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Abstract

Several recent studies have suggested that the nicotinic acetylcholine receptor
(nAChR) segregates lipids into domains in reconstituted bilayers. These studies, however,
lack direct evidence (e.g., microscopic images) to show domain formation. Atomic force
microscopy (AFM) has been used extensively to image both lipid domains and proteins in
membranes, but has not been applied extensively to reconstituted membrane proteins due to
the lack of available protocols for preparing suitable planar bilayers on AFM supports. The
aim of the work presented in this thesis was to image the nAChR in planar reconstituted
membranes by AFM. 1 developed a novel method for reconstituting the nAChR in POPC
(POPC-nAChR) to generate vesicles with high lipid-to-protein (L:P) ratios (i.e., greater than
100:1 w/w). Freeze-thaw cycles are required to improve vesicle homogeneity. The high
L:P vesicles must also be isolated from protein-free vesicles using sucrose density gradients.
Finally, the preparation of planar bilayers from the high L:P ratio proteoliposomes requires
an appropriate sample load and incubation time on a defined area of mica surface (the solid
AFM support) and an appropriate level of calcium. AFM images of a POPC-nAChR
bilayers show a number of features that protrude out of the bilayer with an average height of
3 nm and diameter of 4 — 9 nm, which is appropriate for the dimensions of the cytoplasmic
side of the nAChR. My results thus represent the first AFM images of the nAChR in a
reconstituted membrane environment. Now that the key parameters governing nAChR
reconstitution and planar bilayer preparation for AFM imaging are understood, they will

undoubtedly be useful for reconstituting and imaging the nAChR in more complex bilayers.
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Chapter 1: Introduction



1.1 The Cell Membrane

The cell membrane is a complex multifunctional biological structure. It provides a
boundary to all cells and organelles. It functions as a selectively permeable barrier to polar
or charged molecules allowing cells and organelles to establish and maintain the propér
solute concentrations within their compartments. At the same time, the cell membrane
orchestrates numerous important biological processes such as signal transmission and
transduction, homeostasis regulation, and cell adhesion and differentiation. How is the cell
membrane organized to carry out such a vast array of tasks so effectively? This question
can only be answered by careful examination of the machineries and building blocks of

which the cell membrane is constituted.

1.1.1 The main components of the cell membrane

The cell membrane can be viewed as a thin fluid film made of mainly lipids and
proteins (Figure 1.1). The lipids form a thin bilayer, where the hydrophilic head groups of
lipids interact with water and the hydrophobic tails are sandwiched in the middle. Due to
the hydrophobic core of the bilayer, the membrane effectively serves as a physical barrier to
polar or charged molecules, but non-polar molecules diffuse relatively easily through the
lipid bilayer.

Another component of the cell membrane is protein. There are two main types of
membrane proteins, namely peripheral and integral proteins. Peripheral membrane proteins
typically associate loosely with the bilayer surface and do not span the hydrophobic core of
the membrane. These proteins can be removed from the membrane with mild treatments
that do not disrupt the membrane structure. For example, high ionic strength buffers are

typically sufficient to remove peripheral membrane proteins from the cell membrane. On



Figure 1.1. A model of the cell membrane adopted from the National Institute of Standards
and Technology (http://www.ncnr.nist.gov/programs/reflect/cnbt/). The cell membrane can
be viewed as a thin fluid film made of mainly lipids and proteins. The lipids form a thin
bilayer, where the hydrophilic lipid head groups interact with water and hydrophobic tails
are sandwiched in the middle. There are two main types of membrane protein, namely
peripheral and integral membrane proteins. Peripheral membrane proteins are typically
anchored in the bilayer through their acylated moieties and/or small hydrophobic peptide(s)
that do not span the length of the membrane. Integral membrane proteins on the other hand
are embedded in the bilayer through their transmembrane domain(s) which span the length
of the bilayer.
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the other hand, integral membrane proteins require detergent to remove them from the cell
membrane, conditions under which the membrane structure is highly compromised. The
reason detergent is required to extract integral membrane proteins is because they are
embedded in the membrane through their hydrophobic domain(s) which span the length of
the hydrophobic core of the membrane.

The presence of membrane proteins in the bilayer allows the cell membrane to carry
out numerous vital biological processes. For example, the Na" and K" ion channel and
Na'/K* pump regulate the concentrations of Na* and K" across the cell membrane (Voet et
al., 1999). The G protein and G-protein-coupled receptors (e.g., rhodopsin and serotonin)
translate external signals to the interior of the cell (Voet et al., 1999). The insulin receptor
stimulates the uptake of glucose into the cell. The nicotinic acetylcholine receptor, which is
the subject of this fhesis, converts extracellular chemical signals into electrical signals and
facilitates neuronal cell to cell communication (Voet et al., 1999). Undoubtedly, membrane
proteins must be highly organized and regulated in the cell membrane for proper functioning

of the cell. Therefore, understanding the organization of the cell membrane is important.

1.1.2 The organization of the cell membrane

Singer and Nicolson proposed a fluid mosaic model for the cell membrane in 1972
and suggested that lipids and proteins form a bilayer in which both components can diffuse
freely in the lateral dimension of the membrane (Singer and Nicolson, 1972). This model
remains essentially correct, although accumulating evidence suggests that lipids and proteins
do not diffuse as freely in a membrane as suggested in the fluid mosaic model (Laude and
Prior, 2004; Vereb et al., 2003). Rather, both the lipids and proteins can segregate into

domains to serve specific structural and/or functional purposes (Laude and Prior, 2004;



Zeyda and Stulnig, 2006). One possibility is the “pickets and fences” theory which proposes
that transmembrane proteins (pickets) and actin-based membrane cytoskeletons (fences)
form a mesh-like structure that confines the diffusion of lipids and membrane proteins
within certain areas of the plasma membrane (Kusumi et al., 2005; Nakada et al., 2003; Sako
and Kusumi, 1995). By contrast, the “lipid rafts” theory suggests that some lipids in the cell
membrane are organized into domains to provide platforms for proteins to dock for
trafficking or signaling (Simons and lkonen, 1997). The cell membrane is undoubtedly a
sea of lipids and proteins in which complex and dynamic organization among these
components have important structural and functional implications. Understanding the
organization of the cell membrane is clearly an important goal of membrane biology. The
ultimate goal of my thesis is to examine whether the nicotinic acetylcholine receptor
influences the formation of rafts in biological membranes. To understand how the nAChR

may influence the formation of rafts, I will examine the lipid rafts concept in further detail.

1.1.3 Rafts in the cell membrane

The concept of lipid rafts in cell membranes was first introduced by Simons and
Ikonen in 1997. This model suggests rafts are microdomains in the cell membrane that are
composed mainly of cholesterol and saturated lipids such as sphingomyelin (Figure 1.2).
Rafts are believed to exist in a liquid ordered phase (see section 1.2.2 for more information),
and are surrounded by unsaturated lipids in the liquid crystalline phase (see section 1.2.2). It
was suggested that lipid rafts may function as platforms in the fluid membrane for specific

proteins to dock for trafficking or signaling purposes (Simons and Ikonen, 1997).



Figure 1.2. A lipid raft model in the cell membrane (Simons and Ikonen, 2000). Ordered
lipids such as saturated lipids (pink) and cholesterol segregate to form rafts surrounded by a
fluid phase containing unsaturated lipids (blue) in the cell membrane.
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The hypothesis of lipid rafts originally came from studies of the plasma membrane of
epithelial cells. These cells have a macroscopic organization dividing the cell into apical
and basal-lateral regions that can be easily observed by optical microscopy. In the
membrane of these epithelial cells, specific lipids and proteins segregéte at the apical and
basal-lateral membrane domains (Hansson et al., 1986; Lisanti et al., 1988; Salas et al.,
1988; van Meer and Simons, 1986; Vega-Salas et al., 1988). For example, newly
synthesized sphingolipid is preferentially transported to the apical membrane of the MDCK
cells (van Meer et al., 1987), and glycosylphosphatidylinositol (GPI)-linked proteins are also
found in the polarized apical region of epithelial cells (Brown and Rose, 1992; Lisanti et al.,
1988).

Smaller organizations in the plasma membrane such as those flask-shape
invaginations with diameters of 50 — 100 nm have also been identified by electron
microscopy (Palade, 1953; Yamada, 1955a; Yamada, 1955b; Yamada, 1955c). These small
invaginations contain the glycolipid GM1, which can bind and internalize cholera toxin via
endocytosis (Montesano et al., 1982). These cave-like structures (or invaginations) in the
membrane can be observed in many cells, and are currently known as caveolae. The unique
structure of caveolae can be abolished/flattened when cholesterol is removed from the
membrane (Rothberg et al., 1990), which suggests that the presence of cholesterol is
important to maintain the structure of caveolae. In 1992, Rothberg and company identified a
22 kDa marker protein of caveolae called caveolin (Rothberg et al., 1992). It is now known
that there are three members to the caveolin family namely caveolin-1, 2, and 3; these
proteins are similar in structure and molecular weight (Parton, 1996). The caveolins play an

important role in transporting cholesterol (Smart et al., 1996). Extracting detergent resistant



membranes (DRMs), via Triton X-100, from cells containing caveolae reveal that caveolins
are in the DRMs (Sargiacomo et al., 1993) along with other membrane proteins such as GPI-
linked proteins (Brown and Rose, 1992; Hooper and Turner, 1988; Sargiacomo et al., 1993),
heteromeric G proteins and Src-family tyrosine kinases (Sargiacomo et al., 1993), and other
integral membrane proteins such as the neuronal nAChR (Bruses et al., 2001; Marchand et
al., 2002; Oshikawa et al., 2003). It should be noted that there are many other membrane
proteins are not isolated in DRMs; these observations suggest that DRMs represent specific
domains in the membrane (Brown and Rose, 1992; Sargiacomo et al., 1993). Lipid
characterization of these extracted DRMs showed that they are enriched in cholesterol,
sphingolipid and glycolipid (Brown and Rose, 1992; Simons and Ikonen, 1997). Such lipid
composition is consistent with a liquid ordered state for the DRMs. These findings coincide
with earlier studies showing that the protein caveolin and glycolipid GM1 mark the presence
of caveolae in the cell; cholesterol is important to maintain the structure of caveolae; and
sphingolipids are mainly found in the apical region of epithelial cells (where caveolae are
mostly found). Therefore, this evidence indicates that caveolae are flask-shaped domains in
the membrane that contain caveolins and are enriched in cholesterol, sphingolipid and
glycolipid (GM1).

Interestingly, DRMs can be extracted from cells lacking caveolae such as
lymphocytes ((Fra et al., 1994), neuroblastoma (Gorodinsky and Harris, 1995), Caco-2 cells
(Mirre et al., 1996) and many other cells. The lipid compositions of these DRMs are
remarkably similar to those of caveolae, typically enriched in cholesterol and saturated
lipids, such as sphingolipid and the glycolipid GM1 (Fra et al.,, 1994; Gorodinsky and

Harris, 1995). Again, such a lipid composition indicates the extracted DRM is in a liquid



ordered state. Additionally, there are many proteins found in the DRMs of these cells
similar to those DRMs in the cells containing caveolae, and these proteins colocalize with
GM1 in the cell membrane. These proteins include the GPI-anchored proteins (Fra'et al.,
1994; Gorodinsky and Harris, 1995; Mirre et al., 1996), Src-family tyrosine kinases
(Gorodinsky and Harris, 1995), trimeric G proteins (Gorodinsky and Harris, 1995), and
other integral proteins. Finally, there are many membrane proteins that are not found in the
extracted DRMs and are not co-localized with GM1 in the cell membrane. These findings
suggest that the extracted DRMs from these cells may represent some kind of domains in
cellular membranes that are not caveolae.

The components in the extracted DRMs support the existence of lipid rafts other than
caveolae in cellular membranes. However, the detergent extraction of a specific subset of
membrane lipids does not provide direct information on the organization of small domains
in a cell membrane, Thus DRMs cannot Be equated directly to lipid rafts and we need to
understand clearly the difference between lipid rafts and DRMs to avoid confusion. The
DRMs are insoluble membranes extracted from cellular membranes via Triton X-100
(Brown and Rose, 1992; Fra et al., 1994; Gorodinsky and Harris, 1995; Hooper and Turner,
1988; Mirre et al., 1996; Sargiacomo et al., 1993), and they can be found in cells with or
without caveolae. These detergent insoluble membranes are enriched in sphingolipid and
cholesterol, and typically contain the marker glycolipid GM1. Since DRMs are extracted
from the cell membrane with detergent at low temperature, it is possible that the cold
temperature may induce the aggregation of cholesterol and saturated lipids along with other

proteins during extraction. Hence, the extracted DRMs could be artifacts from the detergent



extraction procedure. Therefore, DRMs should not be concluded as lipid rafts, which are
lipid domains in the cell membrane.

As the term lipid rafts has been used loosely in the past, a symposium on lipid rafts
and cell function was summoned by biophysicists, biochemists, and cell biologists to discuss
and define lipid rafts (Pike, 2006). A consensus definition of rafts by this group is:
“Membrane rafts are small (10 — 200 nm), heterogenous, highly dynamic, sterol- and
sphingolipid-enriched domains that compartmentalize cellular processes. Small rafts can
sometimes be stabilized to form larger platforms through protein-protein and protein-lipid
interactions” (Pike, 2006). This definition of rafts is specifically restricted to domains in
cell membranes, not in model membrane, and of cburse not DRMs. The definition of rafts
emphasizes that the formatioh of domains in cellular membranes is energetically driven by
lipid interactions, and proteins and lipids can both contribute to the formation of domains in
the membrane. In addition, rafts are not restricted to the plasma membrane of the cell.
Rather, they encompass domains that may be found in the membrane of organelles such as
mitochondrion and endoplasmic reticulum. The 200 nm upper limit to the size of rafts is
meant to include the surface area of caveolae, which has been unanimously accepted as a
subset of rafts in the cell membr;elne. However, this upper limit for the size of rafts poses a
great challenge to identify them in the cell membrane via light microscopy because the
optical resolution is limited to about 250 — 300 nm. For this reason, the use of fluorescence
microscopy to study rafts in cellular membrane is limited by the resolution power of optical
microscopy. Until now, caveolae is the besf characterized example of a raft-like domain in

cellular membranes.
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1.2 Model membranes

It has now been accepted that the cell membrane has a complex and dynamic
structural organization, which makes studying it as a whole very difficult. Therefore, we
need to break down the cell membrane into its structural components and study them in a
more simplified manner. This can be done by studying model membranes of well defined
lipid or lipid-protein composition. We will first examine the properties of lipid alone
membranes. We will then advance further to examine lipid-protein membranes to
understand how lipid and protein interact with each other in a membrane, and the effect of

their interaction.

1.2.1 The lipid bilayer

Lipids are amphipathic molecules, which have a polar head group and non-polar
tail(s) (Figure 1.3). A lipid membrane is formed by the spontaneous arrangement of lipids in
water into two continuous layers, also known as a bilayer (Figure 1.4). The non-polar tail(s)
of lipids are driven by the hydrophobic effect to interact with each other and form a
hydrophobic core, while the polar head groups interact with the surrounding water and
shield the non-polar tail from the solvent. The establishment of the hydrophobic core gives
the lipid bilayer the ability to function as a physical barrier against polar or charged
molecules, whereas non-polar molecules can diffuse relatively easily through the bilayer.
The two main types of model membranes that have been studied extensively are liposomes
and planar bilayers. A liposome is an enclosed lipid bilayer in the shape of a sphere that
contains an aqueous core. Hence, a liposome is also known as a lipid vesicle. On the other

hand, a planar bilayer is a flat and continuous lipid membrane, which typically sits on top of
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Figure 1.3. The stick and space filling structures of some biologically relevant lipids. The
lipids shown here are steroyl-sphingomyelin (C18-SM), dipalmitoyl-phosphatidylcholine
(DPPC), palmitoyl-oleoyl-phosphatidylcholine (POPC), palmitoyl-oleoyl-phosphatidate
(POPA), and cholesterol. All lipids have a polar head group (gold dashed-box) and non-
polar tail(s) (gray dashed-box). The space filling structures highlight the potential of the
acyl chains to rotate about the C — C bond of lipids. The lipid structures were obtained from
Avanti Polar Lipids.
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Figure 1.4. Different models for a lipid bilayer. (A) A typical cartoon of a lipid bilayer. (B)
Molecular dynamics simulations of a DPPC bilayer in the liquid disordered state (i.e., at
50°C) by (Feller et al., 1997). Atoms and atom groups are colored as follows: yellow, chain
terminal methyl; gray, chain methylene; red, carbonyl and ester oxygen; brown, glycerol
carbon; green, phosphate; pink, choline; dark blue, water oxygen; and light blue, water
hydrogen.
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a solid support. Examining the properties of these bilayers has allowed us to understand
some of the fundamental characteristics of cellular membranes.

The physical properties of a bilayer depend highly on its lipid composition. The
lipid composition and the temperature of the environment dictate whether a bilayer will
adopt the following phases: 1) liquid disorderedA (also known as liquid crystalline), 2) gel or
3) liquid ordered phase (Figure 1.5). These phases describe the order and mobility of lipid

molecules in the lateral dimension of a bilayer.

1.2.2 The liquid disordered phase

In the liquid disordered phase (also known as liquid crystalline phase), the lipid
molecules are higﬁly disordered and mobile such that they can diffuse rapidly in the lateral
dimension of the bilayer. A liquid disordered bilayer is typically formed from those lipids
with unsaturated and/or short acyl chain(s). For example, both dilauroyl-phosphatidyl-
choline and dioleoyl-phosphatidylcholine (DOPC) form a liquid disordered bilayer at
physiological temperature. The high degree of disorder and mobility of lipids in the liquid
disordered phase is due to the constant motion of the acyl chains, which includes the trans-
gauche isomerization around the C — C bond (Yellin and Levin, 1977). The isomerization
allows the acyl chains to curve and wiggle extensively (disorder) in the hydrophobic core of
the bilayer (Figure 1.4) (Feller et al., 1997). Thus, the lipids pack very loosely in the liquid
disordered phase, which creates lots of space for the lipids to diffuse rapidly in the lateral
dimension of the bilayer; the liquid disordered phase is also known as the fluid phase. The
lateral diffusion rate of lipids in the liquid disordered phase is around 10 pum%/s (Filippov et
al., 2006). In contrast to cartoon figures that tend to depict the acyl chains being apart from

each other (Figure 1.4A), interdigitation of the acyl chains in the bilayer is also possible
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Figure 1.5. The three phases of a lipid bilayer: A) liquid disordered, B) gel and C) liquid
ordered.
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(Figure 1.4B). With the interdigitation and curvature of the acyl chains, the thickness of a
bilayer in the liquid disordered state is typically shorter than expected for a bilayer with fully
stretched acyl chains. The measured thickness of a bilayer composed of DOPC in the liquid
disordered phase is about 4 nm (Leonenko et al., 2000; Tristram-Nagle et al., 1998). In
addition, the liquid disordered phase has been reported to be relatively leaky to small
charged or polar molecules (Paula et al., 1998; Paula et al., 1996; Xiang and Anderson,
1998). In summary, the lipids in the liquid disordered phase are highly mobile and

disordered, which makes the bilayer relatively thin and leaky.

1.2.3 The gel phase

In contrast to the liquid disordered phase is the gel phase, where the lipid molecules
are highly ordered and immobile such that their diffusion in the lateral dimension of the
bilayer is highly restricted. Generally, those lipids with saturated and/or long acyl chains
tend to form bilayers at room temperature in the gel phase. For example, a bilayer
consisting of dipalmitoyl-phosphatidylcholine (DPPC) is in the gel phase at physiological
temperature. In the gel phase, the acyl chains of lipid molecules in the bilayer are highly
ordered, where the frequency of trans-gauche isomerization around the C — C bond in the
acyl chains of the lipids is low. The acyl chains are fully stretched and the lipid molecules
can be packed tightly against each other, which restricts the lateral diffusion of lipids in the
bilayer (i.e., the lipids are less mobile than in the fluid phase). Fluorescence microscopy
suggests that the lateral diffusion rate of lipids in the gel phase is about 1.5 um?®/s (Filippov
et al., 2006); the diffusion rate in this case is about 7 times slower than the lipids in the
liquid disordered phase. Additionally, since the acyl chains are nearly fully stretched, the

thickness of a bilayer in the gel phase approaches its expected value. The thickness of a
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DPPC bilayer in the gel phase is about 5 nm (Nagle et al., 1996). As the lipids are packed
tightly in the gel phase and the hydrophobic core of the bilayer increases, the transverse
diffusion of polar and charged molecules across the bilayer becomes much more challenging
as compared to the liquid disordered phase. In brief, a bilayer in the gel phase is relatively
impermeable to polar and charged molecules, where the constituent lipids in the bilayer are

highly ordered and immobile.

1.2.4 The liquid ordered phase

The most physiologically relevant phase which a bilayer can adopt is the liquid
ordered phase, which is typically formed by a mixture of lipid(s) and cholesterol. In a liquid
ordered phase, the lipid molecules are relatively ordered but still can diffuse quickly in the
lateral dimension of the bilayer. In this phase, the lipids are in an ordered state such that the
frequency of trans-gauche isomerization around the C — C bond in the acyl chains is
relatively low and the acyl chains are nearly fully stretched. The main difference between
the gel and liquid ordered phase is the presence of cholesterol in the bilayer, which allows
the lipid molecules to move easily. Cholesterol has a rigid and bulky steroid ring system
that can intercalate between the acyl chains of other lipids, and prevents the tight packing of
the ordered lipids in the bilayer. As a consequence, lipid molecules can diffuse readily in
the lateral dimension of the bilayer while they still remain in an ordered state. The lateral
diffusion of lipid in the liquid ordered phase is reportedly about 5 pm?s (Filippov et al.,
2006). Thus, the lipids in a liquid ordered phase are more ordered than the liquid disordered

phase, while the mobility of the lipid approaches the liquid crystalline phase.
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1.2.5 Phase transition temperature

As the lipid composition influences the phase adopted by a lipid bilayer, the
temperature of the environment also exerts an equally important effect on the bilayer
physical properties. For example, a bilayer in the gel phase is transformed into the liquid
disordered phase by raising the temperature of the lipid environment, and vice versa. The
temperature at which the bilayer undergoes the gel to liquid disordered phase transition is
known as the melting temperature (Tm). Unsaturated lipids such as POPC have a low gel to
liquid crystalline phase transition temperatures (Tm = -2°C, value obtained from Avanti
Polar Lipids), and form liquid disordered bilayers at physiological temperature. On the
other hand, saturated lipids such as DPPC have a high transition temperatures (Tm = 41°C,
value obtained from Avanti Polar Lipids), and form bilayers in the gel phase at physiological
temperature. The gel to liquid disordered phase transition of a lipid typically follows a
sigmoidal curve with a sharp change in the curve at the Tm. However, if cholesterol is
present in a bilayer, the transition becomes broader. This is because cholesterol prevents the
~ tight packing of lipid in the gel phase, while its presence in a bilayer in the liquid disordered
phase also restricts the diffusion of lipids (due to its bulky and rigid steroid ring).
Importantly, whether cholesterol is present or not, all bilayers can be forced into a gel or

liquid disordered phase by controlling the temperature of the environment.

1.2.6 Phase separated bilayers

When a bilayer is made from a mixture of both saturated and unsaturated lipids, the
gel and liquid crystalline phases may co-exist in the same bilayer (Figure 1.6). This is
caused by the differential packing ability of the lipids, with the saturated lipid segregating

into domains when it is present in sufficient concentration (Jorgensen and Mouritsen, 1995;
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Parasassi et al., 1990; Veatch and Keller, 2003). As a result, the properties of a bilayer can
be predicted based on its lipid constituents.

Phase separation can also occur for mixtures of cholesterol, and saturated and
unsaturated lipids. In this case, lipid domains in the liquid ordered phase may form when
the concentration of cholesterol and saturated lipid are adequate (Ira and Johnston, 2008;
Owicki and McConnell, 1980; Veatch and Keller, 2003). Such domains of saturated lipids
and cholesterol surrounded by liquid disordered lipids in a bilayer resemble the description
of lipid rafts in cellular membranes. For this reason model membranes with such ternary (or
more) lipid mixtures have been extensively studied in attempts to elucidate the complex and
dynamic organization of the cell membrane. In fact, the formation of domains in bilayers of
some ternary lipid mixture can now be accurately predicted from their phase diagrams

(Veatch and Keller, 2003).

1.3 The nicotinic acetylcholine receptor

While lipids are important to form the basic bilayer structure of a membrane,
proteins are essential to membrane function since they are the machines in biological
membranes that carry out many vital biological processes. In fact, ~30 % of the genome
encodes for membrane proteins (Wallin and von Hetjne, 1998). Therefore, understanding
how these membrane proteins work in the lipid environment is essential. This study
attempts to investigate the interaction between one integral membrane protein, the nicotinic
acetylcholine receptor (nAChR), and its lipid environment. The nAChR is a ligand-gated
cation-selective channel that is found in the central and peripheral nervous system. The

nAChHR is one of the main neurotransmitter-gated cationic channels that are responsible for
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Figure 1.6. The co-existence of the lipid phases in a bilayer.
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the transmission of signals from one cell to another. As an integral membrane protein, the
nAChR is embedded in a lipid membrane, and the structure and function of the receptor
have been suggested to be influenced by the membrane in which it is reconstituted (see
below). Interestingly, it has also been suggested that the nAChR can increase the order of
the bilayer in which it is reconstituted (daCosta et al., 2002). Maybe it is possible that the
nAChR induces the segregation of lipids in the bilayer (i.e., the formation of domains). The
ultimate goal of my project was to examine whether the nAChR induces the formation of

domains in a bilayer by using atomic force microscopy.

