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    Chapter 2   
 Molecular Structure, Gating, and Regulation 

             Steen     E.     Pedersen     

    Abstract     Gating of ion channels is the opening response of the channel to a 
 stimulus and its subsequent desensitization or inactivation. For nicotinic acetylcho-
line receptors, the stimulus is the binding of the neurotransmitter acetylcholine to 
an extracellular domain followed by a sequence of conformational changes result-
ing in rapid channel opening. In most channels a persistent stimulus invokes a sec-
ond gating event driving the channel into an inactive, desensitized state that may or 
may not contribute to the net response. A full understanding of gating requires a 
correlation of structural changes with the kinetics of channel opening and desensi-
tization; an understanding of how these changes result in rapid, large changes in ion 
fl ux through the channel; and how they are terminated. In this article the current 
structural changes and the current understanding of nicotinic receptor channel 
kinetics are reviewed and correlated. The analysis necessarily draws on inferences 
from the larger family of ligand-gated ion channels and related proteins. The focus 
will be predominantly on the opening event but will also include consideration of 
desensitization.  
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  MWC    Monod-Wyman-Changeux cooperativity model   
  nAChR    Nicotinic acetylcholine receptor   
  TID    3-(trifl uoromethyl)-3-(m-iodophenyl)diazirine   
  TM    Transmembrane domain   

1           Introduction 

    The family of pentameric ligand-gated ion channels constitutes a class of fast 
 synaptic neurotransmitter receptors (Fig.  2.1 ). This family includes the nicotinic 
receptors, the GABA A  receptors, the glycine receptors, and the 5-hydroxy-
tryptamine receptors. The focus in this review will be on understanding gating of 
nicotinic acetylcholine receptors (nAChR), which are themselves divided into two 
classes: muscle-type and neuronal nAChR. The muscle-type receptors comprise 4 
distinct subunits arranged pentamerically (α 2 βγδ for the embryonic form; α 2 βεδ for 
the adult form). The neuronal forms comprise various mixtures subunit subtypes 
designated α2 through α10 and β2 to β4. The distribution and putative function of 
these receptors has been reviewed extensively [ 1 ] and will be addressed in detail 
elsewhere in this volume. Notably, subunits can mix as heteropentamers, e.g., α4 2 β2 3 , 
or for some subunits, homo-pentamers, notably α7 5 . However, structural and mecha-
nistic information is derived from across the family; the receptors are all structurally 
similar, and, in broad strokes, likely undergo quite similar mechanisms of gating.
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  Fig. 2.1    Structure of the Torpedo nAChR. The  left  fi gure shows the  Torpedo  nAChR in cross- 
section. The  right  fi gure shows the receptor from the extracellular side [ 20 ]. The  arrows  indicate 
the location of the ligand-binding sites at the α–γ and α−δ subunit interfaces       
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   The pentameric ligand-gated ion channels, as with most channels, have at least 
two gating actions: opening and desensitization. Both gating steps are ultimately 
initiated by the binding of neurotransmitter or ligand to binding sites. The binding 
fi rst triggers rapid opening followed by desensitization; desensitization is entry into 
a nonconducting state that exists in the persistent presence of neurotransmitter. In 
practice, to analyze binding and single channel data, these are often described as 
chemical reaction steps in kinetic and thermodynamic schemes (see Fig.  2.2  for a 
simple example). Under ideal conditions, the opening step, or activation, can be 
isolated to a single elementary reaction, amenable to detailed kinetic and thermody-
namic analysis. In contrast, desensitization, which is the equivalent of inactivation 
in voltage gated channels, appears to be a complex, multistep process, less amena-
ble to a simple description; less is understood about this process.

   High-resolution structural information on ligand-gated ion channels and some 
of their bacterial congeners has been forthcoming at an increasing rate and has shed 
a great deal of light on the possible mechanisms for opening and desensitization. 
These data are reviewed in the fi rst section; for a more detailed review of structure-
based analysis of the conformational changes, also see the excellent exposition by 
daCosta and Baenziger [ 2 ]. Nonetheless, a clear and comprehensive picture of gat-
ing at the level of the channel is still lacking. The second section considers the 
functional and indirect structural data that informs gating in the context of the high-
resolution structural data.  

2     Atomic-Resolution Structural Analysis of Gating 

2.1     The Structural Basis of Gating at the Ligand-Binding Sites 

 As seen in Fig.  2.1 , the family of pentameric ligand-gated ion channels constitutes 
pseudo-symmetric proteins with homologous or identical subunits surrounding a 
central pore that provides the ion conducting pathway. The ligand-binding event 
that triggers gating occurs in the extracellular (ligand-binding) domain. Structural 
studies on the homologous Acetylcholine Binding Protein (AChBP; [ 3 – 5 ]) and 
more recently on an α7 chimera [ 6 ] have provided a clear description of the struc-
tural changes that accompany binding within the ligand-binding domain. 

