], leading to uncoordinated movement,
tremors, and pseudoparalysis - a state characterized by violent convulsions in paralyzed insects when
disturbed. The differences between mammalian and arthropodic metabolism of indoxacarb partially
account for its selectivity towards insects and the consequent widespread usage in agriculture.

Metaflumizone (Figure 1b), a semicarbazone SCBI, was registered to use on Chinese cabbage
fields in 2009 as it provides high-efficiency control of the most economically important pests.
Formulated with amitraz, metaflumizone controls fleas, ticks, and mites on dogs and cats [16]. It is
considered a low-risk chemical to non-target organisms, including pollinators, safe for mammals and
the environment [17].

To this date, all the active ingredients used for malaria vector control are spin-offs from
agricultural uses [18]. Screening existing registered pesticides provides a rapid route to identifying
chemicals of potential value to public health. In the evaluation of 81 commercial agrochemicals for
mosquito control, metaflumizone, acetamiprid, thiamethoxan, and thiocyclam were the most
promising candidates [18]. Both metaflumizone and indoxacarb were selected in a testing cascade
against adult female Anopheles gambiae mosquitoes as compounds of high interest as vector control
agents [19]. In tunnel tests, indoxacarb induced delayed mortality over 24-96 h against both
pyrethroids-sensitive and resistant An. gambiae, but there was no protection regarding blood-
feeding inhibition [20]. Neither synergism nor antagonism was observed between indoxacarb and
pyrethroid [20]. In further tunnel tests and bioassays, indoxacarb was highly effective in both



mortality and reducing the blood feeding by a pyrethroid-susceptible strain of An. gambiae and
pyrethroid-susceptible and resistant strains of C. quinquefasciatus mosquitoes [21]. Mixtures of
indoxacarb with pyrethroid alphacypermethrin conferred far greater protection than the single
treatments for mortality and blood-feeding inhibition [21]. Thus, the combination of SCBIs and
pyrethroids is certainly worth further investigation in terms of both efficacy in vector control and
potential cross-resistance. Resistance may involve multiple mechanisms within the insect, e.g.,
cuticular permeability, metabolic degradation, behavioral resistance or point mutation in the target
protein [22]. Although SCBIs and pyrethroids bind to distinct sites on VGSC, mutagenesis data suggest
that their binding regions may partially overlap [23]. It is necessary to investigate the role of the
target-site in the development of cross-resistance between pyrethroids and SCBIs.

The hydrophobic access pathway for small molecules from the plasma membrane to the
center of the ion-conducting pore referred to as the central cavity (CC) of VGSC is via four lateral
fenestrations (Figure 1d) [24]. These tunnels are delineated by interfaces between the S5 and S6
helices of two adjacent PDs, named DI-DII, DII-DIll, DIlI-DIV, and DI-DIV. Multiple structures of
eukaryotic VGSC have shown that fenestrations are not symmetrical. Their size changes during the
gating cycle and differs across VGSC subtypes [25]. A hypothetical pathway of metaflumizone to the
central cavity of VGSC via DIII-DIV fenestration was proposed [26]. However, the dynamical modeling
of SCBIs’ entrance to the central cavity of VGSC was not provided yet. DCIW has a rigid, tricyclic core
(Figure 1b), which makes the ligand entrance to the CC of the channel through the fenestration
guestionable. It is necessary to estimate to what extent fluctuations of the fenestration shape enable
the access of SCBIs to modulate VGSC and thus insect physiology.

Ligand-protein association is known to occur on timescales far exceeding the capabilities of
equilibrium molecular dynamics (MD) simulations [27, 28]. Therefore, in this study, we perform an
extensive combination of equilibrium and enhanced MD simulations of a total aggregate simulation
time of 3.2 ys to alleviate the sampling problem [29] and to find the entry route of DCJW to the CC of
mosquito VGSC. We investigate the binding interactions of DCJW, metaflumizone, and a non-ester
pyrethroid etofenprox within the AgNavl channel to assess the impact of target site insensitivity
conferring resistance to pyrethroids (kdr) on SCBIs action on mosquito channel.

