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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES
CENTRE FOR BIOLOGICAL SCIENCES
Doctor of Philosophy
INTERACTION OF FATTY ACIDS AND PHOSPHOLIPIDS WITH MULTIPLE
BINDING SITES ON THE POTASSIUM CHANNEL KcsA

by Juan Hernando Bolivar Gonzélez

The majority of lipids that interact with a transmembrane protein act as a solvent for the protein,
forming a shell around it; these lipids are called annular or boundary lipids. However, some
lipids interact in a more specific way, binding between transmembrane a-helices or at protein-
protein interfaces, and these lipids are referred to as non-annular lipids. The crystal structure of
the bacterial potassium channel KcsA shows a non-annular lipid molecule bound at the subunit
interfaces in the homotetrameric structure, and binding of this non-annular lipid has been shown
to be essential for channel function, making KcsA an ideal candidate for the study of lipid-
protein interactions. Recently, a third type of binding site at the hydrophobic inner cavity of the
pore of potassium channels has been proposed for fatty acid molecules, where binding was
suggested to cause block of ion flux. Fatty acids are known to affect ion channel activity, but it is
not yet certain how they act. Here, fluorescence spectroscopy and electron spin resonance (ESR)
are combined to analyse the interaction of fatty acids with the annular and non-annular sites, and
with the hydrophobic inner cavity of the pore on KcsA.

To study fatty acid binding by fluorescence spectroscopy, KcsA was reconstituted in bilayers of
phosphatidylcholine (PC) containing brominated fatty acid. Quenching of the Trp fluorescence
of wild type KcsA by brominated fatty acids allows an analysis of their interaction with annular
sites on the channel and interaction at non-annular sites was studied using a Trp mutant of KcsA.
The results shown that fatty acids can bind with an affinity rather similar to that of PC to both
annular and non-annular sites, but uncharged fatty acid analogues show limited binding,
emphasising the importance of charged interactions in these systems. In ESR studies KcsA was
reconstituted in PC membranes containing a small amount of spin labelled fatty acid. Spin
labelled lipids in contact with the protein show a different ESR spectrum from those in the bulk
lipid due to the different mobilities of their acyl chains. The ESR spectra show that the spin
labelled fatty acid bound to KcsA is strongly immobilised and binds with high affinity. It is
proposed that the fatty acid binds to the hydrophobic cavity with a dissociation constant of ca.
0.22 puM. The studies show that fatty acids can bind to the channel at a variety of sites,
suggesting that ion channel function could be modulated directly by interactions with fatty acids.

Other studies here presented focused on the influence of the annular lipids on the aggregation
of KcsA. Protein-protein contacts are important for membrane protein association and activity,
but little is known about the influence that the lipid bilayer can have on protein-protein
association. ESR experiments with spin labelled phospholipids show that at lipid:channel molar
ratios of ca. 100:1 or higher, KcsA is solvated by ca. 31 annular phospholipid molecules, as
expected from its crystal structure, but that, at lower lipid content, protein-protein contacts
become favourable and KcsA aggregates. The ESR data also show that aggregation is reduced in
bilayers of anionic phosphatidylglycerol (PG) in comparison to bilayers of zwitterionic PC, as
confirmed by quenching experiments where brominated PG was able to quench wild type KcsA
more efficiently than brominated PC at the low lipid:channel molar ratios. The results highlight
the importance that the lipid bilayer composition can have on membrane protein association.
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Chapter 1. General introduction.

1.1 Biological membranes: an overview
Membranes represent one of the key elements of cellular regulation. They do

not just limit the cell and its compartments. Through the plasma membrane the cell
interacts with its environment and communicates with other cells, and it is also the
site of action of many drugs. Biological membranes have turned out to be very
complex and dynamic structures that have intimate interactions between their

components: lipids and proteins.

1.1.1 Membrane lipids
Lipids constitute the membrane building blocks, forming a matrix to which

proteins can associate in many different ways. The basis of the formation of
membranes is primarily the amphipathic nature of the lipids that compose them, and

their cylindrical shape®.

Types of membrane lipids

Phospholipids, glycolipids and sterols are the most abundant lipids in
biological membranes. The hydrophobic region of a phospholipid molecule is
composed of fatty acyl chains anchored to a backbone that links the molecule to the
hydrophilic region, which, in phospholipids, consists of a phosphate attached to an

alcohol through an ester group™*.

There are two main types of phospholipids: glycerophospholipids (also called
phosphoglycerides) and sphingophospholipids (Figure 1.1). In phosphoglycerides the
backbone is glycerol and different alcohol groups give rise to some of the main
classes of phospholipids found in membranes, such as phosphatidylglycerol (PG),
phosphatidylserine (PS), phosphatidylcholine (PC), phosphatidylethanolamine (PE)
and phosphatidylinositol (PI) (Figure 1.2). The simplest phospholipid lacks the
alcohol group, and is called phosphatidic acid (PA). In the phosphoglycerides found



in most biological membranes the phosphate group is attached to carbon 3, with the
two fatty acyl chains attached to carbons 1 and 2, respectively (because glycerol
possesses a chiral carbon, the carbon atoms of glycerol derivatives are numbered
stereospecifically: the prefix ‘sn’ for ‘stereospecifically numbered’ is used in this
nomenclature to differentiate it from conventional numbering). The acyl chains
normally contain an even number of carbon atoms and their lengths vary between 14
and 24 carbon atoms. Many phosphoglycerides have their acyl chain at position 1
saturated, and their acyl chain at position 2 unsaturated, the latter often being longer.

In sphingophospholipids the backbone is sphingosine (Figure 1.1), a long
chain amino alcohol that itself contains one of the hydrophobic chains of the molecule.
In addition, in these lipids a fatty acyl chain binds through an amide linkage to the
sphingosine backbone. The compound formed by the sphingosine and a fatty acyl
chain is called a ceramide. In the lipid head group, when the alcohol group
incorporated is choline, the resulting molecule is another important component of

membranes: sphingomyelin.

Glycolipids are characterised by containing one or more monosaccharide
residues. Many glycolipids have a very similar structure to that of phospholipids, but
their head group consists of an oligosaccharide, instead of the phosphate group bound
to an alcohol. Thus, the main types of glycolipids found in membranes can be

classified as glycoglycerolipids and glycosphingolipids.

These membrane lipids can be named in different ways: the term
“sphingolipids” can be used to refer to all lipids that contain sphingosine in their
structure, including both sphingophospholipids and glycosphingolipids; glycolipids
can include phospholipids with monosaccharide residues, like
glycophosphatidylinositols; also, the term “phospholipid” is commonly used to

primarily refer to glycerophospholipids.

Sterols are a type of isoprenoid, molecules constituted by repeating isoprene
units, a branched five carbon hydrocarbon. Sterols belong to a subgroup of
isoprenoids called steroids, which are complex derivatives of three isoprene units

cyclised to form a fused four ring molecule. Different steroids contain carbon double
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bonds at different positions, and different substituents. Sterols are characterised by
possessing a hydroxyl group attached to carbon 3 in their structure, which provides
the molecule with a polar region. An important sterol present in practically all animal

plasma membranes is cholesterol*?.

The lipid phase

When membrane lipids are placed in an aqueous medium, the hydrophilic
region (lipid head group) permits the lipids to interact with the water molecules, while
the long hydrophobic chains tend to aggregate to escape from unfavourable

interactions with water.

The aggregation of the lipid monomers into complex structures like bilayers
depends on several factors, including lipid concentration, hydration, temperature and
the ionic strength of the water phase. However, the most important factor in
determining the lipid organization adopted is the molecular shape, which is
determined by the size and polarity of the lipid head group relative to the size and

saturation state of the hydrophobic acyl chains'=.

Roughly speaking, lipids with a cylindrical shape tend to organize in bilayers,
as for example phosphatidylcholine. At high concentrations the lipid bilayers can pile
up to form a lamellar phase (Figure 1.3). Some lipids have an inverted conical shape
and aggregate to form micelles; at higher concentration these lipids can also adopt a
hexagonal | phase, in which the lipids form hexagonally arranged cylinders, with the
hydrophobic tails pointing towards the axis of the cylinders and the hydrophilic head
groups being in contact with the water between the cylinders (positive curvature).
Other lipids have a conical shape and tend to aggregate in a hexagonal Il phase, in
which the lipids form hexagonally arranged cylinders, in this case, with the
hydrophobic tails facing the outside of the cylinders (negative curvature), and with the
lipid head groups pointing towards the axis, where the water is trapped; similarly, at
low concentrations, conical shape lipids can also form inverted micelles when placed
in a hydrophobic medium (Figure 1.3). However, conical and inverted conical shaped
lipids can form bilayers when mixed with a sufficient quantity of a cylindrically
shaped lipid, as in the case of phosphatidylethanolamine, which has a conical shape

but is abundant in biological membranes. Another lipid phase, structurally more
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complex, is the cubic phase, a phase with a three dimensional cubic symmetry. These
cubic phases can also have a positive or a negative curvature, and they can form a

great variety of different three dimensional structures’.

A full analysis of why lipids adopt a bilayer or some other phase is, however,
more complicated than the concept of lipid shape might suggest. The main factor that
keeps lipid molecules packed together is the hydrophobic effect, which tends to
reduce as much as possible the contact between the lipid acyl chains and the water
molecules, by decreasing the interfacial area, generating an attractive force at the
polar-apolar interface (Figure 1.4). This attractive force creates a negative pressure
that keeps the lipids together. However, as the lipid molecules get closer, other forces
arise with a net repulsive effect. In the hydrocarbon region there are attractive van der
Waals interactions between the acyl chains, but these are opposed by the thermal
motions of the chains, and the balance is a net repulsive effect that tends to separate
the lipids (a positive lateral pressure). Similarly, in the lipid head group region, steric,
hydrational and electrostatic repulsions create a net positive pressure despite attractive
contributions such as those due to hydrogen bonding. The balance of all these forces
will depend on the structure of the lipid and will vary with temperature, lipid
concentration, hydration and ionic strength, and, depending on these, the lipids will
adopt different phases in order to reduce as much as possible their free energy™*
(Figure 1.4).

Aggregation of the lipid molecules gives them physical properties different
from those found in other phases of matter; they are referred to as liquid crystals. The
characteristic of a liquid crystal is that even though the molecules do not have a
positional order, they have an oriented disposition: the molecules are free to move as
long as they maintain their hydrophobic regions and hydrophilic regions aligned with
their neighbours®; the lipid molecules can diffuse in the plane of the bilayer or other
phase, and can rotate around their own axis; the fatty acyl chains are disordered, with
free rotational movement around the C-C bonds that allow the lipid molecules to
continuously change their acyl chains conformation (Gauche isomers)*>. As a result,

liquid crystals are oriented fluid systems.
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However, lipid bilayers are not always in a liquid crystalline phase. At low
temperatures the molecules are highly packed and organized, with the maximum
number of van der Waals interactions between the fatty acyl chains; the lipids can no
longer diffuse in the plane of the membrane. This phase is called the gel phase (L,
Figure 1.5). Sometimes, depending mainly on the structure of the lipid head group,
the acyl chains are tilted with respect to the bilayer normal, in which case the gel
phase is symbolised as Lg. Above a critical temperature, called the transition
temperature (which varies depending on the lipid), the lipid bilayer transforms into the
liquid-crystalline state (L,). Lipids with short fatty acyl chains present less van der
Waals interactions, and lipids with cis double bonds in the acyl chains have kinks that
impede efficient van der Waals interactions, so that these lipids tend to have lower
transition temperatures, needing less energy to reach a liquid-crystalline state®®
(Figure 1.5).

Because of its shape and its rigid ring system, cholesterol can affect the
fluidity and other physical properties of lipid bilayers. Bilayers containing the
appropriate amounts of cholesterol and a phospholipid with a high transition
temperature can form an intermediate phase called the liquid-ordered phase (L,). In
this phase, the cholesterol molecules prevent intimate interactions between the
phospholipid fatty acyl chains, inhibiting formation of the gel state at temperatures
below the transition temperature, making the bilayer adopt a liquid-ordered phase. In
the liquid-ordered phase the acyl chains are relatively extended and packed, but the

lipids have rapid lateral mobility®.

Biological membranes generally exist in a liquid-crystalline state, with a
complex mixture of lipids. However, detergent resistant membrane domains can be
isolated from a variety of eukaryotic cells and are thought to exist in a liquid-ordered
state because they are mostly composed of sphingolipids (which have a high transition
temperature and hence tend to be in a gel state at physiological temperatures) and

cholesterol®.
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1.1.2 Membrane proteins
Although the lipid bilayer provides the basic structure of biological

membranes, the membrane proteins are the elements that perform most of the specific
functions of the membrane. Proteins can associate with the lipid bilayer in many
different ways, although they can be generally classified as peripheral or integral
(Figure 1.6). Peripheral membrane proteins interact only with the lipid head groups or
the hydrophilic regions of other membrane proteins, mainly through electrostatic
interactions and hydrogen bonds, and can usually be dissociated easily from the
bilayer by varying the pH or increasing the ionic strength of the medium. In contrast,
integral membrane proteins penetrate the hydrophobic region and can also interact
with the hydrophilic groups of the lipids; this makes their association more intimate
and strong, and therefore, their solubilisation usually requires the use of detergents or

organic solvents®.

Some proteins are covalently linked to lipid molecules; the lipid moiety inserts
into the membrane acting as an anchor for the protein. In some cases the lipid permits
the protein to associate with the membrane permanently (e.g. GPI anchored proteins).
In other cases, the association with the membrane can be temporary (e.g. some
palmitoylated proteins) and can be important for modulating the activity of the protein.
There are some cases of integral membrane proteins that contain lipid moieties, but
their presence is not necessary for the protein to stay in the membrane (e.g. G-protein
coupled receptors with palmitoyl anchors)’.

Integral proteins that cross the lipid bilayer from one side to another are called
transmembrane proteins. Because the peptide bonds themselves are polar, they tend to
form hydrogen bonds with one another in the hydrophobic regions of these proteins.
When the polypeptide chain forms a regular a-helix, the hydrogen bonding between
peptide bonds is maximized and therefore, most transmembrane regions adopt this
structure. An alternative way to satisfy the hydrogen bonding between the peptide
bonds is to arrange the multiple transmembrane strands as a -sheet in the form of a

closed barrel®.

The transmembrane region of an integral protein is embedded in the lipid
bilayer, and the lipids surrounding this region of a membrane protein influence the

12



conformational state of the membrane protein, affecting its activity®. Studying the
interactions that take place between the lipids and proteins that compose biological
membranes was the main objective of the study presented here. Fluorescence and
electron spin resonance (ESR) studies were carried out on the potassium channel

KcsA for this purpose.

1.1.3 Organization of biological membranes
In 1972 Singer and Nicolson® proposed a model for biological membranes in

which the proteins were embedded in a two dimensional fluid lipid bilayer, and
moved freely along its plane. More than thirty years later, this basic idea of a fluid
membrane with proteins floating free in a “sea of lipids” is still accepted, but has
evolved to show an image of biological membranes much more complex, with a high
degree of regulation and organization. The majority of biological membranes are
asymmetric, with a different lipid and protein composition on each side of the bilayer.
A lateral asymmetry also exists, which in part results from the poor miscibility of
certain types of lipids that generate specialized microdomains. Moreover, membrane
proteins associated with the cytoskeleton can create barriers defining different
membrane regions that will have different specialisations in the cell*!. Biological
membranes have turned out to be very complex systems whose complexity seems
indeed justified given the broad critical functions in which they are involved for the

survival of the cell.

1.2 Interactions of lipids with transmembrane proteins.
The structure and activity of membrane proteins can be strongly influenced by

their lipid environment. This influence in structure and activity can be explained by
two main types of effects of the lipid bilayer on the protein®*?. One such type of
effects refers to the influence of the bulk physical properties of the lipid bilayer, such
as its fluidity, tension and curvature stress. A classic example of a membrane protein
affected by the bilayer in this way is the mechanosensitive channel of large
conductance MscL, which opens upon increase of membrane tension due to excess
influx of water in bacterial cells when they are placed in a hyposmotic medium*. The
other type of effects follow directly from interactions at the molecular level between

the lipids and the protein, and will depend on the chemical structures of the lipids
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(acyl chain length and unsaturation, hydrogen bonding groups, charge, etc.) and the
protein. A good example is the potassium channel KcsA, whose open probability
depends on the presence of negatively charged phospholipids that interact with
specific sites on the channel™® (see below). Effects caused by the bulk physical
properties of the lipid bilayer will tend to be less specific, being able to affect
different proteins at the same time, while effects arising from direct lipid-protein
interactions will tend to be more specific, affecting only proteins sensitive to
particular interactions with particular types of lipid molecule. However, both effects
are interconnected, as obviously the physical properties of the bilayer will finally
translate into how the lipid molecules are able to interact with the proteins embedded
in the bilayer*®*2,

The studies presented here will focus on lipid-protein interactions. There are
two main ways in which a lipid molecule can interact with a transmembrane protein in
the lipid bilayer. The majority of lipid molecules that interact with a transmembrane
protein act as a solvent for the protein, forming a shell around it; these lipids are
called annular or boundary lipids* (Figure 1.7A). The interactions of annular lipids
with transmembrane proteins are relatively non-specific (although there may be hot-
spots that prefer a certain kind of lipid interaction'®), and the exchange rate between
the annular lipids and the bulk of the lipids that are not in contact with the protein is
fast, in the nanosecond to microsecond range, indicating that this type of interaction is
a non-sticky one. For this reason annular lipids do not generally appear in the crystal
structures of membrane proteins, as they are easily displaced by detergent molecules
or are disorganised in the crystal®. Nevertheless, this annular shell of lipids around
membrane proteins can be essential for maintaining their structure, oligomeric state
and function. For example, the activity of the Ca?*-ATPase from sarcoplasmic
reticulum is influenced by the annular lipids around it: the activity is maximum in
phosphatidylcholine bilayers of monounsaturated acyl chains of 18 carbon atoms
length, and decreases in bilayers of shorter or longer chain lengths or in membranes
composed of negatively charged phospholipids®. Annular lipids could also influence
oligomerisation of complex proteins, which can be an important mechanism for
regulating their activity. Some G-couple coupled receptors are known to be activated
upon dimerization''®; ion channels like the inwardly rectifying potassium channel

Kir4.1'" and the voltage gated potassium channel Kv2.1'® have been reported to form
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large clusters in cell cultures and in vivo, respectively. Further, ryanodine receptors
(calcium ion channels in the sarcoplasmic reticulum of cardiac and skeletal muscle
cells, and in the endoplasmic reticulum of other excitable cells) have been shown to
be arranged in regular arrays forming clusters of 100-300 receptors, and have been
proposed to undergo concerted opening due to conformational spread between
neighbouring channels, i.e. channel-channel physical coupling™®?. However little is
known about the driving forces that trigger or influence oligomerisation or about its

biological relevance.

An important feature of the lipid-protein interaction is hydrophobic matching
between a transmembrane protein and a lipid bilayer*?*#. The hydrophobic core of a
phospholipid bilayer corresponds to the segment between the glycerol backbones on
the two sides of the bilayer, and so the hydrophobic thickness of a bilayer is
determined by the acyl chain length and degree of unsaturation. The exposure of
hydrophobic acyl chains or peptide residues to water has a very high energetic cost,
hence hydrophobic mismatch tends to be compensated with changes in the lipid
bilayer and/or the protein. Lipids surrounding a transmembrane protein could stretch
or compress in order to match the hydrophobic region of the protein. The other
possibility is for the transmembrane a-helices in a transmembrane protein to change
their tilt, resulting in changes in the overall structure of the protein (Figure 1.8). When
the energetic cost of these changes is high, it can be minimised by aggregation of the
protein, reducing the area of contact between the lipids and the protein; if the
energetic costs are still too high, the protein could be excluded from the membrane

altogether.

Although the interactions of annular lipids with transmembrane proteins
generally have a low specificity, the lipid head group can have important effects on
the structure and function of transmembrane proteins. The -NH and C=0O groups at
the ends of a transmembrane a-helix cannot hydrogen bond with the other groups in
the a-helix itself because they are the ending amino acids of the helix. These groups
can, however, hydrogen bond with the glycerol backbone and the lipid head group of
the bilayer. Changes in the lipid head group could change this pattern of hydrogen
bonding and alter the structure of the protein and hence its activity. The presence of

charged lipid head groups can also have important effects on the structure of a
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membrane protein when the protein contains charged amino acids capable of
interacting with the lipid head groups. Additionally, interactions with the lipid
headgroup could also affect the oligomeric or aggregation state of membrane proteins,
which can also be important for protein function. Finally, a more indirect way in
which charged lipid head groups could affect the activity of a membrane protein
would be by modifying the concentration of important charged molecules or ions (that
could be implicated in the activity of the protein) in proximity to the surface of the

4,22

bilayer™~~.

Some lipid molecules interact with membrane proteins in a more specific way,
binding between the transmembrane a-helices or at protein-protein interfaces in multi-
subunit proteins. These lipids are referred to as non-annular lipids, and non-annular
lipid binding sites on a protein are sometimes accessible to only certain types of lipid
molecule. The number of lipids that interact with a protein in this way is much smaller
than the number of those interacting with annular sites, and these lipids may be
essential for maintaining the structure of the protein or for the activity of the protein,

acting like co-factors*®%

(Figure 1.7B). Several multimeric complexes contain non-
annular lipid molecules buried at intersubunit interfaces, which have been suggested
to be necessary to keep the subunits together??. For example, the crystal structure of
cytochrome bcl from yeast (a homodimer involved in the electron transport chain in
mitochondria) shows a PE molecule at the dimer interface which interacts with both
monomers, which has been suggested to be important for dimer formation. The
activity of the Ca**-ATPase from sarcoplasmic reticulum is low in PE membranes,
and its crystal structure shows a PE molecule bound at a cavity that opens between
two transmembrane a-helices in the Ca?*-free conformation. This cavity closes in the
Ca’*-bound conformation, and it has been proposed that the activity of the Ca?*-
ATPase in PE membranes could be reduced due to occupancy of the cavity by PE,
making the binding of Ca®* less favourable'?. Another good example of a protein
influenced by binding of non-annular lipid molecules was already mentioned above,
the potassium channel KcsA, which will be discussed later in detail. In many cases,
non-annular lipid molecules are resolved in crystal structures, but their function, if
any, is unknown, like in the cytochrome c oxidase from the bacteria Paracoccus
denitrificans where two phosphatidylcholine molecules, one on each side of the

membrane, are bound in deep clefts in the protein surface?® (Figure 1.7B).
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1.3 Studying the interactions of lipids with transmembrane
proteins.
There are four main ways of studying lipid-protein interactions: molecular

dynamics simulations, Xx-ray crystallography, electron spin resonance and

fluorescence spectroscopy.

1.3.1 Molecular dynamic simulations
Computer simulations can create models that provide a view of the dynamics

of membranes that experimental techniques cannot provide. However, several
problems need to be considered when using these models. Both the time and space
scales of the simulations need to be considered. Rotations of the C-C bonds take place
on a picosecond timescale, while the observation of lipid diffusion in the plane of the
membrane requires up to the order of microseconds. Similarly, the extent of motions
go from the range of A for rotations about C-C bonds, to the range of micrometers for
collective motions of groups of lipids involved in undulations of the bilayer. Another
important feature to consider is the positioning of the membrane protein into the
bilayer, since this will be crucial in describing the interactions between the lipids and

the protein in the membrane®.

1.3.2 X-ray crystallography
Although x-ray crystallography is the most direct method for observing lipid-

protein interactions, it is not possible to prepare samples of proteins for x-ray
crystallography embedded in lipid bilayers. In fact, the intrinsic basis of the technique,
the formation of crystals, which are static structures, oppose the basic characteristic of
biological membranes: their dynamism. Membrane proteins must be solubilised in
detergent in order to form crystals, and most of the lipid molecules will be either lost
or insufficiently ordered to be resolved in the resulting crystal. This fact is consistent
with the suggested low specificity in the binding of the lipid annular shell to the
transmembrane region of a membrane protein, which should make it easy for the
lipids to be lost in the solubilisation process. Bacteriorhodopsin, a trimeric proton

pump that uses light as its source of energy in the archaebacteria Halobacterium
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halobium, is one of the few cases in which a considerable amount of annular lipid has
been resolved bound to the surface of the protein (Figure 1.7A). This was possible
thanks to the disposition of the protein in the membrane, where only one annular shell
of lipids separates the different trimmers from each other, meaning that the motion of
the annular lipid molecules is more restricted than usual. In the structure, the fatty
acyl chains seem to bind into grooves on the surface of the protein, but the lipid head
groups are not resolved, probably due to a considerable disorder in the head group
region. Usually only a few, if any, lipid molecules are resolved in protein crystal
structures, and normally these correspond to non-annular lipids that bind more tightly
to the protein (Figure 1.7B). These structures show how specific and intimate the

interactions with these lipids can be* %%,

1.3.3 Electron spin resonance (ESR)
Electron spin resonance, like fluorescence spectroscopy (see below), has the

advantage of reporting information on the protein in its native lipid bilayer
environment. ESR uses probes with an unpaired electron (spin labels), normally
involving a nitroxide group, attached to chosen positions in the phospholipid fatty
acyl chains (find examples in Chapter 2, Figure 2.2)**%. The spin label absorbs
microwave radiation when placed in a magnetic field, and this absorption varies as the
magnetic field is increased, giving an absorption spectrum (see examples of
absorption spectra in Chapter 2, Figures 2.3 and 2.5). The way this is detected in the
ESR spectrophotometer gives the first derivative of the absorption spectrum, resulting
in the characteristic ESR spectrum normally observed (Figure 1.9). The resulting
spectrum is highly sensitive to rotation around the axis of the lipid molecule; as a
result, lipid molecules in the bulk liquid crystalline bilayer, where their acyl chains are
able to rotate quickly, have a characteristic narrow and intense spectrum, while lipid
molecules in contact with the rough surface of a membrane protein are less mobile,
giving a broader and less intense spectrum. The distance separation between the outer
peaks of the spectrum is called the maximum splitting of the spectrum and is a good
indicator of the degree of mobility of the spin labelled lipid, so that the greater the
maximum splitting, the lower the mobility of the lipid (Figure 1.9). Because the time
a lipid molecule resides on the surface of a membrane protein is just on the range of

ESR sensitivity it is possible to distinguish between spin label lipids in contact with a
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membrane protein and spin label lipids in the bulk lipid bilayer, due to their different
mobilities. The result is that samples of spin label lipids in bilayers containing
membrane proteins give rise to a composite ESR spectrum (Figure 1.9), i.e. a
spectrum formed by the addition of two different spectra: one coming from the
population of spin label lipid in the bulk bilayer (mobile or fluid component) and the
other coming from the population of spin label lipid in contact with the proteins
(immobile or restricted component). Deconvolution of the composite spectrum into its
single component spectra allows determination of the fraction of lipid in contact with
the protein. Thanks to this, ESR studies allow an estimate to be made of the number
of lipid molecules that surround a membrane protein (which provides information
about the oligomeric state of a protein, see Chapter 3) and lipid affinities for the
protein (see Chapter 5). Because the time a lipid molecule is bound to the protein is
on the borderline of ESR sensitivity, the spectra can also give information on the
length of time a lipid molecule stays bound to the transmembrane region of a protein
(generally 50-100 ns), lipid-protein interactions being only slightly more favourable
than lipid-lipid interactions (generally lasting ca. 10 ns), indicating a non-sticky

interaction between the lipid and the protein®%.

Other ESR approaches where spin labels are attached to cysteine residues in
the protein are also possible and can be used to probe the environment of membrane

proteins and even determine structural features.

1.3.4 Fluorescence spectroscopy
Like ESR, fluorescence spectroscopy can report on membrane proteins

embedded in their lipid environment. In this case, a fluorophore is the reporter
molecule, characterised by its ability to absorb light of a certain wavelength and then
emit light (fluorescence) of a larger wavelength that is detected in a
spectrofluorimeter®’. With the use of site directed mutagenesis it is possible to
position a reporting fluorophore in the desired position in the sequence of the protein
that is being studied?®. The three aromatic amino acids tryptophan, tyrosine and
phenylalanine have intrinsic fluorescence, tryptophan being the dominant fluorophore
and being normally used as a natural fluorescence reporter. Tryptophan fluorescence

is environmentally sensitive, and similarly to spin labels attached to cysteine residues
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in proteins in ESR, a tryptophan residue in a protein can report information about the
environment of the protein and reveal some features about its structure. A tryptophan
residue located within the lipid bilayer will have different emission spectra from one
facing the aqueous medium, thus it is possible to estimate the relative positions of

protein residues with respect to the lipid bilayer®®?°.

For the study of lipid-protein interactions in particular, quenching of

tryptophan fluorescence with brominated lipid molecules is a powerful tool®

. A pair
of bromine atoms attached at the cis double bond positions in mono-unsaturated fatty
acyl chains of phospholipids act as powerful quenchers of tryptophan fluorescence®.
For quenching of tryptophan fluorescence it is necessary for the pair of bromine atoms
to be very close to the tryptophan residue, so that only lipids interacting with the
protein will be able to quench the fluorescence of a tryptophan residue in the
hydrophobic core of the lipid bilayer. Mixtures of brominated and non-brominated
lipids can be used to study binding constants of the respective lipids to certain regions
of a membrane protein®®3!. The fluorescence lifetime of tryptophan®’ (i.e. the time
lapse from the moment exciting light is absorbed until light is emitted as fluorescence)
Is ca. 3 ns, significantly shorter than the time a lipid molecule resides bound to the

surface of a transmembrane protein (generally 50-100 ns)*?®

, and so fluorescence
measurements give a static picture of the lipid-protein interactions occurring in the
membrane. The method, however, differs significantly from that of ESR with spin
labelled lipids. In the ESR method the information is reported by a probe attached to a
lipid molecule, generally giving an average picture of the lipid molecules interacting
at all the lipid binding sites on the protein. On the fluorescence method the
information is reported by a particular tryptophan residue in a defined region of a

protein, giving information about particular lipid binding sites®.

1.3.5 ESR and fluorescence spectroscopy can be used to estimate
lipid binding constants

As described above, both ESR and fluorescence spectroscopy can be used to
measure the affinities of lipids for a protein. In the present study, both techniques will
be used to analyse interactions of lipids with annular and non-annular sites on

KcsA32, The interaction of lipid molecules with the annular sites of a
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transmembrane protein can be described in terms of an exchange equilibrium between
the lipid bound to the protein and the bulk lipid (Figure 1.10). In this way a binding
constant for a lipid A relative to a lipid B can be determined, as will be explained in
detail in the following chapters. For lipid molecules binding at non-annular sites, an
exchange equilibrium model can also be used, when both lipid A and lipid B can bind
at the site, or alternatively, a simple binding model may apply when only lipid A, for
example, can bind at the non-annular site (Figure 1.10). The potassium channel KcsA
has been chosen for these studies for its convenience for studying lipid-protein
interactions with both annular and non-annular sites, and for the importance of the

interactions with lipids for potassium channel function (see below).

1.4 Potassium channels
Numerous potassium channels have been identified in a wide range of species

from archaeal, bacterial and eukaryotic cells, and all of them are related members of a
single protein family. These channels are all characterised by containing a highly
conserved amino acid sequence called the K channel signature sequence. This
sequence forms part of the pore of the channels and is essential for them to
discriminate between K* and Na’ ions. In fact, all potassium channels show very
similar ion permeability properties. Their permeability to K™ is very similar to that of
Rb*, but they also show a lower permeability for Cs*. Their permeability to the
smallest alkali metal ions, Na* and Li", is extremely low, K* being 10,000 times more
permeant than Na®. Potassium channels are also characterized by having a multi-ion
conduction mechanism, in which several ions queue in a single file inside a long and

harrow pore to cross to the other side of the membrane*.

In most cases, the functional potassium channel protein is a tetramer, generally
composed of four identical subunits; the subunits generally contain two or six
transmembrane a-helices®. In the case of “two pore domain” potassium channels, the
functional channel is a dimer in which each monomer consists of two fused subunits
of the type initially described, so that only two monomers need to come together to
form a channel. These are the basic subunits that form the channels, and are called
primary (o) subunits. Additionally, in some cases, other subunits, called accessory ()

subunits, may associate with the a-subunits modifying the channel characteristics,
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such as ion selectivity, kinetics and pharmacology. Some of these B-subunits are
located in the cytoplasm, whilst others are associated with the membrane. Finally, in
some cases there are also special types of a-subunits, called silent a-subunits, which
cannot form functional channels on their own, but can combine with other functional

a-subunits to form heterotetramers with altered properties®.

1.4.1 Potassium channel regulation
As described above, all potassium channels share very similar ion

permeability properties due to the conserved sequence in the pore. However, they
show many different modes of regulation, and so the variety of potassium channels in
nature is immense. Potassium channels can be regulated by ligands, voltage or
mechanical stimuli***®. It is hard to produce a classification of all potassium channels
because in many cases different regulatory domains combine in different groups.
Voltage-gated potassium channels contain six transmembrane o-helices, named S1 to
S6 from the N-terminus to the C-terminus. The last two transmembrane helices, S5
and S6, constitute the core of the channel, and are present in all potassium channels.
The first four helices, S1 to S4, form the voltage sensor of these channels, where the
S4 helix is characterised by containing positively charged residues essential for
voltage sensing. Ligand binding potassium channels normally have the two core S5
and S6 transmembrane a-helices and cytoplasmic domains that are the ligand binding
domains that regulate their activity. The diversity of ligands described is immense,
from ions and small organic molecules to proteins. Numerous channels combine
voltage and ligand regulation, having complex structures. Additionally, potassium
channels can have extra domains involved in tetramerization and the binding of (-
subunits®=’. All these properties permit potassium channels to be tightly regulated,
letting cells control numerous physiological processes. In prokaryotes it is thought

that they are necessary to maintain the membrane potential®®

, While in eukaryotes they
are further known to be necessary for complex processes such as neuronal integration,

heart rate, K* reabsorption in the kidney, vascular tone and insulin release®.

Potassium channels can be influenced by their lipid environment.
Potassium channel structure and function can also be influenced by lipids. For

example, the conformation and functionality of the voltage sensor of voltage-gated
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potassium channels is greatly influenced by its lipid environment: the phosphodiester
group in phospholipids has been shown to be essential for the functionality of the
voltage sensor. However, it is not yet certain how phospholipids mediate their
influence on the voltage sensor. First it was proposed that specific interactions of the
phosphodiester groups with two Arg residues in the S4 helix were responsible for
maintaining the voltage sensor in the correct conformation in the membrane™.
However, a recent study has shown that this is not the case, as mutation of those Arg
residues to Cys does not disrupt the conformation and functionality of the voltage-
sensor®’. Instead, it was proposed that the interactions providing stability for the
voltage sensor in the membrane corresponded to the sum of many weak interactions
between the voltage sensor and the annular lipid molecules surrounding it, the annular

lipids and voltage sensor acting as a functional unit*®.

Another group of potassium channels known as inwardly rectifying potassium
channels or Kir channels (channels formed by subunits with two transmembrane a-
helices that preferentially conduct potassium ions towards the inside of the cell) are
also influenced by the lipid bilayer composition. Kir channels require the presence of
highly negatively charged phosphoinositides (two to four negative charged groups) to
be active®, and it has been proposed, on the basis of mutagenesis studies, that the
highly negatively charged headgroups interact with a cluster of conserved positively
charged residues located in cytoplasmic domains in a region close to the membrane

interface.

Another type of lipid molecule that has been shown to affect the activity of
numerous different types of potassium channels (and numerous other ion channels)
are (unesterified) fatty acids****. Fatty acids can be particularly useful as messenger
molecules for activity regulation because in resting conditions their concentrations in
the membrane are very low, but in response to a particular stimulus they can be
quickly released from phospholipid molecules in the membrane. Moreover, their
significant water solubility allows them to also leave the lipid bilayer and interact
with other regions of a membrane protein apart from those embedded in the lipid
bilayer. Numerous studies have reported that fatty acids affect potassium channel
function, and it is likely that there is more than one mechanism of action. Two reports,

based on mutagenesis studies, have provided strong evidence that inhibition of some
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potassium channels by fatty acids occurs by binding of fatty acid molecules to the

%48 (see below for the

hydrophobic inner cavity of the pore, blocking ion flux
structure of potassium channels and Chapter 5 for more details about fatty acids

binding in the cavity).

Some of the experiments presented in this thesis will focus on the study of
interactions of fatty acids with potassium channels. In particular, the potassium
channel KcsA was chosen as a model because its particular characteristics (see below)
allow an analysis of lipid-protein interactions at the annular and non-annular sites
separately with the use of fluorescence spectroscopy (Chapter 4). Further, combined
with ESR studies, binding of fatty acids at the hydrophobic inner cavity can also be
explored (Chapter 5), allowing a thorough analysis of interactions with all binding

sites potentially involved in channel function regulation.

1.5 The potassium channel KcsA

1.5.1 Structure of KcsA
The potassium channel of the Gram-positive soil bacteria Streptomyces

lividans was named KcsA. It was identified by Schrempf et al.*’ in 1995, and its
amino acid sequence (160 amino acids) and structure is closely related to that of other

34,4849 1t was first

potassium channels, including eukaryotic potassium channels
crystallized by Doyle et al.** in 1998, being the first potassium channel ever
crystallised. Their results revealed a channel with the form of an inverted cone
composed of four identical subunits (Figure 1.11). Each subunit has only two
transmembrane a-helices, one facing the central pore (inner helix) and the other the
lipid bilayer (outer helix). These transmembrane a-helices are connected by 30 amino
acids that constitute the P-loop region, which consists of the turret, a short helix (pore
helix) and the selectivity filter (which contains the channel signature sequence
TTVGYG). Both the extracellular and intracellular entry ways for K* ions are marked
by acidic amino acids. The overall length of the pore is 45 A, and the polar selectivity
filter for K™ ions (which is very narrow) is found near the extracellular surface of the
membrane. Towards the middle of the bilayer, the pore opens into a wide hydrophobic

cavity (called the central cavity) and narrows again at the intracellular side of the
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membrane where the inner transmembrane helices of adjacent subunits cross, forming
a bundle that occludes the pore. Thus, the crystal structure of KcsA obtained by Doyle
et al.* shows, at least at the intracellular side of the membrane, a channel in its closed
state. Since then, numerous other crystal structures of the KcsA channel have been

resolved, some of them in the open state, with the helical bundle wide open®°.

To obtain crystals for X-ray analysis Doyle removed the C-terminus from
KcsA, and the N-terminus residues were unresolved®. None of the crystal structures
determined at present show the N-terminus of KcsA, however, ESR studies carried
out by Cortes et al. in 2001 with reconstituted KcsA channels revealed for the first
time the molecular architecture of the N and C-termini (Figure 1.12). Both termini
contain a significant number of charged residues, specially the C-terminus. The N-
terminus forms an interfacial a-helix up to position 20 to 21, with some residues
facing the lipid bilayer, and others facing the cytoplasm. It is then connected to the
outer transmembrane helix by two to three residues. This interfacial helix expands
about 30 to 40 A away from the transmembrane core and it is not completely parallel
to the membrane, showing an insertion angle of about 14° relative to the membrane
plane. The C-terminus was, more recently, revealed by X-ray crystallography®® which
gave a rather different picture to that suggested by the ESR study; although both
studies suggested that the C-terminus was a highly a-helical domain extending

towards the cytoplasm perpendicularly to the lipid bilayer (Figure 1.12).

1.5.2 Potassium conductance
Given that K* concentrations are high inside the cell and low outside, K* ions

will generally move through the channel from the inside to the outside, although, ion
flux is possible in both directions. Before ions enter the channel, negatively charged
residues in the extracellular and intracellular sides of the protein are thought to
increase the local concentration of cations compared to anions, in order to favour
cation conductance (Figure 1.13A). The reason why KcsA conducts K™ much better
than Na' relies mainly on the structure of the selectivity filter***. Qutside the
selectivity filter, the ions are hydrated, interacting with water molecules. The
selectivity filter is too narrow for either Na*™ or K* to enter hydrated, and so, before
entering, they must lose their bound water molecules. The energetic cost of
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dehydration is balanced for K* ions by interaction with the selectivity filter. In detail,
the signature sequence residues in the selectivity filter are arranged with their polar
carbonyl oxygen main chain atoms pointing towards the pore. Dehydration of K™ is
balanced by optimal interaction of the ion with the carbonyl oxygen atoms from the
four subunits, but Na* is too small to interact well with the carbonyl oxygen atoms in
the selectivity filter, and so the activation energy for Na* binding to the filter is very
high (Figure 1.13B).

There are four sites where K* ions could bind in the selectivity filter, but only
two ions are present at a time, occupying alternate positions. This is because if all the
binding sites in the selectivity filter were occupied with ions, there would be
unfavourable electrostatic repulsions between them. Thus, the conductive selectivity
filter exists in two ion configurations: K*-water-K*-water (1, 3 configuration) and
water-K*-water-K* (2, 4 configuration). The structure of the selectivity filter might
suggest that a K™ ion would be held very tightly in the filter. However, the multi ion
conduction system provides a mechanism to avoid ion retention, because as a new ion
enters, the previous ion in the filter becomes destabilized by electrostatic repulsion,

helping its release into solution®>3,

The selectivity filter is located on the extracellular side of the membrane and
to cross the lipid bilayer, the ions must pass through the region of the channel that is
held in the hydrophobic core of the bilayer. The hydrophobic core of the lipid bilayer
constitutes a great impediment for ion passage because of the low electrical
polarizability of the hydrocarbon chains, meaning that they hardly interact with the
ion. The crystal structure of KcsA has revealed the mechanism by which the structure
of the channel creates an environment that stabilizes the ions in the middle of the
bilayer, allowing them to cross it. Two structures are involved: the pore helices
(Figure 1.13C and D) and the inner cavity (Figure 1.13D) 34°3°%,

The hydrophobic central cavity is located right at the hydrophobic core of the
bilayer. It is large enough to contain around 50 water molecules, creating a polar
environment that reduces the free energy cost for transferring an ion into the bilayer
core (Figure 1.13D). In addition, the pore helices act as dipoles stabilising cations

crossing the bilayer. The C=0 and N-H groups in the peptide bonds of an a-helix are
26



all disposed in the same orientation, acting together as a dipole along the axis of the
helix. The result is a more negatively charged C-terminus and a more positively
charged N-terminus (Figure 1.13C). Together the four pore helices point their C-
termini towards the central cavity, and this provides a negatively charged environment
that helps stabilise K* ions in the central cavity. At the same time, the hydrophobicity
of the inner cavity means that K* ions do not bind tightly to the channel on their

passage through the pore, allowing very fast flux.

