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ABSTRACT
Many peptide ligands of nicotinic acetylcholine receptors
(nAChRs) contain a large number of positively charged amino
acid residues, a striking example being conotoxins RgIA and
GeXIVA from marine mollusk venom, with an arginine content
of.30%. To determine whether peptides built exclusively from
arginine residues will interact with different nAChR subtypes or
with their structural homologs such as the acetylcholine-
binding protein and ligand-binding domain of the nAChR a9
subunit, we synthesized a series of R3, R6, R8, and R16
oligoarginines and investigated their activity by competition
with radioiodinated a-bungarotoxin, two-electrode voltage-
clamp electrophysiology, and calcium imaging. R6 and longer
peptides inhibited muscle-type nAChRs, a7 nAChRs, and
a3b2 nAChRs in the micromolar range. The most efficient
inhibition of ion currents was detected for muscle nAChR by
R16 (IC50 5 157 nM) and for the a9a10 subtype by R8 and R16
(IC50 5 44 and 120 nM, respectively). Since the R8 affinity for
other tested nAChRs was 100-fold lower, R8 appears to be

a selective antagonist of a9a10 nAChR. For R8, the electro-
physiological and competition experiments indicated the
existence of two distinct binding sites on a9a10 nAChR. Since
modified oligoarginines and other cationic molecules are
widely used as cell-penetrating peptides, we studied several
cationic polymers and demonstrated their nAChR inhibitory
activity.

SIGNIFICANT STATEMENT
By using radioligand analysis, electrophysiology, and calcium
imaging, we found that oligoarginine peptides are a new group of
inhibitors for muscle nicotinic acetylcholine receptors (nAChRs)
and some neuronal nAChRs, the most active being those with 16
and 8 Arg residues. Such compounds and other cationic
polymers are cell-penetrating tools for drug delivery, and we
also demonstrated the inhibition of nAChRs for several of the
latter. Possible positive and negative consequences of such an
action should be taken into account.

Introduction
Protein and peptide ligands, namely neurotoxins from

snake venom and a-conotoxins from Conus sea mollusks,
played a key role in the isolation of nicotinic acetylcholine
receptors (nAChRs) and in subsequent studies of their struc-
ture and function (see reviews by Nirthanan and Gwee, 2004;
Tsetlin and Hucho, 2004; Kasheverov et al., 2009a; Changeux,

2012; Utkin, 2013; Dutertre et al., 2017). To date, muscle-type
and neuronal nAChRs, as well as so-called “non-neuronal”
nAChRs built with the same subunits as neuronal nAChRs,
have been identified. Non-neuronal nAChRs are found in
immune system cells and other tissues (Wang et al., 2003;
Kawashima et al., 2015; Spindel, 2016). Snake venom neuro-
toxins interact mainly with muscle nAChRs and with recep-
tors built from a7 or a9a10 subunits (Dutertre et al., 2017).
a-Conotoxins, short neurotoxic peptides frompoisonousConus
sea mollusks, appeared in the nAChR research later; yet it is
the variety of natural a-conotoxins and their numerous
synthetic analogs that allows not only accurate discrimination
between the muscle and neuronal nAChRs but also identifi-
cation of various subtypes of the latter (McIntosh et al.,
1999; Dutertre et al., 2007, 2017; Azam andMcIntosh, 2009;
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Lebbe et al., 2014) and even species selectivity of distinct
receptor subtypes (Yu et al., 2018).
There are currently no X-ray or cryoelectron microscopy

structures for the nAChR complexeswith either a-neurotoxins
or a-conotoxins, and information on the binding surfaces of
these compounds is based primarily on the crystal complexes
with the acetylcholine-binding proteins (AChBPs) (Bourne
et al., 2005; Celie et al., 2005) or with the ligand-binding
domains (LBDs) of the a1 or a9 subunits (Dellisanti et al.,
2007; Zouridakis et al., 2014). All of these structures demon-
strated an important role of positive charges both in agonists,
such as carbachol (Celie et al., 2004), and in the above-
mentioned neurotoxins. To note, there are also many positive
charges in azemiopsin, a linear peptide from viper venom that
efficiently inhibits muscle nAChRs (Utkin et al., 2012). In-
terestingly, the addition of positive charges (of Lys or Arg
residues, in particular) was previously shown to considerably
enhance the affinity of a-conotoxins for various nAChR
subtypes (Kasheverov et al., 2006, 2011, 2016). In a character-
istic environment is the positive charge of nicotine as found
recently by cryoelectron microscopy of its complex with the
a4b2 nAChR (Morales-Perez et аl., 2016). This study is
devoted to the role of Arg residues and was stimulated by
the discovery of aO-conotoxin GeXIVA (Luo et al., 2015),
which has high selectivity for the a9a10 nAChR, a possible
target for the design of novel analgesics (Vincler et al., 2006).
This conotoxin was built with 28 amino acid residues; nine are
Arg residues and the conotoxin contains the sequence RRRR,
so we decided to investigate whether a peptide built exclu-
sively with Arg residues would be active against nAChRs.
A series of Arg oligomers was synthesized and their action

was analyzed by radioligand competition assay on several
nAChR subtypes and on nAChR models, namely on AChBPs
from Aplysia californica and Lymnaea stagnalis and a LBD of
the a9 subunit. Interestingly, peptides like R8 as such or in
modified form (e.g., including aromatic residues) (Nakase
et al., 2008) are used for targeted drug and gene delivery
through cell membranes (Jiang et al., 2011; Biswas et al.,
2013). This is why we supplemented our work by oligoargi-
nines with added tryptophan residues. Functional activity of
the synthesized peptides was then tested by electrophysiology
and calcium imaging. Structures of all investigated ligands
are given in Fig. 1 and all methods, receptors, andmodels used
are listed in Table 1.

