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Membrane proteins are important targets for structural biology. They account for a
disproportionately large percentage of pharmacological targets, but only a minority of
available protein structures. The intractability of membrane proteins to recombinant
expression and purification has been a limiting factor in their structural characterisation. Of
those structures available the majority rely on detergent solubilisation of the protein. This
removes the native lipid environment which is established to have structural and functional
implications.
A number of techniques allow the investigation of membrane proteins in lipid
bilayers which mimic the cellular membranes. In this thesis, two of these approaches,
oriented synchrotron radiation circular dichroism (OSRCD) and solid-state nuclear
magnetic resonance (NMR) spectroscopies have been used to investigate the orientation
and structure of the transmembrane domain of a putative glycosyltransferase fukutin. We
have developed a method for OSRCD based on the conventional means of sample
preparation, where aligned bilayers are prepared on a support substrate. This allowed the
orientation of the fukutin transmembrane domain to be determined in bilayers of different
thickness which model membranes of different cellular compartments. Both OSRCD and
NMR results indicate that the protein adapts by changing its tilt angle and forming large
oligomers in thicker membranes, potentially providing a model for retention of fukutin in
the thinner Golgi apparatus membranes, which appears to be essential for its function.
As the preparation of well oriented samples can be challenging, a novel method of
OSRCD using magnetic alignment of lipid phases has also been developed. The goal of
this work was to align lipid phases in a magnetic SRCD instrument. Extensive
characterisation of lipid mixtures using NMR, electron paramagnetic resonance and
conventional CD enabled identification of conditions to allow alignment at low magnetic
fields such as those found in magnetic SRCD instruments. Although OSRCD
measurements on magnetically aligned samples were not successful, a number of further
modifications are suggested which may allow sample alignment under different conditions.
With a view to expansion of the oriented techniques to a more complex protein,
attempts were made to express and purify the pore region of the voltage-gated potassium
channel expressed by the human Ether-á-go-go related gene (hERG). hERG is a
particularly important target for structural characterisation as it has proclivity for nonspecific drug binding, which can block the channel and result in drug induced long-QT
syndrome, a phenomenon affecting a large number of newly developed pharmaceuticals.
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endoplasmic reticulum
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Fukuyama congenital muscular dystrophy
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human Ether-à-go-go related gene
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Chapter 1. Introduction
1.1. Cellular membranes
Cellular membranes are composed of three biomolecules of life: proteins, lipids and
carbohydrates. They form the protective outer layer of cells, compartmentalise functional
regions within cells and mediate the interactions and communication of cells with the
external environment. There is great complexity within the membrane and carefully
controlled interactions between the lipids and proteins allow them to sustain cellular
functioning.
Our current understanding of the organisation, architecture and dynamics of membranes
formed of lipids, protein and sterols was first described by the fluid mosaic model. This
model was developed by Singer and Nicolson in 19721 (Figure 1.1) and describes the
formation of a bilayer from lipids in an aqueous environment, and membrane proteins
embedded within it.

Figure 1.1: Original 1972 Singer and Nicolson fluid mosaic model of cellular
membranes. The lipid bilayer acts as a matrix to support the embedded integral membrane
proteins. From Singer and Nicolson, 19721. Reprinted with permission from American
Academy for the Advancement of Science.
Membrane proteins are vital to regulate the flow of molecules and information into and out
of the cell. They are implicated in many disease processes, and their significance is
illustrated by the fact that they account for around 50 % of all pharmaceutical targets2. The
ability to understand their structure, function and activity is therefore paramount for
rational drug design, but very few membrane proteins have been structurally characterised
relative to their soluble counterparts. Of approximately 52000 unique entries in the protein
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data bank (pdb) only 712 are unique membrane protein structures. The paucity of
membrane protein structures is a result of the onerous nature of their study, which presents
a series of challenges. There is a clear necessity for highly sensitive tools which enable the
investigation of membrane protein structure.
The work in this thesis aims to combine the use of two structural techniques to develop an
understanding of membrane protein structure in lipid environments which mimic the
cellular membranes. The techniques, circular dichroism (CD) and nuclear magnetic
resonance (NMR) spectroscopies, are highly complementary, and have been applied here
to study physiologically significant proteins.
1.1.1. Lipids in cell membranes
Lipids are amphiphilic molecules with a hydrophilic headgroup and hydrophobic tails. In
aqueous environments bilayers form due to the favourable interactions of the polar
headgroups with the surrounding water, whilst apolar hydrophobic acyl chains cluster to
exclude water and minimise the energetic cost. Within the membrane, lipids and other
constituents undergo rapid lateral diffusion which make the membranes highly fluid. This
fluidity is however dependant on factors including the membrane composition and
temperature, and below its ‘phase transition’ or melting temperature (Tm) the membrane
adopts a gel (crystalline) phase.
In excess of 20000 unique lipids have been identified in nature (LIPID MAPS Lipidomics
Gateway, www.lipidmaps.org), with the majority in eukaryotic cell membranes categorised
as either phospholipids, sphingolipids or sterols. Within these categories are hundreds of
further species with different physical properties which modulate membrane properties
including charge, curvature and phase3. As well as forming membranes they additionally
have roles as second messengers in cell signalling pathways4. Phospholipids account for a
large proportion of lipids in mammalian cell membranes. They are synthesised by the ester
linkage of acyl chains, two in most cases, to glycerol-3-phosphate, yielding phosphatidic
acid (PA). Further esterification of alcohols to the PA produces phosphatidylcholine (PC),
phosphatidylserine (PS), phosphatidylinositol (PI) phosphatidylethanolamine (PE) and
phosphatidylglycerol (PG) headgroups. Examples of the structure of a number of these
types of lipid are given in Figure 1.2. PE and PC are zwitterionic whilst PS, PG and PI are
anionic. The different headgroups also have different sizes and shapes, which affects the
bilayer structure and phase behaviour3. PC lipids, which are most populous in eukaryotic
cell membranes, are generally cylindrically shaped and are therefore can pack to form
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bilayers, whilst PE lipids have a much smaller headgroup and so cannot form bilayers
alone, but do have valuable roles in inducing membrane curvature during vesicular
budding4.

Figure 1.2: Molecular structure of various lipids. A. 1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC). B. 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
(DMPG). C. 1,2-dilauroyl-sn-glycero-3-phosphate (DLPA). D. L-α-phosphatidylinositol-4phosphate (PI4P). E. 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE). F.
Sphingomyelin. G. Cholesterol.
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Sphingolipids differ from phospholipids in that they have a sphingosine rather than
glycerol backbone. Subsequently one acyl chain is attached via an ester linkage whilst the
second attaches via an amide bond. The headgroups of sphingolipids are most commonly
either PE or PC, although cerebrosides and gangliosides, other classes of sphingolipid,
have carbohydrate headgroups and are involved in cell-cell recognition processes.
Sphingolipids are generally enriched in cells of the nervous system, where they can
provide insulation to neuronal axons as a component of the myelin sheath. They can act as
potent second messengers, including the hydrolysis of sphingomyelin by sphingomyelinase
to produce ceramide, which can illicit downstream effects including cell differentiation,
senescence, necrosis and apoptosis5.
The acyl chains of both sphingolipids and phospholipids, as well as the headgroups, give
rise to the lipid phase behaviour6. Lipids in natural membranes have between 10 and 24
carbons in their acyl chains, with longer chains predominating in sphingolipids. Longer
acyl chains give rise to greater Tm. It is common for phospholipids in the bilayer to have at
least one, if not more, carbon-carbon double bonds which contributes to the conformation
of the acyl chains by creating kinks. When these double bonds are present the Tm is
reduced. Below the Tm, the acyl chains are in the gel phase, where they are ordered, fully
extended and tilted (Figure 1.3). Above the Tm, in the fluid or liquid disordered phase, the
chains are highly mobile and rapidly fluctuating. The Tm is dependent on the non-covalent
interactions, especially van de Waals interactions, between neighbouring acyl chains, so
longer, extended acyl chains require greater thermal energy to disrupt than shorter, kinked
acyl chains. The hydrophobic thickness of bilayers is also determined by the acyl chain
length and saturation7.

Figure 1.3: Phase behaviour of bilayer lipids. Below the transition temperature Tm the
acyl chains are tilted and extended, which then become mobile to form the liquid
disordered phase above the Tm. When cholesterol is added the liquid disordered phase
becomes ordered due to interactions of the cholesterol with the acyl chains.
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In addition to the formation and stabilisation of the bilayer mediated by acyl chain
interactions, it is thought there are also extensive interactions of the lipid headgroups and
the hydrating water8. Electrostatic interactions result in attractive and repulsive forces
between charged headgroups, whilst hydrogen bonding can occur between either charged
or neutral lipids8. These can be mediated by water and through interactions of amines in
PE and PS lipids and oxygens of the phosphate and carbonyl groups8.
An additional component of the bilayer are sterols with a characteristic four hydrocarbon
ring structure (Figure 1.2 F.). The predominant sterol in mammalian cells is cholesterol,
which is most concentrated in the plasma membrane at approximately 20–40 mol %9.
Cholesterol aligns parallel with lipid acyl chains and has a small hydrophilic headgroup,
which interacts with the headgroups of other lipids10. The inflexibility of cholesterol means
that it preferentially interacts with extended, saturated acyl chains which are relatively
straight. The membrane phase behaviour is also significantly affected by the presence of
cholesterol, which by fitting between acyl chains is able to promote ordering of the acyl
chains in the bilayer, and gives rise to a liquid ordered phase4 (Figure 1.3). It also reduces
cooperativity in the phase transitions (i.e. the sharpness of the transition), and at sufficient
concentrations can abolish detectable transitions altogether11.
1.1.2. Distribution and composition of lipid bilayers
Lipid membranes are present across almost all organisms, from the one or two membranes
in prokaryotes (Gram positive and negative respectively) to the numerous membranes in
eukaryotes. The composition of membranes is diverse and variable, both between
organisms and between organelles in eukaryotes. Prokaryotic membranes are often thought
to be less complex than those of eukaryotes, and this is especially true of Escherichia coli
(E. coli) whose membranes are composed of three predominant components, PE (~75 %),
PG (~20 %) and cardiolipin (~5 %) (a lipid with two PG headgroups and four acyl
chains)12. The outer leaflet of prokaryotic membranes is commonly enriched in anionic
lipids such as PG13, which has provided a basis for targeting by cationic antimicrobial
peptides. The majority of prokaryotic membranes are devoid of sterols, although bacterial
membranes commonly contain hopanoids, which similar to cholesterol can modulate the
bilayer fluidity14. One importnt lipid component of Gram negative organisms is lipid A, a
phosphorylated glucosamine disaccharide typically having six acyl chains, which anchors
the potent toxin lipopolysaccharide (LPS) into the outer membrane14.
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Within eukaryotes different organellar membranes are enriched with different types of
lipid. Whilst the endoplasmic reticulum (ER) forms the primary site of cholesterol
synthesis, its membrane has very low concentrations of cholesterol relative to the plasma
membrane since it is transported intracellularly to other membranes15. The resulting bilayer
is therefore more flexible and less ordered, and is presumed to help in the insertion of
newly synthesised membrane proteins and lipids into the membranes4. The Golgi
membranes are also thinner than those of the plasma membranes, due to their lower
cholesterol content and hydrophobic thickness of the Golgi proteins16, a property which is
thought to be implicated in protein sorting and trafficking17. The plasma membranes
contain much greater levels of cholesterol and sphingolipids, which provide more ordered
and robust membranes4. Within the mitochondrial membranes a number of lipids are
present which are not found elsewhere in the cell, and reflect their bacterial origins, such as
lysophosphatidic acid and cardiolipin18.
Even within a membrane the distribution of lipids between leaflets can be far from
homogeneous, and this is closely related to membrane functionality. Whilst the ER
membrane is symmetric, the remaining eukaryotic membranes are not4. In the plasma
membranes for example, the outer cytosolic leaflet is enriched with sphingolipids, whilst
the inner leaflet has a greater content of PI, PS and PE lipids. This is highly important, for
example PI molecules involved in signalling can cluster in specific regions of the
cytoplasmic but not the outer leaflet19. Since PI lipids are implicated in signalling
pathways their clustering stimulates greater downstream effects. The distribution of lipids
in the leaflets is maintained through a number of mechanisms. Transverse diffusion of
lipids passively from one leaflet to another occurs at a very slow rate, since there is a high
energy barrier to overcome for a hydrophilic headgroup to pass though the hydrophobic
interior. Membrane asymmetry can be regulated by active mechanisms including P-type
ATPases, particularly ‘flippases’ (type IV P-type ATPases), which can translocate PC, PS
and PE phospholipids across the plasma membrane20. Bidirectional non-specific
translocation of lipids is achieved through scramblase proteins21.
Although the fluid mosaic model has formed the basis of our understanding of membrane
structure for many decades, the model did not take into account localised changes in lipid
composition. Within single leaflets, regions of the membrane can be enriched with specific
types of lipid which are proposed to give rise to so called lipid rafts or lateral domains.
These presumed rafts were first observed by Simons and van Meer in 198822, who made
use of fluorescence probes to identify bilayer heterogeneity. Aggregation of certain types
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of lipid (generally sphingolipids) may occur as a result of recruitment by membrane
proteins binding specific lipids, or through the inherent physical properties of the lipids,
such as the clustering of lipids with similar acyl chain lengths. Lateral domains identified
in plasma and Golgi membranes are proposed to have an active role in signal transduction,
vesicle formation, and transport and trafficking, potentially by selecting membrane
proteins from the Golgi for targeting to the plasma membrane23. Rafts are also enriched
with lipid-anchored proteins as part of their role in protein sorting24 as well as cholesterol.
Whilst it appears that sphingolipids are essential in raft formation, it is likely that
cholesterol is locally concentrated in these domains since it has affinity for the
sphingolipid saturated acyl chains rather than having any specific role in their formation. It
does however promote an ordered state as would be expected25 and also restricts lateral
motility of the rafts26. The methodology which revealed the presence of microdomains has
been questioned since it uses harsh detergents to strip away the non-domain forming lipids,
a process which has been suggested to result in formation of laterally segregated detergentresistant regions of membrane (detergent resistant membranes, DRMs) rather than domains
occurring naturally in native membranes27. This was illustrated by Casadei et al.28 who
visualised the formation of lipid rafts using phase contrast and fluorescence microscopy
when erythrocyte membranes are exposed to the detergent Triton X-100.
However, there is mounting evidence for the formation of nanoscale lateral domains in
physiological cellular membranes. From molecular dynamics simulations it appears that
these domains are relatively small, formed from up to 25 lipid molecules with cholesterol
at the outer edges29, which do not cluster to form larger domains. Förster resonance energy
transfer (FRET) studies of model membranes have similarly identified liquid ordered (Lo)
phase domains of approximately 10 nm30. A recent study has identified the formation of
lateral domains in live cells for the first time using synthetic fluorescent labelled
gangliosides, which were thought to be localised to these domains31. Using singlemolecule fluorescence microscopy the authors determined that transient rafts form around
the GPI-anchored protein CD59 which recruit gangliosides into the highly dynamic lateral
domains, giving clear evidence for the physiological presence of lipid rafts for the first
time.
1.1.3. Properties of membrane proteins
Membrane proteins are the basis for the ‘mosaic’ part of the fluid mosaic model of lipid
bilayers. They are classed as either integral or peripheral membrane proteins, with integral
proteins fully embedded into the bilayer and peripheral attached to the surface of the
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membrane. The peripheral proteins bind to the membrane through a number of
mechanisms. There may be electrostatic interactions between charged lipids and residues,
lipids may be attached to proteins (such as glycophosphatidylinositol (GPI) anchoring and
palmitoylation) or through interaction of amphiphilic helices or loop regions. Many
peripheral proteins are enzymes requiring them to be localised close to the membrane for
their function. One such example is phospholipase A2 (PLA2) which is responsible for the
hydrolysis of bilayer lipids, releasing sn-2 fatty acids which undergo downstream
processing to yield one of a number of inflammation mediating eicosanoids32. The group
IVA PLA2 has been shown to interact with the membrane surface through a combination
of hydrophobic interactions between specific loop regions of the protein and electrostatic
interactions between anionic lipids and charged residues, all of which are proximal to the
hydrophobic active site32, 33.
Integral membrane proteins have domains which are fully embedded within the lipid
bilayer, with the majority completely spanning the membrane (Figure 1.4). There are a
small number of examples of monotopic membrane proteins with hydrophobic domains
which partially penetrate the bilayer, perhaps the most commonly studied example of this
being the cytochrome P450 family34. Bitopic proteins which span the full hydrophobic
thickness of the bilayer are either type I or type II, with their N termini on the extra- or
intra-cellular side of the membrane respectively (Figure 1.4). Type III membrane proteins
are formed from multiple, usually antiparallel, domains, containing upward of two helices.
These proteins will often form oligomers through interactions between subunits.
With the exception of mitochondrial membrane proteins, which are inserted into the
mitochondrial membranes by specific translocons35, newly synthesised membrane proteins
in eukaryotes are initially inserted into the ER membranes irrespective of their final
destination. During translation membrane proteins emerge from the ribosome and are then
targeted to ER membranes by the signal recognition particle which recognises membrane
proteins through either specific N-terminal signal sequences or due to the protein’s
hydrophobicity36. The signal sequence, which can be later cleaved, is usually around 20
residues, and is formed from between one and five basic or polar residues followed by
between seven and 15 apolar residues, and finally a polar cleavage site37. These sequences
are generally too short to form a transmembrane domain, and are often cleaved.
Alternatively signal anchor sequences which form a transmembrane domain to tether
proteins in the membrane, and can be located anywhere in the protein sequence, are
recognised by the signal recognition particle due to their hydrophobicity37. Once a signal
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sequence has been recognised translation is paused (to prevent aggregation) until the entire
complex is localised to the membrane, where the protein is then inserted into the bilayer by
the translocon, a complex including the Sec61 protein at its core (in eukaryotes)36. Having
matured through the ER, membrane proteins are then advanced to the Golgi apparatus in
coat protein complex II (COPII) coated trafficking vesicles38. This process is mediated by
the presence of sequence motifs in the cytosolic domain of the proteins, including diacidic, di-hydrophobic, and tyrosine-based motifs38. From the Golgi the membrane protein
can then be trafficked to other cellular membranes as necessary, through distinct
trafficking pathways for different destinations39. These processes are also driven by signal
motifs, which vary depending on the pathway and protein, such as the Kir2 subfamily of
voltage-gated potassium channels, whose N-termini contain a series of positively charged
residues which appear to be responsible for targeting the protein to the plasma membrane40,
41

