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ABSTRACT

Torpedo nicotinic acetylcholine receptor, a a,fyd subunit pentameric complex,
carries two high affinity binding sites located at the a-y and o-8 interfaces. The
“multiple loop” model predicts that the o-subunits’ amino acids (loops A-C) form the
principal component, while loops D-F of the y- and 3-subunits form the complementary
component of the binding sites.

Based on subunit homology considerations, the possibility that binding sites exist at
all five subunit interfaces cannot be excluded. The goal of this study was to identify
residue(s) involved in forming binding sites distinct from the well-characterized high
affinity sites. Arg55 from loop D of the a-subunits lies at the opposite end of the a
subunit. The functional consequences of its mutation (to Lys, Glu, Phe and Trp) were
studied in Xernopus oocytes. Only the aRS5SF and aR55W mutants result in a modest,
but significant decrease in the potency! of acetylcholine (~5- and 6-fold respectively).
The mutations did not alter the apparent affinity of d-tubocurarine (ability to inhibit
acetylcholine-induced currents), or acetylcholine (inhibition of initial rate of toxin
binding). To assess the contribution of residues from the adjacent y-subunit, Glu93 from
loop A was mutated (YE93R). This results in an increase in acetylcholine potency (8-
fold), while the YE93R-aR55F double mutation restores potency to wild-type levels.
Thus, at the non-high affinity binding interface (y-ct), yGlu93 and aArg55 modulate
channel function by putative ion-pairing interactions.

Previous studies demonstrated that each of the high affinity binding sites is made up

of two “subsites”. Suberyldicholine, a bisquaternary agonist (interonium distance ~
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17A), displays atypical binding and activation properties. This is attributed to its ability
to cross-link these subsites. Acetylcholine binding protein-based molecular modeling
suggests that aTrp86 (previously identified by labeling studies) is located ~15A from the
classical high affinity sites. Our results from the aTrp86 mutation (W86F) demonstrate
an ~ 500-fold reduction in suberyldicholine potency for channel activation, while
acetylcholine potency is unaltered. Suberyldicholine-evoked currents at this mutant fail
to desensitize and are insensitive to inhibition by d-tubocurarine. We conclude that
oTrp86 does not accommodate both ACh and suberyldicholine and specifically

contributes to a secondary suberyldicholine binding site.
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CHAPTER 1

Introduction
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NICOTINIC ACETYLCHOLINE RECEPTORS: OVERVIEW

The acetylcholine receptors (or cholinergic receptors) are broadly classified as
nicotinic (ionotropic) or muscarinic (G protein coupled) receptors based on their
transmembrane signaling mechanisms and/or the nature of their selective agonists and
antagonists. Nicotinic acetylcholine receptors (nAChR) are neurotransmitter-gated
transmembrane ion channels that are responsible for mediating fast excitatory synaptic
transmission at the neuromuscular junction and at cholinergic synapses of the central
nervous system. The peripheral (muscle-type) nAChR is the prototype of a family of
ligand-gated ion channel (LGIC) receptors that includes the neuronal nicotinic, y-
aminobutyric acid type A (GABA,), 5-hydroxytryptamine type 3 (SHT3) and glycine
receptors.  Although the LGIC receptors have different ligand specificities and
functional properties, they are classified as a superfamily based on their structural
homology (Schofield et al., 1987). This is indicative of their evolution from a common
ancestor gene (Raftery et al., 1980; Ortells and Lunt, 1995). The peripheral nAChR is
the best-characterized member of the LGIC superfamily as a consequence of the rich
source of this receptor present in the electric organ of Torpedo fish, which has permitted
its extensive biochemical characterization (Raftery et al, 1983; Dunn, 1993). The
marine ray, Torpedo, uses its electric organ both defensively and offensively to generate
large voltages that stun predators or prey, respectively. Furthermore, the availability of
snake negrotoxins (o-neurotoxins) that serve as high affinity labels of the nAChR
permitted its early identification, isolation and purification (Conti-Tronconi and Raftery,

1982).
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The principal role of the peripheral nAChR is to mediate signal transduction
resulting from the action of the endogenous neurotransmitter, acetylcholine (ACh) at the
postsynaptic membrane (reviewed by Changeux et al., 1992). ACh released from the
motor nerve terminal into the synaptic cleft has been estimated to rise to a local
concentration in the order of 100 uM to 1 mM (Kuffler and Yoshikami, 1975; Katz and
Miledi, 1977; Land et al., 1980). ACh that diffuses across the synaptic cleft binds to the
nAChHR in the postsynaptic membrane resulting in a conformational change of the
protein that may open its cation-selective ion-channel in a fast (usec to msec) manner
(reviewed by Devillers-Thiéry ez al., 1993; Dunn, 1993). The opening of the ion-
channel results in a passive transport of cations, predominantly the influx of Na* ions,
with a channel permeability of 10% to 107 cations/second (Lester, 1977; Moore and
Raftery, 1980). The open state of the ion-channel is very short-lived (less than 1 msec),
after which the ion-channel closes and synaptic transmission is terminated as a result of
the dissociation of ACh from the receptor (reviewed by Devillers-Thiéry e al., 1993), its
diffusion out of the cleft and degradation by acetylcholinesterase to a background level
of approximately 1 nM (Katz and Miledi, 1977).

The 1ontophoretic application of ACh at the frog neuromuscular junction was shown
to produce small depolarizing responses as a result of a presumed change in membrane
conductance (Katz and Thesleff, 1957). A non-linear, sigmoidal relationship between
the ACh concentration and the depolarizing response was observed (Katz and Thesleff,
1957). This set the tone for dose-response relationship studies using voltage-clamp
techniques (Dreyer and Peper, 1975; Dreyer et al., 1978; Dionne et al, 1978).

Changeux and Podleski (1968) used Hill coefficients from dose-response curves in
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isolated monocellular electroplax as an index of cooperativity in the response. The
authors reported the activation curve to deviate from that of a simple hyperbola to a
sigmoidal shape with a Hill coefficient approaching 2. The cooperative response was
attributed to mutual interactions of protomers in the conformational transition at the
ACh-receptor complex. At low agonist concentrations, the number of open channels
increases approximately as the square of the agonist concentration (Adams, 1981). This
suggests that channel activation is a positively cooperative process. Concentration-effect
curves thus imply that the receptor is more likely to be activated when more than one
molecule of agonist is bound. The ECsy for ACh-mediated channel activation is
approximately 25 uM (Dreyer and Peper, 1975; Dreyer et al, 1978). For another
agonist, carbamylcholine (CCh), the ECso for the conductance response has been
reported to lie within the range of 200-400 uM (Dionne et al., 1978; Dreyer et al., 1978).
Whereas the above mentioned examples of earlier work on the nAChR came from
electrophysiological studies on the frog neuromuscular junction, more recent studies of
nAChR kinetics have involved either native or reconstituted Torpedo membranes
(reviewed by Dunn, 1993; Sine, 2002). Biochemical and biophysical characterization
has shown that the Torpedo electroplax derived nAChR is structurally and functionally
comparable to the muscle nAChR. Similar features include a CCh-induced cation
conductance of 7 X 10° jons/second, dose-response curves with half-maximal responses
0f 90 uM and 960 uM for the agonists ACh and CCh, respectively, and a Hill coefficient
for agonist-induced channel activation approaching 2 (Conti-Tronconi and Raftery 1982;

Raftery, et al., 1983).
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The nAChR, as well as other LGIC receptors, undergo the phenomenon known as
desensitization. Katz and colleagues first reported that upon continuous exposure of the
receptor to an agonist, the ion channel closes and the receptor becomes “refractory to
depolarizing agents” (Katz and Thesleff, 1957). The authors hypothesized that the
receptor exists in two forms: an active open state and a “refractory” closed state in which
the affinity for the agonist is high. When equilibrium binding assays are used to study
radiolabeled ACh binding, the affinity of the receptor-ligand complex is high (ACh K4 ~
10 nM), consistent with measurement of the binding of ACh to a desensitized state of the
receptor (Raftery et al., 1983; Dunn, 1993). In functional studies, the desensitized state
of the receptor has been shown to slowly revert to the resting state after complete
removal of the agonist. The onset of desensitization (msec) is significantly faster than
the recovery (timescale of several minutes). Furthermore, the recovery of the receptor
from the desensitized state depends on the duration of agonist exposure, and also on the
type of agonist used to induce desensitization (Reitstetter et al., 1999). However, since
the action of neurotransmitter at the neuromuscular junction is normally terminated by
its dissociation from the receptor and its rapid hydrolysis, desensitization may have little
effect on normal synaptic transmission. Nevertheless, under certain conditions, such as
congenital myasthenia syndromes and nicotine tolerance in smokers, desensitization of
the nAChR may play an important role (Jones and Westbrook, 1996).

Upon binding of the neurotransmitter to these receptors, the ion-channel opens,
cation flux ensues and, under appropriate conditions, the receptors undergo
desensitization. Despite this straightforward cascade of events, a detailed mechanistic

understanding of these processes has not yet been developed. In the absence of detailed
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structural information, a number of kinetic models for receptor activation and
desensitization have been proposed (reviewed by Adams, 1981; Changeux and
Edelstein, 1998). Recent advances in direct structural information of the nAChR using
electron microscopy (Unwin, 1995; Miyazawa et al., 2003) and crystallographic studies
of the homologous acetylcholine binding protein (AChBP) (Brejc et al, 2001),
combined with over three decades of biochemical characterization of these receptors, has
considerably enhanced our understanding of the structure-function relationship of the

nAChR (discussed later).

nAChR SUBUNIT COMPOSITION AND STOICHIOMETRY

It is now well established that Torpedo nAChR is a hetero-oligomer composed of
four homologous subunits assembled in a stoichiometry of (al);fyd. SDS gel
electrophoresis of purified 7. californica nAChR revealed the presence of four
polypeptides with apparent molecular weights of 40,000, 50,000, 60,000 and 65,000
daltons, (referred to as the a, f3, y and & subunits respectively) giving rise to a 270-kDa
protein complex (reviewed by Conti-Tronconi and Raftery, 1982). Early investigations
focused on establishing the number and ratio of protein subunits constituting the
Torpedo nAChR and the reports were often conflicting (Reynolds and Karlin, 1978;
Sobel et al., 1977). However, the indisputable demonstration of the oligomeric subunit
composition of nAChR came from N-terminal partial amino acid sequencing of the
1solated subunits, which revealed not only that the structure was oByd but also that the
subunits were homologous in their amino acid sequence (Raftery et al, 1980). This

finding not only resolved the dilemma of the receptor subunit composition, but also
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paved the way for the subsequent cloning and cDNA sequencing of all four subunits
(Noda et al., 1982; 1983; Ballivet et al, 1982). Comparison of the complete primary
sequences of the four Torpedo muscle-type subunits revealed distinct homology (19%
identity and 54% homology), which suggested evolution from a common ancestral gene
(Raftery et al., 1980; Noda et al, 1983). Furthermore, hydrophobicity profiles and
secondary structure predictions of the subunits suggested that these subunits are
organized in a pseudosymmetrical manner that spans the membrane (Noda ef al., 1983).
A picture of the overall structure of the receptor began to emerge following the
cloning and sequencing of all four subunits forming the nAChR. Each subunit contains
a large extracellular N-terminal domain, four homologous, hydrophobic regions that
potentially transverse the membrane and a small C-terminus also exposed extracellularly
(Noda et al, 1983; Claudio et al, 1983). To date, 17 nAChR subunits have been
identified: al-a10, B1-4, v, 3, and ¢ (reviewed by Corringer et al., 2000; Paterson and
Nordberg, 2000). According to the JUPHAR subcommittee report, these subunits are
represented using a Greek letter followed by an Arabic numeral where necessary (Lukas
et al., 1999). The al and B1 subunits denote the muscle type nAChR subunits, while
02-10 and P2-4 represent the neurohal nAChHR subunits. The y subunit is present in fetal
muscle nAChR (and Torpedo nAChR), but this is replaced by the €-subunit in adult
mammalian nAChR, a developmental switch that confers different conductance levels
and burst durations in their respective receptors (Mishina et al., 1986; Witzermann et al.,
1987). The general consensus of muscle type nicotinic acetylcholine receptor (referred
to throughout this thesis as nAChR) structure is that it a heteropentamer (Fig. 1-1A).

Each subunit consists of a) a large N-terminal hydrophilic extracellular region comprised
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of about 210 amino acids extending approximately 60 A from the membrane surface
towards the synaptic cleft, b) four highly hydrophobic transmembrane domains named
M1, M2, M3 and M4, with short hydrophilic stretches separating the M1, M2 and M3
domain and a large intracellular hydrophilic stretch which, in some subunits, contain
consensus sequences for phosphorylation separates the M3 and M4 domains and c) a C-
terminal that 1s also oriented towards the synaptic cleft (Fig. 1-1B, reviewed by
Changeux er al., 1992; Dunn, 1993; Karlin and Akabas, 1995; Arias, 2000). The
nAChR has been shown to be sensitive to phosphorylation by cAMP-dependent protein
kinase, protein kinase C and tyrosine-specific protein kinase, and there is evidence to
suggest that phosphorylation may increase the rate of receptor desensitization (Huganir
et al., 1986; Huganir and Greengard, 1987). The extracellular N-terminal carries the
agonist binding sites (discussed later), several glycosylation sites and a signature Cys-
Cys loop (2 cysteine residues separated by 13 other residues). This unique 15-residue
Cys-loop is common to all members of the LGIC family and therefore these receptors
are also called “Cys-loop receptors”.

The glutamate receptors (NMDA, AMPA and kainate receptor subtypes) are also
ionotropic receptors, which include features such as an extracellular ligand binding
domain and a cation-selective ion channel lined with residues from the M2
transmembrane domain (reviewed by Wollmuth and Sobolevsky, 2004). These
receptors have global structural similarities to the classical ligand-gated ion channel
family. However, in these glutamate receptors, the N- and C- terminal are located on the
extracellular and intracellular sides of the membrane respectively. In addition, they have

only three transmembrane domains and the M2 pore-forming domain forms a “P-loop”
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structure as seen in K channels and other voltage-gated ion channels. This suggests that
these glutamate receptors share evolutionary and structural similarity with the K'
channels (Dingledine et al, 1999). Other neurotransmitter-gated membrane ion-
channels include receptors for ATP, i.e., the P2X class of receptors (reviewed by North,
2002). P2X receptors are permeable to monovalent cations and have only two
transmembrane domains. The N- and C- terminal for these receptors are suggested to be
oriented towards the cytoplasm. The glutamate and P2X receptors, thus, have a
significantly different hydrophobicity pattern from that of the Cys-loop receptor
superfamily. In addition, glutamate and P2X receptors form tetramer and trimer subunit
complexes respectively and consequently are thought to have four and three extracellular
agonist binding sites. For simplicity, the reference to LGIC receptors in this thesis does

not include the glutamate or P2X class of receptors.

SUBUNIT ARRANGEMENT OF THE NICOTINIC ACETYLCHOLINE
RECEPTOR

Having established the subunit composition and stoichiometry of the Torpedo
nAChR, another challenge faced by researchers was to elucidate the subunit arrangement
of these receptors. The observation that two o-subunits could not be covalently cross-
linked led to the suggestion that these subunits are not adjacent in the pentameric
receptor (Schiebler et al, 1980). Electron microscopy studies of negatively stained
Torpedo electric organ membranes using avidin-biotin-labeled a-neurotoxin attached to
the a-subunit also showed that the two o-subunits were not neighbors, and an a-B-o

arrangement was proposed based on artificially generated receptor trimers (Wise et al.,
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1981). A similar approach using complexes of avidin, biotinyl-toxin and Torpedo
membrane derived receptors were analyzed by electron microscopy (Holtzman et al.,
1982). This study, based on the native 8-8 subunit crosslinked dimer, predicted the
location of one of the toxin binding sites (and consequently the a-subunit) to be ~45-85°
and the other to be ~100° away from the crosslink between the monomers, suggesting
that one a-subunit is located adjacent to the S-subunit. Based on experimentally
generated receptor B-subunit dimers, the two toxin binding alpha subunits were
estimated to be separated by 110° (Karlin et al, 1983). This study ruled out the
possibility that the - or 8-subunit was located between the two ¢ subunits, and favored
an o-y-0-0-f subunit arrangement of the Torpedo nAChR. Expression studies in
fibroblast cell lines using mouse muscle nAChR subunits demonstrated that the a-
subunit co-expressed with the y- or 3-subunit form pairs, but failec.i to associate with the
B-subunit (Blount and Merlie, 1989). This suggested that the a-subunit is associated
with different neighboring subunits, the y- or 8-subunit, that contribute to two non-
equivalent binding sites (discussed later).  Subsequent photoaffinity labeling
experiments using ["H]dTC demonstrated the covalent incorporation of the photolabel
into the o, y and & subunit, indicating that these subunits contribute to the ACh binding
sites (Pederson and Cohen, 1990). The authors further demonstrated that dTC binds
with high affinity (40nM) at the o~y interface and with much lower affinity (900nM) at
the -5 interface. This led to the suggesting that either the y- or the 3-subunit is located
between the two o subunits. Electron image analysis of tubular crystal from Torpedo

marmorata, with differently labeled subunits (x-bungarotoxin, Fab35 for the a-subunits,
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FabIll for the B-subunit, and wheat germ agglutinin for the §-subunit), visualized a
clockwise subunit arrangement as a-B-o-y-8 (Kubalek ez al., 1987). This arrangement is
now thought to be unlikely (discussed later).

Numerous studies using different experimental approaches have suggested that the y-
subunit lies between the two o-subunits, pointing to a circular subunit arrangement of a.-
y-a-8-B or o-y-a-B-8 (clockwise fashion) when viewed from the synaptic cleft (reviewed
by Hucho et al, 1996; Arias, 2000). The former arrangement has been the favored
possibility. The arrangement of the subunits has also been investigated using
photoactivatable dertvatives of the a-neurotoxin II. These studies suggested a clockwise
arrangement of o-y-0-8-B and ruled out its mirror image (Machold et al, 1995).
However, examination of the recent crystal structure of a homologous acetylcholine
binding protein (AChBP, discussed later) reveals that binding sites are located at
subunit-subunit interfaces, and predicts that the subunit arrangement is in a counter-
clockwise a-y--0-f3 orientation (Brejc et al., 2001, see Fig. 1-2).

Although the subunit arrangement may still be disputed, it is clear that the presence
of all four subunits is required to form a fully functional receptor (Mishina ez al., 1985;
Kurosaki et al., 1987). A number of groups have omitted specific nAChR subunits and
results obtained from using the Xenopus oocyte heterologous expression system have
suggested that nAChR devoid of the B, y or 3-subunits (Sumikawa and Miledi, 1989), the
v or &-subunit (Kurosaki et al., 1987), or even the o-subunit (Buller and White, 1990) is
able to respond to ACh application, albeit with significantly smaller currents as
compared to the wild type receptor. A criticism of these heterologous expression studies

is that the endogenous protein machinery of the oocyte may somehow compensate for
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the absence of subunit(s) (Quick and Lester, 1994). In addition, one cannot rule out the
possibility that posttranslational folding, processing and oligomerization of these

subunit-deficient receptors are quite different from that of the native, wild type nAChR.

nAChR SUBUNIT ASSEMBLY

The formation of a.functional nAChR necessitates contacts between individual
subunits and their assembly into a pentameric receptor complex. Proper assembly and
folding of the nAChR is crucial, and is often considered to be the rate-limiting step in the
postsynaptic expression of the receptors at the neuromuscular junction (Wanamaker et
al., 2003). The signal sequences at the N-terminals of the subunits guides their insertion
to the ER where subsequently subunit synthesis occurs by translation of the mRNAs
encoding for the subunits, followed by a series of post-translational modifications
(reviewed by Keller and Taylor, 1999; Wanamaker et al., 2003). The ER mediated
association with chaperone proteins such as calnexin, immunoglobulin heavy-chain
binding protein (BiP) and ERpS7 helps to accomplish the correct quaternary structure of
the emerging protein (Keller et al., 1996; Wanamaker et al., 2003). Furthermore, key
amino acid residues in the extracellular amino-terminal of the subunits modulate correct
subunit assembly into the aPyd pentameric complex (Blount and Merlie, 1990; Gu et
al., 1991; Kreienkamp et al.,, 1995; Sugiyama et al., 1996; Green and Wanamaker,
1997). Misfolded or unassembled subunits are prone to rapid degradation in the ER, as a
protective mechanism to prevent the appearance of nonfunctional surface receptors

(Blount and Merlie, 1990).
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The highly conserved cysteine residues, C128 and C142 form the signature disulfide
Cys-loop in all four Torpedo nAChR subunits. These along with two additional cysteine
residues (C192 and C193 found in the o-subunits) have been targeted to identify
potential sites involved in posttranslational processing of the receptor. Mutation of the
Cys-loop cysteine residues, or deletion of the entire Cys-loop region in the a-subunit,
were shown to abolish a-BgTx binding and reduce receptor expression (Mishina et al.,
1985; Blount and Merlie, 1990). In contrast, mutation of C192/193 to serines had no
effect on a-BgTx binding (Blount and Merlie, 1990). Interestingly, this study showed
that the mutated o-subunit retained the ability to assemble with the 8-subunit when
coexpressed in fibroblast cells, but the dimers were prone to rapid degradation (t;» ~
20min to 2hrs). Green and Wanamaker (1997) have also shown that the conserved Cys-
loop in nAChR is crucial to the receptor assembly process. Mutations of the a-subunit
cysteines to serines (C128S, C142S) resulted in afy trimers, but blocked the subsequent
subunit assembly required to form a pentamer. The addition of DTT, which prevents the
formation of disulfide bonds, had a similar effect, suggesting that the presence of the
Cys-loop is essential for proper subunit assembly.

Other regions of the subunits have also been shown to influence the proper folding
and subunit association required for assembly into a pentameric receptor complex.—
Mutation of the anionic residue Aspl52, in the a-subunit, to an asparagine (D152N)
creates a consensus glycosylation sequence (Asn-Gly-Ser) and reduces the ability of the
receptor to assemble (Sugiyama et al., 1996). The aD152N mutant receptor displays a
reduction in o-bungarotoxin binding, while elimination of the glycosylation sequence by

the double mutation aD152N-S154A significantly increases receptor surface expression.
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The altered receptor expression level was attributed to a reduction in the association
between the a/y and o/ subunits during the initial stages of dimer formation, as
determined by analysis of sucrose density gradient profiles of transfected o-subunits
with the y- or 8-subunits. In addition, two amino acid residues (S106 and Y115) in the
extracellular domain of the mouse e-subunit were shown to be responsible for the 10-
fold higher surface expression than was observed when the rat e-subunit was
coexpressed with other mouse or rat subunits, suggesting that these residues are
important for nAChR assembly (Gu et al., 1991). This study would also help explain
differences in inter-species nAChR surface expression levels observed. Similarly, cell-
surface expression levels of Torpedo nAChRs were demonstrated to be 8 to 10-fold
lower than those observed with the mouse affed nAChRs in tSA201 cells (Eertmoed et
al., 1998). Furthermore, no expression was observed for Torpedo nAChR at a subunit
ratio of 2:1:1:1 (apyd), whereas increasing the ratio of the § subunit to 7.5 times that of
the a-subunit resulted in receptor expression above background levels. It is not clear
why or how altering the subunit ratio alters expression levels (personal communication
from Dr. William N. Green, Univ. of Chicago).