1.5.3 Gating of KcsA
The gating mechanism of KcsA is complex and is not yet fully understood. It

is clear that the channel is gated by binding intracellular protons, needing a pH <5.5
on the intracellular side of the membrane for opening, although it seems unlikely
that protons are physiological ligands of KcsA, since intracellular pH is normally
tightly regulated and would not be expected to reach a value of 5; the mechanism by
which KcsA gating occurs in vivo remains unknown. Recently, a group of three
residues at the cytoplasmic ends of the transmembrane helices (E118, E120 and H25)
have been shown to be the pH sensors in KcsA; it has been proposed that these
residues form a complex network of inter and intrasubunit interactions at the
cytoplasmic ends of the two transmembrane helices (Figure 1.14). At neutral pH this
network would keep together the ends of the inner transmembrane a-helices, creating
a crossed bundle that impedes the flow of ions. At acidic pH, the network would be

disrupted and as a consequence the inner helices could separate, opening the channel.

The movement apart of the inner helices had already been related to channel

opening at acidic pH by several groups®®

. Recently, the crystal structure of a
constitutively open KcsA mutant has shown that the helix bundle indeed opens widely,
the inner helix undergoing a hinge-bending and rotational motion, the hinge point

being located somewnhere above Gly-104*° (Figure 1.15).
The movement of the inner transmembrane helices is not the only process that

governs channel gating. Even at acidic pH, the channel shows a very low open

probability, which does not correlate with the helix movement®?. In order to explain
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this apparent contradiction, it was suggested that the proton dependent activation is
followed by an inactivation process. This inactivation process has been shown to take
place in the selectivity filter, and is referred to as C-type inactivation. In the closed
state, at neutral pH, a hydrogen bond network in the selectivity filter holds it in a
conductive state. When the channel is activated at acidic pH, the movements of the
inner helices partially destabilise this hydrogen bond network, and the selectivity filter
is then able to fluctuate between its conductive and non-conductive conformations®®®.
C-type inactivation also happens in other potassium channels, where involvement of

the selectivity filter has also been shown®®.

As described previously, gating of KcsA is further influenced by the lipid
bilayer. Negatively charged phospholipid molecules are required to bind at the non-
annular sites located at the intersubunit junctions to increase the open probability of

the channel®™

, as will be described in more detail below.

Other potassium channels have other mechanisms to regulate ion flux. One
important mechanism is called N-type inactivation. This inactivation mechanism takes
advantage of the wide hydrophobic inner cavity present in the potassium channel
family, which, as described above, is necessary for ions to cross the hydrophobic core
of the bilayer. In N-type inactivation, the N-terminus of the channel (or in some cases
a B-subunit) acts as a blocking arm that penetrates the inner cavity after the channel
has opened, impeding ion flow through the pore®”®8. KcsA lacks N-type inactivation,
but, because it has a wide hydrophobic inner cavity, it is susceptible to pore blockage
by hydrophobic cations like tetraethylammonium (TEA)®® or tetrabutylammonium
(TBA)®" "™ that bind to the inner cavity, the positive charge on these ions helping to
maintain them within the cavity due to the stabilising effect of the polarised pore
helices that normally stabilise potassium ions in the cavity, as explained above. Thus
KcsA is a good model for studying potassium channel regulation by pore blocking

molecules®’, including, potentially, fatty acids.
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1.5.4 Lipid interactions with KcsA

Interaction with annular lipids

Tryptophan and tyrosine residues are often observed at the lipid-water
interfaces in transmembrane proteins. Because of their amphipathic nature, these
residues are thought to act as floats that help anchor the proteins into the membrane.
KcsA possess two girdles of Trp residues, one at each membrane-water interface, with
a distribution almost parallel to the bilayer. Also, at the extracellular side, it has

another band of Tyr residues, just above the band of Trp residues (Figure 1.16).

The particularly clear distribution of Trp residues in KcsA is very convenient
for fluorescence studies aimed at analysing lipid-protein interactions. Due to the
environmentally sensitive fluorescence of tryptophan, major changes in the location of
the Trp residues with respect to the lipid bilayer will result in major changes in
fluorescence emission spectra. In fact, it has been shown that reconstituting KcsA into
lipid bilayers of different thickness does not result in any change in fluorescence
emission’®. This implies that either the lipid or the channel, or both, distort in order to
achieve hydrophobic matching, maintaining the Trp residues at the lipid protein

interface.

The distribution of tryptophan residues around KcsA also allows a
determination of the relative affinities of different types of phospholipid molecule for
the annular sites of the channel using fluorescence spectroscopy and brominated
phospholipids (see below). Using this methodology, it has been shown that, like in
many other proteins, binding of lipids at the annular sites of KcsA shows little
specificity, although negatively charged phospholipids show a clear slightly higher

affinity (ca. 1.5 to 3 fold) than zwitterionic phospholipids’™.

Despite the low specificity that the annular shell of lipids generally shows for
membrane proteins, the annular lipids are important because they provide a suitable
environment for the protein, shielding its hydrophobic surface from water. KcsA is a
particularly stable protein, which is easily reconstituted in artificial bilayers, where
single channel activity recordings can be performed*™. Its tetrameric structure is

75,76

largely maintained in sodium dodecyl sulphate (SDS) detergent micelles™ ™, resisting

29



temperatures of up to 100 °C in the presence of 100 mM KCI’’. However, numerous
studies have reported aggregates of KcsA: from channel dimers in detergent

7980 It is not clear what

micelles®, to large aggregates in reconstituted systems
triggers this aggregation behaviour and if it has any biological relevance, but these
observations make KcsA an attractive model to analyse protein-protein contacts and
the influence that annular lipids have on these protein-protein interactions. Part of the
studies presented here will therefore focus on studying the lipid-channel stoichiometry
(i.e. number of annular lipids around KcsA) in bilayers of different composition using

both ESR and fluorescence spectroscopy (see Chapter 3).

Interaction with non-annular lipids

Crystallization of KcsA in complex with a Fab antibody fragment provided a
higher resolution structure for KcsA than that first obtained by Doyle et al.**. The
newer structure revealed a non-annular lipid molecule bound at each interface
between the monomers®. The lipid molecule is not completely resolved, but
biochemical assays have shown this lipid to be the negatively charged phospholipid
phosphatidylglycerol (PG)®. The partial PG molecule seen in the crystal structure of
KcsA indicates that the negatively charged lipid head group is located near the
extracellular surface, close to two positively charged residues (R64 and R89) which
could provide favourable electrostatic interactions for binding the lipid. The lipid acyl
chains project into the lipid bilayer; one of them is located in a groove between the
inner and the pore helices, while the other seems to interact less intimately with the
protein (Figure 1.17).

It has been shown that the presence of negatively charged phospholipids is

needed for the channel to be opened®!®

and recently it has been found that at least
three of the four non-annular sites need to be occupied by a negatively charged lipid
molecule for the channel to open™®. However, the molecular mechanism by which the
binding of negatively charged phospholipids to the non-annular sites permit opening

of the channel remains unknown.
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1.5.5 Studying lipid-protein interactions in KcsA using
fluorescence spectroscopy

Fluorescence quenching of KcsA reconstituted into membranes containing
brominated lipid molecules allows an analysis of the interactions of lipid molecules
with the annular and non-annular sites on the channel, separately. Binding of a
brominated lipid molecule to a site close to a Trp residue in KcsA will result in
quenching of tryptophan fluorescence. The mechanism by which the pair of bromine
atoms on a lipid fatty acyl chain quench tryptophan fluorescence is not clear®, but it
has been shown that quenching efficiency depends on the sixth power of the distance
of separation between the Trp residue and the dibromo group®, as in Fdster energy

transfer theory:

R6
E= 6 > 6
R, +d

(1.1)

where E is the quenching efficiency, d is the distance between the Trp residue and the
dibromo group, and R, is the distance at which the quenching efficiency is 50 %. For
quenching of Trp by dibrominated fatty acyl chains, R, has been shown to be
approximately 8 A%# and this means that only brominated lipid molecules in contact
with KcsA will be able to quench effectively the fluorescence of the Trp residues in

the channel®.

KcsA contains five Trp residues per monomer, three of which, W23, W87 and
W113, are on the outer surface of the protein, facing the lipid bilayer (Figure 1.16).
These Trp residues would be expected to be quenched by brominated lipid molecules
binding to the annular sites around the KcsA tetramer. In the brominated lipid
molecule di(9,10-dibromostearoyl) phosphatidylcholine (BrPC), derived from
dioleoylphosphatidylcholine (DOPC) the bromine atoms will be at the 9 and 10
positions in the chain, about 7 A from the glycerol backbone region of the bilayer
since the hydrophobic thickness of a bilayer of BrPC is about 30 A. The surface
exposed Trp residues in KcsA are close to the glycerol backbone region of the bilayer.
The distance between one of the surface exposed Trp residues and a brominated chain
of the nearest lipid molecule in the annulus will then be ca. 7 A, giving rise to

efficient quenching’®. It is possible that more than one dibromo group will be close
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enough to the Trp to result in quenching. The efficiency of transfer to multiple
quenchers can be calculated. The efficiency of transfer from a donor to a single

acceptor is

kT

E= =)
75 +K;

(1.2)

where Kk is the rate of energy transfer and zp is the lifetime of the donor in the absence

of acceptor®’. In the presence of two acceptors this would become:

E = le+kT2

=—_Ti T2 1.3
75 +kpy ke, ¢9

where kr; and kr, are the rates of energy transfer to the two acceptors. Generalising

this to x acceptors all the same distance from the donor this becomes:

E= 71ka (1.4)
75 + XK,
Since:
R 6
k. =73 —2 15
T TD( d ] (1.5)
this becomes:
xR®
E=—2_ 1.6
d® +xR? (16)

If, for example, there are three brominated chains 7 A from a Trp residue, then
the efficiency of quenching would be 87 %. If the Trp residues W23, W87 and W113
are slightly buried below the protein surface, then the effective distance d would be

greater than 7 A. In fact it is not obvious exactly from where on the Trp group
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distances should be measured. In studies with MscL, Carney et al.®® found that the
best agreement between experiment and theory was obtained measuring distances to
the a-carbon of the Trp residue. This would increase the Br-Trp distance for the
surface exposed residues from 7 to about 8 A, decreasing the efficiency of quenching
to 50 % for quenching by a single chain, and to 75 % for three chains. Importantly,
however, guenching of these surface exposed Trp will be predominantly by the
annular lipids and not the bulk lipids. With a lipid diameter of ca. 9.4 A, the Trp-Br
distance between a surface exposed Trp and a next nearest second shell lipid molecule
will be ca. 12 A, giving an efficiency of quenching of 8 % if quenching is dominated

by a single chain or of 20 % if quenching is caused by three chains.

Of the remaining two Trp residues, W67 is close to one of the chains of the
anionic lipid molecule bound at the protein-protein interface (non-annular lipid) in the
crystal structure of KcsA (PDB 1KA4C, Figure 1.18) and so would be expected to be
quenched by a brominated lipid molecule binding to the protein-protein interface™.
The distance between W67 and the nearest chain of the bound non-annular lipid is ca.
7.4 A, giving an efficiency of quenching of 61 %. In contrast, the distance between
W67 and the closest fatty acyl chain of an annular lipid molecule is ca. 12 A, for
which the efficiency of quenching would be ca. 8 %. The final Trp residue, W68, is
distant from both the annular and non-annular sites. The expected level of quenching
of W68 from the non-annular site is ca. 7 % and ca. 1 % from the closest annular sites.
Binding of a brominated lipid molecule to the non-annular site will result in ca. 7 %
quenching of the fluorescence of the lipid-exposed W87. In conclusion, W23, W87
and W113 will be quenched by annular lipid but only slightly by non-annular lipid,
W67 will be quenched by non-annular lipid but only slightly by annular lipid and
W68 will be quenched by neither annular nor non-annular lipid. Therefore quenching
of the Trp fluorescence of wild type KcsA by brominated lipid will result from
binding at either the annular or the non-annular sites, while quenching of the Trp
fluorescence of a KcsA mutant lacking the three lipid-exposed Trp residues, W26,
W87 and W113 will only result from binding to the non-annular site. As a result,
comparing fluorescence quenching in wild type KcsA and the mutant lacking W26,
W87 and W113, allows an analysis of binding of annular and non-annular lipids (see
Chapter 4).
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1.6 Objectives
The aim of the studies presented in this thesis is to characterise lipid-protein

interactions in the model potassium channel KcsA using fluorescence spectroscopy
and ESR methods. As described in the introduction, lipid-protein interactions are
important for regulating membrane protein function, and there is much interest in
understanding how lipids exert their effects on membrane proteins. KcsA has been
shown to be a representative model of the potassium channel family and as discussed
above, it is also a good model to study lipid-protein interactions. Fatty acid molecules
have been shown to affect ion channel function, but little is known about their
mechanism of action. A part of the studies here presented will focus on the interaction
of fatty acids with their potential sites of action: annular and non-annular sites
(Chapter 4) and the hydrophobic inner cavity (Chapter 5). There is also interest on
understanding the factors that influence protein-protein contacts of membrane proteins,
as oligomerisation of proteins in the membrane can influence their function. Several
studies have reported aggregation of KcsA, but little is known about the mechanisms
that trigger aggregation of the channel. Chapter 3 will focus on analysing the

influence of annular lipids on aggregation of KcsA.

34



| Fatty Acid —

| Fatty Acid —

Glycerophospholipid

—‘ Phosphate H Alcohol ‘

[Fommo <~ o

\ SPHING O

\ Fatty Acid —

Sphingophospholipid

m =z — w

4 Phosphate H Alcohol ‘

CERAMIDE —

Figure 1.1 Schematic structures of phospholipids: glycerophospholipids and
sphingophospholipids. In glycerophospholipids, the glycerol backbone is attached to two
fatty acyl groups through ester bonds, while in sphingophospholipids the sphingosine
backbone contributes one of the acyl chains and a fatty acyl chain is attached through an
amide bond.
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Figure 1.2 Structures of some common glycerophospholipids. The basic structure common
to all glycerophospholipids is shown at the top. In black is the glycerol backbone. In pale
green are the two fatty acyl chains, which may have different lengths and number of double
bonds (R1 and R2), and are linked through ester bonds to the glycerol backbone. In red is the
phosphate group, which binds to the alcohol group (X). Some of the most common alcohol
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group structures are shown below the general structure.
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Figure 1.3 Lipid phases. The shape of the lipid molecule is important for determining the
type of aggregation in water. Lipids with a cylindrical shape tend to form bilayers that at high
concentrations can pile up in a lamellar fashion; cone shaped lipid molecules tend to form the
(hexagonal) H,, phase (negative curvature) at high concentrations, while at low concentrations
can form inverted micelles when placed in a hydrophobic medium; inverted cone shaped lipid
molecules tend to form micelles, and at high concentrations arrange in the (hexagonal) H,
phase (positive curvature).
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Figure 1.4 Lateral forces acting in a lipid bilayer. A net attractive force (F,) due to the
hydrophobic effect keeps the membrane assembled, acting at the polar-apolar interface
(dashed line). Net repulsive forces act at the hydrophobic core (F.) and the lipid head groups
(Fr). When F; and F, are balanced an ideal bilayer is formed. When F. or F,, are not balanced,
the membrane tends to adopt a negative or positive curvature. Symmetrical bilayers (bilayers
with the same lipid composition on both sides of the membrane) will not be able to bend and
would be under a curvature stress, which could disrupt the membrane if the repulsive forces
are stronger than the attractive forces. Adapted from Lee, 2004°.
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Figure 1.5 The gel and liquid crystal phases. Below their phase transition temperature, lipid
bilayers are in a gel phase, with their lipid molecules tightly packed, not being able to diffuse
along the membrane plane. Above the transition temperature lipid bilayers go into the liquid
crystal phase, with their acyl chains disordered, the membrane is fluid and the lipid molecules
can diffuse along the membrane plane. Taken from Vance, 1996°.
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Figure 1.6 Types of membrane proteins. Peripheral membrane proteins: 1 associates with
the bilayer interacting with the lipid head groups; 2 associates with the membrane by
interacting with an integral membrane protein. Integral membrane proteins: 3 is a
transmembrane protein because it crosses the lipid bilayer interacting with the lipid head
groups and acyl chains; 4 is not a transmembrane protein because it does not cross the bilayer,
but interacts both with the hydrophobic core and the lipid head groups. Proteins that associate
through covalently bound lipids: 5 has a lipid moiety covalently bound to its structure which
lets the protein associate with the bilayer by inserting the lipid tail in the hydrophobic core; 6
is a GPI anchored protein, bound to a phospholipid through a conserved phosphate-
oligosaccharide group (this type of association is always extracellular).



(A) Annular lipids. (B) Non-annular lipids.

o BTN
* &

-
...

lipid &
bilayer £

-
AT

-

e
Pl

Figure 1.7 Two main types of lipid-protein interactions. (A) The crystal structure of the
bacteriorhodopsin trimer from Halobacterium salinarum. Numerous annular lipid molecules were
resolved; the lipids have been modelled as 2,3-di-O-phytanlyl-sn-propane. Each monomer is in a
different colour. Taken from Lee, 2005°. (B) Crystal structure of cytochrome c oxidase from
Paracoccus denitrificans; detail of the transmembrane region: two non-annular lipid molecules are
intimately bound in grooves between the transmembrane a-helices of the protein; D124 from
subunit 111 and R198 from subunit I1, in ball and stick representation, form salt bridges with the
lipid head group of one of the lipids. Taken from Lee, 2002%.
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Figure 1.8 Compensation of hydrophobic mismatch. In these examples, the hydrophobic region
of the transmembrane a-helix of a protein is thicker than the hydrophobic region of the lipid
bilayer. In (A) the lipid bilayer adapts by stretching around the a-helix. In (B) the a-helix adapts by
tilting with respect to the bilayer normal. Picture kindly provided by Dr. A Powl.
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Figure 1.9 Example of a spin labelled phospholipid ESR spectra. In black is the two
component spectrum arising from addition of two single component spectra: in cyan is the
restricted component (wide and of low intensity), in orange is the mobile component (narrow
and of high intensity). Note that the single component spectra differ most in the low magnetic
field peaks (left), as highlighted by the cyan (immobile component) and orange (mobile
component) arrows. The maximum splitting for each component is also indicated in the
respective colours. (Magnetic field increases from left to right.)
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Figure 1.10 Interaction of lipids at annular and non-annular sites on a protein. The
cartoon represents a membrane protein (orange) in a bilayer containing two species of lipid
molecule (green and yellow circles, respectively), viewed from outside the membrane. The
annular lipids solvate the protein, and so a particular annular site is always occupied either by
lipid A or B, so that the lipids compete for binding at the site (see bright green and yellow
lipids A and B, respectively, in exchange equilibrium). A less accessible grove constitutes a
non-annular site to which, in this example, only lipid A can bind, the site otherwise remaining
empty; lipid A establishes a simple binding equilibrium. However, a competitive model would
describe binding if lipid B were also able to bind to the site.
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Figure 1.11 Crystal structure of KcsA. A single monomer (left) and the tetrameric structure
(right) are shown. In green, outer transmembrane o-helix; in red, inner transmembrane o-
helix; in blue, pore helix; in yellow, selectivity filter; in pink, turret. (PDB file 1K4C)
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Figure 1.12 Molecular architecture of full length KcsA. Each subunit is represented with a
different colour. The X-ray structure of KcsA obtained by Zhou et al. in 2001° only shows
residues 22 to 124 (the first X-ray structure obtained by Doyle et al. in 1998* showed
residues 23 to 119); ESR studies carried out by Cortes et al.>* revealed the structure of the N
(residues 5-24) and C (residues 121-160) termini; the N-terminus consists of an interfacial a-
helix that does not interact with other parts of the protein, while the C-terminus expands into
the cytoplasm where a-helices from the different subunits cross to form two right handed
bundles. Taken from Cortes et al., 2001°".
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Figure 1.13 Potassium conductance. (A) Longitudinal section of the solvent accessible
surface of KcsA, where the pore can be observed in the centre with K* ions shown as CPK
spheres. The surface is coloured according to the charge potential: from blue in highly
positively charged regions through white (neutral) to red in highly negatively charged
regions. In yellow are hydrophobic regions from semi-conserved residues in the inner
cavity. Taken from Doyle et al., 1998*. (B) A schematic representation of the favourable
interaction of the K* ion with the selectivity filter. Na" ions cannot interact optimally with
the selectivity filter and therefore cannot enter the selectivity filter. Taken from Alberts,
2002%. (C) Polarization of the pore helix due to the addition of the dipole moments of the
peptide bonds. The peptide backbone of the pore helix of KcsA is shown in line
representation with N and O atoms in blue and red, respectively (PDB 1K4C). The small
green arrows represent the dipole moments of each individual peptide bond. In (D) the four
pore helices in KcsA point their C termini towards the central cavity, stabilizing the K* ions
(or other cations) in the bilayer. (D) Crystal structure of KcsA with the electron density of a
Rb" ion (red mesh) and a Na* ion (green mesh, where superposition with the red mesh gives
yellow) in the central cavity. Only two monomers are shown (wire representation)
illustrating the wide dimensions of the central cavity, which creates a polar environment for
the cation in its centre; the four polarised pore helices pointing their partially negatively
charged C-termini towards the centre of the cavity are shown in schematic representation.
Taken from Roux et al., 1999**,
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Figure 1.14 The pH sensor of KcsA, showing the proposed network interactions. The
transmembrane helices of two adjacent subunits are highlighted in dark grey and orange,
respectively. Residues that form part of the network are shown with carbon atoms in light blue,
nitrogen atoms in dark blue, and oxygen atoms in red. Residues that sense the pH change are
circled in red. Intersubunit interactions are proposed between E120, G116 (only backbone
carbonyl shown) and R122; and between H25 and E118. Intrasubunit interactions are proposed
between E118, R121 and R122. Taken from Thompson et al., 2008°°,
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Figure 1.15 Open structure of KcsA. Only two monomers (solid ribbon representation) are
shown for clarity. The outer transmembrane a-helices, inner transmembrane a-helices and
pore helices are coloured in green, red and blue, respectively. Gly-104, which is just below
the hinge point in the inner helices, is highlighted in yellow. Two potassium ions were also
revealed in the structure, shown in purple CPK representation in a 1,4 configuration, which
was suggested to represent the occupancy of ions in the inactivated selectivity filter state (C-
type inactivated state); hence, the structure was proposed to represent the open-inactivated
state of KcsA™. (PDB 3F5W)
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Figure 1.16 Girdles of aromatic residues in the crystal structure of KcsA. Only two
monomers are shown for clarity with the aromatic residues at the lipid-water interface in
blue, CPK (tryptophans) and black, stick (tyrosines) representations; W26, W113 are
located on the intracellular side of the bilayer, and W87, Y45 and Y62 on the extracellular
side. Because these tryptophan residues are facing the lipid bilayer they are quenched by
brominated lipid molecules binding at the annular sites on KcsA. Tryptophan residues
pointing towards the pore are also shown: W67 (which can be quenched by brominated lipid
molecules binding at the non-annular sites, see Figure 1.18) in green, and W68 in grey.
(PDB 1K4C)
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Figure 1.17 Surface plot of KcsA showing the non-annular lipid molecules. Each subunit
is shown in a different colour. The lipid molecule is shown in CPK representation; one of the
acyl chains (sn-1) is deeply bound in a groove between the subunits, while the other acyl
chain (sn-2) seems to interact less intimately with the protein. (PDB 1K4C)

Figure 1.18 Extracellular side view of the crystal structure of KcsA. The non-annular lipid
molecule and key residues are highlighted in CPK representation. In orange, the non-annular
lipid molecule. In blue, R64 and R89, which are thought to contribute to binding of the
anionic head group of the non-annular lipid molecule. In yellow, W67 whose fluorescence
can only be quenched by the non-annular lipid thanks to its proximity to that lipid. (PDB
1K4C)
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Chapter 2. General materials and methods.

2.1 Materials

2.2.1 Chemicals of general use
-Analytical reagent grade water (AR water) was obtained from Fisher Scientific.

-Organic solvents: methanol, chloroform, acetone and diethyl ether were obtained

from Fisher Scientific.

-Salts, acids and basis were obtained from Fisher Scientific or Sigma. HEPES was
obtained from Calbiochem at an ultrol grade to avoid the presence of any fluorescent

impurities.

2.1.2 Bacteria growth
-Luria-Bertani Broth EZ Mix Powder (LB Broth) medium (Sigma): 20.6 g were

dissolved in 1 | of distilled water. Media were autoclaved at 120 °C and 15 lbs of
pressure for 20 min. Ampicillin was added to a final concentration of 0.1 mg/ml after

cooling the media and immediately prior to be used.

-Luria-Bertani Broth-agar plates: 3 g of granulated agar (Sigma) were dissolved in
300 ml of LB Broth media, followed by autoclaving at 120 °C and 15 lbs of pressure
for 20 min. After cooling below 50°C ampicillin was added to a final concentration of

0.1 mg/ml and the plates were kept at 4 °C until use.

-Ampicillin (Formedium or Sigma): stock solutions were prepared dissolving the
ampicillin in analytical range water to a concentration of 100 mg/ml, aliquoted and

stored at -20°C until use.

-1sopropyl-B,D-thiogalactoside (IPTG) (Melford): stock solutions were prepared at 1
M in AR water and stored at -20 °C until use.
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-Vector: pQE-32 (Qiagen); a diagram of the vector and a description of its properties

are shown in section 2.2.1.

-Host cells: Escherichia coli XL1Blue (Stratagene), containing the mutated laclq gene

for control of protein expression.

2.1.3 Protein purification

-PBS (pH 7.4)
Na,HPO, 10 mM
KH,PO, 1.8 mM
NaCl 140 mM
KCl 2.7 mM

-n-dodecyl-B-D-maltopyranoside (DDM) (Anatrace): anagrade, greater than 99 %
pure by HPLC analysis.

-Ni-NTA agarose (Qiagen): composed of Ni?* nitrilotriacetic acid coupled to
Sepharose® CL-6B.

-Imidazole (Calbiochem): ultrol grade to avoid fluorescent impurities.

2.1.4 SDS-PAGE analysis
-Running buffer (pH 8.3): prepared 5x concentrated as follows

Tris 123.82 mM
Glycine 959.1 mM
SDS 0.5%

Distilled water

-Loading buffer: prepared as follows

Tris (pH 6.8, HCI) 62.5 mM
Glycerol 10 %
SDS 2%
[-mercaptoethanol 715 mM
Bromophenol blue 0.05 %
AR water
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-Stain solution:

Coomassie brilliant blue 0.25%

Acetic acid glacial 9%
Methanol 45 %
Distilled water 46 %

-Destain solution:

Acetic acid glacial 7.5%
Methanol 20 %
Distilled water 725 %

2.1.5 Reconstitution
-Lipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-

3-phospho-(1°-rac-glycerol) (DOPG) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonil) (rPE) were obtained from
Avanti Polar Lipids; fatty acids and fatty acid analogues were obtained from Sigma.
Brominated lipids where prepared as described below from the purchased non-
brominated stocks. Lipids spin labelled at the C-14 position were synthesised by
Brigitta Angerstein at the Max Plank Institute of Biophysical Chemistry (Géttingen,
Germany), as described by Derek Marsh, 2008*. The chemical structures and names
of the spin labelled lipids used are shown in Figure 2.2.

-Potassium cholate was prepared from cholic acid and potassium hydroxide as

described in section 2.2.3

-Reconstitution buffer (pH 7.2):

HEPES 20 mM
KCI 100 mM
EGTA (Fluorescence only) 1 mM
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2.2 Methods

2.2.1 KcsA expression

Vector containing the KcsA gene.

The pQE-32 expression plasmid (Figure 2.1, Qiagen) containing the KcsA
gene*’ was kindly given by Professor Schrempf. The protein had been inserted
between the restriction sites Sphl and Pstl. As a result, a short sequence of thirteen
amino acids containing a six histidine tag is added to the N-terminus of the protein
when it is expressed. Thus, the recombinant KcsA protein (Figure 2.1) is 173 amino
acids long, with a theoretical molecular weight of 19,274.3 Da (molecular weight
calculated with the ExPasy pl/MW tool available on the website

http://us.expasy.org/tools/pi_tool.html).

KcsA mutant W67,68

The KcsA mutant with the lipid-exposed Trp residues (W26, W87 and W113)
mutated to Leu was prepared by Dr. Phedra Marius'® and will be referred here as
mutant W67,68.

Storage

Escherichia coli XL1Blue cells containing the pQE-32 plasmid containing the
KcsA gene (wild type or W67,68) were kept in glycerol stocks at -80 °C. The stocks
were prepared in autoclaved cryotubes containing 0.5 ml glycerol; 1 ml aliquots from
bacterial cultures grown over night were inoculated into the cryotubes and then kept at
-80 °C.

Overnight cultures

The overnight cultures were grown from single colonies streaked on LB
Broth-agar plates containing 0.1 mg/ml ampicillin. The cells were grown overnight in
200 ml of LB Broth-ampicillin (0.1 mg/ml), at 37 °C, shaking at 200 rpm.
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Expression

For expression, overnight cultures were prepared from glycerol stocks as
described above. Conical flasks with 1 | of LB Broth-ampicillin (0.1 mg/ml) were
inoculated with 10 ml of overnight culture. The cultures were then incubated at 37 °C,
shaking at 220 rpm until an optical density of 0.6 at 600 nm was reached. Protein
expression was then induced adding isopropyl-p,D-thiogalactoside (IPTG) to a final
concentration of 0.5 mM; the cells were then grown for another 2 h under the same
conditions to allow protein synthesis, and finally cell pellets were harvested by
centrifugation at 8,983 g (6,000 rpm, Avanti J20 series centrifuge), for 20 min. Cell

pellets were immediately frozen at -20 °C and stored until use.

2.2.2 KcsA purification
From 12 litres of culture of either wild type (WT) or mutated KcsA,

approximately 15 to 20 g of wet cell pellet was obtained and used for purification.
The cell pellet was resuspended in approximately 60 ml of PBS and the cells were
lysed by sonication (XL-2020 Misonix sonicator) with 18 cycles of 20 s on pulses and
15 s off pulses (a total of 6 min of sonication). The membrane fraction was isolated
from the lysed cells by ultracentrifugation (Beckman L7-65 ultracentrifuge) at
100,000 g for 40 mins at 4 °C. The membrane pellet was then homogenised in 150 ml
of PBS containing 15 mM n-dodecyl-B-D-maltopyranoside (DDM) and left to
solubilise the membrane proteins by stirring at room temperature for 1-2 h. The
sample was then spun at 8,000 g (Beckman J2-21 centrifuge) for 20 min at 4 °C to
eliminate the insoluble fraction; imidazole was then added to the supernatant up to a
concentration 20 mM to avoid non specific binding of proteins to the Ni-NTA resin
when added. Four millilitres of Ni-NTA resin were first washed twice with 20 ml PBS
and then added to the sample to bind the His tagged KcsA, stirring at 4 °C for at least
1 h. After binding, the resin was loaded into a column and washed with 15 ml of PBS
containing 1 mM DDM and 20 mM imidazole to eliminate non specifically bound
proteins. Finally, KcsA was eluted with 7 ml of PBS containing 1 mM DDM and 300
mM imidazole (carefully corrected to pH 7.4), collecting 0.5 to 1.5 ml fractions.
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SDS PAGE analysis

The collected fractions from the purification process were analysed by SDS-

PAGE to confirm the size and purity of the protein. The gels were prepared as follows:

15% acrylamide resolving gel:

AR water

Tris 1.5 M pH 8.8

Protogel

SDS 10%

Amonium persulfate (APS) 25%
TEMED

4.5% acrylamide stacking gel

AR water

Tris 3.6 M pH 9.3
Protogel

SDS 10%

Amonium persulfate 25%
TEMED

1,565 pl
850 ul
2,475 ul
50 ul
60 ul
2.5 ul

850 ul
800 pul
300 pl
20 pl
10 ul
2ul

For the analysis, 2.5 ul of each collected fraction were mixed with 5 pl of

loading buffer and loaded onto the gel without boiling the samples. Electrophoresis

was run at a constant voltage of 120 V (and a current set at 65 mA) for 1 h. The gels

were then stained with Coomassie brilliant blue, followed by destaining several times

with destaining solution until the protein bands were revealed.

Determination of the protein concentration

The protein concentration was determined by measuring the absorbance at 280

nm and applying the Beer-Lambert Law:

A=¢g-1-

c

where A is absorbance, € is the molar extinction coefficient of the absorber (M™-cm™),

| is the path length (cm) and c is the concentration of the absorber (M). The molar

extinction coefficient of WT and mutated KcsA were calculated considering that at

280 nm:

54



Tryptophan € = 5,690 Mtcem™
Tyrosine € = 1,280 Mtcm?
Cystine (disulfide bond) € = 120 M*-cm™

Therefore, given the number of Trp and Tyr residues present in a wild type or mutated
KcsA monomer, the molar extinction coefficients were calculated as follows: & =

(number of Trp) x 5690 + (number of Tyr) x 1280 + (number of cystines) x 120,
giving:

WT KcsA (monomer) & = 34,850 M™-cm™
KcsA mutant W67,68 (monomer) € = 17,780 M*-cm™

First, the purity and approximate concentrations of the eluted fractions were
checked by SDS-PAGE. Fractions containing a high concentration of pure KcsA were
pooled. The exact concentration was then determined by absorbance, diluting 50 to
150 pl of sample in 800 ul of a 1 % SDS solution, and adding A. R. water up to 1 ml.
The yield of purified KcsA was typically 0.6-1.5 mg per litre of culture (see Appendix
1). The purified samples were aliquoted, snap frozen in liquid N, and kept at -80°C,

typically at 4-9 mg/ml.

2.2.3 Reconstitution for fluorescence and ESR studies

Lipid preparation

Solutions of non-spin labelled lipids were prepared by dissolving the lipids in
chloroform to a concentration of 10 to 40 mg/ml. Spin labelled lipids were kept in
ethanol or methanol at a concentration of 1 mg/ml. The working solutions were kept

at -20 °C to avoid oxidation and evaporation of the solvent.

Lipid bromination

Brominated lipids were prepared from the purchased stocks by adding small
aliquots of bromine to the resuspended lipid in chloroform (kept on ice) until a very
pale yellow colour was obtained. The sample was then left on ice for 30 min, and free

bromine was finally eliminated by evaporation of the solvent first under a stream of
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N, and then by application of vacuum. The brominated lipid was then resuspended in
chloroform to a concentration of 10 to 40 mg/ml and kept -20 °C protected from light.
The respective brominated phospholipids will be abbreviated as follows: BrPC for
di(9,10-dibromostearoyl) phosphatidylcholine and BrPG for di(9,10-dibromostearoyl)
phosphatidylglycerol.

Preparation of potassium cholate

For preparation of potassium cholate 48.9 mmols of cholic acid were dissolved
in 250 ml of methanol by warming and stirring. An equimolar amount of potassium
hydroxide was slowly added and dissolved. Heating was continued to evaporate as
much methanol as possible without precipitation of the potassium cholate produced.
Excess diethyl ether (2-3 litres) was then added to precipitate the potassium cholate.
The potassium cholate was collected by filtration and dried for several days, protected

from light until the smell of diethyl ether disappeared.

Reconstitution

The required amount of lipid was dried from chloroform solution onto the side
of a glass vial under a stream of N, and then in a vacuum desiccator. At least 500 pl
of 20 mM HEPES buffer containing 100 mM KCI, and 20 — 75 mM potassium cholate
[as required to maintain potassium cholate above its critical micelle concentration
(12.5 mM) after later addition of the protein], pH 7.2 was then added. The samples
were then sealed under N to protect them from oxidation, heated to 60 °C for 2-6 min,
vortexed and sonicated for at least 6 min in a bath sonicator until optically clear. If
needed, more buffer was added after sonication to give the required concentration of
lipid (sonication is normally optimum in smaller volumes, here 20 ml glass vials
containing 0.5 to 1.5 ml were used). Then, 110 - 120 ul aliquots were taken from the
vial and added to Eppedorf tubes to which the protein (solubilised in 1 mM DDM)
was then added to give the required molar ratio of lipid:KcsA tetramer.

The samples for fluorescence were incubated at a final potassium cholate
concentration of 20 mM at room temperature for at least 15 min and then
reconstitution of the protein into lipid bilayers was achieved by dilution of 50 pl of
the detergent-lipid-protein mixture into 2.45 ml of 20 mM HEPES, pH 7.2, containing

100 mM KCI, in order to decrease the concentration of cholate below its critical
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micelle concentration. Lipid samples were also prepared in the absence of protein to

be used as blanks for light scattering correction.

For the fluorescence experiments with the fatty acid, in most cases the fatty
acid was dried together with the phospholipid at the start of the process as described
above. However, in some cases, for convenience, the fatty acid in a small volume of
methanol (always less than 4 % of the final volume) was added directly into the
fluorescence cuvette after the membrane had been reconstituted by dilution. This
allowed simple titration of fatty acid into the sample: to minimise accumulated error
during the titration process, two separate samples were used to generate one complete

titration curve.

The samples for ESR were incubated at a final potassium cholate
concentration of 13.5 mM (just above its critical micelle concentration, 12.5 mM) at
room temperature for at least 15 min and reconstitution was achieved by dilution of
the entire detergent-lipid-protein sample, in this case, into a volume of 20 mM
HEPES, 100 mM KCI (pH 7.2) enough to decrease the concentration of potassium
cholate to 1.47 mM. [Note that this also resulted in dilution of DDM below its CMC
(ca. 0.12 mM) which is important because the large size of its micelles could impede
its adequate elimination by dialysis, as follows]. The samples were then dialysed
against 100x their volume (at least) of 20 mM HEPES (pH 7.2), containing the
necessary amount of KCI to reach a concentration of 100 mM after processing the
samples as described below. Dialysis was carried out at 4 °C for at least 24 h,
changing the dialysis buffer three times. Once dialysed, the samples were aliquoted as
required, freeze-dried, sealed under a N, atmosphere, and kept at 4 °C. Before use, the
samples, typically containing 0.5 mg of lipid and the corresponding amount of protein,
were resuspended in 1 ml water (so that the concentration of HEPES and KCI were 20
mM and 100 mM respectively, pH 7.2) and centrifuged in a standard bench top
centrifuge at 14,000 r.p.m for 20 min (samples with a high protein content would
pellet in less than 20 min due to their higher density, but the samples with a low
protein content required always the full 20 min centrifugation). The membrane pellets
were resuspended in 100 ul of the reconstitution buffer (20 mM HEPES, 100 mM KCl,
pH 7.2) and the spin labelled lipid was added directly in a small volume (1-5 pl) of

ethanol, followed by vigorous vortexing. Spin labelled phospholipids were added to
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give a final concentration of 1 mol % with respect to the total lipid in the sample, and
the samples were incubated overnight to allow fusion of the small spin labelled
phospholipid vesicles with the sample membranes. The next day samples were
washed twice by centrifugation in a standard bench top centrifuge at 14,000 r.p.m. for
20 min followed by resuspension in 100 ul of the same buffer (this is to eliminate
small vesicles of spin labelled phospholipid not incorporated into the sample
membranes). For experiments with spin labelled stearic acid, the spin labelled stearic
acid was added to give a final concentration of only 0.5 % mol with respect to the
total lipid in the sample, and no washing steps were required (this is because the
stearic acid partitions into the bilayers). All samples with the spin labelled lipids
incorporated were finally spun again and the membrane pellets were loaded into glass
capillaries. The capillaries were also spun and most of the supernatant was removed,
leaving approximately 2 mm of the latter to prevent dehydration of the samples; the
capillaries were then flamed-sealed. All samples contained a fixed amount of lipid
(DOPC or DOPG): 636 nmol, equivalent to ca. 0.5 g of lipid, to ensure a strong ESR
signal after addition of 1 mol % of spin labelled phospholipid or 0.5 % spin labelled
stearic acid, with varying amounts of KcsA to achieve the desired lipid:channel molar

ratio.

Fluorescence measurements

Fluorescence was recorded on an SLM 8100C spectrofluorometer (Urbana, IL)
at 25 °C with excitation at 290 nm, fluorescence emission intensities being read at 333
nm. Fluorescence was corrected for light scatter by subtraction of a blank containing
only the lipid in buffer.

ESR measurements

ESR spectra were recorded on a continuous-wave (9GHz) ESR spectrometer
using the following settings: scan range, 100 G; time of scan, 2 min; modulation
amplitude, 1.25 G; incident power, 5 mW; time constant, 250 ms. The spectra were
averaged from 4 to 20 measures (depending on the quality of the signal) recorded at
15 °C, 20 °C, 25 °C, 30 °C and 35 °C. The flame-sealed capillaries containing the
samples were placed in a standard 4 mm quartz sample tube containing silicone oil for

thermal stability.

58



2.2.4 ESR spectra processing
Analogue recorded spectra were digitised to give 1000 points where each point

along the x-axis was equivalent to an increase in the magnetic field of 0.1 G; the

graphs were saved as .txt files.

Some of the recorded ESR spectra revealed a small but significant background
signal attributable to the glass capillaries and quartz cooling system. This background
signal was revealed on calculation of the first integral of the spectra (ESR spectra are
first-derivative displays of the energy absorption spectra), where the absorption on the
high magnetic field side of the spectra does not return to zero, due to this background
noise (Figure 2.3, red). A standard background spectrum was therefore subtracted on a
computer from the experimental spectra by an iterative process so that the first
integral began and ended at zero (Figure 2.3, blue). Before subtraction all spectra
were aligned as described below to ensure comparable correction for all spectra.

2.2.5 ESR spectral comparisons
To allow proper comparison of the different ESR spectra, the spectra were

aligned on the basis of the point at which the high-field side of the central peak
crossed the base line (Figure 2.4, vertical red dotted line). Spectral simulations have
suggested that this point only shifts by ca. 0.6 G from mobile to restricted
components®. The resulting shift among different composite spectra will therefore be
very similar, and use of this crossing point to align composite spectra is a good way to

compare the different spectra.

