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ABSTRACT

The mechanisms by which both lipids and local anesthetics modulate the structure
and function of the nicotinic acetylcholine receptor (nAChR) from Torpedo have been
investigated using the technique of Fourier transform infrared (FTIR) difference
spectroscopy. With respect to lipids, the results reveal that reconstitution of the nAChR
into a highly fluid egg phosphatidylcholine (EPC) membrane stabilizes the receptor in a
channel-inactive desensitized state. The addition of a variety of neutral and/or anionic
lipids to the EPC membrane all induce an essentially identical pattern of vibrational
changes in the nAChR suggesting that the presence of diverse lipid structures within a
reconstituted membrane acts to stabilize the receptor in a channel-competent resting state.
In addition, increasing levels of either the neutral lipid, cholesterol (Chol) or the anionic
lipid, dioleoylphosphatidic acid (DOPA) within an EPC membrane increasingly stabilizes
a larger proportion of nAChR’s in a conformation(s) that is(are) capable of undergoing
agonist-induced desensitization, although only high levels of DOPA were found to
stabilize the receptor in a fully functional resting state. The results have been interpreted
in terms of a speculative model that describes the mechanisms by which lipids modulate
nAChR function. This model suggests that the composition of the lipid membrane
surrounding the nAChR influences the conformational equilibrium of the receptor
between the resting, desensitized and a novel intermediate state through an indirect effect
on some physical property of the lipid bilayer, possibly bulk fluidity. The model aiso
proposes that anionic lipids, in addition to proper membrane fluidity, are required to

stabilize the nAChR in a fully functional resting conformation.
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With respect to local anesthetics, the results support the current model of local
anesthetic action at the nAChR and suggest that the binding of local anesthetics stabilize
the receptor in a desensitized conformation. Contrary to the model, however, the FTIR
data suggest that receptor desensitization occurs not through interactions at a distinct non-
competitive blocker site, but solely as a consequence of local anesthetic binding to the
neurotransmitter binding sites. The data also suggest that the binding of local anesthetics
to the non-competitive blocker site stabilizes the nAChR in an intermediate conformation
similar to that stabilized upon reconstitution of the nAChR into EPC membranes
containing low concentrations of either Chol or DOPA. Additional studies employing the
local anesthetic, proadifen and the hallucinogen, phencyclidine hydrochloride (PCP)
support these findings and show conclusively that both local anesthetics and PCP bind to
the non-competitive blocker site and stabilize the nAChR in a conformation that is

structurally distinct from both the resting and desensitized states.
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GENERAL INTRODUCTION



The human brain is the ultimate product of biological evolution. Its intricate
network of neurons rapidly acquire, integrate and transmit information providing the
biological basis on which we perceive, act, learn and remember. Understanding how the
brain functions thus requires intimate knowledge of how information is conveyed both
within and between neurons, and in turn, how changes in the efficiency of these processes

influence human behaviour.

To this end, research into the brain has recently focused on identifying and
characterizing the specific molecular components of the neuron that confer upon the cell
its unique signaling capabilities. One such component is a superfamily of
neurotransmitter-gated ion channels located at specialized junctions between neurons
called synapses. These integral membrane receptors mediate rapid inter-neuronal
communication by converting the chemical signals that are released from the surface of
one neuron into electrical signals at another. Since the activity of these receptors can be
modulated by various endogenous factors, including phosphorylation and membrane lipid
composition, it is believed that these proteins perform an essential role in higher brain
functions such as thought, memory and learning. An understanding of neurotransmitter-
gated ion channel structure and function is thus likely to have important implications for

our understanding of the brain.

The research described in this thesis is centred on one neurotransmitter-gated ion
channel, the nicotinic acetylcholine receptor (nAChR) from Torpedo. The Torpedo

nAChR was the first neurotransmitter receptor to be purified and sequenced, and is



currently used extensively as a model for studying neurotransmitter-gated ion channel

structure and function.

Initially, the aim of this work was to employ the novel technique of Fourier
transform infrared (FTIR) difference spectroscopy to examine the nature of the physical
interactions that form between the nAChR and the neurotransmitter analog
carbamylcholine (Carb). It was hoped that this information would lead to a greater
understanding of how neurotransmitter binding elicits both channel activation and
receptor desensitization. Preliminary studies, however, revealed unexpected details
regarding the mechanisms by which both lipids and local anesthetics modulate receptor
activity. As a result, the focus of this research was redirected towards unravelling the
structural and functional consequences of both lipid and local anesthetic action at the

nAChR.

To place this work in perspective, a brief review of both neurotransmission and
the role of neurotransmitter receptors in this process will first be presented. This will be
followed by a summary of our current understanding of the nAChR in terms of both its
structural and functional architecture and its mechanism of action as well as an outline of

the concepts and/or goals of the research presented in each subsequent chapter.



CHAPTER 1

INTRODUCTION



NEUROTRANSMISSION

The Neuron. Information in the form of both electrical and chemical signals is
transmitted throughout the central and peripheral nervous systems via a complex network
of specialized cells called neurons. Although wide variations in neuronal morphology
exist, a typical neuron is composed of five functionally distinct regions: the cell body,
dendrites, axon hillock, axon and synaptic terminals (Figure 1.1). The cell body contains
the nucleus, mitochondria and other typical intracellular organelles and is primarily
responsible for the metabolic activity of the neuron. The dendrites receive signals from
either adjacent neurons or sensory stimuli and convey these signals through the cell body
to the axon hillock. When specific conditions are met (see below), the axon hillock
transforms these incoming signals into an action potential that is transmitted away from
the cell body along the axon to the synaptic terminals. The synaptic terminals then
communicate the action potential to adjacent neurons or effector cells through a process

referred to as synaptic transmission.

Resting Membrane Potential. At rest, neurons maintain an imbalance of electrical
charge across their plasma membrane referred to as the resting membrane potential
(Figure 1.2). The resting membrane potential is established through the activity of three
integral membrane proteins: the Na*-K* ATPase and both Na* and K* leak channels. The
Na*-K* ATPase utilizes the energy of ATP hydrolysis to actively drive Na* ions out of,
and K" ions into, the cell. This generates a large concentration gradient across the
neuronal membrane for both cations. At the same time, K" ions diffuse down their

concentration gradient through the K* leak channels. This efflux of K* leads to the



Figure 1.1

Schematic diagram of a typical neuron showing the location of the
dendrites, cell body, axon hillock, axon and synaptic terminals. Also
identified are the myelin sheaths and nodes of Ranvier, both of which
facilitate the rapid conduction of action potentials along the axonal
membrane. Modified from Kandel ez al. (1).
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Figure 1.2 Schematic diagram illustrating the cellular events involved in the
formation of the neuronal resting membrane potential.
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accumulation of unpaired negative and positive ions along the intracellular and
extracellular sides of the cell membrane, respectively. The growing negative charge on
the interior of the cell quickly counteracts the driving force of the K* concentration
gradient, eventually ceasing the net flow of K* ions across the cell membrane. Although
the Na® leak channels are few in number, they do provide the neuronal membrane with an
appreciable permeability to Na* ions. This reduces the resting membrane potential of the

neuron from near —75 mV, the equilibrium potential of K, to near ~65 mV.

Note that Na* and K* are not the only ions with an uneven distribution across the
resting neuronal membrane. Both the high extracellular concentration of Na* ions and
the high intracellular concentration of organic anions act together to promote the
accumulation of CI” ions outside of the cell. As will be seen in the following section, this

CI" concentration gradient plays an important role in both the generation and integration

of neuronal signals.

Signal Generation and Integration. All signals transmitted along a neuron are
electrical in nature and result from transient changes in the electrical potential of the
neuronal membrane. The initiation of an electrical signal occurs when a neuron is
stimulated by either an adjacent nerve cell or an incoming sensory stimulus, such as light,
temperature or pressure (Figure 1.3A). In either case, receptors located within the
dendritic membrane respond by opening ion-specific transmembrane channels leading to
an influx of either Na® or CI" ions down their respective concentration gradient. An
influx of Na" ions reduces the neuronal membrane potential generating what is referred to

as a depolarizing current. In contrast, an influx of CI ions raises the neuronal membrane



Figure 1.3  Schematic diagram illustrating the cellular events involved in (A) the
initiation and summation of electrical signals within the neuronal dendrites
and (B) the propagation of an action potential along the neuronal axon.
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potential generating what is referred to as a hyperpolarizing current. The magnitude of
individual depolarizing or hyperpolarizing currents is directly proportional to the
intensity and frequency of the stimulus from which they originate: weak and/or
infrequent stimuli evoke small currents whereas strong and/or frequent stimuli evoke
large currents. In addition, currents initiated at different sites along the dendrites
summate, or integrate, as they travel along the plasma membrane towards the axon
hillock. If the sum total of all depolarizing and hyperpolarizing currents reaching the
axon hillock reduces the membrane potential below -55 mV, the threshold point,
specialized voltage-gated ion channels open leading to the generation of an action
potential. If, however, the sum total of all currents does not exceed threshold, the nerve

remains silent.

Action Potential. An action potential consists of a wave of transient membrane
depolarization that propagates along the neuronal axon (Figure 1.3B). When the
membrane potential of the axon hillock is reduced below threshold, voltage-gated Na*
channels open allowing Na* ions to flow into the cell along their concentration gradient.
These Na® ions diffuse down the axon leading to the depolarization of the neuronal
membrane at sites distal to the axon hillock and, consequently, the activation of
neighboring voltage-gated Na* channels. This process of self-amplification occurs
repetitively along the entire length of the axon allowing an action potential to reach the

synaptic terminals unattenuated.

Shortly after an action potential is initiated, two factors combine to restore the

axon’s resting membrane potential. The first is the spontaneous closing of voltage-gated
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Na" channels. The second is the concurrent activation of voltage-gated K* channels. The
opening of K* channels allows K" ions to flow out of the cell along their concentration
gradient thus driving the membrane potential back towards the K* equilibrium potential.
Upon repolarization, the K" ion channels close allowing the membrane to regain its

resting potential.

Synaptic Transmission. The communication of an action potential to either an
adjacent neuron or effector cell occurs at cell-to-cell junctions called synapses and is thus
referred to as synaptic transmission. Throughout the entire nervous system, two basic

mechanisms of synaptic transmission are employed: electrical and chemical.

At electrical synapses, the distance between the presynaptic and postsynaptic
membrane is small (~3.5 nm). In addition, special ion channels, called gap-junctions,
link the presynaptic and postsynaptic cells providing a cytoplasmic continuity between
the two cells. The high conductance of these gap-junctions permits the direct transfer of
the action potential’s depolarizing current from the presynaptic to the postsynaptic
membrane. If the depolarizing current exceeds threshold, voltage-gated Na* channels
open generating an action potential in the postsynaptic cell. Since the flow of
depolarizing current can occur equally well from either the presynaptic to postsynaptic

cell or vice versa, electrical synapses are often referred to as bi-directional.

The design of the electrical synapse provides certain functional advantages. First,
signal transmission is extremely rapid, an important feature in responses that mediate
escape from danger. Second, entire groups of neurons can be interconnected, thus

allowing the electrical current flowing across the membrane of one cell to flow into and
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out of all other electrically coupled cells. This enables a group of cells to fire
synchronously, a property exploited, for example, in heart muscle contraction. Electrical
synapses, however, do not readily allow inhibitory actions (hyperpolarizing currents) nor

are they adaptable, thus limiting their functional capabilities.

At chemical synapses, there is no structural continuity between the presynaptic
and postsynaptic cell (Figure 1.4). Instead, the cells are separated by a 20-40 nm space
referred to as the synaptic cleft. As an action potential invades the presynaptic terminal,
its depolarizing current activates voltage-gated Ca®* channels allowing Ca®* ions to flow
across the presynaptic membrane and into the neuron. This increase in intracellular Ca®*
induces the fusion of neurotransmitter-containing vesicles with the presynaptic
membrane and the consequent release of neurotransmitters into the synaptic cleft. Once
released, the neurotransmitters diffuse across the synaptic cleft and bind to target
neurotransmitter-gated ion channels located on the surface of the postsynaptic membrane.
This interaction triggers the opening of the receptor’s membrane-spanning ion channel
resulting in an influx of ions and thus the generation of an electrical signal within the

postsynaptic cell.

In contrast to electrical synapses, chemical synapses are more flexible and are
amenable to complex regulation. As an example, chemical synapses often possess both
cation- and anion-selective neurotransmitter receptors thereby allowing the generation of
both inhibitory and excitatory (depolarizing) currents. In addition, both the number of
neurotransmitter receptors and their efficiency of response can be modified permitting

both short- and long-term changes in neuronal excitability. This property, referred to as

12



Figure 1.4  Schematic diagram illustrating the cellular events involved in chemical
synaptic transmission. Modified from Schauf et al. (2)
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synaptic plasticity, is believed to be central to higher brain functions such as memory and

learning.

Clearly, neurotransmitter receptors perform an integral role in chemical synaptic
transmission and ultimately in the mediation and modulation of electrical signals
throughout the central and peripheral nervous systems. Insight into neurotransmitter
receptor structure and mechanisms of activation and regulation is, therefore, essential in
order to better understand the process of neurotransmission. Such knowledge should, in

turn, lead to further advancement in our quest to unravel the functional complexity of the

brain.

THE NICOTINIC ACETYLCHOLINE RECEPTOR

The nAChR is the most highly characterized member of a superfamily of
genetically and structurally related neurotransmitter-gated ion channel receptors.
Members of this family mediate the transfer of information throughout the central and
peripheral nervous systems and include both the excitatory (cation-conducting) neuronal
nAChRs, neuromuscular nAChRs and serotonin receptors and the inhibitory (anion-
conducting) neuronal y-aminobutyric acid (GABA) and glycine receptors. The excitatory
neuronal glutamate receptor, although comprising both a neurotransmitter binding site

and ion-conducting channel, differs in structure and thus may be distantly related.

The success of the nAChR as a model in the study of neurotransmitter-gated ion
channel structure and function lies largely in its ability to be isolated in large quantities

from the electroplaques of the electric ray Torpedo (californica, marmorata and
14



nobiliana) and the electric eel Electrophorus. The electrocytes that compose these
electroplaques develop from muscle cells in the embryonic fish and their nAChRs are
highly homologous in sequence and properties to those from mammalian neuromuscular
junctions (3-5). Facilitating the identification, isolation, characterization and purification
of electric organ nAChR has been the discovery of highly specific ligands, including
small (7-8 kDa) protein o-neurotoxins from the venom of some Elapid snakes (Bungarus
multicinctus and various Naja species). These o-neurotoxins, such as a-bungarotoxin
(a-btx), compete with the nAChR’s natural neurotransmitter, acetylcholine (ACh), and

bind essentially irreversibly to the neurotransmitter binding site [dissociation constant

(Kp) ~107' M.

Much of the driving force towards the elucidation of Torpedo nAChR structure
and function has been two-fold. First, the significant sequence homology and
architectural similarities observed between members of this superfamily suggest that the
location of functionally important domains and mechanisms of activation, regulation and
ion channel gating are likely to be similar within all members. This has led to the
reasonable expectation that the information acquired from Torpedo nAChR will be
relevant to the understanding of the structure and function of all members of the
superfamily. Second, subtle variations in ligand binding properties, pharmacological
sensitivity, ion channel function and regulatory characteristics, observed within
subspecies of this superfamily, evokes the enticing possibility of identifying and/or

designing novel pharmaceutical agents that could be targeted to specific receptors at
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defined locations within the mammalian nervous system. This may, in turn, lead to the

highly selective treatment of signaling disorders in the brain.

Structural Architecture

Subunit Composition, Sequence Homology and Quaternary Organization. The
nAChR from Torpedo is a large, integral membrane protein (~290 000 Da) composed of
five subunits arranged with quasi five-fold symmetry around a central ion pore that
serves as the route of ion translocation across the postsynaptic membrane (Figure 1.5).
Electron micrographs reveal that the receptor is ~125 A long and ~80 A in diameter at its
widest point. Approximately 55% of the receptor’s mass is found within the synaptic
cleft, ~25% within the lipid bilayer and ~20% within the cytoplasm. The synaptic
portion extends ~60 A above the lipid headgroups of the postsynaptic membrane and the

cytoplasmic portion extends ~20 A below (7).

In Torpedo, the pentameric structure of the nAChR is created from four distinct
gene products, designated o (52.4 kDa), B (56.2 kDa), y (63.2 kDa), and 8 (65.9 kDa),
that assemble with a stoichiometry of o;fyd (8-10). A combination of anti-a subunit
monoclonal antibody fragments and immunoelectron microscopy reveal that the two o
subunits are not adjacent within the nAChR, but are in fact, separated by one subunit
(11). The arrangement of the remaining subunits, however, is currently under debate.
Immunoelectron microscopy and chemical cross-linking studies using nAChR from

Torpedo californica and marmorata suggest the order aforyd as seen from the synaptic
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Figure 1.5

Schematic diagram illustrating the quaternary organization of the nAChR.
The nAChR is a large integral membrane protein composed of five
subunits (a;fyd) arranged with quasi five-fold symmetry around a central
ion pore that serves as the route of ion translocation across the
postsynaptic membrane. Each receptor pentamer contains two
neurotransmitter binding sites, one on each of the two o subunits.
Modified from Changeux (6).
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cleft (12-14). In contrast, it has been proposed that the y, rather than the B subunit, is

located between the two o subunits (11).

Within mammalian muscle, the nAChR exists in two developmentally regulated
isoforms. Embryonic muscle expresses nAChRs with a stoichiometry identical to that of
Torpedo (0,$Y8), whereas in adults, the ¥ subunit is substituted by a homologous &
subunit to yield an €8 hetero-oligomer (15, 16). One additional isoform for each of

the muscle o and B subunits has also been identified (17-19).

Unlike both Torpedo and muscular nAChRs, neuronal nAChRs are created from
only two types of subunits, classified as either a or f according to their sequence
homology with analogous subunits from muscle. To date, neuronal subunits designated
a2-09 and B2-B4 have been identified (20). In general, neuronal nAChRs have a
stoichiometry of 203, although the chicken o7 subunit and neuronal o subunits from

Drosophila and locust can form functional homomeric nAChRs (21-25).

The nAChR subunits have been highly conserved throughout evolution as
indicated by their high degree of sequence homology both between subunits and between
species. Molecular cloning and protein sequencing of a, f, 8 and y subunits from
Torpedo reveals ~19% sequence identity and ~54% homology between subunits (10, 26-
31). The different muscle nAChR subunits share ~31 to 49% sequence homology
whereas for neuronal nAChR subunits this value is between ~37 and 68%.
Corresponding subunits from Torpedo and mammalian muscle nAChR share ~60-70%

sequence homology.
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Transmembrane Topology of the nAChR Subunits. Primary sequence analysis of
individual nAChR subunits of Torpedo, muscle and neuronal origin reveals significant
sequence homology as well as similar hydrophobicity profiles justifying a common
subdivision of each subunit into three distinct structural domains (Figure 1.6). The first is
a large hydrophilic amino-terminal domain comprising 210-224 amino acid residues
found oriented towards the synaptic cleft. This orientation is supported by (a) the
presence of a processed signal peptide of varying length in all subunits, indicating that
the mature amino-terminus is extracellular, (b) the presence of asparagine-linked
glycosylation sites, and (c) the location of residues within this region of the o subunit

identified as being in or near the ACh binding site (26-28, 30-34).

The second is a hydrophobic domain consisting of ~90 residues that can be
further subdivided into four segments designated M1 (27 residues), M2 (20 residues), M3
(20 residues) and M4 (19 residues). These hydrophobic segments display the highest
sequence homology both between subunits and between species and are thought to
represent four transmembrane a-helices (28, 30, 31). As a-helices, these segments
would vary between 29.5 and 40.5 A in length, a distance sufficient to span the ~32 A
thick hydrophobic portion of the lipid bilayer (35, 36). FTIR secondary structural
analyses and covalent modification and chemical labeling studies all support each
segment adopting a largely a-helical conformation (37-45). In contrast, high resolution
electron micrographs of the nAChR from Torpedo suggest that only the ion channel-
lining segment, M2, is a-helical and that segments M1, M3, and M4 form transmembrane

f3-strands (7).
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Figure 1.6

Schematic diagram illustrating the transmembrane topology of the nAChR
subunits. Each subunit contains (i) a large hydrophilic amino-terminal
domain oriented towards the synaptic cleft, (ii) four hydrophobic segments
designated M 1-M4 that span the lipid bilayer as a-helices, and (jii) a small
hydrophilic domain between segments M3 and M4 oriented towards the
cytoplasm. The M2 segment from each of the five subunits is believed to
form the lining of the ion channel. Modified from Changeux (6).
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The third is a small intracellular hydrophilic domain located between segments
M3 and M4 (in Torpedo, comprising 109-142 amino acid residues). This region shows
substantial diversity both between subunits and between species and is generally much
larger in neuronal subunits. The location of this domain within the cytoplasm is
supported by several studies using sequence-specific antibodies as well as by the
identification of characteristic serine and tyrosine residues that are known sites of

phosphorylation (46-51).

Functional Architecture

Neurotransmitter (ACh/Agonist/Competitive Antagonist) Binding Sites. Initial
studies employing the use of radioactively labeled a-btx and various affinity labeling
reagents established the presence of two ACh binding sites per receptor molecule, one on
each of the two o subunits (Figure 1.5) (52-58). Both fluorescent energy transfer
experiments and electron microscopy estimate these sites to be ~30 A above the

membrane surface and ~50 A from the ion channel gate (59-61).

Sulfhydryl-directed labels suggest that two adjacent cysteine residues (Cys192
and aCys193) are located within the region that contributes to agonist binding (Figure
1.7B) (62). These cysteines form a disulphide bond in the native receptor and are found
only within a subunits (63). Additional labeling compounds have identified several other
residues including aTyr93, oTrpl49, aTyrl90 and oTyrl98 (64-67). Significantly,
these four residues, along with aCysi92 and aCys193, are conserved at homologous

positions in all o subunits from all species examined to date, consistent with their
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Figure 1.7

Early (A) and current (B) models of the neurotransmitter binding sites of
the nAChR. Each site consists primarily of amino acid residues residing
in the large amino-terminal region of the o subunit. (A) Initial studies
focusing on the physical properties of ACh proposed that the
neurotransmitter binding sites consisted of both an anionic and
esterophilic subsite that were responsible for interactions with ACh’s
quaternary ammonium and ester group, respectively. In the case of the
anionic subsite, it was assumed to contain one or more aspartic and/or
glutamic acid residues that could interact with the positive charge of the
quaternary ammonium group through the formation of one or more salt
bridges. More recent studies, however, have shown that the
neurotransmitter binding sites consist primarily of aromatic residues that
have been highly conserved throughout evolution (B). Those residues
identified as being in or near the neurotransmitter binding site are shown
(numbers refer to their position within the primary sequence of the a
subunit from Torpedo). Amino acid residues from neighboring & and y
subunits are also believed to contribute to agonist/competitive antagonist
binding (identified as x). Modified from Changeux (6).
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importance in agonist binding. The only exception is the neuronal aS subunit, which
does not contain amino acids homologous to aTyr93 and aTyr190 and does not form

functional receptors when expressed in Xenopus oocytes (68). The contribution of each

of these residues to agonist binding has also been confirmed by site directed mutagenesis

(69-74)

A somewhat surprising observation from the above studies is the predominant
role of aromatic residues in ACh binding. Early studies focusing on the physical
properties of ACh proposed that the ACh binding site consisted of both an anionic and
esterophilic subsite (Figure 1.7A). The anionic subsite was thought to interact with
ACh’s positively charged quaternary ammonium group while the esterophilic subsite was
thought to interact with its highly polar ester group. In the case of the anionic subsite, it
was assumed to contain one or more carboxylate anions, such as the side chains of
aspartic and/or glutamic acids, that could stabilize ACh’s quaternary ammonium group
through the formation of one or more salt bridges. The recent work of Dougherty and
Stauffer (75), however, has shown that a synthetic receptor composed primarily of
aromatic residues is able to bind ACh with a dissociation constant similar to that of the
nAChR and that this binding occurs through a stabilizing interaction between the
aromatic m-electrons and ACh’s positively charged quaternary ammonium group. The
high resolution structures of acetyicholinesterase and of an anti-phosphocholine antibody
also suggest the importance of aromatic residues in the binding of quaternary ammonium

groups (76-78).



Although two ACh binding sites exist per nAChR, they are non-equivalent.
Equilibrium binding curves indicate two distinct affinities for the competitive antagonist
d-tubocurarine while the affinity reagents 4-(N-maleimido)-benzyltrimethyl-ammonium
and bromoacetylcholine attach to both sites with different affinities (79-84). In addition,
the expression of various subunit combinations indicates that the coexpression of either
the y or & subunit with the o subunit is required for specific agonist binding (85). This
has led to the proposal that the ACh binding sites are located at the -y and «-d interfaces
and that the different affinities of each site for agonists and antagonists is due to the

different pairs of subunits that form the two sites (79, 81, 82, 86-90).

An alternative explanation for the disparate affinities of the two ACh binding sites
arises from the electron micrographs of Unwin (60). At a resolution of 7.5 A, each ACh
binding site appears as a cavity encircled by three short a-helices oriented approximately
normal to the membrane plane. Located near, but not at the a-8 and a-y interfaces, these
cavities differ in both size and shape. It is conceivable then that the different affinities
displayed by the two ACh sites originates from the non-equivalent conformations of the
cavity-lining a-helices. To accommodate the apparent role of the 8 and y subunits in
agonist binding, it is possible that these neighboring subunits are involved in shaping
these cavities as well as affecting access to them. With the entrance to the cavities being
located presumably at the a-8 and a-y interfaces, side chains from neighboring & and y
subunits may extend close to, or into, these openings where they could interact with

agonists and competitive antagonists as they travel towards the ACh binding sites. Such
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a possibility would seem compatible both with the chemical labeling and site-directed

mutagenesis data.

The Ion Channel. The ion channel of the nAChR is formed primarily from the
M2 segment from each of its five subunits. Reagents that penetrate and block the ion
channel label residues within this segment while the mutation of various M2 residues
alters the ion-conductance properties of nAChRs expressed in Xenopus oocytes (91-96).
Synthetic peptides corresponding to the M2 sequence are also capable of forming cation-

conducting channels upon insertion into lipid bilayers (97).

The high resolution electron micrographs from Unwin (7) suggest that each M2
segment assumes a predominantly a-helical secondary structure and that together, these
five helices arrange quasi-symmetrically around the central axis of the receptor to form
the walls of the ion channel (Figure 1.6). These helices, however, do not traverse the
lipid bilayer as uniform rods, but are in fact bent, or ‘kinked’, inwards near the middle of
the bilayer. This kink results in a constriction in the circumference of the ion channel
that is assumed to represent the location of the ion channel gate. In the closed

conformation, this gate creates an impenetrable barrier to ions.