1.3.1 The history of the nAChR

The study of the nAChR actually began in the mid 1800s when Claude Bernard
started to investigate the action of the Central American arrow poison curare, which is now
known to cause paralysis in muscle tissue. In Bernard’s experiments, he observed that only
the motor nerves become unresponsive to electrical stimulation in different animals treated
with the poison, and concluded that curare acts mainly on the motor nerve as opposed to the
muscle cell itself (Bernard, 1865).

Bemard’s conclusion for the action of curare on the nervous tissue was widely
accepted for half a decade until John Newport Langley demonstrated in the early 1900’s that
curare actually acts on muscle tissue as opposed to the motor nerve. Langley showed that
nicotine stimulates contraction of denervated muscle tissue, and this muscle contraction
could be inhibited by pretreating the tissue with curare. The inhibition by curare, however,
could be overcome by electrical stimulation (Langley, 1907). Langley’s observations
unequivocally showed that curare did not inhibit muscle contraction when the tissue was

stimulated electrically, but that the poison blocked the action of nicotine on the muscle
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tissue. From his observations, Langley recognized that curare can interfere with the access
of nicotine to muscle tissue. Langley’s observations sparked him to theorize that there must
be “receptive substances” for molecules in bodily tissues. His unorthodox theory at that
time received many criticisms but subsequently became the foundation of modem
pharmacology (Maehle, 2004). Furthermore, his studies also suggested that nerve and
muscle cells communicate with each other via a chemical molecule. This theory was
supported by the work of Sir Henry Hallet Dale who subsequently showed that acetylcholine
is a predominant neurotransmitter in the peripheral nervous system (Dale and Dudley,
1929). Nevertheless, Langley’s theory did not explain how the binding of a molecule causes
changes inside the cell. It was not until the 1950’s that Alan Hodgkin and Andrew Huxley
explained the 1onic mechanisms behind nerve conduction, and introduced the concept of ion
channels (Hodgkin and Huxley, 1952a; Hodgkin and Huxley, 1952b; Hodgkin and Huxley,
1952c).

The picture of the nAChR started to form in the 1960’s when Jacques Monod,
Jeffries Wyman and Jean-Pierre Changeux postulated the allosteric protein model (Monod et
al., 1965), which explains the change in protein conformation upon binding of a ligand.
Changeux recognized that the allosteric protein model and ion channel concept could be
combined to explain how the binding of acetylcholine to its “receptive substance” on the cell
membrane causes an intracellular change. Importantly, Changeux managed to identify the
nAChHR in the Torpedo electric fish in 1970 (Changeux et al., 1970) and the nAChR was
first isolated in the subsequent year (Miledi et al., 1971). Within a few years, several other
groups were able to isolate and purify the nAChR from the electric organ of the Torpedo

electric fish successfully, and the mystery behind the nAChR began to be solved.
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1.3.2 The nAChR up to date

Over 30 years of characterizing the nAChR, many fascinating and fundamental
details have been learned about ion channels and signal transmission in the central and
peripheral nervous system. However, it would be beyond the scope of this thesis to describe
all of the interesting features regarding the nAChR. Therefore, some of the general
knowledge about nAChR will be reviewed first, and those details about the receptor that are
relevant to the topic of this study will be discussed next.

The nAChR is a ligand-gated ion channel that is found throughout the central and
peripheral nervous system. It can be found in many tissues including nerve and muscle.
The receptor can be found on the post synaptic membrane of a neuro-muscular synaptic cleft
(Figure 1.7). The nAChR is a neurotransmitter-gated ion channel that is responsible for the
transmission of chemical signals from one cell to another. As an action potential arrives at
the synaptic terminal, it triggers the release of the neural transmitter acetylcholine into the
synaptic cleft. Acetylcholine then binds to the nAChR on the post synaptic membrane. The
ion channel then gates open and allows the influx of cations into the cell, where the influx
may trigger another action potential. Hence, an action potential arriving at the terminus of
one cell can be communicated to another cell. Stimulation of the nAChR in muscle cell will
lead to muscle contraction. Prolonged exposure to ligand leads to the desensitization of the
nAChR, where the ion channel is closed even in the presence of the ligand. In essence, the
nAChR can exist in at least three primary conformations: resting, open, and desensitized

(Barrantes, 2002; Changeux et al., 1984; Unwin, 1993a; Unwin, 2003; Unwin et al., 1988).
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Figure 1.7. A diagram of the synaptic cleft at a neuro-muscular junction.
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1.4 The structure of the nAChR

The architecture of a protein dictates how it functions. Understanding the molecular
structure of a protein at atomic resolution can be achieved via X-ray crystallography.
However, the difficulty in crystallizing membrane proteins, including the nAChR, has
challenged researchers to develop alternative biochemical/biophysical methods to
characterize the structure of a protein. These methods include mutagenesis, reconstitution,
affinity labeling, hydropathy plots, electron spin resonance, cryo-electron microscopy,
NMR, infrared spectroscopy and more.

The race to characterize the structure of the Torpedo nAChR began quickly after the
receptor was discovered in the Torpedo electric fish. Early SDS-PAGE identified the
nAChR as a multi-subunit protein composed of four different subunits, namely o, P, d and y
(Weill et al., 1974). The stoichiometry of the whole functional protein, however, is 2a, 1,
16 and 1y (Raftery et al., 1980). Through affinity labeling, it was demonstrated that the a
subunits are responsible for ligand binding (Weill et al., 1974). Thus, a receptor binds two
ligand molecules. Through peptide sequencing and cDNA screening, the subunits of the
Torpedo nAChR were found to be homologous, and their peptide length varies from 437 (o)
to 501 (8) amino acids (Claudio et al., 1983; Noda et al., 1982; Noda et al., 1983a; Noda et
al., 1983b; Raftery et al., 1980).

As the knowledge of the amino acid sequence of the subunits of the 7orpedo nAChR
became available, it paved the way for the structural characterization of the receptor. The
nAChR actually belongs to a superfamily of the Cys-loop receptors because all members of

this superfamily contain a pair of disulfide-bonded cysteines flanking thirteen highly
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conserved amino acids in the ligand binding domain (see below) (Karlin, 2002). This
eponymous Cys-linked loop plays a key role in channel gating. Some examples of other
Cys-loop receptors include the glycine, serotonin (5-HT3;), and y-aminobutyric acid
(GABA,) receptors, and neuronal nAChRs. These receptors are all pentameric, ligand-
gated ion channels that share a homologous structure, although they have different ion
channel selectivity.

The nAChRs can be broadly divided into 2 main types, namely muscle and neuronal.
There are 2 known subtypes of muscle receptor, and they are embryonic and adult muscle
nAChR. The human embryonic muscle nAChR and the receptor from the Torpedo electric
fish are composed of 2a.;, 1By, 16 and 1y subunits. Adult muscle receptor on the other hand
consists of 2a;, 1By, 16 and 1€ subunits. The muscle receptors are typically found on the
postsynaptic membrane of the neuromuscular junction. Activation of the muscle nAChR
can lead to the contraction of muscle cell, and ultimately the physical movement of an
organism.

Neuronal nAChRs, on the other hand, have many different subtypes. This is because
a neuronal receptor can be assembled from a large pool of homologous o and B subunits.
There are 9 o (o 10) and 3 B (B24) subunits from which a neuronal receptor can be
assembled. Unlike muscle receptors, which are strictly heteromeric, neuronal nAChRs can
be either heteromeric or homomeric. When it is a homomeric protein, the receptor is
typically assembled from five a subunits (e.g., a7, oz, and o) (Anand et al., 1991; Cooper
et al., 1991; Elgoyhen et al., 1994; Gotti et al., 1994). Heteromeric receptors are typically
assembled from a combination of o and P subunits. When adding different combinations of

subunits together to make a pentameric protein, we can get a large number of different
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neuronal receptors. Interestingly, neuronal nAChRs can be found on either pre or
postsynaptic membranes depending on the subunit composition. All in all, neuronal
nAChRs are among the important neurotransmitter-gated cationic channels that are
responsible for the propagation of chemical signals/electrical impulses in the central nervous
system.

Given its vital role in the central and peripheral nervous system, examining those
factors that can influence the molecular behaviour of the nAChR is of pharmacological
interest. Inevitably, we need to have a good understanding of the basic structure of the
nAChR, and then we will examine how other molecules can affect the structure and function
of the protein. Since the Torpedo nAChR is the subject of this study, its structure will be

reviewed closely.

1.4.1 The early model structure of the nAChR

The first reasonably accurate overall structure of the nAChR was formulated by
Unwin in 1993, based on a 9A resolution cryo-electron microscopy image (Unwin, 1993b)
and accumulated biophysical/biochemical data. This model suggested that the receptor is
composed of five subunits (2a, 1P, 18, and 1y) arranged in a pseudo-symmetric manner
about the central ion channel (Figure 1.8). Hydropathy plots suggest each subunit has three
domains, namely the extracellular, transmembrane, and cytoplaémic domain.  The
extracellﬁlar domain consists of ~210 N-terminal amino acids, the M2-M3 loop and a small
segment of C-terminal peptide. Since the extracellular domain is responsible for the binding
of ligand, it is also known as the ligand binding domain (Changeux, 1993). It is the o
subunit that is primarily responsible for the binding of ligand, but it is now known that the

binding occurs at the interfaces between the a-y and a-3 subunits (Blount and Merlie, 1989)
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Figure 1.8. The first overall structure of the nAChR. The nAChR is approximately 300
kDa. It is composed of five subunits (2a, 1B, 19, and 1y) arranged in a pseudosymmetric
manner about the central opening. Each subunit has three domains namely the extracellular,
transmembrane, and cytoplasmic domain. The transmembrane domain composed of 4
transmembrane o-helix (M1-4), where the M2 lines the pore of the channel. The
extracellular domains of the two a subunits are responsible for the binding of ligands. The
cytoplasmic domain can be linked to the cytoskeleton.
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(Pedersen and Cohen, 1990). The transmembrane domain consists of 4 a-helices namely
M1, M2, M3 and M4. 1t is the M2 that lines the pore of the ion channel, which selects for
cations only but has no specificity for specific cations. The intracellular domain is made
from a short loop connecting the M1 and M2 (M1-M2 loop) and a long loop that connects

M3 and M4 (M3-M4 loop).

1.4.2 The crystal structure of the acetylcholine binding protein

Our understanding of the nAChR structure/function took a giant step forward when
the crystal structure of the acetylcholine binding protein (AChBP) was solved at 2.7 A
resolution (Brejc et al., 2001). Such resolution allows an atomic structure of the protein to
be deduced. The AChBP has an overall dimension of 62 A tall and 80 A wide, which is
roughly the dimension of the ligand binding domain of the nAChR (Figure 1.9). The
AChBP is a soluble homopentameric protein that can bind agonists and antagonists of the
nAChR, including acetylcholine, nicotine, a-bungarotoxin, and (+)-tubocurarine (Karlin,
2002). Each subunit of the AChBP is 210 amino acids long, and it is about 20 — 24 %
identical to the 210 N-terminal amino acids of the ligand binding domain of the nAChR’s
subunits. Moreover, those residues directly involved in acetylcholine binding in the AChBP
are conserved in the nAChRs. For these reasons, the AChBP is thought to be a homologous
protein to the N-terminal domain of the nAChR, so that the high resolution structure of the

AChBP (Figure 1.9) can be used to model the ligand binding domain of the nAChR.

1.4.3 The structure of the nAChR approaching the atomic resolution

More recently, the structure of the Torpedo nAChR in the resting state has been

refined by cryo-electron microscopy to 4A resolution (Unwin, 2005). The peptide backbone
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Figure 1.9. The crystal structure of the acetylcholine binding protein (AChBP) was solved
at 2.7 A resolution (Brejc et al., 2001). Panel (a) is the top view of the AChBP showing the
interactions among the subunits (Subunit A is yellow, B is blue, C is red, D is green, and E
is magenta). Panel (b) is the side view of the protein that shows the ligand binding site
between subunit A (yellow) and B (blue). Panel (c) shows individual loops, beta sheet and a
helix in a subunit of the homopentamer protein.
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of the nAChR can be observed fairly clearly in the electron density image with this
resolution, but the position of most side chains can not be accurately determined. For this
reason the nAChR structure required careful interpretation from this modest resolution
image. Fortunately, there exist the crystal structure of the homologous AChBP, a collection
of biochemical data over 30 years, and a 9 A resolution structure in the open state to aid the
structure determination of the nAChR. By using his refined electron density image of the
nAChR at 4A resolution in conjunction with other available data, Unwin proposed a new
atomic model structure of the receptor.

Consistent with his earlier model, Unwin’s atomic model shows that the nAChR is
composed of five elongated subunits arranged in a pseudo-symmetric manner around a
central ion channel (Figure 1.10). Each subunit has three distinct domains namely the
extracellular ligand binding domain, the o-helical transmembrane domain, and the
cytoplasmic domain (Figure 1.10). The ligand binding domain is constituted of the first 210
N-terminal amino acids, which is the size of a protomer of the AChBP. The N-terminal
peptide folds into a ten strand B-sandwich with a short a-helix packed on top. The C-
terminal end of the ligand binding domain leads directly into the first of the four a-helices
(M1, M2, M3 and M4) of the transmembrane domain. It is the transmembrane domain that
constitutes the ion channel of the receptor, where the M2 lines the pore of the channel. The
cytoplasmic domain consists of a short M1-M2 loop and a long M3-M4 loop (roughly 60 to
100 amino acids depending on the subunit). Due to the incomplete electron density in the
image, the cytoplasmic domain has not been completely modeled. However, an a-helix
(MA) can be observed from the electron density, and this a-helix may be responsible for the

interaction of the receptor with the cytoskeleton. Overall, each subunit of the nAChR makes
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Figure 1.10. The crystal structure of the nAChR at 4 A resolution determined by cryo-
electron microscopy (Unwin 2005). The top image is the top view of the nAChR (from the
extracellular side) showing the organization of the heteropentameric protein, where subunit
o is red, P is green, & is cyan, and y is blue). The bottom image is the side view of the
nAChR by rotating the top image 90 °, where the interaction between the y subunit and an o
subunit can be observed at the front. The bottom image shows the orientation of the
cytoplasmic, transmembrane and extracellular domain of the receptor. The extracellular and
intracellular side of the membrane is indicated by the letter E and I, respectively. The main
immunogenic regions (MIR) of the nAChR is also showed in the figure.

32



70 A

40

v

A

40 A

v

32



extensive contacts with its neighbouring subunits throughout the three domains to form a

ligand gated ion channel that has a maximum length of 150 A and width of 90 A.

1.4.4 The ligand binding domain

Since Unwin’s cryo-electron microscopy image of nAChR is at a modest resolution
that 1s not high enough to reveal the exact location of the amino acids in the protein, he
modeled the ligand binding domain of the nAChR after the atomic resolution structure of the
AChBP. Unwin assumed that these two should share the same overall architecture because
they have very similar overall dimensions, amino acid length, sequence homology (20-24 %
identical), and agonist and antagonist binding properties. In addition, the AChBP structure
confirms over 30 years of mutagenesis and chemical labeling studies which have identified
the important residues for the binding of ligands on the nAChR. Based on the information
above, Unwin fitted his modest resolution structure of the ligand binding domain of the
nAChHR to that of the AChBP to estimate an atomic resolution structure of the ligand binding
domain.

Unwin’s model illustrates the ligand binding domain of each subunit that is
composed of a twisted ten strand B-sandwich and an o-helix (al) at the N-terminal (Figure
1.10). The B-strands twist around each other to form an inner (31-6 and 8) and outer (B7, 9
and 10) sheet, where the sheets are held together by hydrophobic effect. The interfaces
between any two subunits are also hydrophobic which helps to hold the pentamer together.
In between the -strands are connecting loops of variable length, where some of these loops
have important function for the binding of ligand and the coupling between ligand binding

and gating of the ion pore.
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Affinity labeling experiments using various competitive antagonists and agonists
showed that the binding of ligand occurs at the interfaces between the o-y and a-8 subunit
(Dennis et al., 1988; Langenbuch-Cachat et al., 1988; Middleton and Cohen, 1991; Oswald
and Changeux, 1982; Pedersen and Cohen, 1990). Since chemical labeling studies have
demonstrated that the o subunit is more strongly labeled, it is referred to as the principal
binding subunit, whereas the y and & are called the complementary subunits (Corringer et al.,
2000). It was found that most residues involved in the binding of ligand are aromatic. The
most notable residues on the o subunits are W86, W149, Y151, Y190, and Y198. These
residues are thought to stabilize the ligand through a cation-m interaction mechanism, where
the quaternary ammonium portion of the ligand (e.g., acetylcholine) is stabilized by the =
electron of the aromatic residues. Other residues in and around the binding site on the ¢ and
¥ subunit such as the W57, 6R113, 0D1 65, 6D180, and 6E183, and YW55 and le 11 have
also been identified as important for the binding of ligand. The binding of the ligand in the
nAChR is very similar to that in the AChBP, which occurs through the long extended C loop
of the o subunit. It is hypothesized that the closing of the C loop upon the binding of the
ligands would cause the inner and outer [-sheets to rotate which leads to downstream
movements in the nAChR that ultimately couples the binding of ligand to the opening of the
pore of the ion channel.

Although the subunits make extensive contact with each other, there are gaps or
vestibules between subunits in the extracellular and cytoplasmic domains. The wall of these
vestibules is lined with negatively charged residues that can effectively repel anions. The
diameter of these vestibules is about 20 A, which is large enough for hydrated cation to

enter. As these vestibules partly provide selection for cations, they also raise the local
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concentration of cation to increase the efficiency of ion conduction following ligand
binding. In particular, the aAsp238, aGlu251 and aGlu262 residues surrounding the

entrance of the ion channel are important for cation conduction.

1.4.5 The ion channel of the nAChR

In agreement with his earlier model, Unwin’s atomic model shows that the ion
channel of the nAChR is composed of the helical transmembrane domain. The
transmembrane domain of each subunit consists of 4 a-helices namely M1, M2, M3 and
M4. The helices are 20 — 25 amino acids long, which allow them to span the length of the
membrane (~40 A) and extend beyond the membrane surface by about 10A into the
extracellular side. Since the nAChR is a pentameric protein, the ion channel of the receptor
is composed of 5 groups of 4 helices. These helices assembled into a near perfect five-fold
symmetry, and are arranged into 2 rings of helices designated as the inner and outer ring.
The inner ring consists of the M2 of all five subunits which lines the pore of the ion channel,
whereas the remaining helices (M1, M3, and M4) form the outer ring that shields the M2
from the surrounding lipid in the membrane. The M4 is the most lipid-exposed helix, and it
may be important for the interaction with the surrounding lipids (Figure 1.10).

The five M2 helices tilt inward toward the central axis of the channel to form an ion
conducting pore. M1, M3 and M4 of the five subunits also tilt radially toward the central
axis of the pore, but they do not make extensive contact with M2. The five M2 helices cross
the membrane perfectly in register such that amino acids with similar properties can be
aligned as hydrophobic and hydrophilic rings. The rings at the extracellular and cytoplasmic
opening of the pore consist of negatively charged amino acids (e.g., aE262 and aE241,

respectively). These negatively charged residues only favor the entry of cation in the pore,
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and thus exclude anions. The rest of the pore is mainly hydrophobic, and it is not favorable
to interact with ions. It was once thought that the highly conserved leucine ring at aleu251
forms a hydrophobic girdle that gates the conduction of ions (Unwin, 1993b). However, the
hydrophobic girdle has now been extended to residues from between alLeu251 and aVal259
(Miyazawa et al., 2003). The hydrophobic girdle is located at the centre of the membrane,
where the pore is maximally constricted with the narrowest diameter of approximately‘ 7A,
which is small enough to prevent the passage of a hydrated sodium or potassium (~8A).
Since the wall of the pore is mainly hydrophobic, it would be energetically unfavorable for
an ion to shred its hydration shell to pass through the ion channel. Thus, ions can not pass
through the pore while the nAChR is in the closed conformation. The gating mechanism is
more likely an energetic barrier rather than a physical barrier. Unwin structure confirms that
the closed ion pore is hollow and continuous such that there no peptide blocks the pore. In
short, the gating mechanism is an energetic barrier, and the binding of a ligand would
somehow have to widen the pore to allow hydrated cations to flux through the nAChR.

The defining feature of a ligand gated ion channel such as the nAChR is its ability to
couple the binding of a ligand to the opening of the ion pore. The M2-M3 linker of the
transmembrane domain has been reported to be the gating element of the nAChR (Campos-
Caro et al., 1996; Grosman et al., 2000; Lee and Sine, 2005; Rovira et al., 1998; Rovira et
al., 1999). Unwin’s model shows the M2-M3 linker is in close proximity to the Cys loop
(resting) and A loop (desensitized) of the ligand binding domain (Figure 1.11). It is

suggested that the binding of the ligands at the a subunits causes the C loop to close onto the

ligands which results in the rotational movement between the inner and outer B-sheets.
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Figure 1.11. The o subunit of the Torpedo nAChR at 4 A resolution determined by cryo-
electron microscopy (Unwin 2005). (A) and (B) are two different side views of the subunit
to show the coordination of different loops (grey), B-sheets (B4, B7, B9, P10 outer sheets are
red and B1, B2, B3, B6, B8 inner sheets are blue), and a-helices (yellow). The main
immunogenic regions (MIR) of the nAChR is also showed in the figure. :
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Such movement of the B-sheets alters the physical contact between the M2-M3 linker and A
& Cys loop. Consequently, the M2 helices undergo a clockwise rotation and collapse back
against the M1, M3 and M4 helices, and the ion pore is opened wider to allow hydrated ions
to flux through the channel. Clearly, the gating of the nAChR is highly orchestrated, and
there must be a tight coupling between the ligand binding domain and the ion channel to
maintain the gating function of the receptor. Interestingly, there are data suggesting the
structure and function of the nAChR can be altered by the lipid environment in which it is

embedded (see below).

1.5 The interaction between the nAChR and its lipid environment

As an integral membrane protein, the nAChR is embedded in a complex and
dynamic sea of lipids and proteins, and its structure and function can undoubtedly be
influenced by the surrounding lipids and proteins. Given its vital role in the central and
peripheral nervous system, examining those factors that can influence the behaviour of the
nAChR at the molecular level is of fundamental interest. However, characterizing the
structure and function of the receptor in the cell membrane can be very difficult due to the
presence of other molecules. One approach we could use is isolating the receptor from its
native membrane and studying it in a well defined environment; this can be achieved by
reconstituting the nAChR in a well defined lipid bilayer.

A reconstitution procedure involves the removal of the nAChR from its native
membrane with a detergent. The isolated receptor can then be integrated into a defined lipid
bilayer of interest to examine its behavic;ur. While the concept of reconstitution is simple to

grasp, the procedure involved is rather complicated. Early attempts showed that it is very
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difficult to reconstitute a “functional” réceptor into a lipid bilayer (Briley and Changeux,
1977; Briley and Changeux, 1978; Hazelbauer and Changeux, 1974; Michaelson and
Raftery, 1974). First of all, only a few detergents can be used to remove the nAChR from its
native membrane and retain its ability to bind ligand(s). Secondly, those detergents that can
maintain the ligand binding ability of the receptor do not always guarantee that the nAChR
will retain the ability to flux ions. These problems in the early days clearly reflect the lack
of knowledge of the parameters required to achieve successful reconstitution of a functional
nAChHR that can bind ligands and flux ions.

The first reliable protocol to reconstitute a functional nAChR into a bilayer was not
developed until the late 1970°s by Epstein and Racker. They found that one of the most
important factors to maintain the function of the nAChR is to keep the receptor constantly in
contact with lipids throughout the purification procedure (Epstein and Racker, 1978). The
detergent-lipid-protein complex will form a reconstituted bilayer as the detergent is removed
via dialysis. In their work, the lipid used was asolectin (a mixture of phospholipids from
soybean) and the detergent used was cholic acid, which became the most common detergent
used in many reconstitution studies of the nAChR.

Interestingly, the receptor was not functional when phosphatidylcholine (PC) was
used for the reconstitution of the nAChR (Criado et al., 1984; daCosta et al., 2002; Fong and
McNamee, 1986; Ryan et al., 1996). In these circumstances the receptor can still bind
ligand but cannot undergo the necessary conformational changes to flux ions, a state which
resembles the desensitized conformation of the nAChR. Thus, the ligand binding domain

and the ion channel were somehow uncoupled when the receptor was reconstituted with PC.
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What exactly happened to the receptor remains unclear, but it is clear that the nAChR
requires at least another lipid in a PC bilayer to maintain its structure and function.

The discovery that the lipid environment is important for the reconstitution of the
nAChR sparked an interest in finding the specific lipids that are important to support a |
functional receptor. Since the nAChR is fully functional in its native membrane or when it
is reconstituted with asolectin, examining the lipid composition of these two membranes
may provide some insight. The work of several groups showed that the native membrane
contains approximately 30% cholesterol (Chol) and most of the remaining lipids are
phospholipids, which include about 30% phosphatidylcholine (PC), 25%
phosphatidylethanolamine (PE), 9% phosphatidylserine (PS), 1% phosphatidylinositol (PI),
<5% sphingomyelin (SM), <7% phosphatidic acid (PA), and 1% other lipids (Gonzalez-Ros
et al., 1982; Popot et al., 1978; Schiebler and Hucho, 1978). On the other hand, asolectin
consists of a mixture of phospholipids including 24% PC, 39% PE, 19% PS, 6% PA, 1% PI,
9% lyso-lipid derivatives, and 2% other phospholipids (Demel et al., 1991). Evidently, the
lipid content is fairly different between asolectin and the nAChR native membrane.
Interestingly, both seem to contain a relatively high level of anionic lipid (e.g., PA, PI, and
PS), and the native nAChR membrane has a significant level of cholesterol.

