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Synaptic transmission
The brain is a highly complex organ and is the center of the human nervous
system. It controls movement, memory, learning, thought, consciousness and
regulates the body‟s actions and reactions. In addition, the brain is important for
processing sensory information enabling us to see, hear, touch, taste and smell.
Essential to proper functioning of the brain is the immense network of neuronal
cells. The human brain is estimated to contain 100 billion neurons (1011),1 with an
average of 7,000 synaptic connections each.2 The synaptic connections, essential
to neuronal function, permit the transmission of electrical or chemical signals from
one neuronal cell to another. The cerebral cortex, a part of the brain that plays a
key role in memory, attention, language and consciousness, contains 1 billion (109)
synapses per cubic millimeter.3 There are two different types of synapses, the
electrical and the chemical synapse. The electrical synapse consists of a cluster of
channels that can conduct electric currents mostly by transfer of K+ ions from one
neuronal cell to another.4 In contrast, at the chemical synapse, small chemical
messengers, i.e., neurotransmitters are released from the presynaptic site of one
neuronal cell to interact with receptor proteins on the postsynaptic site of a
neighboring neuronal cell (Figure 1).
A key role in central nervous system (CNS) signaling via chemical synapses is
performed by ligand-gated ion channels (LGICs). LGICs are classified into three
superfamilies; the pentameric Cys-loop receptors, the tetrameric glutamate
receptors and the dimeric ATP-gated channels. The Cys-loop receptors are ion
channels that consist of five protein subunits surrounding an aqueous pore that
traverses the cell membrane (Figure 2). When a neurotransmitter binds to the
extracellular binding site, a conformational change is induced that results in
opening of the ion channel. The opening of the channel allows the influx of ions,
thereby directly affecting the membrane potential of the receiving neuronal cell.
Certain Cys-loop receptors such as nicotinic acetylcholine and serotonin receptors
(nAChRs and 5-HT3R) selectively gate the flux of cations (Na+, K+ and Ca2+) while
others such as γ-aminobutyric acid (GABA) and Glycine receptors are selective for
anions (Cl- and HCO3-). The influx of cations may result in depolarization of the
post-synaptic cell having an excitatory effect, and allowing further downstream
CNS signaling. On the contrary, the influx of anions results in hyperpolarization of
the neuronal cell and has an inhibitory effect on the generation of an action
potential.
Nicotinic Acetylcholine receptor subtypes
The most extensively studied prototype of the LGICs is the nAChR. The ionotropic
nAChR is activated by its endogenous ligand acetylcholine as well as by nicotine,
the addictive constituent of tobacco (Figure 2). To date, seventeen nAChR
subunits have been identified which have been divided into muscle-type (α1, β1, γ,
δ and ε) and neuronal subunits (α2-α10 and β2-β4).5 Only two different muscletype nAChRs exist; one that contains a subunit composition of two α1 subunits and
β1, γ, and δ and a receptor subtype with the same composition except that δ is
replaced with ε. The subunits are organized in a clockwise α1γα1β1δ(or ε)
arrangement. An α subunit is required for formation of an orthosteric nAChR
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binding site and as such, the muscle-type receptor contains two orthosteric binding
sites that are located at the α1-γ and α1-δ subunit interface.6

Figure 1: Schematic image of interneuronal signaling via chemical synapses. An
electric signal travels along a dendrite of one neuronal cell (upper left corner) to
another neuronal cell (down right corner). The electric impulse stimulates the
release of neurotransmitter molecules from the first neuron, the neurotransmitters
subsequently diffuse across the synaptic cleft to interact with postsynaptic
receptors of the receiving neuron. The activation of these postsynaptic receptors
may stimulate (in case of excitatory receptors) or inhibit further downstream CNS
signaling (in case of inhibitory receptors). Adapted from Wikipedia.7
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Figure 2: Cartoon backbone representation of the 4Å Torpedo nAChR electron
microscopy (EM) structure (PDB: 2BG9). A) side view B) view from the
extracellular side C) Chemical structures of the endogenous ligand acetylcholine
and the potent nAChR agonist nicotine.