 As shown in Fig.  2.3  binding of agonists induces a pronounced change in the 
loop C region, an area of the protein that had already been identifi ed as critical for 
ligand binding and characteristic of the α-subunits in the nicotinic receptor family. 
The idea that gating is triggered by a general inward movement of loop C was 
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  Fig. 2.2    A minimal model of nAChR activation.  R  represents the resting, or closed, conformation 
of the nAChR.  O  refers to the open, active conformation, and  D  the desensitized state.  A  refers to 
agonist or acetylcholine binding, occurring in two independent steps       

 

2 Molecular Structure, Gating, and Regulation



20

 confi rmed when antagonist binding was observed to interfere with loop closure [ 5 ]. 
This is consistent with the generally larger size of antagonists (e.g. conotoxin and 
 d -tubocurarine) whereby a simple model of steric hindrance of loop closure  prevents 
the normal loop C closure [ 5 ].

   The details of further structural changes remain somewhat ambiguous. There are 
only modest changes in the overall β-sheet structure twist of the AChBPs between 
the two conformations (Fig.  2.3 ). The advantage of these high-resolution structures 
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  Fig. 2.3    Acetylcholine Binding Protein structures defi ne agonist binding motions. Panel  a ,  left , 
top views (extracellular side) of AChBP shown in its unliganded, apo form (pdb 2BYN) and bound 
to the agonist epibatidine (pdb 2BYP; [ 5 ]. Panel  a ,  right , side view of the AChBP with epibatidine 
bound. Panel  b ,  left , Superposition of individual subunit structures in the bound and unbound 
states:  red —unbound;  blue , bound. Panel  b ,  right , detail of bound epibatidine surrounded by the 
aromatic residues known to stabilize cation binding. Panel  c , Gating-changes in the nAChR 
Ligand-Binding Domain of the  Torpedo  nAChR by comparison of closed and open structures.  Left  
side shows the open conformation in gray and the closed conformation colored for the α- and 
γ-subunits only. Panel  c ,  right , shows details of the structural changes ascribed to opening       
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as models for gating changes is mitigated by the absence of the conformational 
restrictions imposed by the presence of the transmembrane, channel domain and 
therefore, the relevant changes that communicate binding to the transmembrane 
domain may not be observed in AChBPs. 

 Data from full channels include recent electron microscopic structural investiga-
tions on the  Torpedo  nAChR. Changes in the extra-cellular domain seen by com-
parison of the electron-microscopic structures from Unwin’s lab in the closed and 
open states also show only subtle changes (See Fig.  2.3c ). The loops C are extended, 
similar to the unbound structure of the AChBP and the loop C changes upon open-
ing are small relative to those seen in the AChBPs, but may give some indication of 
the general direction of those changes [ 7 ]. X-ray crystal data from the bacterial 
homologues ELIC [ 8 ] and GLIC [ 9 ], as well as several structures of the nematode 
Glu-Cl channel, which is also in the LGIC family [ 10 ] all show the loops C in a 
conformation similar to the agonist-bound AChBP structures. The structural data on 
loops C in the Glu-Cl channel is likely constrained by interaction with the cocrystal-
lized FAB fragments [ 10 ]; whether gating in the bacterial channels involves changes 
in the extracellular domain is not known.  

2.2     Binding Site Inequality 

 The two binding sites are nonequivalent. This is apparent from the structural orga-
nization of the heteropentamer in the muscle-type nAChRs (Fig.  2.1 ) in that ele-
ments from both the α-subunits contribute to binding, as well as elements of the 
adjoining subunits, the γ- and δ-subunits for the embryonic form of the muscle 
receptor. The site differences were fi rst determined through  d -tubocurarine binding 
and subsequent photoaffi nity labeling studies with this compound identifi ed the α-γ 
site and having higher affi nity for  d -tubocurarine and, through subsequent studies, 
lower affi nity for agonist (acetylcholine and Dansyl-C6-Choline) in the resting state 
[ 11 – 13 ]. A number of chimeric and photoaffi nity labeling studies identifi ed  residues 
responsible for the distinct agonist affi nities in the γ-, δ-, and ε-subunits [ 14 ,  15 ], as 
well as for the antagonists d-tubocurarine, α-conotoxin, and α-bungarotoxin 
[ 16 – 19 ]. The affi nity differences between the sites contribute substantially to shap-
ing the dose-response curves in the embryonic α 2 βγδ nAChRs; whereas in the adult 
α 2 βεδ form, the affi nities are more or less equal. The studies identifying the sources 
of site-selectivity have been critical in identifying the key elements of the binding 
sites before atomic resolution structures became available. For obvious reasons, 
these differences do not apply to the homo-pentameric nAChRs, such as the α7 
nAChR. The consequences of site-selectivity will be discussed further under the 
functional aspects of gating. 

 A key question, not fully answered by the model studies on AChBP, is how the 
observed structural changes communicate the information to the transmembrane 
domain to affect opening of the pore. This question has been the topic of intense 
investigation through site-directed mutagenesis (see below).  
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2.3     The Structural Basis of Gating at the Channel 

 Substantial data have emerged showing a variety of LGICs with distinct structures 
in the channel region. High-resolution data from prokaryotic channels has shown 
clear, distinct structures from the two channels, ELIC [ 8 ] and GLIC [ 9 ]. These have 
been interpreted as refl ecting closed and open states, respectively and the changes 
in the transmembrane region appear consistent with this interpretation (see Fig.  2.4 ). 
The nematode Glu-Cl channel also appears to be in an open conformation. However, 
two conformations, resting and open, determined on the same channel, the  Torpedo  
nAChR, show only subtle differences and it is unclear whether those modest struc-
tural changes are suffi cient to account for gating. But they may indicate the general 
shape and direction of the gating motion [ 7 ].