.

The structural characteristics of integral membrane protein are much less diverse than
those of their soluble counterparts. They are either a-helical or b-barrel structures, with bbarrel proteins limited to mitochondria, chloroplasts and prokaryotic outer membranes.
This relative structural homogeneity occurs due to their amino acid composition and the
physiochemical properties of the lipid bilayer. Due to the polar nature of the
transmembrane domains, a hydrophobic solvent is essential to prevent aggregation of the
proteins, and is provided by the acyl chains. The structures result from extensive hydrogen
bonding between residues to prevent the high energetic cost associated with the insertion
of a polar protein into the apolar hydrophobic region of the bilayer. Despite the relative
homogeneity of membrane protein structures they have diverse functions, often arising
from their amino acid composition. In order to span the hydrophobic length of the bilayer
typically ~25 residues are required, with an average of 27±5 residues per transmembrane
helix42. The membrane facing regions of integral membrane proteins are highly
hydrophobic, allowing them to interact with acyl chains, and are also enriched with
nonpolar residues. Residues with small side chains have been identified as important for
helix packing either between helices in monomers or subunits in oligomerisation, and are
often found spaced along the helix to facilitate tight packing, such has the GXXXG motif
from glycophorin A43, 44. In such oligomers the small glycines form a “hole” into which
branched side chains can penetrate. Aromatic residues are usually present at either end of
the hydrophobic part of the domains, where their side chains extend into the bilayer’s
interfacial region to interact with both head groups and chains45. Similarly lysines in
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TMDs can “snorkel”, where the long, flexible side chain is able to position the charged
amino group within the polar interfacial region46. These interactions stabilise the protein in
the bilayer. Helices may also contain residues which break the helix to form a kink,
particularly proline which introduces a hinge region to helices that are important in
dynamics37.

Figure 1.4: Topology of membrane protein types. Single pass type I and II have
extracellular or intracellular N termini respectively. Signal-anchor type II protein have an
extracellular C terminus and no soluble N terminus. Type III proteins have multiple
membrane spanning domains, while lipid-linked proteins such as GPI enable a protein
without specific membrane binding domains to be localised proximal to the membrane. An
example of a peripheral membrane protein associated with the bilayer through a
hydrophobic loop.
Somewhere between integral and peripheral membrane proteins are membrane active
peptides such as antimicrobial peptides and toxins. These can associate with the membrane
either through interactions with headgroups or the acyl chains, leading to changes in their
orientation in the bilayer and the bilayer integrity. These interactions can occur according
to three proposed mechanisms: the carpet model, barrel stave model or the toroidal pore
model47. The carpet model describes the disruption of the membrane when a sufficiently
high concentration of peptide binds exclusively to the surface. The barrel stave model
involves the insertion of the peptide into the bilayer to form a pore with a hydrophilic
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interior, whilst toroidal pores result from the inserted peptide remodelling the bilayer to
line the pore with a monolayer of lipids.
1.1.4. Lipid-protein interactions
The membrane proteins and lipids in the bilayer are not discrete components. The lipids do
not merely provide a hydrophobic solvent for the hydrophobic regions of membrane
proteins; both lipid and protein can have profound effects on each other and proteins are
known to be functionally and structurally modulated by changes in the bilayer
composition48. This occurs as a result of lipid-protein interactions where both the lipid
headgroup and acyl chains have significant effects on the protein. In context of such lipidprotein interactions the lipids in the bilayer can be described as either bulk, annular or nonannular. The bulk lipids form the majority of the bilayer and the annular lipids form a
single layer surrounding the exposed regions of the protein. The bulk and annular lipids
rapidly exchange, although around 5-10 x more slowly than the diffusion of bulk lipids49,
50

, and on binding the individual lipids distort to fit around the protein, with their acyl

chains interacting with the protein’s hydrophobic surface. Non-annular lipids bind with
high affinity to specific residues or clusters of residues, generally at the site of proteinprotein interactions.
The interactions of membrane proteins with annular lipids have been well characterised
using a number of approaches, but electron paramagnetic resonance (EPR) spectroscopy
has been one of the most informative methods, primarily due to the its favourable
timescales51. The EPR spectra of spin labelled lipids in the presence of membrane proteins
can be deconvoluted to determine the contribution of mobile and immobile components on
the EPR timescale, i.e. the annular and bulk lipids49. This has allowed the determination of
lipid binding specificity of membrane proteins, such as the preferential binding of
cardiolipin and stearic acid over PC lipid by the Na+K+-ATPase52, and the stoichiometry of
lipid binding, such as cytochrome oxidase where 56 PC lipids were determined to form the
annulus53. Another method used to study lipid-protein interactions is fluorescence
quenching54, where tryptophan residues are introduced to a protein in regions where
annular lipids are thought to bind. Lipids with a bromine in their acyl chain quench the
tryptophan fluorescence signal when bound. This has been applied to study of a number of
membrane proteins including the mechanosensitive channel of large conductance (MscL)
and revealed that in contrast to expectations, the binding constant of lipids with different
acyl chain lengths is relatively unchanged, indicating that it is likely that the protein rather
than the bilayer distorts to compensate for hydrophobic mismatch55. A number of other
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methods have also been applied to the study of lipid-protein interactions including single
molecule fluorescence microscopy56 and NMR57, 58.
It is important that the hydrophobic thickness of the bilayer is close to the hydrophobic
span of the membrane proteins, as any mismatch would be energetically unfavourable.
Any differences in these hydrophobic distances result in distortion of the structure of either
the lipid or the protein, with the lipid acyl chains either extending or compressing to alter
the local thickness of the bilayer, the protein changing its tilt angle, losing structure, or
reorienting residues close to the aqueous interface54 (Figure 1.5). These effects are very
specific to the protein and membrane in question, but in general it appears that tilting of the
protein is a less energetically demanding response than deformation of the bilayer54, and
has been observed using solid-state nuclear magnetic resonance (NMR)59, oriented circular
dichroism (CD)60, 61 and molecular dynamics62 amongst other techniques.

Figure 1.5: Consequences of hydrophobic mismatch in lipid bilayer. Membrane proteins
and the bilayer are able to respond to differences in hydrophobic thickness through
extension of the acyl chains (E), compression of the chains (C) or changing the tilt angle of
the protein (T). Figure redrawn from Mitra et al.16.
Non-annular lipids can be considered co-factors due to their high affinity binding in
regions of protein-protein interactions, unlike the association of the annular lipids with the
hydrophobic surface54. They have significant roles in protein activity which have been
studied for a number of proteins, but none as extensively as the eukaryotic protein KcsA,
which has become the archetypical potassium channel for biophysical and physiological
studies. A crystal structure of KcsA reveals a bound lipid molecule between each subunit
interface, which has been identified as possessing an anionic headgroup63. Fluorescence
quenching and NMR studies have revealed the significance of R64 and R8964, 65, which
mediate electrostatic interactions with the anionic moiety. Without at least three bound
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lipids the channel fails to open66, and functional studies where the arginines are mutated to
leucine also reduce the channel opening probability64.
Annular lipids can have an important role in determining the activity of proteins, as has
been illustrated by work on the Ca2+-ATPase48, whose ATPase activity was measured as a
function of acyl chain length. It was found that C18 acyl chains result in the optimum
activity, which have the greatest similarity in terms of thickness to the native membrane. It
is postulated that this occurs due to emergence of structural confirmations not usually
observed as a response to hydrophobic mismatch, which alters helix packing and obscures
Ca2+ binding sites48. The E. coli ammonium transporter AmtB has been studied using ion
mobility mass spectroscopy, which has revealed that PG lipids stabilise the trimeric state
of the transporter to a much greater extent than phospholipids with other headgroups67.
Crystallisation of the protein in the presence of PG generates a structure with resolved
bound lipid molecules (Figure 1.6), which in general is very similar to structures obtained
from crystallisation in detergent, but there is a loop region which undergoes significant
reorientation such that the W80 side chain moves by 4 Å to protrude into the headgroup
region of the bilayer67.

Figure 1.6: Crystal structure of the E. coli ammonium transporter AmtB showing bound
PG lipid. The W80 (red) reorients significantly on PG binding to interact with the bilayer.
Figure produced using pdb code 4NH2 from Laganowsky et al.67.
Bulk lipids in the bilayer are similarly important in the structure and oligomerisation of
proteins. Rather than interacting directly with the protein they provide lateral pressure
through their acyl chains and headgroups, which can stabilise protein assemblies. In the
case of KcsA, its tetrameric quaternary structure is destabilised when the membrane
packing density is reduced using TFE68, and correct folding of bacteriorhodopsin has been
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demonstrated to be highly dependent on lateral pressure by measuring the folded yield in
model membranes with different mixtures of bilayer and non-bilayer forming lipids (PC
and PE respectively)69.

1.2. Challenges of membrane protein structural biology
There is a great discrepancy in the number of membrane protein structures available
relative to their soluble counterparts, in spite of their physiological significance. This is a
result of challenges associated with all stages of their expression, purification and
characterisation. In the following section each of these stages will be considered.
1.2.1. Systems for membrane protein expression
In all techniques the initial bottleneck is the expression and purification of membrane
proteins, which is notoriously challenging, so it is desirable to be able to obtain maximal
structural information using the smallest feasible quantity of material. In order to express
membrane proteins, a number of in vivo and ex vivo systems have been employed. E. coli
systems in particular have been used extensively due to their relative technical ease and
speed, although eukaryotic membrane proteins have a tendency to be toxic to these cells.
The prokaryotic folding machinery is quite different to that in eukaryotes, and can be
easily overwhelmed during induced overexpression70. If the rate of expression exceeds the
cell’s ability to properly fold and insert the membrane protein in the bilayer, the protein
can aggregate and form inclusion bodies, which require alternative extraction methods.
This is particularly challenging for helical membrane proteins71. Finally, E. coli are not
able to post-translationally modify expressed recombinant proteins, which can have
significant functional implications, and can also direct the protein structure and folding72.
In order to address this, yeast based systems (e.g. Saccharomyces and Pichia) have been
popular for membrane protein expression, and are scarcely more complex than the E. coli
approach, but have the advantage of eukaryotic folding and post-translational modification
machinery73. A small number of membrane proteins have been successfully expressed in
cultured insect and mammalian cell lines with good yields74, and they are becoming
increasing popular, although the costs associated with them are significantly greater than in
bacterial expression systems75.
1.2.2. Purification of recombinant membrane proteins
Once a protein is successfully expressed, its extraction from the cellular lipid membranes
requires careful choice of a suitable detergent. There are a number of criteria to consider;
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ideally the detergent would fully solubilise the protein, retain its structure and function and
be amenable to any downstream assays or studies desired. In reality there is need to
compromise between these requirements. Detergents can be categorised based on charge as
zwitterionic, non-ionic or ionic, which broadly corresponds to the ‘harshness’ of the
detergent. Ionic detergents such as sodium docedyl sulphate (SDS) are highly denaturing
and in most instances disrupt any native protein-protein interactions. Non-ionic detergents
like Brij and n-dodecyl-β-D-maltoside (DDM) are mild, non-denaturing and may be less
effective solubilisers whilst maintaining protein function. Finally, zwitterionic detergents
such as lauryldimethylamide oxide (LDAO) fall between the ionic and non-ionic
detergents and can offer compromise between successful protein delipidation and
maintenance of protein integrity. Of course, with any detergent the removal of the bilayer
is likely to have profound effects on the stability and structure of the proteins, and it is not
unusual for membrane proteins solubilised in detergent precipitate shortly after
purification. It is also the case that the length of acyl chains in detergents can affect protein
stability, with shorter chain non-ionic detergents being implicated in the inactivation of
some proteins, such as the short chain octyl glucoside (OG) when solubilising the
Ca2+-ATPase from sarcoplasmic reticulum76. Further, it has been suggested that the
aggregation number of the detergent can have a potent effect on protein stability. In the
case of glycophorin A, solubilisation in detergents with increasing aggregation numbers
results in a reduction in dimerisation of the protein to a greater extent than the acyl chain
length77.
The influence of the solubilising environment on protein structure has been elegantly
illustrated by the influenza virus A M2 protein, for which structures in both detergent
(solution NMR and crystallography) and lipid bilayers (solid-state NMR) are available78
(Figure 1.7). These structures reveal significant differences in the helical tilt angle which
dramatically alter the pore size, and it also appears that detergent molecules are able to
bind within the pore, reducing its functionality. This clearly underlines the need for caution
when interpreting structural and functional data from proteins solubilised in detergent
environments.
Alternative approaches to membrane protein solubilisation have been developed using
amphipols79, polymers with a main chain interspersed with both hydrophobic and
hydrophilic groups. Amphipols can be more stabilising that detergents, which appears to
be because of the tendency of detergents to disrupt protein-lipid and protein-protein
interactions80. More recently, the use of styrene maleic acid (SMA) has provided a novel
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method to extract the membrane proteins in the presence of an annulus of native lipids81,
which not only allows lipid-protein interactions but also provides lateral pressure. SMA is
a long chain polymer in which the hydrophobic styrene groups interact with the lipid acyl
chains whilst the external facing maleic acid groups interact with the solvent. The method
has been demonstrated on at least 30 membrane proteins, and it appears that activity is
either maintained or enhanced relative to detergent solubilised membrane proteins81. Their
ability to maintain membrane protein structural integrity has been demonstrated using spinlabelled bacteriorhodopsin in SMA lipid particles (SMALPs) compared to native purple
membranes and OG detergent82.