The amount of microwave energy absorbed by the different samples will vary
from one sample to another due to small differences among the samples, such as in
the concentration of spin label, so that the signal intensity measured will vary from
one sample to another. ESR spectra are recorded as the first derivative of the
absorption spectra and so, in order to normalise the amount of absorbed energy in
different samples, the areas of the absorption spectra for the different samples have to
be made equal. After alignment and background correction (see above), the areas
under the absorption spectra (i.e. the second integrals of each ESR spectra) were

determined with Microsoft Excel and scaling factors were then calculated to make the
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areas equal. The ESR spectra were then normalised by multiplying each point in each
ESR spectrum by the respective scaling factor: Figure 2.5 illustrates this with an

example of two different spectra.

2.2.6 Deconvolution of the ESR spectra
The composite spectra obtained in the ESR experiments arise from the

combination of two different components (Figure 1.9). One component comes from a
population of spin labelled lipid in the membrane, not in contact with the channel,
where the acyl chains have fast motion (the fluid or mobile component). The other
component comes from a population of spin labelled lipid in contact with the channel,
where the acyl chains have a slower motion due to the interactions established with

the protein (the restricted or immobile component).

To determine the proportions of mobile and immobile component in a
composite spectrum it is necessary to find single component spectra that are similar to
those forming the composite spectrum. These single component spectra are normally
obtained from libraries of spin labelled lipid spectra recorded under conditions that
are likely to generate single spectra similar to those in the composite spectrum. Here,
the mobile components for deconvolution of all ESR spectra were chosen from a
library of 14-PCSL in DOPC recorded at 1 °C intervals, from 0 °C to 40 °C. The
immobile components were chosen from two different libraries. For samples
containing spin labelled phospholipid, the immobile components were chosen from a
library of 14-PCSL in sonicated, small, unilamellar  vesicles of
dimyristoylphosphatidylcholine (DMPC) recorded at 1 °C intervals, from 0 °C to 40
°C. For samples containing spin labelled fatty acid (14-SASL), immobile components
were chosen from a library of 14-SASL bound to bovine serum albumin (BSA)
recorded at 3 or 4 °C intervals, from 1 °C to 37 °C.

To estimate the relative proportions of mobile and restricted components in
the composite spectra, all the spectra were first aligned (Figure 2.4) and corrected for
background signal (Figure 2.3), as described above. As mentioned in the previous
section, spectral simulations have suggested that the alignment point shifts by ca. 0.6

G from mobile to restricted components®®, and so a facility to introduce a relative shift
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of the spectra during the analysis in the computer software was introduced. For each
experimental spectrum a mobile and a restricted component spectra chosen from the
libraries were normalised to equal areas and combined to fit the experimental
spectrum with the help of computer software; the procedure was then repeated for
other pairs of single component spectra, and the pair giving the best fit was then
chosen®. The central peak was found to make a relatively large contribution to the
goodness of fit because the peak is sharp so that small differences in peak width and
peak position became important. The best fit was therefore determined for the low
field region of the spectra, as this is the region where the two components differ the
most, allowing a better quantification of each component (Figure 2.4), whilst
checking that the fitted composite spectrum reproduced correctly all the other key
features of the experimental spectrum. Figure 2.4 shows an example of a spectrum
analysed this way, with the experimental spectrum in black and the resulting fitted
spectrum in blue. In addition, to give an indication of the goodness of the fit, the line
resulting from the subtraction of the fitted spectrum from the experimental spectrum
is shown in green, which for a ‘perfect’ fit would be zero; also a ‘noise’ value is
calculated corresponding to the sum of the absolute values of the differences between
the experimental and calculated spectra over the chosen region. Small differences
between the fitted and the experimental spectra are normally seen in the region of
steep slope in the experimental spectrum due to small differences in peak position and
width.
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Figure 2.1 Plasmid pQE-32 from Qiagen and sequence of the recombinant KcsA protein.
The vector confers ampicillin resistance for selection. Protein expression is inhibited by
binding of the lac repressor protein (coded by the mutated laqlg gene in the genome of the
E .coli XL1Blue cells) to the lacO sequences. Expression is only induced with the addition of
IPTG, which binds and inhibits the repressor protein. The KcsA gene is inserted between
restriction sites Sphl and Pstl (marked in red). As a result the recombinant protein has an
extra 13 amino acids at the N-terminus, including six consecutive histidine residues for
purification. In green is highlighted the original starting methionine of the KcsA sequence. In

red are highlighted the five tryptophan residues.
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Figure 2.2 Chemical structures of the spin labelled lipids used for the ESR studies. A
spin-label nitroxyl ring (DOXYL: 4,4-dimethyloxazolidine-N-oxyl) is rigidly attached to the
Cl4-position of the lipids. Lipids labelled at the C14-position are ideal for studying lipid-
protein interactions because the mobility of the nitroxyl group in this region allows detection
of differences in the ESR spectra when the lipid is immobilised due to interaction with the
protein, as opposed to when it is highly mobile when it is not interacting with the protein. 14-
SASL is 14-(4,4-dimethyloxazolidinyl-N-oxyl)stearic acid; 14-PASL, -PCSL, -PESL, -PGSL
and —PSSL are 1-palmityl-2-[14-(4,4-dimethyloxazolidinyl-N-oxyl)stearoyl]-sn-glycero-3-
phosphate, -phosphocholine, -phosphoethanolamine, -phophoglycerol and —phosphoserine,
respectively.

63



Absorption

Magnetic field

Figure 2.3 ESR background signal. Shown are an ESR absorption spectrum before (red)
and after (blue) background signal subtraction. Before the correction, the background signal
increases slowly and linearly (dotted line), so that in the high magnetic field region the
spectrum does not return to zero. After subtraction of the background signal (blue) absorption
comes back to zero at high magnetic field. The opposite can happen (not shown): the ESR
measurement can start with a background noise that decreases slowly and linearly as the
scanning progresses. In that case, the intensity becomes negative at high magnetic field, and
correction is carried out by subtraction of a background signal of negative values. The noise
in this example has been exaggerated for illustrative purposes and generally the background
noise was much smaller.
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Figure 2.4 ESR spectral analysis. Spectra were analysed by combining single component
spectra chosen from the corresponding libraries. The chosen spectra were fitted to the
experimental spectrum in the region of the low field peaks (the region to the left of the dark
green line). In black is the experimental spectrum; in blue is the resulting fitted spectrum; in
light green is the result of the subtraction of the fitted spectrum from the experimental
spectrum. The vertical red line shows the point to which all the spectra were initially aligned,
as explained in the text; during fitting of the spectra, the single spectra where allowed to shift
slightly with respect to the composite spectrum to give the best fit. The example shows the
spectrum of 14-PCSL in bilayers containing DOPC and KcsA at a lipid:channel molar ratio of
60:1, measured at 25 °C.
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Figure 2.5 Normalisation of ESR spectra. The ESR spectra of 14-PCSL (black) and 14-PASL (blue)
in DOPC bilayers with KcsA at a lipid to channel molar ratio of 60:1 measured at 30 °C are compared
before (left) and after (right) being normalised to equal areas. In the spectra before normalisation it can
be seen that the ESR spectra signal intensity (first derivative) is much weaker for 14-PASL than for 14-
PCSL; the same is observed when the spectra are integrated to obtain the absorption spectra, the area
under the 14-PCSL absorption spectrum being 1.7 times larger than the area under the 14-PASL
absorption spectrum. To correct this difference each point on the ESR spectrum (first derivative) of 14-
PASL was multiplied by 1.7 (scaling factor). The normalised spectra of the two samples can now be
easily compared, the 14-PASL sample having a larger immobile component (red arrow) and a smaller
immobile component (green arrow) than the 14-PCSL sample.

*Note: the 14-PASL spectrum was here intentionally changed to show a weaker signal to better illustrate

the normalisation procedure, as the difference in ESR signal among the different samples was generally
rather smaller.
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Chapter 3: Effect of the annular shell of
lipids on the aggregation of KcsA.

3.1 Introduction
The first layer of lipid molecules surrounding the transmembrane region of a

membrane protein are referred to as annular or boundary lipids*?*. These lipids
interact directly with a membrane protein, and are essential in maintaining the
structure and function of the protein. Annular lipids act as a solvent keeping
membrane proteins embedded in the lipid bilayer and maintaining any oligomeric
state of the protein. The number of annular lipid molecules around a membrane
protein depends on the size of its transmembrane region and on its oligomeric state;
the lipid-protein stoichiometry provides information about these characteristics of a

membrane protein in a lipid bilayer®” 8,

The annular lipids provide an effective seal at the lipid-protein interface to
maintain the permeability barrier properties of the membrane. The atomic structures
revealed by electron and x-ray crystallography of numerous membrane proteins show
that the surface of the transmembrane region of a membrane protein is rough,
containing many shallow grooves and protuberances. The annular lipid molecules
adapt their conformations to interact with the rough surface of the protein and show
reduced motional fluctuations, efficiently solvating the protein and sealing the lipid-

protein interface® %%

(Figure 1.7A). This reduction in the motional fluctuations of the
lipid molecules interacting with membrane proteins can be detected by ESR with the
use of spin labelled lipids®*®. The basic principles of the study of lipid-protein

interactions with ESR and spin labelled lipids were described in Chapter 1.

The potassium channel KcsA is known to be active as an isolated tetramer in
the lipid bilayer, but several studies have reported aggregation of KcsA channels’®.
In this chapter, the influence of the annular lipids on channel aggregation is explored.
ESR is used to determine the number of phospholipid molecules necessary to solvate
KcsA when the channel is reconstituted into bilayers at different molar ratios of lipid

to channel. The solvation state is compared in membranes of the zwitterionic
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phospholipid phosphatidylcholine (PC) and in membranes of the anionic
phosphatidylglycerol (PG), which has been shown to have a greater affinity for KcsA
than PC. Fluorescence quenching of KcsA with the use of brominated phospholipids
is also used to confirm the information obtained with ESR. Basic principles of
fluorescence quenching of Trp with brominated lipid molecules are described in
Chapter 1.

3.2 Methods
Chapter 2 includes all the materials and describes all general methods used in

this chapter (lipid handling, KcsA expression, purification, and reconstitution into

lipid bilayers for both ESR and fluorescence studies).

3.2.1 Samples for determination of phospholipid-KcsA
stoichiometry

The detailed protocol for reconstitution of the samples can be found in Chapter
2, Section 2.2.3. For the analysis of lipid-channel stoichiometry three sets of samples
were prepared. Two of these sets had KcsA  reconstituted in
dioleoylphosphatidylcholine (DOPC); the other set had KcsA reconstituted in
dioleoylphosphatidylglycerol (DOPG). Each set consisted of duplicate samples of
KcsA reconstituted at lipid:channel molar ratios ranging from 30:1 to 100:1. The three
sets were prepared on different days. For the DOPC sets, one of the duplicates was
labelled with spin labelled phospholipid for the study discussed in this chapter, while
the other was labelled with spin labelled stearic acid, as discussed in Chapter 5,
Section 5.2.4. This allows direct comparison of the samples labelled with spin
labelled phosphatidylcholine (14-PCSL) and the corresponding samples labelled with
spin labelled stearic acid (14-SASL), as each originated from the same preparation,

only differing in the spin labelled lipid incorporated.

3.2.2 Sucrose density gradient analysis
Discontinuous sucrose density gradients were used to determine the

homogeneity and confirm the lipid:protein molar ratios of two samples prepared for
the ESR studies, as described in Chapter 2, Section 2.2.3. The gradient was prepared
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by layering 5 ml samples of aqueous solutions of sucrose of increasing concentrations
in 35 ml ultracentrifuge tubes. Loading of the sucrose layers was carried out carefully
on ice with a glass Pasteur pipette with the end curved into a hook to avoid disruption
of the bottom layers. The sucrose solutions were prepared in 20 mM HEPES and 100
mM KCI (pH 7.2), and the following w/w percentages of sucrose were used: 70%,
60%, 50%, 40%, 30% and 2.5%.

Two reconstituted samples were prepared for sucrose density gradient analysis,
one at a DOPC:KcsA tetramer molar ratio of 30:1 and another at a molar ratio of
100:1. The samples were treated as described in Chapter 2, Section 2.2.3, except for
the incorporation of a small proportion of lissamine rhodamine B labelled
dioleoylphosphatidylethanolamine (rPE), (ca. 3 % total lipid). Two control samples,
one containing KcsA in 1 mM DDM and one containing DOPC alone, were also
prepared for comparison with the reconstituted samples. The lissamine rhodamine B
sulphonil moiety is a fluorescent probe attached to the head group of DOPE (Figure
3.1); it allows visualization of lipid molecules in the sucrose gradient and
quantification of the amount of lipid by absorbance spectroscopy. The molar
extinction coefficient of lissamine rhodamine B sulphonil chloride is 88,000 M™cm™
in methanol at 568 nm (Molecular Probes Handbook, www.invitrogen.com). The
latter value was used for rPE in these experiments because the exact molar extinction
coefficient was not important as rPE was being used simply as a marker for lipid

content.

For the analysis of the reconstituted membrane systems in the sucrose gradient,
absorption spectra were recorded in 1 % SDS to reduce light scatter. A sample of
DOPC containing ca. 5 % rPE was dissolved in 1 % SDS and the spectrum recorded
(Figure 3.1). Maximum absorption occurred at 573 nm. Absorption was also seen at
280 nm. This was important as protein absorbance at 280 nm is used to determine
protein concentrations; absorption at 280 nm for protein was therefore corrected in
samples also showing absorption for rPE using the empirical relationship for rPE
derived from Figure 3.1 that ODs73nm / OD2gonm = 5.54.

The sample at a DOPC:channel molar ratio of 30:1 was prepared with a KcsA

tetramer:rPE molar ratio of 1:1, and the sample at a DOPC:channel molar ratio 100:1
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was prepared with a KcsA tetramer:rPE molar ratio of 1:1.5; the lipid content of rPE
in the lipid bilayers were 3.2 % and 1.5 %, respectively. These KcsA:rPE molar ratios
were chosen to allow adequate absorbance measurements of KcsA at 280 nm and rPE
at 573 nm: with these ratios the absorbance of rPE at 280 nm was very small relative
to that of KcsA, and the absorbances of KcsA at 280 nm and of rPE at 573 nm were

similar. The content of rPE was kept low to avoid any distortion of the bilayer.

After rehydration and resuspension of the samples, a washing step was
performed to reproduce the steps involved in the preparation of the samples for ESR
(Chapter 2, Section 2.2.3). Finally, the spun samples were resuspended in buffer (1.6
ml; 20 mM HEPES and 100 mM KCI, pH 7.2) and loaded on top of the sucrose
density gradient. Centrifugation was carried out at 104,000 g (Beckman SW28
ultracentrifuge swing rotor at 24,000 r.p.m), over night (18 h) at 4°C.

After centrifugation, 1.5 ml fractions were carefully collected from the top of
the centrifuge tube. The absorbances of all fractions were then analysed at 573 nm and
280 nm to determine the locations of the lipids and proteins in the gradient, and to
determine the lipid to protein ratio. Absorbances were determined by diluting 100 —
150 pl of each fraction into a final volume of 1 ml of 1 % SDS (a minimum 6.7 fold
dilution was required as smaller dilutions resulted in SDS precipitates due to the KCI
content of the sample; at this dilution sucrose had no significant absorption at 280 nm
or 573 nm).

3.2.3 Sample preparation for fluorescence quenching
To compare with the information obtained from the ESR analysis, samples

were also prepared for fluorescence quenching with brominated phospholipids. KcsA
was reconstituted in DOPC, di(9,10-dibromostearoyl) phosphatidylcholine (BrPC),
DOPG and di(9,10-dibromostearoyl) phosphatidylglycerol (BrPG) at increasing
lipid:channel molar ratios as described in Chapter 2, Section 2.2.3. For these
experiments, the final phospholipid concentration in the fluorescence cuvette was

always 30 uM.
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3.2.4 Analysis of ESR experiments: determination of phospholipid-
KcsA stoichiometry

KcsA was reconstituted in DOPC or DOPG bilayers at lipid-channel molar
ratios ranging from 30:1 to 100:1. Addition of 1 mol % spin labelled phospholipid to
each sample allowed the measurement of the fraction of spin labelled phospholipid

interacting with the protein.

The fraction of an ESR spectrum arising from the population of spin labelled
lipid in contact with the protein yields information on the stoichiometry of the lipid-
protein complex. Provided the spin labelled lipid and the non labelled lipid bind to the
same sites on the protein, the number of lipid molecules associated with the protein

can be deduced from the equation for equilibrium lipid exchange (Eq. 3.1)**%

, Where
P is a lipid binding site on the protein, A is the spin labelled phospholipid and B is the

non labelled phospholipid, also referred to as the background or the host lipid:
PB+ A = PA+B (3.1)

A binding constant K for the spin labelled phospholipid relative to that of the

background lipid can be written as follows:

k = [PAlE] (3.2)
[PBI[A]

where the brackets indicate concentrations. This equation can be modified to
determine the number of phospholipid binding sites on the protein (hence the lipid-

protein stoichiometry) by using the following relations™:

[PB] + [PA] = n[P] (3.3)
[Ad = [PA] + [A] (3.4)
[B:]1= [PB] +[B] (3.5)
[Al + [B] = [Ad + [B] - n[P] (3.6)
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where n is the total number of phospholipid binding sites per protein, [A{] is the
concentration of total spin labelled phospholipid (bound plus free) and [Bi] is the
concentration of total background lipid (bound plus free). The term [PB] can be
eliminated from Eq. 3.2 by substituting it with n[P] — [PA] (from Eq. 3.3); rearranging

the terms then gives:

rpa] = NKIPRIAIBI} (37)
1+ K{[Al/[B]}

The term [PA] can be then replaced in Eq. 3.7 by [A{] — [A] (from Eq. 3.4) and the

terms can be rearranged to give:

[A1-[A] _ nK{[A]/[B]} (3.8)
[P] 1+ K{[Al/[B]}

Dividing numerator and denominator on the right side of Eq. 3.8 by [A]/[B] gives:

[P] {[BITAl}+K '

Next, the term [B] in Eq. 3.9 can be substituted by [A] + [B{ — n[P] — [A] (from Eg.
3.6), and because in ESR experiments the concentration of spin labelled phospholipid
is always about 100 times smaller than the background lipid, i.e. [Bi] >>> [A{], [B] can

be approximated by [B] = [B¢] — n[P], giving:

(Al-[A]_ K
Pl (BI-nPD, (310
(A

Rearranging the terms by multiplying numerator and denominator on the right hand
side of Eq. 3.10 by [A] gives:

[P] {[B.]-n[P]) + K[A]
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Again, because in the ESR samples [B{] >>> [A{], the term K[A] can be ignored in the
denominator of the right hand side of Eq. 3.11, as [B{] — n[P] >>> K[A]

i:iiﬂ_q (3.12)
[A]-[A] K{n[P]

This linear equation can be used to determine the number of lipid binding sites per
channel (n) and the average relative affinity (K) of the lipid A (spin labelled lipid)
with respect the lipid B (background lipid) for the binding sites®*®. The term on the
left hand side of Eq. 3.12 represents the ratio of free spin labelled lipid over bound
spin labelled lipid; it is not necessary to know the exact concentration of spin labelled
lipid loaded into the sample (which can vary from one sample to another) since all
that is required is the ratio of free to bound, which can be deduced from the ESR
spectrum. The fraction of spin label bound to the protein is usually written as f with
the fraction unbound as (1-f). The term [B]/[P] corresponds to the DOPC/channel
molar ratio and is normally written as N;. The number of binding sites n is normally

written as Np. The equation then is normally written as:

1-f) 1(N,
(TH[N—; ] (319

Data are usually plotted with (1-f)/f (which is obtained from the ESR spectra) as the y
axis, with N¢ (the lipid:channel molar ratio of a given sample) as the x axis. This gives
a straight line where the y intercept is -1/K and the x intercept is Np. For such an
analysis it is important that the lipid:protein molar ratios are greater than the number

of sites available (N>Ny) in order to avoid protein-protein contacts.

In the present experiments, the spin labelled lipid used is the same as the
background lipid species, the only difference being that the spin labelled lipid has an
attached nitroxide group. If the affinities of the spin labelled lipid and its non spin
labelled form are assumed to be the same, so that, for example, for 14-PCSL in DOPC,

K =1, the number of lipid binding sites is then given directly by:
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N = f - Ny (3.14)

This way, the solvation state of the channel can be investigated at different

lipid:channel molar ratios (Ny).
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Figure 3.1 Absorption spectrum of lissamine rhodamine B labelled DOPE. The lissamine
rhodamine B sulphonil moiety is enclosed in the red box. In blue is the spectrum of rPE in
methanol showing maximum absorption at 560 nm; in green is the spectrum in 1 % SDS in
the presence of DOPC, showing a maximum absorption at 573 nm. In both cases the same
concentration of rPE was present, showing that there is a shift in the wavelength of maximum
absorption but almost no change in the molar extinction coefficient at the emission maximum.
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3.3 Results

3.3.1 Sucrose density gradient analysis
Figure 3.2 shows discontinuous sucrose density gradients of KcsA

reconstituted in DOPC at lipid:channel molar ratios of 30:1 and 100:1, and compares
them with DOPC in the absence of KcsA, and KcsA in 1 mM DDM in the absence of
DOPC. All samples containing lipid also contained rPE to allow the location of the
lipid to be determined. It can be seen that the DOPC sample remains at the top of the
gradient. For unreconstituted KcsA in 1 mM DDM it can be seen that the majority of
the protein remains towards the top of the gradient (light yellow band between the
30% and 40% sucrose bands), presumably in detergent micelles (fractions 7 to 11, see
absorbance measurements in Figure 3.3) and only a small amount is seen at the
bottom of the gradient, presumably present in the form of aggregates. In contrast, the
reconstituted samples show single sharp bands within the gradient that indicate that
the reconstituted samples are homogeneous with a density higher than that of DOPC
alone. Absorbances were determined at 280 nm and 575 nm for each 1.5 ml fraction
from the gradients (Figure 3.3). These confirm that lipid and protein co-localize in the
reconstituted system. The concentrations of lipid and KcsA in the reconstituted
samples confirm the lipid:channel molar ratios are maintained within ca. 10 % of the
initial lipid:protein ratios (Table 3.2).

As expected, the sample at a DOPC:channel molar ratio of 30:1 (located at the
top of the band of 60 % sucrose) has a higher density than that of the sample at a
DOPC:channel molar ratio of 100:1 (located between the 30 and 40 % sucrose bands).
It is possible to estimate the density of the reconstituted samples by adding the
densities of the lipids and proteins weighted by their mass fractions in the sample.
Taking a density for DOPC® of 1.01189 g/cm® and an average protein density® of
1.35 g/em?®, the resulting densities of the samples with DOPC:channel molar ratios of
30:1 and 100:1 are 1.2707 and 1.1792 g/cm?, respectively. These values are in close
agreement with the location of the bands in the sucrose density gradients at 60 % and

40 % sucrose®, respectively (Table 3.1).
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These results indicate that processing of the samples as described in Chapter 2
generates homogeneous, reconstituted samples and that the lipid:protein molar ratios

are maintained during the process of sample preparation.

3.3.2 ESR experiments: determination of phospholipid-KcsA
stoichiometry

Three sets of samples were prepared containing spin labelled lipid, each with
phospholipid:channel molar ratios ranging from 30:1 to 100:1. Two sets were of
KcsA reconstituted in DOPC bilayers while the third set was KcsA reconstituted in
DOPG. Figure 3.4 shows the ESR spectra of the first set of samples normalised to
equal areas, which contained 1 mol % 14-PCSL in reconstituted membranes of DOPC
and KcsA. In each sample the ESR spectrum arises from the absorption of microwave
radiation by two different populations of spin labelled lipid (bound and unbound),
generating a composite or two component spectrum. One component of the spectrum
comes from a population of 14-PCSL in the membrane, not in contact with KcsA,
where the acyl chains have a fast motion (known as the fluid or mobile component),
and the other component comes from a population of 14-PCSL in contact with the
channel, where the motion of the acyl chains is restricted (known as the restricted or
immobile component). Deconvolution of each spectrum into their two components

reveals the fraction of 14-PCSL free and bound to the protein.

Spectra were deconvoluted as described in Chapter 2, Section 2.2.6, and
Appendix 2 shows details of the deconvolution of each spectrum. Table 3.3 shows the
proportions of the restricted component deduced from the deconvolution analysis.
Generally, the proportion of lipid interacting with a membrane protein is seen to
increase as the lipid:protein ratio decreases®*. However, for the data shown in Table
3.3 the fraction of 14-PCSL in contact with the protein remains relatively constant
from a lipid:channel molar ratio of 30:1 to 75:1; only at molar ratios of 88:1 and
100:1 is there a more significant change in the mole fraction of immobilised 14-PCSL.
The Ny values (lipid binding sites per channel) calculated using Eq. 3.14 are also
shown in Table 3.3. From a molar ratio of lipid:KcsA tetramer of 30:1 to 75:1 the
estimated number of lipids associated with the protein is not constant and, as it will be

described later, it increases linearly as the molar ratio increases (see Figure 3.9C). In
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contrast, for molar ratios of lipid:KcsA tetramer of 88:1 and 100:1 the number of lipid
binding sites is constant (32.5 £ 3.9 and 31.9 + 3.7, respectively). From the
circumference of the KcsA tetramer, taken from the crystal structure, and with a
diameter for a lipid molecule of about 9.6 A, it can be estimated that ca. 33 lipid
molecules will be required to form a complete annular shell around the tetramer 28,
The Np values obtained for lipid:protein molar ratios 88:1 and 100:1 are therefore in
close agreement with that expected from the crystal structure of the channel. The fact
that lipid:protein molar ratios lower than 88:1 show a fraction of lipid in contact with
the protein lower than expected (resulting in low Ny values when applying Eq. 3.14)
suggests that at these molar ratios KcsA tends to aggregate reducing the surface of

protein exposed to the lipid molecules.

There is also an unexpected change in the maximum splitting of the immobile
component of the spectra when the lipid:channel molar ratio changes from 67.5:1 to
60:1 (Figure 3.4). A change in the maximum splitting normally reflects a change in
the degree of mobility of the acyl chains of the spin labelled lipid: a narrower splitting
at molar ratios of lipid:channel lower than 67.5:1 would indicate a higher mobility of
the acyl chains. Unfortunately, the outer peak in the high magnetic field of the spectra
is not resolved well enough to accurately measure the small change in maximum

splitting detected in the low field outer peak.

A second set of samples of KcsA reconstituted in DOPC with 1 mol % 14-
PCSL was prepared separately to assess reproducibility. The normalised ESR spectra
of the latter are shown in Figure 3.5 and the fraction of immobile component and N,
values deduced from the analysis are presented in Table 3.3. The results are similar to
those obtained with the previous set of samples: with lipid:channel molar ratios from
30:1 to 75:1 the fraction of the immobile component is approximately constant and
lower than expected, resulting in very low N, values that increase linearly as the
lipid:channel molar ratio increases (see Figure 3.9C). The low fraction of immaobile
component again suggests KcsA is aggregating in the membrane at these molar ratios
while with a lipid:channel molar ratio 100:1 the resulting number of lipid binding
sites (32.5 £ 3.1) is in close agreement with that expected from the crystal structure of
the channel, suggesting the channel is fully solvated by lipid molecules at this molar

ratio. As observed in the first set of samples, this second set of samples also shows a

78



change in the maximum splitting of the immobile component in the samples of

lipid:channel molar ratios from 30:1 to 67.5:1 (Figure 3.5).

Finally, a set of samples of KcsA reconstituted in the anionic phospholipid
DOPG with 1 mol % of spin labelled phosphatidylglycerol (14-PGSL) were also
studied. Figure 3.6 shows the normalised ESR spectra of the different lipid:channel
molar ratios. The spectra were also deconvoluted as indicated in Chapter 2 and the
details of the deconvolution can be seen in Appendix 2. The fraction of the immobile
component deduced from the analysis is summarised along with the Ny values in
Table 3.3. The fraction of immobile component in samples of lipid:channel molar
ratios ranging from 30:1 to 75:1 are again lower than expected, indicating that
aggregation of the protein occurs in bilayers of DOPG as well as in bilayers of DOPC.
As for the DOPC samples, the Ny values increase linearly up to a lipid:channel molar
ratio of 75:1 as discussed later (see Figure 3.9C). For molar ratios 88:1 and 100:1 the
Np values are 29.1 + 2.2 and 28.5 + 3.5, respectively, which are very similar to the
values obtained with the samples in DOPC at those molar ratios. However, the
fraction of immobile component in the 30:1 to 75:1 range for samples of 14-PGSL in
DOPG is higher than that of the two sets of samples with 14-PCSL in DOPC (Table
3.3). The average value of the immobile fraction over this molar ratio range for the
two sets of samples in DOPC is 0.272 + 0.027, while for the samples in DOPG it is
0.362 + 0.036, which is also reflected in the higher Ny, values obtained for samples in
DOPG (see also Figure 3.9C). This suggests that protein aggregates less in DOPG
than in DOPC.

Unlike the samples reconstituted in DOPC, the spectra from the samples in
DOPG do not show a change in the maximum splitting of the immobile component in
any of the samples (Figure 3.6). However, the maximum splitting of 14-PGSL in the
DOPG samples is slightly different from both the maximum splittings observed for
14-PCSL in the DOPC samples (Figure 3.7). Again, the outer peaks at high magnetic
field are not resolved well enough to accurately measure the differences in maximum
splitting, but clearly the outer peaks at low magnetic field are in different positions.
The position of the low magnetic field outer peaks in the different spectra rank, from

higher to lower magnetic field, as follows: 14-PCSL with DOPC:channel molar ratios
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30:1 to 60:1 or 67.5:1, 14-PGSL in all DOPG:channel molar ratios studied and 14-
PCSL with DOPC:channel molar ratios from 67.5:1 or 75:1 to 100:1.

3.3.3 Fluorescence quenching of KcsA as a function of lipid-
channel molar ratio

Fluorescence quenching studies were carried out to compare with the results
obtained with ESR. KcsA contains a belt of Trp residues at each side of the lipid
bilayer (Figure 1.16) whose fluorescence will report on lipid binding around the
transmembrane region of the channel. Figure 3.8A shows the fluorescence intensity of
KcsA reconstituted in bilayers of either DOPC or BrPC, as a function of lipid:protein
molar ratio. At a molar ratio of lipid:channel of 400:1, the fluorescence intensity of
KcsA in DOPC has reached a maximum, and quenching of fluorescence by BrPC has
also reached a maximum, reducing the fluorescence intensity to 50 % of that in DOPC.
Decreasing the molar ratios of lipid:protein to 200:1 or 100:1 results in little change in
fluorescence intensity in either DOPC or BrPC, but at lower molar ratios the
fluorescence intensity in BrPC starts to increase and the fluorescence intensity in
DOPC starts to decrease. When KcsA is reconstituted in BrPC, the level of quenching
depends on the extent of binding of BrPC to KcsA, and a decrease in the level of
quenching therefore implies protein aggregation, decreasing the proportion of the
surface of KcsA occupied by BrPC. The decrease of quenching observed in BrPC is
most apparent at molar ratios of lipid:channel lower than 100:1, consistent with the
ESR results that also suggest aggregation at low lipid:protein molar ratios. The
fluorescence intensity for KcsA in DOPC is also seen to decrease at low molar ratios
of lipid:protein, either reflecting a change in Trp environment due to aggregation or
caused by quenching of Trp fluorescence as a result of Trp-Trp contact/proximity at
low molar ratios of lipid to protein. If the decrease in fluorescence intensity with
decreasing molar ratios of DOPC:channel are due to Trp-Trp proximity effect then the
observed change in fluorescence intensity would not necessarily imply aggregation.
The important observation is a decrease in fluorescence quenching in BrPC below a

molar ratio of lipid:protein of ca. 100:1, in agreement with the ESR results.

The change in fluorescence intensity over the range of lipid:protein molar
ratios from 30:1 to 75:1 can be fitted to a straight line (Figure 3.9A), as the Ny values
obtained from the ESR experiments listed in Table 3.3 (Figure 3.9C). This is
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consistent with the proposal that aggregation affects both the fluorescence and the
ESR experiments in the same way, through a decrease in the number of lipid

molecules bound to the KcsA surface.

Fluorescence emission for KcsA reconstituted in DOPG or BrPG was also
studied (Figure 3.8B). As in DOPC and BrPC, at a lipid:channel molar ratio of 400:1
the fluorescence emission and fluorescence quenching, are at a maximum in DOPG
and BrPG respectively. However, unlike in BrPC, fluorescence quenching in BrPG
only starts to decrease at molar ratios below ca. 30:1. This suggests that BrPG is
better able to prevent aggregation of KcsA than is BrPC and would be consistent with
stronger binding of BrPG than BrPC (see Chapter 4). The ESR results also show that
PG is better able to prevent aggregation of KcsA than PC (Table 3.3 and Figure 3.9C).
The changes in fluorescence observed for KcsA in DOPG and in BrPG fit to a straight
line at molar ratios of lipid:channel below ca. 75:1 (Figure 3.9B), as described above
for KcsA in DOPC or in BrPC.

Although the effects of lipid:channel molar ratio on quenching by BrPG and
BrPC are different, the effects of lipid:channel molar ratio on fluorescence intensities
are very similar in DOPG and DOPC (Figure 3.8): as in DOPC, fluorescence
intensities in DOPG start to decrease at molar ratios of lipid:channel below about
100:1. This suggests that the effects of lipid:channel molar ratio on fluorescence
intensity of DOPG and DOPC are not the result of aggregation, but follow simply
from the decrease in distance between Trp residues that will occur with increasing
KcsA concentration in the membrane, as previously described. To allow a clear
comparison of the fluorescence results described above, Figure 3.8C also shows the
effects of lipid:protein molar ratio on the observed changes in fluorescence intensity

expressed as a fractional change.
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Sucrose Sucrose
Density (w/w) Density (w/w)
2.5% 2.5%
30% 30%
40% 40%
50% 50%
60% 60%
70% 70%

DOPC DOPC:KcsA  DOPC:KcsA KcsAin
30:1 100:1 DDM

Figure 3.2 Discontinuous sucrose density gradients of KcsA reconstituted in DOPC at a
lipid:channel molar ratio of 30:1 and 100:1, DOPC alone and KcsA in 1 mM DDM. The
lipid-containing samples also contained rPE as a marker. The faint pink colour observed in
this picture at the top and bottom of the tubes of the DOPC:KcsA samples and at the bottom
of the DOPC sample is due to reflection along the tube from the bands containing rPE.

Sucrose % Sucrose density Estimated density of Lipid:channel molar
(Wiw) (glcm®) the sample (g/cm®) ratio
2 1.0060
3 1.0099 1.0118 DOPC only
30 1.1270
40 1.1764 1.1792 100:1
50 1.2296
60 1.2865 1.2794 30:1

Table 3.1 Sucrose densities and estimated densities of the samples. The densities of the
samples were estimated as described in the text from the initial lipid:channel molar ratios. The
estimated values for the sample densities agree well with the densities of the sucrose
solutions® where the samples were observed on the gradients.
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Figure 3.3 Absorbance at 280 nm and 573 nm for 1.5 ml fractions taken from the
sucrose density gradients. Upper graph: (A) absorbance at 573 nm for DOPC alone; (O)
absorbance at 280 nm for KcsA in 1 mM DDM. Bottom graph: absorbance at 573 nm (red)
and at 280 nm (blue) for KcsA reconstituted in DOPC at a lipid:channel molar ratio of 100:1
(o) and 30:1 (e). The absorbance of KcsA at 280 nm is corrected for the absorbance of rPE at
280 nm as described Section 3.2.2.

Sample of lipid:KcsA Sample of lipid:KcsA tetramer
tetramer molar ratio 100:1 molar ratio 30:1
Fraction 8 9 10 14 15 16 17
DOPC (uM) 1596 | 3409 389 477 730 230 105
KcsA tetramer (UM) 17.2 36.2 4.4 17.9 | 27.2 8.7 4.1
Lipid:KcsA tetramer
. 93 94 89 27 27 26 26
molar ratio

Table 3.2 Concentrations and lipid:channel molar ratios determined from the
absorbance measurements of the samples analysed by sucrose density centrifugation.
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Figure 3.4 Normalised ESR spectra for 14-PCSL in DOPC membranes containing KcsA
as a function of DOPC:channel molar ratio, recorded at 25°C. The outer peaks (maximum
splitting) of the component arising from spin labelled lipid in contact with KcsA (restricted
component) are indicated by the black arrows. The maximum splitting is constant for samples
of lipid:channel molar ratios from 100:1 to 67.5:1, as indicated by the black dashed line.
Samples with molar ratios from 60:1 to 30:1 have a narrower maximum splitting, as indicated
by the red arrow and red dashed line. Total scan width is 100 gauss.
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Figure 3.5 Normalised ESR spectra of a second set of samples of 14-PCSL in DOPC
membranes containing KcsA as a function of DOPC:channel molar ratios, recorded at
25°C. Details as in the legend of Figure 3.4.
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Figure 3.6 Normalised ESR spectra for 14-PGSL in DOPG membranes containing KcsA
as a function of DOPG:channel molar ratios, recorded at 25°C. As in Figures 3.4 and 3.5,
the outer peaks (maximum splitting) of the component arising from the spin labelled lipid in
contact with KcsA (restricted component) are marked by the black arrows and black dashed
line. No change in the maximum splitting is observed in these samples. Total scan width is
100 gauss.
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Figure 3.7 Difference in the maximum splitting for 14-PCSL in samples with KcsA
reconstituted in DOPC (black spectra) and for 14-PGSL in samples with KcsA
reconstituted in DOPG. The shown spectra are those from Figures 3.4, 3.5 and 3.6, and have
been normalised to equal areas. The outer peaks at low magnetic field are indicated by the
arrows and their position is further indicated by the dashed lines as follows: red, 14-PCSL
with a DOPC:channel molar ratio 30:1; black, 14-PCSL with a DOPC:channel molar ratio
100:1; blue, 14-PGSL with DOPG:channel molar ratios of 30:1 and 100:1. The outer peaks at
high magnetic field are not resolved well enough to accurately determine their positions in the
spectra.
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DOPC (first set) DOPC (second set) DOPG
Lipid/chan Fraction of Fraction of Fraction of
nel molar immobile Np value immobile Ny value immobile Ny value
ratio component component component
30 0.278+0.022 | 83+0.7 | 0.294+£0.037 | 88+11 | 0413+0.038 | 124+1.1
375 0.300+0.019 | 11.3+0.7 | 0.286+0.042 | 10.7+1.6 | 0.384+0.003 | 14.4+0.2
45 0.225+0.012 | 10.1£0.5 | 0.262+0.007 | 11.8+0.3 | 0.369 +0.006 | 16.6 +0.3
52.5 0.281+0.006 | 14.8+0.2 | 0.275+£0.025 | 144+1.3 | 0.363+0.007 | 19.1+0.4
60 0.278 £0.009 | 16.7+0.5 | 0.240+0.010 | 144+0.6 | 0.335+0.004 | 20.1+0.2
67.5 0.275+0.038 | 18.6+£2.6 | 0.231+£0.044 | 156+ 3.0 - -
75 0.263+0.019 | 19.7+14 | 0.325+0.019 | 244+14 | 0310+0.041 | 23.3+3.1
88 0.369+0.044 | 32.5+£3.9 -- -- 0.331+£0.025 | 29.1+2.2
100 0.319+0.037 | 31.9+£3.7 | 0.325+£0.031 | 325+3.1 | 0.285+0.035 | 28.5+35

Table 3.3 Fraction of the immobile component and the number of lipid molecules associated with
the KcsA tetramer (N, value) derived from deconvolution of the ESR spectra of 14-PCSL and 14-
PGSL in DOPC and DOPG membranes, respectively, containing KcsA at the given lipid:channel
molar ratios. Details of the deconvolution analysis can be found in Appendix 2; The N, values were
calculated using Eq. 3.14.
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Figure 3.8 Fluorescence emission intensities for KcsA in brominated and non-
brominated lipid as a function of lipid:channel molar ratio. (A) Fluorescence intensities in
(e) DOPC or (o) BrPC. (B) Fluorescence intensities in (¥) DOPG or (V) BrPG. In (A) and
(B) fluorescence intensities are expressed as F/F, where F is the fluorescence intensity
observed at the given molar ratio of lipid:channel and F, is the fluorescence intensity
observed in DOPC (A) or (DOPG) (B) at a molar ratio of lipid:channel of 400:1. (C) Changes
in fluorescence intensity plotted as (F-F wmin)/(F'o-F 'min), Where F’y and F’y, are the maximum
and minimum fluorescence intensities observed for KcsA reconstituted with DOPC or DOPG
and BrPC or BrPG, respectively. Changes in fluorescence intensity correspond to increases in
intensity for BrPC and BrPG, and a decrease in intensity for DOPC and DOPG. The red line
marks the lipid:channel molar ratio of 30:1. Excitation was at 290 nm and fluorescence
intensities were measured at 333 nm.
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Figure 3.9 Straight line plots of changes in fluorescence intensity (A, B) and in N, values
obtained from ESR experiments as a function of lipid:channel molar ratio. (A)
Fluorescence intensities for KcsA reconstituted in DOPC (e) or BrPC (o) as a function of
lipid:channel molar ratio. (B) Fluorescence intensities for KcsA reconstituted in DOPG (V) or
BrPG (V) as a function of lipid:channel molar ratio. (C) Calculated phospholipid:channel
stoichiometries (N, values) (see Table 3.3) as a function of lipid:channel molar ratios for
KcsA reconstituted in DOPC (e, #; first and second set of samples in Table 3.3, respectively)
or DOPG (¥). The lines show best fits to a straight line on the 30:1 to 75:1 lipid:channel
molar ratio range.
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3.4 Discussion
The crystal structure of KcsA> reveals a channel whose transmembrane

region could accommodate ca. 33 annular phospholipid molecules®. The ESR results
reported here show that at lipid-channel molar ratios of 88:1-100:1 the average
number of lipid molecules interacting with KcsA obtained from reconstitutions in
DOPC or DOPG (Table 3.3) is 31 + 3, in agreement with the number deduced from
the crystal structure. However, at lipid:channel molar ratios below 88:1 the number of
lipid molecules interacting with KcsA does not remain constant as it does with most
membrane proteins >*®, but gradually decreases with decreasing lipid:channel molar
ratio (Table 3.3). This suggests that the extent of the surface of the channel exposed to
the lipid bilayer decreases as the lipid:channel molar ratio decreases, in a linear
fashion (Figure 3.9C). The fluorescence studies of KcsA reconstituted in BrPC as a
function of lipid:channel molar ratio (Figure 3.8) support the data obtained from ESR,
as the level of quenching caused by BrPC decreases with decreasing lipid:channel
molar ratio, again consistent with a decreased exposure of the channel surface to the
lipid bilayer.