Figure 3: nAChR subtypes: A) The muscle-type nAChR is a heteropentamer
consisting of four different subunits; α1, β1, γ and δ. The muscle type nAChR
contains two orthosteric binding sites (grey squares). B) The neuronal α7 nAChR is
an example of a homopentamer and consists only of α7 subunits. This subtype
contains five orthosteric binding sites C) The neuronal α4β2 nAChR is one of the
many heteropentameric nAChR subtypes. Similar to the muscle-type, this subtype
contains two orthosteric binding sites.
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The 12 neuronal nAChR subunits can assemble into a homo- or heteropentameric
structures giving rise to a wide variety of possible receptor subunit combinations
(Figure 3).6 By an extensive amount of heterologous expression experiments,
combination rules for nAChR subunits have been identified.6,8,9 It has been
discovered that the α(2-6) and β(2-4) subunits can form heteropentameric
complexes, e.g., 42. Separate co-expression of α2, α3 or α4 nAChR subunits in
combination with β2 or β4 in Xenopus oocytes or mammalian cell lines results in
the formation of heteropentameric functional receptors. Similar to the muscle-type,
the orthosteric binding site of neuronal heteromeric nAChRs is located at the
interface between an α and a β subunit, allowing the formation of two orthosteric
binding sites. The α5 and β3 require co-expression with pairs of α(2-6) and β(2,4)
to form more complex pentameric complexes such as (α4)2(β2)2α5. The α5 and β3
nAChR subunits are not involved in the formation of an orthosteric binding site.
Instead, they function as a fifth structural subunit influencing the receptor
characteristics. For example, incorporation of the α5 subunit increases the
conductance of the ion channel and the rate of desensitization.6,10 Evidence for
even more complex nAChRs exists as the α6 and β4 subunits only form functional
receptors when co-expressed with both α5 and β3, indicative of a (α6)2β4β3α5
subtype.11
Homopentameric nAChRs are assembled by a combination of five α7, α8 or α9
subunits. It should be noted that the α8 subunit has only been identified in birds
and is not present in mammals.12 Co-expression of α7 with β3 or β2 in Xenopus
oocytes yields functional heteropentamers and electrophysiology experiments on
neuronal cultures have provided indications of the in vivo existence of heteromeric
α7-containing nAChRs.13-15 Coexpression of α7 with other subunits, such as α5,
influences the desensitization kinetics.16 The α10 subunit is not capable of forming
homopentamers but can co-assemble with the α9 to yield heteromeric receptors
that exhibit pharmacological profiles quite distinct from other nAChRs.17,18
In addition to subunit composition, the stochiometry of heteropentameric nAChRs
has been shown to be of influence on the receptor‟s characteristics as well, e.g.,
sensitivity towards acetylcholine. For α4β2 receptors, it is believed that the most
prevalent stochiometry consists of (α)2(β)3, although in vitro evidence has been
obtained for the existence for an (α)3(β)2 stochiometry as well.19,20 Receptors with
the (α4)3(β2)2 stochiometry are 20-fold less sensitive to acetylcholine compared to
nAChRs with the (α4)2(β2)3 stochiometry.19
Native expression and functional roles of nAChRs
The combination of nAChR subunits in a homo- or heteropentameric manner
results in a wide variety of receptor subtypes with distinct characteristics, enabling
unique properties and specialized functions.12 For example, the α7
homopentameric receptor is associated with rapid desensitization and exhibits high
Ca2+ permeability.21,22 As a result, α7 receptors have been linked to several Ca2+dependant mechanisms, such as neurotransmitter release and stimulation of Ca2+dependant kinases.23-25 The various nicotinic receptor subtypes are differentially
expressed throughout the CNS and the peripheral nervous system (PNS) and
specific tissues may be targeted by subtype-selective ligands. Despite their name,
13
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neuronal nAChRs are also present in non-neuronal tissues such as lymphocytes,
macrophages, intestines, lungs, vascular endothelium and other tissues.26-29 The
name “neuronal” is historically based on the origin of the DNA libraries, the brain,
from which receptors were first cloned.29
The most prevalent nAChR subtypes in the CNS are the α4β2* (~90%) and α7*