With regard to oligoarginines, we should add that cationic
polymers (CPs) are an effective, biodegradable instrument for
intracellular delivery of nucleic acids and other negatively
charged molecules. CPs have notable potential for use in gene
therapy and drug delivery (Zavradashvili et al., 2019). All CPs
have a cationic nature and some contain arginine residues.
This is why we performed a binding assay and functional tests
on several recently synthesized CPs (Memanishvili et al.,
2014; Zavradashvili et al., 2019) and demonstrated their
effects on nAChRs. Thus, our results show that oligoarginines
are a new group of nAChR inhibitors that may be useful in
nAChR research, and this property should be taken into
account when applying oligoarginines and related compounds
for drug delivery.

Materials and Methods
Solid-Phase Synthesis of Peptides. A polystyrene resin with

a 2-chlorotrityl chloride handle, Fmoc-protected amino acids, and di-
isopropylcarbodiimidewere from Iris Biotech. 4-Methylpiperidinewas
from Acros Organics. Oxima Pure was from EMD Chemicals. Tri-
fluoroacetic acid (TFA) was from Solvay S.A. CLEAR-OX resin was
from Peptides International. Acetonitrile was a gradient grade and
was obtained from Biosolve. All other reagents and solvents were
purchased from a local manufacturer and used without additional
purification.

Peptide synthesis was carried out using a MultiSynTech Syro I
automatic peptide synthesizer. Preparative purification was carried
out on a Gilson high-performance liquid chromatography (HPLC)
system (333/334 pump with 215 liquid handler and 155 UV detector,
set at 210 and 280 nm). Peptides were eluted with an H2O-acetonitrile
gradientwith 0.1%TFA.HPLC–mass spectrometry (MS) analysis was
performed using a Thermo Finnigan LCQ Deca XP ion trap in-
strument with a Thermo Accela ultra-performance liquid chroma-
tography system equipped with a Waters Atlantis T3 column (C18
150 � 2 mm, 3 mm). Detection was achieved with a UV-visible DAD
detector and full scan MS (positive electrospray ionization mode,
150–2000 a.u.).

C-terminal amino acid was attached to the 2-chlorotrityl
chloride–activated resin in the presence of Huenig’s base for 2 hours.
Peptide assembly was performed by Fmoc methodology using di-
isopylcabodiimide activation with Oxima Pure as a nucleophilic
additive. A 10-fold excess of amino acids was used within a 2-hour
condensation time. After synthesis, the protected peptidyl-polymer
was washed with diethyl ether and then dried and treated with
a 150:4:3:0.5 (weight proportion) TFA/dithiothreitol/H2O/triisopro-
pylsilane mixture. Fifteen milliliters of the mixture was applied to
1 g peptidyl-polymer for 2 hours. The solution was then filtered out,
and the dry peptide was precipitated with a 10-fold volume of diethyl
ether and held at 4°C for 8 hours. The precipitated peptide was
centrifuged, washed three times with diethyl ether, and then dried
under vacuum. Crude peptide was purified by HPLC in a linear
gradient of acetonitrile from 0% to 20% on a Silasorb-C18 column
(5u 25 � 250 mm). After purification, the desired fractions were
lyophilized and analyzed by matrix-assisted laser desorption/
ionization–MS analysis using the Ultraflex TOF/TOF time-of-flight
mass spectrometer (Bruker Daltonics). A solution of 2,5-dihydrox-
ybenzoic acid (20 mg/ml, 50% acetonitrile in 0.1% TFA) was used as
amatrix. The sample was applied to anMTP 384 target plate ground
steel TF target (Bruker Daltonics) by a dried drop method. The
samples were desorbed by irradiation with a nitrogen laser (337 nm
wavelength) operating at a frequency of 50 Hz. Analyses of the
obtained mass spectrometric data were performed using the Flex-
Analyses 3.0 software package (Bruker Daltonics). All measured
masses of peptides were in a good accordance with the calculated
masses.

Fig. 1. (A) Sequences of all studied peptides. (B) Structures of investigated
CPs.
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Synthesis of CPs. The R-based cationic poly(ester amide) 8R3,
composed of sebacic acid (8), arginine (R), and 1,3-propanediol (3), was
synthesized as p-toluenesulfonic acid (TosOH) salt by solution poly-
condensation of di-p-toluenesulfonic acid salt of bis-(L-arginine)-1,3-
propylene diester with activated diester di-p-nitrophenyl sebacate
(Memanishvili et al., 2014).Molecularmass characteristics of the polymer
were as follows: molecular mass 5 13.10 kDa, Mn 5 5.80 kDa, and
Ð 5 2.26 (gel permeation chromatography in hexafluoroisopropanol).