As the concentration of KcsA in the membrane increases, the number of
protein-protein contacts would be expected to increase. If these contacts involve the
transmembrane domains, they will result in a decrease in the number of immobilised
lipids, as observed. The reason why such an effect has not been observed with many

other membrane proteins®*%®

could be that other membrane proteins contain large
extra-membranous domains and these would prevent contact between trans-membrane
domains even at high protein concentrations; KcsA does not contain large extra-
membranous domains that would prevent contact between transmembrane regions of

adjacent channels, although see the discussion later.

It is possible to make some estimates for the likelihood of random protein-
protein contacts for a membrane protein if the protein has a simple cylindrical shape,
which is a reasonable initial approximation for the KcsA channel. East et al.®®
calculated the probability for the occurrence of random protein-protein contacts for a

simplified bilayer system in which the lipids and protein molecules were represented
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as small and large discs, respectively (Figure 3.10). The calculations assumed a ratio
of lipid to protein radii of 4, which corresponds to a system in which 32 lipid
molecules would be required to form a complete shell around a protein molecule. This
size ratio corresponds well to the KcsA channel in bilayers of DOPC or DOPG. The
random arrangements of disks were divided into a group of four different types of
triangles that result from connecting each disk centre with the centre of its
neighbouring disks, as illustrated in Figure 3.10. In this way, the triangles were
classified as LLL, PLL, PPL and PPP, where L and P represented the lipid and protein
molecules connecting each type of triangle, respectively. This representation allows
the calculation of the probability of the appearance of these triangles in membranes of
different lipid to protein molar ratios as shown in Figure 3.10. The calculations show
that the frequencies of PPP and PPL triangles are low at lipid to protein molar ratios
greater that ca. 30:1, showing that the probability of random protein-protein contacts
is vanishingly small at molar ratios of lipid:protein greater than 30:1. Unfortunately
with this model it is not possible to quantify the number of protein-protein contacts,
because the triangles share their sides so that a single type of contact (protein-protein,

protein-lipid or lipid-lipid) will be counted in more than one triangle.

The calculations described by East et al.?® suggest that the reduction of lipid-
protein contacts observed in DOPC at lipid:KcsA tetramer molar ratios below 88:1
cannot be attributed to random contacts between DOPC and the KcsA channel but,
instead, suggest that KcsA-KcsA contacts are more favourable than KcsA-DOPC
contacts. From these experiments it is not possible to describe the nature of any
aggregates formed, but it is certain that the aggregates remain embedded in the lipid
bilayers, as shown by the sucrose gradient analysis of a sample at a DOPC:channel
molar ratio of 30:1 (Figure 3.2).

The ESR results for KcsA in DOPG show that the number of immobilized
lipids in DOPG is higher than the number of immobilised lipids in DOPC, at molar
ratios of lipid:channel less than 88:1 (Figure 3.9C). This suggests that DOPG binds
more strongly to KcsA than does DOPC and is thus better able to prevent KcsA-KcsA
contacts. It is possible that the stronger binding of DOPG to KcsA follows from its
negative charge; ESR determinations of the strength of lipid binding (Chapter 5,
Section 5.3.1) indeed show that PG binds more strongly to KcsA than PC.
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The fluorescence studies for KcsA reconstituted in BrPC or BrPG (Figure 3.8)
support the data obtained from ESR. A key observation from these fluorescence
experiments is that whereas quenching by BrPC decreases at molar ratios of
lipid:channel below ca. 100:1, large decreases in quenching by BrPG only appear at
molar ratios below about 30:1. This again suggests that BrPG is better able to prevent
KcsA-KcsA contacts than is BrPC.

The crystal structure of KcsA shows that its transmembrane region on the
intracellular side of the membrane contains several charged residues. It has been
proposed that, in particular, Arg-27 could favour interaction with DOPG molecules™.
Arg-27 forms a belt of positively charged residues around KcsA, very close to the belt
of Trp residues (Trp-26 and Trp-113) on the narrower side of the channel (the side
that normally faces the intracellular side of the bacterial membrane) (Figure 3.11)
which marks the location of the glycerol backbone region of the lipid bilayer around
KcsA'™. Because the negative charge present in DOPG is located in the lipid
phosphate group, right next to the glycerol backbone region, and the Arg-27 side
chain is snorkelling towards this region, it is likely that Arg-27 can easily interact
with the negatively charged phosphate group of DOPG. This favourable interaction
between DOPG and Arg-27, and interactions with other positively charged residues,

could result in BrPG being able to better prevent KcsA-KcsA contacts than BrPC.

From the experiments presented here, it is not possible to determine the factors
that trigger the aggregation of KcsA at low lipid:channel molar ratios. However, it is
worth noting some features of the full length channel that could be involved. Because
the first crystal structures of KcsA only showed the transmembrane region of the

protein®**?

, it has become common to represent this region of the channel alone.
However, as mentioned in Chapter 1, Cortes et al.”, in 2001 described the N-terminal
and C-terminal architecture of the channel using ESR methods, and more recently, the
crystal structure of KcsA with its C-terminal region (but lacking the N-terminus) was
determined by Uysal et al.”®> The ESR structure obtained by Cortes et al.”""® was
determined for KcsA reconstituted in bilayers of soybean asolectin (which comprises
a mixture of PC, PE and phosphatidylinositol) at a lipid:channel molar ratio of 500:1;

the study suggested that the N-terminus consists of an amphipathic a-helix located at
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the interface between water and the intracellular face of the bilayer, extending away
from the core of the channel (Figures 1.12 and 3.12) at a 14° angle relative to the
plane of the membrane. Detection of the N-terminus by x-ray diffraction studies has
not yet been achieved.

It seems reasonable then to suggest that the N-terminus must be affected by
aggregation of the channel at low lipid:protein molar ratios, where the reduced
number of lipid molecules will force the channels closer together. The N-terminal
domain comprises residues from Met-1 to Ser-22, and the distance between Met-1 and
Ala-23 where the first transmembrane helix starts, is 33.0 A (Figure 3.12). As the N-
terminus is tilted ca. 14° with respect to the plane of lipid bilayer, by simple
trigonometry it can be deduced that it extends about 31.9 A away from the core of the
channel (Figure 3.12). This distance is equivalent to three adjacent phospholipid
molecules since the diameter of an all-trans acyl chain is 4.8 A% giving an
approximate diameter of a phospholipid molecule of 9.6 A; this means that three
aligned phospholipid molecules will cover a distance of about 28.8 A. As a result, if
KcsA channels are reconstituted in bilayers with a lipid content lower than that
needed to achieve three shells of lipid between the different channels, the N-termini of
each protein will be forced to come into contact with the transmembrane region of its
neighbouring channels, unless the N-termini distort.

A simple geometrical model can be used to illustrate the minimum space
required in the membrane for undistorted N-termini not to come into contact with the
transmembrane region of a neighbouring channel. As in the model described by East

et al.®®

, the lipids and proteins viewed from the top of the membrane can be
represented as discs of the appropriate sizes. But in the model presented here, to
provide a better representation of the KcsA channel, the channel was modelled as an
inverted, truncated cone, with the diameter of the transmembrane region of the
channel being smaller on one side than on the other (Figure 3.13). As mentioned
above and in Chapter 1, KcsA possesses two belts of Trp residues facing the lipid
bilayer which are located at the membrane-water interfaces at each side of the
membrane (Figure 1.16), and so the distance between two Trp residues in opposite
monomers in each of the belts in the tetrameric structure, measured as the greatest

distance between C atoms in the side chains, gives a good estimate of the diameter of
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KcsA on each side of the membrane. Figure 3.13 shows these distances measured on
the crystal structure of KcsA® (PDB identification number 1K4C), which are 51.7 A
on the wide side (which normally faces the extracellular side of the bacterial
membrane) and 29.2 A on the narrow side (which normally faces the intracellular side
of the bacterial membrane). Therefore, in the present model, disks of proportional

sizes are used to represent the lipids and the channels in a particular orientation.

In order to illustrate how close two channels can be in a bilayer before their N-
termini come into contact it is important to appreciate that the N-termini extend only
from the narrow side of the channel, and so, depending on the orientations of two
neighbouring channels, the minimum separation to keep the N-termini apart will vary.
Figure 3.14 shows three possible situations that can occur, viewing the membrane
from the top: two channels with their narrow ends facing the viewer (all the N-termini
are located on the top surface of the bilayer), two channels with their wide ends facing
the viewer’s side of the bilayer (all the N-termini are located on the opposite side of
the bilayer), and two channels with opposite orientations (the N-terminus of one of the
channels is in one side and the N-terminus of the other channel is on the opposite
side). It is important to note that the differences in diameters between the two sides of
KcsA allows it to have one shell of lipid molecules on the narrow side that is hidden
by the wider side when the viewer is seeing the channel from its wider side (see
Figure 3.14A). Therefore, because the length of the N-terminus is very similar to that
of three aligned phospholipid molecules, when two channels have their narrow sides
facing the viewer, there will need to be at least three shells of lipid separating the
proteins to avoid contact of their N-termini (which are on the viewers side) with the
core of the neighbouring channels (Figure 3.14A). However, when two channels have
their wide sides facing the viewer (so that the N-termini are on the opposite side of the
bilayer, as shown in Figure 3.14B), there will only need to be a single shell of lipid
molecules separating the channels on that side of the membrane to avoid contact of
the N-termini with the core of the channels on the opposite side of the bilayer. Finally,
when two channels have opposite orientations, three shells of lipid will be required to
avoid contact of the core of the channels with the N-termini, as illustrated in Figure
3.14C.
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Taking these considerations into account a geometrical model for the
membrane can be drawn as shown in Figure 3.15. The models show 50 % of the
channels in one orientation and 50 % in the opposite orientation. Packing is described
by a regular repeating unit of two channels in each orientation, indicated by the black
lines in Figure 3.15. The first model (Figure 3.15A) shows a bilayer with the
minimum amount of lipids required to avoid contact of the N-termini of a given
channel with the transmembrane body of its neighbouring channels. Such packing
results in a lipid:channel molar ratio of 44:1; the model also implies that some lipids
(shown in red) from the first shell of lipids around the channels with their wide side
facing the viewer, and some lipids from the second shell of lipids around the channels
with their narrow side facing the viewer are shared with a neighbouring channel. In
the second model the shape of the geometric unit made up by the four channels has
been modified to avoid sharing of the first and second shells of lipids around the wide
and narrow sides of the channels respectively. This results in an increase in the spaces
between the channels so that it is necessary to introduce more lipid molecules,
resulting in a lipid:channel molar ratio of 53:1; these new lipid molecules that do not
form part of the first and second shells of lipid around the wide and narrow sides of
the channel, respectively, are coloured green in Figure 3.14B. Finally, in the third
model (Figure 3.14C), the shape of the geometric unit has been changed to form a
square, maintaining the minimum distance of three lipid shells between the channels
at the sides of the square. This results in a further increase in the space between the
channels with more lipid molecules (shown in green) being required, resulting in a

lipid:channel molar ratio of 67:1.

As already described, with excess lipid in the system, the ESR results suggest
that the number of lipid molecules in the first shell around the KcsA tetramer is ca. 31
(Table 3.3). The number of lipid molecules in the first shell around the KcsA tetramer,
taking into account the different circumferences of the tetramer on the two sides of the
membrane, is 33 (Figure 3.13). If, however, the N-terminal domains were rigidly
fixed, a minimum number of ca. 44 lipid molecules per channel would be required to
allow the channels to pack into the bilayer. However, there is no evidence to suggest
that channels cannot incorporate fully into a lipid bilayer at molar ratios of
lipid:channel below 44:1. In particular, the results of the sucrose gradient

centrifugation experiments (Figure 3.3) suggest that at a 30:1 molar ratio of
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lipid:channel the channel is fully incorporated. It therefore seems likely that the N-
terminus of the channel is flexible and can bend and/or increase its tilt angle relative

to the plane of the bilayer, allowing closer contact between the KcsA tetramers.

The function of the N-terminal domain of KcsA is unclear; functional assays
of a KcsA mutant lacking residues 2-20 have not shown any significant difference

with respect to the full length channel®®

. However, it has been reported that deletion of
the N-terminus results in a dramatic decrease in the levels of expression of the
channel, suggesting that it could be important for correct folding and targeting to the
membrane. It has been proposed that the protrusion of the N-terminus away from the
channel core, and the numerous positively charged residues found in the N-terminus,

could help anchor the channel into the membrane®.

Other groups have reported aggregation or formation of clusters of KcsA in

7980 and in Streptomyces lividans cells™®, but there is no clear

artificial bilayers
agreement about the conditions under which aggregation occurs. Raja and Vales®,
based on electrophysiological studies, proposed that aggregation is triggered by the
presence of 100 mM NaCl at a lipid:channel molar ratio of 200:1. In these studies
membranes of three different lipid compositions were used: a 7:3 molar ratio of
diphytanoyl PE to diphytanoyl PG, a 7:3 molar ratio of diphytanoyl PC to diphytanoyl
PG and E. coli total lipid extract (where aggregation was suggested to take place in
the presence of 100 mM NaCl). In the diphytanoyl mixtures no effects suggesting
aggregation were observed, pointing to an important effect on the bilayer composition
on protein aggregation. The experiments reported here were performed in the
presence of KCI rather than NaCl, but aggregation was only observed at molar ratios
of lipid:channel much lower than those used by Raja and Vales. The experiments

,
1.7

performed by Molina et al.” involved fluorescence resonance energy transfer of

labelled KcsA as well as electrophysiological studies, and were interpreted in terms of
aggregation in the absence of NaCl and in the presence of 100 mM KCI at
lipid:channel molar ratios higher than 100:1; the membranes were composed of
asolectin, a complex mixture of lipids. Interestingly, the electrophysiological

79,80

recordings performed by both groups™™ showed marked changes in the characteristic

channel activity of KcsA, and such changes were suggested to be a consequence of

I 94,95

channel aggregation. Hegermann et a , using electron microscopy approaches,
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reported clusters of KcsA in S. lividans, but at very low concentrations of KcsA in the
membrane. Whether such clusters are physiologically relevant and represent
aggregated channels with different conductance characteristics to non-aggregated

channels is unknown.

In conclusion, the results of the ESR and fluorescence experiments reported
here suggest that aggregation of KcsA occurs at lipid to channel molar ratios lower
than ca. 88:1 due to favourable protein-protein interactions since random mixing
would only result in protein-protein contacts below a lipid:channel molar ratio of ca.
30:1; these results therefore suggest that protein-protein contacts are more favourable
than protein-lipid contacts. Aggregation of the channel is affected by the lipid
composition. In DOPC bilayers, less favourable lipid-protein contacts allow more
protein-protein interactions, whereas the stronger interaction between DOPG and
KcsA results in aggregation being less favourable. Aggregation at low lipid:protein
molar ratios implies that the N-termini in KcsA must distort to allow packing of the
channel, but the aggregates are stably embedded in the lipid bilayer, as shown by the
sucrose density gradient. In a typical membrane, the molar ratio of lipid:protein is ca.

100:1 so that random KcsA-KcsA contacts will be rare in the native membrane.
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Figure 3.10 Model of a membrane used to estimate the probability of random contacts
between lipids and proteins, as described by East et al.®® Left, a diagram showing a
membrane where the large disks represent the proteins and the small disks represent the
phospholipids. The radii of the proteins were 4 times that of the phospholipids in the probability
calculations, but for illustrative purposes in the diagram showed here the protein:lipid radii ratio
used is smaller. The centres of each disc are connected to the neighbouring disks generating four
types of triangles (examples are highlighted): PPP (dark blue), PPL (light blue), PLL (orange)
and LLL (yellow), where P and L indicate protein and lipid molecules, respectively. On the
right, is shown the probability of the occurrence of each type of triangle as a function of the
lipid:protein molar ratio, assuming random mixing. The images were taken from East et al.®

R27

W26
W113

Figure 3.11 CPK representation of the crystal structure of KcsA highlighting the
position of the Trp belts (orange) and Arg-27 (red). (PDB file 1K4C™)
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Figure 3.12 Detail of the structure of the peptide backbone of KcsA including the N-terminus.
The transmembrane region (residues 23 to 119) is from the crystal structure of Doyle et al.** (PDB
number 1BL8) and the N-termini (residues 5 to 22) correspond to the structure deduced from the

ESR analysis of Cortes et al.* (PDB number 1F6G) Left: side view; right: top view.

Figure 3.13 Diameter of the transmembrane region of KcsA on each side of the bilayer.
Left: a view from the bottom of channel (the side that normally faces the intracellular side of
the membrane). The distance between Trp-26 (green) of opposite monomers was used to
estimate the diameter of the channel on its narrow side. Right: a view from the top of the
channel (the side that normally faces the extracellular side of the membrane). The diameter
was estimated measuring the distance between Trp-87 (yellow) of opposite monomers. In
both cases (narrow side and wide side) the distances were measured between the carbons of
the Trp side chains furthest apart in the crystal structure (PDB file 1K4C®®). Lipid molecules
of scaled diameter (9.6 A) are shown as yellow circles around the protein. The total number
of lipid molecules around both sides of the channel is 31, in agreement with the ESR data and
the models built by Pali et al.?
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(B) (C)

Figure 3.14 Three possible arrangements in the membrane for two channels close to each
other. KcsA channels are represented by the large (wider side) and medium (narrower side) disks.
The N-termini are represented as sticks protruding from the narrow side of the channel. The small
yellow disks represent the lipids. All disks are scaled according to the measured diameters. The
coloured elements face the viewer’s side of the membrane, while the dotted lines represent the
structures on the opposite side of the membrane.
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Figure 3.15 Geometrical models of lipid bilayers containing KcsA. (See figure legend on
the following page.)
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Figure 3.15 Geometrical models of lipid bilayers containing KcsA. The large, light blue
disks represent the wide side of KcsA,; the medium dark blue disks represent the narrow side
of KcsA; the small yellow disks represent phospholipid molecules (in red, lipids from the first
and second shells of lipid around the wide and narrow sides of the channels, respectively that
are shared with neighbouring channels; in green, extra lipid molecules that do not belong to
the first and second shells that are needed to fill in space in the bilayer. The black lines show
a geometrical unit and the arrows indicate the changes in shape of the geometrical unit to give
the model shown below. (A), (B) and (C) correspond to lipid:channel molar ratios of 44:1,
53:1 and 67:1, respectively, as described in the text.
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Chapter 4: Interaction of fatty acids with
KcsA: studies using fluorescence
spectroscopy.

4.1 Introduction
Fatty acids, particularly polyunsaturated fatty acids, have been shown to

modulate the activity of many types of potassium and other ion channels, but it is not
yet certain how they act***. There are two main ways in which fatty acids could
affect the activity of ion channels. One way is by changing the bulk physical
properties of the membrane: the activity of membrane proteins can, for example, be

4,22

affected by the fluidity or thickness of the lipid bilayer™< and incorporation of fatty
acids could affect such properties of the membrane and hence affect the activity of its
proteins. However, this mechanism seems unlikely, because it would require large
amounts of free fatty acid to be present in the lipid bilayer, and the proportion of free

fatty acids in biological membranes is very low, often unmeasurable*®.

The second way in which fatty acids could affect ion channel activity is by
direct binding to the channel. Fatty acids have been shown to be able to bind to
annular sites on many membrane proteins using ESR?**® and fluorescence
spectroscopy®’, and so these molecules could affect membrane protein function
through direct interaction with the annular lipid binding sites. Less is known about the
ability of fatty acids to interact with non-annular sites®*®® located between the
transmembrane a-helices or at protein-protein interfaces. Non-annular sites can be
important for membrane protein function, and therefore it is of great interest to study
interactions of fatty acids with these sites. A new type of site to which fatty acids have
been recently suggested to be able to bind to regulate ion channel function is the

45,46

hydrophobic inner cavity of the pore™™, where fatty acid molecules could block ion

flux.

As described in Chapter 1, the potassium channel KcsA is an ideal model to
study lipid interactions with both annular and non-annular sites. In this and the

following chapter, interactions of fatty acids and uncharged fatty acid derivatives with
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the different types of sites on KcsA are studied using fluorescence spectroscopy and
ESR. The simple structure of fatty acids, consisting of a carboxylic acid with a long
hydrocarbon chain, makes it easy to characterize their interactions with the protein. In
the present chapter, fluorescence quenching of wild type KcsA and the mutant
W67,68 are used to analyse the interaction of brominated fatty acids with the annular
and non-annular sites of KcsA, respectively. The small R, value of ca. 8 A for the

dibromo group®#

means that any binding of brominated fatty acids to the inner
cavity will not result in fluorescence quenching because all the Trp residues in the
channel are too distant from the cavity. Instead, binding of fatty acids to the cavity
was analysed by ESR, as described in Chapter 5. The results described here for fatty
acids binding at the annular and non-annular sites in KcsA will be later compared

with those obtained with ESR in Chapter 5.
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4.2 Methods
The samples for fluorescence quenching studies used in this chapter were

prepared by mixing phospholipid and fatty acid or fatty acid derivative in organic
solvent and then drying under a stream of N, as described in detail in Chapter 2,
Section 2.2.3. In quenching curves involving mixtures of non-brominated fatty acid
and DOPC (dioleoylphosphatidylcholine) and in mixtures of brominated fatty acid
and DOPC, this method gave the same result as the titration method (see again
Section 2.2.3), where small amounts of fatty acid are directly added to the
reconstituted sample in the fluorescence cuvette. However, for quenching curves
involving mixtures of non-brominated fatty acid, brominated fatty acid and DOPC the
titration method was unreliable (data not shown), probably due to the large amounts
of fatty acid that had to be added into the cuvette for these experiments. Details
regarding protein production and purification are explained in Chapter 2, Sections
2.2.1 and 2.2.2, respectively. Tryptophan fluorescence was excited at 290 nm and the
emission intensity was measured at 333 nm (see Appendix 1).

4.2.1 Analysis of partitioning of 9,10-dibromostearic acid into the
lipid bilayer

Fatty acids have significant solubility in water, meaning that not all the fatty
acid molecules in the system will incorporate into the lipid bilayer, some remaining in
water. To study fatty acid interactions with KcsA it is necessary to know the
proportion of the total fatty acid that is located in the lipid bilayer. This will depend
on the concentration of the host lipid bilayer and can be described by a simple

partition between water and the lipid bilayer®”:
L + FA, = L.FA (4.1)

where L are the unoccupied binding sites in the host lipid bilayer, FA,, is the fatty acid
free in water and L.FA is the fatty acid incorporated into the host lipid bilayer. A

dissociation constant K4 can be written for this equilibrium:

« - [LIFA] @2
[L.FA]
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where the brackets denote concentrations. The meaning of Ky is complex, since
partitioning of fatty acids into a lipid bilayer will introduce negative charge into the
bilayer, this making the partitioning of further fatty acid into the bilayer less
favourable, as a result of charge repulsion. However, these effects become small at
high ionic strengths, and binding to the lipid bilayer can be defined by an effective Kg,
applicable at the particular ionic strength and pH used in the experiment®’.
Considering that the total fatty acid (FA;) is the sum of the fatty acid bound to the
lipid bilayer (L.FA) and the free fatty acid in the aqueous media (FA.), and assuming
that the concentration of host lipid sites is in excess of the concentration of bound
fatty acid, so that [L] = [L¢, where [L{] is the total concentration of host lipid, the
proportion of bound fatty acid can, from Eq. 4.2, be rewritten as:

[LFAT_ [L] @3
[FA] ~[LI+K, |

From this equation it can be deduced that the higher the concentration of host lipid,

the higher the proportion of fatty acid molecules partitioned into the lipid bilayer®’.

4.2.2 Analysis of fluorescence quenching with brominated lipids

How to describe binding at the annular sites.

The probability of fluorescence quenching for a membrane protein in a
mixture of a lipid and its brominated form can be described in the simplest case of a
protein with a single Trp residue that can be fully quenched (i.e. Fnmin = 0) by binding

of a brominated lipid molecule close to it as follows®""*%3;

F/F, =@1—Xg)" (4.4)

where F, is the fluorescence intensity in the non-brominated lipid, F is the
fluorescence intensity in a given lipid mixture of brominated lipid and non-
brominated lipid when the mole fraction of brominated lipid is xgr and n is the number

of lipid binding sites from which the fluorescence of the Trp residue can be quenched
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(Figure 4.1). Depending on the structures of the lipid and the protein, the number of
sites from which the brominated lipid can quench fluorescence will be different.
Figure 4.2 shows the theoretical fluorescence quenching profiles for a protein in
mixtures of brominated and non-brominated lipids, calculated from Eq. 4.4, as a
function of the value of n. At a given mole fraction of brominated lipid, a higher n
value results in stronger quenching, because the probability of a brominated molecule
occupying one of the sites close enough to cause Trp quenching is high. Assuming
that a brominated lipid and its non-brominated analogue have the same affinity for the
lipid binding sites on the protein®! the value of n can be determined by measuring the
fluorescence intensity of the protein in mixtures of the brominated and non-

brominated lipids and then fitting the experimental data to Eq. 4.4 to obtain n.

As described in Chapter 1, the annular lipid binding sites on a membrane
protein are always occupied by lipid molecules that are in continuous exchange with
the bulk of lipid molecules, acting like a solvent for the protein. Thus, binding of a
lipid A and a lipid B at an annular site of a protein can be described in terms of a lipid
exchange equilibrium (Figure 1.10). As a result, the model described above for
fluorescence quenching can be extended to the case where a brominated lipid A and a
non-brominated lipid B have different affinities for the annular sites in a protein®"##,
In a membrane composed by the two different lipid molecules A and B an exchange

equilibrium will be established at each lipid annular binding site (P):
PB+A = PA + B (4.5)

A binding constant for the brominated lipid A relative to the non-brominated lipid B is

given by:

K = % (4.6)
from which:

[PA] = % @7)

109



The fraction of sites occupied by the brominated lipid, fg;, can be described as:

_[PA]  _ K[A]
" [PA]+[PB] K[A]+[B]

(4.8)

Because in the fluorescence experiments described here the numbers of
molecules of brominated lipid A and non-brominated lipid B are much larger than the
numbers of lipid binding sites, the concentration of unbound lipid A and B can be

approximated by their total concentrations:

[Ad = [PA] + [A] = [A] (4.9)
[Bd = [PB] + [B] = [B] (4.10)

where [A{] and [B;] are the total concentrations of brominated lipid A and non-
brominated lipid B, respectively, in the membrane. If then the concentrations are
expressed in mole fraction units so that [A;] = xgr and [B¢] = (1-xg) then Eq. 4.8 can be

written as:

[PA] 3 K- Xg,

Br = = (4.11)
[PA]+[PB] K-Xg +(1—Xg)
Fluorescence quenching is then described by analogy with Eq. 4.4 as:
FIF, =@- fg)" (4.12)

The higher the binding constant K of the brominated lipid relative to the non-
brominated lipid, the higher the probability that the brominated lipid will bind to the
protein and cause quenching. Figure 4.3 shows the fluorescence quenching profiles
for a protein in mixtures of brominated and non-brominated lipids calculated from Eqg.
4.12 as a function of the value of K, with a fixed value of n of 1.69 (the average value

of n for phospholipids interacting with KcsA™). When the n value for the brominated
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lipid is known, it is possible to determine the relative affinities of lipids A and B for
the protein by measuring tryptophan fluorescence intensities in mixtures of lipids A
and B and then fitting to Eq. 4.12 to obtain K.

If the fluorescence of the Trp residue is not fully quenched by binding of
brominated lipid, then the model needs to be modified by subtracting the residual
fluorescence intensity of the protein in a membrane of fully brominated lipid (Fpin)

from the fluorescence values as follows:

F-F

——mn = (1 fy,)" 4.13
l:o - I:min ( B") ( )

Rearranging terms gives the result:
F= I:min + (Fo - I:min)(l_ fBr)n (414)

How to describe binding at the non-annular sites

There are two ways of describing binding of lipid molecules at the non-
annular sites. One way is describing binding by a competitive model similar to that
described above for the annular sites, where in a mixture of lipids A and B, the non-
annular sites are occupied either lipid A or B. An alternative way to describe binding
at the non-annular sites is by a simple binding model. If only one of the lipid species
in the membrane is able to bind to the non-annular sites, for example lipid A (Figure
1.10), then:

P+A=PA (4.15)
from which a binding constant Ky is described as:

K* _ [PA]

=t °J 4.16
" [PI[A] (4.46)
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In such a situation, assuming again that [A] >>> [PA] the mole fraction of non-annular

sites occupied by the brominated lipid A becomes:

= e (4.17)

and fluorescence quenching is then defined by analogy with Eq. 4.14 as:

F= I:min + (Fo - I:min)(l_ fB*r)n (418)

Here, both Eq. 4.14 and Eq. 4.18 are applied to the experimental data obtained
with the mutant W67,68, in mixtures of 9,10-dibromostearic acid and DOPC in order
to compare the two models. A key difference between the two models is that in the
competitive model the non-annular site will be always fully occupied, so that in a
membrane containing only brominated lipid A, quenching will be maximum. This can
be easily deduced from Eq. 4.11 as when the mole fraction of brominated lipid in the
membrane, Xg, iS one, the fraction of brominated lipid bound at the site/s (fg;) also
becomes one, giving F = Fnin in EQ. 4.14. In contrast, in the simple binding model, if
the affinity of the brominated lipid for the non-annular sites is not high enough (i.e.
the K", value is not much greater than 1 so that 1/K, =~ 0) then not all sites will be
occupied in a membrane of brominated lipid (i.e. f 5 will be smaller than 1 even at g,
= 1), and so the Fni, value (which by definition predicts the fluorescence when the
sites are fully occupied) will be smaller than the fluorescence value in bilayers at xg, =
1. On the basis of these differences between the two models, it will be shown in the
results section that fluorescence quenching with the mutant W67,68 follow a
competitive binding model, and so the analysis for determination of the n value for
fatty acids described below will be based on a competitive binding model when

describing binding to both the non-annular and the annular sites.
Determination of the n value for fatty acids
The value of n for 9,10-dibromostearic acid cannot be determined from

quenching of KcsA in mixtures of oleic acid and 9,10-dibromostearic acid alone
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simply because fatty acids do not form bilayers on their own. Here, an alternative
approach was used to determine the value of n for 9,10-dibromostearic acid for wild
type KcsA and the W67,68 mutant.

First, the fluorescence intensity of KcsA (wild type and mutant W67,68) was
measured in mixtures of oleic acid and 9,10-dibromostearic acid with DOPC
containing a fixed molar ratio of total fatty acid to DOPC but varying the molar ratio
of oleic acid to 9,10-dibromostearic acid. In these experiments, the fraction of sites
occupied by 9,10-dibromostearic acid (fgrra) is then the product of the fraction of sites
occupied by total fatty acid (oleic acid and 9,10-dibromostearic acid, fra) and the mole

fraction of total fatty acid that is 9,10-dibromostearic acid (Xgrra):
ferra = fra* Xarra (4.19)
In these experiments, by analogy with Eq. 4.11, fga is given by:

— K- Xea
K- Xea T 1- XFA)

(4.20)

FA

where Xga is the mole fraction of total fatty acid in the membrane (which is constant)
and K is the binding constant of fatty acid relative to DOPC. The measured
fluorescence intensities in these type of experiments were then fitted for the KcsA
mutant W67,68 to:

F= l:min + (Fo - l:min)(:l-_ fFA ’ XBrFA)n (421)

For experiments with wild type KcsA, the equation used for fitting was more complex
as described below (Eq. 4.25). To obtain n from Eq. 4.21 (or Eq. 25, see below) it is
necessary to know K. These results were therefore combined with a second set of

experiments.

In this second set of experiments, fluorescence quenching of KcsA (wild type

and mutant W67,68) was measured in mixtures containing variable amounts of 9,10-
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dibromostearic acid and DOPC. The data in these experiments could then be fitted to
Eq. 4.14 for the mutant, and to Eq. 4.22 (again, see below) for wild type KcsA to give

a value for K if the value for n was known.

Since in both sets of experiments n and K are unknown, an iterative fitting
procedure was used. A starting value of n of 1 (a reasonable value within the range of
n values normally observed) was taken to perform the first fit of the data for mixtures
of 9,10-dibromostearic acid and DOPC to Eq. 4.14/4.22 (mutant W67,68/wild type
KcsA), in order to obtain a first estimate of K. The obtained value of K was then used
to calculate the fraction of sites occupied by brominated fatty acid from Eq. 4.20, and
then this was used in Eq. 4.21/4.25 (mutant W67,68/wild type KcsA) to fit the data
for mixtures of 9,10-dibromostearic acid, oleic acid and DOPC to obtain a value for n,
which in turn was then used for a new fit to Eq. 4.14/4.22 to obtain a new value for K

and so on, until successive iterations gave the same values of n and K.

Analysis of fluorescence quenching of wild type KcsA

Fluorescence quenching of wild type KcsA is more complex than for the
mutant W67,68 (Eq. 4.14), because wild type KcsA contains five Trp residues in each
monomer, of which four can be quenched by brominated lipids. As detailed in
Chapter 1, Section 1.5.5, three of these Trp residues (W26, W87 and W113) are
exposed to the lipid bilayer, and can be quenched by brominated lipid molecules
binding to the annular sites, while the other two Trp (W67 and W68) are hidden
within the structure of the channel with only W67 being quenched by binding of
brominated lipid molecules at the non-annular sites (Figure 1.18). As a result,
guenching of wild type KcsA is dominated by quenching of the lipid exposed Trp
residues, but will also be affected by quenching of W67 by binding of brominated
lipids at the non-annular sites. Assuming that all Trp residues have equal unquenched
fluorescence intensities and that the three lipid-exposed Trp residues are equivalent’”,

Eq. 4.14 can be modified to account for the different tryptophan residues as follows:

_ 1+3Fg, + Py +30- F )@ fo)™ + A Ft)@— f5*)™
5

F

(4.22)
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FNA i are the residual fluorescence intensities for each of the three

where F*i, and
lipid exposed Trp residues and for W67, respectively, in a membrane of brominated
lipid, s, and Vg, are the fractions of annular and non-annular sites occupied by
brominated phospholipid from which quenching of the lipid exposed tryptophans and
W67 occurs, respectively, and n* and "™ are the number of annular and non-annular
sites, respectively, from which the fluorescence of the respective Trp residues can be
quenched. The value of n* will be an average value for the three lipid exposed Trp

residues. By analogy with Eq. 4.11, f'g, and "5, are described by:

A
K™ Xg,

fo=
u KA " Xgr +(1_XBr)

(4.23)

NA
KT X (4.24)

fNA:
u KNA'XBr+(1_XBr)

where K* and KM are the relative lipid binding constants at the annular and non-
annular sites, respectively. As for n*, the value of K* is an average for the sites
corresponding to the three lipid exposed Trp residues.

Fluorescence quenching data obtained in mixtures of 9,10-dibromostearic acid
and DOPC for wild type KcsA were therefore fitted to Eq. 4.22, using the values of
n"* and K™ obtained with the mutant W67,68. A value of F™ i, = 0 was used as the
experimental data showed quenching of W67 by 9,10-dibromostearic acid to be ca.
100 % efficient.

For experiments with varying amounts of oleic acid and 9,10-dibromostearic
acid at a fixed molar ratio of total fatty acid to DOPC (see previous section) a similar
model to that of Eq. 4.22 was used, with the relations described in Eq. 4.19 and 4.20

incorporated as follows:

— 1+3F5 +FA +3(1- Frrfi\n)(l_ fF/Z 'XBrFA)nA +(@1-F NA)(]-_ fF’\A‘\A 'XBrFA)nNA

min min min

F (4.25)
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By analogy with Eq. 4.20, fra and fa, are described by:

A
th=_ KK (4.26)
K™ Xea +(1_XFA)

KNA . XFA
KM Xep + (L= Xe)

NA _
fFA =

(4.27)

where Xxga is the mole fraction of total fatty acid in the membrane (which is constant
for each quenching curve) and K* and K™ are the fatty acid binding constants relative

to DOPC at the annular and non-annular binding sites, respectively.

Alternative descriptions for binding of fatty acids and phospholipids to
membrane proteins

As will be described in Section 4.3.2, data for 9,10-dibromostearic acid
guenching at the non-annular sites fits to a value of n very close to one, as observed
for brominated phosphatidylglycerol (BrPG)™, consistent with either a single fatty
acid or a single phospholipid molecule binding to the site. However, the n value
determined for quenching at the annular sites is ca. 4 (Section 4.3.3), about double
that for a phospholipid molecule (1.69)". This suggests two fatty acids could bind at
each phospholipid binding site in the annulus, consistent with the fact that the
phospholipid molecule contains two acyl chains. In this case, it might be thought that

competitive binding at the annular sites should be described as:
PL + 2FA = P.FA, + L (4.28)

where FA is the fatty acid, L the phospholipid and P the annular binding site, giving

an exchange equilibrium:

« _ [PFAIIL]

 [P.L][FAT? (4.29)

and the fraction of sites occupied by fatty acid would then be:
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__[PFA] KX
UIPFA+[PL] @A-X)+K-x?

(4.30)

where x is the mole fraction of fatty acid in the bilayer. However, the squared
dependence on x would result in a cooperative quenching binding curve, which is
clearly not observed in the experimental data (see Section 4.3.3). Indeed, binding of
lipid molecules to the annular sites of a membrane protein is better described as an
interaction of the lipid molecules with a general hydrophobic surface that needs to be
solvated, and not as an interaction with a set of distinct and localised binding sites.
Lipid molecules binding to a hydrophobic surface with non-localised sites could move
along the surface from one site to another®, allowing a single fatty acid molecule to
bind and displace a phospholipid molecule located in a particular region of the surface
without the need of two fatty acid molecules to displace the phospholipid molecule in
that particular location. Hence, the fluorescence quenching experiments described
here with fatty acids and phospholipids are analysed in terms of an exchange between

single molecules (Eq. 4.5).

However, it could still be argued that because the phospholipid molecules that
compose the lipid bilayer into which the fatty acid incorporates have two fatty acyl
chains, the effective concentration of fatty acid molecules, which only have a single
acyl chain, in a phospholipid bilayer, is smaller than that of phospholipid molecules,
meaning that the probability of a phospholipid molecule coming into contact with the
protein is greater than that of a fatty acid molecule. To account for this effect the
concentrations of the two lipids could be expressed on an acyl chain basis®"'®°. And
so, if each phospholipid molecule contributes two acyl chains, while a fatty acid
molecule contributes only one acyl chain, the effective mole fraction of fatty acid in

the membrane on a chain basis (x°) would be:

o [FA

 [FA]+2[L] (431)
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where [FA] is the concentration of fatty acid molecules and [L] is the concentration of
phospholipid molecules. If then one considers that the mole fraction of fatty acid on a

conventional molecular basis (x) is expressed as:

[FA]

= —[FA] I (4.32)

it can be deduced from Eq. 4.32 that, when considering mole fractions on a molecular
basis:

[L] =[FA]@ (4.33)

and so substituting [L] from Eq. 4.33 (molecular basis) into Eq. 4.31 (chain basis), the
mole fraction of fatty acid on a chain basis (x°) can be related to the mole fraction of

fatty acid on a molecular basis (x) as follows:

¢ _ [FA]

X" = (4.34)
[FA]+ 2FA %)
X
The expression above can be rearranged to give:
x= 2 (4.35)
1+X

It is then possible to determine how expressing the concentration of fatty acid on a
chain basis will affect the analysis of fluorescence quenching. Previously it had been
shown that the fraction of sites occupied by brominated lipid (fs;) could be described
by Eq. 4.11 (when concentrations are expressed in mole fraction units, Xg;) as shown

again here for clarity:

__[PAl _ Kexg
¥ [PATH[PB] K- xg + (1)

(4.11)
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If the brominated molecule is a fatty acid and the mole fraction of brominated fatty

acid (xar) Is expressed on a chain basis then, using Eq. 4.35:

K( 25, j
. 1+ Xg, B 2K - Xg, (4.36)
Br ™ C c - c c '
K 2XBrc +1— 2XB:: 2K * Xpr +(1_XBr)
1+ X, 1+ X,

where x°g; is the mole fraction of brominated fatty acid on a chain basis. It can be seen
that the form and terms of Eq. 4.36 are equivalent to those of Eq. 4.11, the only
difference being K in Eq. 4.11 is now replaced by 2K. Hence, if the mole fraction of
fatty acid in the membrane is expressed on a chain basis, the value of K obtained will
be double the value obtained if the mole fraction is expressed on a conventional

molecular basis.