The similarity of the M2 sequences from different subunits and different species,
coupled with the observation that the mutation of M2 residues at homologous positions in
different subunits results in similar functional consequences, has lead to the proposal that
aligned residues within the M2 segment of each subunit form a number of rings around

the channel that play an important role in ion-conductance (Figure 1.8):
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Figure 1.8

Schematic diagram illustrating the quaternary organization of the channel-
lining M2 segments as well as the proposed alignment of M2 residues
within the ion channel pore. The ion channel is formed from five a-
helical M2 segments, one from each subunit, that arrange quasi-
symmetrically around the central axis of the receptor (see inset; also
Figure 1.6). Homologous residues located at equivalent M2 positions on
each subunit are thought to form several rings around the channel that
perform an important role in ion conductance (see text for details).
Identified (from top to bottom): the outer charged ring, the leucine ring,

the intermediate ring and the inner charged ring. Modified from
Changeux (6).
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The Inner and Outer Charged Rings. Located at the intracellular and extracellular
entrances to the channel, respectively, these rings are comprised largely of negatively
charged aspartic and/or glutamic acid residues. Initially, these rings were proposed to
contribute to the ion-selectivity of the nAChR channel since their mutation moderately
influenced cation-conductance (95). Their role in ion-selectivity, however, is currently in
question since the inner ring of anion-conducting members of the neurotransmitter-gated
ion channel superfamily is also negative. In addition, a negatively charged reagent has
been shown to have access to the extracellular portion of the cation-conducting ion
channel of the nAChR while a positively charged reagent is capable of accessing the
extracellular portion of the anion-conducting channel of the GABA, receptor (44, 98,

99).

The Intermediate Ring. Located one helical turn up from the inner ring, this ring
has a net negative charge in the cation-conducting nAChR, but is uncharged in the anion-
conducting GABA, and glycine receptors. Although changes in the net charge of this
ring produce the most significant effects on cation-conductance in the nAChR, recent

work has shown that the intermediate ring is not the sole determinant of ion-selectivity

(95, 100, 101).

The Serine and Threonine Rings. Located one and two helical turns up from the
intermediate ring, respectively, these rings are highly conserved in almost all nAChR
subunits sequenced to date. In the GABA and glycine receptors, only a threonine ring is

present at a location analogous to that of the serine ring in nAChRs. These rings have
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been proposed to perform a fundamental role in the process of ion-permeation by

contributing to the exchange of water molecules surrounding transported ions (70).

The Leucine Ring. Located one helical turn up from the threonine ring, this ring
is conserved in all known subunits of the nAChR, glycine and GABA receptors. It has
been postulated that this ring represents the gate of the ion channel and that in the closed
conformation, the aligned leucines from each subunit interdigitate to sterically block the
transport of ions (7, 102). The mechanism of channel gating, however, appears to be
more complicated than simple steric hindrance since the mutation of these leucines to

serine in the hemooligomer 0.7 nAChR does not prohibit channel gating (103).

The role of the M2 segment in the formation of both the ion channel and its gating
mechanism, however, is not absolute. A number of residues towards the extracellular end
of the M1 segment of the nAChR a subunit have also been shown to be exposed to the
channel lumen (104, 105). In addition, the M1 segment contains a conserved proline-
cysteine pair near the centre of M1 that has been suggested to perform a role in channel
conductance. When located within an o-helix, proline’s inability to form hydrogen
bonds results in a localized disruption of secondary structure. This disruption may
provide the M1 segment with the flexibility necessary to allow the M2 helices to adopt
the different orientations required for the formation of the channel’s distinct functional

states (106).



Mechanisms of Function

Functional States of the Nicotinic Acetylcholine Receptor. Although the exact
number of distinct conformational states of the nAChR is currently under investigation,
there is sufficient evidence for the presence of at least three: resting, open and
desensitized (Figure 1.9) (107-113). Fluorescence studies employing the
conformationally sensitive probe dansyl-Cs-choline as well as [*H}-ACh binding assays
indicate that within its native membrane, the nAChR exists within a conformational
equilibrium between a channel-competent resting (~80%) and channel-inactive
desensitized state (~20%) (114). The binding of ACh to the resting state induces a
conformational change in the receptor to the open state resulting in the translocation of
~10* Na* ions/msec across the postsynaptic membrane (115). This open state, however,
is transient, lasting for only ~1 msec and thus has been difficult to study from both a
structural and biochemical perspective. Prolonged or repeated exposure to ACh initiates
a turther conformational change in the nAChR to the desensitized state. This state is
characterized by both its inability to conduct cations, even though ACh remains bound,
and an approximate 1000-fold increase in ACh affinity (107, 114, 116). Since the
desensitized state is stable for the duration of ACh exposure, it has become the primary

focus of extensive structural and biochemical analyses.

Acetylcholine-Induced Structural Changes: Channel Activation. In order to
induce channel activation, one molecule of ACh must bind to each of the nAChR’s two
ACh binding sites. The location of these sites within the extracellular domain of the o

subunit, a distance of ~50 A from the ion channel gate, imparts the requirement that the
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Figure 1.9

Schematic diagram illustrating the known conformational states of the
nAChR. In the absence of agonist, the nAChR exists within a
conformational equilibrium between a channel-competent resting and
channel-inactive desensitized state. The binding of agonist to the resting
state induces a conformational change in the receptor to an open state. In
this state, cations are free to diffuse across the postsynaptic membrane
through the receptor’s membrane-spanning ion channel. Upon prolonged
or repeated exposure to agonist, the nAChR undergoes a further
conformational change to the desensitized state.  This state is
characterized by both its inability to conduct cations, even though agonist
remains bound, and an approximate 1000-fold increase in ACh affinity.



conformational

equilibrium
“—>
resting state (80%)
- o
o
o:::o—cations
“—>
open state

©-{] acetylcholine

30

desensitized state (20%)

desensitized state



opening of the ion channel occur through a propagated conformational change originating
within the ACh binding site. Electron microscopic studies of the nAChR in both the
resting and open states indicate that the binding of ACh triggers distinct localized
disturbances in the three a-helical segments that comprise each ACh binding site (102).
These disturbances appear to arise through a concerted twisting of the helices that are
communicated to the transmembrane domain through small rotations of the subunits.
These rotations, in turn, draw the gate-forming side chains of the leucine ring away from

the center of the pore, thus removing the barrier to ion flow (60, 102, 117).

Acetylcholine-Induced Structural Changes: Desensitization. The structural
changes that occur in the nAChR upon transition from the resting to the desensitized state
have also been investigated by electron microscopy (118). A comparison of the three-
dimernsional structures of the nAChR in the absence (predominantly resting state) and
presence (desensitized state) of ACh reveal small but significant changes in the
quaternary arrangement of the receptor subunits. These changes, generated through both
an ~10° tilt in the 3 subunit tangential to the receptor axis and a slight displacement of the
Y subunit radially outward, result in a less symmetrical arrangement of the subunits

around the central ion channel.

Supporting the apparent structural role of the & subunit in desensitization are a
number of kinetic studies that show that the rate of nAChR desensitization is influenced
by the degree of phosphorylation of the § subunit (119, 120). In addition, the importance
of the y subunit in desensitization is corroborated by the labeling patterns of several non-

competitive antagonists that bind to a distinct non-competitive blocker site located within
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the ion channel pore. As an example, triphenylmethylphosphonium displays a reduced
affinity for the y subunit in the desensitized state while the rate of chlorpromazine
incorporation into the y subunit is significantly reduced. The displacement of the y

subunit away from the axis of the channel upon desensitization is consistent with these

results.

The quaternary re-organization of the & and y subunits, however, is not the sole
structural distinction that has been identified between the resting and desensitized states.
Photo-labeling experiments employing the affinity probe p-(N,N-dimethyl)amino-
benzenediazonium (DDF) indicate that the structure of the ACh binding sites is also
altered during the resting to desensitized conformational transition (70). Stabilization of
the nAChR in the desensitized state reveals an ~6-fold increase in the incorporation of
DDF into the ACh binding site residues aTyr93 and aTrp149. These results suggest that
the increased affinity displayed by the nAChR in the desensitized state is in part due to a
localized structural change in the ACh binding sites that brings aTyr93 and aTrpl49

closer to the bound agonist, thus strengthening their association.

CONCLUSIONS

Since 1906 when the British scientist T.R. Elliot first proposed that neurons
communicate with one another and effector cells through chemical messengers,
considerable progress has been made regarding our understanding of the molecular

details surrounding chemical synaptic transmission and the role of neurotransmitter
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receptors within this process. In the case of neurotransmitter receptors, much of our
current understanding can be attributed to studies of the nAChR from electric fish organ,

which has provided an accessibie model for both structural and biochemical analyses.

Unfortunately, further insight into both neurotransmitter receptor
structure/function and mechanisms of activation/desensitization have been hindered by
the difficulties associated with the application of conventional high resolution structure
elucidating techniques to the study of large integral membrane proteins, such as the
nAChR. As a result, our laboratory has adapted the novel technique of FTIR difference
spectroscopy and applied it to probe the structural and functional consequences of Carb
binding to the nAChR. FTIR difference spectroscopy exists as one of the few techniques
capable of abstracting detailed structural information from large integral membrane
proteins by providing insight into the molecular vibrations of individual amino acid
residues, which are extremely sensitive to changes in molecular structure and local

environment.

As noted, the original objective of this research was to employ the FTIR
difference technique to probe the nature of the physical interactions formed between Carb
and neurotransmitter binding site residues in the hope that this information would lead to
a greater understanding of how neurotransmitter binding elicits both channel activation
and receptor desensitization. Based on preliminary results, however, the focus of this
research was redirected towards unravelling the structural and functional consequences of
both lipid and local anesthetic action at the nAChR. The results have lead to important

new insight into the mechanisms by which both lipids and local anesthetics modulate

33



nAChR activity and reveal a conformational diversity of the nAChR that could play an

important role in higher brain functions, such as memory and learning.

ORGANIZATION OF THESIS

Chapter 2 presents a brief review of the theory of vibrational spectroscopy, the
acquisition of protein spectra using FTIR-ATR spectroscopy as well as the FTIR

difference technique and its application to the study of the nAChR.

Chapter 3 focuses on the effects of both neutral and anionic lipids on the structure
of the nAChR while Chapter 4 focuses on the specific structural requirement of the
receptor for both cholesterol and dioleoylphosphatidic acid. The results have been
interpreted in terms of a speculative model that suggests diverse lipid structures modulate
nAChR structure and function through an indirect effect on some physical property of the
lipid membrane, possibly bulk fluidity. The model also proposes that anionic lipids, in

addition to proper membrane fluidity, are required to stabilize a fully functional nAChR.

Chapters 5 and 6 focus on the structural consequences of local anesthetic binding
to the nAChR. The results reveal that the nAChR is capable of adopting a novel
intermediate conformation that is structurally distinct from both the resting and

desensitized states and suggest a revised model of local anesthetic action at the nAChR.
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CHAPTER 2

FOURIER TRANSFORM INFRARED SPECTROSCOPY
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INTRODUCTION

One of the greatest challenges facing structural biochemistry involves unravelling
the intricate relationship that exists between protein structure and function. Included in
this is an understanding of how various endogenous and exogenous factors exploit this
relationship in order to exert their effects on protein activity. For the most part,
accomplishing this task has necessitated the use of either x-ray crystallography or NMR
spectroscopy, both of which are capable of providing protein structures at or near atomic
resolution. Unfortunately, neither technique can be readily applied to the study of large

integral membrane proteins, such as the nAChR.

With x-ray crystallography, the prerequisite high-quality protein crystals present a
significant obstacle when dealing with integral membrane proteins. In addition, the
conditions necessary to generate these crystals do not always mimic those of the protein’s
native environment, giving rise to concerns regarding the effect this may have on protein
structure. Difficulties can also arise when attempting to translate the relatively ‘static’
structure of a protein crystal into the often dynamic and complex functional properties of

a protein in solution.

NMR spectroscopy, on the other hand, provides a reasonable alternative to x-ray
crystallography by allowing the structure of most proteins to be determined within their
native environment. NMR spectroscopy, however, is currently restricted to proteins of
less than ~40 kDa since larger molecular weight proteins generate complex spectra that

make the interpretation and assignment of inter-proton distances infeasible. NMR
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spectroscopy also can not be readily applied to the study of proteins within a membrane

environment due to line-broadening effects associated with their motional restriction.

In light of these inherent limitations, considerable effort has been made towards
the development and/or improvement of so-called ‘low-resolution’ spectroscopic
methods that are capable of providing global insight into protein structure without being
able to establish the precise three-dimensional location of individual structural elements.
One such method that has emerged as an extremely useful tool is infrared spectroscopy.
Infrared spectroscopy is a well established technique that provides information on protein
structure through the frequency of its molecular vibrations, which are extremely sensitive
to chemical structure, conformation and local environment. The most significant
advantages of infrared spectroscopy are its flexibility and broad applicability. Infrared
spectroscopy is not limited by the size of a protein or the nature of its environment. In
fact, infrared spectroscopy exists as one of the few techniques capable of providing

detailed structural information on large integral membrane proteins.

The correlation between the frequency of protein vibrational bands and protein
structure was established early in the pioneering work of Elliot and Ambrose (121).
Interest in infrared spectroscopy for studying protein structure, however, began to
decrease due to the difficulties associated with both the acquisition of spectra and the
extraction of the information contained within. These difficulties were largely a
consequence of the low sensitivity of conventional dispersive infrared spectrometers that

produced spectra with relatively low signal-to-noise ratios.
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With the inception of FTIR spectrometers came a renewed interest in the
application of infrared spectroscopy to protein conformational studies. FTIR
spectrometers replaced the monochromator used in dispersive instruments with the
Michelson interferometer. This, coupled with the development of microcomputers that
allowed for the easy application of the fast Fourier transform algorithm, enabled protein
spectra to be acquired much faster, with greater wavenumber precision and with far
superior signal-to-noise ratios. The higher energy throughput of FTIR spectrometers also
encouraged the use of infrared sampling techniques other than transmission, such as
attenuated total reflectance (ATR). This enabled significant reductions in both the
sample size and the difficulties associated with subtracting the overlapping absorption of

water, the physiological medium in which proteins are dissolved.

Both the precision of FTIR spectrometers and the digitization of the data have
also allowed for the reliable subtraction of spectra, a property exploited in FTIR
difference spectroscopy. FTIR difference spectroscopy is an extremely effective
technique for probing the molecular differences that exist between a protein’s distinct
conformational states and has already been successful in providing a detailed picture of
the structural changes and proton movements during the photocycle of bacteriorhodopsin
and other light activated proteins (122-126). In our laboratory, we have adapted this
novel technique and applied it to the study of the nAChR to gain insight into the
structural changes that occur in individual amino acid residues upon Carb binding and
subsequent transition from the resting to the desensitized state (127-129). The objective

of this chapter is to present a brief review of the theory of vibrational spectroscopy, the
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acquisition of protein spectra using FTIR-ATR spectroscopy as well as the FTIR

difference technique and its application to the study of the nAChR.

VIBRATIONAL SPECTROSCOPY

Molecular Vibrations. Infrared spectroscopy provides insight into molecular
structure through the frequencies of a molecule’s normal modes of vibration. A normal
mode of vibration is one in which each atom executes a simple harmonic oscillation
about its equilibrium position, such that a plot of each atom’s nuclear displacement as a
function of time yields a sinusoidal or cosinusoidal wave (Figure 2.1A). Although the
relative amplitude and direction of each atom’s displacement may be different, all atoms

move in phase with the same frequency while the molecule’s center of gravity remains

constant.

For a linear polyatomic molecule, it can be shown that the number of independent
normal modes of vibration is equal to 3N-5, where N represents the number of atoms in
the molecule. If the molecule is non-linear, this number is reduced to 3N-6. In general,
each normal mode of vibration can be classified as either stretching or bending,
depending on the effect of the vibration on the molecule’s chemical bonds. Stretching
vibrations induce either symmetric or antisymmetric changes in bond length whereas

bending vibrations induce either in-plane or out-of-plane changes in bond angle (Figure

2.1B).

Vibrational Energy. According to quantum mechanics, each of a molecule’s

normal modes of vibration can possess only one of a set of discrete amounts (or quanta)
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Figure 2.1

Schematic diagram illustrating (A) a diatomic molecule executing a
simple harmonic oscillation and (B) several independent modes of
vibration of both a linear (i) and non-linear (ii) polyatomic molecule. (A)
By definition, a simple harmonic oscillation is one in which each of a
molecule’s atoms move in phase with the same frequency while the
molecule’s center of gravity remains constant. A plot of each atom’s
nuclear displacement as a function of time yields a sinusoidal wave whose
amplitude is proportional to the magnitude of each atom’s displacement
from equilibrium. (B) In general, each of a molecule’s normal modes of
vibration can be classified as either stretching (change in bond length) or
bending (change in bond angle). Arrows indicate the movement of atoms
along the plane of the page while positive (+) and negative (-) signs
indicate the movement of atoms into or out of the page, respectively.
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of energy, referred to as vibrational levels. The energy of each of these levels (E,) is

given by:
E.=(n+ A)hf. (equation 2.1)

where h is Planck’s constant, f, is the frequency of the normal mode of vibration and n is
the vibrational quantum number, which can only have integer values (i.e. 0, 1, 2, 3...).
From equation 2.1 it is evident that the energy difference between each vibrational level
is equal to Af,. In addition, even the lowest possible vibrational level, which occurs when
n=0 (referred to as the ground state), retains vibrational energy equal to /2hf,. This is in
accordance with Heisenberg’s uncertainty principle, which states that both the position

and momentum of a particle (i.e. an atom) can not be simultaneously known.

Vibrational Energy Transitions. Transitions between vibrational levels are
induced when a molecule absorbs radiation in the infrared region of the electromagnetic
spectrum. However, for a molecule to increase its vibrational energy, two conditions
must be met. First, a transition can only occur if during a molecule’s normal mode of
vibration, its dipole moment is altered. In the case of a diatomic molecule possessing one
atom with a net positive charge and one atom with an equivalent net negative charge, the

dipole moment (u) is defined as:

u=Qr (equation 2.2)

where Q is the magnitude of either charge and r is the distance between the two charges.
For the transition from the ground state (n=0) to the first excited vibrational level (n=1),

it can be shown that the probability (P) of this event is defined by:
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n (du
P= IhfM E (equation 2.3)

where ¢ is a measure of the change in the charge separation that occurs during the

transition and M,.q is the reduced mass of the two atoms (m; and m;) given by:

mm:

w =

ion 2.4
o (equation 2.4)

From equation 2.3, it is clear that if the dipole moment does not change during a
vibration, the value dw/dy is zero and thus the probability of this transition is also zero.
Such a vibration in which there is no change in dipole moment is often referred to as
infrared inactive. Note, however, that a molecule with no permanent dipole moment may

still be infrared active if during its vibration a change in dipole moment occurs.

Second, the incident electromagnetic radiation must have a frequency identical to
that of the molecule’s normal mode of vibration. To demonstrate this, consider the
situation in which electromagnetic radiation strikes a diatomic molecule possessing a
permanent dipole moment. As a wave, electromagnetic radiation can be characterized as
consisting of mutually perpendicular electric and magnetic fields that oscillate

sinusoidally as they propagate through space. The energy of this wave (E,) is defined by:

E.=hf. (equation 2.5)

where f, is the frequency of the wave. For this radiation to be absorbed by the molecule,

its energy must be equivalent to the difference in energy between two vibrational levels.
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In the case of the transition from the ground state (n=0) to the first excited vibrational

level (n=1), this translates into:

E.=AE. - (equation 2.6)

where AEy_,, is the energy difference between vibrational levels 0 and 1. Inserting

equations 2.2 and 2.5 into equation 2.6 gives the following relationship:
f=F (equation 2.7)

In other words, the incident radiation that has the precise energy to induce the transition
from the ground to the first excited state has a frequency that is identical to that of the

normal mode of vibration of the molecule.

Schematically, the correlation between the frequency of the electromagnetic
radiation absorbed by a molecule and the frequency of its normal mode of vibration is
depicted in Figure 2.2. Since the wavelength of the incident radiation is far greater than
the size of the molecule, the oscillating electric field vector of the wave can be considered
uniform over the whole molecule. If its frequency matches the vibrational frequency of
the molecule, the oscillating negative and positive fields will exert a force on the
molecule’s dipoles and, by definition, the force on opposite charges will be exerted in
opposite directions. This will induce the molecule to absorb energy from the incident
radiation thus increasing its own vibrational energy by vibrating with increased

amplitude.

The value of infrared spectral analysis is derived from the fact that the frequency
of each of a molecule’s normal modes of vibration, and thus the frequency of the
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Figure 2.2

Schematic diagram illustrating the interaction of electromagnetic radiation
with a diatomic molecule. (A) When a polychromatic beam strikes a
diatomic molecule possessing a permanent dipole moment, that
component of the radiation oscillating at the same frequency as the
molecule’s normal mode of vibration will be absorbed. This is a
consequence of the forces generated on the molecule’s dipole by the
oscillating electric field vector of the absorbed radiation (B). The
oscillating electric field alternately increases and decreases the length of
the molecule’s chemical bond resulting in an increase in the molecule’s
vibrational energy. This does not alter the frequency of the molecule’s
vibration, but rather the amplitude of each atom’s displacement from
equilibrium.
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radiation that it absorbs, is extremely sensitive to molecular structure and local
environment. To illustrate this, consider the linear diatomic molecule described above.
For a diatomic molecule, the number of independent normal modes of vibration is equal
to 3N-5 = 3(2) - 5 = 1. According to classical mechanics, the frequency (f) of this

vibration is given by:

F
f= % n \/ Mo (equation 2.8)

where F is the force constant binding the two atoms together (i.e. the chemical bond).
From equation 2.8, it is evident that the frequency of this normal mode of vibration is
directly proportional to the strength of the chemical bond. As a result, external factors
that act to enhance the strength of this bond will increase the molecule’s vibrational
frequency while factors that act to reduce its strength will decrease the molecule’s
vibrational frequency. To relate this to the study of a macromolecule, such as a protein,
consider the situation in which this diatomic molecule is substituted for a carbonyl group
(C=0) located within a protein’s polypeptide backbone. This carbonyl group will have a
stretching vibration whose normal frequency of vibration can be approximated by
equation 2.8. If the carbonyl oxygen is involved in a hydrogen bond, then the strength of
the C=0 bond will be reduced resulting in a decrease in the frequency of its stretching
vibration and hence, a decrease in the frequency of its absorbed radiation. Similarly,
dipole-ion or dipole-dipole interactions between the carbonyl group and neighboring
amino acid side chains will also increase or decrease the strength of the C=0 bond and

thus increase or decrease the frequency of its stretching vibration.
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Wavelength and Absorption Intensity. As mentioned, the region of the
electromagnetic spectrum responsible for inducing vibrational transitions falls within the
infrared. The frequencies of this radiation, however, are inconveniently large numbers
(between 10'' to 10" sec'). Thus, when referring to infrared radiation, the term
wavenumber is more commonly used. The relationship between frequency and

wavenumber () is given by:

(equation 2.9)

r\|%,

where c is the velocity of light in a vacuum.

In addition, although the frequency (or frequencies) of infrared radiation absorbed
by a molecule is dependent upon the molecule’s frequency (or frequencies) of vibration,
the intensity of the absorption is dependent upon how efficiently the radiation energy is

transferred to the molecule. This efficiency, which varies with the wavenumber of the
incident radiation, is often described by the molecule’s molar absorption coefficient (gy).
If radiation with wavenumber @ and initial intensity /, is passed through a sample of
thickness / and molar concentration M., such that the transmitted light has an intensity /,

then the intensity of the absorbance of the sample (A,) will obey the Beer-Lambert law:

I
Au=lo g( T) = EIM. (equation 2.10)

A plot of the absorption intensity of a sample versus an entire range of wavenumbers

(typically 400-4000 cm™) is referred to as an absorption spectrum. As will be discussed
YP
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in the following section, the absorption spectrum of a molecule can be acquired using

either the dispersive or Fourier transform technique.

SPECTRAL ACQUISITION

Dispersive Infrared Spectrometers. Within dispersive infrared spectrometers,
light from an infrared source is first passed through a sample and then into a
monochromator (Figure 2.3). A monochromator is a device that employs either a prism
or grating to disperse the polychromatic infrared beam into a spectrum of its component
wavenumbers. This dispersed spectrum is focused by a mirror onto an exit slit that acts
as a selective filter, allowing only a narrow range of the infrared spectrum to reach the
detector at any given time. Subsequent wavelengths are then recorded by rotating the
prism or grating. The use of a monochromator for spectral acquisition, however, has two
important limitations. First, since only a narrow range of wavelengths is recorded at a
time, spectral acquisition is very slow. Second, the selectivity of the exit slit means that
only a fraction of the total light energy available strikes the detector at any given time,

the result of which, is a relatively poor signal-to-noise ratio.

Note that the ultimate performance of any spectrometer is largely determined by
its signal-to-noise ratio. The signal-to-noise ratio is a measure of the intensity of a
sample absorbance band compared to that of the noise at some point nearby in the
spectrum. Noise is observed as random fluctuations in the spectrum above and below the
baseline. For any given sample and set of conditions, an instrument with a higher signal-
to-noise ratio will be more sensitive, be applicable to a greater variety of samples and will
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Figure 2.3

Schematic diagram illustrating the organization of a typical dispersive
infrared spectrometer. The depicted monochromator employs a grating to
disperse the polychromatic infrared beam into a spectrum of its component
wavenumbers. The intensity of individual wavenumbers is recorded by
rotating the grating thereby allowing different wavenumbers to pass
through the exit slit and strike the detector.
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allow absorbances to be measured more accurately than an instrument with a low signal-

to-noise ratio.

Fourier Transform Infrared Spectrometers. The inception of the Fourier
transform technique for the acquisition of infrared spectra can be traced back to the tun
of the nineteenth century when Albert Michelson first described the interferometer that
now bears his name (130, 131). In general, an interferometer divides a beam of light into
two, introduces a phase difference into one and then recombines the two beams so that
constructive and destructive interference can occur. Within the Michelson
interferometer, this is accomplished by mounting a beamsplitter at a 45° angle at the
point of intersection of the planes of two perpendicular mirrors, one stationary and the
other movable (Figure 2.4). Composed of a thin coating of germanium sandwiched
between two pieces of potassium bromide, the beamsplitter is designed to transmit 50%
of the incident radiation and reflect the other 50%. As a result, when a beam of infrared
radiation enters the interferometer and strikes the beamsplitter, half of the radiation is
transmitted towards the stationary mirror and half is reflected towards the movable
mirror. After reflecting off their respective mirrors, the two beams are recombined at the
beamsplitter where again, 50% is transmitted and 50% is reflected. The component of
the recombined beam that is reflected leaves the interferometer where it first interacts

with the sample before striking the detector.

