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Abstract

Nicotine is regarded as the main active addictive ingredient in tobacco products driving continued tobacco abuse behavior (smoking)
to the addiction behavior, whereas nicotinic acetylcholine receptors (nAChR) is the crucial effective apparatus or molecular effector of
nicotine and acetylcholine and other similar ligands. Many nAChR subunits have been revealed to bind to either neurotransmitters or
exogenous ligands, such as nicotine and acetylcholine, being involved in the nicotinic receptor signal transduction. Therefore, the nicotinic
receptor signalling molecules and the receptor-ligand molecular interactions between nAChRs and their ligands are universally regarded
as crucial mediators of cellular functions and drug targets in medical treatment and clinical diagnosis. Given numerous endeavours have
been made in defining the roles of NAChRs in response to nicotine and other addictive drugs, this review focuses on studies and reports
in recent years on the receptor-ligand interactions between nAChR receptors and ligands, including lipid-nAChR and protein-nAChR
molecularinteractions, relevant signal transduction pathways and their molecular mechanismsin the nicotinic receptor signalling systems.
All the references were carefully retrieved from the PubMed database by searching key words "nicotine", "acetylcholine”, "nicotinic
acetylcholine receptor(s)", "nAChR*", "protein and nAChR", "lipid and nAChR", "smok*" and "tobacco". All the relevant referred papers and
reports retrieved were fully reviewed for manual inspection. This effortintend to get a quick insight and understanding of the nicotinic
receptor signalling and their molecular interactions mechanisms. Understanding the cellular receptor-ligand interactions and molecular
mechanisms between nAChRs and ligands will lead to a better translational and therapeutic operations and outcomes for the prevention
and treatment of nicotine addiction and other chronic drug addictions in the brain’s reward circuitry.
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INTRODUCTION

Smoking is the well-documented cause of preventable
death in many countries and areas and nicotine is recognized
as the main ingredient of used tobacco products and one of
the most active addictive ingredients in abused to bacco and
other addictive drugs driving continued tobacco abuse or
smoking behavior to an addiction behavior despite individual
knowledge of the possible harmful consequences'.lt is a
chemical tertiary amine alkaloid and in particularinits charged
status, it binds to diverse subunits and/or subtypes of nicotinic
acetylcholine receptors (nAChRs) that are integral allosteric
membrane proteins with average molecular mass of 290 kDA
in the nicotinic cholinergic systems of the central nervous
system?3. nAChRs form a Cys-loop family of ligand-gated ion
channels (LGICs) mediating the effects of neurotransmitter
acetylcholine (ACh) and these receptors are among the most
well understood allosteric membrane proteins from a
structural and functional perspective®. In terms of the
molecular structures, the nAChRs belong to a superfamily of
membrane-bound neurotransmitter receptors mediating the
transformation of a chemical signal released from one neuron
to an electrical signal at the next cell. Similar to the case of
the cholinergic neurotransmitter system, nAChRs are also
widely distributed and they participate in cholinergic signaling
in nearly every neural area. There area lot of nicotinic
acetylcholine receptors in human and animal nicotinic
cholinergic system due to the structure diversity. Many
nNAChR subunits have been revealed to bind to either
neurotransmitters or exogenous ligands, such as nicotine and
acetylcholine, being responsible for the nicotinic receptor
signaltransduction. Therefore, the nicotinic receptor signalling
molecules and the receptor-ligand molecular interactions
between nAChRs and their ligands are universally regarded as
crucial mediators of cellular functions and drug targets to in
medical treatmentand clinical diagnosis and pathophysiology
research. Up today, too many efforts have been made in
defining arole and risk or risk potential of NnAChRs in response
to nicotine and other addictive drugs in the development
of various diseases and reports of our group have also
summarized the genes and genomics and pathways
associated with the genetic regulation and functional
aspects of nicotine addiction or smoking and other drug
addiction*>12, Meanwhile, there are currently few reviews on
the receptor-ligand molecular interactions between nAChRs
and ligands'3, although some studies and research reports on
the lipid-nAChR and protein-nAChR molecular interactions
and other nAChR's receptor-ligand interactions. By searching
the PubMed database with key words "nicotine",
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"acetylcholine", "nicotinicacetylcholine receptor(s)", "nAChR*",
"protein and nAChR", "lipid and nAChR", "smok*" and
"tobacco", all the relevant review papers and research reports
were carefully retrieved and manual inspection. All the
retrieved review papers and research reports were fully
reviewed. Furthermore, we also manually checked the
references individually for additional studies not indexed by
the PubMed database. Given our group has made many
efforts in the research of functional genes and pathways
of nAChRs associated with nicotine addiction or nicotine
dependence®'?, this review focuses on recent studies and
reports on the receptor-ligand interactions between
nAChR receptors and ligands, including lipid-nAChR and
protein-nAChR molecular interactions, relevant signal
transduction pathways and their molecular mechanismsin the
nicotinic receptor signalling systems. This review intends to
getaquickinsightand understanding of the nicotinic receptor
signaling and their molecular interactions mechanisms.

