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Introduction

Ligand Gated Ion Channels (LGICs) are receptors widely involved in vertebrate neuronal and non-neuronal
signalling as well as muscle activation. Until very recently these receptors, were only known to exist in animal
cells and were named the Cys-loop receptor superfamily because they all share this sub-substructure in their
amino acid sequences. Nowadays, these receptors are known as "pentameric' LGICs (pLGICs), to differentiate
from other LGICs such us tetrameric glutamate or trimeric ATP LGICs. The first phylogenetic analyses of
PLGICs have been performed almost 20 years ago, where only eukaryotic members were known. Currently, we
have many more sequences from invertebrate species, but most importantly, we know that these receptors are
present in a variety of prokaryotic organisms, a fact predicted in those early studies. Equally important, we have
information about the tertiary and quaternary structures from prokaryotic to eukaryotic members, which
enlightened our evolutionary understanding of these fascinating and functionally important proteins.
Surprisingly, the prokaryotic receptors lack the Cys-loop characteristic of eukaryote receptors which once gave
the name to the superfamily. This review focuses on the history of the evolutionary processes of these receptors
involved in very important physiological functions as well as in many diseases such as tobacco addiction and
schizophrenia, to name just a few.
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animal nervous systems. The fast propagation of the signal
from neuron to neuron or to the target cells (i.e. muscle cells)

Ion flux through excitable cellular membranes is an
ubiquitous mechanism used in cell to cell signalling, widely
utilized by members of all major superkingdoms. Ion flux is
mediated by a broad variety of ion channels, gated by a
diversity of signals including voltage changes,
neurotransmitters, and mechanical forces. This receptor
signalling mechanism is essential for the functioning of

is mediated by the activation of ion channels.

The Ligand Gated Ion Channel (LGIC) superfamily is the
best known receptor superfamily, predominantly due to the
comprehensive characterisation of the nicotinic acetylcholine
(ACh) receptor (nAChR), which is the paradigm for the
whole LGIC superfamily 1. In vertebrates, nAChRs are
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Figure 1. Schematic representation of the overall structure of pLGICs. A. View of "two"
subunits parallel to the membrane. The M2 segment which delineates the pore is greyed.
ECD: Extracellular domain; TMD: Transmembrane domain; CL: Cytoplasmic loop. B.
Schematic view of the ECD from the a4pf2 nAChR, as an example, showing the two
acetylcholine (ACh) binding sites. This particular stoichiometry, (04)2(2)s, has two a subunits

and therefore two agonist binding sites.

present mainly in the nervous system but they are also
expressed in non-neuronal tissues, where, for example,
modulate the angiogenesis process. There are two nAChR
types, neuronal and muscle receptors, the latter are also
expressed in electric organs from fish such as Torpedo sp.
and Electrophorus electricus.

LGICs combine the property of selectively binding a
neurotransmitter with the subsequent opening of an ion
channel. When a neurotransmitter is released from the
presynaptic cell, it binds to the extracellular domain (ECD)
present in all LGICs, and causes the resting (closed) ion
channel embedded in these receptors to open for a short
period of time. At the ECD is located the "Ligand Binding
Domain" (LBD) where neurotransmitters selectively bind.
After the neurotransmitter-induced activation, ions flux
through the channel. Depending on the receptor subtype,
anion influx (e.g., CI') induces membrane hyperpolarization
and consequently neuronal inhibition, whereas cation influx
(e.g., Na" and Ca2+) induces membrane depolarization and
consequently neuronal stimulation. After a brief moment of
activation, the channel becomes "desensitized", a closed state
different (i.e., closed but not activatable by agonists) to that
for the resting state (i.e., closed but activatable by agonists).
Afterwards, the neurotransmitter is released from its binding
sites or breakdown by enzymes (e.g., the acetylcholinesterase
metabolizes ACh), and the receptor goes back to the
"resting" closed state waiting for the next activation. This is
the classic scenario seen in vertebrate receptors. A clear
knowledge of how the action of an agonist ends after
receptor activation is still missing, but a good review on this

topic is presented by Corringer et al. .