When the moving mirror and the stationary mirror are an equivalent distance from
the beamsplitter, the distance traveled by the transmitted and reflected beams prior to

their recombination is identical. This position is referred to as the zero path difference
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Figure 2.4

Schematic diagram illustrating the typical organization of a Michelson
interferometer.  Radiation from an infrared source entering the
interterometer first strikes a beamsplitter where 50% of the incident
radiation is transmitted to a stationary mirror and 50% is reflected to a
movable mirror. By translating the movable mirror, an optical path, or
phase difference, is introduced into the reflected beam that enables
constructive and destructive interference to occur when the reflected beam
is recombined with the transmitted beam at the beamsplitter. If the
movable mirror is translated at a constant velocity, the intensity of the
recombined beam will oscillate with a frequency that is unique to each
wavelength component of the incident beam. A plot of intensity versus
optical path difference after translating the movable mirror back and forth
once is called an interferogram. An interferogram of a monochromatic
source with wavelength A is shown.
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(ZPD). In the Michelson interferometer, a path difference, and thus a phase difference, is
introduced into the reflected beam by translating the movable mirror away from the
beamsplitter. The distance traveled by the movable mirror is called the mirror
displacement and is denoted by d. Since the reflected beam must travel this distance both
towards and away from the movable mirror, the relationship between the mirror

displacement and the actual optical path difference (0) is defined by:

0=2d (equation 2.11)

If, for simplicity, it is assumed that the light source emits monochromatic
radiation and that the movable mirror is at ZPD, then the transmitted and reflected beams
will converge at the beamsplitter in phase. The result is complete constructive
interference with the amplitude of the recombined beam being the sum of the amplitudes
of the individual beams. Since the amplitude of the recombined beam is directly
proportional to its intensity, the signal reaching the detector at this point will be at a
maximum. As the movable mirror translates away from the beamsplitter, the transmitted
and reflected beams converge at the beamsplitter out of phase and the amplitude of the
recombined beam will decrease until d = %A, where A is the wavelength of the radiation.
At this point the optical path difference is equal to /24 and the reflected beam is exactly
180° out of phase with that of the transmitted beam. The result is complete destructive
interference and the signal at the detector will be at a minimum. Further translation of

the movable mirror will produce signal maxima at:

0 =nA (equation 2.12)
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and signal minima at:

d=n+4A (equation 2.13)

where n can have only integer values (i.e. 0, 1, 2, 3...). At optical path differences other
than those described by equations 2.12 and 2.13, a combination of constructive and
destructive interference occurs with the resulting amplitude of the recombined beam
having a value somewhere between the maximum and the minimum. If the movable
mirror is moved at a constant velocity, the amplitude of the monochromatic radiation, and
thus the intensity of the signal reaching the detector, will increase and decrease
uniformly. This variation in signal, or light intensity, with optical path difference is

measured by the detector as a cosine wave whose frequency (f) is defined by:

v
f= T=ve (equation 2.14)

where v is the constant velocity of the mirror and @ is the wavenumber of the
monochromatic source. As indicated by equation 2.14, each wavenumber of light
entering the interferometer gives rise to a cosine wave of unique frequency and it is this
property that enables the signals arising from different wavenumbers to be distinguished
by an FTIR spectrometer. A plot of signal intensity versus optical path difference after
translating the moving mirror back and forth once is called an interferogram. A typical
interferogram obtained from a Michelson interferometer using a monochromatic light

source with a wavelength of A is depicted in Figure 2.4.

If the monochromatic light source described above is replaced by a broadband
infrared source similar to that found in a typical FTIR spectrometer, the radiation entering
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the interferometer will contain a continuum of wavelengths, each one giving rise to a
unique cosine wave whose frequency is defined by equation 2.14. The interferogram
generated by the detector will, therefore, be the sum of each individual cosine wave. As
depicted in Figure 2.5A, the interferogram generated from a polychromatic light source
displays a sharp intensity spike at ZPD, termed the centerburst. This high intensity is the
result of ZPD being the only point at which all component cosine waves interfere
constructively. As the movable mirror translates away from ZPD, the phase differences
introduced cause the individual cosine waves to interact in a destructive manner.
Consequently, the intensity of the interferogram drops off rapidly with distance from

ZPD.

To convert an interferogram into a spectrum, the fast Fourier algorithm developed
by Cooley and Tukey (132) is applied. According to a theorem developed by Fourier,
any mathematical function, such as an x, y plot, can be expressed as a sum of sinusoidal
(or cosinusoidal) waves and vice versa. In essence, a Michelson interferometer Fourier
transforms the intensity of each wavelength component of light that enters to produce an
interferogram. This interferogram is then Fourier transformed back using the fast Fourier
algorithm to generate a single beam spectrum of the sample, which divided by the
spectrum of the incident beam without sample, gives rise to the familiar absorbance

intensity versus wavenumber spectrum of the sample (Figure 2.5B).

There are several advantages to measuring infrared specira interferometrically.
The first is the multiplex (or Fellgett) advantage, which is derived from the fact that all

wavelengths are detected simultaneously during each scan of the sample. This allows an
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Figure 2.5  (A) A typical interferogram of a polychromatic infrared source produced
by a Michelson interferometer. (B) From the interferogram, a single beam
spectrum of a sample can be generated by applying the fast Fourier
algorithm developed by Cooley and Tukey (132).
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FTIR spectrometer to acquire a spectrum much faster than a dispersive instrument. Since
the signal-to-noise ratio of any spectrum is proportional to the square root of the number
of its averaged scans, over any given time range, an FTIR spectrometer will produce
spectra with a significantly greater signal-to-noise ratio than a dispersive instrument. As
an example, a scan from 4000 to 400 cm™ at a resolution of 4 cm" will take
approximately 10 minutes to record on a dispersive instrument. In that same time, an
FTIR spectrometer can record and average approximately 600 scans, thus yielding an

almost 25-fold improvement in the signal-to-noise ratio.

The second advantage is the throughput (or Jacquinot) advantage, which is
derived from the fact that in an FTIR spectrometer, all infrared radiation passes through
the sample and strikes the detector at once. Consequently, the detector sees the
maximum amount of light at all points during a scan, again resulting in a far greater

signal-to-noise ratio.

The third advantage is an extremely high wavenumber precision (Conne’s
advantage) due to the incorporation of a helium-neon (He-Ne) laser. A He-Ne laser
produces light at precisely 17,798.637 cm™ and thus is used as an internal wavelength
standard. This allows the wavenumber reproducibility of most FTIR spectrometers to be
0.01 cm™, or better. In addition, the He-Ne laser is used to track the position of the
movable mirror allowing the optical path difference to be measured with extreme

accuracy.

The fourth advantage, which results in part from the improved signal-to-noise

ratio and wavenumber precision of FTIR spectra, is the ease with which the spectral data
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can be manipulated. Digitization of the spectra combined with the data processing power
of the computer has enabled the development of a number of data treatment techniques
that have yielded significant improvements in the qualitative interpretation of the
vibrational bands observed within a sample spectrum. Examples include the reliable
subtraction of one sample spectrum from that of another, (the foundation for the
technique of FTIR difference spectroscopy, see below) and a number of resolution
enhancement methods, such as Fourier self-deconvolution, that enable the visualisation

and quantification of overlapping bands within a protein spectrum.

One specific limitation of FTIR spectroscopy, however, is that it is a single beam
technique. This means that the background spectrum, which measures the contribution of
the instrument and the environment to the spectrum, is measured at a different point in
time than the sample spectrum. If special care is not taken, instrumental or
environmental changes between the sample and the background spectrum can occur
resulting in the appearance of spectral artifacts in the sample spectrum. A perfect
example is the appearance of numerous sharp positive or negative vibrational bands
within a sample spectrum due to variations in the level of atmospheric water vapour over
time. To prevent this, most FTIR spectrometers are equipped with an air dryer to purge

the sample compartment of water vapour.

Atntenuated Total Reflection. The most common method for acquiring an
absorbance spectrum of a sample is to employ what is referred to as a transmission cell
(Figure 2.6A). In this case, the sample is placed between two transparent plates, called

windows, that are separated by a spacer to fix the thickness of the sample. A sample
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Figure 2.6

Schematic diagram illustrating the techniques of (A) transmission and (B)
ATR. (A) In transmission, a sample is placed in a transmission cell that is
comprised of two transparent plates (or windows) separated by a spacer to
fix the thickness of the sample. A sample spectrum is then recorded by
passing the infrared beam directly through the transmission cell. (B) In
ATR, a thin layer of the sample is placed on the surface of an IRE. A
sample spectrum is then recorded by passing the infrared beam through
the IRE at an angle, such that the beam undergoes multiple internal
reflections. Each time the beam strikes the interface between the sample
and the IRE, a portion of the infrared radiation is absorbed by the sample.
The effective penetration depth of the beam into the sample, however, is
restricted to only a few microns, thus significantly reducing the
contribution of water absorption to the sample spectrum.
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spectrum is then recorded by passing an infrared beam directly through the transmission
cell. For biological molecules, such as proteins, however, acquiring a sample spectrum
by this method is often impeded by the intense and broad absorption of water, which
overlaps a considerable part of the protein spectrum. For this reason, most transmission
spectra of proteins must be acquired using very thin cells or under partially dehydrated
conditions. Such methods, however, make it difficult to control the pH and ionic
composition of the protein’s aqueous environment, which can ultimately lead to

undesirable effects on protein structure.

An attractive alternative to transmission is the technique of ATR (133-136). ATR
essentially limits the effective thickness of a sample to a thin layer on the surface of an
internal reflection element (IRE), thereby allowing for a significant reduction in the
contribution of water to the absorbance spectrum (Figure 2.6B). In addition, the ATR
technique allows the aqueous environment of the sample to be modified with little
disturbance to the sample. One can thus study the conformational properties of proteins
in different environments and under different physiological and non-physiological
conditions. In the case of the nAChR, it also allows one to study the structural

consequences of soluble ligand binding to the nAChR.

The technique of ATR, also referred to as multiple internal reflection
spectroscopy, is based on the behaviour of light as it strikes the interface between two
media of different refractive indices (n; and n;). According to Snell’s law, if a beam of
light propagating through a dense medium (r,), such as a prism, strikes the interface

between the prism surface and a medium of lower refractive index (rn;), then the incident
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beam will be partially reflected and partially transmitted (Figure 2.7A). For the reflected
beam, the angle of reflection is equal to the angle of incidence (6) whereas for the

transmitted beam the angle of refraction (¢) is defined by:

n.sin @

sing = (equation 2.15)

If, however, the incident beam strikes the interface such that sin® > sin@., where
6., referred to as the critical angle, is equal to sin"'(ny/n;), then the angle of refraction is
imaginary and the incident beam will be entirely reflected back into the denser medium
(Figure 2.7B). In other words, the incident beam will undergo total internal reflection.
Both experimental and theoretical studies have shown that in this special case, a standing
wave retaining the same frequency (or frequencies) as the incident beam will be
established at the interface between the two media producing an evanescent wave (or
waves) that penetrates beyond the interface and into the rarer medium (Figure 2.7C). If
the rarer medium is an absorbing sample, then the evanescent wave(s) is/are capable of
interacting with the sample just beyond the interface leading to a reduction or artenuation

of the totally reflected beam.

The intensity (/) of the evanescent wave(s) that penetrates into the sample

decreases exponentially from its value I at the interface such that:
[=Le™™ (equation 2.16)

where z represents the distance from the interface and d, represents the effective

penetration depth, defined as the distance required for the intensity of the evanescent
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Figure 2.7

(A) If a beam of radiation propagating through a prism with an index of
refraction n; strikes the interface between the prism surface and a medium
of lower refractive index, n, the incident beam will be partially
transmitted and partially reflected as described by Snell’s law. (B) If,
however, the angle of incidence is greater than, or equal to, the critical
angle (6.), the incident beam will be entirely reflected back into the prism,
a situation referred to as total internal reflection. In this special case, a
standing wave retaining the same frequency as the incident beam will be
established at the prism interface producing an evanescent wave that
penetrates beyond the interface and into the medium of lower refractive
index (C).
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wave(s) to fall to e’ of its value at the interface. As shown in equation 2.17 the effective
penetration depth of the evanescent wave(s) into the rarer medium is a direct function of

the wavelength(s) () of the incident beam:

A

d, = ) (equation 2.17)
2ml.\/sinz 0-(_.)

n

Consequently, for an incident beam arising from a polychromatic light source, the
effective penetration depth of its higher component wavelengths will be greater than that
of its lower component wavelengths. Over the entire infrared spectrum, however, the

effective penetration depth never exceeds more than a few microns.

To enhance the sensitivity of the ATR technique, a sample (rarer medium) is often
placed in contact with a long thin IRE of high refractive index (denser medium) whose
endfaces are cut at an angle, referred to as the angle of incidence (6) (Figure 2.6B). Such
an IRE enables multiple internal reflections to be produced leading to multiple
interactions with the sample. As an example, all spectra presented in this thesis were
acquired using a germanium IRE with the dimensions of 50 x 20 x 2 mm (length x width
x depth) and an angle of incidence of 45°. The number of internal reflections (N,) that

occur as an infrared beam passes through this IRE is given by:
N.=Ldcot@ (equation 2.18)

where L is the length of the IRE and d is its depth. For the germanium IRE employed in

this research, this translates into ~25 internal reflections.
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FTIR DIFFERENCE SPECTROSCOPY

In theory, FTIR spectroscopy, coupled to the technique of ATR, offers an
attractive means of gaining insight into the structure and conformational dynamics of
large integral membrane proteins, such as the nAChR. FTIR-ATR spectroscopy requires
only small quantities (micrograms) of protein and is unaffected by the nature of the
protein’s environment. FTIR-ATR spectroscopy is also an extremely sensitive technique
that has the potential to detect small alterations in protein structure. As an example, a
change in hydrogen bonding distance of only 0.002 A will shift the frequency of the N-H
stretching vibration of an amide group within a peptide bond by approximately 1 cm™,
which is well within the limits of detection of most FTIR instruments (137, 138). In
addition, FTIR-ATR spectroscopy has a characteristically short acquisition time scale
(~10"" sec compared to 10 sec for NMR) making it possible to detect structural changes

that occur on a time scale of fractions of a second.

In practice, however, it is often difficult to detect small localized structural
changes in proteins with FTIR-ATR spectroscopy. Essentially all of a protein’s
functional groups have infrared-active vibrations and thus tend to give rise to a multitude
of overlapping bands within the protein spectrum. As an example, the 1500-1700 cm™
region of a protein spectrum has contributions from the many amide groups of a protein,
which produce the intense and often broad amide I (predominantly the carbonyl
stretching vibration of the amide group) and II (N-H bending and C-N stretching

vibrations of the amide group) bands, as well as from the side chains of several amino
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acid residues including aspartic acid, glutamic acid, tyrosine, tryptophan, lysine and

arginine (123, 139, 140).

A simple solution to this problem is based on the principle of FTIR difference
spectroscopy. FTIR difference spectroscopy is an extremely effective method for
probing structural differences between a protein’s various conformational states and
exists as one of the few techniques capable of providing detailed structural information
on large integral membrane proteins at the single amino acid level. FTIR difference
spectroscopy is also technically simple. FTIR spectra of a protein in two different
conformations (i.e. states A and B) are recorded and then digitally subtracted (B-A) to
remove the infrared bands of those residues whose structure, and thus molecular
vibrations, are unaffected by the conformational change. The result is a difference
spectrum that contains vibrational bands reflecting only those residues whose structure
and/or environment differ in the two states, thus providing key information about those
residues that perform an important roie in the conformational change. FTIR difference
spectroscopy has already been successful in providing detailed information regarding the
structural perturbations of the polypeptide backbone as well as changes in the orientation,
protonation state, strength of hydrogen bonding and/or environments surrounding specific
tyrosine, aspartic acid, glutamic acid, proline, tryptophan and histidine side chains upon
the absorption of light by light activated proteins such as bacteriorhodopsin and the

photosynthetic reaction center (122-126).

To apply the FTIR difference technique to the study of the nAChR, a small

amount (~250 ug) of affinity purified nAChR from Torpedo, reconstituted into lipid
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vesicles of defined composition, is deposited on the surface of a germanium IRE (for
more details see Chapter 3, Experimental Procedures). After evaporating the bulk solvent
with a gentle stream of N gas, the germanium IRE is installed in an ATR liquid sample
cell and the nAChR film rehydrated with excess Torpedo Ringer buffer. FTIR spectra
are then acquired using the ATR technique. Initially, two consecutive spectra of the
nAChR in the resting state are recorded while flowing buffer past the nAChR film
(Figure 2.8A, buffer i and Figure 2.9A, top trace). The flowing solution is then switched
to an identical one containing the ACh analogue Carb (Figure 2.8A, buffer ii) and a
spectrum of the nAChR in the desensitized state is recorded (Figure 2.9A, middle trace).
The difference between the two resting state spectra (referred to as a control spectrum)
and the consecutive resting and desensitized state spectra (referred to as a Carb-
difference spectrum) are calculated, stored and the flowing solution switched back to
buffer without Carb. After a brief washing period to remove Carb from the film and to
convert the nAChR back into the resting state, the process is repeated numerous times
and the individual spectra averaged. Carb-difference spectra recorded under these
stringent conditions exhibit a complex, yet highly reproducible pattern of positive and
negative bands that provides a ‘spectral map’ of the structural changes that occur in the
nAChR upon Carb binding and subsequent desensitization (Figure 2.9A, bottom trace)
(127-129). In general, negative bands reflect the vibrations of functional groups in the
absence of Carb (resting state) while positive bands reflect the vibrations of the same
functional groups in the presence of Carb (desensitized state), as well as those of nAChR-
bound Carb itself. More specifically, these positive and negative vibrational bands within

the Carb-difference spectra reflect three distinct consequences of Carb binding (Figure
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Figure 2.8  Schematic diagram illustrating the acquisition of Carb-difference spectra
using the ATR technique (see text for details).
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Figure 2.9

(A) FTIR spectra recorded of the nAChR in the resting and desensitized
states (the absorbance of the buffer has been subtracted) as well as the
difference between the two (Carb-difference spectrum). The resting and
desensitized state spectra are virtually superimposable indicating that the
binding of Carb and subsequent transition to the desensitized state does
not induce large alterations in nAChR structure. Carb-difference spectra
do, however, reveal several positive and negative bands that provide a
‘spectral map’ of those residues whose molecular vibrations, and thus
structures, differ between the two states. The bar above each spectrum
represents the relative absorbance intensity of the vibrational bands [in
absorbance units (a.u.)]. (B) A schematic diagram illustrating the
conformational changes in the nAChR that are reflected within a typical
Carb-difference spectrum.
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2.9B): i) variations in the molecular vibrations of individual amino acid residues within
the neurotransmitter binding sites arising from specific interactions with Carb, ii)
variations in the molecular vibrations of the polypeptide backbone and individual amino
acid residues arising from the conformational transition from the resting to the
desensitized state, and iii) the molecular vibrations of distinct functional groups within

nAChR-bound Carb.

Initially, the objective of this research was to employ the FTIR difference
technique to gain insight into the nature of the physical interactions (i.e. hydrogen bonds,
salt-bridges, cation-z-electron interactions etc...) that form between Carb and individual
neurotransmitter binding site residues. However, to accomplish this task, it was first
necessary to identify those vibrational bands within the Carb-difference spectrum that
reflect specific Carb-nAChR interactions. Bands reflecting the vibrations of nAChR-
bound Carb were easily eliminated by comparing the frequency of the vibrational bands
within the Carb-difference spectrum to those of a solution spectrum of Carb itself (Figure
2.10A) (129). Distinguishing between those vibrational bands reflecting specific Carb-
nAChR interactions and those reflecting the resting-to-desensitized conformational
transition presented a greater challenge. A possible solution arose from earlier studies
focusing on the effects of local anesthetics and membrane composition on nAChR
structure and function. These studies proposed that exposure to various local anesthetics
or reconstitution of the nAChR into a highly fluid membrane stabilized the nAChR in a
conformation that appeared to be analogous to the Carb-induced desensitized state. It
was, therefore, hypothesized that by exploiting the effects of local anesthetics and

membrane composition on nAChR structure, Carb-difference spectra could be acquired
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Figure 2.10

(A) A comparison of a Carb-difference spectrum with that of a solution
spectrum of Carb itself (the absorbance of the buffer has been subtracted).
Those bands that have been labelled are assigned to the vibrations of
nAChR-bound Carb. (B) A typical Carb-difference spectrum probes the
structural changes induced in the nAChR upon Carb binding and
subsequent transition from the resting to the desensitized state (scheme i).
Previous studies, however, suggest that exposure of the nAChR to various
local anesthetics or reconstitution of the nAChR into a highly fluid
membrane (shown here) results in the nAChR being perpetually stabilized
in the desensitized state (scheme ii). Carb-difference spectra recorded
under these conditions, therefore, should reveal only those vibrational
bands arising from either specific Carb-nAChR interactions or nAChR-
bound Carb itself.
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of the nAChR perpetually stabilized in the desensitized state (Figure 2.10B, scheme ii).
Carb-difference spectra acquired under these conditions would allow for the isolation and
identification of vibrational bands arising from only specific Carb-nAChR interactions by
eliminating those vibrational bands arising from the resting-to-desensitized
conformational transition. However, as will be discussed in the following chapters, the
unique band intensity variations revealed in these Carb-difference spectra compelled a
more in-depth investigation, the results of which have lead to important new insight into

the mechanisms by which both lipids and local anesthetics modulate nAChR activity.
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CHAPTER 3

STRUCTURAL EFFECTS OF BOTH NEUTRAL AND ANIONIC LIPIDS
ON THE NICOTINIC ACETYLCHOLINE RECEPTOR
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INTRODUCTION

The ability of the nAChR to conduct cations across the membrane and undergo
the resting-to-desensitized state transition is extremely sensitive to the composition of its
surrounding lipid membrane. Previous studies suggest that the nAChR requires an
optimal membrane fluidity as well as the presence of both a neutral lipid, such as
cholesterol (Chol), and an anionic lipid, such as dioleoylphosphatidic acid (DOPA) to
retain optimal flux and desensitization capabilities (141-145). In the absence of Chol and
DOPA, the nAChR appears to adopt a channel-inactive conformation that is believed to

be analogous to the agonist-induced desensitized state (143).

Although the effects of lipids on nAChR function have been well characterized,
the lipid-induced changes in nAChR structure that generate these modulations in function
are poorly understood. The functional requirement of the nAChR for neutral and anionic
lipids has been attributed to the binding of each lipid to discrete sites at, or near, the
protein-lipid interface with distinct effects on the receptor’s gross secondary structure
(146-149). Others have reported more dramatic alterations in the content of both a-helix
and B-sheet with increasing levels of Chol in reconstituted neutral lipid-depleted soybean
asolectin membranes (150). In contrast, an FTIR and hydrogen/deuterium (‘H’H)
exchange study was unable to detect any definitive lipid-dependent alterations in nAChR
secondary structure suggesting that both neutral and anionic lipids modulate nAChR

function through subtle, but as yet unidentified, changes in nAChR structure (151).
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The objective of this study was to exploit the structural sensitivity of FTIR
difference spectroscopy to investigate the effects of both neutral and anionic lipids on the
structure of the nAChR. The results suggest that the nAChR reconstituted into a
membrane composed solely of egg phosphatidylcholine (EPC) is stabilized in a
conformation similar to that stabilized by the local anesthetic, dibucaine, and one that is
likely analogous to the agonist-induced desensitized state. The addition of a variety of
neutral and/or anionic lipids to the EPC membrane all induce an essentially identical
pattern of structural changes in the nAChR suggesting that both neutral and anionic lipids
act to stabilize the receptor in an equivalent resting conformation. The proportion of
receptors adopting either the resting or desensitized state, however, is dependent upon the
final lipid composition of the reconstituted membrane. A lipid-dependent modulation of
the equilibrium between the channel-competent resting and channel-inactive desensitized
state is proposed to account for the effects of a variety of different lipids on the ion flux

capabilities of the nAChR.

EXPERIMENTAL PROCEDURES

Preparation of Crude nAChR-Enriched Membrane Fraction. A crude nAChR-
enriched membrane fraction was prepared from Torpedo californica electroplaques
(Marinus; Long Beach, CA) as described by Ochoa et al. (141) with modifications (143).

All steps were performed at 4 °C. Approximately 500 g of frozen electroplaques were

72



partially thawed, sliced into 2-4 cm? portions and added to 500 ml of homogenization
buffer (10 mM Na,HPO;, S mM EDTA, 5§ mM EGTA, 0.25 mM PMSF, 11 mM
iodoacetamide and 0.2% NaNjs, pH 7.4). The electroplaques were then homogenized in a
Waring blender using 3 x 30 second bursts. The resulting homogenate was centrifuged
for 10 minutes at 5000 rpm in a Sorvall (model RC2-B) centrifuge and the supernatant
collected after filtering through two layers of cheesecloth. The pellets were re-
homogenized in 250 mi of homogenization buffer using a Brinkman Polytron and
centrifuged as described above. The pooled supernatants were then centrifuged for 3.5
hours at 14000 rpm and the supernatant discarded. The crudely purified nAChR pellets
were re-suspended in dialysis buffer (I mM NaCl, 50 mM Na,HPO,, | mM EDTA and
0.2% NaNj3, pH 7.8) to a final volume of 50 ml, further dispersed using a 55 ml Wheaton

hand homogenizer, and stored at -80 °C.

Synthesis of Bromoacetylcholine Chloride. For the affinity purification of the
nAChR, bromoacetylcholine chloride (BAC) was used to derivatize Bio-Rad Affi-Gel
102 (Bio-Rad, Richmond, CA). BAC was synthesized according to Damle et al. (82).
Over a period of 40 minutes, 0.15 moles of bromoacetyl chloride was added dropwise to
0.1 moles of choline bromide and the resulting mixture cooled in an ice bath for 1.5
hours. 75 ml of absolute ethanol was then added slowly over a period of 30 minutes and
the resulting white precipitate (BAC) filtered using a Buchner funnel. BAC was re-
crystallized twice using 200 ml of isopropanol, dried under vacuum overnight and stored

at =20 °C.
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Preparation of Bromoacetylcholine Affinity Column. The nAChR was affinity
purified using a bromoacetylcholine column prepared as described by Ellena er al. (152).
20 ml (packed volume) of Affi-Gel 102 was added to 20 ml of thiolactone solution (1.44
M N-acetyl-pL-homocysteine thiolactone and 1 M NaHCOs;) and the pH adjusted to 9.7.
This mixture was then left to stir overnight at 4 °C. The following morning, the gel was
washed with 1 L of cold 0.1 M NaCl solution and re-suspended in 20 ml of DTT solution
[0.2 M dithiothreitol and 0.2 mM tris(hydroxymethyl)aminomethane (Tris), pH 8.0]. The
gel was stirred gently for 30 minutes, transferred to a 2.5 x 40 cm glass column
(Amersham Pharmacia Biotech, Piscataway, NJ) and the DTT solution drained. 20 ml of
fresh DTT solution was then added to the gel and the column agitated for 30 minutes.
The DTT solution was again drained and the gel washed with 140 ml of buffer B (100
mM NaCl, 20 mM Na,HPO,, 0.02% NaN3, pH 7.0). After re-suspending the gel in 15 ml
of 50 mM Na,HPO, buffer (pH 7.0), 0.4 g of BAC was added and the column agitated for
1 hour. The gel was then washed with 80 ml of buffer B, re-suspended in 15 ml of buffer
B containing 0.14 g of iodoacetamide and the column again agitated for 20 minutes. The
column was drained and the gel washed with 60 ml of unbuffered 0.2% NaNj solution.

The column was then stored at 4°C until use.

Affinity Purification and Reconstitution of the nAChR. All steps were carried out
at 4 °C. 20 ml of the crude nAChR-enriched membrane fraction was thawed and diluted
with dialysis buffer to a final protein concentration of 4 mg/ml. To this was added an

equal volume of dialysis buffer containing 2% cholate. The mixture was gently stirred
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for 1 hour and then centrifuged at 35000 rpm for 1 hour using a Beckman (model L8-
55M) ultracentrifuge. The supernatant, comprising cholate-solubilized nAChR, was
applied to the bromoacetylcholine affinity column following a pre-wash of 60 ml of
dialysis buffer. The column flow rate during this and all remaining steps was ~1.5

ml/minute.