  Fig. 2.4    Structures of the TM domain in open and closed conformations. Panel  a , the left hand 
side shows the pentameric structure of the TM domain from the extracellular side. The right hand 
side shows the membrane cross section showing only two of the subunits, for clarity. Shown are: 
the ELIC channel (nominally closed, pdb 2VL0); the GLIC channel (pdb 3EHZ); the Glu-Cl chan-
nel, picrotoxin bound (nominally open, pdb 3RI5);  Torpedo  nAChR closed (pdb 4AQ5);  Torpedo  
nAChR open (pdb 4AQ9). Panel  b , side and top views of a single TM domain ELIC ( red ) and 
GLIC ( blue ) channels aligned. M1 was omitted in the side view for clarity       
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   An initial EM structure of the  Torpedo  nAChR [ 20 ] showed a relatively acces-
sible transmembrane (TM) domain that narrowed to a 6 Å diameter pore that was 
nonetheless apparently a closed structure (Fig.  2.1 ). The TM domain consists of 
four transmembrane α-helices from each subunit, named as M1 through M4. The 
M2-helices constitute the pore lining, and the M4-helix is the most exposed to the 
lipid milieu. This assessment was based on the apparent outward Loop C binding 
site confi guration, indicating a conformation unbound by ligand and the general 
hydrophobicity of the pore (see Fig.  2.4 ). However the high-resolution structure 
of the prokaryotic channel ELIC revealed a few years later, showed a dramati-
cally distinct TM-domain structure with much more closely apposed, straight and 
nearly parallel M2 α-helices [ 8 ]. This appeared more consistent with a generally 
closed structure where the close apposition of hydrophobic residues near the 
extracellular end of the channel clearly precludes ion permeation. Shortly there-
after, an acid- activated prokaryotic channel (GLIC) was crystallized, in low pH 
and the resultant structure indicated an apparent open-channel conformation [ 9 , 
 21 ,  22 ]. The pore- lining M2 α-helices are splayed apart at the extracellular end 
and have suffi cient space for ion permeation near the cytoplasmic end. The M2–
M3 helices of ELIC and GLIC overlay nicely after an inward rotation of the 
helices from the splayed GLIC helices to those of ELIC. This suggests a simple 
outward and twist motion of the TM-helix bundle helices as a trigger for opening 
(see Fig.  2.4b ). 

 This putative, open state was fairly consistent with the structures of the nematode 
Glu-Cl channel, that was crystallized in the presence of the endogenous agonist, 
glutamate, as well as in the presence of an open-channel blocker, picrotoxin, and in 
the presence of an allosteric activator [ 10 ]. These structures together argue for the 
Glu-Cl TM-domain being captured in an open state. Recent, higher-resolution 
structures of the GLIC channel reveal the presence of a hydrated sodium ion in what 
appears to be part of the selectivity fi lter of the channel. Further computer simula-
tions on the ion pathway argue strongly for an open-channel confi guration [ 23 ]. To 
further test whether the GLIC conformation refl ected an open state, rather than an 
alternative closed state, cysteine crosslinks were engineered into GLIC. The cross-
linked form demonstrated the capacity of GLIC to adopt a closed-like conforma-
tion, similar in structure to that of ELIC, as determined by crystallography [ 24 ], and 
shown to be nonconducting. 

 The apparent contradiction between these structures and the quite subtle changes 
found for the  Torpedo  nAChR are not readily reconciled. The  Torpedo  structure 
shows quite modest changes upon agonist exposure, both at the agonist sites and the 
level of the TM domain [ 7 ]. The TM domain in the putative closed state is closer to 
the open confi guration as defi ned by the GLIC and Glu-Cl structures. However, the 
ligand-binding domain appears to be in an unliganded conformation. Given the 
close coupling between binding and opening and desensitization, it is unclear 
whether the gating movement in the  Torpedo  nAChR is fundamentally subtler or 
whether the inability to determine the absolute conformation in crystal structures 
simply confounds interpretation.  
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2.4     Structural Basis of Coupling Ligand Binding 
to Channel Gating 

 The ligand-binding and transmembrane domains are distinct structures, the former 
being predominantly β-sheet and the latter largely α-helical. The interface is where 
communication between the ligand-binding event and the channel must take place. 
The primary features of the interface thought to mediate this are loops intertwining 
from the ligand-binding domain and the TM domain. The Cys-loop (β6–β7 loop), 
which contains the disulfi de bond conserved among the eukaryotic LGIC subunits, 
and the β1–β2 loop (See Fig.  2.5 ) surround the M2–M3 linker on the TM domain 
(the loop linking the M2 and M3 TM α-helices). Mutational analysis early on iden-
tifi ed the M2–M3 linker as a critical aspect of communication between the extracel-
lular domain and the TM domain [ 25 ,  26 ]. In addition, there is a direct connection 
between the β9–β10 sheet (which includes the Loop C structure that binds agonist), 
and the fi rst transmembrane domain, that seems likely to exist for communication 
between ligand-binding and the TM-domain. The motions triggered by ligand bind-
ing likely communicate these changes to the TM domain through movements in 
these linkers. There is substantial mutational evidence (see below) for communica-
tion between these loops, but the conclusions from the structures is less enlighten-
ing about motions that could effect the large changes seen among the putative closed 
and open channel structures.