The R-attached cationic polyamide tES-ED-R(Me) was synthesized
as hydrochloric acid salt by a two-step/one-pot synthesis consisting of
in situ interaction of L-arginine methylester dihydrochloride
[R(Me)×2HCl] with the intermediate polymer poly(ethylene epoxy-
succinimide) (tES-ED), which was formed at the first step of the one-
pot procedure after solution polycondensation of the di-p-nitrophenyl
ester of trans-epoxy-succinic acid (NtES) with the di-p-toluenesulfonic
acid salt of ethylenediamine (ED×2TosOH) in the presence of
triethylamine as a p-toluensulfonic acid acceptor. The degree of trans-
formation of tES-ED after its interaction with R(Me) 2HCl in
the presence of triethylamine as an HCl acid acceptor was
75% (Zavradashvili et al., 2014). Molecular mass characteristics
of the polymer were as follows: molecular mass 5 19.40 kDa, Mn 5
5.01 kDa, and Ð 5 3.88. The molecular mass of this polymer was
also determined by dynamic light scattering within the concentra-
tion range of 10–20 mg/ml and was 21.60 kDa, which coincides well
with the HPLC data.

The cationic polyamide 2ApdC (R-free) composed of succinic acid (2)
and N-(2-aminoethyl)-1,3-propanediamine (Apd) was synthesized as
hydrochloride salt (C) by solution polycondensation of trihydrochloric
acid salt of triamine Apd (ApdC3) with activated diester di-p-
nitrophenyl succinate (NSu) (Zavradashvili et al., 2019). Molecular
mass characteristics of the polymer were as follows: molecularmass5
8.34 kDa, Mn 5 2.80 kDa, and Ð 5 2.2697 (gel permeation
chromatography in hexafluoroisoparpanol).

Analysis of Competition of Arginine-Containing Peptides
and CPs with Radioiodinated a-Bungarotoxin for Binding to
a9 LBD, A. californica and L. stagnalis AChBPs, Torpedo
californica nAChR, and Human a7 nAChR. For competition
binding assays, suspensions of membranes from the electric organ of
the T. californica ray [1.25 nM a-bungarotoxin (aBgt) binding sites],
human a7 nAChR-transfected GH4C1 cells (0.4 nM aBgt binding
sites), or heterologously expressed A. californica and L. stagnalis
AChBPs (150 and 2.5 nM aBgt binding sites, respectively) were
incubated in 50 ml binding buffer (20 mM phosphate buffer, pH 7.0,
containing 1 mg/ml bovine serum albumin) for 90 minutes with
various amounts of peptides or CPs, followed by an additional
5-minute incubation with 0.1–0.2 nM 125I-labeled aBgt (500 Ci/mmol).
The membranes and cell suspensions were applied to glass GF/C
filters (Whatman) pretreated with 0.3% polyethylenimine. The sam-
ples were then washed (3 � 4 ml) with 20 mM cold Tris-HCl buffer,
pH 8.0, containing 0.1 mg/ml bovine serum albumin and bound
radioactivity was measured with a Wallac 1470 Wizard Gamma
Counter (PerkinElmer). Ten microliters of Ni21-NTA-agarose was
added to theAChBP samples; after an additional 5-minute incubation,
suspensions were filtered and washed and bound radioactivity was
measured as described above. For the humana9 extracellular domain,

competition experiments were carried out with 100 nM a9 extracel-
lular domain and different amounts of the ligands as described for
AChBPs. Nonspecific 125I-aBgt binding was determined in the
presence of 200-fold excess of a-cobratoxin.

Since the solubility of oligoarginine peptides and CPs depends on
the buffer pH, all binding experiments were carried out in 20 mM
phosphate buffer, pH 7.0. All further functional experiments (calcium
imaging, voltage-clamp electrophysiology) were performed in HEPES
buffers with pH 7.4–7.6. Under these conditions, the peptides were
soluble up to 100 mM and had a positive charge. CPs also did not show
any signs of precipitation to 100 mg/l under these conditions.

Plasmids and RNA Synthesis. Human a7 nAChR cDNA in
pCEP4 vector and mouse muscle a12b1«d nAChR subunit sequen-
ces cloned in pRBG4 vector were used. Human a9, a10, a3, and b2
RNAs were derived from pT7TS with the respective inserts.
Plasmid constructs of human nAChR a9, a10, a3, and b2 subunits
were linearized with XbaI restriction enzymes (NEB). mRNAswere
transcribed in vitro using the T7 mMESSAGEmMachine (Ambion)
and SP6 was prepared using SP6 mMESSAGE mMACHINE high-
yield capped RNA transcription kits (Ambion). Transcribed mRNA
was polyadenylated using the poly(A) tailing kit (Ambion).

Two-Electrode Voltage-Clamp Analysis of Peptide Interac-
tion with Mouse Muscle, Human a3b2, and a9a10
nAChRs. Xenopus laevis frogs were fed twice a week and maintained
according to supplier recommendations (Nasco; https://www.enasco.
com/page/xen_care). All appropriate actions were taken to minimize
animal discomfort and were carried out in accordance with the World
Health Organization’s International Guiding Principles for Biomed-
ical Research Involving Animals, under IACUC approval (protocol
number 251/2018 26.02.18). Oocytes were removed from mature,
anesthetized X. laevis frogs by dissecting the abdomen and removing
the necessary amount of ovarium. Stage V to VI X. laevis oocytes were
defolliculated with 2 mg/ml collagenase Type I (Life Technologies) at
room temperature (21224°C) for 2 hours in Barth’s solution composed
of 88.0 mMNaCl, 1.1 mMKCl, 2.4 mMNaHCO3, 0.8 mMMgSO4, and
15 mM HEPES-NaOH at pH 7.6. Oocytes were injected with 9.2 ng
human nAChR a9 and a10 cRNA (in a 1:1 ratio), human nAChR a3
and b2 cRNA (in a 1:1 ratio), or 10.8 ng plasmid DNA, containing
mouse muscle a1, b1, d, and « subunit sequences (in a 1:1:1:1 ratio).