STRUCTURAL INFORMATION OF nAChRs

Up to date, 17 homologous nAChR subunits encoded by
17 unique genes have been identified, consisting of subunits
alphal-alphal0 (al1-a10), betal-betad (B1-B4), gamma (y),
delta (5) and epsilon (¢), whereas there are totally five muscular
types of nNAChR subunits and twelve nervous types of nAChR
subunits identified in human and animals*. Meanwhile, these
subunits are also the members of the Cys-loop family of LGICs
besides those receptors for serotonin or 5-hydroxytryptamine
(5-HT), dopamine, gamma-aminobutyric acid (GABA) and
glycine®'914 nAChRs are initially found expressed in muscle,
nerve and sensory cells where they play important rolesin the
neuronal chemical signal transmission and molecular
modulation in the central nervous system (CNS) and the
peripheral nervous system (PNS)'™. Besides skeletal muscle,
they are also expressed in epithelial and immune cells and in
the sympatheticand parasympathetic ganglia, where they are
responsible for the fast synaptic transmission. They are
involved in the rapid transmitting effects of ACh widely
expressed throughout the CNS areas. However, the nAChRs
can respond to low ACh concentrations too and they are also
the target of regionally and systemically released ACh and
widely applied pharmacological agents like nicotine. Inrecent
years, NAChRs have been widely studied and well regarded as
implicated in a number of neuromuscular, neurological and
psychiatric disorders, such as lung cancer'. Particularly,
activation of the brain nAChRs can result in an enhanced
release of various neurotransmitters, including dopamine,
5-HT, glutamate and GABA, whereas nAChRs are excitatory
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receptors for the neurotransmitter ACh expressedin the brain
in both pre- and post-synaptic locations'’. Therefore, the
neuronal nAChRs have been recently identified as important
targets for therapeutic drug discovery in connection with
those chronic disorders.

The overall structure of the neuronal nAChR is a
homo-pentamer or hetero-pentamer composed from the
16 subunits identified in mammalian species'®. They are
hetero-pentameric or homo-pentameric integral membrane
proteins with afivefold axis of pseudosymmetry perpendicular
to the membrane and each subunit can be subdivided into
two principal domains, i.e. the extracellular domains (ECDs)
and transmembrane domains (TMDs)'?. Each subunit of NnAChR
possesses an amino-terminal extracellular domain (ligand
binding domain) and four helices of trans membrane domains
(TMD1-TMD4), an intracellular loop and an extracellular
C-terminus. The pore of the channel is lined by TMD2 from five
co-assembled subunits®. The extracellular domain (ECD)
carries the acetylcholine (ACh) binding site at the boundary
between subunits and the ion-pore transmembrane domain
(TMD) delineates an axial cation-specific channel?'. These
topologically distinct domains are coupled allosterically to
each other?22, Therefore, nAChRs possess the structural
elements necessary to convert the chemical signal of
neurotransmitters, typically alocal increased concentration of
extracellular ACh, into an electrical signal generated by the
opening of the ion channel. Furthermore, the acute effect of
ACh consists of the fast opening (microsecond to millisecond)
of a cationic channel of nAChRs that is permeable to Na*, K*
and sometimes Ca?* ions. There is a considerable interest in
modulating nAChRs to treat various nervous system related
disorders, such as nicotine addiction, alcohol dependence,
lung cancer, schizophrenia, depression, Alzheimer's disease
and Parkinson’s disease?>'2, Structurally, each subunit of
NAChRs contains a beta-sheet-rich N-terminal extracellular
portion of approximately 200 residues, a 4-alpha-helical
transmembrane segment of about 150 residues and a variable
C-terminal intracellular segment that forms contacts with the
cytoskeleton'®2, Residues in the intracellular domain (ICD)
have been linked to gating kinetics and assembly or
trafficking®. The receptor spans approximately 150 A along
its longest axis, with 60-70 A being attributed to the
extracellular domain (ECD) and about 40 A attributed to the
transmembrane domain (TMD)?. The ion conduction and
channel gating function of the nAChR is localized to TMD,
whereas the five subunits form a donut structure around
a central pore that conducts ions in the open state and
each subunit contains four alpha-helical segments labeled
M1-M423.24,
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The nicotine molecule is also membrane permeable in its
uncharged form. In other words, nicotine can influence
intracellular processes indirectly and directly through nAChRs
by entering the cytoplasm, whereas the nicotine molecule
diffuses readily into brain tissue in which it binds to nAChRs.
At the same time, recent reports show that nicotine-induced
reward, addiction and withdrawal involve a wide range of
nAChR subtypes expressed in diverse neural systems, an some
invitro orin vivo studies have indicated that nicotine activates
the mesolimbic-dopamine system and elevates the synaptic
release of dopamine in the ventral striatum, which partially
mediates the rewarding effects of nicotine and other similar
drugs of abuse. Accordingly, their dysfunction has been
implicated in many neurological disease states. In particular,
the activity of any particular synapse is dependent on the
identity and quantity of the neurotransmitters at that synapse
and on the specificity of the post-synaptic receptors. After
chronic use of nicotine drugs, removal of nicotine produces a
withdrawal syndrome that can be relieved by nicotine
replacement therapy, although the withdrawal syndrome is
not mediated exactly by the same mechanisms or by the same
neural circuits that initiate addiction or dependency.
Therefore,nAChRs are regarded as potential molecular targets
for the abuse of nicotine or tobacco, alcohol, cocaine and
other drugs.