   Comparison of putative open (GLIC and Glu-Cl) or closed (ELIC) structures do 
not show obvious changes in this region that lead to a clear hypothesis of communica-
tion. The M2–M3 linker is longer for these channels than in the  Torpedo  nAChR. The 
recent comparative structures of the  Torpedo  nAChR channel show very small 
changes in the motion of the linkers, as well as only small motions in the rest of the 
protein, upon agonist binding. The smaller linker in the nAChR primarily engages the 
Cys-loop (β6–β7 loop) and the β1–β2 loop, which surround the highly conserved 
proline residue whereas in the prokaryotic channels and in Glu-Cl the M2–M3 linker 
has one helix coil unwound and interacts with the adjacent subunit as well (Fig.  2.5 ). 

 In summary, it seems apparent and logical that tension generated by ligand bind-
ing likely affects the β9–β10 loop, which connects directly to the TM domain at M1, 

  Fig. 2.5    Structures of the Domain interface and the coupling region. The M2–M3 linker is shown 
with the conserved proline in van der Waals dimensions. The β10 sheet is shown in yellow, the 
Cys-loop in tan, and the β1–β2 loop in orange. The pdb accession codes for the structures are 
nAChR closed (nAChR- C ), 4AQ5; nAChR open (nAChR- O ), 4AQ9; Glu-Cl, 3RI5; GLIC, 3EHZ; 
ELIC, 2VL0       
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and likely involves motions of the Cys-loop (β6–β7 loop) and the β1–β2 loop acting 
on the M2–M3 linker. While it is clear from the structural analysis and from muta-
tional analysis that these regions are critical for communication between the extra-
cellular domain and the transmembrane domain, nonetheless, a clear description of 
how ligand binding alters the conformation in this region and communicates the 
movement to the channel, is still lacking. This is partly because the prokaryotic 
channels do not evince the same extracellular ligand binding as the eukaryotic 
 channels, possibly due to crystal constraints, and to the modest structural changes 
seen in the careful comparisons of the closed and activated  Torpedo  nAChR [ 7 ].  

2.5     Desensitization 

 An added layer of complexity in our understanding of the structural basis of gating 
is introduced when we consider desensitization for LGICs [ 27 ]. The  Torpedo  
nAChR is well-known to desensitize readily under the infl uence of a number of 
local anesthetics, detergents, and other agents, as well as in the prolonged presence 
of conventional agonists such as acetylcholine [ 28 – 32 ]. However, ambiguities in the 
functional state of channels where we have high-resolution structures make it 
unclear whether any of those structures fully defi ne a distinct functional state. Is it 
possible that the ELIC structure or the nAChR structure represents a desensitized 
state rather than a simple closed confi guration? This appears unlikely considering 
several general observations. Photo-affi nity labeling studies have identifi ed residues 
that change their exposure, or reactivity, or both when changing from closed to open 
to desensitized; channel blockers that preferentially bind the resting state, such as 
tetracaine [ 33 ] and 3-(trifl uoromethyl)-3-(m-iodophenyl)diazirine (TID) are typi-
cally smaller, while the desensitized channel can accommodate substantially larger 
ligands such as meproadifen mustard, ethidium, and crystal violet. Large channel 
blockers display slow kinetics of binding and egress from the desensitized channel, 
indicating restricted access in the desensitized state [ 32 ,  34 ]. Yet, structural features 
consistent with restriction of ligand access to the channel pore have not been 
observed in any of the crystal structures, so it is possible that none of the known 
structures are representative of the desensitized state.  

2.6     Summary of Structural Data 

 High-resolution structural data have provided a wealth of information on the basic 
structure of the channel. It provides a clear picture of changes in the ligand-binding 
domain, and also about possible changes that may constitute gating within the TM 
domain. The actual location of such conceptual features as the gate, the element that 
restricts fl ow in the closed state, and the selectivity fi lter, are less clear, given the 
distinctions between the nAChR structures and the bacterial LGICs. Other types of 
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indirect structural information, such as accessibility studies and photo-affi nity 
labeling, along with functional analysis further informs the structure and location of 
these features as discussed below.   

3     Functional Analysis of Gating 

 Gating of nAChRs has been analyzed extensively using electrophysiology, ion fl ux 
assays, ligand-binding assays, and single channel recordings. These have been com-
bined with such techniques as photoaffi nity labeling and cysteine accessibility 
assays to probe the structures and structural changes at various sites on the receptor. 
These techniques have their distinct advantages and taken collectively present a 
reasonably cohesive, though incomplete, picture of gating in nicotinic receptors. 
The combination of single amino acid substitution, single channel gating measure-
ments, and thermodynamically-based analysis is proving a powerful technique that 
provides substantial functional information on the role of individual amino acids in 
gating. It also provides insight into the order of events during the gating transition. 

 nAChR activation typically requires high micromolar concentrations of acetylcho-
line, which are substantially higher than the low nanomolar concentrations deter-
mined to bind fully at equilibrium [ 28 ,  35 ,  36 ]. nAChRs were closed at conditions of 
equilibrium binding, thereby describing the nonconducting desensitized state as hav-
ing high affi nity for acetylcholine [ 27 ]. These observations essentially set the stage 
for the current model of nAChR-activation and desensitization (see Fig.  2.2 ). Although 
a number of details embellish this model, as discussed below, this model captures the 
main, essential features of nAChR activation as we currently understand it. 