(~10%).6 The asterisks used in the nAChR nomenclature indicate that additional
nAChR subunits may be present in the pentameric complexes. The α4β2* subtype
is characterized by high affinity for acetylcholine and nicotine but no affinity for the
snake toxin -Bungarotoxin (-Bgt). This receptor subtype has a widespread
distribution throughout the CNS, with the highest concentration in the
hippocampus, thalamus and cortex.6 The other major nAChR subtype, the α7*,
binds acetylcholine and nicotine with M affinity and -Bgt with nM affinity.
Compared to the α4β2* subtype, the α7* nAChR is characterized by fast
desensitization rates and high permeability for Ca2+.30,31 Similar to the α4β2*, the
α7* subtype is also widely distributed throughout the brain with the highest
expression in the cortex and hippocampus.6 The other nAChR subunits have more
localized distributions throughout the CNS, and the interested reader is referred to
recent reviews.6,9,32
The majority of nicotinic receptors in the CNS are found on presynaptic and
preterminal locations, the α7*, α4β2* and α3β4* have also been identified to
function as postsynaptic receptors.6,25 The presynaptic and preterminally located
nAChRs modulate the release of acetylcholine and several other neurotransmitters,
such as dopamine (DA), norepinephrine (NE), serotonin (5-HT3), glutamate (Glu)
and GABA. Because of this modulatory input to several neurotransmitter systems,
the nAChRs have been proposed as potential therapeutic targets for a wide variety
of CNS-related disorders such as Alzheimer‟s disease, Parkinson‟s disease,
Tourette‟s syndrome, schizophrenia, anxiety and depression. Furthermore, nAChR
may also be targeted for the treatment of pain, epilepsy, smoking cessation, drug
addiction and inflammatory disorders. 6,33-37
The recent discovery that cholinergic pathways are involved in the inhibition of
inflammatory responses in the periphery by activating α7 nAChRs, has also
opened novel possibilities for the treatment of inflammatory disorders. Using knockout mice, Wang et al. have shown that the α7 nAChR is an essential mediator in
the anti-inflammatory cholinergic pathway and its activation inhibits the release of
pro-inflammatory mediators such as TNF-α from macrophages.38 As such, α7
selective (partial) agonists may therefore have therapeutic utility as novel antiinflammatory agents. For example, GTS-21 (DMXBA, see below and Figure 6), a
selective α7 partial agonist, improves survival in murine endotoxemia and severe
sepsis.39 In Chapter 5, we describe a dual-action approach , in which marketed
non-steroidal anti-inflammatory drugs (NSAIDs) are derivatized into ester prodrugs
capable of activating α7 nicotinic receptors. The α7 nicotinic activity of the prodrug
and subsequent release of NSAID may result in a synergistic dual activity to
efficiently treat inflammations.
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Allosteric Receptor Activation Model
The nAChR is considered an allosteric protein. Ligand binding to the extracellular
domain induces conformational changes that are transmitted to the transmembrane
domain, resulting in receptor activation by opening of the ion channel.40 The three
most important states of ion channel receptor are the resting, active and
desensitized state. When the receptor is in the resting state, the ion channel is
closed and no ions can permeate the channel pore. In the active state, the ion
channel is open and ions can flow across the cell membrane. The desensitized
state refers to a state with a closed ion channel, that cannot be activated despite
the presence of an agonist.41 According to the Monod-Wyman-Changeux (MWC)
model, the receptor protein can spontaneously undergo transitions between the
three states and these transitions are in equilibrium, see Figure 4.42 The model
proposes that agonists and antagonists select and stabilize structurally different
conformations. In the absence of a ligand, the equilibrium is strongly shifted to the
resting state. In contrast, addition of an agonist results in a shift of the equilibrium
towards the active, open channel state. Prolonged exposure to an agonist may shift
the equilibrium towards the desensitized state. After removal of the agonist, the
equilibrium can shift back to the resting state. Competitive antagonists may
stabilize the resting or desensitized state that are both associated with a closed ion
channel.43,44