Figure 1.7: Structures of the influenza M2 channel solved in different environments.
A. Crystal structure in OG. B. Solid-state NMR structure in lipid bilayers. C. Solution-state
NMR structure in DHPC micelles. Stars indicate the helix crossing point. D.-F. show the
pore size of the channel for the structures above. Red > 1.2 Å, green < 3 Å and blue > 3 Å.
Figure reproduced with permission from Cross et al.78.
1.2.3. Techniques to characterise membrane protein structure
To obtain high resolution protein structures studies are limited to X-ray crystallography,
NMR and cryo-electron microscopy (cryo-EM). By far the most successful methodology
in terms of number of structures obtained is crystallography, although in the majority of
cases solubilisation is achieved without the presence of lipid in the crystallisation
conditions. More recently methods to form crystals in the presence of a lipidic phase have
shown potential to address this issue. This is also true of solution-state NMR spectroscopy,
whereas solid-state NMR and cryo-EM allow a membrane protein in a lipidic environment
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to be studied. EPR spectroscopy is being used increasingly to probe membrane protein
structures, and can provide atomic resolution information regarding structural organisation,
dynamics and interactions. In addition to these higher resolution methods, lower resolution
techniques such as far-UV circular dichroism (CD; and oriented circular dichroism, OCD),
and Fourier transform infrared (FTIR) spectroscopy can provide detail about the overall
protein structure, but not site-specific information without combination with other
methodologies. Further structural information can be gained using indirect approaches,
such as electrophysiology, hydrogen-deuterium exchange or cross-linking studies, but
those will not be considered here. The techniques used in this thesis, solid-state NMR and
CD, are discussed in more detail later in this chapter.
1.2.3.1. Membrane protein crystallography
The majority of membrane protein structures have been solved using macromolecular
crystallography, which typically produces structures at high resolution (< 4 Å). Broadly,
two types of membrane proteins crystals can be produced, either type I or type II. Type I
crystals are formed from membrane proteins in lipidic environments. The presence of lipid
bilayers in the crystallisation conditions allows protein-protein contacts between
hydrophobic regions. Crystallisation is carried out using lipids in aqueous solutions which
form bicontinuous lipidic cubic phases (LCP) with carefully controlled hydration and
temperature83. These provide a more native-like environment and allow tighter packing of
the proteins, producing more ordered crystals. It must be noted that the membrane proteins
added to the LCP in detergent micelles, meaning the environment is not purely lipidic84. A
commonly used example is the monoolein and water system which forms the Pn3m phase,
a bicontinuous cubic phase with a double-diamond morphology85, 86. Although LCP can be
challenging to prepare and handle, the addition of additives such as detergent or
polyethyleneglycol can create a “sponge” phase which has reduced viscosity and can be
more amenable for certain proteins. An alternative approach has involved using lipid
bicelles, which are simple to prepare and incorporate protein into, and in preparation of
crystal trials can be treated essentially the same as detergent solubilised proteins87.
Type II crystals use detergent solubilised proteins and mostly the same methodology as
crystallography of soluble proteins, including vapour diffusion and microdialysis86. The
relative simplicity of this type of crystallography has meant that the majority of membrane
proteins crystals have been produced in this manner. The protein-protein contacts generally
occur between the hydrophilic regions of the proteins which are not solvated by detergent.
The detergent choice is extremely important; for example whilst OG is fairly poor in terms
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of its ability to solubilise membrane proteins it is one of the most successful detergents for
crystallography88. As type II crystals are formed through interactions of the hydrophilic
regions they can be fragile and poorly ordered, which often results in low resolution
structures. In many cases successful the formation of well diffracting crystals has relied on
the presence of antibodies bound to the protein of interest89, the removal of flexible loops
and domains90, and the introduction of mutations to stabilise the protein91, all of which are
likely to alter the structure in some manner, making it less representative of the
physiological conformation. A number of experimental developments including the use of
microfocussed beams have aided in the collection of high resolution data, and the
increasing number of membrane protein structures available improves the chance of
success in attempts at molecular replacement86.
1.2.3.2. Cryo-electron microscopy
Two of the most common applications of cryo-EM to membrane proteins involve electron
diffraction and or single particle cryo-EM. Electron diffraction uses membrane proteins
embedded in two dimensional (2D) crystals in either a sheet-like or tubular form92. The use
of 2D crystals is advantageous to solving the structure since it precludes the need to
average over multiple orientations. One limitation however is the need to tilt the crystal
around the beam to collect a 3D dataset, which is difficult at larger angles and is worsened
by any flexibility in the crystal93. This can blur densities parallel to the bilayer normal. The
first membrane protein structure was revealed using electron diffraction in this manner,
where the purple membranes of Halobacterium halobium were studied and the structure of
bacteriorhodopsin revealed94. Since then it has been applied to a small number of proteins,
including solving the structure of the nicotinic acetylcholine receptor at a resolution of
4.6 Å, which was made possible through the use of tubular arrays95.
The most rapidly developing structural methodology is single particle cryo-EM which has
seen large technical advances in recent years. Through the introduction of detectors with
vastly improved quantum efficiency and the development of new processing algorithms,
membrane protein structures with resolution becoming comparable to crystallography
(currently ~4 Å) have been achieved96-98. A particularly attractive feature of cryo-EM is the
requirement for only µg quantities of protein, and glycosylated and flexible regions, which
are not observed in crystal structures, are readily visualised in cryo-EM. In many cases
flexible loop regions form functionally significant features such as enzyme active sites99
and glycosylation has an important role in protein folding and structure72. In contrast to
crystallography which reports only one conformation of the protein, it is possible to
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observe multiple conformational states in cryo-EM. Although this may be troublesome
since these different states need to be segregated to allow structures to be deciphered, it
may also be highly valuable to allow insights into molecular mechanisms100. At present the
resolution of cryo-EM still lags behind that attainable using crystallography, and a
particular limitation of single particle cryo-EM is the size requirement; currently only
larger proteins greater than approximately 150 kDa are amenable to the technique.
Samples are prepared from solutions of solubilised membrane protein which are deposited
onto a perforated carbon grid and frozen, resulting in an array of protein orientations
embedded in vitreous ice101. Two dimensional images of the proteins can then be taken and
combined using algorithms to yield a 3D model of the protein. It may be necessary to
acquire data over a number of weeks to ensure sufficient orientations are sampled to build
a model, and heterogeneity of the proteins within the sample (e.g. open and closed states)
can provide further challenges. Larger proteins have conventionally been a target for
cryo-EM but it is being increasingly applied with success to smaller proteins, such as the
transient receptor potential vanilloid 1 (TRP V1) which has been solved with some regions
of the structure exhibiting resolution of 3.4 Å102. This protein is relatively small compared
to typical targets for cryo-EM, at around 60 kDa per monomer. Park et al.98 have recently
solved the structure of the bovine CLC chloride channel and improved resolution through
the use of monoclonal antibodies complexed to the channel to increase the molecular
weight. Other methodological and technological developments will likely make feasible
the application of cryo-EM to much smaller proteins.
1.2.3.3. Nuclear magnetic resonance
Both solution- and solid-state NMR have been successfully applied to membrane proteins
in order to characterise their structure, but also dynamics and interactions – information
not readily accessible using crystallographic approaches. Solution-state NMR has been
significantly more successful in terms of structure determination than solid-state NMR,
with just 109 structures in the protein data bank (PBD) solved exclusively using solid-state
NMR compared to 12933 entries for solution-state NMR (non-unique entries; as of July
2017). This arises from poorer spectral resolution in solid-state and limited methodology to
provide adequate distance restraints between nuclei. Solid-state NMR does however allow
the examination of residue specific interactions, and allows proteins to be studied in a
bilayer environment mimicking the cellular membranes. A pre-requisite for high-resolution
NMR studies of proteins, in both solid and solution, is the ability to isotopically label the
protein, conventionally using 15N and/or 13C, which are NMR active nuclei (i.e. spin ≠ 0).
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Proteins can be expressed in E. coli grown in isotopically-enriched media to achieve this
labelling, although this can be challenging and expensive both financially and temporally.
Particularly in the case of membrane proteins where there is paucity in their expression,
adaptation of the expression protocols to isotopically enriched media is challenging.
Expression of isotopically labelled mammalian proteins has been somewhat limited103
although recently an interesting approach using Caenorhabditis elegans to express 15N, 13C
bovine rhodopsin has been described104. When working with small proteins and peptides (<
100 amino acids) solid-phase synthesis can be used and isotopically labelled amino acids
can be incorporated in a site specific manner.
Solution-state NMR has been used to mostly study small soluble proteins (< 30 kDa)
which give sharp lines due to their rapid tumbling and averaging of anisotropic
interactions. Larger proteins tumble more slowly, which broadens lines, and additional
resonances crowd the spectra, making residue assignment a greater challenge. The use of
fully deuterated proteins can increase this size limit to ~70 kDa, although production of
these proteins is extremely expensive and time consuming. Membrane proteins studied by
solution-state NMR are usually solubilised in detergent micelles or isotropic bicelles which
contribute to the overall size, so the size limitation for membrane proteins is much smaller
than soluble proteins. The micelle size is often considerable relative to the protein, for
example in the case of the commonly used detergent 1,2-dihexanoyl-sn-glycero-3phosphocholine (DHPC) the micelle size is ~20 000 kDa105. The majority of membrane
proteins characterised have therefore been peptides and small proteins, although there are a
small number of examples of larger proteins, including the structure of the 19 kDa b-barrel
OmpA protein which has been solved using solution-state NMR in dodecylphosphocholine
micelles106. Solution-state NMR structures involve the measurement of distance and
orientation between nuclei, using measurements of residual dipolar couplings and the
nuclear Overhauser effect.
In contrast to solution-state, since solid-state NMR does not rely on averaging of
anisotropic interactions by Brownian motion, there is no inherent size limitation, although
with larger proteins methods to address spectral crowding are not fully developed. The
types of protein samples commonly studied by solid-state NMR are amyloid fibrils,
crystalline proteins and membrane proteins in pure lipid environments, which cannot be
studied using solution-state NMR due to their size. Solid-state NMR can be broadly
categorised into oriented solid-state NMR or magic angle spinning (MAS) solid-state
NMR. In solids, anisotropic interactions (chemical shift anisotropy, quadrupolar
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interactions and dipolar couplings) dominate the spectra. Using MAS it is possible to
average many of these interactions to produce a solution-like spectra with narrow lines.
This is achieved by spinning the sample at high speeds (up to 110 kHz or more) in a rotor
oriented at 54.7° with respect to the magnetic field107. MAS NMR has been successfully
used to solve the structures of a number of membrane proteins in lipidic environments,
including the Anabaena sensory rhodopsin, a 81 kDa homotrimer of seven helical bundles
(Figure 1.8)108. This structure differs from the crystal structure of the same protein109
(grown under LCP conditions), in which dimers were found, and a loop region which was
disordered in the crystal structure is shown to form a hairpin. There are also significant
changes in the tilt angle of helices A and E of up to 10°.

Figure 1.8: Structures of Anabaena sensory rhodopsin from crystallography (A.) and
solid-state NMR (B.). Arrows indicate the retinal orientation. Enlarged region of A. shows
the interfacial region between monomers. C. and D. overlay the crystal (grey) and NMR
(red) structures from the cytoplasmic and periplasmic sides respectively. Reprinted by
permission from Macmillan Publishers Ltd, Wang et al.108, copyright 2013.
In contrast to MAS, oriented NMR exploits anisotropic interactions to characterise
molecular orientation in a crystalline sample, such as the tilt angle of a helix in an oriented
lipid bilayer. In such cases, bilayers are aligned either mechanically with lipids deposited
on a support substrate, or magnetically using bicellar phases which spontaneously align in
a magnetic field. Sensitivity is gained in oriented samples when there is a high degree of
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alignment, since tensors oriented along the same axis are additive, and well aligned
samples yield sharp spectral lines.
One dimensional solid-state NMR experiments measuring chemical shifts can reveal the
orientation of proteins in oriented bilayers and additional information can be gleaned
through the use of two dimensional experiments, such as PISEMA (polarisation inversion
with spin exchange at the magic angle)110. PISEMA correlates chemical shifts and 15N-1H
dipole-dipole couplings, two interactions in NMR which have a dependency on the
molecular orientation. As the tensors for these interactions are not linearly aligned in the
spectra their peaks give rise to ‘PISA wheel’ (polar index slant angle) patterns which allow
assignment of resonances and the peptide tilt and pitch angle (Figure 1.9).
Although PISEMA has been most successfully applied to single pass membrane active
peptides such as antimicrobial peptides, a number of more complex proteins have been
characterised using the approach including the G protein coupled receptor CXCR1111. The
influenza M2 proton channel has been studied extensively using PISEMA experiments112115

, and its proton conductance and acid activation mechanism has been delineated based

on structures produced. Constructs for residues 22 – 62 were reconstituted into oriented
DOPC/DOPE (4:1) bilayers, with proteins labelled using both site specific and uniform 15N
labelling schemes115. The two-helical monomers were found, as expected, to assemble into
a tetramer with one helix protruding through the bilayer as part of the proton conductance
pathway, forming a kinked helix oriented between 22° and 32° to the bilayer, and with the
second amphiphilic helix packed against the bilayer surface oriented at 105° to the bilayer.
The amphiphilic helix was found to be essential for structural integrity, and significantly
there are large differences in the structure and position of this helix when comparing the
PISEMA structure to one obtained using solution-state NMR for a similar construct (for
residues 18 – 60)78. This presumably occurs since in solution-state NMR the protein was
solubilised in detergent micelles (DHPC) so interactions between the amphiphilic helix and
lipid headgroups are not present to stabilise the structure, again highlighting the need for
careful interpretation of structural data of membrane proteins obtained in a detergent
environment.
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Figure 1.9: Simulated PISEMA spectra for an idealised a-helix (f = -65°, y = -40°) in
an oriented bilayer at different tilt angles . PISEMA correlates the 15N chemical shift and
1