To reconstitute the nAChR into different lipid mixtures, the affinity column was
washed with the lipids of choice (Avanti Polar Lipids, Alabaster, AL). First, the column
was washed with lipid solution B (80 ml dialysis buffer, 1.16 mM lipids and 1% cholate)
to remove contaminating proteins. The column was then washed with lipid solution A
(60 ml dialysis buffer, 2.85 mM lipids and 1% cholate) to exchange native lipids with
defined lipids. Following this, the column was washed with lipid solution C (50 m!

dialysis buffer, 0.116 mM lipids and 1% cholate) to lower the final lipid-to-protein ratio.

The nAChR was eluted from the affinity column using lipid solution D (10 mM
Carb, 10 mM Na;HPO,, 50 mM NaCl, 0.1 mM EDTA, 0.02% NaN3, 0.116 mM lipids
and 0.5% cholate, pH 7.8). 3 ml fractions were collected and those with an absorbance
greater than 0.05 a.u. at 280 nm were combined. The affinity purified nAChR solution
was then placed in membrane tubing (molecular weight cut-off 12-14 kDa; Spectrum
Laboratories, Gardena, CA) and dialyzed against 2 L of dialysis buffer. The dialysis
buffer was changed four times, once every 12 hours, to ensure complete removal of both
Carb and cholate and to reconstitute the nAChR into the defined lipids. Following

dialysis, the purified nAChR was centrifuged for 2 hours at 41000 rpm, again using the
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Beckman (model L8-55M) ultracentrifuge. The pellet was re-suspended in 1 ml
phosphate buffer (1.2 mM NaH;PO,, 0.8 mM Na,HPO,, 0.02% NaNs, pH 8.0) and
further dispersed using a small glass hand homogenizer. Protein concentration was
estimated by the method of Lowry er al. (153) as modified by Hartree (154) using bovine
serum albumin as the standard and lipid solution D as the blank. The reconstituted

nAChR was then separated into 250 ug aliquots and stored at -80 °C.

FTIR Difference Spectroscopy. FTIR samples were prepared by spreading 250 ug
of the affinity purified nAChR on the surface of a 50 x 20 x 2 mm (length x width x
depth) germanium IRE (Harrick, Ossining, NY). After evaporating the bulk solvent with
a gentle stream of N, gas, the germanium IRE was installed in an ATR liquid sample cell
(also from Harrick) and the nAChR film rehydrated with excess Torpedo Ringer buffer
(250 mM NaCl, 5 mM KCl, 2 mM MgCl,, 3 mM CaCl, and 20 mM Tris, pH 7.0). FTIR
spectra of the nAChR film were then acquired using the ATR technique on either an FTS-
40 or FTS-575 spectrometer (Bio-Rad, Cambridge, MA) equipped with a deuterated
triglycine sulfate detector. Spectra were recorded at 8 cm™ resolution using 512 scans
each, which required roughly seven minutes per spectrum. For the difference
measurements, two consecutive spectra of the nAChR in the resting state were recorded
while flowing Torpedo Ringer buffer continuously through the sample compartment of
the ATR cell at a rate of ~1.5 ml/min. The flowing buffer was then switched to an
identical one containing S0 uM Carb. After one minute, a spectrum was recorded of the

nAChR in the desensitized state. The difference between both the two resting state
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spectra (referred to as a control spectrum) and the consecutive resting and desensitized
state spectra (referred to as a Carb-difference spectrum) were calculated, stored and the
flowing solution switched back to buffer without Carb. After a 20 minute washing period
to remove Carb from the film and to convert the nAChR back into the resting
conformation, the process was repeated several times and the individual Carb-difference
spectra averaged to increase the signal-to-noise ratio. Each Carb-difference spectrum
presented is an average of 30-90 spectra recorded from at least two separate affinity
purifications and reconstitutions of the nAChR. All spectra were normalized by

comparing the intensity of those bands that reflect the vibrations of nAChR-bound Carb.

Dibucaine Solution Spectrum. An absorbance spectrum of dibucaine (50 mM) in
Torpedo Ringer buffer (pH 7.0) was recorded using the ATR technique. The spectrum is
an average of 250 scans acquired at a resolution of 2 cm™. The overlapping absorbance

bands of the buffer were subtracted.

RESULTS

Carb-difference spectra recorded from the nAChR reconstituted into a lipid
membrane composed of EPC/DOPA/Chol (molar ratio 3:1:1) reveal a complex, yet
highly reproducible pattern of positive and negative vibrational bands (Figure 3.1, top
trace). Since an EPC/DOPA/Chol membrane has been shown previously to support a

fully functional nAChR that is capable of undergoing both agonist-induced cation flux
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Figure 3.1

A comparison of Carb-difference spectra recorded from affinity purified
nAChR reconstituted into membranes composed of EPC/DOPA/Chol
(3:1:1), EPC/DOPA (3:1), EPC/Chol (3:1) and EPC. The removal of
either DOPA, Chol or both lipids from the reconstituted membrane results
in a decrease in vibrational band intensity near 1740, 1663, 1655, 1547,
1430 and 1059 cm™. Note that it is a decrease in the intensity of a positive
band near 1663 cm™ that gives rise to the apparent increase in intensity of
the overlapping negative band near 1668 cm™.
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and the conformational transition from the resting to the desensitized state, these bands
provide a ‘spectral map’ of the structural changes that occur in the nAChR upon Carb
binding and subsequent desensitization (129, 142, 143, 151). Note that the specificity of
the vibrational bands to Carb-induced structural changes in the nAChR is also supported
by both the absence of positive and negative bands in control Carb-difference spectra
recorded from identical nAChR samples that have been pre-treated with the essentially
irreversible competitive antagonist, a-btx, and the increasing intensity of the bands in
Carb-difference spectra recorded from samples with increasing levels of nAChR purity

(129, 155).

Addition of Chol and DOPA to EPC Membranes. To examine the effects of both
Chol and DOPA on the structure of the nAChR, Carb-difference spectra were recorded
from the nAChR reconstituted into either EPC/DOPA (3:1), EPC/Chol (3:1) or simply
EPC membranes and compared to those recorded from the nAChR in EPC/DOPA/Chol
(Figure 3.1). In general, both the frequencies and relative intensity of the majority of the
bands in each spectrum are similar suggesting that neither Chol nor DOPA dramatically
affect the structures and/or environments surrounding a large number of residues involved
in both Carb binding and receptor desensitization. Closer inspection, however, reveals
subtle variations in the intensity of six bands near 1740, 1663, 1655, 1547, 1430 and 1059
cm’ that reflect lipid-induced changes in the structure of the nAChR that are likely

responsible for modulations in nAChR function. Note that it is a decrease in the intensity
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of a positive band near 1663 cm™ that gives rise to the apparent increase in intensity of

the overlapping negative band near 1668 cm™' (see Chapter 5, Figure 5.5).

The lipid-sensitive bands near 1663, 1655 and 1547 cm™ occur in either the amide
1(1600-1700 cm™) or amide IT (1520-1580 cm™) regions of the infrared spectrum. Bands
within these regions arise largely from variations in the molecular vibrations of the amide
group of the peptide bond and thus likely reflect a subtle lipid-induced change in the
conformation of the receptor’s polypeptide backbone. The assignment of these three
bands to either amide I or amide II vibrations is consistent with the observed down shift
in the frequency of these bands upon exposure of the nAChR to ?H,0 (129). The other
lipid-sensitive bands near 1740, 1430,and 1059 cm™ could reflect either a lipid-induced
change in the structure and/or environment surrounding amino acid side chains or
possibly an alteration in the interactions between the nAChR and a ‘bound’ phospholipid

(see Discussion).

Although a detailed interpretation of the individual band intensity variations is not
yet possible, it is noteworthy that the absence of either Chol, DOPA, or both lipids each
leads to a decrease in intensity near 1740, 1663, 1655, 1547, 1430 and 1059 cm™. The
striking reproducibility of the pattern of band intensity variations suggests that the
absence (and conversely the presence) of either or both lipids leads to a similar change in
the structure of those residues within the nAChR that are involved in Carb binding and
desensitization. The reproducibility of the spectral variations also suggests that both Chol

and DOPA stabilize an equivalent conformational state of the nAChR.
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In contrast, the relative magnitude of the intensity variations, and thus the degree
of the conformational perturbation, appear to be dependent upon the final lipid
composition of the reconstituted membrane. Relative to EPC/DOPA/Chol membranes,
the variations in the intensity of all six bands are minimal for the nAChR in EPC/DOPA,
slightly more substantial for the nAChR in EPC/Chol and relatively dramatic for the
nAChR in EPC, where both the negative and positive bands near 1740, 1663, 1655 and
1059 cm™ are completely absent and the two positive bands near 1547 cm™ and 1430
cm’ are both reduced in intensity by more than 50%. The differing magnitude of the
variations in intensity of all six bands suggest that the structure of the nAChR is
increasingly perturbed from a predominantly resting conformation in EPC/DOPA/Chol to
an alternative, possibly desensitized conformation in EPC/DOPA, EPC/Chol, and EPC
(see below). Chol and DOPA may, therefore, differ in their relative ability to stabilize the
nAChR in a channel-competent resting conformation as opposed to their ability to

stabilize the nAChR in distinct conformational states.

Asolectin, EPC/DOPS and EPC/Squalene Membranes. The possibility that
diverse lipid structures stabilize an equivalent conformation of the nAChR was examined
further by recording Carb-difference spectra from the nAChR reconstituted into soybean
asolectin, EPC/dioleoylphosphatidylserine (DOPS) (3:1), and EPC/squalene (3:1)
membranes (Figure 3.2). Asolectin is a complex mixture of neutral, anionic, and
zwitterionic lipids whereas DOPS is an anionic lipid with a much larger head group than

DOPA and squalene is a neutral isoprenoid polyene lipid with little structural
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Figure 3.2

A comparison of Carb-difference spectra recorded from affinity purified
nAChR reconstituted into membranes composed of EPC/DOPA/Chol
(3:1:1), asolectin, EPC/squalene (3:1) and EPC/DOPS (3:1). Carb-
difference spectra recorded from the nAChR reconstituted into asolectin
membranes are essentially identical to those recorded from the nAChR
reconstituted into EPC/DOPA/Chol suggesting a similar structure of the
nAChR and resting-to-desensitized conformational transition.
Reconstitution of the nAChR into EPC/squalene or EPC/DOPS
membranes, however, reveal a similar pattern of band intensity variations,
near 1740, 1663, 1655, 1547, 1430 and 1059 cm', as that observed from
the nAChR reconstituted into EPC/DOPA, EPC/Chol, or EPC membranes.
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resemblance to either DOPA, DOPS or Chol. Carb-difference spectra recorded from the
nAChR reconstituted into asolectin membranes are similar to those recorded from the
nAChR in EPC/DOPA/Chol suggesting a similar structure of the nAChR and resting-to-
desensitized conformational transition. Carb-difference spectra recorded from the
nAChR in both EPC/DOPS and EPC/squalene, however, exhibit the same pattern of band
intensity variations, near 1740, 1663, 1655, 1547, 1430 and 1059 cm'', as observed from
the nAChR reconstituted into either EPC/DOPA, EPC/Chol or EPC. In addition, the
magnitude of these variations is less in EPC/squalene than in EPC/DOPS suggesting that
squalene is slightly more efficient than DOPS at stabilizing the nAChR in the resting
conformation. The similarity of the pattern of band intensity variations observed in Carb-
difference spectra recorded from the nAChR in EPC/Chol, EPC/DOPA, EPC/DOPS, and
EPC/squalene relative to the Carb-difference spectra recorded from the nAChR in EPC
strongly suggests that Chol, DOPA, DOPS, and squalene all stabilize the nAChR in an

equivalent resting conformation.

Dibucaine-Induced Changes in nAChR Structure. There is some evidence
suggesting that the nAChR is stabilized in a desensitized conformation in EPC
membranes lacking both neutral and anionic lipids (143). This possibility implies that
Carb-difference spectra recorded from the nAChR in EPC membranes will reflect only
those changes in the structure and/or environment of individual residues within the
nAChR that arise as a consequence of Carb binding to a predominantly desensitized

population of receptors. To test this possibility, Carb-difference spectra were recorded
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from the nAChR reconstituted into EPC/DOPA/Chol, but while continuously maintaining
the receptor in contact with increasing concentrations of the desensitizing local
anesthetic, dibucaine [i.e. dibucaine is included in both the plus Carb and minus Carb
buffers (see Chapter 2, Figure 2.8, buffers i and ii)]. Dibucaine belongs to a class of
structurally diverse compounds that bind to the nAChR at a distinct allosteric non-
competitive blocker site located within the ion channel pore. Although exceptions exist,
most of these compounds appear to modulate nAChR function by both sterically blocking
the receptor’s ion channel and stabilizing the receptor in the desensitized state (Figure
3.3, scheme i). Increasing concentrations of dibucaine lead to dose-dependent variations
in the intensity of a number of bands including the same six bands noted above, near
1740, 1663, 1655, 1547, 1430 and 1059 cm’', that are sensitive to the absence of neutral
and anionic lipids from the reconstituted membrane (Figure 3.4). The striking similarity
of the subtle variations in the Carb-difference spectra (other variations are discussed
below) suggest that both the presence of dibucaine and reconstitution of the nAChR into
EPC membranes lacking neutral and/or anionic lipids lead to the stabilization of the same

desensitized conformation (Figure 3.5).

Note that the dibucaine-induced variations in the Carb-difference spectra saturate
at concentrations near 200 uM. This is consistent with earlier studies that report a
dissociation constant for dibucaine near 30 uM (in the absence of Carb) when binding to
the non-competitive blocker site of the nAChR reconstituted into EPC/DOPA/Chol

membranes (this value is near 80 uM for the nAChR in native membranes) (156, 157).



Figure 3.3

Schematic diagram illustrating the structural changes observed in Carb-
difference spectra recorded from the nAChR reconstituted into
EPC/DOPA/Chol membranes, but while continuously maintaining the
receptor in contact with increasing concentrations of the desensitizing
local anesthetic, dibucaine. The dissociation constants for dibucaine
binding to the non-competitive blocker site (in the absence of Carb) and
the neurotransmitter binding sites are near 30 uM and 60 uM, respectively
(156, 157). Low concentrations of dibucaine, where binding occurs
predominantly to the non-competitive blocker site, are believed to induce
a shift in the conformational equilibrium of the nAChR towards the
desensitized state (scheme i). Higher concentrations of dibucaine,
however, result in the additional binding to the neurotransmitter binding
sites (scheme ii). In this situation, the addition of Carb causes the
displacement of dibucaine from the neurotransmitter binding sites, and
consequently, the appearance of negative dibucaine vibrational bands in
the Carb-difference spectrum (scheme iii).
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Figure 3.4

A comparison of Carb-difference spectra recorded from affinity purified
nAChR reconstituted into membranes composed of EPC/DOPA/Chol
(3:1:1), but while continuously maintaining the receptor in contact with
increasing concentrations of the desensitizing local anesthetic, dibucaine.
Increasing concentrations of dibucaine lead to dose-dependent variations
in the intensity of a number of bands including the same six bands, near
1740, 1663, 1655, 1547, 1430 and 1059 cm, that are sensitive to the
absence of neutral and anionic lipids from the reconstituted membrane.
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Figure 3.5

A comparison of Carb-difference spectra recorded from affinity purified
nAChR reconstituted into membranes composed of EPC/DOPA/Chol
(3:1:1), EPC and EPC/DOPA/Chol (3:1:1), but while continuously
maintaining the receptor in contact with 200 uM dibucaine. The bottom
trace is an absorbance spectrum recorded from a 50 mM aqueous solution
of dibucaine (the overlapping absorbance bands of the buffer have been
subtracted). The blue dashed lines identify negative vibrational bands that
arise due to the displacement of dibucaine from the neurotransmitter
binding sites upon the addition of Carb.
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The Carb-difference spectra also exhibit a dose-dependent increase in negative band
intensity at frequencies that correspond to the frequencies of vibrational bands observed
in the solution spectrum of dibucaine itself (Figure 3.5). The latter is consistent with the
additional binding of dibucaine to the nAChR’s neurotransmitter binding sites (Kp near
60 uM for the nAChR in native membranes) and its subsequent displacement upon the

addition of Carb (Figure 3.3, schemes ii and iii) (156).

DISCUSSION

In this study it is shown that the structural changes that occur within the nAChR
upon Carb binding and subsequent desensitization are sensitive to both the composition
of the lipid membrane that surrounds the nAChR and the presence of a local anesthetic,
dibucaine. The lipid- and anesthetic-induced variations in the Carb-difference spectra
suggest subtle changes in the conformation and/or orientation of the polypeptide
backbone as well as perturbations in the structure of individual amino acid side chains
and/or possible modulations of the interactions between the nAChR and a ‘bound’
phospholipid (see below). Significantly, the pattern of the lipid-induced variations in the
Carb-difference spectra correlate with the pattern of the effects of the lipids on both the
ion flux properties and the conformational state of the nAChR, as probed using various
biochemical techniques (this correlation is discussed below). In addition, the effects of

the local anesthetic, dibucaine, on the nAChR are dose-dependent and saturate at
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concentrations consistent with the measured dissociation constants for the binding of
dibucaine to both the non-competitive blocker and neurotransmitter binding sites. This
close correlation between the spectroscopic and biochemical data suggests that the lipid-
induced variations detected in the Carb-difference spectra are reflecting changes in the
structure of the nAChR that are related to lipid-dependent modulations of nAChR
activity. Together, the data presented in this study suggest three important features

regarding the mechanism of lipid action at the nAChR.

(i) The most striking feature is that Carb-difference spectra recorded from the
nAChR in diverse reconstituted membranes all exhibit an essentially identical pattern of
band intensity variations, near 1740, 1663, 1655, 1547, 1430 and 1059 cm™, relative to
Carb-difference spectra recorded from the nAChR reconstituted into EPC/DOPA/Chol.
In particular, the reproducibility of the pattern of variations induced in the Carb-
difference spectra by the inclusion of either a neutral lipid, such as Chol or squalene, or
an anionic lipid, such as DOPA or DOPS, in an EPC membrane suggests that Chol,
squalene, DOPA, and DOPS all have an essentially identical effect on the structures
and/or environments surrounding those residues of the nAChR that are involved in Carb
binding and desensitization. Given the sensitivity of the FTIR difference technique to
subtle changes in protein structure, the reproducibility of these spectral variations implies
that Chol, squalene, DOPA, and DOPS each stabilize the nAChR in an essentially

identical resting conformation.
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(ii) The second feature is the similarity of the pattern of band intensity variations
observed in Carb-difference spectra recorded from the nAChR reconstituted into EPC
membranes and from the nAChR reconstituted into EPC/DOPA/Chol, but while
continuously maintaining the nAChR in contact with increasing concentrations of the
local anesthetic, dibucaine. This similarity suggests that both the absence of neutral and
anionic lipids and the presence of dibucaine lead to the stabilization of the same
conformational state. Previous studies suggest that the binding of dibucaine to the non-
competitive blocker site leads to the stabilization of a desensitized receptor (158, 159).
Although the effects of dibucaine on nAChR function have been investigated primarily
using receptors within their native membrane, the nAChR in EPC/DOPA/Chol retains the
ability to conduct cations and undergoes an essentially identical resting-to-desensitized
conformational change as judged by the similarity of the Carb-difference spectra recorded
from the nAChR in native and EPC/DOPA/Chol membranes as well as other biochemical
assays (127, 128, 141-144, 151, 155). In addition, as noted previously, the dibucaine-
induced variations in the Carb-difference spectra saturate at concentrations consistent
with the pharmacological properties of dibucaine at the nAChR (156). In all respects, the
nAChR appears to be functional in EPC/DOPA/Chol and should respond to dibucaine by
adopting a channel-inactive desensitized state. The absence of both neutral and anionic
lipids from a reconstituted membrane thus appears to lead to the stabilization of a

desensitized receptor.



(iii) The third feature is the magnitude of the band intensity variations observed in
Carb-difference spectra recorded from the nAChR reconstituted into diverse lipid
membranes. Although the pattern of band intensity variations is essentially the same in
Carb-difference spectra recorded from the nAChR reconstituted into EPC membranes
lacking neutral, anionic, or both types of lipids, the magnitude of these spectral variations
differ according to the final lipid composition of the reconstituted membrane. This
suggests a lipid-dependent modulation in the population of receptors found in the resting
and desensitized states. Within Carb-difference spectra recorded from the nAChR
reconstituted into EPC/DOPA/Chol or asolectin membranes, the variations in band
intensity indicative of desensitization (i.e. a reduction in band intensity near 1740, 1663,
1655, 1547, 1430 and 1059 cm) are minimal suggesting that membranes containing
neutral, anionic, and zwitterionic lipids stabilize the majority of receptors in the resting
conformation. The spectral variations, however, are slightly more intense in Carb-
difference spectra recorded from the nAChR in EPC membranes with only a neutral or an
anionic lipid, and are relatively dramatic in EPC membranes lacking both types of lipids.
Within the four binary mixtures of lipids, there are also slight differences in the
magnitude of the band intensity variations suggesting an increasing shift towards the
desensitized state in the following order: EPC/DOPA — EPC/squalene — EPC/DOPS —
EPC/Chol. While the nature of the conformational perturbation induced by the absence

(or presence) of neutral and anionic lipids may be the same, the various lipid membranes
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appear to differ in their relative ability to stabilize the nAChR in the resting

conformation.

The results of this study suggest that when reconstituted into an EPC membrane
void of both neutral and anionic lipids, the nAChR is stabilized predominantly in the
desensitized state. Such a proposal is consistent with both the labeling pattern of the
nAChR in EPC by the conformationally sensitive probe, 3-trifluoromethyl-3-(m-
['*Iliodophenyl)diazirine ('*I-TID) and the inability of the receptor within EPC
membranes to either conduct cations across the membrane or undergo the resting-to-
desensitized state transition (142, 143). A gradual increase in the proportion of receptors
in the desensitized conformation in membranes with varying lipid compositions is also
consistent with both '?I-TID labeling and the relative ion flux responses of the nAChR in
the different lipid membranes, although the latter types of experiments are usually
interpreted in terms of the stabilization of either a channel-active or -inactive
conformation. 'I-TID labeling indicates that the nAChR in EPC/Chol adopts a
conformation similar to that observed in EPC, whereas in EPC/DOPA the conformation
resembles more closely that observed in both EPC/DOPA/Chol and native membranes
(143). Although usually treated as non-functional, the nAChR in either EPC/Chol or
EPC/DOPS has limited ability to conduct cations whereas the ability of the receptor to
undergo the agonist-induced conformational transition from the resting to the desensitized
state is enhanced in EPC/DOPA (141, 142, 144). These results correlate with the relative

magnitude of the variations in band intensity found in the Carb-difference spectra and
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thus the increasing proportion of receptors found in a channel-inactive desensitized state
versus a channel-competent resting state in EPC/DOPA, EPC/DOPS, EPC/Chol, and
EPC membranes. The close correlation between the relative magnitude of the spectral
variations in the Carb-difference spectra and the relative ion flux activity of the nAChR in
different lipid membranes suggests that a perturbation of the equilibrium between the
resting and desensitized states may be the predominant effect of lipids on the structure of

the nAChR.

In contrast, it has been suggested that the functional requirement of the nAChR
for neutral and anionic lipids stems from the binding of each lipid to discrete sites on the
nAChR with distinct effects on the receptor’s gross secondary structure. McNamee and
co-workers have proposed that the rigid sterol ring of Chol may intercalate into the
grooves of a-helices, thus stabilizing transmembrane a-helical secondary structures (148,
149). Similarly, they propose that the negatively charged head group of anionic lipids
may form electrostatic interactions with extramembranous regions of the nAChR, thus
leading to the stabilization of B-sheet. Others have reported even more dramatic
alterations in the content of both a-helix and B-sheet in the nAChR with increasing levels

of Chol in reconstituted neutral lipid-depleted soybean asolectin membranes (150).

However, several lines of evidence argue against lipid-induced stabilization of
nAChR secondary structures. First, the lipid-induced changes in the intensity of bands in
both the amide I and amide I regions of the Carb-difference spectra correspond to less

than 0.1% of the total amide I and amide II band intensities, respectively, indicating that

93



the lipid-induced conformational perturbations involve relatively few amino acid residues
(compare the relative intensity of the amide I and II bands in the absorbance spectra
recorded from the nAChR in the resting or desensitized state with those in the Carb-
difference spectrum depicted in Chapter 2, Figure 2.9A) (160). Second, the frequencies
and relative intensity of the majority of the bands in the Carb-difference spectra are
unaffected when the nAChR is reconstituted into EPC membranes lacking neutral and/or
anionic lipids. Large changes in the content of either a-helix or B-sheet should lead to
changes in the structure and/or environment of a large number of residues, especially in
the case of a compact, highly cooperative protein such as the nAChR. In tum, these
changes should lead to variations in the frequencies and relative intensity of a large
number of bands in the Carb-difference spectra, which is clearly not the case. Finally, an
FTIR and 'H/H exchange study was unable to detect any definitive lipid-dependent
alterations in nAChR secondary structure and attributed the lipid-induced variations
reported by others to either a previously unappreciated dependence of the shape of the
secondary structure sensitive amide I band to the time of exposure of the nAChR to 2H,0
or to errors resulting from uncompensated water vapor (151, 161). Lipid-dependent
modulation of nAChR function must, therefore, occur through subtle changes in receptor
structure as opposed to through the stabilization of a-helix and/or B-sheet secondary

structures.

If neutral and anionic lipids are not required for the stabilization of o-helix and

B-sheet secondary structures, and alter nAChR function through similar changes in
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structure, then alternate mechanisms are required to explain the apparent functional
requirement of the nAChR for both lipids. One possibility is that diverse lipid structures
influence the conformation of the nAChR (i.e. the equilibrium between the resting and
desensitized states) through non-specific alterations in the physical properties of the lipid
membrane. Chol has a well characterized ordering effect on lipid bilayers in the liquid-
crystalline state. In addition, the very small head group of DOPA should lead to a
condensation, and thus a restriction, in the amplitudes of motion of the fatty acyl chains
resulting in a more ordered and less fluid lipid bilayer (162, 163). The presence of both
lipids could, therefore, lead to a relatively ordered lipid membrane that might be required
for maintaining the nAChR in a predominantly resting conformation. Conversely, the
absence of either or both lipids could lead to a more fluid membrane that might
increasingly enhance the formation of the desensitized state. This possibility would
account for both the reduced ion flux capabilities and the more substantial band intensity
variations detected in the Carb-difference spectra recorded from the nAChR in
EPC/DOPS relative to the nAChR in EPC/DOPA (142, 144). DOPS has a larger head
group than DOPA and thus may be unable to reduce the fluidity of an EPC membrane as
efficiently as DOPA. Note also that the nAChR is stabilized in a high-affinity
conformation (likely desensitized) in the presence of several detergents that disrupt the

integrity and thus modulate the fluidity of the lipid membrane (143).

A potential role for membrane fluidity in modulating nAChR function has been

suggested previously, although modulations in fluidity, as monitored using either spin-
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labeled fatty acid or fluorescent probes, can not completely explain lipid-dependent
modulation of nAChR activity (142, 145). The lack of a clear correlation between
membrane fluidity and nAChR function, however, could reflect an inability to accurately
characterize the complex structure and dynamics of a lipid bilayer by monitoring the
motions of either a rigid fluorescent or spin-labeled probe. Such spectroscopic methods
are generally sensitive to motions occurring within a limited time frame and thus may not
provide a comprehensive description of the complex variations in membrane structure

and dynamics brought about by changes in membrane lipid composition (164, 165).