Figure 4: According to the Monod-Wyman-Changeux (WMC) model, the receptor
protein can spontaneously undergo transitions between the resting (A), active
conducting (B) and desensitized state (C). These three states are in equilibrium
that can be shifted towards the active state by the addition of an agonist. Prolonged
exposure may shift the equilibrium towards the desensitized state. The resting or
desensitized state are stabilized by competitive antagonists.
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Figure 5: A) Cartoon and surface representation of 4 Å EM structure of nAChR
from Torpedo mamorata (PDB: 2BG9). B) Cartoon and surface representation of
2.2 Å X-ray structure of AChBP from Lymnaea stagnalis in complex with nicotine
(PDB: 1UW6). AChBP shares a similar architecture to the extracellular domain of
nAChRs but lacks the trans-membrane and intracellular domains. C) Sequence
topology of the Torpedo mamorata  subunit. An N-terminal extracellular domain
that contains the orthosteric binding site, is followed by 4 transmembrane domains,
two intracellular loops, an extracellular loop and an extracellular located Cterminus. The Cys-loop originates from two disulfide-linked cysteines that are
separated by 13 amino acids. Besides the Cys-loop cysteines, the residues that
make up the principal part of the orthosteric binding site are indicated by circles
whereas the residues that form the complementary part are indicated by stars. D)
Sequence topology of the Ls-AChBP subunit. Note the conserved Cys-loop and the
conservation of principal orthosteric binding site residues. The principal site
residues are indicated by small circles whereas complementary site residues are
indicated by star-shaped symbols.
AChBP sheds light on molecular structure of nAChRS
As shown in Figure 5C, all nAChR subunits share a common topology: 1) a
conserved extracellular NH2-terminal domain of ~200 amino acids that contains the
orthosteric ligand binding site 2) three conserved transmembrane (TM) domains 3)
a highly variable cytoplasmic loop 4) a fourth TM domain, and 5) a relatively short
variable extracellular COOH-terminal sequence. In addition, the cysteine-loop
(Cys-loop) that is established by disulfide bond formation between cysteines 128
and 142 (Torpedo 1 numbering) is a common feature of all nAChR subunits.
These Cys residues are separated by 13 amino acids, and the Cys-loop is the
hallmark of Cys-loop receptors. The presence of another Cys-Cys pair (residues
192-193 in the Torpedo α1 subunit) differentiates α subunits from non-α subunits.
These two adjacent located cysteines form a disulfide bond with each other and
their presence is required for binding of agonists.12
It is notoriously difficult to obtain detailed structural information of membrane-bound
proteins. Nevertheless, extensive efforts have been put into elucidating the
structure of nAChRs. The high-resolution structure of acetylcholine-binding protein
(AChBP) that was obtained in 2001 by Sixma and coworkers, has brought
tremendous insight into the structure of the ligand-binding domain (LBD) of
nAChRS and other LGICs.45 The AChBP which is secreted from glial cells of the
freshwater snail Lymnaea stagnalis, displays low but significant amino acid
sequence homology with the LBDs of all members of the Cys-loop receptors but
lacks their transmembrane- and intracellular domains (Figure 5). AChBP shares
the highest sequence identity with the corresponding LBD region in the α7 nAChR
(24%).46 Moreover, AChBP shares many structural hallmark features with the
nAChR LBD, e.g., 1) a stable pentameric complex, 2) conservation of the residues
that align the binding pocket, and 3) conservation of the characteristic Cys-loop.
However, in AChBP, the cysteines that form the Cys-loop are spaced by 12
hydrophilic instead of 13 hydrophobic amino acid residues.6
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Due to its structural resemblance to the Cys-loop receptor LBD, the AChBP crystal
structure has been shown to be of great use in refining a cryoelectron microscopy
structure to 4 Ǻ resolution structure of nAChRs from the electric organs of the
Torpedo mamorata (PDB: 1OED and 2BG9).47,48 Unfortunately, the structural
details are limited by the relative low resolution of these structures. These studies
of Unwin and co-workers have, however, provided valuable structural information
of nAChRs, such as the pentameric arrangement and location of the orthosteric
binding site, as well as the location of the gate within the channel pore.
In line with the observed similarities between AChBP and nAChRs, AChBP has
been shown to bind a variety of nicotinic ligands with comparable affinities as the
7 nAChR (Table 1, Figure 6).49-51 Furthermore, the ability to signal to a TM
domain is conserved, as experiments with AChBP/5-HT3 chimeras have shown
that AChBP can be functionally linked to a TM domain and opening of the
chimera‟s ion pore can be triggered by addition of acetylcholine.52 It should be
noted that to obtain a functional AChBP/5-HT3 chimera, some of the AChBP loops
at the interface between the binding and channel domain had to be replaced by
their 5-HT3 counterparts. The structural resemblance between AChBP and the
nAChR extracellular domain (ECD) has recently been confirmed by the crystal
structure of the monomeric mouse nAChR 1 ECD in complex with bungarotoxin.53 These findings indicate that AChBP can be used as a structural
model for the nAChR LBD and represents an important step forward in the
structural understanding of nAChRs.