 One goal of functional studies is to determine the number of stable and interme-
diate states of the nAChRs so as to arrive at a complete energetic and structural 
description. The atomic-resolution structural information lags behind due to the 
inherent diffi culty of crystallization. Therefore, functional studies are critical to 
understanding the basic route that activation and desensitization can occur and 
thereby inform basic structural constraints. The current questions include whether 
there are intermediate states between ligand binding and channel opening and 
between opening and full desensitization. 

3.1     Energetics and Linear Free Energy Analysis of Gating 

 The energetics of gating can be examined through the effect of mutational changes 
on the overall gating equilibrium between the closed and open states (Figs.  2.2  
and  2.6 ). This informs the amino acids that are critical in the gating motion or can 
affect it allosterically. A refi nement of this analysis that provides a distinct element 
of information is Linear Free Energy Analysis (LFER; or Φ-value analysis). This 
requires an assumption that the closed-to-open state transition can be described as 
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an elementary chemical transition and examines the gating transition state at any 
amino acid where a mutation perturbs gating. Based on perturbation of the closed-
to- open equilibrium, the principles of the analysis are derived from basic thermody-
namics and reaction kinetics. Grosman et al .  [ 37 ] described its application to the 
nAChR: the technique requires single channel analysis of opening and closing rates 
(β and α, respectively). These also determine the overall equilibrium between the 
two states (see Fig.  2.6 ). Upon perturbation of the equilibrium through mutation or 
using various agonists, a log plot of β  versus  the equilibrium constant provides a 
slope, a Φ-value. The higher the slope for the forward rate constant the greater the 
transition state resembles the open state. This interpretation refl ects the lack of 
change in the rate constant from open to closed, suggesting little perturbation 
between the open state and the transition state (Fig.  2.6b ). For plots of the closing 
constant, α, the reverse argument holds true, high slopes refl ect low Φ values and 
refl ect a transition state that more closely approximates the closed state. By carrying 
out Φ-value analysis on the binding site and on other amino acids thought to be 
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  Fig. 2.6    Linear Free Energy Analysis.  Top , the gating transition is confi ned to being described as 
a simple elementary reaction between  R  and  O  states with rate constants β (forward) and α (back-
ward). The ratio β/α describes the equilibrium constant,  K  eq . A plot of log β versus log  K  eq  from 
mutations or other perturbations at a discrete site is described by the slope Φ, which is a descriptor 
of how close the transition state ( R-O *) is to the open state structure, ranging from zero to one. 
 Bottom , a schematic of the transition state diagram for  wt  and mutant ( m ) nAChR between the open 
and closed states. The diagrams for the two nAChRs are arbitrarily aligned at the resting state 
energy, showing changes in the equilibrium constant free energies (ΔΔ G  eq ). The  arrows  at the left 
correspond to the activation energies associated with the forward rate constants β and are propor-
tional to log β       
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involved in gating, Auerbach and colleagues mapped the transition state patterns of 
the gating movement throughout the mouse muscle nAChR [ 38 ].

   The results of this analysis reveals a pattern where the binding site more closely 
resembles the open state and parts of the channel more closely resemble the closed 
state during the transition state [ 39 ] (see Fig.  2.7  for a limited sample of residues 
tested). This appears to make sense as ligand-binding drives channel opening 
through an induced-fi t mechanism [ 40 ] that is energetically driven by cation–pi 
interactions between acetylcholine and the aromatic side chains of the binding site 
[ 41 – 43 ]. The binding provides the ultimate strain that drives opening, so it is 
expected that this should more closely resemble the fi nal, high-affi nity open state. 
Likewise, it is not unexpected that the channel and the physical gate would more 

  Fig. 2.7    A structural illustration of Φ-value analysis. The structure illustrates a few amino acids 
from the various zones of high, intermediate and low Φ-values. The residues are colored according 
to Φ-value ranges with the data taken from Grosman and Auerbach [ 37 ]:  Red  indicates a range of 
0.9–1;  yellow , 0.7–0.9;  orange , 0.4–0.7;  blue , 0–0.4. Subsequent work has fl eshed out these results 
to show there are four distinct regions of similar Φ-values. These are not restricted to distinct 
domains but have some structural overlap. In general, amino acids closer to the binding site have 
higher Φ-values and those at the gating region and channel, lower Φ-values. Higher values indicate 
that the transition state structure is more like the open state; lower values more like the closed state. 
The four regions may indicate parts of the structure that move coordinately during the transition 
from closed to open       
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closely approximate the closed state. The full data set paints more detail on this 
simple picture of strain communicated from the binding site to the gate.