Early reconstitution studies attempted to investigate the lipid requirements to support
a functional nAChR by attempting to reconstitute it into vesicles with a defined lipid
mixture and examine the receptor’s ability to flux radiolabeled cation. At first, there were
controversies as to which lipid mixture is required to support a functional receptor. There
were reports claiming that cholesterol is absolutely required in a PC bilayer (Criado et al,,

1984; Dalziel et al., 1980; Fong and McNamee, 1986), while others suggested that anionic

40



lipids in a PC bilayer are sufficient (daCosta et al., 2002; Ochoa et al., 1983; Ryan et al,,
1996; Sunshine and McNamee, 1992). The differences in these reports are likely due to the
inherent artifacts in the ion flux measurements in the reconstituted vesicles, since it has been
shown that the size and permeability of a vesicle depends on its composition (Anholt et al.,
1982). However, most of the studies referred to above agreed that a PC bilayer containing a
neutral lipid (i.e., Chol) and anionic lipids (e.g., PA, PS and PG) can support a functional
nAChR.

Some recent studies have shown that mixtures of PC/PA are particularly good at
stabilizing the nAChR in a functional state. For example, it was demonstrated that a lipid
mixture containing PC and PA can support a receptor that has similar radiolabeling pattern
as a mixture containing PC/PA/Chol and the native membrane (daCosta et al., 2002;
McCarthy and Moore, 1992). A FTIR difference spectroscopy study suggested that gradual
increase in the level of PA in the PC/PA lipid mixture can gradually recover the ability of
the reconstituted nAChR to bind ligand and undergo allosteric transition (Baenziger et al.,
2000). At an appropriate ratio of PC:PA (i.e., 3:2) the reconstituted nAChR would approach
its functional conformational state in the native membrane and reconstituted with a
PC/PA/Chol mixture. On the other hand, raising the level of Chol could not fully recover
the functional conformation of the nAChR. Thus, it was suggested that Chol is not as
effecti\;e as PA in stabilizing the resting conformation of the receptor. Interestingly, early
electron paramagnetic resonance (EPR) studies suggested there is a strong interaction
between PA and the nAChR (Ellena et al., 1983). In fact, EPR studies hypothesized that
specific lipids could form a ring, referred to as “annulus” lipid, around the nAChR to

support its function. Since PC/PA is the best known binary lipid mixture that can support a
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functional nAChR, it may be possible that there is a specific interaction between PA and the
nAChR (daCosta et al., 2002; Ryan et al., 1996).

Recent studies have also shown that the incorporation of a functional nAChR in a
lipid bilayer can significantly affect the physical properties of the lipid membrane (daCosta
et al.,, 2002). A palmitoyl-oleoyl-PC (POPC) and palmitoyl-oleoyl-PA (POPA) lipid
mixture at the molar ratio of 3:2 has a Tm of ~11 °C (daCosta et al., 2002). When the
nAChR was reconstituted in a 3:2 POPC/POPA lipid mixture, the receptor appears to be in a
resting-like conformation, and the Tm of the reconstituted membrane is about 24 °C
(daCosta et al., 2002). The presence of the nAChR evidently increases the order of the
bilayer. It could be argued that the presence of a large integral membrane protein in a
bilayer can naturally increase the Tm. However, such a large increase in the Tm was not
observed when the nAChR was reconstituted with PC alone or PC/Chol and PC/PS lipid
mixtures (daCosta et al., 2004). Therefore, there may be a specific interaction between PA
and the nAChR such that it increases the order of the reconstituted bilayer. This
phenomenon was similarly observed by others using FTIR and fluorescence spectroscopy
(Poveda et al., 2002; Wenz and Barrantes, 2005), leading to the suggestion that the nAChR
may segregate lipids into domains in the reconstituted bilayer. This hypothesis is plausible
because there are reports showing that the neuronal nAChR (a7 receptor) can be found in
rafts (Bruses et al., 2001; Marchand et al., 2002; Oshikawa et al., 2003). Moreover, early
EPR studies have also suggested that PA has a strong affinity for the nAChR in a bilayer
(Ellena et al., 1983). Unfortunately, the lipid to protein ratio of the samples used in the
FTIR and fluorescence spectroscopy studies above are relatively low, ranging from 150:1 to

500:1 mol/mol; the highest lipid to protein (500:1) ratio can barely form 4 lipid shells
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around an individual nAChR. For this reason, it would be difficult to conclude if the
nAChR actually induced domain formation. Thus, it is of interest to examine whether the
nAChR forms domain in a POPC/POPA membrane via microscopic techniques that can

clearly show the nAChR and lipid domains in a bilayer, which is the purpose of this project.

1.6 Atomic force microscopy (AFM)

~ In recent years, scanning probe microscopy techniques such as AFM have been very
useful for high resolution imaging of biological and model membranes, providing
resolutions of a few nanometers in the x and y direction and a few angstroms in the z
direction (Fotiadis et al., 2003; Ira and Johnston, 2006; Seelert et al., 2003). Such resolution
is far beyond the diffraction limit and cannot be achieved by conventional optical
microscopes. Another attractive feature of the AFM, as compared to other high resolution
microscopy techniques such as electron microscopy, is its ability to image biological
samples in aqueous buffered environments. As a result, AFM may allow one to obtain high
resolution details of a biological sample under physiologically relevant conditions.

The AFM is a relatively new microscopy technique which uses a scanning probe for
topographic imaging of a surface (Figure 1.12A). The AFM acquires an image by engaging
a sharp tip mounted on a cantilever to the surface of the sample. As the tip is brought into
full contact with the sample, it experiences a repulsive force from the sample which causes
the cantilever to bend upward. The extent of bending can be monitored through a laser
beam bouncing off the cantilever into a photodetector, which can be translated into force of
interaction between the tip and sample. By maintaining a constant force while scanning the

tip across the surface of the sample, tracking the vertical deflection of the tip allows the
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Figure 1.12. The mechanics behind an atomic force microscope (AFM). An AFM can
operate in contact mode (A) or tapping mode (B) depend on the nature of the experiment.
(C) is the piezoelectric tube scanner, where the AFM tip is mounted, which can contract or

expand precisely in angstrom length upon an applied voltage. Images A & B were adopted
from Agilent web site, C was hand drawn.
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surface profile of the sample to be probed and recorded as an AFM image.

The essential mechanical device that allows the AFM tip to move precisely in the
angstrom range involves the use of a piezoelectric material which contracts or expands
proportionally to the applied voltage. Although the property of a piezoelectric material has
been known for over a century, the scanning probe microscopy technique was not developed
until the early 1980°s. The first of its kind, scanning tunneling microscopy (STM), was
invented by Binnig and Rohrer in 1982 in response to a semiconductor issue (Baro et al.,
1985; Binnig et al., 1985a; Binnig et al., 1985b). They received a Nobel Prize in Physics for
their invention in 1986 (Robinson, 1986). In the same year Binnig collaborated with Quate
and Gerber to build the first AFM. Within a few years of its invention, the use of AFM
began to explode.

The fundamental component of any scanning probe microscope (including the STM
and AFM) is the tube scanner, which is a mechanical device consisting of a thin-walled tube
of piezoelectric material that is coated with metal on the inner and outer surfaces (Figure
1.12 C). The metal coating on the outer surface has 4 parallel thin gaps that divide the outer
surface into four equal quadrants. The inner metai surface is used as the electrode for the
vertical movement (i.e., z-direction), whereas the opposing pairs of electrodes on the outer
surface are used to control the horizontal movement (i.e., x and y-direction). With this set-
up, the length of the tube scanner can be controlled by an applied voltage between the inner
and outer electrodes. Hence, the movement in the z-direction is under control. The lateral
movements in the x or y-direction can be controlled by applying opposite voltages across the

opposing outer electrodes, which will induce one side of the tube to contract and the other to
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expand (along with a negligible vertical displacement). By attaching a sharp tip to an end of
the tube scanner, it can be used to probe the surface of a sample near the atomic resolution.

Conventional AFM systems operate in contact mode in which the tip is kept in full
contact with the surface of the sample when imaging (see above and Figure 1.12A). In this
mode, a constant force is applied to the tip as it moves across the sample surface; this mode
1s not very effective for imaging samples that are loosely attached on a surface (i.e., DNA
and RNA on mica) and soft biological samples (i.e., cell membranes). A key improvement
to the conventional contact mode AFM was made when tapping mode AFM was invented
(Putman et al., 1994), allowing soft and fragile biological samples to be successfully
imaged. In tapping mode the AFM tip touches the sample intermittently with a minimal
force of contact as it scans across the surface of the sample. In this case, the cantilever is
driven to oscillation near its resonance frequency at an amplitude that is typically greater
than 10 nm (according to Agilent). As the tip approaches the sample, its oscillation
amplitude is dampened by interactions with the sample surface. When imaging a sample,
the oscillation amplitude of the cantilever is set to a constant value at which the tip taps on
the sample surface with a minimal force of contact. When the tip scans across the surface of
a sample, the vertical position of the tip is continuously monitored and adjusted to
accommodate the changes in amplitude as the tip ¢ncounters obstacles.

The cantilever in most modern AFM systems can be driven to oscillation by a small
piezoelectric element mounted in the tip holder. In some AFM systems (and as used in this
work), the cantilever is magnetically coated and can be driven by an oscillating magnetic
field. In either case, tapping mode AFM is very effective for examining model and cellular

membranes in detail at high resolution. For example, lipid domains in model membranes
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(Ira and Johnston, 2008; Ira and Johnston, 2006) and rafts extracted from cellular
membranes (Mai et al., 2002; Weerachatyanukul et al., 2007) have been clearly observed by
AFM. The lipid bilayers/membranes are typically 45A thick, and the lipid domains/rafts are
about 5 — 15A taller than the surrounding liquid disordered phase. The AFM has also been
used to detect complex structural changes in the membrane by the action of a protein such as
the restructuring of model raft membranes by sphingomyelinase (Ira and Johnston, 2006).
In addition, the organization of integral membrane proteins in cellular membranes has been
observed by AFM. For instance, rows of rhodopsin dimers (each rhodopsin is about 3 nm)
can be observed from the rod outer segment membrane in bovine retina (Fotiadis et al.,
2003), and the subunit organization of the spinach chloroplast ATP synthase was visualized
as fourteen symmetrical protomers (Seelert et al., 2003). Since AFM has been proven to be
a good tool to examine the structural organization of lipids and proteins in model and
cellular membranes, 1 planned to use AFM to image the nicotinic acetylcholine receptor

reconstituted in bilayers.

1.7 Objective of Thesis

The ultimate goal of this study was to use atomic force microscopy (AFM) to
investigate whether the nAChR segregates lipid into domains in a bilayer with a 3:2
POPC/POPA mixture. However, my early attempts to image the nAChR in a bilayer
reconstituted with a 3:2 POPC/POPA lipid mixture were noisy and irreproducible at best.
These early results suggest that the preparation of a reconstituted bilayer that is suitable for
AFM imaging can be complicated. Thus, it was essential to develop a method that allows

the nAChR to be reconstituted in vesicles with a single lipid (i.e., POPC) and then to use the
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proteoliposomes to prepare a bilayer containing reconstituted protein for AFM imaging.
Upon success, a similar procedure might be used to prepare and image the nAChR
reconstituted in more complex lipid mixtures. Therefore, the main objective of my thesis

was to develop a protocol for imaging the nAChR reconstituted in a POPC bilayer by AFM.
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Chapter 2: Materials and Methods



2.1 Materials

Frozen Torpedo californica electroplax tissue was obtained from either Marinus
(Long Beach, California) or Aquatic Research Consultants (San Pedro, California). DOPC,
POPC, POPA, and eggSM were from Avanti Polar Lipids, Inc. (Alabaster, Alabama) and
both cholesterol and carbamylcholine (Carb) were from Sigma. Alpha-bungarotoxin
conjugated to  Alexad88 (aBTx-A488) and Texas Red dihexadecanoyl-
phosphatidylethanolamine (TR-DHPE) were from Invitrogen. The atomic force microscope
in magnetic alternating current mode (MAC mode AFM) and MAC mode AFM tips were
purchased from Agilent (Phoenix, Arizona). The TIRF microscope was obtained from
Olympus. High grade mica sheets were purchased from Tedpella. The Lipofast mini

extruder and 400 nm polycarbonate filters are obtained from Avestin (Ottawa, Ontario).

2.2 The preparation of lipid vesicles

Liposomes were prepared by mixing the desired lipid(s) in chloroform at the
appropriate ratio in a clean glass vial. If dye-labeled liposomes were required, a fluorescent
lipid (e.g., TR-DHPE), solubilized in 1:1 chloroform/methanol, was added to the lipid
mixture to make a final TR-DHPE concentration of 0.2 — 2.0 mole % of total lipid. The
lipid mixture was vortexed briefly to mix the lipids. Then the lipid mixture was dried down
in the glass vial with a stream of nitrogen gas to remove the solvent (mainly chloroform),
and the lipid film was dried further under vacuum for at least 10 hours to remove any
remaining solvent residue. The lipid film was then hydrated with Tris dialysis buffer (TDB:

10 mM Tris, 100 mM NaCl, 0.01 mM EDTA, 0.01 % NaNj, pH 7.3), where the added
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buffer volume is adjusted to the desired final lipid concentration. The TDB was chosen
because this is a common buffer used for the reconstitution and storage of the nAChR. The
hydrated film was vortexed for 1 minute to generate large or multilamellar vesicles, and

these vesicles were subjected to sonication or extrusion to produce smaller vesicles.

2.2.1 The preparation of sonicated unilamellar vesicles

In my lab small unilamellar vesicles are typically generated by sonication to prepare
lipid bilayers on mica for AFM imaging (Ira and Johnston, 2006). The lipid concentration
was normally adjusted to 1 mg/ml when TDB was added to the vial containing the dried
lipid film. This solution containing large or multilamellar vesicles generally appeared
turbid. The solution was then sonicated in a Branson 1510 (Branson, USA) water bath
sonicator at room temperature for 10 minutes or until the solution became transparent, which
indicates that multilamellar vesicles have been broken up into small unilamellar vesicles that
are less than 100 nm in diameter. These vesicles are also referred to as sonicated
unilamellar vesicles (SUVs). The SUV solution were then diluted to 0.1 mg/ml and stored

at 4°C. The SUVs were used within 1 week of storage.

2.2.2 The preparation of extruded unilamellar vesicles

Extruded unilamellar vesicles were used in this study in an attempt to reconstitute the
nAChHR in a bilayer at high L:P ratio by the detergent destabilization method. Liposomes of
approximately 400 nm in diameter were prepared by passing large or multilamellar vesicles
(prepared at 10 mg/ml) through a pair of 400 nm polycarbonate filters assembled in a
Liposofast mini extruder (Avestin, Inc). Twenty passes were made to ensure that the

extruded liposomes were homogeneous in size and were about 400 nm in diameter.
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2.3 Reconstitution of the nAChR

2.3.1 Low lipid to protein ratio reconstitution

To reconstitute the nAChR in a bilayer I used an established procedure in my lab
(Ryan et al., 1996). Briefly, the receptor rich membranes were extracted from the electric
organ of the Torpedo californica electroplax, and the membranes were solubilized in 1 %
cholate at 4 °C for 1 hour. The solubilized extract was then applied to an affinity column
containing Affi-Gel 102 conjugated to bromoacetylcholine (Sigma). As the nAChR was
bound to the column, the undesired proteins and lipids from the native membrane were
replaced with the lipid(s) of interest by four rounds of washes with detergent solubilized
lipid(s). Wash I: 4 column volumes of 1 mg/ml of lipid in 1 % cholate in Tris Dialysis
buffer (TDB) at pH7.3; Wash II: 4 column volumes of 2.4 mg/ml of lipid in 1 % cholate in
TDB; Wash III: 4 column volumes of 0.1 mg/ml of lipid in 0.5 % cholate in TDB; and
Wash IV: 3 column volumes of 10 mM of carbamylcholine and 0.1 mg/ml of lipid in 0.5 %
cholate in TDB. The Wash IV was used to elute the nAChR out of the affinity column,
where the purified receptor remains solubilized in a lipid/detergent complex. Those eluted
fractions containing a significant amount of protein were pooled together, and then subjected
to dialysis to remove the detergent and reconstitute the protein in a bilayer. The pooled
fractions were dialyzed against TDB (200 times sample volume) for 3 days with 6 even
periods of buffer changes. The dialyzed sample was then ultra-centrifuged at 100,000xg for
2 hours at 4 °C to pellet the reconstituted sample. The pellet was then homogenized and

resuspended in a small volume of TDB to keep the sample concentrated. The lipid and
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protein content in the sample were determined by the Phospholipid C and BCA assay,
respectively (see below). The lipid to protein (L:P) ratio of a reconstituted sample was
typically low, where usual L:P ratio is about 1:2 (w/w). Aliquots of 250 pg of protein (as
reconstituted proteoliposomes) were made and stored at — 80 °C. Samples were thawed to

room temperature prior to use.

2.3.2 High lipid to protein ratio reconstitution

To reconstitute the nAChR in a bilayer at high L:P ratio, a similar protocol was
initially used, but the lipid concentration was increased in all of the washes. Wash I: the
lipid concentration was increased to 1.25 mg/ml of lipid and 1% of cholate in TDB; Wash II:
2.5 mg/ml of lipid and 1% of cholate in TDB; Wash III: 1.25 mg/ml of lipid and 1% of
cholate in TDB; and Wash IV: 10 mM Carbamylcholine, 1.25 mg/ml of lipid and 1% of
cholate in TDB. Following Wash IV, the purified nAChR is eluted out of the column in
complex with lipid and detergent. Those fractions containing a significant amount of
protein (estimated by Ajgy) were pooled together. The L:P ratio in the pooled fractions
depends on the amount of protein eluted since the lipid concentration in Wash IV is fixed,
but the usual L:P ratio was approximately 3:1 (w/w). To increase the L:P ratio further, a
small volume of the pooled fractions was added to an appropriate volume of 5 mg/ml of
lipid in 1% cholate in TDB to make up the desired L:P ratio. The subsequent reconstitution
steps were kept the same as in the traditional reconstitution procedure. For example, the
sample was dialyzed and then subjected to ultra-centrifugation at 100 000xg for 2 hours at 4
°C to pellet the reconstituted sample. The pellet was then homogenized and resuspended in
a small volume to keep the sample concentrated. The sample was aliquoted and stored at —

80 °C. Samples were thawed at room temperature prior to use. In later reconstitutions, the
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dialyzed samples were aliquoted and stored at — 80 °C immediately without ultra-

centrifugation (see section 2.3.3).

2.3.3 Reconstitution of the nAChR in a POPC membrane via detergent destabilized
liposomes

Based on the available literature, an alternative method known as detergent
destabilized liposome reconstitution described by Rigaud and collaborators (Paternostre et
al., 1988; Rigaud et al., 1988) has been used to reconstitute membrane proteins into lipid
bilayers. This method takes advantage of the fact that bilayers are unstable in the presence
of a detergent such that an integral membrane protein can be inserted into the bilayer with
very little energy required. For successful reconstitution, the liposomes must be optimally
destabilized by a detergent. Thus, the stability of the extruded POPC liposomes (see section
2.2.2) in cholate was assessed first. Then a range of destabilized liposomes were selected to
test whether a purified and solubilized nAChR can be incorporated into one of these
destabilized liposomes.

The stability of the vesicles was tested by mixing the extruded vesicles with various
cholate solutions at different concentrations (0.1 — 0.3 % cholate), which was done by taking
a'small volume of extruded liposome at 10 mg/ml and adding it to a larger volume of cholate
solution to get a final lipid concentration of 1.5 mg/ml. Each mixture was gently stirred for
90 minutes at 4°C. Duplicate 200 pl aliquots were taken from each sample and placed in a
96 well plate. The stability of the liposomes in each detergent condition was monitored by
measuring the optical density (OD) at 405 nm. According to Rigaud et al (1988), higher OD
reading indicates that the vesicle is either larger and/or more stable, whereas lowér OD

reading signifies that the vesicle is unstable destabilized and/or smaller, and the vesicle
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becomes solubilized when the OD approaches that of the blank solution (i.e., the detergent
alone solution).

In an attempt to reconstitute the nAChR, extruded POPC liposomes were mixed with
an appropriate amount of detergent to destabilize them, and then the purified and solubilized
nAChR (in 1% cholate and 1.25 mg/ml POPC) was added to the destabilized liposomes.
The ﬁnal concentrations of lipid and protein were 1.5 mg/ml and 0.03 mg/ml, respectively.
Hence, the L:P ratio is 50:1 w/w. Upon mixing, the samples were stirred for 90 minutes at
4°C. Then the sample was subjected to dialysis to remove the detergent to complete the
reconstitution procedure. The samples were dialyzed against TDB (200 times sample
volume) for 3 days with 6 even periods of buffer change to remove the detergent. It should
be noted that the conditions used for the reconstitution attempt with solubilized POPC
liposomes at 1.00 % cholate are the same as those in the detergent dialysis method above up
to this point, and this sample was intended to be used as a control. To be consistent with the
detergent destabilized liposome reconstitution method provided by Rigaud and collaborators
(1988), the samples were not pelleted by ultra-centrifugation as in the detergent dialysis
method above. The samples were frozen at — 80 °C after reconstitution, and they were

thawed to room temperature just before they were characterized by sucrose gradient.

2.4 Protein and lipid assay

Protein was assayed using the Bicinchoninic acid (BCA) kit purchased from Thermal
Fisher Scientific, Inc. For improved accuracy, 2 % Triton X-100 (compatible with the BCA
assay) was added to the nAChR samples (to solubilize the reconstituted protein) and also to

the BSA standards.
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Lipid was analyzed using the Phospholipids C kit obtained from Wako Chemical
USA, Inc. Again, both the nAChR samples and choline chloride standards were in 2 %
Triton X-100 to improve the accuracy of the kit. Again Triton X-100 is compatible with the

assay and the detergent is used to solubilize the lipid(s).

2.5 Sucrose Gradient

2.5.1 Analytical sucrose gradient

Following reconstitution, the samples were examined on a discontinuous sucrose
gradient (either 0, 5, 10, 20 and 40 % sucrose gradient or 0, 5, 7.5, 10, 20, and 40 % sucrose
gradient). The samples were typically loaded on the top of the gradient, and were subjected
to ultracentrifugation at 200 000xg for 20 hours at 4 °C. Following ultra-centrifugation,
fracttons of 250 or 400 pl were drawn from the gradient (starting from the top), and the lipid
and protein content of each fraction were analyzed using the Phospholipids C and BCA

protein assay.

2.5.2 Preparative sucrose gradient

After characterizing a nAChR sample by analytical sucrose gradient, the relative
positions of those bands corresponding to lipid alone, high L:P ratio and low L:P ratio
vesicles were determined. High L:P ratio proteoliposomes were prepared by loading
reconstituted samples (3 ml) on top of a discontinuous sucrose gradient of 0 % (3 ml,
including the sample), 5 % (2.5 ml), 7.5 % (2.5 ml), 10 % (1 ml), 20 % (1 ml) and 40 %
sucrose, and the sucrose gradient was subjected to ultracentrifugation at 200 000xg, 20

hours, and 4 °C. Following ultra-centrifugation, those bands containing the vesicles of

56



interest (i.e. high L:P ratio) were isolated from the sucrose gradient directly by using a sharp
needle to puncture through the wall of the sucrose gradient tube and withdraw the fraction of
interest. The isolated sample was then dialyzed to remove the sucrose. The sample was
dialyzed against TDB (200 times the sample volume) for 3 days with 6 even periods of
buffer change. Following dialysis, the samples were diluted to a corresponding
concentration of 0.1 mg/ml POPC with TDB (the concentration of the nAChR depends on
the L:P ratio), which was then divided into small aliquots, and stored at — 80 °C.

For fluorescence microscopy, the nAChR was labeled with a-bungarotoxin
conjugated to Alexa488 (aBTx-A488) purchased from Invitrogen, where the toxin binds
specifically to the nAChR (Boulter et al., 1987; Changeux et al., 1970). The labeling was
accomplished by mixing aBTx-A488 (at 100 times the mole concentration of the receptor)
with the nAChR sample immediately after the sample was isolated from the preparative
sucrose gradient. The unbound toxin and sucrose in the sample were removed by dialysis as

described above.

2.6 Fourier transformed infrared spectroscopy

The structural state of the reconstituted nAChR was examined by Fourier transform
infrared (FTIR) spectroscopy. FTIR difference spectroscopy was designed to detect ;'ery
subtle differences in structural conformations of a protein that cannot be otherwise observed
by typical FTIR. This technique has been used to assess very subtle changes in
conformation of the nAChR as it undergoes a change from the resting to the desensitized
conformation in the presence of an agonist such as carbamylcholine (Carb) (Baenziger et al.,

1992a; Baenziger et al., 1992b). An FTIR difference spectrum was obtained by subtracting
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Figure 2.1. The instrumental set up for FTIR difference spectroscopy. The sample (Green)
is applied on a germanium crystal (Yellow), which is an attenuated total internal reflection
(ATR) crystal. The sample on the ATR crystal is then sealed in a stainless steel flow cell
(Grey). Different buffers (i.e., with or without ligand) can be selected to flow into the cell to
interact with the sample via an automated control valve. A FTIR spectrum of the sample
can be acquired as the evanescence wave, created by an IR beam directed in the ATR
crystal, is interacting with the sample on the crystal. ATR is a common FTIR technique
used to examine a sample on a solid surface. When the IR beam is passed through a crystal
(typically with high refractive index), the IR beam can be internally reflected when the beam
is directed toward the crystal at an appropriate angle. At each point of reflection, an
evanescence wave is created (which is a standing wave that decays exponentially away from
the surface of the crystal). The FTIR difference spectrum of a sample is obtained by
subtracting a spectrum of the sample recorded in absence of a ligand from a spectrum of the
sample in recorded in the presence of a ligand.
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the nAChR spectrum in the absence of Carb from the nAChR spectrum in the presence of
Carb. The set-up for FTIR difference spectroscopy is illustrated in Figure 2.1.

