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ABSTRACT

Mixtures of phosphatidylcholine (PC) and phosphatidic acid (PA) are particularly
effective at stabilizing a functional nicotinic acetylcholine receptor (nAChR). To test
whether the ability of PA to adopt both monoanionic and dianionic states plays a role in
lipid-nAChR interactions, we monitored the ionization state of PA in nAChR-reconstituted
membranes. In the presence of the nAChR, PA head groups in PC/PA 3:2 membranes are
stabilized in the monoanionic state. Stabilization of monoanionic PA in nAChR-
reconstituted membranes accounts for some of the observed increase in membrane gel-to-
liquid crystal phase transition temperature (T,,) upon nAChR incorporation, possibly by
nAChR-induced pH reduction at the membrane surface. Increasing concentrations of
cations at the bilayer surface and diacylglycerol within the bilayer account for the remaining
shift in membrane T, observed upon nAChR incorporation. We conclude that the nAChR,
which is a cation-selective ion channel, alters its environment through both cation

concentration and enzymatic activity.
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Chapter 1: General Introduction

Introduction

The ability of humans to interact with the world around them relies on our nervous
system. The nervous system is an intricate network of specialized cells, called neurons, and
it is involved in controlling our five senses, as well as higher brain functions, such as
attention, learning and memory. The diversity of the types of neurons and the connections
between them are responsible for the ability of the nervous system to interpret the
innumerable signals that we experience each and every day, and to transmit the information
contained in those signals to our brains almost instantaneously (1, 2). An important part of
the nervous system is the communication between individual neurons at the junctions
between them, called synapses. The conversion of electric signals generated by neurons to a
chemical signal sent from one neuron to its neighbor at a synapse is the basis of
neurotransmission (3, 4).

Communication throughout the nervous system occurs through electrical signals
called action potentials. Action potentials are waves of charged ions that move along
neurons (Fig. 1.1). These large concentrations of charged ions are generated by a rapid
diffusion of ions into a neuron through gated ion channels. The action potential travels to the
end of the neuron along the path to the brain. Upon arrival of an action potential at the nerve
terminal, the neuron is depolarized and storage vesicles containing small molecules called

neurotransmitters fuse with the pre-synaptic membrane, releasing the neurotransmitters into



Figure 1.1

Neurotransmission and the Players Involved. Signals
are transmitted through neurons in the form of action
potentials (yellow arrow), which are waves of charged ions
(green spheres). At the synapse where neurons meet, the
electrical signals are converted to chemical signals
following the arrival of an action potential by the release of
neurotransmitters (NT) (blue triangles) into the synaptic
cleft. On the adjacent neuron, ligand-gated ion channels
(green) open pores within the post-synaptic membranes in
response to NT binding. The resulting rapid influx of ions
into the post-synaptic neuron propagates the electrical
signal.
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the synaptic space (5). The neurotransmitters flow through the synaptic space and bind to
neurotransmitter receptors within the post-synaptic membrane. These receptors belong to a
class of proteins that form pores in the post-synaptic membrane that open in response to
external triggers (in this case the binding of neurotransmitters) referred to as ion channels (6).
Charged ions will flood through the open pores into the post-synaptic neuron, thereby
generating an action potential. The electrical signal is propagated through this neuron and the
nervous system.

The process described above is one of many potential responses that can occur at a
synapse upon the arrival of an action potential. There exists an expansive number of
chemical processes occurring at synapses due to diverse factors: the variety of
neurotransmitters that can be released from the pre-synaptic neuron, the diversity of the
receptors found at synapses, and their distribution between the pre- and post-synaptic
membranes. The synapse is also influenced by external signals, as sensory experiences can
affect synaptic function, resulting in the formation of long-term effects (this is the basis for
how memories are formed) (7). Deficiencies of any of the processes of neurotransmission
results in serious health afflictions, including myasthenic syndromes and other serious
diseases (5, 6).

The work presented in this study focuses on one of these ligand-gated ion channels
(LGIC) found on the post-synaptic membrane that plays a significant role in
neurotransmission. This particular channel gates open its cation-selective pore in the
membrane in response to the binding of the neurotransmitter acetylcholine (ACh) (Fig. 1.2),
allowing rapid diffusion of cations from the synaptic space into the post-synaptic neuron.
The first experiments suggesting the existence of the channel were conducted using nicotine;
hence the receptor is referred to as the nicotinic acetylcholine receptor (nAChR). Owing to

3



Figure 1.2

Nicotinic Receptors Interact with Diverse Agonists and
Antagonists. Agonists bind to the nAChR agonist binding
site leading to opening of the transmembrane pore.
Nicotine was the first agonist found to elicit strong
responses, but acetylcholine and carbamylcholine both
elicit stronger responses. Antagonists bind to either the
agonist binding site or the pore binding site, inhibiting the
nAChR by locking it in a non-functional state or blocking
the pore of the channel, respectively. Local anesthetics
procaine, tetracaine and dibucaine block the channel
inhibiting the flux of cations. D-tubocurarine is the active
antagonist in curare (9).
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the availability of an abundant source and the high homology to human forms of the
receptor, the nAChR isolated from the electric fish Torpedo californica has been studied
extensively throughout the past 40 years. The biochemical data acquired throughout this
period resulted in further understanding of the mechanism of neurotransmission, but also laid
an important foundation upon which a structural model has been built (8). This structural
model allows for the proposal of sophisticated hypotheses regarding the mechanism of the
nAChR, its role in affecting the strength of synaptic communication and thus its modulation

of higher cognitive function.

1.1 — Nicotinic Acetylcholine Receptor: The Early Years

The story of the nAChR unknowingly began in the 2" half of the nineteenth century
with Claude Bernard studying the effects of curare, an extract from poisonous vines of
Central America that causes relaxation and paralysis (9). Bernard concluded that curare was
acting at the peripheral ending of motor nerves (10). However, following extensive work
from 1870 to 1910, John Newport Langley had proven that this was not the case. Langley
found that muscle contraction of an anaesthetized fowl could be caused by application of
nicotine to the muscle, but the addition of curare prior to nicotine abolished any response.
After abolishing the contractions with curare, however, direct electrical stimulation of the
muscle cells still resulted in contraction (11). The pertinent conclusion from these
experiments is that the curare did not act directly on the contractile cells, but rather on an
“accessory substance of the muscle cell.” As the observed response was the result of adding

nicotine, Langley dubbed the substance a “nicotinic receptive substance” (10, 11). The



experiments conducted by Langley over 100 years ago and the conclusions drawn are the
basis of drug-receptor theory that we know today.

At the time, however, the notion of a receptor for small chemical molecules found
within tissue was against the traditional rationale of drug action (10). Criticisms of
Langley’s theory about the “receptive substance” came from noted scientists of the period,
citing a lack of evidence for the interactions between a receptive “side chain” and the small
chemical compounds. However, support of drug-receptor theory came from work in the
1920s, which indicated that neuronal communication occurred via a chemical messenger
released by a neuron exerting its effects on the adjacent neuron. Further support came from
Alfred Joseph Clark in 1933 when he published a collection of pharmacological data from
multiple sources that had been analyzed or reanalyzed in his book The Mode of Action of
Drugs on Cells. Calculations within this book suggested that, based on the molecular size
and postulated cell surface area, small molecules like adrenaline or acetylcholine likely exert
their action by binding, or “uniting with”, certain receptors within tissues (10). Despite
Clark’s publication and its re-assertion of the drug-receptor theory, it remained just that, a
theory, until the late 1960s and early 1970s when receptor proteins were first isolated from
cell membranes.

In order to validate the concept behind the drug-receptor theory, isolation of the
“receptive substance” was ultimately required. However, isolation seemed a daunting task as
researchers were unsure how a small chemical, such as acetylcholine, could elicit substantial
intracellular changes and orchestrate the complex processes of neuronal communication.
However, researchers were resolute in their ability to isolate and identify Langley’s
“receptive substance.” Moreover, in light of recent work on the concept of the ion channel, it
was hypothesized that Langley’s “receptive substance” was likely a protein that would open

6



an ion channel within neuronal membranes upon binding of either nicotine or acetylcholine,
resulting in the propagation of the electrical signals in the nervous system (12). The next
chapter of the story involves the attempts to identify, isolate and purify these hypothesized

proteins: nicotine/ACh-responsive ion channels.

1.2 — Nicotinic Acetylcholine Receptor: Identification and Isolation

The search for the nicotine/ACh-responsive ion channel began by trying to identify a
source from which large amounts of the receptor could be isolated. Rather than searching by
application of acetylcholine to various tissues, Changeux and colleagues used something
more specific: snake venom toxin that binds only the receptor. Acetylcholine has the
potential to bind to other proteins, including acetylcholine esterase, resulting in specificity
issues when searching for the nAChR (13). As a result of this concept, a-Bungarotoxin (o~
Btx), from the snake Bungarus multicinctus was applied to tissues and exhibited blockage of
the effects of cholinergic agonists, with no detectable effects on acetylcholine esterase
functions. The tissues used for these experiments were isolated from the electric ray
Torpedo (primarily californica) and the electric eel Electrophorus electricus (13-15). These
animals have the ability to deliver large electric currents in order to kill prey. The generation
of these large currents is a result of a high concentration of cells with high concentrations of
nicotinic receptors, called electrocytes, in specialized organs called electroplaques.
Application of a-Btx to these tissues led to dramatic binding, indicating these tissues contain
a significant concentration of the nAChR. Isolation of the tissue from electroplaques from
the Torpedo, an abundant source of the nAChR, led to extensive use of the Torpedo nAChR

for biochemical studies.



By the mid-to-late 1970s, a number of groups had developed methods to purify large
quantities of the nAChR from Torpedo californica electroplaques (16-18). SDS-Page gel
electrophoresis of the purified nAChR indicated that the nAChR was composed of 4 different
polypeptides or subunits (18, 19). Due to the migration pattern, the subunits were named a,
B, & and y, with molecular weights of 40,000, 49,000, 60,000 and 64,000 Da, respectively
(15, 19). A number of different characteristics of the subunits, including the subunit
responsible for agonist binding (the a-subunit) (19), and the predicted subunit stoichiometry
of 2:1:1:1 a:B:8:y (molar ratio), were determined, eventually leading up to the primary amino
acid sequence of the subunits from the complete DNA sequences of the 4 nAChR subunit
genes (20). The full sequencing of the subunit amino acids led Mishina et al. to inject
Xenopus oocytes with the mRNA of the nAChR subunits and examine their expression and
electrophysiology (21). In this system, functional nAChR was expressed on the surface, and
electrophysiology traces indicated that all 4 subunits, with the proper stoichiometry, were
required for expression of functional nAChR. Without the a-subunit mRNA, the receptors
lost a-Btx binding ability, further indicating that the o-subunit is responsible for agonist
binding.

At this point, a number of groups focused on the functional aspects of the nAChR
while other groups worked on determining the structure of the nAChR (22). The structure of
the nAChR, however, would remain unsolved until 2005 when a structural model was
published. The model incorporates extensive biochemical data as well as the recently
published structure of the acetylcholine binding protein (AChBP) to establish the first high-
resolution model of the nAChR (for detailed review of biochemical data and the structure,

see (9, 23)).



1.3 — Nicotinic Acetylcholine Receptor Structure

Even with almost 30 years of biochemical and biophysical data in hand, there
remains the requirement for high-resolution structural data in order to determine the
mechanism of how the nAChR translates the binding of a neurotransmitter into gating open
its cation-selective pore. In order to fully understand the molecular basis behind the multiple
events that occur during the gating process, exquisite detail regarding the structure is
required, as has been evidenced by the publication of crystal structures of the potassium
channel (24-27). The majority of membrane proteins remain resistant to standard high-
resolution imaging techniques, resulting in only a select handful of crystal structures of
membrane proteins having been solved prior to 2005. However, the study of the nAChR
took its first step into the atomic age with the publication of the crystal structure of a
structurally related protein to the nAChR: the AChBP (28, 29). From this point, models,
concepts and hypotheses were made regarding the mechanisms by which the nAChR bound
agonist and the resulting conformational changes, but the structure of the AChBP would
ultimately provide an important part of the determination of the structural model 4 years later
(8). At this point, I will review the brief history of the structural infofmation used as the
foundation for the structural model and I will also review said model briefly. With the
availability of the Unwin model, studies involving the nAChR must address findings in a

structural context; therefore an understanding of the structure and its intricacies is crucial.

1.3.1 — Acetylcholine Binding Protein (AChBP) — Prior to 2001, there had been a large

amount of research on the ligand binding domain of the nAChR gathered in an effort to



figure out how the agonist bound. In 2001, the study of the ligand binding domain took a
huge leap forward with the publication of the structure of the AChBP. The AChBP is a
soluble protein found in snails stored in glial cells. In response to ACh release from the pre-
synaptic neuron, the AChBP is released into the synaptic space and modulates the
transmission of the neuronal signal by binding the ACh, effectively inhibiting the ACh-
induced response on the post-synaptic neuron (28). The AChBP is a stable homopentamer
that aligns with the N-terminal domain of the LGIC superfamily; the subunits of the AChBP
are most closely related to the a-subunits of the nAChR. The AChBP also binds other
known agonists and antagonists of the nAChR including nicotine, d-tubocurarine (the
effective agent in curare) and a-Btx (29). The crystal structure of the AChBP was solved to
2.7A and the structure indicates that the AChBP protomer can be used as an example of an
a-subunit of the nAChR.

When viewed along the five-fold axis, the AChBP pentamer forms what the authors
described as a “windmill toy with petal-like protomers” (Fig. 1.3) (29). From the side, the
AChBP forms a cylinder with a vestibule down the center, with dimensions of 62 x 80A.
The individual protomers are arranged around the central pore with a near five-fold
symmetry. The protomers each consist of an N-terminal a-helix, two short 3¢ helices and a
core of ten f-strands (Fig. 1.4).

The ligand binding sites of the AChBP are located in cavities that are formed by a
series of loops from the principal face of one subunit (A) and the complementary face of the
adjacent subunit (B) (Fig. 1.4B). These cavities are located roughly 30A above the C-

terminal, which is the rough location of the beginning of the transmembrane domain of the
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Figure 1.3

Structure of the AChBP from Lymnaea stagnalis. Top,
AChBP viewed from the top, down through the central
vestibule. The pentamer is formed by 5 identical subunits
(A-E). The binding sites are located at the interfaces
between the subunits, on the outer perimeter of the
cylindrical pentamer. Bottom, AChBP viewed from the
side. Ligands bind at the interface between the principal
(+) subunit (blue) and the complementary (-) subunit
(yellow) in a pocket formed from contributing loops and
residues from both subunits. PDB accession code: 119B
(29).
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Figure 1.4

Individual Subunit of the AChBP Pentamer. A, Single
subunit with important structural elements highlighted.
The inner sheet (red) and the outer sheet (blue) form the
10-stranded B-sandwich core of each subunit. The C-loop
(yellow) has been shown to undergo significant
conformational rearrangements upon agonist binding,
leading to movements of the Cys-loop (green). B, Subunit
shown with the principal (left) binding site residues and the
complementary (right) binding site residues highlighted in
yellow. The agonist binds to this site, located at the
interface of adjacent subunits, and the C-loop closes
around the agonist bringing the residues highlighted into
closer contact with the agonist. AChBP shown in the
HEPES-bound state with C-loop slightly closed over the
binding site compared to the unbound state.
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nAChR. This distance correlates with previous data regarding the location of the binding site
in the nAChR. These cavities are lined by residues that have been shown to be involved in
ligand binding in the nAChR through photoaffinity labeling and mutagenesis studies (30-33).
The residues in the site are from Loop A (Y89), Loop B (W143, W145) and Loop C (Y185,
C187-188, Y192) from the principal subunit. From the complementary subunit, residues
contributing to the binding site are from Loop D (W53, Q55), Loop E (R104, V106, L112,
and M114) and Loop F (Y164). All the large, aromatic residues in the binding site are
thought to coordinate the ligands through cation-n interactions between the quaternary amine
groups of the ligands and the & electrons of the aromatic residues (31).

In a recent paper, multiple structures of the AChBP from a saltwater mollusk were
solved in the presence of different agonists and antagonists (34). The structures indicated
that upon agonist binding, the C-loop (Loop C in the previous section) undergoes a rigid-
body motion swinging almost as much as 11A upon binding of agonist. Like a cap closing
over the binding site, the C-loop conformational change moves residues in closer register
with the agonist, resulting in tight association between the aromatic residues and the
quaternary amine of the agonists. In the presence of antagonists, the C-loop is in an “open”
conformation, possibly due to the larger size of the antagonists. In the apo form, the C-loop
is also in the “open” conformation, possibly allowing agonist access to the binding site.

The AChBP structures provided the first atomic resolution information regarding the
agonist-binding domain of the nAChR. The location of the AChBP residues and the ligand
binding sites generally agreed with the nAChR biochemical and biophysical data presented
prior to the publication of the AChBP structure. The AChBP would also be an important

part of the publication of the structural model in 2005.
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1.3.2 — nAChR Transmembrane Domain (TMD) — In 2003, using electron microscopy of
crystalline post-synaptic membranes, Miyazawa et al. published the structure of the
membrane-spanning pore, or the transmembrane domain, of the nAChR (35). The images
were refined to 4A resolution, allowing imaging of the helices within the transmembrane
domain as well as some information regarding approximate orientations of the side chains.
The helices form a pore through the membrane that taper together towards the intracellular
side, with each of the subunit helical bundles forming what appear to be propeller blades.
The structure indicates there are effectively 2 structural components to the transmembrane
pore of the nAChR: an inner ring of helices that interacts with cations passing through the
pore, and an outer ring of helices that interacts with each other and the lipid membrane (Fig.
1.5). The outer ring effectively acts as a barrier between the lipid membrane and the
transmembrane pore.

The gate of the nAChR is located within the pore at the center of the membrane, as
dictated by the structure. The gate is formed by large, bulky, hydrophobic residues at the
center of the pore, at the narrowest point between the helices. The residues involved are
al251, aS252, aF256, and aV255 (Fig. 1.5B). The gap in the pore at this constriction point
is roughly 3A across, which is too narrow for a hydrated ion to pass through without giving
up its first hydration shell. It would be energetically unfavorable for the ion to lose any of
the associated water molecules in the pore without compensating interactions with the pore
(does not seem likely due to the absence of hydrophilic residues at this point). The
hydrophobic girdle, therefore, acts as an energetic barrier to the passage ions in the closed
state, rather than a physical occlusion. The location and mechanism of the gate reconciled

some ambiguous results concerning the specific location of the gate. As well, the notion of
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Figure 1.5

The TMD of the nAChR. A, Top: nAChR TMD viewed
from the lipid membrane (grey bars). Each individual
subunit forms a 4-helix bundle (blue and yellow). Cations
(green) can pass through the central pore through the
membrane. Bottom: nAChR TMD viewed from the
synaptic cleft. M2 helices (red) form the pore through the
membrane, and the inner ring of helices (red dashed line).
M1, M3 and M4 form the outer ring of helices (grey
dashed line), “protecting” the pore from the surrounding
lipid membrane (helical rings described in text). B,
Individual subunit of the TMD. Transmembrane segment
of each helix shown in yellow with grey section protruding
from the membrane. The M2 helices line the channel, and
the hydrophobic gate residues (red, ball-and-stick) are
found at the narrowest point in the middle of the
membrane. PDB accession code: 10ED (35).
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an energetic barrier rather than a simple physical barrier was an intriguing aspect of the

nAChR TMD in the closed state.

1.3.3 — Refined Structural Model of the nAChR — Following the publication of the AChBP
and the transmembrane pore of the nAChR, Unwin used these 2 components and was able to
refine the images recorded from the nAChR in crystalline membrane tubes used to image the
pore and form a structural model of the nAChR (8). The model takes into account the
extensive past biochemical data, allowing a detailed description of the entire receptor in the
closed-channel form. With a model in hand, it is now possible to visualize the mechanism of
how agonist binding is translated into gating the transmembrane pore.

The structural model indicates near five-fold symmetry down the central axis of the
channel when viewed from the synaptic cleft, similar to the AChBP (Fig. 1.6). From the
membrane, the structure appears wedge-shaped. Each individual subunit contains 3 distinct
domains and as a result the protein can easily be sectioned into its 3 domains: the ligand
binding domain (LBD), the transmembrane domain (TMD) and the intracellular domain
(ICD). Similar to the AChBP, the ligand binding domain consists of an N-terminal helix and
a B-sandwich core consisting of ten B-strands, with 2 distinct sheets (inner and outer sheets).
The loops that play a role (A-F) in the agonist binding are also identified in each of the
subunits, but now with the model of the nAChR structure, more inferences can be made
regarding the interface between the ligand binding and transmembrane domains and the
potential changes during the gating process (Fig. 1.7).

The ligand binding sites appeared in similar conformations to those identified in the

AChBP structure, but the C-loop of the nAChR model was weakly resolved, suggesting that
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Figure 1.6

Refined Model of the nAChR. Left, nAChR viewed
normal to the membrane. The secondary structure
elements divide the nAChR into 3 distinct domains: the
ligand binding, transmembrane and intracellular domains.
The front 2 subunits are highlighted in blue (o) and yellow
(8). The grey bars indicate approximate location of the
membrane leaflets. Right, nAChR viewed from the
synaptic space. The 5 subunits (o blue, B: red, 3: yellow,
and y: green) are oriented around the central pore with near
five-fold symmetry. PDB accession code: 2BG9 (8).
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Figure 1.7

Individual a-subunit of the nAChR. The LBD, like that
of the AChBP, consists of an N-terminal a-helix, an inner
[B-sheet (blue) and an outer B-sheet (red) (B-sandwich core)
and the loops involved in binding. The Cys-loop and the
M2-M3 linker are thought to be involved in translating the
agonist binding signal to the opening of the transmembrane
pore. M2 lines the channel pore, while M1, M3 and M4
occlude lipids from the pore region. Loops A, B and C are
involved in agonist binding and undergo similar
conformational changes to the AChBP upon binding of
agonist. Grey bars indicate approximate location of the
membrane.
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the C-loop is flexible in the absence of ACh (8). The residues, however, that have been
shown to be involved in the binding of ACh were visible in the nAChR model binding sites.