In this chapter the fluorescence quenching data with 9,10-dibromostearic acid
is analysed expressing the mole fraction of fatty acid on a conventional molecular
basis. However, the consequences of expressing the mole fraction of fatty acid on a
chain basis instead are discussed later.
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Figure 4.1 Example of lattice sites from which brominated lipids can cause quenching of
Trp fluorescence in a protein. The image shows KcsA surrounded by lipids (yellow circles)
viewed from the extracellular side of the membrane. A Trp residue is highlighted in green, in
this case it is suggested that brominated lipid molecules can bind at two different positions
(lipids highlighted in bright yellow with a black border) close enough to the Trp residue to
cause fluorescence quenching. The n number in Eq. 4.4 indicates the number of sites that can
be occupied by a brominated lipid close enough to a Trp residue to cause quenching; in this
example n =2,
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Figure 4.2 Theoretical curves for fluorescence quenching of a protein in mixtures of
brominated and non brominated lipids as described by Eq. 4.4. Fluorescence intensities
are plotted as a function of the mole fraction of brominated lipid. Each line represents a
simulation of the fluorescence emission intensity with the value for n given above each curve
and assuming Trp fluorescence is 100 % quenched in a bilayer of brominated lipid.
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Figure 4.3 Theoretical curves for fluorescence quenching of a protein in mixtures of
brominated and non brominated lipids as described by Eq. 4.12, at a fixed n value of
1.69. Fluorescence intensities are plotted as a function of the mole fraction of the brominated
lipid. Each line represents a simulation of the fluorescence emission intensity with the given
value for K, indicated on the respective curves and assuming Trp fluorescence is 100 %
guenched in a bilayer of brominated lipid. The value for n was fixed at 1.69, which is the
average value for a phospholipid molecule binding to KcsA”.
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4.3 Results

4.3.1 Partitioning of 9,10-dibromostearic acid into the lipid bilayer:
studies of quenching of the fluorescence of wild type KcsA
As discussed in Section 4.2.1, fatty acids have a significant solubility in water,

and so in order to study fatty acid interactions with KcsA using 9,10-dibromostearic
acid, it is necessary to analyse the proportion of fatty acid that is being incorporated
into the lipid bilayer. As explained in Section 4.2.1, the concentration of host lipid
affects the proportion of fatty acid that incorporates into the bilayer, so that at low
concentrations of host lipid, a significant fraction of the fatty acid present in the
system may be in the aqueous phase, but at a sufficiently high concentration of host
lipid, most of the fatty acid should be present in the lipid bilayer. Figure 4.4A shows
fluorescence quenching curves for KcsA in DOPC with 9,10-dibromostearic acid at
DOPC (host lipid) concentrations of 30 pM, 300 uM and 600 puM. The DOPC to
KcsA tetramer ratio was 400:1 for the experiment at 30 uM DOPC and 4000:1 for the
experiments at 300 uM and 600 uM DOPC. Fluorescence intensities are plotted as a
function of the mole fraction of 9,10-dibromostearic acid. As shown, the level of
quenching observed at a given mole fraction of 9,10-dibromostearic acid is less at 30
than at 300 uM lipid, but is the same at 300 and 600 puM. Thus at 30 puM lipid, a
significant fraction of the 9,10-dibromostearic acid has not partitioned into the bilayer,
but at 300 uM all the brominated fatty acid has partitioned into the bilayer, as shown
by the fact that no additional quenching is observed when the lipid concentration is
increased to 600 M.

These results are consistent with the equation described in Section 4.2.1. An
effective K4 value of 17 uM has been obtained experimentally for oleic acid in egg PC
bilayers at pH 7.2 and a 100 mM NaCl concentration®”; with this value for Kg,
assuming that 9,10-dibromostearic acid has the same K as oleic acid, the estimated
amount of 9,10-dibromostearic acid incorporated into the bilayer, when the host lipid
concentration is 30 UM, is 64 %, while if the host lipid concentration is 300 uM and
600 uM the bound 9,10-dibromostearic acid is 95 % and 97 %, respectively. If this
analysis is correct, then the quenching curve observed at 30 UM host lipid should be
the same as that observed at 300 uM if account is taken of the fact that only 64 % of

the added fatty acid is bound. Indeed, if the mole fraction of membrane bound fatty
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acid is calculated at 30 uM lipid then the quenching profile becomes almost identical
to that observed at 300 uM lipid (Figure 4.4B). This suggests that the Ky values for
oleic acid and 9,10-dibromostearic acid are similar.

4.3.2 Binding to non-annular lipid binding sites on KcsA
Binding of 9,10-dibromostearic acid at the non-annular sites was first analysed

in terms of a competitive binding model, where the annular sites are occupied either
by fatty acid or DOPC. The n value and binding constant of 9,10-dibromostearic acid
relative to DOPC at the non-annular sites were therefore determined for the mutant
W67,68 as described in Section 4.2.2. Figure 4.5 shows the fluorescence quenching
curve for mutant W67,68 in mixtures of 9,10-dibromostearic acid and DOPC. At
increasing concentrations of 9,10-dibromostearic acid fluorescence quenching
increases, demonstrating binding of the fatty acid at the non-annular sites. Figure 4.5
also shows the fluorescence intensity of the mutant in mixtures of oleic acid and
DOPC. It can be seen that oleic acid also causes some quenching of fluorescence,
although the level of quenching is less than that caused by the brominated fatty acid.
Oleic acid has been shown previously to be a quencher of Trp fluorescence because of
its carboxyl group”. In the experiments reported here, what is important is the
quenching due to the bromine atoms in 9,10-dibromostearic and so the data were
corrected by taking the ratio of the fluorescence in 9,10-dibromostearic acid to that in
oleic acid at the same mole fraction of fatty acid. To calculate the n and K values for
the fatty acid, the corrected version of the curve was fitted to Eq. 4.14 in the iterative
process detailed in Section 4.2.2 along with fitting of the data from the experiments

described below.

Fluorescence quenching in bilayers containing varying amounts of oleic acid
and 9,10-dibromostearic acid in DOPC membranes at a fixed total fatty acid to DOPC
molar ratio of 2:1 is shown in Figure 4.6A. In this case, fluorescence quenching by the
carboxyl group did not need to be accounted for because the fraction of total fatty acid
was the same in the different lipid mixtures and so changes in fluorescence intensity
were due only to quenching by the bromine atoms. lIterative fittings of the data
presented in Figure 4.6A to Eq. 4.21 along with the fitting of the corrected data in
Figure 4.5 to Eq. 4.14, as described in Section 4.2.2, gave a value of n =0.94 + 0.19
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and K = 0.86 £ 0.08. The value of n is consistent with a single oleic acid molecule
binding at a non-annular site to quench fluorescence of W67. The data for the 9,10-
dibromostearic acid/DOPC mixtures gave an Fn, value of 0.43 = 0.03, indicating that
in a hypothetical bilayer of 9,10-dibromostearic acid about 55 % of the total Trp
fluorescence would be quenched. This value for Fn, is consistent with the expected
extensive quenching of W67 with little quenching of W68. Similarly, fitting of the
9,10-dibromostearic acid/oleic acid/DOPC data to Eq. 4.21 gave an F,;, value of 0.61
+ 0.05, again suggesting extensive quenching of W67 with little quenching of W68.

Figure 4.6 also shows quenching curves for the mutant W67,68 with varying
amounts of oleic acid and 9,10-dibromostearic acid at fixed total fatty acid to DOPC
molar ratios of 1:1 (Figure 4.6B) and 0.5:1 (Figure 4.6C). In these cases, the amount
of fatty acid in the membrane is smaller than in the previous example (total fatty acid
to DOPC ratio of 2:1), giving lower levels of quenching resulting in less accurate
determinations of the n and K values. For the quenching curve with a total fatty acid
to DOPC ratio of 1:1, a free fit to Eq. 4.21 with a value of K of 0.86 (as determined
above) gives an n value of 1.79 + 0.18, approximately double the value of 0.94 + 0.19
obtained previously, with an Fn;, value of 0.68 + 0.02. However, fitting the data with
fixed values of K = 0.86 and n = 0.94 also gives a good fit (red line), with a value of
Fmin Of 0.50 = 0.01 in better agreement with the expected value. For the quenching
curve at a total fatty acid to DOPC molar ratio of 0.5 to 1, a free fit to Eq. 4.21 with K
= 0.86 gives n = 0.57 £ 0.62 and Fpi, = 0.21 + 0.77. The large errors for n and Fn;n
highlight the problems of analysing data where the level of quenching is low. A fit of
the data with fixed K = 0.86 and n = 0.94 (red line) shows a fit equally good as the
free fit, with an Fn, value of 0.49 + 0.01, also in good agreement with the previous
values. Thus the lower quenching values obtained at fatty acid to DOPC molar ratios
of 1:1 and 0.5:1 make it difficult to obtain accurate n and K values, but the data are
consistent with the n and K values obtained at the a 2:1 fatty acid to DOPC molar

ratio.

The corrected fluorescence quenching data shown in Figure 4.5 in mixtures of
9,10-dibromostearic acid and DOPC was also fitted to the simple binding model
proposed in Section 4.2.2 (Eg. 4.17 and 4.18) in which simple binding of the fatty

acid to the non-annular sites was assumed, the site not being occupied by DOPC
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(Figure 4.7). The experimental data did not give a good fit to this model, a free fit to
Eq. 4.18 with a value for n = 0.94 (Figure 4.7, blue) gave a binding constant K, =
0.03 + 0.15 mole fraction™, which indicates a very low affinity of the fatty acid for the
non-annular sites, with a physically impossible negative value for Fpy, of -17 + 84.
The low value of Ky implies that a large proportion of binding sites would be empty
in a hypothetical membrane of 9,10-dibromostearic acid (e.g. at a mole fraction of
9,10-dibromostearic acid of one, the mole fraction of occupied sites would be only
0.03) and so the impossibly large negative value of F, is necessary to fit the
observed level of quenching. If the fitting is performed with the F;, value restricted
to be equal to or above 0, then a value of Ky,” = 1.35 + 1.12 mole fraction™ with a
value for Fpi, of 0.0 + 0.6 are obtained, but clearly the fit is poor (Figure 4.7, red).
Further, if the fit is performed with a fixed Fpi, value of 0.5, as expected for extensive
quenching of W67 and weak quenching of W68, the fit becomes substantially poorer
(Figure 4.7, green) giving K, = 2.17 + 2.12 mole fraction™ and Fpin = 0.5 + 0.2.

Fluorescence quenching with the uncharged fatty acid analogues 9,10-
dibromomethyl stearate and 9,10-dibromostearoyl alcohol was also studied.
Quenching by oleyl alcohol was small, but significant (Figure 4.8) and fluorescence
quenching by 9,10-dibromostearoyl alcohol, corrected for the quenching effect of
oleyl alcohol, revealed very limited quenching attributable to the bromine atoms, as
shown in Figure 4.8. The data suggests very little binding of 9,10-dibromostearoyl
alcohol to the non-annular sites. Quenching by 9,10-dibromomethyl stearate was also
very low, also suggesting poor binding of 9,10-dibromomethyl stearate to the non-
annular sites (Figure 4.9). Figure 4.9 compares quenching with 9,10-dibromostearic

acid, 9,10-dibromoleoyl alcohol and 9,10-dibromomethyl stearate.

4.3.3 Binding of fatty acids to annular lipid binding sites on KcsA
Binding to the annular sites on KcsA was studied with the wild type protein

performing similar fluorescence quenching experiments to those described above. In
this case, as explained in Section 4.2.2, the data from mixtures of 9,10-dibromostearic
acid and DOPC were fitted to Eq. 4.22, the data being corrected for fluorescence
quenching by oleic acid (Figure 4.10); the data from membranes containing varying
amounts of oleic acid and 9,10-dibromostearic acid in a fixed total fatty acid to DOPC
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molar ratio of 2:1 were fitted to Eq. 4.25 (Figure 4.11A). In both cases the parameters
used for describing binding at the non-annular sites were those determined above (n"*
= 0.94, KN = 086 and FM\in = 0, as practically all fluorescence from W67 was being
quenched). Iterative fittings of the data gave a binding constant for the fatty acid
relative to DOPC at the annular sites of K* = 0.73 + 0.04, very similar to that at the
non-annular sites; the resulting n value was n”* = 4.33 + 0.20, slightly more than
double that for a phospholipid molecule (n = 1.69)"%; and a value of F*yi, = 0.27 +
0.01 was obtained, indicating that about 70 % of the fluorescence from the lipid

exposed tryptophan residues is effectively quenched by the brominated fatty acid.

Fluorescence quenching in membranes containing mixtures of oleic acid and
9,10-dibromostearic acid were also studied at fixed total fatty acid to DOPC molar
ratios of 1:1 (Figure 4.11B) and 0.5:1 (Figure 4.11C). As for W67,68 the values for n*
and K” determined at fatty acid to DOPC molar ratio of 2:1 fit well to the data at
molar ratios of total fatty acid to DOPC of 1:1 and 0.5:1 (Figure 4.11, red lines).

Fluorescence quenching with the brominated uncharged fatty acid analogues
was small (Figure 4.12), showing weak binding at the annular sites. Quenching by
oleyl alcohol was insignificant, and so quenching by 9,10-dibromostearoyl alcohol did
not need to be corrected. The fluorescence quenching data obtained with 9,10-
dibromostearoyl alcohol was fitted to Eq. 4.22 (Figure 4.12): the value of n at the
annular sites was expected to be the same as that for oleic acid, since quenching of the
mutant W67,68 by 9,10-dibromostearoyl alcohol is insignificant, its relative binding
constant at the non-annular sites must be low and so was set to zero. Thus the
guenching data with 9,10-dibromostearoyl alcohol for wild type KcsA was fitted to
Eq. 4.22 with KM = 0, and n* = 4.33. The fit gives a relative binding constant for
9,10-dibromostearoyl alcohol of K* = 0.34 + 0.01, with an F”yi, value of 0.30 + 0.11
in agreement with the value obtained previously for 9,10-dibromostearic acid.

Fluorescence quenching with 9,10-dibromomethyl stearate was very similar to
that observed with brominated oleyl alcohol, up to a mole fraction of 9,10-
dibromomethyl stearate of 0.33, suggesting that the relative binding constant for 9,10-
dibromomethyl stearate is very similar to that of 9,10-dibromostearoyl alcohol (Figure

4.12). However, the levels of fluorescence quenching observed at mole fractions of
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9,10-dibromomethyl stearate of 0.33, 0.5 and 0.67 are all very similar. This suggests
that the lipid bilayer might be saturating with 9,10-dibromomethyl stearate so that at
higher concentrations, the 9,10-dibromethyl stearate, rather than forming a
homogeneous mixture with the phospholipid, could be forming a separate phase
within the bilayer, or might not be incorporating into the lipid bilayer at all. Indeed,
Smaby and Brockman'®* have reported a miscibility limit for methyl oleate in PC
monolayers at a mole fraction of methyl oleate of 0.2. The data for 9,10-
dibromomethyl stearate were not therefore fitted to Eq. 4.22, but the data shown in
Figure 4.12 would suggest that the binding constant for 9,10-dibromomethyl stearate
should be similar to that for 9,10-dibromostearoyl alcohol, and less than that for 9,10-

dibromostearic acid.
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Figure 4.4 Effect of partitioning of 9,10-dibromostearic acid on fluorescence quenching
of wild type KcsA reconstituted in DOPC bilayers. (A) Fluorescence intensities (F)
measured relative to that in DOPC (F,) are plotted as a function of the mole fraction of added
fatty acid at lipid concentrations of 30 (), 300 (=) and 600 () uM DOPC. The lipid to KcsA
tetramer molar ratio was 400:1 for the 30 uM DOPC samples, and 4000:1 for the 300 and 600
UM DOPC samples. The solid lines show fits to Eq. 4.14 with a value of n = 1.69. (B) The
estimated mole fraction of fatty acid bound to the membrane for the samples with 30 pM
DOPC (*) was calculated assuming 64 % of the total fatty acid had partitioned into the lipid
bilayer. The data were fitted to Eq. 4.14 with a value of n = 1.69 (solid line). The data shown
in (A) for 30 uM (o) and 300 uM (+*) DOPC are shown again for comparison. The data for 30
1M DOPC were fitted to Eq. 4.14 (dotted line) again for comparison. The buffer solution was
20 mM HEPES, pH 7.2 with 100 mM KCI.
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Figure 4.5 Quenching of fluorescence of the KcsA mutant W67,68 by oleic acid and 9,10-
dibromostearic acid. The KcsA mutant W67,68 was reconstituted into mixtures of oleic acid
and DOPC (@), and 9,10-dibromostearic acid and DOPC (e). For the data points (o,e)
fluorescence intensities (F) are expressed as a fraction of the fluorescence of KcsA
reconstituted in DOPC (F,). Fluorescence intensities (F"'/F’,) in mixtures containing 9,10-
dibromostearic acid were corrected for the fluorescence quenching observed on addition of
oleic acid by taking the ratios of the fluorescence intensities in the presence of 9,10-
dibromostearic acid to the fluorescence intensities in the presence of oleic acid at the
corresponding mole fractions of fatty acid (#). Fluorescence intensities are plotted as a
function of the mole fraction of fatty acid. The corrected data were fitted to Eq. 4.14 as
described in the text (solid line). The dotted line shows an extrapolation of the fluorescence
intensity for the corrected data up to a hypothetical membrane of 100 % 9,10-dibromostearic
acid. The molar ratio of DOPC to KcsA tetramer was 2000:1, the concentration of DOPC
being 300 uM and the concentration of KcsA tetramer being 0.15 uM.
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Figure 4.6 Fluorescence quenching of the KcsA mutant W67,68 in mixtures of oleic acid
and 9,10-dibromostearic acid at fixed total molar ratios of fatty acid to DOPC.
Fluorescence intensities (F) are expressed as a fraction of the fluorescence intensity at a mole
fraction of 9,10-dibromostearic acid in the fatty acid mixture of zero (F,), and are plotted as a
function of the mole fraction of 9,10-dibromostearic acid in the total fatty acid mixture. Total
fatty acid to DOPC molar ratios are 2:1 (A), 1:1 (B) and 0.5:1 (C). The black lines show free
fits for K and Fp, to Eq. 4.21 with n = 0.94. The red lines show fits to Eq. 4.21 with fixed K =
0.86 and n = 0.94. The experiments were performed with a DOPC concentration of 300 uM
and a DOPC to KcsA tetramer molar ratio of 2000:1.
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Figure 4.7 Alternative models to describe the binding of 9,10-dibromostearic acid to the
non-annular sites on KcsA. The experimental data for the quenching of the KcsA mutant
W67,68 in mixtures of 9,10-dibromostearic acid and DOPC corrected for quenching by oleic
acid (=), as in Figure 4.5, are shown. The data were fitted to the simple binding model, Eqg.
4.18, with n fixed at 0.94 (blue line) and the same fit again but now with F;, restricted to be
greater than O (red line) or greater than 0.5 (green line), as described in the text. The dotted
line shows fitting of the data to the competitive binding model (Eq. 4.14) as in Figure 4.5, for
comparison.
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Figure 4.8 Fluorescence quenching of the KcsA mutant W67,68 in mixtures of oleyl
alcohol (o) or 9,10-dibromostearoyl alcohol (e) and DOPC. Fluorescence intensities (F)
are expressed as a fraction of the fluorescence intensity of the KcsA mutant in DOPC (F,).
The data for quenching by 9,10-dibromostearoyl alcohol were also corrected for quenching
with oleyl alcohol (), where F/F’, is the fluorescence intensity in 9,10-dibromostearoyl
alcohol/DOPC mixtures at a given mole fraction divided by the fluorescence intensity in the
corresponding oleyl alcohol/DOPC mixtures. The samples contained a DOPC concentration
of 300 pM and a KcsA tetramer to DOPC molar ratio of 4000:1.
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Figure 4.9 Comparison of fluorescence quenching of the KcsA mutant W67,68 with 9,10-
dibromostearic acid (e), 9,10-dibromostearoyl alcohol (V) and 9,10-dibromomethyl
stearate (A). Fluorescence intensities (F’/F’,) for quenching with 9,10-dibromostearic acid
and 9,10-dibromostearoyl alcohol have been corrected for quenching with the non brominated
analogues as described in Figures 4.5 and 4.8, respectively. The concentration of DOPC was
in all cases 300 uM, with a DOPC to KcsA tetramer molar ratio for the 9,10-dibromostearoy!l
alcohol and 9,10-dibromomethyl stearate samples of 4000:1, and a DOPC to KcsA tetramer
molar ratio of 2000:1 for the 9,10-dibromostearic acid samples.
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Figure 4.10 Quenching of fluorescence of wild type KcsA by oleic acid and 9,10-
dibromostearic acid. Wild type KcsA was reconstituted into mixtures of oleic acid (o) or
9,10-dibromostearic acid (®) and DOPC. Fluorescence intensities (F) for data points (e,0) are
expressed as a fraction of the fluorescence of KcsA reconstituted in DOPC alone (F,).
Fluorescence quenching with 9,10-dibromostearic acid was corrected for fluorescence
guenching with oleic acid by calculating the ratio of the fluorescence intensity at a given mole
fraction of 9,10-dibromostearic acid to the fluorescence intensity at the corresponding mole
fraction of oleic acid (F/F", «). The solid line shows a fit of the data to Eq. 4.22, as
described on the text. The dotted line shows extrapolation of the fluorescence
intensity up to a hypothetical membrane of 100 % 9,10-dibromostearic acid.
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Figure 4.11 Fluorescence quenching of wild type KcsA in mixtures of oleic acid and
9,10-dibromostearic acid at fixed molar ratios of total fatty acid to DOPC. The molar
ratios of fatty acid to DOPC shown are 2:1 (A), 1:1 (B) and 0.25:1 (C). Fluorescence
intensities (F) are expressed as a fraction of the fluorescence intensity of KcsA at a mole
fraction of 9,10-dibromostearic acid in the fatty acid mixture of zero (F,) and are plotted as a
function of the mole fraction of 9,10-dibromostearic acid in the total fatty acid mixture. The
black lines show free fits of the data for to Eq. 4.25, as described in the text, while the red
lines show fits with fixed n* = 4.33 and K* = 0.73. The experiments were performed with a
DOPC concentration of 300 uM, with a DOPC to KcsA tetramer molar ratio of 2000:1.
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Figure 4.12 Comparison of fluorescence quenching of wild type KcsA by 9,10-
dibromostearic acid (e), 9,10-dibromostearoyl alcohol (V) and 9,10-dibromomethyl
stearate (A). Fluorescence intensities (F/F,) for the samples with 9,10-dibromostearoyl
alcohol and 9,10-dibromomethyl stearate are shown as a fraction of the fluorescence intensity
of KcsA in DOPC. Fluorescence intensities (F'/F’,) for the samples with 9,10-dibromostearic
acid are corrected for fluorescence quenching by oleic acid as described in Figure 4.10. The
9,10-dibromostearic acid and 9,10-dibromostearoyl alcohol data were fitted to Eq. 4.22 as
described in the text. The concentration of DOPC was in all cases 300 uM, with a DOPC to
KcsA tetramer molar ratio for the 9,10-dibromostearoyl alcohol and 9,10-dibromomethyl
stearate samples of 4000:1, and a DOPC to KcsA tetramer molar ratio of 2000:1 for the 9,10-
dibromostearic acid samples.
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4.4 Discussion

4.4.1 Binding of fatty acids to the annular sites of KcsA
The fluorescence quenching studies in the present chapter show that fatty acids

are able to bind at both annular and non-annular sites on KcsA. As observed for other
membrane proteins, interactions with the annular sites of KcsA show little specificity,
with a binding constant K* for oleic acid relative to DOPC of 0.73 + 0.04, showing
that the fatty acid has an affinity only slightly lower than that of DOPC for KcsA.
Binding of phospholipids to the annulus of KcsA also shows little specificity (see
Chapter 5) although there is a clear tendency for negatively charged phospholipids to
show a slightly higher affinity than zwitterionic phospholipids. It might be expected
then that a negatively charged fatty acid would also bind slightly better than DOPC to
the annular sites on KcsA. One possible explanation for the slight weaker binding of
oleic acid is the lack of a second fatty acyl chain. As described at the end of Section
4.2.2, an alternative way to analyse the fluorescence quenching data with fatty acids is
by expressing the concentration of the fatty acid on a fatty acyl chain basis rather than
on a molecular basis. The relative binding constant, K, calculated on a chain basis is
double that calculated on a molecular basis, giving a value K© of 1.46, similar to that
of some of the negatively charged phospholipids (see Chapter 5). Another key factor
is the protonation state of the fatty acid. The pK, of a fatty acid in water is ca. 5, and
so at physiological pH (7.2) the fatty acid in water will be fully deprotonated and
hence negatively charged. However, the pK, of oleic acid shifts to 7.4 as the fatty acid
incorporates into the lipid bilayer because the uncharged form has a greater affinity
for the bilayer than the charged form and because of the charge built up on the bilayer
resulting from incorporation of the charged form, which further decreases the
effective binding constant of the charged form”’. As a result, at pH 7.2 ca. 60 % of the
fatty acid will be protonated, and since the negative charge is important for interaction,
as observed by the poor binding of the uncharged fatty acid analogues, this shift in
pKa upon incorporation into the lipid bilayer could contribute to the relatively low

affinity measured for 9,10-dibromostearic acid.

Previous studies on KcsA by Alvis et al.” have shown that the number of lipid

binding sites from which the fluorescence of an average Trp residue can be quenched
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(the n value) is ca. 1.7 for the phospholipids PC, phosphatidylethanolamine (PE),
phosphatidylglycerol (PG) and phosphatidylserine (PS), 2.5 for phosphatidic acid (PA)
and 0.9 for cardiolipin (CL, a four acyl chain phospholipid). An n value of 1.7 for a
two chain phospholipid would suggest about three acyl chains make contact with each
lipid exposed Trp residues. The higher n value of 2.5 obtained for PA was attributed
to the smaller headgroup of PA allowing acyl chains from neighbouring molecules to
come closer together, so that PA is able to “fit’ more acyl chains around a Trp residue.
The n value of 0.9 for CL, about half that for PG, would reflect the four acyl chain
nature of the CL molecule. In the present studies, the value of n at the annular sites of
KcsA for 9,10-dibromostearic acid was determined to be 4.33 £ 0.20, indicating that
about four acyl chains can be accommodated around each lipid-exposed Trp residue,
in good agreement with the phospholipid studies.

4.4.2 Binding of fatty acids to the non-annular sites
As described in Section 4.2.2 binding at the non-annular sites could be

described in terms of a competitive binding model or a simple binding model. Figure
4.7 shows here that binding of the fatty acid to the non-annular sites can only be
described in terms of a competitive binding model where the non-annular sites are
always occupied, either by fatty acid or by DOPC. A simple binding model where
DOPC cannot bind to the non-annular sites so that the non-annular sites are either
empty or occupied by fatty acid does not fit the data due to the relatively low affinity
of the fatty acid for the non-annular sites and the high levels of quenching observed at
high concentrations of 9,10-dibromostearic acid. In previous experiments performed

I.lS

by Marius et al.” only a low level of quenching of W67 by brominated PC (BrPC)

was observed, suggesting the zwitterionic phospholipid could not bind deep enough
into the non-annular sites to quench W67. Marius et al. ™

to BrPC, binding of brominated PG (BrPG) did result in extensive quenching of W67.

also showed that, as opposed

These studies were interpreted as showing that the zwitterionic PC could not bind to
the non-annular sites whereas the anionic PG could. In contrast, the experiments
shown here with the fatty acid exclude the possibility of a simple binding model,
suggesting that the low level of quenching by BrPC, if correct, results from a more
peripheral binding of BrPC at the non-annular site, causing little quenching of W67,
as illustrated in Figure 4.13, but still being competitive with fatty acid binding. The
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binding constant for the fatty acid at the non-annular sites relative to PC, KM, has a
value of 0.86 * 0.08, indicating a slightly lower affinity for fatty acid than PC. Fitting

the experimental data obtained by Marius et al.'®

to the competitive binding model
gives a binding constant for PG relative to PC of 3.33 £ 0.35, which indicates that PG
has a greater affinity for the non-annular sites than both the fatty acid and PC.
Another observation is that the level of fluorescence quenching of W67 by 9,10-
dibromostearic acid is higher than the level of quenching observed with BrPG*2. This
may be due to the fatty acid being able to access deeper in the non-annular sites

thanks to its smaller headgroup compared to that of phospholipids.

As for the annular sites, it might have been expected that the negatively
charged fatty acid would bind better than PC at the non-annular sites and it could
again be argued that the lack of one of the acyl chains and other polar groups could be
responsible for the weaker binding that is actually observed. Analysis of the data with
the concentration of the fatty acid expressed as a mole fraction of fatty acyl chains in
the membrane would again double the binding constant of the fatty acid at the non-
annular sites giving a value of 1.72. Importantly, as discussed for the annular sites, the
shift in pK; upon incorporation of the fatty acid into the bilayer could be an important
factor for the low affinity observed, as ca. 60 % of the fatty acid will be protonated.
Preferential binding of anionic phospholipids to the non-annular sites has been
proposed to be due to the presence of two arginine residues (R64 and R89) located at
each side of the protein-protein interface that makes up the non-annular site, and
molecular dynamic simulations have shown bound PG hydrogen bonding to these
arginine residues'®. However, recent experiments with the KcsA W67,68 mutant
where these arginine residues are substituted by leucine, show that oleic acid can still
bind equally well to the non-annular sites (unpublished data). This suggests that
binding of the fatty acid is not due to direct interaction of the carboxyl group with
these arginine residues and it could be another reason why the fatty acid binds weaker
than DOPG at the non-annular sites. The diacylglycerol (DAG) moiety from the PG
molecule bound at the non-annular site in the crystal structure of KcsA shows its sn-1
chain bound deeply into the groove between the adjacent monomers, while the sn-2
chain interacts less intimately with the channel® (Figure 4.14). Given the short range
of Trp quenching by brominated molecules, quenching of W67 by BrPG probably

occurs from the bromine atoms attached to the sn-1 chain, and so it would be expected
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that quenching by 9,10-dibromostearic acid would be due to binding of the fatty acid
at the non-annular site in a similar way to the sn-1 chain of PG. Indeed, in contrast to
the n value obtained for fatty acid binding at the annular sites (n* = 4.33 + 0.20), the n
value at the non-annular sites is 0.94 + 0.19, indicating that only one molecule of fatty
acid can bind at a non-annular site to efficiently quench W67, in excellent agreement
with the crystal structure of KcsA showing only one fatty acyl chain of the modelled
PG molecule binding deep within the groove at the protein-protein interface the
makes up the non-annular binding site® (Figure 4.14). If R64 and R89 are not directly
involved in binding of the fatty acid, only the amide group from the protein backbone
between T85 and L86 appears to be a potential hydrogen bond donor for the carboxyl
moiety of the fatty acid binding at the non-annular sites, as shown in Figure 4.14.

A difference between the fluorescence quenching experiments performed by
Marius et al.*® and the experiments described in this chapter is the concentration of
KCI in the sample buffer. In the experiments of Marius et al. the sample buffer did not
contain KCI, giving a low ionic strength where the effects of the ionic interactions
between the lipids and the protein would be maximised. In contrast, in the
experiments reported here 100 mM KCI was included in the buffer to ensure good
incorporation of the fatty acid into the lipid bilayer. The higher ionic strength in the
experiments presented here could reduce any ionic interactions between the lipid and
the protein. Moreover, it has been shown that the concentration of KCI can affect the

|103

conductance of the channel’® and the structure of the selectivity filter™ and it is

possible that this could have some effect on binding of lipids at the non-annular sites.

4.4.3 Binding of uncharged fatty acid analogues to KcsA
Binding of uncharged fatty acid analogues to the annular sites is weak, with a

binding constant for 9,10-dibromostearoyl alcohol relative to PC of 0.34 + 0.01
(Figure 4.12). Even if the mole fraction of oleyl alcohol is expressed in terms of fatty
acyl chain concentration the value of K only comes up to 0.68. The more limited
miscibility of 9,10-dibromomethyl stearate in the lipid bilayer meant that its binding
constant could not be efficiently determined, but the levels of quenching at low
concentrations were similar to those obtained with 9,10-dibromostearoyl alcohol,

suggesting a similar affinity for the annular sites (Figure 4.12). Binding of both of the
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uncharged fatty acid analogues to the non-annular sites is insignificant, with almost
no quenching of the fluorescence of W67. The weak binding of the uncharged fatty
acid analogues at both annular and non-annular sites could be due to the weaker polar
interactions that the uncharged analogues can establish with the channel. The ways in
which these molecules interact with a lipid bilayer could also limit their interaction
with the protein. These molecules have been shown to form tightly packed condensed
complexes with PC in monolayers, with surface areas less than the sum of the surface
areas of the two components'®’. If similar condensed complex formation occured in
DOPC bilayers, weak binding of oleyl alcohol and methyl oleate to KcsA could in
part be due to a strong interaction of these molecules with the lipid bilayer.
Additionally, it has been suggested, for oleyl alcohol, that these condensed complexes
could form separate domains within the membrane®, and if that was the case and
KcsA partitioned preferentially into the DOPC enriched domains, low levels of

quenching by 9,10-dibromostearoyl alcohol would result.

Some of the studies showing fatty acid effects on ion channel function have
shown that, in contrast, uncharged analogues like oleyl alcohol and methyl oleate do
not have an affect on function'®%’. However, for the Ca**-ATPase it has been shown,
with fluorescence quenching studies of the kind described in this chapter, that 9,10-
dibromostearoyl alcohol and 9,10-dibromomethyl stearate can interact with both
annular and non-annular sites on the calcium pump®’, and moreover, the activity of
the Ca’*-ATPase is affected by binding of methyl oleate at the non-annular sites'®.
This then suggests that hydrophobic interactions can be important in interactions at
non-annular sites and so the ability of uncharged molecules to bind to the non-annular

sites of membrane proteins should not be ignored.

4.4.4 Conclusions
The fluorescence experiments presented here show that fatty acid molecules

can interact with the transmembrane region of KcsA. As expected, interactions can
take place with the annular sites of the channel, which are normally solvated by
phospholipids. This has also been observed for numerous other membrane proteins
using ESR?*®. Additionally, it is shown that fatty acid molecules can also interact

with the non-annular sites of the channel. This is important because these type of sites,
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located in clefts between transmembrane a-helices, are not accessible to all lipid
molecules and are often important for membrane protein function. There are very few
studies where the interaction of fatty acids with the non-annular sites of membrane
proteins have been analysed®**!%  As shown here for KcaA, Froud et al.”” showed
that for the Ca®*-ATPase, fatty acids are able to interact with both annular and non-
annular sites and, further, are able to affect the calcium pump activity'®. This
suggests that fatty acids can affect protein function by direct interactions with the

annular and non-annular sites on a protein.

Another way in which fatty acids could influence membrane protein function
IS by increasing the negative charge on the bilayer surface: this could affect the local
concentration of charged substrates and could also affect the membrane potential.
Another way to influence protein function could be by altering the material properties
of the lipid bilayer (thickness, fluidity, etc.) although it is likely that large
concentrations of fatty acids would be required for this, and there is no direct evidence
that suggests this kind of effect is an important mechanism to affect membrane protein

function by fatty acids.
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Figure 4.13 Competitive binding at the non-annular binding sites of KcsA. The image
shows a view from the ‘top’ of the KcsA (the side of the channel facing the extracellular side
of the bacterial membrane); the subunits are shown as the solvent accessible surface, each
monomer with a different colour (PDB 1K4C)®. Three of the four diacylglycerol moieties
from PG molecules modelled in the structure are shown in CPK representation. The low
levels of fluorescence quenching with brominated DOPC suggest superficial binding of the
zwitterionic phospholipid at the non-annular sites, as opposed to DOPG, which binds deep
within the subunit-subunit interfaces, allowing it to cause quenching of W67. Binding of fatty
acids at the non-annular sites will be competitive with binding of PC or other phospholipids.
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Figure 4.14 Polar groups that could be involved in binding of oleic acid at the non-
annular sites on KcsA. Detail of two neighbouring monomers of the KcsA tetramer are
shown in ribbon representation (PDB 1K4C)*, with the inner transmembrane o-helix in red,
the outer transmembrane o-helix in green and the pore a-helix in blue. The diacylglycerol
moiety corresponding to a PG molecule bound at the non-annular site is shown in stick
representation as are residues T85 and L86 (N atoms in blue, O atoms in red and C atoms in
grey). The only hydrogen donor group (apart from R64 and R89) that appears to be close
enough to interact with the carboxyl group of a fatty acid bound at the non-annular site is the
NH group from the peptide bond between T85 and L86. Assuming that fatty acid molecules
will bind in a similar way to the sn-1 chain of the DAG moiety in the crystal structure, the
distance between the closest oxygen in the acyl chain and the nitrogen of the peptide bond is
3.92 A. (A) shows a side view of the channel while (B) shows a view from the top (the side of
the channel facing the extracellular side of the bacterial membrane).
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Chapter 5: Interaction of fatty acids and
phospholipids with KcsA: studies with ESR
and spin labelled lipids

5.1 Introduction

Numerous studies have shown that fatty acids, particularly polyunsaturated
fatty acids, can affect the activity of numerous ion channels, but it is yet uncertain
how they act®*. It is now clear that the lipids in the membrane can influence the
activity of membrane proteins by direct interaction between the lipid and the

protein*?2

, and therefore it is of interest to study the ability of fatty acids to interact
with ion channels as a possible mechanism for ion channel function regulation. An
important difference between fatty acids and phospholipids is the significant solubility
of fatty acids in water; this property makes them attractive candidates for intervening
in signalling and regulatory processes and could allow them to interact with regions
on membrane proteins that are not in contact with the lipid bilayer. In 2003, Hamilton
et al.'®, based on mutagenesis studies, suggested for the first time that arachidonic
acid, a long chain polyunsaturated fatty acid, can inactivate calcium-activated
potassium channels by binding at the wide inner cavity of the pore, blocking ion flux,
much like numerous other channel pore blockers do. Further, in a more recent and
extensive study published by Decher et al.*®, based again on mutagenesis experiments,
it was shown that arachidonic acid and other polyunsaturated fatty acids can also bind
to the pore of voltage-gated potassium channels to block ion flux, and, importantly, it
was also shown that mRNA editing of a key hydrophobic residue lining the pore in
just one of the four subunits making up the channel could hamper binding of the fatty
acid to the pore, suggesting this as a mechanism for fine-tuning neuronal information.
The structure of the pore of potassium channels is highly conserved>*48:49.53.54.
the short span at the entry of the pore from the extracellular side of the membrane that
forms the selectivity filter is narrow and highly polar, with the carbonyl oxygen atoms
of the signature sequence interacting with the bound potassium ions; the central cavity

is, however, very hydrophobic and wider (Figures 1.13A and D) holding ca. 50 water
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molecules. This hydrophobic water filled path allows potassium ions to pass rapidly
across the membrane: the water molecules create the polar environment necessary for
the ions to cross the hydrophobic core of the lipid bilayer, while the presence of the
hydrophobic lining in the cavity means that the ions are not slowed down by strong
interactions in their transit along the path. Due to the presence of such wide
hydrophobic cavity potassium channels are easily blocked by hydrophobic cations,
such as tetrabutylammonium (TBA), binding at the cavity impeding ion flux®""®™,
Further, long chain alkyl-triethylammonium cations bind with increasing affinity as
their alkyl chain is elongated (up to twelve carbon atoms)*'***?, which highlights the

importance of hydrophobic interactions for binding at the pore of potassium channels.

In contrast to the fluorescence quenching method used in the previous chapter,
where the information comes from tryptophan residues located at particular positions
in the KcsA channel, in the ESR experiments discussed in this chapter the information
comes from spin labelled lipid molecules. Spin labelled lipid molecules interacting
with a protein generate a broader ESR spectrum than spin labelled lipid molecules in
the bulk lipid bilayer due to the more restricted mobility of the acyl chains to which
the spin label probe is attached. In this way, interactions undetected by the
fluorescence quenching method might, in principle, be observed with ESR.
Importantly, the degree of broadening of the ESR spectra can reveal different types of
lipid binding sites where the mobility of the acyl chain can be more or less restricted,
depending on the type of binding site. Therefore, the ESR method might be useful for

detecting binding of fatty acids at the inner cavity of KcsA. If, as proposed by the

|.45 |.46

studies of Hamilton et al.” and Decher et al.™, a fatty acid molecule can bind in the
inner cavity of a potassium channel, the fluorescence quenching method is unlikely to
be able to detect this in KcsA because all of the Trp residues are far away from the
inner cavity. As explained in Chapter 1, Section 1.5.5 the efficiency of quenching
tryptophan fluorescence by a pair of bromine atoms in the acyl chains of a brominated
lipid molecule depends on the sixth power of the distance of separation between the
Trp residue and the bromine atoms, as described by Eq 1.6, shown again here for

clarity:
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x-R®
E=-_—=" 0o 1.6
(d®+x-R®) (1.6)

where E is the quenching efficiency, x is the number of brominated acyl chains
causing quenching, d is the distance between the Trp residue and the bromine atoms
and R, is the distance at which quenching efficiency is 50 %, which in this case is ca.
8 A®84 Figure 5.1 shows the residues in KcsA that correspond to those shown to be
involved in binding of arachidonic acid in the studies of Decher et al.* that are closest
to Trp residues: A111 and 1100. If, as proposed by Descher et al., only one fatty acid
molecule binds in the inner cavity, using Eq. 1.6 with a value for x of 1, it is possible
to estimate the quenching efficiency of a brominated fatty acid bound in the inner
cavity with its pair of bromine atoms located next to each of the latter residues. It is
not clear from where exactly on the Trp group the distance to the bromine atoms
should be measured to apply Eg. 1.6, but experimental studies suggest that the best
approach is to measure distances from the a-carbon of the Trp residue®, and so the
distances in Figure 5.1 have been measured in this way. For 1100 the distances to all
Trp residues are much greater than 8 A, the smallest distance being of ca. 15 A,
between 1100 and W68 in the same channel subunit; for a pair of bromine atoms right
next to 1100 the quenching efficiency of W68 in the same subunit would then only be
2 %. Distances to W68 in the other subunits are much greater, which would result in
no quenching at all of those residues. A111, however, is close to W113 in the same
subunit, being ca. 7 A from its a-carbon. If the pair of bromine atoms were located
next to A111, the quenching efficiency of W113 in that subunit would be 70 %. The
distances to W133 in the neighbouring and opposite subunits are ca. 10 A and 13 A,
respectively, and so their quenching efficiencies would be, respectively, 17 % and
5 %. The distance of A111 to the other closest tryptophan residue in the same subunit,
W26, is ca. 12 A, so that quenching efficiency for that particular Trp would be only
8 %. The distance to W26 in the other subunits is, even greater than 12 A, and so their
quenching efficiencies will be insignificant. Hence, if the bromine atoms were located
next to Al1l, only one of the W113 in the channel would be efficiently quenched,
which would result in quenching of about 5 % of the overall Trp fluorescence in KcsA,
a very small change. This suggests that binding of a brominated fatty acid molecule to

the inner cavity would not be detected by fluorescence quenching and, therefore,
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using the ESR method could be a good way to study the possibility of fatty acids

binding in the inner cavity of KcsA.

Using spin labelled lipids it is possible to calculate relative lipid binding
constants which can then be compared with those obtained using fluorescence
spectroscopy. However, it is important to note that the fluorescence results give an
average relative binding constant over all the sites from which the fluorescence of the
tryptophan residues can be quenched, whereas in the ESR experiments the relative
binding constant obtained is a weighted average for all the sites to which the spin
labelled molecule can bind. Because only low concentrations of spin labelled lipid are
used in the ESR studies, lipid binding constants obtained by the ESR method could be
dominated by a small number of binding sites of high affinity.