The LGICs is now referred as pentameric LGICs (pLGICs)
to differentiate them from the glutamate (Glu) receptor
family which are tetramers and with the trimeric receptor
channels for ATP. The pLGIC receptors are not only widely
distributed in phylogenetic terms, but they also exist in
metazoans, from nematodes and insects to all vertebrates,
and, as we shall see, in prokaryotes. Interestingly, these
receptors have a great variability of subunits, which is a key
element for the study of these receptors from an evolutionary
point of view. Sequence information reveals that the subunits
(~400-500 amino acids) for any given pentameric member
are themselves homologous originated from gene
duplications. These subunits have an N-terminal ECD,
bearing the ligand binding sites (Figure 1A). The binding
pocket for the agonist is situated between two subunits. The
transmembrane domain (TMD) is composed of four
transmembrane o-helical segments (M1-M4), and finally a
short extracellular C-terminus. Frequently in animals, a large
cytoplasmic loop is present between transmembrane regions
M3 and M4. The M2 transmembrane helix is important as
the main structural component of the ion channel itself,
which is composed by five M2s, one from each monomer
(see below for more details).

The neurotransmitters that activate the members of this
receptor superfamily include those found in vertebrates such
as ACh, serotonin [i.e., 5-hydroxytryptamine (5-HT)],
glycine (Gly), and y-aminobutyric acid (GABA), as well as
those found in non-vertebrates such as Glu and histamine.
The general rule is that the nAChR and type 3 5-HT
receptors (5-HT;Rs) are selective for cations and hence
excitatory. A new member of the cation family, the ZAC
channel (i.e., Zinc activated ion-channel) was recently

Page 2 of 12



Neurotransmitter 2016; 3: e1273. doi: 10.14800/nt.1273; © 2016 by Marcelo O. Ortells
http://www.smartscitech.com/index.php/nt

GLYrA1
GLYhA1
GLYrAS
GLYhAZ
GLYrA2
GLYrB1
GABdB7

Re—
GABhA1
] GABbA1
GABhAZ
4Ecaamz
GABra2
GABrnA2
GABhA3
GABbAZ
 ——
[§EE§ Figure 2. Phylogenetic tree
4(:%&5% of the animal pLGIC family
Ghbrae assuming a molecular clock.
GABmG?2 The calibration (modified from
ggﬁgggg Ortells and Lunt [1]) from
- GABCG2 relative to absolute time
- QABmG3 scaling was based on the
- ANIONIC Ghlispa fgssil recorq for the average
g GABhRZ time of divergence of the
= L—Egggrcgg lineages leading to: mammals
= GABRES and birds (approximately 300
< 4[353391' My ago), mammals-birds and
2  Sagned, amphibians (approximately
r y ago), and fish and the
- “gARDT 350 M ), and fish and th
O EACHW remaining vertebrates
ACHRAZ
E CATIONIC Alhehl (approximately 430 My ago
§ AChdNO [74]. A six characters
5 L [ :Qg:ggg n_om(_enc_:lature was used to
1T Ll—:gg:gj\g discriminate the receptor type
AcHnAl and species of origin (i.e.,
Achbal RRRsS#), where “RRR’
Y Y indicates the receptor type
Aaking (i.e., ACH = nAChR; GAB =
Eﬁg;m GABAR; GLY = GlyR; SER =
AsHnas 5-HT3R), “s” the organism
ACHoAS (i.e., b = bovine; ¢ = chicken; d
ey = Drosophila; f = filaria; g =
ASpris goldfish; h = human; | = locust;
AcHnBs m = mouse; n = nematode; r =
QEIEHS rat; s = snail; t = Torpedo; and
ASHng2 x = Xenopus), "S” the subunit
AHeR? type (e, A=a;B=P; G =y;
L —4&hnas D=5E-=¢ R=p;N-=
AShna! non-a; ? = undetermined), and
— Ao # the subunit number (where 0
EQE:E%] is undetermined).
ACHmG1
ACHeG1
ACHxG1
ACHBE
ACHRE 1
ACHrE1
4' EAC'\mEI
ACHEG1
ACHeD1
ACHBD1
| I:Em:-mm
ACHRD1
L —— !
3000 2500 2000 10° Years 1500 1000 500

discovered . Tt is present in human and dogs, but absent
from mouse or rats and its physiological function is still
unknown. In addition, GABAAR and GABACR, GIuR s, and
GlyRs are selective for anions, and consequently they are
inhibitory. But there are some exceptions to this
classification. For example, some invertebrate GABARs are
excitatory, whereas some ACh/5-HT gated receptors
permeate anions (see below). This different activity is
because the type of ion that flows through the channel is not
determined by the agonist type but it is mainly ruled by the

charge distribution in the ion channel .