H-15N dipolar couplings and produces PISA wheels which trace out the helical tilt angle

and pitch. The bilayer normal is oriented parallel to the B0 field with the angle between the
normal and the helix axis t. Spectra were simulated using a custom written MATLAB
script based on the method described by Wang et al.112.
1.2.3.4. Electron paramagnetic resonance
Electron paramagnetic resonance (EPR) spectroscopy has been applied to the study of
membrane protein structure and dynamics. It has no protein size limitation and can readily
be applied to membrane proteins in either detergent or lipidic environments. (A theoretical
background to EPR is described in Chapter 3.)
An inherent requirement of the technique is the presence of a free radical, which are not
present physiologically in the majority of membrane proteins. To introduce free radicals,
site directed spin labelling is used, where either the spin label is present in amino acids
used during solid-phase peptide synthesis, or where it is attached to cysteine residues via
disulphide bonding in a recombinantly expressed protein. An advantage over NMR
approaches is that there is no need to isotopically label the proteins, and less material is
needed due EPR’s high sensitivity.
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Figure 1.10: Simulated CW-EPR spectra for nitroxide spin labels with different
rotational correlation times (tc) from powder (A.), motionally restricted (tc = 0.2 µs; B.)
and isotropic (tc = 10 ns; C.). Spectra were simul,ated using EasySpin, and the script used
to generate the figure can be found in appendix A. Adapted from Sahu and Lorigan116.
EPR experiments can be either continuous wave (CW) or pulsed, with the two approaches
providing different information. CW-EPR allows the motility of the spin label to be
probed, which is reflected by changes in the spectra linewidths (Figure 1.10). This can
allow estimations of secondary structure and investigation of membrane protein
topology117. To study intramolecular distances between two spin labels, CW-EPR is useful
for distances of 8-30 Å, whilst pulsed EPR experiments can investigate intramolecular
distances up to 80 Å116. Double electron-electron resonance (DEER) experiments are
commonly used for pulsed measurements and probe the distance dependent dipole-dipole
couplings of two free radicals. DEER has been applied to the voltage-gated potassium
channel KvAP to develop a model for its gating118. It was found that the S4 helix of the
voltage sensing domain, which is positively charged and reorients in response to changes
in voltage to link the pore structure to the transmembrane voltage, undergoes a ~3 Å shift
to a resting state when the lipid composition is changed, leaving the channel unresponsive
to changes in transmembrane voltage.
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1.2.3.5. Circular dichroism spectroscopy
Circular dichroism (CD) spectroscopy has been widely used in the basic characterisation of
soluble proteins and membrane proteins to determine their secondary structure. This
information is provided in the far-UV region (180 - 260 nm). Information on the tertiary
structure and interactions can be gleaned by studying aromatic residues in the near-UV
region (250 – 350 nm). In the far-UV CD cannot provide the type of site specific resolution
accessible using crystallography or NMR, but its relative simplicity, requirement for only
small quantities of material (10s of µg) and acquisition times of minutes have made it a
widely used and valuable tool for researchers investigating isolated proteins. It is possible
to estimate the secondary structure content of proteins from CD spectra with relative ease
through the use of algorithms which fit experimental data against datasets of CD spectra
from proteins of known structure. To account for the diverse structural features of different
classes a number of datasets have been made available, including those for soluble
proteins119, membrane proteins120, and crystalline proteins121, with a dataset for disordered
proteins soon to be published.
A major limitation of the technique is the stringent buffer requirements for data acquisition
in the far-UV region. Many of Good’s buffers absorb in the far-UV region and thus must
be avoided or used at minimal concentration. Additionally, chloride ions exhibit high
absorbance at 180 nm meaning in samples with NaCl concentrations above approximately
10 mM measurements below ~195 nm are not feasible. Whilst problematic, these issues
can often be addressed using buffers such as phosphate buffers, and chloride salts can be
replaced with fluoride counterparts. It may be more challenging when wanting to study
interactions with ligands which either strongly absorb unpolarised light or contain chiral
groups.
1.2.3.6. Fourier transform infrared (FTIR) spectroscopy
FTIR is a spectroscopic technique which probes the vibrational frequencies of chemical
bonds. Although FTIR spectra have a number of amide bands from proteins, unlike other
structural techniques FTIR probes any chemical bonds and is not protein specific. It is
therefore possible to investigate not just protein structure, but any ligands or other
molecules present in the sample. Although there is no requirement for special isotope
labelling, due to the strong water signal near to the amide bands, samples are usually
dissolved in D2O. The amide I band arises due to stretching of the C=O bond, with
additional contributions from C-N, C-C-N, and N-H bending vibrations, whilst the amide
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II band arises from N-H stretching and C-N bending vibrations122. Since hydrogen bonding
to stabilise secondary structures involves the C=O and N-H groups the amide bands are
highly sensitive to protein secondary structure. Bands can be deconvoluted into individual
peaks which correspond to secondary structural features to estimate protein structure
content. As well as determination of protein secondary structure in solution, it is possible
to use polarised attenuated total reflectance FTIR (ATR-FTIR) to determine protein
orientation in oriented lipid bilayers122. By application of light at s and p polarisation
(where electric field vector is perpendicular and parallel to the plane of incidence
respectively) the linear dichroic ratio of the two can determine the protein orientation
relative to the electric field vector. Since the surrounding lipid molecules in the bilayer can
also be observed by FTIR, it is possible to simultaneously determine a number of
characteristics of the lipids, including the acyl chain order parameter, lipid phase and
hydration, and the binding affinity of the lipid and proteins. An example of the potential of
the method to simultaneously probe protein orientation, structure and the properties of lipid
bilayer is given by Ding et al.123, who have studied the Saccharomyces cerevisiae Gprotein coupled a-factor pheromone receptor. Seven protein fragments corresponding to
each of the transmembrane domains were reconstituted into oriented multilayers, which
allowed determination of the tilt and secondary structure of each. Further, they were able
to use hydrogen/deuterium exchange FTIR to estimate the number of residues embedded in
the bilayer. It was also possible to determine the acyl chain order parameter and angle,
which corresponded to values expected for a pure lipid bilayer, indicating the protein does
not disrupt the bilayer integrity.

1.3. Theoretical basis of circular dichroism and nuclear magnetic
resonance
The majority of the work in this thesis involves the methods circular dichroism (CD) and
solid-state nuclear magnetic resonance (NMR) spectroscopies. The theoretical basis of
these methods given below provides a background to the interpretation of the data. For
more extensive discussion of these approaches, readers are referred to the excellent texts
by Fasman et al.124 or Levitt125 for CD and NMR respectively.
1.3.1. Circular dichroism theory
Circular dichroism (CD) spectroscopy is a widely used biophysical technique which has a
number of applications. The basis of the technique is the wavelength dependent differential
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absorption of left and right circularly polarised light by a chiral molecule. For a given
wavelength the molar CD (∆ε) is given by:
∆ε = εL - εR

( 1.1 )

where εL and εR are the molar extinction coefficients for left and right circularly polarised
light respectively. The interaction of circularly polarised light and the chiral molecule
results in a helical displacement of an electron to a higher orbital, induced by a
combination of linear and circular displacement from electric and magnetic components of
the light respectively.

Figure 1.11: Example CD spectra of a-helical (solid line), b-strand (dashed line) and
unstructured (dotted line) proteins.
In a biological context CD spectroscopy has been applied to a number of systems, but it
has been used most extensively in the characterisation of protein secondary structure.
Secondary structure information can be extracted from spectra acquired in the far-UV
region (< 260 nm) and is a popular way to confirm the structural integrity of proteins
thanks to the relatively low concentration required (10-100 µg compared to mg quantities
for NMR/crystallographic studies) and the ease and speed of data collection and analysis.
Example CD spectra of proteins with majority a-helical, b-strand or disordered structure
are given in Figure 1.11, each of which have a distinct spectral signature. Each band in the
spectra is associated with an electronic transition of the peptide bond. In the following
description a-helical proteins are considered. A typical a-helical spectra can be
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deconvoluted into three characteristic features: a positively intense band centred around
190 nm, and two bands of negative intensity centred around 208 and 222 nm.
These bands in the CD spectra occur as a result of electronic transitions of the peptide
bond and have their dipole moments polarised with respect to the helical axis, as predicted
by Moffitt’s exciton theory (Figure 1.12)126, 127. The n-p* transition has negative rotational
strength and has its dipole moment polarised along the carbonyl bond. It gives rise to a
band around 222 nm. The p-p* transition is split into three components, the first of which
has negative rotational strength and is polarised along the helical long axis with its
resulting band centred at 208 nm. The two remaining components produce a degenerate
band around 190 nm, with one positive peak at 190 nm and a second, the so called ‘helix
band’, around 188 nm. The exact intensity and position of the helix band has proved
controversial with disagreement between experimental and calculated values124, but it is
clear that it contributes significantly to the spectra, as will be seen in the later in this
chapter.

Figure 1.12: Summary of electronic transitions of the peptide bond contributing to the
far-UV CD spectra. A. Representation of the change in polarisation of the orbitals
between peptide bond transitions (adapted from Bulheller et al128). B. Alignment of
transitions with respect to the helical axis. C. Table summarising peak positions resulting
from the three transitions.
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If a protein in solution sample is measured, there is an isotropic average of the transition
polarisations across the sample. For an a-helix this manifests peak intensity ratios of
approximately 0.8 for 222:208 nm and 2 for 190:208 nm in soluble proteins. (Although it
should be noted that a range of other factors can affect the peak intensities, such as solvent
polarity, and a reduction in the 222:208 nm ratio has been observed in in coiled-coil type
interactions129.)
1.3.2. Application of CD to membrane proteins
The resolution of CD data does not allow for the assignment of topology to specific
regions of a protein. It does however allow identification of structural changes as a result
of mutations, ligand binding and environmental conditions, for example. The speed of data
acquisition makes CD a convenient method to study such structural changes.
As membrane proteins are notoriously challenging to express and purify, techniques like
CD which require relatively small quantities can be extremely valuable to characterise the
protein structure. A further attractive quality is the ability to study membrane proteins in
lipidic environments, which is challenging using other structural techniques such as
crystallography and solution-state NMR. Lipid vesicle structures including small
unilamellar vesicles62, large unilamellar vesicles130 and bicelles131 have been used
successfully for CD studies. Although these mimetics do not replicate the complexity of
the native cellular membranes, the presence of a bilayer lipids confers properties such as
charge67 and lateral pressure68 which have implications for protein structure and stability.
However, the use of lipids presents a number of challenges for optical techniques. One of
the most problematic artefacts in these measurements is differential light scattering, which
occurs in particulate samples where the particle size is greater than approximately 1/10 of
the wavelength132 (in accordance with Rayleigh scattering). Avoidance of these effects
when studying membrane proteins in lipidic environments can be achieved through the use
of small unilamellar vesicles (SUVs) which are sufficiently small to preclude scattering
effects (< 25 nm). However, such small vesicles have a much greater degree of membrane
curvature than the majority of cellular membranes. An additional issue that can present in
CD of SUVs is absorption flattening, which occurs due to the uneven distribution of
chromophores in the sample and thus the invalidation of the Beer-Lambert law. This
occurs in vesicle samples because multiple proteins can be embedded in each vesicle so
there are localised changes in the protein concentration. This phenomenon supresses the
signal in a wavelength dependant manner and is only completely addressed by either using
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an isotropic solution (i.e. detergent micelles) or ensuring that only one protein is present in
each vesicle, but this is experimentally challenging and requires high concentrations of
lipid132, whose carbonyl bonds absorb strongly around 220 nm. Therefore flattening effects
cannot be completely avoided and must be considered when studying membrane proteins
in lipid environments. An excellent review of the artefacts encountered in membrane
protein CD and preventative measures has been provided by Miles and Wallace132.
1.3.3. Oriented circular dichroism (OCD)
Whilst the majority of membrane protein CD studies use solution samples, a further
application, OCD, can be used to report the orientation of membrane active peptides and
proteins in a lipid bilayer. In a system where there is a driving force for alignment of the
chromophores, such as helices in a lipid bilayer, the orientation of the chromophore with
respect to the vector of the incident light beam can be evaluated. This method exploits the
polarisation of transition dipole moments with respect to the helical axis (Figure 1.12 B).
When transitions have their dipole moment polarised collinear to the electric vector of the
light propagation there is no excitation and no band associated with that transition.
Conversely, when the transition dipole and electric vector are perpendicular the band has
maximal intensity.
In an OCD experiment the direction of propagation of the incident light k is usually
parallel to the bilayer normal n. In this case, the angle a between the k and the helical long
axis a determines the OCD signal q. The OCD signal for a particular a angle is related to
the OCD signal at a = 0° and a = 90° according to133:
θ(α) = θ(0°) cos2 α + θ(90°) sin2 α

( 1.2 )

When a and k are parallel the molecular CD can be denoted by G∥ and when perpendicular
by G⊥ . Since the intensity of the perpendicular component is twice as large as the parallel
component in isotropic samples, experimentally the spectrum of a membrane protein in
isotropic vesicles (qv) is related to the parallel and perpendicular OCD spectra by133:

θv =

1
2
G|| + G⊥
3
3

( 1.3 )

The CD spectra for G|| and G⊥ are a summation of bands arising from the CD of each
transition. For the n-p* transition the signal at 222 nm is a Gaussian band of negative
intensity which contributes to both parallel and perpendicular spectra. For the p-p*
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transition there are three components to consider. The first is a negative intensity Gaussian
band at 205 nm whose dipole moment is polarised parallel to the helical axis, whilst the
remaining two have dipole moments polarised perpendicular to the helical axis and have
amplitudes and lineshapes which vary depending on the angle a. When a is 0° the two
components produce the Gaussian ‘couplet’ helix band centred at ~190 nm whilst at 90°
the two produce a positive Gaussian also centred around 190 nm.
The Gaussian bands (g) take the form133:
g = A exp (–(λ–λ0 )2 /Δ2 )

( 1.4 )

whilst the helix band (gH) takes the form134:
gH = A (2 (λ–λ0 ) (λ0 /Δ2 ) + 1) exp (–(λ–λ0 )2 /Δ2 )

( 1.5 )

where A is the band amplitude, λ0 is the peak position and D is the band width.
The molecular CD where the helix is either parallel or perpendicular to the light can
therefore be given as133:

G∥ = θπ-π* gH , 190 nm,∥ + θn-π* –g, 224 nm,∥

( 1.6 )