Chimeric subunit approaches have also been undertaken to identify specific amino
acid regions that are crucial for subunit assembly. Studies with subunit chimeras using
the N-terminal of the e-subunit and the carboxy-terminal of the -subunit (g chimera)
demonstrated that this chimera can substitute for the e-subunit in the pentameric nAChR
receptor as determined by toxin binding assays (Yu and Hall, 1991). The 8 chimera (8-
subunit N-terminal), in contrast, was unable to substitute for the e-subunit, suggesting

that the o-subunit recognizes specific residues in the extracellular domain of the e-
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subunit to form an o-¢ heterodimer. This may be an intermediate in the assembly
process. Similarly, a y-subunit (N-terminal) and B-subunit (C-terminal) chimera
demonstrated that amino acid sequence 71-131 of the y-subunit are important for
association with the a-subunit (Krienekamp et al, 1995). The B-subunit mutation,
R117Y resulted in a significant decrease in surface receptor expression, suggesting that
this residue contributes to f-subunit association with a neighboring subunit, possibly the
d-subunit. Coexpression of ¢ and § subunits resulted in a-8 dimer formation while
association of y- with the a-subunit resulted in the formation of both -y dimers, and o-
y-o-y tetramers (Krienekamp et al, 1995). This suggests that the y- subunit can be
inserted between the two a-subunits, further supporting an o-y-c¢ subunit arrangement
(see previous section). Work with y and 8-subunit chimeras has led to the identification
of residues 1145 and T150 of the y-subunit that promote its contact with the o-subunit
(Krienekamp et al., 1995). Studies employing truncated N-terminal segments of the o
and § subunits expressed in COS cells have shown that the complete first transmembrane
domain (M1) is required for the subunits to assemble into a heterodimer with the
acquisition of high affinity toxin binding properties (Wang et al., 1996).

Phosphorylation of the subunits has been proposed to regulate nAChR assembly,
since increased intracellular cAMP levels were shown to increase expression levels of
surface nAChR (Green et al., 1991a; Ross ef al., 1991). Similarly, forskolin treatment
resulted in a 2-3 fold increase in Torpedo nAChR expression by a mechanism attributed
to increased phosphorylation of the unassembled y-subunit (Green et al., 1991b). Thus,
phosphorylation of the nAChR is a key mechanism that, in addition to modulating

channel function by accelerating the desensitization process of the assembled cell
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surface receptors (Huganir et al., 1986), also plays a role in the assembly process of the
receptors.

The assembly of nAChR is a slow (12 ~ 2-hrs) and inefficient process, with only
approximately 30% of synthesized a-subunits being assembled into pentamers (Merlie
and Lindstrom, 1983). The synthesized subunits undergo folding before assembly as
shown by the conformational change of the Cys-loop in the o-subunit, which buries the
loop to allow exposure of subunit recognition sites and assembly (Green and
Wanamaker, 1997). The ER chaperone protein, calnexin, appears to associate with
individual unassembled subunits to prevent their degradation. It subsequently
dissociates from the assembled complex, thereby assisting in formation of pentameric
receptors (Keller et al., 1996; 1998). Additionally, ER-associated degradation processes
act in concert with chaperone proteins, which retain unassembled subunits in the ER.
These are prone to interaction with the ubiquitin-proteasome pathway through exposed
lysine residues on the subunits, which facilitates the degradation of these
misfolded/unassembled proteins (Keller er al, 1998; Keller and Taylor, 1999;
Wanamaker et al., 2003).

There are currently two schools of thought on the assembly of ., B, v, and & subunits
in the ER into intermediate complexes that finally assemble into the oligomeric nAChR.
One group proposes the association of mature a-subunit with y or § subunits to form o-y
and o-d heterodimers, which subsequently associate with the B-subunit to form oBy8
pentamers (Blount and Merlie, 1989; Saedi ez al., 1991; Gu et al., 1991; Kreienkamp ez
al., 1995). An alternative scheme is the “sequential model” of subunit assembly

proposed from studies using stably transfected Torpedo nAChR subunits in mouse L
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fibroblast cells (Green and Wanamaker, 1997; 1998). Here, the o, B and y subunits
rapidly associate to form the first intermediate o-3-y trimer, followed by addition of the
S-subunit and finally an additional a-subunit is added to the tetramer to make the
pentameric complex.

In conclusion, through a variety of checkpoint mechanisms collectively referred to as
“ER quality control” (Ellgaard and Helenius, 2001), the ER ensures that only the
appropriately folded, assembled and posttranslationally modified proteins are transported
out of the ER to the Golgi and subsequently to the cell surface (Gu et al., 1991). The

misfolded and unassembled proteins are retained and degraded in the ER.

LIGAND BINDING TO THE NICOTINIC ACETYLCHOLINE RECEPTOR
Ligands known to modulate the function of the nAChR fall under the following
broad categories: a) agonists (e.g. ACh, carbamylcholine), b) competitive antagonists
(e.g. tubocurarine, o-bungarotoxin), ¢) noncompetitive blockers (e.g. local anesthetics,
histrionicotoxin, and neuroleptics such as chlorpromazine). The noncompetitive
blockers act by either blocking the ion-channel or by allosterically altering receptor
function by binding to a site distinct from the agonist binding site (reviewed by
Devillers-Thiery et al., 1993). Agonist association with the extracellular N-terminal
domain of the receptor induces both localized and global conformational changes in the
receptor resulting in its activation as a consequence of opening of the ion channel
(Unwin, 1995; Miyazawa et al., 2003, discussed later). The nAChR is suggested to exist
in several interconvertible states including resting, active and desensitized states (Katz

and Thesleff, 1957; see earlier section). Various models of receptor activation have been
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proposed in order to explain the transition of the nAChR from a basal resting state to a
conducting open state (Katz and Thesleff, 1957; Monod et al, 1965; Adam, 1981;
Changeux and Edelstein, 1998). A wideiy accepted model, the MWC (Monod, Wyman
and Changeux) model predicts that allosteric oligomeric proteins exist in equilibrium
between at least two pre-existing conformations and cooperativity in binding results
from stabilization of a discrete state(s) for which the ligand displays higher affinity.
This “two-state” receptor model describes concerted changes in the conformation of the
receptor oligomer and incorporates intermediate stages of ligand affinity while the
receptor is undergoing transition to a final desensitized state (Changeux and Edelstein,
1998). While the MWC model tries to rationalize kinetic properties of the nAChR, in its
original form, it oversimplifies the very complex and dynamic processes that the
receptor undergoes during activation. By an elegant series of experiments using
extrinsic fluorescent probes covalently attached to Torpedo membrane bound nAChR, a
model for multiple classes of distinct binding sites present on the same receptor that
modulate channel function has been proposed by Dunn and colleagues (Dunn and
Raftery, 1982a; 1982b, Dunn ef al., 1983; Dunn and Raftery, 1993; Dunn and Raftery,
2000). This model proposes that channel activation 1s mediated by agonist binding to

distinct low affinity binding sites (discussed later).

MAPPING OF AGONIST/ANTAGONIST BINDING SITES BY AFFINITY

LABELING STUDIES

Insight into structural details of the receptors in terms of binding site residues have

been explored by their covalent labeling with reactive ligands in affinity and
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photoaffinity labeling studies. A summary of key residues involved in
agonist/antagonist recognition that have been identified by such labeling studies is
provided in Fig. 1-3 and Table 1-1. Initial labeling studies using the alkylating
antagonist, ["HJMBTA (4-(N-maleimid6) benzyltrimethyl ammonium), or the agonist,
[H]bromoacetylcholine suggested that the binding sites are associated with the 40000-
dalton polypeptide (or the a-subunits) of the Torpedo nAChR. Labeling with these
ligands was achieved following DTT reduction of a readily reducible disulphide bond
near the binding site(s) (Karlin and Cowbumn, 1973; Moore and Raftery, 1979).
Subsequently it was verified by CNBr proteolysis of labeled subunits and amino acid
sequencing that MBTA exclusively labels the cysteine residues, C192 and C193 of the
Torpedo nAChR a-subunit, suggesting these residues to be in close proximity to the
agonist/antagonist binding site in the extracellular domain (Kao ef al, 1984). The
photoactive agonist, [BH]acetylcholine mustard (AChM) labeled mainly the nAChR -
subunit residue, Y93 (Cohen et al., 1991). Furthermore, since the photolabel, AChM, is
a reactive analog of ACh and contains a positively charged quaternary aziridinium
group, the labeled aY93 residue was predicted to emphasize the role of aromatic
interaction in the recognition of quaternary ammonium group. In other photoaffinity
labeling studies, the agonist, [H]nicotine principally labeled Y198 (80%
incorporation) and to a lesser extent, Y190 (13%) and aC192 (7%) (Middleton and
Cohen, 1991).

Competitive antagonists have also been employed as probes to map residues
involved in ligand recognition. By using a photoactive ligand, DDF (p-(dimethylamino)

benzenediazonium fluoroborate), a competitive antagonist for the nAChR binding sites,
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various amino acid residues were identified as specific sites of incorporation. [°’H]DDF
labeling studies demonstrated that the Torpedo nAChR a-subunit amino acid residues
that were unequivocally labeled (60% photoincorporation) were Y93, Y190, C192 and
C193 (Dennis et al., 1988; Galzi et al, 1990). Other a-subunit residues were also
labeled in these studies, albeit to a lesser extent (5% photoincorporation). These include,
W86, W149, Y151 and Y198. a¥Y190 is sensitive to labeling by the competitive
antagonists, lophotoxin analog-1 and dTC (Abramson et al., 1989; Pederson and Cohen,
1990). Although dTC labels primarily aY190, it also labels «C192 and aY'198 residues
with lower efficiency (Chiara and Cohen, 1997). Similarly, [*H]5-HT has been shown to
label aY190, aC192 and aC193 in a cholinergic ligand protectable fashion (Blanton et
al, 2000). The labeled a-subunit residues (cysteine and aromatic residues) are highly
conserved in muscle o-subunits from various species supporting their possible role in
forming the ligand recognition sites.

A similar approach has been used to identify residues from the non-o subunits that
contribute to the ACh binding site(s). [BH]dTC labels YWS55, yY111, yY117, W57 and
8R113 (Chiara and Cohen, 1997; Chiara ez al., 1999). When [*H]nicotine was employed
as a photoaffinity agonist label, the major site of incorporation was yW55 (Chiara et al.,
1998). A novel photoaffinity probe, ["H]TDBzcholine (4-[(3-trifluoromethyl)-3H-
diazirin-3-yl}benzoylcholine), which behaves as a competitive antagonist, labeled yL109
and 8L111 in addition to «C192, aC193 and aP194 residues (Chiara et al., 2003).

Aromatic residues constitute the bulk of the amino acids photolabeled by agonists
and competitive antagonists. Thus far, no negatively charged residues have been labeled

suggesting that aromatic amino acids may have sufficient electronegativity (through
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their n-electrons) to stabilize the positively charged quaternary ammonium group carried
by most cholinergic ligands (O’Leary et al, 1994). Czajkowski and colleagues
hypothesized (1991; 1995) that acidic residues (aspartates and glutamates) may
constitute an additional negative subsite within the ACh binding site.  S-(2-
glycylaminoethyl)dithio-2-pyridine (GCP), a 9-A long bisfunctional reagent that
specifically forms a disulfide bond with the reduced aC192/193 residues on the a-
subunit was demonstrated to cross-link with acidic residues in the 3-subunit, which were
later identified by peptide mapping to be D165, 3D180 and SE182 (Czajkowski and
Karlin, 1991; 1995).

The above labeling studies showed that key amino acids are labeled by both agonists
and antagonists ie., a¥93, a¥190, aY198, aCl192, aC193, yWS55, suggesting a
common or overlapping binding site(s) for these classes of ligands. However some
residues display ligand selectivity. This suggests that structurally diverse ligands may
have several different contact regions within the overall ligand recognition domain(s).
In the studies quoted above, labeling of specific residues was inhibited by agonists and
competitive antagonists but not by noncompetitive blockers. Labeling studies thus
provided the first direct evidence of residues that are important for the agonist/antagonist
recognition. However, they lcould not shed light on the role of these binding sites in

receptor function.
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FUNCTIONAL CHARACTERIZATION OF THE ACh BINDING SITE
RESIDUES

The heterologous expression of cloned nAChR subunit cDNAs and the ability to
manipulate these DNAs in vitro has provided significant impetus to the pharmacological
characterization of the putative binding site residues using biochemical, molecular and
biophysical techniques. For biochemical analyses, nAChRs have been expressed in
mammalian cell lines such as HEK 293 or tSA 201 cells. However, the transient
expression of recombinant Torpedo nAChR is problematic since the assembly of these
receptors is both inefficient and temperature dependent (Claudio et al., 1987; Paulson
and Claudio, 1990). In preliminary experiments, I found only very poor expression of
Torpedo nAChR subunits in tSA 201 precluding further characterization (unpublished
observations). In contrast, mouse nAChRs have been shown to express well in these cell
lines (Prince and Sine, 1996; Sine, 1997; Osaka et al., 1998; Akk, 2002). Similarly, I
observed that mouse nAChR clones (generous gift from Dr. Gustav Akk, Washington
University School of Medicine, St Louis, USA), displayed significant expression above
background in tSA201 cells (unpublished observations). Due to the difficulties in
expressing Torpedo nAChR in tSA201 cells, the electrophysiological characterization of
this recombinant nAChR has been undertaken using the Xenopus oocyte expression
system. The functional significance of the residues that had been identified in labeling
studies has been investigated by mutagenesis experiments of recombinant cDNA’s
encoding for the subunit. The mutant subunit(s) is/are coexpressed with the remaining
wild type subunits in a suitable expression system and the expressed mutant receptors

are subsequently analyzed by radioligand binding assays and/or electrophysiology.
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Examples of amino acid residues that are crucial for modulating agonist and competitive
antagonist sensitivity at nAChR are summarized in Table 1-1.
nAChR o-subunit mutations altering receptor function

Wild type Torpedo or mouse nAChR expressed in Xenopus oocytes and probed
using two-electrode voltage clamp techniques have been reported to have an ECsy value
(agonist concentration that evokes half the maximal current) for ACh-induced activation
of ~10 to 30 uM with a Hill coefficient approaching 2 (Tomaselli ez al., 1991; O’Leary
and White, 1992; Aylwin and White, 1994a,b; Sullivan et al, 2002). Mutation of
aC192 and aC193 (to serine) resulted in a reduction in the apparent affinity for the
agonist and completely abolished the ACh-evoked response suggesting that these
residues are important for both agonist binding and receptor function. The aC128S and
aC142S mutations abolished receptor expression as detected by a-bungarotoxin binding
and no functional receptors were observed in oocytes, supporting the structural role of
these residues (Mishina et al., 1985). The importance of aY93, oY190 and Y198
residues has been demonstrated by their substitution with phenylalanine (Tomaselli et
al., 1991; O’Leary and White, 1992; Aylwin and White, 1994ab). These studies
demonstrated that the oY 190F mutation resulted in 20-50 fold rightward shift in the
ECso for ACh-induced channel activation while the Y 198F mutation resulted in lesser
reduction in the ECsy value (approximately 6-fold reduction). These studies clearly
underscore the importance of aY190 in forming a receptor site for ACh. Also, the
«Y190S mutation abolished agonist sensitivity for channel activation suggesting that an
aromatic residue at this position may be required for receptor activation (O’Leary and

White, 1992). Similarly, the a Y93F substitution caused a ~20-fold shift towards higher
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concentrations for ACh-induced channel activation (Aylwin and White, 1994b). Kinetic
analyses of single-channel currents in mutant receptors revealed that the shift in dose-
response curve for aY93F or aY198F mutants was a consequence of reduction in the
apparent affinity for ACh rather than a gating effect (Aylwin and White, 1994a) while
both the binding and gating processes were altered for the aY190F mutant (Chen et al.,
1995). Sine and colleagues (1994) suggested that the aromatic hydroxyl groups of aY93
and oY 190 and the aromaticity of Y198 are all essential for binding of agonists. The
aY93F and oY 190F mutations also resulted in a reduction of affinity for the competitive
antagonist, dTC suggesting that these residues are also important for the binding of these
ligands (O’Leary er al, 1994). Surprisingly, the «Y198F substitution resulted in an
increase 1n affinity for dTC and it has been suggested that this is a consequence of an
aromatic-aromatic interaction between the aromatic ring of curare and aromatic residues
within the binding site (O’Leary et al., 1994).

Other residues identified by labeling studies included aW149 (and possibly W86,
aY151). A novel approach of using unnatural amino acids to replace the conserved Trp
residues (W86, aW149), suggested (based on ECsy changes of ACh-induced channel
activation) that a cation-m interaction at W149 plays an important role in associating
with the agonist (Zhong et al., 1998). Moreover, the replacement of aW149 with an
unnatural amino acid containing a tethered quaternary ammonium group attached to
W149 resulted in a constitutively active receptor (Zhong et al., 1998). In contrast, the
aW149C mutant receptor produced no functional ACh-mediated currents. In the
oY151F mutant, agonist-evoked channel activation was not altered as compared to wild

type nAChR suggesting that a Y151 is not critical for nAChR activation (O’Leary and
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White, 1992). This finding may also explain its only minor labeling by [3H]DDF (see
previous section).

The substituted cysteine accessibility method (SCAM) is another approach that has
been utilized to characterize the binding site and ion channel structural requirements.
SCAM involves mutating individual residues to cysteine and studying their accessibility
to sulfhydryl reactive cholinergic ligands (reviewed by Karlin, 2002). These studies
demonstrated that aY93 and aN94 were accessible to ACh while oY 198 was accessible
to both ACh and dTC (Sullivan and Cohen, 2000; Sullivan et al., 2002) consistent with
the pattern of aY'198 labeling by dTC (and not of o Y93). An additional observation was
that dTC bestows protection to only even numbered residues in this region (196, 198
and 200). This suggests that in this segment of binding sites form a B-strand (Sullivan et
al., 2002), which is in accordance with the structure of a related protein, the AChBP
(discussed later).
nAChHR 7- and 3-subunit mutations altering receptor function

The participation of residues in the non-c subunits in modulating agonist/antagonist
sensitivity has also been' investigated. The yW355L mutation resulted in an approximate
8-fold reduction in dTC affinity (as determined by its ability to inhibit ACh-evoked
currents in Xenopus oocytes) consistent with the notion that YWS55 contributes to curare
binding. The yWS55L mutation also increased (by 7-fold) the ECsy for ACh-induced
channel activation indicating that the agonist recognizes residues in the y-subunit, a
finding supportive of YW5S5 being labeled by the agonist, nicotine (see previous section).
In contrast, the SWS57L sensitivity to ACh or curare was unéltered (O’Leary et al,

1994). Xie and Cohen (2001) demonstrated that although neither yYW55L nor SW57L
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mutations altered the equilibrium binding of dTC, they resulted in a reduction of ACh
binding affinity by 7,000- and 20-fold respectively (as determined by inhibition of
binding of [nsl]oc-Bng). The yWS55L mutation was also shown to alter receptor
activation by ACh (to a similar extent as demonstrated by O’Leary and colleagues, see
above) suggesting that YWS5 is crucial for both agonist binding and agonist-induced
receptor activation. In contrast to the above results, yY111 (identified by dTC
photolabeling) and its equivalent residue in the 3-subunit, R113, were demonstrated to
be unimportant for the equilibrium binding of ACh or for channel activation but to be
crucial determinants of antagonist binding affinities (Chiara ez al,, 1999). In additional
studies, YY117 (along with aY198) was demonstrated to stabilize the binding of the
antagonist, dimethyl-d-tubocurarine (DMT) (Fu and Sine, 1994).

Expression of subunit dimers (a-y and «-8) or trimers (a-8-y and a-f3-8) were shown
to have significantly different affinities for the antagonist, DMT and the agonist,
carbamylcholine depending on whether the y- or 8- was incorporated (Sine, 1993; Prince
and Sine, 1996). v-3-Subunit chimeras were first used to identify the regions in each
subunit that are determinants of ligand selectivity at the two binding sites. Subsequent
mutational analysis showed that YK34/8S36, yF172/81178, yES7/8D59 and yC115/8Y117
affected selectivity for carbamylcholine while yI116/6V118, vY117/8T119 and
vS161/86K163 contributed to the higher affinity of DMT at the o~y interface.
Furthermore, under desensitizing conditions (induced by application with proadifen),
vyE57 was demonstrated to contribute to the binding of agonist in the desensitized
receptor state (Prince and Sine, 1996). Using SCAM techniques, it has been

demonstrated that YES7 is accessible to both ACh and dTC (Sullivan and Cohen, 2000;
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Sullivan et al, 2002) while yL109 is also afforded protection by dTC (Sullivan ez al.,
2002). A similar approach demonstrated that yL119C (and residues at equivalent
position, €[119C and 8L121C) contribute to a-bungarotoxin binding (Sine, 1997).

Acidic residues have been postulated to provide a negative subsite to contribute to
the ACh binding site (Czajkowski and Karlin, 1991; 1995, see previous section). The
SD180N and SE189Q mutations reduced the affinity (and potency) of ACh by ~100- and
10-fold respectively suggesting that the carboxylate group of both D180 and SE189
may constitute a negative subsite for ACh binding (Czajkowski et al., 1993). Mutation
of yD174 (the equivalent position to 3D180) significantly decreased the affinity for
agonists and to a lesser extent that of competitive antagonists (Martin et al., 1996).
Similarly, elimination of the charge on aD152 was shown to reduce both agonist and
antagonist affinities (Osaka ef al., 1998). These data suggest that anionic residues from
the o, v and d-subunits also contribute in the stabilization of cholinergic ligands.

The mounting evidence from labeling and mutagenesis experiments is that aromatic
groups and charged residues from the o, v and d-subunit contribute to the ACh binding
sites. Furthermore, the re_sidues involved in ligand recognition lie in discrete domains
contributed by different subunits, suggesting a probable location of ligand binding sites

lying at the a- and the non-a subunit interfaces (c-y and -8).

MODEL OF THE RECEPTOR RECOGNITION SITE
It 1s now generally accepted that the binding sites for agonists and competitive
antagonists are formed at the interfaces of the o~y and the a-3 subunit (Blount and

Merlie 1989; Pederson and Cohen, 1990). For some ligands, these sites display very
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different affinities. Previous studies, for example, demonstrate that o-y and -8 pairs
represent the high and low affinity-binding sites respectively for dTC. Similarly,
expression of subunit triplets, afy and afd displayed high and low affinity binding
respectively for DMT while the reverse was true for the toxin, lophotoxin (Sine and
Claudio, 1991). Using the alkylating agent, [*H]bromoacetylcholine, it was
demonstrated that in a reduced form of Torpedo nAChR, a high affinity binding site is
located at the -y subunit interface in the vicinity of disulfide bonds (Dunn et al., 1993).
Thus far the $-subunit has not been implicated in contributing to the ACh binding site(s).
It now appears likely that the B-subunit may be involved in stabilizing the quaternary
structure of the pentamer and/or contributing allosterically to the properties of the
receptor. However, since all the nAChR subunits share high sequence homology
(~40%), it is possible that the B-subunit might also contribute to the binding of ligands.
In labeling studies, the a-subunits residues were more strongly labeled than residues
in y- and d-subunits (see above). This has led to the terminology that regions from the
o-subunits constitute the “principal component” and the non-o subunits (y and d)
contribute to the “complementary component” of the ACh binding sites (Corringer et al.,
1995). Benefiting from over two decades of research, the “multiple loop hypothesis™ for
the ligand-binding sites was developed (reviewed by Changeux et al., 1992; Corringer et
al., 2000; Anas, 2000; Karlin, 2002). This model envisaged that the polypeptide chain
of each subunit twists several times like a ribbon and residues in the extracellular N-
terminal domain that contribute to ligand binding are located in clusters in discontiguous
regions on different polypeptide chains. These localized regions that carry the residues

of interest for ligand binding were designated as loops A-C contributed by the a-
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subunits and loop D-F from the neighboring y- or d-subunits (Fig. 1-2). As described
above, important residues in these distinct regions include: aY93 (and possibly aW86)
from loop A; aW149 (and possibly aY151) from loop B; aY190, aC192, aC193 and
Y198 from loop C; YWS5S, YE57 and W57 from loop D; yL109, yY111 and 8R113
from loop E; yD174 and 8D180 from loop F (Fig. 1-3).