pLGICs are also targets for numerous toxins and venoms,
such as nicotine, strychnine, snail conotoxins, coral
lophotoxins, and many snake venoms . Nicotine is a
substance present in tobacco that acts as a toxin in insects,
and as the main addictive compound in humans. In the brain,
nicotine directly stimulates cholinergic (nicotinic) neurons,
and indirectly, via  presynaptic AChR-induced
neurotransmitter release, many others circuits such as the
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glutamatergic, GABAergic, and dopaminergic neurons, a

characteristic by which tobacco addiction is based on /"™

pLGIC members not only have a high degree of amino
acid sequence homology, but also share similar tertiary and
quaternary structures. Within each receptor family, subunits
are split in different types named o, B, vy, and so on.
Particularly, the nAChR subunits are basically classified as a
and non-o, based on the presence of a pair of adjacent
cysteines situated in the so called "Loop C”, an important
tertiary substructure involved in ligand binding (see below).
nAChR a subunits are necessary to bind the neurotransmitter
ACh or other agonists such as nicotine (Figure 1B). A
characteristic of the whole animal superfamily is a sequence
motif of 15 residues named the Cys-loop in the LBD.
However, recent discoveries on prokaryotic members of this
[s;]lperfamily (see below) showed exceptions to this paradigm

Phylogenetic trees

The first studies on the phylogenetics of pLGIC receptors
appeared 20 years ago. The work by Ortells and Lunt M
presented, based on the knowledge at that time, an
evolutionary tree of the whole pLGIC superfamily taking
account their nucleotide sequences. The other work by Le
Novére and Changeux ! presented three different
evolutionary trees for only the nAChR family; one tree based
on amino acid sequence information, a second based on the
structure of the nAChR genes, and the third as a tentative
consensus between them.

Ortells and Lunt " employed an alignment of 106 amino
acid sequences of pLGIC receptors known at that time as the
starting point for the construction of their evolutionary tree
(Figure 2). Branch lengths of Figure 2 were calculated
assuming a molecular clock. The use and fundamentals of the

molecular clock hypothesis has been and is still controversial.

It was discovered that certain proteins have a constant rate of
amino acid substitutions among several mammalian lineages.
Consequently, it was suggested ') that the rate of molecular
evolution of a given protein is almost constant over time,
hence the term "molecular clock”. To estimate divergence
times using molecular information, a known time scale is
needed to convert relative molecular distances to real time.
Fossil information was employed for this purpose.

The main difference between the DNA and amino acid
tree, was the topology involving the muscle nAChRs. For
Ortells and Lunt ", the a1 subunit belongs to the o clade that
includes other neuronal o subunits (ie., 02-al0),
consequently this clade is monophyletic (a clade is a group of

organisms or genes which have their origin from a common
ancestor, i.e. a monophyletic group). Likewise, the
muscle-type B1 subunit, the remaining non-o muscle subunits
(i.e., &, v, and ), and additional neuronal B subunits (i.e.,
B2-B4) belong to the B clade (Figure 2). On the other hand,
based on the gene exonic structure (which refers to the
relationship between exons and introns within the complete
gene, in terms of their positions and sizes) Le Novére and
Changeux " concluded that all muscle subunits, a and
non-a (i.e., al, Bl, vy, &, and o) have a common ancestor
derived from a muscle o-like subunit. More recently, Dent !
found, however, that the muscle and neuronal o subunits
form a monophyletic group (see below), and the muscle and
neuronal non-o subunits form another group, a conclusion
similar to that arrived by Ortells and Lunt ", Nevertheless,
within the neuronal o group there are reversions to non-a, but
only for those that lost the pair of cysteines but still conserve
a high degree of sequence similarity with the rest of the a
subunits.