These side chains include Y190, Y198 and C192 of the C-loop and W149 of the B-loop in
the o-subunit. In this closed-channel conformation of the nAChR, the C-loop is projected

further away from the binding site pocket, supporting the movements of the C-loop predicted

by the AChBP structures with different ligands.

1.3.4 — Agonist Binding to Channel Gating — An important point of the nAChR model is the
“distorted” conformation of the a-subunits compared to the non-a subunits. It appears that
the conformation of the a-subunits is held in this distorted state wherein the B-sheets are
rotated roughly 10° from the non-o. subunits relative to an axis normal to the membrane
plane. Included with the alternate conformation of the B-sheets in the ligand binding
domain, the C-loop exhibits a reduced twist compared to the C-loops of the non-o subunits.
A series of interactions between subunits adjacent to the a-subunits are likely responsible for
stabilizing the distorted conformation of the a-subunits in the unbound state. The
importance of the altered conformation is that the ligand binding domains of the a-subunits
likely undergo a conformational transition upon binding of agonist that results in a non-o
subunit conformation. The result of agonist binding would likely be that the B-loop rotates
clockwise while the C-loop twists and rotates in order to close these loops over the bound
agonist.

Based on the AChBP structures with bound agonist (34), it is likely that the rotations

of the B- and C-loops result in a rigid-body movement of the inner and outer sheets and the

helices that lead to conformational changes of the loops at the domain interfaces. The

19



movements of the connecting links between the domains result in conformational changes
within the transmembrane domain, potentially twisting or rotations of the helices, resulting in
opening of the transmembrane pore. Due to the limited resolution of the structural model,
the specific gating movements of the domain interfaces and the transmembrane helices are
not immediately clear. However, potential mechanisms of the gating movements resulting in
channel opening have been proposed (5, 36-41). The likely candidates involved in the
coupling of binding to gating involve the loops connecting the structures between the 2
domains that are located at the interface of the ligand binding and transmembrane domains.
The B1-B2 loop, located at the domain interface, contains the residues E45 and V46. These 2
residues are thought to “straddle” P272 in the M2-M3 linker, and the concerted movements
in the ligand binding domain are propagated to the channel via the interaction of these
residues (42). Mutation of these residues results in impaired function of the channel.
However, as mentioned, the specific residues involved could ultimately be different than the
residues listed above, or the gating conformational changes could involve additional residues
as future structural information is solved.

The interface between the 2 domains is the location where the conformational
changes that occur in the ligand binding domain are transmitted to the transmembrane
domain, resulting in gating of the pore. While the specific mechanism of the interactions
occurring between the contributing loops at this interface is not clear, it is evident that these
2 domains must remain in proximity in order for the physical or electrostatic interactions to
govern the translation of binding to gating. Analysis of the overall charge of the 2 domains

indicates that there are overall opposite charges found on the extracellular and intracellular

domain residues that comprise the domain interface. In the a-subunit, the extracellular
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domain carries an overall negative charge at the domain interface while the transmembrane
domain carries an overall positive charge (Fig. 1.8) (40). Rather than specific salt bridges or
electrostatic interactions, mutant cycle analysis indicated that maintaining the overall
attraction between the 2 domains stabilized the functional properties of the nAChR. In light
of the extensive research indicating the requirement of anionic lipids for proper nAChR
function, the potential interactions between these charged interfaces and anionic lipids and
the possibility that anionic lipids maintain the proximity of the domains merits further
investigation.

Now that there is a structural model of the nAChR, the events that occur upon agonist
binding and the conformational changes that occur in distinct regions of the receptor can be
visualized. Following the publication of the structure, the ability to reconcile data in terms of
the model allows for detailed mechanistic interpretations, eventually leading towards a full

understanding of the mechanism of action of the nAChR.

1.4 — Nicotinic Acetylcholine Receptor and the Lipid Membrane

Initial studies on the nAChR described in section 1.2 were primarily carried out on
the receptor-rich membranes isolated from Torpedo in its native environment, with the
surrounding accessory proteins and components of the membrane. In order to examine the
nACHhR at the level of single molecular events, an important step in the isolation procedure
involves reconstitution of the nAChR into the lipid bilayer. Establishing a consistent and
reproducible purification and reconstitution protocol required examining the functional
properties of the nAChR at each step of the protocol to ensure that function was largely

unaffected. The reconstitution protocol of the nAChR was heavily modified and optimized
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Figure 1.8

Electrostatic Interactions Govern the Coupling of the
LBD to the TMD. The overall negative charge on the
LBD is due to negatively charged residues (red, ball-and-
stick) within loops 2, 7 and 9. The TMD carries an overall
positive charge at the interface due to the positively
charged residues (blue, ball-and-stick) on the Pre-M1, M2-
M3 linker and Post-M4. The opposite charges in these
domains result in an overall attraction between the
domains, effectively ensuring coupling between the 2
domains (40).
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throughout the late 1970s, with multiple groups attempting to establish the first reproducible

and effective reconstitution protocol.

1.4.1 — Membrane Solubilization — Establishing the reconstitution protocol first involved
finding the appropriate detergents to use for removing the nAChR from its native Torpedo
membrane prior to affinity purification. Early studies used a variety of detergents to remove
the nAChR from its native membrane. The retention of the nAChR agonist binding
properties was found using several detergents, both anionic and non-anionic, but the degree
to which the agonist binding properties were retained was different depending on the
detergent (43). In some cases, large-scale purifications were carried out using Triton X-100
to solubilize the membranes, removing the nAChR. In the majority of these particular
reconstitutions, the ability of the nAChR to bind agonist was retained, but cation flux ability
of the nAChR was lost (44, 45). The issue would be resolved with the publication of a
reconstitution protocol using cholate, an anionic detergent, to solubilize the membrane, but
there was one aspect that was key in retaining both agonist binding and the ability to flux
cations. The protocol used a mixture of cholate and 2.5% soybean phospholipids to
solubilize the membrane (46). Purified nAChR following this solubilization exhibited a
rapid, agonist-dependent cation flux that was inhibited by a-Btx. Following the publication
of this protocol, focus of research became identifying those lipid mixtures that when

included with the detergent during solubilization and purification would result in functional

nAChR.
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1.4.2 — Reconstitution and Exogenous Lipids — The protocol published by Epstein and
Racker highlighted the functional relationship between the nAChR and its membrane
environment. With purification in the absence of phospholipids, their measurements
indicated no cation flux or the desensitization of the nAChR in the prolonged presence of
agonist. However, upon inclusion of even a small percentage of lipids in the solubilization
mixture, cation flux and desensitization were observed (46). With the retention of the
functional properties of the nAChR, a protocol had been established that consistently resulted
in functional nAChR, and this marked the starting point for future studies aimed at
optimizing the protocol. The Changeux group included an even greater amount of lipids
within their reconstitution procedures, and found similar results: agonist-induced flux that
was abolished in the presence of a-Btx, indicative of a functional nAChR following
reconstitution (47). Further work based on the protocol established by Epstein and Racker
led to early electrophysiology traces on the nAChR. Nelson and colleagues used the
reconstitution protocol to obtain functional nAChR in lipid vesicles and spread the vesicles
into planar bilayers to measure the conductance. Again, the nAChR exhibited
pharmacological specificity, Carb-induced activation and in the continual presence of the
agonist, the receptor became desensitized (48).

The presence of exogenous cholesterol during the purification/reconstitution
procedure was examined as an effector of stabilizing function of the nAChR. However,
rather than using soybean asolectin, which contains various phospholipid species, 3:1
mixtures of phosphatidylethanolamine (PE) and phosphatidylserine (PS) were used. This
report indicated that the nAChR was non-functional without cholesterol, but the presence of

cholesterol resulted in significant increases in the functional behavior (49). Further studies
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determined different aspects of the functionality of the nAChR depending on the lipids
present, and the general orientation of the nAChR in these functional proteoliposomes (50).
Throughout these reports, the constant finding was that the presence of lipids during
purification was essential to retaining the function of the nAChR following reconstitution.
The activity of many integral membrane proteins is intricately related to the
surrounding lipid environment. There is extensive information showing that the membrane
environment affects the function of membrane proteins (51, 52). The nAChR is dependent
on the presence of either endo- or exogenous phospholipids in order to retain functionality
following the reconstitution procedure. The question becomes: Are there specific lipids that
are required throughout the reconstitution procedure, or does the nAChR simply require the
presence of phospholipids? The native Torpedo nAChR-rich membranes are quite diverse in
terms of the phospholipids present (Table 1.1) (53-55). The values in Table 1.1 indicate a
large amount of cholesterol (Chol) within the membrane, as well as a diverse group of
phospholipids including phosphatidylcholine (PC), PS, PE, sphingomyelin (SM), and
phosphatidic acid (PA) (Fig. 1.9). One characteristic of the Torpedo nAChR-rich
membranes is the large amount of negatively charged lipids suggesting that these membranes
are generally negatively charged. Attempting to deduce precisely which lipids were
responsible for the stabilization of the functional nAChR was difficult at first as the protocol
used soybean asolectin (46), which is a mixture of various phospholipids in different
amounts (55). From here, phospholipids within the Torpedo membranes were systematically

examined for their role, if any, in stabilizing the functional state of the nAChR.

1.4.3 — Reconstitution into Defined Lipid Mixtures — The functional dependence of the
nAChHR on the surrounding lipid membrane generated a large amount of attention. Multiple
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Table 1.1- _n oxim Perc ” Meanes

Lipid Torpedo californica  Soybean Asolectin
Reference SI(-:IIII::}?(I)C(I.ST;d GZI;Z‘;I_CZI;; S Demel et al . (55)
Cholesterol 20 20-30 -
PC 32 38.4 24
PE 22 35.8 39
PS 10 10.9 19
PI 4 - 1
SM 1.5 2.3 -
PA - 29 6
Other 10 - 11
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Figure 1.9

General Structure of Lipids Found within the nAChR-
rich Torpedo Membranes. Phospholipids consist of long,
hydrophobic acyl chains, a glycerol connecting segment
and a phosphate head group. The lipid acyl chains shown
here are palmitoyl (16:0) and oleoyl (18:1). The different
R-groups on the phosphate head group result in the variety
of phospholipid species found in the Torpedo membranes.
A number of these phospholipids are anionic leading to an
overall negative membrane. Cholesterol is also found in
large quantities within these membranes.
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groups began to examine how specific lipids interact with the nAChR, resulting in functional
or non-functional conformations. Early studies examined lipid mixtures containing PC as the
primary component with different amounts of other phospholipids, including PE, PS and PA,
as well as neutral lipids such as Chol and androstane (56, 57). Reports indicated that Chol
was necessary in order to stabilize the functional nAChR (49, 58). This finding seems
logical as the Torpedo membranes generally contain 20-30% Chol. However, other studies
found that the presence of anionic lipids was sufficient to stabilize function of the nAChR
following reconstitution (56, 59). These studies examined the cation flux ability of the
nAChR using radio-labeled cations (**Na* or ®*Rb") measuring the amount of these cations
found within the proteoliposomes following an incubation period. Flux studies, however,
exhibit artifacts that result in the inconsistencies between studies. There are some issues,
including vesicle size and morphology and the rates of flux of the nAChR in the different
membranes, which leads to variation within the data. As a result, groups used a normalized
response measurement that takes into account the concentration of the nAChR and the
vesicle size, and a threshold was set below which any response levels are considered non-
functional (58). This “all-or-nothing” approach resulted in some lipid mixtures being
considered by some researchers to be non-functional, while other researchers found response
levels indicative of a functional nAChR. The inconsistencies led to different considerations
of what was considered a “functional membrane” and ignore the possibility that the presence
of different lipids results in different levels of functional nAChR within a reconstituted
membrane.

Despite disagreements regarding the specific lipid requirements of the nAChR, there
was a general consensus regarding the importance of anionic lipids and Chol. Studies
examining the function of the nAChR by various methods found that there was an inherent
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requirement for anionic lipids (59-68), and while Chol is generally considered important
there remains some controversy over the effects of Chol. An emerging hypothesis was that
there were specific lipid binding sites on the nAChR and these sites were key for the
stabilization of function in the reconstituted proteoliposomes. Fluorescence quenching
studies using brominated lipids, both phospholipids and Chol, found that these lipids were
quenched by the nAChR in such ways that the phospholipids were located in the lipid
annulus, the ring of lipids surrounding the nAChR, while the Chol was located in non-
annular sites on the nAChR, or specific binding sites on the transmembrane domain of the
nAChR (57, 68). While these sites have not specifically been located and/or proven, the
possibility remains that the nAChR binding specific lipids is vital to stabilization of nAChR
function. The binding of specific lipids to the nAChR has also been implicated in stabilizing
particular aspects of the structure, thereby indicating that the presence of different lipids
should result in different structural conformations of the nAChR (69, 70). The presence of
Chol, for example, was suggested to stabilize the a-helical content of the nAChR,
specifically in the transmembrane domain, while PA was thought to stabilize the B-sheet
content. However, subsequent studies indicated that the overall secondary structure of the

nAChR remains relatively similar in various lipid membranes (71).

1.4.4 — Lipids Modulate the nAChR — A consistent finding is that PA, an anionic
phospholipid with a small, negatively charged head group, is effective at stabilizing the
nAChR in a functional conformation. Early reports indicated that PA was particularly
effective, but the presence of Chol was also required in order to stabilize the functional

nAChR (58). Confusion still existed, though, as there were reports that PA was not
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sufficient to stabilize the nAChR function without Chol (60), while still other reports
indicated that PA alone stabilized a functional nAChR and Chol did not (67). Some reports
indicated that rather than specific lipid requirements, there were optimal membrane physical
parameters that needed to be met in order to stabilize the functional nAChR (58). Still other
reports indicated that rather than the physical conditions of the bilayer the membrane
composition was the most important aspect of the membrane in stabilization of nAChR
function (62). Despite the continual contradiction, one consistency was that the nAChR was
found to be optimally functional in membranes containing PA and Chol, rather than any
other anionic lipid or neutral lipids.

In an attempt to address the inconsistent reports regarding the specific lipids required
rather than mixtures of lipids, nAChR-reconstituted membranes with a wide variety of lipid
compositions were analyzed using FTIR difference spectroscopy (61). FTIR difference
spectroscopy examines the ability of the nAChR in planar bilayers to undergo
conformational change following the application of agonist (65, 66). The results from FTIR
difference measurements indicated that PA and Chol were able to independently modulate
the proportion of the functional nAChRs to the non-functional nAChRs. First, the nAChR
was examined in pure PC bilayers, which have been shown to result in a non-functional
conformation of the nAChR. Difference spectra were then recorded from the nAChR in PC
membranes with increasing amounts of PA or Chol (72). The degree to which the nAChR
was stabilized in the functional resting state increased with increasing amounts of PA or
Chol, eventually reaching a plateau in each different system. The results indicated that the
conformational equilibrium between the functional, resting state of the nAChR and the non-
functional state of the nAChR is modulated by the lipids present, with PA being more
effective at shifting this equilibrium towards the functional state.
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In light of the effectiveness of PA, further studies were performed in order to assess
the influence of PA, and the requirement of Chol. By reconstituting the nAChR into
membranes containing PC and PA at a molar ratio of 3:2, daCosta et al. found that the
nAChR was stabilized in a functional conformation that appeared to be almost as functional
as the native membranes or PC/PA/Chol 3:1:1 membranes (73). By further examining the
nAChR in these membranes, the same group confirmed that PS, another anionic
phospholipid, was not able to stabilize the nAChR in a functional conformation in the
absence of Chol (74). In the membranes containing PS, without Chol, the conformational
equilibrium of the nAChR was similar to the equilibrium observed in the pure PC bilayers.
Still further studies examined the nAChR in membranes containing other anionic lipids
rather than PA, and found that some lipids could substitute for PA and stabilize a functional
nAChR (75). In contrast, a recent report found that the nAChR exhibited only moderate
functionality in a binary membrane mixture of PC/PG 3:2; the only binary mixture
containing an anionic lipid, phosphatidylglycerol (PG), with PC that resulted in any degree
of functional nAChR (76). In the end, the general consensus is that PA is the most effective
anionic lipid at retaining full function of the nAChR following reconstitution.

There were additional observations in the PA-containing nAChR membranes that
suggested PA was unique in its interactions with the nAChR. In PC/PA 3:2 membranes, the
presence of the receptor led to changes in certain physical properties of the lipid bilayer.
When compared to PC/PA 3:2 membranes without the nAChR, the PC/PA-nAChR
reconstitutions underwent the transition from the liquid crystal phase to the rigid gel phase at
significantly higher temperatures. An increase of ~13°C in the gel-to-liquid crystal phase
transition was observed in PC/PA 3:2 membranes upon incorporation of the nAChR (73).
Other anionic lipids, such as PS and PG, exhibit subtle shifts in the phase transition
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temperature (74), but not nearly as significant as in PC/PA-nAChR reconstitutions. It
appeared that membranes containing anionic lipids able to modulate the nAChR functional
conformation (PA, for example) were susceptible to changes in physical properties upon the
incorporation of the receptor. This bi-directional coupling, observed in PA-containing
membranes, indicates potential unique interactions occurring between the nAChR and PA.
However, despite the intense focus on determining the role of anionic lipids in
stabilizing optimal nAChR function, the mechanism of how PA modulates the
conformational equilibrium of the nAChR has yet to be resolved. PA appears to be unique
among the anionic lipids in its ability to stabilize the functional nAChR in binary membranes
with PC; focus was directed towards traits of PA that could be responsible for its modulation
of the nAChR functional conformation. One possibility that was examined is the unique
chemical trait of PA, the ability of PA to exist in 2 different head group ionization states
within the membrane, and its role in modulating the functional conformation of the nAChR.
The ability of the PA head group to exist in different ionization states at near-physiological
pH values is a unique chemical trait among the lipids that are commonly found in the
nAChR-rich Torpedo membrane. A paper published in 1993 examining the effects of PA on
nAChR function suggested that the ability of PA to exist in the dianionic state was
responsible for the modulatory role of PA on nAChR conformational equilibrium (64).
However, based on the FTIR data presented and their interpretations thereof, there were
some issues regarding the accuracy of their conclusions. Interpretation of FTIR data from a
previous paper from the McNamee group also led to inaccurate conclusions, therefore
reducing their credibility regarding the quality of their FTIR data as well as the conclusions

drawn from the spectra. Based on these reasons, the dianionic hypothesis described in the
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1993 paper, which is an interesting idea regarding PA modulation of the nAChR functional

conformation, still warrants an in-depth investigation.
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Statement of Objectives

I began a project oriented towards the ultimate goal of understanding the mechanism
of how PA effectively stabilizes the functional conformation of the nAChR, while other
anionic lipids require the presence of Chol. Specifically, I wanted to examine the potential
role of the dianionic PA head group in modulation of the nAChR, and the possibility that the
nAChHR preferentially associates with the dianionic state of the PA head group. My research
began with the following hypothesis:

e The dianionic state of the PA head group is essential in stabilizing the functional
conformation of the nAChR in reconstituted membranes, and this dianionic state of PA
is stabilized by the presence of the nAChR.

My initial objective was to confirm that FTIR spectroscopy could be used to monitor
ionization state of PA head groups within lipid membranes. By systematically examining the
FTIR spectra recorded from lipid membranes without the nAChR and the spectral changes
observed upon changing the pH, I wanted to establish a reproducible protocol applicable to
monitoring PA head group ionization in nAChR-reconstituted membranes.

As my project progressed, the focus of my thesis shifted based on the results obtained
while addressing my first hypothesis. My results indicated that the dianionic state of the PA
head group was not involved in stabilizing the functional nAChR. In fact, it appeared that in
the presence of the nAChR, the monoanionic state of the PA head group was stabilized by
the nAChR, rendering the dianionic state inconsequential in affecting the nAChR
conformational state. Based on these findings, I began to investigate how the monoanionic

state of PA is stabilized in the nAChR-reconstituted membranes. The stabilization of the
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monoanionic state appeared to be related to the bi-directional coupling highlighted in section
1.4.4. The 2" section of my thesis was based on the following hypothesis:
e The stabilization of the monoanionic state of the PA head group is partly responsible

for the altered physical properties of lipid membranes upon reconstitution of the

nAChR.

Towards this end, my work began to examine the influence of different factors on the
physical properties of the bilayer, ultimately aimed at providing a deeper understanding of
lipid modulation of the nAChR, and the role of the lipid membrane in influencing the

strength of synaptic communication.
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Chapter 2: Materials & Methods

Materials. Frozen Torpedo californica electroplax tissue was obtained from Aquatic
Research Consultants (San Pedro, CA). 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine
(POPC), 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphate (POPA), 1,2-Dioleoyl-sn-Glycero-3-
Phosphoethanolamine-N-(Carboxyfluorescein) (CFPE), and 1-Palmitoyl-2-Oleoyl-sn-
Glycerol (DAG) were from Avanti Polar Lipids, Inc. (Alabaster, AL). High purity Burdick
& Jackson chloroform (CHCI;) and methanol (CH3;OH) were obtained from Honeywell
(Morristown, NJ). Carbamylcholine Chloride (Carb), dibucaine (Dib), ethidium bromide

(Eth) and fluorescein (Fln) were from Sigma (St. Louis, MO).

nAChR Purification and Reconstitution. The nAChR was affinity purified on a
bromoacetylcholine bromide-derivatized Affi-Gel 102 column (Bio-Rad; Richmond, CA) as
described elsewhere (73). For each reconstitution, crude nAChR membranes from roughly
300 g of Torpedo electroplax tissue were solubilized for 1 h at 4°C in a total volume of 100
mL of dialysis buffer (100 mM NaCl, 10 mM Tris-HCI, 0.1 mM EDTA, 0.02% w/v NaN3,
pH = 7.8) containing 1% cholate. The solubilized membranes were centrifuged for 30 min at
87,000 X g to pellet insoluble material and the supernatants were applied to a 10 mL affinity
column at a flow rate of 1 mL/min. The column-bound nAChR was first washed with a 3.2
mM lipid solution in 1% cholate dialysis buffer (Lipid A). The column-bound nAChR was
then washed with 32.5 mL of a 1.3 mM lipid solution in 1% cholate dialysis buffer (Lipid B).