Mutational studies of the majority of the residues implicated in forming the ACh
binding site(s) have usually demonstrated a shift of agonist potency towards higher
concentrations. A caveat must, however, be placed on interpreting results from
mutational studies as the mutation might have affected the tertiary or quaternary
structure of the receptor or the mutation may have indirectly altered the affinity for
ligand leading to a false identification of binding site residues. Nevertheless, the
combination of biochemical, molecular and electrophysiological techniques has greatly
aided in our understanding of structure-function relationships of the nAChR. The
emerging picture of the receptor’s ligand recognition site is that a group of amino acids,
primarily aromatic but perhaps also some acidic residues are involved in ligand
recognition. Any model must include the stabilization of the positive charge of
quaternary ammonium group of cholinergic ligands. The most plausible mechanism for
this association has been stated to be a cation-n noncovalent interaction (Dougherty and
Stauffer, 1990). However, other forms of interactions between residues close enough to
interact may include hydrophobic interactions, hydrogen bonding and ion-pairing, which

can result in salt bridge formation.
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LIGAND RECOGNITION SITES ON OTHER MEMBERS OF THE LGIC
SUPERFAMILY

The extensive characterization of the Torpedo nAChR has led to its undisputed role
as the prototype of the Cys-loop receptor superfamily. Consequently, information
accumulated on the nAChR has been extrapolated to other receptors belonging to this
superfamily such as the glycine receptors (reviewed by Casio, 2004), serotonin type 3
receptor (5-HT;3R) (reviewed by Reeves and Lummis, 2002), the y-aminobutyric acid
type A receptor (GABAAR) (reviewed by Kash et al., 2004) and neuronal nicotinic
acetylcholine receptors (reviewed by Paterson and Nordberg, 2000). Data generated
from studies of these homologous receptors support the notion that ligand binding occurs
at subunit-subunit interfaces and supports a multiple loop model akin to that suggested
for the nAChR.

Residues in the homomeric o7 neuronal nicotinic receptor, Y92 (loop A), W148
(loop B) and Y187 (loop C) present at homologous position to Y93, a149, a190 from
the Torpedo nAChR were demonstrated to be crucial in the binding of ACh and nicotine
lending further credence to the multiple loop hypothesis (Galzi er al, 1991).
Furthermore, substitution of these residues by serine or histidine resulted in total ablation
of functional response, reinforcing the importance of aromatic residues in the ligand
binding domain. Cysteines 150 and 164 in the a7-nAChR (homologous to Torpedo
C128 and C142 forming the Cys-loop) were demonstrated to be crucial for receptor
assembly and expression (Dunckley et al., 2003). In the GABA, receptor 2-subunit,
homologous residues L99 and Y97 (Boileau et al., 2002), Y157 (loop B) and Y205 (loop

C) are important for GABA binding and receptor activation (Amin and Weiss, 1993).
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The importance of aromatic amino acids in the ligand-binding domain of 5HT; receptor
was Investigated by mutating tryptophan residues, W121 (loop A), W183 (loop B) and
W90 (loop D) (equivalent positions to Torpedo nAChR oW86, aW149 and yWS57
residues respectively) (Spier and Lummis, 2000). W121 was shown to be crucial for
receptor expression while W90 and W183 were important for mediating agonist
sensitivity, possibly via a cation-w association.

Similarly, residues from other members of the LGIC family present at homologous
positions to YW55 and dW57 from loop D of the Torpedo nAChR have been shown to
contribute to the ligand recognition site. A key example includes the mutation of W54
in the a7 neuronal nicotinic receptor, which resulted in a 10-200-fold reduction in
sensitivity to agonists (Corringer et al, 1995). In the a1B2y2 GABAAR, the alF64L
mutation caused a 200-fold reduction in the apparent affinities for agonist and
antagonists suggesting the involvement of the ol-subunits in forming an
agonist/antagonist binding site (Sigel et al, 1992). Similarly, Y62 in the B2 subunit of
the GABA4 R (also lying in loop D) was shown to contribute to high affinity agonist
binding (Newell et al., 2000). In addition, y2F77 of these receptors appears to be
important for mediating the effects of allosteric modulators such as benzodiazepines
(Buhr ef al.,, 1997). In the homooligomeric SHT; receptor, W89 was demonstrated to
contribute to antagonist binding (Yan et al., 1999). These studies clearly underscore the
importance of aromatic residues from loop D of members of the LGIC superfamily in

contributing to the sensitivity of ligands.
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FUNCTIONAL ROLE OF BINDING SITES

An important conclusion from the preceding sections is that the two well
characterized ligand binding sites on the Torpedo nAChR lie at subunit interfaces,
namely, the a-y and «-3 subunit interfaces. The non-symmetry of these interfaces also
accounts for the differences in binding affinities for competitive antagonists at these two
sites. Upon binding of agonists, the Torpedo nAChR has been suggested to undergo
ligand-mediated conformational changes that lead to an equilibrium high affinity state,
which may represent the desensitized state of the receptor (Weber ez al., 1975; Quast et
al., 1978). Under equilibrium binding conditions, ACh binds to the two high affinity
binding sites in Torpedo nAChR with identical affinities (dissociation constant of 10-30
nM, Raftery et al, 1983). Most current models for receptor activation assume that
binding of agonist to these two sites mediates both channel activation and
desensitization. It has been presumed that activation and desensitization are sequential
processes. The approximately 3 orders of magnitude difference in agonist concentration
required to activate the nAChR (ECs, for receptor activation by ACh of 10-100 uM) and
the affinity for ["HJACh measured in equilibrium binding assays (K4 ~ 10 nM) reflects
the different receptor states i.e. activated and desensitized state (Raftery et al., 1983).
An alternative explanation is that different classes of agonist binding sites are involved
in activation and desensitization. The homology between the subunit polypeptide chains
originally led to thé suggestion that additional binding sites may be present on each
subunit (reviewed by Conti-Tronconi and Raftery, 1982). The active state of the nAChR
is of intrinsically low affinity (agonist ECsy for receptor activation in the uM range),

raising the possibility that receptor activation is mediated by binding sites different from
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the high affinity sites that are readily measured at equilibrium (Dunn and Raftery,
1982b). While tremendous strides have been achieved in elucidating the structure of the
ACh-binding sites and its correlation with receptor function, our knowledge of the
coupling mechanisms between these two processes resulting in synaptic transmission is
limited at best. In this laboratory, fluorescence techniques have often been used to
explore the conformational transitions of the Torpedo nAChR that result from agonist
binding.

Torpedo membrane-bound nAChRs were covalently labeled with a sulfydryl
selective alkylating fluorescent probe, 5-1odoacetamidosalicylic acid (IAS) subsequent to
mild reduction (Dunn et al., 1980). This probe was deliberately targeted to the readily
reducible disulfide formed between vicinal cysteines, C192 and 193, close to the high
affinity site. Carbamylcholine binding to the IAS-labeled receptors under equilibrium
conditions resulted in a saturable enhancement of fluorescence that was sensitive to
inhibition by the antagonist, a-BgTx and the alkylating agonist, bromoacetylcholine
suggesting that changes in the fluorescence of IAS reflects binding to the nearby binding
sites. An excellent correlation was observed between the dissociation constant value
(Kq) for [*H]carbamylcholine binding to native membranes and to IAS-labeled
membranes (~100 nM). Of particular importance is that the kinetics of the
carbamylcholine-induced fluorescence changes were too slow to allow its correlation
with the receptor activation process.

Evidence for the presence of low affinity sites(s) for agonists on Torpedo nAChR
under equilibrium conditions that is/are separate from the high affinity binding sites

came by monitoring the agonist-induced fluorescent changes of another fluorescent
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probe, 4-([(iodoacetoxy)ethyl]methylamino)-7-nitro-2,1,3-benzoxadiazole (IANBD)
covalently bound to the receptors (Dunn and Raftery, 1982a,b; Dunn ez al, 1983). In
equilibrium fluorescence titrations, ACh and carbamylcholine enhanced the fluorescence
of this probe in a saturable fashion, and this was abolished by prior incubation with o-
BgTx suggesting that the observed fluorescence changes were specific for the receptor
(Dunn and Raftery, 1982a,b). However, the fluorescence enhancement was not affected
by covalently bound BrACh, dTC and channel blockers such as histrinotoxin or
lidocaine. This suggested that IANBD is monitoring binding to sites that are distinct
from the high affinity sites. For all agonists studied, the apparent dissociation constants
for fluorescence titrations (e.g. for ACh Ky ~ 80 uM) correlated well with their
concentration dependencies observed in ion flux studies (ACh ECsy ~ 100 uM).
Furthermore, the kinetics of the fluorescent enhancement were very rapid and correlated
well with the rapid (msec) timescale of channel activation. These studies indicated the
presence of a separate class of binding site(s) under equilibrium conditions that may be
important in modulating receptor function and are of much lower affinity than those
reported in equilibrium binding experiments. This led to the suggestion that there are
multiple classes of binding sites for agonists on Torpedo nAChR and that these sites play
a distinct role in modulating synaptic transmission with channel activation and
desensitization occurring in parallel (Dunn et al., 1983).

Although it has been suggested that the discrepancy between equilibrium binding
affinities and the concentrations of agonist that induce channel activation can be
explained by the two-state receptor model (reviewed by Changeux et al, 1992), the

above mentioned studies challenged the dogma that the two high affinity sites on nAChR
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identified earlier by biochemical studies are the only sites present and that these mediate
both channel activation and desensitization. Further characterization of multiple classes
of binding sites present on the same receptor came from studying the properties of
Torpedo nAChR doubly labeled with both extrinsic fluorescent probes, IAS and IANBD
(Dunn and Raftery, 1993). It was shown that although the fluorophores are both
sulfhydryl-selective, they did not did not react at the same location. As suggested
earlier, binding of agonists to IAS-labeled receptor preparation resulted in a saturable
enhancement of fluorescence. A similar enhancement was observed upon the binding of
competitive antagonists such as hexamethonium. In contrast, the fluorescence
enhancement observed upon agonist binding to IANBD-labeled receptor preparations
revealed sites of much lower affinity, and binding to these sites was unaffected by most
competitive antagonists but was blocked by a-BgTx.

The unequivocal demonstration of the role of multiple agonist binding sites on
Torpedo nAChR function was that preequilibration of the high affinity sites with
saturating concentrations of carbamylcholine did not attenuate the ion flux response to
subsequent challenge with activating concentrations of carbamylcholine. This provided
direct evidence that the high affinity sites could not be directly involved in channel
activation process, suggesting that distinct low affinity sites (see above) must mediate
this process (Dunn and Raﬁgry, 2000). Furthermore, since the nAChR could still be
activated even after saturation of all its high affinity sites, these sites cannot be solely
involved in mediating the desensitization process. So the obvious question is that, if the

high affinity sites mediate neither activation nor desensitization, what is their role?
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Recently, in the GABA, receptor it was demonstrated that the B2 subunit residue,
Y62 residue is an important determinant for high affinity agonist binding (Newell et al.,
2000). Further characterization of a receptor (a182y2) carrying the f2Y62S mutation
revealed altered desensitization properties (Newell and Dunn, 2002). The mutant
receptor that displayed no high affinity binding for [*H]muscimol desensitized but
rapidly recovered from desensitization even in the continued presence of agonist. This
led to the suggestion that although the high affinity binding sites may not be directly
involved in inducing desensitization, they may play a role in maintaining the
desensitized state subsequent to it entering this phase. By analogy with the GABA,
receptor, a similar mechanism may be present in the nAChR.

Kinetic studies of the association and dissociation of acetyicholine and
suberyldicholine to Torpedo nAChR membranes have suggested that each of the high
affinity binding sites comprise of two subsites that are mutually exclusive at equilibrium
(Dunn and Raftery, 1997a,b). The dissociation kinetics of bound [SH]ACh (at
concentrations sufficient to saturate all the high affinity sites) were significantly
increased upon addition of micromolar concentrations of unlabeled agonists suggesting
that that each of the high affinity sites comprises two subsites (arbitrarily named as
subsite A and B). When sites A are initially saturated with [’H]JACh, the binding of an
additional ACh molecule (to site B with higher concentrations) significantly reduced the
affinity of site A, thereby enhancing its dissociation from this site (see Fig. 1-4A).
Further evidence in support of this two-subsite hypothesis is that the dissociation of the
bisfunctional agent, [*H]suberyldicholine is only marginally affected by the presence of

unlabeled agonists such as ACh or suberyldicholine suggesting that suberyldicholine, by
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virtue of its bisquaternary character, is able to bridge the two subsites simultaneously or
at least occlude the accessibility to subsite B (see Fig. 1-4B). Further characterization of
the association kinetics of agonists, ACh and suberyldicholine at these sites using
receptor preparations labeled with the fluorescent probe, IAS, that reports agonist
binding to the high affinity sites suggested significantly different association kinetics for
these two ligands (Dunn and Raftery, 1997b).

The emerging theme from these studies is that there is heterogeneity within the high
affinity site. The exact location of the second subsite is not known but the fact that
suberyldicholine appears to bridge these two subsites suggests that the second subsite
should be close enough to the first subsite for simultaneous association of two

quaternary groups of suberyldicholine.

STRUCTURE OF THE TORPEDO nAChR

The understanding of the structure of Torpedo nAChR has come a long way since
the first reports of the primary sequencing of the subunits to its subsequent cloning and
suggestions of domains of the receptor to thread across the membrane (Raftery et al.,
1980; Noda et al., 1982).

The approximate shape of the receptor was revealed by cryo-electron microscopy of
two-dimensional tubular crystals of Torpedo nAChR (Unwin, 1993; Unwin, 1995;
Unwin, 1998). At 9A resolution, the shape and dimensions of the receptor were revealed
and suggested the receptor to be 80A in diameter and ~120A long with about 65A
protruding extracellularly towards the synaptic cleft and about 20A protruding

intracellularly, while the rest is immersed in the membrane. In addition, about 30A
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distal from the membrane towards to the extracellular surface, a cavity surrounded by
three density peaks in each subunit was visualized. The peaks were suggested to be a
group of three rods presumably o-helices that were angled perpendicular to the lipid
bilayer. Two of these a-helix rods were oriented towards the entrance of the channel
while the third was facing outwards. The rods of the o-subunits were suggested to
constitute the ACh binding site. Furthermore, in the lipid bilayer an additional rod in
each subunit, closer to the five-fold axis of symmetry was suggested to be present. The
five rods (one from each subunit) that transverses the membrane is suggested to
correspond to the M2 transmembrane domain. The outer rim of rod is suggested to be
star shaped, presﬁmably composed of B-sheets, while the portion of the rods lining the
pore were predicted to be predominantly a-helical, which were visualized to bend as
they thread across the bilayer forming a kink toward the middle that forms the gate to
regulate the flow of ions through the pore.

In an attempt to visualize the changes in the receptor induced up on ACh binding, a
brief exposure (<5ms) of Torpedo postsynaptic membranes was undertaken followed by
its rapid freezing to capture the resulting structural reorganization (Unwin, 1995). The
activated structure suggested significant movements of the rods (~28° anticlockwise
rotations) in the a-subunit adjacent to the &-subunit (o5). In contrast, a smaller
movement of the a-subunit neighboring the y-subunit was observed while the B-subunit
simply displaced away from the as-subunit. The localized movement of the o subunit
was predicted to communicate with the neighboring subunits thereby propagating
subunit movements all over. Although in these studies the subunit arrangement was

presumed to be o-f-o-y-4 in a clockwise orientation, the important conclusion is that the
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localized changes first initiated in the extracellular domain are communicated through
rotations of the subunits eventually to the bilayer associated domain that lines the
channel pore resulting in opening of the ion-channel.

Structural information of Torpedo nAChR by electron microscopy studies was
limited due the low resolution of the technique. The discovery of a related homologous
protein, acetylcholine binding protein (AChBP) and its crystallization (discussed later)
provided a template for modeling of nAChR structure. The higher resolution (4.6A) of
the images of Torpedo membranes (with the subunit arrangement now assumed to be o.-
v-0-8-f) and its comparison to the crystal structure of AChBP further provided a better
glimpse of the secondary strucﬁxres of the subunit and the possible coupling mechanism
between the binding and gating processes (Unwin et al., 2002; Miyazawa et al., 2003).
The ligand-binding domain is suggested to be formed predominantly by f-sheets while
the domains transversing the membrane are a-helical with short interconnecting loops.
Agonist binding is suggested to induce a ~ 15° clockwise rotation of the inner B-sheets
of both the a-subunits towards its neighboring y- and 8-subunit. This rotational
movement occurs about an axis that transverses the Cys-loop disulfide bond (Loop 7,
amino acids 128-142, see below), which is oriented towards the transmembrane
domains. This results in a contact between the extracellular N-terminal oriented segment
(Loop 2, amino acid 45-48) and the interconnecting loop between the transmembrane
domain, M2-M3 and these small rotations are conveyed to the inner M2 helices facing
the pore resulting in the removal of the kink forming the gate and the opening of the ion-
channel occurs. This study thus provided the first direct evidence of communication

between the extracellular agonist binding domains and the gating mechanism and
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implicated the L2 region (immediately preceding loop D) as the instigator, L7 (Cys-
loop) as the mediator and M2-M3 as the final modulator of the gating mechanism. A
similar mechanism was recently validated in the GABAA receptors, wherein negatively
charged residues, «1D57 (from L2) and a1D149 (L7) were shown to interact with the
positively charged residue, a1K279 (in the M2-M3 linker) to account for the coupling of
agonist association to channel gating (Kash ez al,, 2003).

Electron microscopy studies helped to better define the structure and more recently a
possible gating mechanism of the nAChR protein but the crystal structure of the receptor
remains lacking. Recently the most revealing insight into the spatial location of the
subunits and the ACh-binding site of the nAChR has come from elucidation of the

atomic structure of a related protein, AChBP.

CRYSTAL STRUCTURE OF ACETYLCHOLINE BINDING PROTEIN

In 2001, Sixma and colleagues published a landmark paper wherein they report the
crystal structure of an acetylcholine-binding protein (AChBP). This is a soluble protein
produced in the glial cells of the snail, Lymnaea stagnalis that is a truncated homologue
of the nAChR (Brejc et al.,, 2001). The molluscan glial cells release AChBP into the
synaptic cleft in an ACh-dependent manner, where it behaves like a protein mop by
buffering ACh and thus regulating synaptic transmission (Smit ez al., 2001). Hence, the
concentration of the released AChBP acts like a homeostasis regulatory control
mechanism that determines whether transmission occurs or not (Sixma and Smit, 2003).

The crystal structure of AChBP was characterized at a resolution of 2.7A and

revealed conspicuous similarities to the extracellular ligand-binding domain of the
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nAChR (Brejc et al, 2001). The AChBP is made up of five identical monomers
(“Subunits”) that assemble into homopentamers along a five-fold axis of symmetry (Fig.
1-5A). These form a soluble protein that is 62A in height, 80 A in diameter and with a
central “hole” of about 18A diameter, dimensions that correlate well with the EM
images suggested for the Torpedo nAChR by Unwin and colleagues (Unwin, 1998;
Miyazawa et al., 2003). Each AChBP subunit consists of an a-helix proximal to the N-
terminal, two short 3¢ helices and a curled f-sandwich comprised of ten B-strands (and
connecting loops) that are considerably convoluted and the B-sheets turn around against
each other forming two distinct hydrophobic cores (Fig. 1-6B). The most notable
difference between the structure of nAChR and AChBP is the absence of transmembrane
domains in the latter. Consequently, the N-terminal is located on the top while the C-
terminal is located at the bottom of this homopentameric protein. An AChBP monomer
contains 210 amino acids and displays between 20-25% homology to the aligned
sequences from the extracellular amino ligand-binding domain of the nAChR subunits
(see Appendix), with the greatest homology to the neuronal a7 nAChR. Furthermore,
AChBP exhibits similar pharmacological properties to the nAChR and binds nAChR
agonists such as ACh, nicotine and epibatidine and also binds nAChR competitive
antagonists such as d-tubocurarine and a-bungarotoxin. In addition, AChBP possesses
the characteristic Cys-loop, the signature loop seen in all LGIC members. In the case of
the AChBP, however, there are 12 intervening residues that are predominantly
hydrophilic in nature as compared with the 13 hydrophobic residues seen in nAChR
subunits. This Cys-loop is proximal to the C-terminus at the bottom of the protein

complex (Fig.1-6 A,B), a finding proposed also for Torpedo nAChR (Miyazawa et al.,
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2003) leading to the suggestion that the Cys-loop in nAChR may interact with the
transmembrane domain of the receptor in the gating process. Of particular note is that
most of the conserved residues in the putative binding sites of the nAChR are also
present in AChBP, with hydrophobic residues constituting the core. In essence, all of
the amino acids identified by labeling and mutagenesis studies to be involved in the ACh
binding sites formed by the o-, y- and J-subunits of nAChR (residues listed in
parentheses) are conserved in AChBP. These include, loop A: Y89 (aY93), loop B:
W143 (aW149), loop C: Y185 («Y190), C187, C188 («C192, aC193), Y192 (arY'198).
Binding site residues contributed by the complementary component of the receptor sites
include but are not limited to, are loop D: W53 (yWS55, 8W57), loop E: R104 (yL109,
dL111), V106 (yY111 and 8R113), L112 (yY117) and loop F: Y164 (no equivalent
residue identified in y- and &-subunit, instead cross-linking experiments suggested
neighboring yD174 and 8D180 to contribute the negative subsite for ligand binding). It
should be noted that loop F residues are poorly conserved in members of the LGIC
family. In addition, «W86 in loop A of nAChR was predicted to be part of the binding
site based on its meager labeling by DDF (Galzi et al., 1991); however its homologue in
AChBP, W82 is shown to be located distal to the binding pocket and predicted not to
participate in ligand binding (see Tablel-1).

The ligand binding pocket in AChBP appears to be a cavity located at the interfaces
between subunits (Fig.1-5B) that is flanked by a series of loops between B-strands (loop
A-C) from the principal component of one subunit and a string of f-strands (loop D and
E) from the complementary face of the neighboring subunit. Access to the AChBP

binding site is from the outside of the pentamer complex. Since, the AChBP is made up
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of § identical subunits, the binding site residues that align with the o-subunit residues
are depicted as lying on one side of AChBP (the “+” side) while the residues
contributing to the complementary component of the binding site that align with the v-

e »

and 3-subunit residues be on the opposite side, the “-” side. Hence, the ligand binding
interface in AChBP is formed between the anticlockwise side of one subunit, the (+)-
side and the clockwise side, the (-)-side of the adjacent subunit. This also addressed the
issue of the handedness of the subunit arrangement for the nAChR long under debate,
showing it to be a-y-a-8-f in a counter-clockwise orientation when viewed from the
synaptic cleft. Another interesting aspect of the structure of AChBP is that, although it
was crystallized in the absence of a ligand specific for the binding site, HEPES derived
from the buffer used in crystallization (which like ACh carries a positively charged
quaternary nitrogen atom) was found in the putative binding site that was close to W143
(W149), consistent with a cation-7t interaction as predicted in nAChR (Zhong et al,
1998).

The elucidation of the crystal structure of the related AChBP reinforced earlier
predictions of the structure of nAChR and this has resulted in a series of attempts to
model the extracellular ligand binding domains of the nAChR and other members of the
LGIC family (e.g. Le Novere, et al 2002; Sine, 2002; Ernst et al., 2003). In these
models, the protein sequence (or its predicted binding “loops™) of a yet uncrystallized
receptor is superimposed on the atomic structure of AChBP. The limitation of such
models is the low sequence identity of AChBP with members of the LGIC receptors
(such as 15-18% for the GABA,4 and 5-HTj5 receptors as compared to a modest similarity

of 20-24% with the nicotinic receptor family). Such studies must therefore be
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interpreted with caution. Moreover, since the AChBP structure is predominantly formed
by alternating B-strands, a miscalculation in sequence alignment of even a single residue
could result in its being placed on the wrong side of the B-sheets (Sine, 2002), thus
having serious implications on the interpretation of the structural details of the protein
under study. In this thesis, I have therefore used a more cautious approach by using the
AChBP crystal structure to map the potential distances of specific amino acids from

putative binding sites.