Figure 2 shows important fundaments on subunit
variability: there is variability of the same subunit type
among different species, which, together with fossil record
ages, allowed to calibrate the times of split, and consequently
the time length for the whole tree. When the DNA based tree
was built, no outgroup was available. By rooting it in the
middle of its length the pLGICs' ancestor was placed
between animal cationic and anionic receptors. Assuming a
molecular clock like this, the date estimated for this ancestor
is at least 2,500 million years (My) ago . The first
impression was that this was a surprisingly remote origin,
probably before the first eukaryotes ['*). However, at the time
of publication, that seemed not to be an isolated case. In spite
of the lack of sequence similarity, G-coupled protein
receptors, another major group of cell surface signalling
proteins, were known to have a tertiary structure similar to
bacteriorhodopsin "*! and hence, probably homologous to
what is clearly a prokaryotic protein. Such considerations
suggested that these very important surface signalling
molecules associated with present day nervous systems were
readily available well before this novel signalling function
made its appearance during evolution . More recently the
same was observed for the voltage-gated potassium channels
of the Shaker-type superfamily and the voltage-gated sodium

channels >8],

An earlier study " suggested that pLGIC like proteins
may be widely represented in a variety of organisms and the
ancestral role of primitive pLGIC receptors was discussed in
the context of osmotic regulation and nutrient seeking, both
of which may involve transmembrane ion fluxes and ligand
recognition. Nutrient seeking in particular may relate to the
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Figure 3. Phylognetic tree of the whole and known pLGIC superfamiliy, including eukaryotic and prokaryotic members. Each
clade includes all species members, as a difference with Figure 2. When known or suspected, the agonist and type of ion that permeates
the channel is indicated. Double-Cys: member of the double-Cys loop subfamily, according to Dent (2006). X-Ray indicates that there is at
least a member of the clade with a high resolution tertiary and quaternary structure solved. Proteins linked to prokaryotic pLGICs
N-terminal domains: PBP-I, Periplasmic binding protein type |; PBP-II, Periplasmic binding protein type II; MCP-N, Methyl-accepting
chemotaxis protein-N; CACHE, Ca2+ channels and chemotaxis receptors; Sym: symporter. To simplify nomenclature "Prokaryotes"
includes modern classification of Bacteria (Eubacteria) and Archea

present function of pLGICs since their ECM is a highly
complex molecular recognition system that would not be
needed for osmotic regulation !, a function that might relate
more probably to that of voltage-dependent ion channels.

The prediction of a pre-eukaryotic origin for this
superfamily ! was confirmed when sequences of putative

pLGIC orthologs were identified in genomes of bacterial
species and in the archaea Methanosarcina ®l In his
phylogenetic analysis of the pLGIC family, Dent !'* 2%
included members from early Bilateria and many sequences
not included in previous works "> '% such as the sequences
from the primitive chordate Ciona intestinalis, Ecdysozoans
represented by arthropods (insects) and nematodes,
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Lophotrochozoans including mollusks and annelids, and
anemone. As mentioned, Dent '* ?° agreed with the
conclusions reached by Ortells and Lunt ' regarding the
monophyletic origins of the o and non-a clades. However, he
also concluded that the anionic GlyRs do not belong to the
GABAR clade (Figure 2), as suggested by Ortells and Lunt
) but are sister branches. A synoptic tree including
prokaryotic and eukaryotic pLGIC receptors is presented in
Figure 3.

Dent !!% 2% included, in addition to the normal chordate
excitatory nAChRs and 5-HT;Rs as well as inhibitory GlyRs
and GABARs, a wide array of invertebrate pLGIC receptors.
There are also eukaryotic pLGIC receptors not activated by
the traditional neurotransmitters (Figure 3), including
inhibitory histamine receptors *'* and GluRs ***%. In both
"cationic" and "anionic" branches there are pLGICs activated
by pH changes. For human and mouse, a ZAC channel is
also included. Interestingly, Figure 3 also shows that many
clades have receptors for which the normal agonist or effect
(excitatory or inhibitory) is still unknown.