To examine the structural state of the reconstituted nAChR by FTIR difference
spectroscopy, about 250 pg of nAChR protein were spread on the surface of a 50 mm x 20
mm X 2 mm germanium attenuated total reflectance (ATR) crystal (Harrick, Ossining, New
York). For consistency, only one germanium crystal was used for all of my experiments.
After evaporating the bulk solvent with a gentle stream of N, gas, the ATR crystal was
installed in an ATR liquid sample cell (also from Harrick) and the nAChR film rehydrated
with excess Torpedo Ringer buffer (250 mM NaCl, 5 mM KCl, 2 mM MgCl,, 3 mM CaCl,,
and 5 mM Na,HPO,, pH 7.0). Note that each nAChR film is spread over an equivalent
surface area on the ATR crystal, and each expands beyond the effective penetration depth of
the infrared beam upon hydration. The absolute intensities of the protein bands in the FTIR
spectra are similar from sample to sample.

All FTIR difference spectra were acquired using the attenuated total reflectance
technique on either a Digi-Lab FTS 575 or a FTS 40 spectrometer (Randolph,
Massachusetts). Both spectrometers were equipped with a deuterated triglycine sulfate
detector. Spectra were recorded at 8 cm™' resolution using 512 scans, which took roughly
7 min/spectrum. For the difference measurements, two consecutive spectra of the same
nAChHR film in the absence of Carb were recorded with buffer flowing continuously through
the sample compartment of the ATR cell at a rate of ~1.5 ml/min. The flowing solution was
then switched to an identical one with 50 uM Carb. After 1 min, a spectrum was recorded
of the desensitized state. The difference between both the two resting state spectra (absence

of Carb; control spectra) and the consecutive resting and desensitized (presence of Carb)
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state spectra were calculated, stored, and the flowing buffer switched back to buffer without
Carb. After a 23-min washing period to remove Carb from the film and convert the nAChR
back into a resting conformation, the process was repeated many times. The 50 pM Carb
solution 1s sufficient to desensitize the nAChR (Baenziger et al., 1992a), but low enough to
allow the rapid washing of Carb from the nAChR film. Each presented difference spectrum
for each sample was derived from a minimum of 30 difference spectra. All presented

1

difference spectra were baseline corrected between 1800 and 1000 cm™ and were

interpolated to an effective resolution of 4 cm™".

2.7 Imaging a bilayer by atomic force microscopy (AFM)

A planar bilayer on mica was prepared in an AFM fluid cell, shown in Figure 2.2, in
order for the bilayer to be imaged by AFM in a buffer solution. First, the mica was cleaved
to obtain a flat and clean surface. The freshly cleaved mica was then assembled in a clean
AFM cell, which can hold a maximum volume of approximately 600 — 700 pl. The sample
(liposomes or proteoliposomes) was then incubated in a total volume of 500 pl of aqueous
buffer; calcium is typically included to assist the formation of the bilayer on mica. For
every sample prepared, including the reconstituted nAChR sample, the desired amount of
sample used was diluted to 125 pl in TDB and added to 375 pl of the desired calcium
concentration in pure water. It must be noted that the final incubation solution contained
only one quarter the concentration of the TDB, but the solution can still be buffered above
pH 7.2 even after a period of 24 hours. In general, a bilayer was prepared by incubating the

liposomes or proteoliposomes in 10 mM CaCl, for 1 hour, using 7 or 10 pg of lipid to
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Figure 2.2. An image of a sample holder for AFM adopted from Agilent. A sheet of freshly
cleaved mica is placed on an AFM stage and is held down by an AFM cell. A planar bilayer
can be formed on the mica surface by incubating the liposomes or proteoliposomes of
interest in a buffer under a specified condition. After incubation, the materials that were not
absorbed on the mica surface were washed (or flushed) away by flowing a defined volume
of buffer into the cell.
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prepare bilayer patches or an intact bilayer on mica, respectively. Alternatively, an intact
bilayer was also prepared from 7 pg of lipid by incubating the vesicle sample overnight (i.e.,
16 — 20 hours).

Once the sample was incubated on mica over a period of time, the unbound materials
were washed away by flowing 100 ml of the imaging buffer into the AFM cell. The sample
was allowed to equilibrate for 5 minutes after washing. Prior to AFM imaging, the AFM tip
and its holder were washed with ~ 25 ml of 70 % ethanol, followed by 25 ml of water, and
25 ml of the imaging buffer (the same buffer used to wash the sample) to ensure that no
contaminant was introduced into the sample. The sample was then imaged by AFM, and the
AFM image was subsequently interpreted.

AFM images were obtained on a PicoSPM atomic force microscope (Agilent,
Phoenix, Arizona) in magnetic alternating current (MAC)-mode using magnetic coated
silicon tips (MAClever Type ) with spring constants of ~0.5 N/m and resonance
frequencies between 7 and 35 kHz in aqueous solutions. Either a 30x30 pm? or 5x5 pmz

scanner was used with a scan rate between 0.7 and 1.3 Hz. All images shown are flattened

raw data.

2.8 Imaging a bilayer by total internal reflection fluorescence (TIRF)

microscopy

TIRF is a fluorescence microscopy technique that has been used to image a bilayer
on mica. In order to image a bilayer by TIRF, the presence of a dye labeled lipid is required

to visualize a bilayer. Texas Red DHPE (TR-DHPE) is a commercially available
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fluorescent lipid that has been commonly used at a very low concentration (i.e., 0.2 - 2 %
mole/mole) to visualize the bilayer. Since TR-DHPE has a strong partition coefficient for
disordered phase in the bilayer, it is typically used to observe the liquid disordered phase of
the bilayer (Veatch and Keller, 2003). For most TIRF microscopy experiments in this study,
TR-DHPE is doped in the bilayer to label the liquid disordered phase.

To prepare a planar bilayer for TIRF imaging, the test vesicles were incubated on
freshly-cleaved mica assembled in a TIRF cell. In order to achieve the best resolution, the
thickness of the mica should be less than 20 um, based on past experience in my lab. It
should be noted that the TIRF cell (17 mm in diameter) is larger than the AFM cell (13 mm
in diameter). Hence, the surface area of the mica in the TIRF cell (~230 mm?) is nearly
twice that in the AFM cell (~130 mm?). Furthermore, the TIRF cell (~1.2 ml) was designed
to hold approximately twice the volume of the AFM cell (~0.6 ml). Thus, the quantity of
lipid required to prepare a bilayer on mica in these two cells can be correlated. Therefore, a
planar bilayer was prepared on mica for TIRF imaging by incubating the vesicle sample in a
total 4volume of 1000 pl, where the desired amount of sample used was made up to 250 pl in
TDB and the desired calcium concentration used was made up to 750 ul in water. Upoﬁ
mixing with a pipette, the mixture was incubated at 20°C for a specified period of time.
Following the incubation, the TIRF cell was washed with ~ 150 ml of HEPES buffer to
remove the unadsorbed materials, and the bilayer was then imaged.

Fluorescence images of bilayers were taken on an Olympus IX81 total internal
reflection fluorescence (TIRF) microscope equipped with a high resolution CCD camera
(CoolSNAP, Photometrics, USA) and a 60x/1.45 NA Plan Apochromat objective

(Olympus). Alpha bungarotoxin conjugated with Alexa-488 was excited at 488 nm and
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emission collected at 519 nm (+20) nm, and TR-DHPE was excited at 543 nm and emission

collected at 593 (+20) nm.
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Chapter 3: Selecting a buffer to image bilayers by AFM



3.1 Introduction

Before imaging the nAChR in a reconstituted bilayer, it was important for me to
demonstrate my ability to use AFM to image lipid bilayers. This chapter describes the
preparation of two supported lipid bilayers and initial results for AFM imaging in water.
The same bilayers were then imaged in several different buffers to screen for a buffer that
was suitable to image a bilayer with reconstituted protein. Furthermore, the appearance of
the planar bilayers prepared on mica was also examined by total internal reflection

fluorescence (TIRF) microscopy to validate AFM images.

3.2 Supported planar bilayer imaged by AFM

To illustrate the ability of the AFM to image lipid bilayers, known domain-forming
(1.e., DOPC/eggSM/Chol 2:2:1, DEC221) and non domain-forming (i.e., POPC) bilayers
were prepared on mica, and these bilayers were imaged in pure water. The morphological
and topographical differences detected between these two bilayers were demonstrated in the

resulting AFM images.

3.2.1 Imaging a POPC bilayer in water

A single component POPC bilayer adopts a liquid disordered phase at room
temperature, and it is expected to .form a flat and featureless bilayer on mica. However, the
mica surface is also flat and featureless, and cannot be readily distinguished from a POPC
bilayer. Thus, the presence of a continuous POPC planar bilayer on mica must be

confirmed. My approach was first to prepare and image bilayer patches on mica by using
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small amounts of POPC liposomes, and then to increase the amount of liposomes to form a
continuous POPC bilayer on mica.

The POPC bilayer patches on mica were prepared with 7 pg of lipid, incubated for 1
hour in 10 mM CaCl,. Following incubation, the unbound liposomes were washed off with
pure water, and the adsorbed bilayer was subsequently imaged by AFM. The AFM image in
Figure 3.1A shows POPC bilayer patches adsorbed on the mica surface. The color code bar
at the bottom of the image specifies the relative height of the features shown in the AFM
image. In Figure 3.1A, the dark brown areas correspond to the mica surface, whereas the
light yellow areas correspond to the POPC patches on mica. The graph at the bottom of the
AFM image shows a cross section analysis at the position of the green line in the image.
Based on this cross section analysis, the thickness/height of a POPC bilayer patch is
consistently found to be about 45 A. This thickness agrees well with the known literature
value of a POPC bilayer (Lewis and Engelman, 1983; Tahara and Fujiyoshi, 1994).

An intact POPC bilayer on mica was prepared by incubating 10 pg of lipid in 10 mM
CaCl, for 1 hour. Following incubation, the unbound/excess materials were washed away
with pure water. The AFM image in Figure 3.1B shows an intact POPC planar bilayer on
mica, imaged in pure water. The image appears featureless and the cross section analysis for
the bilayer is flat throughout. These observations are expected for a single component
bilayer in the liquid disordered phase at room temperature. Extraction of a POPC bilayer
and lipid quantification via the Phospholipids C kit indicated that an individual POPC
bilayer prepared in my standard AFM cell contains about 1 — 2 pg of lipid.

The results here demonstrate that a POPC bilayer can be imaged in water by AFM.

The POPC bilayer is flat and featureless as expected for a bilayer in the liquid disordered
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Figure 3.1. AFM images of lipid bilayers prepared on mica and imaged in water. The lipid
bilayers were prepared on mica by incubating sonicated unilamellar vesicles in the AFM cell
for 1 hour at 21 °C in the presence of 10 mM CaCl,, and the unabsorbed materials were
washed away with 100 ml of water. For every sample prepared, the desired amount of
sample used is made up to 125 pl in Tris dialysis buffer (TDB) and the desired calcium
concentration used is made up to 375 pl in pure water, which makes the final volume of 500
pl. (A) and (B) are AFM images of bilayer patches and continuous bilayer prepared by
loading 7 and 10 pg of POPC vesicle, respectively. Similarly, (C) and (D) are bilayer
patches and continuous bilayer prepared with 7 and 10 pg of 2:2:1 DOPC/eggSM/chol
(DEC221) vesicles. The relative height of the sample surface detected by the AFM tip is
colour coded according to the bar below every image, where taller features are light in
colour and shorter features are dark in colour. The green dashed line in the images shows
the position for cross section analysis, and blue dashed baselines on the cross sections of (A)
and (C) show the position of the surface of the mica. The black arrows in (C) and (D) point
out some of the domains detected in the bilayers prepared with DEC221 vesicles.
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phase. Moreover, the POPC bilayer patches measured by AFM are about 45 A thick, which

coincides with the accepted literature value for the thickness of a POPC bilayer.

3.2.2 Imaging a DOPC/eggSM/Chol 2:2:1 bilayer in water

When assessing the DOPC/eggSM/Chol 2:2:1 (DEC221) bilayer, a known lipid
domain-forming bilayer, both bilayer patches and an intact bilayer were prepared and
imaged in water. The bilayer preparation procedure used for the DEC221 bilayer was the
same as that for POPC. The AFM images in Figure 3.1C show the bilayer patches prepared
from DEC221 liposomes. In contrast to the featureless POPC patches, the DEC221 patches
have small raised regions (light yellow areas). A fluorescence microscopy study of giant
unilamellar vesicles of this lipid mixture has previously shown that the domains in the
bilayer correspond to the segregation of cholesterol and sphingomyelin into the liquid
ordered phase which separates from DOPC in the liquid disordered phase (Veatch and
Keller, 2003). The measured thickness of the liquid disordered phase based on the AFM
image is about 45 A, and the domains are approximately 12 A taller than the liquid
disordered phase. Thus, the lipid domains in a bilayer can be clearly distinguished from a
bilayer patch based on the height difference.

Figure 3.1D shows a complete and intact DEC221 bilayer imaged in water. Again,
the AFM image shows that the DEC221 bilayer has numerous domains of the liquid ordered
phase. The liquid ordered phase is about 12 A taller than the liquid disordered phase. The
domains are variable in size, some of them can be as big as 1 um or more and some are less
than 50 nm in diameter. The data is consistent with previously reported AFM data on phase

separated bilayers (Choucair et al., 2007; Ira and Johnston, 2008; Weerachatyanukul et al.,

2007).
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3.3 Imaging planar bilayers in buffers

Up to this point, I have only shown AFM images of lipid bilayers imaged in water,
but not in buffers. However, imaging a bilayer containing a protein in pure water is not
advisable, because the protein can be denatured if the pH is not controlled. Therefore, I
needed to find a buffer that was compatible with imaging both lipid bilayers and protein-
containing bilayers. To serve this purpose, lipid bilayers were prepared and imaged in a

number of buffers to screen for the best buffer for further experiments.

3.3.1 Imaging a bilayer in the Torpedo Ringer buffer

Initially, the Torpedo Ringer buffer (TRB: 250 mM NaCl, 5 mM KCl, 2 mM MgCl,,
3 mM CaCly, and S mM Na,HPO,, pH 7.03) was chosen for the purpose of imaging planar
bilayers. The TRB was selected because it has been used in many studies to assess the
structure and function of the nAChR.

The TRB was tested on the POPC bilayer patches. In this instance, the POPC bilayer
patches on mica were first prepared and imaged in pure water (Figure 3.2A), the water was
then replaced with TRB (by flowing 50 ml of TRB into the AFM cell), and the POPC
bilayer patches in TRB were then imaged by AFM (Figure 3.2B). From Figure 3.2A, the
starting POPC bilayer patches in water are the same as observed in previous results in Figure
1A, flat and featureless. However, when the water on the bilayer was replaced with TRB,
there were numerous spots in the AFM image (Figure 3.2B). These spots can be found
above and around the POPC bilayer patches. These spots correspond to particles that are at

least a few nanometers or larger, and they are suspected to be salt precipitation for two
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Figure 3.2. AFM images of POPC bilayer patches imaged in pure water and Torpedo
Ringer buffer (TRB: 250 mM NaCl, 5 mM KCl, 2 mM MgCl,, 3 mM CaCl,, and 5 mM
Na,HPO,, pH 7.03). The POPC bilayer patches were prepared with 7 ug of lipid in the
AFM cell for 1 hour at 21 °C in the presence of 10 mM CaCl,, and the unabsorbed materials
were washed away with 100 ml of water. The POPC bilayer patches were first imaged in
pure water (A). Then, the water on the same bilayer was replaced by TRB, and
subsequently the bilayer was imaged in TRB (B). In TRB, there are many 'small features
found above and around the bilayer patches. These features are a few nanometers in size,
and they are suspected to be the precipitation of salt due to the high salt content in the buffer
and the low solubility of calcium phosphate (Ksp of Cay(PQ,); = 1x107%%).
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reasons. First, the TRB has a high salt content. As the water starts to evaporate from the
buffer in the AFM cell, the effective concentration of salt begins to increase. When enough
water has evaporated from the AFM cell, salt will start to precipitate. In addition, salt
precipitate can be frequently observed at the rim of the bottle containing the TRB buffer.
The evaporation of water from the AFM cell is unavoidable due to the fact that the cell is
open. Secondly, the TRB contains calcium and phosphate. However, the solubility of
calcium phosphate is relatively low, where the solubility of CaHPO, is about 0.079 mg/ml at
pH 6.0 and 0.019 mg/ml at pH 7.5 (Goss et al., 2007). | Thus, calcium phosphate salt can be
found precipitated in a solution with a pH of 7.03. For these reasons, TRB or any buffer
containing high salt concentration and/or calcium and phosphate are not suitable for the
“open” AFM imaging system. Consequently, the TRB was quickly eliminated from the list

of potential buffers for AFM imaging.

3.3.2 Imaging the bilayers in a Tris dialysis buffer

The next buffer of choice to image a planar bilayer by AFM was Tris dialysis buffer
(TDB: 10 mM Tris, 100 mM NaCl, 0.01 mM EDTA, 0.01 % NaN3, pH 7.3). This buffer
was selected because it does not contain as high a salt concentration, and has no calcium or
phosphate. Furthermore, TDB has been used in the reconstitution procedure and storage of
the nAChR.

The potential of the TDB as an imaging buffer, again, was first assessed on an intact
POPC bilayer that was prepared by incubating 10 pg of lipid for 1 hour in 10 mM CaCl,.
Following incubation, the sample was washed with TDB to remove unbound/excess
materials. The morphology of the POPC bilayer imaged in TDB appears very similar to that

in water, where the bilayer remains flat and featureless (data not shown). Importantly, no
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salt precipitate can be observed. The TDB at this point looked promising for a buffer to
image planar bilayers on mica by AFM.

The TDB was then tested on a domain forming bilayer (i.e., DEC221). Again, an
intact DEC221 bilayer was prepared on mica by incubating 10 pg of lipid for 1 hour in 10
mM CaCl,. Following incubation, the sample was washed with TDB to remove unbound or
excess materials. When the DEC221 bilayer was imaged in TDB, the lipid domains
corresponding to the liquid ordered phase could not be observed. The DEC221 bilayer in
TDB appears as flat and featureless as the POPC bilayer (Figure 3.3A). However, when the
TDB was replaced with pure water on the very same planar bilayer (by flowing 100 ml of
water over the original 0.6 ml TDB buffer in the AFM cell), the domains reappeared
immediately in the bilayer (Figure 3.3B). Nevertheless, the image looks very messy at this
point, with numerous particles ranging from 50 to 200 nm in diameter observed on the
bilayer. The observed effects of TDB on the DEC221 bilayer are puzzling, and they still
have not been understood clearly. However, a recent ellipsometry study of planar bilayers
on mica suggested that Tris may destabilize planar bilayers on the surface of mica (Benes et
al., 2004). Perhaps the particles observed in Figure 3.3B are the bilayer debris that has
desorbed from the surface of mica due to the action of Tris in the TDB. Additionally, there
are other cdmponents in the TDB that could have caused problems in the DEC221 bilayer on
mica. Therefore, TDB was eliminated from the list of potential buffers to image bilayers on

mica by AFM.
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Figure 3.3. The DEC221 bilayer was imaged by AFM in TDB and water. The bilayer was
prepared by incubating 10 pg of lipid (sonicated unilamellar vesicle) for 1 hour in 10 mM
CaCl; on mica in an AFM cell. The sample was washed with TDB to remove
unbound/excess materials following the incubation. The bilayer was subsequently imaged in
TDB, where no domains were observed and the bilayer looks flat and featureless (A). The
TDB on the bilayer was then replaced with water and imaged in water, where the domains
reappear (B). Trs dialysis buffer (TDB): 10 mM Tris, 100 mM NaCl, 0.01 mM EDTA,
0.01 % NaN;, pH 7.3.
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3.3.3 Imaging a bilayer in HEPES buffers

Based on the available literature, HEPES is one of the most common buffers used to
image planar bilayers on mica by AFM. To examine whether HEPES is suitable for my
studies, a number of buffer solutions were prepared with several different concentrations of
HEPES and NaCl to test whether they can be used to image the DEC221 bilayer on mica.

Five buffers were prepared at pH 7.3: I) 10 mM HEPES and 100 mM NaCl, II) 5
mM HEPES and 100 mM NaCl, III) 5 mM HEPES and 50 mM NacCl, 1V) 2.5 mM HEPES
and 100 mM NaCl, V) 2.5 mM HEPES and 50 mM NaCl. In all cases, the buffers were
adjusted to pH 7.3 with 1 M NaOH and/or HCI. The buffering capacity for each buffer was
tested to ensure that each buffer can maintain the pH in a reasonable range for at least one
day. The buffering capacity was tested by placing 100 ml of the buffer solution in a 250 ml
beaker (open top), and the pH was measured at the beginning and end of a 2 day period.
The pH for all of the tested buffers did not deviate by more than 0.1 pH unit after a 2 day
period. For AFM imaging purposes, all the buffer solutions were filtered with a 0.2 pm
Milli-Pore filter before use to prevent any possible particulate contaminants that could
appear in AFM images.

Each of the buffers was tested on an intact DEC221 bilayer on mica. Each DEC221
bilayer was prepared on mica by incubating 10 pg of lipid in 10 mM CaCl, for 1 hour in an
AFM cell. After incubation, the AFM cell was washed with 100 ml of the HEPES buffer in
question, and was subsequently imaged. The AFM images in Figure 3.4 compare the
DEC221 bilayer imaged in pure water against five other HEPES buffers (I — V). In those
buffers with higher concentration of HEPES and NaCl (buffer I & II), the liquid ordered

phase was found as large and/or elongated domains. As the concentrations of HEPES and
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Figure 3.4. The DEC221 bilayer was imaged by AFM in HEPES buffers at different
concentrations of HEPES and NaCl at pH 7.3. The bilayer was prepared on mica by
incubating 10 pg of lipid in 10 mM CaCl; for 1 hour in the AFM cell. After incubation, the
AFM cell was washed with 100 ml of the following buffers at pH 7.3: I) 10 mM HEPES and
100 mM NaCl, II) 5 mM HEPES and 100 mM NacCl, III) 5 mM HEPES and 50 mM NaCl,
IV) 2.5 mM HEPES and 100 mM NaCl, V) 2.5 mM HEPES and 50 mM NaCl. At all
HEPES and NaCl concentrations tested, the lipid domains corresponding to the Lo phase are
visible and the domains are approximately 12 A tall. The domain height in different buffers
may vary slightly (1 — 2 A) due to the variation in the ionic strength.
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NaCl were lowered (i.e., buffer V), the domains in the DEC221 bilayer became smaller and
somewhat rounder, and started to resemble the domains in pure water. The results suggest
that both HEPES and NaCl concentration can affect the morphology of lipid bilayers on
mica. The buffer with the lowest HEPES and NaCl concentration (buffer V) was selected as
“the imaging buffer” to avoid the possible precipitation of salt due to the evaporation of
water from the open AFM cell. Thus, the buffer containing 2.5 mM HEPES and 50 mM
NaCl at pH 7.3 can potentially be used as a universal buffer to image all bilayers of interest
in this study, including the reconstituted nAChR bilayer.

In summary, domains have been observed with all of the HEPES buffers tested here
for the DEC221 bilayer. It appears that the concentration of both HEPES and NaCl can
affect the morphology of the bilayer, with the observed effects increasing proportionally
with the concentration of HEPES and NaCl. Therefore, the buffer with the lower HEPES
(2.5 mM) and NaCl (50 mM) concentration was selected as a potential buffer to image all
bilayers of interest. Whether this buffer can be used to image a reconstituted bilayer
containing the nAChR remains to be tested. Only a buffer that can maintain the proper

structure and function of the receptor can be used to image a reconstituted nAChR bilayer.

3.4 Imaging planar bilayers by TIRF microscopy

To validate the AFM data, the morphology of the bilayers on mica observed by AFM
was examined by a different microscopy method. Fluorescence microscopy has been used
to examine model] bilayers extensively, since it can readily observe microdomains in the
bilayer (Ira and Johnston, 2008; Veatch and Keller, 2003). Total internal reflection

fluorescence (TIRF) microscopy was used along with AFM to inspect planar bilayers
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prepared on mica. TIRF has the advantage of eliminating background fluorescence from

fluorophores in the bulk solution.

3.4.1 A comparison between AFM and TIRF imaging

The ability of TIRF microscopy to image a planar bilayer on mica is compared to
AFM by imaging POPC and DEC221 bilayers. Figure 3.5A and B are TIRF and AFM
images of a POPC bilayer on mica. The bilayer was prepared by incubating sonicated
unilamellar vesicles prepared with 0.2 mole% TR-DHPE for 1 hour in 10 mM CaCl; in an
AFM or TIRF cell. To accommodate the size difference between the AFM and TIRF cell,
10 pg of lipid was used for AFM and 20 pg of lipid was used for TIRF. Following
incubation, the sample was washed with 100 or 150 ml HEPES buffer for AFM and TIRF
imaging, respectively. The observed AFM image shows that a POPC bilayer in the presence |
0f 0.2 % TR-DHPE is still as flat and featureless as a pure POPC bilayer. The AFM image
suggests that the presence of TR-DHPE did not alter the morphology of the bilayer. The
TIRF image of a POPC bilayer in the presence of 0.2 % TR-DHPE showed a bilayer with
reasonably uniform fluorescence, except for variation due to inhomogeneities in the
excitation profile from the laser beam, based on visual inspection during alignment of the
laser. The uniform fluorescence in the POPC bilayer suggests that the bilayer has only one
phase (i.e. liquid disordered), which is characteristic of a PQPC bilayer at room temperature.
Evidently, the AFM and TIRF images of a POPC bilayer (doped with 0.2 % TR-DHPE) are
both consistent with a uniform, fluid bilayer.