Oocytes were incubated at 18°C in Barth’s solution supplemented
with 40 mg/ml gentamicin and 100 mg/ml ampicillin for 4 days (a9a10)
or 2 days (muscle and a3b2) before electrophysiological recordings.
Recordings were performed using a Turbo TEC-03X amplifier (Npi
Electronic) and WinWCP recording software (University of Strath-
clyde). We used electrodes containing 3 M KCl with a resistance
of ∼0.1 megaohms. Membrane potential was clamped at 260 mV.

Peak current amplitudes of acetylcholine (ACh)–induced responses
were measured before (30 mM ACh alone) and after preincubation of
oocytes with the tested peptides, followed by application of 30 mM
ACh/peptidemixture. The ratio between these twomeasurements was
used to assess the activity.

The voltage-current relationship experiment was performed with
a 50-millisecond voltage ramp and 5-minute intervals between
measurements. All ramps were recorded 3 seconds after application
of 10 mMACh or 10 mMACh/0.12 mMR8mixture in the plateau phase

TABLE 1
All methods, receptors, and models used in this study

Method nAChR Type Model

Competitive radioligand assay a12b1gd muscle type Membranes of T. californica ray electric organ
Human a7 GH4C1 cells
Human a9 LBD
AChBP L. stagnalis

A. californica
Two-electrode voltage-clamp electrophysiology Mouse a12b1«d muscle X. laevis oocytes

Human a9a10
Human a3b2

Calcium imaging Human a7 Neuro2a cells

666 Lebedev et al.
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of response. All inhibitors (1 mM cobratoxin or 0.12 mM R8) were
preincubated with oocytes for 5 minutes before recording.

Cell Line Culture and Transfection. Mouse neuroblastoma
Neuro2a cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% fetal bovine serum (Sigma). All media
were supplemented with 1� penicillin/streptomycin (Sigma) and
cultured at 37°C in an atmosphere of 5% CO2.

Neuro2a cells were transiently transfected with plasmids
a7 nAChR-pCEP4, Ric3-pCMV6-XL5 (OriGene), and pCase12-cyto
vector (Evrogen) utilizing the Lipofectamine transfection protocol
(Invitrogen). Transfected cells were grown in Dulbecco’s modified
Eagle’s medium (Paneco) supplemented with 10% fetal bovine serum
(PAA Laboratories) on black 96-well plates (Corning) at 37°C in a CO2

incubator for 72 hours.
Calcium Imaging Analysis on the Neuroblastoma Neuro2a

Cell Line Expressing Human a7 nAChR. Growth medium was
removed and cells were washed with external buffer containing
140 mM NaCl, 2 mM CaCl2, 2.8 mM KCl, 4 mM MgCl2, 20 mM
HEPES, and 10 mM glucose, pH 7.4. Intracellular calcium concentra-
tion increase [Ca21]i measurements were performed in external buffer
containing 10 mM PNU120596 (Tocris). After 5-minute preincubation
of the peptides, the mixture of ACh with peptide was applied and
fluorescence was recorded every 2 seconds for 3 minutes (excitation/
emission: 485/535 nm) using a Hidex Sence multimodal microplate
reader (Hidex). Responses were measured as the peak intensity
minus the basal fluorescence level and were expressed as a per-
centage of the maximal response to 30 mM ACh. Controls were run

in the presence of 4 mM a-cobratoxin. All data files were analyzed
using Hidex Sence software (Hidex) and OriginPro 8 software
(OriginLab) for statistical analysis. All IC50/EC50 curves presented
in this article were fitted with the following dose-response equa-
tion: .y5A11 ðA2� A1Þ=11 10ðlogx0�xÞ�p

Results
Synthesis and Characterization of Arginine-Containing

Peptides. All arginine-containing peptides (Fig. 1A) were
obtained by standard methods of solid-phase peptide synthe-
sis using the Fmoc strategy and were purified by reverse
phase HPLC. Their structures were confirmed by electro-
spray ionization–MS (Supplemental Fig. 1), with experimen-
tal values of the masses being in full accordance with the
theoretical values (Supplemental Table 1).
Analysis of Competition of Arginine-Containing

Peptides with Radioiodinated aBgt for Binding to a9
LBD, A. californica and L. stagnalis AChBPs, T.
californica nAChR, and Human a7 nAChR. The tests
began with the AChBPs, which bind aBgt and some other
snake venom a-neurotoxins and a-conotoxins, according to
biochemical and X-ray data (Celie et al., 2005; Hansen et al.,
2005; Ulens et al., 2006; Dutertre et al., 2007; Lin et al.,
2016b). None of the peptides (at a concentration of up to