G⊥ = θπ-π* +g, 190 nm, ⊥ + θπ-π* –g, 205 nm,⊥
+ θn-π* –g, 224 nm,⊥

( 1.7 )

where the bracketed terms describe the shape and sign of the band, the band position and
the orientation of the transition dipole moment and the incident light.
It is easy to see that the 205 nm band is most indicative of orientation as it is only present
when the helical long axis is perpendicular to k. Calculated OCD spectra using values from
an a-helical reference set by de Jongh, Goormaghtigh and Killian135 are shown in Figure
1.13 which clearly demonstrate the spectral difference when a peptide is perpendicular (on
the bilayer surface, A.) or parallel (inserted fully in the bilayer, B.). The resulting vesicle
spectra according to equation 1.3 is shown in Figure 1.13 C. When the helix is aligned
parallel to the incident light the band at 205 nm is nearly absent since the parallel
component of the p-p* transition is not excited. In contrast when perpendicular the
transition interacts maximally with the probing light and a strong negative intensity at
205 nm is observed.
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Figure 1.13: Computed OCD spectra of a helical peptide in an oriented lipid bilayer. The
bands for each transition were calculated according to the equations in the text, using
band parameters given in de Jongh et al.135 and summed. A. and B. show the OCD spectra
for a helix aligned with its long axis parallel or perpendicular to the propagating light
respectively (black solid lines). C. shows the spectra of the helix in isotropic vesicles
(black solid line) overlaid with the bands associated with each transition.
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The measurement of OCD spectra assumes the availability of samples with a very high
degree of alignment. To prepare oriented samples for OCD two approaches have been used
to date. There is some variation in method between publications, but the basic methods are
the same. The first and most commonly used method deposits lipid and peptide codissolved in organic solvent onto a fused silica substrate. The second method, which is
typically used for hydrophilic and amphiphilic peptides, involves the preparation of lipid
vesicles reconstituted with the peptide in aqueous solution136. This solution can then be
spread onto a substrate and dried. In both cases the samples are hydrated by exposure to an
environment with controlled humidity, usually achieved using a saturated salt solution,
where hydration of the sample results spontaneous formation of aligned bilayers. The
hydration of the samples is significant, since the optical properties of the sample, structure
of the bilayer and orientation of peptides can be affected by changes in the degree of
hydration. The antimicrobial peptide alamethicin has been shown to undergo reorientation
as a result of changes in the relative humidity133, and in studies of model PC membranes
there is a distinct structural change in bilayers above 94% relative humidity, where the
bilayer reaches its full thickness and headgroups protrude outwards into the aqueous
environment between bilayers137.
Similar to samples of membrane proteins in lipid vesicles, a number of artefacts can distort
OCD spectra. In addition to scattering and flattening, oriented samples also present
challenges due to linear dichroism (LD) and birefringence (LB) effects, both of which have
a magnitude of ~10-1 compared to the ~10-4 CD signal. These occur as the light generated
by the photoelastic modulator is not purely circularly polarised. LD results from the
interaction of light with a tilted dielectric substrate, such as the fused silica used for OCD
studies not being perpendicular to the incident light source. It is reported in the literature
that the LD signal appears to arise in poorly prepared samples with an inhomogeneous
distribution of lipids136, but when the lipid long axis and the electric field vector are
parallel, as should be the case in a well prepared sample, the LD is 0136, 138. It is possible to
observe LD effects in oriented samples by measuring the CD spectra at fixed angles about
the light director, and small contributions, if present, can be eliminated by averaging the
spectra acquired at each rotation. The second contribution to consider, LB, occurs due to
the changing refractive indices as light passes through the uniaxial sample. The LB can be
calculated from the birefringence Dn of the sample at wavelength l, the sample thickness
D at angle a between the light and bilayer normal as133:
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sin2 α
LB = 2π D Δn
λ cos α

( 1.8 )

Since LB occurs due to sample uniaxiality there is no change in its intensity as the sample
is rotated around the beam, as is the case with LD. It cannot be easily avoided through
careful measurement or sample preparation, but Wu et al.133 were able to quantify the
contribution at a maximum of 3 % of their CD baseline signal, and thus could neglect the
contribution.
Although there were previous CD measurements of membrane proteins in oriented
bilayers139, 140, the first experimental proof of Moffitt theory was given by Huang and
Wu141, 142 by studying alamethicin in oriented bilayers. Measurement of the sample at
different angles between the bilayer normal and direction of light propagation
demonstrated the polarisation of the band at 208 nm, confirming Moffitt theory. A
comprehensive method for measurement and analysis of peptides in fully hydrated lipid
films was published by Wu et al.133, who first coined the name oriented circular dichroism,
where the changes in orientation of alamethicin was studied as a function of hydration state
of the bilayer. By modulation of the sample hydration it was possible to orient alamethicin
both parallel and perpendicular to the bilayer normal which produced reference spectra for
helices at either of these extremes, allowing deduction of the intermediate states since there
is a relationship between the vesicle spectra (qv) and oriented spectra according to equation
1.3.
An alternative method of analysis has been put forward by de Jongh et al.135 which rather
than relying on orienting the protein of interest in both parallel and perpendicular
orientations uses a dataset of proteins of known structure to determine band position and
intensity for a-helical, b-strand and random coil proteins. These band parameters can then
be fit to experimental data to deduce an orientation parameter for proteins which are not
purely a-helical.
OCD has been particularly attractive in the study of antimicrobial peptides, where it has
allowed the investigation of their mechanism of action. Alamethicin is one of the most
widely studied antimicrobial peptides, which forms an ion conducting pore in cellular
membranes. Using OCD, Huang and Wu143 were able to demonstrate that the transition
between the surface bound state (“S state”) to its membrane inserted active state (“I state”)
is dependent on bilayer hydration and peptide concentration. At a critical concentration
(140 L/P in DPhPC) the peptide reorients from the S state to the I state, providing
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confirmation that in the non-conducting state the protein is associated with the surface of
the membrane rather than inserted in the bilayer.
Not all peptides are fixed in either an I or S state, and an intermediate state, termed the “T
state”, in which the protein is between parallel and perpendicular orientations, has been
observed for a number of peptides. A problem occurs in that it is impossible to distinguish
this spectral shape from the spectra arising when there is a mixture of I and S state peptides
in the sample, or alternatively when there is fast motion of the peptide between the I and S
states. This is illustrated by the antimicrobial peptide PGLa first obtained from Xenopus
laevis which does not fully adopt the I state at any protein-to-lipid ratio in the fluid
phase144. Confirmation of the T state, where the peptide is tilted at approximately 30° from
its S state orientation, was provided by solid-state NMR studies on the protein in oriented
bilayers using 19F labelled peptide144, 145. Whilst OCD is a valuable technique, its
combination with other approaches, particularly solid-state NMR, which allows
measurement of oriented samples in very similar conditions, is especially powerful.
It is important for OCD studies that samples are prepared with a very high degree of
orientation throughout the sample. This contrasts with surface based methods such as
ATR-FTIR which only require the initial layers to be well oriented. The majority of OCD
studies have investigated small peptides, and to date the only published example of a
multipass membrane measured by OCD is bacteriorhodopsin in oriented native purple
membranes. This was first achieved by Muccio et al.140 in dry multilayers, then secondly
by de Jongh et al.135 using fully hydrated bilayers. In these cases the spectra indicate that
the helices are, on average, oriented parallel to the bilayer normal, as would be expected. It
is not possible to discern changes in orientation of specific helices but the overall change in
architecture can be ascertained. These studies could be highly revealing to study
reorientation of helices in ligand-gated ion channels following ligand binding for example,
or changes in the structure as a result of bilayer composition. The ability to combine this
data with high resolution structure data could provide a basis for understanding
mechanisms of action. A limiting factor in OCD studies on large, complex proteins has
been the difficulty in preparation of oriented samples containing these proteins. In the case
of the small peptides used in the majority of OCD studies, they can be readily dissolved in
organic solvent and dried to a film. In contrast, large proteins may not be sufficiently
robust to undergo solubilisation in organic solvents and drying. Even when reconstituted
into lipid vesicles and deposited onto a fused silica support, drying may result in changes
to the protein structure or stability. Attempts to orient membrane proteins using pressure
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annealing have generally been unsuccessful since they also rely on the use of organic
solvents and temperatures which may denature the protein146. A small number of larger
proteins have been oriented successfully using isopotenital spin-dry ultracentrifugation
(ISDU) in both native147 and model membranes146. This involves the sedimentation of
membrane fragments or vesicles onto a support substrate under vacuum by
ultracentrifugation. Whilst this approach has been demonstrated as broadly applicable it is
laborious and requires specialist apparatus. A method to orient proteins for NMR studies,
the use of magnetically alignable lipid phases, is discussed in more detail in Chapter 3.
1.3.4. Synchrotron radiation circular dichroism spectroscopy
One limiting factor in conventional CD studies is the far-UV absorbance of a number of
common biological buffers and salts, including the Good buffers and chloride salts. These
may be necessary for protein stabilisation, but are intractable to CD in typical
concentrations. It is also difficult to acquire data in the vacuum UV (< 190 nm) since the
xenon arc lamps employed in CD instruments have reduced photon flux at lower ends of
the spectrum, which means additional bands relating to further transitions cannot be
observed.
It is possible to overcome these challenges through the use of synchrotron radiation CD
(SRCD), which is theoretically identical to conventional CD but experimentally uses a
synchrotron light source in place of a xenon arc lamp. SRCD in the far-UV region was
pioneered by Sutherland et al. in 1980, who developed an SRCD beamline at the NSLS
(Brookhaven National Laboratory)148. Since then a number of SRCD beamlines have been
constructed, and at present eight are operational at the following synchrotrons: ANKA
(Germany), ASTRID2 (Denmark), ANKA (Germany), BSRF (China), Diamond Light
Source (UK), HiSOR (Japan), NSRRC (Taiwan) and SOLEIL (France), with plans for an
additional beamline at the Brazilian LNSN synchrotron.
In accordance with the Maxwell equations, electromagnetic synchrotron radiation is
produced when electrons pass through a magnetic field. This radiation ranges from X-ray
to < 1 nm at high photon flux, allowing the measurement of protein CD spectra to ~160 nm
in solution, at which point the absorption of water becomes a limiting factor. It is possible
to measure to ~130 nm using protein films149. Previously the analysis of this data was
challenging since the datasets used to deconvolute CD data only included data to 185 nm
but a dataset published in 2007 provides a series of spectra acquired to 178 nm to allow
researchers to capitalise on the additional information obtained using SRCD studies119.
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Another advantage of SRCD is its improved sensitivity. The high photon flux results in a
gain in signal to noise (S/N), which means data can be acquired more rapidly and samples
can be less concentrated than those measured in conventional instruments, and in some
cases subtle changes in protein structure can be identified which are not observable using
conventional instruments150. The higher intensity of the light beam means that even
samples with absorbing components such as chloride can be tolerated to a degree as some
light is able to reach the detector, which may help in the case of proteins which require
specific salts for structure or stability. Similarly, samples which may cause light scattering
in benchtop instruments are more readily measured using SRCD, particularly lipid vesicles
and fibrillar proteins.
The SRCD beamline used for studies in this thesis, B23 at Diamond Light Source, is one
of the most recently constructed beamlines and benefits from a number of advantages over
beamlines available at other synchrotrons. One of the most significant advantages is the
highly collimated beam, which at the sample has dimensions of 500 x 470 µm151, in
contrast to the 10s mm2 area in bench top instruments. Foremost, this means that much
smaller volumes of sample are required for CD measurements, illustrated by an application
using a capillary tube with a pathlength of just 18 µm151. This also means that when
studying non-solution samples such as liquid crystals or films it is possible to ‘map’ the
area of the sample and detect any location specific features or homogeneity. This is
possible by virtue of the module A end station which allows samples to be mounted
horizontally rather than the conventional vertical setup and moved relative to the beam
using a motorised stage. Recently a high throughput system has been developed which
enables the automated measurement of samples in 96 well plates, allowing rapid data
collection in a vast number of conditions152. A drawback of SRCD is that although the high
intensity beam results in improved sensitivity the radiation flux is sufficient to result in
protein denaturation153. Although it is possible to address this apparent problem through
modulation of the beam optics and by defocussing of the beam151, there are also efforts to
exploit this deleterious effect in photostability assays as an alternative to thermal stability
and chemical denaturation experiments154.
1.3.5. Nuclear magnetic resonance (NMR) theory
NMR is a form of spectroscopy which has been used extensively to probe the structure,
interactions, chemical environment and dynamics of molecules. The application of NMR
spectroscopy to biological materials, particularly proteins, has enabled an understanding of
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dynamics and interactions which are unattainable by other structural methodologies, such
as macromolecular X-ray crystallography.
The phenomenon of NMR occurs in nuclei possessing spin angular momentum in the
presence of a magnetic field. When a nucleus with spin ¹ 0 is exposed to a magnetic field,
the Zeeman effect results in the splitting of the spin’s degenerate ground state into 2I+1
energy levels (where I is the spin quantum number). Spins can be promoted to a higher
energy state by applying electromagnetic radiation of a frequency which is equal to the
separation of the energy levels. The energy separation DE between two levels is given by:

ΔE = ℏγB0

( 1.9 )

where ℏ is the reduced Planck constant, g is the nuclear gyromagnetic ratio and B0 is the
magnetic field strength. The Hamiltonian operator for the Zeeman interaction HZ
represents the complete energy of the interaction between a spin j and longitudinal field125:
HZ = − γj B0 Ij

( 1.10 )

where Ij is the spin operator and B0 is the magnetic field strength. - γj B0 gives the Larmor
frequency, or the frequency of precession of the nuclear magnetic moment around the
field.
In addition to the Zeeman interaction, a number interactions of smaller magnitude
contribute to the spin Hamiltonian, which can be viewed as perturbations to the Zeeman
interaction:
H = HZ + HCS + HQ + HJ + HDD

( 1.11 )

where J, CS, Q and DD represent the J-coupling, chemical shift, quadrupolar and dipoledipole interactions respectively. The Zeeman interaction has the greatest magnitude (100s
MHz) whilst the J-coupling has the smallest (10s Hz). For the oriented solid-state NMR
measurements in this thesis, the interactions of most interest are chemical shifts and
quadrupolar interactions.
The chemical shift is one of the most commonly studied interactions in NMR. Electrons
circulating a nucleus create a local magnetic field, which opposes the external magnetic
field. This has the effect of shielding the nucleus to the external field and therefore changes
38

Chapter 1
the field that the nucleus experiences. This also means that the chemical shift is sensitive to
the local electronic environment. There is usually an uneven distribution of electrons
around a nucleus, but due to the rapid molecular tumbling in solution samples, the
chemical shift is isotropic (diso). In liquid crystals and solids however the uneven
distribution of electrons in the nucleus means the chemical shielding is anisotropic
(chemical shielding anisotropy, CSA), having an orientational dependence, and can be
described by a second rank tensor diagonalised to its principle components in the
molecular axis dxx, dyy and dzz , which are defined according to their magnitude155:
δzz - δiso ≥ δxx - δiso ≥ δyy - δiso

( 1.12 )

where the isotropic chemical shift diso is defined as:
δiso =

1
(δ + δ + δ )
3 xx yy zz

( 1.13 )

Additionally, the CSA δ and asymmetry parameter h can be defined as:
δ = δzz − δiso

( 1.14 )

δyy − δxx
δzz − δiso

( 1.15 )

η=

In the case of uniaxially symmetric nuclei dxx = dyy which can be assigned as the
perpendicular axis d^ whilst dzz can be assigned as the parallel axis d||.
The full chemical shift Hamiltonian (HCS) can be given as155:
HCS = −γB0 Iz

3 cos2 θ − 1 1
δiso + δ
+ η sin2 θ cos 2 ϕ
2
2

( 1.16 )

where q and f are Euler angles between the molecular principle axis system and the
laboratory frame (i.e. B0 field). In the case of an axially symmetric CSA (i.e. δxx = δyy ≠
δzz ) h = 0 such that the Hamiltonian can be given as:
HCS = −γB0 I% δiso + δ
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Quadrupolar interactions occur in nuclei with s pin > 1/2 as a result of an uneven
distribution of charge in the nucleus, which interacts with external electric field gradients
(EFG). The quadrupolar interactions are generally large, usually second in magnitude only
to the Zeeman interaction, and are also anisotropic. The Hamiltonian of the quadrupolar
interaction (HQ) for a spin j in the principle axis system can be given as125:
1
2
HQ = ωQ × (3 Iz − I(I + 1) 1)
6