LIPID-nAChR INTERACTION

Lipid-nAChR interaction and lipid-dependent uncoupled
conformation of nAChRs: Since the early research showed
that a motional restricted shell of annular lipids surrounds the
membrane-bound nAChRs, the experimental evidence has
supported the notion that the interface between protein
moiety and adjacent lipid molecules is the locus of a variety of
pharmacologically relevant processes. The first interest in
lipid-nAChR interactions arose from early attempts to isolate
functional 7orpedo nAChRs from their native membranes.
Since the nAChR is an integral membrane protein, initial
attempts led to receptors that bound agonist, but did not
undergo agonist-induced conformational transitions'>?.
Functional nAChR samples were finally obtained only after it
was established that lipids are required throughout
solubilization and purification in order to stabilize nAChR
structure and function?. In lipid membranes lacking activating
lipids, the nAChR adopts an uncoupled conformation binding
ligand, but it does not transition into an open conformation?.
However, any functional changes in nAChRs can have
profound effects on synaptic behaviour which can be readily
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seen even at the clinical level. Several mutations have been
found in one subunit of the high affinity neuronal type
nAChRs that increase the activity of the receptor and lead to
agenetically transmissible form of epilepsy?® and lowering the
lipid to protein ration below 45:1 (mol:mol) during purification
resultedinirreversible inactivation of the nAChR?. In addition,
the ability of the nAChR to undergo conformational transitions
is highly dependent on the specific lipid species in the
reconstituted membrane environment. Anionic and neutral
lipids optimally support receptor function, though the nAChR
appears to have loose requirements for the specific type of
anionic or neutral lipid?. Both anionic lipids and neutral
lipids are abundant in native 7orpedo membranes (~15 and
~35% molar ratio, respectively), suggesting that membrane
compositions that support receptor function likely mimic the
native membrane environment'33°. On the other hand, the
ability of the nAChR to undergo conformational transitions is
highly sensitive to lipids. Therefore, understanding the
conformational selection of nAChRs and mechanism of
lipid-dependent uncoupling is essential to understanding
lipid-nAChR interactions, which may be implicated in
pathological conditions such as nicotine additive. Excitingly,
there are currently some reports on proposed uncoupling
methods to elucidate the mechanism of lipid-dependent
uncoupling.

Neurotransmission at chemical synapses is fundamental
to the propagation of electrical signals within the nervous
system and central to this process is the ability of Cys-loop
receptors to converta chemical inputinto an electrical output
by conductingionsacross the synapticmembrane in response
to neurotransmitter binding3®*'. At the molecular level, this
not only requires the ability to bind agonist and conduct ions,
butalso the ability to effectively translate agonist binding into
ion channel opening/gating. The agonist-binding sites, which
are located on the extra-membranous surface of the receptor,
are thus allosterically coupled to the distant transmembrane
ion pore. Factors that affect the ability of Cys-loop receptors to
bind agonist, conduct ions and/or couple agonist binding
to ion channel gating have the potential to modulate the
synaptic response and thus influence the transmission of
electrical signals. One factor thatis known to affect the activity
of several Cysloop receptors is the lipid composition of the
membrane in which they are embedded. The structural and
functional properties of the AChRs are strongly dependent on
the lipids in the vicinal microenvironment. The influence on
receptor properties is mainly exerted by the AChR-vicinal
(“shell” or “annular”) lipids, which occur in the liquid-ordered
phase as opposed to the more disordered and “fluid” bulk
membrane lipids. Fluorescence studies have identified
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discrete sites for fatty acids, phospholipids and cholesterol on
the AChR protein and electron-spin resonance spectroscopy
has enabled the establishment of the stoichiometry and
selectivity of the shell lipid for the AChR and the disclosure of
lipid sites in the AChR transmembrane region. Experimental
evidence supports the notion that the interface between the
protein moiety and the adjacent lipid shell is the locus of a
variety of pharmacologically relevant processes, including the
action of steroids and other lipids. It was surmised that the
outermost ring of M4 helices constitutes the boundary
interface, most suitable to convey the signals from the lipid
microenvironment to the rest of the transmembrane region
andto the channelinnerringin particular®. Lipid sensitivity of
the nAChRs from 7orpedo has been known since initial
studies showed that to preserve a fully functional nAChRand
the receptor must be purified in the presence of exogenous
lipid and then reconstituted into a membrane with a particular
lipid composition'*, Subsequent studies have focused on
defining the roles that individual lipid species play roles in
supporting nAChR function. The consensus is that both
cholesterol and anionic lipids (e.g. phosphatidic acid or PA)
are required in a reconstituted phosphatidylcholine (PC)
membrane to provide an optimal environment. Cholesterol
and PA both increase the proportion of nAChRs stabilized
in an agonist-activatable conformation®*. As the chemical
labelling pattern of the nonactivatable PC-nAChR is similar
to that of the desensitized nAChR, it has been suggested
that lipids modulate the natural equilibrium between
resting and desensitized receptors®. However, other studies
indicated that PC-nAChRis not desensitized>®. It was reported
that lipid-dependent inactivation was not related to
agonist-induced desensitization. Instead, the reporters
observed that PC-nAChR adopted a novel conformation in
which allosteric coupling between the agonist-binding sites
and transmembrane pore was lost’. Furthermore, they
revealed that uncoupling led to a substantial increase in
solventaccessibility with minimal effects on nAChR secondary
structure and thermal stability®. Those data showed that
the lipid environment surrounding the nAChR transmembrane
domain influences communication between the intact
agonist binding and transmembrane pore domains and they
also suggested that the lipid-exposed transmembrane M4
helix acts as a lipid-sensor modulating interactions at a
coupling interface between the two domains®, The existence
of this uncoupled conformation might explain how
membrane-soluble allosteric modulators (including lipids)
influence Cys-loop receptor function.