In this chapter it will be shown that ESR studies with spin labelled stearic acid,
combined with the results obtained from fluorescence spectroscopy, suggest that fatty
acids bind with high affinity to the inner cavity of KcsA and, for the first time, a
dissociation constant for a fatty acid binding to the pore of an ion channel is

determined.
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Figure 5.1 Residues in KcsA that correspond to residues involved in binding of
arachidonic acid in voltage-gated potassium channels and that are located closest to Trp
residues in KcsA. (A) shows one KcsA subunit with 1100, A111 (which correspond to the
location of residues involved in binding of arachidonic acid to the voltage-gated potassium
channel from rat rKv1.5), and all the Trp residues in stick representation. (B) shows three
KcsA subunits, each in a different colour. The subunit in red shows 1100 and A111 in stick
representation, the neighbouring subunit (green) and the opposite subunit (blue) show only
W113 in order to illustrate the distances between residues of different subunits. In light green
are shown the measured distances between the a-carbon of the Trp and the closest carbon
atom of 1100 or A111 facing the inner cavity. PDB file 1K4C™,
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5.2 Methods

Details about the protein production, purification and reconstitution of the

samples for ESR measurements are described in Chapter 2.

5.2.1 Determination of relative phospholipid binding constants by
ESR

To determine relative binding constants for phospholipids equivalent to those
calculated from fluorescence quenching experiments, a preparation of KcsA
reconstituted in dioleoylphosphatidylcholine (DOPC) at a DOPC:KcsA tetramer
molar ratio of 60:1 was split into aliquots into which were incorporated, respectively,
1 mol % of spin labelled phosphatidylcholine (14-PCSL), phosphatidylethanolamine
(14-PESL), phosphatidylglycerol (14-PGSL), phosphatidylserine (14-PSSL) or
phosphatidic acid (14-PASL). Because all the samples came from the same initial
preparation the resulting ESR spectra can be compared directly, the only difference
between them being the incorporated spin labelled phospholipid. The differences
between the proportions of spin labelled lipid in contact with the protein in each case
depend on the different affinities of the lipids for the channel, and binding constants

relative to DOPC (the unlabelled host lipid) can be calculated as described below.

Additionally, a preparation of KcsA reconstituted in
dioleoylphosphatidylglycerol (DOPG) at a molar ratio of DOPG:channel of 60:1 was
prepared in the same way and 14-PCSL was incorporated in order to measure the
binding constant for PC relative to PG, to compare with that determined for PG

relative to PC.

5.2.2 Determination of relative lipid binding constants from ESR
spectra: combining information from two different spectra

Relative binding constants (K) for phospholipids, equivalent to those
calculated from fluorescence quenching experiments, were determined using Eq. 3.13
derived from the lipid exchange equilibrium (Eqg. 3.1) as described in Chapter 3,

Section 3.2.4. Eq. 3.13 was rewritten to give:
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1-f N,
(—]K Hl= - (5.1)

Because all the samples analysed have the same total lipid:channel molar ratio (N; =
60) and assuming that the number of lipid binding sites is the same for all the
phospholipids studied (N, = 31 + 3, see Chapter 3, Section 3.4), the term Ny/N; will be
the same for all samples. Assuming that a spin labelled phospholipid and its
unlabelled form show the same binding affinity**, the sample containing 14-PCSL in
DOPC constitutes a reference spectrum, with a binding constant for 14-PCSL relative
to DOPC of K, = 1. The relative amount of immobile lipid in the 14-PCSL sample can
then be compared with that in the sample with the second spin labelled phospholipid
in DOPC to obtain the binding constant K of the second phospholipid relative to the
host phospholipid DOPC:

oo Ne (2= f K, +1 (5.2)
f N, f

0

where f is the fraction of restricted component for the second spin labelled lipid, K is
the affinity of the second spin labelled lipid relative to the host lipid (DOPC), f, is the
fraction of restricted component for the 14-PCSL sample and K, = 1. Rearranging Eqg.
5.2 gives:

_ f(l_ fo)
“ra o3

which in fact simply reflects the lipid exchange equilibrium of Eq. 3.2.

5.2.3 Determination of relative lipid binding constants from the
ESR spectra using the information in a single spectrum

Determination of relative lipid binding constants as described above has the
advantage of combining information from two different ESR spectra, minimising the
experimental error. Another advantage is that, as long as the two lipid species interact

with the same number of binding sites, it is not necessary to know the number of sites.
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However, if the two types of lipid interact with a different number of binding sites
then this simple approach is no longer possible as it is then necessary to know the
number of binding sites for each class of lipid. However, if the number of binding
sites is known then individual spectra can be analysed to give the binding constant for
the chosen lipid relative to the host lipid. Relative lipid binding constants can be

calculated directly from Eq. 3.2, which is repeated here for convenience:

« _ [PAI[E]
[PBI[A]

3.2)

where the brackets indicate concentrations and A represents the spin labelled lipid, B
the unlabelled host lipid, and K is the affinity of the site for A relative to B. All the
terms can be calculated from the spectrum to obtain K as follows:

[Al = [A] - (1-) (5.4)
[PA]=[A] - f (5.5)
[B] = [Bd] - [PB] (5.6)
[PB] = [P - [PA] (5.7)

where [A{] is the total concentration of spin labelled lipid, f is the fraction of the
restricted component in the ESR spectrum of the spin labelled lipid, [B{] is the total
concentration of unlabelled host lipid, and [P{] is the concentration of binding sites

involved in the exchange equilibrium.

5.2.4 Study of fatty acid interactions with KcsA by ESR
For the analysis of the interaction of 14-SASL with KcsA two different sets of

samples of KcsA reconstituted in DOPC at lipid:channel molar ratios ranging from
30:1 to 100:1 were prepared as described in Chapter 2. As described in Section 3.2.1,
each of these sets of samples were prepared in duplicate and one of the duplicates was
labelled with 14-PCSL for the experiments discussed in Chapter 3 and the other
duplicate was labelled with 14-SASL at a concentration of 0.5 mol % 14-SASL
relative to the total lipid for the studies described in this chapter. The duplicates

allowed a direct comparison of the samples labelled with 14-PCSL with the
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corresponding samples labelled with 14-SASL: because the duplicates originated
from the same preparation, the only difference between them is the spin labelled lipid

incorporated.

Additionally, a sample of KcsA reconstituted in DOPG at a lipid:channel
molar ratio of 88:1 prepared in the same way was also labelled with 0.5 mol % 14-

SASL to allow analysis of binding of the fatty acid in a DOPG environment.

5.2.5 Analysis of binding of 14-SASL to KcsA.
As described below, ESR spectra for 14-SASL in the presence of KcsA are

consistent with fatty acid binding to a single site in the central pore of KcsA. Again,
as described below, the affinity of this site for 14-SASL appears much higher than
that of the annular and non-annular sites so that over the concentration range in which
the high affinity site becomes occupied by 14-SASL, there will be insignificant
binding to the annular or non-annular sites on KcsA. Binding to the high affinity site
can therefore be analysed in terms of 14-SASL in the aqueous medium, 14-SASL
partitioned into the lipid bilayer and 14-SASL bound to the high affinity site (Figure
5.2).

The actual mechanism of binding of fatty acid to the central pore would not
affect the measured equilibrium constants but probably involves binding from the
aqueous pool of 14-SASL (Figure 5.2). The dissociation constant Kg describing the
equilibrium between the fatty acid associated with the inner cavity and the fatty acid
in the lipid bilayer is given by the product of the constant describing the dissociation
of fatty acid from the inner cavity into the aqueous medium (K,,) and the constant
describing the partition of the fatty acid from the aqueous medium into the lipid

bilayer (Kp). The first step can be written as:

PFA= FA,+P (5.8)

from which:
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__[FAIIP] 59)

[P.FA]
where FA,, is the free fatty acid in water, P is the unoccupied binding site in the inner
cavity of KcsA and P.FA is the fatty acid bound to the inner cavity. The second step

can be written as:

FA, + L = LFA (5.10)
from which:
- [L.FA] (5.11)
[FA,I[L]

where L.FA is the fatty acid associated with the lipid bilayer and L is the host lipid.
The equilibrium between fatty acid bound to protein and that bound to lipid can then
be written as:

PFA+L — FAy+P+ L — LFA+P (5.12)

The equilibrium constant for this process will be described by the dissociation
constant Kg which is the product of the first two equilibrium constants:

Ke =Ky - Kp (513)

and so:

< - [FAJIP] [LFA] _[PIILFA] (5.14)
[P.FA] [FA,I[L] [P.FAI[L]

which, of course, is the equilibrium defined by the two sides of the overall
equilibrium described by Eq. 5.12. Eq. 5.14 can be transformed by substituting the

following terms:

[P]=[Pd - [P.FA] (5.15)
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[L.FA] = [FA] - [P.FA] - [FA.] = [FA] - [P.FA] (5.16)
[L]=[L] - [FAL]~[L] (5.17)

where [P{] is the total concentration of binding sites, [FA;] is the total fatty acid
concentration and [L¢] is the total concentration of host phospholipid. Eq. 5.16 is valid
for the present ESR experiments because the samples are measured at very high
concentration of host phospholipid (ca. 85000 pM), which results in almost all the
fatty acid incorporating into the lipid bilayer, the amount free in water being
insignificant in comparison. Eq. 5.17 is also true in the present experiments because
[FA{] <<<[L{] (the fatty acid being only 0.5 % mol of the total lipid content). Eq. 5.14

then becomes :

« _[R—P.FA][FA - P.FA]
- [P.FA]IL]

(5.18)

This equation was used to calculate a value for Kg for each individual sample
labelled with 14-SASL.: the deconvoluted spectra gave the fractions of immobilised
fatty acid (P.FA) and the term [P;] was calculated, as discussed in the results section,
by assuming that the number of binding sites per channel was one. Concentrations

were expressed in mole fraction units as follows:

[FA]= _ 0005 4005 (5.19)
0.005+1+ —
Nt
[P.FA] =f-[FA] (5.20)
1
[Lt]=—1z1 (5.21)
0.005+1+ —
Nt
1
[Pt]=—Nt 1 L (5.22)
0.005+L+ - N,

t
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where N, is the molar ratio of host phospholipid:channel and f is the fraction of
immobile 14-SASL. The latter approximations are true when the number of binding
sites and total fatty acid molecules are much smaller than the number of host

phospholipid molecules.

For the combined analysis of samples containing different molar ratios of
lipid:channel, the terms in Eq. 5.18 can be rearranged to a quadratic giving the

concentration of fatty acid bound to the inner cavity:

[PI+IFAl+ K. -[L1 - IPI+[FA]+ K -[L1* - 4-[P]-[FA]
2

[P.FA] = (5.23)

This equation was used to fit the data obtained for 14-SASL in samples with
increasing DOPC:KcsA tetramer molar ratios in order to estimate a single Kg value.
The data were represented using mole fraction units as described above, and plotted
with the fatty acid bound to KcsA (P.FA = y axis) as a function of the host
phospholipid:channel molar ratio (N; = x axis). The data were fitted using the non-

linear least-square routine in SigmaPlot.

5.2.6 Estimation of a membrane partition coefficient for 14-SASL
As described in Chapter 4, due to the significant solubility of fatty acids in

water, an effective dissociation constant (Kg, Eq. 4.2) needs to be estimated for fatty
acids partitioning in the lipid bilayer”’. The DOXYL moiety in the spin labelled fatty
acid makes it more polar than stearic acid and oleic acid, so that it partitions less well
into the lipid bilayer. Experimental data obtained for partitioning of 12-SASL into
lipid bilayers by Rooney et al."*® gives an effective Ky of 96 uM for 12-SASL in a
medium of pH 7.2 and high ionic strength (0.1 M KCI) where the effects of charge
repulsion are minimised. Blatt et al."* have shown that partition coefficients for spin
labelled fatty acids with the spin label at positions between C10 and C16 are very
similar, so that the effective Ky for 14-SASL has also been put at 96 puM.
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5.2.7 Fluorescence quenching with 14-SASL
Fluorescence quenching experiments with wild type KcsA, the mutant W67,68

and with the hydrophobic tryptophan analogue NPTH (N-palmitoyl-L-tryptophan n-
hexyl ester) in DOPC bilayers were performed as described in Chapter 2, Section
2.2.3 by titration with 14-SASL or 9,10-dibromostearic acid, allowing direct
comparison of the quenching effects of the two fatty acids. Direct titration of 9,10-
dibromostearic acid into the fluorescence cuvette was found to give the same result as
when the fatty acid was dried together with the phospholipid prior to reconstitution,
but since the titration method requires less fatty acid to be used in each set of
measurements it was used for the present experiments with 14-SASL due to the
limited availability of 14-SASL. For the NPTH samples, unlike with the KcsA
samples, NPTH was directly dried from organic solvent together with the lipid and the
use of detergent was unnecessary. All samples were prepared using 600 puM DOPC to
ensure incorporation of the majority of the 14-SASL into the phospholipid bilayer;
with a K4 = 96 uM, 86 % of the spin labelled fatty acid will partition into the lipid
bilayer under these conditions. (For 9,10-dibromostearic acid, with a Kg = 17 uM,

97 % of the fatty acid will partition into the membrane.)

As described in Chapter 2, excitation of tryptophan fluorescence was
performed at 290 nm and fluorescence intensities were measured at 333 nm (see also

Appendix 1).

5.2.8 Simulation of the quenching curves expected for 9,10-
dibromostearic acid

As described later, the ESR results suggest a high affinity binding site for fatty
acids on KcsA. One possibility is that the high affinity site for fatty acids corresponds
to the non-annular sites on KcsA or to some ‘hotspot’ for binding fatty acids in the
lipid annulus. Binding of 9,10-dibromostearic acid to such a high affinity site would
be expected to result in marked fluorescence quenching at low concentrations of 9,10-
dibromostearic acid. Simulations were performed to determine the quenching profile
expected from such binding, with the mutant W67,68 reporting on binding to just the
non-annular sites or with the wild type KcsA being sensitive to binding to a ‘hotspot’

in the lipid annulus of each subunit.
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Simulations of quenching resulting from binding at the non-annular site in the
mutant W67,68 used Eq. 4.14 with an n value of 0.94, an Fn;, value of 0.43 as
determined experimentally in Chapter 4, and the chosen value for K.

Two models were used to describe the effect expected from binding in the
lipid annulus. In the first it was assumed that binding of the fatty acid is similar at all
annular sites. Quenching was then calculated using Eq. 4.22 with the following
parameters: n* = 4.3, n"* = 0.94, F*in, = 0.27, F™pin = 0, KM = 0.86, as determined

experimentally (Chapter 4) and the chosen value for K*.

The second model assumed strong binding of the fatty acid at a single
‘hotspot’ in the annulus of each subunit, the site being close enough to one of the lipid
exposed tryptophan residues to result in quenching. Eq. 4.22 was therefore modified

to give:

F= [1 + I:HAmin + ZFAmin + I:NAmin + (1 - FHAmin)(:I-'f|-|A|3l’)m-|A +

2(1 - FPin)(1-F0)™ + (1 FV i) (1) ™ /5 (5.24)

where F™ i, is the minimum fluorescence intensity for the lipid exposed tryptophan
residue quenched by the fatty acid binding at the ‘hotspot’ in a hypothetical
membrane of 100 % brominated fatty acid, n™ is the number of high affinity binding
sites from which fluorescence of one of the lipid exposed tryptophan residues can be
quenched, which is assumed to have a value of 1, and f**g, is the fractional occupancy
of the ‘hotspot’ by brominated fatty acid, described, by analogy to Eq. 4.11, as

follows:

K HA .
Xer (5.25)

fHA:
> K “Xgr +(1_XBr)

where K™ is the relative binding constant of the fatty acid at the annular ‘hotspot’.
The values of K™, n™ FAuin, FMmin, N were the same as in the previous simulation

with a K* = 0.73, as determined experimentally in the previous chapter. The value of
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FHA i was fixed at 0.27, the same determined for the other annular sites, with n?A =1,

and the chosen value for K™,
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Figure 5.2 Schematic model for fatty acid binding to the inner cavity of KcsA. The
solubility of the fatty acid in water would allow it to access the inner cavity when the channel
is open, as illustrated in the diagram. Dissociation of the fatty acid from the inner cavity into
water is described by the dissociation constant K,,, and partitioning of the fatty acid into the
phospholipid bilayer is described by K,. The overall equilibrium between fatty bound to the
inner cavity and fatty acid incorporated into the lipid bilayer is described by the dissociation
constant Kg, given by Ke = K, - K.
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5.3 Results

5.3.1 Interaction of phospholipids with KcsA: studies with ESR
In order to compare the relative affinities of different phospholipids for KcsA

by ESR, the channel was reconstituted in DOPC bilayers at a DOPC:KcsA tetramer
molar ratio of 60:1. 14-PCSL, 14-PESL, 14-PGSL, 14-PSSL and 14-PASL were
added to aliquots of the same reconstituted KcsA sample. Spectra are shown in Figure
5.3, normalised to equal area. All the spectra measured at 30 °C and shown in Figure
5.3 were successfully deconvoluted, but only some of the spectra recorded at 25 °C or
35 °C could be successfully fitted. Appendix 2 contains the details of all the
deconvolutions; spectral deconvolution of the same sample measured at different
temperatures did not show any significant differences in the fraction of immobile and

mobile components.

Table 5.1 summarizes the proportion of the immobile component for each
sample at 30 °C together with the lipid binding constants relative to PC calculated

using Eq. 5.3, as described in section 5.2.2.

Figure 5.3 also shows the normalised ESR spectra for 14-PGSL and 14-PCSL
for KcsA reconstituted in DOPG at a DOPG:channel molar ratio of 60:1 (blue), and
Table 5.2 gives the fraction of the immobile component for each spectrum, and the
corresponding lipid binding constants relative to DOPG. PC shows a lower affinity
for KcsA than DOPG, with a binding constant relative to DOPG of 0.62 £ 0.26; the
inverse of the latter value gives the binding constant of DOPG relative to PC, with a
value of 1.61, in excellent agreement with the value of 1.76 + 0.22 obtained for KcsA
reconstituted in DOPC. The ESR spectra for both 14-PGSL and 14-PCSL in DOPG
show slightly greater maximum splittings than those seen in DOPC membranes
(Figure 5.3), as also observed in Chapter 3 (Figure 3.7). The reason for this difference
is not known, but the fact that the splitting for all the different phospholipids in DOPC
are similar, and the splitting for 14-PGSL and 14-PCSL in DOPG are also similar,
suggests that the observed differences in splitting are due to the unlabelled host

phospholipid and not the spin labelled species.
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5.3.2 Interaction of fatty acids with KcsA: studies with ESR

Interaction of 14-SASL with KcsA in a DOPC background

The interaction of spin labelled stearic acid (14-SASL) with KcsA was studied
in the same way as described for the phospholipids in the previous section. Figure 5.4
shows the ESR spectrum of 14-SASL in DOPC bilayers containing KcsA at a 60:1
molar ratio of DOPC:channel and compares it with the spectrum of a similar sample
containing 14-PCSL. Two important features stand out in the 14-SASL spectrum.
First, it can be seen that for 14-SASL the proportion of the immobile component is
markedly higher than for 14-PCSL (Figure 5.4) or for the other spin labelled
phospholipids (Figure 5.3); this suggests that 14-SASL has a much higher affinity for
KcsA than the spin labelled phospholipids. Second, the maximum splitting for the
immobile component with 14-SASL (64.6 Gauss) is markedly larger than that
observed for 14-PCSL (ca. 60.7 Gauss), indicating that the fatty acyl chain of 14-
SASL is much more restricted in motion when bound to KcsA than is the spin-
labelled chain of 14-PCSL. In fact, the spectrum of 14-SASL bound to KcsA
resembles the spectrum of 14-SASL bound to BSA (Figure 5.4 in light green),
suggesting that the interaction of the fatty acid with the channel is significantly

different from that normally observed with the annulus of a transmembrane protein.

The very high fraction of the immobile component observed for 14-SASL in
the presence of KcsA is unexpected since the fluorescence quenching results with
brominated fatty acids described in the previous chapter suggest that the affinity of the
annular and non-annular sites for fatty acid and phospholipids are rather similar. One
difference between the fluorescence and ESR studies is that the fluorescence studies
were performed at a molar ratio of lipid:channel of 400:1 or higher where aggregation
of KcsA does not occur whereas the ESR studies shown in Figure 5.4 were performed
at a molar ratio of lipid:KcsA of 60:1 where some aggregation is possible, as
described in Chapter 3. Effects of lipid:channel molar ratio on the interaction between
14-SASL and KcsA were therefore studied. As in the experiments described in
Chapter 3 with 14-PCSL, two different sets of samples were analysed. Figures 5.5 and
5.6 show the normalised spectra of each of the set of samples. It is clear that in both
sets of samples at all lipid:channel molar ratios the proportion of immobile component
is very markedly higher than with the phospholipids (compare with Figures 3.4, 3.5
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and 3.6) and the maximum splitting remains the same. Many of the spectra could not
be deconvoluted adequately but Table 5.3 summarizes the fraction of immobile
component from those spectra successfully deconvoluted; details of the analysis of
these can be found in Appendix 2.

Interaction of 14-SASL with KcsA in a DOPG background

Binding of 14-SASL to KcsA was also studied with DOPG as the background
lipid, for a sample at a molar ratio of DOPG:channel of 88:1. Figure 5.7 compares the
ESR spectrum with that obtained with DOPC as the background lipid at the same
lipid:channel molar ratio. It can be seen that the spectra are practically identical, the
sample in DOPG only having a slightly smaller maximum splitting (63.5 Gauss).
Deconvolution of the spectra give a fraction of 14-SASL interacting with KcsA of
0.788 + 0.013, the same as in the DOPC sample (0.781 £ 0.07, Table 5.3).

Effect of pH upon interaction of 14-SASL with KcsA

The effect of changing the pH on the interaction of 14-SASL with KcsA was
studied. At physiological pH (7.2) all the fatty acid in the aqueous medium will be
deprotonated as the pK, of a fatty acid in water is = 5. The pK, will, however, change
as it incorporates into the DOPC bilayer shifting to 7.4%, so that ca. 40 % of the
bound fatty acid will remain negatively charged. This change in pK; upon
incorporation into the lipid bilayer is due to stronger binding of the uncharged form of
the fatty acid than of the charged form, and is also affected by the charge build up on
the bilayer resulting from the binding of the charged form of the fatty acid, further
decreasing the effective binding constant for the charged form®’. Here the importance
of charge on 14-SASL binding to KcsA was determined by studying binding at pH
3.9 where all the fatty acid will be protonated, both in agueous solution and bound to

the lipid bilayer.

Figure 5.8 compares the ESR spectrum of 14-SASL in the sample containing a
DOPC:KcsA tetramer molar ratio of 60:1 at pH 7.2 with that at pH 3.9. The ESR
spectrum at pH 3.9 shows that most of the 14-SASL is no longer interacting with the
channel, suggesting that the negative charge is important for the interaction.
Importantly, the maximum splitting of the small immobile component present at pH

3.9 remains the same as in the sample of pH 7.2, indicating that the fraction of fatty
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acid that is still interacting with the channel is doing so in a similar way as at pH 7.2.
A small third component can be observed inbetween the other two (low magnetic field
peaks) that becomes more apparent when measured at 15 °C. This indicates that a
small fraction of the spin labelled fatty acid has a mobility different to those observed

previously.

The effect of decreasing the pH was also studied for KcsA in DOPG at a molar
ratio of DOPG:channel of 88:1 (Figure 5.9). In this case, the entire immobile
component present at pH 7.2 has disappeared at pH 3.9. When measured at 15 °C,
another immobile component different to the one at pH 7.2 again becomes obvious,
with a splitting very similar to that of the third component observed in the DOPC
sample at pH 3.9. At first sight, the spectrum at pH 3.9 measured at 25 °C may look
like a single component spectrum, but in fact the spectrum measured at 25 °C does not
fit to a single mobile component (Figure 5.10, green) because there is a new immobile
component of smaller splitting, as clearly seen when the spectrum is measured at 15
°C; deconvolution of the spectra at 25 °C (see the fitted spectra in red in Figure 5.10)

revealed a fraction of immobile component of 0.407 + 0.044.

5.3.3 Fluorescence quenching with 14-SASL
One possible explanation for the high affinity binding of 14-SASL observed

with the ESR experiments is that the DOXYL group present in 14-SASL results in
much stronger binding to the annular or non-annular sites on KcsA than observed
with 9,10-dibromostearic acid. This idea was tested making use of the fact that the
DOXYL group, like the dibromo group, is a quencher of tryptophan fluorescence.

The spin labelled group in 14-SASL has been shown to cause static quenching
of tryptophan fluorescence in lipid bilayers, and the critical distance from which
efficient quenching occurs has been estimated to be 11 A, so that for a spin labelled
lipid to cause significant quenching of a Trp residue in a protein the lipid will need to
be in contact with the protein''>. However, because of its ability to cause efficient
quenching from a longer distance than bromine (ca. R = 8 A, as detailed in Chapter 2),
quenching with 14-SASL would be expected to be slightly more efficient than with
9,10-dibromostearic acid. This is confirmed in Figure 5.11A showing the quenching

of the hydrophobic tryptophan analogue NPTH with the two fatty acids; the acyl

164



chains attached to the tryptophan in NPTH makes it incorporate fully into the lipid
bilayer®. It can be seen that the level of quenching with 14-SASL is slightly greater
than with 9,10-dibromostearic acid, but with a similar concentration dependence. This
shows therefore that, as expected, the fluorescence quenching properties of 14-SASL

and 9,10-dibromostearic acid are very similar.

Figure 5.11 also shows that quenching of wild type KcsA with 9,10-
dibromostearic acid and with 14-SASL are also very similar, the only difference being
a slightly higher degree of quenching with the spin labelled fatty acid. The same is
also true with the mutant W67,68. These experiments therefore show that the affinity
of 14-SASL for the annular and non-annular sites in KcsA must be very similar to that
of 9,10-dibromostearic acid, and so the high affinity site observed in the ESR

experiments is unlikely to correspond to binding to the annular or non-annular sites.
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Figure 5.3 Normalised ESR spectra for spin labelled phospholipids in DOPC (black) or
DOPG (blue) membranes at a lipid:channel molar ratio of 60:1, measured at 30 °C. The
outer peaks from the component arising from spin labelled phospholipid in contact with the
protein are marked by the black arrows. The low field peak arising from the immaobilised
component is in the same position for all the spin labelled phospholipids in DOPC, as marked
by the black dashed line, but for samples in DOPG the peak is at a slightly lower field, as
shown by the red arrow and dashed line. The total scan width is 100 gauss.
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Spin labelled Fraction of immobile Binding constant K Binding constant K
lipid component relative to PC relative to PC obtained
by fluorescence
quenching”
PC 0.291 £ 0.066 1 1
PE 0.432 £ 0.007 1.85+0.05 0.69+0.10
PG 0.419 £ 0.032 176 £0.24 1.66 + 0.20
PS 0.525 £ 0.013 2.69+0.14 2.16 £0.17
PA 0.600 £ 0.025 3.65+0.41 1.95+0.22

Table 5.1 Fraction of the immobile component and the lipid binding constants relative to
DOPC derived from the ESR spectra in membranes containing a DOPC:channel molar
ratio of 60:1, measured at 30 °C. Details of the deconvolution analysis are shown in
Appendix 2. The relative binding constants obtained from the ESR measurements were
calculated from Eg. 5.3 and are compared with those determined by fluorescence quenching
measurements by Alvis et al”.

Spin labelled lipid Fraction of immobile Binding constant K relative
component to 14-PGSL
14-PGSL 0.360 = 0.066 1
14-PCSL 0.259 £ 0.072 0.62 +0.26

Table 5.2 Fraction of the immobile component and the lipid binding constants relative to
DOPG derived from the ESR spectra of 14-PGSL and 14-PCSL in membranes
containing a DOPG:KcsA tetramer molar ratio of 60:1, measured at 30 °C. Details of the
deconvolution analysis are shown in Appendix 2. As in Table 5.1, the relative binding
constants were obtained from Eq. 5.3.
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14-PCSL

14-SASL

14-SASL bound
to BSA at 6°C

14-PCSL in
DMPC sonicated
vesicles at 0°C

60.7 G

64.6 G

Figure 5.4 Comparison of normalised ESR spectra for 14-SASL and 14-PCSL in
membranes containing a DOPC:channel molar ratio of 60:1, measured at 25 °C. The
spectra are also compared with the single restricted component spectra used for deconvolution
of the composite spectra, in order to highlight the location of the outer peaks. The black
arrows and dashed lines indicate the location of the outer peaks in the 14-PCSL composite
spectrum, which match that of the single restricted component spectrum of 14-PCSL in
sonicated vesicles of DMPC at 0°C (dark green). The red arrows and dashed lines mark the
outer peaks in the 14-SASL composite spectrum, which in turn match that of the spectrum of
14-SASL bound to BSA at 6°C (light green). The total scan width is 100 gauss.
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Figure 5.5 Normalised ESR spectra for 14-SASL in DOPC membranes containing KcsA
as a function of DOPC:channel molar ratio, recorded at 25 °C. The set of samples in this
figure originated from the same preparation as that used to obtain the spectra shown in Figure
3.4. Here, the component arising from 14-SASL in contact with KcsA (restricted component)
dominates the spectra (black arrows), with small amounts of a mobile component (compare
with Figures 3.4, 3.5 and 3.6). The low field peak of the mobile component is indicated by the
green arrow and green dashed line. Total scan with is 100 gauss.
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Figure 5.6 Normalised ESR spectra of a second set of samples of 14-SASL in DOPC
membranes containing KcsA as a function of DOPC:channel molar ratio, recorded at
25°C. This set of samples originated from the same preparation used to obtain the spectra
shown in Figure 3.5. Details are as in figure legend 5.5.
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DOPC/KcsA Fraction of Fraction of Relative binding | Relative binding

tetramer immobile immobile constant if 14- constant if 14-
molar ratio | component inthe | componentinthe | SASL and 14- | SASL binds only at

14-SASL spectra | 14-PCSL spectra PCSL bind to a ‘hotspot’ in the

) (fo) the same sites annulus or at the

non-annular sites
30 (2nd) 0.900 + 0.020 0.294 + 0.037 21.61 +£6.00 61.20 + 17.08
37.5 (2nd) 0.900 + 0.025 0.286 + 0.042 22.47 +£8.32 79.53 + 29.62
60 (2nd) 0.837 £ 0.012 0.240 £ 0.010 16.26 £ 1.54 77.45+7.45
67.5 (1st) 0.837 £ 0.013 0.275+0.038 13.54 £1.40 88.56 + 9.30
88 (2nd) 0.781 + 0.07 *0.369 £ 0.044 6.01 £0.26 82.67 + 3.58
100 (1st) 0.738 £ 0.012 0.319 + 0.037 6.01£0.39 75.12 +5.03

Table 5.3 Fraction of the immobile component of 14-SASL in DOPC membranes
containing KcsA (f) at the given lipid:channel molar ratios, and relative 14-SASL binding
constants calculated as described in the text. Details of the deconvolution analysis are shown
in Appendix 2. Only the spectra that were accurately deconvoluted are shown here; next to the
lipid:channel molar ratio, in parenthesis, is given the set of samples to which each particular
deconvoluted spectrum belongs. The fraction of the immobile component of the corresponding
samples labelled with 14-PCSL (f,) is also listed. The relative binding constant for 14-SASL
calculated assuming that 14-SASL and 14-PCSL bind to the same sites was calculated from Eqg.
5.3. Relative binding constants for 14-SASL were also calculated as described in Section 5.2.3
assuming that 14-SASL binds just to a ‘hotspot’ in the annulus of a KcsA monomer or at the
non-annular binding sites; in both cases four binding sites were assumed per KcsA channel. All
spectra were recorded at 25°C.

*The fraction of the immobile component for 14-PCSL at a lipid:channel molar ratio 88:1
shown here corresponds to that obtained from the 1st set of samples.

171




! 100 G

Figure 5.7 Comparison of the normalised ESR spectra for 14-SASL in DOPG (blue) and
DOPC (black) containing KcsA at a lipid:channel molar ratio of 88:1, measured at 25°C.
The two spectra are almost identical, the sample in DOPG having only a slightly smaller
maximum splitting. The scan width is 100 gauss.
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Figure 5.8 Normalised ESR spectra for 14-SASL in DOPC membranes containing KcsA
at a DOPC:channel molar ratio of 60:1 at pH 3.9 (black) and pH 7.2 (grey). At the lower
pH, a large proportion of the strongly immobilised component disappears, as indicated by the
black arrows. The green arrow marks the low field peak from the mobile component and a
possible low field peak arising from a third component is indicated by the red arrow. The
spectra recorded at 25 °C are compared with the spectrum at pH 3.9 and 15 °C. At the lower
temperature the possible third component becomes more apparent, and as expected, the
maximum splitting of each of the components increases, as reflected by the shift of the low
field peaks towards the left of the spectra, indicated by the dashed lines. The scan width is
100 gauss.
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Figure 5.9 Normalised ESR spectra for 14-SASL in DOPG membranes containing KcsA
at a DOPG:channel molar ratio 88:1, at pH 3.9 (black) and pH 7.2 (grey). In DOPG
membranes, at the lower pH and 25 °C all the strongly immobilised component has
disappeared, as indicated by the grey arrows, and signs of a third component are not evident.
However, at 15 °C an immobile component can be observed (black arrow), with a position
close to that of the third component (blue arrow) observed in the sample shown in Figure 5.8,
here shown in blue. The scan width is 100 gauss.
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Figure 5.10 Analysis of the spectra for 14-SASL in DOPG membranes containing a
DOPG:channel molar ratio of 88:1 at pH 3.9. The experimental spectrum is the same as in
Figure 5.9 and is shown in black. When fitting the experimental spectrum to a single mobile
component (green), the mismatch of the peak at low magnetic field clearly shows that an
immobile component is also present in the experimental spectrum, as indicated by the arrow.
When the experimental spectrum is fitted to two components (immobile and mobile), the low
magnetic field peaks fit well in the fitted spectrum (red), as indicated by the arrow. It can also
be seen that the rest of the spectrum fits better when using two components than when using a
single mobile component.
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Figure 5.11 Fluorescence quenching with 9,10-dibromostearic acid and 14-SASL.
Fluorescence quenching is compared for the hydrophobic tryptophan analogue NPTH (A),
wild type KcsA (B) and the KcsA mutant W67,68 (C). Experiments were performed by direct
titration with 9,10-dibromostearic acid (@) or 14-SASL (o) at a DOPC to NPTH molar ratio
of 300:1, and at a DOPC to KcsA tetramer molar ratio of 4000:1 for wild type KcsA and
1600:1 for the mutant W67,68. The DOPC concentration was in all cases 600 uM.
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5.4 Discussion

5.4.1 Interaction of phospholipids with KcsA: studies with ESR
All phospholipids, including PE, showed a slightly greater affinity for KcsA

than PC ranking as follows: PC < PE = PG < PS< PA (Table 5.1). The range of
relative lipid binding constants (K values) observed are similar to those observed for
other membrane proteins obtained with ESR** and fluorescence

Spectroscopy14,31,73,83,116,117

, effects of lipid headgroup structure being rather small
with K values lower than 5. Only in a few cases have larger relative binding constants
been reported, as in the mechanosensitive channel MscL, where, using fluorescence
quenching studies, a cluster of three positively charged residues was shown to bind

phosphatidic acid with a binding constant relative to PC of ca. 8.5 **.

The relative binding constants for KcsA obtained from fluorescence studies
with brominated phospholipids’ are not the same as those obtained here with ESR.
Table 5.1 compares the two sets of binding constants. Both ESR and fluorescence
spectroscopy methods report a higher binding constant for anionic lipid that for
DOPC, although with ESR the estimated binding constant for PA is greater than that
estimated from the fluorescence data. Another difference between the two sets of data
is that the ESR results show a binding constant for PE greater than for PC, whereas

the fluorescence data suggest a binding constant for PE less than that for PC.

There are a number of possible explanations for the differences between the
two sets of results. One possibility is that a small number of sites on KcsA show a
high affinity for PE and PA and the ESR results will be dominated by this high
affinity binding (the resulting K values being a weighted average in favour of the high
affinity binding sites) whereas the fluorescence results give a binding constant more
equally averaged over all the binding sites. This is likely to be particularly important

for anionic lipids which can bind to non-annular as well as annular sites.

An additional complication is that the ESR experiments were performed at a

molar ratio of DOPC:KcsA tetramer of 60:1, conditions under which KcsA shows
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some aggregation, as discussed in Chapter 3, whereas the fluorescence experiments
were performed at a molar ratio of lipid:channel ratio of 400:1, conditions under
which there is no aggregation; aggregation of KcsA could affect the way lipids
interact with the protein.

Another difference between the two approaches is that in the ESR approach
the lipid composition of the membrane remains essentially constant, being
predominantly the host lipid DOPC in all experiments, whereas in the fluorescence
approach the lipid composition varies from 100 % DOPC to 100 % of the second lipid,
and it is possible that lipid binding to the protein is affected by the nature of the lipid
in the bilayer. For example, it is known that water molecules interact differently with
the headgroups of PC and PE'*®. Since hydrogen bonding of a PE molecule to KcsA
will be in competition with hydrogen bonding of that PE molecule with water, it is
possible that the affinity of PE for KcsA will be different in backgrounds of PC and
PE. For the charged lipids, relative binding constants for PG and PS are very similar
for the ESR and fluorescence determinations (Table 5.1). The large difference in the
relative binding constant for PA determined by the two different methods could again
be related to the differences in the background lipid. It has been suggested that the
phosphomonoester headgroup of PA has unique properties with respect to its
ionisation behaviour, because it is strongly influenced by the background lipid
composition and the interaction with positively charged residues (Figure 5.12)%,
One of the hydroxyl groups of the phosphomonoester headgroup has a low pKg; of 3.2
in a PC background bilayer that causes it to be fully deprotonated at physiological pH,
while the other hydroxyl group has a pKay, of 7.92, also in a PC background, which is
strongly influenced by its environment. In their studies, Kooijman et al.'*® propose
that this second hydroxyl group is held in a protonated state due to the formation of a
hydrogen bond with the negatively charged oxygen atom from the other deprotonated
hydroxyl group, this interaction being responsible for the pKy, of 7.92 that keeps most
of the PA with only one negative charge at the physiological pH. They also showed
that interaction with positively charged lysine or arginine residues located at the
membrane interface of transmembrane peptides destabilises this interaction by
formation of a hydrogen bond between the amine group in the side chains and the
negatively charged oxygen, which results in deprotonation of the second hydroxyl

group (Figure 5.12); this then causes an increase in the negative charge on PA which
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could result in stronger interaction between PA and the positively charged residues in

the peptides’®. It

is possible that this effect explains the strong interaction observed
with ESR but in the fluorescence quenching experiments the effect could be lost due
to the increasing PA content of the samples. As the PA content increases, so does the
negative charge on the membrane, attracting protons to the surface and decreasing the
interfacial pH, favouring the protonated state of the second hydroxyl group of PA,
which would prevent the more favourable interaction with the positively charged
residues described above. Indeed Kooijman et al.**® also showed that the presence of
the negatively charged PS in the membrane could affect the ionisation state of PA in

this way.

5.4.2 Interaction of fatty acids with KcsA: studies with ESR
The results with spin labelled phospholipids suggest, in agreement with the

fluorescence quenching results™ that binding of phospholipids to annular sites around
KcsA is relatively non-specific. This is also consistent with the fluorescence
guenching results with 9,10-dibromostearic acid that show that fatty acids can bind at
these annular sites (Chapter 4, Section 4.3.3). Binding of fatty acids at annular sites
around a variety of membrane proteins has also been studied using spin labelled lipids,
giving binding constants for 14-SASL generally similar to those obtained with 14-
PASL*. ESR spectra for the immobilised 14-SASL component in the presence of
transmembrane proteins are also comparable to those for the immobilised 14-PASL

component?*?

, consistent with fatty acid binding to the same sites on a membrane
protein as phospholipids. However, the results obtained with 14-SASL binding to
KcsA are very different. First, the fraction of immobile component for the 14-SASL
spectra is much greater than that for the spin labelled phospholipids (compare Figures
5.5 and 5.6 with Figures 5.3, 3.4, 3.5 and 3.6), indicating that the fatty acid has a
much greater affinity for the protein than do the phospholipids. Second, the maximum
splitting of 14-SASL is larger than that of the spin labelled phospholipids (see Figure
5.4), resembling the spectra of the fatty acid bound to BSA. This indicates that the
acyl chain of the fatty acid is strongly immobilised, in a similar way as to when it is

bound to the hydrophobic pockets of BSA?1%2,
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Binding of 14-SASL to KcsA can be analysed in a number of possible ways.
Deconvolution of the fatty acid spectrum in the sample at a lipid:channel molar ratio
of 60:1 (Figure 5.4) shows that the fraction of immobile component is 0.837 = 0.012.
If 14-SASL binds to KcsA at the same sites as the spin labelled phospholipids, the
binding constant for fatty acid relative to PC can be determined from Eg. 5.3 by
comparison with the ESR spectra for 14-PCSL recorded under the same conditions,
as previously done with phospholipids (Tables 5.1 and 5.2). From Eqg. 5.3, using an f,
value for 14-PCSL of 0.240 (Table 3.3), the resulting K value for 14-SASL is 16.26 +
2.56, much higher than the value obtained by fluorescence quenching (0.73 £ 0.04)
with brominated fatty acid and wild type KcsA (see Chapter 4, Section 4.4.1). To see
what fluorescence quenching would be expected if 9,10-dibromostearic acid bound to
the annular binding sites with a K4 value of 16.26, with binding to the non-annular
sites described by a KM value of 0.87, as determined from the fluorescence quenching
experiments, the expected fluorescence quenching curve was calculated using Eq.
4.22 and, as shown in Figure 5.13A (blue), predicts marked quenching at very low
concentration of 9,10-dibromostearic acid, totally inconsistent with the experimental
data.