Figure 3.5C and D are TIRF and AFM images of a DEC221 bilayer on mica. In the
AFM image, lipid domains ranging from 20 nm to 1 um in diameter can be observed in the

bilayer, and these domains are about 1 nm tall. The morphology of the DEC221 bilayer
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Figure 3.5. AFM and TIRF images of a POPC (A and B) and DEC221 (C and D) planar
bilayer on mica. The bilayer was prepared by incubating the sonicated unilamellar vesicles
(doped with 0.2 mole% Texas Red DHPE) for 1 hour in 10 mM CaCl; in an AFM or TIRF
cell. To accommodate the size difference between the AFM and TIRF cell, 10 pg of lipid
was used for AFM experiments and 20 pg was used for TIRF. The sample was washed with
HEPES buffer to remove unbound/excess materials following the incubation. The bilayers
were subsequently imaged in HEPES.
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essentially remains the same in the presence of 0.2 % TR-DHPE. The DEC221 bilayer was
similarly prepared and imaged by TIRF microscopy; Figure 3.5C shows that the bilayer has
a number of round dark areas ranging from about 200 nm to 1 pum in diameter. The round
dark areas are assigned to liquid-ordered domains based on previous fluorescence
microscopy studies on bilayers of similar lipid mixtures (Ira and Johnston, 2008; Veatch and
Keller, 2003). The lipid domains corrcspond to the segregation of cholesterol and
sphingomyelin into the liquid ordered phase which separates from DOPC in the liquid
disordered phase (Ira and Johnston, 2008; Veatch and Keller, 2003).  Due to the limited
resolution of TIRF, the perimeters of the lipid domains in the TIRF image are not as sharply
defined as those in the AFM image. Moreover, those domains that are less than 200 nm
cannot be observed because the optical resolution is limited to about 200 nm. Nevertheless,
the AFM and TIRF images of a DEC221 bilayer prepared on mica appear very similar to

one another.

3.5 Examining the reconstituted nAChR

The results thus far have demonstrated the successful preparation of lipid bilayers for
TIRF and AFM imaging. However, not all buffers can be used to image bilayers on mica
(i.e., TRB and TDB are not sﬁitable to image bilayers on mica). It appears that HEPES is
the most suitable buffer to image lipid bilayers on mica by AFM. Contradictorily, TRB and
TDB are common buffers used in nAChR studies while HEPFES had not been examined.
Because the structure and function of the nAChR in a HEPES buffer was unknown, the

functional capabilities of the nAChR in the HEPES buffer chosen for AFM and TIRF
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imaging had to be examined. Thus, the next step was to reconstitute the nAChR in a bilayer,

and determine if its structure or function was modified by the use of HEPES buffer.

3.5.1 Lipid and protein characterization for the reconstituted nAChR

The nAChR was reconstituted in a POPC bilayer at a L:P ratio of 1:2 (w/w) (see
Material and Methods), and the protein and lipid profile of the reconstituted sample was
characterized by SDS-PAGE and thin layer chromatography (TLC). According to the SDS-
PAGE in Figure 3.6A, there were four bands of protein in the sample, which corresponded
to the a, B, y, and & subunits of the forpedo californica nAChR (daCosta et al., 2002;
Raftery et al., 1980; Weill et al., 1974). The purity of the reconstituted protein was greater
than 95 % and all subsequent reconstitutions had similar purity, confirming the successful
purification and reconstitution of the nAChR.

To characterize the lipid content of the POPC/nAChR sample reconstituted at a L:P
ratio of 1:2 (w/w), lipid was extracted from the proteoliposomes according to the Bligh and
Dyer method of lipid extraction (Bligh and Dyer, 1959), and the extracted lipid was then
examined by TLC. The TLC result showed that the reconstituted POPC/nAChR
proteoliposome contained mainly POPC (Figure 3.6B). Therefore, the combined results

suggested that the nAChR was reconstituted in the desired bilayer.

3.5.2. Comparing the functional state of the nAChR reconstituted with POPC/POPC/Chol
(3:1:1) and POPC lipids

The ability of the nAChR to bind its ligand and undergo allosteric transition, which
reflects the ion channel functionality, was examined by FTIR difference spectroscopy. This

technique can detect minute conformational changes in the reconstituted protein after ligand
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Figure 3.6. Protein and lipid characterization of the reconstituted POPC/nAChR sample by
SDS-PAGE (A) and thin layer chromatography (B), respectively.
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Figure 3.7. The FTIR difference spectra of the nAChR reconstituted with POPC (bottom)
and POPC/POPA/Chol (3:1:1 mol/mol) (top) lipids at a L:P ratio of about 1:2 (w/w), and
was examined in 7orpedo Ringer (TRB) buffer. The two medium positive intensity bands
found at 1720 and 1530 cm™ respectively indicate that carbamylcholine (a ligand) has bound
to the protein (Beanziger et al., 2000) and the ligand is interacting with the receptor via a
tyrosine residue at the ligand binding site (Osaka et al., 1998). The presence of two strong
positive intensity bands at 1655 and 1547 cm™ indicate that a shift in the peptide backbone
of the reconstituted nAChR has occurred upon the binding of the ligand, which implies the
reconstituted nAChR can undergo conformational change (i.e., from resting to desensitized).
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binding (Baenziger et al., 1992a; Baenziger et al., 1992b). The top spectrum in Figure 3.7 is
a FTIR difference spectrum of the nAChR reconstituted with the POPC/POPA/Chol (3:1:1)
lipid mixture at the L:P ratio of 1:2 (w/w). This spectrum contains a pattern of positive and
negative bands indicative of a conformational change of the nAChR upon exposure to the
agonist carbamylcholine (Carb). The medium positive intensity bands at 1720 cm™ indicate
Carb has bound to the protein (Baenziger et al., 2000) and the ligand is interacting with the
receptor via a tyrosine residue at the ligand binding site (Osaka et al., 1998). The two strong
positive intensity bands at 1655 and 1547 cm’ reflect a shift in the amide I and II vibration
of the protein backbone, which implies a conformational change (from resting to
desensitized) in the nAChR upon the binding of Carb. This result agrees well with previous
studies showing that the ability of the receptor to undergo conformational change when
reconstituted with a lipid mixture of POPC/POPA/Chol (3:1:1) is similar to the nAChR in its
native membrane (Ryan et al., 1996). Hence, the receptor is mainly in the resting state when
it is reconstituted with the POPC/POPA/Chol (3:1:1) lipid mixture (daCosta et al., 2002;
Ryan et al., 1996).

The FTIR difference spectrum at the bottom of Figure 3.7 corresponds to the nAChR
reconstituted in a POPC bilayer at the L:P ratio of 1:2 (w/w). The two medium bands
observed at 1720 and 1530 cm™ indicate the receptor can bind Carb when reconstituted in a
POPC membrane. However, the lack of two strong positive bands at 1655 and 1547 cm’
implies the receptor did not undergo conformational change upon the binding of ligand. The
difference spectrum here is consistent with previous data in my lab for the nAChR
reconstituted in a POPC membrane (Baenziger et al., 2000; daCosta et al., 2002; Ryan et al.,

1996), where the receptor is expected to be in an uncoupled conformation (Dacosta and
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Baenziger, 2009). Based on the results, the nAChR that 1 reconstituted with
POPC/POPA/Chol (3:1:1) and POPC has similar structural conformation with previous

studies.

3.5.3. Comparing the functional state of the reconstituted nAChR in the selected HEPES

buffer for AFM imaging and TRB

After screening a number of buffers for AFM imaging earlier in this chapter, the
buffer which contains 2.5 mM HEPES and 50 mM NaCl at pH7.3 was selected as a potential
buffer for imaging both lipid alone and lipid-protein bilayers on mica. Whether this buffer
can provide a satisfactory environment to maintain the proper structure and function of a
reconstituted nAChR was yet to be determined. Hence, the functional state of the nAChR in
the HEPES buffer was compared against a buffer that has been used to study the receptor
(i.e., Torpedo Ringer buffer).

The top FTIR difference spectrum in Figure 3.8 belongs to the nAChR reconstituted
with a lipid mixture of POPC/POPA/Chol (3:1:1) and was examined in TRB. This spectrum
shows the presence of two strong positive intensity bands at 1655 and 1547 cm’, indicating
that the nAChR can undergo conformational change in the presence of Carb; hence the
receptor is in the resting state. This agrees well with the previous results. When the
difference spectrum of the nAChR was recorded in the HEPES buffer (second spectrum
from the top in Figure 3.8), it was very similar to that of TRB. This observation suggested
that the nAChR reconstituted with the lipid mixture POPC/POPA/Chol has a similar
structural conformation whether it is in TRB or HEPES buffer.

On the other hand, the nAChR is known to be in an uncoupled conformation when

reconstituted in a POPC bilayer (daCosta and Baenziger, 2009; daCosta et al., 2002). The
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Figure 3.8. A comparison of the structural state of the reconstituted nAChR in a HEPES
buffer against the Torpedo Ringer buffer. FTIR difference spectra of the nAChR
reconstituted with POPC/POPA/Chol (3:1:1), POPC and DOPC/eggSM/Chol (2:2:1) lipids
mixture at an approximate L:P of 1:2 (w/w) examined in a HEPES (2.5 mM HEPES, 50 mM
NaCl, pH 7.03) and Torpedo Ringer buffer (20 mM Tris, 250 mM NaCl, 5 mM KCl, 2 mM
MgCl,, 3 mM CaCl,, 0.001% NaNj, pH 7.03).
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two middle spectra in Figure 3.8 correspond to the nAChR reconstituted in POPC and
examined in TRB and HEPES buffer, respectively. The two spectra are similar, but a slight
difference (due to baseline distortions) can be observed in the 1550 and 1650 cm ™' region,
and the distortions were not corrected. Previous experiences in my laboratory on FTIR
difference spectroscopy found that baseline distortion is a typical phenomenon that can arise
from artifacts such as minute temperature variation and/or loss of sample in the flowing
buffer. The spectrum recorded in HEPES buffer showed a small band at 1547 cm™ and
there is a dip in the TRB spectrum at 1655 cm™. It can be debated if there is a difference in
the conformational state of the receptor in TRB and HEPES buffer or the observed
difference in the spectra may be due to baseline distortions. However, the absence of two
strong positive bands at 1655 and 1547 cm™ in the difference spectra in both TRB and
HEPES bufter, suggested that the receptor is uncoupled in a POPC membrane regardless of
the buffer used. The presence of the 1720 and 1530 cm™ positive band in both buffers
suggested that the receptor could still bind Carb but it can not undergo conformational
change (Baenziger et al., 2000; daCosta et al., 2002; Ryan et al., 1996). Therefore, the
conformational state of the nAChR reconstituted into a POPC membrane appears similar in
TRB and HEPES buffer (i.e., the receptor is in an uncoupled conformation).

The structural state of the nAChR was also examined when reconstituted with a
DOPC/eggSM/Chol (2:2:1) lipid mixture, which is known to form a phase-separated bilayer
with liquid-ordered domains (Veatch and Keller, 2003). Although the functional state of the
nAChR reconstituted with this lipid mixture has never been studied, the observed difference
spectrum suggested that the receptor can not undergo conformational change upon the

binding of Carb whether it was in TRB or HEPES buffer (two bottom spectra in Figure 3.8).

87



Positive intensity bands at 1655 and 1547 cm™' were not observed in either buffer, and the
difference spectra of the protein are almost identical in both buffers. These results suggested
that the conformational state of the nAChR when reconstituted with a DOPC/eggSM/Chol
(2:1:1) lipid mixture is similar in TRB or HEPES buffer.

In summary, the nAChR is in the resting conformation when it is reconstituted with a
POPC/POPA/Chol (3:1:1) lipid mixture in either TRB or HEPES buffers. In contrast, the
receptor i1s In a desensitized-like conformation when reconstituted with POPC or
DOPC/eggSM/Chol (2:2:1), regardless of the buffer used. Such results suggest that the
structural state of the nAChR is unaffected by the buffer. Therefore, the 2.5 mM HEPES

and 50 mM NaCl buffer at pH 7.3 can be used to study the nAChR.

3.5.4. Initial attempts to image the reconstituted nAChR by AFM

For AFM imaging, the reconstituted sample was prepared on mica in a manner
similar to that of the lipid alone sample, as described earlier. Brieﬂy, 10 pg of lipid from the
reconstituted sample was incubated on freshly cleaved mica in an AFM cell for 1 hour at
room temperature in TDB buffer in the presence of 10 mM CaCl,. Following the incubation
period the AFM cell was washed with 50 ml of buffer to remove the unbound material on
the mica, and the prepared sample was subsequently imaged.

The AFM images from Figure 3.9 show a sample prepared from a reconstituted
nAChR sample using the lipid mixture of POPC/POPA (3:2 mol/mol) at the lipid to protein
ratio of 1:2 (w/w). The AFM images show a number of particles ranging from 60 to 500 nm
in size. These observed particles are much larger than expected for the size of a nAChR,
which is about 9 nm in diameter. Moreover, the AFM images are rather fuzzy and the

observed particles have identical shadows beside them. These shadows indicate a double tip
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Figure 3.9. Imaging a sample on mica prepared from a reconstituted nAChR sample using
the lipid mixture of POPC/POPA (3:2 mol/mol) at the lipid to protein ratio of 1:2 (w/w).
The sample was prepared on mica by incubating 10 pg of lipid for 1 hour in 10 mM CacCl,.
Following incubation, the unabsorbed materials are washed off with water.
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image, which is an artifact that arises from contamination of the AFM tip; the extent of the
shadow reflects the size of the contaminant particle stuck to the tip. Note also that the
similar orientation of the double features is characteristic of an artifact. It is not possible to
identify the nAChR in these images. These poor quality images implied that the sample was
not optimally prepared for AFM imaging. However, these were the best images that could
be acquired from repeated trials. Cleaning the AFM tip (by extensive washing with 70 %
ethanol, water and HEPES buffer) or replacing the contaminated tip with a new AFM tip did
not result in better images because the tip was immediately contaminated as soon as it
contacted the sample. Consequently, the prepared samples can not be interpreted by AFM
imaging. These early results indicate that the preparation of a proper reconstituted nAChR
bilayer on mica for AFM imaging can be difficult. This is not too surprising due to the lack
of information in the literature on the parameters required to prepare a bilayer containing a
reconstituted integral membrane protein. For this reason, a more systematic approach was
devised to prepare a reconstituted nAChR bilayer on mica for AFM imaging. At this point I
decided to develop a method to reconstitute the nAChR in a simple, one-component lipid
bilayer (i.e., POPC) that was suitable for AFM imaging. Upon success, the same protocol
may be used to image the nAChR reconstituted in more complex lipid mixtures. Therefore,
the main objective of this study became imaging the nAChR reconstituted in a POPC bilayer

by AFM.

3.6 Discussion and Conclusions

The results in this chapter have demonstrated that planar bilayers such as POPC

(non-domain-forming) and DEC221 (domain forming) can be prepared on mica for AFM
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imaging. When a POPC bilayer was imaged in water, it is about 45 A thick and it appears as
a flat and featureless bilayer by AFM. These observations are expected for a single lipid
component bilayer in the liquid disordered phase. In contrast, when the DEC221 bilayer
was imaged in water, lipid domains that are about 12 A can be found protruding out of the
bilayer. These domains correspond to the liquid ordered phase (composed mainly of
cholesterol and sphingomyelin) in the bilayer. The remaining area of the DEC221 bilayer
corresponds to the liquid disordered phase, which is composed mainly of disordered lipid
(DOPC in this case) and it is ~45 A thick. The results demonstrated that the AFM can
image and distinguish clearly the difference between raft and non-raft bilayers in water.

The main objective was to image a reconstituted nAChR bilayer by AFM, and the
bilayer should be imaged in a buffer that can maintain the proper structure and function of
the protein. The TRB was initially chosen because it has been used extensively to examine
the structure of the nAChR. However, the presence of calcium and phosphate and the high
NaCl content in the buffer appear to cause precipitation of salt on the planar bilayer (Figure
3.2). Consequently, the TRB was eliminated from my list of potential buffers for AFM
imaging.

The next buffer selected was TDB because it is one of the buffers that has been used
to store reconstituted nAChR. However, the lipid domains in the DEC221 bilayer could not
be observed when the bilayer was imaged in TDB (Figure 3.3). In addition, there were
defects and debris on the bilayer after it was exposed to TDB. In a recent ellipsometry study
of lipid bilayer formation, the authors suggested that the Tris buffer they used (50 mM Tris
and 100 mM NaCl at pH 7.4) destabilized planar bilayers on mica (Benes et al., 2004). As

my findings coincided with their results indicating that Tris buffers are not suitable for
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forming stable bilayers on mica, [ had to search for alternate buffers to image bilayers on
mica.

Based on the available literature, HEPES is one of the most common buffers used to
image planar bilayers on mica by AFM. The results showed that the liquid ordered
phase/domains of the DEC221 bilayer can be observed by AFM in HEPES buffers (Figure
3.4). The results also showed that high concentrations of HEPES or NaCl elongate the
shape of the domains. However, the domains appear similar to those in water when the
HEPES and NaCl concentrations are low. For this project, I decided to use the buffer with a
low concentration of HEPES (2.5 mM) and NaCl (50 mM) at pH 7.03 to avoid any potential
side effect from the salt or buffer.

Examining how Tris and HEPES affect the formation and morphology of supported
bilayers on mica, however, could be interesting for future studies. In this regard, one could
compare the physical and chemical differences between Tris and HEPES to determine how
these two buffers affected a supported planar bilayer on mica. Tris and HEPES are very
different in size, shape, pKa and charge at pH 7 (see Figure 3.10). The molecular weight of
Tris (121 g/mole) is almost half of HEPES (238 g/mole). The shape of Tris is tetrahedral,
whereas HEPES is slightly planar and elongated. The pKa of Tris is about 8.0 and HEPES
is 7.5. Finally, Tris is positively charged at pH 7, whereas HEPES is negatively charged at
the same pH.

The structure of the nAChR was normally examined in TRB in my lab, but TRB was
unsuitable for AFM imaging. Fortunately, HEPES buffers can be used for AFM imaging,
but switching from TRB to HEPES buffer was a concern regarding the protein

structure/function because the ionic strength in TRB is much greater than HEPES buffer. 1
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Figure 3.10. The structural and chemical differences between HEPES and Tris buffer
provided by Sigma Aldrich.
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was not certain whether the decrease in the ionic strength of the buffer would alter the
conformation of the nAChR, and the change needed to be assessed. The FTIR difference
spectra of the nAChR (reconstituted in three different bilayers) are similar in TRB and
HEPES buffers. The low ionic strength HEPES buffer does not appear to alter the
conformation of the reconstituted nAChR. Thus, the result from FTIR difference
spectroscopy suggested that the buffer with 2.5 mM HEPES and 50 mM NaCl at pH 7.3 can
be used to image a bilayer containing the nAChR without affecting the receptor structure.

To validate the Qbservation of a membrane by AFM, TIRF microscopy was used to
image the POPC and DOPC/eggSM/Chol (2:2:1) bilayers prepared on mica. These two
bilayers can be imaged by TIRF microscopy by doping a small amount of fluorescent lipid
(e.g., 0.2 % TR-DHPE) into the vesicles used to prepare the bilayer. A POPC alone bilayer
appears flat and featureless by AFM (Figure 3.5C) and the TIRF image (Figure 3.5D) shows
that the TR-DHPE dye is evenly distributed in a POPC bilayer. Thus, both microscopy
techniques confirm that a POPC bilayer has only one phase. When imaging the
DOPC/eggSM/Chol 2:2:1 bilayer by either AFM or TIRF (Figure 3.5B and A), lipid
domains that are depleted in TR-DHPE can be observed in the bilayer. However, the
resolution of the TIRF image is much poorer than that of AFM. Importantly, these results
show that fluorescent-labeled molecules in a planar bilayer on mica can be reliably detected
by TIRF. Therefore, TIRF microscopy should be useful to validate later studies involving
the nAChR reconstituted in a bilayer, where the presence of the nAChR in a bilayer can be

detected if the receptor is fluorescently labeled.
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Chapter 4: Reconstituting the nAChR in a POPC bilayer for

AFM imaging



4.1 Introduction

With the goal of preparing a reconstituted nAChR bilayer amenable for AFM
imaging, I planned to reconstitute the nAChR in a simple POPC bilayer at a high lipid to
protein (L:P) ratio. [ have two reasohs to reconstitute the receptor at high L:P ratio. First, I
have demonstrated that a bilayer can be prepared on mica from pure lipid vesicles and that
the bilayer can be subsequently imaged by AFM. Thus, preparation and imaging of a
reconstituted nAChR bilayer is more likely to be successful if the receptor is reconstituted in
a liposome that has similar properties to a lipid-alone liposome (i.e., a proteoliposome with
low protein density). Another reason to reconstitute the nAChR at high L:P ratio is to
ensure that the AFM will be able to clearly distinguish protein from the surrounding lipid
bilayer. This factor is important for later experiments to determine if the nAChR can
segregate lipid into domains in a membrane. To resolve the lipid and protein molecules in
the plane of a bilayer, the size of the AFM tip and the distance between 2 proteins in the
bilayer must be considered. I made a rough calculation to estimate the spacing distance
between 2 receptors in a POPC planar bilayer reconstituted at a given L:P ratio (see Figure
4.1); the nAChR 1is about 280 000 Da in molecular weight and has a diameter of about 9 nm
based on electron microscopy data (Unwin, 2005), and POPC is 760 Da with a diameter of
about 0.9 nm (Lewis and Engelman, 1983). Based on my rough calculation which assumes
equal spacing between individual proteins, when the L:P ratio is 100:1 (w/w), the expected
distance between two nAChR (edge to edge) in a POPC bilayer is about 110 nm in the X or
Y direction. Considering that the AFM tip (MAC mode Type II) is about 10 — 14 nm in
diameter and has a cone angle of 20° at the apex of the tip, reconstituting the nAChR at a

L:P ratio of 100:1 (w/w) or greater should allow observation of individual reconstituted
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Figure 4.1. A rough calculation for the spacing of the nAChR in a POPC planar bilayer.
The nAChR (MW = 280, 000 Da) is about 90 A wide in diameter based on the cryoEM
structure of Unwin 2005, and the POPC (MW = 760 Da) is about 9A in diameter (Lewis and
Engelman, 1983). I drew a scaled cartoon of the nAChR in a POPC bilayer to estimate the
spacing distance between 2 receptors at a given L:P ratio (top). An equation (bottom) is
then derived to predict the relationship between the reconstituted L:P ratio and the spacing
distance between 2 nAChR in the X or Y direction, assuming the receptor is evenly spread
in the bilayer.
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proteins. Thus, I attempted to increase the L:P ratio of the reconstituted sample.

4.2. An attempt to prepare a POPC/nAChR bilayer for AFM imaging

The L:P ratio of the reconstituted sample was initially increased by simply increasing
the lipid concentration of the solution used to elute the protein from the affinity column as
described in Materials and Methods. In theory, the increase in the lipid content used in the
reconstitution should not affect the structure or function of the nAChR, but confirmation
was needed before attempting to prepare a bilayer at high L:P ratio on mica for AFM

imaging.

4.2.1. Examining the function of the nAChR reconstituted at a higher L:P ratio

The structural conformation of the receptor reconstituted at a higher L:P ratio was
compared to a sample reconstituted at low L:P ratio by FTIR difference spectroscopy. The
top and middle spectrum in Figure 4.2 belongs to the nAChR reconstituted at the L:P ratio of
1:2 and 10:1, respectively. The intensity of all bands in the spectrum was very weak in the
10:1 L:P ratio reconstitution. This is not a surprise because the reconst.itution at a L:P ratio
of 10:1 contains 20 times more lipid than the reconstitution at a L:P ratio of 1:2 with an
equal protein loading. Thus, the effective amount of protein near the surface of the
germanium crystal to absorb the evanescence wave (which decays exponentially from the
crystal’s surface) in the higher L:P ratio reconstitution is much less than that of the lower
L:P ratio. Consequently the signal from the protein becomes inversely proportional to the
L:P ratio of the reconstituted sample. To better compare the difference spectrum between

the low and high L:P ratio sample, the spectrum was normalized; this was done by stretching
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Figure 4.2. The function of the nAChR reconstituted at 20 times higher lipid concentration
than normal was examined by FTIR difference spectroscopy. The nAChR was reconstituted
with a lipid mixture of POPC/POPA/Chol (3:1:1) at the L:P ratio of 1:2 (top spectrum) and
10:1 w/w (bottom two spectra). The spectral signal from the protein is very weak in the
10:1 L:P ratio reconstitution (middle spectrum), and the protein signal was normalized by
expanding the spectrum until the ligand binding band at 1720 cm™ of the 10:1 is equivalent
to the 1:2 L:P ratio reconstitution (bottom spectrum).

99



1655 cm™! 1547; cm’!
i
1!, i

Absorbance

e

AN

. :
;
i i
] I | i 1 } lB
LI L} 1 || 1
1800 1750 1700 1650 1600 1550

Wavenumber (cm!)