AIMS OF THE PRESENT STUDY

The objective of the research described in this thesis is to probe the role of specific
amino acid residues in the extracellular amino terminal domains of the recombinant
Torpedo nAChR subunits in modulating receptor function, with the overall goal of better
understanding structure-function relationships of this receptor. To accomplish these
goals, a multi-disciplinary approach of molecular, biochemical and biophysical
techniques such as site-directed mutagenesis, radioligand binding and two-electrode
voltage clamp electrophysiology is employed.

Although the high affinity binding sites have been exhaustively characterized, there
are certain aspects of equilibrium ligand binding and receptor activation that are
unresolved. A major disparity is the differences between the agonist concentrations that
mediate these two processes. Some have argued that such discrepancies may be
explained by a two-state model of receptor activation (reviewed by Changeux et al.,
1992) and that the high affinity sites simply represent a desensitized conformation of the

low affinity sites that mediate channel activation (Baur and Sigel, 2003). In contrast, the
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use of covalently labeled fluorescent probes in Torpedo nAChHR led to the suggestion of
multiple classes of agonist binding sites each with a distinct role (Dunn and Raftery,
1982a; 1982b, Dunn et al., 1983; Dunn and Raftery, 1993). In support of a multiple site
model is the high sequence homology of individual nAChR subunits, which suggests
that all subunits (or subunit-subunit interfaces) may contribute to ligand binding (Raftery
et al, 1983; Dunn and Raftery, 1993). Recently, the crystal structure of the
homopentameric protein, AChBP revealed ligand-binding interfaces at each subunit with
the (+)-face of a subunit contributing the principal component whereas the (-)-face of the
adjacent subunit contributing the complementary part to the ligand binding site. This
crystal structure has proved to be very important in guiding current studies aimed to
elucidate nAChR binding domains.

Based on the above considerations and sequence alignment, it was hypothesized that
agonist-recognition sites in Torpedo nAChR may also be present at subunit interfaces
that are distinct from those that are described as the “classical” high affinity binding
interfaces. As is described in Chapter 2, the arginine residue at position 55 of loop D of
the a-subunit ((-)-side), a domain that until now has not previously been implicated in
ligand binding, is shown to play a role in modulating agonist potency and channel
function. We speculate that this residue could be involved in forming additional binding
sites by association with residues from the loop A-C of the neighboring y-subunit (and
possibly the B-subunit). As a secondary hypothesis, it is predicted that Glu93 from loop
A of the y-subunit located at its (+)-face (homologous to aTyr93) could provide a

subsite for ligand recognition. Furthermore, aArg55 (loop D) and yGlu93 (loop A) by

virtue of their opposite charge could form a putative ion-pairing interaction at the y-o
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subunit interface. The characterization of the functional significance of these residues
will help in better defining the role of different molecular motifs and their role in
forming additional putative ligand interacting domains.

The objective of Chapter 3 is to try to elucidate the mechanism underlying the
functional behavior of bisfunctional cholinergic agonists such as suberyldicholine.
Previous work in our laboratory has suggested that each of the high affinity binding sites
comprise two subsites that are mutually exclusive at equilibrium (Dunn and Raftery,
1997a,b).  Furthermore, it was predicted that suberyldicholine by virtue of its
bisquaternary character is able to bridge the two subsites. Thus, the basic tenet of
Chapter 3 is that, based on the chain length of suberyldicholine, the secondary subsite
(lower affinity) is in the vicinity of the primary subsite (high affinity), close enough to
be bridged by suberyldicholine. Therefore, the specific aim in this chapter is to
demonstrate the significance of putative residue(s) in this region that is crucial for
modulating the sensitivity of suberyldicholine.

In conclusion, the purpose of the research undertaken in this study is to identify
amino acid residues that are important for modulating the sensitivity of agonists and
competitive antagonists and to further validate the previous predictions of additional
ligand interacting domains present on other subunits as well as to investigate the role of

the putative two subsite high affinity model in channel function.
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Figure 1-1

(A). Schematic of the Torpedo nicotinic acetylcholine receptor showing the overall
arrangement of the five subunits in the postsynaptic membrane bilayer. (B). Linear
representation of the topology of a single subunit showing the large extracellular amino
terminal, four hydrophobic transmembrane domains (M1-M4) and a carboxy terminal

also oriented extracellularly facing the synaptic cleft.
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Figure 1-2

Cartoon of the Torpedo nicotinic acetylcholine receptor showing the circular subunit
arrangement as a-y-0-6-B in an anticlockwise manner (see direction of arrows). Also
depicted are the two high affinity ACh binding sites flanked by residues from loop A-C
of the a-subunits (principal component) along with residues from loop D-F of the

neighboring y- and 8-subunit (complementary component).
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Figure 1-3

INlustration of key residues identified by labeling and mutagenesis studies in Torpedo
nAChHR from the loop A-C (in blue) of the o-subunits (principal component) along with
residues from loop D-F (in green) of the neighboring y- and 3-subunit (complementary
component) contributing to the high affinity ACh binding sites (see text for details). The

arrangement of the loops is from N-terminal to C-terminal.
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Figure 1-4

Schematic representation of the two subsite high affinity model. (A). Micromolar
concentrations of unlabeled ACh accelerate the rate of dissociation of [°’H]ACh from its
high affinity subsite (site A). (B) ["’H]SubDc (suberyldicholine) associates with both the
subsites simultaneously (sitt A and B) and consequently no acceleration in its

dissociation is observed. Figure modified from Dunn and Raftery, 1997a.
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Figure 1-5

Depiction of the crystal structure of acetylcholine-binding protein (AChBP). Top view
illustrating (A) the AChBP homopentamer parallel to the fivefold axis (ribbon
illustration) and (B) interfacial location of binding sites at each subunit depicted in a line-
ribbon illustration for better visualization of the overall structure. Each of the five
identical subunits are depicted in a separate color for clarity and labeled A, B, C, D and
E. Ligand binding sites are located at each subunit interface in a counter-clockwise
orientation, A-B, B-C, C-D, D-E and E-A. Also depicted are some key ligand binding

residues (stick-representation in black) at each subunit interface.
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Figure 1-6

A single subunit of acetylcholine-binding protein (AChBP). View perpendicular to the
fivefold axis illustrating (A) an o-helix close to the N-terminus, which is oriented
towards the synaptic cleft; a C-terminus at the bottom of the structure. Also illustrated is
the conserved double cysteine residues (C187/188 homologous to Torpedo aC192/193
respectively) that is facing the adjacent subunit (in a counter-clockwise subunit
arrangement, not shown) and the signature Cys-loop (C123-136) that is situated at the
bottom of the protein, which is predicted to facilitate gating in ZTorpedo nAChR
(Miyazawa et al., 2003). The remainder of the subunit is predominantly B-strands. (B)
Schematic representation of (A) depicting the ten B-strands and the interconnecting
loops. The red cylinder on the top of the subunit depicts the o-helix. The direction of

the arrow indicates the folding pattern of the B-strands that turn around each other.
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Table 1-1. Amino acids residues contributing to ACh binding in Torpedo
nAChR subunits and homologous residues in AChBP (See text for details).

Loop o Y d | AChBP
A Y93 | E93* | Q95* Y89

W86 wg2®

B | w149 w143
Y151%

C Y190 Y185

C192 C187

C193 C188

Y198 Y192

D R55*% | W55 | W57 W53
R57* | E57 | D59 Q55

E L109 | L111 R104
Y111 | R113 | VI06
Y117 | T119 | L112
F # # Y164
D174 | D180

* Has not been identified or implicated in ligand binding or modulating
agonist/antagonist sensitivity.

$ W82 in AChBP has been suggested not to participate in ligand binding (Brejc et
al., 2001)

@ aY151 (loop B) was identified by DDF labeling (Dennis et al, 1990), however
functional characterization of this residue demonstrated its lack of role in channel
activation (O’leary and White, 1992).

# Residues equivalent to AChBP Y164 (loop F) in Y- or 8-subunit of nAChR have not
been identified to constitute the binding site.

> B-subunit has not been demonstrated till date to contribute to the binding site and

hence not represented in the table.
» Table modified from Smit ez al., 2003.
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CHAPTER 2!

The Role of Arginine 55 in the Alpha Subunit of Torpedo Nicotinic
Acetylcholine Receptor in Channel Function

! A version of this chapter is in preparation for submission. Kapur, A., Dryden, W.F., Davies, M. and
Dunn, S.M.J. (2004). Ankur Kapur carried out all experimental work.
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INTRODUCTION

The muscle-type nicotinic acetylcholine receptor (nAChR) is a pentameric
transmembrane protein complex composed of four structurally related subunits that exist
in a stoichiometry of (t1),$1yd arranged pseudosymmetrically .around a central cation-
selective ion-channel. This receptor is responsible for mediating the fast excitatory
effects of the endogenous neurotransmitter, acetylcholine. (Raftery et al., 1980; Dunn,
1993). Ligand binding sites in the nAChR are suggested to be located at the interfaces
of subunits (reviewed by Grutter and Changeux, 2001). Equilibrium radioligand binding
studies have demonstrated that, under these conditions, the nAChR carries two high
affinity binding sites for both agonists and competitive antagonists (reviewed by Dunn,
1993). It has been suggested that these binding sites for the competitive antagonist, d-
tubocurarine (dTC), are non-equivalent as a result of being formed at non-identical
interfaces i.e., those between the a-y and the «-8 subunits (Blount and Merlie, 1989,
Pederson and Cohen, 1990). Biochemical and mutational studies have identified amino
acid residues in the o-subunit along with residues from the neighboring y- and 8- subunit
that contribute to the binding of agonists and competitive antagonists (see reviews by
Corringer et al., 2000; Arias, 2000; Karlin, 2002). Evidence from these studies led to
the suggestion of a “multiple loop model” for the ligand binding sites in which a cluster
of electron-rich or aromatic amino acids from discrete non-contiguous regions of the -
subunits (designated as loop A-C, forming the ‘primary component’), together with
residues from the neighboring y and & subunits (loop D-F, ‘secondary component’) form

the high affinity binding pockets.
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Insight into the structural details of the nAChR has been provided by electron
microscopy studies of the receptor (Unwin, 1995; Miyazawa et al., 2003), and by X-ray
crystallographic studies of a related protein, the acetylcholine binding protein (AChBP)
(Brejc et al., 2001). The crystal structure of the AChBP, which is secreted by the glial
cells of snail, Lymnaea stagnalis, shows that it is a truncated homologue of the
extracellular amino terminal domains of the nAChR. Inspection of its structure has
reinforced earlier findings from biochemical and mutational studies that the residues
involved in forming the binding sites occur at subunit interfaces formed by amino acids
that are arranged in “loop” like structures.

The processes initiated by agonist binding to the receptor and resulting in the
opening of the ion channel, i.e. the fundamental process of receptor activation, has been
extensively studied, but remains poorly understood. The approximately thousand-fold
difference in agonist concentration required to activate the nAChR (ECso for ACh-
induced receptor activation ~10-100 puM) and the affinity for [PHJACh measured in
equilibrium binding assays (K4 ~ 10 nM) clearly reflects different receptor states
(Raftery et al,, 1983). This presents a quantitative predicament on the role of high
affinity binding sites measured under equilibrium conditions in ion channel activation.
Most models assume that agonist occupancy of the two identified binding sites leads to
both ion channel activation and desensitization.

However, an alternative model that was based originally on the sequence homology
of the subunits proposed that the receptor carries additional low affinity sites whose
occupancy may lead to channel activation. Experimental evidence for the existence of

additional agonist binding sites on the Torpedo nAChR came from studying the
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properties of agonist-induced fluorescent changes of receptors covalently labeled with an
extrinsic ~ fluorescent probe,  4-[[(1odoacetoxy)ethyllmethylamino]-7-nitro-2,1,3-
benzoxaidazole (IANBD) (Dunn and Raftery, 1982a,b; Dunn et al., 1983).  As yet, the
location of these putative low affinity site(s) that are distinct from the high affinity
binding sites remains elusive. The presence of multiple ligand binding sites (Dunn and
Raftery, 1993) raises the question of their role(s) in ion-channel activation and
desensitization. The existence of homopentameric receptor complexes (e.g. AChBP, o7
neuronal acetylcholine receptor and 5-HTj; receptor) and sequence homology among all
LGIC subunits also raises the possibility of as many as five ligand binding sites
occurring at each of the homologous subunit interfaces in the pentamer (see Fig. 2-2).
Residues from loop D on the non-a-subunits of the Zorpedo nAChR i.e. the
secondary component on y- and d-subunit were identified by photoaffinity labeling with
[*H]nicotine and [PH]dTC as Trp55 and Trp57 respectively (Chiara and Cohen, 1997;
Chiara et al., 1998; Pederson and Cohen, 1990; Xie and Cohen, 2001). In contrast,
residues from loop D of the a-subunits of the muscle nAChR have not been yet
implicated in either ligand binding or channel activation. Loop D of the a-subunits
nAChR from various species presents a unique amino acid motif, as they all have a
conserved arginine (Arg55) at the equivalent position to YWS55 and 8W57. The presence
of a charged residue in this position is unique to the peripheral nAChR a-subunits, since
aromatic residues are highly conserved in all other subunits in the receptor family (see
Fig. 2-1). In addition, loop D of the a-subunits is located at the other end of the a-
subunit (so-called minus (-) interface, see Fig. 2-2). Based on the above considerations

and sequence homology of subunits, the aim of this study was to investigate whether
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amino acids in loop D, in particular aRS5, have a role to play in modulating receptor
properties. We have made multiple substitutions of this «-subunit residue and co-
expressed each of these mutated subunits with wild type B, y and & subunits in Xenopus
oocytes. The interactions of agonists and antagonists with these receptors were
examined using both two-electrode voltage clamp techniques and radioligand binding
assays. Using this approach, we show that this residue, Arg55 in a hitherto unexplored
domain of the a-subunits plays a role in modulating agonist sensitivity. This raises the
possibility that it forms a complementary component of ligand interaction at the o-
subunits (see Fig. 2-12).

We further speculated that o ArgS5 may interact with other residue(s) from loops A-
C of the neighboring y-subunit (and possibly the B-subunit). A potential candidate was
Glu93 from loop A of the y-subunit (homologous to aTyr93), which is located at the
opposing interface (Fig. 2-13). Molecular modeling based on the structure of the
AChBP suggested that these two residues are in reasonably close proximity (see Fig. 2-
14A). Furthermore, an arginine and glutamic acid is present at equivalent position (to
a.55 and Y93 respectively) in all species of muscle - and y-subunits nAChR respectively
(see Fig. 2-14B). The opposite charges of these conserved residues (Arg55 and Glu93)
suggested that their interaction (ion-pairing) might be important for receptor structure
and/or channel function. To investigate this possibility, we mutated Glu93 of the y-
subunit to an arginine (YE93R) and show that this residue also significantly affects ACh
sensitivity. We further investigated the possibility of a charge interaction between

aArgS5 and yGlu93, by studying the effect of double mutant (aR355F-yE93R) on
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channel function. Our results demonstrate that interactions between amino acids of

adjacent subunit (y-o.) may be important in channel function.
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MATERIALS AND METHODS
Materials

ACh, carbamylcholine, x-BgTx and dTC were obtained from Sigma-RBA (Natick,
MA). 125I—on-Bng (2000Ci/mmol) was obtained from Amersham Life Science
(Arlington Heights, IL.). Restriction enzymes and cRNA transcript preparation
materials were purchased from Invitrogen (Burlington, ON), Promega (Madison, WI) or
from New England Biolabs (Pickering, ON). Pfu Turbo DNA polymerase for
mutagenesis experiments was purchased from Stratagene (La Jolla, CA). All other
chemicals were obtained from Sigma or other standard sources.

The a-, B- (in the SP64 plasmid) and &-subunit (in the SP65 plasmid) cDNA clones
of the Torpedo nAChR were generous gifts from Dr. Henry A. Lester (California
Institute of Technology, CA). The y-subunit cDNA (in the SP64-based plasmid, pMXT)
was a gift from Dr. Jonathan B. Cohen (Harvard Medical School, Boston).

Site-directed Mutagenesis

The o-subunit mutants (R55F, R55W, R55K and R55E) were constructed using
Stratagene’s QuikChange site-directed mutagenesis protocol. Synthetic oligonucleotide
mutagenic primers were typically 23-34 base pairs long (with 10-15 base pairs on either
side of the mismatch region) and incorporated a silent mutation designed to allow for the
screening of mutants by removing an endogenous Bsu361 restriction site in the o-
subunit. A similar approach was undertaken to engineer the mutation of a loop A
residue in the y-subunit, Glu93 (YE93R). The lfollowing oligonucleotides (for the sense
strand) were designed for mutagenesis:

oR55F, 5 GAAACAAATGTGTTTCTAAGGCAGTGG 3°
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oR55W, 5 GTGGAAACAAATGTGTGGCTAAGGCAGCAATGG 3’
aR55K, 57 TGTGGAAACAAATGTGAAGCTAAGGCAGCAATGG 3°
oRS55E, 5 GTGGAAACAAATGTGGAGCTAAGGCAGCAATGG 3’
aR55F-R57F, 5 TGTGTTTCTATTCCAGCAATGGA 3°
YE93R, 5° GATGTTGTCCTTCGGAACAACAACGTTGAT 3°
The annealing temperature for the oligonucleotides in PCR was found to be optimal
between 53 and 55°C. Restriction endonuclease digestion and DNA sequencing
subsequently verified the presence of the mutation.
In Vitro Transcription

The plasmid ¢cDNAs were linearized by digestion with either EcoRI (for the o-
subunit), Fspl (for the wild-type B-subunit) or Xbal (for wild-type y- and 3-subunit). In
vitro cRNA transcription was performed using the methods described by Goldin and
Sumikawa (1992). Briefly, the linearized cDNA (5ug) was incubated with 10 mM
dithiothreitol, 0.5 mM NTP mix (Invitrogen), 60U of RNase inhibitor (RNaseOut,
Promega), 0.5 mM of 7-methyldiguanoise triphosphate (RNA capping analogue, NEB)
and 45U of SP6 RNA polymerase (Promega) in transcription buffer at 37 °C for 1 hour.
An additional 45U of SP6 RNA polymerase was then added and the reaction was
allowed to continue for an additional 1 hour. This was followed by addition of 5U of
RNase-free DNase. The reaction mixture was then incubated at 37°C for 15 minutes.
The RNA transcripts were extracted using 25:24:1 (v/v) phenol/chloroform/isoamyl

alcohol, precipitated with 3M sodium acetate, and washed with 70% ethanol. Finally,

the RNA pellets were resuspended in DEPC-treated water at a concentration of 1pug/ul.
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Expression in Xenopus oocytes and Electrophysiology

Isolated, follicle-free oocytes were microinjected with 50 ng of total subunit cRNAs
in a ratio of 2ai:1B:1y:18. Oocytes were maintained in ND96 buffer containing 96 mM
NaCl, 2 mM KC}, 1.8 mM CaCl,, 1 mM MgCl, 5 mM HEPES (pH7.6) and
supplemented with 50 ug/ml gentamicin at 14 °C for at least 48 hours prior to recording.
Currents elicited by bath application of ACh or carbamylcholine were measured using a
GeneClamp500 amplifier (Axon Instruments, Foster City, CA) using standard two-
electrode voltage clamp at a holding potential of -60mV. Electrodes were filled with
3M KCl and those with resistances of 0.5-3.0 MQ were used. The recording chamber
was perfused continuously l;y gravity (at a flow rate of ~ Sml/min) with low calcium
ND96 buffer containing 96 mM NaCl, 2 mM KC], 0.1 mM CaCl,, 1 mM MgCl,, 5 mM
HEPES supplemented with 1 pM atropine (pH7.6). Atropine was included in the
perfusion buffer to block any endogenous muscarinic acetylcholine receptors present in
the oocytes (Barnard et al., 1982). Modified ND96 perfusion buffer with low Ca** was
used to reduce receptor desensitization (Miledi, 1980). The responses of the receptors to
agonists (in the absence or presence of antagonist) were measured by drug solution
application via the perfusion system for 15-20 seconds with a 15-min wash out period
between applications to ensure full recovery from desensitization. For measuring the
apparent affinity (K;) of the antagonist, dTC, oocytes were preincubated with various
concentrations of dTC by perfusing the oocytes for 2-min with dTC in low Ca®* ND96
before application of solution containing ACh (at concentration eliciting 50% of the
maximum response, ECso) and including the same concentration of dTC as used for

preincubation.
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Radioligand Binding of [lzsl]a-Bng to Intact Oocytes

Binding assays were performed on the same oocyte used in voltage clamp
electrophysiology experiments. To measure the binding to nAChR expressed on the
oocyte surface (fmol), oocytes were incubated with 5 nM ["*[ja-BgTx in a final volume
of 100 ul of low Ca** ND96 buffer (containing 5 mg/ml bovine serum albumin) for 2
hours (Sullivan and Cohen, 2000; Tamamizu et al., 2000). Excess unbound toxin was
removed by washing the oocytes 3 times with 1ml of ice-cold low Ca®* ND96 buffer.
Non-specific binding was estimated by incubating uninjected oocytes with [ *T]a-BgTx.
Non-specific binding determined in oocytes expressing wild type or mutant receptor in
presence of excess cold ACh was comparable to that estimated using uninjected oocytes .
(data not shown). Bound ['*IJoBgTx was measured by y-counting (Gamm8000,
Beckman). Using these data, the maximum currents (I,) measured for wild type and
mutant receptors were normalized to the concentration of binding sites in terms of
nA/fmol. For competition curves, oocytes were incubated for 40-min with various
concentrations of ACh in a 96-well plate prior to the addition of 2.5 nM [125 [Jo-BgTx.
After 40-min, ['*TJa-BgTx binding was stopped by the addition of 1 pM unlabeled o-
BgTx. In the absence of the competing ligand, ACh, ['*IJa-BgTx binding was ~ 30%
of the available a-BgTx-binding sites (data not shown). Non-specific binding was
determined in the presence of 100 mM ACh.

Data and Statistical Analysis
Competition and concentration-effect curves for both electrophysiological and

radioligand binding experiments were analyzed by nonlinear regression techniques using
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GraphPad Prism 3.0 software (GraphPad, San Diego, CA). Data from individual
oocytes V\‘/ere normalized to the I, value obtained for that oocyte.

For receptor activation, concentration-effect curves for agonist activation were
analyzed using the following equation:

I= Imax * [L]"/ (ECso + [L])"
where I is the measured agonist-evoked current, [L] is the agonist concentration, ECsy is
the agonist concentration that evokes half the maximal current (In.x) and n is the Hill
coefficient. In each experiment, the current (I) is normalized to the I, and the
normalized data are presented as % response to plot concentration-effect curves.
The ICsp was determined from competition-inhibition curves by fitting to the following
equation:
J=100/[1+([X]/[ ICs0])"]

where f is the fractional (%) response remaining in the presence of inhibitor at
concentration [X], ICso is the inhibitor concentration that reduced the amplitude of ACh-
evoked current by 50% and n is the Hill coefficient. ACh inhibition of initial rate of
['*IJa-BgTx binding was also fit by the above equation.