In the traditional anionic receptor family appeared some
members that, although genetically related, allow cations
instead of anions influx, including the non-orthologous
nematode 7' and arthropode " cation selective GABARs
(Figure 3). Likewise in the cation family, Lophotrochozoans
have an anionic receptor activated by ACh **!. In the anion
family there are receptors whose agonists usually activate
cationic receptors, such as the "inhibitory" ACh **! and 5-HT
B gated chloride channels.

Dent " proposed for the eukaryotic anionic family, a
subfamily of "double Cys-loop" receptors, which included
the chordate GlyRs and three non-chordate clades. However,
in the tree presented later ** Dent did not mention it and
according to his analysis it appears either not to be
monophyletic or the double Cys-loop was lost in many
clades (Figure 3).

Figure 3 also shows the phylogenetic relationships of the
different pLGICs found in Eubacteria (Bacteria) and Archea
(formerly both classified and merged as Prokaryotes). A very
interesting fact is that in Eukaryota, pLGICs are only found
in animals (Metazoans or Animalia), but they could not be
detected in other branches for which genomic sequences are
available such as fungi, plants, Entamoeba, nor in ancient
organisms like Trichomonas. Different are the cases of the
voltage-gated potassium and sodium channels already
mentioned, where representatives are known from both
animal and non-animal Eukaryota as well as from numerous

prokaryotes '>1%],

In prokaryotes, pLGICs are spread in a very complex way.
They appear in few species, and quite unrelated and distant
taxa possess very similar receptors (i.e., Cytophaga and the
archaeon Methanosarcina), whilst phylogenetically related
taxa may have or not a pLGIC receptor. Tasneem et al.
suggested that this pattern, similar to those detected in other
signalling proteins in prokaryotes, is derived from a high
degree of mobility through lateral transfer and frequent gene
loss ' The phylogenetic tree showed in Figure 3 is
congruent with that displayed in Figure 2, which was lacking
an outgroup, in that the animal branch is monophyletic and
splits up in a similar fashion. According to the tree displayed
in Figure 3, the group composed of Crocosphaera,
Gloeobacter, Erwinia, and Rhodopseudomonas is clearly
more similar in sequence to the eukaryotic pLGIC receptors.
Thus, the ancestral gene of the animal branch for pLGICs
might have been acquired only once by lateral transfer
from one of this prokaryotic forms.

Structure evolution

Although the sequence similarity among pLGICs can be
as low as 10%, the analysis of the global alignment of the
subunit sequences shows that there are several key residues
that are extremely conserved in all pLGICs. Not only these
conserved residues made possible the alignment but also
suggested a common tertiary structure for the whole
superfamily.

Subunit sequences from Eukaryotic pLGICs (i.e.,
Metazoans or Animalia, as it is the only kingdom where
pLGICs were found so far) are much closer to each other
than those from Eubacteria and Archea pLGICs. Although
animal subunit sequences possess the characteristic Cys-loop
which once gave the name to this superfamily, this important
substructure is lacking in the prokaryotic counterparts.
Interestingly, in replacement of the second Cys, prokaryotic
subunits possess a conserved hydrophobic residue, which
probably stabilizes in a similar fashion the region
corresponding to the Cys-loop in eukaryotic subunits . In
addition, the large cytoplasmic region located between M3
and M4 observed in animal pLGICs is lacking in prokaryotes.
In animal pLGICs, this region has been implicated in protein
sorting, trafficking, cytoskeleton anchoring, and membrane
insertion 1%,

The TMDs are the most conserved receptor domains since
they have strong structural restrictions: to anchor the receptor
to the lipid membrane as well as to open and close the ion
channel. Sequence analysis of this region predicted a typical
four-helix bundle quaternary structure. The LBD is also well
conserved since it has the important function of translating
the binding of an agonist into conformational changes that
are transferred to the TMD to finally open the pore.
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Figure 4. Tertiary and quaternary structures of pLGICs. A. Torpedo nAChR; B. Mouse 5-HT3R; C. Caenorhabditis elegans Glutamate
chloride receptor. D. Erwinia chrysanthemi GABA/amine cationic receptor. E. Gloeobacter violaceus proton activated cationic receptor.
Upper row: ribbon representation of medium or high resolution structures. Secondary structures are coloured in black (a-helices), white
(B-sheets) and gray (loops). Lower row: cartoon representation of the subunit secondary structures. Cylinders represent a-helices and
arrows (-sheets. The nomenclature of each secondary structure is specified. Some (-sheets where originally considered "loops", so both

nomenclatures are shown.