( 1.18 )

where 1 is the unity operator and wQ is the quadrupolar coupling, given for an uniaxial
electric field gradient tensor125:
ωQ =

where

e2 qQ
h

3π e2 qQ
I (2I − 1) h

3 cos2 θ − 1
2

( 1.19 )

is the quadrupole coupling constant and q is the angle between the molecular

principle axis system and the laboratory frame.
Through space interactions can occur between magnetic moments of adjacent dipoles,
dipole-dipole interactions, and similarly to quadrupolar and CSA interactions are
orientationally dependant. Unlike the chemical shift tensor, the dipolar coupling tensor in
isotropic liquids is averaged to zero. Since the interactions occur through space they can be
either homonuclear or heteronuclear. The magnitude of the interaction between two spins i
and j is given by the dipole-dipole coupling constant bij125:
bij = −

µ0 γi γj ℏ
4π r3

( 1.20 )

where µ0 is the permittivity constant and r is the distance between the two nuclei. In the
case of the homonuclear dipole-dipole interaction between spins i and j, the dipolar
Hamiltonian (HDD) is given as125:
1
HDD = bij (3 cos2 θ − 1) (3 Iiz Ijz − Ii ·Ij )
2

( 1.21 )

and for heteronuclear interactions:
HDD = bij

1
3 cos2 θ − 1 (2 Iiz Ijz )
2
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where 𝐼(% and 𝐼)% is the z component of the spin operator and Ii and Ij are the spin
operators.
Interactions occurring between chemically bonded nuclei, J couplings, occur due to
hyperfine coupling of the nuclei and the electrons. Although the J coupling tensor is a 3x3
matrix, since it is independent of molecular orientations it can be considered a scalar. The
Hamiltonian for J coupling interactions between spins i and j can be given by125:
HJ = 2π 𝐈i ∙ Jij ∙ 𝐈j

( 1.23 )

where Jij is the J coupling tensor for the two spins. As the J-coupling is scalar and has a
small magnitude (~10 Hz) relative to the other interactions it is not commonly measured in
solid-state NMR.
1.3.5.1. Common experimental approaches in solid-state nuclear magnetic resonance
The most basic NMR experiment involves the application of a p/2 pulse to a sample in a
magnetic field. This tips the bulk magnetisation vector from the z-axis into the xy plane,
where the relaxation of the magnetisation back to the z-axis can be measured as a free
induction decay (fid). A number of additional experimental techniques can be applied to
develop this basic concept and have been used extensively in this thesis, and are described
below.
Heteronuclear decoupling
Interactions between protons and the nuclei of interest can result in significant line
broadening in solid-state NMR spectra. In the case of heteronuclear couplings between
protons and the nuclei of interest, high power continuous wave radio frequency (rf)
radiation can be applied during acquisition at the proton Larmor frequency, which
suppresses the couplings and thus results in improved spectral resolution.
Hahn echo
When applying an rf pulse in an NMR experiment to ‘flip’ the bulk magnetisation out of
the z-axis, acquisition of the fid cannot occur immediately due to the dead time of the
receiver. A Hahn echo experiment156 is a widely used pulse sequence that addresses this
issue by generating an ‘echo’ signal, which occurs following a time delay. The experiment
consists of two pulses, first a p/2 pulse to ‘flip’ the bulk magnetisation from the z-axis into
the xy plane, which then precesses about the z axis, followed by a p pulse which allows the
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magnetisation to refocus in the xy plane. Continuous wave decoupling is applied
throughout the echo. This is illustrated schematically in Figure 1.14.

Figure 1.14 Pulse sequence for a Hahn echo experiment. A p/2 pulse is followed by a p
pulse in order to 'flip' then refocus the magnetisation in the xy plane. The fid is acquired
after time delay t. Continuous wave decoupling is applied throughout the echo.
Quadrupolar echo
Whilst the Hahn echo can be used to measure chemical shifts, in quadrupolar nuclei an
alternative echo sequence is required to account for the additional transitions between spin
states. The use of a Hahn echo on quadrupolar nuclei results in incomplete refocussing of
the magnetisation, introducing additional interactions157. This can be addressed using a
quadrupolar echo, which is the same as a Hahn echo except with the p pulse replaced with
a p/2 pulse.
Cross polarisation
Although isotopes such as 15N and 13C are NMR active and regularly incorporated into
proteins for NMR studies, they have relatively low g which means measurements of these
nuclei are somewhat insensitive. In the case of 15N the g is 10 % of proton, which
corresponds to sensitivity of detection 10 % of that for proton. To address the low
sensitivity of nuclei such as these, cross polarisation can be used which enhances the
sensitivity by the transfer of magnetisation from a nuclei with greater g to a lower g158.
Protons are used mostly as the high energy spin due to their high g and 99.98 % natural
abundance. They also have much shorter T1 than the lower g nuclei, allowing a much
shorter repetition delay. Cross polarisation can be viewed as a thermodynamic process in
which there is a coupling between a high and low temperature reservoir. Thermal contact
between the two reservoirs allows the transfer of energy, and between two spins occurs via
dipolar interactions. Experimentally, the transfer of magnetisation polarisation can be
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donee by satisfying the Hartmann-Hahn condition, achieved by matching the precession
frequency of magnetisation between two spins I and S:
γI B1I = γS B1S

( 1.24 )

A pulse sequence for a cross polarisation program is outlined in Figure 1.15. First, the bulk
magnetisation is flipped into the xy axis using a p/2 pulse. A spin lock pulse is then
applied to induce precession of the magnetisation about the x axis. The frequency of
precession is matched between the two spins (wI = wS) to facilitate transfer of
magnetisation by modulation of the B1 field. For acquisition, the spin lock pulse is stopped
and fid acquired whilst continuous proton decoupling is applied. In the scheme outlined in
Figure 1.15 the amplitude of the spin lock pulse on spin I is ramped. This ramping allows
for inhomogeneity in the B1 field and ensures that the maximal number of spins match the
Hartmann-Hahn condition.

Figure 1.15: Pulse sequence for cross polarisation experiment. A p/2 pulse is followed by
spin lock contact pulse on both channels such that the Hartmann Hahn condition is
satisfied. The fid is then acquired with continuous wave decoupling on the proton channel.

1.4. Probing the effect of lipids on protein localisation
In this thesis two proteins are investigated, the first is the transmembrane domain of the
protein fukutin, which is studied by CD and NMR in Chapters 2 and 3, and is introduced
below. Second is the potassium channel hERG, which will be introduced in Chapter 4.
The localisation of certain proteins to specific cellular compartments may be mediated by
the lipid composition of the bilayer in which the protein resides. This is particularly true of
the glycosyltransferases which are localised to either ER or Golgi apparatus and are
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functionally dependant on their correct localisation17. Glycosyltransferases are one of a
number of different classes of enzyme which post-translationally modify synthesised
proteins, and are usually found in the ER and Golgi apparatus. Post-translational
modifications occur in almost all proteins, and in many cases have significant functional
implications. The work in this thesis utilises fukutin as a model glycosyltransferase to
probe the response of its TMD to changes in bilayer thickness, which may have a role in
the retention of the protein in the cis-Golgi cisternae since such membranes are known to
be thinner than those found later in the exocytic pathway16. This work complements a
battery of existing biophysical studies on the fukutin TMD which have investigated its
oligomeric state, structure and stability in a number of lipid environments62, 159, 160.
Fukutin has been implicated in the physiopathology of a number of autosomal recessive
congenital disorders, most significantly Fukuyama congenital muscle dystrophy (FCMD),
which is the second most common type of muscular dystrophy in Japan with an incidence
of 3 in 100000 individuals161. Symptomatically FCMD presents in early childhood with the
classical muscle weakness and hypotonia associated with muscular dystrophy, but it is also
characterised by mental retardation, impaired ocular development and various neurological
defects. Patients rarely survive past 20 years of age162.

Figure 1.16: Predicted domain topology of fukutin. The TMD is formed of a single
transmembrane helix which links to the functional catalytic domain by a 'stem'.
It has been suggested that fukutin functions as a glycosyltransferase of a-dystroglycan.
Similarly to other glycosyltransferases, including the fukutin homologue fukutin-related
protein, the domain topology of fukutin is likely to include a single helical transmembrane
domain and a catalytic functional domain, linked by a stem domain163 (Figure 1.16). Its
putative function has been evidenced by sequence analysis indicating it is a type II
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membrane protein possessing a DXD motif within its catalytic domain, common features
amongst glycosyltransferases, and experimental data showing expression but not
glycosylation of a-dystroglycan in FCMD mutant cells164, 165. In cultured muscle cells
transiently expressing fukutin it is localised exclusively to the cis-Golgi apparatus (Figure
1.17)166, again characteristic of glycosyltransferases. When properly glycosylated adystroglycan is responsible for muscle integrity by linking b-dystroglycan in the cellular
membranes to proteins of the extracellular matrix (ECM) such as laminin and agrin167.
Studies using antibodies targeting the glycan decorated region of a-dystroglycan indicate
that in FCMD patients the protein is hypoglycosylated, which corresponds to a loss in
binding activity to the ECM164. This hypoglycosylation has been attributed to the loss of
fukutin activity. In FCMD patients mutations in the fukutin encoding gene FKTN have
been identified, with the primary mutation responsible for the majority of cases being a
3 kb retrotransposal insertion in the 3’ untranslated region (UTR), which occurs in as many
as one in 90 of the Japanese population167. Patients with this mutation have demonstrably
less FKTN mRNA transcript than healthy counterparts168. A number of smaller, additional
mutations in FKTN have also been identified in both Japanese and non-Japanese FCMD
patients169, 170.

Figure 1.17: Subcellular localisation of WT fukutin in differentiated mus musculus
C1C12 muscle cells. Fukutin expression was induced by transfection with FKTN cDNA.
Cells were stained using anti-fukutin antibody (green) or anti-GM130 (red), a protein
found exclusively in the Golgi apparatus. Merged images demonstrate the co-localisation
of the two proteins. In the bottom row cells were treated with brefeldin A to disrupt the
Golgi which disperses the previously localised proteins. Scale bars represent 10 µm.
Reproduced from Matsumoto et al.166 with permission of Oxford University Press.
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In addition to fukutin there are a number of other putative glycosyltransferases thought to
be responsible for glycosylation of a-dystroglycan, including fukutin related protein
(FRP), LARGE1, protein O-linked-mannose β-1,2-N-acetylglucosaminyltransferase 1
(POMGnT1) and protein O-mannosyltransferases 1 and 2 (POMT1 and 2), which similarly
to fukutin are implicated in a number of diseases, particularly congenital adystroglycanopathies167. Glycosyltransferases in general are heterologously distributed
throughout the ER and Golgi cisternae, which is essential since proteins maturing through
the Golgi/ER network must encounter the glycosyltransferases in a specific sequence to be
correctly modified. This has been demonstrated for a number of glycosyltransferases
involved in a-dystroglycan maturation. In C2C12 cells, FRP is localised to the ER166
whilst LARGE1171 and fukutin166 are localised to the Golgi apparatus. In the case of
LARGE1 it was demonstrated that the removal of the TMD results in the protein
mislocalisation to the ER and consequent loss of activity171, and POMGnT1
mislocalisation from the Golgi to the ER results in a reduction in its activity172. These
examples illustrate both the significance of localisation to the correct compartments and
the importance of the TMD. Wild-type fukutin is localised to the cis-Golgi apparatus, but
through the introduction of missense mutations, which have been identified in patients, can
become localised to ER independently of the 3’ UTR insertion (Figure 1.18)173. It is clearly
important that glycosyltransferases are retained within the correct region of the ER/Golgi
to preserve functional activity, despite constant trafficking of proteins and molecules into
and out of the Golgi.
A number of models have been proposed which enable the retention of
glycosyltransferases within the ER/Golgi, which include oligomerisation, TMD lipid
specificity and recognition motifs17. Oligomerisation of glycosyltransferases (both heteroand homo-oligomerisation) is believed to create large complexes which are excluded from
trafficking vesicles due to their size174. These large complexes are also speculated to have
functional advantages, by making the sequential glycosylation reactions more efficient175.
Oligomerisation also facilitates interactions between proteins which may exert effects on
each other, for example it has been suggested that fukutin can interact with and regulate
POMGnT1 activity176. As well as interactions between the soluble domains, the TMD is
also likely to have a role in oligomerisation, with free cysteine and uncharged polar
residues mediating inter-helix interactions17. It is also clear that the lipid composition in
different cellular compartments is varied, with Golgi membranes being considerably
thinner than plasma membranes4. This is significant because TMD of Golgi localised
proteins are typically three or four residues shorter than TMD of proteins resident in the
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plasma membrane, potentially excluding them from thicker membranes. The protein
complex COPI mediates retrograde transport, and commonly proteins have a recognition
motif in their C terminus to enable their transport by this mechanism177.
Glycosyltransferases however lack these motifs, but it has been demonstrated that indirect
interactions between the proteins and COPI can be facilitated, at least in yeast systems, by
arginine based motifs and vps74 recognition motifs17. There are homologues which
perform similar functions in mammalian cells, such as the Golgi phosphoprotein 3 which
appears to interact with the POMGnT1 stem domain and mediate its localisation in the
Golgi172. There is evidence for all of these pathways to retention, and it seems likely that
these, as well as additional mechanisms must work cooperatively to ensure the correct
localisation of glycosyltransferases.

Figure 1.18: Effect of pathogenic mutations on the localisation of fukutin. FLAG-tagged
fukutin transitently expressed in C1C12 cells was visuallised using anti-FLAG antibody
(green), with the Golgi marker GM130 (top row, red) or ER marker KDEL (bottom row,
red). Nuclei are stained blue with DAPI. In the four mutants A170E, H172R, H186R and
Y371C the fukutin is dispersed throughout the cell, whereas the wild type is localised to the
Golgi apparatus. Scale bar is 10 µm. Figure adapted from Tachikawa et al.173 (copyright
the American Society for Biochemistry and Molecular Biology).
The fukutin TMD is the first 36 residues of the N terminus of the complete 461 residue
protein, and serves to anchor the protein into the Golgi membranes. Circular dichroism
(CD) studies confirm as expected that the TMD is almost entirely helical in both lipid and
detergent environments. Molecular dynamics (MD) revealed that fukutin TMD
compensates for changes in the bilayer thickness through changes in its tilt angle in order
to minimise the disruption to the bilayer or exposure of hydrophobic regions62. Its
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dimerisation in 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) bilayers was observed
in both FRET and crosslinking studies160.