2. RESULTS AND DISCUSSION

2.1 Docking of DCJW and Metaflumizone to the An. gambiae VGSC

The binding of SCBIs to the slow-inactivated channel state is favored over the open state not due to
the conformation of the VGSC itself but rather due to the very slow kinetics of the channel-ligand
association [30]. This is supported by the observation that upon removing slow and fast-inactivation,
the block of fast-inactivated and open channels by the pyrazoline RH-1211 proceeds as quickly as the
block of slow-inactivated channels [31]. Bearing this in mind, we built three models of mosquito
AgNavl VGSC: open, inactivated, and closed, based on the templates of experimental structures
captured in those states [11, 32, 33].

We found that in the lowest energy docking poses in both open- and inactivated-state
models, DCJW and metaflumizone extend between the DIII-DIV fenestration, CC, and the entrance to
the DII-DIIl fenestration from the interior of the channel. The root-mean-square deviation (RMSD)
values between the open- and inactivated-state models are 1.7 A for DCIW and 2.81 A for
metaflumizone. The binding energy of docking to the inactivated model, measured by the smina



scoring function (SSF), equals -9.61 kcal/mol for DCJW and -10.18 kcal/mol for metaflumizone (Figure
2). We found no poses of either DCJW or metaflumizone in the PD of the closed AgNavl model.
However, in their lowest energy poses (SSF=-8.05 kcal/mol for DCJW and -8.42 kcal/mol for
metaflumizone), both ligands approach the DIII-DIV fenestration from the plasma membrane; see
Figure S1 in the Supporting Information (SI). As the inactivated-state model (Figure 1c,d) reflects the

most physiological binding condition, we focus on this model further.

Figure 2. Docking of DCJW (a) and metaflumizone (b) to the mosquito voltage-gated sodium channel

(VGSC). Residues known to affect channel sensitivity to these insecticides are shown in a surface
representation. Ligands are shown in a stick representation with carbon atoms in green, nitrogen in blue,
oxygen in red, fluor in pink, chloride in purple, and hydrogen atoms in white. Side view is presented in (a) and
top view with the P-loop removed for clarity in (b). Coloring of the channel helices refers to Figure 1.

A common structural backbone for SCBIs, which may play a key role in their insecticidal
activity, consists of two aromatic rings connected by five atoms including three nitrogens and one
carbonyl group [34]. In our docking, nitrogen atoms from both ligands form hydrogen bonds with
S1552 from the DIl S6 helix, while the carbonyl group faces the channel axis to potentially block the
flow of the sodium ions through the pore. The highest contribution to the docking binding energy of
both DCIW (21%) and metaflumizone (22%) comes from m-stacking interactions with F1852, which
has been found in SCBIs-resistant insects [35, 36]. Further contacts are primarily hydrophobic, and
most of them include residues from S6 helices and P-loops from DIl and DIV. Among them, we found
F1507, T1555, T1804, V1855, and Y1859, the substitution of which affected SCBIs activity on VGSCs
[26, 37, 38]. While the trifluoromethyl group of DCJW approaches but does not penetrate the DII-DIII
fenestration, the trifluoromethyl group of metaflumizone is buried in the tunnel. Both ligands
interact with V1021 from DIl S6, the substitution of which was found to affect the rNav1.4 channel
sensitivity to indoxacarb and metaflumizone but not DCIW [39]. To validate this result upon
fluctuating channel conformations, we run three 250 ns MD simulations of DCJW-bound AgNavl. In
all three MD simulations, DCJW stayed tightly bound and its energy (rescored after the simulations
using the docking function SSF) reached -10.96 kcal/mol due to more favorable side chain
orientations. We found a hydrogen bond between S1552 and the ligand in >50% of all snapshots. We
also observed that the sodium ion and the carbonyl group of DCIJW stayed close to each other in all
three MD simulations (Figure S2 in the Sl). For a list of the channel-DCJW contacts observed in our
MD simulations, see the Sl Table S1.