Tertiary and quaternary structure images of members from
this superfamily were obtained with increasing atomic
resolution. The difficulty for years in obtaining crystals for
X-ray analysis came from the fact that two of the three
domains (extra and intracellular) are water soluble while the
transmembrane region is hydrophobic. This problem wad
solved, for example, thanks to the use of novel techniques
based on llama-derived single-chain antibodies as
crystallization chaperones. Currently, there are several solved

structures which are shown in the upper row of Figure 4A-E.

The initial nAChR images (Figure 4A) at medium
resolution (4-9 A) were obtained from electron microscopy
diffraction studies of quasi-crystalline nAChR specimens
from the electric ray Torpedo californica **>*. The first high
resolution images were obtained using soluble acetylcholine
binding proteins (AChBPs) from the molluscs Lymnea

stagnalis "), Aplysia californica ®®, and Capitella teleta ",
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which have structural resemblance to the extracellular
domains of pLGICs. All AChBPs lack the transmembrane
and intracellular regions. These proteins permitted to clarify
the structural components of the agonist binding sites since
Loop E and Loop D were actually made of residues from
adjacent [ strands and not from loop structures.

In 2007, it was discovered that the expression of the coded
protein (GLIC, Figures 3 and 4E) from one of the
prokaryotic species, Gloeobacter violaceus, produced
functional cationic pLGICs activated by protons B8 Short
after, the first complete high-resolution image of a full-length
pLGIC, from Erwinia chrysanthemi (ELIC, Figures 3 and
4D), was solved at 3.3 A in the closed and putative open
states P**) The ECDs of these channels were similar to
those found in AChBPs. These receptors have been shown to
be activated by primary amines and by high concentrations
of GABA ™. These first studies were followed by the
structure solution of GLIC at 2.9 A resolution **). Regarding
eukaryotic receptors, the earliest high resolution image was
solved at 3.3 A in 2011 from the GluCl channel (Figures 3
and 4C) from the Ecdysozoan nematode Caenorhabditis
elegans . In 2014, the first vertebrate pLGIC structure was
solved [44], the mouse 5-HT3,R, at an atomic resolution of 3.5
A (Figures 3 and 4B).

The comparison of all these structures displayed in Figure
4 shows a striking similarity in spite of the low amino acid
sequence identity among them. All these structures have a
universal organization, comprising five homologous subunits
(identical or not) symmetrically arranged around a central
ionic channel that is perpendicular to the membrane. The
structures show the ECD and TMD as predicted by the amino
acid sequences. These structures showed other differences
between the prokaryotic and eukaryotic N-terminal domains.

The ECD of all prokaryotic and eukaryotic pLGIC
receptors are folded in an immunoglobulin-like -sandwich
stabilized by inner hydrophobic residues. This folding pattern
is remarkably highly conserved among receptor subtypes.
However, the connecting loops are variable in length and
structure. Eukaryotic, but not prokaryotic, structures have an
a-helix at the beginning of the ECD whose role is unknown,
but it has been implicated in receptor expression and
antibody recognition, especially those autoantibodies found
in patients with Myasthenia gravis ). These differences can
be observed in the cartoon structure representations included
in Figure 4 (lower row). These cartoons also show some
other differences in the structures. For example, the 5-HT;,R
has a small a-helical structure in Loop B (Figure 4B) not
seen in other structures. In addition, the B5-strand of GluCl
has an inserted loop (Figure 4C), and similarly the
prokaryotic ELIC has a unique small a-helical structure but

in Loop A (Figure 4D).

The TMD is consistent in all structures and with the
sequence based predicted folding, a four a-helix compacted
bundle. The M2 segments in each pentamer, line and shape
the ion channel itself as predicted ™ **). The M2s are
surrounded by the M1 and M3 helices. The M4 segment
conforms the outer ring of this packet bundle and interacts
with the surrounding lipid bilayer. In fact, the GLIC structure
shows three lipid molecules bound to each subunit docked in
the crevices formed by M4 and either M1 or M3 3. This
was also early described and predicted by experimental and

modeling studies .