Table 1. Binding affinities of reference ligands for Ls-AChBP and the
human α7 nAChR.
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Ls-AChBP
pKi, pKd or pIC50

α7 nAChR
pKi, pKd or pIC50

Acetylcholine

5.2 ± 0.1 54

5.1 ± 0.1 55

Nicotine

6.4 ± 0.1 54

6.0 ± 0.1 55

Epibatidine

9.8 ± 0.1 56

9.2 ± 0.1 57

d-tubocurarine

7.0 ± 0.1 49

5.5 ± 0.1 58

α-cobratoxin

8.5 56

8.2 59

α-bungarotoxin

8.7 ± 0.1 56

8.9 60
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Figure 6: Chemical structures of a selection of nAChR ligands
Prokaryotic ligand-gated ion channels
Next to AChBP X-ray structures, another recent breakthrough has increased
understanding on the molecular structure of nAChRs and possible gating
mechanisms: the high resolution X-ray crystal structures of two prokaryotic
pentameric LGICs, ELIC61 and GLIC62,63. These bacterial cation-selective
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channels, display an overall structure that is close to the Torpedo nAChR
extracellular domain but lack an N-terminal α-helix and the characteristic Cys-loop.
Nevertheless, comparison of the structures of ELIC (closed channel) and GLIC
(open channel) provides insight into the gating mechanism of bacterial LGICs, and
may be extended to eukaryotic LGICs.
AChBP X-ray structures provide insight into ligand-nAChR interactions
Currently, more than thirty X-ray structures of AChBPs from three different species
i.e., Lymnaea stagnalis (Ls-AChBP)45,64,65, Aplysia californica (Ac-AChBP)46,51,66-75
and Bulinus truncatus (Bt-AChBP)50 have been obtained that include structures of
the apo form, and of complexes that contain co-crystallized small molecules, buffer
molecules or polypeptides (toxins). Analysis of these AChBP crystal structures
show that five identical subunits form a stable complex with ~80 Å in diameter and
~60 Å in height. The ligand binding site is located at the interface of two subunits
and due to its homopentameric nature, AChBP contains five ligand-binding sites.
Similar to nAChRs, the ligand binding site is constructed from loops A, B and C of
the principal site which are well-conserved and loops D, E and F from the
complementary site that are more variable (Figure 7). Together, these loops form
an aromatic cage that consists of Tyr89 (loop A), Trp143 (loopB), Tyr185 and
Tyr192 (loop C) and Trp53 (loop D) (unless indicated otherwise, the Ls-AChBP
amino acid numbering will be used in this chapter). This aromatic cage has been
shown to be very important in ligand-recognition for AChBP51,64,71 as well as for the
Cys-loop receptors.76 AChBP co-crystal structures with nicotinic ligands exemplify
that Trp143 is an important contributor in terms of cation- interactions in binding of
cationic ligands to AChBP. These noncovalent stabilizing interactions originate
from electrostatic interactions between the positively charged nitrogen atom of the
ligand and the negative electrostatic potential on the face of the fused aromatic
rings of the tryptophan residue.77,78 Evidence for a similar important role of Trp143
in complex formation of acetylcholine and nicotine to α4β2 nAChRs has been
obtained by the elegant use of unnatural amino acids.79 Incorporation of (poly-)
fluorinated tryptophan analogs at this specific position, significantly decreased
acetylcholine and nicotine and acetycholine‟s potency, indicative of specific cationπ interactions with Trp143.
In addition, AChBP crystal structures show that several other non-aromatic amino
acid residues contribute to the ligand binding site, including two vicinal cysteines
(Cys187 and 188) that are engaged in a disulfide bond. These two cysteines are
located at the top of loop C. This flexible loop closes upon the ligand binding site
and forms van der Waals interactions with the ligand (see below). A selection of
residues that form the Ls-AChBP orthosteric ligand binding site is depicted in
Figure 7C-F and a comparison to their putative counterparts in the human nAChR
subunits is depicted in Table 2 and 3. Although differences at the complementary
site can be observed, the comparison exemplifies the high homology of the ligand
binding interface between AChBP and nAChRs.
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Figure 7: Cartoon and surface representation of 2.2 Å X-ray structure of AChBP
from Lymnaea stagnalis in complex with nicotine (PDB: 1UW6) shown in side view
(A) and top view (B). The binding site is located at the interface of two subunits
(indicated by a black circle) and consists of a principal (C) and a complementary
side (D). As a consequence, the AChBP homopentamer has five orthosteric ligand
binding sites. A schematic representation showing the loops A-F that shape the
orthosteric binding site (E). Close up on the binding pose of nicotine bound to LsAChBP (F).
21
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Y93

W147

Y188

C190

C191

Y195

Y89

W143

Y185

C187

C188

Y192

A

B

C

C

C

C

Y191

C187

C186

Y184

W142

Y88

Bt

Y202

C198

C197

Y195

W154

Y128

4

Y195

C191

C190

Y188

W149

Y93

7

Y200

C195

C194

Y192

W151

Y95

9

Y200

C195

C194

Y192

W151

Y95

10

x

x

x

x

x

x

2

x

x

x

x

x

x

4

x) These residues are not part of the orthosteric binding pocket. Only the complementary side of β subunits form the
orthosteric binding pocket.

Ac

Ls

Loop

Table 2: Differences in the principal binding site residues between the AChBPs and a selection of the human
neuronal nAChR subunits. Residue numbers according to uniprot80 are shown in superscript.
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Y55

I106

V108

M116

I118

S167

W53

L102

R104

L112

M114

Y164

D

E

E

E

E

F

Y163

V113

I111

V103

R101

W51

Bt

x

x

x

x

x

x

4

G167

L119

Q117

L109

N107

W55

7

D171

D116

T119

V111

N109

W57

9

D171

D116

R119

V111

N109

W57

10

D171

L121

F119

V111

N109

W57

2

x) These residues are not part of the orthosteric binding pocket. Only the principal side of α subunits form the
orthosteric binding pocket.