2.2 DCJW Binding Pathway to the Central Cavity

As protein tunnels can be transient and heterogeneous, which may lead to spontaneous closing and
opening [40, 41], we aimed to find possible entry and exit routes for DCJW using MD simulations
instead of analyzing only the static structures of VGSC. To assess fluctuations of the fenestrations and
compare their bottleneck radius distributions, we ran three 250 ns unbiased MD simulations of the
inactivated-state AgNavl model. From Figure 3a, we can see that the DI-Il and DIII-DIV fenestrations
are the widest, with average bottleneck radii of around 2 A, making them the most accessible and
probable entry route for ligands. This result agrees with a similar analysis performed on human
Nav1.1, Navl.2, Navl.4, Navl.5, and Navl.7 inactivated-state VGSCs [25]. Then, we ran 30 enhanced
sampling MD simulations in which we biased the positions of DCJW to search for possible channel
entry and exit routes. We found that DCJW could migrate outside the channel only through the DI-
DIl, DII-DIIl, and DIII-DIV fenestrations. For the DI-DIV tunnel, we did not observe any dissociation
event (i.e., pathways). As the DII-DIIl fenestration is less likely to serve as the entry route for DCJW to
reach the CC (Figure 3a), we focused our further investigation on the DI-DIl and DIII-DIV
fenestrations.

As the binding reaction coordinates, we selected DCJW conformations from the shortest
trajectories that ended in dissociation along the DI-DIl and DIII-DIV fenestrations. Next, we estimated
the free-energy profiles by biasing path-collective variables [42], i.e., the progress along (s) and
distance from the identified binding reaction coordinates (z) along the DI-DIl and DIII-DIV
fenestrations, during which DCJW could move between the associated and dissociated states in both
directions. For each binding reaction coordinate, we performed a 500 ns well-tempered
metadynamics simulation. During these enhanced sampling simulations, we observed many
transitions across the path-collective variables, suggesting that the simulations converged.

The free-energy profiles as functions of the progress along the DI-DIl and DIII-DIV
fenestrations, are shown in Figure 3b. Entering the channel, DCJW encounters a free-energy barrier
of about 20 kcal/mol when approaching the DIII-DIV fenestration (Figure 3c) and a barrier higher
than 30 kcal/mol in the case of the DI-DII fenestration (Figure 3b). Moreover, while the profile along
the DII-DIIl tunnel is flat, the ligand can get stuck in the free-energy minimum observed in the middle
of the pathway via the DI-DIl fenestration. Also, as the DCIW binding site is located at the
intersection of the CC and the DIII-DIV fenestration, the route via this tunnel is shorter when
compared to the pathway through DI-DII, which includes traveling through the middle of the ion-
conducting pore. These observations suggest that the entry to the CC of VGSC through the DIII-DIV
fenestration is preferable. Interestingly, after reaching the CC, the ligand faces a high free-energy
barrier of about 30 kcal/mol to unbind, which can be explained by a high affinity of DCJW-channel
interactions that stabilize the ligands in its binding site (Figure 3e). The height of free-energy barriers
seen along the DCIW pathway in both fenestrations agrees well with the very slow kinetics of
pyrazolines entry to the binding site and their inability to block open channels [31].
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Figure 3. a) The bottleneck radius distributions of the four lateral fenestrations in the inactivated-state model
of the mosquito sodium channel calculated using CAVER3.0 [43] based on three 250 ns MD trajectories
combined. b) Free energy profiles of DCJW crossing the DI-DII (top) and DIII-DIV (bottom) fenestration. The
path starts (0.0) at the DCJW binding site found in docking (shown in e) and ends (1.0) at the channel-
membrane interface (indicated by a ligand in sticks representation in c). c) Tunnel clusters found by CAVER in
the metadynamics simulations of DCJW crossing the DIII-DIV fenestration are presented as green lines. d) The
representative snapshot of the most densely populated cluster of ligand positions along the binding pathway,
corresponding to the local energy minimum, where DCJW interacts with Y1852, V1855, and Y1859, known to
affect SCBIs’ efficacy on VGSCs.