A second possibility to explain the apparent functional requirement of the nAChR
for both neutral and anionic lipids is that each lipid binds to distinct sites on the receptor,
but that the main effect of these interactions is a modulation of the equilibrium between
the resting and desensitized states, as opposed to the stabilization of specific secondary
structures. The lipid-sensitive band in the Carb-difference spectrum near 1740 cm™ could
reflect a change in a phospholipid ester carbonyl stretching vibration upon the binding of
Carb to the nAChR and subsequent desensitization. Carb-difference spectra recorded in
2H,0 buffer show that this band does not down shift in frequency, consistent with its
assignment to a lipid ester carbonyl (166). A possible change in the structure of a lipid
upon the binding of Carb to the nAChR would imply a tight association between the
phospholipid and the receptor. Note, however, that the lipid-induced variations in the
intensity of the weak band near 1740 cm™ must be interpreted with caution given the

sensitivity of this band to baseline fluctuations.
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CONCLUSIONS

The objective of this study was to investigate the effects of both neutral and
anionic lipids on the structure of the nAChR. Carb-difference spectra recorded from the
nAChR reconstituted into EPC/DOPA/Chol membranes reveal a number of positive and
negative bands that reflect variations in the molecular vibrations, and thus structures, of
individual amino acid residues within the nAChR that arise as a consequence of Carb
binding and subsequent desensitization. A comparison of Carb-difference spectra
recorded from the nAChR reconstituted into EPC/DOPA/Chol with those recorded from
the nAChR reconstituted into EPC/DOPA, EPC/Chol, EPC/DOPS, EPC/squalene and
EPC, reveal an essentially identical pattern of vibrational band intensity variations, near
1740, 1663, 1655, 1547, 1430 and 1059 cm™. Significantly, this same pattern of band
intensity variations is observed in Carb-difference spectra recorded from the nAChR
reconstituted into EPC/DOPA/Chol membranes, but while continuously maintaining the
nAChR in contact with increasing concentrations of the desensitizing local anesthetic,
dibucaine. The results suggest that the predominant effect of neutral and/or anionic lipids
within a reconstituted membrane is to stabilize the nAChR in the resting conformation.
Removal of either, or both types of lipids appears to induce a shift in the conformational
equilibrium of the nAChR towards a predominantly desensitized population of receptors,
with the magnitude of this shift being dependent upon the final lipid composition of the
reconstituted membrane (Figure 3.6). Although the precise mechanism of lipid action is

unclear, it is possible that both neutral and anionic lipids exert their effects on nAChR
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Figure 3.6

Schematic diagram illustrating the proposed effects of both neutral and
anionic lipids on the structure of the nAChR. In the absence of Carb, the
nAChR exists within a conformational equilibrium between a channel-
competent resting (~80%) and channel-inactive desensitized state (~20%)
(scheme i). The removal of either neutral or anionic lipids induces a shift
in this equilibrium towards the desensitized state, with the magnitude
being dependent upon the final lipid composition of the reconstituted
membrane (scheme ii). For those binary lipid mixtures investigated in this
study, the population of receptors adopting the desensitized state appears
to increase in the following order: EPC/DOPA—EPC/squalene—
EPC/DOPS— EPC/Chol. Reconstitution of the nAChR into an EPC
membrane void of both neutral and anionic lipids induces a further shift in
the equilibrium to a predominantly desensitized population of receptors
(scheme iii). Although the precise mechanism of lipid action is unclear, it
is possible that both neutral and anionic lipids exert their effects on
nAChR structure and function through modulations in the fluidity of the
lipid membrane surrounding the receptor.
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structure and function by modulating the fluidity of the lipid membrane surrounding the

receptor.

Note that the results of this study also reveal that those vibrational bands within
the Carb-difference spectrum near 1663, 1655, 1547, 1430 and 1059 cm™ reflect
structural changes in the nAChR that arise due to the conformational transition from the
resting to the desensitized state (the 1740 cm™ band is not included since it may represent
a change in the structure of an nAChR-bound phospholipid). This, in turn, suggests that
the remaining bands in the Carb-difference spectrum that have not been previously
assigned to the vibrations of nAChR-bound Carb (see Chapter 2, Figure 2.10), must
reflect structural changes in individual residues within the neurotransmitter binding sites

that occur as a result of specific Carb-nAChR interactions.
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CHAPTER 4

EFFECTS OF MEMBRANE LIPID COMPOSITION ON THE
CONFORMATIONAL EQUILIBRIUM OF THE NICOTINIC
ACETYLCHOLINE RECEPTOR
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INTRODUCTION

Initial studies focussing on the effects of membrane lipid composition on the
structure and function of the nAChR suggested that the receptor required the presence of
both Chol and DOPA within its membrane environment in order to retain the ability to
both conduct cations and undergo agonist-induced desensitization (142, 148). This
functional requirement of the nAChR for both Chol and DOPA was attributed to both the
formation of a lipid bilayer with optimal membrane fluidity and a specific structural
requirement of the nAChR for each lipid. The latter was proposed to result from the
binding of Chol and DOPA to distinct sites on the nAChR with the consequent formation

of specific secondary structural features (147-150).

Subsequent work, however, has led to contradictory conclusions regarding the
additional lipids that are required within the nAChR’s membrane environment for the
receptor to adopt a fully functional resting conformation. Based on chemical-labeling and
o-btx rate-binding studies, McCarthy and Moore (143) proposed that anionic lipids, such
as DOPA, are sufficient within an EPC membrane to stabilize the nAChR in a functional
resting conformation. Their work also found that when reconstituted into membranes
composed of either EPC/Chol or EPC alone, the nAChR adopts a predominantly
desensitized conformation. In contrast, the binding kinetics of the structurally-sensitive
fluorescent probe, ethidium bromide, led Rankin e al. (167) to suggest that mixtures of
dioleoylphosphatidylcholine (DOPC)/Chol support a functional nAChR whereas in either

DOPC/DOPA or DOPC alone, the nAChR is essentially ‘locked’ in the resting
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conformation. Carb-difference spectra are consistent with the data of McCarthy and
Moore (143) in that they suggest that the nAChR in EPC alone is desensitized. Contrary
to both studies, however, Carb-difference spectra also show that the presence of small
amounts of either neutral (Chol or squalene) or anionic (DOPA or DOPS) lipids in an
EPC membrane is sufficient to stabilize a fraction of the nAChRs in a functional resting
conformation that is capable of undergoing agonist-induced desensitization. This led to
the proposal that lipids modulate the relative number of nAChRs in the resting and
desensitized states in the absence of agonist. The apparent ability of a variety of
structurally diverse neutral and anionic lipids to modulate the equilibrium between the
resting and desensitized states suggested further that lipids influence the conformational
equilibrium of the nAChR through an indirect effect on some physical property of the

membrane.

The contradictory conclusions in the literature regarding the specific lipid
requirements of the nAChR may reflect a variety of factors including the fact that the
functional status of the receptor in most studies has been assessed in reconstituted DOPC
or EPC membranes with the additional lipid of interest found at only a single molar
percentage of the total membrane lipids (usually 25% or less). In many cases, the
functional data have also been interpreted in terms of the stabilization of either a fully
functional resting or a non-functional desensitized conformation. Both approaches,
however, ignore the possibility that lipids modulate the equilibrium between different,

and as yet unidentified, conformational states. The relative level of a given lipid in a
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reconstituted phosphatidylcholine membrane may be an important factor in determining
the relative percentage of nAChRs stabilized in a functional conformation and/or the

kinetics of the nAChR conformational change.

To both gain a more conclusive picture of the specific lipid requirements of the
nAChR and to test the above noted hypothesis regarding a lipid-dependent modulation of
the conformational equilibrium of the receptor, the objective of this study was to examine
the ability of the nAChR to undergo the agonist-induced resting-to-desensitized
conformational transition in EPC membranes with varying levels of either DOPA or
Chol. The results indicate that increasing levels of either lipid in an EPC membrane
increasingly stabilizes a larger proportion of nAChRs in a conformation(s) that is(are)
capable of undergoing agonist-induced desensitization. However, only high levels of
DOPA were found to stabilize a structure of the nAChR that is fully equivalent to that
found in native and EPC/DOPA/Chol membranes. This suggests that the presence of
either DOPA or Chol in a reconstituted EPC membrane can influence the equilibrium
between the resting and desensitized states, but that anionic lipids are required for the

nAChR to adopt a fully functional resting conformation.

EXPERIMENTAL PROCEDURES

NACHR Affinity Purification, Reconstitution and FTIR Difference Spectroscopy.

For a detailed description, see Chapter 3, Experimental Procedures.
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3¢y -Acetylcholine. [PCJ-ACh was synthesized from choline bromide and
['*C)-acetylchloride and purified according to Damle et al. (82). The infrared spectrum
of the synthesized ['*C]-ACh was superimposable on a similar spectrum of commercially

available ['*C]-ACh (168, 169).

RESULTS

Carb-difference spectra recorded from affinity purified nAChR reconstituted into
membranes composed of EPC/DOPA/Chol (3:1:1), a membrane that gives rise to a strong
Carb-induced cation flux, are similar to those recorded from the nAChR in native
membranes and thus illustrate the pattern of difference bands expected for a functional
receptor (Figures 4.1A, top trace and 4.1B, scheme i) (142, 155). Carb-difference spectra
recorded from the nAChR reconstituted into EPC membranes lacking both neutral and
anionic lipids are similar, but exhibit a number of band intensity variations (Figure 4.1A,
middle trace). These variations reflect subtle lipid-induced alterations in the structure
and/or environment of individual residues within the nAChR and include a marked
decrease in the intensity of five positive bands centered near 1663, 1655, 1547, 1430 and

1059 cm™* (the variation in band intensity near 1740 cm’! is discussed below).

While the individual bands in the Carb-difference spectra remain to be assigned to
specific residues, it is significant that the above noted changes in intensity are all

observed in Carb-difference spectra recorded from the nAChR in EPC/DOPA/Chol, but
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Figure 4.1

(A) A comparison of Carb-difference spectra recorded from the nAChR
reconstituted into membranes composed of EPC/DOPA/Chol (3:1:1), EPC
and EPC/DOPA/Chol (3:1:1), but while continuously maintaining the
receptor in contact with 200 uM dibucaine. In the latter spectrum, the
appearance of negative band intensity and/or a reduction in positive band
intensity due to the displacement of dibucaine from the neurotransmitter
binding sites upon the addition of Carb is denoted by a d. The red dashed
lines identify those vibrational bands that are believed to reflect alterations
in nAChR structure due to the transition from the resting to the
desensitized state. (B) A typical Carb-difference spectrum exhibits
vibrational bands that reflect the structural changes that occur in the
nAChR as a result of Carb binding and subsequent transition from the
resting to the desensitized state (scheme i). If the nAChR is maintained in
the desensitized state prior to the addition of Carb by either a local
anesthetic or reconstitution into a membrane composed solely of EPC
(shown here), then the Carb-difference spectrum reflects mainly those
vibrational changes associated with the formation of specific physical
interactions between Carb and the nAChR (scheme ii). Note, however,
that in both cases (schemes i and ii), positive bands due to the vibrations
of nAChR-bound Carb are observed (denoted by a c in the top trace)
(129).
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while continuously maintaining the receptor in contact with the desensitizing local
anesthetic, dibucaine (Figure 4.1A, bottom trace). This suggests that the five noted
positive Carb-difference bands reflect changes in vibrational intensity that occur as a
consequence of the resting-to-desensitized conformational transition itself (170). The
absence of these five bands in Carb-difference spectra recorded from the nAChR
reconstituted into EPC membranes indicates that within this membrane environment, the
receptor does not undergo the resting-to-desensitized conformational transition upon the
binding of Carb (Figure 4.1B, scheme ii). This result is consistent with photoaffinity
labeling studies, which show that the nAChR in EPC is stabilized in the desensitized state

(143).

In addition to the marked band intensity variations discussed above, more subtle
lipid-sensitive spectral changes may occur in the regions between 1750 and 1700 cm™,
1580 and 1520 cm™', and 1400 and 1100 cm™. Variations in band intensity in the 1700 to
1750 cm' region are difficult to monitor due to the overlapping Carb vibration near 1720
cm’' (Figure 4.2A). To circumvent this problem, difference spectra were recorded using
isotopically-labeled ACh ((**C]-label on the carbonyl carbon) instead of Carb to induce
the resting-to-desensitized conformational transition. The resulting ['*C]-ACh-difference
spectra exhibit a clear window in the 1750 to 1700 cm™ region for viewing underlying
protein and/or lipid vibrations (Figure 4.2B). ['*C]-ACh-difference spectra recorded from
the nAChR in EPC/DOPA/Chol exhibit both a weak negative and positive band centered

near 1740 and 1720 cm’, respectively, that could reflect changes in the vibrational
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Figure 4.2

A comparison of difference spectra recorded from the nAChR using either
Carb or [“C]-ACh to induce the resting-to-desensitized conformational
transition. In panel (A), a small region of a Carb-difference spectrum
recorded from the nAChR reconstituted into EPC/DOPA/Chol (3:1:1) is
compared to the solution absorbance spectrum of Carb. As can be seen,
the possible presence of lipid and/or protein vibrational bands within this
region is masked due to the overlapping carbonyl stretching vibration of
Carb. In panel (B), the same region of a ['3C]-ACh-difference spectrum
recorded from the nAChR reconstituted into EPC/DOPA/Chol (3:1:1) is
compared to the solution absorbance spectrum of [*C]-ACh. Isotopically
labelling the carbonyl carbon (‘*)C=0) of ACh shifts the carbonyl
stretching frequency down to near 1695 cm’, thereby allowing a clear
window into the 1740-1720 cm'* region of the difference spectrum. Panel
(C) compares [“C]-ACh-difference spectra recorded from the nAChR
reconstituted into membranes composed of EPC/DOPA/Chol (3:1:1),
EPC/DOPA (3:2), EPC/Chol (3:2), and EPC.
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intensity and/or frequency of either a protonated carboxyl or a lipid ester carbonyl (Figure
4.2C, top trace). Note that the 1740 cm™ vibration is absent in ['*C]-ACh-difference
spectra recorded from the nAChR reconstituted into EPC membranes (Figure 4.2C,

bottom trace).

Potential variations in intensity between 1520 and 1580 cm™ and between 1400
and 1100 cm™ are difficult to assess due to the possibility of temperature-sensitive
baseline fluctuations that can occur in these regions and/or the relatively weak intensity of
the Carb-difference bands. A comparison of potential spectral changes in these regions
with those observed in Carb-difference spectra recorded in the presence of the
desensitizing local anesthetic, dibucaine, are also complicated since negative vibrational
bands due to the Carb-induced displacement of dibucaine from the neurotransmitter
binding sites appear in the latter spectra (identified by a d in Figure 4.1A, bottom trace).
[t is thus difficult to assess both whether or not these spectral changes are present and, if
present, whether the putative spectral changes are associated with the resting-to-
desensitized conformational change. Further discussion will, therefore, focus mainly on

the six lipid-sensitive bands near 1740, 1663, 1655, 1547, 1430 and 1059 cm™.

Increasing Levels of DOPA in EPC membranes. Carb-difference spectra recorded
from the nAChR reconstituted into EPC membranes with increasing molar proportions of
the anionic lipid DOPA exhibit a DOPA-dependent increase in positive intensity at the
five noted conformationally sensitive band frequencies centered near 1663, 1655, 1547,

1430 and 1059 cm™ (Figure 4.3). In general, the increase in intensity at these five
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Figure 4.3

Selected regions of Carb-difference spectra recorded from the nAChR
reconstituted into EPC membranes with increasing levels of DOPA. The
molar ratio of EPC to DOPA is shown in parentheses. The top trace in
each panel is a Carb-difference spectrum recorded from the nAChR
reconstituted into EPC/DOPA/Chol (3:1:1) membranes.
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frequencies is modest at low levels of DOPA [up to the EPC/DOPA molar ratio of (3:1)]
whereas in EPC/DOPA at both the (3:2) and (1:1) molar ratios, the intensity of these
bands approach those observed in Carb-difference spectra recorded from the nAChR in
EPC/DOPA/Chol. In addition, {'*C]-ACh-difference spectra recorded from the nAChR
in EPC/DOPA (3:2) exhibit a relatively strong negative and positive band near 1740 and
1720 cm™, respectively (Figure 4.2C). The difference spectra thus indicate that the
nAChR in EPC/DOPA at both the (3:2) and (1:1) molar ratios recovers its ability to
undergo the resting-to-desensitized conformational transition and thus must be stabilized
predominantly in a functional resting conformation. In terms of the FTIR difference
technique, high levels of DOPA in an EPC membrane appear to be sufficient to stabilize
the nAChR in a functional resting conformation that is equivalent to that found in

EPC/DOPA/Chol, even in the absence of Chol.

Assuming that the nAChR in EPC membranes is stabilized in the desensitized
state (see Discussion), the above data is consistent with a gradual shift in the
conformational equilibrium of the receptor towards the resting state with increasing levels
of DOPA. Closer examination of the data, however, reveals that the effects of DOPA
may be more complex than the modulation of a simple two state conformational
equilibrium. Carb-difference spectra recorded from the nAChR in both EPC/DOPA (3:1)
and (9:1) membranes exhibit large positive intensity near 1655 and 1547 cm™ relative to
the intensity of the bands in Carb-difference spectra recorded from the nAChR in EPC

(Figures 4.3 and 4.4A). In contrast, the intensity of the two vibrations near 1663 and
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Figure 4.4

A comparison of Carb-difference spectra recorded from the nAChR
reconstituted into (A) EPC/DOPA/Chol (3:1:1), EPC/DOPA (3:1), and
EPC and (B) EPC/DOPA/Chol (3:1:1), EPC/Chol (3:1), and EPC. A
multiple-point baseline correction was performed on all spectra to reduce
subtle baseline fluctuations and thus allow superimposition of the spectra.
The baseline corrections, however, do not have a substantial effect on the
relative intensity of the bands as can be seen by comparing the spectra
presented here with those that were not muitiple-point baseline corrected
in Figures 4.3 and 4.5.
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1059 cm’ remain weak and are similar to the intensity of the two bands in Carb-
difference spectra recorded from the nAChR in EPC membranes completely lacking
DOPA. This pattern of band intensity variations suggests that a large percentage of the
conformationally-sensitive residues in the nAChR that contribute intensity to the Carb-
difference bands near 1655 and 1547 cm™ adopt a resting-like conformation in
EPC/DOPA (3:1) while the majority of the residues that contribute intensity to the Carb-
difference bands near 1663 and 1059 cm™ adopt a desensitized-like conformation. The
EPC/DOPA (9:1) and (3:1) membranes thus appear to stabilize a conformation that is a

structural intermediate between the resting and desensitized states.

Increasing Levels of Chol in EPC membranes. Carb-difference spectra recorded
from the nAChR reconstituted into EPC membranes with increasing proportions of the
neutral lipid Chol arc similar to those recorded from the nAChR in EPC membranes with
increasing levels of DOPA. There is a Chol-dependent increase in the intensity of four of
the five noted conformationally-sensitive bands near 1663, 1655, 1547 and 1430 cm
(Figure 4.5). The intensity of these four bands in the Carb-difference spectra recorded
from the nAChR in EPC/Chol (3:2) approach the intensity of those recorded from the
nAChR in EPC/DOPA/Chol suggesting that the nAChR has, for the most part, adopted a
resting-like conformation. An EPC/Chol (3:1) membrane also appears to stabilize a
conformational intermediate between the resting and desensitized states as indicated by
the relatively large positive intensity near 1655 and 1547 cm™ versus the relatively weak

intensity near 1663 and 1059 cm’ (Figures 4.5 and 4.4B). There are, however, subtle
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Figure 4.5

Selected regions of Carb-difference spectra recorded from the nAChR
reconstituted into EPC membranes with increasing levels of Chol. The
molar ratio of EPC to Chol is shown in parentheses. The top trace in each
panel is a Carb-difference spectrum recorded from the nAChR
reconstituted into EPC/DOPA/Chol (3:1:1) membranes.
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variations between the Carb-difference spectra recorded in the presence of increasing
proportions of DOPA and Chol that suggest differences in the ability of these two lipids

to modulate the conformational equilibrium of the nAChR.

First, at equivalent levels of either DOPA or Chol in the EPC membranes, the
presence of DOPA leads to a greater recovery in the intensity of the conformationally-
sensitive bands near 1663, 1655, 1547, 1430 and 1059 cm™ implying that DOPA is
slightly more effective at shifting the equilibrium towards the resting conformation (as an
example, compare panels A and B in Figure 4.4)). This result is in agreement with the
labeling studies of McCarthy and Moore (143), which suggest that the nAChR in
EPC/Chol (3:1) is predominantly in the desensitized state whereas in EPC/DOPA (3:1) it

is predominantly in the resting conformation.

Second, increasing proportions of Chol have weak, if any, effect on the intensity
of the Carb-difference band centered near 1059 cm™ (Figure 4.5, right panel). At all
levels of Chol, the intensity near 1059 cm™ remains essentially the same as the intensity
of the band in Carb-difference spectra recorded from the nAChR in EPC alone. In
contrast, the intensity of this band doubles in difference spectra recorded from the nAChR
in either EPC/DOPA/Chol, EPC/DOPA (3:2), or EPC/DOPA (1:1) (Figure 4.3, right
panel). The presence of Chol also does not lead to ['*C)-ACh-difference spectra with
comparable negative intensity near 1740 cm™ to that observed in spectra recorded from
the nAChR in both EPC/DOPA/Chol and EPC/DOPA (3:2) (Figure 4.2C). The lack of

an effect of Chol on the intensity of these two vibrations may indicate that there are subtle
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structural differences between the nAChR in EPC membranes either with or without

anionic lipids (see Discussion).

Finally, Carb-difference spectra recorded from the nAChR reconstituted into
EPC/Chol (1:1) are similar to those recorded from the nAChR in EPC/Chol (3:1) (Figure
4.5). In other words, the pattern of increasing intensity at each of the conformationally-
sensitive Carb-difference bands near 1663, 1655, 1547, and 1430 cm™ with increasing
Chol is reversed at very high levels of Chol. This reversal in the pattern of the band
intensity variations suggests that the ability of Chol to stabilize the nAChR in a resting-
like conformation is weakened at very high levels of Chol. A similar reversal in trend is
observed with the peptide 'H/°H exchange kinetics of the nAChR upon reconstitution into

EPC membranes with increasing levels of Chol (171).

DISCUSSION

The main goal of this work was to further investigate the structural requirement of
the nAChR for both neutral and anionic lipids. Previously, it was shown that Carb-
difference spectra recorded from the nAChR reveal several positive and negative
vibrational bands, near 1663, 1655, 1547, 1430 and 1059 cm™, that serve as markers of
the ability of the nAChR to undergo the resting-to-desensitized conformational transition.
Significantly, these bands are absent in Carb-difference spectra recorded from the nAChR

reconstituted into EPC membranes suggesting that the absence of both neutral and
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anionic lipids leads to a receptor that is incapable of undergoing agonist-induced
desensitization. In contrast, these bands are present with increasing intensity in Carb-
difference spectra recorded from the nAChR reconstituted into EPC membranes with
increasing levels of either DOPA or Chol. Both DOPA and Chol can thus individuaily
influence the ability of the nAChR to undergo the resting-to-desensitized conformational
transition in response to the binding of Carb. The level of either Chol or DOPA in the
reconstituted membrane, however, is a critical factor in determining the efficacy of that

lipid in stabilizing a ‘functional’ (i.e. resting state) receptor.

The variations in the intensity of vibrational bands observed in Carb-difference
spectra recorded from the nAChR reconstituted into EPC membranes with increasing
levels of either DOPA or Chol suggest several features regarding the mechanisms of lipid
action at the nAChR. These features have been incorporated into a speculative model
presented in Figure 4.6. The basic tenet of this model is that in the absence of agonist,
lipid composition influences the conformational equilibrium of the nAChR between the
resting and desensitized states through an indirect effect on some physical property of the
lipid membrane, possibly bulk membrane fluidity. The model also proposes that anionic
lipids, in addition to proper membrane fluidity, are required in order to stabilize a fully

functional nAChR. The model is based on the following observations and arguments.

1) The postulate that lipid composition influences the conformational equilibrium
of the nAChR is based on the observation that the receptor in EPC alone is incapable of

undergoing the Carb-induced conformational change whereas in the presence of
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Figure 4.6

A speculative model illustrating the effects of lipid composition on the
conformational equilibrium of the nAChR. The model proposes that
within a relatively fluid membrane, such as that formed by either EPC or
DOPC, the nAChR is stabilized predominantly in the desensitized state. A
decrease in fluidity, such as that found with increasing levels of either
DOPA or Chol, leads initially to a shift in the nAChR into a conformation
that is a structural intermediate between the resting and desensitized states,
and then finally into the resting state. Anionic lipids such as DOPA,
however, are required for the nAChR to adopt a fully functional resting
conformation. In the absence of anionic lipids, the results suggest that the
nAChR adopts a conformation similar to either the resting, intermediate,
or desensitized states, as dictated by the membrane fluidity, but one that
has an unidentified subtle structural difference. These putative
conformational states are referred to as pseudo-resting, pseudo-
intermediate, and pseudo-desensitized.
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increasing levels of either DOPA or Chol, an increasing number of receptors regain the
ability to undergo Carb-induced desensitization. The stabilization of the desensitized
state in EPC, as suggested by the model, accounts for the observation that the nAChR is
incapable of undergoing the Carb-induced conformational change. In addition, a shift in
the resting-to-desensitized conformational equilibrium towards the resting state with
increasing levels of either DOPA or Chol accounts for the increasing numbers of
receptors that undergo Carb-induced desensitization. Note, however, that the data is also
consistent with a locked resting conformation in EPC that is not responsive to Carb

binding, as is suggested by Rankin et al. (167). The model does not favour the latter

interpretation for two reasons.

First, the photoaffinity labeling pattern of the nAChR in EPC membranes by the
conformationally sensitive probe ['*I]-TID is similar to that observed for the nAChR in
both native and EPC/DOPA/Chol membranes after pre-exposure to Carb and thus
receptor desensitization (143). These labeling experiments demonstrate that the nAChR
in EPC alone is not locked in the resting state. Second, Rankin er al. (167) suggest that
lipid composition has no effect on the conformational equilibrium of the nAChR. In the
absence of a change in the relative populations of the nAChR found in either the resting
or desensitized state, the nAChR can only be locked in the resting conformation in EPC if
the activation energies between the resting and all other conformational states are so high
that the kinetics of gating and desensitization become infinitely slow. In such a model,

conformational transitions could occur on a biological time scale in the presence of Chol
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and DOPA if each lipid lowers the activation energies between conformational states. A
lowering of activation energies could arise from either the formation of specific physical
interactions between each lipid and the nAChR, in a manner similar to that by which
enzymes interact with substrates to lower activation energies and enhance reaction rates,
or by a non-specific effect on some bulk property of the membrane. A mechanism
involving the formation of specific interactions between either Chol or DOPA and the
nAChR, however, is unlikely given the diverse structures of these two lipids as well as
the generally ‘loose’ structural requirements of the nAChR for neutral and anionic lipids
(see below). A change in some bulk property of the lipid membrane leading to lower
activation energies is also unlikely since a gradual change in this bulk property with
increasing levels of either DOPA or Chol would lead to a gradual change in activation
energies and thus a gradual shift in the rates of transitions between the resting and other
conformational states. The data presented by Rankin er al. (167), however, suggest that
the number of nAChRs capable of undergoing Carb-induced conformational change, not
the rates of the conformational changes themselves, are influenced by lipid composition.
An effect of DOPA and Chol on the activation energies between the various
conformational states of the nAChR, therefore, seems unlikely. Consequently, the
nAChR cannot be locked in the resting state in EPC membranes. The most plausible
interpretation of the data is thus in terms of a lipid-dependent modulation of the number

of receptors present in the resting and desensitized states in the absence of bound agonist.
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2) A second postulate of the model is that lipids influence the conformational
equilibrium of the nAChR through a non-specific effect on some bulk property of the
membrane. This postulate is based on several observations including those discussed in
Chapter 3, where the addition of either Chol, DOPA, DOPS, or squalene to reconstituted
EPC membranes was shown to influence the conformational equilibrium of the nAChR.
Sunshine and McNamee (145) have also shown that mixtures of a variety of diverse
neutral and anionic lipids are capable of substituting for DOPA and Chol in supporting a
functional nAChR. In addition, Chol covalently-linked to a phospholipid in the bulk lipid
is as effective as free Chol in stabilizing a conformationally-competent nAChR (172).
While specific Chol binding sites on the nAChR are often invoked to explain the ability
of Chol to enhance receptor activity, both the loose structural requirements of the nAChR
for neutral and anionic lipids and the lack of experimentally documented Chol binding
sites are suggestive of an indirect effect of lipids on bulk properties of the lipid

membrane.