The column-bound nAChR was further washed with 32.5 mL of a 0.13 mM lipid solution in
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0.5% cholate dialysis buffer (Lipid C). The nAChR was then eluted from the column with a
0.13 mM lipid solution in 250 mM NaCl, 0.1 mM EDTA, 0.02% NaN3, S mM phosphate, pH
= 7.8, with 0.5% cholate and 10 mM Carb (Lipid D). After elution from the column, nAChR
fractions were pooled and then dialyzed 5 times against 2 L of dialysis buffer with buffer
change approximately once every 12 hours. The dialyzed membranes were centrifuged at
120,000 X g for 2 h to pellet the reconstituted membranes, which were resuspended in 2 mM
phosphate buffer (pH = 7.8). Purity of nAChR aliquots from elution fractions was analyzed
by 12% SDS-PAGE with Coomassie Blue staining. For the delipidated sample (see Chapter
4), the column was washed with buffer containing 15 mM cholate and no exogenous lipids.
The sample was eluted from the column using a similar elution buffer again containing no
exogenous lipids, leaving the purified nAChR solubilized in cholate with no lipids. The

absence of lipids was confirmed using FTIR spectroscopy (see below).

Lipid Extraction. The final lipid composition of the reconstituted membrane samples was
determined using high-performance thin layer chromatography (HP-TLC) on lipids extracted
from reconstituted membrane samples. Lipids were extracted from the reconstituted
membrane samples using a modified Bligh & Dyer extraction protocol (77). Lipid standards
were dried down under N, from stocks in CHCls, dissolved into aqueous buffer and extracted
using the same protocol as the nAChR-reconstitutions. For each sample, 500 pg of PC (as
checked by Phospholipids C assay; Wako Chemicals USA; Richmond, VA), (and the
corresponding masses of other lipids, if present, and nAChR), were extracted from the
nAChR-reconstituted membranes and standards. The samples were diluted to a total volume

of 1.6 mL in Tris dialysis buffer and the diluted sample was added to 6 mL of high purity
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Burdick & Jackson organic solvent (1:2 CHCIl;:CH;0H) and the mixture was shaken
vigorously. An additional 2 mL of CHCI; and 2 mL dialysis buffer were added to the
mixture (final ratio 1:1:0.9 CHCIl;:CH3;OH:sample in dialysis buffer; total 11.8 mL).
Extraction tubes were then centrifuged at 500 X g for 10 minutes to separate the aqueous and
organic CHCI; phases. Using a stretched glass Pasteur pipette, the bottom organic CHCl;
phase (total 4 mL) containing extracted lipids was removed and transferred to a small glass
vial. An additional 4 mL of CHCIl; was added to the extraction tube, and the extraction tube
was shaken and centrifuged again (same settings). The organic CHCl; phase was removed
using a new stretched Pasteur pipette and added to same glass vial as the first 4 mL of
organic CHCI; phase. The extra 4 mL of CHCl; and repetition of the shaking/centrifugation
ensures complete extraction of the lipids. The 8 mL of CHCIl; (with the extracted lipids) was
evaporated under a stream of N, drying the lipids on the bottom of vial. Lipids were
resuspended in 500 uL. CHCI; to obtain final lipid concentration of 1 mg/mL PC in CHCl;
(and corresponding concentration of other lipids, if present). Lipids in CHCl; were stored

under N, in -20°C freezer until used for HP-TLC.

High Performance Thin-Layer Chromatography (HP-TLC). The extracted lipids were run on
HP-TLC Silica gel plates (60A 4.5 uM particle size 200 uM thickness) from Whatman
Laboratory Products, as previously described elsewhere (78). Plates were washed twice in a
TLC tank using 100 mL 1:1 CHCI3:CH3;0H as solvent system. Tanks were then washed
with distilled water prior to solvent equilibration. Tanks were allowed to equilibrate for 1 h
with the following TLC solvent system: CHCIl;:CH3;0H:HCOOH:H,O (50:37.5:3.5:2

vol:vol). Plates were spotted with 15 ug PC of each sample (with corresponding masses of
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other lipids, if present). Washed and spotted plates were then placed in the equilibrated tank
until the solvent front reached 0.5 cm from the top of the plate. Plates were dried for 45
minutes before being immersed in 50 mL of staining solution (0.03% G250 Coomassie Blue
in 30% CH3;0H in 0.1 M NaCl) and placed on shaker for 30 minutes or until adequately
stained. Plates were then transferred into fresh destaining solution (30% CH;0H in 0.1 M
NaCl) for 15 minutes. Destaining step was repeated twice, or until background staining had
been reduced while sample bands remained stained. Stained HP-TLC plates were then
photographed immediately, and dried overnight prior to wrapping in plastic wrap for

preservation.

The HP-TLC plate standard analysis was performed using a similar protocol to the
HP-TLC analysis described above. The lipid standards were prepared in aqueous buffer by
mixing PC and PA in the desired molar ratio. The concentration of PC was assayed by
Phosphocholine assay prior to extraction. The lipids in each standard were extracted ‘using
the same method as the reconstituted membranes (see above). The extracted lipid standards
were dried down and resuspended in CHCl; at a PC concentration of 1 mg/mL, with the
corresponding PA concentration based on the lipid molar ratio. For each standard, 10 pg of
PC (and the corresponding amount of PA) was spotted on the HP-TLC plate and run with the
lipids extracted from the nAChR-reconstituted membranes. Densitometry was used to obtain
an estimate of the amount of PA vs. intensity of the band on the TLC plate, and interpolation
used to determine amount of PA in the lipids extracted from the reconstituted membranes.

Data presented herein are averages from at least 2 standard HP-TLC plates.
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Lipid samples to be analyzed by Mass Spectrometry were run on a single 10 cm X 20
cm aluminum TLC plate (Whatman) in a Benzene:Isopropanol:Ethyl Acetate:Formic Acid
(72.5:3.5:22:2 vol:vol) solvent system. Large quantities, 250 ug per half plate, of the lipid
samples were spotted across an entire plate (20 cm plate width, with 19 cm lane width
leaving small space on each side). Following the run of the plate, a section of the plate was
stained to locate the sample bands of interest. The remaining portion of the plate was cut and
the Silica gel, where the lipid bands were located, was scraped and the silica was suspended
in CHCl3. Lipids on the Silica gel dissolved from the Silica into the CHCl;. The CHCI; was
aspirated off of the top of the silica and placed in a glass vial and the CHCl; was evaporated
under a stream of N;. The lipids removed from the silica by thé CHC13 were dried in the
bottom of the glass vial, and the lipids were resuspended in aqueous buffer for MS-MS
analysis (performed by Jeff Smith, at the Ottawa Institute of Systems Biology, University of

Ottawa).

Transmission FTIR Spectroscopy. All FTIR spectra were recorded on a FTS-40a, FTS-575 or
FTS-7000 spectrometer (Varian; Randolph, MA). All spectrometers were equipped with a
DTGS detector. For the analysis of lipid thermotropic phase behavior, 250 pg of nAChR
was incubated at 4°C in 2H,O phosphate buffer for precisely 72 hours in order to exchange
peptide N-'H for N-*H. Samples were then stored at -80°C until used for FTIR spectroscopy
(no longer than one week in freezer prior to use). Prior to FTIR analysis, samples were
individually thawed, centrifuged and resuspended in 30 pL of 2H,0 phosphate buffer, and
subjected to five freeze thaw vortex cycles. Samples were then deposited on a 1 cm diameter

CaF, window and the excess buffer evaporated with a gentle stream of dry N,. The nAChR
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film was then rehydrated with 8 uL of Torpedo Ringer buffer (250 mM NaCl, 5§ mM KCl, 2
mM MgCly, 3 mM CaCl, and 20 mM Tris) in *H;0 (pD 7.0) and sandwiched between a
second CaF, window with a 12 uM Teflon spacer. The sandwich was placed in a
thermostatically-controlled transmission cell from Harrick Scientific (Ossining, NY) and
spectra recorded at 2 cm™ resolution signal averaging 4000 scans. Pure lipid samples (no
nAChR) were not exchanged for 72 hours. For these samples, dried lipids were dissolved in a
10% dispersion w/v in Torpedo ringer buffer in H,O at a desired pD, and the pD verified by
litmus paper. For the pure lipid samples, 8 mL of the sample was placed on the CaF,
window and sandwiched wet between a second CaF; window with a Teflon spacer. After the
“sample sandwich” was prepared for both the lipids alone and the nAChR-reconstituted

samples, spectra were recorded from both using similar technical protocols.

The data acquisition protocols for assessing the thermotropic phase behavior of
membranes with and without the nAChR have been described elsewhere (73). In brief, the
sandwich was placed in the thermostatic transmission cell equilibrated with an RTE-110 or
RTE-117 water bath/circulator (Neslab; Newington, NH). Spectra (2 cm” resolution and
128 scans) were recorded at 1°C intervals as the sample was cooled from 35 to -15°C. The
actual temperature of the sample cell was monitored using an electronic thermometer
(Barnant; Barrington, IL) with a type J thermocouple probe. All spectral deconvolution was

performed using GRAMS/AI v.7.01 software (Galactic; Salem, NH).

FTIR Difference Spectroscopy. FTIR difference spectra were recorded at 22.5°C using the

attenuated total reflectance technique as described in detail elsewhere (61). Briefly, two
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spectra were recorded with Torpedo Ringer buffer flowing past a nAChR film that was
deposited on the surface of a germanium internal reflection element. The flowing buffer was
switched to an identical buffer containing 50 uM Carb and a spectrum recorded of the Carb
bound state of the nAChR. The nAChR film was then washed with Torpedo Ringer buffer to
remove the nAChR-bound Carb, and the data acquisition protocol was repeated, for a total of
30 cycles. All spectra were recorded at 8 cm” resolution signal averaging 512
scans/spectrum. Each presented spectrum is the average of at least 55 spectra from at least 3
different films from at least 2 different reconstitutions. The difference spectra were baseline
corrected between 1800 and 1000 cm™ and were interpolated to an effective resolution of 4

em’™.

pH Titration Spectroscopy. FTIR spectra at varying pH values were recorded at 22.5°C
using the attenuated total reflectance technique similar to a modified difference spectroscopy
protocol. The film of either pure lipids or nAChR-reconstituted membrane samples were
deposited on the surface of a germanium internal reflection element and placed in a
thermostatically-controlled cell and this cell placed in the spectrometer. Torpedo Ringer
buffer with additional buffers for the high and low pH ranges (Standard Torpedo Ringer with
10 mM Tris, 10 mM sodium acetate and 10 mM CAPS) flowed past the sample
continuously. The sample was allowed to equilibrate for 20 minutes at each pH value.
Spectra (2 cm™ resolution and 512 scans) were recorded after the 20 minute equilibration. In
trial experiments, spectra (2 cm™ resolution and 64 scans) were recorded throughout the
equilibration period to determine adequate equilibration time. The Torpedo Ringer buffer

was then removed using a syringe. The flowing buffer was then switched to the Torpedo
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Ringer buffer at the next pH value. After 20 minutes, the protocol was repeated until the end
of the titration. The pH value of the Torpedo Ringer buffer was checked prior to addition to
the cell and following the removal of the buffer using the syringe to ensure that no changes
in buffer pH occurred. Experimental limitations prevented pH values below pH 2 and above
pH 12. For these samples, aqueous buffer spectrum and residual water vapor were

subtracted from final spectra when needed.

FTIR Spectroscopy using the Golden Gate accessory. Spectra were acquired using a single-
reflection attenuated total reflectance apparatus with a diamond internal reflection element
(Specac; Kent, England, or ASi/SensIR; Warrington, England) as described previously (79).
The attenuated total reflectance apparatus was installed in a FTS-40 spectrometer. In brief,
2-5 pL of sample was deposited on the attenuated total reflectance (ATR) apparatus and
excess solvent was evaporated completely with a stream of N, (absorption of 'H,0 at 3500
cm’™! monitored to ensure complete evaporation). Spectra (4 cm™ resolution and 512 scans)

were then recorded. Spectra were analyzed using GRAMS/AI software.

Fluorescence Spectroscopy. Spectra were acquired on a Cary Eclipse fluorescence
spectrometer from Varian (Randolph, MA). Samples of nAChR-reconstituted membranes
were diluted in Torpedo Ringer buffer at a concentration of 0.15 mg/mL nAChR. In a
fluorescence cuvette (10 mm light path, quartz glass; Hellma (Canada) Limited; Concord,
ON), 1.8 mL Torpedo Ringer buffer was pre-mixed with 2 pL of 300 uM ethidium bromide
in a Peltier Multicell Holder in the spectrometer (final concentration of ethidium bromide

300 nM), with a Cary Temperature Control apparatus set at 22.5°C. The sample in the
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cuvette was mixed continuously during experiment. The excitation wavelength of the
spectrometer was 500 nm and the emission wavelength was set to 590 nm. Kinetics run

started after short mixing period and fluorescence recorded at 590 nm. At 100 seconds, 200
pL of the nAChR in Torpedo Ringer solution (total 30 pg nAChR) was added to the cuvette.
Addition of solution was coupled with mixing using the pipette. At 750 seconds (following
equilibration), 10 pL of 100 mM Carb in Torpedo Ringer buffer was added (mixed with
pipette) to the cuvette. At 1000 seconds, 10 uL of 100mM dibucaine was added (mixed with
pipette) to the cuvette. Final Carb and Dibucaine concentrations were ~500 pM, in large

excess to the Kp values. All spectra were analyzed using GRAMS/AI software.
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Chapter 3: Characterization of the nAChR-Reconstituted
Membranes

3.1 - Introduction

The initial objective of my thesis was to examine why the anionic lipid PA, when
mixed with PC in a nAChR-reconstituted membrane, is more effective at stabilizing the
nACHhR in a functional state than all other lipids, including other anionic lipids. In this vein,
I set out to test the hypothesis that the efficacy of PA at stabilizing a functional nAChR is
due to its ability to adopt different ionization states. It had been suggested prior to this study
that the nAChR stabilizes PA in the dianionic ionization state, and that the dianionic form is
responsible for the stabilization of a functional nAChR in PA-containing reconstituted
membranes. The dianionic state of PA could be essential for creating favourable lipid-
protein interactions with cationic residues on the lipid-exposed surface of the nAChR, or act
on the nAChR via an indirect mechanism through alteration of the nAChR membrane
environment.

The first stage of this study consisted of a detailed analysis of the ability of PA in a
reconstituted membrane to influence the nAChR function. The nAChR was affinity-purified
and reconstituted into membranes composed of PC (PC-nAChR), PC/PA 3:2 (PC/PA-
nAChR) or PA (PA-nAChR). The molar ratio of 3:2 for the PC/PA mixture was used
because a previous study indicated that 40% PA within a PC membrane (mol%) is the
optimal level of PA in a PC bilayer for stabilizing the nAChR in a functional state (72). The

PA-nAChR reconstitutions were performed primarily for examining the ionization state of
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the PA head group within nAChR-reconstituted systems (see below), though we assessed the
functional properties of the nAChR within this membranes as well. For each of the
experiments, the reconstitutions were performed at least twice.

In this chapter, I analysed the affinity-purified, nAChR-reconstituted membranes in
terms of protein purity and lipid composition. 1 also characterized the functional
conformation of the nAChR in the different reconstitutions. I used two different techniques
to examine functional capabilities of the nAChR in reconstituted membranes: FTIR
difference and ethidium fluorescence spectroscopy. These two approaches examine subtly
different functional aspects of the nAChR, but the combination of these two techniques
provides an in-depth analysis of the effects of PA on the function of the nAChR in
reconstituted membranes (66, 80).

The results of the analyses confirmed the ability of PA to stabilize a near-native
proportion of functional nAChR in the reconstituted membrane systems. The results of the
PA-nAChR reconstitutions indicate a moderate level of functional nAChR; this is the first
instance of a single lipid nAChR-reconstitution able to stabilize any degree of functional
nAChR. The lipid composition analysis by HP-TLC revealed new complexities of the
nAChR-reconstitutions. Specifically, the TLC showed that DAG forms during the PC/PA-
nAChR reconstitutions, suggesting that the nAChR may possess some phospholipase activity
in these reconstituted systems. The latter could be an important in vivo function of the

receptor.
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3.2 — Results

3.2.1 — Characterization of the nAChR-Reconstitutions in terms of Protein Purity and
Lipid Composition

3.2.1.1 - nAChR Purity — The purity of the nAChR in each of the reconstituted membranes
was examined by SDS-PAGE. A representative gel for the nAChR in each of the 3
reconstituted membrane environments shows that the affinity purification protocol leads to
high-purity nAChR samples with only 4 bands, each corresponding to one of the 4 subunits:
o, By and 3 (Fig. 3.1). The enhanced staining suggests a greater proportion of the a-subunit,
consistent with the expected 2:1:1:1 o::y:8 subunit stoichiometry for the Torpedo nAChR
pentamer. The calculated molecular weights for the subunit bands are 43, 57, 64, and 72
kDa for the a, B, y and 3 subunits, respectively, in all of the reconstituted systems, which

correspond to molecular weights of glycosylated versions of the nAChR subunits.

3.2.1.2 — nAChR-Reconstituted Membrane Composition — The lipid composition of each
reconstitution was examined by HP-TLC after extracting the lipids using a modified Bligh
and Dyer protocol (see Chapter 2). A representative HP-TLC of lipids extracted from the
PC-nAChR and PC/PA-nAChR reconstituted membranes is shown in Fig. 3.2. The lipids
extracted from reconstituted PC-nAChR run on the HP-TLC as a single lipid band showing
that these reconstitutions contain only PC. The extracted lipids from reconstituted PC/PA-
nAChR run mainly as 2 bands corresponding to PC and PA. The PA band, however, is
significantly less intense than the PA band in the PC/PA 3:2 standard. The HP-TLC suggests
the PA level in our reconstituted PC/PA-nAChR is lower than the expected 40 mol%. 1

estimated the amount of PA in the PC/PA-nAChR reconstitutions using HP-TLC as shown in
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Figure 3.1

SDS-PAGE of the nAChR from each of the 3
Reconstitutions. Lanes: 1, Molecular weight standard
ladder (molecular weights, in kDa, noted along left edge);
2, PC-nAChR reconstitution; 3, PA-nAChR reconstitution;
4, PC/PA-nAChR reconstitution. nAChR subunit bands
identified along right edge. For each reconstitution, 5 pg
nAChR was loaded in the well.
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Figure 3.2

HP-TLC of Lipids Extracted from nAChR-
reconstitutions. Lanes: 1, PC standard; 2, PC/PA 3:2
standard; 3, Lipids extracted from PC-nAChR
reconstitution; 4, Lipids extracted from a PC/PA-nAChR
reconstitution; 5, Lipids extracted from a second PC/PA-
nAChR reconstitution; 6, PA standard. Lipid standards
used for HP-TLC extracted from aqueous dispersions
formed from stock lipids in CHCl; (See Chapter 2).
Solvent  system  for running the HP-TLC:
CHCIl;:CH;0H:HCOOH:H,0 (50:37.5:3.5:2 vol:vol). O:
Origin. S: Solvent front. Location of lipid standard bands
marked along left edge.
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Fig. 3.3. The lipids extracted from the reconstituted membranes from 2 different
reconstitutions were run on an HP-TLC plate along with a series of PC/PA standards, each
with different PC:PA ratios. The actual amount of PA in these two reconstitutions was
determined as ~10 mol% and 15 mol%, significantly reduced from the 40 mol% desired from
the reconstitution protocol. It is important to note that these samples were
purified/reconstituted during my 4™ year honours project and were analyzed by HP-TLC
after a significant amount of time (see below). Note also the intense staining near the solvent
front; this staining will be discussed in more detail below.

To determine why the levels of PA in these PC/PA-nAChR reconstitutions were
lower than expected, I first examined, using FTIR spectroscopy, whether the PA was
extracted effectively using the Bligh and Dyer protocol (Fig. 3.4A). FTIR spectra recorded
from the organic phase of the extraction procedure, the phase expected to contain the lipids,
exhibit strong bands in the methylene stretching region (3000-2800 cm™; spectral region not
shown) as well as a strong lipid ester carbonyl band centered at 1736 cm™, which suggests
the presence of phospholipids (top, B). The phosphate region of the spectra recorded from
the organic phase also shows a pattern consistent with phospholipids, specifically bands at
1236 and 970 cm™ and the 1090/1070 cm™ doublet. In contrast, FTIR spectra recorded from
the aqueous phase of the extraction (containing the aqueous Torpedo Ringer buffer and the
methanol) show no bands in the lipid ester carbonyl region, though there is a large peak in
the phosphate region likely due to the aqueous buffer which is the primary component of this
phase (middle). The lack of lipid-indicator bands shows that no lipid has been lost to the
aqueous phase in our extractions. The extraction procedure also produced a white
precipitate. FTIR spectra recorded from the precipitate exhibit strong protein amide I (1600-
1700 cm™) and II bands (bottom, C), characteristic of a denatured nAChR (81). No peaks in

50



Figure 3.3

HP-TLC of Lipid Standards Compared with Lipids
Extracted from PC/PA-nAChR Reconstitutions. Lanes
1-6: Lipid standards of PC/PA with decreasing amount of
PA. Ratios: 1, 3:2; 2, 2:1; 3, 3:1; 4, 4:1; 5, 9:1; 6, 19:1.
Lanes 7 and 8: Lipids extracted from 2 different PC/PA-
nAChR reconstitutions. Location of lipid standard bands
marked along left edge.
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Figure 3.4

FTIR Spectra Recorded from the Organic and Aqueous
Phases and the Precipitate from the Extractions. A,
Spectra from each phase of lipid extraction. Top, Spectra
recorded from 5 pL of the organic phase of the lipid
extraction. Middle, Spectra recorded from 5 pL of the
aqueous phase of the lipid extraction. Bottom, Spectra
recorded from a sample of the precipitate dried onto the
golden gate IRE. For bottom spectrum, a Pasteur pipette
was used to isolate a sample of the precipitate large enough
to cover the golden gate IRE, thus amount not speciﬁcall?'
known. Spectral region shown from 1800-900 cm™.
Shaded region indicates lipid ester carbonyl absorption
region, an indicator of the presence of lipids. B, PC
structure showing prominent structural features and the
frequencies of the corresponding IR bands. Highlighted
frequencies from B found only in A-Top. C, Peptide bond
and the 2 main frequencies of the corresponding IR bands.
Highlighted frequencies in C found mainly in A-Bottom.
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the precipitate could be attributed to the presence of lipids. These 3 spectra indicate that the
lipids were extracted efficiently into the organic phase. The lower level of PA in our
reconstituted PC/PA-nAChR systems is therefore not due to a loss of PA during the
extraction procedure.