The dynamical variability in the bottleneck radius of fenestration conditionalizes the entry of
pore blockers to the CC with the kinking at the midpoint of S6 helices, identified as important in
channel gating [44], appearing to be restrictive [25]. In the AgNavl channel, F1852 is the key
hydrophobic residue bottlenecking the DIII-DIV fenestration (Figure 2 and Figure 3c,d). Substitution
of the corresponding residue to the F1852 by a bulkier tyrosine had been found in SCBIs-resistant
populations of the tomato leafminer and the diamondback moth [35, 36]. The substantial reduction
of VGSC sensitivity to indoxacarb due to F1852Y mutation has also been functionally validated by
electrophysiological studies in Xenopus oocytes [37]. Furthermore, the alanine substitution (F1817A
in the cockroach BgNa,) enhanced the ability of both DCJW and metaflumizone to interact with
inactivated VGSCs. It also provided an easier escape route for metaflumizone to leave its receptor
site during recovery from inactivation [38]. We suggest that the resistance could be explained by the
reduced frequency of reaching the binding site due to the higher free-energy barrier of crossing the
DIII-DIV fenestration.

Interestingly, in docking of indoxacarb, the proinsecticide that undergoes bioactivation to the
more toxic DCJW, we obtained the lowest energy poses in the DIII-DIV fenestration (Sl Figure S3). We



postulate that the higher probability of passing the fenestration due to a decrease of the ligand size
upon metabolization may partially explain the increased toxicity of DCJW when compared to
indoxacarb.

2.3 Comparison of the SCBIs and etofenprox binding region. Implications for the target site cross-
resistance with pyrethroids.

Recently, high cross-resistance with deltamethrin, the most important pyrethroid in malaria
prevention, was observed in an indoxacarb-resistant population of the fall armyworm, Spodoptera
frugiperda [45]. Little positive cross-resistance between indoxacarb and pyrethroids was also found
in the diamondback moth, Plutella xylostella L. [46-48]. Negative cross-resistance observed in
fenvalerate- and cypermethrin-selected populations of Helicoverpa armigera was explained by the
elevated level of carboxyl esterase in pyrethroids-resistant insects, which may increase the enzymatic
activation of indoxacarb to more toxic DCJW derivative [49]. It is in agreement with a study on the
same species, where high resistance to cypermethrin and deltamethrin but not to the non-ester
pyrethroid etofenprox and indoxacarb, was observed together with the positive correlation with
esterase activity. The lack of resistance to DDT, which acts on the same site as pyrethroids, excludes
the involvement of target site resistance in this population [50]. Contradicting results suggest
multiple mechanisms involved in indoxacarb resistance. Clearly, there is a shortage of data describing
the involvement of the target-site sensitivity in cross-resistance development.

Etofenprox (Figure 4a) is a pyrethroid derivative with an ether linkage instead of an ester
linkage present in traditional pyrethroid insecticides, making it less prone to metabolic degradation
by esterases. Experiments performed with heterologous VGSC expression in the Xenopus oocyte
suggest that etofenprox displays a pyrethroid-like effect [51]. It exhibits comparable toxicity to the
Anopheles mosquito [52] but is considered less toxic to fish [53]. We have chosen this compound to
assess the impact of target site insensitivity conferring resistance to pyrethroids on SCBIs action on
VGSCs. Type | pyrethroids are known to modify resting or inactivated channels, while type Il
pyrethroids preferably bind to the open state of sodium channels [10]. As etofenprox, a non-ester
pyrethroid, represents a separate type, we docked this insecticide to both open and inactivated
models of mosquito VGSC.