Ac

Ls

Loop

D173

L123

L121

I113

N111

W59

4

Table 3: Differences in the complementary binding site residues between the AChBPs and a selection of the human
neuronal nAChR subunits. Residue numbers according to uniprot80 are shown in superscript.
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Next to the cation-π interactions, an additional strong interaction that is often
encountered in co-crystal complexes of nicotinic receptor ligands with AChBPs is
the formation of a charged hydrogen bond between the cationic ammonium moiety
of ligands with the backbone carbonyl of Trp143 (Figure 8). The work of Dougherty
et al. provides strong evidence that the charged hydrogen bond is very important
for binding of nicotine to the human α4β2 nicotinic receptor.79 By converting the
backbone amide to a backbone ester, which is a substantially poorer hydrogen
bond acceptor, nicotine‟s potency is decreased 19-fold. The potency of
acetylcholine. which contains a quaternary nitrogen atom and cannot engage in a
similar hydrogen bond, is not affected by this subtle mutation.
In several AChBP X-ray structures, water-mediated hydrogen bonds between a
conserved water molecule and ligand hydrogen bond acceptor atoms can also be
observed. The conserved water molecule is stabilized by hydrogen bonding to the
main chains of Leu102 and Met114 (loop E, complementary site, Figure 8).
Dougherty and co-workers have obtained results that indicate that the watermediated hydrogen bond is of significant importance for binding of nicotine to the
42 nAChR, as well.81 Double mutant cycle analysis on the 42 nAChR in which
backbone peptide bonds are replaced by ester bonds and a nicotine analog in
which the pyridine moiety is replaced by phenyl, provides evidence for the
formation of the water-mediated hydrogen bond between nicotine and the 42
receptor. These studies illustrate how combining AChBP co-crystal structures with
validation experiments on the actual human nicotinic receptors can contribute to
our detailed understanding of the structure of nAChRs and reveal the molecular
interactions that drive complex formation between small molecular ligands and
nAChRs.
Conformational changes in loop C
By co-crystallizing AChBP in the absence of ligands (apo) and in the presence of
agonists and antagonists, the dynamic nature of this nAChR LBD mimic has
become apparent. Distinctive conformations of loop C are found in the AChBP Xray co-crystal structures. When co-crystallized with AChBP, nicotinic agonists such
as nicotine64, carbamylcholine64, epibatidine51, reveal a closed conformation of loop
C in which the loop wraps around the ligand and closes upon the binding site. In
contrast, when co-crystallized with antagonists such as -conotoxins46,51,66 and the
phycotoxin 13-desmethyl spirolide C75, loop C is forced in a more open
conformation (8-10 Å compared to agonist bound structures; measured as the
distance between the C atoms of Cys188). The nonpeptidic antagonists
methyllycaconitine (MLA) and gymnodimine A stabilize loop C in an intermediate
conformation (5-6 Å). On the other hand, 7 partial agonists display an
intermediate positioning of loop C in between antagonist and agonist structures,
although the exact positioning of loop C varies between the partial agonists and
even between ligand-occupied binding sites on the same homopentameric crystal
structure.73 The conformation of loop C in the apo structure takes an intermediate
conformation and resembles the MLA-bound structure.7 However, loop C could not
be completely refined due to lack of electron density at the tip of loop, indicative
that this part of the binding site is very dynamic in the crystal complex in the
absence of ligands. In addition, evidence for similar movements of loop C in
24
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solution has been obtained using fluorescence spectroscopy56,85, deuteriumhydrogen exchange86, NMR87 and surface plasmon resonance (SPR) biosensor
analysis88. These findings indicate that loop C closure may play an essential role in
eliciting the conformational change that is required for opening of the nAChR ion
channel. It should be noted, however, that the loop C conformation in AChBP cocrystal structures does not always correspond to the functional profile of the
respective ligand on nAChRs. For example, the AChBP co-crystal complex of
lobeline, which has been reported to act as a partial agonist82 as well as an
antagonist83,84 on the α4β2 nAChR, shows a fully closed loop C (PDB: 2BYS).51