A more detailed examination of the HP-TLCs shown in Fig. 3.2 and Fig. 3.3
suggested an alternative explanation for the loss of PA. An interesting feature of these TLC
runs was the presence of an additional darkly stained smear, which runs within or just below
the dark solvent front in the lanes of the lipids extracted from our PC/PA-nAChR
reconstitutions. However, over the course of my TLC experiments, I often found the smear
to appear sporadically and at varying intensity levels, leading to difficulty in isolating and
removing the smearing effect. Improved pre-washing of the HP-TLC plate led to a reduction
in the staining intensity of the smear near the solvent front, due to enhanced removal of
impurities. The original tubes used for extractions had lids with Teflon glued in them, and
the glue from the lids apparently leeched from the lids, contaminating our extractions leading
to increased intensity of the smear. As well, some of the solvents contained impurities that,
when dried down from large quantities, lead to intensity of the smear staining. Changing the
extraction tubes, organic solvents, and washing techniques resulted in almost complete
removal of the smear, and I found that lipids extracted from nAChR-reconstituted PA-
containing membranes contained a 3™ lipid species, possibly a neutral lipid (see below). The
intensity of this “extra” band correlates with the drop in PA band intensity, however,
suggesting that it could represent either an alternate form of PA or degradation of PA into a
hydrophobic, neutral product.

Given that PA can exist in multiple ionization states, I examined whether the
additional band could represent a neutral form of PA due to variation in the pH of the
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surrounding environment. Previous data has also indicated that the nAChR has the ability to
concentrate cations at the membrane surface (74), thus I also examined if the additional band
was a result of PA complexed with cations due to the high concentration. To test these
possibilities, PC/PA 3:2 membrane vesicles were prepared in varying buffer conditions
including at low pH and at elevated cation concentrations. These different membrane
mixtures were then extracted and run on HP-TLC plates to assess the presence of the
additional band, and if the staining intensity of the additional band correlated with a
decreased staining of PA (Fig. 3.5). Compared with lipids extracted from PC/PA 3:2
membranes in Torpedo Ringer buffer at pH 7 (lane 1), lipids extracted from membranes in
Torpedo Ringer buffer at pH 4 (lane 2) and pH 4 with increased cations (lanes 3-9) showed
similar staining of PA, with no correlated increased staining of the smeared band beneath the
solvent front (Fig. SA). The TLC presented in Fig. 3.5A indicates the variability of the
staining of the smear due to the technical issues of the protocol noted above. However,
changing the pH of the membrane environment did not result in consistent increased staining
of the smear due to a decreased amount of PA within the pure lipid membranes.

Increased levels of cations within the sample buffer also did not result in increased
staining of the smear coupled with a decrease in the amount of PA (Fig. 3.5B). Drastic
increases in the concentrations of divalent cations (lane 2) or individual divalent cations
(lanes 3 and 4) did not lead to decreased amount of PA in the lipid membranes without the
nAChR. These data suggest that the additional band is not an alternative form of PA due to
PA-cation complexes. Note, however, that the intensity of the additional lipid band in the
PC/PA-nAChR lipid extractions run on the HP-TLC in Fig. 3.5B (lanes 5 and 6) had
increased since the first lipid extraction for HP-TLC analysis, shown in Fig. 3.1. The
increased staining of the additional lipid species in these TLC plates suggests it could
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Figure 3.5

HP-TLC of Lipids in Varying Buffer Conditions. A,
HP-TLC of PC/PA 3:2 membranes at different pH values.
Lanes: 1, pH 7 Torpedo Ringer buffer; 2, pH 4 Torpedo
Ringer buffer; 3, pH 4 Torpedo Ringer buffer with 30 mM
Ca’"; 4, pH 4 Torpedo Ringer buffer with 20 mM Mg**; 5,
pH 4 Torpedo Ringer buffer with 50 mM K'; 6, Same as
lane 2; 7, same as lane 3; 8, Same as lane 4; 9, Same as
lane 5. In all lanes, 25 pg of PC was spotted on the plate,
with corresponding amount of PA (~15 pg). B, HP-TLC
of PC/PA membranes at increased cation concentrations.
Lanes: 1, pH 7 Torpedo Ringer buffer with 10x the
standard cation concentrations; 2, pH 7 Torpedo Ringer
buffer with 10x monovalent cations and 100x divalent
cations; 3, pH 7 Torpedo Ringer buffer with 10x
monovalent cations and Ca®*, and 200 mM Mg**; 4, pH 7
Torpedo Ringer buffer with 10x monovalent cations and
Mg®*, and 300 mM Ca’*; 5, Lipids extracted from a
PC/PA-nAChR reconstitution; 6, Lipids extracted a
different PC/PA-nAChR reconstitution. For standard
concentrations of Torpedo Ringer buffer, see Chapter 2.
Solvent system used for A and B same as Figure 3.2.
Location of lipid standard bands marked along left edge.
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possibly be a degradation product of PA that appears in a time-dependent manner in nAChR-
reconstituted membranes.

To determine the identity of the additional lipid band, possibly a neutral lipid, in the
nAChR-reconstituted membranes, we used a more hydrophobic solvent system that can
resolve neutral lipids, which migrate further in our original solvent system. The additional
lipid band was revealed as 2 distinct bands, though with different intensities (Fig. 3.6). The
staining above the 2 distinct bands could be due to the presence of amylene, but the level of
staining suggests a very low amount, most likely from the solvents (picture presented in Fig.
3.6 darker than TLC plate, an artefact of the camera used to photograph TLC plate).
Following the HP-TLC in the hydrophobic solvent system, the 2 bands were extracted from
the TLC plate and identified using mass spectrometry (MS) (Fig. 3.7). The primary product
found by MS was the Na'-POPA molecule lacking the phosphate group, both with the
double-bond in the oleoyl chain oxidized (633.7 m/z) and unoxidized (617.7 m/z). Further
breakdown of the main product ions confirm these findings as the scans contain product ions
for the palmitate and oleate chain ions (data not shown). The additional peaks on MS
spectrum (539.6 and 507.6) are complexes of the palmitate and oleate chain ions both
oxidized and unoxidized, as evidenced by breakdown spectra of these peaks. Although the 2
bands migrated to different points on the TLC plate, MS analysis indicated the 2 bands were
comprised of the same lipid species: 1-palmitoyl-2-oleoyl-diacylglycerol (DAG).

With a potential identity of the additional neutral lipid another HP-TLC plate was run
in the hydrophobic solvent system with a standard racemic mix of the 1-2-DAG and 1-3-
DAG and the lipids extracted from the PC/PA-nAChR reconstitutions (Fig. 3.6). The 2
bands arising from our lipids extracted from the PC/PA-nAChR reconstitutions run to the
same point as the 2 bands from the racemic mix of DAG (lane 1), while the lower of the 2
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Figure 3.6

HP-TLC Analysis of Lipid Bands using Hydrophobic
Solvent System. Lanes: 1, 1:1 racemic mix of 1-2-
Dipalmitin and 1-3-Dipalmitin standard; 2, 1-2-
Dipalmitoyldiacylglycerol standard; 3, 1-palmitoyl-2-
oleoyl-Diacylglycerol (1-2-DAG) standard; 4, PC standard;
S, PA standard; 6, PC/PA 3:2 standard; 7, Lipids extracted
from a PC/PA-nAChR reconstitution. In all lanes, 25 pg
of primary lipids were spotted on plate. In lanes 6 and 7,
the corresponding amount of PA was also present (~10
Hg). Solvent system for running the TLC:
Benzene:Isopropanol:Ethyl Acetate:Formic Acid
(72.5:3.5:22:2 vol:vol). Location of lipid standard bands
marked along right edge.
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Figure 3.7

Mass Spectrum Recorded from Unknown Band
removed from TLC Plate. The 2 different, unidentified
bands from the HP-TLC plates produced near-identical
Mass Spectra, thus only one Mass Spectrum shown.
Unknown band dissolved from the silica using CHCl; and
prepared for MS analysis (see Chapter 2).
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bands runs to the same point as the 1-2-DAG isomer (lanes 2-3). The lipids we use for our
reconstitutions are 1-2-POPA, thus the conversion of PA to DAG results in primarily the 1-2-
DAG isomer. Over time in a glass vial, 1-2-DAG will isomerize to 1-3-DAG (Personal
communication; Avanti Polar Lipids), thus the presence of the 1-3-DAG isomer, a PA-
degradation product, in our lipids extracted from nAChR-reconstituted membranes.

A final HP-TLC plate was run with lipids extracted from 3 freshly-prepared,
reconstituted membranes and a standard of PC/PA/DAG (7.5:4:1 mol %). For comparison,
the TLC also contained lipids extracted from the Lipid A solutions — the solution used to
wash the nAChR on the column and thus determines the final lipid composition of the
affinity-purified reconstituted membranes (Fig. 3.8). The reconstituted PC-nAChR lane
again exhibits only one lipid band, suggesting no formation of DAG within PC membranes
reconstituted with the nAChR. However, both PC/PA-nAChR and PA-nAChR
reconstitutions exhibit a DAG band, though the band in the PC/PA-nAChR reconstitution is
similar in intensity to the standard lane. All of the Lipid A solution lanes show no presence
of DAG, suggesting that DAG is formed in PA-containing membranes upon reconstitution
with the nAChR. Based on this analysis, there appears to be induced hydrolysis of the PA
head groups in nAChR reconstituted membranes in a time-dependent manner resulting in the
presence of DAG within the final reconstituted systems.

The HP-TLC analysis provides sufficient evidence that the ratios of lipids within our
nAChR-reconstituted samples are generally as expected, though the analysis also led to the
discovery of DAG within the reconstituted membranes containing PA. The presence of
DAG in these nAChR-reconstituted systems, even in small amounts, must be considered in
the future. The discovery of the time dependence on the formation of DAG within the
nAChR-reconstituted systems resulted in increased stringency for our protocols, ensuring
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Figure 3.8

HP-TLC of Lipids Extracted from nAChR-
Reconstitutions. Lanes: 1, PC/PA/DAG 7.5:4:1 standard,
2, Lipid A solution for PC/PA-nAChR reconstitution; 3,
Lipids extracted from PC/PA-nAChR reconstitution; 4,
Lipid A solution for PA-nAChR reconstitution; 5, Lipids
extracted from PA-nAChR reconstitution; 6, Lipid A
solution for PC-nAChR reconstitution; 7, Lipids extracted
from PC-nAChR reconstitution. For each reconstituted
system, 15 pug of PC were spotted (and corresponding
amount of PA and DAG, if present), as determined by
phospholipid concentration assay. Solvent system used
same as Figure 3.2. Location of lipid standard bands
marked along left edge.
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using only freshly-prepared nAChR reconstitutions with less than a week spent in the -80°C
freezer prior to use. The significance of DAG on the functional conformation of the nAChR
and the physical properties of the bilayer could be an important factor of the lipid-protein

interactions between the nAChR and its surrounding membrane environment.

3.2.2 — Functional Characterization of the nAChR-Reconstitutions

3.2.2.1 - Difference Spectroscopy of nAChR-Reconstitutions — FTIR difference
spectroscopy has been used extensively to examine the ability of the nAChR to undergo the
agonist-induced conformational transition (61, 72-74). FTIR spectra of the nAChR recorded
in either the presence or absence of the agonist Carb exhibits a pattern of broad, overlapping
vibrational bands (Fig. 3.9) (61, 63, 66). The two spectra appear almost identical as the
vibrational changes in the FTIR spectrum resulting from a protein conformational change
generally represents less than 0.1% of the overall protein intensity. In order to detect the
subtle vibrational changes, the spectra recorded in the absence of Carb (R state) is subtracted
from the spectra recorded in the presence of Carb (D state), yielding a difference spectrum
(referred to as a Carb difference spectrum). The Carb difference spectrum exhibits bands
from only those residues whose structure and/or environment change upon conformational
transition between the 2 states (bottom). Detailed analysis of Carb difference spectra from
native and various reconstituted membranes led to the identification of bands arising from
vibrations of the nAChR-bound Carb (1722 cm™) (63), the vibrational shifts that occur upon
the formation of physical interactions between the agonist binding site and Carb (ex. Cation-
7 interactions) (1620 and 1515 cm™) (82), and the vibrational changes that can be
specifically attributed to the nAChR conformational changes between the resting and
desensitized states (1655, 1547, and 1430 cm™) (61). A schematic representation of the
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Figure 3.9

FTIR Difference Spectroscopy. A, Spectral subtraction
procedure shown with actual spectra recorded from a
PC/PA-nAChR reconstitution. Top, Spectra recorded in
the absence of agonist. Middle, Spectra recorded in the
presence of agonist (Carb). Bottom, Difference spectrum
obtained by subtracting top (absence) spectrum from
middle (presence) spectrum (an individual cycle from
single experiment). Positive marker bands highlighted
have been shown in previous studies to be due global
alterations in structure of the nAChR, though 1722 cm’ is
due to agonist binding to nAChR. Top and Middle spectra
presented on same scale. Note the difference in intensity
between the 2 recorded spectra (Top, Middle) and the
resulting difference spectrum (Bottom). B, Schematic
representation of the conformational change occurring in
the difference spectroscopy experiment. R: Resting state
(absence of agonist). D: Desensitized state (presence of
desensitizing concentration of agonist). Triangles: Carb.
C, Schematic representation of difference spectroscopy in
the continual presence of dibucaine. Stars: dibucaine.
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nAChR conformational change from the R state to the D state in response to Carb, analyzed
with difference spectroscopy, is presented in figure 3.9B. By using FTIR difference
spectroscopy, I can first assess the ability of the nAChR to undergo the conformational
change from R to D in response to Carb binding.

Carb difference spectra recorded from affinity-purified nAChR reconstituted into
membranes composed of PC/PA 3:2 exhibit patterns similar to those recorded in native
Torpedo membranes and PC/PA/Chol 3:1:1 membranes (Fig 3.10, trace i) (63, 73). Positive
intensity in the Amide I (1640-1670 cm™') and the Amide II (1520-1580 cm™) regions reflect
structural and/or environmental changes of functional groups of the polypeptide backbone.
As the intensity at these regions (shaded in Fig. 3.10) is lost in the presence of desensitizing
concentration of the local anaesthetic dibucaine (Fig. 3.10, trace iii), we conclude that these
bands in the difference pattern reflect protein structural changes associated with the Carb-
induced conformational change from the R to D state. The reproducible patterns obtained in
PC/PA 3:2 membranes are evidence that the nAChR undergoes agonist-induced
conformational change in these membranes, which suggests the nAChR is functional in PC
membranes supplemented with 40% PA (mol %), the optimal ratio of PC to PA in binary
membranes (72). Carb difference spectra recorded from the nAChR reconstituted into pure
PC membranes, which have been shown to be unresponsive to agonist in flux studies (58, 59,
62, 67), exhibit negative intensities at the 5 marker bands as well as a correlated negative
intensity at 1668 cm™ (partially due to decreased intensity at 1663 cm™) (Fig. 3.10, trace iv),
similar to the difference spectra obtained in the presence of dibucaine. The absence of
intensity at the protein marker bands indicates the PC-nAChR reconstitutions stabilize an
agonist-unresponsive conformation of the nAChR. A recent study from our lab examined
this particular state in further detail (83).
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Figure 3.10

Functional Conformational State Analysis of the
nAChHR in Reconstituted Membranes using Difference
Spectroscopy. Carbamylcholine (Carb) difference
spectroscopy of the nAChR in PC/PA 3:2 membrane (trace
1), PA membrane (trace ii), PC/PA 3:2 membrane in the
presence of 200 pM dibucaine (trace iii), and PC
membrane (trace iv). Positive intensities at highlighted
marker bands reflect agonist-induced conformational
change, indicative of functional nAChR. Negative
intensity due to dibucaine peak highlighted at 1620 cm.
Peaks at ~1512 cm™ suggestive of differences within the
binding sites (described in text). Control spectra shown
(grey background spectra) to indicate baseline for each
experiment — difference spectra resulting from subtraction
of 2 spectra recorded in the absence of agonist prior to
addition of agonist. Spectra shown are averages of at least
55 difference spectra recorded from at least 2 different
reconstitutions (each different membrane).
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Interestingly, Carb difference spectra of the nAChR recorded in membranes
composed of PA exhibit a similar pattern to PC/PA 3:2 membranes, though the intensities of
the positive marker bands are decreased (Fig. 3.10, trace ii). Moderate intensity at the
marker bands suggest a smaller proportion of the receptors in the pure PA membranes are
stabilized in a functional conformation. It is also possible that moderate intensities indicate
that some residues in the nAChR are stabilized in an intermediate conformation in PA
membranes. The Carb difference spectra of the nAChR in PA membranes also display
moderate intensity of bands attributed to physical interactions between the agonist and the
agonist-binding site at ~1511 cm™, similar to PC/PA-nAChR reconstitutions but right-shifted
from the frequencies observed in the PC-nAChR reconstitutions. These results are intriguing
as the nAChR appears to be stabilized in a functional conformation in this reconstituted
membrane containing only one species of lipid, a result previously unseen in nAChR-

reconstitution experiments.

3.2.2.2 - Ethidium Fluorescence and the nAChR-Reconstitutions — To further examine
the effects of PA on the function of the nAChR, I examined the fluorescence of ethidium
binding to the nAChR in the 3 reconstituted membranes (Fig. 3.11). Ethidium fluorescence
spectroscopy of the nAChR provides further functional information, specifically about the
allosteric communication between the non-competitive inhibitor (NCI) and agonist binding
sites of the nAChR (80). Ethidiﬁm binds with high affinity to the hydrophobic NCI site
within the ion channel pore of the desensitized (Kp = 0.36 uM), but not the resting (Kp = 1
mM), nAChR (22). Addition of agonist to suspensions of the nAChR reconstituted into

native and PC/PA/Chol 3:1:1 membranes in the presence of ethidium results in ethidium
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Figure 3.11

Functional Analysis of Coupling between the Agonist
and NCI Binding Sites of the nAChR in Reconstituted
Membranes. A, Schematic representation of the
conformational and fluorescent changes occurring within
the membrane suspensions with the nAChR. States and
symbols similar to Figure 3.9 schematics. B, Ethidium
fluorescence kinetic scans of nAChR-reconstituted
membranes. Traces: i, PC/PA-nAChR reconstitution; ii,
PA-nAChR reconstitution; iii, PC/PA-nAChR
reconstitution in the presence of 200 uM dibucaine; iv, PC-
nAChR reconstitution. Bar along bottom indicates time
points where each suspension was added to cuvette
(denoted by black circle): 100s, nAChR reconstituted
membrane suspension; 750s. C, Dibucaine displaceable
fluorescence of nAChR-reconstituted membranes (mean +
S.D., n =6). Traces identified as in B. Blue: fluorescence
intensity at 590 nm yield in absence of agonist (-). Red:
Increased fluorescence quantum yield with addition of
Carb (+).



A

Eth@wr ot

C

W«wﬁfd
S e
T L
0 I NI OOV
L . W

Eth +nAChR +Carb +Dib

66

Intensity at 590nm

40 -

w
o

N
(=]

—
(=]

Ehu

i i

iii

iv



binding to the agonist-induced desensitized state of the nAChR. The bound ethidium
exhibits greater fluorescence intensity compared to ethidium free in aqueous solution, a shift
in the fluorescence emission maximum from 605 nm (aqueous solution) to 590 nm (nAChR-
bound), and a significantly longer fluorescent lifetime. A schematic representation of these
events is presented in figure 3.11A. The ethidium fluorescence in the presence of the
nAChR reconstituted into various membranes has suggested altered interactions between the
sites within the nAChR, providing details about the functional communication within the
nAChR in reconstituted membranes.

Addition of PC/PA-nAChR reconstituted membranes to an aqueous solution of
ethidium led to a slow increase in the fluorescence intensity. The increased fluorescence
level is partly dibucaine-displaceable, possibly suggesting a portion of the increased intensity
is due to ethidium binding to a pre-existing population of desensitized nAChRs. The
remaining intensity could be due to ethidium partitioning into the membrane vesicles or light
scattering from the proteoliposomes in suspension. The addition of 500 uM Carb leads to a
significant increase in the dibucaine-displaceable ethidium fluorescence (Fig. 3.11B, trace i).
In the PC/PA-nAChR, the increased fluorescence upon Carb addition suggests the nAChR is
converted to a state with a high affinity for ethidium; the D state. In the PC/PA-nAChR
reconstitutions, the nAChR is stabilized in a functional conformation, with retained allosteric
communication between sites.

Addition of PC/PA-nAChR reconstituted membranes to an aqueous solution of
ethidium containing 200 uM dibucaine leads to different ethidium fluorescence traces (¢race
iii). In these samples, addition of the proteoliposomes does not induce any increased

fluorescence, nor does the addition of 500 uM Carb. The likely scenario is that the nAChR-
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bound dibucaine cannot be removed by the ethidium, despite the nAChR being stabilized in
the D state. The nAChR reconstituted in the PC membranes is also unresponsive to the
addition of agonist (trace iv). The addition of PC-nAChR to the aqueous ethidium solution
does not lead to an increase in the ethidium fluorescence, suggesting the nAChR is not
desensitized in these membranes. Addition of 500 pM Carb does not result in ethidium
binding to the nAChR in PC membranes, evinced by a lack of increase in the ethidium
intensity.