The K; (apparent) value was calculated using the Cheng-Prusoff equation (Cheng
and Prusoff, 1973):

K= ICso/[1 + [LJ/(ECs0)]

where {L] is the ACh concentration used in the experiment and ECs is the ACh
concentration that evokes half the maximal current.
Statistical analysis was performed using one-way analysis of variance (ANOVA)

followed by Dunnett’s post-test to determine the level of significance.
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RESULTS

F unctibnal Effects of aR55 Mutations on the Binding of Agonist and Antagonist—

Wild type or mutant receptors expressed in Xenopus oocytes were studied using two-
electrode voltage clamp techniques. Figures 2-4 and 2-5 show the concentration-effect
curves for ACh and carbamylcholine respectively. The wild-type nAChR receptor has an
ECsg value for ACh-induced activation of ~ 24 uM with an estimated Hill coefficient of
1.6. The substitution of alArg55 with glutamic acid (¢R55E) or lysine (aR55K) results
in a subtle shift but statistically insignificant in the ECsy values for ACh activation to 29
and 47 pM, respectively without having a significant effect on the cooperativity of
receptor activation (Hill slope >1.0). In contrast, the aRS55F and aR55W mutations
caused greater shifts in the ECsq for ACh activationto 112 uM and 151 uM respectively.
In addition, the Hill coefficients for ACh induced activation for these latter mutant
receptors were significantly reduced in comparison to the wild type nAChR (Table 2-1).
Since the Hill coefficient is a function of both ligand binding and channel gating, a
reduction of ny is often difficult to interpret (Amin and Weiss, 1993). However, the
reduced Hill coefficients for the aR55F and aR55W mutant receptors suggests that
cooperative interactions amongst agonist binding sites are reduced by the mutations.
The carbamylcholine (CCh) activation constants on the aR55F and aRS55W mutant
receptors also showed a similar rightward trend (~3-fold) albeit to a lesser extent as
compared to ACh (Fig. 2-5, Table 2-1).

The effects of the partial agonist, phenyltrimethylammonium (PTMA, Fig. 2-3C) on

activation of wild type and mutant receptors were also investigated. The wild type
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nAChR was activated by PTMA with an ECsy of approximately 57 uM and a Hill
coefficient of 2 (Fig. 2-6, Table 2-1). In contrast, PTMA failed to activate the aR55F
and aR55W mutant receptors even at concentrations up to 10 mM. Instead, PTMA
acted as a competitive antagonist at these mutant receptors (Fig. 2-7 A,B). Co-
application of PTMA and ACh to the aR55F and aRS55W receptors resulted in a
PTMA-mediated concentration dependent inhibition of ACh-evoked currents with an
ICso value of 206 uM and 220 uM respectively. Furthermore, PTMA-induced channel
activation (in wild type nAChR) and inhibition (in mutant receptors) occurs over a
comparable concentration range (see Fig. 2-7A,B). The ICsy value of PTMA inhibition
of ACh-evoked currents was not significantly different from the ECsy values for ACh-
induced channel activation on the mutant receptors (Table 2-2).

Desensitization Properties of Wild Type and Mutant nAChR —

Desensitization of nAChRs was determined by analyzing the reduction in the
amplitude of current evoked by ACh application responses in oocytes expressing wild
type or the mutant receptor (Fig. 2-8). The half-life of desensitization was determined as
described by Lee et al., (1994) i.e. by measuring the time taken for the peak amplitude
evoked by ACh to decline to half this value in the continuous presence of ACh. The
desensitization rates of ACh-evoked current were concentration dependent. At high
ACh concentrations (ECsq and ECyqp), the desensitization half-life of the wild type and
mutant receptors were similar (data not shown). However, at a concentration of ACh
eliciting ~ 10% of the maximum current amplitude (ECjo), the average times taken for
the current to decline to half of its peak amplitude for the aR355F and aR55W mutants

(tin~34 £+ 10 s,n=3 and 37 + 9 s, n=3 respectively) were approximately three-fold faster
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than the time seen with wild-type nAChR (tip ~ 95 + 5 s, n=5). The aR55K
desensitization time-course did not differ significantly from that of the wild type
nAChR.

Sensitivity of aR55 Mutant nAChR to Competitive Antagonist—

We also examined the ability of the competitive antagonist; dTC to inhibit ACh-
evoked currents in wild type and mutant receptors (Fig. 2-10). For wild type nAChR,
pre-perfusion with dTC produced a concentration dependent inhibition of ACh-evoked
currents characterized by an apparent K; of ~ 42 nM. dTC also inhibited ACh evoked
currents in the receptors carrying the aRS55K, aR55W and oRS5F mutations with
apparent K;’s of ~ 23 nM, 34 nM and 52 nM respectively (see Table 2-4). In these
experiments, we observed that low concentrations of dTC (1-3 nM) potentiated ACh-
evoked currents (by up to 25%) in the wild type and mutant receptors (see Fig. 2-10),
although dTC alone did not elicit detectable whole cell currents. These findings are
consistent with earlier reports, which have suggested that at low agonist concentrations,
dTC acts as a weak agonist at the fetal nAChR (Steinbach and Chen, 1995). The
simultaneous binding of one agonist molecule and one dTC molecule has been proposed
to elicit c_hannel opening. Our results indicate that the mutations have no effect on the
ability of dTC to bind to the wild type or mutant receptors. Furthermore, dTC was able
to abolish ACh-evoked currents completely at sub-micromolar concentrations.

Expression Levels and Maximum Amplitude of Wild-Type and Mutant nAChR—

Fig. 2-9 shows the density of binding sites on the wild type and mutant receptors as
determined by [IZSI]OL-BgTX binding and compared to the maximum current, evoked by

saturating concentrations of ACh in functional studies. Injection of 50 ng of wild type
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subunit cRNAs resulted in a robust expression level of ['*IJa-BgTx binding sites
(approximately 3.1 fmol/oocyte). All of the aRS55 mutations were well-tolerated and
showed high receptor expression when co-expressed with wild type B-, y- and &-
subunits. The values of maximum ACh-evoked current normalized to the number of
['» [Ja-BgTx binding sites for each mutant receptor are summarized in Table 2-3. The
peak currents seen for the aRS5F and aR55W mutants were considerably lower (~ 3-
and 5-fold reduction respectively) than the wild type receptors, even though their
expression levels were comparable to wild type. These results demonstrate that the
oR55F and aR55W mutants significantly alters the magnitude of activation of these
receptors by ACh and that the decrease in observed conductance was not due to altered
receptor expression.

Influence of aR55F and cR55W Mutant receptors on the Binding of
Acetylcholine—

The binding properties of ACh were investigated in intact Xenopus oocytes
expressing wild type and mutant nAChR. The affinity of the mutant receptors for ACh
was characterized by its inhibition of initial rate of ['*IJo-BgTx binding to Torpedo
nAChR expressed on the surface of oocytes (Fig. 2-11, Table 2-4). ACh inhibited the
initial rate of ['*IJa-BgTx binding to the wild-type nACHR in a concentration-
dependent manner with an ICsq of 544 nM (ng ~ -0.8). The ICs and ny of the aR55F
and oR55W mutants was determined to be 454 nM (nyg ~ -1.0) and 313 (ny ~ -0.9)
respectively, and did not differ from that of the WT nAChR. Despite the reduction in

potency of ACh at the mutant receptors seen in the functional characterization studies
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(Fig. 2-4), the equilibrium (high affinity) binding of ACh to these receptors appears to be

unaltered.

Functional Effects of YE93R Mutation on the Sensitivity of Agonist and
Antagonist—

Oocytes expressing the yE93R mutation showed a leftward shift in the
concentration-effect curve for ACh-elicited currents (Fig. 2-15A). The ECsy value for
ACh activation of the YE93R mutant receptor was reduced to 3 uM (Hill coefficient of
1.4) compared with an ECsy of 24 uM observed for the wild type nAChR, i.e. 8-fold
increase in ACh sensitivity (see Table 2-5). In contrast, the apparent affinity of the
competitive antagonist, dTC (determined by inhibition of ACh-evoked currents in
oocytes), at the YE93R mutant receptor was unaltered as compared to the oocytes
expressing wild type nAChR (K;~ 55 nM and 42 nM respectively, see Fig. 2-16).

In order to investigate whether the cR5S5F and yE93R mutations had an additive
effect, we investigated the receptors carrying the double mutation, YE93R-aR55F. This
double mutant receptor had an ECs for channel activation by ACh of ~ 13 uM (Fig. 2-
15B), which is similar to that of the wild type nAChR. Furthermore, the Hill coefficient
for ACh induced activation on this double mutant (ng ~ 1.3) was comparable to that
observed on wild type receptors (ny ~ 1.6), which was in contrast to the significant

reduction observed in the aR55F single mutant (ng ~ 0.8, see Table 2-5).
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DISCUSSION

It is widely accepted that the nAChR carries two high affinity binding sites located at
the interfaces between o~y and a-8 subunits (Corringer, 2000). The aim of the present
study was to investigate the possibility that additional agonist binding sites may be
present at subunit interfaces that are distinct from these high affinity binding interfaces.
We investigated the role of Arg55 in loop D in receptor function. This residue lies in a
putative binding domain that is present at the minus (-) side of the a-subunit (see Fig. 2-
2, 2-12). Our findings suggest that o Arg55 plays a modest but significant role in
modulating ACh-mediated channel activation.

Amino acid sequence alignments of loop D reveals a lack of conservation of Arg55
of the nAChR o-subunit in comparison with the aromatic residues occurring in
homologous positions of other subunits of the LGIC family e.g. yTrp55 and 8Trp57 (in
the complementary domain of Zorpedo nAChR ligand binding site), the olPhe64,
B2Tyr62 and y2Phe57 of the GABA,4 receptor, Trp89 of the SHT34 receptor and Trp54
of the a7 neuronal nicotinic receptor (see Fig. 2-1). Previously, it was shown that the
ECso for GABA activation of the GABAa receptor is altered significantly by the
o1Phe64 mutation (F64L) (Sigel et al., 1992). Mutations of y2Phe77 of the GABAA
receptor significantly altered ligand affinity at the benzodiazepine site and it was
suggested that this residue may be part of the benzodiazepine-binding domain (Buhr ez
al, 1997). The homologue to aR55 in the 5HTs;s receptor, Trp89 has been
demonstrated to contribute to both dTC and granisetron binding (Yan et al, 1999).

Similarly, Trp54 in the neuronal nicotinic a7 receptor has been shown to contribute to
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the binding of agonists (Corringer et al, 1995). The nAChR yW55 was shown to
modulate the apparent affinity of dTC and ACh (O’Leary ez al.,, 1994; Xie and Cohen,
2001). Single-channel kinetic analysis suggested that the loop D residue, W57 of
nAChR effects channel gatin; without altering the agonist binding (Akk, 2002). These
studies demonstrate that residues lying in the homologous position to aRS55 from
subunits across the LGIC family play a role in modulating agonist/antagonist sensitivity.
The a-subunit-specific conserved arginine residue, R5S5, is not essential for subunit
assembly or subunit-subunit interaction as our results demonstrate that mutations at this
position did not have a detrimental effect on the expression of functional receptors. The
conservative substitution, aR55K displayed a small but insignificant ~ 2-fold rightward
shift in the concentration-dependent activation elicited by ACh. Surprisingly, the charge
reversal mutation, aRS5E displayed almost no difference in its ACh sensitivity from the
wild type nAChR. However, it has been suggested that the positive charge surrounding
the quaternary ammonium ion of agonists such as ACh is diffused and not localized
(Dougherty and Stauffer, 1990). Hence, there exists the possibility that the charge on
ACh interacts with more than one residue in the receptor’s binding site. The amino acid
sequence of the a-subunit revealed the presence of an additional Arg residue (Arg57)
downstream to atArg55 (see Fig. 2-1). The residue at homologous position to aR57 in
the 5-HTj34 receptors, (Trp91) was shown to be important for the binding of the agonist,
serotonin (Yan et al.,, 1999). In addition, the homologue of aR57 in the a7 neuronal
nicotinic receptors, (GInS6) has been demonstrated to contribute to the binding of both
ACh and nicotine (Corringer ez al., 1995). With this in mind, we also introduced a

mutation of aArg57 (aRS57F, data not shown). Our results on the aR57F-oR55F double
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mutation revealed a reduction in receptor expression to levels that were barely above
background. The very small ACh-evoked currents in functional studies precluded its
further characterization. These preliminary results suggest that aRS57 is important for
either receptor assembly or expression.

The aR5S5F and aR55W mutations resulted in a modest but significant decrease in
the sensitivity to ACh (by ~ 5- and 6-fold respectively). In contrast, a single charge
reversal in the ol subunit (D57K) (preceding loop D) of the GABA 4 receptor produced
a <2-fold reduction in GABA sensitivity on its own (Kash ez al., 2003). However, when
combined with an additional mutation in the extracellular linker domain between
transmembrane 2-3 (K279D), it was shown to modulate gating. The larger rightward
shift in ACh ECs for receptor activation observed with the Trp and Phe substitution of
the Arg55 residue could also be a consequence of the bulkiness of these aromatic
residues causing greater stearic hindrance in agonist binding or the conformational
transition of the agonist-receptor complex.

The partial agonist, PTMA failed to activate the aR55F and oR55W mutant
receptors. However, PTMA is a poor agonist on the wild type nAChR (Fig. 2-6A) and
its lack of functional response in the mutant receptors could be a consequence of a
conductance that was reduced to undetectable levels or a greatly reduced sensitivity of
the receptor towards the agonist. The lack of any .response to PTMA on the mutant
receptors was exploited to investigate whether this was a consequence of a change in
binding or conductance. PTMA acted as an antagonist at the aR55F and aR55W
mutant receptors over the same concentration range for that it acted as an agonist on the

wild type nAChR (Fig. 2-7A,B, Table 2-2) indicative of unaltered affinity of PTMA on
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the mutant receptors. Thus the major effect of mutation was a change in efficacy for
PTMA. A similar strategy was employed by O’Leary and White (1992) to investigate
the reduced efficacy of aY19OF and aY198F mutants for ACh to suggest that these
mutants alter channel activation at a stage later to agonist binding. However, it should
be noted that the difference between a partial agonist and an antagonist is a fine one and
it is very difficult to discriminate between a binding and a gating effect.

A reduction in the maximum ACh-evoked peak conductances observed in the aR55F
and aRS55W mutants could have been due to either a change in receptor function or to a

relative decrease in receptor number compared to wild type nAChR.  ACh-evoked
maximum currents normalized to oocyte expression levels (nA/fmol) displayed a
reduction in the aRS55F and aR55W mutant receptors in comparison with wild type
nAChR.

There is some evidence in the literature that this region may form a binding site. A
synthetic peptide equivalent to a55-74 of Torpedo nAChR was shown to be able to bind
o-BgTx. The aR55G substitution in the synthetic peptide inhibited the c-toxin binding
(Wahlsten ez al., 1993). These results should be interpreted with caution since a
synthetic peptide does not have the same tertiary or quaternary arrangement as seen in
the native receptor and hence cannot be directly compared to our studies of recombinant
intact receptors. Our results are, however, consistent with previous reports that
mutations in the o7 neuronal nicotinic receptor of the TrpS54 residue (homologous
position to aR55) resulted in a reduction of ACh potency but did not disrupt a-BgTx
binding (Corringer et al., 1995). These results suggest that aR55 (or its homologue in

a7 neuronal receptors) modulates to some extent ACh sensitivity but is not involved in

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



binding of the snake toxin, a-BgTx. We also observed a significant reduction in the Hill
slope of the activation curves in the mutant receptors. The Hill slope can be reduced if
the receptor loses the ability to undergo a conformational change upon agonist binding
or if the cooperativity of agonist binding between the two non-equivalent binding sites is
lost (Colquhoun, 1998). As noted in Results, the interpretation of Hill slope data is
problematic.

Although the aRS5SF and aR55W mutations resulted in a significant decrease in
ACh ECs for channel activation, the apparent affinity of the competitive antagonist,
dTC seen in functional studies on these mutants was unaltered as compared to wild-type
receptors. By classical definition, a competitive antagonist binds to some or all the
agonist binding sites, and therefore a change in the apparent affinity of the antagonist
might be a consequence of an alteration at the agonist binding site. Based on the fact
that antagonist does not induce a conformational change in the receptor, it would be
tenipting to speculate that the selective reduction in sensitivity of agonists observed on
these mutant receptors is a likely consequence of reduction in the coupling between
agonist binding and receptor activation (channel opening). A caveat must be placed on
drawing conclusions from mutagenesis experiments since the mutations created may
have either affected agonist binding, or the coupling of agonist binding to channel
gating. Moreover, it is possible that the aR55 residue may not be “directly” involved in
the binding of agonist/antagonist and the mutation may be allosterically coupled to the
agonist binding site resulting in the altered activation and maximum conductance
properties. Furthermore, the ECsq is a macroscopic constant that is a combination of

agonist association and dissociation, ion-channel gating and closing and it is difficult to
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interpret the contributing aspect of altered activation constant. Moreover, ligand binding
and channel gating are not independent processes (Colquhoun, 1998).

Our analysis of equilibrium binding of ACh (measured by inhibiting rate of initial
['®I)a-BgTx binding) to the oR55 mutant receptors establishes that the equilibrium
ACh affinity is the same as observed for wild type nAChR. This experiment, performed
under equilibrium conditions, is likely to reflect the high affinity desensitized state of the
receptor and therefore suggests that aR55 does not contribute to high affinity ACh
binding. These results suggest that the reduction in ACh potency in mutants observed in
functional studies is not a consequence of alteration of the high affinity ACh binding
sites.

The relationship between the high affinity binding sites and low affinity channel
activation is unclear. The unequivocal demonstration that more than the two “classical”
high affinity binding sites exist at the Torpedo nAChR was that saturation of the high
affinity sites with carbamylcholine did not diminish the 1on flux response to subsequent
challenge with activating concentrations of this ligand (Dunn and Raftery, 2000). This
provided further evidence that the high affinity sites are not involved directly in the low
affinity channel activation process nor can they directly cause desensitization. Recently,
B2Tyr62 was identified as a determinant for high affinity binding to the GABAa
receptor (Newell et al, 2000). Further characterization of the role of this residue
suggested that these receptors lacking high affinity sites were functional and underwent
desensitization upon challenge with agonist, but were unable to maintain the
desensitized state in spite the continued presence of agonist (steady state of

desensitization). This study suggested that the occupancy of the high affinity sites does
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not induce desensitization but stabilizes the desensitized state once the receptor has
entered this stage (Newell and Dunn, 2002). We were unable to study the effects of
concentration dependence of agonist-induced desensitization under steady state
conditions in the Torpedo nAChR as these receptors desensitized rapidly and were very
slow to recover precluding further characterization (unpublished observation). Instead,
we studied desensitization by looking at its time-course (as described in Materjals and
Methods). This rather qualitative approach suggested that the desensitization process
was concentration dependent and the wild type nAChR desensitizes more slowly than
the aRS5S5 mutants («RSS5F and aR55W) at low agonist concentrations. These results
suggest that the aR55 modulates both channel activation and desensitization processes.
However, because of the limitation of this approach, we cannot speculate on the
mechanism behind the altered desensitization time-course.

In summary, we have for the first time, identified a residue, Arg55 in loop D of the
extracellular ligand binding domain of a-subunit that modulates ACh sensitivity and that
1s distinct from the classical high affinity binding sites (see Fig. 2-12). Our data
complement earlier work to suggest that in addition to loop D from the non-a-subunits
of nAChR, the contribution of this domain of the a-subunits to channel function cannot
be excluded. For the alf2y2 type of GABAA receptor, it has been suggested that the
high affinity agonist site may be located at the a-p subunit interface while the putative
low affinity site is located at the B-o interface (Newell ez al., 2000). By analogy to the
GABA receptor, in nAChR the high affinity binding sites are suggested to be at the o~y
and a-d interface while the putative low affinity site(s) may perhaps be located at the

opposite - and y-o subunit interface. The positively charged Arg55 of the a-subunit
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could reduce agonist affinity through repulsion of the charge on the quaternary
ammonium group of the agonist resulting in this site being of relatively lower affinity for
ACh. It is possible that the high-affinity binding sites may be allosterically coupled to
the residues from loop D of the o-subunit, which may form an important link between
ligand binding and ion channel gating. Our findings suggest that aR55 from loop D of
the Torpedo nAChR directly or indirectly modulates agonist sensitivity and might
contribute to one of the additional ligand interacting interface(s), possibly a
complementary component on the o-subunit that is distinct from the high affinity
binding pocket.

Based on the high homology between the subunits’ primary sequences, intuitively, it
was suggested that additional ligand-binding sites might be present on each subunit
(reviewed by Conti-Tronconi and Raftery, 1982). Similarly, structural mgdels of the
adult human nAChR based on AChBP have hypothesized putative interactions at
additional subunit interfaces e.g. a salt bridge between €E93 (loop A residue) and aR535
present at the non-ligand binding e-o interface (Sine, 2002; Sine et al, 2002). Our
results on yGlu93 mutation (YE93R) clearly demonstrate that the mutation results in a
“gain of function” réceptor leading to a more potent effect of ACh in activating the
receptor. In contrast, mutation of the equivalent residue in loop A of the a-subunit, the
Y93 (aY93F), resulted in an approximate 20-fold reduction in ACh-sensitivity for
channel activation (Aylwin and White, 1994). Furthermore, our findings on the double
mutant, aR55F-yE93R demonstrate that the ACh ECsp value for channel activation is
comparable with that of the wild type receptors. These findings demonstrate a counter-

balancing role of aArg55 and yGlu93 in modulating agonist sensitivity suggesting their
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role in stabilizing receptor function, a finding consistent with the conserved nature of
these residues from different species (see Fig. 2-14 B). These ion-pairing interactions at
subunit interfaces may play an important role in inter-subunits interaction during the
conformational twisting of subunits promoted by channel activation process.

In conclusion, our findings demonstrate a role for aR55 from loop D and yGlu93
from loop A of the Torpedo nAChR in modulating the sensitivity of the agonist, ACh
but not that of the competitive antagonist, dTC. Furthermore, the proximity of these
oppositely charged residues (see Fig. 2-14 A) suggests that the y-o subunit interface
through an ion-pairing interaction may contribute to one of the additional ligand
interacting interface(s), with the complementary component on the a-subunit and
principal component being contributed by y-subunit. Alternatively, interaction at the y-o
subunit interface in modulating agonist sensitivity may be indirect, promoted by the
twisting of the subunits induced upon low affinity channel activation resulting in
association or disruption of this putative salt-bridge. The findings reported here clearly
suggest that the role of other subunits and interfaces in modulating channel function
cannot be excluded and warrants a detailed look at putative interactions beyond the

classical high affinity binding sites.
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Figure 2-1

Amino Acid Sequence Alignment of Residues from Loop D of members of the LGIC
family and AChBP. Sequences of al, y and J subunits from Torpedo californica (T. Ca)
nAChR, human (H) ol subunit of nAChR, rat subunit ol and B2 of the GABA 4 receptor,
o1 subunit of the rat glycine receptor, rat 5-HT34 subunit and AChBP were aligned using
CLUSTAL W software. Numbering shown is for the Torpedo nAChR ol subunit. The
positively charged Arg residue (in bold under the asterisk) at position 55 in the muscle
o1 subunit is conserved in several species of nAChR al subunit. aArgS5 is located at a
homologous position to conserved aromatic amino acid residues (in the open rectangular
box) from different members of the LGIC superfamily that have been identified by

labeling or mutagenesis studies (see text for details).
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Figure 2-2

A schematic representation of the subunit arrangement of the Torpedo nAChR showing
the loop model of high affinity ligand binding domains. In addition, loop D (in red) of a-
subunit is shown at its minus interface (AChBP nomenclature), which might contribute to
putative low affinity additional binding site(s). Loop D of the a-subunit has not been
implicated to date in ligand binding or modulating agonist/antagonist sensitivity.

aArg5S5 is located in loop D.
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Figure 2-3
Chemical structures of the agonists (A) acetylcholine, (B) carbamylcholine and (C)

phenyltrimethylammonium (PTMA), and the competitive antagonist, (D) d-tubocurarine
(dTC).
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Figure 2-4

ACh activation of wild type and mutant receptors. Concentration-effect curves obtained
from oocytes expressing wild type (M), aRSSE (), aR55K (A), aR55W () and
oR55F (O) nAChR. Data are normalized to Iy for each individual point. The data
represent the mean + SEM from at least 3 oocytes. The shift in ECsg value for the aR55F
and aR55W mutant receptor is approximately 5 and 6-fold respectively. Data for wild

type and all mutants are summarized in Table 2-1.
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Figure 2-5

Carbamylcholine (CCh) activation of wild-type and mutant receptors. Concentration-
effect curves obtained from oocytes expressing wild type (M), aRSSE (), aRS5K (A),
aR55W (<) and aR55F (O) nAChR. Data are normalized to I, for each individual
point. The data represent the mean + SEM from at least 3 oocytes. The shift in ECsy
value for the aRS5F and aRS55W containing mutant receptor is approximately 3-fold.