The lowest energy poses in the open and inactivated models overlap but are not identical
with the SSF values -9.97 kcal/mol and -9.71 kcal/mol, respectively. Etofenprox penetrates the DII-
DIl fenestration deeper than it was proposed before in docking to the prokaryotic NavMs-based
model [51, 54]. Deep binding results in interactions with 16 kdr residues (Table 1), accounting for
68% and 60% of the total SSF found for the open and inactivated model, respectively. The highest
contribution to the binding energy (-2.0 kcal/mol for the open and -2.42 kcal/mol for inactivated
model) comes from F1553, which was found as a key bottlenecking residue in the DII-DIlI
fenestration [25]. In the inactivated-state model, ligand position is stabilized by parallel nt-stacking
interactions with F1553 and F1025 (that are both kdr, see Table 1). As both overall binding energy
and the contribution from the kdr residues were more negative in docking to the open model, we
further refer to this pose, presented in Figure 4c,d.



Figure 4. a) Chemical structure of non-ester pyrethroid insecticide etofenprox. b) The DII-DIll fenestration
tunnel, found in docking as a ligand binding region, is presented in green in a voltage-gated sodium channel
model in a side (left) and a top (right) view. c-d) The lowest energy pose of etofenprox (in green stick
representation) bound in the open model. View from the channel/membrane interface is shown in (c), while
the fenestration entrance to the central cavity of the channel is visualized in (d), with the PDIII helices removed
for clarity. Residues that were found as kdr contributing to both etofenprox and SCBIs binding are shown in a
surface representation. The coloring of the channel refers to Figure 1.

We found 10 residues to contribute to etofenprox and both SCBIs binding (Table 1).
Additional four are shared in etofenprox and metaflumizone but not in the DCJW docking region.
Mutation of five residues participating in the binding of all three insecticides (F984, L987, V1021,
11548, and F1553) are found in pyrethroid-resistant insects. We show them in a surface
representation in Figure 4c,d. The contribution to the binding energy from kdr residues is higher for
metaflumizone than indoxacarb (24% and 15% of total SSF, respectively).



Table 1. Etofenprox binding region. DCJW and metaflumizone interactions with given residues are
marked with D and M, respectively.

VGSC domain Anopht'eles Muscq Kdr ref. ngrlap with §CBIs
gambiae domestica binding region
M923 M918 [55-57] -
Pll, 4-55 7926 7921 - -
linker
M927 M922 - -
T934 T929 [55, 58] -
L937 L932 [59-62] M
DITSS C938 933 [55] -
1941 1936 (61, 63] -
F984 F979 [57, 64] D, M
DIl P L987 L982 [65, 66] D, M
€988 €983 - D,M
N1018 N1013 [67]
V1021 V1016 [65, 68-75] D,M
DIl S6 L1022 L1017 [76] M
L1024 L1019 - -
F1025 F1020 (77, 78] -
Bill P A1510 A1494 - D,M
F1512 F1496 - D,M
11548 11532 [75, 79-81] D,M
11549 11533 [82] D,M
F1550 F1534 [74, 75, 83] -
DIll S6 $1552 S1536 - D,M
F1553 F1537 [82, 84] D,M
F1554 F1538 (85, 86] -
L1556 L1540 - D,M

V1021l/G (V1016 in house fly VGSC) is one of the most frequently reported kdr mutations in
pyrethroids-resistant insects worldwide. It has been found in disease-spreading Aedes mosquitoes in
Indonesia [65], Thailand [68, 69], Taiwan [70], Singapore [71], China [72], and Latin America [73]. In
mosquitoes, a concomitant S989P+V1016G kdr mutation confers resistance to 17 structurally diverse

pyrethroids with the highest level (107 fold) to etofenprox. Cross-resistance to both indoxacarb and

DCIW was reported in this study [23]. In Aedes aegypti mosquito, the level of resistance to DCIW
conferred by the kdr allele 410L+10161+1534C (house fly numbering) was higher than in mosquitoes
carrying the 1534C allele alone [87], suggesting the direct role of the V1016l mutation on DCIW
action on VGSC. The lysine substitution of the corresponding residue in the rat rNav1.4 channel
(V787K) completely abolished mutated VGSC inhibition by metaflumizone [39]. To test the impact of
V1021 substitution on SCBI binding, we performed docking to the following VGSC mutants: V10211,
V1021G, and V1021K.