99



out the Carb band at 1720 cm™ for the 10:1 L:P ratio reconstitution until the intensity of the
Carb band is similar to that of the 1:2 L:P ratio reconstitution. The bottom spectrum in
Figure 4.2 is the stretched difference spectrum for the 10:1 L:P ratio reconstitution. This
spectrum has a slight negative distortion near the 1600 cm™ region, but two positive bands at
1655 and 1547 cm™' can be definitely observed. The presence of these two positive bands
indicates that the structural state of the nAChR remains similar, if not the same, when its
density in the membrane decreases by an order of magnitude.

To summarize, the signal from FTIR difference spectroscopy is weak at a L:P ratio
of 10:1 (w/w), which is about 20 times the lipid concentration for a typical reconstitution
done in my lab. However, the FTIR spectra are similar for both concentrations. Based on
this observation, I assumed that the receptor conformation would not change at higher L:P
ratio (i.e., 100:1 or more). Furthermore, the FTIR difference spectroscopy technique cannot
be used on a sample reconstituted with a significantly higher L:P ratio (i.e. 100:1); this
experiment was attemf)ted but the spectrum was highly distorted and noisy (data not shown)

and could not be interpreted.

4.2.2. AFM imaging of a sample reconstituted at a L:P ratio of 100:1 (w/w)

The nAChR was reconstituted in a POPC bilayer at a L:P ratio of 100:1 (w/w) by
increasing the concentration of lipid as described in Materials and Methods. Following the
reconstitution, a planar bilayer was prepared on mica for AFM imaging. The sample was
prepared with 10 pg of lipid (and 0.1 pg protein assuming protein is uniformly distributed),
incubated for 1 hour in 10 mM CaCl, on freéhly cleaved mica. Following incubation, the
unabsorbed material was washed off with the imaging HEPES buffer, and the adsorbed

bilayer was subsequently imaged by AFM. The AFM images in Figure 4.3A and B show
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Figure 4.3. An attempted reconstitution of the nAChR in a POPC bilayer at a L:P ratio of
100:1 (w/w). A planar bilayer was prepared on mica from the sample with 10 pg of lipid,
incubated for 1 hour in 10 mM CaCl,. Following incubation, the unabsorbed materials were
washed away with the imaging HEPES buffer, and the adsorbed bilayer was subsequently
imaged by AFM (A and B). To characterize the reconstituted sample, the attempted
reconstitution at the L:P ratio of 100:1 (w/w) was loaded on a step sucrose gradient of 0, 5,
10, 20 and 40 % sucrose (2 ml each step). The sample was loaded in the 0 % step, and was
subsequently ultra-centrifuged at 200000g, 20 hr, and 4°C. Following ultra-centrifugation,
400 pl fractions were drawn from the gradient (starting from the top) and the lipid and
protein content from each fraction was measured (C) as described in section 2.5.1.
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patches of planar bilayer that was prepared from the reconstitution in a POPC bilayer at a
L:P ratio of 100:1 (w/w). Assuming that the nAChR is evenly spaced in the bilayer upon
reconstitution, I would expect to see a feature corresponding to the nAChR dimensions at
every 100 nm on average with a bilayer at a L:P ratio of 100:1 (w/w) based on my rough
calculation. However, the AFM imaées of the bilayers on mica were contrary to this
prediction; the images were very similar to those for POPC bilayers and there were no
features consistent with reconstituted protein. This experiment was repeated many times but
features corresponding to the nAChR were never observed. Perhaps the protein was not
reconstituted in the bilayer as expected, or maybe it was reconstituted but the

proteoliposomes did not form a planar bilayer on the mica surface for some reason. Thus,

the reconstituted sample was characterized in more detail.

4.2.3. Characterization of the reconstitution attempted at the L:P ratio of 100:1 (w/w) via

sucrose gradient

To investigate whether the nAChR was properly reconstituted in a POPC membrane
at high L:P ratio, the reconstituted sample was characterized on a sucrose gradient. The
sucrose gradient method has been used to separate empty liposomes, proteoliposomes and
protein aggregates from each other according to their differences in density in many studies
for the nAChR (Anholt et al., 1982; Anholt et al., 1981; Fong and McNamee, 1986). Empty
liposomes are typically found at low sucrose density (i.e., 5 % sucrose), protein aggregates
are found in high sucrose density (i.e., 50 % sucrose), and proteoliposomes can be found
anywhere from low to high sucrose density depending on the L:P ratio.

The reconstitution attempted at the L:P ratio of 100:1 (w/w) was characterized on a

discontinuous gradient of 0, 5, 10, 20 and 40 % sucrose. According to the plot in Figure
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4.3C, the reconstituted sample has two peaks. The first peak was found at 5 % sucrose and
it contained only lipid. The other peak was found at 10 % sucrose and it contained both
lipid and protein, but the L:P ratio was 10 times lower than expected (about 10:1 w/w). This
observation showed that the reconstitution at a L:P ratio of 100:1 (w/w) did not yield the
expected L:P ratio. Rather, the reconstitution contains two populations of vesicle, one
corresponding to empty vesicles, and the other to protein-rich vesicles (with an estimated
L:P ratio of about 10:1 w/w).

In summary, the current reconstitution method was not successful in generating
proteoliposomes at the expected high L:P ratio. Rather, the reconstitution yields empty and
protein-rich vesicles. In addition, AFM data shows that the sample containing both empty
and protein-rich vesicles generated only a protein-free planar bilayer on mica. The
combined AFM and sucrose gradient results suggested that the empty liposomes in the
reconstitutea sample form a bilayer on mica much faster than the proteoliposomes at low
L:P ratio. Therefore, it may not be possible to prepare a POPC/nAChR bilayer on mica for
AFM imaging with a reconstituted sample containing a mixture of liposomes and

proteoliposomes.

4.2.4 An attempt to image POPC/nAChR fractions at a low L:P ratio

The reconstituted sample at the L:P ratio of 100:1 (w/w) can not be used to prepare a
POPC/nAChR bilayer on mica because it contained both empty and protein-rich vesicles.
However, the separation of empty and protein-rich vesicles on the sucrose gradient may
offer an alternative approach to prepare a POPC/nAChR bilayer on mica for AFM imaging.
Therefore, the protein-rich vesicles were isolated and used to prepare a POPC/nAChR

bilayer on mica.
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The protein-rich vesicles with an approximate L:P ratio of 10:1 (w/w) were isolated
by pooling together those fractions containing both protein and lipid on the sucrose gradient
shown in Figure 4.3C and removing the sucrose by dialysis (see section 2.5.2). At this
point, I also planned to use total internal reflection fluorescence (TIRF) microscopy as a
secondary microscopy method to verify that a POPC/nAChR bilayer could be prepared on
mica. In order to observe the nAChR by TIRF microscopy, the pooled fractions were
labeled with o-bungarotoxin conjugated to Alexa488 (aBTx-A488) as described in -
Materials and Methods; the toxin binds specifically to the nAChR (Changeux et al., 1970).

For AFM imaging, 10 pg of lipid from the prepared sample was incubated on mica
in an AFM cell at 10 mM CaCl, for 1 hour at room temperature. The cell was washed with
100 m! of HEPES buffer to remove the unbound vesicles following incubation. The sample
was then imaged by AFM (Figure 4.4A). There were patches of bilayer found in this image.
There were some features found protruding out of these membrane patches. Those particles
that protruded out of the bilayer are in the range of 3 nm to greater than 10 nm in height.
Assuming these particles correspond to the nAChR, the AFM image indicates that very few
proteins are found in the bilayer on mica. The appearance of this membrane is not what was
expected since the low L:P ratio (10:1 w/w) should have produced a bilayer with a high
density of nAChR. Moreover, the amount of lipid used (10 pg, see Chapter 3) always gave
a continuous bilayer, rather than patches, for POPC vesicles.

To investigate why the sample with a 10:1 L:P ratio did not give an intact bilayer
with reconstituted protein, a bilayer was similarly prepared on mica for TIRF microscopy
with a sample labeled with aBTx-A488. For TIRF imaging, 20 pg of lipid was incubated in

a TIRF cell at 10 mM CaCl, for 1 hour at room temperature; the quantity of sample loaded
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Figure 4.4. Imaging a POPC/nAChR sample with a L:P ratio of 10:1 (w/w). Fractions in
the 10% sucrose from Figure 4.3 were pooled, labeled with aBTx-A488, and then dialyzed
to remove unbound toxin and sucrose. A bilayer was prepared in the AFM (with 10 pg of
lipid) and TIRF cell (with 20 pg of lipid) for imaging, and incubated for 1 hour at the
specified CaCl, concentration. Following incubation, the unabsorbed materials were
washed off with the imaging HEPES buffer, and the adsorbed bilayers were subsequently
imaged by AFM and TIRF. The AFM and TIRF image in A & B were prepared with 10
mM CaCl,, and the images from C & D were prepared with 75 mM CaCl,. A and B are
similarly prepared bilayers from the same sample, but not same imaging area; the same
applies to C and D
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was double because the TIRF cell is about twice the size of the AFM cell. Following
‘incubation, the TIRF cell was washed with 150 ml of HEPES buffer to remove the unbound
vesicles. The TIRF image for this sample (Figure 4.4B) showed that there were relatively
few fluorescence signals from the labeled receptor. The level of fluorescence signals from
the aBTx-A488 was apparently less than expected for a labeled POPC/nAChR bilayer with
a L:P ratio of 10:1 (w/w), if a continuous bilayer had formed on the mica surface. The low

level of fluorescence signal could be due to incomplete bilayer formation and/or little

reconstituted protein deposited on the mica surface. The combined AFM and TIRF results

suggested that a significant amount of loaded sample did not deposit on the mica surface.

If the majority of the sample did not deposit on the mica surface, where did it go?

To answer this question, I need to realize that the mica surface is negatively charged

(TedPella) and the nAChR is also negatively charged (so that it could sequester cations and

rapidly flux them across the membrane after ligand binding) (Unwin, 2005). Thus, a POPC

bilayer containing a significant amount of the reconstituted nAChR (i.e., at a L:P ratio of

10:1) would most likely not be adsorbed on the mica surface unless there is something to

bridge the two negatively charged surfaces. This reasoning was based on the fact that the

presence of a divalent cation such as calcium is typically used for the deposition of a

membrane containing a negatively charged lipid (e.g., GM1) (Yang et al.,, 1993) and

negatively charged molecules such as DNA (Lushnikov et al., 2006; Shlyakhtenko et al.,

2003) on mica. Although 10 mM CacCl, was used to incubate the POPC/nAChR sample at a

L:P ratio of 10:1 (w/w), this concentration of calcium may not be enough to adsorb the

proteoliposomes on mica. Therefore, I decided to raise the level of calcium in an attempt to

increase the deposition of the POPC/nAChR sample reconstituted at a 10:1 (w/w) L:P ratio.
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In an attempt to raise the adsorption level of the POPC/nAChR vesicles on mica, the
sample at a L:P ratio of 10:1 (w/w) was incubated on mica at higher calcium concentration.
The sample was first examined with TIRF microscopy. About 20 ug of lipid were incubated
in a TIRF cell at 75 mM CaCl, for 1 hour at room temperature. Following incubation, the
cell was washed with 150 ml of HEPES buffer to remove the unbound vesicles. The sample
was then imaged by TIRF microscopy. According to Figure 4.4D, the fluorescence signal in
this TIRF image was dramatically increased as compared to the sample incubated at low
calcium concentration. The result shows lots of fluorescence signal from aBTx-A488 in the
bilayer on mica, which suggested that there was a significant increase in the level of sample
deposited on the mica surface. Clearly, increasing the calcium concentration in the
incubation media increased the adsorption of the POPC/nAChR proteoliposomés on the
mica surface.

For AFM imaging, 10 pg of lipid was incubated in an AFM cell at 75 mM CaCl, for
1 hour at room temperature. Following incubation, the cell was washed with 100 ml of
HEPES buffer to remove the unbound vesicles. The sample was then imaged by AFM
(Figure 4.4C). This sample was very difficult to image and analyze. There may be some
bilayer pétches observed at the top of the AFM image; there are many large particles around
these patches, with most of the particles being larger than 100 nm in diameter. These large
particles cannot be individual reconstituted nAChR; they are more likely adsorbed protein
aggregates or proteoliposomes. The rest of the image 1s extremely messy and streaky. Such
streaks were never present when imaging lipid alone bilayers prepared with 75 mM CaCl,
(data not shown). Hence, these streaks are most likely due to contamination of the tip by

some of the large adsorbed particles.
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The observation of bilayer patches and large particles for the L:P 10:1 sample at high
calcium concentration (Figure 4.4C) suggests that only a fraction of the proteoliposomes that
adsorb to the mica surface and rupture to form a bilayer. In order to image this sample
successfully by AFM, more effort would be required to optimize the preparation of a
POPC/nAChHR bilayer at low L:P ratio. However, the low L:P ratio is expected to give a
high protein density in the bilayer, which is not compatible with addressing the question of
whether the receptor induces domain formation. Thus, I decided to focus on the preparation

of a higher L:P ratio bilayer on mica for AFM imaging.

4.2.5. Heterogeneity in vesicle population is a prominent occurrence for the reconstitution

of the nAChR in a POPC membrane

Preparation of a bilayer with high L:P ratio for AFM imaging requires reconstitution
of the nAChR in vesicles at high L:P ratio. In theory, the L:P ratio of a sample can be
controlled by the amount of lipid used to reconstitute the protein. However, the initial
attempt to reconstitute the receptor at high L:P ratio was not successful. To address this
problem, the L:P ratio of the proteoliposomes was measured for samples reconstituted with
varying amounts of lipid. If increasing the amount of lipid can increase the L:P ratio of the
reconstituted proteoliposome, then the L:P ratio of the reconstituted proteoliposome should
increase proportionally to the amount of lipid used to reconstitute the nAChR, and the
desired L:P ratio may be extrapolated or regressed from a “lipid used” Vs “L:P ratio” curve.
If the L:P ratio reaches a plateau early, then the current method is not useful to reconstitute
the nAChR at high L:P ratio.

The nAChR was reconstituted in a POPC bilayer at L:P ratios of 3:1, 20:1, 50:1, and

100:1 (w/w); lipid alone vesicles (i.e., L:P ratio = oal) were also prepared for comparison.
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The reconstituted samples were then examined on a discontinuous sucrose gradient with 0O,
5, 10, 20 and 40 % sucrose (2 ml each step), with the samples loaded in the 0 % sucrose.
According to the sucrose gradient results in Figure 4.5, all reconstituted samples from low to
high L:P ratio consistently gave a heterogeneous vesicle population. Each reconstitution
gives a population of empty vesicles and a population of relatively low L:P ratio
proteoliposomes. In all cases, there are no vesicles with the desired L:P ratio (i.e.,
proteoliposome with L:P ratio of 100:1 w/w).  The L:P ratio of the reconstituted
proteoliposomes seems to level off before 50:1 (w/w). Thus, the current reconstitution
method is not ideal to reconstitute the nAChR in vesicles at high L:P ratio. At this point, I
investigated an alternate method for reconstitution of the nAChR in a POPC bilayer at high

L:P ratio.

4.3 Detergent destabilized liposome reconstitution

Based on the available literature, an alternative method known as detergent
destabilized liposome reconstitution described by Rigaud and collaborators (Paternostre et
al., 1988; Rigaud et al., 1988) had been used to reconstitute proteins in the bilayer. I
planned to test whether this method could be used to reconstitute the nAChR at high L:P
ratio. This method requires a preformed liposome to be optimally destabilized by a
detergent to allow the incorporation of a detergent solubilized membrane protein. In order
to apply this method, the stability of POPC liposomes in the detergent cholate needed to be
examined first. Then a range of destabilized liposomes were selected to test whether a
purified and solubilized nAChR could be incorporated into one of these destabilized

liposomes.
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Figure 4.5. Characterization of the reconstituted nAChR in POPC membranes at various
L:P ratios. The nAChR was reconstituted using similar conditions as in Figure 4.3 at the
L:P ratio of 3:1, 20:1, 50:1, 100:1 and lipid alone, and the samples were examined on a
discontinuous sucrose gradient of 0, 5, 10, 20 and 40 % (ultracentrifuged at 200 000xg, 20 h,
and 4 °C).
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4.3.1 The stability of extruded POPC liposomes in cholate

POPC liposomes were prepared by extrusion using a 400 nm polycarbonate filter.
The stability of the extruded liposomes in cholate was monitored by measuring the optical
density (OD) at 405 nm. A higher OD reading indicates that the vesicle is either larger
and/or more stable, whereas a lower OD reading signifies that the vesicle is less stable,
destabilized and/or smaller, and the vesicle becomes solubilized when the OD approaches
that of the blank solution (Rigaud and Levy, 2003; Rigaud et al., 1988; Rigaud et al., 1995).
The graph in Figure 4.6A shows the OD of the extruded POPC liposomes incubated at
various concentrations of cholate. The OD of the POPC vesicles dropped significantly when
the cholate concentration was above 0.2% (w/v), which suggested the POPC vesicle were
unstable at and above this cholate concentration. In addition, it only takes approximately 0.3
% cholate (w/v) to bring the OD down to the baseline, where the POPC vesicles have been
solubilized. Thus, the point of solubilization for the extruded POPC vesicles is assumed to
be about 0.3 % cholate (w/v), even though the critical micelle concentration of cholate is 0.6

% (w/v). The results here suggest that POPC vesicles can be easily solubilized by cholate.

4.3.2 Characterization of the attempted reconstituted samples via sucrose gradient

In an attempt to reconstitute the nAChR in a bilayer, the receptor was purified and
solubilized in a detergent-lipid solution, and then the protein was incubated with extruded
POPC liposomes destabilized in a range of detergent concentrations as shown in Figure 4.6
(i.e.,, from 0.100 to 1.00 % cholate). This was done to examine whether the mildly
destabilized, strongly destabilized or completely solubilized POPC liposomes would be

effective in reconstituting the nAChR at high L:P ratio. In the case of completely
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Figure 4.6. The reconstitution of the nAChR in POPC vesicles was attempted via the
detergent destabilized liposome reconstitution method. POPC liposomes (at 10 mg/ml) were
prepared by extrusion using a 400 nm polycarbonate filter. The stability of the extruded
POPC liposomes in cholate was assessed by reading the OD at 405 nm (A). For each
reconstitution trial, an appropriate amount of cholate was added to the extruded POPC
liposomes, followed by the addition of the nAChR (solubilized in a detergent/lipid solution
composed of 1 % cholate and 1.25 mg/ml of lipid). For all trials, the final concentration of
POPC is 1.5 mg/ml and nAChR is 0.03 mg/ml (L:P ratio is about 50:1 w/w), and the
concentration of cholate was varied as indicated. As the appropriate contents were mixed,
the solution was gently stirred for 90 minutes at 4 °C, and the sample was then subjected to
dialysis to remove the detergent. All the samples were frozen immediately after detergent
dialysis until further sucrose gradient analysis, and a few samples were thawed at a time for
characterization. Each of the reconstitution trials was characterized on a discontinuous
sucrose gradient (0, 5, 10, 20 and 40%; ultra-centrifuged at 200000xg, 20 h, and 4 °C). A
picture of the sucrose gradient for each sample was recorded for visual inspection (B).
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solubilized POPC liposomes, the condition would be similar to the original reconstitution
method, which will serve as a control. As the appropriate contents were mixed, each
solution was gently stirred for 90 minutes at 4 °C, and the sample was then subjected to
dialysis to remove the detergent for reconstitution. All the samples were frozen immediately
after detergent dialysis until further sucrose gradient analysis; a few samples were thawed at
a time for characterization. For more information, see the detergent destabilized liposome
reconstitution procedure described in the Materials and Methods section.

Based on visual inspection for the reconstituted samples, there was a notable
physical difference if destabilized or solubilized POPC liposomes were used to reconstitute
the nAChR. When the nAChR was reconstituted with solubilized liposomes or lipids, the
solution appeared transparent before and after detergent dialysis. The sample became
cloudy only after it was frozen (to store) and then thawed to room temperature (to use). The
change in the level of turbidity suggested a significant change in the morphology of the
reconstituted sample following a freeze-thaw cycle. On the othér hand, the destabilized
liposome reconstitutions were cloudy before and after detergent dialysis, and they remained
similarly cloudy after a freeze-thaw cycle. Whether there was any change in the vesicles
used in the detergent destabilized liposome reconstitutions would have to be confirmed by
other means (e.g., microscopy or dynamic light scattering).

To characterize the attempted reconstitutions, the samples were examined on a
discontinuous sucrose gradient of 0, 5, 10, 20 and 40 % sucrose (the sample is in the 0 %
sucrose). Based on visual inspection as shown in Figure 4.6B, there was a significant
difference between the destabilized (0.100 — 0.250 % cholate) and solubilized (0.300 and

1.00 % cholate) POPC liposome reconstitution trials. However, the difference among the
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destabilized liposomes reconstitutions was very subtle; the solubilized liposome
reconstitutions were also similar to each other. I can consistently observe the lipid band(s)
in the 5 % sucrose in the destabilized POPC liposome trials. The lipid band was noticeably
narrower in the 0.100 to 0.150 % cholate samples, whereas in the 0.175 to 0.250 % cholate
sample the lipid band was broader and a second minor band appeared between the 0 and 5 %
sucrose. In the case of solubilized POPC liposome reconstitution attempts, there was a lipid
band found near the bottom of 5 % sucrose. In addition, there was also an observable band
in the 10 % sucrose. Clearly, there was a significant difference between the destabilized and
solubilized liposome reconstitution trials.

Each sample was characterized by drawing 400 pl fractions from each sucrose
gradient (starting from the top), and the lipid and protein content for each fraction was
analyzed. The results for the destabilized liposome attempts are shown first; only the results
from the 0.150 and 0.250 % cholate trials will be presented because the results for the other
trials are similar to these two. In both of these reconstitution trials, a major lipid peak is
found in the 5 % sucrose (Figure 4.7). There is no protein in this peak, suggesting that it
corresponds to a population of empty liposomes. There also was a minor lipid peak in th;a
20 % sucrose that was not observed by visual inspection. Overlapping with this minor lipid
peak is a protein peak, the 2 peaks combined yielded a very low L:P ratio of about 3:1 (w/w)
(Figure 4.7). The presence of the protein at high sucrose density gradient (e.g., 20 %) along
with the minor lipid peak suggested that the proteoliposome is high in density, which is
characteristic of a low L:P ratio vesicle. The result showed that the nAChR was not
successfully incorporated in the POPC liposomes to form vesicles at high L:P ratio with the

destabilized liposomes reconstitution method.
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On the other hand, the sucrose gradient results for the solubilized POPC liposomes
(especially the 1 % cholate trial) reconstitutions were rather unexpectedly successful in the
production of a high L:P ratio vesicle population. Figure 4.7 shows the distribution of lipid
and protein in the sucrose gradient of the solubilized POPC liposome reconstitution attempts
(0.30 and 1 % cholate). There is a small protein peak in both 5 and 10 % sucrose in the
solubilized POPC liposome attempts, although the 1 % cholate shows this peak much more
clearly. More importantly, there is also a major lipid peak overlapping with these small
protein peaks, and the L:P ratio in this peak is high. The 0.30 % cholate trial only shows a
protein shoulder in the 5 % sucrose (rather than a peak); the 1.0 % cholate trial clearly
shows a small protein peak in the 5 % sucrose that overlaps with a major lipid peak
indicated by a star in Figure 4.7. The L:P ratio of this peak is about 150:1 (w/w).
Apparently, the cholate solubilized POPC liposomes favor the formation of a vesicle
population with high L:P ratio. The conditions used to reconstitute the nAChR with the
solubilized POPC in 1 % cholate in this case are very similar to that of the reconstitution
procedure described earlier (section 4.2). However, earlier attempts to reconstitute the
nAChR at high L:P ratio with solubilized POPC were never successful. Clearly, there must
be a difference in the reconstitution procedure used here (as compared to the earlier one) that
allowed me to reconstitute the nAChR at high L:P ratio. When the nAChR was
reconstituted again with the new procedure, a similar result was observed, where a peak of
proteoliposome with high L:P ratio can be observed. Thus, the reconstitution procedure
using solubilized POPC can indeed yield a fraction of vesicles with a high L:P ratio. Since I

had achieved my goal of reconstituting the nAChR at high L:P ratio, I did not further
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Figure 4.7. Sucrose gradient analysis for the attempted reconstitution of the nAChR in
POPC vesicles via the detergent destabilized liposomes method from Figure 4.6; a few
selected results are shown. Fractions of 400 ul were drawn from each sucrose gradient
(starting from the top), and the lipid and protein content in each fraction was analyzed.
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investigate the detergent destabilized liposome reconstitution method. Rather, I focused on

investigating the mechanism(s) for formation of a fraction of high L:P ratio vesicles.

4.4. A new method to reconstitute the nAChR at high L:P ratio

The procedures used in the earlier and the later methods were identical up to the
detergent dialysis point, but there were a few minor differences in the sample treatments
after dialysis. In the earlier method, the sample was ultra-centrifuged (100 000xg, 4 °C, 2
hours) to concentrate the reconstituted vesicles. The pellet was then redispersed (with a
homogenizer) and diluted to the desired concentration. Then the sample was stored at — 80
°C, and thawed to room temperature prior to use. In the later reconstitution, the dialyzed
samples were aliquoted and stored at — 80 °C immediately without ultra-centrifugation.
How these differences contribute to the formation of a fraction of vesicles with high L:P
ratio was examined next.