Another possibility is that the ESR results with 14-SASL are dominated by
binding to a particular ‘hotspot’ on KcsA. If such a hotspot existed amongst the
annular sites on KcsA, and if the ESR spectrum was due solely to binding of fatty
acid to the hotspot, then the relative binding constant calculated as described in
Section 5.2.3, would be K™ = 77.45 + 7.45. The result of such binding on the
fluorescence intensity would depend on the location of the proposed hotspot relative
to the Trp residues in KcsA. With three lipid-exposed Trp residues per monomer,
binding to an annular site would locate the fatty acid close enough to at least one
residue to result in quenching. If binding at a hotspot resulted in quenching of
fluorescence of just one of the lipid-exposed tryptophan residues in wild type KcsA, a
hypothetical quenching curve for 9,10-dibromostearic acid and wild type KcsA could
be calculated for K" = 77.45, the other binding constants taking the values already
determined, as described in Section 5.2.8, using Eq. 5.24. As can be seen (Figure
5.13A, red), with such a high relative binding constant for a particular annular site, the
fluorescence quenching curve shows a steep decrease in fluorescence at the start of

the curve, at mole fractions of fatty acid below 0.2 (as marked by the red arrow). The
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fluorescence quenching curve of wild type KcsA shown in Figure 5.11B with 9,10-
dibromostearic acid does not show any such marked quenching at small mole
fractions of fatty acid, suggesting that the presence of a hotspot with high affinity in
the annular sites is unlikely.

Another possibility is that 14-SASL binds preferentially to the non-annular
sites on KcsA with a high affinity. It is possible that binding to such sites would give
a more restricted mobility for the chain, as shown by the increased splitting in the
ESR spectrum. It might seem that this would be inconsistent with the fact that spin
labelled PG in the presence of KcsA gives a splitting similar to that of spin labelled
PC (Figure 5.3) even though PG binds with higher affinity to the non-annular sites
than does PC. However, the X-ray diffraction study of KcsA shows that only one of
the two chains of PG penetrates deeply into the non-annular site and this is the sn-1
chain®! (Figure 1.17 in Chapterl), whereas the spin label in spin labelled PG is on the
sn-2 chain (Figures 2.2 in Chapter 2 and 4.14 in Chapter 4) and so it is likely that its
mobility is more like that of the lipids interacting with the annular sites. If it is
assumed that 14-SASL is binding only to the non-annular sites on KcsA then using
the equations described in Section 5.2.3 with four binding sites per tetramer, the
observed fraction of immobile 14-SASL (0.837) gives a binding constant for 14-
SASL relative to PC at the non-annular sites of 77.45 £ 7.45, a very high value. Again
this is inconsistent with the results obtained from fluorescence quenching studies with
brominated fatty acid where, from studies with the W67,68 mutant, a relative binding
constant of 0.86 + 0.08 was obtained. The expected quenching curve for the mutant if
the brominated fatty acid had a relative affinity of 77.45 was calculated (Eq. 4.14) and

again is inconsistent with the experimental data (Figure 5.13B).

Thus it seems that binding of 9,10-dibromostearic acid to KcsA at either the
annular or non-annular sites with an affinity required to match the ESR results with
14-SASL would result in fluorescence quenching curves inconsistent with the
experimental data. Of course, a remaining possibility is that the different chemical
structures of 9,10-dibromostearic acid and 14-SASL results in their binding to KcsA
at annular or non-annular sites with very different affinities. However, this can be
tested, using the ability of the nitroxide spin label to quench tryptophan fluorescence.

As shown in Figure 5.11, fluorescence quenching curves observed with 9,10-
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dibromostearic acid or 14-SASL are very similar for both wild type KcsA and
W67,68, and, in particular, there is no suggestion of the marked quenching at low
concentration of 14-SASL that would be expected from the high affinity 14-SASL
binding detected in the ESR spectrum.

Another possibility is that the very high level of immobilized fatty acid
observed in the ESR spectra (Figure 5.4) is related in some way to aggregation of
KcsA; the fluorescence studies were recorded at a molar ratio of lipid:channel of
400:1 or higher, where aggregation of KcsA does not occur whereas the ESR studies
shown in Figure 5.4 were performed at a molar ratio of lipid:KcsA of 60:1 where
some aggregation is possible, as described in Chapter 3. However, in studies of 14-
SASL binding to KcsA as a function of the molar ratio of lipid:channel, high levels of
immobilization of 14-SASL were observed even at high molar ratios of lipid:channel
(100:1) where no aggregation of KcsA is expected (Figure 5.5, Figure 5.6 and Table
5.3). It is also observed that the maximum splitting is constant at all lipid:channel
molar ratios (Figures 5.5 and 5.6), suggesting that the spectra do not arise from

interaction of the fatty acid with channel aggregates.

The remaining possibility is that the binding site detected in the ESR
experiments is a site different from the annular and non-annular sites detected in the
fluorescence quenching experiments. Indeed, the ESR data seem to be inconsistent
with competitive binding at the annular binding sites. If a binding constant for 14-
SASL relative to PC is calculated from Eq. 5.3 using the spectra of 14-SASL and 14-
PCSL at a DOPC:KcsA tetramer molar ratio of 100:1 (for the first set of samples: f =
0.738 and f, = 0.319, respectively) a K value of 6.01 + 1.63 is obtained, much lower
than the value of 16.26 + 2.56 obtained from the samples at a molar ratio of 60:1,
although still much higher than that obtained from the fluorescence analysis. Again,
as shown in Figure 5.13A (green), the expected fluorescence quenching curve with a
value for K of 6.01 is also inconsistent with the experimental quenching data. When
relative binding constants for 14-SASL were calculated in the same way for the other
molar ratios of lipid:channel (Table 5.3), it was found that the resulting relative
binding constants increase with decreasing molar ratio of lipid:channel from 6.0 to
21.6. This implies that the spectra from 14-SASL and 14-PCSL originate from

interactions with different sites in the protein, as the proportion of 14-SASL and 14-
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PCSL bound to the channel varies differently when the lipid:channel molar ratio is

changed.

5.4.3 14-SASL binds to the inner cavity of KcsA with great affinity
If 14-SASL is not binding to the annular or non-annular sites, it must be

binding to some alternative site (or sites) on KcsA. If these sites were distant from the
Trp residues in KcsA then binding of either 14-SASL or brominated fatty acid to the
new sites would not result in fluorescence quenching, and the fluorescence quenching
experiments would detect only binding to the annular and non-annular sites. Binding
of 14-SASL to the new sites would have to result in marked immobilization of the
chain to explain the large increase in maximum splitting observed in the ESR spectra
on binding. Binding would also have to be of very high affinity to explain the
experimental results, so that, under the conditions of the ESR spectra where the
concentration of 14-SASL in the membrane is just 0.5 mol %, the new sites would
essentially be the only sites on KcsA to which 14-SASL would bind. The presence of
just such a site has been suggested by two studies: one on calcium-gated potassium
channels® and the other on voltage-gated potassium channels (Kv)*. In both studies,
block of potassium channel current by the polyunsaturated fatty acid arachidonic acid
(C20:4) was analysed in mutagenesis experiments which suggested that the fatty acid
bound to the hydrophobic lining of the central aqueous cavity of the pore. Binding of
a brominated or spin-labelled fatty acid to such a site in KcsA would indeed be too
distant from the Trp residues in KcsA to result in fluorescence quenching.

The mutagenesis studies performed by the two groups are summarised in the
aligned sequences shown in Figure 5.14. In the studies performed by Hamilton et al.*
two calcium-activated potassium channels were analysed, hIK1 (from human), whose
current is blocked by arachidonic acid, and rSK2 (from rat), which is not blocked by
arachidonic acid. In the experiments, chosen residues predicted to face the pore of the
hIK1 channel were mutated to residues of rSK2 at the corresponding positions. It was
found that the mutations T250S and V275A abolished current inhibition by
arachidonic acid in hIK1 (Figure 5.14, residues in red in the hIK1 sequence). These
residues correspond to T75 and 1100 in KcsA, respectively (Figure 5.14). Importantly,

the reverse mutations in rSK2 (that is S359T and A384V) allowed current block with
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arachidonic acid in rSK2, giving strong evidence for the two residues being
responsible of binding arachidonic acid in the pore of the channel. Mutation of other
residues in hIK1 that did not affect current block by arachidonic acid are highlighted

in green in the hIK1 sequence. In the studies performed by Decher et al.*®

, residues in
the pore region of a voltage-gated potassium channel from rat, rKv1.5, were mutated
to Ala. Among other new mutations, the authors found that mutation V494A (which
corresponds to the V275 that was identified in hIK1) would also abolish current block
by arachidonic acid in rKv1.5; however, mutation T469A (which corresponds to the
T250 identified in h1K1) did not have any effect on channel block by arachidonic acid.
An explanation for this apparent contradiction could lay on the nature of the mutations
performed in the different experiments. As shown in Figure 5.15, in the KcsA
structure T75 points its CH; and OH groups towards the inner cavity, suggesting both
groups could be involved in binding of arachidonic acid in hIK1 and rKv1.5. In the
hIK1 study, mutation of the Thr to Ser would only leave an OH group available for
interaction with the fatty acid, but in the rKv1.5 study, mutation of the Thr to Ala
would leave a CH3 group available instead. This then suggests that a hydrophobic
interaction between the CH3 group of the Thr and the fatty acid could take place in the
pore of both channels, which would explain why channel block was abolished in h1K1

but not in rKv1.5 in the mutagenesis experiments.

Three of the mutated residues that abolished current block by arachidonic acid
in rKv1.5 (including VV494) are in the same position as residues in KcsA (Figure 5.14,
residues in blue in the KcsA sequence) shown to be important for binding of
hydrophobic cation pore blockers like tetraethylammonium (TEA) and
tetrabutylammonium (TBA)®""®™ These same residues have also been shown to be
important for binding of pore blocking [ subunits (peripheral subunits that can

associate to some voltage-gated potassium channels)®’:68:123.124

in other potassium
channels. Figure 5.15 shows the position of these residues in the KcsA structure and

details of how the TBA molecule binds in the inner cavity.

The studies performed by Decher et al.*® showed the particular importance of
the lle residue (1497 in rKv1.5, see note in Figure 5.14 with respect to the residues
numbering in rKv1.5), because this residue is highly conserved in Kv channels and

can be changed naturally to Val by mRNA editing in human Kv1.1 (hKv1.1, see the
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sequence in Figure 5.14 where 1400 is highlighted in red), as well as in mouse and rat
Kvl.1. hKv1.1l is also sensitive to current inhibition by arachidonic acid and the
change of the particular Ile residue to Ala also abolished current inhibition; the same
change had the same effect in other Kv channels as well. The study further showed
that mutation of this lle to Ala in just one of the four subunits of a channel was
enough to avoid current inhibition by arachidonic acid, suggesting a single binding

site for the fatty acid in the pore of the channel.

Alignment of the sequences of KcsA, Kv and calcium-activated (hIK1 and
rSK2) potassium channels show that, even though the positions of the residues
involved in binding arachidonic acid or hydrophobic cations such as TBA are the
same in the different channels, the particular type of residue can vary from one type of
channel to another (Figure 5.14). For example, for the position of 1100 in KcsA, a Val
is present in the other channels; for F103 in KcsA, an lle is present in Kv channels
and a Thr in calcium-activated channels, etc. This suggests that binding of
hydrophobic molecules in the pore of potassium channels involve interactions with
hydrophobic residues lining the pore, but the specificity of the residue-ligand
interaction may vary according to the particular properties of the inner cavity of each
channel. The importance of hydrophobic interactions for binding at the pore of
potassium channels has been further highlighted by experiments performed with long

110-112

chain alkyl-triethylammonium pore blockers , Where blockers with longer alkyl

chains (alkyl chains of up to twelve carbon atoms) had greater affinity for the pore.

Figure 5.14 summarises mutagenesis studies performed by Choi et al.**?

comparing
binding of TEA and long chain alkyl-triethylammonium ions in Shaker, a voltage-
gated potassium channel from Drosophila melanogaster. Mutation of residues closest
to the selectivity filter, just in the upper region of the inner cavity, (M4401 and T441S
in Shaker, shown in yellow in the Shaker sequence) reduced the binding affinity for
TEA, but had little effect upon binding of C,o-TEA, while mutation of a polar residue
located lower in the inner cavity to a hydrophobic residue (T469A, T4691 and T469V)
increased the affinity for Cs-TEA and Co-TEA but had little effect on the affinity for
TEA. Thr-469 does not face the inner cavity in the crystal structure solved for the
mammalian version of the Shaker channel'®, but it is located right next to the
conserved isoleucine residue in Kv channels (1497 in rKv1.5) shown to be essential

for binding of arachidonic acid (Figure 5.14), suggesting that mutations of Thr-469
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favoured the hydrophobic interaction with the conserved isoleucine rather than
affecting interaction with the alkyl chain directly. In any case, the studies highlight the
importance of the hydrophobic interaction of the alkyl chain for binding to the inner

cavity.

The information shown in the wide range of studies on large hydrophobic
molecules binding to the inner cavity of the pore of potassium channels suggests that
the strong binding of the fatty acid observed here by ESR for KcsA could occur at the
pore of the channel. Indeed, the immobile component in the ESR spectra of 14-SASL
resembles that of the fatty acid bound to BSA, and since fatty acids bind in deep
hydrophobic pockets in serum albumin®? it is likely that 14-SASL is binding to a
hydrophobic cavity in KcsA such as that in the pore. A recent study revealing the
crystal structure of KcsA in its opened state®® showed how the helical bundle beneath
the inner cavity opens widely, so that the diameter of the permeation pathway to the
inner cavity is ca. 32 A at its widest point and ca. 14 A at its narrowest (Figure 5.16).
With a diameter of ca. 4.8 A for an all-trans fatty acyl chain there would be plenty of

space to allow a fatty acid molecule to enter the inner cavity of KcsA.

As mentioned above, the positions of three of the residues shown to be
important for channel block with arachidonic acid are also important for binding of
TBA in KcsA (lle-100, Phe-103 and Thr-107, highlighted in blue in the KcsA

sequence, Figure 5.14)°"70"

. These three residues are proposed to establish
hydrophobic interactions with TBA (see the location of the residues in the KcsA
structure in Figure 5.15) and therefore could also allow binding of a fatty acid
molecule. However, it is not obvious where the negatively charged headgroup would
be located within the pore of the channel. Neither of the two articles that propose
arachidonic acid binding to the pore of a potassium channel to block ion flux discuss
how the negatively charged head group of the fatty acid can be accommodated in the
hydrophobic pore of a channel that transports positively charged ions. Surprisingly,
the studies published by Decher et al.*® showed a model of the rkv1.5 channel based
on the crystal structure of the open rat Kv1.2 channel to which a molecule of N-
arachidonylethanolamide (AEA or anandamide, which also causes current block, but
has no charge) was docked, but no models with binding of arachidonic acid are shown

or discussed. Nevertheless, the docking models with anandamide showed numerous
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possibilities, with the flexible acyl chain of anandamide (C20:4) folding in a number
of different ways to bind to the cavity of the channel. The ethanolamide headgroup
was in most cases located towards the selectivity filter, next to the Thr residues in its
entrance, but, as indicated by the authors, interacting mainly with non-polar residues.
This idea would be in agreement with the possibility of T250 in hIK1 being important
for establishing hydrophobic interactions with arachidonic acid, as discussed above.
But, where could the negatively charged head group of the fatty acid be localised in
the pore of the potassium channel? One possibility is, of course, that the bound fatty
acid is fully protonated, avoiding the problem of a negatively charged group in a
hydrophobic environment (the effect of pH on binding is discussed later).
Alternatively, if the head group remained negatively charged, it would be expected
that the charged group would be stabilised in such environment through some polar
interactions. As just mentioned, T250 identified in hIK1* (corresponding to T75 in
KcsA, Figure 5.15) appeared to be a good candidate for establishing a hydrogen bond
with the fatty acid head group, but the mutagenesis experiments performed by
Hamilton et al.*® and Decher et al.*® suggest that this Thr is not involved in polar
interactions. An alternative candidate could be T107 in KcsA, but this residue is not
conserved and corresponds to a Val in all the other potassium channels shown in
Figure 5.14, suggesting that T107 in KcsA is involved only in hydrophobic
interactions, as suggested also from its interaction with TBA (Figure 5.15). The next
polar residue in the sequence, T112 in KcsA, has its OH group pointing towards the
neighbouring transmembrane helix, practically inaccessible from the pore cavity;
moreover, a Ser residue that appears in its place in the Kv channels (Figure 5.14), did
not affect binding of arachidonic acid in rKv1l.5 when mutated to Ala. In short,
looking at the KcsA structure there appears not to be any obvious residues that could
interact with a negatively charged carboxyl group, consistent with fact that uncharged
AEA can block current in Kv channels just like arachidonic acid. It could then be
possible that the headgroup simply remains hydrated and/or protonated in the cavity.

The various binding equilibria for a fatty acid molecule binding in the inner
cavity of KcsA are shown in Figure 5.2 and, as already described, there are a number
of equivalent ways in which binding can be described. Binding to the central pore
could be described in terms of partitioning of fatty acid into the lipid bilayer followed

by equilibration between the lipid bilayer and the pore. Alternatively, binding to the
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pore could be described in terms of the equilibrium between pore bound and aqueous
fatty acid, with partitioning of the fatty acid into the lipid bilayer simply depleting the
pool of fatty acid available to bind to the pore. It is important to note that these two
descriptions are equally valid in thermodynamic terms, and it is not possible to
distinguish between them on the basis of thermodynamic measurements alone. It
might seem more plausible to suggest that fatty acid binds directly to the pore from
the aqueous medium rather than penetrating from the lipid bilayer into the pore
through gaps between the transmembrane a-helices. However, entry directly into the
pore would probably require that the channel be open. Indeed, in the experiments

performed by Decher et al.*

current inhibition of Kv channels by arachidonic acid
showed use-dependence, i.e. the channels needed to be opened for inhibition to take
place, suggesting the fatty acids access the inner cavity from the aqueous medium
through the open pore. Further, their study also showed that the fatty acid competed
with the pore blocker TEA for Kv current inhibition and, since TEA is known to
require potassium channels to be open to access the inner cavity, this result suggests a
similar mechanism for fatty acid binding. With respect to KcsA in particular, binding
of TBA to KcsA has been shown to have an on-rate (ca. 10 M™s™) substantially
higher than that measured for eukaryotic channels (10°-10" M*s™), which results in a
very low dissociation constant of TBA for KcsA (10 nM)™, in contrast to that for
eukaryotic channels (ca. 20 pM)*?. It has been proposed that this effect is due to the
greater accessibility of the inner cavity of KcsA, whose C-terminal domain has a
simpler structure than those of the eukaryotic counterparts, resulting in an apparent
higher affinity of TBA for KcsA'". It therefore seems likely that fatty acids will easily

access the inner cavity of KcsA from the aqueous medium.

For ease of comparison with the binding data for phospholipids, fatty acid
binding to the inner cavity will be described here by the dissociation constant Kg
relating the concentration of pore-bound fatty acid to that present in the lipid bilayer
(Figure 5.2), with no implied implication as to mechanism. As detailed in Section
5.2.5, since Kg describes binding of the fatty acid in the membrane to the inner cavity,
the product of K, which describes dissociation of the fatty acid from the inner cavity
into the aqueous medium, and Kp, which describes incorporation of the fatty acid into
the bilayer from the aqueous medium, will give Kg. To calculate Kg from the ESR

spectra it is necessary to know the number of binding sites. The model proposed by
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Decher et al.*®

suggests that this is one. If more than one 14-SASL were to bind to
each pore in KcsA it is likely that spin-spin interactions would result in broadening of
the ESR spectra, and this was not observed, although the low molar ratio of 14-SASL
to KcsA tetramer would any way have made multi-occupancy rare. The ESR spectra
were therefore analysed assuming a single fatty acid binding site per channel. Eq. 5.18
was then used to calculate the value of Kg for each of the deconvoluted spectra (Table
5.4). Also, as described in Section 5.2.6, with a K, value of (1/96) M for 14-SASL,
Kw can be calculated using Eq. 5.13, giving the values listed in Table 5.4. Binding
constants at all lipid-channel ratios between 100:1 and 37.5:1 are in good agreement,
although values determined at a molar ratio of lipid:channel of 30:1 are slightly higher,
possibly related to the extensive aggregation of KcsA expected at this molar ratio of

lipid:channel.

A more accurate estimate of Kg was obtained by fitting all the experimental
data on the levels of immobilized (bound) fatty acid to the quadratic equation (Eq.
5.23) derived from the binding equilibrium as described in Section 5.2.5, again
considering that only one fatty acid molecule bound per cavity. As shown in Figure
5.17, the data (Table 5.3, black) fitted well to Eq. 5.23 giving a Kg = 0.0023 + 0.0001,
a value similar to those obtained previously for each individual samples (Table 5.4).
From the latter Kg value, K, can again be calculated with Eq 5.13 giving a value of
0.221 £ 0.010 uM. The high fraction of bound 14-SASL means that it is not possible
to determine accurately the number of binding sites per channel (N, value), since
when most of the 14-SASL is bound the ratio Kg/Np, = 0.0023 is a constant
independent of Ny. For example, the data shown in Figure 5.17 fit equally well with a
number of binding sites per channel of 4, with a Kg value of 0.012 (Kg /Np = 0.003;

blue line).

An alternative procedure to analyse binding of the fatty acid to KcsA would be
as a hypothetical lipid exchange equilibrium (Eg. 3.2), in which case, Eq. 3.13 could
be used to fit the data from Table 5.3. A free fit to Eq. 3.13 for Ny and K gives a
number of binding sites per channel (N, value) of 3.3 £ 6.4 and a binding constant of
14-SASL relative to DOPC of 89 + 184; the large errors on both N and K suggest that
the values for these two parameters are highly correlated. Indeed, fits to the data with

Np fixed at values of 1, 5, 10 and 15 gave good agreement with the experimental data
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(Figure 5.18A and B) and only with values of Ny as high as 20 and 30 was the
experimental data clearly in disagreement with the fits (Figure 5.18 C and D). Thus,
as with the previous analysis, it is not possible to obtain accurate values of both N,
and K from the ESR data. Obtaining an N, value would require experiments at much
higher molar ratios of 14-SASL to KcsA tetramer, so that a higher proportion of 14-
SASL was not bound to the protein, but high concentrations of 14-SASL could result
in problems with spin-broadening of spectra for lipid-bound 14-SASL and for KcsA
bound 14-SASL if more than one molecule of 14-SASL could bind per channel.

5.4.4 Effect of pH upon interaction of 14-SASL with KcsA
The intensity of the immobile component present in the ESR spectrum of 14-

SASL in the DOPC:channel system at pH 7.2 decreased markedly at pH 3.9 with an
increase in the mobile component (Figure 5.8). There are several possible
explanations. One possibility is that both the immobile and mobile signal come from
fatty acid binding to the cavity, the immobile component being charged fatty acid and
the mobile being protonated fatty acid. However, exchange of protons between the
charged and uncharged forms would be expected to be fast on the ESR time scale and
an averaged spectrum would have been expected rather than the observed sum of two
distinct components. Moreover, it would have to be assumed that the mobility of the
protonated fatty acid in the inner cavity is like the mobility of the fatty acid in the
lipid bilayer, extremely unlikely. More likely is that at low pH a large fraction of
protonated fatty acid leaves the cavity binding site and partitions into the lipid bilayer.
Indeed, the maximum splitting of the immobile component that remains at pH 3.9 is
the same as in the sample at pH 7.2 (Figure 5.8), suggesting that a small amount of
14-SASL is still binding at the inner cavity of the channel giving raise to the
immobile component whilst the mobile component is lipid bound fatty acid.

The latter explanation seems very plausible, however, as discussed in Section
5.4.3, there are no residues in the inner cavity of KcsA that are likely to interact with
the negatively charged head group of the fatty acid, and the wide range of studies that
analyse binding of molecules to the pore of potassium channels show that
hydrophobic interactions appear to be most important. This suggests that the negative

charge in 14-SASL may not be important for interacting with the inner cavity of KcsA,
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and the effect observed upon changing the pH to 3.9 could be due to an increased
affinity of the uncharged fatty acid for the lipid bilayer rather than a reduced affinity
for the inner cavity. The protonated form of a fatty acid will bind more strongly to a
lipid bilayer than the ionised form because the chain can penetrate further into the
lipid bilayer in the absence of a charged headgroup: the difference in binding constant
of a charged and uncharged form was estimated to be ca. 250 fold®’. If the reduced
fraction of fatty acid bound to the cavity of KcsA upon the change in pH was due
solely to an increase in the affinity of the fatty acid for the lipid bilayer, then the value
of Ke of 0.0023 obtained for the fatty acid at pH 7.2 would become 0.57 at a pH 3.9.
If the strongly immobilised component that remains at pH 3.9 in the DOPC sample
(Figure 5.8) reflects protonated fatty acid binding to the inner cavity, an approximate
deconvolution of the spectrum giving a fraction of protonated fatty acid bound to the
cavity of 0.356 (see a comment with respect deconvolution below) allows then to
calculate the dissociation constant for the protonated fatty acid Kg as described in
Section 5.2.5, giving Kg = 0.027, about ten times that obtained for pH 7.2 (Table 5.4).
As already described, it is not known if the fatty acid is protonated or deprotonated
when bound to the inner cavity but it is likely that the protonated form could bind to
the cavity with greater affinity than the charged form. This idea would be in
agreement with the estimated Kg value of 0.027 for the protonated fatty acid because
the increased affinity of the fatty acid for the inner cavity could have partially
compensated the higher Kg value of 0.57 expected due to the increased affinity of the
protonated fatty acid for the lipid bilayer. Uncharged anandamide (C20:4) showed a
greater current block effect on Kv1.1 than arachidonic acid (C20:4)*, suggesting the
negative charge in arachidonic acid makes the interaction with the Kv1.1 less
favourable. Because anandamide has four double bonds, despite being uncharged it

will not partition into the bilayer greatly**’

, this allowing it to interact better with
Kv1.1 than negatively charged arachidonic acid. However, protonated 14-SASL
(which lacks double bonds) will have a much greater affinity for the bilayer than its

charged form, this reducing the number of fatty acid molecules bound to KcsA.

It can also be seen in the low field region of the spectrum (Figure 5.8) that in-
between the two main peaks there appears to be a small third peak, which could
correspond to a third component. This could represent a small fraction of the 14-
SASL binding to the annulus of KcsA. When the spectrum is recorded at 15 °C, this
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third component is more apparent, thanks to the reduced mobility of the acyl chains,
which results in a decrease of intensity of the mobile component (Figure 5.8). It can
also be seen that at the lower temperature the reduced mobility of the fatty acid chains
causes the maximum splitting of the different components to increase slightly, with
the peaks at low magnetic field shifting slightly to the left. If the change in pH had
freed a large proportion of the fatty acid from the high affinity binding site, it would
be reasonable that a small fraction of such freed fatty acid could be interacting now
with the transmembranous region of KcsA. Unfortunately, the sample signal intensity
was not high enough to allow meaningful analysis in terms of three components,
particularly when one of the components would only be present in small amount. An
approximate deconvolution was therefore performed in terms of just two components
ignoring the possible small third component, giving an immobile component fraction
of 0.356 at pH 3.9 (25 °C), compared to the value of 0.837 obtained at pH 7.2, (Table
5.3), suggesting that about 43 % of the fatty acid immobilised at pH 7.2 left the cavity
by changing the pH to 3.9. Details of the deconvolution can be found in Appendix 2.

Decreasing the pH to 3.9 for 14-SASL in KcsA in DOPG also had a marked
effect upon interaction of the fatty acid with KcsA. In this case, the entire immobile
component present at pH 7.2 disappeared, and a new immobile component similar to
that observed in the DOPC sample at pH 3.9 appeared instead (Figure 5.9).
Deconvolution of the spectrum of the sample in DOPG at 25 °C reveals a fraction of
this new immobile component of 0.407 £ 0.044. If this immobile component
represented the protonated fatty acid freed from the inner cavity now interacting with
the annular sites of KcsA, a binding constant of the protonated fatty acid relative to
PG could be calculated using Eq. 5.3 and the f, of 0.331 obtained from 14-PGSL in
the sample of DOPG:channel molar ratio of 88:1 (Table 3.3, Chapter 3). The resulting
K value of 1.39 + 0.27 would suggest that the uncharged fatty acid has slightly higher
affinity for KcsA than DOPG. This contrasts with the fluorescence experiments
described in Chapter 4 that showed that uncharged forms of the fatty acid bind weakly
to the annulus of KcsA. As described above for PE binding to KcsA, a possibility is
that a small number of annular sites on KcsA showing high affinity for the uncharged
fatty acid could dominate the ESR spectrum (discussed further in the next paragraph),
while in the fluorescence quenching experiments, the presence of three lipid exposed

tryptophans per monomer means that only molecules binding to many annular sites
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will result in a significant decrease in fluorescence intensity. Also, the difference in
membrane composition in the two methods could influence interaction of the protein
with the lipids. As mentioned in Chapter 4, Section 4.4.3, the miscibility of the
uncharged fatty acid analogues is limited'®; since in the ESR experiments only 0.5
mol % of the lipid molecules correspond to the spin labelled fatty acid and in the
fluorescence experiments the uncharged fatty acid analogues reach concentrations of
up to 66 mol %, it is possible that in the ESR experiments the small concentration of

protonated fatty acid means that it is fully miscible with the lipid bilayer.

Uncharged hydrophobic molecules have been observed for some membrane
proteins bound tightly to a small number of sites in the transmembrane region of the
protein. One example is the hydrophobic inhibitor of the calcium ATPase,
thapsigargin, which binds to a site located between transmembrane helices 3 and
722128 Another example is that of squalene binding to a groove in the transmembrane
region of bacteriorhodopsin, where the long hydrocarbon chain is bent into an ‘S’
shape located within the hydrophobic core of the bilayer?*?. A third example has
been published recently for the cytochrome c oxidase complex in which three
triglyceride molecules appear bound in deep cavities within the transmembrane region
(Figure 5.19). The shapes of these cavities do not allow interactions with the
headgroups of phospholipid molecules, and the smaller number of polar interactions
seems to be compensated for by a large number of hydrophobic interactions*®. Hence,
the possibility of strong binding of a protonated fatty acid molecule to a small number

of sites in the transmembranous region of KcsA cannot be ignored.

If, as discussed above, the strongly immobilised component that remains at pH
3.9 in the DOPC sample (Figure 5.8) reflects protonated fatty acid binding to the inner
cavity with a Kg = 0.027, with a dissociation constant of this magnitude, some binding
to the cavity would also be expected in the DOPG sample but, at 25 °C no strongly
immobilised component is seen (Figure 5.9). The DOPG sample was recorded at a
molar ratio lipid:channel of 88:1, compared to a lipid:channel molar ratio of 60:1 for
the DOPC sample. The reduced protein content in the DOPG sample would result in
reduced binding, but, with a Kg of 0.027, the immobile component would be expected
to be 0.27, easily observable. One possible explanation could be that the high negative

charge of a DOPG bilayer results in a lower local pH close to the membrane surface
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and so a larger proportion of the fatty acid is in the protonated form, with a

consequent reduced amount of binding in the cavity.

5.4.5 Biological relevance
Despite the large variety of potassium channels, their structure is highly
conserved, and the prokaryotic channel KcsA has served as a reference model for

understanding their properties®**®®’

. Fatty acids, especially polyunsaturated fatty
acids, have been shown to influence the activities of numerous potassium channels
and many other ion channels®*. Generally, the effects are inhibitory, but there are
cases where fatty acids can act as activators, like in some two-pore domain potassium

channels, suggesting that fatty acids interact differently in different channels.

Binding of fatty acids to the cavity of potassium channels could be a
mechanism to block ion flux in vivo. The inhibitory effects described in the literature
are generally caused by polyunsaturated fatty acids, which are of particular interest
due to the already known bioactive properties of arachidonic acid (C20:4) and its
derivatives; monounsaturated fatty acids and saturated fatty acids, when they have
been studied, have sometimes been found to have only a small or no effect***,
However, some potassium channels are blocked by non-polyunsaturated fatty acids.
For example the calcium-activated potassium channel hiK1*>**! is blocked by
arachidonic acid, but also by linoleic acid (C18:2) and myristic acid (C14:0) at the
same concentrations of fatty acid (3 pM). As discussed in the previous section, the
inhibitory action of fatty acids on this channel in particular has been proposed to
consist of blocking of the pore by binding at its hydrophobic inner cavity, suggesting
that polyunsaturation of the fatty acid chain is not essential for binding. The
experiments performed with saturated long chain alkyl-triethylammonium pore

blockers'!o-112

(see Section 5.4.3) also show that a saturated alkyl chain of at least
twelve carbon atoms in length can interact strongly with the pore of potassium

channels.

It is not clear why in some cases only polyunsaturated fatty acids block ion
channel activity. An important property of polyunsaturated hydrocarbon chains is that

the presence of cis double bonds separated by a single bond confers great flexibility to
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the hydrocarbon chain because the energy barriers between the different conformers
generated by rotation about the C-C bonds in-between the double bonds are very
low!3#13 It might simply be that, given the variability of the residues that line the
hydrophobic inner cavity of the different potassium channels, some may only be able
to accommodate polyunsaturated chains in their pore because these are better able to
adapt their conformation for interaction. Molecular dynamic simulations with
rhodopsin (the light sensitive G-protein-coupled receptor) have shown that the chains
of polyunsaturated lipids can flex and penetrate deeply into the core of the protein,
affecting helix-helix interactions that have been proposed to induce transition to its
active form™*; hence, it is possible that the flexibility of polyunsaturated chains may
facilitate interactions with the pore and other parts of ion channels. Also, as
mentioned in Section 5.4.3, it has been proposed that the apparent greater affinity of
TBA (10 nM)"* for KcsA than for its eukaryotic counterparts (20 uM)*?® is due to the
simpler structure of the intracellular domains in KcsA, which allow greater
accessibility to its pore, the much bulkier cytoplasmic C-terminal domains of the
other potassium channels acting as kinetic barriers that decrease the on-rate of
molecules binding to the pore. If binding of large molecules like fatty acids to the
cavities of potassium channels occurs from the aqueous medium, their access to the
cavity could be greatly limited by these cytoplasmic domains, and the flexibility of
the polyunsaturated chains could allow them to fold and reach the pore of the
channels more easily; Figure 5.20 shows representative conformations from dynamic
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simulations of docosahexaenoic acid (DHA, C22:6)™*“ to illustrate the degree of

flexibility of polyunsaturated fatty acids.

Studies with voltage-gated sodium channels suggest that a kinetic barrier
effect could be important. Sodium channels have a very similar architecture to that of
potassium channels, but the four subunits making up the channel core being fused in
one polypeptide’®. The main polypeptide that constitutes the channel pore and
voltage sensor is called the o-subunit, but other polypeptides (B-subunits) can
associate with the channel on the cytoplasmic side to modulate channel function. In
studies of the inhibition of the human voltage-gated sodium channel hH1 Xiao et
al.*® showed that polyunsaturated fatty acids as well as monounsaturated oleic acid

and saturated stearic acid were able to block sodium currents when the a-subunit was

expressed on its own, but only polyunsaturated fatty acids could cause current block if
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the B-subunits were coexpressed with the a-subunits. Although there are no extensive
studies proving binding of fatty acids to the cavity of the hH1 sodium channel,
another study performed by Xiao et al.™*" found that a point mutation in one of the
transmembrane a-helices that making up the pore in the a-subunit (helix D1-S6) of
hH1 strongly reduces current block by all fatty acids. Further, local anaesthetics like
lidocaine and etidocaine are known to inhibit sodium channel current by occluding the
pore of the channels, and fatty acids affect sodium channels in a very similar way to
local anaesthetics'®’. However, determination of the binding site of the fatty acids in
the sodium channel is complex, because the mutation identified by Xiao et al.**’ does
not affect binding of local anaesthetics, but affects binding of batrachotoxin, a toxin
found in South American frogs that maintains the channel open. Nevertheless the
binding sites for batrachotoxin and local anaesthetics are believed to be very close’®,
In summary, the results obtained by Xiao et al. suggest that fatty acids are acting by
blocking the pore of hH1, but when B-subunits associate to the cytoplasmic side of the
channel these act as kinetic barriers that hamper block by the less flexible saturated
and monounsaturated fatty acids. Another factor that may reduce channel block by
monounsaturated and saturated fatty acids could be their more limited solubility in
water compared with that of the polyunsaturated forms'?’, so that monounsaturated
and saturated fatty acids will remain mostly sequestered by the lipid bilayer not being
able to access the channel pore. Such effect would be complex and difficult to
evaluate, as it is strongly influenced by the ionic strength, local pH and lipid/fatty acid

concentrations®’.

Numerous studies suggest that regulation of ion channel function by fatty
acids occur in living organisms**®. In the experiments discussed in this chapter a
value of Kg of 0.0023 combined with a partition coefficient K, of 96 uM, gives a
dissociation constant Ky (Eq. 5.13) for 14-SASL binding at a single site in the cavity
of KcsA of 0.22 uM, a dissociation constant in-between that of the pore blockers TBA
(10 nM)™ and TEA (75 mM)®. The concentrations of fatty acid required to observe
effects in eukaryotic channels are larger, ranging from ca. 1 and 30 uM, which, as
mentioned above, may be due to numerous factors such as differences in the
structures of the channels, kinetic impediment from cytoplasmic domains/subunits,
fatty acid partitioning into the bilayer and the particular methodology applied in the

study. For example, numerous studies overexpress cloned channels in Xenopus
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oocytes in which current measurements are performed*®. With a total phospholipid

content of ca. 35 nmol in a single oocyte'*°

, then for an oocyte in an aqueous chamber
of 1 ml capacity the lipid concentration will be ca. 35 pM. Assuming that all the
phospholipid is in membranes into which the fatty acid can partition, then for oleic
acid with an effective Kq of 17 pM®, ca. 65 % of the oleic acid will partition into the
oocyte membrane, and so application of 20 uM oleic acid would result in ca. 7 uM
fatty acid in the aqueous media. It has also been suggested that the concentrations
necessary to observe the effects of fatty acids in eukaryotic channels are
physiologically relevant because those values are close to the values of K of
arachidonic acid for the cyclooxygenase (5 uM) and lipooxygenase (3.4-28 uUM)

enzymes***, both known to metabolise arachidonic acid in vivo'**.

Concentrations of free fatty acids in resting cells are generally very low, but
esterified fatty acids can be enzymatically cleaved from membrane phospholipids
upon stimulating signals from neurotransmitters, neurotrophic factors and cytokines,
making them available for regulation of biological processes, as already known for
arachidonic acid and anandamide®. Phospholipids with polyunsaturated acyl chains
are particularly abundant in neuronal membranes, and the large number of studies
suggests that fatty acids released from phospholipids could directly influence neuronal
activity through regulation of ion channel function. The experiments performed by
Decher et al.*® have further shown that mMRNA editing of Kv1.1 channels (change of
an lle residue facing the pore to Ala) occurs to different degrees, in physiologically
significant levels, in different human tissues; such editing in just one of the subunits
of the Kv1.1 channel was shown to be enough to abolish current block by arachidonic
acid, and further, combination of a single Kv1.1 subunit with other Kv1.x subunits
would also hinder current block by arachidonic acid in heteromeric channels. The
authors proposed that fatty acid molecules together with mRNA editing can serve as
mechanism for fine regulation of the nervous system. Indeed, mRNA editing of
several proteins involved in electrical and chemical neurotransmission has been
d143

identifie and a recent study suggests that mRNA editing may be more common

than initially expected**. In fact, some glutamate receptor ion channels (far relatives

of potassium channels involved in excitatory neurotransmission'*

) have been shown
also to undergo mRNA editing at a site which, surprisingly, also affects inhibition by

fatty acids'“®'*’. Finally, the effects of fatty acids on ion channels have also been
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proposed to be important in cardiac muscle. Numerous studies have shown that
polyunsaturated fatty acids have antiarrhythmic effects in cultured cells and in
animals. Blockage of sodium channels by polyunsaturated fatty acids to stop action
potentials together with blockage of voltage-gated calcium channels in the
sarcoplasmic reticulum to stop intracellular calcium overload has been proposed as

mechanisms by which fatty acids could generate their antiarrhythmic action™.