Table 2. The affinity of insecticides to the V1021 substituted VGSC. Binding energy calculated with
smina scoring function is shown in kcal/mol.

VGSC DCIW metaflumizone etofenprox
WT -9.61 -10.16 -9.97
V1021l = -9.96 -9.30
V1021G -9.38 -9.66 -8.99
V1021K -9.06 no WT-like poses -8.30




Substitution of V1021 did not affect DCJW binding significantly — RMSD values for a ligand shifted by
0.16 A and 1.0 A for isoleucine and glycine, respectively, which are kdr mutations found in nature.
Only the lysine substitution pulled the trifluoromethyl group of DCJW out of the CC entrance to the
DII-DIIl fenestration (RMSD=2.28 A), reducing the binding affinity by 0.55 kcal/mol (Table 2). A higher
effect was observed for metaflumizone. While isoleucine and glycine substitutions only slightly
shifted the ligand positions (RMSD ~1.7 A), in the V1021K substituted channel WT-like binding poses
were not found. Our results are in agreement with the previous mutagenesis study on the rNavl.4
channel, where sensitivity to inhibition by 10 uM metaflumizone was abolished entirely in the
rNav1.4/V787K channels, but no significant effect was observed for DCJW [39]. V1021K substitution
disabled etofenprox binding deep into the DII-DIII fenestration. In this mutant, we obtained a binding
pose similar to that presented before [54], with the SSF reduced by 1.7 kcal/mol when compared to
the WT (SI Figure S4).

V1021 clearly contributes to SCBI binding. However, neither the isoleucine nor glycine substitution
found in resistant insects affects ligand binding to the extent that could substantially decrease the
inhibitory effect on mutated channels. As lysine substitution itself enhances slow inactivation [39],
the V1021K mutant should not be expected in insects.

3. CONCLUSIONS

In this work, we found the binding poses of DCJW and metaflumizone located in the CC of mosquito
VGSC, where they interact with residues known to affect channel sensitivity to SCBIs. We analyzed
the possible pathways of DCJW entrance to its binding site and found the DIII-DIV fenestration to be
the most probable route. The phenylalanine at the midpoint of the DIV S6 helix (F1852), mutated to
tyrosine in SCBI-resistant insects, bottlenecks the fenestration and play a key role in stabilization of
the ligand in its binding site. Based on our docking and metadynamics studies we postulate that the
reduced sensitivity to DCJW in resistant insects, and the increased toxicity of DCJW when compared
to its bulkier parent compound, indoxacarb, can be explained by the impeded access of the ligands to
their binding site in the CC. Furthermore, by docking etofenprox, we delineated residues that
contribute to SCBI and pyrethroid binding sites simultaneously and thus could be responsible for
target site cross-resistance. Our study is a step towards better understanding the action of SCBIs on
insect VGSCs that should facilitate the fight against insect vector-borne diseases.

4. METHODS

4.1 Homology Modeling

The homology models of an a subunit of the Anopheles gambiae sodium channel protein AgNavl in open,
inactivated, and closed states were built using the SWISS-MODEL server [88], using rat rNavl.5 (PDB: 7FBS
[32]), human hNavl.7 (PDB: 6J8G [11]), and cockroach NavPas (PDB code: 6A90 [33]) crystallographic
structures, respectively, as templates. The models were built based on the A51843_ANOGA amino acid
sequence provided by the UniProtkKB database [89]. Two long, disordered intracellular loops (ICL1 — 338
residues, ICL2 — 240 residues), not present in any sodium channel protein experimental structures, were
removed from each model. The quality of the models was validated using ERRAT [90] and PROCHECK [91]. The
protein preparation module of Schrodinger Maestro [92] was used to assign protonation states, add hydrogen
atoms, and minimize all three models. 95.7% of the inactivated model residues fall below the 95% rejection
limit in the ERRAT analysis. Only 8 residues were found in disallowed regions by PROCHECK, all of them
belonging to the intracellular or extracellular loops. Mutations of V1021 were introduced using Schrodinger
Maestro, followed by minimization of mutated models.