Lipids influence the ability of Cys-loop receptors to gate
open in response to neurotransmitter binding, whereas the
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functional activity of the Torpedo nAChRs to undergo
agonist-induced channel gating is sensitive to lipids®. The
observed stabilization of Cys-loop receptor structure induced
by cholesterol depends upon the different conditions used to
form reconstituted vesicles by detergent dialysis procedures®.
The increasing levels of both cholesterol and anionic lipids in
PCmembranes stabilize the increasing proportions of agonist-
responsive nAChRs* and M4 trans membrane helix plays a key
role as a lipid-sensor in translating bilayer properties into
altered nAChR function*®?. It was shown that the lipid
inactivated nAChR was not desensitized butinstead, it adopts
a novel conformation where the allosteric coupling between
its neurotransmitter-binding sites and transmembrane poreis
lost, while the uncoupling is accompanied by an unmasking
of previously buried residues, suggesting weakened
association between structurally intact agonist-binding and
trans membrane domains®. Inthe absence of activating lipids,
the nAChR adopts an uncoupled conformation that binds
agonist but does not usually undergo agonist-induced
conformational transitions*. Defining the mechanisms
underlying lipid-dependent uncoupling of agonist-binding
and channel-gating is central to understanding nAChR-lipid
interactions. Such studies may have broader implications
because neuronal nAChRs that are functionally uncoupled
have been observed in heterologous expression systems and
may play arole in the response to nicotine®. Lipid-dependent
mechanisms for “awakening” uncoupled nAChRs have
been identified and could play a role modulating synaptic
communication*®, The lipid-dependent uncoupled
conformation may also be germane to the interpretation
of crystal structures of detergent-solubilized pLGICs¥. In
addition, among other contributions, the reconstitution into
liposome of defined lipid composition has provided an
excellent model system in which to characterize the lipid
dependence of functional aspects of the receptor. In
particular, the presence of cholesterol at high concentrations
in the reconstituted vesicles is widely accepted as a
requirement for optimal receptor cationgating activity upon
agonist binding and also for protection of agonist-induced
affinity state transitions®,

Lipid-nAChR interactions are likely complex and have
been proposed to occur through several different
mechanisms. Most anionic and/or neutral lipids are able to
support nAChR function to some extent, making it unlikely
that lipids act on the nAChR through a highly specific
mechanism - i.e. through specific lipid binding sites*. Studies
using spin-labeled lipids show that the receptor discriminates
in favour of both anionic and neutral lipids. Specifically, the
nAChR interacts with lipids in its vicinity, slowing their
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rotational and translational movements*. A proportion of
these lipids were found to be ‘immobilized’, leading to the
suggestion that the receptoris encircled by aring, or‘annulus,’
of lipids that have the highest affinity for the lipid/receptor
interface. Phosphatidic acid and cholesterol, which are
particularly effective at stabilizing functional nAChR, have the
highest degree of immobilization, suggesting that the nAChR
selectively associates with lipids that promote its function®®.
Data from fluorescence quenching studies and molecular
dynamics simulations propose that non-annular sites within
the nAChR TMD may also exist for the specific binding of
cholesterol, although there is no direct experimental evidence
for this®™. As phosphatidic acid and cholesterol both increase
ordering of the lipid membrane, it was proposed that nAChR
function may also be affected by membrane bulk properties®.
Although membrane fluidity has been shown to have only
minor effects on nAChR function®?, recent data showed that
altering the thickness of phosphatidylcholine (PC) membranes
shifts the conformational equilibrium of the nAChR between
functional and non-functional states, providing evidence that
membrane bulk properties also have an effect on nAChR
function®. Previous studies show that the nAChR can
influence its own lipid micro environment and the
introduction of nAChR to lipid membranes increases
membrane order, which may feed back into receptor
function®. This effect is strikingly higher for membranes
containing anionic lipids than for those lacking them. In
addition, the Torpedo nAChR co-purifies with phospholipase
Cactivity, suggesting that the receptor or a closely associated
factor is able to modify the identity of lipid species in its
immediate vicinity®s. Recent experiments show that
signaling by synthetic diacylglycerol derivatives downstream
of phospholipase C activity increase nAChR surface
expression®’.

As for the “uncoupled” protein conformation or
uncoupling of NAChRs, the nAChR subunits reconstituted into
PC membranes (PC-nAChR) in the absence of anionic lipids
and cholesterol adopts a non-functional conformation. The
conformational equilibria of the “uncoupled” nAChR and the
influence of lipids on nAChR state transitions had been
extensively studied®. It was discovered that 7orpedo nAChR
reconstituted into phosphatidylcholine membranes lacking
cholesterol and anionic lipids adopts a conformation in which
agonist binding is uncoupled from channel gating®. Further
moreinsightinto the “uncoupled conformation” of the nAChR
and its functional implications can be found in another
review®, Cryo-EM images and Fourier-transform infrared (FTIR)
spectra both indicate that PC-nAChR adopts a native-like
pentameric fold with similar thermostability to the nAChR
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in functional membranes, consistent with previous
observations that the lipid membrane has little effect on

overall  receptor structure®. The lipid environment
therefore likely affects nAChR function by influencing
receptor conformation dynamics. Characterization of