Figure 1.19: Dimerisation of fukutin TMD monomers in DLPC bilayer identified by
molecular dynamics. Dimerisation is mediated by the interaction of S17 and S18 residues
(shown in space-filling format and expanded region showing hydrogen bonding).
Reproduced from Marius et al.160 with the permission of Springer.
Further studies into the dimerisation using molecular dynamics have revealed that the
closest contacts between monomers were located at S17 and S18, which are proposed to
form the dimerisation domain as part of a TXXSS motif160. The monomers are arranged in
an almost parallel orientation (Figure 1.19). Predominant interactions between S17-S18
and S18-S18 were observed, with hydrogen bonding between the carbonyl oxygens,
leading to a slight kink of the helices around these residues. Similar interactions have been
identified between helices in bovine cytochrome C oxidase, where a series of hydrogen
bonds between serines on adjacent helices form a “zipper” along the length of the
helices178. This parallel dimer structure is quite different to the interhelix interactions
commonly observed in membrane proteins through GXXXG-type motifs, such as
glycophorin A, which results in a crossing of the helices as a coiled-coil structure with
minimal interhelical distance179. In a number of proteins such dimerisation is necessary for
its functional activation, as has been proposed for the ErbB4 growth factor receptor
tyrosine kinase180. It is also noteworthy that interactions between the soluble domains of
other glycosyltransferases have been identified, including disulphide bridges between
cysteine residues in the cytosolic N-terminus of FRP181, and disulphide bridges between
the stem regions of N-acetylglucosaminyltransferase V monomers182, suggesting that the
transmembrane domain is unlikely to exclusively responsible for oligomerisation. The
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oligomerisation of fukutin, and potential formation of hetero-oligomers with other putative
glycosyltransferases, is likely to have implications for the function of the protein,
particularly as it has been suggested that fukutin is able to regulate POMGnT1 activity176.
Indeed, it may be the case that parallel orientation of the monomers has implications for
the confirmation of the stem and catalytic domains and its interaction with other proteins.
Interestingly, in the MD studies the tilt angle of the monomers after dimerisation reduces
from 38.8 ± 8° to 18.0 ± 10°, which has been attributed to the protein-protein interactions
reducing the number of residues available to interact with the bilayer. The interaction of
the protein with the lipid bilayer was studied, and five residues at either terminus were
found to engage in both hydrogen bonding and charge-charge interactions with the lipid
headgroup. These five residues, R3, K6, N26, K29, and R35, act to anchor the TMD in the
bilayer62.

1.5. Aims
The overall objective of this thesis was to implement and develop methods to study
membrane protein orientation in lipid environments which mimic the cellular membrane
using oriented SRCD (OSRCD). OSRCD is one of a small number of methods that allows
the determination of membrane protein orientation and has been widely used to
characterise the tilt angles of peptides and small proteins in lipid bilayers. The specific
aims of this thesis were:
•

To develop and implement a conventional method of OSRCD with mechanically
aligned samples at the B23 beamline and to validate the findings using solid-state
NMR;

•

To address some of the challenges associated with mechanically aligned samples
though the characterisation and development of a novel system, using solid-state
NMR and X-band EPR, to orient membrane proteins for OSRCD using
magnetically aligned lipid phases;

•

To apply these methods to the putative glycosyltransferase fukutin to understand
the response of the protein to changes in the lipid bilayer thickness and its
implications for protein trafficking;

•

To express and purify a human potassium channel, hERG, with a view to exploring
the possibility of orienting larger, multidomain membrane proteins for analysis by
OSRCD.
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Chapter 2. Characterisation of the fukutin
transmembrane domain in mechanically oriented
samples using circular dichroism and solid-state NMR
spectroscopy
2.1. Introduction
Methods used for studying molecular orientation provide a valuable tool to probe the
structural and conformational response of protein to their environment and interactions.
Since the advent of OCD (and oriented SRCD (OSRCD)) some 30 year ago a number of
groups have used it to discern the orientation of membrane proteins, particularly
antimicrobial and membrane active peptides, contributing significantly to the
understanding of their mechanisms of action. In a similar fashion, oriented NMR has been
applied to study the orientation and structure of membrane proteins in lipidic
environments, albeit at atomic resolution. This has provided insights into the significance
of the bilayer milieu, which are inaccessible using other approaches such as
crystallography and solution-state NMR.
In this chapter strategies for the production of high quality oriented samples are outlined.
Especially in the case of OCD this can be highly challenging, since samples must be
prepared which do not induce optical artefacts. This has been aided by the use of the
microfocused beam at the Diamond Light Source B23 beamline, which allows specific
areas of the sample to be scanned, rather than measuring areas which potentially contribute
artefacts to the spectra.
Interpretation of OSRCD data can be challenging, particularly in cases where the peptide is
oriented at an intermediate state between parallel and perpendicular. In such cases the use
of solid-state NMR can be highly valuable to provide complementary data to more clearly
the understand the tilt of the protein in the bilayer. At present there are no de novo methods
for analysis of OSRCD data. It would be very useful therefore to produce a dataset of
membrane proteins characterised in different lipid bilayers from which general algorithms
for the interpretation of such OSRCD data could be developed. Although this chapter does
not address this aim directly, it lays foundations for development of such a dataset to
interpret OSRCD data through its comparison with solid-state NMR data.
These oriented methods have been applied to the fukutin TMD, which appears to be
responsible for retention of the soluble region of the protein to the Golgi apparatus, a
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process important for its function. In addition to this biological significance, there is also
the availability of previous biophysical data. Through the joint use of oriented NMR and
OSRCD the implication of the bilayer thickness on the protein and its ability to avoid
hydrophobic mismatch have been studied. A prerequisite for these oriented studies is the
ability to prepare high quality oriented samples, and in the case of OSRCD these samples
must have suitable optical properties. Strategies for the production of such samples are
outlined in this chapter.
2.1.1. Theoretical background
2.1.1.1. 31P NMR
Phosphorous-31 NMR is a powerful tool to assess the overall degree of orientation of a
lipid bilayer. This is due to 31P being the naturally occurring isotope of phosphorous
meaning no isotopic labelling is required, its high gyromagnetic ratio (40.5 % of proton)
allowing sensitive detection, and relatively simple interpretation of spectra as it is a spin1/2 nucleus. The interactions which contribute to the NMR spectra of a nucleus can be
described by its spin Hamiltonian, which for 31P in an anisotropic sample is given by:
H = HCSA + HDD

( 2.1 )

where HCSA is the chemical shielding anisotropy and HDD is the proton-phosphorous
dipolar interaction. Since the dipolar interaction is usually suppressed in 31P measurements
using decoupling, the spectra is dominated by the CSA. In liquid crystalline (La) phase,
there is fast rotational averaging of the lipids with respect to the bilayer normal, producing
an axially symmetric chemical shift tensor (i.e. h = 0). In an axially symmetric powder
pattern, dxx = dyy , yielding two ‘edges’ (Figure 2.1 A.), denoted as 0° and 90° edges (d∥
and d^ respectively). Experimentally, the CSA (D) for 31P spectra can be given
conveniently as the difference between the 0° and 90° edges:
∆ = d^ - d∥

( 2.2 )

where D is related to d by D = 3/2 d.
The CSA is dependent on a range of factors, including the structure of the lipid headgroup,
bilayer hydration, lipid phase and the interaction of components (such as cholesterol,
proteins, small molecules) with the lipid headgroups.
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In oriented samples the resonance frequency is dependent upon the orientation of the
bilayer normal with respect to the magnetic field, with bilayers oriented parallel to the
magnetic field resonant at d∥ and bilayers oriented perpendicular resonant at d^ (Figure
2.1). This orientation dependence of the chemical shift is defined as183:
ν (θ) [ppm] = δiso + δ

3 cos2 θ - 1
2

( 2.3 )

In these spectra the peak width is representative of the lipid mosaic spread, i.e. the
distribution of angles around the bilayer normal or degree of misorientation.
Whilst the 31P spectra of oriented samples are predominated by a single peak whose
position is dependent on the bilayer orientation, the spectra of a vesicular sample
represents the summation of peaks for each possible orientation and yields a powder
spectrum with a large intensity d^ and a lower intensity d∥ (Figure 2.1).
2.1.1.2. 15N NMR
Many of the above principles for 31P NMR are the same as those for 15N NMR. It is
similarly a spin-1/2 nuclei, and instead of reporting the orientation of the lipid bilayer with
respect to the magnetic field it can be used to report the orientation of amide groups in the
protein backbone. They differ in that 15N has a low natural abundance (< 0.4 %) and so
proteins must be isotopically enriched by either expression in labelled media or
incorporation of labelled amino acids during peptide synthesis. The low gyromagnetic ratio
of 15N means it has poor sensitivity, and requires alternative experiments to maximise the
signal. Cross polarisation (CP) is a widely used pulse sequence in solid-state NMR to
improve sensitivity by transfer of magnetisation from proton to 15N (as described in more
detail in Chapter 1).
As for 31P, during acquisition proton decoupling is applied to supress the dipolar coupling
to the surrounding protons which would otherwise lead to broadening of the spectral lines.
It should be noted however that it is also possible to exploit the orientation dependant
proton-nitrogen dipolar couplings to provide additional information on helix orientation.
Primarily this has involved the use of PISEMA and related experiments, the application of
which is outlined in Chapter 1.
A further consideration with 15N is that the chemical shielding tensor, unlike 31P, is not
axially symmetric (h > 0). In this case the CSA is determined according to equation 1.14.
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Figure 2.1: Simulated 31P spectra of lipid bilayers. Top: Powder spectrum of
multilamellar vesicles with no orientational preference. Edges arising from 31P nuclei
oriented either 0° or 90° to the B0 field. Middle: spectrum of lipid bilayers oriented with
bilayer normal parallel (0°) to B0 field. Bottom: spectrum of lipid bilayers oriented with
bilayer normal perpendicular (90°) to B0 field.
2.1.1.3. 2H NMR
2

H is a spin-1 nuclei, and therefore its Hamiltonian is dominated by a large quadrupolar

interaction. The natural abundance of 2H is too low (0.015 %) to perform measurements on
unlabelled lipids, meaning that lipids can be selectively deuterated to probe different
regions of the lipid (either the acyl chains or headgroup). In this thesis acyl chain
deuterated lipids are used, such as POPC-d31, which in isotropic samples produce a
narrow, single line. In anisotropic samples however each CD group in the lipid gives rise
to a well resolved doublet, characterised by the quadrupolar splitting (ΔνQ ) 184:
ΔνQ =

3 e2 qQ
3 cos2 θ −1
SCD ·
2 ℏ
2
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where q is the angle between the CD group and the magnetic field and SCD is the order
parameter for acyl chain deuterons. Whilst there may be a symmetry parameter for CD
bonds it is usually sufficiently small that it can be neglected184. SCD can be viewed as the
deviation of the CD group from the bilayer director, where completely mobile groups have
SCD = 0 and the most ordered have SCD = 1. It follows that the most mobile CD groups,
such as at the terminal end of the acyl chain, produce the smallest splitting. The motionally
restricted groups at the ester-linked end of the lipid produce the greatest splitting and give
rise to the “edges” of the powder pattern in vesicle samples. Similar to 31P we can use the
position of these edges to determine the degree of orientation of the sample.
In simulated 2H spectra of a single CD group this orientational dependence is easily
observed (Figure 2.2) In the oriented spectra, the change in angle between the CD group
and the B0 field results in a change in the ΔνQ between the two resonances (Figure 2.2,
middle and bottom spectra). In a powder spectrum representing lipid vesicles (Figure 2.2,
top spectra) where all possible orientations are present, the shoulders are derived from the
perpendicular orientation of the CD group (0° edges) to the magnetic field, whilst the well
resolved resonances inside the shoulder indicate CD groups that are aligned parallel (90°
edges) to the magnetic field.
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Figure 2.2: Simulated 2H spectra of a single CD group in a lipid acyl chain. Top: Powder
spectrum of multilamellar vesicles with no orientational preference. Edges arising from
CD group oriented either 0° or 90° to the B0 field. The splitting for the 90° edges is
illustrated. Middle: spectrum of lipid bilayers oriented with bilayer normal parallel (0°) to
B0 field. Bottom: spectrum of lipid bilayers oriented with bilayer normal perpendicular
(90°) to B0 field.
2.1.2. Simulations of NMR spectra
To aid in the interpretation of 31P and 15N NMR data, spectra were simulated according to
the theoretical principles. The methods used to simulate these spectra are outlined below.
2.1.2.1. 31P simulations
Oriented spectra were analysed using custom written scripts in MATLAB (MathWorks,
Inc.). For 31P spectra, where the chemical shielding anisotropy is axially symmetric (i.e.
δxx = δyy ≠ δzz ), the resonance frequency ν for each molecular orientation was calculated
according to:
3 cos2 θ -1
ν (θ) = δiso + δ
2
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where θ is the angle between the principle axis of the chemical shield anisotropy and the
B0 field. The signal from a particular orientation (crystallite), S(θ), can therefore be
calculated as:
S θ,t = e-i (ν(θ) – λ ) t

( 2.6 )

where 𝜆 represents the decay of the signal. The spectra were calculated in the time domain,
with the appropriate phenomenological relaxation rate (T2; l) employed to mimic the
experimental observed linewidth. For powder samples the signal was integrated across all
possible angles of θ and weighted according to the distribution of crystallites in a powder:
π/2

S t =

e – i (ν(θ)– λ ) t ∙ sin θ∙ d θ

( 2.7 )

0

Numerically this was achieved using Cheng powder averaging185. Typically, simulations
converged with 1154 powder points. For oriented samples, the signal intensity around a
given director was weighted assuming a Gaussian distribution around the director normal
to account for mosaic spread. The resulting signal function is therefore given as:
π/2

S t =

e2i (ν(θ)– λ) t ∙ sin θ ∙

0

1
Δθ 2π

1 θ2Δθ 2
Δθ

e2 2

dθ

( 2.8 )

where ∆θ is the variance about the director normal, representative of the mosaic spread.
By arraying the relative contributions of oriented and powder to the simulated spectra it
was possible to estimate the degree of orientation from experimental data. The disordered
component was varied from 0 to 100 % in 1 % steps, and the resulting spectra were
subtracted from the experimental data. The difference was squared to yield the root mean
squared deviation (rmsd), and the lowest rsmd was taken as the best fit.
2.1.2.2. 15N simulations
For 15N simulated spectra custom written MATLAB (MathWorks, Inc.) scripts were again
used. These used the equations to calculate 15N chemical shifts and 15N-1H dipolar
couplings for PISEMA spectra given by Wang et al.112. An idealised helix is assumed and
the chemical shift for each residue is calculated by rotating the helix axis by the angle r,
with a tilt angle t. The signal function for the chemical shift can be given as:
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S (r,t) = δxx – 0.828 cos ρ sin τ + 0.558 sin ρ sin τ – 0.047 cos τ

2

+ δyy ( 0.554 cos ρ sin τ + 0.803 sin ρ sin τ – 0.22 cos τ)2

( 2.9 )

+ δzz ( – 0.088 cos ρ sin τ – 0.206 sin ρ sin τ – 0.975 cos τ)2
The fukutin TMD used in the 15N experiments in this thesis is labelled with 15N-leucine in
seven of the eight leucine positions. To simulate these spectra we increased the r to rotate
around the helix axis and calculated the spectra when that rotation coincided with a
labelled residue then summed the result for the entire helix.
To fit the simulated spectra with the experimental data, both the t (tilt angle) and r
(rotation angle) were arrayed since neither are known experimentally. Simulated spectra
were subtracted from the experimental data to yield the difference spectra which was then
squared to give the rmsd. The lowest rsmd value was taken as the best fit.
For powder spectra, the method used for 31P was applied here. In order to account for the
asymmetry of the 15N CSA an additional term from the chemical shift Hamiltonian for
axially asymmetry was added to equation 2.5:
ν (θ) = δiso +

δ
η
( 3 cos2 θ − 1 + sin2 θ cos 2 φ)
2
2

( 2.10 )

where θ and φ are the angles between the principle axis of the chemical shield anisotropy
and the B0 field. Powder averaging was against achieved using the Cheng method185, this
time with 50000 powder points to reach convergence.