4.2 Docking

3D structures of all ligands were downloaded from PubChem [93] and minimized using Schrodinger Maestro
LigPrep. Molecular docking was performed using the smina package [94], a fork of Autodock Vina [95] that
provides enhanced support for minimization and scoring. Ten independent runs (yielding up to 100 poses each)
of flexible ligand docking to each model with default parameters were conducted.

4.3 Equilibrium MD Simulations

Inputs for equilibrium MD simulations were generated using the CHARMM-GUI membrane builder [96-98]. To
mimic an insect-like membrane, a heterogeneous bilayer model composed of 500 lipid molecules in
proportions: 38% DOPE, 18% DOPS, 16% DOPC, 13% POPI, 11% SM (CER180), 3% DOPG, and 1% PALO 16:1
fatty acid was built as proposed for an insect muscarinic GPCR before [99]. Water molecules in the TIP3P model
were added above and below the lipids to generate a 20 A thickness layer further neutralized with Na* and CI’
ions to the concentration of 0.15 M. Six steps of equilibration simulations in the NVT ensemble followed by the
NPT ensemble with gradually decreased restraint force constants to various components were run using NAMD
2.13 [100] with the CHARMM36 force field applied. Three independent simulations of 250 ns each were run for
the inactivated-state model. Temperature, controlled by the Langevin thermostat, was set to 303.15 K and
pressure to 1.01325 bar (1 atm). All MD simulations employed a 2 fs time step.

The MD trajectories were processed into protein-only PDB snapshots saving a frame every 1 ns. DCJW
and metaflumizone were docked to each snapshot as described above for the static models, generating up to
750000 poses in total. The lowest energy poses were selected for the starting points of MD simulations of
ligand-bound protein. Equilibration followed by 250 ns MD simulations were run as described for the apo
protein. Topology and parameters files for DCJW were generated by SwissParam [101]. Results were visualized
with the VMD code [102].

4.4 Enhanced Sampling MD Simulations

Enhanced sampling MD simulations were run using the Gromacs 2020.7 software [103] patched with the
PLUMED 2.8 plugin [104, 105]. The simulations were run in the NVT ensemble using the stochastic velocity
rescaling thermostat [106] at 303.15 K with a relaxation time of 1 ps. Hydrogen bonds were constrained using
P-LINCS [107]. The voltage-sensor domains of VGSC were removed and neutral groups were added to cap S4-S5
linkers termini. The system preparation (e.g., equilibration) and the rest of simulation parameters were the
same as for equilibrium MD simulations (Section 2.3).

To find possible reaction coordinates for DCJW binding in the fenestrations, we used the maze module
of PLUMED [108] and followed the protocol described in Refs. [41, 108]. DCJW was biased to move with a
constant velocity of 10 A/ns with a bias height of 240 kcal/mol. The direction of biasing was found by
minimizing a loss function describing contacts between the ligand and VGSC every 1 ns using simulated
annealing. The implemented loss function was Q= Zk|[1+exp(rk|-ro)]'1, where ry is the distance between the i-
th atom of DCJW and the j-th atom of VGSC and r is set to 4 A. In total, 30 such MD simulations were run. The
simulations were terminated when DCJW dissociated from VGSC or the simulation time exceeded 100 ns. The
average length of these MD simulations was around 23 ns.

To reconstruct free-energy profiles along the identified reaction coordinates, for each, we ran a 500-ns
well-tempered metadynamics simulation [109]. DCIW conformations and VGSC Ca atoms within 8 A of any
atom of DCJW taken from the reaction coordinates were used to define path-collective variables—progress
along the reaction coordinate (S) and the distance from the reaction coordinate (z) [42]. To prohibit DCIW from
escaping to the membrane, additional constraints for the progress along the reaction coordinate and the
distance from the reaction coordinate with force constants equal to 1000 kJ/mol were added. Both path-
collective variables were biased using an initial Gaussian height of 2 kJ/mol, a width of 0.12, and a bias factor of
50. Gaussians were deposited every 1 ps, and the time-dependent constant c(t) was updated every 10 Gaussian
depositions. The free-energy profiles were reweighted using the Tiwary-Parrinello algorithm [110], taking
into account the metadynamics bias potential and the constraints.