The PA-nAChR reconstitutions produce similar, though less intense, ethidium
fluorescence traces as the PC/PA-nAChR reconstitutions, supporting the findings from the
Carb difference spectra (trace ii). Addition of the PA-nAChR proteoliposomes to the
aqueous ethidium solution resulted in a similar slow increase to a moderate intensity
compared to the PC/PA-nAChR. The fluorescent traces of these membranes exhibit a high
degree of noise, most likely attributable to cloudiness of the reconstituted membrane
suspensions. Addition of 500 uM Carb resulted in an increase in the dibucaine-displaceable
fluorescent intensity, though not as intense as the PC/PA-nAChR reconstitutions. These
results, coupled with the Carb difference spectra, indicate that the nAChR is indeed
stabilized in a functional conformation in PA membranes, the only single-lipid reconstituted

membrane that can support nAChR function following reconstitution.
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3.3 — Summary & Conclusions

The affinity purification of the nAChR and reconstitution into different membranes
were characterized by SDS-PAGE and HP-TLC. The SDS-PAGE analysis indicated that the
reconstitutions used herein yielded high-purity nAChR, with the appropriate subunit
stoichiometry of the Torpedo nAChR. HP-TLC analysis of the lipid composition of the
nAChR-reconstitutions proved more complex than originally anticipated. Early HP-TLC
plates exhibited decreased amounts of PA in lipids extracted from the PC/PA-nAChR
reconstitutions, as well as an intense smear at or below the solvent front. The darkly stained
smear was removed following rigorous assessment of the origin of these contaminants and
how to optimize our HP-TLC analyses by removing as many impurities as possible. After
switching to high purity solvents, using alternative extraction tubes and increasing the
stringency of our washing protocols, the majority of the stained smears on our TLC plates
were eliminated and revealed additional lipids extracted from nAChR-reconstituted
membranes.

HP-TLC analysis of lipids extracted from nAChR-reconstitutions containing PA
indicates that there is a time-dependent formation of DAG from the PA molecules. The
DAG was identified by both mass spectrometry and HP-TLC analysis of extracted lipids
compared to DAG standards. Interestingly, lipids extracted from both PC/PA- and PA-
nAChR reconstitutions contained increased amounts of DAG, coupled with decreased PA,
after the reconstitutions were kept at -80 °C for extended periods of time. The presence of
DAG was not detected in any pure lipids extracted from CHCI; nor was it detected in any of
the PC-nAChR reconstitutions. The HP-TLC data suggest the nAChR may possess inherent

phospholipase activity, which could alter the lipid composition of the membrane surrounding
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the nAChR by producing DAG from PA head groups proximal to the nAChR. This
phenomenon has not been seen before and suggests an alternative explanation for the
relationship between PA and the nAChR. As a corollary to the finding of possible time-
dependent, phospholipase activity in the nAChR-reconstituted membranes, our lab now
ensures prompt use of any freshly prepared nAChR samples to ensure a minimal amount of
DAG formation. The reality, however, is that DAG could potentially alter the functional
conformation of the nAChR and the effects of DAG on the conformational equilibria of the
nAChHR requires further attention.

The results of the Carb difference spectroscopy confirm the ability of PC/PA 3:2
membranes to stabilize the nAChR in a functional conformation similar to native Torpedo
membranes (72, 73). Various other anionic lipids have been assessed in previous studies (58,
59, 61, 67, 75), but PA remains unique in its ability to influence the nAChR conformational
equilibria in binary mixtures with PC to almost the same degree as the native Torpedo
membranes. While a recent study determined that PG, which possesses structural and
chemical properties similar to PA, is able to stabilize a functional conformation of the
nAChR upon reconstitution, the PG-containing membranes only stabilize a moderate
functional conformation of the nAChR (76). A further intriguing aspect of the
aforementioned study is that HP-TLC plates containing lipids extracted from PC/PG-nAChR
reconstitutions exhibit no presence of DAG in these reconstitutions. The effect of DAG on
the ability of the nAChR to undergo agonist-induced conformational change in PC/PA
membranes specifically is currently being addressed. As previously reported (61), Carb
difference spectra recorded from the nAChR in PC membranes indicate that the nAChR is

unable to undergo agonist-induced conformational change (Fig. 3.10).
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Ethidium fluorescence of the nAChR in PC/PA 3:2 membranes supports the Carb
difference spectroscopy and previous reports: Addition of agonist leads to increased
fluorescence intensity, indicative of ethidium binding to the NCI site of the nAChR due
agonist-induced R to D transition (Fig. 3.11B, C). In the presence of a high concentration of
an anaesthetic, ethidium fluorescence does not change significantly upon addition of agonist
to PC/PA-nAChR reconstitutions. The dibucaine stabilizes the desensitized state of the
nAChHR by binding to the NCI site, thus preventing ethidium binding. Interestingly, the PC-
nAChR reconstitutions show low fluorescence intensity in the absence of dibucaine both
prior to and following Carb addition, suggesting the nAChR is not desensitized in PC-
nAChR reconstitutions. Recent data indicates that the nAChR adopts a novel conformation
in PC-nAChR reconstitutions, highlighting the role of lipids in modulating the conformation
of the nAChR (83).

Carb difference spectra and ethidium fluorescence traces of the PA-nAChR
reconstitutions indicate the nAChR is stabilized in a moderate functional state in these
reconstituted membranes containing a single anionic lipid. While the level of functionality is
not optimal, the functional analyses indicate that the nAChR undergoes agonist-induced
conformational change and displays allostery in these PA membranes. These data indicate,
for the first time, that a reconstituted membrane containing a sole lipid species is able to
stabilize a functional conformation of the nAChR. Previous studies suggest that the nAChR
requires the presence of zwitterionic PC along with anionic lipids in order to remain in a
functional conformation (58, 61). The data contained herein further supports the notion that
PA is unique in its effects on the conformational state of the nAChR in reconstituted
membranes. The specificity of PA compared to other anionic lipids that share structural
features with PA hints at specific PA head group-nAChR interactions, though these annular
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lipid binding sites have not yet been identified, despite the 4A model of the nAChR (see
Chapter 6). However, the formation of DAG in these PA-containing membranes and the
absence of DAG in nAChR-reconstituted membranes containing other anionic lipids suggest
the mechanism may not be PA-specific, but a result of the nAChR altering its lipid

environment through lipid head group modification.
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Chapter 4: Monitoring Ionization State of PA Head Groups

4.1 — Introduction

It is clear that PA is effective at stabilizing a functional conformation of the nAChR
in reconstituted systems alone with PC, yet it also appears that the PA-nAChR
reconstitutions are also able to stabilize function to a moderate degree. While previous
studies have suggested the requirement of Chol and/or other anionic lipids, these other lipids
are not as efficient as PA in stabilizing a functional nAChR, nor has it been shown that any
other single lipid system can retain nAChR function following reconstitution. The efficacy
of PA must be attributed to a unique aspect of the lipid that gives it the ability to provide an
environment with appropriate physical or chemical properties required for stabilizing a
functional nAChR. There are 2 structural features of PA which have been suggested as
being responsible for the efficacy of stabilizing the nAChR: the small head group, and the
anionic charge. However, other anionic lipids in combination with PC have been shown to
be unable to retain the ion flux capability of the nAChR in reconstituted membranes (58),
suggesting that the negative charge alone is not the key behind the efficacy of PA in
modulating the nAChR function. A recent study examined the possibility of the importance
of the small head group size of PA by assessing the structural/functional effects of PG, which
possesses a small head group, on the nAChR conformational state. PG is able to moderately
mimic the effects of PA in nAChR-reconstituted membranes (76). Other anionic lipids can

stabilize function, but not to the same degree as PA and often require the presence of a
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neutral lipid. Thus a unique chemical feature could be the reason that PA is so important to
the nAChR conformational equilibria.

The ability to exist in different head group ionization states at physiologically
relevant pH values within a lipid membrane is a unique chemical characteristic of PA among
the anionic phospholipids typiéally found in Torpedo membranes (Fig. 4.1). It has been
suggested that the nAChR stabilizes the dianionic form of PA and that the dianionic PA head
group is essential for nAChR function (64). In this chapter, I first set out to test whether
FTIR spectroscopy is capable of monitoring PA head group ionization state changes within a
lipid membrane. Then I used the developed approach to monitor PA head group ionization
state in reconstituted membranes. The results indicate that the nAChR does not stabilize the
dianionic state of PA in reconstituted membranes, suggesting that the dianionic state is not
the key feature of modulation of the nAChR functional conformation by PA. The results
herein eliminate the possibility that specific interactions between the unique dianionic state
of PA and the nAChR play a role in the bi-directional coupling between PA-containing

membranes and the nAChR conformational equilibria.
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Figure 4.1

The Different Ionization States of PA., The PA head
group experiences ionization state changes in response to
pH, even when in a lipid membrane. The bonds in each
ionization state give rise to different peaks in the phosphate
vibrational region of FTIR spectra (see text). R, the acyl
chains of the lipids (1, palmitoyl chain; 2, oleoyl chain).
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4.2 — Results

4.2.1 — FTIR Spectra of Pure Bilayers

FTIR spectra of PC, PA, and PC/PA 3:2 membranes exhibit a variety of IR bands that
have been assigned to the various functional groups common to phospholipid molecules, as
well as those specific to the individual head groups (Fig. 4.2). For example, all 3 membranes
exhibit a strong peak at roughly 1735 cm™ assigned to the lipid ester carbonyl vibration,
which experiences frequency shifts depending on the hydrogen bonding experienced by the
carbonyl oxygen (see Chapter 5). Also, each membrane exhibits a peak at 1467 cm™ that is
attributed to the —CH, groups on the acyl chains of the phospholipids. The broad
overlapping peaks from 1100 to 1050 cm™ consist primarily of vibrations of phospholipid
head groups, which appear at different frequencies depending on the functional groups of the
phosphate head groups within the membranes (84). Specifically, the phosphate group of PC
vibrates at 1234 and 1087 cm™, with a component at 1067 cm™. Of particular interest for the
current study are the peaks from the single-negatively charged monoanionic phosphate group
of PA that vibrates at 1178 and 1070 cm™ at low pH, and the double-negatively charged
dianionic PA that vibrates at 1090 and 1023 cm™ (64, 85, 86). The dual peaks from each
ionization state are a result of symmetric and asymmetric modes of bond stretching occurring
simultaneously producing two peaks, with the asymmetric stretching frequency
corresponding to the higher of 2 frequencies (85). In PA membranes, the PA head groups
experience pH-dependent changes of peak frequencies and intensities resulting in the
different appearance from that of PC-containing membranes, as discussed below. The

phosphate bands appear similar in each membrane but they are comprised of some similar
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Figure 4.2

FTIR Spectra Recorded from Lipid Membranes
without the nAChR. Top, PC membranes; Middle, PA
membranes; Bottom, PC/PA 3:2 membranes. Spectra from
each membrane were scaled at the lipid ester carbonyl peak
(~1735 cm™) to an absorbance intensity of 1. All spectra
recorded at pH 4. Highlighted wavenumbers indicate
peaks representing different parts of the phospholipid
molecules present (see text). Dashed lines indicate
common peaks found in each membrane.
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underlying, component peaks but also contain membrane-specific elements (see below).
PC/PA 3:2 membranes contain both PC and PA head groups, thus these spectra are
essentially composites of the 2 pure membrane spectra. FTIR spectra of the different
membranes exhibit peaks consistent with common phospholipid structural vibrations, as well
as head group-specific peaks that can be used to monitor head group alterations in pure or

mixed membranes.

4.2.2 — Monitoring Ionization State of PA Head Groups in Bilayers without the nAChR

As a control, FTIR spectra were recorded from PC membranes over the range of pH 4
to 10 (Fig. 4.3A). PC head groups have no ionizable groups in this pH range, thus the
spectra should be superimposable in the phosphate region of the spectrum (1300-940 cm™).
The lack of band shape changes indicates neither alteration of the PC head groups nor any
changes in phospholipid organization in the bilayer over the large pH range tested. As well,
the absence of spectral changes in the lipid ester carbonyl region of the spectra suggests no
pH-dependent changes in the physical properties of the PC membranes (see below). Overall
PC membranes show no changes in the FTIR spectra that can be attributed to pH-dependent
phospholipid head group or bilayer changes.

In contrast, the phosphate head groups of PA are ionizable with a pK, between the
monoanionic and dianionic states of 8.7 (87, 88). In contrast to PC, there are significant
changes in the intensity of the phosphate stretching peaks in FTIR spectra of PA membranes
recorded over the pH range 4 to 10 (Fig. 4.3B). Significantly, increasing pH leads to an
increase of dianionic stretching peaks at 1091 and 1023 cm™ coupled with decreases at

monoanionic stretching peaks at 1177 and 1070 cm’, indicating a change from
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Figure 4.3

Phosphate Vibrational Region of Spectra Recorded at
Varying pH values in Lipid Membranes without the
nAChR; pH titration: 4 to 10. A, Stacked spectra of PC
membranes. B, Stacked spectra of PA membranes. C,
Stacked spectra of PC/PA 3:2 membranes. In each
titration, spectrum at each pH value recorded at increasing
pH from front to back (pH 4: front; pH 10: back). Spectra
in each titration were scaled at the lipid ester carbonyl peak
(~1735 cm™, not shown) to an absorbance intensity of 1.
Spectra offset slightly to create stacking effect. Titration
shown for each membrane is a representative series of
spectra. Each titration was repeated at least 3 times with
different membrane films, and data shown are
reproducible, representative titrations.
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predominantly monoanionic PA head groups to dianionic head groups (64, 86). Although
some of the larger bands have underlying components from common phospholipid
structures, increased intensity from the dianionic PA head group bands can increase the
intensity at specific frequencies within the broader peaks. Analysis of the area under the
dianionic stretching peak at 1023 cm™ provides a curve that indicates a pK, of 8.7 £ 0.1 (n =
2) (Fig. 4.4, open squares), which is the same as the literature value (8.7). Reverse titrations
of PA membranes from pH 10 to 4 exhibit band shape changes consistent with PA head
group Ilonization from dianionic to monoanionic, but full monoanionic spectral
characteristics only return at pH 4. From these titration experiments, it appears that FTIR
spectroscopy can be used to monitor phospholipid head group ionization state changes in
response to pH change and obtain an accurate pK, within a PA membrane.

I next examined the possibility of monitoring PA ionization state in a mixed
membrane with only 40% PA. FTIR spectra were recorded from PC/PA 3:2 membranes
over pH range 4 to 10 (Fig. 4.3C). The spectral changes observed in the PC/PA 3:2
membranes are not as intense as the changes in PA membranes since the PC head groups in
these membranes also contribute intensity in this spectral region and there is less PA present.
However, increases at the dianionic PA head group peaks (1088 and 1020 cm'l) coupled with
decreases at the monoanionic PA peaks (1178 and 1068 cm™") corresponding to PA head
group ionization within these mixed membranes are easily visible. At low pH, there is a
small peak at 1015 cm™ that superimposes with the same peak in PC membranes, but as the
pH increases, the dianionic PA head group peak begins to appear to the left of this peak by
~5 cm™ (1020 cm™) due to increasing amount of dianionic PA head groups. The presence of
the small contributing peak from PC causes the dianionic PA peak to appear broader in
PC/PA 3:2 membranes than in PA membranes. In PA membranes, the left-shifted dianionic
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Figure 4.4

Ionization Curves Measured at the Dianionic PA
Symmetric Stretching Peak in PA-containing
Membranes. Boltzmann-Sigmoidal curves produced for
PC/PA 3:2 membranes (open diamonds) and PA
membranes (open squares). Intensity of the peak attributed
to the dianionic stretching peak (~1023 cm™) calculated
from integration using GRAMS AI software. All spectra
used to produce curves were scaled at lipid ester carbonyl
bands to an absorbance intensity of 1. Curves shown are
representative curves from individual titrations. Each
titration used to produce curves were repeated at least 2 .
times, with different membrane films each time, and the
nAChR-reconstituted membranes were from at least 2
different membrane films from 2 different reconstitutions.
Intensity at 1015 cm™ (a PC component; see text) increases
in a pH-independent manner in PC (open circles), PC-
nAChR reconstitutions (filled circles) and PC/PA-nAChR
reconstitutions (filled diamonds). Inset, Zoomed-in view
of the PC and nAChR-reconstituted membranes showing
pH-independence.
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peak (1023 cm™) is consistently higher than in PC/PA 3:2 membranes (1020 cm™). The
dianionic PA peak, however, is far enough to the left to be discernable from the small PC
peak in this region (1015 cm™) in PC/PA 3:2 membranes, and analysis of the peak in PC/PA
3:2 membranes indicates a pK, of 6.5 £ 0.2 (n = 3) for the PA within the membrane. The
spectra recorded from the mixed membranes exhibit qualitative and quantitative evidence of
PA head group ionization within lipid membranes.

The pH-induced changes from both PA and PC/PA 3:2 membranes appear similar
qualitatively, but the analysis from both membranes indicated that the pH-induced changes
occur within different pH ranges (Fig. 4.4). The dianionic symmetric stretching peak in PA
membranes begins to increase in intensity as the pH reaches 7 and appears to plateau at or
above pH 12 (Fig. 4.4, open squares). In PC/PA 3:2 membranes, there is an increase in peak
intensity of the dianionic PA symmetric stretching peak (1020 cm™) beginning at roughly pH
5 (open diamonds). The most significant changes in the peak intensity occur over the pH
range of 5 to 8, which indicates a lower pK, value of PA. The different pK, values found
here are indicative of the different membrane environments created by the presence of PC,
which dilutes the PA head groups, weakening the inter-head group repulsion between
dianionic PA head groups.

Taken together, the spectra recorded from the 3 membranes without the nAChR in
this study indicate peaks due to the vibration of functional groups common to general
phospholipids, though they also indicate phospholipid-specific peaks that can be used to
identify each individual species. From the titration experiments, it is clear that FTIR
spectroscopy can be used to monitor the ionization state of PA head groups within pure and
binary PA-containing membranes. The different pK, values obtained from the analysis of
the spectra recorded from the titrations of PA and PC/PA 3:2 membranes are indicative of
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the sensitivity of FTIR spectroscopy and validate the designed technical approach for

monitoring head group ionization state within lipid membranes over a broad pH titration.

4.2.3 - FTIR Spectra of nAChR-Reconstitutions

Prior to investigating the ionization state of PA in nAChR-reconstituted membranes, I
compared spectra of PC/PA-nAChR reconstitutions and PC/PA 3:2 membranes with a
delipidated nAChR sample. To ensure the possibility of observing any ionization state
changes, I needed to ensure that the nAChR would not interfere with or mask any of the PA
head group ionization spectral marker bands. FTIR spectra recorded from PC/PA-nAChR
reconstitutions and PC/PA 3:2 membranes without the nAChR were compared with spectra
recorded from the delipidated nAChR sample (Fig. 4.5). The large peaks in the amide I and
II regions are due to vibrations of the nAChR polypeptide backbone carbonyl and amide
hydrogen bonds, respectively, and are absent in the spectra of the PC/PA membrane without
the nAChR. Likewise the lipid ester carbonyl vibration at ~1734 cm™ is essentially absent in
the delipidated nAChR spectra, indicating almost complete removal of the endogenous
nAChR lipids membrane during the purification. The nAChR spectra exhibit some broad
peaks in the phosphate vibrational region of the spectra that lead to apparent intensity
increases of the phosphate head group bands relative to spectra of pure lipids. The broad
nAChR band at 1234 cm™ increases the intensity of this particular section of the phosphate
region. The increased intensity can be seen in the PC/PA-nAChR reconstitution compared to
the pure PC/PA 3:2 membrane spectra. There is a broad absorbance around 1070 cm™ that
increases the intensity of this region and can affect the 1090/1070 cm™ doublet, but this

increased intensity does not significantly affect or hide the dianionic PA head group
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Figure 4.5

Comparison of FTIR Spectra of Lipid Membranes and
the nAChR. Top, Spectra recorded from PC/PA-nAChR
reconstitution. Middle, Spectra recorded from nAChR in
the absence of lipids. Bottom, Spectra recorded from
PC/PA 3:2 membranes.  Highlighted wavenumbers
primarily attributed to presence of lipids. Dotted lines
indicate peaks found in different samples. Amide I peaks
in top and middle spectrum scaled to each other. Lipid
ester carbonyl peak in top and bottom spectrum scaled to
each other. Aqueous solvent subtracted from top and
bottom spectrum; middle spectrum recorded dried, in the
absence of aqueous buffer. For comparison details see
text.
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stretching peak at 1020 cm™. Therefore, spectral band shape changes attributable to PA head
group ionization state change in nAChR-reconstitutions should be visible and provide insight

regarding the ionization state of PA within the nAChR-reconstitutions.

4.2.4 — Monitoring Ionization State of PA Head Groups in nAChR-Reconstitutions

Based on the ability to monitor ionization state in pure membrane titration
experiments and the nAChR absorbing primarily in the amide region, I first examined the
pH-dependence of phospholipid head groups in PC- and PC/PA-nAChR reconstitutions (Fig.
4.6). The samples used for these titrations were prepared using our reconstitution protocol
and the titrations were performed within a week of the reconstitution in order to avoid loss of
significant amounts of PA via hydrolysis to form DAG. Spectra recorded from the PC-
nAChR reconstitutions exhibit no spectral band shape changes attributed to ionization state
changes in the phosphate region in the titrations (Fig. 4.6A). The lack of spectral changes
attributed to ionization state change in PC-nAChR reconstitutions correlates with the pure
lipid bilayers. As expected, there are no pH-induced changes in the spectra as PC cannot
undergo an ionization state change within the pH range.