Figure 8: X-ray structure of Ls-AChBP in complex with nicotine (PDB: 1UW6)
shows that the formation of a cation-π interaction between the charged pyrolidine
nitrogen atom and the aromatic side chain of Trp143 is a major contributor to
complex formation. In addition, two hydrogen bonds (black dashed lines) with the
AChBP binding site are made upon binding. A charged hydrogen bond is
established between the positively charged pyrolidine nitrogen atom of nicotine and
the backbone carbonyl oxygen atom of Trp143 and the pyridine nitrogen atom is
involved in hydrogen bond formation with a conserved water molecule. The
residues Ser147 and Ala191 are engaged in a backbone mediated hydrogen bond
(black dashed line indicated by the white arrow) between Ser147 and Ala191.
Combining the results of molecular dynamics and site-directed mutagenesis
experiments indicates that compared to the muscle-type (Ser147 = Gly175) and α7
nAChR (Ser147 = Gly148), this hydrogen bond is much stronger in the α4β2
nAChR (Ser147 = Lys150), shaping the binding pocket in such a way that nicotine
establishes a very strong cation-π interaction with Trp143.
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AChBP as template for in silico screening procedures
Since AChBP is considered a structural homolog of the extracellular domain of
nAChRs, our research group71,89 and others90,91 have developed in silico screening
procedures using AChBP X-ray structures to identify novel nAChR ligands.
Although, our methods result in high AChBP hit rates and succeeded in
identification of novel nAChR ligands, the studies also exemplified some limitations
in the use of AChBP X-ray structures. We found that a limited number of AChBP
screening hits have affinity for the human nicotinic receptors. Furthermore, no
nAChR agonists were identified (only antagonists) when using AChBP as a bait,
despite the fact that a nicotine-bound AChBP structure was used. In addition, due
to changes in the conformation of loop C, experimentally determined binding
modes differed from the predicted in silico docking binding modes. In the high
throughput GOLD docking simulations92 that were used, only local optimization of
protein hydroxyl hydrogen atoms was included, but full side chain or backbone
flexibility of binding site residues may be required to account for ligand-induced
conformational changes in AChBP. Interestingly, Taylor and co-workers have
combined molecular dynamics simulations with molecular docking allowing protein
flexibility in a virtual screening protocol. Unfortunately, binding data of the hits on
AChBP and nAChRs or structural validation of the predicted binding modes were
not reported.91 Recently, Balle and co-workers have successfully incorporated loop
C flexibility in a retrospective AChBP docking study, resulting in the correct
prediction of 12 out of 15 binding modes (rmsd  2.0 Å).93 Geitmann and coworkers have also performed loop C flexibility simulations and their results were in
line with ligand-induced conformational changes that were observed in SPR
biosensor measurements on AChBP.94 These studies underline the importance of
taking protein binding site flexibility into account when performing docking studies.
However, inclusion of (full) protein flexibility in protein-ligand docking is
computationally demanding, and its application in silico screenings of large
compound databases often comes at the cost of screening speed.
AChBP X-ray structures provide insight into nAChR subtype selectivity
determinants
Since the first AChBP crystal structure was solved, AChBP has been widely used
as a template to investigate the binding of nicotinic ligands to the nAChR binding
sites. Most of the amino acid residues that align the principal part of the binding site
are conserved between the nAChR and AChBP (Table 2). Nevertheless, besides
Trp53, the residues that shape the complementary part of the binding site are less
conserved in the nicotinic receptors (Table 3). Interestingly, differences between
AChBP species variants have been identified in the complementary site, as well.
For example, comparison between Ls-AChBP and Bt-AChBP reveals that three
complementary binding site residues differ; the Lymnaea R104, L112 and M114
are a valine, isoleucine and valine, respectively in Bt-AChBP. Nicotine binds to LsAChBP and Bt-AChBP with a binding affinity of 45 nM and 8 nM, respectively. Sitedirected mutagenesis of the three residues in Ls-AChBP to their Bt-AChBP
counterparts (i.e., Ls-R104V/L112I/M114V), shifts nicotine‟s binding affinity very
close to the value of the wildtype Bt-AChBP (Kd = 12 nM). In contrast, these
mutations show an opposite trend for acetylcholine; the endogenous
neurotransmitter exhibits selectivity for Bt-AChBP as well; Kd = 823 nM and 153 nM
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for Ls-AChBP and Bt-AChBP, respectively. Surprisingly, the triple Ls-AChBP
mutant, suffers from a complete loss of binding affinity for acetylcholine (Kd > 10
µM).50 These mutagenesis studies illustrate that in certain cases (nicotine), the
selectivity of a ligand for one AChBP species variant can be perfectly explained by
species differences in the first shell of binding site residues. On the other hand, the
example of acetylcholine shows that amino acid residues located outside the first
shell of binding site residues may play a role in species/subtype selectivity, as well.
A striking example that underlines the important role that residues outside the first
shell of the binding site may play in nAChR subtype selectivity is provided by work
performed in Dougherty‟s lab.79 A discrepancy was found between the effect of