Consequently, as shown in Figure 4.6, the model proposes that both Chol and
DOPA modulate the conformational equilibrium of the nAChR by influencing the bulk
membrane fluidity. It is well documented that the presence of Chol in a membrane,
including reconstituted membranes containing the nAChR, leads to an ordering of the
fatty acyl chains and thus a decrease in fluidity (150, 173). In addition, it is possible that
the very small head group of DOPA can lead to a lateral condensation of the lipid acyl

chains and thus an increased ordering of the lipid bilayer (162, 174). In support of the
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latter, it has been shown that increasing levels of DOPA in reconstituted EPC membranes
leads to a decrease in the proportion of lipid ester carbonyls that are hydrogen bonded to
water. This could represent a decreased penetration of water into the lipid head group

region of the bilayer as a result of a lateral condensation of the phospholipids (171).

Although a role for membrane fluidity in modulating nAChR function has
previously been suggested, molecular order parameters derived from fluorescent probe
studies of the receptor in reconstituted membranes are not consistent with a correlation
between bulk fluidity and function (145). However, a single order parameter describing
the amplitudes of motion of a rigid fluorescent probe in a lipid bilayer may not be
sufficient to accurately describe the complex motions and dynamics of the lipids
themselves and thus the so-called membrane fluidity. It may be necessary to describe the
rates and amplitudes for each type of lipid motion as well as other factors such as
diffusion rates, lipid flip-flop times, etc. More comprehensive studies aimed at
elucidating the role of membrane fluidity in modulating the conformational equilibria of

the nAChR are, therefore, required.

3) A third postulate of the model is that the nAChR requires the specific presence
of anionic lipids, in addition to the proper membrane fluidity noted above, in order to
adopt a fully functional resting conformation. This postulate is based on the observation
that Carb-difference spectra recorded from the nAChR in membranes containing high
levels of DOPA are essentially equivalent to those recorded from the nAChR in

functional EPC/DOPA/Chol and native membranes whereas Carb-difference spectra
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recorded from the nAChR in EPC membranes with high levels of Chol are not.
Specifically, Carb-difference spectra recorded from the nAChR in EPC/Chol (3:2) do not
exhibit the same band intensity near 1740 and 1059 cm™ that are observed in Carb-
difference spectra recorded from the nAChR in either EPC/DOPA/Chol, EPC/DOPA
(3:2), or EPC/DOPA (l:1) membranes. Although the significance of these subtle
vibrational differences remains to be established, they could indicate that certain residues
in the nAChR are not found in a fully functional resting conformation in the absence of
anionic lipids. The preliminary evidence presented here suggests that subtle variations in
the Carb-difference spectra recorded from the nAChR in EPC membranes either with or
without DOPA may correlate with functional consequences for the nAChR. As a result,
the resting and desensitized conformations of the nAChR stabilized in the absence of
anionic lipids are tentatively referred to as pseudo-resting and pseudo-desensitized states,

respectively (Figure 4.6)

The observed ability of EPC/DOPA membranes to support a functional nAChR is
consistent with the work of McCarthy and Moore (143), who showed that the nAChR in
EPC/DOPA (3:1) membranes is capable of undergoing agonist-induced conformational
change. Although usually treated as non-functional, the nAChR in DOPC/DOPA (3:1)
does exhibit a small cation flux in response to the binding of Carb (141, 145). In contrast
to the data presented here, most recent studies have concluded that the nAChR has an
absolute structural requirement for Chol. However, studies designed to test the functional

state of the nAChR in the presence of anionic lipids have always assayed receptor
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function in DOPC membranes with the anionic lipid of interest at a level of 25% or less
of the total lipids. Carb-difference spectra suggest that only a small proportion of the
nAChRs in EPC membranes containing 25% or less DOPA are stabilized in the
functional resting state, consistent with the low cation flux observed in similar
membranes. It may also be that the DOPC/DOPA mixtures used by others are slightly
more fluid than the EPC/DOPA mixtures used here (DOPC has two unsaturated oleoyl
chains whereas EPC has predominantly one), which may lead to a greater proportion of
the nAChRs in the non-functional desensitized state. It is interesting to note that while
the nAChR in DOPC/Chol mixtures does not flux cations, it does in neutral lipid-
depleted asolectin supplemented with Chol (150). This latter study concluded that a
component other than Chol is critical for the nAChR to adopt the functional resting state.
Carb-difference spectra suggest that the high levels of Chol in both of these membranes
may provide a proper fluidity and that the missing component in the DOPC/Chol
mixtures may be an anionic lipid, such as DOPA. The specific mechanism by which

anionic lipids alone influence nAChR conformation, however, remains to be established.

4) The final postulate of the model is that lipids influence the conformational
equilibrium of the nAChR between more than a single resting (or pseudo-resting) and a
single desensitized (or pseudo-desensitized) state. This postulate is based on the
observation that Carb-difference spectra recorded from the nAChR in EPC/DOPA (3:1)
and EPC/Chol (3:1) membranes exhibit a pattern of bands that is suggestive of the

stabilization of the nAChR in a conformation that is a structural intermediate between the
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resting and desensitized states. Specifically, the spectra recorded from the nAChR in
both membranes exhibit intensities of the conformationally-sensitive vibrational bands
near 1663 and 1059 cm™ that are similar to those observed in Carb-difference spectra
recorded from the nAChR in EPC membranes alone while the intensities near 1655 and
1547 cm™ are closer to those found in Carb-difference spectra recorded from the nAChR
in EPC/DOPA/Chol. At these low levels of either anionic or neutral lipids, some residues
within the nAChR appear to adopt a desensitized-like conformation while others appear
to adopt a resting-like conformation. Lipids may, therefore, influence the equilibrium
between at least three different conformational states of the nAChR: resting, intermediate

and desensitized (Figure 4.6).

The results of this study illustrate the potential complexity of the mechanisms by
which lipids influence nAChR function. These complexities have been incorporated into
the speculative model presented in Figure 4.6, which accounts for many observations in
the literature regarding the effects of lipids on nAChR function. This model presents
clear hypotheses that can be tested with definitive experiments. To fully understand the
mechanisms of lipid-protein interactions at the nAChR, however, comprehensive studies
of the effects of lipids on nAChR structure and function in conjunction with detailed
characterizations of the physical properties of reconstituted nAChR membranes are

required.
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CONCLUSIONS

In this study, the nAChR was reconstituted into EPC membranes with increasing
levels of either DOPA or Chol. Increasing levels of either lipid increasingly stabilize the
nAChR in a conformation(s) that is/are capable of undergoing agonist-induced
desensitization, although only DOPA stabilizes the receptor in what appears to be the
fully functional resting state. The results have been interpreted in terms of a speculative
model that describes the mechanisms by which lipids influence nAChR function. This
model suggests that membrane fluidity or some other bulk property of the membrane
modulates the conformational equilibrium of the nAChR between the resting and
desensitized states. A membrane with a relatively low fluidity may be required to
stabilize the nAChR in the functional resting conformation whereas a relatively fluid
membrane may lead to the stabilization of the desensitized state. At least one
conformational intermediate between the resting and desensitized states also likely exists.
Finally, the model suggests that in addition to an indirect effect of lipids via the bulk
fluidity, the nAChR requires anionic lipids, such as DOPA, to adopt a fully functional
resting conformation. This specific requirement for anionic lipids could result from
either the binding to a distinct site on the nAChR or a less specific effect of charge on

nAChR conformation.
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CHAPTER §

STRUCTURAL CONSEQUENCES OF LOCAL ANESTHETIC BINDING
TO THE NICOTINIC ACETYLCHOLINE RECEPTOR
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INTRODUCTION

The molecular mechanisms of anesthetic action have been the subject of intensive
investigations for over a century. While initial studies attempted to explain
phenomenological aspects of anesthesia, such as the correlation between lipid solubility
and anesthetic potency, recent work has focused on defining the interactions between
anesthetics and specific integral membrane proteins involved in the generation and
propagation of action potentials (175). The nAChR is a well characterized component of
the postsynaptic membrane that has been used extensively as a model for probing the
molecular details of both local and general anesthesia (69, 115, 176). In the absence of
high resolution structural information, however, the precise mechanisms of anesthetic

action at the nAChR remain unclear.

Within its native membrane, the nAChR exists within an equilibrium between at
least two distinct conformations, a channel-competent resting and channel-inactive
desensitized state, that can be distinguished pharmacologically by their relative affinities
for agonists such as ACh and Carb. In the absence of agonist, this equilibrium heavily
favours the low affinity resting state with only approximately 20% of the receptors
adopting the high affinity desensitized state (178). Although the mechanism of general
anesthetic action at the nAChR has yet to be fully elucidated, the current model of local
anesthetic action suggests that they modulate receptor structure and function by binding
to a distinct allosteric non-competitive blocker site located within the receptor’s ion

channel pore. For the most part, the binding of local anesthetic to this site both sterically
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blocks the ability of the nAChR to conduct cations across the membrane and stabilizes
the receptor in a high affinity ACh binding conformation that has been presumed to be
analogous to the aganist-induced desensitized state (158, 177). Consequently, it has been
proposed that such ‘desensitizing’ local anesthetics shift the conformational equilibrium
of the nAChR towards a predominantly desensitized population of receptors (178). Other
local anesthetics compete for binding to the same non-competitive blocker site but either
have no effect on the affinity of the nAChR for agonist or stabilize a low affinity ACh
binding conformation, the latter effect being presumably a consequence of a shift in the
conformational equilibrium towards the resting state (178). Some local anesthetics a'so
bind to the receptor’s two neurotransmitter binding sites as well as to a large number of
low affinity sites located at the protein-lipid interface, although the functional

consequences of these interactions remain poorly understood (179).

The objective of this study was to exploit the structural sensitivity of FTIR
difference spectroscopy to gain insight into the molecular details of local anesthetic action
at the nAChR. The results suggest that in the absence of agonist and local anesthetic, the
nAChR exists within an equilibrium between at least three distinct conformations:
resting, desensitized and a novel intermediate state. At low concentrations of
desensitizing local anesthetics, where binding occurs predominantly to the non-
competitive blocker site, the conformational equilibrium of the nAChR is shifted towards
the intermediate state. In contrast, low concentrations of the local anesthetic tetracaine,

which stabilize the nAChR in a low affinity binding conformation, suggest a shift in the
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conformational equilibrium towards the resting state. Regardless of the conformation
stabilized by local anesthetic binding to the non-competitive blocker site, however, the
additional binding of local anesthetic to the neurotransmitter binding sites stabilizes the
nAChR in a conformation that is analogous to the agonist-induced desensitized state.
The results also shed light on the nature of the physical interactions that occur between

local anesthetics and individual neurotransmitter binding site residues.

EXPERIMENTAL PROCEDURES

NAChR Affinity Purification, Reconstitution and FTIR Difference Spectroscopy.

For a detailed description, see Chapter 3, Experimental Procedures.

Local Anesthetic Solution Spectra. The absorbance spectra of dibucaine,
prilocaine, lidocaine and tetracaine in Torpedo Ringer buffer (pH 7.0) were each recorded
using the ATR technique. Each spectrum is an average of 250 scans acquired at a

resolution of 2 cm™. The overlapping absorbance bands of the buffer were subtracted.

RESULTS

Carb-difference spectra recorded from the nAChR reconstituted into membranes
composed of EPC/DOPA/Chol (3:1:1) exhibit a highly reproducible pattern of positive

and negative bands that provides a spectral map of the structural changes that occur
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within the receptor upon Carb binding and subsequent desensitization (Figure 5.1,
scheme ii) (127-129). In particular, the difference bands represent vibrational changes
associated with both the resting-to-desensitized conformational transition and the
formation of physical interactions (i.e. hydrogen bonds, cation-mt-electron interactions,
etc...) between Carb and individual neurotransmitter binding site residues. Positive
bands are also observed in the Carb-difference spectrum that reflect the vibrations of
distinct functional groups within nAChR-bound Carb (denoted by a ¢ in Figure 5.2, top

trace).

The difference between infrared spectra recorded from the nAChR in the presence
and absence of a local anesthetic should similarly exhibit spectral features that are
indicative of local anesthetic-induced conformational change. In most cases, however,
these features are masked by relatively large intensity variations that result from the local
anesthetic partitioning into, and a resulting expansion of, the nAChR film on the surface
of the germanium IRE (data not shown). An alternate approach for monitoring local
anesthetic-induced conformational change is to record typical Carb-difference spectra
while maintaining the nAChR in the continuous presence of a given concentration of
local anesthetic (Figure 5.1, schemes iii and iv). Variations in the pattern of bands in
Carb-difference spectra recorded under these conditions should reflect local anesthetic-
induced variations in the structure of those residues that are involved in Carb binding and
subsequent desensitization. ~ As local anesthetics modulate the conformational

equilibrium between the resting and desensitized states and, in tum, influence the affinity
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Figure 5.1

Schematic diagram illustrating the conformational changes in the nAChR
probed in this study using FTIR difference spectroscopy. In the absence
of agonist, the nAChR exists within a conformational equilibrium between
at least two distinct conformations: a low affinity channel-competent
resting and a high affinity channel-inactive desensitized state (scheme i).
A typical Carb-difference spectrum reveals those structural variations that
exist between the resting and Carb-induced desensitized state (scheme ii).
In contrast, Carb-difference spectra recorded from the nAChR while
maintaining the receptor in contact with low concentrations of local
anesthetic should reveal local anesthetic-induced variations in the structure
of the nAChR that arise predominantly from the binding of the local
anesthetic to the non-competitive blocker site. For most local anesthetics,
binding to the non-competitive blocker site is thought to induce a shift in
the conformational equilibrium of the nAChR towards the desensitized
state (scheme iii). Some local anesthetics, however, are thought to instead
shift the equilibrium towards the resting state (scheme iv). Maintaining
the nAChR in contact with high concentrations of local anesthetic results
in the additional binding of the local anesthetic to the neurotransmitter
and/or low affinity sites located at the protein lipid interface. The
structural and functional consequences of local anesthetic binding to these
sites, however, have yet to be elucidated.
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Figure 5.2

A comparison of Carb-difference spectra recorded from affinity purified
nAChR reconstituted into membranes composed of EPC/DOPA/Chol
(3:1:1), but while continuously maintaining the receptor in contact with
increasing concentrations of the local anesthetic, dibucaine. The bottom
trace is an absorbance spectrum recorded from a 50 mM aqueous solution
of dibucaine (the overlapping absorbance bands of the buffer have been
subtracted). The red dashed lines identify dibucaine-induced variations in
the intensity of those five bands that are thought to reflect structural
changes in the nAChR associated with the resting-to-desensitized
conformational transition. The green dashed lines identify both a negative
and positive vibrational band thought to reflect specific interactions
between Carb and individual neurotransmitter binding site residues. The
blue dashed lines identify band intensity variations due to the Carb-
induced displacement of dibucaine from the nAChR. Positive bands
reflecting the vibrations of nAChR-bound Carb are denoted by a c (top
trace) (129).
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of the nAChR for Carb, such spectral variations should provide insight into the structural

basis of local anesthetic action at the nAChR.

Desensitizing Local Anesthetics. Carb-difference spectra recorded from the
nAChR reconstituted into EPC/DOPA/Chol (3:1:1) membranes, but while continuously
maintaining the receptor in contact with increasing concentrations of the desensitizing
local anesthetics dibucaine, prilocaine, or lidocaine exhibit variations in the intensity of a
number of positive and negative difference bands (Figures 5.2-5.4, red dashed lines).
Significantly, these band intensity variations occur over a range of concentrations
consistent with the known binding affinities of the local anesthetics for the non-
competitive blocker and/or neurotransmitter binding sites suggesting that they reflect
changes in nAChR structure that correlate with altered function (Table 5.1). The most
notable variations include a marked decrease in the intensity of five positive bands
centered near 1663, 1655, 1547, 1430 and 1059 cm™. The bands near 1663, 1655 and
1547 cm™ occur in either the amide I (1600-1700 cm™) or amide I (1520-1580 cm™)
region and thus likely reflect a change in the conformation of the nAChR’s polypeptide
backbone. The difference bands near 1430 and 1059 cm™, on the other hand, likely
reflect a change in the structure and/or environment surrounding individual amino acid
side chains. As all three local anesthetics stabilize a desensitized nAChR, they should
eliminate bands in the Carb-difference spectrum that result from the resting-to-
desensitized conformational transition itself. The loss of intensity at these five

frequencies thus likely reflects the formation of a desensitized nAChR. This possibility is
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Figure 5.3

A comparison of Carb-difference spectra recorded from affinity purified
nAChR reconstituted into membranes composed of EPC/DOPA/Chol
(3:1:1), but while continuously maintaining the receptor in contact with
increasing concentrations of the local anesthetic, prilocaine. The bottom
trace is an absorbance spectrum recorded from a 50 mM aqueous solution
of prilocaine (the overlapping absorbance bands of the buffer have been
subtracted). The red dashed lines identify prilocaine-induced variations in
the intensity of those five bands that are thought to reflect structural
changes in the nAChR associated with the resting-to-desensitized
conformational transition. The green dashed lines identify both a negative
and positive vibrational band thought to reflect specific interactions
between Carb and individual neurotransmitter binding site residues. The
blue dashed lines identify band intensity variations due to the Carb-
induced displacement of prilocaine from the nAChR. These latter
variations, however, are difficult to observe due to the extremely weak
intrinsic absorbance intensity of prilocaine.
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Figure 5.4

A comparison of Carb-difference spectra recorded from affinity purified
nAChR reconstituted into membranes composed of EPC/DOPA/Chol
(3:1:1), but while continuously maintaining the receptor in contact with
increasing concentrations of the local anesthetic, lidocaine. The bottom
trace is an absorbance spectrum recorded from a 50 mM aqueous solution
of lidocaine (the overlapping absorbance bands of the buffer have been
subtracted). The red dashed lines identify lidocaine-induced variations in
the intensity of those five bands that are thought to reflect structural
changes in the nAChR associated with the resting-to-desensitized
conformational transition. The green dashed lines identify both a negative
and positive vibrational band thought to reflect specific interactions
between Carb and individual neurotransmitter binding site residues. The
blue dashed lines identify band intensity variations due to the Carb-
induced displacement of lidocaine from the nAChR. These latter
variations, however, are difficult to observe due to the extremely weak
intrinsic absorbance intensity of lidocaine.
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Table 5.1

A comparison of both the binding affinities and conformational effects of
the studied local anesthetics at the non-competitive blocker and
neurotransmitter binding sites as determined by (A) various biochemical
methods and (B) FTIR difference spectroscopy. “Cs represents the
concentration of local anesthetic, in the absence of Carb, required to either
reduce the specific binding of [*H]perhydrohistrionicotoxin to the nAChR
(dibucaine, lidocaine and tetracaine) (156) or the concentration required to
cause half the maximal observed increase in the binding of a fluorescent
ACh analogue to the neurotransmitter binding sites (prilocaine) (180).
*Values presented in brackets represent the reported concentration of local
anesthetic required to cause a maximal increase in fluorescent agonist
binding to the neurotransmitter binding sites (180). Cs, represents the
concentration of local anesthetic required to reduce the initial rate of
[**Ia-btx (dibucaine, lidocaine and tetracaine) or [*H]a-toxin (prilocaine)
by 50% (156, 181). “C.., represents the concentration of local anesthetic
required to produce maximal changes in band intensity in the Carb-
difference spectra. Values or conformational effects that have yet to be
defined are identified by a question mark (?). D and R refer to the
desensitized and resting states, respectively. The local anesthetics
dibucaine, prilocaine and lidocaine are proposed to stabilize a novel
intermediate (I) conformation upon binding to the non-competitive blocker
site (see text).



A

Local Anesthetic Non-Competitive Blocker Site Neurotransmitter Binding Sites
Cso (uM)¢ Effect Cﬂ (uM)‘ Effect
dibucaine 80 D 56 ?
lidocaine 2500 (2000)° D 1100 ?
prilocaine 3000 (4000)° D 4500 ?
tetracaine 1.S R 800 ?
Local Anesthetic Non-Competitive Blocker Site Neurotransmitter Binding Sites
Conax (WMD)’ Effect Canas (WM’ Effect
dibucaine ? I 200 D
lidocaine 3000 I 10000 D
prilocaine 4000 I 10000 D
tetracaine 10 R 1000 D
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supported by the observation of similar band intensity changes in Carb-difference spectra
recorded from the nAChR reconstituted into EPC membranes where the nAChR is
incapable of undergoing agonist-induced conformational change and is thus presumed to
be stabilized in the desensitized conformation (see Chapter 4, Figure 4.1) (155). In
addition, the local anesthetic, tetracaine, which is thought to stabilize the nAChR in the
resting state, leads to an increase as opposed to a decrease in intensity at each of these

five frequencies (see below).

The loss in band intensity attributed to the formation of a desensitized nAChR
occurs for all three local anesthetics concomitant with the appearance of negative bands at
frequencies that correlate with the molecular vibrations of the local anesthetics
themselves. These negative features are clearly detected near 1600, 1405, 1337 and 1186
cm’ in the Carb-difference spectra recorded in the presence of dibucaine, but are only
detected upon superimposition of the Carb-difference spectra recorded in the presence
and absence of either prilocaine or lidocaine due to the extremely weak intrinsic
absorbance intensity of the latter two local anesthetics (Figures 5.2-5.4, blue dashed
lines). The appearance of negative local anesthetic bands indicates that the addition of
Carb leads to the displacement of each local anesthetic from the nAChR membrane film.
Carb does not bind to the ion channel pore at a concentration of 50 UM suggesting that
the negative bands do not reflect the competitive displacement of local anesthetics from
the non-competitive blocker site. The negative local anesthetic intensity cannot be due to

a Carb-induced allosteric displacement of the local anesthetics from the non-competitive
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blocker site since the reported affinities of all three local anesthetics are higher in the
presence of Carb (156, 159). Control Carb-difference spectra recorded from o-btx treated
nAChR membranes also indicate that the majority of the negative local anesthetic
intensity is neither due to direct Carb/local anesthetic competition at a previously
unidentified site distinct from the neurotransmitter and non-competitive blocker sites nor
a non-specific Carb-induced displacement of the local anesthetics from the lipid bilayer
(data not shown). The negative local anesthetic bands must, therefore, reflect the
competitive displacement of the local anesthetics from the neurotransmitter binding sites
upon the addition of Carb. This interpretation is consistent with the known binding of all
three local anesthetics to the neurotransmitter binding sites over the studied ranges of

local anesthetic concentration (Table 5.1).

The local anesthetics also have subtle effects on the intensity and possibly the
frequency of Carb-difference bands that cannot be attributed to either the displacement of
local anesthetics from the nAChR or an effect on the equilibrium between the resting and
desensitized states. In particular, dibucaine leads to a marked reduction in the intensity of
the negative and positive bands located near 1620 and 1516 cm™, respectively (Figure
5.2, green dashed lines). Lidocaine has a lesser effect on the intensity of both bands
whereas prilocaine has no influence on the intensity near 1620 cm™ but elicits a reduction
in intensity of the band centered near 1516 cm™ (Figures 5.3 and 5.4, green dashed lines).

Note that neither the presence of tetracaine (see below) nor reconstitution of the nAChR
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into EPC membranes, both of which influence the conformational status of the nAChR,

have marked effects on the intensity of either band (155).

Vibrational bands within the Carb-difference spectrum that are not due to either
the resting-to-desensitized conformational transition or the vibrations of nAChR-bound
Carb must reflect the formation of physical interactions between Carb and individual
neurotransmitter binding site residues. Although the band near 1620 cm™ has yet to be
assigned, the large downshift in the frequency of this band observed upon exposure of the
nAChR to *H,0O suggests that it reflects a side chain vibration (166). The vibration near
1516 cm™', however, is highly characteristic of a ring stretching vibration of tyrosine and
likely reflects an increase in vibrational intensity associated with the formation of cation-
tyrosine interactions between Carb and the nAChR (see Discussion). The local
anesthetic-induced decrease in intensity of the 1516 cm™ difference band suggests that
local anesthetics form similar cation-tyrosine interactions with the nAChR prior to the
addition of Carb. In addition, the variable effects of the three local anesthetics on the
intensity of these two bands could indicate subtle differences in the ability of the local

anesthetics to mimic the binding of Carb to the neurotransmitter binding sites.

The concomitant appearance of spectral variations that are suggestive of the
stabilization of a desensitized nAChR, the Carb-induced displacement of local anesthetics
from the neurotransmitter binding sites, and the formation of Carb-like physical
interactions between local anesthetics and neurotransmitter binding site residues implies

that the main ‘desensitizing’ effect of each local anesthetic occurs as a consequence of
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binding to the neurotransmitter binding sites. This interpretation contrasts the current
model of local anesthetic action at the nAChR, which suggests that local anesthetics
stabilize a desensitized receptor by binding to the non-competitive blocker site and
questions whether the binding of local anesthetics to the non-competitive blocker site in
fact modulates the conformational equilibrium of the nAChR. A close examination of the
concentration dependencies of the spectral variations observed in the presence of
prilocaine and lidocaine, however, reveals that there are structural changes that occur

exclusively as a result of local anesthetic binding to the non-competitive blocker site.

Prilocaine and lidocaine at concentrations of 4 and 3 mM, respectively, elicit close
to maximal changes in the intensity of the two conformationally-sensitive bands near
1663 and 1059 cm' whereas the bands near 1655 and 1430 cm™ remain largely
unaffected (the amide II band near 1547 cm™ is structurally coupled to both amide I bands
near 1663 and 1655 cm™ and thus exhibits intermediate changes in intensity) (Figures 5.3
and 5.4, red dashed lines). These local anesthetic concentrations are essentially
equivalent to those at which prilocaine and lidocaine bind to the non-competitive blocker
site and lead to a maximal increase in the binding of a fluorescent ACh analogue to the
neurotransmitter binding sites (180). While the overlapping affinities of prilocaine and
lidocaine for the non-competitive blocker and neurotransmitter binding sites prevents an
unequivocal interpretation of the data, it appears that the binding of local anesthetics to
the non-competitive blocker site induces those residues that vibrate near 1663 and 1059

cm’ to adopt a structure similar to that found in the desensitized state while those

4
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residues that vibrate near 1655 and 1430 cm’ retain a predominantly resting-like
structure. Local anesthetic binding to the non-competitive blocker site, therefore, appears
to stabilize the nAChR in a conformation that is a structural intermediate between the

resting and desensitized states.