   The Φ-values refl ect the overall change of the transition state relative to the 
 starting and end states. Thus, amino acids with similar Φ-values like move in a 
tightly- coupled manner. That is, by identifying the regions where the Φ-values 
changes, there will be greater fl exibility in transmission of the strain from the binding 
site to the gates. This can give insight into the motions of the nAChR as it undergoes 
channel opening. Using this approach Auerbach’s group [ 38 ] identifi ed several areas 
that move in relative synchrony. These begin with a cluster in the ligand-binding site 
where Φ-values are close to one. Lower values occur in the other parts of the ligand- 
binding domain, including the region where linkage to the transmembrane domain 
occurs, and in the transmembrane domain. By identifying four distinct regions with 
similar Φ-values, the data argue for regions moving in blocks during the transition.  

3.2     Where Is the Actual Gate? 

 Gating was initially proposed to lie near the conserved 9′-Leu that appeared 
 congruent with a bend in the M2 helix [ 44 ,  45 ]. Consistent with this hypothesis is 
the profound effect of mutagenesis of this residue on the gating equilibrium [ 20 ,  44 , 
 46 ,  47 ]. The structural studies on the nAChR are generally consistent with 
Substituted Cysteine Accessibility Measurements (SCAM) from Karlin’s group, 
which showed the closed and open states to have a number of residues in M2 acces-
sible in both states, but with residues deeper in the channel, near the intracellular 
end of M2, being accessible only in the open state [ 48 ]. This identifi ed the cytoplas-
mic region of M2 as the effective gating structure. Modeling indicates that even with 
a relatively large-diameter pore in the closed state, change in hydrophobicity can 
affect conductivity dramatically. Thus, gating can be described as a local change in 
hydrophobicity due to modest changes in pore size and side-chain exposure. This 
can affect the ability a partly hydrated ion to permeate the pore [ 49 ]. This hydropho-
bicity change is likely accomplished either by twisting the M2 helices such as to 
change the exposure from hydrophobic to hydrophilic residues, or, as has been 
argued by Cymes et al. based on proton modifi cation, a modest increase in the diam-
eter at this region [ 50 ]. However, the model of gating evinced by the differences 
between ELIC and GLIC structures shows more dramatic changes, and gating may 
refl ect larger overall changes in structure (see Fig.  2.4 ).  

3.3     The Flip Side of Activation 

 Colquhoun’s group initially proposed the existence of an intermediate state of acti-
vation based on experiments on the glycine receptor [ 51 ,  52 ]. This scheme is illus-
trated in Fig.  2.8  (for nAChRs) and shows a proposed state required to account for 
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data from single channel measurements of short closing times, which are not 
accounted for by simpler models, but that also occur in the same time domain as 
open-channel block. It was further argued that this mechanism applies also to the 
nAChR on the basis of experiments using the partial agonists choline and  tetramethyl 
ammonium [ 52 ,  53 ] on human muscle nAChR. The addition of this intermediate 
affi nity, fl ip state (see Fig.  2.8 ), closed conformation may explain these observa-
tions, although it has been argued that it is unnecessary to account for agonist gating 
in the mouse muscle-type nicotinic receptor [ 43 ,  54 ] and that a typical MWC model 
accounts adequately for activation (Fig.  2.8b ). Nevertheless, the addition of a new 
state to the repertoire of intermediate and quasi-stable states may require further 
structural characterization for a complete understanding of the movements of the 
LGICs as they activate.

3.4        Desensitization as a Gating Phenomenon 

 Desensitization is characterized by high agonist affi nity and by a nonconducting 
channel and occurs spontaneously upon prolonged exposure to agonist or tetanic 
stimulation of a muscle endplate [ 27 ]. In the muscle-type nAChR, desensitization 
occurs relatively slowly, typically taking greater than 50 ms [ 28 ,  29 ,  35 ,  55 ]. This 
makes it unlikely to have a physiological role during typical moderate endplate 
stimulation but may be important during tetany or under pathological conditions. 
Some neuronal nAChRs desensitize substantially faster, particularly the α7 homo- 
pentameric subtype. In those cases it is likely that desensitization plays a role in 
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  Fig. 2.8    Models for nAChR activation. Panel  a , the model includes a pre-open, global fl ip state, 
with intermediate affi nities for agonist. This state is hypothesized to be an intermediate transient 
state from which opening occurs. There is no direct transition from the initial, low-affi nity binding 
state,  R , to the open state,  O . Based on the description by Lape et al.[ 53 ], the  F  (fl ip) state is 
include in models to adequately account for brief closing events in the presence of partial agonists. 
Panel  b , a classic MWC-type model for opening [ 43 ,  77 ]       
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terminating the response to acetylcholine [ 56 ,  57 ]. Desensitization is less-well 
understood relative to our understanding of opening, despite its initial thorough 
characterization on the  Torpedo  nAChR [ 28 ,  29 ]. This partly refl ects the diffi culty 
of characterizing a nonconducting state that exits from the open state (Figs.  2.1  
and  2.8b ). Surprisingly, as it is the mostly stable bound state, it is yet unclear if 
any of the structures discussed above refl ect a desensitized state rather than a 
closed state. 