5.4.6 Summary
The experiments with spin labelled phospholipids and 14-SASL presented in

this chapter show that there is a marked difference between the immobile component
of the ESR spectra of the phospholipids and the fatty acid arising from their
interaction with KcsA. The ESR spectra of the phospholipids reveal relative affinities
for KcsA that are similar to those reported for other membrane proteins. However, the
spectra of 14-SASL reveals that the mobility of the chain of the fatty acid is much
more restricted than that of the phospholipids, resembling that of the fatty acid bound
to BSA, and the proportion of fatty acid in contact with the channel is much greater
than that of the phospholipids. Together with the results obtained in Chapter 4, the
data suggest that 14-SASL binds with high affinity at the hydrophobic inner cavity of
the pore of KcsA. Two other studies have already proposed that binding of fatty acids

k45 ,46

to the cavities of potassium channels can cause current bloc , suggesting this as a

mechanism for fine regulation of cellular responses in vivo.
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Figure 5.12 Electrostatic/hnydrogen bond switch in phosphatidic acid proposed by
Kooijman et al.®® The OH group in PA is stabilised by hydrogen bonding with the
negatively charged phosphate oxygen. When the lipid interacts with a positively charged
amino acid, the negatively charged phosphate oxygen hydrogen bonds with the amine group
of the amino acid, the OH group in PA then deprotonating. The increase in negative charge
could strengthen the lipid-protein interaction. Taken from Kooijman et al.**
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Figure 5.13 Simulated fluorescence quenching curves for brominated fatty acid, for wild
type KcsA (A) and the mutant W67,68 (B). The experimental data (black dots) are from
Figures 4.12 (A) and 4.9 (B) and the black lines show the best fit to Eq. 4.22 (A) and 4.14
(B), respectively, extrapolated to a mole fraction of 1 for the fatty acid (dotted line). (A), in
blue and green are the predicted quenching curves for K* = 16.26 and K" = 6.01, respectively,
calculated using Eq. 4.22 (averaged binding at the annular sites) with n* = 4.6, "™ = 0.92,
Fin = 0.27, F¥ i, = 0 and K™ = 0.86; in red is the predicted curve for K™ = 77.45 using
Eq. 5.24 (binding at a ‘hotspot’ in the annulus) with the same values for n*, n"*, F*;, and
FM™.in as previously and K* = 0.73, F™, = 0.27 and n"* = 1. (B), in blue is the predicted
curve for KM = 77.45 using Eq. 4.14 (binding at the non-annular sites) with n"* = 0.94 and
Fmin =0.43.
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KesA 67 WWSVETATTVGYGD|L YPVTLWGRLVAVVVMVAGITSEGLVTAALAT - - -WFVGRE
hKv1.1 364 WWAVVSMTTVGYGDMYPVT IGGK IVGSLCA IAGVLTMALPVPV | VSNFNYF YHRE
rkvi.5 461 WWAVVT MRP | TVGGK |V © ABPHIEY | l8NFNYF YHRE

Shaker 434 WWAVVTMTTVGYGDMTPVGVWGK | VGSLCA IAGVLT IALPVPV IVSNFNYF YHRE
hiki 242 WL IBITFILIIcYGDVVPGTMWGKEIVC LETGVMGHICC TALBVAVVARK L EENKAEK

rSK2 351 WLISITFLS IGYGDMVPNTYCGKGVCLLTG IMGAGCTALVVAVVARKLELTKAEK
1 L

P-loop Inner helix

Figure 5.14 Sequence alignment of the pore region of representative potassium channels.
In the KcsA sequence residues implicated in binding of the hydrophobic pore blocker
TBA™®™ are highlighted in blue. In the hKv1.1 sequence lle-400, necessary for binding of
arachidonic acid is highlighted in red. 1le-400 in hKv1.1 can be substituted by a valine via
mRNA editing which hinders binding of arachidonic acid*. For the rkv1.5 sequence, residues
for which alanine scanning mutagenesis was performed by Decher et al.* are highlighted in
green when the change to alanine did not affect blocking by arachidonic acid and in red when
the mutation prevented blocking. The mutagenesis studies performed in Shaker by Choi et
al.™® are summarised in the sequence as follows: Thr-469, for which mutation affected
binding of long chain alkyl-TEA blockers but did not affect binding of TEA, is highlighted in
purple; residues where mutation had no effect on binding of the blockers are in light green;
and residues whose mutation affected binding of TEA but not binding of long chain alkyl-
TEA blockers are in yellow. Finally, the experiments performed by Hamilton et al.” where
residues in the arachidonic acid sensitive calcium-activated channel hIK1 were mutated to the
corresponding residues in the arachidonic acid insensitive calcium-activated channel rSK2 are
summarised in the hIK1 sequence: in red are the residues whose mutagenesis hampered
current block by arachidonic acid in hIK1 and in green those which had no effect. The rSK2
sequence is also shown. For all sequences the signature sequence that forms the selectivity
filter is boxed in grey. The numbering at the top corresponds to the KcsA sequence.
Sequences were obtained from the following accession numbers (version number indicated in
parenthesis) from the NCBI (National Centre for Biotechnology Information) website: KcsA,
POA334(.1); hKvl.1, Q09470(.2); rKv1.5, NP_037104(.1); Shaker, CAA29917(.1); hIK1,
AAC23541(.1); rSK2, AAB09563(.1).

Note: for unknown reasons, the sequence numbering of rKvL1.5 in the articles from Decher et

al.* does not correspond to that of the accession number sequence indicated in their studies.
Here the numbering corresponding to that accession number has been used.
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Figure 5.15 Residues in KcsA implicated in blndlng of the hydrophobic cation pore
blocker TBA™"™. Top: two images of two monomers of KcsA (PDB 1K4C) slightly rotated
along the pore axis showing the three residues implicated in binding TBA (1100, F103, T107)
and also T75, which corresponds to T250 in hIK1, shown to be necessary for current block by
arachidonic acid in the hIK1 channel®. Bottom: detail of the crystal structure of KcsA
showing the electron density map for the bound TBA™. The TBA molecule is modelled into
the electron density in two different conformations, D,y (left) and S, (right). 1100 and P103
form a ring of hydrophobic and aromatic contacts that provide favourable van der Waals
interactions with TBA,; additionally, when the molecule binds in its S, conformation it
contaﬁts the hydrophobic group of T107. The bottom images were taken from Faraldo-Gomez
etal.
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Figure 5.16 The permeation pathway in the open KcsA channel®™. Left, radius profile
along the pore axis of opened (red) and closed KcsA (black). The maximum opening in the
open structure is ca. 32 A in diameter near residue Thr-112; the pathway narrows to ca. 14 A
before reaching the internal cavity. Right, volume representation of the permeation pathway
in the open structure of KcsA: in orange are coloured regions of pore radius less than 2 A, in
green regions between 2-3 A and in blue are regions with radius greater than 3 A. Images
taken from Cuello et al.*
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DOPC/KcsA tetramer Ke (adimensional) Ky (UM)

molar ratio

30 (2nd) 0.0032 + 0.0007 0.308 £ 0.071

37.5 (2nd) 0.0025 + 0.0007 0.236 + 0.069

60 (2nd) 0.0024 + 0.0003 0.233 +£0.022

67.5 (1st) 0.0021 + 0.0002 0.199 + 0.021

88 (2nd) 0.0021 + 0.0001 0.201 + 0.009

100 (1st) 0.0022 + 0.0002 0.215+0.016

Averaged value 0.0024 + 0.0008 0.232 £ 0.076

Table 5.4 Dissociation constants for fatty acid binding to the inner cavity of KcsA. The
dissociation constant Kg for each sample was calculated using the respective fractions of the
immobile component of 14-SASL listed in Table 5.3 as described in Section 5.2.5, with Eq.
5.18. The dissociation constant K., was determined from Eq. 5.13 assuming K, = (1/96) uM™.
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Figure 5.17 Mole fraction of 14-SASL bound to the inner cavity of KcsA as a function of
lipid:channel molar ratio. (A) The experimental data (®) from the 14-SASL spectra listed in
Table 5.3 were fitted to Eq. 5.23 as described in Section 5.2.5 with a fixed N, value of 1
(black line), giving a dissociation constant Kg = 0.0023 + 0.0001, in close agreement with the
individual Kg values listed in Table 5.4. The blue line shows a fit to Eq. 5.23 with a fixed N,
value of 4. In (B) the data (®) are plotted on an expanded scale showing that when the
proportion of bound fatty acid is very high it is not possible to distinguish between 1 or 4
binding sites per channel. Below the dotted line more than 90 % of the fatty acid would be
expected not to be bound to the channel assuming one site per channel (black line). For all
data points the mole fraction of total 14-SASL was 0.005.
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Figure 5.18 Fits of the 14-SASL data to a ‘hypothetical’ lipid exchange equilibrium. The
ratios of fluid to restricted component in the deconvoluted ESR spectra for 14-SASL (Table
5.3) are plotted as a function of lipid:channel molar ratio. The data were fitted to a model with
the fatty acid in an exchange equilibrium with the host lipid (DOPC) as described by Eq. 3.13.
The different fits result from varying the number of lipid binding sites (Ny). In (A) N, was
fixed as follows: 2, red; 5, green; 10, blue. A reasonable fit to the data was obtained for all
these Ny values. In plots (B), (C) and (D) N, was 15, 20 and 30 respectively. For plots C and

D the fits were judged to be poor.
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Figure 5.19 Three triglyceride molecules in the crystal structure of the cytochrome c
oxidase obtained by Shinzawa-Itoh et al.*** The regions where the uncharged lipids bind are
shown. The three triglyceride molecules, shown in space-fill representation, bind in deep
cavities within the multimeric complex that cannot accommodate phospholipid headgroups.
The two images show cytochrome ¢ oxidase rotated around the normal to the plane of the
bilayer, with one of the triglyceride molecules on (A) and the other two on (B). The subunits
are shown as solvent accessible surfaces, each with a different colour. PDB accession number
2DYR.
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Figure 5.20 Representative conformations of the polyunsaturated fatty acid
docosahexaenoic acid (DHA) from molecular dynamic simulations performed by Feller
et al.*®
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Chapter 6: Final discussion.

The interaction of membrane proteins with lipid molecules can influence their

structure, oligomeric state and activity*?

, and thus there is great interest in
understanding how lipids exert their effects on membrane proteins. Some of the first
studies revealing lipid molecules interacting with membrane proteins came from ESR
analysis with spin labelled lipids, in which a population of lipids with restricted
mobility revealed a spectrum different from that of the bulk lipid**®. These
observations suggested that a shell of lipid molecules (annular lipids) around the
transmembrane region of a membrane protein solvated the protein in a similar way to
the shell of water molecules that solvate a water soluble protein'?. Fluorescence
spectroscopy studies with brominated lipids then further suggested the existence of an
additional set of lipid binding sites, referred to as non-annular lipid binding sites,
located between transmembrane a-helices or at protein-protein contacts®2. Numerous
X-ray and electron diffraction studies have now shown some of these lipid molecules
bound to membrane proteins (mainly non-annular lipid molecules), giving structural

detail on the nature of their interaction with the membrane proteins*#%,

However, in many cases it is still not known how lipid molecules mediate their
effects. Two main types of explanations have been used to address the question of
how lipids affect membrane protein function'?. One type of explanation refers to the
bulk physical properties of the bilayer (fluidity, tension, curvature stress), while the
other type of explanation focuses on the molecular detail of individual lipid-protein
interactions. Obviously, this last type of analysis is difficult because it requires
detailed knowledge of the atomic structures of the proteins, and will be different for
different proteins. In some cases the bulk physical properties of the bilayer might
explain some of the effects observed in membrane proteins, but in numerous cases
specific lipid-protein interactions will occur and affect membrane protein function
without any direct relation to the bulk physical properties of the bilayer. For example,
KcsA requires the presence of negatively charged phospholipids in the bilayer to
increase its open probability*® and these effects of negatively charged lipids on KcsA
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follow from their specific interaction with the non-annular sites on the channel (acting
like cofactors), rather than from any change in the physical properties of the bilayer.
Sometimes effects on membrane protein activity show a correlation with a change in
the physical properties of the bilayer, but this need not point to the real cause of the
change in protein activity. For example, it is known that an excess in membrane
tension is responsible for opening of the mechanosensitive channel of large
conductance MscL, and the sensitivity of the channel to membrane tension is different
in different lipid bilayers®. It was first shown, with the use of single channel patch
clamping techniques, that in bilayers rich in phosphatidylethanolamine (PE) McsL
required more membrane tension to open than in bilayers rich in phosphatidylcholine
(PC), and this was suggested to be due to the curvature stress of the membrane rich in
PE since PE has a tendency to form the Hy, phase'*. However, later studies of MscL
in vesicles of phosphatidylcholine (PC), PE, phosphatidylethanolamine-N-methyl
(Me-DOPE) and phosphatidylethanolamine-N,N-dimethyl (Me,-DOPE) showed that
Me,-DOPE, Me-DOPE and PE all had similar effect on MscL despite their different
spontaneous curvature and suggested that what was important was the presence of a
hydrogen bond donor group in the lipid headgroup capable of interacting with the
MscL channel*®. This example highlights the importance of understanding the
molecular detail of the various possible lipid-protein interactions, and their effects on

membrane protein structure, oligomeric state and function.

The studies presented in this thesis have focused on the potassium channel
KcsA and an analysis of lipid binding at both annular and non-annular sites on the
channel (Chapter 3 and Chapter 4), and at an additional binding site for fatty acids in
the pore of the channel (Chapter 5). lon channels constitute a large and important
group of membrane proteins that, by regulating ion flux across the lipid bilayer, are
involved in numerous physiological processes®. For instance they control the cell
volume and maintain the resting membrane potential, but thanks to their ability to
respond to a great variety of stimuli (electrical, mechanical and chemical) they are
able to regulate many different cellular processes, from muscle contraction and

neuronal integration® to cell proliferation'®* and apoptosis™

. As a consequence ion
channels are involved in numerous diseases including neurological, cardiovascular
and muscular diseases**®, diabetes*** and cancer'*®, and so it is not surprising that ion

channels are the target of numerous drugs used today**®.
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Much of the structural knowledge of ion channels comes from studies of
potassium channels. In the late 1990s sequencing of prokaryote genomes allowed
identification of numerous potassium channels that could be easily cloned and

overexpressed in E. coli*’

, and this allowed the first atomic structure of a potassium
channel (KcsA) to be obtained by MacKinnon and co-workers in 1998%*. KcsA has
since become a fundamental model in potassium channel research as it has been
shown to be a representative member of the large potassium channel family*®“°. The
structures of a mammalian voltage gated potassium channel** and other prokaryotic
potassium channels® have confirmed the structural similarities, validating KcsA as a
good research model. As discussed in Chapter 1, KcsA is also ideal for studying lipid-
protein interactions, which is why KcsA was chosen here for a thorough analysis of

lipid-protein interactions at the various lipid binding sites.

Chapter 3 described studies of the influence that the annular shell of lipids can
have on protein-protein contacts. There is increasing interest in exploring the ability
of membrane proteins to oligomerise, as this can have important functional
consequences. A good example is the Ryanodine receptor, a calcium channel that is
present in numerous copies in the sarcoplasmic reticulum of skeletal muscle.
Structural studies with electron microscopy and computational modelling propose that
the channels pack orderly by specific domain-domain interactions to drive direct
physical coupling between the channels in contact; this would allow coordinated
opening of a given group of channels and could well explain experimental
observations of the excitation-contraction coupling in the skeletal muscle'®. More
recently, clusters of the bacterial mechanosensitive channel MscL in reconstituted
systems have also been observed using confocal and atomic force microscopy, and
changes in channel activity in patch clamp recordings have been attributed to channel-

channel contacts®®

. Also, as discussed in Chapter 3, aggregation of KcsA has been
previously reported and as for MscL, it has been suggested that changes in channel
activity could arise from channel-channel contacts’*®. The biological relevance of
these observations in MscL and KcsA are, however, unknown, but there is growing
interest on the potential role that protein-protein contacts can have in such type of

protein clusters®.
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Clustering of other channels like the acetylcholine receptor**® and the inwardly
rectifying potassium channel Kir4.1*" have been known (for a long time) to rely on
anchoring proteins, but little is known about the role of the lipid bilayer on protein
clustering. Most studies looking at the influence of the lipid bilayer on protein
aggregation have focused on the effects of hydrophobic mismatch between lipids and
proteins, showing that this hydrophobic mismatch can trigger protein aggregation*.
A recent study using molecular dynamic coarse-grained simulations has also
suggested that membrane curvature and the orientation of the protein in the membrane
can also affect membrane protein aggregation®®*. The study compared simulations of
simplified model membrane proteins of conical shape incorporated into planar lipid
bilayers and into vesicles of ca. 32 nm diameter (comparable to synaptic vesicles). In
planar bilayers, hydrophobic mismatch would promote aggregation of the protein, but
in the vesicle system aggregation was only promoted when the orientation of the
protein was such that the cone shape of the protein did not match the curved shape of
the vesicle. The experiments discussed in Chapter 3 explored the influence of the lipid
bilayer on KcsA aggregation. The experiments showed that protein aggregation was
influenced by two factors: the lipid:protein molar ratio and the lipid headgroup of the
lipids composing the bilayer. For a membrane protein like KcsA or the Ca**-ATPase,
whose annulus is solvated by ca. 30 lipid molecules, random protein-protein contacts
are only expected to be significant below lipid:protein molar ratios of ca. 30:1%. The
ESR and fluorescence experiments showed that in PC bilayers KcsA aggregated
below lipid:channel molar ratios of ca. 90:1 and therefore the data indicate that
protein-protein contacts in KcsA are significantly more favourable than lipid-protein
contacts. This is unusual as for many membrane proteins protein-protein interactions
are not significant until the lipid:protein molar ratio drops below that required to form
a complete annular shell around the protein®. A factor that could influence protein
aggregation is the shape of the protein; for example, the transmembrane domains of
proteins with large cytoplasmic domains will not be able to come into contact due to
stearic hindrance. The experiments also showed that aggregation of KcsA was
reduced in bilayers of negatively charged phosphatidylglycerol (PG), which has
greater affinity for KcsA than PC, suggesting that the affinities of the lipids
composing the membrane are an important factor for determining protein aggregation.

From a physiological perspective, biological membranes have on average a
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lipid:protein molar ratio of about 100:1 and therefore it would not be expected that

KcsA aggregated in the average biological membrane.

Chapters 4 and 5 discussed studies of fatty acids and their potential sites of
action on potassium channels. For more than 16 years numerous studies have reported
the influence of fatty acids on ion channel function, but it is still not known how these
lipids carry out their effects at the molecular level®**, Two studies, based on
mutagenesis experiments, have given strong evidence for regulation of potassium
channels by fatty acids by blocking the hydrophobic inner cavity of the pore*“. For
the first time here, biophysical techniques have been applied to prove direct binding
of fatty acids to annular and non-annular sites and to the inner cavity of a potassium
channel, obtaining binding constants. In Chapter 4, quenching of tryptophan
fluorescence with brominated fatty acids showed that fatty acids are able to bind at the
annular and non-annular sites. The ability of fatty acids to interact with the non-
annular sites is particularly important, as binding of phospholipids to this type of site
often affects protein function. In fact, binding of negatively charged phospholipids at
these sites in KcsA is necessary for activity, and it would be of great interest to see if
binding of fatty acids at these sites also allowed channel activity. The difficulty is that
activation of KcsA requires a low pH, and at low pH the fatty acid would protonate
and lose its negative charge; as shown in Chapter 4, the negative charge of the
carboxyl group is important for binding, uncharged fatty acid analogues binding
weakly to the annular sites and being unable to bind at the non-annular sites.

ESR experiments performed in Chapter 5 suggested binding of the fatty acid
to the hydrophobic inner cavity of KcsA, and a strong binding constant of ca. 220 nM
was estimated, assuming a single binding site in the cavity. This strong affinity is
comparable to the Ky, values of arachidonic acid for enzymes that are known to
metabolize the fatty acid in vivo, suggesting binding of fatty acids at the inner cavity
of potassium channels to block ion flux could indeed occur in living organisms™*. It
will be of great interest to confirm binding of the fatty acid in the cavity of KcsA
through other biophysical techniques, like for example, solid state NMR, where
binding of spin labelled fatty acid to reconstituted KcsA would be expected to alter
the spectrum of isotopically labelled residues in the channel. This method could also

allow identify particular residues involved in binding of the fatty acid. It will also be
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important to confirm the binding stoichiometry. The cavity is probably big enough to
hold two fatty acid molecules, if tightly packed (as mentioned by Decher et al.* in
their published answers to referees reports on their paper). Binding of one fatty acid
molecule may allow the inner bundle of the channel to close, as when it binds TBA,
but binding of two fatty acid molecules could prevent closing of the inner helix
bundle. Experiments performed by Smithers et al. (unpublished data) using a fatty
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acid containing the dansyl fluorescent probe™“ may indicate that, as assumed in

Chapter 5, only one fatty acid molecule binds in the cavity.

Also in Chapter 5, experiments analysing binding of fatty acid at low pH
showed a marked decrease in fatty acid binding to the cavity. As discussed in Chapter
5, less binding of the protonated fatty acid to the cavity could follow from an
increased affinity for the lipid bilayer or a decreased affinity for the inner cavity.
There are no obvious residues in the inner cavity of KcsA that could be potential
binding sites for the negatively charged carboxyl group, and it would be of great
interest to determine whether the negative charge in the fatty acid is actually

necessary for strong binding to the cavity.

6.1 Final remarks
The increasing importance and complexity that is being revealed in biological

membranes since Singer and Nicolson proposed their fluid mosaic model in 1972
indicate that to fully understand these systems it is necessary to understand their
molecular detail. The studies presented in this thesis have used a biophysical approach
to explore, at the molecular level, the properties of lipid-protein interactions.
Conveniently simplified models have been used to address key questions in the field.
Much work is still needed both in model and biological systems, and it is hoped that
the experiments presented here will lead to further studies for the understanding of the

importance of lipid-protein interactions in biological systems.

214



Appendices

Appendix 1: Purification, absorbance and fluorescence
emission spectra of KcsA

KcsA was purified as described in Section 2.2.2. From 12 | of bacterial culture
approximately 15-20 g of wet cell pellet were obtained and used for purification.
Collected fractions were always checked by SDS-PAGE to confirm purity,
oligomerisation and approximate concentration. Figure Al.1 shows SDS-PAGEs from
wild type KcsA and the mutant W67,68. The presence of Trp residues may be
important for the stability of the protein, acting as “floats’ that help anchor the protein
in the membrane and Trp residues could have a similar effect in stabilizing the protein
in detergent micelles. Despite elimination of the three lipid-exposed Trp residues in
W67,68, the protein is still stable in the presence of 0.5 % SDS. The majority of the
protein runs as a tetramer, and the SDS-PAGE analysis does not show significant
differences between wild type KcsA and W67,68. The molecular weight of the
tetrameric fusion protein is 70.4 KDa, but in both cases the protein runs just below the

66 KDa standard, which could be due to the compact tetrameric form of the protein.

Fractions with the highest amount of tetramer were chosen and mixed together.
The concentration was then determined by absorption spectroscopy (Figure Al.2).
Approximately 2 ml at 4-9 mg/ml of protein were obtained from each purification (i.e.
0.6-1.5 mg of protein per litre of bacterial culture).

The fluorescence emission spectra of wild type KcsA and the mutant W67,68
reconstituted into DOPC is shown in Figure Al1.3. Both spectra are similar, with the
fluorescence emission maxima located between 331-333 nm, consistent with the data
obtained by Marius et al.”®. This is consistent with a location for the Trp residues
within a hydrophobic environment, at the glycerol backbone region of the lipid bilayer
for the lipid exposed tryptophan residues and an environment of similar polarity for

the non-lipid exposed Trp residues. To optimally detect any changes in fluorescence
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intensity, all quenching experiments were carried out measuring KcsA fluorescence

emission at 333 nm.
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Figure Al.l. Coomassie stained SDS-PAGE from fractions collected in the
purification of wild type KcsA (A) and mutant W67,68 (B). In both cases, the
majority of the protein runs as a tetramer (70.4KDa fusion protein). On the left, are
shown molecular weight markers with the respective weights in KDa.
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Figure Al.2 Absorption spectra of purified wild type KcsA (left) and the mutant W67,68
(right) in 1 % SDS.
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Figure Al.3 Fluorescence emission spectra of wild type KcsA (blue) and the mutant
W67,68 (green) reconstituted in DOPC. Fluorescence intensities are expressed as the
fraction of the maximum fluorescence intensity from the respective spectra (F,, fluorescence
at 333 nm). The concentration of KcsA monomer was 0.3 uM and the molar ratio of
lipid:KcsA monomer was 100:1; the buffer was 20 mM Hepes containing 1 mM
EGTA and 100 mM KCI, pH 7.2.
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Appendix 2: ESR spectral deconvolution.

The ESR spectra were deconvoluted as described in Chapter 2, Section 2.2.6.
Here a summary of the analysis of the spectra is presented. Tables A2.1 to A2.6
gather together the immobile fraction of spin label lipid estimated in each spectral
analysis and other relevant information. As explained in Section 2.2.6, two single
component spectra were combined to fit the composite spectrum. For each composite
spectrum analysed the best fits are shown in Figures A2.1 to A2.5 along with the
subtraction of each fitted spectrum from the experimental spectrum to help evaluate
the goodness of the fit; also a ‘noise’ value corresponding to the sum of the absolute
values of the differences between the experimental and the fitted spectra over the
region chosen to fit the spectrum (generally the low magnetic field region of the
spectrum, see Figure 2.4) is given in the respective tables. An error for the fraction of
immobile component determined by the fitting analysis was estimated by taking the
range between the best fit and a second fit with low noise found to not reproduce the
features of the experimental spectrum as well as the best fit (case A). In numerous
occasions more than one combination of single component spectra gave a good fit for
the same composite spectrum; in this case (case B) the immobile component was
taken as the average of the immobile components determined by the different best fits,
and the error was taken as the largest range between those immobile components
determined from the fits. Error bars for the estimation of the number of the lipid
binding sites per channel (N values, Chapter 3, Table 3.3) and the relative lipid
binding constants (K values Chapter 5, Table 5.1, Table 5.2 and Table 5.3) were
determined by calculating the difference between the Ny, or K values estimated and the
Np or K values that would be obtained if the immobile components were taken as the
estimated error limits (i.e. if an immobile component was estimated to be 0.278 +
0.022, the error for the calculated N, value would be taken as the difference between
the calculated N, value and the N, value obtained with an immobile component of
0.278 + 0.022 = 0.300 or 0.278 - 0.022 = 0.256, the value most different being the one
chosen to calculate the error).

It is important to note that that for those samples where the spectra are

analysed as a function of the lipid:protein molar ratio (Tables A2.1, A2.2, A2.3 and
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A2.6) the measuring temperatures of the single mobile components used for the fits
increase as the lipid:protein molar ratio increases. This is because the fluidity of the
bulk lipid in the membrane is slightly affected by the protein content, becoming more
fluid as the protein content decreases. As explained in the introduction, as the
mobility of the acyl chain increases, the ESR spectrum narrows and its intensity
increases (i.e. the spectra ‘sharpens’). Indeed, it can be seen in the experimental
spectrum how the mobile component becomes sharper (i.e. more mobile) as the
lipid:protein molar ratio increases (see normalised spectra in Chapter 3 and Chapter 5).
Therefore it is important to note that, in many cases, the increase in the intensity of
the mobile peak is the result of only a more fluid bilayer and not a higher fraction of

mobile component, as revealed by deconvolution of the spectra.
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Components used
in fit Shift Case A Case B
Final Final
N¢ f Noise | DMPC | DOPC | DMPC DOPC f Error f Error
30 |0.300| 811 0°C 6°C R10 L2 0.278 0.022
0.256 | 838 0°C 5°C R8 L2
375 | 0.300| 1013 | 0°C 8°C R8 L2 0.300 0.019
0.319 | 871 0°C 8°C R8 L4
45 0225|1031 | 0°C 12°C R4 L1 0.225 0.012
0.237 | 932 0°C 12°C R4 L2
525 | 0275|1049 | 0°C 10°C R8 L1 0.281 0.006
0.287 | 926 0°C 10°C R8 L2
60 | 0.269 | 951 0°C 10°C R6 L2 0.278 0.009
0.287 | 1034 | 0°C 11°C R8 L2
67.5 | 0.275| 2098 | 0°C 19°C L4 L2 0.275 0.038
0.237 | 1686 | 0°C 17°C L4 L2
75 |10.244 | 1445 | 0°C 20°C RO LO 0.263 0.019
0281|1496 | 0°C 21°C RO LO
88 |0.369 | 1004 | 0°C 23°C L8 LO 0.369 0.044
0.325 | 1047 | 0°C 21°C L8 LO
100 | 0.306 | 955 0°C 21°C L6 LO 0.319 0.037
0.294 | 1129 | 0°C 22°C LO LO
0.356 | 1129 | 0°C 23°C L2 LO

Table A2.1 Summary of spectral analysis for the first set of samples of 14-PCSL in
DOPC bilayers containing KcsA as a function of DOPC:channel molar ratio, recorded
at 25 °C. The data correspond to those in Chapter 3: Figure 3.4 and Table 3.3. N; is the
DOPC:KcsA tetramer molar ratio in the sample; f is the fraction of immobile component
determined by a particular fit, while the final f” refers to the fraction of immobile
component considered most appropriate from the different fits according to the two different
cases observed in the analysis (case A and B), as explained in the text (the poorer fits
chosen to estimate error bars in case A are highlighted in grey); the ‘noise’ is the sum of the
absolute values obtained from the subtraction of the fitted spectrum from the experimental
spectrum over the region of the spectrum chosen for the fit (low field region, see Figure
2.4); as explained in the Chapter 2, Section 2.2.6, the single spectra chosen for the fits
correspond, in this case, to 14-PCSL in DMPC sonicated vesicles (immobile component)
and in DOPC vesicles (mobile component), and the temperature at which the single
component was measured are indicated in the table; ‘shift’ refers to the shift along the x-axis
of the single component spectrum with respect to the composite spectrum required for a
particular fit, where Rn indicates a shift to the right (i.e. towards high magnetic field) of n
units (a unit corresponding to 0.1 G) and Ln indicates a shift to the left (i.e. towards low
magnetic field).
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Components used
in fit Shift Case A Case B
Final Final
N¢ f Noise | DMPC | DOPC | DMPC DOPC f Error f Error
30 | 0281|1269 | 0°C 8°C R8 L2 0.294 0.037
0.331| 1398 | 0°C 10 °C R10 L2
0.269 | 1445 | 0°C 8°C R8 L1
375 | 0.300| 1076 | 0°C 10 °C R8 L1 0.286 0.042
0.313 | 923 0°C 10 °C R8 L2
0.244 | 1126 | 0°C 8 °C R6 LO
45 |0.256 | 976 0°C 12 °C R8 LO 0.262 0.007
0.262 | 982 0°C 13 °C R10 L1
0.269 | 869 0°C 13 °C R10 L2
525 | 0250 | 1433 | 0°C 15°C R2 L1 0.275 0.025
0.300 | 1410 | 0°C 16 °C R2 L1
60 |0.231] 1456 | 0°C 14 °C R4 L1 0.240 0.010
0.250 | 1436 | 0°C 15°C R6 L2
675 | 0219 | 1389 | 0°C 15°C R8 L2 0.231 0.044
0.200 | 1415 | 0°C 14 °C R4 L1
0.275| 1363 | 0°C 16 °C R6 L2
75 10.325] 1170 | 0°C 18 °C L2 LO 0.325 0.019
0.306 | 1486 | 0°C 19 °C L4 L1
100 [ 0.325| 1753 | 0°C 18 °C L6 LO 0.325 0.031
0.356 | 1474 | 0°C 18 °C L6 L2

Table A2.2 Summary of spectral analysis for the second set of samples of 14-PCSL in
DOPC hilayers containing KcsA as a function of DOPC:channel molar ratio, recorded
at 25 °C. The data correspond to those in Chapter 3: Figure 3.5 and Table 3.3. Details are as
in the legend to Table A2.1.
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Components used
in fit Shift Case A Case B
Final Final
N¢ f Noise | DMPC | DOP DMPC DOPC f Error f Error
30 | 0.450 | 612 0°C 12°C R10 L2 0.413 0.038
0.375 | 621 0°C 10 °C R8 L2
375 | 0381 | 724 0°C 10 °C R6 L2 0.384 0.003
0.387 | 756 0°C 11°C R6 L2
45 | 0.369 | 660 0°C 12°C R6 LO 0.369 0.006
0.363 | 695 0°C 12°C R4 LO
0.375 | 680 0°C 12°C R8 LO
52.5| 0.363 | 699 0°C 12°C R4 L2 0.363 0.007
0.356 | 767 0°C 13 °C R4 L2
60 | 0.331 | 564 0°C 12°C R4 R1 0.335 0.004
0.338 | 566 0°C 13°C R4 LO
75 | 0.269 | 450 0°C 13°C R6 R1 0.310 0.041
0.350 | 513 3°C 15°C R4 LO
88 | 0.356 | 548 3°C 16 °C R6 R2 0.331 0.025
0.306 | 575 3°C 14 °C R2 R2
100 | 0.250 | 523 0°C 15°C R8 LO 0.285 0.035
0.319 | 531 3°C 16 °C R2 LO

Table A2.3 Summary of the spectral analysis of 14-PGSL in DOPG bilayers containing
KcsA as a function of DOPG:channel molar ratio, recorded at 25 °C. The data
correspond to those in Chapter 3, Figure 3.6 and Table 3.3. Details are as in the legend to
Table A2.1.
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Components

used in fit Shift Case A Case B
Spin Final Final
label | Temp. f Noise | DMPC | DOPC | DMPC DOPC f Error f Error
PA | 35°C | 0575 | 1127 | 11°C 19°C L2 LO 0.575 0.038
0.613 | 912 11°C 19°C L2 L2
30°C | 0.600 | 1125 | 9°C 15°C L2 LO 0.600 0.025
0575| 1031 | 9°C 13°C L2 LO
PS | 35°C | 0.525 | 852 11°C 23°C L6 LO 0.525 0.037
0.488 | 1123 | 11°C 23°C L6 R1
30°C | 0525 | 1122 | 9°C 20°C L2 LO 0.525 0.013
0.512 | 909 9°C 18°C L4 LO
25°C | 0500 | 1133 | 5°C 12°C LO LO 0.553 0.060
0.613 | 986 9°C 16°C L2 LO
0.587 | 942 9°C 15°C L4 LO
PG |30°C [0425]| 1299 | 9°C 18°C L4 LO 0.419 0.032
0425 | 1413 | 9°C 18°C R2 LO
0.387 | 1167 | 9°C 16°C RO LO
0.438 | 980 9°C 16°C RO L2
25°C | 0438 | 1358 | 3°C 12°C R4 LO 0.357 0.082
0.275| 1165 | 0°C 8°C R6 LO
PE | 30°C | 0.425| 950 9°C 23°C L2 LO 0.432 0.007
0.438 | 911 11°C 23°C L2 LO
25°C | 0425 1249 | 3°C 17°C R6 LO 0.396 0.046
0412 | 1414 | 3°C 17°C R6 R1
0.350 | 1070 | 0°C 15°C R12 LO
PC | 35°C | 0.306 | 797 13°C 21°C L16 LO 0.306 0.019
0325 | 905 | 13°C 21°C L10 LO
30°C | 0.325| 1016 | 9°C 17°C L6 LO 0.291 0.066
0325 | 1049 | 9°C 17°C L4 LO
0.225| 1046 | 0°C 14°C R6 LO
25°C | 0.269 | 951 0°C 10°C R6 L2 0.278 0.009
0287 | 1034 | 0°C 11°C R8 L2

Table A2.4 Summary of the spectral analysis of spin labelled phospholipids in DOPC
bilayers containing KcsA at a lipid:channel molar ratio of 60:1, recorded at 25, 30 and 35 °C.
The data correspond to those presented in Chapter 5, Figure 5.3 and Table 5.1. The details are as in
the legend to Table A2.1.
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Components

used in fit Shift Case A Case B
Spin Final Final
label | Temp f Noise | DMPC | DOP DMPC DOPC f Error f Error
PG | 30°C | 0.425| 507 9°C 20°C L6 RO 0.360 0.066
0.294 | 490 0°C 17 °C R8 R1
25°C | 0.338 | 566 0°C 13°C R4 LO 0.375 0.037
0.412 | 565 3°C 14 °C RO LO
PC | 30°C | 0.237 | 504 0°C 19°C R8 R1 0.259 0.072
0.200 | 405 0°C 18°C R4 L2
0.331 | 566 9°C 21°C L6 R1
0.269 | 445 9°C 20 °C L8 R2
25°C | 0.319| 619 3°C 15°C RO R1 0.319 0.012
0.307 | 618 3°C 15°C RO R2

Table A2.5 Summary of spectral analysis for spin labelled phospholipids in DOPG bilayers
containing KcsA at a lipid:channel molar ratio of 60:1, measured at 25 and 30 "C. The data
correspond to those presented in Chapter 5, Figure 5.3 and Table 5.2. The details are as in the
legend to Table A2.1.
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Components used
in fit Shift Case A Case B
Final Final
Nt f Noise | SA-BSA | DOPC | SA-BSA DOPC f Error f Error
30 (2") | 0.900 | 1418 6°C 10°C R5 L2 0.900 0.020
0.920 | 1588 6°C 12°C R5 R1
37.5 (Z”d) 0.900 | 1219 6°C 10°C R5 L2 0.900 0.025
0.925 | 1617 6°C 14°C R5 LO
60 (2”") 0.837 | 1917 6°C 14°C R7 LO 0.837 0.012
0.825 | 2026 6°C 12 °C R6 RO
67.5 (1) | 0.850 | 1972 6°C 18 °C R6 RO 0.837 0.013
0.837 | 1832 6°C 14 °C R6 R2
0.837 | 2049 10 °C 15°C R4 RO
0.825 | 1950 6°C 13°C R6 R2
88 (2”") 0.788 | 1588 10°C 19 °C R6 LO 0.781 0.007
0.775 | 1610 10°C 18°C R6 R2
100 (1%) | 0.738 | 1524 10 °C 19°C R6 R2 0.738 0.012
0.750 | 1545 6°C 19 °C R8 RO
*88 0.788 | 1288 16 °C 19°C R6 RO 0.788 0.013
0.775 | 1221 16 °C 17 °C R6 R2
60 (1%) | 0.356 | 1431 6°C 16 °C R10 R4 0.356 0.007
0.363 | 1625 6°C 16 °C R7 R3
0.350 | 1550 10 °C 16 °C R6 R4
0.356 | 1432 13°C 16 °C R10 R4
*788 0.363 | 1034 9°C 17 °C R2 R2 0.407 0.044
0.450 | 1019 13°C 19°C L4 R2

Table A2.6 Summary for the spectral analysis for 14-SASL in DOPC or DOPG (*) membranes
containing KcsA at the given lipid:channel molar ratios. The data correspond to those described in
Chapter 5, Figures 5.5 (first set of data for samples in DOPC: as indicated in parenthesis in the N;
column in this Table), 5.6 (second set of data for samples in DOPC: also indicated in parenthesis in
the N, column here), 5.7 (in DOPG bilayers), 5.8 (pH 3.9 in DOPC bilayers), 5.9 (pH 3.9 in DOPG
bilayers) and Table 5.3. In this case, the single component spectra chosen for the fits were taken from
a library of 14-SASL bound to BSA (immobile component) and 14-PCSL in DOPC bilayers (mobile
component) at the shown temperatures, as described in the text. Samples reconstituted in DOPG are
marked with (*) and samples at pH 3.9 are indicated by (F). The details are as in the legend to Table
A2.1.
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Figure A2.1 Spectral analysis for 14-PCSL (1* set of samples, 25 °C) in DOPC bilayers
containing KcsA at the given molar ratios of lipid:channel. (See figure legend on p. 232.)
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Figure A2.2 Spectral analysis for 14-PCSL (2" set of samples, 25 °C) in DOPC bilayers
containing KcsA at the given molar ratios of lipid:channel. (See figure legend on p. 232.)
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Figure A2.3 Spectral analysis for 14-PGSL (25 °C) in bilayers of DOPG containing KcsA
at the given lipid:channel molar ratios. (See figure legend on p. 232.)

229



f =0.600
Noise = 1125

f=0.525
Noise = 1122

Spin label

14-PASL in
DOPC

f=0.575
Noise = 1031

f=0.325
Noise = 1016

<.__
14-PSSL in
DOPC

DOPC

f=0.512
Noise = 909

f=0.387
Noise = 1167

f=0.425
Noise = 507

14-PGSL in
DOPG

f=0.237
Noise = 504

14-PCSL in
DOPG

Noise = 1046

f=0.294
Noise = 490

RSN
—

f=0.331
Noise = 566

Figure A2.4 Analysis of the ESR spectra of spin labelled phospholipids in DOPC or
DOPG bilayers containing KcsA at a molar ratio of lipid:channel of 60:1, measured at

30 °C. (See figure legend on p. 232.)
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Figure A2.5 ESR spectral analysis for 14-SASL. (See figure legend on p. 232.)
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Figure A2.1 Spectral analysis for 14-PCSL (1% set of samples, 25 °C) in DOPC bilayers
containing KcsA at the given molar ratios of lipid:channel. The spectra are those from
Chapter 3, Figure 3.4. The spectra were analysed as described in the text; detailed information
about the analysis is gathered in Table A2.1. In black are the experimental spectra, in red are
the fitted spectra and in green are the subtractions of the fitted spectra from the experimental
spectra. Two fits are shown for each experimental spectrum (which correspond to those in
Table A2.1) and the lipid to channel molar ratio (N;) of the sample is indicated in-between the
two fits. The fraction of immobilised spin labelled lipid (f) and the noise for each fit are also
indicated for each fit. Fits of low noise but clearly poorer than the other fits due to failure to
reproduce particular features of the spectra (case B, see text) are indicated by an arrow which
points to the region of the spectra poorly fitted and correspond to those fits highlighted in grey
in Table A2.1. Note that for the samples of lipid:channel molar ratios of 37.5:1, 45:1 and
67.5:1 the noise of the poorer fit (highlighted with the arrow), is markedly lower than for the
better fit. This is simply because the noise was measured in the region to the left (low field) of
the highest point of the low field peak of the mobile component (see Figure 2.4 in Chapter 2)
and so the very poor fit to the high field side of the peak is not accounted for in the noise. The
high field side of the low field mobile peak was not considered for the fittings due to its
sharpness, as it was found that small differences in this region would dominate fitting of the
spectra, undermining the other features.

*Note: the spectra for the different lipid to protein ratios shown here are not normalised
relative to each other, as the purpose of the figure is to illustrate the fitting procedure. The
normalised spectra are shown in Chapter 3, Figure 3.4.

Figure A2.2 Spectral analysis for 14-PCSL (2" set of samples, 25 °C) in DOPC bilayers
containing KcsA at the given molar ratios of lipid:channel. The spectra are those from
Chapter 3, Figure 3.5. Details are given in the legend to Figure A2.1. Other detailed
information about the analysis can be found in Table A2.2.

Figure A2.3 Spectral analysis for 14-PGSL (25 °C) in bilayers of DOPG containing KcsA
at the given lipid:channel molar ratios. The spectra are those shown in Chapter 3, Figure
3.6. Details are given in the legend to Figure A2.1. Other detailed information about the
analysis can be found in Table A2.3.

Figure A2.4 Analysis of the ESR spectra of spin labelled phospholipids in DOPC or
DOPG bilayers containing KcsA at a molar ratio of lipid:channel of 60:1, measured at
30 °C. The spectra correspond to those shown in Chapter 5, Figure 5.3. Details are given in
the legend to Figure A2.1. Other detailed information about the analysis can be found in
Tables A2.4 and A2.5.

Figure A2.5 ESR spectral analysis for 14-SASL. The spectra for 14-SASL measured at 25
°C in DOPC or DOPG (*) bilayers containing KcsA at the given lipid:channel molar ratios (N;)
correspond to those in Chapter 5, Figures 5.5, 5.6, 5.7, 5.8 and 5.9. As in all the other samples,
the pH was 7.2, except for the samples marked with (1) whose pH was 3.9. In parenthesis is
indicated the set of samples to which each spectrum belongs. The rest of samples could not be
deconvoluted adequately. Note that deconvolution of the sample in DOPC at pH 3.9 has been
approximated in terms of only two components, despite there being three components (see
Section 5.4.4). Details are the same as in the legend to Figure A2.1 Other detailed information
about the analysis is gathered in Table A2.6.
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