4.5 Fenestration Analysis

Fenestration analysis was performed using CAVER 3.0 [43] with default parameters, except for a probe radius
of 0.8 A, shell radius of 15 A, and shell depth of 15 A. Three MD trajectories of the inactivated model were
processed into a series of PDB snapshots containing pore domain and S4-S5 linkers only, taking a frame every 1
ns. The following residues were used as starting points for tunnel search: Phe416 (S6 DI), Gly1015 (S6 DIl),
Phe1553 (S6 DIII), and Phe1852 (S6 DIV).
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11. Summary and future prospects

The presented doctoral dissertation aimed to characterize the molecular basis of repellents and

insecticides’ action on their target proteins. The results obtained during the implementation of

the above-mentioned studies made it possible to achieve the following goals:

By the precise analysis of the dynamic evolution of residue-reside contact scores, we
described the first-stage allosteric pathway of conformational changes in mAChRs in
response to agonist binding. This enabled us to design and test the action of the
bitopic, photoswitchable compound with a potential repellent activity and reduced
mammalian toxicity.

We compared the binding modes of four peptide toxins from sea anemones on the
cockroach voltage-gated sodium channel. Our modeling results were further validated
experimentally by electrophysiological investigation of toxins’ efficacy on neuronal
preparations of Periplaneta americana. The different potency of toxins to inhibit the
fast inactivation process of insect channels manifested through the prolongation of the
action potential, could not be explained by docking energy term but rather the
combination of various parameters contributing to the blockage of the channel’ S4
helix.

We found that the most probable entry route of DCJW blocker insecticide to the
central cavity of VGSC is via the DIII-DIV fenestration. We explain the role of the
F1852T mutation found in resistant insects and the increased toxicity of DCJW
compared to its bulkier parent compound, indoxacarb. We also indicated the channels’
residues contributing to SCBIs and non-ester pyrethroid etofenprox binding that could
be involved in the target site cross-resistance.

We confirmed that computer modeling linked with electrophysiological experiments
are effective tools in the understanding of neurotoxin actions at the molecular level.

The computational pipeline is ready for further studies of similar systems.

As a part of my doctoral project, we performed docking, MD, and enhanced sampling

simulations on pyrethroid insecticide — deltamethrin — binding to the VGSC of

Periplaneta americana. We described the ligand interactions with the residues carrying

96



knockdown resistance when mutated. We also investigated the role of fluctuations of the
fenestrations shape in deltamethrin action on cockroach channels. Free energy barriers
found in the fenestration greatly correlate with mutations found in resistant insects. In
collaboration with the team of Prof. Bruno Lapied (University of Angers, France), we
conducted an extensive electrophysiological investigation on the synergistic effects of
insecticides. We also discovered the biochemical pathway of insects’ response to stress
caused by insecticide and their novel mechanism of adaptation. The results will be of great
importance in insect control. The manuscript is in preparation, we plan to submit it to

Nature.

Under the NCN Preludium grant, 1 am working on designing a new class of
insecticides with acyl sulfonamide moiety and azobenzene functional group. We target a
VSD domain of sodium channel that is less conserved than an inner pore. New
compounds will block the arginine residues of S4 helices to inhibit the fast inactivation
process thus prolonging the action potentials (the effect observed under treatment with the

toxins from sea anemones).

We also plan to investigate in detail the molecular basis of the fast inactivation
process. We use the steered MD to get a full picture of the occluding inner pore by the
inactivation gate particle. A thorough understanding of this mechanism may result in

finding new ways to modulate sodium conductance and thus action potentials.
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