PC-nAChR in terms of the classical resting-open-desensitized
conformational equilibrium, however, initially yielded
conflicting results. Photolabeling studies using the
hydrophobic probe 3-trifluoromethyl-3-(m-[125l] iodophenyl)
diazirine (i.e. [125l]] TID), which preferentially labels
lipid-exposed residues, revealed similar labeling patterns for
PC-nAChRas for desensitized nAChR. These studies suggested
that the non-functional PC-nAChR s not stabilized in a resting
conformation and may be non-functional because it is
stabilized in the desensitized conformation®. In fact, other
biophysical tools have shown that the nAChR reconstituted
into a mixture of PC and phosphatidylserine is stabilized
primarily in the desensitized state’3. The desensitized nAChR,
however, is characterized by high affinity binding for both
agonists, such as acetylcholine and channel blockers, such
as ethidium bromide®. Subsequent studies revealed that
PC-nAChR binds acetylcholine with low, resting-state-like
affinity and it is unclear whether it binds ethidium at all®. It
was thus proposed that PC-nAChR adopts a conformation
distinct from the classical resting, open and desensitized
conformations. As PC-nAChR s able to bind agonist, but does
not flux cations, it was suggested that there is a functional
uncoupling of ligand binding from gating-nAChR thus adopts
a novel “uncoupled” conformation. Furthermore, the M4
lipid-sensor model of lipid-dependent uncoupling was
proposed®. A key question that arises from the observation
that lipids affect nAChR function is how the receptor senses
and changes its conformation in response to its lipid
environment. Researchers have proposed that the lipid
sensitivity of the nAChR involves the M4 alpha-helix in the
TMD, on account of its highly lipid-exposed position on the
periphery of the receptor®’. Mutations of the lipid-facing
residues in M4 in Torpedo and mammalian muscle-type
nAChRs affect its channel-opening response to agonist,
despite being distant from both the ligand binding site and
the channel pore®. Molecular dynamics simulations also
suggest that the orientation of M4 is at least partially
dependent on bulk membrane properties®. Lipids in the
nAChR’s vicinity (annular lipids) may therefore preferentially
stabilize certain orientations of M4 to affect the
conformational equilibrium and gating. The sensing and
uncoupling of NAChR with lipid are implicated that changes in
lipid metabolism are increasingly linked to human diseases,
which could lead to altered nAChR function®. Actually,

56

alterations in the functional activity of nAChRs have been
implicated in nearly all the neuronal diseases and syndromes,
including lung cancer, schizophrenia, Alzheimer's disease and
Parkinson's disease?. Thereis thus a real and pressing need for
agreater understanding of nAChR-lipid interactions and their
role in nAChR biology.

In addition, recently increasing use of computational
simulation tools, especially molecular docking in the field of
nicotinic receptors, also led to the discovery and subsequent
publication of several models of ligand-receptor interactions.
These computational models and molecular docking are all
based on the crystal structure at 2.7 A° resolution of a protein
related to the extracellular N-terminus of nAChRs. In the
absence of any X-ray or NMR information on specific nAChRs,
this new structure has provided a reliable alternative to
explore the structures and sub-structures of nAChRs and dock
several nAChR agonists and antagonists’.

FUNCTIONAL EFFECTS OF STEROIDS ON nAChRs IN
LIPID-nAChR INTERACTION

Anionic lipids and sterol (such as cholesterol) are often
critical membrane lipid components to ensure ion channel
stability and functionality, whereas their importance to the
channel functions is often explained via indirect and direct
mechanisms. The indirect mechanism proposes that anionic
lipids and cholesterol alter lipid packing and fluidity that
ultimately affect the internal protein dynamics and functions”'.
Infact, the stabilization of Cys-loop receptor structureinduced
by cholesterol was observed’?. However, these membrane
lipids are potent modulators of the nicotinic acetylcholine
receptor (NAChR) from Torpedo. Lipids influence nAChR
function by conformational selection and kinetic mechanisms,
stabilizing varying proportions of activatable versus non-
activatable conformations, as well as influencing the
transitions between these conformational states’. Some
membranes stabilize an electrically silent uncoupled
conformation that binds agonist but does not undergo
agonist-induced conformational transitions, while the
uncoupled nAChR, however, does transition to activatable
conformations in relatively thick lipid bilayers, such as those
found in lipid rafts’®. Furthermore, anionic lipids and
cholesterols are also crucial to the function of nicotinic
acetylcholine receptors (nAChR). Cholesterol and other sterols
or water soluble analogues affect both the ligand recognition
ability and the ion channel functions of these proteins.
Meanwhile they also modify the equilibrium between the
agonist-dependent functional states of the nAChR”>. Besides
that of cholesterol, the effects of steroids and various water
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soluble analogues have been characterized in detail on both
muscle-type and neuronal type nAChRs’. In the central
nervous system, steroids and neurosteroids proved to be
modulating nAChRs. The neurosteroid 17beta-estradiol
potentiates alpha4beta2 nAChRs, but not rat alpha4beta2
nAChRs””. Glucocorticoids are also modulators of nAChR
channel function and an allosteric mechanism was proposed
to account for the mechanism of action of these ligands,
Using an alanine-substituted quadruple mutant of four
putative lipid-exposed residues in TMD4 (Leu411, Met415,
Cys418 and Thr422).The effect of hydrocortisone into four
Ala-substituted receptors was dissected and it was found that
the Thr422 (a residue located close to ECD membrane in the
alpha-subunit TM4) had direct bearing on the inhibition
exerted by hydrocortisone on the receptor’®. In the meantime,
endogenous steroids can modulate the activity of
transmitter-gated channels by directly interacting with the
receptor. Jin and Steinbach” found a portable site for
17beta-estradiol binding on any subunit of a nicotinic
alpha4dbeta2 receptor using concatemers of subunits and
chimeric subunits.