Spectra were then recorded from PC/PA-nAChR reconstitutions over the pH range 4
to 10 (Fig. 4.6B). Surprisingly, the spectra recorded in these titrations exhibit no spectral
band shape changes. The spectra exhibit consistent monoanionic-characteristic spectral band
shapes in the phosphate region and complete absence of the dianionic PA stretching peaks,
specifically at 1020 cm™. Comparison of the PC/PA-nAChR reconstitution spectra at all pH
values to the spectra recorded from pure PC/PA 3:2 membranes at pH 4 reveal similar

phosphate bands. I also recorded a titration over the smaller range 7 to 10, to exclude the
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Figure 4.6

Phosphate Vibrational Region of Spectra Recorded at
Varying pH values in nAChR-Reconstituted
Membranes; pH titration: 4 to 10. A, Stacked spectra of
PC-nAChR reconstitution. B, Stacked spectra of PC/PA-
nAChR reconstitution. Each titration represented similarly
to Figure 4.3. Minimal spectral changes observed at the
peaks attributed to monoanionic and dianionic PA head
groups observed. Spectra in each titration were scaled at
the lipid ester carbonyl peak (~1735 cm™) to an absorbance
intensity of 1. Titration shown for each membrane is a
representative series of spectra.  Each titration was
repeated at least 4 times with different membrane films and
different reconstitutions, and data shown are reproducible,
representative titrations.
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possibility of the low pH affecting the nAChR, and the titration spectra yielded similar
phosphate band shapes. The spectra of the PC/PA-nAChR reconstitutions suggest
stabilization of monoanionic PA head groups, regardless of the pH of the environment (no
ionization state change visible up to pH 12; data not shown). These titrations were repeated
several times, both with the same reconstitutions as well as freshly purified and reconstituted
samples, to verify these findings, but in each case the spectra consisted of monoanionic-
characteristic phosphate bands at each pH value. These findings are in direct contrast to
those presented by Bhushan & McNamee (64). The results show that the nAChR does not
stabilize the PA head group in the dianionic state. Furthermore, the dianionic state is not
responsible for the efficacy of PA in stabilizing a functional nAChR.

As a further test, I examined the effects of the nAChR on the chemical properties of
PA in a reconstituted PA membrane. The nAChR is stabilized in a moderately functional
conformation compared to PC/PA-nAChR reconstitutions (Chapter 3). The pH-dependence
of these membranes was found to be similar to that for the PC and PC/PA 3:2 membranes
reconstituted with the nAChR in that there are no marker band intensity changes for
monoanionic to dianionic PA head group ionization (Fig. 4.7A). The phosphate vibrational
region of these spectra, however, appears substantially different from this region of spectra
recorded from PA bilayers without the nAChR (Fig. 4.3B). The spectra contained bands
with very weak intensities, and though there were some changes in the band shapes in this
region with increasing pH, as mentioned the PA ionization marker bands, specifically the
dianionic PA stretching peak at 1023 cm’, were absent. The spectra recorded from the
nAChR-reconstituted PA membranes appeared to be dominated by the nAChR bands in this
region from 1300-1000 cm™, suggesting a low amount of lipid head groups visible in these
proteoliposomes.
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Figure 4.7

FTIR Spectra of PA-nAChR Reconstitutions. A,
Stacked spectra of phosphate vibrational region of pH
titration of nAChR-reconstituted pure PA membranes.
Spectrum at each pH value recorded at increasing pH value
from front to back (pH 4 to 10). For comparison purposes,
spectra presented on same scale as spectra in Figure 4.3B.
Spectra scaled at the lipid ester carbonyl peak (~1735 cm™)
to an absorbance intensity of 1. Titration shown is a
representative series of spectra; Titration repeated 3 times
with different membrane films and 2 different
reconstitutions. B, Amide I (left) and II (right) regions of
the PA-nAChR reconstitution. C, Lipid ester carbonyl
profile of PA-nAChR reconstitution. Highlighted
wavenumbers are attributed to the non-hydrogen-bonded
ester carbonyl peak (1743 cm™) and the hydrogen-bonded
ester carbonyl peak (1730 cm™). Spectra presented in B-
left and C were deconvolved using GRAMS/AI software
with deconvolution parameters: y = 7, smoothing = 75%.
Spectra of Amide II region shown without deconvolution.
Spectra in B and C recorded in D,O buffer.
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One interesting feature of the FTIR spectra of the PA-nAChR reconstitutions is the
lipid ester carbonyl profiles (Fig. 4.7C). The lipid ester carbonyl bands show a significantly
larger intensity at the non-hydrogen bonded peak (1743 cm™) compared to the lipid ester
carbonyl profiles of other reconstituted membrane systems (discussed in greater detail in
next chapter). There are also extra peaks within the lipid ester carbonyl profile suggesting
altered conformations of the lipid head groups, as seen in spectra recorded from PC/PS
membranes with the nAChR. However, the peaks in PA-nAChR spectra do not appear at
similar frequencies as in PC/PS-nAChR spectra. The lipid ester carbonyl profile here also
reveals the lipid:protein ratio of these membranes, which was found to be higher than
nAChR-reconstituted PC/PA 3:2 membranes (~150:1 mol:mol). This increased lipid:protein
is intriguing given the weak intensity in the phosphate region of the spectra of the PA-
nAChR reconstitutions. The amide I band shapes for the nAChR in the PA membrane are
similar to those recorded from the nAChR in PC/PA 3:2 membranes, suggesting a similar
extent of nAChR peptide hydrogen deuterium exchange in these membranes (13). The
amide II band shapes of the nAChR in the PA membranes are also similar to those from
PC/PA-nAChR reconstitutions. The amide I/II band shapes seen in these spectra generally
correlate with the ability of the nAChR to undergo agonist-induced conformational change,
as shown in previous studies (73). The interesting aspect is the significant differences
between the lipid ester carbonyl profiles in the PA membranes compared to profiles recorded
in other membranes that stabilize a functional nAChR. The analysis of the spectra indicates
the similarities of the nAChR within these membranes, but hints at an altered head group

conformation of the lipids in the PA-nAChR reconstitution proteoliposomes.
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4.2.5 — Monitoring nAChR-Reconstituted Membrane Surface pH

In an attempt to examine the pH at the membrane surface, we used a pH-sensitive
probe in order to monitor pH alterations at the membrane surface in the presence and absence
of the nAChR (Fig. 4.8). Of the possible pH-sensitive probes, the pH-sensitivity of
Fluorescein lies within the pH range examined for the titrations, and ionization of
Fluorescein results in intense fluorescence. Fluorescein exhibits pH-dependent fluorescence
when the neutral state ionizes to the anionic state, resulting in a strong fluorescence signal.
As we wanted to examine the pH at membrane surface, we required a way to anchor the
Fluorescein molecule within a short distance of the membrane surface. A Fluorescein-lipid
probe where Fluorescein was covalently attached to the head group of PE (89-92), was used.
Preliminary data collected with this lipid probe (CFPE) indicate that we can incorporate the
probe into lipid vesicles and monitor the fluorescence signal resulting from increasing pH
(Fig. 4.8B). The next step is to incorporate the probe into nAChR-reconstitutions, both PC-
nAChR and PC/PA-nAChR, and examine the fluorescence and the pH-dependence. If the
nAChR is causing reduced pH, the curve of fluorescence intensity at the emission maxima
(Fig. 4.8C) would appear right-shifted, where the transition would occur at a higher buffer
pH (dashed line). However, our early attempts to incorporate CFPE into nAChR-
reconstituted proteoliposomes resulted in inconsistent data. Future work, including
separation of CFPE-containing nAChR-reconstituted proteoliposomes from other liposomes
and CFPE fluorescence in proteoliposomes with high lipid-to-protein ratios, will need to be
completed in order to systematically address the possibility of determining the pH at the

membrane surface in membrane protein reconstituted membranes.
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Figure 4.8

pH-sensitive Fluorescent Probe, Fluorescein,
Preliminary Findings. A, Structure of
carboxyfluorescein-labeled DOPE (CFPE). Increasing pH
leads to ionization of the Fluorescein molecule covalently
attached to the head group of the phospholipid resulting in
increased fluorescent signal. The Fluorescein molecule
protrudes roughly 15A from the membrane surface and
should measure surface pH. B, Fluorescence emission
spectra recorded from CFPE incorporated into PC (left)
and PC/PA 3:2 (right) membranes. Increasing pH from 5
to 13 results in increasing fluorescence with emission
maximum at roughly 526 nm. C, Plot of percent intensity
vs. pH from emission spectra recorded from PC (open
circles) and PC/PA 3:2 (open diamonds). The intensity at
the emission maximum at each pH value was recorded and
plotted as a percent of the intensity at pH after intensity
reached maximum. Solid lines represent non-linear
regression of data. Filled diamonds: theoretical data for
PC/PA-nAChR  reconstitution, with dashed line
representing non-linear regression of said data.
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4.3 — Summary & Conclusions

In all of the pH titrations performed throughout this study, PC membranes, with and
without the nAChR, were used as controls. These membranes are composed only of
phospholipids which do not have ionizable head groups, thus the phospholipid head groups
should not be susceptible to changes in the pH of the environment. Any spectral changes
would therefore be an indication of general pH-induced membrane alterations, thereby
hindering the analysis in PC/PA membranes and possibly in the PA membranes. In the PC
membrane pH titrations, there were no changes in the phosphate region of the spectra that
indicate head group ionization or membrane structural alterations (Fig. 4.3A). The apparent
lack of spectral changes in the phosphate region combined with the lack of pH-induced lipid
ester carbonyl band changes (see Chapter 5) suggest consistent PC membranes at each pH
value throughout the titrations. Reconstitution of the nAChR into PC membranes results in
spectra similar to the PC membranes in the absence of the nAChR, indicating the nAChR has
little to no effect on the structural and chemical properties of these membranes. Spectra
recorded from the PC-nAChR reconstitutions over the pH range 4 to 10 display no spectral
changes suggestive of pH-dependent changes on membrane or protein structure (Fig. 4.6A).
As expected, spectra recorded from PC membranes with and without the nAChR exhibit no
indications of PC head group alterations throughout the titrations.

Spectra recorded from PA and PC/PA 3:2 membranes exhibit phosphate band shape
changes as the pH of the system is increased (Fig. 4.3B, C). At low pH, the population of
PA in these membranes is primarily monoanionic, which ionizes to increasingly dianionic as
we increase the pH. These peaks appear slightly shifted between the 2 membranes due to the

presence of contributing PC head group peaks in the PC/PA 3:2 membranes. Specifically,
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the difference in peak frequency and broadness of the dianionic PA head group peak at 1020
cm™ is due to the contributing small peak from PC at 1015 cm™, which is plainly visible in
the PC-containing membranes. The difference in peak maximum and broadness are due to a
contributing small peak from PC at 1015 cm’' that is visible in PC/PA 3:2 membranes at pH
4. Spectra recorded from the pure PC membranes exhibit a small peak at 1015 cm™ that
experiences subtle intensity increases throughout the titrations. However, these changes are
insignificant compared to PA and PC/PA 3:2 membrane intensity changes at the dianionic
PA head group peak in this region. While it is thought that PA membranes might not form
planar bilayers but something closer to that of a hexagonal phase structure (Hy) (93), spectral
changes of marker monoanionic and dianionic PA head group bands were present in spectra
recorded from the PA membranes.

The area and intensity of the dianionic PA head group peaks were compared in the
PA and PC/PA 3:2 membranes by scaling the lipid ester carbonyl bands in all the spectra at
each pH; The amount of lipid used in each titration was the same, thus scaling at the lipid
ester carbonyl bands would account for any subtle variations in intensity between the spectral
sets (due to film expansions, water penetration, etc). In PA membranes, the scaled intensity
of the dianionic peak at pH 12 (full dianionic character, as determined qualitatively from the
spectra) is only slightly more intense than the dianionic peak in PC/PA 3:2 membranes at pH
10 (full dianionic character). The small difference in intensity indicates that even in a
membrane with 60% less PA, the intensity of an ionization state change is almost on par with
a PA membrane, thus the intensity is not proportional to the percentage of PA in the
membrane. Therefore, spectra of membranes with a decreased proportion of PA should still

exhibit intensity at the marker bands suggesting PA head group ionization.
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In PC/PA 3:2 membranes, the largest PA head group ionization state changes from
monoanionic to dianionic occur between the pH range of 5 to 8 (Fig. 4.4, open diamonds),
whereas PA membranes undergo the same ionization state changes in the pH range of 7 to 10
(open squares). The difference in the observed pK, between these two membranes systems
(~2.2 pH units) can be attributed to the presence of a large proportion of PC in the PC/PA 3:2
membranes. The possible explanation involves the electrostatic consideration of densely
negatively charged lipids within short distances of each other. In the mixed PC/PA
membranes, the negatively charged PA head groups are spaced out between the PC head
groups, assuming a natural dilution of the phospholipids within the membrane system. In PA
membranes, the absence of intervening neutral molecules separating the dense, negatively-
charged head groups leads to an unfavorable membrane environment (Fig. 4.9). These
unfavorable interactions increase significantly with rising pH and the subsequent increase in
dianionic PA head groups. In both membrane systems, there is an inherent electrostatic
barrier that prevents ionization of the head groups until there is a much lower concentration
of hydrogen ions in the surrounding the membrane environment. Within the membranes
with decreased amounts of PA and the presence of a neutral phospholipid this energy barrier
is much lower, giving a decrease of 2 pH units in the apparent pK, value for PA ionization in
the mixed membranes compared to the PA membranes.

The primary objective of this study was to examine the importance of the ability of
PA to exist in a dianionic state within a nAChR-reconstituted membrane. It had been
suggested that this dianionic state of PA was instrumental in the efficacy of PA in stabilizing
a functional nAChR. However, there were no spectral band shapes attributable to the
dianionic PA head group in spectra recorded from the PC/PA-nAChR reconstitutions at any
pH (Fig. 4.6B). Spectra recorded from the PC/PA-nAChR reconstitutions at every pH were
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Figure 4.9

Electrostatic Interactions of PA Head Groups in
Membranes without the nAChR. Top, increasing pH in
pure PA bilayers results in the ionization of the
monoanionic PA head groups (blue) to the dianionic state
(red). The interactions between the small anionic head
groups with 2 negative charges will be extremely
unfavorable, resulting in large spaces between head groups
or possibly a non-bilayer structure formation. Bottom, in
mixed PC/PA bilayers, the anionic head groups of PA
ionize from mono- to dianionic at a lower pH due to the
presence of the larger, neutral PC head groups. The PC
head groups occupy the space between the anionic PA
head groups, and the natural dilution of membranes allows
dianionic head groups to become spaced out even further
in order to reduce the unfavorable interactions.
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similar to the PC/PA 3:2 membranes without the nAChR at low pH, at which there is
primarily monoanionic PA (Fig. 4.3C, front trace). There was no observed intensity
increases at 1020 cm™', which was seen in PC/PA 3:2 membranes as a slight broadening at
first followed by increased intensity at 1020 cm™. The lack of increase at 1020 cm™, as well
as the overall absence of changes in marker monoanionic and dianionic bands in the
phosphate region, demonstrates that the nAChR stabilizes the monoanionic state of PA,
rather than the dianionic state, contrary to previously suggested (64). Consistent with
stabilization of the monoanionic head group of PA in PC/PA-nAChR reconstitutions the T,
of these reconstituted membranes at both pH 7 and 10 were similar, suggesting no increase
of dianionic PA head group population within these nAChR-reconstituted membranes (Table
5.2). The similar Ty, is indicative of consistent membrane chemical properties that affect the
Tm (see Chapter 5), specifically PA head group ionization state. The dianionic state of the
PA head group appears to be inconsequential in the efficacy of PA in stabilizing a functional
nAChHR in reconstituted membranes. Potential mechanism(s) behind the importance of this
particular anionic lipid in stabilizing the functional conformation of the nAChR therefore

remains to be elucidated (see Chapter 6).
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Chapter 5: nAChR Modulation of Bilayer Physical Properties

5.1 — Introduction

The lipid composition of a nAChR-reconstituted membrane is an important
determinant for preserving function a reconstituted system (58-62, 67, 72, 75). The
importance of anionic lipids has been established, as well as the effect of neutral lipids
combined with anionic lipids further increasing the functional level of the nAChR in
reconstituted membranes (72). PA appears to be the most effective at modulating nAChR
function in binary lipid mixtures with PC, while other lipids with different head group size
and charge are not nearly as effective (76).

In the previous chapter, I showed that the unique ability of PA to exist in the
dianionic state is not responsible for the efficacy of PA in stabilizing the functional
conformation of the nAChR. In fact, I demonstrated that the nAChR stabilizes the
monoanionic state of the PA head group in PC/PA 3:2 reconstituted membranes. In the
previous chapter, I showed that PC/PA 3:2 membranes (without the nAChR) can contain
populations of both mono- and dianionic PA head groups at a given pH. Given that these
membranes contain a mixture of the monoanionic and dianionic PA head group states, it
seemed likely that nAChR-induced stabilization of the monoanionic PA head group could
lead to changes in membrane physical properties. The monoanionic state (with the lone
negatively charged group) exhibits reduced electrostatic repulsion between the head groups
than the dianionic state with its pair of negative charges. Stabilization of the monoanionic

PA head group might thus account for the dramatic changes in the physical properties of
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PC/PA membranes upon incorporation of the nAChR (73). As well, I showed in chapter 3
that the nAChR catalyzes the formation of DAG, which could factor into the altered bilayer
physical properties in the PC/PA-nAChR reconstitutions.

At this point, the focus of my thesis work shifted towards addressing the mechanisms
behind the observed alterations of the membrane physical properties that are observed upon
incorporation of the nAChR into the membrane. The stabilization of the monoanionic state
of the PA head group, the presence of DAG within the membrane, and increased
concentrations of cations at the membrane surface were 3 factors that were considered to
influence the bilayer properties. Each of these factors was shown to be partly responsible
and when combined in pure lipid membranes, the bilayer physical properties mimicked the

situation observed in the PC/PA-nAChR reconstitutions.
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5.2 — Results

5.2.1 — Effects of the nAChR on Reconstituted Membranes

I first examined the physical properties of membranes with and without the nAChR,
in order to validate the previous observations (Fig. 5.1A) (73). The phase transition
temperature (Ty,) of the lipids, a parameter related to the order of the lipid acyl chains, was
first recorded. Upon cooling, the C-H stretching frequency of the lipid acyl chains shifts
down roughly 2 cm™ from 2853 to 2851 cm’™ as the lipids transition from the liquid crystal to
the gel phase. Cooling curves for PC/PA 3:2 and PC membranes in Torpedo Ringer buffer
show that these lipids undergo a liquid crystal to gel phase transition at different
temperatures (Fig. 5.1A, open circles). The T, for PC/PA 3:2 membranes is 13.1 + 0.2°C
while the PC membranes exhibit a Ty, of -3.9 + 1.8°C (Table 5.1). The presence of the
nAChR (filled circles) in PC membranes leads to a slight increase in T, to -1.8 £ 0.5°C,
whereas the presence of the nAChR in PC/PA 3:2 membranes increases the T, to 24.7 %
0.2°C (top), an increase of 11.6°C. The increased Ty, of the PC/PA-nAChR reconstitutions is
evidence that the nAChR affects the thermal stability of these membranes, confirming the
previous findings.

The lipid ester carbonyl bands provide qualitative information regarding the physical
properties of membranes with and without the nAChR (73). Spectra recorded from both pure
and reconstituted membranes exhibit lipid ester carbonyl bands typically composed of two
component bands that correspond to hydrogen bonded (1729 c¢cm™) and non-hydrogen-
bonded (1741 cm™) lipid ester carbonyls (Fig. 5.1B). The intensities of these 2 component

bands relative to each other are qualitative indicators of the amount of water penetrating into
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Figure 5.1

Influence of the Presence of nAChR on Bilayer Physical
Properties. A, Temperature dependence of the C-H
stretching frequencies observed in spectra of membranes of
PC/PA 3:2 (top) and PC (bottom) in the presence (filled
circles) and absence of the nAChR (open circles). B,
Carbonyl stretching region in deconvolved spectra of lipid
membranes composed of PC/PA 3:2 (left) and PC (right) in
the absence (trace i) and presence (trace i1) of the nAChR.
The presence of the nAChR in PA-containing membranes
leads to an increased amount of non-hydrogen bonded lipid
ester carbonyl (1741 cm™) and a decrease in hydrogen-
bonded ester carbonyl (1729 cm™) component bands,
suggesting a change in water penetration into the
membrane. Both the phase transition cooling curves and
the lipid ester carbonyl profiles shown are representative
data; Data shown are reproducible, and were collected at
least 3 times to confirm consistency. Spectra shown in B
scaled to 1 au. prior to deconvolution.  Spectra
deconvolved using parameters: Y = 7, smoothing = 75%.
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Table 5.1 - Gel-to-liquid Crystal Phase Transition Temperatures of

presence and absence of the nAChR

Membrane Lipid e T,, of lipid + Change in T, with
... T,, of pure lipid ("C) o o
Composition nAChHR (°C) nAChR (°C)
PC -39+1.84) -1.8+0.5(3) 2.1
PC/PA 3:2 13.1 £0.2 (4) 24.7+0.2 (3) 11.6

Gel-to-liquid crystal phase transition temperatures of the lipid bilayers at
different pH values

o o o Change in 7', from
T, atpH4 (°C) T,atpH7(°C) T, atpH 10 (°C)

7to 4 (°C)
PC 4.6+0.4 (2) 39:18() 44:1.6(@) 0.7
PC/PA 3:2 19.0 £0.0 (3) 131 £0.2 (4) 2300 (2) 5.9

Gel-to-liquid crystal phase transition temperatures of the lipid bilayers at
different Ionic Strengths

Change in T, from

T, at1X(°C T, at5X(°C T, at 10X (°C
WAIXCO) T, atSK(O)  ThatloX(Q) T S
PC -3.9+1.8 (4) ND 0.7 + 0.7 (2) 4.6
PC/PA 3:2 19.0 + 0.0 (3) 23.6+0.3(3) 24.8+04(2) 4.8

Gel-to-liquid crystal phase transition temperatures of PC
bilayers with altered amounts of PA and/or DAG
T, with33%PA T, with33% DAG T, with33% PA
(°C) (C) and DAG (°C)
PC 2.9+0.2 (3) 18.5 £ 0.5 (3) 20.7 £0.2 (3)
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the membrane head group region, thus an indicator of the membrane head group packing
density (94).

Spectra recorded from the PC-nAChR reconstitutions exhibit roughly equal
intensities at the hydrogen-bonded and non-hydrogen-bonded component bands (right).
Incorporation of the nAChR into PC membranes leads to a slight decrease in the hydrogen-
bonded component bands, suggesting a slight increase in lateral packing density. The lack of
a substantial increase in the non-hydrogen-bonded component coupled with the minor
change in the T of the membranes upon incorporation of the nAChR suggests that the
presence of the nAChR only leads to minor changes in the lateral packing density of the PC
membranes.