Fig. 2. Results of competitive radioligand assays. (A and B) Competition of 125I-aBgt with arginine peptides R6 (black circles), R8 (white circles), R16
(black triangles), andW2R4 (black squares) for binding to a9 LBD (A) and T. californica nAChR (B). (C) Competition of 125I-aBgt with peptides R8 (white
circles), R16 (black triangles), and W2R4 (black squares) for binding to human a7 nAChR expressed in the GH4C1 cell line. (D) Competition of
125I-aBgt with arginine oligomer R16 (black triangles) for binding to L. stagnalis AChBP. Each data point is the mean of two to four independent
experiments 6 S.D. The respective IC50 values are presented in Table 2.
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40 mM) interacted with A. californica AChBP. As for
L. stagnalis AChBP, no inhibition was observed with oligoar-
ginine peptides containing eight residues or fewer; only
a relatively weak inhibition was shown with R16 (Fig. 2D),
with an IC50 value in the micromolar range (Table 2). This
means that at least relatively long oligoarginine peptides can
bind to this nAChR model. We recently demonstrated a com-
petition of 125I-aBgt with arginine-rich a-conotoxin RgIA and
aO-conotoxin GeXIVA for binding to another nAChR model,
namely to the LBD of the nAChR a9 subunit (a9 LBD)
(Kryukova et al., 2018a). In this work, we checked the
interaction of oligoarginines with a9 LBD via their ability to
inhibit specific 125I-aBgt binding (Fig. 2A). No activity was
registered for peptides R3 and WR2 at up to 60 mM, whereas
activity increased for the series W2R4, R6, R8, and R16, with
values of approximately 15, 5, and 1mM forW2R4, R6, and R8,
respectively, and 160 nM for R16 (Table 2).
Next we examined the competition of oligoarginines with

125I-aBgt for binding to full-size receptors: muscle-type
T. californica ray nAChR (Fig. 2B) or human a7 nAChR
(Fig. 2C). As in the two preceding cases with L. stagnalis
AChBP and a9 LBD, there was virtually no inhibition of 125I-
aBgt binding to these receptors by tripeptides R3 or WR2
(Table 2). Hexapeptides R6 and W2R4 revealed a certain
selectivity for the Torpedo nAChR, with low micromolar IC50

values and almost no binding to the a7 receptor. The affinity
toward the Torpedo nAChR dramatically increased from
0.4 mM for R8 to 36 nM for R16, but an increase was not so
dramatic for a7 nAChR (IC50 5 approximately 8–22 mM).
Analysis of the Interaction of Oligoarginine Peptides

with nAChRs by Two-Electrode Voltage-Clamp Elec-
trophysiology or Calcium Imaging. We used two-
electrode voltage-clamp electrophysiology to analyze the
effects of oligoarginines on mouse a12b1«d muscle nAChRs
(Fig. 3B), human neuronal a3b2 nAChRs (Fig. 3A), and a9a10
nAChRs expressed in Xenopus oocytes (Fig. 3D; see also
Supplemental Fig. 2, A, B, and D). In general, the same
tendency was observed in their activities as in competition
with 125I-aBgt: therewas no decrease of current amplitudes by
tripeptides R3 andWR2, whereas all examined receptors were
inhibited by hexapeptides R6 and W2R4 at low micromolar
concentrations (Table 3). Interestingly, incorporation of two
Trp residues made the affinity of the respective hexapeptide
several times higher, compared with R6, for muscle and a3b2
receptors, except a9a10 nAChR: against the latter, R6 with an
IC50 of 0.3 mM was 20-fold more active.
Peptide R16 showed the highest affinity toward a9a10

nAChR, with an IC50 of 120 nM, slightly low efficacy for
blocking muscle receptors (IC50 5 160 nM), and the lowest

activity in the micromolar range toward a3b2 nAChRs.
Interestingly, R8 against the muscle and a3b2 nAChRs was
about 50- and 8-fold weaker than R16, but it had the highest
affinity of 44 nM for a9a10 nAChR (Table 3). Since the affinity
of R8 for all other tested nAChRs was 100-fold lower, this
compound can be considered as a relatively selective antago-
nist of a9a10 nAChR.
We also studied the action of oligoarginines on the a7

nAChR expressed in Neuro2a cells using calcium imaging in
the presence of positive allosteric modulator PNU 120596,
essentially as described in Shelukhina et al. (2017). The
results (Fig. 3C; Table 3; Supplemental Fig. 2C) agree in
general with what was obtained for other receptors heterolo-
gously expressed in Xenopus oocytes (i.e., no activity for
tripeptides, and IC50 values for all other compounds being in
the low micromolar range). The most interesting result here
was the relatively high activity of hexapeptide W2R4 (IC50 5
1 mM) in contrast with its low affinity toward the same
receptor in the competition with 125I-aBgt (see Table 2),
suggesting its binding outside the orthosteric site.
To obtain more detailed information on the binding mode of

W2R4 peptide to a7 nAChR, we performed a series of calcium
imaging experiments in which we changed the agonist
concentration. We built a dose-response curve to ACh for a7
nAChR in the absence and presence of 1 mM W2R4; this
revealed the right shift of the EC50 value from 1.53 mM
(95% CI, 1.21–2.46) to 10.1 mM (95% CI, 4.09–27.3), with
a reliable decreasing amplitude of maximum response from
95%6 4.7% to 73.5%6 4.7% (Fig. 4A; Supplemental Fig. 2E),
hinting at a possible noncompetitive mode of inhibition.
For comparison, we evaluated in a similar way the current

inhibition mode in additional electrophysiological experi-
ments for peptide R8 toward the a9a10 receptor, taking into
consideration its highest affinity and the specificity toward
this receptor subtype compared with other oligoarginines
(Table 3). The dose-response curves for a9a10 nAChR
showed that R8 at 50 nM did not markedly modify the
EC50 value (Fig. 4B; Supplemental Fig. 2F) from 19.2 mM
(95% CI, 14.02–26.35) to 36.9 mM (95% CI, 21.1–64.5) and
markedly reduced the maximum current amplitude from
102.9% 6 3.9% to 18.8% 6 2.6%, which is a typical behavior
of noncompetitive inhibitors.
A noncompetitive mechanism of R8 action on a9a10 nAChR

could also be suggested from our next experiment. Simulta-
neous coapplication of 120 nM R8 with 30 mMACh had a little
effect on the peak amplitude but led to prominent reduction of
the ACh-evoked net charge (Fig. 4C). Herewith, preincubation
with R8 peptide for 5minutes resulted in a dramatic reduction
of the peak amplitude of the ACh-evoked ion current (Fig. 4D).