In particular, NAChRs require proper lipid compositionsin
order to function properly. Normally, agonist binding to the
extracellular (EC) domains could trigger opening of the ion
channels and stimulate the cation permeation. However,
without the presence of anionic phosphatidic acid (PA)
and/or cholesterol in the membrane, reconstituted Torpedo
californica nAChR would not be able to undergo an
agonist-induced conformation change to retain the channel
gating activity®. It has been demonstrated that membranes
containing phosphatidylcholine (PC)/PA/cholesterol in 3:1:1
are particularly effective at maintaining the stability of
functional reconstituted nAChR®'. Cheng et a/® investigated
their interactions with an open- and closed-channel
alphadbeta2 nAChR by over 10-ns molecular dynamics
simulations in a ternary lipid mixture of 1-palmitoyl-2-oleoyl
phosphatidylcholine (POPC), 1-palmitoyl-2-oleoyl
phosphatidic acid (POPA) and cholesterol with a ratio
of 3:1:182. They found that, on average, there were 65 and
74 interfacial lipids around the closed- and open-channel
alphadbeta2 nAChR, respectively, in the equilibrated
simulation systems, while 42% of the interfacial POPA in the
open-channel system had acyl chains partially inserted into
intra- or inter-subunit cavities, as compared to only 7% in the
closed-channel alpha4beta2?. No cholesterol was found in
cavities within single subunits, though some cholesterol
infiltrated into the gaps between subunits. Because of its
smaller head group, POPA could access some non-annular
sites where POPC could not easily reach due to steric
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exclusion. Furthermore, POPA not only acted as an acceptor
for hydrogen bonding (H-bonding) as POPC did, but also as a
donor through its hydroxyl group for H-bonding with the
backbone of the protein. The charged head group of POPA
allowed the lipid to form stable salt bridges with conserved
Arg and Lys residues at the interfaces of the transmembrane
(TM) and extracellular (EC) or intracellular (IC) domains of the
alpha4dbeta2. A higher number of salt bridges and hydrogen
bonds (H-bonds) between POPA and the alpha4beta2 nAChR
were found in the open system than in the closed system,
suggesting a potential role of POPA in the equilibrium
between different channel states. Most interfacial POPA
molecules showed lower order parameters than the bulk
POPA due to the mixed effect of gauche defects, hydrophobic
mismatch and the lipid orientations near the magic angle.
These unique properties enable the interfacial POPA to
achieve what POPC cannot with regard to specificinteractions
with the protein, thereby making POPA essential for the
function of nAChR.

PROTEIN-nAChR INTERACTION

Interaction between G protein and nAChR: Historically
neurotransmitter receptor classes have been divided into
two categories: lonotropic and metabotropic. A number of
ionotropic receptors have been shown to interact with G
proteins, contributing to the signal transduction or signalling
pathways, such as the AMPA(alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid) receptor which has been
shown to interact with Galphai subunits for the purpose of
regulating silent synapses, the glycine receptor which has
been shown to interact with beta-gamma G protein
subunits, thereby regulating channel opening and kinetics
and nAChRs alpha4beta2 and alpha3beta4alpha5, which
have been shown to interact with both the Galphao and
beta gamma subunits. Structurally, nAChRs are a pentameric
class of ionotropic receptors found widely expressed
throughout the brain. Each subunit is composed of four
transmembrane domains with a long intracellular loop formed
between the 3rd and 4th transmembrane domain. This
domain is where the majority of protein interactions with the
receptor is hypothesized to occur and is the most variable,
least conserved part of each nAChR subunit, conferring special
properties to each receptor. Alpha7 is unique among the
nAChRs in that it possesses five identical alpha subunits and
can conduct calcium at levels roughly ten times that of the
other common nAChRs found throughout the brain.
Alpha7has also been implicated as a regulator of neural
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development. A number of studies have demonstrated that
alpha7 expression is critical for establishing the inhibitory
GABA signal necessary for proper circuit formation. It has also
been shown that alpha7 expression is paramount for
glutamatergic synaptogenesis within the hippocampus. Less
studied however is the role of alpha7 in regulating axon
growth, perhaps the key starting point for neural
development. It was demonstrated that alpha7 interacts
with G proteins to regulate calcium influx and the
cytoskeletal machinery underlying growth3. The
corresponding subsequent work reveals thatalpha7, actingin
concert with the G proteins Galphao and Galphag, regulate
axon growth via intracellular calcium release from internal
stores®. Previous studies demonstrated a first ever alpha7
mediated calcium signal within the growth cone, an
interaction with G proteins and a mechanism by which alpha7
can regulate the cytoskeletal machinery in the developing
neurite®. These studies aimed at understanding the critical
role of ionotropic neurotransmitter receptor interactions with
G proteins and particularly the metabotropic functions of
alpha7 receptor in proper brain development.

On the other hand, neuronal development is marked by
important phases in growth involving structural remodeling
of the soma and an outgrowth of neurites culminating in the
formation of functional axons and dendrites®” and various
neurotransmitter receptors and the receptor mediated
signal transduction are known to contribute to neuronal
development®. Among the signal transduction pathways
mediated by these receptors, signalling via the second
messenger family of heterotrimeric GTP binding protein
(Gprotein)is one crucial mechanism for structural remodeling
during neuronal development®. Inhibitory G proteins such as
Galphai/o are enriched in developmental structures such as
axonal growth cones during neurite navigation®. In addition
to being activated by membrane spanning G protein coupled
receptors (GPCRs), Galphai/o can be activated by intracellular
calcium®'. Meanwhile, calcium signalling is also important
during cellular development where it has been shown to play
a role in the growth and navigation of newly formed
neurites®’. Calcium-conducting ligand-gated ion channels,
such as the nAChRs, are abundant during nervous system
development and have been found to modulate the
growth of neurons in the hippocampus and cortex®. In
differentiated neurons, nAChRs contribute to structural
remodeling within presynaptic terminals and dendritic
spines®. The alpha-bungarotoxin (Bgtx) sensitive alpha7
receptor is homopentameric and conducts mainly calcium
upon activation®. Previous studies indicate a role for alpha7
receptors in the growth of neurons and the formation of
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synapses®. Deactivation of alpha7 by ligands such as Bgtx as
well as endogenous transmitters such as kynurenic acid
(KYNA) has been found to impact neuronal growth®. GPCRs
control a wide range of physiological processes and are the
target for many clinically used drugs, whereas the activation
of single GPCR underlies multiple important aspects of lung
physiology and pathophysiology. Best known is the control of
bronchoconstriction and bronchodilation through modulation
of airway smooth muscle (ASM) contraction, which forms the
cornerstone of current standard of care for chronic lung
diseases like asthma and COPD*. GPCRs are also importantin
lung immunology such as cellular responses to inflammatory
cytokines, chemokines, prostaglandins and leukotrienes®®,