Tetracaine Binding to the Non-Competitive Blocker and Neurotransmitter
Binding Sites. The structural consequences of local anesthetic binding exclusively to the
non-competitive blocker and neurotransmitter binding sites were investigated further by
recording Carb-difference spectra in the presence of increasing concentrations of the local
anesthetic tetracaine. Tetracaine has more than a 100-fold stronger binding affinity for
the non-competitive blocker versus the neurotransmitter binding sites. In addition, unlike
dibucaine, prilocaine and lidocaine, the binding of tetracaine to the non-competitive
blocker site stabilizes a low affinity ACh binding conformation and is thus presumed to
shift the resting-to-desensitized equilibrium towards the resting state (recall that in the
absence of agonist and local anesthetic, approximately 80% of the nAChR population

adopts the resting state while the remaining 20% adopts the desensitized state) (178).

Carb-difference spectra recorded in the presence of up to 50 uM tetracaine, where
binding is restricted to the non-competitive blocker site, exhibit variations in the intensity
of the previously noted conformationally-sensitive bands centered near 1663, 1655, 1547,
1430 and 1059 cm™, although as expected, there is an increase as opposed to a decrease
in the intensity of each band (Figure 5.5, red dashed lines). The reversed variations in the

intensity of these five bands compared to those observed in the presence of desensitizing
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Figure 5.5

A comparison of Carb-difference spectra recorded from affinity purified
nAChR reconstituted into membranes composed of EPC/DOPA/Chol
(3:1:1), but while continuously maintaining the receptor in contact with
increasing concentrations of the local anesthetic, tetracaine. The bottom
trace is an absorbance spectrum recorded from a 50 mM aqueous solution
of tetracaine (the overlapping absorbance bands of the buffer have been
subtracted). The red dashed lines identify tetracaine-induced variations in
the intensity of those five bands that are thought to reflect structural
changes in the nAChR associated with the resting-to-desensitized
conformational transition. The green dashed lines identify both a negative
and positive vibrational band thought to reflect specific interactions
between Carb and individual neurotransmitter binding site residues. Note
that at these tetracaine concentrations, there are no band intensity
variations suggestive of the Carb-induced displacement of tetracaine from
the nAChR (blue dashed lines).
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local anesthetics is consistent with the stabilization of a low affinity resting as opposed to
a high affinity desensitized state. However, it is significant to note that these
concentrations of tetracaine lead to a relatively large increase in intensity near 1663 and
1059 cm™ while the variations in intensity of the bands near 1655 and 1430 cm™ are
much less intense (Figures 5.5 and 5.6B). The tetracaine-induced spectral variations are
essentially the reverse of those observed at concentrations of prilocaine and lidocaine
where maximal structural effects are expected due to local anesthetic binding to the non-
competitive blocker site. The binding of local anesthetics to the non-competitive blocker
site thus appears to lead to changes in nAChR structure that are reflected predominantly
through alterations in the intensity of the two Carb-difference bands near 1663 and 1059
cm’'. Since previous studies have shown that local anesthetics allosterically influence
ACh binding affinity by binding to the non-competitive blocker site, the structural
changes in the nAChR reflected by these two bands may perform a substantial role in
governing agonist affinity, even though they may not constitute the formation of a fully
desensitized or resting state receptor (see Discussion). Note that at these low
concentrations of tetracaine, there are no bands indicative of the Carb-induced
displacement of tetracaine from the neurotransmitter binding sites and minimal, if any,
effects on the difference bands near 1620 and 1516 cm™ (Figure 5.5, blue and green

dashed lines, respectively).

In contrast, higher concentrations of tetracaine that result in the additional binding

to the neurotransmitter binding sites lead to a marked decrease in positive intensity near
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Figure 5.6

A comparison of a Carb-difference spectrum recorded from the nAChR
reconstituted into membranes composed of EPC/DOPA/Chol (3:1:1)
[solid line in (A) and (B)] with those recorded under the same conditions,
but while continuously maintaining the receptor in contact with (A) 4 mM

(---) and 10 mM (- - -) prilocaine and (B) 10 uM (---) and 1 mM (- - =)
tetracaine. A multiple point baseline correction was performed on all
spectra in order to reduce small baseline fluctuations and thus allow for
the spectra to be superimposed. Note that the baseline corrections do not
affect the intensity or the frequencies of the individual bands (compare the
spectra presented here with those presented in Figures 5.3, 5.5 and 5.7,
which are not baseline corrected). The negative band near 1605 cm™ in
(B) reflects an increase in negative intensity due to the Carb-induced
displacement of tetracaine from the neurotransmitter binding sites.
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1663, 1655, 1547, 1430 and 1059 cm™ suggesting a shift back towards a desensitized
nAChR (Figures 5.6B and 5.7, red dashed lines). This decrease in intensity of all five
bands occurs with similar concentration dependencies suggesting that the structural
effects result from tetracaine binding to a single class of sites. The spectra also exhibit
negative bands indicative of the Carb-induced displacement of tetracaine from the
neurotransmitter binding sites as well as a decrease in the intensity of the two noted bands
near 1620 and 1516 cm™' suggesting the formation of direct physical interactions between
tetracaine and individual neurotransmitter binding site residues (Figure 5.7, green dashed
lines). Together the data indicate that desensitization can occur exclusively as a result of
local anesthetic binding to the neurotransmitter binding sites. This finding is consistent
with and explains the previously reported increase in ACh binding affinity that is
observed at tetracaine concentrations above those necessary to saturate the non-
competitive blocker site (178). Note also that the conformational effects of tetracaine
binding to the neurotransmitter binding sites overcome any changes in the conformational
equilibrium of the nAChR that result from tetracaine binding to the non-competitive

blocker site.

DISCUSSION

Previous studies have shown that the positive and negative bands that are

observed in the Carb-difference spectrum reflect structural changes in the nAChR that

145



Figure 5.7

A comparison of Carb-difference spectra recorded from affinity purified
nAChR reconstituted into membranes composed of EPC/DOPA/Chol
(3:1:1), but while continuously maintaining the receptor in contact with
increasing concentrations of the local anesthetic, tetracaine. The bottom
trace is an absorbance spectrum recorded from a 50 mM aqueous solution
of tetracaine (the overlapping absorbance bands of the buffer have been
subtracted). The red dashed lines identify tetracaine-induced variations in
the intensity of those five bands that are thought to reflect structural
changes in the nAChR associated with the resting-to-desensitized
conformational transition. The green dashed lines identify both a negative
and positive vibrational band thought to reflect specific interactions
between Carb and individual neurotransmitter binding site residues. The
blue dashed lines identify band intensity variations due to the Carb-
induced displacement of tetracaine from the nAChR.
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occur specifically from the binding of Carb and subsequent receptor desensitization (127-
129). Here it is shown that local anesthetics elicit variations in the intensity of these
positive and negative Carb-difference bands at concentrations consistent with the known
binding affinities of the local anesthetics for both the non-competitive blocker and/or
neurotransmitter binding sites on the nAChR. The close correlation between the dose
dependencies of the spectral variations and the reported pharmacological properties of the
nAChR provides compelling evidence that the reported spectral variations reflect changes

in receptor structure that are responsible for altered function.

The Carb-difference spectra show that dibucaine, prilocaine, lidocaine and
tetracaine all bind to the neurotransmitter binding sites and that neurotransmitter site
binding leads to a conformational change in the nAChR. This conformational change is
characterized by a loss of intensity in the Carb-difference spectrum at five frequencies
centered near 1663, 1655, 1547, 1430 and 1059 cm™. The similarity of the spectral
variations elicited by each local anesthetic suggests that each stabilize a similar
conformation of the nAChR by binding to the neurotransmitter binding sites. As the local
anesthetic-induced conformational change results from a mimicking of Carb binding to
these sites (see below), the loss of intensity at these five frequencies likely reflects the
formation of a desensitized conformation equivalent to that stabilized by prolonged
exposure to agonist. This interpretation is consistent with the observation of similar band

intensity changes in Carb-difference spectra recorded from the nAChR reconstituted into
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EPC membranes where the nAChR is incapable of undergoing agonist-induced

desensitization and is thus assumed to be stabilized in the desensitized state (143, 155).

The Carb-difference spectra also show that local anesthetic binding to the non-
competitive blocker site leads to conformational changes in the nAChR, but that these
changes are characterized mainly by variations in band intensity near 1663 and 1059 cm™.
Prilocaine and lidocaine both lead to a loss of intensity near 1663 and 1059 cm™. In
contrast, tetracaine leads mainly to an increase in intensity of both bands. Significantly,
the opposing structural effects of prilocaine/lidocaine and tetracaine are consistent with
the opposing allosteric effects of these local anesthetics on ACh binding affinity at the
neurotransmitter binding sites. The binding of either prilocaine or lidocaine to the non-
competitive blocker site leads to an increase in binding affinity for ACh whereas the
binding of tetracaine leads to a decrease (178, 180). The structural changes reflected by
the vibrations near 1663 and 1059 cm™' may, therefore, be largely responsible for
variations in agonist affinity even though they do not represent the formation of either a

fully desensitized or resting state receptor.

The data, therefore, suggest that a limited region of the polypeptide backbone,
represented by the vibrational bands near 1663 and 1059 cm’, can independently
interconvert between the resting and desensitized conformations. The binding of
desensitizing local anesthetics to the non-competitive blocker site appears to cause this
region or loop of the polypeptide backbone to shift from a resting to a desensitized-like

conformation while the remainder of the nAChR retains a predominantly resting-like

148



conformation. In contrast, tetracaine binding to the non-competitive blocker site appears

to shift the same region from a desensitized-like conformation to a resting conformation.

The results suggest a revised model of local anesthetic action at the nAChR
(Figure 5.8). In this model, the nAChR, in the absence of agonist and local anesthetics,
exists within a conformational equilibrium between not two, but at least three distinct
conformations: resting, desensitized and a novel intermediate state. Within the
intermediate state, the nAChR’s ion channel is proposed to adopt a predominantly
desensitized-like conformation while the neurotransmitter binding sites retain a
predominantly resting-like conformation. There are, however, likely subtle changes in
the neurotransmitter binding sites that provide the intermediate state with an affinity for
agonist somewhere between that of both the resting and desensitized states. The binding
of so-called ‘desensitizing’ local anesthetics, such as prilocaine and lidocaine to the non-
competitive blocker site induces a shift in the nAChR’s conformational equilibrium
towards the intermediate state (characterized by a decrease in vibrational intensity in the
Carb-difference spectrum near 1663 and 1059 cm"). In contrast, the local anesthetic
tetracaine, which stabilizes a low affinity binding conformation, binds to the non-
competitive blocker site and induces a shift in the conformational equilibrium towards the
resting state (characterized by an increase in intensity in the Carb-difference spectrum
near 1663 and 1059 cm™). In addition, the model proposes that regardless of the
conformation stabilized by local anesthetic binding to the non-competitive blocker site,

higher concentrations of local anesthetics, where the additional binding to the
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Figure 5.8

A revised model of local anesthetic action at the nAChR. In the absence
of agonist and local anesthetic, the nAChR exists within an equilibrium
between not two, but at least three distinct conformations: resting,
desensitized and a novel intermediate state (grey box). The channel-
competent resting state is characterized by its low affinity for agonist
while the channel-inactive desensitized state is characterized by its high
affinity for agonist. In contrast, the intermediate state displays structural
features in common with both the resting and desensitized states. In the
intermediate state, the nAChR’s ion channel is proposed to adopt a
predominantly desensitized-like conformation while the neurotransmitter
binding sites retain a predominantly resting-like conformation. There are,
however, likely subtle changes in the neurotransmitter binding sites that
provide the intermediate state with an affinity for agonist somewhere
between that of both the resting and desensitized states. The results
suggest that the binding of so-called ‘desensitizing’ local anesthetics, such
as prilocaine and lidocaine, to the non-competitive blocker site, induces a
shift in the nAChR’s conformational equilibrium towards the intermediate
state (bottom pathway). In contrast, some local anesthetics, such as
tetracaine, bind to the non-competitive blocker site and induce a shift
towards the resting state (top pathway). Regardless of the conformational
state stabilized by local anesthetic binding to the non-competitive blocker
site, however, the additional binding to the neurotransmitter binding sites
results in the stabilization of the nAChR in a conformation that is
analogous to the agonist-induced desensitized state.
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neurotransmitter binding sites occurs, stabilizes the nAChR in a conformation that is

analogous to the agonist-induced desensitized state.

Further studies with local anesthetics that bind exclusively to the non-competitive
blocker site with high potency are clearly required to test the above model. Kinetic ACh
binding studies are also necessary to relate any newly defined structural conformations to
the various fast and slow desensitized states that have been identified previously (114,
158, 182-184). However, it is clear that the effects of local anesthetics on nAChR
conformation are complex and result from binding to at least two distinct
pharmacological sites, in agreement with the previous studies of Heidmann et al. (179).
The conformation of the nAChR that is stabilized by a particular local anesthetic at a
given concentration is dependent upon the relative affinities of the local anesthetic for the
neurotransmitter and non-competitive blocker sites and either the complimentary or
competing conformational effects that result from local anesthetic binding to each of
these two sites. As an example, tetracaine stabilizes a desensitized conformation by
binding to the neurotransmitter binding sites even though simultaneous binding to the

non-competitive blocker site favours the formation of the resting state.

In addition to binding to both the non-competitive blocker and neurotransmitter
binding sites, some local anesthetics, such as chlorpromazine and trimethisoquin, bind to
saturable low affinity allosteric sites on the nAChR thought to be located near the lipid-
protein interface (179). While such low affinity sites have yet to be demonstrated for

dibucaine, lidocaine and prilocaine, these local anesthetics could bind to such low affinity
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sites leading to some of the vibrational changes observed here in the Carb-difference
spectra. However, despite large differences in the potencies of the three local anesthetics,
there is a close correlation between the concentrations of the local anesthetics required to
elicit the observed vibrational changes and the reported nAChR binding affinities (Table
5.1). This suggests that the observed structural changes result from local anesthetic
interactions at the non-competitive blocker and neurotransmitter binding sites. Consistent
with this interpretation, all the vibrational changes attributed to local anesthetic binding to
the neurotransmitter binding sites occur concomitant with the appearance of spectral
features indicative of Carb-induced displacement of the local anesthetics from the
neurotransmitter binding sites. In addition, the vibrational changes attributed to a
conformational change resulting from tetracaine binding to the non-competitive blocker
site occur at micromolar concentrations that are well below those expected for binding to
the low affinity nAChR sites. Consequently, although subtle structural effects of local
anesthetic binding to low affinity sites are possible, the observed spectral changes likely
arise as a result of local anesthetic binding to either the non-competitive blocker or

neurotransmitter binding sites.

The local anesthetic-induced changes in the Carb difference spectra also provide
insight into the nature of the physical interactions that occur between the local anesthetics
and individual neurotransmitter binding site residues. The relatively high concentrations
of dibucaine, prilocaine, lidocaine, and tetracaine that result in binding to the

neurotransmitter sites lead to a reduction in the intensity of the two difference bands near
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1620 and 1516 cm™. The vibration near 1516 cm™ is highly characteristic of a tyrosine
ring stretching vibration. Several tyrosine residues are found in the neurotransmitter
binding sites and perform a critical role in agonist binding likely via the formation of
cation-tyrosine-nt-electron interactions (66, 71, 73, 75, 185). Carb-tyrosine interactions
have also been shown to be critical for gating the nAChR ion channel. Difference spectra
recorded in the absence of local anesthetics using the Carb analog, tetramethylammonium
(Figure 5.9), exhibit a 1516 cm™ band of comparable intensity to that observed in Carb-
difference spectra indicating that the vibration is specific to interactions with the cationic
ammonium group of Carb (data not shown). A substantial portion of the 1516 cm’
difference band may, therefore, be due to an increase in tyrosine vibrational intensity that
results from the formation of cation-n—electron interactions. The ability of some local
anesthetics to substantially reduce the intensity of this vibration upon binding to the
neurotransmitter binding site suggests that local anesthetics mimic the cation-tyrosine

interactions that perform a key role in agonist action at the nAChR.

Compared to dibucaine and tetracaine, neither prilocaine nor lidocaine has as
dramatic an effect on the intensity of the two vibrations near 1620 and 1516 cm™. The
binding of both prilocaine and lidocaine to the neurotransmitter binding sites is much
weaker than the binding of dibucaine and tetracaine (Table 5.1). In addition, prilocaine
and lidocaine differ structurally from the other two local anesthetics in that they have only
one instead of three atoms between the charged nitrogen and the carbonyl carbon (Figure

5.9). The reduced distance between the nitrogen and ester carbonyl could prevent binding
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Figure 5.9 A comparison of the structures of the local anesthetics dibucaine,
prilocaine, lidocaine and tetracaine with those of the agonists ACh, Carb
and tetramethylammonium.
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to the neurotransmitter binding sites in a manner that allows both prilocaine and lidocaine
to interact simultaneously at both the cationic and esterophilic subsites (see Chapter 1,
Figure 1.7) (187). Alternatively, the reduced number of carbon atoms could bring the
bulky aromatic groups of the local anesthetics closer to the charged nitrogen and thus
prevent tight binding of the local anesthetics to the cationic binding subsite. While more
detailed studies are required in order to both assign the two vibrations to specific amino
acids and to interpret the local anesthetic induced changes in intensity, the variable
influence of the local anesthetics likely reflect subtle differences in the manner in which
the local anesthetics bind to the neurotransmitter sites as a consequence of their slightly

different chemical structures.

The binding of local anesthetics to the neurotransmitter binding sites and mimicry
of agonist-induced desensitization is likely governed by the ammonium cation. All local
anesthetics that have been studied here both possess a positively charged nitrogen moiety
and appear to stabilize the same desensitized conformation of the nAChR by forming
interactions between the charged nitrogen and neurotransmitter binding site tyrosine
residues. In contrast, local anesthetic action at the non-cdmpetitive blocker site is likely
governed by the hydrophobic substituents on the local anesthetics. ACh and Carb, which
lack large hydrophobic substituents, bind to the non-competitive blocker site with
extremely weak affinity while the interactions of neutral general anesthetics within the
ion channel pore are governed by hydrophobicity (188). A greater structural diversity is

also found in the hydrophobic substituents of the various local anesthetics than is found
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with the charged nitrogen substituents. These structural differences may be responsible
for the contrasting conformational effects of lidocaine/prilocaine and tetracaine at the

non-competitive blocker site.

The ability to probe both the physical interactions that occur between local
anesthetics and amino acid side chains and the conformational states of the nAChR using
a structure based approach represents a step towards defining the molecular details of
local anesthetic action at the nAChR. Further technical advancements should lead to
kinetic infrared studies of ACh binding to the various conformational states and thus
allow the conformations defined here to be correlated with those identified previously
using ACh kinetic binding studies. The use of site-directed mutagenesis should also lead
to the identification of both those regions of the nAChR that are involved in the specific
conformational changes and the specific residues that are involved in direct physical

interactions with the bound local anesthetics.

CONCLUSIONS

The primary goal of this study was to employ FTIR difference spectroscopy to
probe the structural consequences of local anesthetic binding to the nAChR in the hope of
gaining insight into the molecular details of local anesthetic action at the nAChR. The
results reveal that the effects of local anesthetics on the conformation of the nAChR are

complex and arise from local anesthetic binding to at least two distinct pharmacological
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sites. The binding of local anesthetics to the neurotransmitter binding sites and mimicry
of specific cation-tyrosine interactions stabilizes the nAChR in a conformation that is
analogous to the agonist-induced desensitized state. In contrast, the binding of local
anesthetics to the non-competitive blocker site appears to modulate the conformational
equilibrium of the nAChR between the resting, desensitized and a novel intermediate
state. The binding of so-called ‘desensitizing’ local anesthetics, such as prilocaine and
lidocaine, to the non-competitive blocker site induces a shift in this equilibrium towards
the intermediate state. The local anesthetic tetracaine, on the other hand, induces a shift

in this equilibrium towards the resting state.
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CHAPTER 6

A STRUCTURAL INTERMEDIATE BETWEEN THE RESTING AND
DESENSITIZED STATES OF THE NICOTINIC ACETYLCHOLINE
RECEPTOR
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INTRODUCTION

The magnitude of the cation flux response elicited by ACh at the postsynaptic
membrane is dependent upon a variety of factors. These factors include both the number
of nAChRs present within the postsynaptic membrane and the proportion of these
receptors that exist in active versus inactive conformations. As an example, within its
native membrane, the nAChR from Torpedo exists within an equilibrium between at least
two distinct conformations: a low affinity channel-competent resting state and a high
affinity channel-inactive desensitized state (178). In the absence of ACh this equilibrium
strongly favours the resting conformation with only approximately 20% of the receptors
adopting the desensitized state (178). Prolonged exposure to ACh, however, induces a
shift in this equilibrium towards the desensitized state thus diminishing the postsynaptic
response. In addition, the equilibrium between the resting and desensitized states and/or
the kinetics of the resting-to-desensitized conformational transition can be influenced by a

variety of endogenous factors including receptor phosphorylation and membrane lipid

composition.

The ability of the nAChR to conduct cations across the membrane can be
modulated further by a class of structurally diverse compounds collectively referred to as
non-competitive blockers. These non-competitive blockers, which include both general
and local anesthetics, the hallucinogenic drug phencyclidine hydrochioride (PCP) and the
frog toxin histrionicotoxin and its derivatives, sterically inhibit the cation flux capabilities

of the nAChR by binding to a distinct non-competitive blocker site located within the
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receptor’s ion channel pore (158, 159, 180, 181, 183, 189, 190-193). The binding of non-
competitive blockers to the ion channel pore also modulates the affinity of the nAChR for
ACh. Both the local anesthetics dibucaine, prilocaine, lidocaine and proadifen and the
hallucinogen, PCP increase the affinity of the nAChR for ACh and are thus thought to
shift the conformational equilibrium of the receptor towards the desensitized state. Other
local anesthetics, such as tetracaine and adiphenine, decrease the affinity of the nAChR
for ACh and are thus thought to shift the conformational equilibrium towards the resting

state (158, 177, 178).

Previously, the structural consequences of local anesthetic binding to the nAChR
were investigated using FTIR difference spectroscopy (170). In agreement with the
current model of non-competitive blocker action, Carb-difference spectra recorded from
the nAChR while maintaining the receptor in continuous contact with a variety of local
anesthetics suggest that local anesthetics stabilize a desensitized conformation. Contrary
to this model, however, the FTIR data suggest that desensitization occurs not through
interactions at the non-competitive blocker site, but solely as a result of local anesthetic
binding to the neurotransmitter binding sites. The data also suggest that the binding of
local anesthetics to the non-competitive blocker site stabilizes a novel intermediate
conformation that exhibits structural features in common with both the resting and
desensitized states. Unfortunately, the overlapping binding affinities of the studied local

anesthetics for both the non-competitive blocker and neurotransmitter binding sites
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prevented an unequivocal assessment of the structural changes elicited specifically upon

local anesthetic binding to the non-competitive blocker site.

The possible existence of a stable structural intermediate between the resting and
desensitized states has implications for understanding the mechanisms of agonist-induced
nAChR conformational change. The existence of such an intermediate state in vivo could
also play an important role in modulating the postsynaptic response to ACh. In this
study, FTIR difference spectroscopy has been employed to directly monitor the structural
changes that occur upon the binding of the local anesthetic, proadifen, and the
hallucinogen, PCP, to the nAChR. Both proadifen and PCP have widely disparate
affinities for both the non-competitive blocker and neurotransmitter binding sites and thus
should allow those structural changes that occur as a consequence of binding to the non-
competitive blocker site to be resolved with little interference from the structural changes
that occur as a consequence of binding to the neurotransmitter binding sites. The results
support the findings of the previous study and show conclusively that both local
anesthetics and PCP bind to the non-competitive blocker site and stabilize the nAChR in
a novel intermediate conformation that is distinct from both the resting and agonist-

induced desensitized state.

EXPERIMENTAL PROCEDURES

Materials. PCP was generously provided as a gift from Health Canada.
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NACHR Affinity Purification, Reconstitution and FTIR Difference Spectroscopy.

For a detailed description, see Chapter 3, Experimental Procedures.

Hydrogen/Deuterium Exchange FTIR Difference Spectroscopy. Carb-difference
spectra in *H,O were recorded as described in Chapter 3, Experimental Procedures, with
the following modifications. First, the affinity purified nAChR sample in 'H,O
phosphate buffer (pH 8.0) was centrifuged and the supernatant removed with a glass
pipette. The pellet was re-suspended in 1 ml of 2H,O phosphate buffer (pH 8.0),
centrifuged and the supernatant again discarded. The pellet was then re-suspended in |
ml of *H,0 phosphate buffer and left at 4 °C for three days to allow for complete 'H/°H
exchange. Second, both the +Carb and -Carb flowing buffers were made using 2H,O.
Finally, o reduce the amount of H,O required for the acquisition of the Carb-difference

spectra, only one resting state spectra, rather than two, was recorded.

Proadifen and PCP Solution Spectra. An absorbance spectrum of proadifen in
Torpedo Ringer buffer (pH 7.0) was recorded using the ATR technique. The spectrum is
an average of 250 scans acquired at a resolution of 2 cm™. The overlapping absorbance
bands of the buffer were subtracted. For PCP, 50 ul of a 50 mM PCP stock solution was
spread on the surface of a germanium IRE and the bulk solvent evaporated using a gentle
stream of N gas. An absorbance spectrum of dry PCP was then recorded using the ATR

technique. The spectrum is an average of 250 scans acquired at a resolution of 2 cm™.
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RESULTS

Carb-difference spectra recorded from the nAChR reconstituted into membranes
composed of EPC/DOPA/Chol (3:1:1) reveal a complicated pattern of positive and
negative bands that reflect variations in the vibrations of those amino acid residues whose
structures and/or surrounding environments differ between the resting and Carb-induced
desensitized state (127-129). In particular, the Carb-difference spectrum exhibits bands
that reflect 1) the vibrations of distinct functional groups within nAChR-bound Carb, 2)
vibrational changes associated with the formation of direct physical interactions between
Carb and individual neurotransmitter binding site residues and 3) vibrational changes
associated with the resting-to-desensitized conformational transition. Comprehensive
studies with local anesthetics and with the nAChR reconstituted into membranes of
defined lipid composition indicate that those positive vibrational bands centered near
1663, 1655, 1547, 1430 and 1059 cm' reflect structural changes in the nAChR associated
with the resting-to-desensitized conformational transition (155, 170, 194). Variations in
the intensity of these five bands can thus serve as a marker of the ability of the nAChR to

undergo the resting-to-desensitized conformational transition.

Proadifen-Induced Variations in NAChR Structure. Carb-difference spectra
recorded from the nAChR while maintaining the receptor in continuous contact with the
local anesthetic proadifen exhibit dose dependent band intensity variations that reflect the
structural consequences of proadifen binding to the nAChR (Figures 6.1 and 6.2).