Data for wild type and all mutants are summarized in Table 2-1.
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Figure 2-6

Functional properties of the partial agonist, phenyltrimethylammonium (PTMA). (A)
Concentration-effect curves for PTMA (CJ) and ACh () on oocytes expressing wild
type nAChR. Data are normalized to Iy, for each individual point. The data represent
the mean + SEM from at least 3 oocytes. PTMA failed to evoke any response in the
oR5SF and aR55W containing mutant receptor at concentrations up to 10 mM. Data are
summarized in Table 2-1. (B) Maximal responses, Imax, for ACh and PTMA on the same
oocyte expressing wild type receptors was determined using concentrations established
from concentration-effect curves (Fig. 2-5). Percentage I.x observed with PTMA was
1.5+ 0. 13 SEM compared to ACh.
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Figure 2-7

Phenyltrimethylammonium (PTMA) activation of wild type and inhibition of mutant
receptors. (A) Concentration effect curves for PTMA (activation) on WT (B) and
inhibition (PTMA + ACh co-application, (J) on aRS55F mutant receptors. (B)
Concentration effect curves for PTMA (activation) on WT (B8) and inhibition (PTMA +
ACh co-application, [1) on aR55W mutant receptors. Data are normalized to I for
each individual point. The data represent the mean + SEM from at least 3 oocytes except
for the aR55W mutant (n=1). PTMA failed to evoke any response in the oocytes
expressing aR355F or «R55W mutant receptors at concentrations up to 10mM but it now
acted as a competitive antagonist on these mutant receptors. Data are summarized in
Table 2-2. PTMA inhibition of the mutant nAChR occurs over a similar concentration
range as activation of the wild type nAChR
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Figure 2-8

Representative traces of current evoked by ECyo concentrations of ACh in Xenopus
oocytes expressing A) wild type, B) aR55F and C) aR55W mutant receptors. The
average time taken for ACh-evoked peak current to decrease to half of its amplitude in
the continuous presence of agonist is taken as a measure of the time course of
desensitization. Arrowheads represents wash out of agonist application with agonist free
buffer. Data represent mean + SEM of three to five determinations using separate
oocytes. The average desensitization time course for the aR55F and aR55W mutants
was 34 + 10s and 37 + 9s respectively, which was about 3-fold faster than in oocytes
expressing wild-type nAChR (95 + 5s) (see the timescale of the trace). ECio
concentrations of ACh used were 5.3 uM, 10.6 uM and 8.2 uM for wild type, aR55F and
aR55W nAChR respectively.
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Figure 2-9

Surface nAChR expression in Xenopus oocytes labeling as determined by [1*a-BgTx
binding. Maximum ACh-evoked currents (Imsx) Were determined using concentrations
determined from concentration-effect curves (as shown in Fig. 2-4) using two-electrode
voltage clamp techniques. Surface receptor levels were determined in the same oocyte
by measuring ["*TJa-BgTx binding as described under “Materials and Methods.” The
data represent mean + SEM of 3-11 determinations from individual oocytes and are

presented in Table 2-3.
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Figure 2-10

Concentration dependent inhibition of ACh-evoked currents by dTC in oocytes
expressing the wild type (B), aR55K (A), aR55W (<) and aRS55F (O) mutant
receptors. The ACh concentrations used in the experiments corresponded to their ECsg
determined for each receptor. The protocol is described in the “Materials and Methods”
section. Each curve was generated from at least three oocytes. The apparent K; of dTC
on oocytes expressing the aRSSK, aRS55F and oRS5W mutant receptors is not
significantly different from the wild type nAChR. Data for wild type and mutant

receptors are summarized in Table 2-4.
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Figure 2-11

ACh binding to Torpedo nAChR expressed on surface of Xenopus oocytes. Binding

studies were done on intact oocytes as described in “Materials and Methods”. ACh
inhibited the initial rate of ['*°
WT (®), aR55F (O) and aR55W (LJ) receptors. The data represent the mean + SEM of

two-three determinations performed in duplicate and are summarized in Table 2-4.

[Ja-BgTx binding in a concentration dependent manner in
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Figure 2-12

Location of Arg55 (in red) from loop D of the o-subunit (in yellow) based on the crystal
structure of the AChBP. Loop D residue, aRS55 lies on the B2 strand (see Fig.1-6B) and
is located at the (-)-face of the a-subunit at the opposite side of the subunit, at some
distance from the classical high affinity binding. Also shown are some of the residues (in
black) from the primary component of the c-subunit located at the subunit-subunit
interface implicated in forming the high affinity binding pocket. The illustration is a
ribbon representation of two adjacent subunit perpendicular to the axes of symmetry

created using WebLab ViewerLite software (Molecular Stimulations Inc).
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Figure 2-13

INustration of the subunit arrangement perpendicular to the axis of symmetry based on
the crystal structure of AChBP. (A) Ribbon representation of the two alpha subunits (in
yellow) with a gamma subunit (line ribbon illustration in blue) located in between, in an
o-y-o. manner. (B) Location of Glu93 (in green) from loop A of the y-subunit (in blue)
relative to Arg55 (in red) from loop D of the a-subunit (in yellow). Glu93 in the y-
subunit is homologous to Y93 from loop A. YE93 and aRS5S5 lie at the y-o. subunit-
subunit interface. The illustration is a ribbon representation created using WebLab

ViewerLite software (Molecular Stimulations Inc).
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Figure 2-14

(A) Distance between yGlu93 and aArgS5 located at the y-o subunit interface is
approximately 6A. These two residues are located close enough to form a putative ion-
pairing interaction (Sine, 2002). (B). Sequence alignment of residues from loop A and
loop D of the y- and a-subunit respectively from various species. Glu93 and Arg55 are
conserved across different species (in bold present in open rectangular box) suggesting a
potential role in receptor function. Numbering shown is for the Torpedo nAChR. Also
depicted are residues at equivalent position to yGlu93 in loop A: Tyr93 (in the circle)
from the a-subunit of Torpedo nAChR that has been implicated in forming the ACh
binding site (Galzi et al, 1990) and His101 (in open square) from the rat GABAa

receptor a1 subunit that modulates benzodiazepine sensitivity (Dunn et al., 1999).
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Figure 2-15

ACh activation of YE93 mutant receptors. (A) Concentration-effect curves obtained from
oocytes expressing wild type (M), YE93R () and aR5SF (O) nAChR. The yE93R
mutant results in a leftward shift of the ACh activation curve and its ECsp value is
approximately 8-fold lower as compared with the wild type nAChR. In contrast, the
oR55F results in a rightward shift of the ACh activation curve. (B) Concentration-effect
curve for wild type (M) and the double mutant, YE93R-atRS5F (#). The ECsq for ACh
channel activation on YE93R-aR55F nAChR is quite similar to the wild type nAChR.
Data are normalized to Imax for each individual point. The data represent the mean +
SEM from at least 3 oocytes. The shift in ECsy value for the «R55F mutant receptor is
approximately 5-fold towards higher concentration of ACh. Data for wild type and all

mutants are summarized in Table 2-5.
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Figure 2-16

Concentration dependent inhibition of ACh evoked currents by dTC in oocytes
expressing the wild type (M) and yE93R (OJ) mutant receptors. The ACh concentration
used in the experiments corresponded to their ECsy concentrations determined for each
receptor. The protocol is described in the “Materials and Methods” section. Each curve
was generated from at least three oocytes. The apparent K; of dTC on oocytes expressing

the YE93R receptors (55 nM) is not significantly different from the wild type nAChR (42
nM).
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TABLE 2-1

Concentration-effect data for ACh, carbamylcholine and PTMA activation of wild type

and mutant receptors expressed in Xenopus oocytes.

Log ECsp + SEM ECsq ng + SEM ECsoMutant/
M) (L) EC50WT

ACh

WT -4.614 + 0.04 (9) 243 1.6 + 0.1 1
aR55E -4.543 +0.12 (3) 28.6 1.2+0.1 1.2
aR55K -4.326 +0.08 (3) 47.2 1.2+0.1 1.9
oRS5F -3.952 + 0.06 (4)** 112 0.8 +0.02** 4.6
oR55W -3.822 +0.18 (4)** 151 0.8 + 0.1%* 6.2

CCh

WT -3.434+0.02 (3) 368 1.3+0.2 1
oR55E NT NT NT
aR55K -3.330+0.07 (3) 468 1.3 +0.03 1.3
oR55F -2.946 + 0.08 (4)** 1130 1.05+0.1 3.1
aR55W -2.993 +0.05 (3)** 1020 1.1+0.1 2.8
PTMA

WT -4.244 +0.06 (3) 57.0 2.1+0.2
oRS5F NR (Antagonist) NR NR
oaRS55W NR (Antagonist) NR NR

Data represent the mean + SEM. Values for log ECsy and Hill coefficient (ny) were
determined from concentration-effect curves (Fig. 2-4, 2-5, 2-6) using GraphPad Prism
software. Log ECsg and Hill coefficient value from individual curves was averaged to
generate final mean estimates. The value in parentheses is the number of oocytes used
for each receptor type. NT- not tested because aR55E mutant was found to be similar to
WT receptors to its response to ACh. NR- no response was observed with up to 10 mM
concentration of PTMA on the aR55F and aR55W mutant receptors.

Statistical analysis performed by comparing the log ECsy and ny of the mutant receptors
to the wild-type nAChR using one-way analysis of variance (ANOVA) followed by
Dunnett’s post-test to determine the level of significance. **p<0.001.
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TABLE 2-2

Concentration-effect data for PTMA inhibition (ICsp) of ACh-evoked currents and ECsp

Jfor ACh-induced channel activation in mutant receptors expressed in Xenopus oocytes.

Receptor PTMA ACH’ PTMA/ACh
LOg ICSO * SEM 1Cs ECs ICso/ECso
™) (uM) uM)
WT -4.244 +0.06 (3)* 57.0% 24.3 (9) 2.3
aR55F -3.685 +0.04 (3) 206 112 (4) 1.8
aR55W -3.658 (1) 220 151 (4) 1.5

PTMA did not activate oocytes expressing the aR55F and aR55W mutant receptors.
However, PTMA still retained the ability to bind to these mutant receptors as is
demonstrated by its ability to act as a competitive antagonist. Furthermore, the ICsg
values for PTMA inhibition of ACh-evoked current on the mutant receptor is quite
similar to the ACh ECs, for channel activation on these receptors.

# ECso for PTMA induced channel activation
$ From Table 2-1.
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TABLE 2-3

Surface expression and normalized ACh-evoked maximum currents in wild type and

mutant receptors expressed in Xenopus oocytes.

Surface Binding Imax Normalized % Peak Current
(fmeloocyte + (nA + SEM) Peak Current (Mutant I,/
SEM) (nA/fmol) WT L)
WT 3.1+0.8(11) 3316 +537 1081 100
aRS5SE 9.2+0.7(3) 8680 + 501 934.4 86.4
aR55K 8.0+ 1.5(5) 3652 + 654 455.1 42.1
aR55F 3.8+0.7(6) 1445 + 340 384.6 35.6
aR55W 59+1.3(7) 1154 +210 197.0 18.2

All oocytes were injected with 50ng of total cRNA encoding wild type or mutant subunit
nAChR. The value in parentheses is the number of oocytes used for each receptor type.
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Table 2-4

Data generated from dTC and ACh competition inhibition curves in functional and

radioligand binding studies respectively.

dTC* ACh’
ROePOr “LogICy TSEM  ICsi  AppKi LogICoXSEM  ICs
o™ @) @) o) @M)
WT -7.071 £ 0.11 85.0 415 = -6.264+0.14 544
aRS55K -7.342 +0.07 45.5 233 nd
oR55E nd nd nd
aR55F -7.159 +0.10 69.3 343 -6.343 + 0.06 454
oRS55W -7.007 + 0.07 98.4 51.5 -6.504 + 0.20 313

Log ICsy values were determined from inhibition curves (Fig. 2-10, 2-11) using
GraphPad Prism software. The log ICsq value from individual curves was averaged to
generate final mean estimates. nd- not determined.

? Inhibition of ACh-evoked currents by dTC in functional studies. Apparent K; was
determined by using the Cheng-Prusoff equation as described in the “Materials and
Methods™ section. The experiment was repeated in 3-4 oocytes for each receptor type.
No significant differences were observed between the wild type and mutant receptors.

® The ICso from equilibrium binding of ACh was determined from inhibition of the
initial rate of ["*I]Ja-BgTx binding. The data represent the mean + SEM of two-three
determinations performed in duplicates. No significant differences were found between
the log ICs values.
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TABLE 2-5

Concentration-effect data for ACh activation of yE93 mutant receptors expressed in

Xenopus oocytes.

Receptor Log EC5) + SEM ECs ng + SEM ECs)Mutant/
™) (uM) EC5WT
YE93R -5.518 +£0.1 (4)**3 3.03 1.4+0.02 0.12
YE93R-aR55F -4.890+0.2 (43 12.9 1.3+0.1 0.53
oR355F -3.952 + 0.06 (4)** 112 0.8 +0.02 4.6
WT -4.614 +0.04 (9) 243 1.6+0.1 1

Data represent the mean + SEM. Values for log ECsp and Hill coefficient (ny) were
determined from concentration-effect curves (Fig. 2-4, 2-14 and 2-15) using GraphPad
Prism software. Log ECsy and Hill coefficient values from individual curves were
averaged to generate final mean estimates. The value in parentheses is the number of
oocytes used for each receptor type.

The log ECso of the mutant receptors is compared with that of the wild-type nAChR
using one-way analysis of variance (ANOVA) followed by Dunnett’s post-test to

determine the level of significance. **p<0.001, Sp<0.001 (comparison between YE93R
and oR55F mutant receptors).
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CHAPTER 3°

Contribution of Tryptophan-86 in the Alpha Subunit of the Torpedo
Nicotinic Acetylcholine Receptor to Channel Activation by the
Bisquaternary Ligand Suberyldicholine

% A version of this chapter is in preparation for submission. Kapur, A., Davies, M., Dryden, W.F. and
Dunn, S.M.J. (2004). Ankur Kapur carried out all experimental work.
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INTRODUCTION

The nicotinic acetylcholine receptor (nAChR) is a ligand-gated ion channel protein
that mediates the fast excitatory effects of the endogenous neurotransmitter,
acetylcholine (reviewed by Conti-Tronconi and Raftery, 1982). The Torpedo nAChR is
homologous with the muscle-type nicotinic receptor. It is a pentameric transmembrane
protein complex composed of four homologous subunits that exist in a stoichiometry of
(a1),B1yd arranged pseudosymmetrically around a central cation-selective ion-channel
(Raftery et al., 1980; Dunn, 1993). Biochemical and mutational studies have revealed
that high affinity ACh binding sites are formed at the a-y and a-8 subunit-subunit
interfaces (reviewed by Corringer et al., 2000; Arias, 2000; Karlin, 2002). Evidence
from these studies led to the suggestion of a “multiple loop model” for the ligand
binding sites in which a group of aromatic and hydrophobic amino acid from non-
contiguous extracellular regions of the protein (designated as loops A-C) of the a-
subunits together with residues from the adjacent y- and 8-subunits (loops D-F) form the
high affinity binding sites.

It has been demonstrated that, at least for some competitive antagonists, these high
affinity binding sites are non-equivalent being formed by the association of the a-y and
the a-O subunits (Blount and Merlie, 1989; Pederson and Cohen, 1990). Three distinct
regions of the a-subunit implicated in the formation of the principal component of the
binding site include: Tyr93 (loop A), Trp149 (loop B) and Tyr190, Cys192, Cys193 and
Tyr198 (loop C) (Kao et al., 1984; Dennis et al., 1988; Galzi et al., 1990; Middleton and
Cohen, 1991). Recently, the crystal structure of a soluble homopentameric

acetylcholine-binding protein (AChBP), secreted by the énail, Lymnaea stagnalis glial
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cell was reported (Brejc et al., 2001). This protein is a truncated homologue of the
nAChR (homologous to the extracellular amino terminal domains but lacking the
membrane spanning domains) and its structure has supported earlier findings from
biochemical and mutational studies that the ligand binding sites occur in discrete
‘Loops’ lying at subunit interfaces (Brejc et al., 2001). While this crystal structure is a
model of the LGIC receptor family, it cannot shed light on the processes initiated by the
agonist binding to the receptor and the subsequent gating of the ion channel.
Nevertheless, AChBP provides us with a valuable template to model binding sites on the
Torpedo nAChR and other members of the Cys-loop LGIC superfamily.
Suberyldicholine is a potent agonist (more potent than ACh and CCh) of the nAChR
(Dreyer et al.; 1978, Dionne et al., 1978). The bisquaternary nature and long chain
length of suberyldicholine (see Fig. 3-2) suggests that it simultaneously associates with
two distinct binding sites and this may explain its high potency (Dunn and Raftery,
1997a,b). To investigate further the interaction of suberyldicholine with the Torpedo
nAChR, Dunn and Raftery (1997a,b) studied the kinetics of association and dissociation
of acetylcholine and suberyldicholine. Results from these studies suggested that
although both these agonists had comparable affinity in equilibrium binding studies, they
displayed significantly different kinetics of binding to the high affinity sites. Upon
saturation of the high affinity sites with ["HJACh under equilibrium conditions,
subsequent addition of higher (micromolar) concentrations of unlabeled ACh resulted in
an acceleration of [P’H]ACh rate of dissociation as compared to dissociation caused by
dilution of the receptor-agonist complex. In contrast, the dissociation kinetics of bound

[H]suberyldicholine was relatively immune to displacement by addition of micromolar
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concentrations of unlabeled agonists. These findings led to the suggestion that each of
the high affinity site in Jorpedo nAChR is made up of two “subsites” and
suberyldicholine, by virtue of its bisquaternary character, is able to bridge the two
subsites while ACh is unable to do so. Thus the high affinity sites are predicted to be
allosterically coupled to sites of ‘intermediate affinity’ and these form the two subsites
within each high affinity site.

Photoaffinity Iabeling studies on nAChR from Torpedo membranes with the
competitive antagonist, p-[*H] dimethylaminobenzene diazonium fluoroborate (DDF)
led to the identification of aTry93 (in loop A) as a critical cholinergic ligand binding
residue (Galzi et al, 1990). In the same study, an additional residue, aTrp86 was
inconclusively identified as a result of low amount of photolabel incorporation. Based
on the crystal structure of AChBP (Brejc et al., 2001, see Fig. 3-3), it appears that Trp82
(homologous to Torpedo oTrp86) lies approximately 15A away from the putative
binding site. This residue may not, therefore, be located within the well characterized
high affinity ACh binding domain. Sequence alignments of loop A residues from
different members 'of the ligand-gated ion-channel (LGIC) superfamily show that this
residue (Trp86) is highly conserved at the homologous position in various subunits (see
Fig. 3-1), suggesting that it may have an important role in receptor structure and/or
function.

The quaternary ammonium group of ACh, which is suggested to interact primarily
through a cation-7 interaction with electron rich aromatic residues in the extracellular
binding site of the receptor (Dougherty and Stauffer, 1990), is located within 6.4A of the

carbonyl carbon (Sullivan and Cohen, 2000). Suberyldicholine, a bisquaternary ligand
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has two quaternary ammonium groups (see Fig. 3-2) separated by an interonium distance
of ~ 18A. The structure of AChBP suggests that the «Trp86 residue may lie 15-18A
from oTyr93 identified as a residue participating in the binding site (see Fig. 3-4 A,B).
We, therefore, speculate that oTrp86 may contribute to the ‘secondary’ binding
subsite(s) for suberyldicholine.

In this study, we have constructed mutations of the conserved Trp residue at position
86 of the a-subunit and co-expressed this mutant subunit with recombinant wild-type f,
v and & subunits in Xenopus laevis oocytes. The changes in receptor function in
response to the application of the agonists, ACh and suberyldicholine were studied using
two-electrode voltage clamp techniques in wild-type and mutant receptors. Our results
show that the mutation aWS86F has a significant effect on suberyldicholine-mediated
channel activation and desensitization properties. In contrast, ACh potency at this
mutant was not different from the wild type nAChR. We conclude that aW86
contributes a secondary suberyldicholine-binding site that is important for mediating

both channel activation and desensitization.
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Materials and Methods
Materials

ACh, suberyldicholine, a-BgTx and dTC were obtained from Sigma-RBA (Natick,
MA). 'PLa-BgTx (2000Ci/mmol) was obtained from Amersham Life Science
(Arlington Heights, IL.). Restriction enzymes and cRNA transcript preparation
materials were purchased from Invitrogen (Burlington, ON), Promega (Madison, WI) or
from New England Biolabs (Pickering, ON). Pfu Turbo DNA polymerase for
mutagenesis experiments was purchased from Stratagene (La Jolla, CA). All other
chemicals were obtained from Sigma or other standard sources.

The o, B- (in the SP64 plasmid) and 3-subunit (in the SP65 plasmid) cDNA clones
of the Torpedo nAChR were generous gifts from Dr. Henry A. Lester (California
Institute of Technology, CA). The y-subunit cDNA (in the SP64-based plasmid, pMXT)
was a gift from Dr. Jonathan B. Cohen (Harvard Medical School, Boston).