The original sucrose gradient that I haV‘e used to characterize the reconstituted
nAChR samples can identify a fraction of vesicles with high L:P ratio (Figure 4.7), but the
séparation between the peak of low and high L:P ratio is rather poor. It is important to
separate the high from low L:P ratio vesicles so that the high L:P ratio proteoliposomes can
be isolated for AFM studies and further characterization purposes. Therefore, the sucrose

gradient was optimized to separate the high from low L:P ratio vesicles.
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4.4.1. Optimizing the sucrose gradient to separate the high L:P from the low L:P ratio

POPC/nACHhR

Although a fraction of high L:P ratio vesicles could be obtained with the later
reconstitution procedure, the high and low L:P ratio vesicles were not well separated on the
original sucrose gradient (0, 5, 10, 20, and 40 % sucrose). In the original sucrose gradient in
Figure 4.7, the high and low L:P ratio peaks are strongly overlapped. The original sucrose
gradient was modified to optimize the separation between the low and high L:P ratio
proteoliposomes. My approach was to modify the original sucrose gradient at the point that
separates the high and low L:P ratio proteoliposomes (i.e., between 5 and 10 % sucrose).
The nAChR was reconstituted in a POPC bilayer at a targeted L:P ratio of 100:1 (w/w), and
the sucrose gradient was optimized to separate the low and high L:P ratio vesicles.
Following a few trials, I found that adding a 7.5 % sucrose layer to the original sucrose
gradient works well for separating the high L:P ratio proteoliposomes from the undesired
lower L:P ratio proteoliposomes (Figure 4.8). The new sucrose gradient is as follows: 0 %
(3 ml, containing the sample), 5 % (2.5 ml), 7.5 % (2.5 ml), 10 % (1 ml), 20 % (1 ml) and 40
% (1 ml) sucrose. In this sucrose gradient, the high L:P ratio proteoliposomes tend to settle
in between the 5 and 7.5 % sucrose, whereas the lower L:P ratio proteoliposomes settle at‘ 10
% sucrose. It was observed that POPC alone settles just above the high L:P ratio vesicles in
Figure 4.8, which indicates that this sucrose gradient may not separate the empty liposomes
(settle at 5 % sucrose) from the high L:P ratio proteoliposome satisfactorily. However, I still
chose to adopt this sucrose gradient since the densities of the empty liposomes and the high
L:P ratio proteoliposomes are very similar, and trying to separate them can be very difficult.

Thus, this sucrose gradient was used to characterize subsequent reconstitutions (unless
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Figure 4.8. A modification in the sucrose gradient to separate proteoliposomes at high L:P
ratio from proteoliposomes at low L:P ratio. The nAChR was reconstituted into POPC at
L:P ratio of 100:1 (w/w) with the new reconstitution method and was analyzed on different
sucrose gradients. My initial sucrose gradient (0, 5, 10, 20, and 40 %) was not able to
separate low from high L:P vesicles (A). However, adding a 7.5 % layer of sucrose allows
the separation of vesicles with high L:P ratio from vesicles with low L:P ratio (B).
Unfortunately, the high L:P vesicles are not well separated from empty vesicles (C) because
these two types of vesicles have very similar density.
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stated otherwise), and was also used to isolate the high L:P ratio vesicles from subsequent

reconstitutions for AFM imaging.

4.4.2 The formation of high L:P ratio vesicles requires a freeze-thaw cycle to the

reconstituted POPC/nAChR bilayer specifically after the detergent dialysis step

To understand the mechanism(s) for formation of high L:P ratio vesicles, the earlier
and later reconstitution procedures were compared. The reconstitution procedures in the
earlier and the later method are identical up to the detergent dialysis point, but the sample
treatments are different after the detergent dialysis step (i.e., after a bilayer has formed). In
the later method, the sample was simply aliquoted and stored at — 80 °C following dialysis
and thawed to room temperature prior to use (i.e., the sample simply underwent a freeze-
thaw cycle), and a population of vesicles with high L:P ratio was obtained. In the earlier
method, the sample was subjected to ultra-centrifugation and redispersion prior to the
freeze-thaw treatment, and vesicles with high L:P ratio were not obtained. The samples
were subjected to a freeze-thaw cycle in both methods, but the sample was subjected to
ultra-centrifugation and redispersion only in the earlier method. Thus, the ultra-
centrifugation and redispersion treatment in the earlier method may affect the formation of
high L:P ratio vesicles, or the freeze-thaw cycle immediately after the detergent dialysis step
in the later method may promote the formation of vesicles with a high L:P ratio.

In order to determine the mechanism(s) for the formation of vesicles with a high L:P
ratio, the nAChR was reconstituted in a POPC bilayer at a targeted L:P ratio of 100:1 (w/w).
The sample was divided into four aliquots and these aliquots were subjected to four different

treatments after the detergent dialysis step. These are the treatments: 1) Store at 4 °C
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(oruntreated), 2) Ultra-centrifuge and redisperse, 3) Freeze-thaw, 4) Freeze-thaw then ultra-
centrifuge and redisperse.

By examining the untreated sample I can determine the composition of the sample
following‘ the detergent dialysis step. The untreated sample was examined on a sucrose
gradient of 0, 5, 7.5, 10, 20 and 40 % sucrose (200 000xg, 4 °C, 20 h) (Figure 4.9A). The
analyzed sucrose gradient shows mainly two peaks at 5 and 10 % sucrose. The peak at the
higher density sucrose (10 %) corresponds to a population of proteoliposomes with a L:P
ratio of about 47:1 (w/w), which is still lower than thé desired L:P ratio. The peak in the
light density sucrose (5 %) corresponded to the lipid alone liposomes. There was no
evidence in the sucrose gradient for the presence of high L:P ratio vesicles (i.e., 100:1 w/w)
in this sample. Thus, the reconstituted sample initially consisted of liposomes and
protedliposomes with a L:P ratio of about 47:1 (w/w). |

The effect of ultra-centrifugation and redispersion on the sample following the
detergent dialysis step was examined next. The sample was subjected to ultra-centrifugation
(100 000xg, 4 °C, 2 h) and redispersion (using a homogenizer) after detergent dialysis, and
the sample was resuspended back in the same buffer with same (original) volume. The
sample was then examined on the same sucrose gradient as above. This sample appears
similar to the untreated sample, with a lipid peak at 5 % sucrose, a lipid and protein peak at
10 % sucrose (L:P ratio of 38:1 w/w) (Figure 4.9C) and no detectable proteoliposome with
the desired high L:P ratio (i.e., 100:1 w/w). The main difference between this sample and
the untreated sample is that both the liposome and proteoliposome peaks were significantly
smaller, which indicated that there was a loss of liposomes and proteoliposomes following

ultra-centrifugation. Analysis for the total lipid and protein content in this sample showed
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Figure 4.9. Characterization of the formation of reconstituted POPC/nAChR vesicles at
high L:P ratio. The nAChR was reconstituted in a POPC membrane at a targeted L:P ratio
of 100:1 (w/w), then the sample was subjected to a number of treatments after the detergent
dialysis step. These are the treatments: A) Keep at 4 °C (or untreated), B) Freeze-thaw, C)
Ultra-centrifuge and redisperse, D) Freeze-thaw then ultra-centrifuge and redisperse. For
comparison purposes, the same amounts of lipid and protein were used in all of these
treatments. The samples were examined on a discontinuous sucrose gradient of 0 % (3 ml,
including the sample), 5 % (2.5 ml), 7.5 % (2.5 ml), 10 % (1 ml), 20 % (1 ml) and 40 %
sucrose . The samples were subjected to ultracentrifugation at 200 000xg for 20 hours at 4
°C. Following ultra-centrifugation, fractions of 250 pl were drawn from the gradient
(starting from the top), and the lipid and protein content of each fraction was analyzed via
the Phospholipids C and BCA protein assays. The red arrow points to the high L:P ratio
vesicle population that will be used to prepare planar bilayers on mica for AFM and TIRF
imaging.
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that the pellet has lost half the amount of lipid and protein to the supernatant. However, the
typical ultra-centrifugation procedure between 0.5 — 2 hour at 100 000 — 160 000 xg has
long been used to pellet vesicles that are greater than 30 — 100 nm in diameter (Barenholz et
al., 1977; Goll et al., 1982). Thus, my results suggest that the reconstituted sample initially
contains a significant amount of small liposomes and proteoliposomes (less than 100 nm in
diameter) that are not effectively pelleted by ultra-centrifugation at 100 000 xg for 2 hours at
4 °C. Moreover, the solution containing the reconstituted vesicles following dialysis was
quite transparent which suggested that most of the vesicles were fairly small. Unfortunately,
the size of the reconstituted liposomes and proteoliposomes by other methods were not
analyzed.

The effect of freeze-thaw treatment on the reconstituted sample was then examined.
The same reconstituted sample was frozen immediately after the detergent dialysis step at —
80 °C, and then it was thawed to room temperature for analysis by sucrose gradient. The
analyzed sucrose gradient for this sample was significantly different from the one for the
untreated sample; there were 3 peaks of lipid and protein (overlapped) in the freeze-thaw
sample (Figure 4.9B) as compared to only 2 peaks in the untreated one (Figure 4.9A). The 3
peaks of the freeze-thaw sample were found at 5, 7.5 and 10 % sucrose layers. The L:P ratio
of the peak at 10 % sucrose was about 50:1 (w/w), the peak at 5 % sucrose had a L:P ratio of
about 70:1 (w/w), and the peak at 7.5 % sucrose had a L:P ratio of about 150:1 (w/w).
Clearly, a freeze thaw cycle to the reconstituted sample following dialysis assisted the
formation of a population of vesicles with high L:P. It has been reported that vesicle fusion
can occur upon a freeze-thaw cycle (Anholt et al., 1982; Traikia et al., 2000). Interestingly,

it was found that the untreated sample was quite transparent but became turbid after a
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freeze-thaw cycle suggesting that there were changes in the vesicle size. Thus, it is likely
that the liposomes and proteoliposomes with lower L:P ratio and smaller size in the
reconstituted sample may have fused during the freeze-thaw cycle to generate larger
proteoliposomes with higher L:P ratio.

Finally, the freeze-thaw sample that was subjected to ultra-centrifugation and
redispersion was also analyzed by sucrose gradient. The analyzed sucrose gradient for this
sample was identical to the freeze-thaw sample that had not been pelleted (Figure 4.9D).
The pattern of lipid and protein peaks was identical, the magnitude of the peaks was very
similar, and the L:P ratio for each peak matched extremely well. In addition, the total
amount of lipid and protein in this sample was about the same as the freeze-thaw sample that
had not been pelleted. This result suggests that the vesicles in the sample that had
undergone a freeze-thaw cycle were large, since ultra-centrifugation at 100 000 xg for 2

hours at 4 °C was sufficient to pellet most of them.

4.5 Discussion and Conclusions

The nAChR was normally reconstituted at low L:P ratio (i.e., 1:2 w/w) so that the
protein function could be easily examined FTIR difference spectroscopy. For AFM
imaging, however, it was necessary to reconstitute the nAChR at a high L:P ratio so that the
protein could be clearly resolved in the bilayer. In order to increase the L:P ratio of the
proteoliposome samples, the reconstitution procedure was slightly altered. However, the
alteration(s) may affect the structure and function of the reconstituted nAChR. Thus, the

structure and function of the receptor were examined following each alteration.
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To increase the L:P ratio of the reconstituted sample, the content of solubilized lipid
used in the reconstitution procedure was simply increased (see Materials and Methods).
When comparing the functional state of the nAChR reconstituted with a lipid mixture of
POPC/POPA/Chol (3:1:1) at the L:P ratio of 1:2 against 10:1 (w/w), the receptor was found
to be mainly in a resting state for both L:P ratios. However, the difference spectrum was
weak and slightly distorted for the sample with the higher L:P ratio (i.e. 10:1), with the
signature bands at 1655 aﬂd 1547 cm™ barely visible. FTIR difference spectra for the
nAChR reconstituted at L:P ratios higher than 10:1 (w/w), such as 20:1 or greater, were
extremely distorted and the signal was similar to the noise level. Thus, assessing the
conformational state of the nAChR reconstituted at high L:P ratio with FTIR difference
spectroscopy is not possible.

As it seemed the nAChR did not change its structural conformation at a higher L:P
ratio, I wanted to reconstitute the nAChR in a simple lipid bilayer such as POPC at a L:P
ratio of 100:1 (w/w), which would be used to prepare planar bilayers on mica for AFM
imaging. Initially, I assumed that the nAChR could be reconstituted in a POPC bilayer at
high L:P ratio if an appropriate amount of detergent solubilized lipid was mixed with a
purified protein, and then the detergent was removed by dialysis to form a reconstitﬁted
proteoliposome. Unfortunately, the reconstitution procedure did not yield reconstituted
POPC/nAChR proteoliposomes at the desired high L:P ratio. Rather, the reconstituted
sample typically contained two populations of vesicles, empty vesicles and protein-rich
vesicles. In addition, an earlier studywthat used a similar reconstitution procedure to mine
showed that it is very difficult to reconstitute the nAChR into a bilayer at high L:P ratio

(Anholt et al., 1981). Initially, I explored an alternative approach to reconstitute the nAChR
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at high L:P ratio (i.e., detergent destabilized liposomes reconstitution). However, it was
later discovered that the nAChR could be reconstituted at a high L:P ratio with a very
similar procedure.

To understand the mechanism(s) for the formation of proteoliposomes with high L:P
ratio I compared the conditions used in the earlier and the later reconstitution methods. I
found that these two methods differed very slightly in the sample treatment after the receptor
has been reconstituted in a bilayer (i.e., after the detergent dialysis step). In the earlier
method, the sample was pelleted (which was advantageous to concentrate the sample for
FITR study) and was frozen at — 80 °C for storage. In the later method, the sample was
simply frozen without pelleting. To identify the mechanism(s) for the formation of high L:P
ratio proteoliposomes, the nAChR was reconstituted at a targeted high L:P ratio and the
sample was exposed to four different conditions, most of which mimic the conditions in the
earlier and the later reconstitution methods. The conditions were: 1) untreated, 2) pelleted,
3) freeze-thaw, and 4) freeze-thaw and pelleted.

When the untreated sample was characterized by sucrose gradient, it was found that
the sample contained empty liposomes and proteoliposomes with an average L:P ratio of
about 50:1 (w/w), which was much lower than the desired L:P ratio. There were no
detectable proteoliposomes at high L:P ratio in the untreated reconstituted sample. Thus, the
reconstituted sample initially contains empty liposomes and proteoliposomes with medium
L:P ratio.

Examining the pelleted sample by sucrose gradient showed that this sample was not
very different from the untreated sample. The main difference between the untreated and

pelleted samples was a two-fold reduction in the total amount of liposome and
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proteoliposome in the pelleted sample. This result implied that there was a significant loss
of vesicles to the supernatant. Moreover, this finding suggested that at least half of the
reconstituted proteoliposomes and liposomes were very small in size such that ultra-
centrifugation at 100 000 xg for 2 hours at 4 °C was not sufficient to pellet them. This
conclusion is based on the observation that similar ultra-centrifugation conditions have been
used to separate small vesicles (supernatant) from large vesicles (pellet) (Barenholz et al.,
1977; Goll et al., 1982). Moreover, the untreated sample appeared transparent, which
provides qualitative support for the hypothesis that most of the reconstituted vesicles were
small in size. Therefore, both visual and ultra-centrifugation observations suggested that the
reconstituted sample is initially composed of liposomes and proteoliposomes that are small
in size.

The freeze-thaw sample, on the other hand, had three population of proteoliposomes
with L:P ratio of about 50:1, 70:1 and 150:1 (w/w). The presence of the high L:P ratio
proteoliposome at 150:1 (w/w) clearly indicated that a freeze-thaw cycle promoted the
formation of vesicles with high L:P ratio. In addition, the sample appeared turbid following
freeze-thaw treatment, which suggested that there was an increase in vesicle size after a
freeze-thaw cycle. Interestingly, it has been reported that vesicle fusion can be induced
through freeze-thaw cycles (Anholt et al., 1982; Traikia et al., 2000). Thus, it is possible
that the high L:P ratio proteoliposomes may be formed via fusion between a lipoéome and
proteoliposome with lower L:P ratio.

The sucrose gradient result for the freeze-thaw and pelleted sample appeared
identical to the freeze-thaw sample. The total amount of lipid and protein were mostly

recovered in the pellet. This result implied that most of the vesicles following a freeze-thaw
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cycle were large in size such that ultra-centrifugation at 100 000 xg for 2 hours at 4 °C was
sufficient to pellet most of them. Thus, it is safe to conclude that the reconstituted vesicles
after a freeze-thaw cycle are large in size.

In summary, the untreated sample showed that the reconstituted sample initially
contains empty liposomes and proteoliposomes that have a medium L:P ratio. The result
from the pelleted sample suggested that the reconstituted liposomes and proteoliposomes are
small in size, because half of the vesicles can not be pelleted via ultra-centrifugation. The
result from the freeze-thaw sample showed that a population of proteoliposomes with high
L:P ratio (100:1 w/w or more) can be generated from the initial small liposomes and
proteoliposomes (medium in L:P ratio). The freeze-thaw and pelleted sample indicated that
the initially small vesicles become large after a freeze-thaw cycle, since most of the vesicles
can be pelleted after a freeze-thaw cycle. The combined results clearly suggest that the
formation of a population of POPC/nAChR vesicles with high L:P ratio occurs via a vesicle
fusion mechanism. This is because the reconstitution procedure typically produces small
liposomes and proteoliposomes (ranging from low to medium L:P ratio). Small vesicles are
known to have high curvature stress and are prone to fusion. When applying a freeze-thaw
cycle to the reconstituted sample, the proteoliposomes and liposomes fuse with each other to
generate larger vesicles. This hypothesis is based on the fact that vesicle fusion has been
observed via freeze-thaw cycles (Anholt et al., 1982; Traikia et al., 2000). If two
proteoliposomes with medium L:P ratio fuse together, a larger proteoliposome with the same
L:P ratio is formed. However, when a liposome fuses with a proteoliposome, a larger

proteoliposome with higher L:P ratio can be generated.

128



Chapter 5: The preparation of a POPC/nAChR planar bilayer

on mica for AFM imaging



5.1 Introduction

The results in the previous chapter showed that the nAChR can be reconstituted in
POPC vesicles at a lipid to protein (L:P) ratio of 100:1 (w/w) or more. At such high L:P
ratios, the reconstituted proteoliposomes may be used to prepare a planar POPC/nAChR
bilayer on mica for AFM imaging. This chapter describes the optimization process which
leads to establishment of a procedure to prepare a POPC/nAChR bilayer on mica for AFM
and TIRF imaging. Finally, successfully prepared POPC/nAChR planar bilayers on mica

were examined thoroughly by both TIRF and AFM.

5.2 Optimizing the preparation of a POPC/nAChR bilayer on mica for

AFM and TIRF imaging

5.2.1 Washing the POPC/nAChR planar bilayer with EDTA after sample incubation

The preparation of a POPC/nAChR planar bilayer on mica was first attempted with a
reconstituted POPC/nAChR sample at a L:P ratio of 125:1 (w/w). A planar bilayer on mica
was prepared by incubating 7 pug of lipid on freshly-cleaved mica in an AFM cell for 1 hour
at room temperature in the presence of 10 mM CaCl,. Following incubation, the sample was
washed with 100 ml of HEPES buffer, and then imaged by AFM (Figure 5.1A and B).
From these images, bilayer patches along with some large particles were observed.
However, close examination of these bilayer patches and particles reveals a shadow for
every patch and particle observed. The shadows are double tip artifacts that arise from
contamination of the AFM tip. The extent of the shadow reflects the size of the contaminant

particle stuck to the tip; hence the double tip image may not be apparent in large AFM
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Figure 5.1. AFM images of the POPC/nAChR patches. The bilayer patches were prepared
with 7 pg of lipid from a sample with a L:P ratio of 125:1 (w/w), and incubated in 10 mM
CaCl, for 1 hour at room temperature. Following incubation, the sample was washed with
100 ml of HEPES buffer (A & B), and then imaged. The same sample was washed with 50
ml of 1 mM EDTA (pH 8.0), followed by 50 ml of HEPES buffer (C & D).
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images until a smaller image (5 um or less) was scanned. A particle can be picked up by the
AFM tip as the tip scans the sample or the AFM tip could have been initially contaminated.
Since the AFM tip was always washed thoroughly (with 75 % ethanol, then water, and then
HEPES buffer) prior to imaging, it is unlikely that the tip was contaminated from the
beginning. Rather, there must be some loosely bound particles on the bilayer that stick to
the AFM tip as it scans across the bilayer. Even when the bilayer was washed extensively
with HEPES buffer (200 — 300 ml) and a new tip was used, I could not prevent the tip from
pjcking up these particles on the bilayer.

My approach to eliminate the contaminated tip artifacts was to reduce the source of
the loosely bound particles on the mica surface or planar bilayer. Similar problems with
particles adhering to the bilayer were not encountered in previous experiments with POPC
bilayers. Since the reconstituted protein is the main difference between the POPC and
POPC/mAChR samples, it was logically deduced that the nAChR itself was the cause of
double tip artifact. @The AFM tip could be contaminated by protein present in
proteoliposomes, protein aggregates or bilayer fragments that contain the nAChR bound
weakly on the planar bilayer or mica surface and that are not washed off with the HEPES
buffer. To remove such small weakly bound bilayers or vesicles containing the nAChR, the
protein interaction with the bilayer must be weakened. Knowing that the nAChR requires
calcium to bridge its interaction with the mica or perhaps with another nAChR in the planar
bilayer, I thought that complexing calcium ions in the imaging buffer with a chelating agent
such as EDTA might allow these small nAChR fragments to be washed off. To test this
theory, the bilayer from Figure 5.1A & B was washed with 50 ml of 1 mM EDTA (pH 8.0),

followed by 50 ml of HEPES buffer to displace the EDTA. Figure 5.1C & D show AFM
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images of the EDTA washed bilayer. These iméges are faifly sharp and have no double tip
artifacts. This result suggests that the EDTA wash remdved most of the small loosely bound
particles on the planar bilayer, but did not affect the large bilayer patches on the mica. Note
that there were still some particles on the bilayer after the EDTA wash; since they did not
cause imaging problems it appears that the EDTA wash also helped to minimize the
particles adhering to the AFM tip. Thus, following the incubation step, the planar bilayers
formed on mica were routinely washed with 50 ml of 1 mM EDTA (pH8), followed by 50
ml of HEPES buffer. This modification to the washing procedure greatly improved the
quality of the AFM images (Figure 5.1C & D).

As the AFM image became sharper and the bilayer patches on mica could be
examined closely, it was found that there were only very few bright spots in the bilayer that
may correspond to the reconstituted protein (Figure 5.1D). This result suggests that the
conditions used to prepare a POPC/nAChR bilayer did not favour the deposition of the
protein on mica. Therefore, the incubation conditions were optimized further in order to get
an intact plahar bilayer on mica with more protein deposited.

Based on the currently available literature, some of the factors that influence the
formation of planar bilayers include the incubation temperature, calcium concentration, time
and sample loading (Richter et al., 2006; Richter and Brisson, 2005). The latter three
variables were examined closely .in the following sections. However, the incubation
temperature was ignofed because the impact of temperature on the formation of a bilayer on
mica was reported only for vesicle samples prepared with high Tm lipids (Richter et al.,
2006; Richter and Brisson, 2005). Since the Tm of the POPC and POPC/nAChR vesicles

are less than 4 °C (daCosta et al., 2002; daCosta et al., 2004) and the samples were prepared
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for AFM imaging at room temperature (~20 °C), the incubation temperature should not be a
concern. Thus, the effect of incubation time, calcium concentration and sample loading
were tested to find an optimum condition to prepare a POPC/nAChR bilayer for AFM

imaging.

5.2.2 The effect of calcium on preparation of a POPC/nAChR bilayer at high L:P ratio

As a starting point, the incubation time and quantity of lipid were held constant,
while the effect of calcium concentration was assessed. Figure 5.2 shows AFM images of a
planar bilayer prepared from reconstituted POPC/nAChR proteoliposomes at the L:P ratio of
160:1 (w/w); the samples were incubated for 1 hour using 6 pg of lipid at various calcium
concentrations. At zero calcium concentration, only small bilayer patches ranging from 50 —
300 nm in diameter were observed. These patches are flat and featureless which suggests
that they do not have proteins incorporated. As the concentration of calcium increased from
0 up to 10 and 25 mM (Figure 5.2B and C), the bilayer patches grew larger. The observed
bilayer patches ranged from 50 — 1,000 nm in diameter when 10 mM calcium was used. At
25 mM, the observed patches ranged from 50 — 2,000 nm. Interestingly, the bilayer patches
at either 10 or 25 mM calcium still appeared flat and featureless; there was no evidence for
deposited receptor (Figure 5.2A, B and C). The absence of protein spots indicates that the
deposited bilayer formed from lipid alone vesicles, which suggests that the POPC/nAChR
sample at high L:P ratio (prepared by sucrose gradient) may contain a small population of
POPC alone vesicles. Nevertheless, the result here demonstrates that calcium has a positive
effect on the deposition of a bilayer on mica such that higher calcium concentration results

in more bilayer patches deposited. It can not be concluded at this point what concentration
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Figure 5.2. AFM images of planar bilayers prepared with various calcium concentrations.
The samples were prepared from reconstituted POPC/nAChR vesicles at a L:P ratio of 160:1

(w/w) and incubated for 1 hour using 7 pg of lipid at various calcium concentrations as
indicated.
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of calcium is best for the preparation of a POPC/nAChR bilayer on mica, but it appears that

the incubation time or the amount of sample loaded is not sufficient.