The functional conservation of the ECD and TMD during
evolution is demonstrated by the fact that many chimeras
using different eukaryotic and prokaryotic domains have
been successfully produced ', especially important is the
one constructed between the bacterial GLIC and al GlyR
subunits P,

In addition to the similarities in the tertiary and quaternary
structures, the more basic comparative sequence analysis of
the prokaryotic and eukaryotic pLGIC subunits allowed to
pinpoint some key common residues that are probably
essential for functional features and for the tertiary and
quaternary structure determination: (1) The helix-bending
position in helix M1 (P, G, or S; T. californica a1-P221) is
critical for the conformational change during channel
opening P24, (2) A small residue in the middle of helix M2
(T. californica a1-S252) initiates a helix bend important for
channel opening . (3) A small residue in the M2-M3 loop
(T. californica a1-G275) is critical for the rotational freedom
of the M2 helix during the gating process >\, (4) A polar
residue just before the beginning of the segment M4 P31, (5)
Cation channels usually have a sequence motif of the form
glutamate (E)-[arginine (R)/lysine (K)] with the E residue
playing a role in cation selectivity ¥ *"**. An E residue is
present in eight of the known bacterial sequences . (6)
Anion channels usually have a motif of the form alanine
(A)-[RK] with the basic residue participating in anion
selectivity ™ *» 4 A basic residue corresponding to the
anion channel’s motif is seen in six of the known bacterial
sequences . (7) Non-conserved polar or charged residues at
the C-terminal end of M2 might be involved in fine-tuning
ion selectivity [ *!. (8) In many animal pLGIC receptors, the
ligand-binding pocket is surrounded by multiple aromatic
residues that interact with the ligand. Eukaryotic or
prokaryotic receptors, with the exception of the human ZAC,
contain at least a single aromatic residue in the agonist
binding pocket, suggesting that cation-mt interactions with the
bound ligand are widespread in the entire superfamily ’. The
average number of aromatic positions is 2.1 for prokaryotic
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receptors and 2.6 for eukaryotic receptors, suggesting some
differences in the type and nature of the ligand interactions
(9) A highly conserved motif aPaD (where 'a' is any aromatic
residue) is observed in the middle of the Cys-loop in animal
pLGICs or in the homologous region in prokaryotic receptors
1551 (10) A tryptophan residue is located at the end of the
B2-strand (W58 in AChBP) P\ (11) An aromatic or
hydrophobic residue is located in a homologous position to
W82 (in AChBP) .

In spite of the similarities shown in Figure 4, the
prokaryotic pLGICs can be more complex in than the
eukaryotic ones. Several receptors have one or more
amino-terminal fusions with other proteins !, For example,
Figure 3 shows a domain from the periplasmic binding
protein type I (PBP-I) superfamily. These bacterial proteins
bind amino acids or small molecules in the extracellular
space to facilitate their uptake. Other bacterial proteins are
the CACHE (Ca®" channels and chemotaxis receptors) and
MCP-N (methyl-accepting chemotaxis protein-N) domains.
These are common prokaryotic sensor domains that bind a
variety of extracellular or periplasmic ligands and regulate
signal transduction. In addition, some of the bacterial forms
occur in predicted operons with the genes of the PBP-II
superfamily and the above mentioned CACHE domains.
These domains, fused or predicted, may be involved in
sensing the concentration of small molecules (as proposed
for the pLGIC alone by Ortells and Lunt ")), which then bind
to the LBD finally opening the channel. This mechanism
might regulate the bacterium motility in response to the
ligand ™.