It is crucial for developing new drugs to explore and
understand the specific pathways in which G proteins and
their coupled receptors bind agonists and antagonists, their
organisation in the membrane, while their regulation after
agonist binding are important properties too. One way to
achieve this knowledge is through the study of interactions
between G protein and nAChRs. In most cell types,
co-expression of ionotropic NAChRs as well as metabotropic
muscarinic receptors ensures a fast and slow acetylcholine
signaling response, respectively, whereas the nAChRs mediate
communication between neurons by conversion of chemical
neurotransmitter signals into a transmembrane flux of ions®.
Presently, atleast nine different nAChR subunits are expressed
in the mammalian brain. In the hippocampus and cortex
homomeric alpha7 and heteromeric alphadbeta2 nAChRs
have been shown to contribute to neurotransmitter release
and dendritic plasticity'®. Upon ligand activation, alpha7
nAChRs conduct cationsinto the cell’. However, because the
receptor channel desensitizes within milliseconds'?, it is
possible that ligand binding can also set into motion longer
lived downstream signaling events.

Furthermore, neuronal nAChRs are mainly expressed
during brain development and contribute to neurogenesis,
neurite outgrowth and synaptic maturation'®, Although
nAChRs are ligand-gated ion channels enabling a rapid
depolarizing current across the plasma membrane'®, recent
evidenceindicates that these receptors activate metabotropic
responses by directly coupling to intracellular signaling
proteins'®. This process appears to be driven by the ability of
the alpha7 nAChR to directly bind to large heterotrimeric GTP
binding proteins (G proteins’ %, The alpha7 acetylcholine
nicotinic receptor (alpha7) is an important mediator of
cholinergic transmission during brain development. Signaling
via the second messenger family of heterotrimeric GTP
binding proteins (G proteins) is one mechanism for structural
remodeling during neuronal development'”. Functional
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interactions between small monomeric G proteins and various
nNAChRs have also been observed'®. Experiments in
keratinocytes indicate that alpha7 nAChR signaling via Rho
GTPases enables mechanical plasticity during wound
healing'®. The activation of alpha9 nAChRs in epithelial cells
is shown to activate Rac and Rho GTPases leading to the
regulation of focal adhesions and cellular morphology'®.
Conversely, Rho/Rac GTPase activity can regulate the targeting
and expression of nAChRs at the cell surface'". In fact, small
monomeric Rho family GTPases are key regulators of the
cytoskeleton directing cell migration, axon guidance and
protein trafficking, while Rho GTPase activity can be
modulated by many large G proteins''2. Receptor mediated
signal transduction appears crucial in regulating the assembly,
disassembly and reorganization of the cytoskeleton during
growth and previous study has demonstrated that G protein
coupling is necessary for alpha7 nAChR-mediated activation
of RhoA and the regulation of cytoskeletal growth at the
growth cone',

In fact, nAChRs couple to a myriad of signaling,
scaffolding and trafficking proteins in neural and immune
cells"*, All the nAChRs maintain an M3-M4 loop, which varies
in length and sequence identity between different
subunits'®. The M3-M4 loop contributes to the trafficking and
clustering of the nAChR via an association with the cellular
cytoskeleton''®. nAChRs are also found to associate with
several types of G proteins, which can contribute to cross-talk
between nAChRs and G protein-coupled receptors'”. Studies
on the mechanisms of G protein binding to the glycine
receptor 1 (GlyR1) reveal the existence of a G protein-binding
cluster (GPBC) within the M3-M4 loop of Cys-loop receptors'®.
A mutation at the GPBC is sufficient to abolish G protein
binding in HEK 293 cells'" and PC12/N2a cells'®. Actually, a
protein sequence alignment of the M3-M4 loop reveals a
conservation of the GPBC in the alpha7 nAChR. A mutation of
these residues in alpha7 nAChRs attenuates interaction with
Gproteins and reduces the capacity of the receptor to activate
phospholipase C (PLC) and inositol triphosphate (IP5) calcium
release in response to choline. These findings show a role for
G protein coupling in alpha7 nAChR signalling''. In
physiology, alpha7 nicotinicacetylcholine receptors (nAChRs)
play an important role in synaptic transmission and
inflammation. In response to ligands, this receptor channel
opens to conduct cations into the cell but desensitizes
rapidly. Recent studies showed that alpha7 nAChRs bind
signaling proteins such as heterotrimeric G proteins. It was
demonstrated that direct coupling of alpha7 nAChRs to G
proteins enables a downstream calcium signaling response
that can persist beyond the expected time course of channel
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activation. This process depends on a GPBCin the M3-M4 loop
of the receptor'?2 Particularly, a mutation of the GPBC in the
alpha7 nAChR (alpha7s,s_34s4) abolishesinteraction with Ga, as
well as GBy having no effect on receptor synthesis, cell-surface
trafficking, or alpha-bungarotoxin binding, whereas
expression of alpha7;,s_sgx did significantly attenuate the
alpha7 nAChR-induced Galpha, calcium signaling response
as evidenced by a decrease in PLC-beta activation and
IP;R-mediated calcium store release in the presence of
the alpha7 selective agonist choline'?, Taken together, these
reports provided new evidence for the existence of a GPBC in
nAChRs serving to promote intracellular signaling.