TABLE 2
Results of the 125I-aBgt competition assay with oligoarginine peptides
Data are presented as IC50 values (95% CIs), and each point is the mean of two measurements for each concentration in two or three independent experiments.

Peptide
IC50 (95% CI)

T. californica nAChR a7 nAChR a9 LBD L. stagnalis AChBP A. californica AChBP

mM

R3 .40 .40 .60 .40 .40
WR2 . 20 .40 .60 .40 .40
W2R4 4.18 (3.32–5.26) .40 15.5 (12.5–19.1) .40 .40
R6 1.21 (0.94–1.56) .40 4.75 (3.31–6.82) .40 .40
R8 0.401 (0.376–0.442) 22.4 (20.7–24.2) 1.31 (1.20–1.43) .20 .40
R16 0.036 (0.028–0.045) 7.66 (5.44–10.79) 0.16 (0.14–0.18) 1.44 (1.21–1.74) .40
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However, the increase in the ACh concentration from 30 to
270 mM did not cause a substantial effect on the relative
degree of inhibition both at simultaneous coapplication of
peptide with ACh (Fig. 4, C and E) and at its preincubation
(Fig. 4, D and F), confirming a noncompetitive mechanism of
inhibition.
We attempted to characterize this peptide binding site and

investigated the effect of membrane potential on R8 activity.
The degree of a9a10 nAChR inhibition showed a strong
dependence on membrane potential: 120 nM R8 reduced the
amplitude of ACh-evoked ion current by more than twice at
a negative potential (2120 and 260 mV) but had a very little

effect on it at positive holding potential (140 and 160 mV)
(Fig. 5A), suggesting possible action on the receptor ion pore.
We also analyzed the voltage-current relationship of a9a10
nAChR. Voltage ramp was performed during application of
10 mM ACh. Preincubation with 120 nM R8 (near its IC50

value) noticeably shifted the reversal potential from 222 to
15 mV (Fig. 5B, solid and dashed lines). In contrast, in-
teraction with a-cobratoxin, a classic competitive antagonist,
did not produce any reversal potential shift (Fig. 5B, dotted
line). The reversal potential shift most likely arises from the
R8 binding in a9a10 nAChR at a site situated near the
ion pore.

Fig. 3. Analysis of ion current inhibition in nAChRs by oligoarginine peptides R6 (black circles), R8 (white circles), R16 (black triangles), and W2R4
(black squares). (A, B, and D) Currents induced by 30 mM acetylcholine in human a3b2 nAChRs (A), mouse a12b1«d muscle nAChRs (B), and human
a9a10 nAChRs (D) expressed in Xenopus oocytes. (C) Oligoarginine peptides inhibited the calcium increase induced by 30 mMACh through a7 nAChRs
expressed in Neuro2a cells. Each data point is the mean of two to four independent experiments6 S.D. The respective IC50 values are presented in Table 3.

TABLE 3
Results of the two-electrode voltage-clamp recording and calcium imaging assay of oligoarginine
peptides
Data are presented as IC50 values (95% CIs) (n 5 2–6).

Peptide
IC50 (95% CI)

Muscle a3b2 a9a10 a7

mM

R3 .50 .50 .50 .50
WR2 .50 .50 .50 .50
W2R4 1.60 (1.22–2.11) 1.71 (0.688–4.24) 7.71 (5.46–10.90) 1.01 (0.91–1.12)
R6 19.1 (9.16–40.00) 7.59 (5.25–10.9) 0.316 (0.181–0.552) 4.24 (3.45–5.22)
R8 7.37 (4.87–11.20) 20.3 (9.08–45.5) 0.044 (0.026–0.075) 11.9 (8.45–16.8)
R16 0.157 (0.085–0.284) 2.61 (1.58–4.34) 0.12 (0.093–0.159) 3.53 (2.17–5.72)
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Analysis of Interaction of CPs with nAChRs. After
finding the cholinergic effects with the oligoarginine peptides,
we hypothesized that other CPs also might show antagonistic
properties toward nAChRs and we investigated this with
three compounds (see Fig. 1B) synthesized for intracellular
gene delivery (Memanishvili et al., 2014; Zavradashvili et al.,
2014, 2019). Binding tests showed competition of 2ApdC and
8R3with 125I-aBgt for binding to human a7 nAChR onGH4C1
cells (Fig. 6A). Next, we demonstrated the ability of com-
pounds 2ApdC and 8R3 to inhibit ACh-induced calcium entry
through human a7 nAChR, whereas tES-ED-R(Me) did not
show any activity at a concentration up to 100 mg/l (Fig. 6B;
Table 4). Interestingly, 2ApdC and tES-ED-R(Me) in electro-
physiological experiments on Xenopus oocytes showed the

properties of the mouse muscle a12b1«d nAChR antagonists
(Fig. 6C; Table 4). It should be noted that these synthetic CPs
are the mixtures of fractions with different molecular weights
(disperse systems), which makes it impossible to assess their
activity in molar units and makes as operate only in units of
milligrams per liter.