Spectra recorded from PC/PA 3:2 membranes also show roughly equal proportions of
hydrogen-bonded and the non-hydrogen-bonded component bands. Upon incorporation of
the nAChR, however, there is a substantial increase in the proportion of non-hydrogen-
bonding lipid ester carbonyls (left). The larger non-hydrogen-bonded lipid ester carbonyl
band is indicative of a low degree of water penétration into the interfacial region of the lipid
bilayer and a higher lateral packing density, consistent with an increase in lateral tightening
of the membrane upon nAChR reconstitution into only the PA-containing membranes,
consistent with the effects on T, The interactions responsible for the altered physical
properties in PA-containing bilayers reconstituted with the nAChR were not clear when this

relationship was first discovered.

102



5.2.2 — PA head group ionization affects bilayer T,

The nAChR stabilizes the monoanionic state of the PA head group in PC/PA 3:2
membranes and the altered head group ionization state could potentially affect the bilayer
physical properties. To test this possibility, I examined the phase transition behaviour of
membranes composed of PC/PA 3:2 and PC at varying pH (Fig. 5.2A). In PC/PA 3:2
membranes, increased pH results in a dramatic decrease in the Ty, of the membrane (fop). At
low pH values, where the PA head groups are primarily in the monoanionic state, the T, is
19.0 £ 0.0°C. At high pH values, where the PA head groups are primarily dianionic, the T,
was found to be 2.3 £ 0.0°C. Higher T,, suggests a more ordered and stable membrane at
higher temperatures, requiring increased cooling to cause the transition from the liquid
crystal to gel phase. PC membranes, however, exhibit no changes in Ty, upon changes in pH
(bottom). This is expected, though, as PC has no ionizable groups within this range. Clearly
altered pH, and therefore altered head group ionization state within the bilayer, at the surface
of PA-containing membranes can affect the Ty, of the bilayer.

The lipid ester carbonyl band shapes were also examined at varying pH values (Fig.
5.2B). Spectra recorded from PC membranes show similar lipid ester carbonyl hydrogen-
bonding component bands at varying pH values (righf). The lack of alterations of the lipid
ester carbonyl component bands in PC membranes agrees with the consistent Ty, of PC
membranes at different pH values. In contrast, spectra recorded from PC/PA 3:2 membranes
indicate the lipid ester carbonyl component band patterns are influenced by pH (lef?).
Consistent with the varying T, lipid ester carbonyl bands show a larger proportion of the
non-hydrogen-bonded component at pH 4. As pH increases, the dianionic PA head group
population increases and the proportion of non-hydrogen-bonded to hydrogen-bond lipid

ester carbonyls shifts to primarily the hydrogen-bonded component band. The increased

103



Figure 5.2

Assessing the Physical Properties of Lipid Membranes
without the nAChR at Varying pH. A, Temperature
dependence of the C-H stretching frequencies observed in
spectra of membranes of PC/PA 3:2 (top) and PC (bottom)
at pH 4 (red circles), pH 7 (black circles) and pH 10 (blue
circles). Curves for PC offset slightly for clarity, as they
superimpose. B, Carbonyl stretching region in
deconvolved spectra of lipid membranes composed of
PC/PA 3:2 (left) and PC (right) at pH 10 (blue, trace 1), pH
7 (black, trace ii) and pH 4 (red, trace iii). Spectra
collected, scaled and deconvolved in similar manner as
described in Figure 5.1.
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hydrogen-bonded component at high pH reflects increased water penetration into the head
group region because the electrostatic repulsion between the dianionic PA head groups. The
lipid ester carbonyl component bands and the T, analysis of PC/PA 3:2 membranes reflect
increased membrane stability and head group packing density, due to primarily monoanionic
PA head groups present, possibly mimicking the situation in PC/PA-nAChR reconstitutions.
However, stabilization of the monoanionic state in PC/PA 3:2 membranes results in a bilayer
Tm of 19.0°C, which is 5.7°C below the Ty, of the PC/PA-nAChR reconstitutions. Although
the stabilization of the monoanionic state of PA may account for a large portion of the
increased Ty, upon incorporation of the nAChR, other factors are likely involved in the

altered bilayer physical properties in PC/PA-nAChR reconstitutions.

5.2.3 — Environmental ionic strength affects bilayer T,

The stabilization of the monoanionic state accounts for some of the changes in PC/PA
3:2 membrane physical properties in nAChR-reconstituted membranes though additional
effects are observed. As previous work has suggested, membrane channel proteins such as
the nAChR have the ability to increase the concentration of cations surrounding the receptor
at the membrane surface (74, 95-97). In light of previous reports indicating ability of the
nAChR to concentrate cations near its extramembranous domains, I examined if increased
concentration of cations, similar to the decreased pH, at the membrane surface could affect
the Tp, and the lipid ester carbonyl bands of the PC/PA-nAChR reconstitutions.

I first examined the T,, of PC/PA 3:2 and PC membranes in buffers containing
increased concentrations of all cations in Torpedo Ringer buffer (Na+, K, Ca2+, & Mg2+) at

pH 4 in an attempt to fully recreate the environment induced by the presence of the nAChR
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in PC/PA-nAChR reconstitutions (Fig. 5.3A). The initial concentrations of the cations in
Torpedo Ringer buffer are 250 mM, 5 mM, 3 mM and 2 mM for Na*, K*, Ca®*, & Mg”,
respectively. Interestingly, it appears that the T, of both PC/PA 3:2 and PC membranes are
influenced by increased concentrations of cations surrounding the membrane. In PC/PA 3:2
membranes at pH 4, increased concentrations of all cations in the buffer increased the Tn,
linearly up to five times the initial concentrations listed above, at which point the Ty, reached
23.6 = 0.3°C, and only increased to 24.8 + 0.4°C upon increasing the concentration further to
ten times the initial concentrations. The T,, of PC membranes increased to 0.7 + 0.7°C upon
increasing the cation concentrations to ten times that of Torpedo Ringer buffer, an increase
of 4.6°C, similar to PC/PA 3:2 membranes. The increased T, in PC membranes was
observed with concentrations of all cations ten times higher than the standard concentrations.
The observed bilayer Ty, shift in these ionic strength experiments compared to the Ty, shift
upon nAChR incorporation suggests that the presence of the nAChR in PC membranes does
not increase the concentrations of cations to the same degree as I used in these experiments.
In PA-containing membranes, the increased cation concentration surrounding the lipid head
groups combined stabilization of the monoanionic state of PA leads PC/PA 3:2 bilayers to
undergo the phase transition at temperatures almost identical to PC/PA-nAChR
reconstitutions.

Spectra recorded from PC/PA 3:2 membranes indicated that the lipid ester carbonyl
component bands are also influenced by cation concentrations (Fig. 5.3B). Increasing cation
concentrations, at pH 4, correlate with increased non-hydrogen-bonded lipid ester carbonyl
component bands in PC/PA 3:2 membranes (left), which mimic the PC/PA-nAChR
reconstitutions. Similar to the changes in pH, altered ion concentration leads to lipid ester
carbonyl peaks (1741 and 1729 cm™) that are almost identical to the PC/PA-nAChR
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Figure 5.3

Assessing the Physical Properties of Lipid Membranes
without the nAChR at Varying Ionic Strength. A,
Temperature dependence of the C-H stretching frequencies
observed in spectra of membranes of PC/PA 3:2 (top) and
PC (bottom) at pH 4 with 1x ionic strength (open
diamonds), 5x ionic strength (grey filled diamonds) and
10x ionic strength (black filled diamonds) buffer. B,
Carbonyl stretching region in deconvolved spectra of lipid
membranes composed of PC/PA 3:2 (left) and PC (right) at
pH 4 with 10x ionic strength (trace i), 5x ionic strength
(trace ii) and 1x ionic strength (trace iii) buffer. Spectra
collected, scaled and deconvolved in similar manner as
described in Figure 5.1.



A 2855

><><)<><>°
2853 I ve ot
e
°<> e
| M’
§ 2851 . weoer
]
O
£
3
o
(]
§ 2854 -
MW "‘.l
oodw
o() *
2852 P
00 .0
PRSIV g
2850 — ' . .
-10 0 10 20 30 40
Temperature, °C
r1741

[—1 729

' 0.1 au.
L]

1740 1700 1740 1700
Wavenumber, cm"’

107



reconstitutions. The spectra recorded from PC membranes indicate a subtle decrease in the
hydrogen-bonded component band with increasing cation concentration, but at a much
smaller amount than in PC/PA 3:2 membranes (right). The phase transition behaviour of
pure lipid membranes is highly susceptible to both changing pH and ionic strength of the
local environment, and altering these parameters can result in recreation of an environment
similar to that induced in PC/PA-nAChR reconstitutions.

A series of experiments examining the T, and lipid ester carbonyl bands of PC/PA
3:2 membranes in the presence of increased concentrations of individual cations was also
performed. These experiments were aimed at determining the effects of different cations on
the physical properties of the bilayers. Based on T, values found, I determined that divalent
cations, specifically calcium, affect bilayer Ty, to a larger degree than monovalent cations
(Table 5.2). A concentration of 30 mM Ca?" resulted in a Ty, of 22.7 + 0.5°C, which was
higher than if the concentration of Na* was increased from 250 mM to 2.5 M (21.4 + 0.3°C).
In correlation with the observed Ty, values, the lipid ester carbonyl component bands in the
presence of increased Ca®" more closely resembled the PC/PA-nAChR reconstitution lipid
ester carbonyl bands than did the increased Na (data not shown). These findings were
intriguing given reports indicating a possible nAChR-potentiator role of calcium (98-101).
Overall, the results of varying the ionic strength suggest that the Ty, shift observed upon
reconstitution of the nAChR into PA-containing bilayers is partly due to the nAChR
concentrating cations around its ligand binding intracellular domains, and the increased

concentration of cations at the membrane surface alter the physical properties of the bilayer.
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Table 5.2 - Gel-to-liquid Crysal Phase Transition Temperatures Under
Varying Conditions (Part 2)

Gel-to-liquid crystal phase transition temperatures of lipid bilayers at
increased concentrations of specific cations

T, of 10 . .
Membrane Lipid m OF X T, of 10x Divalent T, of 10x Ca®, 1x T,, of 10x Mg®, 1x
. Monovalent Cations )
Composition ) Cations (°C) other cations (°C)  other cations (°C)
PC/PA 3:2 21.4 £ 0.3 (4) 235+ 1.3 (4) 22.7£ 0.5 (3) 20.2 0.6 (3)

Gel-to-liquid crystal phase transition temperatures of nAChR-
Reconstituted membranes at different pH values

Change in T, from

T, atpH4 (°C T,atpH7(°C T, atpH 10 (°C

PC/PA 3:2 ND 24.7%0.2 (3) 2421 1.6 (3) 0.5

Gel-to-liquid crystal phase transition temperatures of nAChR-
Reconstituted membranes with increasing amounts of EDTA

Change in T',,, from
no washing to 8x
0

T, after2x EDTA T, after4x EDTA T, after 8x EDTA
washing (°C) washing (°C) washing (°C)

PC/PA 3:2 25.0+ 0.1 (3) 242+ 0.2 (3) 23.9+0.3(2) -0.8
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5.2.4 — Presence of DAG affects bilayer T,

The presence of DAG in the nAChR-reconstituted samples containing PA could also
be affecting the physical properties of the bilayers, as well as the reason PA-containing
membranes are able to stabilize a functional nAChR upon reconstitution. The physical
properties of bilayers capable of stabilizing function have been deemed an important aspect
of the lipid membrane modulating the functional state of the nAChR. The presence of DAG
could be playing an unforeseen role in these PA-containing membranes that has not yet been
examined. In order to address the possibility of DAG affecting the physical properties of
bilayers, the phase transition behaviour of membranes containing different amounts of DAG
and PA was examined (Fig. 5.4A). I also examined the effect of a decreased amount of PA
within a PC membrane. In PC/PA 3:1 membranes, the T, of the membrane was found to be
2.9 + 0.2°C, compared to the T, of 13.1 £ 0.2°C in PC/PA 3:2 membranes (Table 5.1).
Compensating for the decrease in PA with a correlated amount of DAG results in a drastic
increase in the Ty, of these membranes; the Tr, of PC/PA/DAG 3:1:1 membranes was found
to be 20.7 + 0.2°C. The presence of DAG alone in a membrane (PC/DAG 3:1) resulted in a
T similar to a PC/PA 3:2 membrane: 18.5 + 0.5°C. These phase transition curves were
obtained at a standard pH of 7, at which we expect to find a mixture of both dianionic and
monoanionic PA head groups.

As was observed with the varying pH and ion concentrations, spectra recorded from
membranes containing different amounts of DAG exhibit lipid ester carbonyl bands that
correlate with the changes in Ty, observed upon inclusion of DAG within the membranes
(Fig. 5.4B). In the PC/PA 3:1 membranes, which displayed a significantly lower Ty, the

lipid ester carbonyl profile shows an increased portion of the hydrogen-bonded component
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Figure 5.4

Assessing the Physical Properties of Lipid Membranes
without the nAChR with Varying Amounts of DAG. A,
Temperature dependence of the C-H stretching frequencies
observed in spectra of membranes of PC/PA 3:1 (open
triangles), PC/DAG 3:1 (grey filled triangles) and
PC/PA/DAG 3:1:1 (black filled triangles) at pH 7. B,
Carbonyl stretching region in deconvolved spectra of lipid
membranes composed of PC/PA/DAG 3:1:1 (trace i),
PC/DAG 3:1 (trace ii) and PC/PA 3:1 (trace iii) at pH 7.
Spectra collected, scaled and deconvolved in similar
manner as described in Figure 5.1.
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band compared to the non-hydrogen-bonded band, suggestive of a decreased head group
packing in these membranes. In the DAG-containing membranes, the increased Tr, values
reflect a more stable membrane, which is supported by the lipid ester carbonyl bands. The
PC/DAG 3:1 membrane shows an increased portion of the non-hydrogen-bonded component,
while the PC/PA/DAG 3:1:1 shows a further increase in the intensity of the non-hydrogen-
bonded band, consistent with the high Ty, of these membrane mixtures. It is clear that the
presence of DAG within a PC or a PC/PA membrane has significant effects on the physical
properties of the bilayer. However, the effects of the DAG within these membranes are hard
to fully elucidate, as there are also contributing effects on the physical properties of the
bilayer due to the nAChR-induced environment at the membrane surface. It is clear,
however, that these “simple” membrane systems into which the nAChR is incorporated
display complex interactions between the membrane physical and chemical properties and
the structure and function of the nAChR, and the effects of the various parameters examined
herein are interwoven and may all be important in stabilizing a functional nAChR in these

membranes.
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5.3 — Summary & Conclusions

There is a reciprocal coupling observed between PA and the nAChR. PA is
particularly effective at stabilizing a functional conformation of the nAChR in reconstituted
membranes, and the nAChR influences the physical properties of PA-containing membranes
(Fig. 5.1). PC/PA 3:2 membranes, in which the nAChR is functional, undergo a significant
increase in the Ty, from 13.1 to 24.7°C, and thus the stability or ordering of the membrane
upon reconstitution of the nAChR. The spectra recorded from the PC/PA-nAChR
reconstitutions also exhibit lipid ester carbonyl bands consistent with decreased hydrogen-
bonding of the lipid ester carbonyl groups compared to the pure membranes. In contrast, the
presence of the nAChR in PC membranes displayed minimal effects on the physical
properties of the bilayers. While the coupling between PA-containing membranes and the
nAChR has been observed prior to this study (73), there has been no clear explanation
proposed. The explanation, however, could lie in the ability of the nAChR to alter the
surrounding environment coupled with the formation of DAG within the PC/PA-nAChR
reconstitutions.

The ability of the nAChR to concentrate cations (and protons) could be responsible
for the altered bilayer physical properties in PC/PA-nAChR reconstitutions compared to the
pure lipids. As discussed in the previous chapter, the monoanionic PA head group is
stabilized in PC/PA-nAChR reconstitutions.  Stabilization of the monoanionic state
(decreasing the pH of the surrounding membrane environment to pH 4) in PC/PA 3:2
membranes leads to an increase in Ty, of the bilayer to 19.0°C (Fig. 5.2; Table 5.1). The T,
changes with decreasing pH are attributable to the PA head groups changing from dianionic

to monoanionic within the membrane since the T,, of PC membranes (no ionizable head
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groups) was consistent at all pH values. Stabilization of the monoanionic state, however,
does not fully account for the increased T, of the membrane reconstituted with the nAChR
as the Ty, of PC/PA 3:2 membranes at pH 4 is not as high as the nAChR-reconstituted PC/PA
3:2 membranes. However, in PC/PA 3:2 membranes, at pH 4, increased concentrations of
cations results in an increase in the bilayer Ty, to 24.8°C, close to that of the PC/PA-nAChR
reconstitutions (Fig. 5.3). The standard Torpedo Ringer buffer contains a variety of cations,
and I examined the extent to which the different ions influenced the T,, of PC/PA 3:2
membranes (Table 5.2). Increased concentrations of divalent cations seemed to exhibit the
largest effect on the T,, of the membranes without the nAChR. Increased NaCl (2.5 M), for
example, had less of an effect on T, than increased Ca®* (30 mM). This finding was
interesting given that calcium has been implicated as a potentiator of nAChR function (98-
100). However, despite the enhanced effects of divalent cations, increases in all cation
concentrations in combination with decreases in local pH were required to mimic the Ty, of
PC/PA-nAChR reconstitutions.

The lipid ester carbonyl bands in spectra recorded from pure PC/PA 3:2 membranes
in varying pH and ionic strength exhibit dependency on the environment surrounding the
membrane. Decreasing the pH from 7 to 4 resulted in lipid ester carbonyl bands in spectra
recorded from pure membranes with increased intensity at the non-hydrogen-bonded peak,
but the intensity did not rival that of the PC/PA-nAChR reconstitutions. However,
increasing the cation concentration in combination with decreasing the pH surrounding
PC/PA 3:2 membranes resulted in spectra similar to those of the reconstituted membranes.
Spectra recorded from PC/PA 3:2 membranes surrounded by increased protons (decreased
local pH) and high cation concentrations leads to lipid ester carbonyl bands with similar
proportions of the hydrogen-bonded and non-hydrogen-bonded peaks as those of the PC/PA-
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nAChHR reconstitutions. While the general class of anionic lipids has been implicated in the
ability to stabilize a functional nAChR, the bi-directional coupling between membrane
physical properties and the functional conformation of the nAChR is only seen in PA-
containing membranes (and to a lesser degree PG-containing membranes). The similarities
between PA and PG, however, suggest that the chemical and structural properties of these
particular lipids are required within a reconstituted membrane to mediate the bi-directional
coupling.

The presence of DAG within PC/PA-nAChR reconstitutions led to consideration of
the effect of DAG on the physical properties of lipid membranes. The formation of DAG in
nAChR-reconstitutions, which correlates with a decrease in the amount of PA, had not been
seen previously, and therefore the influence of a lipid with no phosphate head group had not
been considered. Interestingly, PC/PA 3:1 membranes exhibit a much lower Ty, than the
PC/PA 3:2 membranes. The decreased amount of PA resulted in a drop of roughly 10°C
compared to the PC/PA 3:2 membranes, which indicates a non-linear increase in T, due to
the presence of PA in a PC bilayer. The presence of DAG with or without PA, however,
resulted in increased T, within the lipid bilayers. The PC/PA/DAG 3:1:1 membranes,
mimicking a possible nAChR-reconstitution lipid composition following the formation of a
significant amount of DAG from the PA, exhibit a Ty, of 20.7°C while the PC/DAG 3:1
membranes exhibit a T, of 18.5°C. Spectra recorded from both the PC/PA/DAG and
PC/DAG membranes exhibit lipid ester carbonyl band shapes consistent with physical
properties resembling those of the PC/PA-nAChR reconstitutions. The formation of DAG in
the PC/PA-nAChR reconstitutions results in altered physical properties, and the presence of
DAG could be partly responsible for the observed bi-directional coupling, along with the
influence of local pH and surrounding cation concentrations.
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The presence of DAG in PC/PA-nAChR reconstitutions influences the physical
properties of the bilayer, although as the formation is time-dependent and the altered
physical properties are seen immediately, the effect of DAG is not as influential as the
situation examined here. The experiments include ~25% and 20% DAG, but the TLC
analysis in chapter 3 suggests that the amount of DAG is as little as 5% in PC/PA-nAChR
reconstitutions. Based on the experiments performed herein, 5% DAG (formed from 5% of
the PA population) within the membrane would result in altered bilayer physical properties,

though the changes would not be as dramatic as those observed here.
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Chapter 6: General Discussion

6.1 — nAChR influence on reconstituted PA-containing membranes

The anionic lipid PA is very effective in a reconstituted PC membrane at stabilizing a
functional nAChR (see Chapter 3) (58, 59, 61, 72, 73). While the specific mechanistic
and/or structural reasoning behind the effectiveness of PA in influencing nAChR function
has not been elucidated, an interesting aspect of the PC/PA-nAChR reconstitutions is the
observed bi-directional coupling between the nAChR functional capabilities and the physical
properties of the PA-containing, reconstituted membranes (73, 74). The presence of the
nAChR in PC/PA 3:2 membranes leads to increased T,, and reduced water penetration into
the head group region of the bilayer, consistent with increased packing density of the lipid
head groups. This observed bi-directional coupling was initially observed in PA-containing
membranes but now it appears that the coupling occurs to varying degrees in other anionic
lipid-containing membranes, and seems related to the ability of said membrane to stabilize a
functional conformation of the nAChR. Initial discovery of this relationship between the
nAChR and bilayer physical properties did not provide a rationale for this lipid-selective
influence of the nAChR on the bilayer properties (73). In this study, I examined the
possibility that the bi-directional coupling is a result of the nAChR affecting its
extramembranous ionic environment, leading to alteration of the physical properties of its
membrane environment.