Site-directed Mutagenesis

The a-subunit mutants (W86A and W86F) were constructed using Stratagene’s
QuikChange site-directed mutagenesis protocol. Synthetic oligonucleotide mutagenic
primers were typically 27-35 base pairs long (with 12-16 base pairs on either side of the
mismatch region). The following oligonucleotides (for the sense strand) were designed
for mutagenesis:
aW86A, 5’ CCTTCTGATGATGTTGCGCTGCCAGATTTAGIT 3’
aW86F, 5" GCCTTCTGATGATGTTTTCCTGCCAGATTTAGTTC 3’

A similar approach was undertaken to engineer mutation of conserved proline

residues from the o-subunit that were in the vicinity of aW86.
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aP21A, 5 AAGGTGATTCGTGCAGTGGAGCATCAC 3’
oP88A, 5 GATGTTTGGCTGGCAGATTTAGTTCTG 3’
o W86F-P88A, 5° GATGATGTTTTCCTGGCAGATTTAGTT 3°

The annealing temperature for the oligonucleotides in the PCR was found to be
optimal between 54 and 55°C. Restriction endonuclease digestion and DNA sequencing
subsequently verified the presence of the mutation.
In Vitro Transcription

The plasmid cDNAs were linearized by digestion with EcoRI (for the a-subunit),
Fspl (for the wild-type B-subunit) or Xbal (for wild-type y- and §-subunit). In vitro
cRNA transcription was performed using the method described by Goldin and
Sumikawa (1992). Briefly, the linearized ¢cDNA (5 pg) was incubated with 10 mM
dithiothreitol, 0.5 mM NTP mix (Invitrogen), 60U of RNase inhibitor (RNaseOut,
Promega), 0.5 mM of 7-methyldiguanoise triphosphate (RNA capping analogue, NEB)
and 45U of SP6 RNA polymerase (Promega) in transcription buffer at 37 °C for 1 hour.
An additional 45U of SP6 RNA polymerase was then added and the reaction was
allowed to continue for an additional 1 hour. This was followed by addition of 5U of
RNase-free DNase. The reaction mixture was then incubated at 37°C for 15 minutes.
The RNA transcripts were extracted using 25:24:1 (v/v) phenol/chloroform/isoamyl
alcohol, precipitated with 3M sodium acetate, and washed with 70% ethanol. Finally,
the RNA pellets were resuspended in DEPC-treated water at a concentration of 1pg/ul.
Expression in Xenopus oocytes and Electrophysiology

Isolated, follicle-free oocytes were microinjected with SO ng of total subunit cRNAs

in a ratio of 2a:1B:1y:18. Oocytes were maintained in ND96 buffer containing 96 mM
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NaCl, 2 mM KCl, 1.8 mM CaCl;, 1 mM MgCl,, 5 mM HEPES (pH7.6) and
supplemented with 50 pg/ml gentamicin at 14 °C for at least 48 hours prior to recording.
Currents elicited by bath application of ACh or suberyldicholine were measured using a
GeneClamp500 amplifier (Axon Instruments, Foster City, CA) using standard two-
electrode voltage clamp at a holding potential of —60mV. Electrodes were filled with
3M KCI and those with resistances of 0.5-3.0MQ were used. The recording chamber
was perfused continuously by gravity (at a flow rate of ~ Smlmin) with low calcium
ND96 buffer containing 96 mM NaCl, 2 mM KCl, 0.1 mM CaCl,, 1 mM MgCl,, 5 mM
HEPES supplemented with 1 uM atropine (pH7.6). Atropine was included in the
perfusion buffer to block any endogenous muscarinic acetylcholine receptors present in
the oocytes (Barnard ez al., 1982). Modified ND96 perfusion buffer with low Ca®" was
used to reduce receptor desensitization (Miledi, 1980). The sensitivity of receptors to
agonists (in the absence or presence of antagonist) was measured by drug solution
application via the perfusion system for 15-20 seconds (or 2-min suberyldicholine
application on mutant receptors) with a 15-min wash out period between applications to
ensure full recovery from desensitization. For measuring apparent affinity of antagonist,
oocytes were preincubated with various concentrations of dTC by perfusing the oocytes
for 2-min with dTC in low Ca®* ND96 before application of solution containing the
agonist (at a concentration eliciting 50% of the maximum response, ECsy unless
otherwise indicated). and including the same concentration of dTC as used for

preincubation.
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Radioligand Binding of 1) a-BgTx to Intact Qocytes

Binding to nAChR expressed on the oocyte surface (fmol) was determined on the
same oocyte as used in functional assays. Briefly, the maximum current (Imax) evoked in
the voltage clamped oocyte was measured, followed by an adequate wash-out with
buffer. The same oocyte was then incubated with 5 nM ['*[Ja-BgTx in a final volume
of 100 pl of low Ca®* ND96 buffer (containing 5 mg/ml bovine serum albumin) for 2
hours in a 96-well plate (Sullivan and Cohen, 2000; Tamamizu et al., 2000). Excess
unbound toxin was removed by washing the oocytes 3 times with 1ml of ice-cold low
Ca®* ND96 buffer. Non-specific binding was determined by incubating uninjected
oocytes with ['*IJa-BgTx. Bound [*IJaBgTx was measured by y-counting
(Gamm8000, Beckman). Using these data, Iy, Was normalized to ACh in wild-type and
mutant receptors to the concentration of binding sites in terms of nA/fmol.
Data and Statistical Analysis

Competition and concentration-effect curves for both electrophysiological and
radioligand binding experiments were analyzed by nonlinear regression techniques using
GraphPad Prism 3.0 software (GraphPad, San Diego, CA). Data from individual
oocytes were normalized to the I, value obtained for that oocyte.

For receptor activation, concentration-effect curves for agonist activation were
analyzed using the following equation:

I= Imax* [L]"/ (ECso + [L])"

where I is the measured agonist-evoked current, [L] is the agonist concentration, ECs is

the agonist concentration that evokes half the maximal current () and n is the Hill
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coefficient. In each experiment, the current (I) is normalized to the I, and the
normalized data are presented as % response to plot concentration-effect curves.
The ICsy was determined from competition-inhibition curves by fitting to the following
equation:

= 100/[1+([X)/[ ICso])"]
where f is the fractional response (%) remaining in the presence of inhibitor at
concentration [X], ICsq is the inhibitor concentration that reduced the amplitude of
agonist-evoked current by 50% and n is the Hill coefficient. SubDc inhibition of initial
rate of ['*IJa-BgTx binding was also fit by the above equation.

The apparent K| value were calculated using the Cheng-Prusoff equation (Cheng and

Prusoff, 1973):

K; = ICso/[1 + [LJ(ECs0)]
where [L] is the ACh concentration used in the experiment and ECsy is the ACh
concentration that evokes half the maximal current. Data is reported as mean + SEM.
Statistical analysis was performed using one-way analysis of variance (ANOVA)

followed by Dunnett’s post-test to determine the level of significance.
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RESULTS

Functional Effect of aW86 and aW86A Mutants on the Binding of Agonist and
Antagonist—

Wild type or aW86F and aW86A mutant receptors expressed in Xenopus oocytes
were studied using two-electrode voltage clamp techniques. Fig. 3-5 summarizes the
activation characteristics of ACh and suberyldicholine-induced currents on the wild type
and oaW86F mutant receptors. For the wild-type nAChR, exposure to ACh or
suberyldicholine resulted in a concentration-dependent increase in evoked currents
characterized by ECsp values of ~ 24 uM (ny of 1.6) and ~ 3 uM (ny of 1.4) respectively
(Table 3-1).

The aW86A mutation abolished any detectable currents for ACh, even at
concentrations as high as 10 mM. In contrast, the aW86F mutant receptors were
functional and the mutation resulted in a small but insignificant (~ 2-fold) shift in the
ECso for ACh-evoked channel activation (~ 53 uM). However, the ¢ W86F caused a
dramatic and very significant (~ 500-fold) shift in suberyldicholine sensitivity towards
higher concentration (ECso ~ 1.7 mM). In addition, the Hill coefficients for both ACh-
and suberyldicholine-induced activation for this mutant receptor was significantly
reduced (to 0.9 and 0.7 respectively) as compared with the wild type nAChR (1.6)
(Table 3-1). The currents evoked by agonist acting on the a W86F mutant were small
compared to wild type, possibly as a consequence of reduced expression levels in the
mutant (see Fig. 3-9).

Both ACh and suberyldicholine evoked currents desensitized in the wild type

nAChR. In the mutant, although the ACh-elicited current desensitized,
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suberyldicholine-evoked currents failed to desensitize after reaching its peak amplitude
(Fig. 3-6). Furthermore, the suberyldicholine-concentration dependent activation
process in the mutant was significantly slower and required ~ 2-min exposure to agonist
solution to reach peak current as compared to a 15-20s exposure in the wild type.

Altered Sensitivity of aW86F nAChR to Competitive Antagonist—

We further examined the ability of the competitive antagonist, dTC to inhibit ACh
and suberyldicholine-evoked currents in wild type and mutant receptors (Fig. 3-8 A, B).
For wild-type nAChR, pre-perfusion with dTC produced a concentration-dependent
inhibition of suberyldicholine-evoked currents characterized by an apparent K; of ~ 58
nM. In contrast, dTC did not inhibit suberyldicholine-evoked responses in the a W86F
mutant receptors. dTC did, however, completely inhibit ACh-elicited currents in both
wild type and aWS86F nAChR with an apparent K; value of ~ 42 nM and ~ 5 nM
respectively (see Fig. 3-8 A, Table 3-2). These results indicate that the substitution of
aTrp86 by Phe (« W86F) resulted in a specific loss of the mutant receptor’s sensitivity to
dTC to inhibit suberyldicholine-mediated conductance changes.

Expression Levels and Maximum Currents of Wild-Type and Mutant nAChR—

Fig. 3-9 shows a comparison of the density of binding sites on the surface of oocytes
expressing the wild type and mutant receptor (as determined by ['? [Ja-BgTx binding
and the maximum current evoked by saturating concentrations of ACh. Injection of 50
ng of wild type subunit cRNAs resulted in a robust expression level of 2.9 fmol/oocyte
of ['®IJa-BgTx binding sites. However, the « W86F mutation when co-expressed with
the wild type -, v- and 3- subunit resulted in a significant reduction (approximately 10-

fold reduction) in the number of [125 IJa-BgTx binding sites. In addition, the maximum
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current observed for the aW86F mutant were much lower than those observed in wild
type nAChR. The aW86F mutant receptors were functional albeit the receptor
expression levels were significantly reduced. In contrast, the cW86A mutant abolished
all ['**IJa-BgTx binding explaining the loss of function seen in electrophysiology
experiments. Table 3-3 shows a comparison of the ACh and suberyldicholine maximum
currents normalized to the [*’T]a-B ¢Tx binding sites (nA/fmol).

Other Mutant nAChR Engineered

The difficulty faced in investigating the aW86F mutant was the small current size
evoked by agonist application as a consequence of its reduced expression level. We
probed the simultaneous influence of neighboring conserved residues on the aW86F
mutant nAChR. Deane and Lummis (2001) have suggested that highly conserved
proline residues in the 5-HT34 receptors have a role in maintaining the overall structure
of the receptor. These prolines present a unique amino acid motif in terms of having an
adjacent aromatic (e.g. Trp) or bend-forming amino acid suggesting that all these
residues have a structural role (also see Discussion). Mapping the residue distance based
on the crystal structure of AChBP revealed that aP21 and oP88 in the Torpedo nAChR
were within 5A from the aW86 residue (Fig. 3-7). We probed the effect of oP88A,
dogble mutant aW86F-P88A, aW86F-P21A and triple mutant c W86F-P21A-P88A on
receptor function and expression (data not shown). Our preliminarily findings revealed
that all the proline mutants were functional although with reduced current and ['*Tja-
BgTx binding much like that observed for the a W86F mutant receptor. Furthermore,
substituting the proline residues (to alaning) did not enhance receptor expression or

function of the aW86 mutant nAChR and hence were not further characterized.
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DISCUSSION

An understanding of the role of different molecular domains involved in receptor
activation and inactivation processes is critical for defining structure-function
relationships of the nAChR. Cholinergic agonists recognize electron rich residues in the
binding site of the receptor primarily through cation-n interactions (Dougherty and
Stauffer, 1990). The bisquatermary agonist, suberyldicholine was found to be
approximately 8-fold more potent than the classical agonist ACh as measured by the
ECs for receptor activation of the wild type nAChR expressed in Xenopus oocytes (see
Table 3-1). However, in terms of current amplitudes, high concentrations of
suberyldicholine evoked only about 50 % of the maximum current of ACh i.e. it acted as
a partial agonist (data not shown). Similar results have been reported from earlier work
on the frog neuromuscular junction (Dreyer et al, 1978; Dionne et al., 1978).
Suberyldicholine by virtue of its two quaternary ammonium functional groups has been
suggested to cross-link “subsites” within the binding site (Dunn and Raftery, 1997a,b)
and this may explain its higher‘ potency. The aim of the present study was to investigate
the location of the putative secondary site that interacts with the second quaternary
ammonium group of suberyldicholine. To do so, we used the crystal structure of
AChBP as a template to model the binding site. Trp86 from loop A of the a-subunit
emerged as an attractive choice since this residue lies distal to the binding site, but close
enough for suberyldicholine to interact there simultaneously with the high affinity
binding site. Furthermore, this residue was also identified by earlier photolabeling

studies (see Introduction).
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Previously, a mutagenesis approach in which unnatural amino acids were
incorporated into the receptor, ruled out aTrp86 as a contributing residue for a strong
cation-m interaction with ACh (Zhong et al., 1998). Using various Trp86 analogues with
electron withdrawing groups attached, the authors demonstrated that the ECs values for
ACh-induced receptor activation were <2-fold different from the wild type nAChR. Our
results on the ACh activation properties of the ¢ W86F mutant receptors are consistent
with these findings and suggest that «W86 may not be important for modulating ACh
sensitivity.

The most important finding of our results is the drastic reduction in the sensitivity of
suberyldicholine-evoked currents (~500-fold) mediated by the «W86F mutant receptors
as compared to the subtle reduction of ACh sensitivity (~2-fold). Another important
observation was that the suberyldicholine-evoked currents in aW86F nAChR failed to
desensitize even at saturating concentrations. This suggests that «W86 plays a crucial
role in modulating both suberyldicholine-induced activation and desensitization. This
was In conftrast to ACh-evoked currents in the oW86F mutant that still underwent
desensitization. Based on the current data, it is difficult to predict the reason for these
significantly different desensitization properties of the two agonists. However, the
possibility that suberyldicholine is no longer acting through the primary high affinity
site(s) cannot be discounted.

We also observed a significant reduction in Hill coefficient of the activation curves
in the mutant receptor suggesting a loss of cooperativity of either binding or the evoked
response. Since binding and gating are not independent processes it is difficult to

differentiate the two (Colquhoun, 1998; Amin and Weiss, 1993). Another interesting
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observation was the total loss of sensitivity of dTC to inhibit suberyldicholine-evoked
currents at the aW86F mutant. In contrast, ACh evoked currents were inhibited by dTC
in the mutant receptor. This behavior of suberyldicholine in addition to its altered
activation and desensitization properties as compared to ACh on the mutant, suggests

that 1t is no longer associating with the same components of the binding sites as ACh and
possibly not binding at the ACh-binding sites e.g. aTyr93.

To characterize further whether suberyldicholine is now binding to a distinct site in
the mutant receptor, equilibrium binding of suberyldicholine to Torpedo nAChR
expressed on the surface of intact oocytes was measured by its ability to inhibit toxin
binding (['*IJa-BgTx binding) was performed. Suberyldicholine inhibited the initial
rate of [lzsl]oc—Bng binding to the wild-type nAChR in a concentration-dependent
manner with an ICsp of ~ 66 nM (ny = -0.4) (Fig. 3-10). However, due to low receptor
expression in oocytes expressing the aW86F mutant receptors, we were unable to
determine the ICsq of suberyldicholine on the aW86F mutant and hence cannot comment
whether the high affinity suberyldicholine-binding in the mutant receptors is altered in
comparison with the wild type nAChR.

The presence of a conserved Trp residue at the homologous position to 86 in the
al-subunit (from loop A) through out the LGIC superfamily suggests that it may have a
crucial structural role (see Fig. 3-1). We found that the c W86F mutant receptors were
functional although the density of receptors was significantly reduced as compared to the
wild type. Furthermore, the lack of receptor expression of the a W86A mutant suggests
that the presence of an aromatic residue at aTrp86 may be important for receptor

assembly or surface expression. Mutational studies on the homologous Trp121 residue
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(W121S/Y) in the homopentameric SHT34 receptors revealed a complete loss of both
binding and function suggesting that the residue has a critical role in receptor expression
(Spier and Lummis, 2000). Similarly, in the GABA, receptor, mutations of the Trp
residue in the al subunit (homologous to W86) resulted in an inability of the subunits to
form pentamers (Srinivasan et al., 1999). In contrast, for the W86F mutant nAChR, the
normalized peak current (nA/fmol) was not significantly different from that of the wild
type nAChR. Our results demonstrate that the a W86F mutant receptors were functional
and showed some surface nAChR expression.

Lummis and colleagues (Deane and Lummis, 2001) investigated the role of the
highly conserved proline residues in the SHTs4 receptors. The authors demonstrated that
Pro56 and Pro123 (homologous to atPro21 and aPro88 in Torpedo nAChR) were crucial
for receptor expression. Furthermore, it was suggested that certain proline residues
require the presence of adjacent “favourable” residues such as Trp, T};r, Phe, Pro and
Gly. Amino acid sequence alignments revealed that residues homologous to aPro21 and
oPro88 are highly conserved throughout the LGIC receptor family (see Fig. 3-7C).
Furthermore, these prolines were in the vicinity of aTrp86 (see Fig. 3-7A,B). We
reasoned that the low receptor expression observed with the aW86F might be a further
consequence of the removal of one of the “favorable” residues adjacent to the conserved
prolines. To try to improve the expression of the ¢ W86F mutant receptor, we generated
a series of mutations such as aP88A, double mutant ¢ W86F-P88A, aW86F-P21A and
triple mutant a W86F-P21A-P88A. Our preliminary findings showed that all the proline
mutants responded to'agonist challenge, albeit with much smaller currents as compared

to the wild type nAChR. These findings suggest that the P88 and aP21 may be more
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important in proper receptor expression rather than modulating agonist mediated channel
activation in concert with o Trp86.

Previous studies in nAChR from Torpedo membranes have suggested the existence
of additional suberyldicholine binding sites. Binding of suberyldicholine to Torpedo
nAChR covalently labeled with the fluorescent probe, IANBD (4-
[[(1odoacetoxy)ethyl|methylamino]-7-nitro-2,1,3-benzoxaidazole) had revealed the
presence of two binding sites with dissociation constants of ~ 2 uM (correlating closely
with the ECs, for suberyldicholine induced channel activation) and lower affinity of ~ 2
mM (Dunn and Raftery, 1993). These affinities were significantly lower than the K
estimates seen in direct equilibrium binding studies using [*H]suberyldicholine (~ 16
nM) (Dunn and Raftery, 1997a). Quench-flow experiments in Torpedo membranes
vesicles have also revealed that suberyldicholine at high concentrations (>50 uM)
inhibits ion flux in a concentration dependent fashion without affecting the rate of
receptor 1nactivation, suggesting a “regulatory binding site” mediated inhibition
(Pasquale et al., 1983). Suberyldicholine was demonstrated to bind to the putative
regulatory site with a diséociation constant of 500 uM. Furthermore, this regulatory
mechanism was not observed with acetylcholine. Similarly, suberyldicholine mediated
self-inhibition of ®¥Rb" efflux from Torpedo membrane vesicles has been reported with a
K4 of 3 mM though a putative low affinity inhibitory site(s) (Forman et al., 1987).
These findings clearly suggested the presence of specific low affinity site(s) on the
receptor for suberyldicholine. Our present findings can be considered in the context of
these earlier findings to suggest that aW86 may constitute the putative regulatory

(additional) site and possibly represent the lower affinity binding site of the two high
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affinity subsite model proposed that is responsible for modulating the sensitivity of
suberyldicholine and not that of ACh.

Although for classical agonists such as ACh and CCh, it has been demonstrated that
the high affinity binding sites in Torpedo nAChR are not directly involved in receptor
activation and the occupancy of these sites does not per se desensitize the receptor;
suggesting that there might be additional low affinity binding domains that modulate
receptor activation (Dunn and Raftery, 2000). Our current findings demonstrate that for
the bisquaternary agonist, suberyldicholine, the putative lower affinity site, contributed
by aTrp86, is important for its channel activation and desensitization properties.

In summary, data from this present study demonstrate that Trp86 of the a-subunits is
important for modulating the effects of suberyldicholine. We suggest that this residue in
the Torpedo nAChR constitutes a secondary binding site for the bisquaternary ligand,
suberyldicholine and is important for modulating both channel activation and
desensitization induced by this ligand. Previous work in our laboratory using
bisquaternary ligands of varying chain lengths had suggested that compounds with an
interonium distance of >14A (such as adipyldicholine, pimelyldicholine) may be long
enough to bridge binding sites (Dunn and Raftery, 1997b). These preliminary studies
were undertaken to characterize the properties of a series of bisfunctional ligands and to
give an indication to the approximate distances between distinct binding sites. In light of
the findings reported here, it is predicted that similarly, other bisquaternary ligands (e.g.
glutaryldicholine, azelyldicholine) possibly interact with residue(s) in the vicinity of the
high affinity binding sites i.e. aTrp86.  Further characterization of bisfunctional

compounds of different chain lengths on o Trp86 mutant receptors may help to study the

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cut-off chain length that is adequate to cross-link residues in the extracellular ligand
binding domain. Studies that probe the structural basis for ligand-selectivity will help
widen not only the knowledge of the receptor structure but also help in designing better
therapeutic agents. Mutagenesis experiments must be interpreted with prudence, as
these mutants may alter the overall tertiary and quaternary arrangement of the receptors.
However until we have a crystal structure of the nAChR, combining the receptor’s
structural information with functional experiments will aid in identification of residues
involved in agonist-mediated receptor activation and provide mechanistic insights in

ligand binding and ion-channel gating mechanisms.
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Figure 3-1

Amino acid sequence alignment of residues from loop A of members of the LGIC family
and AChBP. Sequences of a1, B1, y and & subunits from Torpedo californica (T. Ca)
nAChR, rat subunit al, B2 and y2 of the GABA,4 receptor, rat 5-HT34 subunit and
AChBP were aligned using CLUSTAL W software. Numbering shown is for the
Torpedo nAChR «l subunit. The Trp residues (in the “open rectangular box) are
conserved throughout the different members of the LGIC superfamily. The aTrp86
residue of nAChR has been implicated in the photoaffinity labeling of DDF (Galzi et al.,
1996) and is homologous to Trp82 (in AChBP).
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Figure 3-2

Chemical structures of the agonists (A) acetylcholine and (B) suberyldicholine.
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Figure 3-3

The location of aTrp86 from loop A of Torpedo nAChR (photolabeled by [3H]DDF,
Galzi et al., 1990) based on the crystal structure of AChBP. The illustration is a ribbon
representation of a-subunit (yellow) and the neighboring y- or &-subunit (blue),
perpendicular to the axis of symmetry created using WebLab ViewerLite software
(Molecular Simulations Inc). aW86 (in blue) in Torpedo nAChR is homologous to W82
in AChBP. aW86 is located distal to the aromatic binding pocket represented here by
Y93 (red), aW149 (green) and a'Y'198 (black) and has been predicted not to participate
directly in agonist binding (Brejc et al., 2001).
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Figure 3-4

(A) Zoomed in illustration of Figure 3-3 depicting partial structure of the c-subunit (in
yellow) and aW86 (in blue), Y93 (red), aW149 (green) and Y198 (black) residues.
(B) Approximate distance between W86 and the high ACh binding pocket (represented
here by aY93) is ~ 15.5A.
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Figure 3-5

Concentration-effect curves for ACh and suberyldicholine (SubDc) in Xenopus oocytes
expressing wild-type (WT) and o« W86F mutant nAChR. (A) ACh activation of WT (H)
and aW86F ([I) respectively, and (B) SubDc on WT (@) and aW86F (O) respectively.
Data normalized to I,y for each individual point. The data represents mean + SEM from
at least 3 oocytes. The increase in ECsg value for channel activation on the mutant
receptor by ACh is subtle (~2-fold) as compared to the ~500-fold shift observed for

suberyldicholine. Data for wild type and all mutants are summarized in Table 3-1.
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Figure 3-6

Representative current traces showing ACh and suberyldicholine (SubDc) activation of
Xenopus oocytes expressing wild-type (WT) and aW86F mutant nAChR. (A) ACh I
on WT, (B) SubDc Imax on WT, (C) ACh Iy on aW86F and (D) SubDc Iiax on aW86F
nAChR. Imac-evoking concentrations used were from the concentration-effect curves (see

Fig. 3-5 A, B). The bar above the current trace represents agonist application.
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Figure 3-7

Location of conserved proline residues in the vicinity of o Trp86. (A) The illustration is a
line ribbon representation of a-subunit (green) depicting aPro21 (blue), aPro88 (black)
and oTmp86 (red). (B) aP2l and oP88 are both located within 5A of aW86.
Homologous residues in AChBP are P20 and P84. (C) Amino acid sequence alignment
depicting conserved proline residues (in rectangular box) throughout the LGIC family.
Numbering shown is for the Torpedo nAChR «l subunit. Homologous residues in the
SHT; receptors, P56 and P123 have been suggested to be crucial for receptor assembly

(Deane and Lummis, 2001).
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Figure 3-8

Concentration dependent inhibition of agonist-evoked currents by dTC in oocytes
expressing the wild type and ooW86F mutant receptors. (A) affect of dTC on ACh-evoked
current in WT () and aW86F (), and (B) affect of dTC on SubDc-evoked current on
WT (®) and aW86F (O) respectively. ACh and suberyldicholine concentration used in
the experiment corresponded to ECso determined at each receptor except for ECgy ACh
concentration used in aW86F since evoked-currents were quite small in these mutant
receptors. Each curve was generated from at least three independent oocytes. The
apparent K is obtained from ICsq values using Cheng-Prusoff equation. The protocol is

described in the “Material and Methods™ section.
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Figure 3-9

125 [Ja-BgTx. Maximum

Surface nAChR expressed in Xenopus oocytes labeled with [
ACh-evoked currents (Ima.x) were determined using concentrations determined from
concentration-effect curves (as shown in Fig. 3-5) using two-electrode voltage clamp
technique. Surface receptor levels were determined in the same oocyte by measuring the
["®I)a-BgTx binding as described in “Materials and Methods”. Data represents mean +