replacing the backbone amide carbonyl of Trp143 by a backbone ester between
the muscle-type and α4β2 nAChR. As already mentioned above, in the case of the
α4β2 nAChR, the potency of nicotine was decreased 19-fold upon this unnatural
amino acid mutation, whereas hardly any effect was observed for the muscle-type
nAChR. In addition, for muscle-type nicotinic receptors, nicotine‟s potency was
unaffected by incorporation of (poly-)fluorinated tryptophans at the position of
Trp143. These observations are in line with the substantial lower affinity of nicotine
for the muscle-type nAChR compared to the α4β2 and suggest that nicotine has
stronger interactions (cation- and a charged hydrogen bond), with the neuronal
nAChR subtype. The first AChBP X-ray structure (PDB: 1I9B) revealed a backbone
mediated hydrogen bond between loop B (Ser147) and loop C (Ala191) (Figure
8).45,95 It is important to note that both residues are located outside the first shell of
amino acid residues that align the binding pocket. In the α4β2 nAChR, the
equivalent of Ser147 is a lysine whereas in the muscle-type and α7 receptors
which both exhibit substantial lower affinity for nicotine, this residue is a glycine.
Molecular dynamics experiments on an α7 homology model suggest that Lys at
this specific position in loop B, promotes the formation of the hydrogen bond
between loop B and C. On the other hand, substitution for Gly discourages
hydrogen bond formation. Substituting the Gly in the α7 or muscle-type for the
α4β2 counterpart (Lys) using site-directed mutagenesis, results in significant
increases of nicotine‟s potency.95 Furthermore, in contrast with the muscle nAChR
wildtype, nicotine‟s potency is decreased by incorporation of (poly-)fluorinated
tryptophans at the Trp143 position of the G147K mutant, indicative of a strong
cation-pi interaction with this aromatic residue.79 Altogether, these data indicate
that the backbone mediated hydrogen bond between loop B and C that is present
in the α4β2, shapes the binding site so that nicotine is in close contact to Trp143.
In the muscle-type or α7 receptor, this hydrogen bond is weaker or absent resulting
in a more flexible binding site and lower affinity for nicotine resulting from weaker
interactions with Trp143.
Methyllycaconitine (MLA), a diterpene alkaloid from seeds of the Aconitum or
Delphinium families, is a highly selective 7 nAChR antagonist (Figure 6). The cocrystal structure of MLA in complex with Ac-AChBP shows that MLA is involved in
a water-mediated hydrogen bond with Ser165. This complementary binding site
residue is located on loop F, which is a highly variable region in the amino acid
sequences of nAChRs and as a consequence, loop F may therefore play an
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important role in nAChR subtype selectivity.51 Interestingly, the co-crystal
structures of tropisetron, DMXBA (GTS-21) and 4-OH-DMXBA with Ac-AChBP
show that all three 7 partial antagonists interact with Ser165 (chemical structures
of DMXBA and tropisetron are depicted in Figure 6).73 Illustrative of the importance
of loop F for activation of 7 nAChRs, is that alanine substitution at position 165 in
the human and rat 7, has pronounced effect on the potency of DMXBA.96 These
findings strongly suggest that residues in loop F are important for the activation of
alpha7 nAChRs and may be an important determinant of nAChR subtype
selectivity.
Lobeline, a piperidine alkaloid found in the Lobelia family, has been claimed to act
as a partial agonist82 as well as an antagonist83,84 on the α4β2 nAChR and exhibits
substantial selectivity over the α7 subtype (chemical structure of lobeline is
depicted in Figure 6).82,97 The X-ray structure of lobeline in complex with AcAChBP reveals a unique conformational change leading to opening of a subpocket,
enabling the binding of the α-hydroxyphenetyl moiety of the ligand.51 The
subpocket becomes accessible after a change in the rotameric state of gatekeeper
residue Tyr91 (tyrosine-flip), which is likely to be stabilized by hydrogen bond
formation with Ser165. As mentioned above, Ser165 is located in the highly
variable loop F and as such differential stabilization of the rotameric states of the
gatekeeper tyrosine residue may play a role in the observed nAChR subtypeselectivity of lobeline. A thermodynamic and structural study that includes sitedirected mutagenesis and fragment-growing into the ligand-induced subpocket, to
investigate the role of loop F in stabilization of the tyrosine-flip is described in more
detail in Chapter 4.
Conclusion
This introductory chapter exemplifies that AChBP has proven its value in gaining
new structural insights into the homologous nicotinic receptor LBDs. However, it
must be remembered that the sequence homology remains moderate and caution
should be taken when using AChBP as a structural template for the nAChR
extracellular domains. As such, translation of AChBP-derived hypotheses to the
nicotinoid receptors should always be validated by for example, site-directed
mutagenesis experiments or by using carefully designed molecular probes. It is
noteworthy to mention that AChBP can also be considered an excellent tool to
study ligand-protein interactions in general. Due to its water-soluble nature, AChBP
provides relative facile access to X-ray co-crystal structures. In addition, compared
to membrane-bound proteins, AChBP is easier to incorporate in biological assays
and better suited for biophysical analyses such as surface plasmon resonance
(SPR) biosensor analysis and isothermal titration calorimetry (ITC).
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