Proadifen binds with a relatively high affinity to the ion channel pore (Kp = ~3 uM) and
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Figure 6.1

A comparison of selected regions of Carb-difference spectra recorded
from the nAChR while continuously maintaining the receptor in contact
with low concentrations of the local anesthetic, proadifen. The bottom
trace is an absorbance spectrum recorded from a 50 mM aqueous solution
of proadifen (the overlapping absorbance bands of the buffer have been
subtracted). At concentrations up to 50 uM proadifen, where binding
occurs predominantly to the non-competitive blocker site, there is a
substantial reduction in the intensity of two of the conformationally
sensitive bands near 1663 and 1059 cm™. In contrast, the intensity of the
vibrational bands near 1655 and 1430 cm™' remain largely unaffected. The
amide II band near 1547 cm™ is structurally coupled to both amide I bands
near 1663 and 1655 cm” and thus exhibits intermediate changes in
intensity. Note that at 50 WM proadifen, negative bands are beginning to
appear at frequencies that match those of the vibrations of proadifen itself
(blue dashed lines). This suggests that proadifen is being competitively
displaced from the neurotransmitter binding sites by Carb and that further
band intensity variations observed at higher proadifen concentrations
reflect additional structural changes in the nAChR that arise as a
consequence of proadifen binding to the neurotransmitter binding sites.
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Figure 6.2

A comparison of selected regions of Carb-difference spectra recorded
from the nAChR while continuously maintaining the receptor in contact
with high concentrations of the local anesthetic, proadifen. The bottom
trace is an absorbance spectrum recorded from a 50 mM aqueous solution
of proadifen (the overlapping absorbance bands of the buffer have been
subtracted). High concentrations of proadifen, where the additional
binding to the neurotransmitter binding sites oceurs, results in no further
band intensity variations near 1663 and 1059 cm™. There is, however, a

dose dependent reduction in the mtensny of the two conformationally
sensitive bands near 1655 and 1430 cm™. Due to the presence of a large
positive spectral dlstomon in the 1700- 1500 cm’ region, the decrease in
intensity near 1655 cm™ can be most easily visualized by comparing the
mtensuy of this band relative to the inflection point centered near 1632
cm’ (green dashcd line). Note that the reduction in intensity near 1655
and 1430 cm™ occurs concomitantly with an increase in negative intensity
at frequencies that match the vibrational frequencies of proadifen itself
(blue dashed lines). This suggests that proadifen is being competitively
displaced from the neurotransmitter binding sites by Carb and provides
further support that the additional structural changes in the nAChR
reflected by the decrease in intensity near 1655 and 1430 cm™ arise as a
consequences of proadifen binding to the neurotransmitter binding sites.
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with a relatively low affinity to the neurotransmitter binding sites (Kp = ~400 uM) (156).
Band intensity variations observed in Carb-difference spectra recorded at proadifen
concentrations up to 50 uM thus reflect structural changes in the nAChR that result
predominantly from proadifen binding to the non-competitive blocker site (Figure 6.1).
Specifically, the Carb-difference spectra exhibit a marked reduction in the intensity of
two of the five noted conformationally-sensitive bands near 1663 and 1059 cm™ whereas
the intensity of the vibrational bands centered near 1655 and 1430 cm™ remain largely
unaffected (the positive amide II band near 1547 cm™ is structurally coupled to both
amide I bands near 1663 and 1655 cm™ and thus exhibits intermediate changes in
intensity). The reduction in band intensity near 1663 and 1059 cm' is evident at 10 uM
proadifen but becomes much more pronounced at 50 pM proadifen where the positive
intensity at both frequencies is almost completely absent. These results suggest that the
binding of proadifen to the non-competitive blocker site induces those residues that
vibrate near 1663 and 1059 cm™ to adopt a predominantly desensitized-like conformation
prior to the addition of Carb, while those residues that vibrate near 1655 and 1430 cm™
retain a predominantly resting-like conformation. In agreement with previous Carb-
difference spectra recorded from the nAChR in the presence of low concentrations of the
local anesthetics prilocaine and lidocaine, proadifen appears to bind to the non-
competitive blocker site and stabilize the nAChR in a conformation that is a structural

intermediate between the resting and desensitized states.
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Carb-difference spectra recorded at higher concentrations of proadifen, where the
additional binding to the neurotransmitter binding sites occurs, are presented in Figure
6.2. These spectra, however, are slightly distorted for two reasons. First, the partitioning
of proadifen into the lipid bilayers causes the nAChR film on the germanium IRE to
expand and contract, the result of which, is the appearance of a broad positive artifact in
the 1500-1700 cm™ region. Secondly, the Carb-difference spectra exhibit a number of
large negative bands at frequencies that correlate with the molecular vibrations of
proadifen itself (Figure 6.2, blue dashed lines). These negative bands occur over a range
of concentrations consistent with the reported dissociation constant of proadifen for the
neurotransmitter binding sites suggesting that they reflect the competitive displacement of

proadifen from the neurotransmitter binding sites upon the addition of Carb.

Despite the noted spectral distortions, it is clear that the additional binding of
proadifen to the neurotransmitter binding sites results in no further band intensity
variations near 1663 and 1059 cm™. This suggests that the majority of those residues in
the nAChR that give rise to the bands at these two frequencies are fully stabilized in a
desensitized conformation solely upon proadifen binding to the non-competitive blocker
site. In contrast, the binding of proadifen to the neurotransmitter binding sites results in a
substantial loss in intensity near 1655 and 1430 cm™. For the band centered near 1655
cm’', this loss in intensity can be most easily visualized by comparing the intensity near
1655 cm™ relative to that of the inflection point centered near 1632 cm™ (compare the

Carb-difference spectra recorded in the presence of 100 and 400 uM proadifen, which
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both exhibit the spectral distortion) (Figure 6.2). The additional binding of proadifen to
the neurotransmitter binding sites thus appears to induce those residues that vibrate near
1655 and 1430 cm™* to adopt a desensitized conformation prior to the addition of Carb. In
agreement with Carb-difference spectra recorded from the nAChR in the presence of high
concentrations of the local anesthetics dibucaine, prilocaine, lidocaine and tetracaine,
proadifen appears to stabilize the nAChR in a fully desensitized conformation only upon

binding to the neurotransmitter binding sites (170).

PCP-Induced Variations in nAChR Structure. Additional evidence for the
existence of a conformational intermediate between the resting and desensitized states of
the nAChR was obtained from Carb-difference spectra recorded from the nAChR while
continuously maintaining the receptor in contact with the hallucinogen, PCP (Figure 6.3).
Like proadifen, PCP binds with a relatively high affinity to the non-competitive blocker
site (Kp = ~5 puM), but with a low affinity to the neurotransmitter binding sites (Kp =
~250 uM) (179). At concentrations up to 100 uM PCP, where binding occurs
predominantly to the non-competitive blocker site, the Carb-difference spectra exhibit
similar, but less pronounced spectral variations to those observed in the presence of
proadifen, including a dose-dependent decrease in intensity near 1663, 1547 and 1059
cm”. Furthermore, like proadifen, the binding of PCP to the non-competitive blocker site
has little, if any, effect on the intensity of the Carb-difference bands centered near 1655
and 1430 cm™. Although PCP does not appear to be as efficient as proadifen in inducing

those residues that vibrate near 1663 and 1059 cm to adopt a desensitized-like
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Figure 6.3

A comparison of selected regions of Carb-difference spectra recorded
from the nAChR while continuously maintaining the receptor in contact
with increasing concentrations of the hallucinogen, PCP. Low
concentrations of PCP, where binding occurs predominantly to the non-
competitive blocker site, results in a dose dependent decrease in the
intensity of two of the conformationally sensitive bands near 1663 and
1059 cm™’. In addition, the intensity of the bands near 1655 and 1430 cm™
remain largely unaffected while the amide II band near 1547 cm™ exhibits
intermediate changes in intensity.
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conformation, it is evident that the binding of both PCP and proadifen to the non-
competitive blocker site stabilizes the nAChR in an identical conformation that is distinct

from both the resting and agonist-induced desensitized states.

Ideally, the structural consequences of both proadifen and PCP binding to the non-
competitive blocker site should be investigated directly by acquiring the difference
between spectra recorded from the nAChR in the presence and absence of either ligand.
As mentioned above, however, like most local anesthetics, proadifen partitions into the
lipid membrane causing the nAChR film on the surface of the germanium IRE to expand
and contract. This results in a severely distorted spectrum that masks any vibrational
bands reflecting either specific proadifen-nAChR interactions or the effects of these
interactions on nAChR structure (data not shown). Fortunately, these spectral distortions
are absent in spectra recorded in the presence and absence of PCP thus providing a clear
window into the structural consequences of PCP binding to the non-competitive blocker

site.

PCP-Difference Spectrum. The difference between spectra recorded from the
nAChR in the presence and absence of 50 uM PCP, referred to as a PCP-difference
spectrum, reveals a number of positive and negative vibrational bands (Figure 6.4). Since
at 50 uM PCP binding occurs almost exclusively to the non-competitive blocker site,
these positive and negative bands reflect variations in the vibrations of individual residues
within the nAChR that arise specifically from the binding of PCP to the non-competitive

blocker site. The assignment of the vibrational bands to PCP-induced changes in nAChR
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Figure 6.4

A comparison of the band intensity variations observed in Carb-difference
spectra recorded from the nAChR while continuously maintaining the
receptor in contact with 50 uM PCP (second trace from the top) with those
observed in the PCP-difference spectrum (second trace from the bottom).
The top trace is a typical Carb difference spectrum while the bottom trace
is the absorption spectrum of PCP itself. Significantly, the PCP-difference
spectrum exhibits an essentially identical pattem of band intensity
variations as that observed in Carb-difference spectra recorded in the
presence of PCP except that there is an increase, as opposed to a decrease,
in intensity near 1663, 1547 and 1059 cm™'. The PCP-difference spectrum
also exhibits no significant band intensity near 1655 cm™. In contrast,
there is an increase in positive intensity near 1430 cm™ that does not
correlate with a similar decrease in intensity in Carb-difference spectra
recorded in the presence of PCP. This positive intensity, however, likely
reflects the vibrations of nAChR-bound PCP (blue dashed lines) rather
than PCP-induced changes in nAChR structure.
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structure is supported further by the presence of a number of positive bands, including
those near 1462, 1445, 1296, 1018 and 1015 cm’, whose frequencies match the
vibrational frequencies of PCP itself suggesting that they reflect the vibrations of distinct

functional groups within nAChR-bound PCP (Figure 6.4, blue dashed lines).

The most striking feature of the PCP-difference spectrum is that it exhibits an
essentially identical pattern of band intensity variations as that observed in Carb-
difference spectra recorded in the presence of low concentrations of either proadifen or
PCP, except that as expected, there is an increase, as opposed to a decrease, in intensity
near 1663, 1547 and 1059 cm™. The PCP-difference spectrum also does not exhibit any
significant positive intensity near 1655 cm’', although there is an increase in intensity
near 1430 cm’ that does not correlate with a similar decrease in intensity at the same
frequency in Carb-difference spectra recorded in the presence of PCP. This latter positive
intensity, however, likely reflects the vibrations of nAChR-bound PCP rather than PCP-
induced changes in nAChR structure. The PCP-difference spectrum thus clearly shows
that the binding of PCP to the non-competitive blocker site stabilizes the nAChR in a
novel intermediate conformation that is structurally distinct from both the resting and

agonist-induced desensitized states.

In addition to the band intensity variations described above, the PCP-difference
spectrum exhibits both a strong negative vibrational band near 1643 cm™ and several
smaller positive vibrational bands whose frequencies are distinct from those of nAChR-

bound PCP. These bands reflect either additional structural variations between the
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resting and intermediate state and/or direct interactions between PCP and individual
residues within the non-competitive blocker site. Although further studies are required to
assign these bands to the vibrations of specific amino acid residues, it is interesting to
note that both the negative band near 1643 cm™ and the positive band near 1663 cm™
occur within the amide I (1600-1700 cm™) region of the infrared spectrum. Bands within
this region are highly characteristic of vibrational changes associated with a change in the
conformation of a protein’s polypeptide backbone. It is likely then that the negative band
near 1643 cm™ reflects the vibrations of a region of the nAChR’s polypeptide backbone
as it is found in the resting conformation while the positive band near 1663 cm™ reflects

the vibrations of the same region as it is found in the intermediate state.

The nature of the PCP-induced conformational change reflected in the PCP-
difference spectrum was also probed by recording PCP-difference spectra in *H,O buffer
after prior exposure of the nAChR to *H,O for three days (Figure 6.5). Prolonged
exposure of the nAChR to 2H,O induces those residues that are accessible to solvent to
exchange their protons for the heavier deuterium thus leading to a downshift in the
frequency of the residue’s molecular vibration. A comparison of the PCP-difference
spectrum recorded from the nAChR in 'H,O with that recorded from the nAChR in ’H,0
reveals that the three relatively intense vibrational bands within the PCP difference
spectrum, near 1663, 1643 and 1547 cm™, are unaffected by exposure of the nAChR to
’H,0. This indicates that the peptide carbonyl and N-H groups whose structure changes

upon PCP binding to the non-competitive blocker site remain in the protiated form after
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Figure 6.5

A comparison of a PCP-difference spectrum recorded from the nAChR in
'"H,0 with that recorded from the nAChR in ?H,0 after prior exposure of
the receptor to *H,0 for three days. Prolonged exposure of the nAChR to
’H,0 does not induce a shift in the frequency of the vibrational bands
centered near 1663, 1643 and 1547 cm™ suggesting that these bands
reflect the vibrations of residues within solvent inaccessible regions of the
nAChR.
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three days of exposure of the nAChR to H,O and thus must be located in a solvent
inaccessible region of the nAChR. This strongly suggests that the conformational change
elicited by PCP binding to the non-competitive blocker site is restricted mainly to the

transmembrane domain of the nAChR.

DISCUSSION

Control studies have previously shown that the positive and negative bands
observed in Carb-difference spectra recorded from the nAChR reflect vibrational changes
in the receptor that occur as a consequence of Carb binding and subsequent
desensitization (127-129). Extensive studies have also identified five distinct positive
bands within the Carb-difference spectrum, located near 1663, 1655, 1547, 1430, and
1059 cm’', that reflect the specific vibrational changes in the nAChR associated with the
resting-to-desensitized conformational transition (155, 170, 194). These five bands can
thus serve as markers of the ability of the nAChR to undergo Carb-induced
conformational change. The presence of each in a Carb-difference spectrum indicates
that the nAChR retains the ability to undergo the Carb-induced resting-to-desensitized
conformational transition. Similarly, the absence of each indicates that the nAChR is
incapable of undergoing Carb-induced conformational change. In the latter case, the
nAChR can be either locked in a resting conformation that is unable to respond to the

binding of Carb or stabilized in a desensitized conformation prior to the addition of Carb.
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The results of this study clearly show that the binding of both the local anesthetic,
proadifen, and the hallucinogen, PCP, stabilizes the nAChR in a conformation that is a
structural intermediate between the resting and desensitized states. Carb-difference
spectra recorded from the nAChR in the presence of concentrations of both proadifen and
PCP consistent with their binding to the non-competitive blocker site exhibit a substantial
loss of intensity near 1663 and 1059 cm™ with no change in intensity near either 1655 or
1430 cm™. This pattern of band intensity variations indicates that those conformationally
active residues of the nAChR that vibrate near 1663 and 1059 cm™ are incapable of
undergoing the resting-to-desensitized conformational transition upon the binding of
Carb, whereas those residues that vibrate near 1655 and 1430 cm’ retain the ability to
undergo the Carb-induced conformational transition in the presence of either ligand.
While the loss of positive intensity near 1663 and 1059 cm™! could reflect the stabilization
of either a locked resting or a desensitized conformation for the conformationally
sensitive residues that vibrate at these frequencies, PCP-difference spectra, which detect
the structural changes in the nAChR elicited directly by the binding of PCP, support the
latter interpretation. The PCP-difference spectra show that PCP binding to the ion
channel pore leads to a conformational change in those residues within the nAChR that
vibrate near 1663 and 1059 cm™. It can thus be concluded that the binding of both PCP
and proadifen to the non-competitive blocker site induces a conformational change in the
nAChR and thus stabilizes a structural intermediate between the resting and desensitized

states. Within this intermediate state, some residues within the nAChR retain a resting-
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like conformation that is capable of responding to the binding of Carb while others adopt

a desensitized-like conformation.

The nature of the conformational change induced in the nAChR by the binding of
both proadifen and PCP to the non-competitive blocker site was also investigated by
acquiring PCP-difference spectra in 2H,O buffer after prior exposure of the nAChR to
*H,0 for three days. The results reveal that the majority of those residues that undergo a
structural change upon either PCP or proadifen binding to the non-competitive blocker
site are highly resistant to peptide 'H/*H exchange suggesting that they are located within
solvent inaccessible regions of the nAChR. The majority of the structural changes
elicited by PCP and/or proadifen binding to the non-competitive blocker site thus likely

occur within the transmembrane domain of the nAChR.

The results of this study have two important implications. First, it is clear from
the data presented here, and in a previous study investigating the structural effects of local
anesthetic binding to the nAChR, that the mechanisms by which both local anesthetics
and PCP modulate nAChR function is more complex than suggested by current models.
Current models propose that both local anesthetics and PCP bind to the non-competitive
blocker site sterically hindering cation flux and stabilizing the nAChR in a high affinity,
presumably desensitized conformation (158, 177, 179). In contrast, the FTIR data show
that nAChR desensitization occurs only upon local anesthetic binding to the
neurotransmitter binding sites. In addition, the binding of both local anesthetics and PCP

to the non-competitive blocker site leads to the formation of a conformational
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intermediate between the resting and desensitized states. Local anesthetic binding to the
ion channel pore does lead to a change in agonist binding affinity (158, 177, 179). While
such changes in binding affinity are compatible with the FTIR data, it is clear that a
change in binding affinity is not sufficient to define the conformational state of the

nAChR.

Second, the FTIR data suggest that the conformational spectrum that can be
sampled by the nAChR may be more complex than currently thought. It has generally
been assumed that the nAChR can adopt a resting, open, or desensitized state depending
upon the presence and concentration of agonist. A fast-desensitized state has also been
detected (114, 184). The intermediate conformation detected in this study also appears to
be stabilized under additional conditions. Carb-difference spectra recorded in the
presence of prilocaine and lidocaine or upon reconstitution of the nAChR into EPC
membranes containing low concentrations of either DOPA or Chol also suggest the
formation of an intermediate conformation (170, 194). The intermediate conformation
detected here is thus not unique to both PCP and proadifen but may be stabilized under a
variety of physiological conditions. This intermediate conformation may form in vivo and
may play an important role in enabling both endogenous and exogenous factors to
modulate the postsynaptic response elicited by the nAChR in response to the binding of
ACh. Further studies, however, are clearly required to define the biophysical properties

of such an intermediate conformation in order to understand its function in vivo.
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CONCLUSIONS

The objective of this study was to investigate the structural consequences of both
proadifen and PCP binding to the nAChR. The results show conclusively that the binding
of both proadifen and PCP to the non-competitive blocker site stabilizes the nAChR in a
novel intermediate conformation that is structurally distinct from both the resting and
desensitized states. Within this intermediate state, some residues within the nAChR
retain a predominantly resting-like conformation while others adopt a predominantly
desensitized-like conformation. A 'H/*H exchange study further reveals that the majority
of those residues involved in the conformational transition from the resting to the
intermediate state reside within solvent inaccessible regions of the nAChR, likely

implicating a region within the receptor’s transmembrane domain.
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GENERAL CONCLUSIONS
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The objective of the research presented in this thesis was to employ the novel
technique of FTIR difference spectroscopy to investigate the structural consequences of
both lipid and local anesthetic action at the nAChR. FTIR difference spectroscopy exists
as one of the few techniques capable of abstracting detailed structural information from
large integral membrane proteins, such as the nAChR, by providing insight into the
molecular vibrations of individual amino acids, which are extremely sensitive to changes
in molecular structure and local environment. Together, the results have been
incorporated into two speculative models that describe the mechanisms by which both

lipids and local anesthetics modulate the structure, and thus function, of the nAChR.

Lipid-Induced Modulations in the Conformational Equilibrium of the NAChR

Initial studies focussing on the specific functional requirement of the nAChR for
both neutral and anionic lipids, such as Chol and DOPA, suggested that each lipid
modulated the structure and function of the nAChR by binding to discrete sites on the
nAChR with distinct effects on the receptor’s gross secondary structure. As an example,
it was proposed that the rigid sterol ring of Chol could intercalate into the grooves of a-
helical segments, thus leading to the stabilization of transmembrane a-helices. Similarly,
it was proposed that the negatively charged head group of DOPA could form electrostatic
interactions with extramembranous regions of the nAChR, thus leading to the
stabilization of B-sheet secondary structures. In addition, in the absence of both neutral
and anionic lipids, the nAChR appeared to be stabilized in a channel-inactive

conformation analogous to that of the agonist-induced desensitized state.
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Carb-difference spectra recorded from the nAChR reconstituted into EPC
membranes void of both neutral and anionic lipids do in fact suggest that the nAChR is
stabilized in the desensitized state. The Carb-difference spectra also reveal, however,
that rather than stabilizing distinct nAChR secondary structures, the predominant effect
of both neutral and anionic lipids within a reconstituted membrane is to stabilize the
nAChR in an equivalent resting conformation. In addition, the proportion of receptors
adopting either the resting or desensitized state appears to be dependent upon the final
lipid composition of the reconstituted membrane. Initially the results were interpreted to
suggest that diverse lipid structures influence the conformational equilibrium of the
nAChR between the resting and desensitized states through an indirect affect on some
physical property of the lipid bilayer, possibly bulk fluidity. In other words, the presence
of both neutral and anionic lipids within an EPC membrane could lead to a relatively
ordered lipid membrane that may be required for maintaining the receptor in a
predominantly resting conformation. Conversely, the absence of either or both lipids
could lead to a more fluid membrane that may increasingly enhance the formation of the

desensitized state.

Further studies focussing on the specific effects of increasing levels of either
DOPA or Chol within an EPC membrane, however, show that the effects of lipids on
nAChR function is more complex than the modulation of a simple two state equilibrium.
Carb-difference spectra recorded from the nAChR in EPC membranes with relatively low
levels of either DOPA or Chol exhibit a pattern of band intensity variations suggestive of

the stabilization of a structural intermediate between the resting and desensitized states.
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The Carb-difference spectra also suggest that the resting, intermediate and desensitized
states adopted by the nAChR in the absence of the anionic lipid, DOPA, differ slightly in

structure from the corresponding states stabilized in its presence.

Consequently, Figure 7.1 depicts a revised model of the effects of membrane lipid
composition on the structure and function of the nAChR. In this model, the nAChR is
proposed to exist, in the absence of agonist, within a conformational equilibrium between
at least three distinct conformations: a low affinity channel-competent resting state, a
high affinity channel-inactive desensitized state and a novel intermediate state. Within a
relatively ordered membrane, such as that formed by native or EPC/DOPA/Chol
membranes, the nAChR is stabilized predominantly in the resting state. An increase in
membrane fluidity, such as that found with decreasing concentrations of either neutral
and/or anionic lipids, leads initially to a shift in the conformational equilibrium of the
nAChR towards the intermediate state, and then finally towards the desensitized state. In
the absence of anionic lipids, however, the nAChR adopts a conformation similar to
either the resting, intermediate or desensitized states, as dictated by the membrane
fluidity, but one that has a subtle unidentified structural difference. These putative
conformational states are tentatively described as pseudo-resting, pseudo-intermediate

and pseudo-desensitized.
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Figure 7.1 A revised model of the effects of membrane lipid composition on the
structure and function of the nAChR (see text for details).
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Local Anesthetic-Induced Modulations in the Conformational Equilibrium of the

NAChR

The ability of the nAChR to conduct cations across the postsynaptic membrane in
response to the binding of ACh is also sensitive to the presence of both local anesthetics
and the hallucinogen, PCP. Local anesthetics and PCP belong to a class of structurally
diverse compounds that modulate nAChR activity by binding to a distinct non-
competitive blocker site located within the receptor’s ion channel pore. For most local
anesthetics, as well as for PCP, binding to the non-competitive blocker site stabilizes the
nAChR in a high-affinity ACh binding conformation that has been presumed to be
analogous to the agonist-induced desensitized state. As a result, the current model of
local anesthetic action at the nAChR proposes that these compounds bind to the non-
competitive blocker site and induce a shift in the conformational equilibrium of the
receptor towards the desensitized state. Similarly, some local anesthetics, such as
tetracaine, bind to the non-competitive blocker site and stabilize the nAChR in a low
affinity ACh binding conformation and are thus presumed to shift the conformational

equilibrium of the receptor towards the resting state.

In agreement with the current model, Carb-difference spectra recorded in the
presence of a variety of local anesthetics suggest that local anesthetics do in fact bind to
the nAChR and stabilize the receptor in a desensitized conformation. Contrary to the
model, however, the FTIR data reveal that nAChR desensitization occurs not through
interactions at the non-competitive blocker site, but solely as a result of local anesthetic

binding to the neurotransmitter binding sites. In fact, the main ‘desensitizing’ effect of
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local anesthetics appears to occur as a result of their binding to the neurotransmitter
binding sites and mimicking many of the same interactions as those formed between

agonist and individual neurotransmitter binding site residues.

The Carb-difference spectra also reveal that both the local anesthetics prilocaine,
lidocaine and proadifen and the hallucinogen, PCP, bind to the non-competitive blocker
site and stabilize the nAChR in an intermediate conformation similar to that stabilized
upon reconstitution of the nAChR into EPC membranes containing low concentrations of
either Chol or DOPA. Based on both the pattern of vibrational changes induced in the
nAChR upon transition from the resting to the intermediate state and the susceptibility of
these changes to 'H/*H exchange, it is proposed that within the intermediate state, the
nAChR’s ion channel adopts a predominantly desensitized-like conformation while the
neurotransmitter binding sites retain a predominantly resting-like conformation. There
are however, likely subtle changes in the neurotransmitter binding sites that provide the
intermediate state with an affinity for agonist somewhere between that of both the resting

and desensitized states.

Consequently, Figure 7.2 depicts a revised model of the effects of local anesthetic
binding on the structure and function of the nAChR. In this model, the nAChR is again
proposed to exist, in the absence of agonist, within a conformational equilibrium between
the resting, intermediate and desensitized state. At low concentrations of so-called
‘desensitizing’ local anesthetics, where binding occurs predominantly to the non-
competitive blocker site, the conformational equilibrium of the nAChR is shifted towards

the intermediate state. In contrast, the binding of the local anesthetic, tetracaine, to the
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Figure 7.2 A revised model of the effects of local anesthetic binding on the structure
and function of the nAChR (see text for details).
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non-competitive blocker site induces a shift in the conformational equilibrium of the
nAChR towards the resting state. Regardless of the conformation stabilized by local
anesthetic binding to the non-competitive blocker site, however, the additional binding of
local anesthetic to the neurotransmitter binding sites stabilizes the nAChR in a
desensitized conformation analogous to that stabilized upon prolonged exposure to

agonist.

Although further studies are required to fully elucidate the molecular details
surrounding both lipid and local anesthetic action at the nAChR, the results of this
research clearly show that the nAChR is capable of adopting a diversity of
conformational states, each likely possessing its own unique functional characteristics
(i.e. agonist affinity, channel gating and/or desensitization kinetics etc...). The ability of
various endogenous and exogenous factors to influence the proportion of receptors
adopting either conformation suggests that this conformational diversity may perform a
central role in affording neurons the necessary flexibility to not only respond and adapt to
changes in both their internal and external environment but to also perform such complex

functions as thought, memory and learning.
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