SEM of 3-14 determinations from individual oocytes and are presented in Table 3-3.
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Figure 3-10

Suberyldicholine binding to Torpedo nAChR expressed on surface of Xenopus oocytes.
Binding studies were done on intact oocytes as described in “Materials and Methods™. in
Chapter 2. SubDc inhibited the initial rate of ["*Ijo-BgTx binding in a concentration
dependent manner in WT (®) with an ICsp of ~ 66 nM. Low receptor expression in
oocytes expressing the aW86F mutant nAChR precluded its characterization. The data

represent the mean + SEM of two determinations performed in duplicate.
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TABLE 3-1

Concentration-effect data for ACh and suberyldicholine activation of the wild type and
mutant receptors expressed in Xenopus oocytes

LOg Ecso + SEM EC50 oy + SEM ECsoMutj
™M) (M) ECsWT
ACh
WT -4.614 + 0.04 (9) 243 1.6 +0.1 1
aW86A NR NR -
aWS6F -4.28 + 0.08 (4) 52.5 0.9 +0.1** 2.2
Suberyldicholine
WT -5.471 +£0.08 (3) 3.38 1.4+0.04 1
o W86A ND ND -
oWS86F -2.774 +0.16 (5)** 1680 0.7 +£ 0.04%* 500

Data represent the mean + SEM. Values for log ECsp and Hill coefficient (ny) were
determined from concentration-effect curves using GraphPad Prism software. The log
ECso and Hill coefficient values from individual oocytes were averaged to generate final
mean estimates. The value in parenthesis i1s the number of oocytes used for each
receptor type. NR — no response with up to 10 mM ACh. ND - not determined.
Statistical analysis performed by comparing the log ECsy and ny of the mutant receptors
to the wild-type nAChR using one-way ANOVA followed by Dunnett’s post test.
**p<0.001
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TABLE 3-2

Apparent K;values for dTC inhibition of ACh and suberyldicholine evoked currents in
wild type and mutant receptors expressed in Xenopus oocytes

Log ICsy + SEM Log ICs App Ky

™) (nM) (M)
ACh
WT -7.071 £0.11 (4) 85 415
oaWS86F -7.055 +0.23 (3) 88 4.5
Suberyldicholine
WT -6.925 +0.05 (3) 120 58.3
o W86F No Inhibition
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TABLE 3-3

Surface expression and normalized maximum current seem in wild type and mutant
receptors expressed in Xenopus oocytes

Surface Binding Lnax Normalized % Peak
(fmol/oocyte + (nA + SEM) Peak Current
SEM) Current Mutl . /WT
(nA/fmol) Imax)
ACh
WT 29+0.7(14) 3030 +440 1045 100
aW86A NB NR
aWS86F 0.2 +0.05(7) 117 +32 585.0 56
Suberyldicholine
WT 2.4+0.5(3) 1310 +230 545.8 100
aW86A ND ND
o W86F 0.17+0.01 3) 100 +20 588.2 107

All oocytes were injected with 50ng of cRNA. The value in parentheses is the number
of oocytes used for each receptor type. NB- no binding of ['*IJa-BgTx was observed.
NR- no response observed in functional studies with up to 10 mM ACh. ND- not
determined.
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General Discussion and Conclusions
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GENERAL DISCUSSION

The present day knowledge of the nicotinic acetylcholine receptor as a complex
allosteric protein has been achieved by many years of technological and conceptual
advances. The information accumulated over the years is extensive and it is not possible
here to discuss many of the important contributions. However, some examples that are
listed below are an attempt to place previous work in the context of our current
understanding of the receptor. The early era (1950’s to early 70s) used classical
pharmacology/physiology approaches to study the nAChRs at the frog neuromuscular
Jjunction. Later, in conjunction with voltage clamp techniques, these studies helped to
elucidate some aspects of neurotransmitter binding and the consequent depolarization of
the receptor (Katz and Thesleff, 1957; Dreyer and Peper, 1975; Dreyer et al, 1978;
Dionne et al, 1978). The mid 1970’s to late 80’s witnessed the extensive use of
biochemical techniques to determine the structural components of the nAChR. Although
the subunit composition was controversial for many years, the N-terminal sequencing of
the Torpedo nAChR subunits and the subsequent cloning of all receptor subunits
(Raftery et al., 1980; Noda et al., 1982; 1983; Ballivet er al., 1982) provided a new
understanding of nAChR structure. During the same time period the development of
patch-clamp techniques by Sakmann and colleagues (Neher and Sakmann, 1976;
Saxmann et al., 1980) provided researchers with a powerful tool to study receptor
activation properties at the single channel level.

The 1980s through 1990s marked a new era in our ability to identify key structural
elements of the receptor and how these were involved in receptor function. This was

possible largely due to extensive biochemical characterization of nAChR, abundantly
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available from Torpedo electric organ. Further characterization of the receptor has been
facilitated by the availability of cloned nAChR subunits together with the advent of
molecular biology techniques (e.g. site-directed mutagenesis) and the establishment of
heterologous expression system (e.g. Xenopus oocytes).

The first documented use of Xenopus oocytes as an expression system dates back to
1971 when Gurdon and colleagues (Gurdon er al., 1971) demonstrated its ability to
synthesize the globin protein from foreign mRNA. The large size of the Xenopus oocyte
(~1.2mm) makes it amenable to electrophysiogical analysis of recombinant receptors
and more recently for radioligand assays. Many different ion channels and receptors
have since been successfully expressed in Xenopus oocytes, including the nAChR as the
first of the LGIC family (Sumikawa et al., 1981). This landmark paper demonstrated
that microinjection of heterologous nAChR mRNA (extracted from the electric organ of
Torpedo) into oocytes led to expression of a-BgTx binding nAChRs in the oocyte
membrane. Soon after, the same group demonstrated that only the extracellular
application of ACh could activate these expressed receptors, suggesting that they were
efficiently assembled in the membrane (Barnard et al., 1982). Shortly thereafter,
subunit cloning and the expression of the recombinant wild type and mutant nAChRs
helped to identify regions of the protein that are important for conferring functional
properties (Mishina er al, 1985). Oocytes have become a model for studying
exogenously expressed ion channels that have no natural role in the development and
function of the oocyte. The high translational capacity, ability to express receptors from
their encoding cRNAs or cDNAs and the relative scarcity of endogenous ion channels in

the oocyte membrane make it a versatile tool for the study a range of heterologously
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expressed ion channel and receptor proteins (reviewed by Colman, 1984; Dascal, 1987;
Quick and Lester, 1994; Theodoulou and Miller, 1995).

Like any heterologous expression system, the Xeropus oocyte has its share of
limitations. Oocytes exhibit seasonal variations that affect the levels of protein
expression. Furthermore, there can be significant variation in receptor proteins levels
seen within and across different batches of oocytes. We attempted to address this issue
in individual oocytes by correcting the peak ACh evoked current to the receptor
expression level (as determined by toxin binding) (nA/fmol) to give us a more reliable
estimate of peak conductances (see Chapter 2). However, there is no assurance that all
receptors detected by binding represent functional receptors. Another area of concern is
the presence of endogenous muscarinic acetylcholine receptors in the oocyte membrane
(Kusano et al., 1982; Barnard et al., 1982). Such receptors can interfere with the
analysis and interpretation of small currents from exogenous ion channels. To overcome
this, for electrophysiological recordings on the Torpedo nAChR expressed in oocytes,
we added 1uM atropine to block any muscarinic AChRs present.

Since Xenopus oocytes must be individually injected, they are not readily suited for
radioligand binding studies, as hundreds of oocytes would have to be injected to harvest
sufficient amounts of membrane-bound receptor. In the studies described in this thesis,
the inability of recombinant nAChR to be adequately expressed in a suitable mammalian
cell line (see Introduction) made Xenopus oocytes a favored choice for expression
studies. In addition, Torpedo nAChR express and function well at 16-22°C (Eertmoed ez

al., 1998), a temperature range that is ideal for use of oocytes.
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Most of the current knowledge on functional correlation with the structure of the
nAChR has been generated by the use of mutant receptors. Site-directed mutagenesis
experiments are routinely used to probe the role of specific residues of the receptor
involved in channel function. Amino acids identified through biochemical means were
the initial targets in mutagenesis studies and these complementary approaches have
proven to be a powerful approach in characterizing the contribution of individual amino
acids to ligand recognition. However, not all residues are susceptible to photoaffinity
labeling and hence there may be additional regions in the receptor that also interact with
the ligand. In addition, findings from mutational studies should be interpreted with
caution as there exists a possibility of the mutant receptor producing global structural
changes rather than just a localized change in the primary sequence of the region of
interest and consequently the observed alterations in function could be wrongly
attributed to a specific region. Perhaps, the biggest limitation of mutagenesis
experiments is that it is difficult to determine whether the alteration in ligand sensitivity
is directly attributable to the mutated residue to or is an allosteric, indirect influence of
the that residue. Furthermore, it is difficult to predict whether the mutated region has
altered the affinity of the ligand to bind or effected a step subsequent to binding i.e.
channel gating. Since, binding and gating are inter-dependent processes, they are
difficult to separate experimentally (Colquhoun, 1998).

Although the use of two-electrode voltage clamp techniques to measure whole cell
currents precludes making detailed kinetic interpretations and cannot replace the

rigorous analysis possible with single channel recordings, it is a good starting point to
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investigate ligand concentration dependent activation of receptor that can lead to further
detailed characterization.

A related approach that has been used by a number of researchers is the substituted
cysteine accessibility method (SCAM) and this can provide information about binding
site residue(s) that makes contact with the ligand (reviewed by Karlin and Akabas, 1995;
Karlin, 2002). This approach could help in providing additional information on residues
investigated in this thesis i.e. whether residues from loop D (i.e. Arg55) and loop A (i.e.
Trp86) of the a-subunit are involved directly in associating with ligands. However,
SCAM studies are not exempt from the limitations of mutagenesis studies. A similar
approach that was recently employed to predict secondary structural feature in the g-
subunit is lysine scanning mutagenesis (Sine et al., 2002). Such techniques in
conjunction with homology modeling based on the atomic structure of AChBP can shed
light on the orientation of residues towards either the hydrophobic core or the
hydrophilic surface.

The use of unnatural amino acid substitution of aromatic residues has been employed
as an extension of site-directed mutagenesis studies to predict residues that associate
with agonists (reviewed by Beene et al., 2003). The attachment of a tethered agonist to
the unnatural amino acid has been exploited to map residues that can directly associate
with ligands. In one such elegant study, the replacement of aTrpl49 by a tyrosine
derivative with a tethered quaternary ammonium groups (Tyr-O-(CH,);-N(CH;);")
resulted in a constitutively active receptor (Zhong et al, 1998). The use of such

innovative approaches can further help in mapping ligand-binding residues.
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A major challenge in interpretation of mutational studies involving the a-subunits of
Torpedo nAChR 1is the non-equivalence of the two ‘classical’ binding sites as a
consequence of the different subunits adjacent to the a-subunits. These two binding
sites have different affinities for some ligands (see Introduction). Hence, it cannot be
definitely stated which interface is responsible for the altered sensitivity of the mutant
receptor. The use of concatenated subunits (C-terminal of one subunit covalently linked
to the N-terminal of the preceding subunit) permits the targeted introduction of a
mutation in one specific subunit and can help in probing the influence of a positional
mutation (reviewed by Minier and Sigel, 2004). This approach could help in further
characterizing mutations at the y-o. subunit interface (and possibly B-o interface) of the
Torpedo nAChR (see Chapter 2).

A major advance in the understanding of structure-function relationships of the
nAChR has been the elucidation of the crystal structure of the AChBP (Brejc et al.,
2001). The AChBP structure has reinforced long-held predictions about the extracellular
domain of nAChR (see Introduction). The AChBP structure now provides us with a
template for comparative modeling of subunits of the LGIC family (Le Novere et al.,
2002; Sine, 2002; Sine et al., 2002; Emst et al, 2003). A recent study using
computational docking of agonists to a three-dimensional model of nAChR (based on
AChBP structure) has predicted structural requirements for an agonist-bound state (Le
Novére et al., 2002). These studies have suggested that the agonist-binding pocket has a
high degree of conservation and all the residues identified earlier by labeling and
mutagenesis studies are localized to a cavity of 10-12A in diameter. However, it should

be noted that although the crystal structure of AChBP was characterized in the absence
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of a ligand, a HEPES molecule (present in the crystallization buffer) was bound in the
binding site. Since HEPES contains a positively charged quaternary ammonium group
and thus may place the crystallized protein in an agonist bound state, it is not clear as to
which conformation of the nAChR it might correspond. There have, however, been
some suggestions that the AChBP structure comresponds to the desensitized
conformation of nAChR (Grutter and Changeux, 2001).  Since the nAChR must
undergo conformational transitions upon agonist binding with a changing affinity for
ligands, it is unclear whether the same residues that stabilize the desensitized high
affinity state are also involved in the early stages of ligand recognition. Hence all
predictions based on comparative modeling with AChBP should be interpreted with
caution.

Exploitation of the AChBP structure has provided us with a starting point to make
predictions of structure-function correlations of the LGIC family. One method as
described earlier includes computational docking of ligands to the modeled 3-
dimensional binding site. This, in combination with ir silico mutagenesis, can help to
identify residues that can potentially be involved ligand recognition. This would be a
starting point for experimental mutagenesis and functional characterization of the mutant
receptors. In this regard, advances in higher-throughput electrophysiology can be a very
useful. For example, the Roboocyte system (Schnizler et al., 2003) permits the
automation of both cRNA injection and two-electrode voltage clamp recordings from
multiple oocytes in standard 96-well plates.

The elucidation of structure of the extracellular binding region in both the closed

(desensitized) and open (active) is going to be the focus of intense research in the near
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future and this would help in solving the many unresolved mysteries of receptor

transitions associated with synaptic transmission.

CONCLUSIONS AND FUTURE DIRECTIONS

My findings on the role of the Arg residue at position 55 from loop D of the a-
subunit (Chapter 2) in channel function demonstrate that mutations of this residue
(aRS55F and aRSSW) result in modest but significant rightward shifts (~5-6-fold) in the
concentration-effect curves of ACh-induced channel activation and also cause a
reduction in the maximum agonist-induced currents of these mutant receptors.
Furthermore, the partial agonist, PTMA acted as an antagonist on these mutant receptors.
Although, it would be tempting to speculate that cArgS5 is important for modulating
agonist sensitivity, based on the current data, it is not possible to determine whether the
results are due to a specific change in ligand recognition or are a secondary consequence
of global alterations in the structure of the receptor. However, the unaltered apparent
affinity of the competitive antagonist, dTC on the mutants suggests that the effects of
these mutations are ligand-specific and not due to a non-specific alteration in global
structure of the receptor. The affinity of ACh at these mutant receptors (as determined
by inhibition of initial rate of toxin binding) was not different from the wild-type
nAChR. These results suggest that aArg55 does not alter high affinity ACh-binding,
consistent with the notion that this residue is not part of the ‘classical’ high affinity
binding site.

The main objective of the study (Chapter 2) was to identify putative low-affinity

sites that are predicted to be important for channel activation (see Introduction). The
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primary rationale for choosing the Arg residue at position 55 (from loop D) of the o-
subunit was that it is positively charged unlike the conserved aromatic residues that are
present at the homologous position in all other subunits of the LGIC family. Intuitively,
it might be predicted that the positive charge of aArg55 could reduce agonist affinity
through repulsion of the charge on the quaternary ammonium group of the ligand. This
would result in this site being of relatively lower affinity for ACh. However, the lack of
any significant effect of the charge reversal mutation at this residue (a«R55E) ruled out
the contribution of a direct charge interaction between the agonist molecule and this
residue. However, there still exists the possibility that an aromatic or negatively charged
residue(s) from the adjacent subunit (i.e. y- or [B-subunit) provides an anionic
environment for ACh interaction. In studying this possibility, homology modeling
(based on AChBP) showed that the y-subunit residue, Glu 93 (from loop A; homologous
to aTyr93) is in reasonable proximity close to ccArg55. Mutation of yGlu93 (YE93R)
resulted in an increase in ACh potency (~8-fold reduction in ECsp, for channel
activation). In contrast, the double mutation (YE93R-aR55F) restored ACh potency to
wild-type levels, suggesting a counter-balancing influence in stabilizing the interaction
with the agonist.

Channel activation has been suggested to involve rotational movements of the o-
subunits towards the neighboring subunits (Miyazawa et al, 2003). Additional
interfaces (e.g. y-o as investigated here) may therefore, play a crucial role in inter-
subunit interactions during the channel activation process. Although we are limited in
our ability to interpret the findings presented here, further studies are warranted using a

series of substitutions at the yGlu93 to investigate whether this residue is crucial per se
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or its charge has a role to play in modulating channel function. Future studies might also
include investigating the contributions of residues from loops B and C of the y-subunit as
well as the residues in homologous positions of the B-subunit. Lysine scanning
mutagenesis experiments of residues in the e-subunit (homologue of y-subunit) have
suggested that W55 and E93 (at equivalent position to aR55 and yE93) are located on f3-
strands and project towards the protein surface hydrophilic environment rather than the
hydrophobic core (Sine et al., 2002). These results raise the possibility that these
residues have the potential to associate with agonists approaching the receptor from the
outside surface. In conclusion, our present findings show that residues at hitherto
unexplored interfaces i.e. y-a and/or B-o (see Fig. 1-2) modulate agonist activation. It
remains to be established whether these interfaces are involved in forming distinct
agonist binding sites.

Chapter 3 describes the identification of a binding site residue that is important for
the action of the bisquaternary ligand, suberyldicholine. Bisquaternary ligands have
been shown to have unusual binding interactions with the Torpedo nAChR (Dunn and
Raftery, et al, 1997ab). Based on kinetic studies, it was suggested that
suberyldicholine, by virtue of its two quaternary ammonium groups (approximately 16 A
apart) can cross-link separate binding sites. Molecular modeling based on the AChBP
crystal structure, revealed the presence of aTrp86 located ~15A from the high affinity
ACh binding site e.g. aTyr93. Mutational analysis of aTrp86 (a¢WS86F) demonstrated a
selective increase in the ECsp for suberyldicholine-induced channel activation (~ 500-
fold) while the ECsy of ACh was not significantly affected. This study clearly shows

that aTrp86 plays a crucial role in receptor activation by suberyldicholine. Furthermore,
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suberyldicholine-evoked currents in this mutant failed to desensitize and were
insensitive to inhibition by dTC. These findings further confirm the prediction that
oTrp86 is not located within a general binding pocket that accommodates both ACh and
suberyldicholine. These results can be interpreted in context of earlier findings that each
of the high affinity sites of nAChR is made up to two “subsites” and that aTrp86
contributes the second subsite for suberyldicholine.

Future characterization to map the distances between these putative subsites has been
initiated by using a series of bisquaternary ligands with different interonium chain
lengths (see Fig. 4-1A,B). Preliminary electrophysiological characterization of wild-
type nAChR expressed in Xenopus oocytes has revealed significant effect of chain
length on agonist potencies (see Fig. 4-2A,B). Compounds with longer chain length
(methy! groups > 4 with an interonium distance of ~ 15A and above) are potent agonists
on the wild type nAChR while shorter chain length ligands (e.g. succinylcholine) are
significantly less potent and efficacious. The screening of these bisquaternary agonists
on the oTrp86 mutant receptor (¢ W86F) could help to map binding sites distances and
shed light on the structural determinants of the ligand potency.

A major problem encountered with the c W86F mutant receptors was the small size
of currents observed in electrophysiological studies as a consequence of reduced
receptor surface expression level. Screening of poor partial agonists such as
succinylcholine (see Fig. 4-2B) may further exacerbate this problem. An alternative to
the conventional mutagenesis undertaken here could be to employ the use of unnatural
amino acid substitution (discussed earlier). In addition, low receptor expression levels

of the mutant receptor in oocytes precluded its biochemical characterization. The use of
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a suitable cell line (e.g. a fish cell line) may serve as an alternative heterologous
expression system to permit radioligand binding experiments on these mutants.

Another approach that could be undertaken for further detailed characterization of
the mutant receptors engineered is the analysis of single channel currents at a
microscopic level using patch-clamp techniques. Qocytes can be used for patch-
clamping (reviewed by Dascal, 1987; Quick and Lester 1994; Stiithmer and Parekh,
1995) and more detailed kinetic characterization of mutant receptors would undoubtedly
enhance the understanding of the processes involved in receptor activation and
desensitization.

In conclusion, the data presented in this thesis show that elucidation of structural
determinants for ligand binding to mutant nAChRs using a multidisciplinary approach
will allow correlation with functional consequences and thereby enhance our
understanding of the fundamental but poorly understood process of neurotransmission.
The knowledge assimilated from the nAChR, the prototype of the LGIC family, can be
extrapolated to other members of this family and this could have far reaching
implications. The eventual determination of the crystal structure of the nAChR will be
important to establish a clearer picture of the receptor and help to address various

unanswered questions about receptor structure-function relationships.
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Figure 4-1

Chemical structure of a generic bisquaternary agonist. (A) Depicted are the two
quaternary ammonium groups separated by methyl group of various chain lengths,
represented by “X”. (B) Bisquaternary ligands represented by their methyl chain length
and estimated interonium distance.  Suberyldicholine and succinylcholine were
purchased from Sigma chemical. All other compounds were a gift from Dr. William F.

Dryden, Department of Pharmacology, University of Alberta, Edmonton.
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Figure 4-2

Activation of wild type nAChR by bisquaternary agonists. (A) Concentration-effect
curves for bisquaternary agonists, azelyldicholine (M), suberyldicholine ((J),
adipyldicholine (%), succinylcholine (@) and glutaryldicholine (<) activation of
Xenopus oocytes expressing wild-type nAChR. Data for each individual point are
normalized to Imx. The data represent mean + SEM from at least 2-3 oocytes. The
potency order for channel activation by these compounds is: azelyldicholine >
suberyldicholine > adipyldicholine > succinylcholine > glutaryldicholine. (B) Maximal
responses (Imax) for the bisquaternary ligands compared to that of ACh. I for a
particular bisquaternary agonist and ACh were determined on the same oocyte expressing
wild type receptors using concentrations established from concentration-effect curves.
The efficacy order of these agonists is: azelyldicholine (AzDc) > adipyldicholine (AdPc)
> suberyldicholine (SubDc) > glutaryldicholine (Glu) > succinylcholine (Scc). Data for

the agonists are summarized in Table 4-1.
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TABLE 4-1

Concentration-effect data and maximum agonist-induced currents for bisquaternary

ligand activation of Xenopus oocytes expressing wild type nAChR.

Ligand Log ECsp + SEM ECs ng + SEM % Imax
™) M) Bisquat./
ACh

Azelyldicholine -7.074 +0.03 (2) 0.084 1.2+0.13 62+5(2)
Suberyldicholine -5.471 £ 0.08 (3) 3.4 1.4+0.03 45+5(5)
Adipyldicholine -5.378 +0.09 (2) 42 1.2+0.04 56+3(2
Glutaryldicholine -4.180 £0.21 (2) 66 O.9A-_i- 0.04 30£1(2)
Succinylcholine -4.393 +0.03 (3) 40 1.2+0.1 52+27(2)

Data represent the mean + SEM. Values for log ECsy and Hill coefficient (ny) were
determined from concentration-effect curves (Fig. 4-2) using GraphPad Prism software.
Log ECso and Hill coefficient values from individual oocytes were averaged to generate
final mean estimates. The value in parentheses is the number of oocytes used for each
drug.
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APPENDIX
Sequence Alignment of Torpedo nAChR subunits with AChBP.
Shown is the Clustal W Multiple sequence alignment. Numbering on top and bottom is
for that of Torpedo ol and AChBP respectively. Asterisk denotes highly conserved

residues. T. Ca- Torpedo californica.
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