INTERACTIONS BETWEEN OTHER PROTEINS AND nAChRs

Besides the interactions between nAChR and G protein
and GPCR protein, there are also a few reports of interactions
between nAChRs and other proteins. For instance, the
interactions between beta-amyloid protein and alpha7 nAChR
in the rat neuronal septum-diagonal band complex rat'. The
beta-amyloid protein is much concerned because of its
relevance or correlation to Alzheimer’s disease (AD). AD is a
neurodegenerative disorder or neurological dementia in
elderly persons that averagely affects 20-30 million
individuals in the worldwide statistics'®. The brains of AD
patients manifest two characteristic lesions, i.e. extracellular
amyloid and intracellular neurofibrillary tangles of
hyperphosphorylated tau protein'?. The amyloid hypothesis
states that the formation of beta-amyloid proteins (AB) by
neurons is identified as the primary trigger of the
pathogenesis of AD'?. The effects of intracerebral injection of
the beta-amyloid protein (AB1-40) on the alpha7 subtype of
nAChR in neurons of the septum-diagonal band (MS-nDBB)
complex were studied in rats'?.

Another interesting case is the interaction between
alpha3beta4nAChR and PrP(C) which is the cellular isoform of
prion protein widely expressed in most tissues involvement'?,
PrP (C) has been shown to interact with many synaptic
proteins,including nAChRs and intracellular proteinsinvolved
in nicotinic receptor signaling pathways and/or systems and
it was suggested that PrP(C) was a member of a multi-protein
membrane complex participating in the formation and
function ofalpha3beta4 nAChR'.

In additional, there was a co-existence of muscarinic and
nicotinic receptors and their functional interaction in mouse
Beta-TC6 cells possessing nicotinic receptor also expressed
muscarinic receptors''. It was reported that carbamylcholine
(@ mixed agonist for muscarinic and nicotinic receptor)
induced a smaller extent of insulin secretion than
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oxotremorine M (a selective muscarinic agonist), which
suggested that concomitant stimulation of muscarinic
and nicotinic receptors by carbamylcholine resulted in the
negative type of the receptor interaction*'4, Furthermore,
modulating the activity of some complex integral membrane
proteins with small molecule drugs has been successful and
it demonstrated that the signalling properties and ion
conductance can be modified’313136, These classes of
membrane proteins are linked to the pathophysiology of a
number of respiratory diseases, whereas targeting these
proteins with monoclonal antibodies represents a significant
opportunity to add new therapeutics to treat respiratory
diseases'” 138, Additionally, there are a number of studies
reported the multiple roles and possible effects of a7 nicotinic
receptor activation on developing hippocampal neurons orin
modulating glutamatergic systemsin the nervous system?147,
Moreover, nicotinic receptor related antibodies promise to
be of benefit including specificity, different mechanisms of
physiological actions, such as inhibition, agonist,
internalisation, cell depletion, improved safety profile and a
longer duration of action. The generation of functional
antibodies against these target classes remains technically
challenging as a result of difficulties in the over-expression of
membrane proteins. And there are also issues with protein
solubilisation, purification and stability and the limited
availability of epitopes to target for some proteins due to the
limited exposure of extracellular loops at the cell membrane.
However, the opportunities to target these membrane
proteins with biologics has led to very significant activities in
the biotechnology sector and successes are emerging in
isolating monoclonal antibodies against these targets.

CONCLUSION

All in all, understanding the cellular receptor-ligand
interactions and molecular mechanisms above between
nAChRs and ligands will lead to a better translational and
therapeutic operations and outcomes for the prevention
and treatment of nicotine addiction and other chronic drug
addictions. Thatis, the molecular signalling and relevant signal
transduction pathways of NnAChRs canregulate the behavioural
and physiological response to nicotine and other addictive
drugs. In contrast, exposure to addictive drugs may alter the
secreted level of nicotine and functional activity of NnAChRs in
the brain’s reward circuitry.

SIGNIFICANCE STATEMENT

By searching the PubMed database with key words
"nicotine", "acetylcholine", "nicotinic acetylcholine
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receptor(s)’, "nAChR*", "protein and nAChR", "lipid and
nAChR", "smok*" and "tobacco", all the relevant review papers
and research reports were carefully retrieved and manual
inspection. All the retrieved review papers and research
reports were fully reviewed. The study sought tofillup the gap
to summarize the nAChR's receptor-ligand interactions and
to reveal the possible mechanisms of those molecular
interactions in the nicotinic receptor signalling systems. This
review aimed to get an insight into some specific functional
aspects of NAChRs in recent research for the future important
drugdesign and medicinal developmentin medical treatment
and clinical diagnosis and pathophysiology research, this
review focuses on recent studies and reports on the
receptor-ligand interactions between nAChR receptors and
ligands, including lipid-nAChR and protein-nAChR molecular
interactions, relevant signal transduction pathways and their
molecular mechanisms in the nicotinic receptor signalling
systems. This review intends to get a quick insight and
understanding of the nicotinic receptor signaling and their
molecular interactions mechanisms.
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