Evolution of desensitization
Ortells and Lunt " *®! under the initial assumption that
pLGICs might be present in ancient organisms such as
prokaryotes, proposed that desensitization would have
provided a mechanism to prevent long term opening of the
channel that could be not only harmful but futile to the
primitive cell. This proposal was made in the context that in
animals, and especially in the muscle junction, these
receptors never reach desensitization as the neurotransmitter
is rapidly eliminated from the synapse by the action of
hydrolytic enzymes (i.e., acetylcholinesterase). In other
words, desensitization was only seen experimentally.
Therefore, given that desensitization does exist in present
day animal pLGICs, and that there is no selectivity pressure
in animals to keep this feature, they stated that "this would
indicate that desensitisation is intrinsically inherent in the
very basics of the structure of these receptors and probably
strongly selected for prior to the LGICs' assumption of their
present function in the nervous system". With the discovery
that prokaryotic pLGICs can be desensitized ™" *7), this

°1

assumption was confirmed. Thus, even without the selective
pressure, this feature remains intact in vertebrate pLGICs.
The available data show that there are many receptor regions
involved in desensitization, including the ECD and TMD, but
especially in the ECD-TMD interface (58621 The complex
structures involved in the process of desensitization have low
probability of being lost completely by genetic drift, without
disrupting the entire receptor functions.

Assembly evolution

Ortells and Lunt ' suggested that the first receptors of the
eukaryotic family were homomeric in nature, a proposition in
agreement with that made by Tasneem ez al. ), suggesting
that the ancestral gene of the animal branch might have been
acquired only once by lateral transfer from a prokaryotic
form, which are known to be only homomeric. The
eukaryotic receptors can be homomeric but also heteromeric
structures formed by different types of homologous subunits.
In vertebrates, ten nicotinic o (a1-a10) and seven non-a (1
to B4, v, §, and €) subunits have been identified, and thus the
potential number of possible receptors is astronomic. If we
assume a molecular clock, this multiplication took place very
recently (Figure 2). It seems that in muscle nAChRs the non-
o, subunit proliferation (B1, v, 6, and €) may have been a
means to "fine tune" a single role based on one receptor
subtype, whilst in the brain it was used to expand beyond one
role generating different receptor subtypes formed by the
combination of o and 3 subunits. In spite of this possibility,
relatively few combinations have been observed [ In fact,
the amount of actual receptor variability is an unsolved
problem that has been extensively analyzed. For example, the
only outcome of the in vivo expression of the al, B1, 6, and y
subunits found in muscle or in the electric ray Torpedo
nAChRs is the f1dalyal stoichiometry (and likewise, in the
adult muscle nAChR, replacing the 6 by the € subunit). It is
well known that neuronal nAChR subunits can be combined
as heteromeric receptors, for example, a4P2 or a3f4,
whereas the a7 subunit can form functional homomeric
receptors. More recent data indicate, however, that the most
probably endogenous o7 nAChR stoichiometry also contains
B subunits (e.g., B2 subunits (). The structural information
for subunit recognition during assembly is located in the
ECD of nAChRs ““%®!. Based on this, Ortells and Barrantes
[®) presented an assembly model based on the shape and
hydrophobic and electrostatic interactions of the ECD of
nAChRs and 5-HTs;Rs which could explain why some
subunits may interact or not with other subunits, and given a
particular pathway of assembly the stoichiometry of the
receptor as the output. In an attempt to explain this subunit
specificity, Ortells V% after comparing the rates of
substitutions in synonymous and non-synonymous nucleotide
positions "), could not find a trace of positive selection on
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ECD amino acids in subunits that have a recent common
ancestor. So far, how the affinity between subunits evolved is
still unknown.

Conclusions

The possibility of studying the evolution of pLGICs began
with the cloning of the al subunit from Torpedo electric
organs in 1982 72, Thirty years later, we know that pLGICs
are present in a wide variety of organisms, including
prokaryotes, where they presumably have had their origin,
and so far in eukaryotes only in animals, probably from a
unique lateral transfer from the former. This restriction
contrasts with the widespread presence in prokaryotes and
eukaryotes of other types of homologous ion channels. The
resolution of the three-dimensional structures of both
prokaryotic and eukaryotic pLGICs made clear that the basic
scaffold and functional organization of these proteins
remained unchanged since they appeared. However, we also
know that both the ECD ! and TMD " can fold in
isolation, and that many functional ECD-TMD chimeras can
be constructed, even by mixing prokaryotic and eukaryotic
domains °'**"], Therefore, we can imagine a scenario where
pLGICs had their origin from an earlier domain fusion from
independent TMDs and ECDs.
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