5.2.3 The effect of sample loading

To test the effect of sample loading, the calcium concentration was fixed at 25 mM
with an incubation time of 1 h, while the amount of sample loaded was varied. The AFM
images in Figure 5.3A & B correspond to a POPC/nAChR bilayer prepared by incubating 10
pg of lipid on mica for 1 hour with 25 mM calcium. These images show an intact planar
bilayer on mica. There are small particles in the range of 20 — 50 nm in diameter on the
deposited bilayer, and these particles could be the nAChR (possibly as small aggregates) in a
POPC bilayer. Unfortunately, these images had artifacts due to tip contamination. In
addition, there are a number of large particles about 100 — 250 nm in diameter observed in
these images. These large particles can be anything that interacts with the deposited bilayer
on mica and can not be removed through washing, even when the bilayer was washed with
copious amount of EDTA. These large particles are suspected to be POPC/nAChR vesicles
present in excess, which interact with the deposited POPC/nAChR planar bilayer on mica
via protein-protein interactions (i.e., protein aggregation). As the AFM tip scans the bilayer,
it picks up these proteoliposomes and results in double tip artifacts. Thus, increasing the
vesicle loading results in more material adhering to the bilayers, causing increased tip

contamination problems.

5.2.4 The effect of time of incubation on the formation of a POPC/nAChR bilayer on mica

My options in preparing and imaging a POPC/nAChR bilayer on mica have now

narrowed down to using a minimal sample loading while increasing the incubation time.
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Figure 5.3. The effect of sample loading and incubation time on the preparation of a planar
bilayer on mica were examined. A & B are AFM images of a bilayer prepared by
incubating 10 pg of lipid (using the sample with a L:P ratio of 125:1 w/w) for 1 hour in 25

mM CaCl,. C & D are AFM images of a bilayer prepared with 7 pg of lipid (using the
same sample) incubated for 20 hours in 25 mM CaCl,. Both of the samples were prepared in
a moist chamber to prevent evaporation of buffer from the AFM cell, especially the 20 hours

incubation.
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Thus, a bilayer was prepared on mica by incubating 7 pg of lipid in 25 mM CaCl, for 20
hours. The AFM images of this bilayer show an intact POPC/nAChR bilayer on mica
(Figure 5.3C & D). The bilayer has numerous small particles protruding from a surface that
is flat otherwise. These particles have no observable double tip artifacts even in small scale
AFM images (for higher resolution) (Figure 5.3D). Such images would allow topographical
information regarding the nAChR in a POPC bilayer to be obtained. So far, the best
condition to prepare an intact POPC/nAChR bilayer on mica is to use a minimal quantity of
reconstituted sample and incubate it for a long period of time (i.e., 20 hours) in the presence
of calcium.

To determine the optimal calcium level, a reconstituted POPC bilayer +/- the nAChR
was incubated at varying levels of calcium (0, 10 and 25 mM) while holding the incubation
time (20 hours) and sample loading (6 pg of lipid) constant. Note that 6 pg of lipid was
used to obtain an incomplete bilayer so that the effects of calcium could be better observed;
7 ug of lipid typically results in an intact bilayer. Figure 5.4 A & B correspond to AFM
images of the deposited bilayer prepared with POPC vesicles +/- the nAChR in the absence
of calcium. In both cases, patches of biiayer were deposited on the mica surface. It is
e\;ident that POPC aloné vesicles yield larger patches (Figure 5.4B) than do POPC/nAChR
vesicles (Figure 5.4A). This result suggests that empty liposomes form a planar bilayer on
mica more readily than proteoliposomes in the absence of calcium. When the level of
calcium was increased to 10 mM, the amount of bilayer deposited on the mica surface
significantly increased for both POPC alone and POPC/nAChR (Figure 5.4 C and D). An
intact planar bilayer is formed on mica when POPC vesicles are used, whereas

POPC/nAChR vesicles yield a nearly intact bilayer in which some holes can typically be
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Figure 5.4. The effect of calcium on the preparation of a bilayer on mica is assessed for
POPC +/- the nAChR. The bilayers were prepared by incubating 6 pg of lipid from a
reconstituted sample with a L:P ratio of 160:1 (w/w) in 0 (A and B), 10 (C and D) and 25
mM CaCl; (E and F) for 20 hours. All the samples were prepared in a moist chamber to
prevent evaporation of buffer from the AFM cell. Note the artifact at the bottom of images

C and E due to the large mica defect.
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observed. Importantly, the POPC/nAChR vesicles give a bilayer with numerous small spots
protruding out of the biiayer (Figure 5.4C). These spots are about 20 nm in diameter and 30
nm in height, but whether such spots correspond to the nAChR in a POPC bilayer would
need further examination. As the level of calcium was increased to 25 mM, a very similar
result to 10 mM calcium is observed (Figure 5.4 E and F). The results are similar for 10 and
25 mM calcium, suggesting that reconstituted POPC/nAChR vesicles at high L:P ratio
(160:1 w/w in this case) only require low calcium concentrations to form a planar bilayer on
mica. However, 25 mM calcium was chosen for all subsequent planar bilayer preparations
to counteract the variation in L:P ratio in different reconstitutions, just in case slightly lower
L:P ratio samples (such as 125:1 used in some experiments) required a slightly higher
calcium level.

In summary, the preparation of a POPC/nAChR bilayer on mica for AFM imaging
required optimal conditions for the proteoliposomes to deposit on the mica surface and form
a planar bilayer without contamination. The key parameters for formation of suppdrted
bilayers from reconstituted POPC/nAChR proteoliposomes are the calcium concentration,
quantity of sample loaded and length of time. In addition, the deposited bilayer should be
washed free of any excess material that may lead to artifacts due to tip contamination. It is
established that the conditions to prepare a POPC/nAChR planar bilayer on mica in an AFM
cell of approximately 130 mm? are to incubate 7 pg of lipid from POPC/nAChR vesicles at
high L:P ratio in 25 mM calcium at room temperature forv 20 hours. Following the
incubation, the excess vesicles are washed off with a solution of EDTA, and then the EDTA

solution is replaced with the HEPES imaging buffer prior to imaging. The procedure

140



described here was used to prepare POPC/nAChR bilayers at high L:P ratio on mica for

subsequent experiments.

5.2.5 Imaging the nAChR in a POPC bilayer on mica by TIRF

After the procedure to prepare a POPC/nAChR bilayer on mica was established by
AFM, I wanted to confirm that the small particles observed in the AFM images actually
corresponded to the nAChR. To serve this purpose, a POPC/nAChR planar bilayer on mica
was imaged by TIRF microscopy. In order to view the protein by fluorescence microscopy,
the reconstituted POPC vesicles +/- the nAChR were labeled with aBTx-A488 as described
in Materials and Methods.

The preparation of a POPC/nAChR planar bilayer on mica for TIRF imaging is
slightly different from the procedure for AFM samples due to the larger size of the TIRF cell
(see Materials and Methods). A bilayer was prepared by keeping the calcium concentration
and incubation time the same as in AFM, but the quantity of sample used was increased to
10 pug of lipid. Furthermore, 1 pg of exogenous POPC vesicles doped with 2 % TR-DHPE
(a fluorescent labeled PE) was co-incubated with the sample to allow visualization of the
deposited planar bilayer. The TIRF image in Figure 5.5A showed a bilayer prepared from
an aBTx-A488 labeled POPC/mACHR bilayer (at L:P ratio of 160:1 w/w); the image shows

areas of fluorescence from the aBTx-A488. In contrast, a POPC alone bilayer that was

similarly labeled with aBTx-A488 did not show any fluorescence (Figure 5.5B). These
results confirm the presence of the nAChR for POPC bilayers on mica prepared with a
reconstituted POPC/nAChR sample at high L:P ratio. When a POPC/nAChR bilayer labeled
with aBTx-A488 was similarly prepared and imaged by AFM, a number of small particles

were observed (Figure 5.5C). On the other hand, the POPC alone bilayer labeled with
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Figure 5.5. A comparison of a reconstituted POPC bilayer +/- the nAChR imaged by TIRF
and AFM. The bilayers were prepared under similar conditions as in Figure 5.3 C & D, and
they were imaged by AFM (A & B) and TIRF (C & D). The negative control was prepared
from POPC alone vesicles, where the treatment was identical to the reconstituted
nAChR/POPC sample. Both POPC alone and nAChR/POPC vesicles were labeled with
aBTx-A488, but the toxin should bind only to the nAChR/POPC sample. For TIRF, a small
amount of exogenous POPC vesicles doped with 2 % TR-DHPE (1 pg of lipid in total) were
co-incubated with the samples to allow visualization of the bilayer on mica, but only the
signal from the nAChR labeled with aBTx-A488 is shown here. The TIRF images were
acquired by using a 488 nm laser for excitation and the emission was collected around 543
nm.
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aBTx-A488 was flat and featureless (Figure 5.5D). Evidently, the fluorescence signal (in
TIRF images) or particles (in AFM images) are only observed for POPC bilayers containing
the reconstituted nAChR. Thus, the observed fluorescence signal or particles in the TIRF
and AFM image, respectively, are likely to correspond to the nAChR. These results
encourage further examination and topographical analysis of the raised features observed by

AFM.

5.3 Characterizing the nAChR in a POPC bilayer via AFM

As the particles in the AFM images were confirmed to be the nAChR in a POPC
bilayer via TIRF microscopy, the next step was to analyze the topographical information on
these particles to examine the structure of the nAChR in a POPC bilayer by AFM. Based on
AFM images similar to those shown in Figure 5.5C & D, the height distribution for these
particles was measured and tabulated in Figure 5.6C. The histogram shows a broad
maximum at ~ 3 nm with a small number of features between 5.5 — 9 nm. According to the
known cryo-electron microscopy model structure of the nAChR, the nAChR protrudes out
of the bilayer by about 3 and 7 nm at the cytoplasmic and extracellular domains,
respectively. The major height distribution centered around 3 nm in the histogram coincides
closely with the expected height of the cytoplasmic domain of the nAChR. This suggests
that the extracellular domain of the receptor is primarily contacting the mica, while the
cytoplasmic domain protrudes upward and interacts with the AFM tip during a scan. The
features with heights ranging from 5.5 to 9.0 nm could be receptors with the opposite
orientation (i.e., with the extracellular domain protruding from the bilayer surface). I have

also attempted to image the nAChR at high resolution in the POPC bilayer at high L:P ratio.
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Figure 5.6. The height distribution of the observed features protruding from a
POPC/nAChHR bilayer prepared on mica. The bilayers (A & B) were prepared and imaged
under similar condition as in Figure 5.5. The height distribution for the spots observed from
at least 3 different reconstitutions were tabulated (C), and at least 2 acquired images per
reconstitution were used in this analysis. Based on the height distribution histogram, the
nAChHR is oriented with the cytoplasmic side protruding from the bilayer surface in most
cases. The proposed orientation of the nAChR in the prepared planar bilayer is
demonstrated in D.

144



4000 nm 0 500 1000 1500 2000 nm

Scanned Q 25 50 75 A Scanned
Horizontal Cross Sectlon st y=3154.3nm . Horizortal Cross Section at y=1494.1nm

254 25-]

0 1000 2000 3000 4000 nm 5 =50 1000 150 2000 -

100 -

80

n=660
60 -

0 - I B e e e

10 20 30 40 50 60 70 80 90 100 110 120 130 140
Height (+ 2.5 A)

144



To do so, the particles with heights of 3 or 7 nm were zoomed in and scanned at higher
resolution (Figure 5.7). Based on these high resolution images, the scanned particles are still
not well resolved. It was not possible to acquire an image with adequate resolution to show
individual subunits of the nAChR. However, such results were expected since most of the
high resolution AFM images of membrane proteins have been acquired from protein rich
bilayers that pack in a 2D crystalline manner (Fotiadis et al., 2003; Seelert et al., 2003). For
bilayers prepared at high L:P ratio, the individual receptors are well separated in a fluid
bilayer, and are not sufficiently rigid to resolve individual subunits by AFM. Nevertheless,
the diameter of the particles in the bilayer can be measured from these high resolution AFM
images. These particles typically ranged from 14 to 19 nm in diameter (Figure 5.7). It
should be noted that the crystal structure of the nAChR by Unwin (2005) did not resolve the
cytoplasmic domain of the nAChR well, and the exact diameter of the cytoplasmic domain
of the nAChR remains poorly deﬁned. Nevertheless, the diameter of the cytoplasmic
domain can not be greater than the extracellular domain based on the amino acid sequence in
these domains. Thus, I expect the diameter of the cytoplasmic domains of the nAChR to be
smaller than the extracellular domain (~ 9 nm). Yet, the measured diameter for the nAChR
ranges from 14 — 19 nm. Clearly these two values do not match. However, this is expected
since the measured diameter of the nAChR has not taken the size of the AFM tip into
consideration, which tends to over-estimate the lateral measurements.

We need to keep in mind that as the AFM tip scans over an object protruding out of a
flat surface, the observed size is a convolution of the sizes of the feature and the AFM tip.
The over-estimation in lateral measurements of the insulin receptor by AFM has been well

described by Slade (2003) as shown in Figure 5.8; the over-estimation is mathematically
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Figure 5.7. Selected small scale AFM images that show high resolution images of the
observed features. The observed spots in the bilayers are featureless with a rough diameter
of ~150 A and height of ~35 A. The reasons that I fail to observe structural features due to
individual subunits may include the fact that the POPC membrane is disordered at 20 °C and
the protein can be easily moved by the AFM tip. Moreover, the proteins are not densely
packed in a 2-D crystalline array; most successful high resolution AFM imaging of
membrane proteins has used samples with high protein density.
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Figure 5.8. A schematic diagram used to calculate the over-estimation in the lateral
dimension of an integral membrane protein observed by AFM. The calculation here is based
on a model by Slade (2003) used to calculate the overestimation of the insulin receptor
reconstituted in a bilayer observed by AFM. In this calculation, r is the half height of the
cytoplasmic or extracellular domain of the receptor, R is the radius of the AFM tip apex, and
6 is half of the cone angle of the tip.
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related to the size of the receptor and the radius and cone angle of the AFM tip. According
to the distributor information (A4gilent), the AFM tip used has a cone angle of 20° at the apex
of the tip, and a radius of 7 nm or less. As the size of the nAChR, cone angle and radius of
the AFM tip were taken into consideration (Figure 5.9), the over-estimation in the diameter

of the nAChR in a bilayer can be calculated with the following equation:

4Rt

2

Over-estimate = 2

where 1 is the half height of the cytoplasmic or extracellular domain of the receptor, R is the
radius of the AFM tip apex. Therefore, the over-estimate diameter is about 10 nm if the
AFM tip has a radius of 7 nm at the tip apex and the measured height of the receptor is about
3 nm. Subsequently, the actual diameter of the nAChR can be éalculated as followed:
Actual diameter = Observed diameter — Over-estimate

Since the observed diameter of the nAChR is found to be about 14 — 19 nm, the actual
diameter of the nAChR should be 5 — 10 nm (14 nm — 10 nm = 4 nm, and 19 nm — 10 nm =
9 nm). Thus, the majority of the observed spots have a dimension of about 3 nm in height
and 4 — 9 nm in width (lateral diameter). Such dimension is not acceptable for the
extracellular domain of the nAChR which is 7 x 9 nm (h x w) (Miyazawa et al., 2003;
Unwin, 2005), but the observed dimension would fit the cytoplasmic domain of the nAChR

based on the length of the peptide (Unwin, 2005).
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Figure 5.9. Schematic diagram to calculate the over-estimation in diameter for the nAChR
in a bilayer. The AFM tip used was MAC type II (Agilent), which has a cone angle of ~ 20°
(i.e., © = 10°) and tip apex radius (R) of less than 7 nm (I assume that R is between 5 — 7
nm). The extracellular height of the nAChR is about 7 nm (half height, or r = 3.5 nm), and
the cytoplasmic height of the nAChR is about 4 nm (half height, or r =2 nm). If R is 7 nm,
then the respective value of (R — r) / (R + r) is 0.333 and 0.555 for the extracellular and
cytoplasmic domains. If R is 5 nm, then the respective value of (R —r) /(R +r) is 0.176 and
0.426 for the extracellular and cytoplasmic domain. In all cases, the (R-r) / (R + r) values
are greater than Sin(10°) = 0.174. Thus, only equation 2 from Figure 5.8 is applicable when
calculating the over-estimate of the diameter of the nAChR.
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5.4 Discussion and Conclusions

In order to image a bilayer by AFM, the bilayer has to be a planar bilayer on a solid
support (e.g., mica). The process of preparing and imaging a lipid bilayer such as POPC on
mica by AFM is not too difficult (see Chapter 3). However, preparing and imaging a POPC
bilayer containing the nAChR required extensive optimization.

Firstly, it was found that the presence of calcium is necessary for the formation of a
POPC/nAChHR bilayer on mica. The TIRF results in Chapter 4 showed that a POPC/nAChR
sample at low L:P ratio (i.e., 10:1 w/w) required a high level of calcium (75 mM) for the
proteoliposomes to adsorb on the mica surface (Figure 4.8D). The AFM results in this
chapter showed that 10 mM calcium is sufficient for a planar bilayer to form on the mica
surface with the POPC/nAChR proteoliposomes at high L:P ratio such as 125:1 and 160:1
(w/w) (Figure 5.4C). However, in the absence of calcium only small lipid patches devoid of
protein form on the mica surface (Figure 5.4A). The requirement for a divalent cation such
as calcium may be due to the fact that the mica (TedPella Inc) and nAChR (Unwin, 2005)
surface are both negatively charged, and the presence of calcium most likely bridges the
interaction of the two negatively charged surfaces.

Secondly, it is important to use a minimal amount of sample in order to form a
POPC/MACHR bilayer that is suitable for AFM imaging. Although excessive sample loading
still forms a bilayer on mica, it always leads to double tip artifacts in the AFM image. The
artifacts could be due to the surplus POPC/nAChR proteoliposomes adsorbed to the planar
bilayer on mica (possibly via protein-protein interaction), and the proteoliposomes can not
be removed through washing following the sample deposition stage. As the AFM tip scans

the bilayer, it interacts with the adsorbed proteoliposomes leading to tip contamination. It
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was found that about 6-7 pg of lipid for a population of POPC/nAChR proteoliposomes at a
L:P ratio of 125:1 (w/w) or higher is optimal to form an intact bilayer on a mica surface of
about 130 mm’ (the exposed mica surface in the AFM cell used). Based on my earlier
observation, this quantity of proteoliposomes exceeded the absolute amount of lipid required
to cover the mica surface, which is about 1 — 2 ug (see chapter 3.2.1). The other 5 — 6 pug of
proteoliposome is needed to drive the formation of a planar bilayer on the mica surface (the
mechanism is probably equilibration between proteoliposome and planar bilayer on the mica
surface), since using less than 7 pg typically led to the formation of a planar bilayer with
holes or patches of planar bilayer.

Thirdly, the length of time required to get an intact POPC/nAChR bilayer to form on
a mica surface that can be imaged by AFM is also critical. It appearé that a long incubation
time (i.e., 20 hours) is needed for a minimal loading of POPC/nAChR proteoliposomes to
form an intact bilayer on mica (Figure 5.3C&D). When the length of time is insufficient
(i.e., 1 hour) the reconstituted nAChR is not deposited on the mica surface and only POPC
patches with few or no proteins can be observed (Figure 5.1 and 5.2). The length of
incubation time required may not need to be as long as 20 hours, but it was more convenient
to incubate overnight and then image the bilayer the following day. The exact minimum
incubation time could be much less then 20 hours, but I was not interested in determining
the minimum incubation time. Thus, I established that a reconstituted POPC/nAChR
sample with a L:P ratio greater than 100:1 w/w can be prepared on mica for AFM imaging
by incubating about 7 pg of lipid in 25 mM CaCl, for 20 hours at room temperature.

Finally, it was found that washing the intact POPC/nAChR planar bilayer on mica

with EDTA following the incubation step is useful to reduce the double tip artifacts in the
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AFM images (Figure 5.1). Such EDTA washing is believed to remove those excess
proteoliposomes bound to the bilayer. The function of EDTA is to competitively complex
the calcium ions which allow the intermolecular protein-protein interaction (i.e., bridging
the negatively charged surfaces of the nAChR) between the excess proteoliposomes and the
planar bilayer.

The TIRF and AFM images shown in Figure 5.5 demonstrate that POPC bilayers
with the nAChR reconstituted at high L:P ratio can be prepared and imaged on mica. The
observed particles in the AFM images are due to the presence of the nAChR in the POPC
bilayer. The height of the particles protruding out of the bilayer has a broad distribution
centered around 3 nm, which coincides with the height of the cytoplasmic domain of the
nAChR (Figure 5.6). The diameter for the particles measured at high resolution ranged from
14 — 19 nm (Figure 5.7). This observed value clearly does not match the expected diameter
of the nAChR. However, when the lateral over-estimation in AFM imaging has been taken
into account, the observed diameter can be converted to actual diameter, which gives the
cytoplasmic domain of the nAChR a value in the range of 4 — 9 nm. This value fits well
with the expected diameter of the cytoplasmic domain of the nAChR (Miyazawa et al.,
2003; Unwin, 2005). Therefore, my AFM results suggested that the cytoplasmic domain of

the nAChR in a POPC bilayer has a dimension of about 3 nm tall and 4 — 9 nm wide.
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Chapter 6: General Discussion and Conclusions



The original goal of this study was to address the controversial question of whether
the nAChR can induce segregation of lipids into domains in a reconstituted bilayer. I chose
to use AFM to investigate this matter since AFM has been used in recent years to examine
several integral membrane proteins in their native membranes at high resolution (Fotiadis et
al., 2003; Seelert et al., 2003). However, there is a lack of knowledge in the literature as to
how to prepare a reconstituted bilayer containing the nAChR for AFM imaging,,and I had
difficulties in 1maging a protein reconstituted bilayer in my early experiments. Thus, I
decided to devise a method to image the receptor reconstituted in a simple one-component
lipid bilayer, before attempting to examine the nAChR reconstituted in more complex
bilayers.

The results in this study demonstrated that I was able to devise a method to image
the nAChR reconstituted in a simple bilayer (i.e., POPC) by AFM. This method has 2 steps:
the first step was to reconstitute the nAChR in POPC vesicles at high L:P ratio (i.e., greater
than 100:1 w/w), and the second step was to use the reconstituted sample to prepare a planar
bilayer on mica for AFM imaging. Both of these steps were difficult to achieve, and
extensive characterization and optimization were needed. However, the characterization and
optimization led to the discovery of essential parameters for reconstituting the nAChR in
lipid vesicles at high L:P ratio and preparing a planar bilayer containing the reconstituted
receptor for AFM imaging. For example, the sample required a freeze-thaw cycle after
reconstitution (after dialysis) to reconstitute the nAChR at high L:P ratio (see discussion in
section 4.5). The preparation of a POPC/nAChR bilayer on mica for imaging from the high
L:P ratio proteoliposomes required optimal conditions and appropriate washing to remove

unabsorbed materials to prevent artifact contamination of the AFM tip (see discussion in
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section 5.4). Subsequently, it was possible to image the nAChR in a POPC bilayer. The
protein protrudes out of the bilayer by about 3 nm and it has a diameter in the range of 4 — 9
nm. These dimensions are consistent with the size of the cytoplasmic side of the nAChR
based on electron microscopy data (Miyazawa et al., 2003; Unwin, 1993b; Unwin, 2005).
More importantly, I have established a number of key parameters for the reconstitution of
the nAChR in a lipid vesicle at high L:P ratio and the preparation of a planar bilayer on mica
for microscopic imaging such as TIRF and AFM. Understanding these parameters would
undoubtedly be useful in future attempts to reconstitute and image the nAChR in more
complex bilayers (e.g., POPC/POPA and POPC/POPA/Chol), and possibly for
reconstituting and imaging other integral membrane proteins as well.

For future work, I would reconstitute and image the nAChR either in a POPC/POPA
(3:2 mol/mol) or POPC/POPA/Chol (3:1:1 mol/mol) bilayer to address whether the receptor
induces segregation of lipids into domains in a reconstituted bilayer. To do so, I would use
a similar approach to that used to reconstitute and image the nAChR in a POPC bilayer; the
first step is to examine a lipid alone bilayer by TIRF and AFM to assess the morphology of
the bilayer. Then I would reconstitute the nAChR in the same bilayer and prepare a planar
bilayer for AFM imaging to examine how the presence of the receptor affects the
morphology of the bilayer (i.e., whether the receptor induces lipid segregation). As simple
as it may sound, I §vou1d expect some challenges from preparing and imaging both lipid
alone and protein reconstituted bilayer due to the large amount of negatively charged lipid
(POPA) present in these bilayers. These challenges could be overcome by optimizing the
conditions such as calcium concentration, sample loading, and incubation time and

temperature. Perhaps a special washing procedure may also be needed to remove the
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unabsorbed materials to prevent contaminated tip artifacts in the AFM images. Hopefully,
reconstituting the nAChR in a proteoliposome at high L:P ratio would not lead to significant
heterogeneity in the L:P ratio of the proteoliposomes. However, the reconstituted sample
would still be carefully characterized by sucrose gradient, and the lipid composition of the
proteoliposomes would be examined by TLC.

I wanted to determine whether or not the nAChR can segregate lipids into domains
because I wanted to understand how the presence of the receptor in a PC/PA or PC/PA/Chol
bilayer increases the Tm of the bilayer. If the nAChR could indeed segregate lipid into
domains, it would be a clear indication that this integral membrane protein can somehow
interact and control the lipids in its surrounding environment. When this is the case, I
would want to look into the mechanism as to how the receptor could do so. If the nAChR
does not induce the formation of lipid domains in the bilayer, such result would point out
that the presence of this integral membrane protein somehow increases the Tm of the
bilayer. In this case, I would still want to investigate how the protein could do so. By
examining how a protein influences the property of a lipid bilayer, and vice versa, it would
ultimately provide us a better understanding toward the structural and functional role of

different lipids and proteins in the cell membrane.
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