Discussion
This work presents oligoarginine peptides as a new group

of nAChR inhibitors. Synthesis of these compounds was not
a consequence of a comprehensive in silico analysis but
originated from our long studies on a-conotoxins, in which
Arg residues were found to be important for efficient binding

Fig. 4. (A andB) Shifts of ACh dose-response curves on a7 nAChR expressed inNeuro2a cells under the influence of 1mMW2R4 (A) and on a9a10 nAChR
expressed in Xenopus oocytes under the influence of 50 nM R8 (B). The EC50 value for the a7 receptor under the influence of W2R4 was essentially
increased from 1.53 mM (95%CI, 1.21–2.46) to 10.1 mM (95%CI, 4.09–27.3). The EC50 value for the a9a10 receptor under the influence of R8 was changed
slightly from 19.2 mM (95%CI, 14.0–26.3) to 36.9 mM (95%CI, 21.1–64.5). Because of decreasingmaximum current amplitude in both cases, these results
suggest the noncompetitive mode of antagonism. (C and E) Ion current traces induced in Xenopus oocytes expressed a9a10 nAChR by simultaneous
application of 30 or 270 mMACh with 120 nM R8, together with control traces induced by 30 or 270 mMACh. Current amplitude was not changed under
the influence of R8 but net charge was noticeably decreased. (D and F) Five-minute preincubation of the oocyte with 120 nM R8 was followed by
application of 30 or 270 mM ACh with 120 nM R8. Both amplitude and net charge were decreased considerably. The lack of immediate R8 effect on
amplitude can be explained by its slow binding kinetics. The independence of inhibition mode on ACh concentration indicates the noncompetitive nature
of this interaction.
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to various nAChR subtypes (Kasheverov et al., 2006, 2011,
2016; Utkin et al., 2012). In particular, this work was also
stimulated by the recent discovery of aO-conotoxin GeXIVA,
which contains the sequence RRRR and has high selectivity
for a9a10 nAChRs (Luo et al., 2015; Li et al., 2016; Zhangsun
et al., 2017).
In this study, we showed that oligoarginines are nAChR

inhibitors, based on experiments with T. californica muscle-
type nAChR, mouse muscle nAChR, and human neuronal
a3b2, a7, and a9a10 nAChRs. Similarly to embracing a se-
ries of nAChRs and their models, we used a combination of

methods to reliably prove the interaction of oligoarginines
with the tested targets. First, binding was revealed via
competition with radioiodinated 125I-aBgt for attaching to
the receptors or their models (see Fig. 2; Table 2). Second,
competition with aBgt was reflected in the inhibition of
functional responses in all analyzed receptors, as shown by
two-electrode voltage-clamp electrophysiology and calcium
imaging (see Figs. 3 and 4; Table 3).
What are the main findings? First, this study shows that

two or three Arg residues (in R3 or WR2) are insufficient for
interaction. Binding started with the hexapapetides R6 and

Fig. 5. (A) The degree of inhibition of a9a10 nAChR by R8 is dependent on holding potential. Current was evoked by 10 mM ACh with the addition of
120 nM R8 after 5-minute incubation of 120 nM R8 with a9a10 nAChR. The oocyte was held at 2120, 260, 140, and 160 mV. (B) Voltage-current
relationship of a9a10 nAChR. The positive control current (solid line) was induced by 10 mMACh. The second ramp (dashed line) was performed during
exposure to 10 mM ACh after 5-minute incubation with 120 nM R8. The negative control ramp (dotted line) was evoked by 10 mM ACh after 5-minute
incubation with 1 mM cobratoxin. Cobratoxin, as a classic competition antagonist, had no effect on reversal potential, whereas R8 shifted this potential
and modified the channel’s ion permeability in a potential-dependent manner.

Fig. 6. (A) Competition of CPs 2ApdC and 8R3 with 125I-aBgt for binding to the human a7 nAChR in the GH4C1 cell line. tES-ED-R(Me) did not show
inhibition of binding 125I-aBgt to 100 mg/l. (B) Inhibition of the intracellular calcium concentration increase induced by ACh in human a7 nAChR
expressed inNeuro2a cells by 2ApdC (black circles) and 8R3 (black triangles). (C) Inhibition of ion currents induced in themousemuscle a12b1«d receptor
expressed in X. laevis oocytes by 2ApdC (black circles) and tES-ED-R(Me) (white circles). Each data point is the mean of two to four independent
experiments 6 S.D.

Oligoarginine Inhibitors of nAChRs 671

 at A
SPE

T
 Journals on M

arch 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


W2R4 and became more pronounced with R8 and R16. The
measured IC50 values (see Fig. 2; Table 2) for a series of
nAChRs were the first indication that oligoarginines may
possess a certain selectivity for distinct nAChR subtypes,
which was then confirmed by the inhibition of nAChR
functional responses (Figs. 3 and 4; Table 3). In the electro-
physiology experiments, the most active was R8 at a9a10
nAChR (IC50 0.04 mM) and its activity for all other tested
nAChRs was 100-fold lower, showing its moderate selectivity
for the a9a10 nAChR.
Of particular interest is the hexapeptide W2R4, which

bound with micromolar affinity to the Torpedo nAChR and
a9 LBD but did not compete with 125I-aBgt for binding to a7
nAChR (Table 2). On the other hand, functional tests on all
studied receptors revealed inhibitory activity in the range of
1–8 mM, with the highest activity against a7 nAChR, thus
indicating the interaction with the latter receptor at the site
not overlapping that for aBgt.
In our recent work on low molecular weight compounds