 As noted by Katz and Thesleff [ 27 ], the desensitized state is the thermodynami-
cally most stable state and should refl ect the highest agonist-affi nity. However, ther-
modynamic cycle analysis and measurements of ligand binding and open 
probabilities show that the open state also has high affi nities for acetylcholine [ 58 ] 
that do not appear to differ appreciably from measured affi nities of acetylcholine for 
the desensitized state [ 59 ]. 

 This is a critical observation because it indicates that there is likely little, if any 
change in the ligand-binding affi nity, and perhaps, little to no change in structure 
of the ligand-binding domain (acetylcholine cannot induce a structural change to a 
conformation with similar or lower affi nity). Thus, structural changes in the pro-
gression from the open to desensitized state may be confi ned to the transmembrane 
domain. How can the desensitized state be more stable and have the same agonist 
affi nity as the open state? This can be true if the unliganded desensitized state is 
also more stable than the open state. And this is generally true—the unliganded 
open state is quite rare (10 −6  or so). But the unliganded resting-desensitized equi-
librium is more modest (0.05 in Torpedo; a bit lower in mouse muscle). That 
implies a strong, residual unliganded open to desensitized equilibrium (~10 4 ; see 
also Fig.  2.9 ), which will be similar for the open to desensitized transition. This 
conclusion has important implications for any drug-discovery efforts that hope to 
differentiate between activation and desensitization of the nAChR, as might be use-
ful for treatment of nicotine addiction. Drugs targeted to the agonist sites that acti-
vate may inevitably lead to desensitization and reinforce any addiction mediated by 
desensitization. Therefore allosteric activators may be better choices for such 
future therapeutics.

R AR

O AO
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A2D

  Fig. 2.9    MWC Model for desensitization. The schematic shows several possible routes for desen-
sitization. The predominant route is undoubtedly through doubly-liganded binding to opening to 
the desensitized state. Some nAChRs, such at the  Torpedo  muscle type, have a substantial popula-
tion in the preexisting desensitized state (in  gray ), which bind agonist with intrinsically high affi n-
ity. Desensitization from the open state like proceeds through one or more intermediate, structurally 
distinct states ( I )       
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   Desensitization involves rendering the channel nonconductive. In principle, it is 
possible that the channel reverts to the resting, or closed, state, while the 
 ligand- binding domain remains in a high-affi nity conformation, effectively uncou-
pling binding from channel gating. However, a substantial body of evidence indi-
cates that the channel occupies a structurally distinct state when desensitized. This 
evidence comes from photoaffi nity labeling studies, from cysteine accessibility 
studies, and from kinetic studies of ligand binding by channel blockers. 

 Photoaffi nity labeling of the nAChR, using compounds such as Chlorpromazine 
and [ 125 I]TID, show clear changes in labeling patterns in the various states, 
including closed, open, and desensitized [ 60 – 65 ]. A large number of ligand-bind-
ing studies on various channel blockers, including local anesthetics and deter-
gents, show substantial changes in affi nity upon desensitization [ 31 ,  66 ,  67 ]. This 
clearly demonstrates a change in affi nity for channel blockers between the closed 
state and the desensitized state. Conversely, binding of these ligands also cause 
changes in the affi nity of agonists: desensitizing ligands, such as ethidium, 
 effectively increase the equilibrium affi nity of agonists; channel blockers such as 
tetracaine, which preferentially bind the closed state, lower the effective acetyl-
choline affi nity [ 30 ,  33 ]. 

 Binding kinetics may provide further insight into the structure of the desensitized 
state. In one example, the binding affi nity of the fl uorescent channel blocker ethid-
ium is increased by agonists, and decreased by α-bungarotoxin, which stabilizes the 
closed state [ 67 ,  68 ]. It binds rapidly to the open channel upon brief exposure to 
agonist, dramatically increasing the effective association rate [ 69 ]. However, once 
desensitized the dissociation rate for ethidium is slowed dramatically [ 67 ,  70 ]. This 
indicates that egress of the ligand from the channel is structurally impeded. The 
ethidium site has also been identifi ed through photo-affi nity labeling and binds at 
the mid- level (near 12′) of the M2-alpha helix [ 12 ,  71 ]. Notably, the current struc-
tures of the nAChR appear relatively open at the level of the binding site. So the 
kinetic data argues for a novel, as yet uncharacterized conformation with the chan-
nel impeded above the level of the ethidium site. Data from photoaffi nity labeling 
with chlorpromazine in well-defi ned functional states further demonstrate structural 
changes in this region between the closed and desensitized states [ 63 ].  