The stabilization of the monoanionic state of PA occurs in nAChR-reconstituted

membranes. While the mechanism of monoanionic PA influencing function is not yet
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understood (a mechanism is proposed in section 6.4), it appears that the monoanionic state
stabilization is involved in the bi-directional coupling. As previously mentioned, it has been
previously shown that cation-selective channel proteins, such as the nAChR and KcsA,
possess the ability to concentrate cations around the vicinity of these membrane channel
proteins (74, 95-97). The increased concentration of cations proximal to the entrance of the
conduction pathways of these channel proteins facilitates the rapid conduction of cations
across the membrane. Included with the increased cations at the surface, protons could also
be increased in concentration around the channel proteins, resulting in a decreased pH at the
membrane surface; generally the entrance to the pores of channel proteins are found close to
the surface of the membrane (24, 102-104). Decreased pH at the membrane surface of
PC/PA-nAChR reconstitutions would lead to stabilization of the monoanionic PA head
group. The apparent pK, of the PA head group shifts to a pH value higher than 12, as the
monoanionic state of the PA head group was stabilized at all pH values examined (up to 12).
The pK, of the head groups could be unchanged but the concentrating effect of the nAChR
results in pH values at the membrane surface below the known pK,. As shown in chapter 4,
we are currently examining the possibility of assaying the pH at the membrane surface.

The stabilization of the monoanionic state leads to altered physical properties of the
bilayer. PC/PA 3:2 membranes exhibited altered physical properties when the surrounding
environment pH was decreased. The properties observed were close to those of the PC/PA-
nAChR reconstitutions, but not identical. Membranes composed of PC and other anionic
lipids, such as PG and PS, which do not possess ionizable head groups in the pH range
examined, exhibit moderate to minimal altered bilayer physical properties upon the
incorporation of the nAChR; In the case of PG, there are moderate changes (discussed
below) but in the case of PS there are minimal alterations of bilayer physical properties (76).

118



As these other anionic lipids contain no ionizable groups near physiological pH values, but
exhibit altered physical properties with the nAChR, there are likely additional factors

involved.

6.2 — DAG in PA-containing nAChR-Reconstituted Membranes

The reduced pH at the membrane surface could affect the PA head groups in an
alternate manner than only changing the ionization state of the head groups. The formation
of DAG could be a result of hydrolysis of the PA head groups, removing the phosphate
group resulting in DAG with the same lipid acyl chains (the lipid species identified by TLC
analysis) (Fig. 6.1). Ester hydrolysis occurs readily at lower pH (5-6) therefore the
phosphate group may be removed without enzymatic activity (105). The time-dependent
formation of DAG could also be due to phospholipase activity of the nAChR similar to
phospholipase C, which cleaves the ester linkage of the lipid head groups (106). There are
parts of the nAChR structure that were not resolved in the structure presented by Unwin (8),
such as the cytoplasmic domain, that could contain phospholipase-activity motifs, thereby
endowing the nAChR with the inherent ability to enzymatically influence its surrounding
environment. However, a section of the resolved structure with an unidentified function
could also be responsible for the phospholipase activity on the lipid head groups.
Enzymatically altering its surrounding environment leading to membrane physical properties
“optimal” for functional activity might be the mechanism by which the nAChR functions in
vivo and/or in the reconstituted membranes.

Regardless of the mechanism of formation, the presence of DAG in PC/PA

membranes results in increased Ty, and lipid ester carbonyl bands similar to the PC/PA-
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Figure 6.1

Locations of Cleavage Sites of Various Kknown
Phospholipases. Phospholipids can be cleaved in different
locations by phospholipases (PL): D, removes the choline
group from phospholipid head group of PC, leaving PA; C,
removes the head group including the phosphate molecule,
creating diacylglycerol; A1 and A2, removes the acyl
chains by cleaving the bonds to their respective glycerol
oxygen group. The reaction of PLC is shown as we
suspect the formation of DAG, through action similar to
that of PLC in vivo, from PA releasing dihydrogen
phosphite.
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nAChHR reconstitutions. The presence of DAG is yet another factor of the lipid environment
that is likely influenced by the nAChR, creating an environment with altered physical
properties.  Interestingly, DAG formation only occurs in PA-containing membranes,
suggesting that the head groups of other anionic lipids are not removed, by any mechanism,
in the presence of the nAChR. TLC analysis of PG- and PS-containing nAChR-reconstituted
membranes suggests no formation of DAG, which could be related to the moderate and
subtle changes in the physical properties of the bilayers upon reconstitution of the nAChR,
respectively (76). The nAChR might only be able to alter PA head groups, while the larger
PG and PS head groups hinder the phospholipase-like activity. Indications are that both
reduced pH and DAG formation influence bilayer physical properties, but there are still

further additional factors involved.

6.3 — Cation Concentration of the nAChR

The final factor examined is the presence of increased cation concentrations at the
surface of the membrane, which as mentioned is important for the rapid conduction of
cations, but has also been shown to affect the Ty, of lipid membranes (88). The cations at the
surface appear to interact with the membranes as extensive washing of the nAChR-
reconstituted membranes with EDTA results in minimal reduction of the T, of the bilayers.
The interaction of the cations with the membranes hints that cations are influencing
properties of the membranes. In PC/PA 3:2 membranes, increased concentrations of cations
resulted in increased T, and lipid ester carbonyl bands similar to the PC/PA-nAChR
reconstitutions when coupled with the reduced surface pH. However, we also found that

increasing the concentration of cations 10x that of the normal Torpedo Ringer buffer
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surrounding PC membranes lead to increases in Ty, similar to that of the PC/PA membranes.
This effect is not, however, seen in PC membranes upon reconstitution of the nAChR.
Interestingly, the moderate T, changes in PG-containing membranes and the absence of
bilayer physical properties changes in PS-containing membranes upon reconstitution could
be related to the altered Ty, in PC bilayers seen at ten times the ionic strength of standard
Torpedo Ringer buffer.

PG, like PA, has a head group with a single negative charge and no positive charges,
resulting in its anionic head group. PS, however, contains a positive charge and 2 negative
charges resulting in the net anionic head group. PC, like PS, has a positive charge and only
one countering negative charge, giving it a zwitterionic head group. These head group
charge distributions likely play a contributing role to the concentration of cations in the
nAChR-reconstituted membranes (Fig. 6.2). In pure PC membranes, the zwitterionic head
group does not contribute significantly, while the PS head group contributes minimally due
to the head group charge distribution. In contrast, the charge distribution of PG and PA head
groups contribute to the negative surface potential of the membrane. When combined with
the negative surface potential of the nAChR concentrations of cations at the surface of the
PC/PA-nAChR reconstitutions compared to other anionic lipid-containing reconstitutions is
significantly higher.

Overall, the nAChR substantially alters its surrounding environment, but the
complete alteration of the surrounding environment is only seen in the PC/PA-nAChR
reconstitutions (Fig. 6.3). The reduced pH at the membrane surface results in stabilization of
the monoanionic state of the PA head group, which results in increased Ty, of the bilayers.
Included with the effect on the ionization state of the PA head group, the PA head groups can
have their phosphate group removed in the presence of the nAChR resulting in the presence
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Figure 6.2

Concentrating Effects of PC Bilayers and PC/Anionic
Lipid Binary Membranes. @ PC head groups are
zwitterionic with their positive charge located at the
surface of the bilayer, thus creating a neutral (or weakly
positive) surface potential — the compensating negative
charge is likely deep enough in the membrane to have
minimal effect on the surface potential. PC/PS bilayers
likely have a weakly negative surface potential due to their
net negatively charged head group, but the charge
distribution results in a weakly attractive surface to cations.
PC/PG bilayers possess an overall negative surface
potential stronger than PC/PS bilayers due to the absence
of positive charges in the lipid head groups. However, the
negatively charged phosphate groups are not on the
surface, thus the PC head groups reduce the negative
surface potential. PC/PA bilayers would result in the
largest negative surface potential as the negatively charged
head groups would be at the surface with the PC head
groups, adding to the concentrating ability of these
bilayers.






Figure 6.3

Environment Created in PC/PA-nAChR
Reconstitutions as a Result of the Effect of the nAChR
coupled with the Negative Surface Potential of the
Bilayer. The electrostatic potential map of the nAChR is
shown, red and blue regions indicating negatively charged
and positively charged regions, respectively. Overall, the
nAChR surface on both the LBD and ICD exhibits a
negative surface potential, increasing the concentration of
cations (green: cations; light blue: protons) at the
membrane surface and the entrance to the pore. As a
result, the lipid head groups are tightly packed and the pH
at the membrane surface is decreased. The decreased pH
results in some the formation of DAG (brown lipid head
groups) from the monoanionic PA (blue). CFPE (red
triangle attached to cyan PE head group) would experience
the reduced pH at the surface and therefore produce no
significant fluorescence signal. Bars at left and right
indicate concentration of cations and protons increasing as
one approaches the membrane. The zoomed-in region
(top) is a representation of one nAChR found within our
reconstituted proteoliposomes (bottom), and each nAChR
would create a similar environment in the proteoliposome.
PDB accession code: 2BG9 (8).
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of DAG within these PC/PA-nAChR reconstitutions. The presence of DAG, however it is
produced, increases the Ty, of the bilayers, and reduces the water penetration into the head
group region of the bilayers. The concentration of cations at the membrane surface due to
the large negative surface potential of the nAChR, as well as the plethora of negatively
charged PA head groups within the membrane, increases the local concentration of cations
raising the T, and reducing the hydrogen-bonding of the lipid ester carbonyls. Membranes
containing PG instead of PA display moderately altered physical properties, possibly due to
the inability of the PG head groups to be removed to produce DAG or the altered charge
distribution of the head groups. Membranes with other anionic lipids exhibit minimal
alterations of bilayer physical properties as a result of no formation of DAG and reduced
cation-concentrating effects of the membrane compared to those of PA-containing nAChR-
reconstituted membranes. The bi-directional coupling between nAChR functional
capabilities and the bilayer physical properties appears to be an interplay of the induced
environment at the membrane surface due to the negative surface potential of the nAChR and
the reconstituted membrane itself, which could mirror the environment created at the
neuromuscular junctions in vivo.

The ability of the nAChR to influence its lipid environment through altering the ionic
environment surrounding its extramembranous domains may be important for the formation
of nAChR micro-domains or lipid rafts. The nAChR has been suggested to be found within
lipid rafts within the post-synaptic membrane (107, 108). Alterations of the nAChR
environment through concentrating cations at the membrane surface and reducing the
membrane surface pH could lead to significant changes in the lipids found within rafts. By
altering the physical properties of membrane lipids found in the rafts thereby affecting its
functional equilibrium, the nAChR could be described as “self-modulating.” Altering the
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strength of synaptic communication by changing its surrounding environment, depending on
the situation, the cation-concentrating ability of the nAChR could be viewed as one of the
most important functional aspects of the nAChR. Rafts and/or micro-domains have also
been shown to be involved in signaling processes resulting in the beginning of different
signaling cascades. The ability of the nAChR to modulate the raft environment suggests that
the nAChR may be involved in the commencement of signaling in vivo (106, 107).
However, rafts and the nAChR remains a controversial topic, as clear evidence of the
presence of the nAChR within these rafts has yet to be demonstrated consistently. In order to
substantiate the possibility that the nAChR is influencing the formation or the local
environment of lipid rafts (outside the membrane), it must first clearly be shown that the

nAChHR is regularly found within lipid rafts at synapses.

6.4 — PA-Specific Binding Sites on the nAChR

Based on past and contemporary studies examining anionic lipids, PA is now
considered an essential lipid in stabilizing a functional nAChR in reconstituted membranes
(59, 62, 72, 73). More recent reports, including this study, have attempted to elucidate the
possible key element of PA that endows PA with its inherent efficacy in stabilizing the
functional state of the nAChR. An attractive possibility is the existence of specific PA-
nAChR interactions that occur at the nAChR within the transmembrane domain influencing
the agonist-induced response. Jones & McNamee used brominated lipids and determined
that there exists multiple annular and non-annular binding sites for lipids, specifically PA
and cholesterol (and its analogues), respectively (68). However, locations of these sites have

not been identified, nor have any more recent papers unequivocally corroborated the
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existence of PA-specific binding sites upon the nAChR or how specific head group
interactions would result in stabilization of a functional nAChR. Despite the controversy
regarding the existence of these sites, it is accepted that PA retains an innate ability to
influence the function of the nAChR. Studies have indicated that the head group carrying the
negative charge is not responsible for stabilizing function upon reconstitution (72-74). Also,
we have examined anionic lipids with differing head group sizes and find that PG, with a
single negative charge and moderately larger head group than PA, moderately stabilizes the
nAChHR in a functional state upon reconstitution. In light of these findings, armed with a
recent model from our laboratory (83) and the recently published high-resolution model of
the nAChR, I examined the possible existence of binding sites for small, anionic (with one
negative charge) lipid head groups on the nAChR and their potential involvement in nAChR
function.

The recent model suggests that the M4 helix of the nAChR plays a role in coupling
agonist binding to channel gating in the functional nAChR (83). The proximity of the C-
terminal end of M4 to the Cys-loop in the functional nAChR is theorized to be dependent on
the composition of the lipid membrane. In PC membranes, which stabilize a non-functional
conformation of the nAChR, M4 is uncoupled from the 3 remaining helices, and the coupling
between the domains is abolished. The lipids that stabilize function could fulfill a
scaffolding role, ensuring that the C-terminal end of M4 is in contact with the Cys-loop,
thereby coupling the agonist binding domain to the transmembrane domain, allowing
translation of agonist binding to channel gating (Fig. 6.4). The presence of particular lipids
within the membrane is considered essential for maintaining M4 in a conformation that
couples these 2 domains, and their functions, resulting in stabilization of the conformation of
the functional nAChR (83).
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Figure 6.4

The Uncoupled State of the nAChR in PC-nAChR
Reconstitutions. A, Scheme of the equilibrium between
the functional resting state and the uncoupled state of the
nAChR. The resting state, R, exists in functional
membranes (native Torpedo, PC/PA 3:2 and PC/PA/Chol
3:1:1), while the uncoupled state has been characterized in
pure PC membranes. The uncoupled state is thus named
due to a lack of functional and structural coupling between
the agonist binding domain and the ligand binding domain.
B, Schematic model of the coupled, resting state and the
uncoupled state of the a-subunit. The C-terminal end of
the M4 helix (orange) of the nAChR in the PC/PA 3:2
membrane, left, is coupled to the other helices and the Cys-
loop (green) thereby maintaining the communication
between the agonist binding and transmembrane domains.
The M4 helix of the uncoupled state in pure PC
membranes, right, is separated from the remaining helices
resulting in uncoupling of the 2 domains (adapted from

(83)).
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From Unwin’s model, we can see that there are a number of lipid-exposed residues in
the transmembrane domain of the nAChR that could be involved in formation of a binding
site for lipid head groups (8). These residues are polar and/or positively charged (due to the
reduced surface pH the ASP/GLU residues are likely neutral and polar), which would form
favorable interactions with the polar head group of PA. The proposed binding sites could
accommodate small, anionic lipid head groups (like that of PA), as well as slightly larger
head groups (like that of PG). The first set of residues is located on the intracellular side of
the transmembrane domain in the a-subunit. I chose to focus on the a-subunit since agonist

binding occurs in the a-subunit therefore structural coupling of M4 to the Cys-loop is

believed to occur within the a-subunit effectively translating agonist binding to gating of the
transmembrane pore. As the resolution of the structure is 4A, some of the residue side
chains might be in altered conformations from what is shown in the reconstituted membranes
containing PA. The intracellular anionic lipid binding site between M4 and M1 is likely
formed by the following residues: Y234, T237, D238 and D407 (Fig. 6.5). By binding the
small, anionic PA head group to this proposed site, the PA head group could act as a scaffold
between the base of the M4 helix and M1, thereby maintaining the functional conformation
of M4 (see below). On the extracellular side of the membrane, a 2" set of residues might
also form a PA binding site between the extracellular ends of M4 and M3: K276, Y277,
E432 and S434. Both of the proposed sites consist of polar side chains that could form a
favorable, polar pocket for the head groups of PA, effectively occluding the polar side chains
from the hydrophobic membrane. The observation that PG, which possesses a monoanionic
head group, results in a moderately functional nAChR (76) further suggests that the dianionic

state of the PA head group is inconsequential, as the singly charged PG is moderately
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Figure 6.5

Residues Proposed to Compose the Anionic Lipid
Binding Sites. Left, a-subunit of the nAChR shown in
cartoon representation with the residues involved in the
M1-M4 intracellular anionic lipid binding site shown as
blue spheres. Since M4 is the outermost helix, the M2
helix (opposite side from M4) forms the channel lining.
Right, The residues involved in the M3-M4 extracellular
anionic lipid binding site. The orientation of the residues
is speculated, based on the 4A model (8). In both cases,
the binding sites are proposed to be located between the
highlighted helices, causing the PA (or PG) to act as a
scaffold between the helices, allowing coupling of the
agonist binding and transmembrane domains via M4
interactions with the Cys-loop. PDB accession code:
2BG9Y (8).
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effective. The binding sites would form favorable interactions between the small, anionic
head group of PA/PG and the nAChR. These interactions would bridge the association
between the TMD helices, ensuring the retention of the functional conformation of the M4
helix leading to the coupled, resting nAChR (Fig. 6.4).

Previous reports indicated that the anionic charge of lipid head groups alone is not
sufficient for stabilizing a coupled nAChR. However, PG, with its smaller head group and
no countering positive charge, stabilizes a moderate level of function in reconstituted
membranes (Fig. 6.6). The moderate function suggests that the anionic lipid binding sites
proposed above could accommodate PG with its particular charge distribution and head
group size, both of which are similar to PA (Fig. 6.2). However, the fit is not ideal indicating
that M4 could be coupling the 2 domains together but not with the same efficiency as when
PA is bound between the helices. In the case of PG-containing membranes, M4 could be
interacting with the Cys-loop but relatively loosely compared to PA-containing membranes.
PS is another anionic lipid that possesses a net negative charge on the head group and a
slightly larger head group, but it possesses a positively charged group. With its different
charge distribution, the head group of PS likely cannot bind to the proposed sites. Therefore
in PC/PS membranes M4 does not associate with the other helices due to lack of the anionic
lipids at the proposed sites, resulting in an uncoupled nAChR. Other anionic lipids, which
have even larger head groups than PS, would result in steric hindrance between M4 and
M1/M3 leading to M4 uncoupling from the remaining helices of the transmembrane domain
thus an uncoupled, non-functional nAChR. The uncoupled state was characterized in PC
membranes since biochemical data of the nAChR in PC membranes were inconsistent with
both the desensitized state and the resting state, thus a novel conformation was hypothesized
(83). The head group of PC is zwitterionic, with the negatively charged phosphate group
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Figure 6.6

The Anionic Lipid Binding Sites Accommodate PA and
PG Resulting in the Coupled, Resting State of the
nAChR. In PC/PA 3:2 membranes, the nAChR is in the
coupled resting state as PA (blue head group) binds to the
anionic lipid binding site (Red triangles on M4 and M3).
On the opposite side of M4, the intracellular anionic lipid
binding site would also be occupied by PA (not shown). In
PC (yellow) and PS (purple) membranes, the lipid head
groups do not bind to these sites, due to the presence of the
positive charges, and larger head group size. In the PG
(green) membranes, the slightly larger PG head groups
result in subtle hindrance but still bind to the anionic lipid
binding sites, resulting in a moderately functional
(coupled) nAChR.
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countered by the choline group. The larger, neutral head group would not bind to the anionic
lipid binding sites proposed here, ensuring complete uncoupling of the nAChR domains.

A point of interest for the interaction of M4 to the other helices via this proposed
lipid binding sites is the improved function in PC/PA/Chol 3:1:1 membranes compared to
PC/PA 3:2 membranes. If PA binding to the anionic lipid binding sites was sufficient for
stabilizing a fully functional nAChR, then the presence of Chol should not result in the
enhanced function, as determined by difference spectroscopy and ethidium fluorescence (72-
74). So what role is Chol playing in the enhanced coupling of the nAChR? The answer
could lie in the existence of steroid potentiation sites that have been found on other members
of the Cys-loop receptor superfamily. Steroid potentiation sites have been located on
GABA, receptors; binding of endogenous neurostreroids to these transmembrane
potentiation sites results in enhanced GABA, function in electrophysiology traces (109).
The sites lie within the transmembrane domains, and the neurosteroids gain access to the
sites through the membrane. Binding of these neurosteroids would be similar to how Chol
interacts with the nAChR, thereby facilitating the coupling of M4 to M1/M3. Chol non-
annular sites have been suggested in the past, and these sites could play a role in Chol
potentiating nAChR function via enhanced coupling between the 2 domains. A recent study
suggested Chol binds to sites embedded within the nAChR. These sites could be similar to
the GABA, potentiator sites (110). PA binding to the anionic lipid binding sites combined
with Chol binding could result in the improved function by forming a scaffold between M4
and M1/M3, allowing the C-terminal end of M4 to fully couple the 2 domains via Cys-loop

interactions.
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A number of residues in the lipid-exposed region of the a-subunit have been shown
to affect the function of the nAChR (111-113). However, the residues mentioned above have
not yet been examined at this level of detail. An early step towards establishing the presence
of these sites composed of the residues suggested would be mutating the residues and
examining electrophysiological traces of the mutant nAChRs. While this would not
automatically indicate these residues are indeed binding the anionic lipids present resulting
in the coupled, resting state of the nAChR, altered nAChR function in the mutants would
suggest that these residues play a role in coupling binding to gating, and therefore it can be
extrapolated that the binding of lipids to these residues is somehow altered compared to the
wild-type nAChR. If these mutations provide qualitative information regarding the
involvement of these residues, further steps must be taken in order to establish the existence
of these residues. Structural information, as in high-resolution crystallography or cryo-
electron microscopy, would be crucial in establishing the existence of the proposed anionic
lipid binding sites, which would require co-crystallization of lipids bound to the sites. As
eukaryotic nAChR and Cys-loop receptors remain resistant to crystallography, the structural
information will remain unavailable, hindering the work towards proving the existence of
these sites. Studies using labeled or radiolabeled lipids could be beneficial if they provide
the intricate level of detail required to suggest specific locations of the binding sites.
Brominated lipids have been used to establish the existence of these sites, but site-specific
labeling would be required in order to obtain data unequivocally showing that the residues

mentioned are involved in specific interactions between PA and the nAChR. As PA is found
in low amounts within biological membranes, establishing specific PA-nAChR interactions

could represent a missing piece of the puzzle of the mechanism of the functional nAChR.
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