(Kudryavtsev et al., 2018; Spirova et al., 2019), a-conotoxins
(Kudryavtsev et al., 2015; Kasheverov et al., 2016; Kryukova
et al., 2018a), and human Ly6 proteins (Lyukmanova et al.,
2016; Durek et al., 2017), we found that some of them can
bind to the orthosteric or allosteric sites of nAChRs. Here
we did not plan a detailed investigation of the mechanism
of oligoarginine action, but we made exceptions for R8
and W2R4.
Since R8 shows moderate selectivity for a9a10 nAChR, we

analyzed the effects of R8 on the receptor currents in more
detail. The voltage-clamp experiments showed that R8 did not
considerably modify the EC50 value of ACh for the human
a9a10 nAChR (Fig. 4B) but it reduced the maximum current
amplitude. In addition, a degree of a9a10 nAChR inhibition by
R8 did not decrease with the increased ACh concentration
(Fig. 4, C–F). This allowed us to assume a mixed, semi-
noncompetitive mode of inhibition and suggests the existence
of an auxiliary binding site in addition to the orthosteric site
revealed by the competition assay. The voltage-clamp experi-
ments with a change in membrane potential showed that
inhibition of a9a10 nAChR by R8 depends on the membrane
potential (Fig. 5A). To note, a classic nAChR competitive
inhibitor a-cobratoxin decreases the amplitude of ion current
regardless of the potential polarity, whereas R8 decreases the
inward current recorded under the negative potential more
strongly than the outward current recorded under positive
potential (Fig. 5B). In addition, a-cobratoxin does not modify
the value of reverse potential, whereas R8 substantially shifts
it. Thus, we suppose that the additional allosteric binding site
for positively charged R8 is most likely near the nAChR
channel moiety, where a number of negatively charged amino
acid residues are situated.

In another example of probable binding beyond the orthos-
teric sites, W2R4 peptide showed no competition with 125I-
aBgt but inhibited the Ca21 entrance through a7 nAChR. In
addition, imaging experiments showed a decrease in maxi-
mum current amplitude under the influence of W2R4. In view
of a lack of competition with 125I-aBgt, the noncompetitive
binding mode seems to be a plausible explanation for these
observations.
We decided to investigate whether CPs can interact with

nAChRs. CPs can form electrostatic complexes with anionic
biomolecules including nucleic acids and are of interest as
carriers of biologically active compounds. Antimicrobial, anti-
oxidant, antitumor, and anti-inflammatory properties make
CPs promising for therapeutic purposes (Moroson and
Rotman, 1975; Samal et al., 2012). Thus, activity against
nAChRs was tested for three compounds (see Fig. 6; Table 4)
synthesized for intracellular gene delivery (Memanishvili
et al., 2014; Zavradashvili et al., 2014, 2019). We detected
competition of 2ApdC and 8R3 but not of tES-ED-R(Me) with
125I-aBgt for binding to a7 nAChR on GH4C1 cells. Com-
pounds 2ApdC and 8R3 inhibited ACh-induced calcium
entry through a7 nAChR. In electrophysiological experi-
ments on Xenopus oocytes, 2ApdC and tES-ED-R(Me) be-
haved as antagonists of muscle nAChRs.
The discovered capacity of oligoarginines, their modified

forms, and the ability of CPs to interact with nAChRs may
have positive and negative consequences. Some examples
include lung cancer cells when such nAChR subtypes such
as a7 should be suppressed (Spindel, 2016) and where
oligoarginines may play both a transporter and inhibitor role.
On the other hand, when there is a need to activate nAChRs,
such as in the case of immune cells in inflammatory conditions
(Zakrzewicz et al., 2017), the inhibition may be undesirable.
The most serious outcome might be a block of muscle nAChRs
leading to respiratory arrest. Therefore, possible cholinergic
side effects of therapeutic application of oligoarginine peptides
and CPs should be taken into consideration.
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SUPPLEMENTARY MATERIALS                                                                       

 

 

Table 1. Calculated and measured mass of synthetic peptides. 

 

Fig. 1. The deconvoluted ESI-MS spectra of synthetic peptides. 

 

Fig. 2. Ion currents inhibition in the nAChRs by oligoarginine peptides. Each measurement is 

represent by individual data point. Inhibition of ion currents by R6 (●), R8 (●), R16 (●) and 

W2R4 (●). Currents induced by 30 μM acetylcholine in the human α3β2 (A), human α9α10 

(B) and mouse muscle (C) nAChRs expressed in the Xenopus oocytes.  

Oligoarginine peptides inhibit the calcium rise, induced by 30 μM acetylcholine through α7 

nAchRs expressed in the Neuro2a cells (D).  

The shifts of Ach dose-response curves on (E) α7 nAChR expressed in the Neuro2a cell under 

the influence of 1 μM W2R4 and on (F) α9α10 nAChR expressed in the Xenopus oocytes 

under the influence of 50 nM R8.  
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TABLE 1. 

 

 

Peptide Calculated mass Measured mass 

RRR 486.57 486.4 

RRRRRR 955.13 954.9 

RRRRRRRR 1267.5 1267.2 

RRRRRRRRRRRRRRRR 2516.99 2517.0 

WRR 516.6 516.3 

WWRRRR 1015.18 1014.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

FIGURE 1. 
 

 

 
 

 

 

 

 

 



 

FIGURE 2. 

 

 
 

 

 
 