3.5     The Intermediate State of Desensitization 

 Desensitization has been characterized typically as “fast” and “slow” or alterna-
tively “intermediate” and “full”, refl ecting the distinction between functional 
desensitization and the somewhat slower acquisition of slowly-reversible, high 
affi nity agonist binding [ 28 ,  35 ]. Initial electrophysiological characterization of 
desensitization shows it taking place with multiple time constants [ 55 ,  72 ]. 
A detailed electrophysiological study of the kinetic constants of desensitization on 
the mouse muscle receptor showed up to fi ve distinct time constants associated with 
desensitization [ 73 ]. 
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 Time-resolved photoaffi nity labeling by a small hydrophobic 3-(trifl uoromethyl)-
3-(m-iodophenyl)diazirine (TID) further elucidated distinct structural changes at 
the level of the middle of M2 upon fast desensitization and near the cytoplasmic 
end upon slow desensitization (see Fig.  2.9 ). These indicated changes associated 
with fast and slow desensitization that were distinct within the channel domain 
and clearly distinct from the labeling patterns of the resting (closed) channel [ 74 , 
 75 ]. Unlike intermediate closed states, the existence of intermediate desensitized 
states is clear. Early data based on the binding of fl uorescent analogs of acetylcho-
line showed several exponential phases of binding [ 76 ]. Though these seemed to 
 correlate with intermediate affi nities of acetylcholine binding prior to full long-term 
desensitization the changes do not actually necessitate a change in agonist affi nity, 
but likely refl ect changes in the transmembrane domain alone. Both of these assays 
establish intermediate states before acquiring the slowly reversible high affi nity for 
acetylcholine that is the hallmark of the fully desensitized state. A Monod-Wyman- 
Changeux (MWC) [ 77 ]-type model for these states is shown in Fig.  2.9 .  

3.6     The Role of Multiple Binding Sites 

 The heteropentameric structure of the embryonic muscle-type receptor (α 2 βγδ) 
results in highly distinct affi nities for agonist at the two sites, which subsequently 
affects the dose-response curve of these proteins. The affi nities for the agonists 
 differ ~ 100 fold in the resting state, but only ~ threefold in the desensitized state 
[ 13 ]. For the  Torpedo  nAChR, the α-δ site has higher affi nity for agonist in both 
states. In the resting state the α–δ site affi nity is about 1 μM, as compared with ~ 
100 μM for the α–γ site [ 13 ]. Since channel opening is dominated by biliganded 
opening events the dose response curve follows binding to the α–γ site, to a fi rst 
approximation, as the α–δ site will be occupied at much lower concentrations. 
Because the affi nities of the sites are closer in the desensitized state, the α–γ site 
undergoes a larger change in affi nity upon conformational changes to the open and 
desensitized states. Therefore, most of the energy driving the conformational change 
is provided through the α–γ site [ 13 ,  78 ]. For the mouse muscle adult form of the 
nAChR, α 2 βεδ, the two affi nities are nearly equal and the two sites contribute to the 
 dose- response curve and the energetics more equally. 

 An interesting question arises for the homomeric receptors, such as α7, as to how 
many of the potentially fi ve equivalent sites are required for activation. Work by 
Rayes et al. [ 79 ], in α7-5HT 3A  chimeric receptors suggests that two nonconsecutive 
sites are suffi cient for effective activation (i.e. sites with an intervening subunit). 
Three sites are most effi cacious, and this provides the rationale for the effi cacy of 
allosteric activators such as benzodiazepines in GABA A  receptors  via  binding to a 
third, nonconsensus site, that does not normally bind agonist [ 80 ]. Interestingly, this 
work found the same locus to be most effi cacious and this site is equivalent to the 
δ–β interface on the muscle-type receptor (Fig.  2.1 ). It also suggests which interface 
may be a good target for allosteric therapeutic ligands.  
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4     Summary, Conclusions, and Unresolved Issues 

 The prevailing questions for understanding gating of the nAChRs are now focused 
on a detailed correlation between structure and function. Atomic resolution struc-
tures have provided a clear picture of gating at the level of the ligand-binding sites. 
This information is being brought to bear in drug development, particularly for 
treatment of disorders of the central nervous system [ 1 ]. In contrast, there are major 
outstanding questions as to whether the bacterial protein structures or those from 
the  Torpedo  nAChR better represent the gating transition that need to be resolved. 

 Although not unique to these channels nor to channels in general, it should be 
noted that proper ligand-gated channel function is highly dependent on the detailed 
kinetics of the mechanism. As one example, one instance of congenital myasthenia 
gravis turned out to be a mutation that had a modest two-fold effect on the channel 
gating effi ciency [ 81 ]. In many proteins and enzyme such an effect on would have 
little to no impact on its functionality. In this respect, ion channels present an excel-
lent model system for understanding conformational regulation and kinetic control 
of proteins at a detailed level. Functional studies, through the use of single-channel 
current measurements, presents great opportunities for detailed kinetic studies. 
Combined with single amino acid substitution they constitute a rich methodology 
for probing the roles of individual residues in function. Ultimately, the detailed 
structural knowledge must be correlated closely with these kinetic models to pro-
vide an overall understanding of these functions. 

 In summary, understanding and correlating the structure and function of ligand- 
gated ion channels presents a unique opportunity to probe deeply our understanding 
of the kinetic control of proteins in general. In addition, such detailed knowledge 
will provide additional information for the development of specifi c therapeutics tar-
geting ligand-gated ion channels. The worth of allosteric ligands [ 1 ] has been proven 
in the GABA receptors, and therefore the nicotinic receptors provide a rich new area 
for similar types of intervention to help treat a number of disorders, the most promi-
nent of which may be cigarette addiction.      

  Acknowledgements   All molecular modeling fi gures were created using VMD [ 82 ].  
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