2.2. Methods and materials
2.2.1. Materials
All reagents were sourced from Fisher Scientific (Loughborough, UK) unless otherwise
stated. Sol-grade detergents (DDM and OG) were purchased from Anatrace (Ohio, USA).
Lipids were purchased as lyophilised powders from Avanti Polar Lipids (Alabama, USA)
and prepared as 10 mg mL-1 stocks in methanol and stored at -20 °C unless otherwise
stated.
Unlabelled murine fukutin TMD (Uniprot accession number Q8R507, residues 1- 36) was
synthesised commercially by Peptide Protein Research Ltd (Fareham, UK) as a TFA salt
at > 90 % purity with amino acid sequence:
MSRINKNVVLALLTLTSSAFLLFQLYYYKHYLSARN
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(Polar residues are coloured red, apolar residues blue and charged residues black.)
Purity was confirmed by HLPC and mass spectrometric analysis performed by the
manufacturer. For NMR studies, 15N-leucine labelled fukutin TMD was produced by
Chinese Peptides (Hangzhou, China) as TFA salt supplied at greater than 98 % purity,
confirmed by HPLC and mass spectrometry. The sequence was identical except for the
removal of the N-terminal methionine (position 1). 15N-leucine was incorporated for all
leucines with the exception of position 15. Stocks of peptide in methanol were prepared at
1 mg mL-1 and stored at -20 °C.
Suprasil fused silica and calcium fluoride cuvettes used for CD measurements were
manufactured by Hellma (Essex, UK). Fused silica (Spectrosil 2000) coverslips for
oriented CD measurements were custom made by UQG Optics Ltd (Cambridge, UK) in a
range of dimensions with 1 mm thickness. Glass coverslips for oriented NMR studies were
custom made by Paul Marienfeld GmbH (Lauda-Königshofen, Germany) with dimensions
either 25x4 mm or 25x8 mm. Both fused silica and glass coverslips were cleaned by
soaking in 70 % nitric acid (Sigma-Aldrich, UK) for at least 1 hour, followed by repeated
washing with H2O and 70 % ethanol before drying at room temperature. Calcium fluoride
demountable cells were cleaned extensively with methanol to solubilise lipids, and where
necessary in 2 % Hellmanex solution (Hellma Analytics, Essex, UK), before being
extensively washed in ethanol and H2O.
2.2.2. Methods
2.2.2.1. Expression, purification and characterisation of fukutin TMD
Expression in E. coli
The protocol for expression and purification of the fukutin TMD was based on previously
published work from the group159.
A synthetic gene encoding the transmembrane domain of murine fukutin (residues 3 – 36
of UniProt accession no. Q8R507) was previously cloned into a pQE32 vector with an Nterminal 6x histidine tag (for affinity chromatography) and enterokinase cleavage sequence
(to facilitate removal of the histidine tag)159. The full amino acid sequence, annotated for
histidine tag (underlined) and enterokinase cleavage site (bold), is as follows:
MRGSHHHHHHDDDDKRINKNVVLALLTLTSSAFLLFQLYYYKHYLSARN
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For protein expression, the resulting pFk plasmid was transformed into chemically
competent M15 cells carrying the pREP4 plasmid which expresses the lac repressor
protein (Qiagen) according to manufacturer’s protocols and spread onto LB agar plates
with 100 µg mL-1 ampicillin and 25 µg mL-1 kanamycin. A single colony was used to
inoculate 10 mL of LB media (1 % w/v tryptone, 0.5 % w/v yeast extract, 1 % w/v NaCl)
supplemented with ampicillin and kanamycin and grown shaking for 16 hours at 37 °C.
5 mL of this starter culture was used to inoculate 0.5 L of LB, again with ampicillin and
kanamycin. The culture was grown at 37 °C, shaking at 180 rpm to an optical density at
600 nm (OD600) of 0.7. To induce protein expression, isopropyl β-D-1thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM and the culture
was incubated for a further 16 hours at 18 °C. Cells were harvested by centrifugation at
5000 g for 20 minutes at 4 °C.
Fukutin TMD purification
The cell pellet from 1 L of culture was fully resuspended in 50 mL buffer A (50 mM
Tris-Cl pH 7.4, 150 mM KCl, 150 mM NaCl) and lysed by sonication on ice using a
program of 10 s on, 30 s off for 5 minutes total on time at power level 7 (Misonix XL).
The membrane fraction was extracted from the lysate by ultracentrifugation at 142 000 g
for 40 minutes at 4 °C. The pelleted membrane fraction was then resuspended in 50 mL
solubilisation buffer (50 mM Tris-Cl pH 7.4, 150 mM KCl, 150 mM NaCl, 10 mM DDM,
50 mM imidazole) and gently stirred at room temperature for 2 hours. Insoluble material
was pelleted by centrifugation at 20 000 g for 30 minutes at 4 °C. The resulting clarified
solubilised membrane fraction was filtered through a 0.4 µm syringe filter and incubated
for 1 hour at 4 °C with 1 mL Ni Sepharose resin (GE Healthcare, UK) pre-equilibrated
with wash buffer (50 mM Tris-Cl pH 7.4, 150 mM KCl, 150 mM NaCl, 200 mM
imidazole). The resin was applied to a gravity flow column and washed with 15 bed
volumes of wash buffer. A relatively high concentration of imidazole (200 mM) could be
used in the wash buffer due to the high affinity binding of fukutin TMD, which improved
the purity of the eluate. The protein was then eluted from the resin in 6x 1 mL fractions
using elution buffer (50 mM Tris-Cl pH 7.4, 150 mM KCl, 150 mM NaCl, 600 mM
imidazole, 1 mM DDM).
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SDS-PAGE
Tricine SDS-PAGE was used to assess the degree of protein expression and purity. Gels
were prepared with 4 % stacking and 15 % resolving layers according to the recipe in
Table 2.1.
Table 2.1: Recipe for tricine SDS-PAGE gels.
Stacking gel

Resolving gel

Acrylamide (30 %; 37.5:1 acrylamide:bisacrylamide)

0.66 mL

5 mL

3 M Tris-Cl pH 8.45, 0.3 % SDS

1.24 mL

3.33 mL

H2 O

2.9 mL

1.67 mL

Tetramethylethylenediamine
(TEMED)

10 µL

10 µL

Ammonium persulphate (10 mg mL-1)

25 µL

50 µL

Samples were prepared in 4x gel loading buffer (250 mM Tris-Cl pH 7.4, 8 % w/v SDS,
4 mg mL-1 bromophenol blue, 20 % v/v glycerol, 12 mM b-mercaptoethanol) to 1x final
concentration. Gels were run at 120 V constant voltage for approximately 75 minutes with
buffers:
Anode buffer: 200 mM Tris-Cl pH 8.9.
Cathode buffer: 100 mM Tris-Cl pH 8.2, 0.1 % SDS.
Gels were then stained using InstantBlue Coomassie protein stain (Expedeon,
Cambridgeshire, UK) and imaged.
Mass spectrometry analysis
For confirmation of the protein molecular weight mass spectrometry analysis was
performed. To extract detergent and salt from membrane protein samples for mass
spectrometry analysis, protein was first precipitated using methanol-chloroform. Briefly, 1
volume of sample was mixed with 4 volumes of methanol, 1 volume of chloroform and 3
volumes of water, all on ice. After vortexing the solution was centrifuged to separate the
aqueous and organic phases. The aqueous upper layer was aspirated and discarded and 3
volumes methanol added. The sample was then vortexed and the centrifuged to pellet the
precipitated protein. Following aspiration of the methanol, the precipitant was washed once
with water before resuspension in 50:50 methanol-formic acid. Mass spectrometry was
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performed by Mr J. Neville Wright (Biophysical laboratory, University of Southampton)
using a LCT Micromass electrospray ionisation (ESI) time-of-flight instrument (Waters
Ltd., Elstree, UK) in positive ion mode. Mass-to-charge (m/z) spectra were deconvoluted
using MaxEnt software (Waters Ltd., Elstree, UK) to yield the relative molecular mass
with a resolution of 1 Da.
Conventional CD spectroscopy measurements
To ensure purified fukutin TMD adopted the expected helical structure conventional CD
spectroscopy was performed using a nitrogen purged J-720 spectropolarimeter (Jasco,
Tokyo, Japan). To remove imidazole and salts which absorb in the far-UV region the
eluted protein was dialysed (Pur-A-Lyzer dialysis kit, 3500 MWCO, Sigma-Aldrich) into
10 mM Tris-Cl pH 7.4, 1 mM DDM for 16 hours and diluted to 0.1 mg mL-1. Spectra were
acquired at room temperature using a 1 mm pathlength fused silica cuvette (Hellma
Analytics, Essex, UK) from 260 to 190 nm with 1 nm step resolution, 2 nm bandwidth and
1 s response time. The presented spectra represent an average of eight scans which were
baseline corrected against the sample buffer. Data was truncated when the high tension
(HT) voltage exceeded 600 V.
2.2.2.2. Preparation of oriented samples for solid-state NMR
Oriented samples were prepared by the co-dissolving lipid and peptide (where appropriate)
in organic solvent. Organic solvents with different dielectric constants were selected for
each lipid based on experience and suggested solvents in the literature186. In most cases
pure methanol was sufficient. In the case of DLPC a 1:1:1 chloroform:methanol:
trifluroethanol (TFE) mixture was used, and when fukutin TMD was added this mixture
was changed to 4:1 methanol:TFE.
To increase the surface tension and prevent the solvent running onto the underlying
support, coverslips were mounted on small pieces of modelling clay. The dissolved lipids
(and protein as necessary) were deposited in a single aliquot, preventing the need for
repeated deposition and drying, which produced poor quality samples based on visual
inspection. After aliquot was applied to the coverslips, the samples were gently rocked to
ensure even distribution of the lipid across the surface during drying. Solvent was allowed
to fully evaporate on the bench at room temperature, or in the case of DPPC (which proved
to dry very slowly at room temperature) in an incubator at 37 °C. Air dried samples were
transferred to a lyophiliser and dried under vacuum for a minimum of 4 hours to remove
residual traces of solvent.
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Hydration of sample was achieved by either direct hydration or partial hydration.
Direction hydration
A small quantity (~5 µL) of water was applied directly to the surface of each coverslip.
Hydrated samples were stacked and placed into a 5 mm diameter NMR tube of
approximately 30 mm length. A small drop of water was added to the end of the tube to
promote a humid environment before sealing.
Partial hydration using vapour method
A small volume of ddH2O was applied to the surface of each coverslip (~5 µL). The
coverslips were then placed into an airtight container with a beaker of a saturated K2SO4
solution. This ‘hydration chamber’ was then placed into an incubator at 37 °C to achieve a
relative humidity of 97 %187 for a minimum for between 16 hours and 3 days. Hydrated
samples were removed from the chamber, stacked, hydrated further with an addition few
µL ddH2O to the edges the sample, wrapped in parafilm and sealed in polythene bags.
Sealed samples were stored at 4 °C until measurement.
2.2.2.3. Preparation of ‘powder’ samples for NMR
Powder samples of non-oriented lipid multilamellar vesicles were prepared in order to
determine the CSA of the lipid. Typically 10 mg of lipid was dissolved in methanol and
then dried to a film under vacuum. The film was resuspended in ddH2O to yield a 30 %
w/v solution and subject to 5 - 8 rounds of freezing in liquid nitrogen and thawing at
40 °C. It was then transferred to a polythene bag and sealed.
2.2.2.4. Preparation of samples for SRCD
Vesicle samples
Appropriate volumes of fukutin TMD and lipids were mixed in glass vials then dried to a
film for at least 4 hours under high vacuum. 10 mM potassium phosphate buffer was added
to the film to achieve a fukutin concentration of 0.125 mg mL-1 and left to hydrate for 30
minutes. The solution was then sonicated extensively to clarity using an ultrasonic water
bath at 25 °C to yield SUVs. Samples were centrifuged for 5 minutes at 12000 g to remove
large vesicles and unincorporated material. Vesicles of lipid without protein were prepared
by identical means for use as a baseline.
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Oriented samples
Samples were prepared in a similar manner to those outlined for oriented NMR samples
(c.f. 2.2.2.2). Appropriate volumes of lipid and fukutin TMD stocks in methanol were
combined to achieve desired concentrations of lipid and protein. These were then applied
to the surface of either demountable cuvettes (calcium fluoride or fused silica) or custom
made fused silica coverslips. The substrate material is described in the figure legends as
appropriate. The samples were dried to a film under nitrogen gas then subject to 4 hours
under high vacuum.
Modifications and more detailed descriptions of the sample preparation method are
outlined in the results section.
2.2.2.5. Solid-state NMR measurements
All oriented NMR measurements were acquired using a 400 MHz Chemagnetics/Varian
CMX spectrometer equipped with a commercial double resonance static probe. Free
standing solenoidal coils were wound with suitable geometries for samples as necessary.
Samples were aligned in the coil with the normal of the coverslip parallel to the B0 field.
Deuterium
The orientation of samples containing acyl-chain deuterated lipid was probed using 2H
NMR. All spectra were acquired at 61.53 MHz using a quadrupolar echo pulse program,
with a 4 µs 90° pulse, 4 µs dwell time, 45 µs echo delay, 1024 points and 0.5 s recycle
delay. Spectra presented represent accumulation of 1024 acquisitions. Sample temperature
was maintained at 25 °C. Samples were measured at 0° and 90° with respect to the normal
of the coverslips and B0 field. Data was processed in matNMR188, where the fid was leftshifted to the top of the echo and exponential line broadening of 50 Hz applied prior to
Fourier transformation.
Phosphorous-31
Oriented samples were characterised using 31P to assess degree of bilayer orientation.
Spectra were acquired at 161.84 MHz using a Hanh echo pulse program156 with typical
acquisition parameters of 4.5 µs 90° pulse, 2 µs dwell time, 50 µs echo delay, 2048 points
and 2.5 s recycle delay. Continuous wave proton decoupling (typically with a field of
35 kHz) was applied during acquisition. Between 64 and 16 384 scans were accumulated
for each spectrum depending on the quantity of lipid. Spectra were referenced externally to
H3PO4 at 0 ppm. Data was processed in matNMR188, where the fid was left-shifted to the
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top of the echo, zero filled to 16384 points and exponential line broadening of 100 Hz
applied prior to Fourier transformation.
Nitrogen-15
15

N spectra of 15N-leucine fukutin TMD were acquired to determine the orientation of the

protein in oriented lipid bilayers. Spectra were acquired using a variable-amplitude cross
polarisation (1H to 15N) pulse program158 to excite the 15N, followed by a spin echo prior to
acquisition at a 15N frequency of 40.51 MHz. Typical parameters for acquisition included 4
µs 90° pulse, 1 ms contact time, 10 µs dwell time, 50 µs echo delay, 1024 points and 2.5 s
recycle delay. Low-power proton decoupling (field strength for each given in the text) was
applied throughout acquisition, since probe limitations and concerns regarding sample
heating prevented high power decoupling. The number of scans is given in figure legends.
Spectra were referenced externally to NH4Cl at 41.5 ppm189. Data was processed in
matNMR188, where the fid was left-shifted to the top of the echo and exponential line
broadening of 300 Hz applied prior to Fourier transformation.
2.2.2.6. Synchrotron radiation circular dichroism measurements
SRCD measurements were recorded at B23, Diamond Light Source, UK, during beamtime
allocations including SM9452, SM11722 and SM14147. Measurements were recorded
using either the module A or B end station, both of which are equipped with a highly
modified DSM 20 spectropolarimeter (Olis Inc, Georgia, USA)190. Far-UV measurements
were carried out with slit width of 1 nm, 1 nm step increment and 1 s integration time.
Prior to each set of measurements the signal calibration was checked using a standard
solution of 0.6 mg mL-1 camphor sulphonic acid, which is expected to yield a ratio of 2:1
for the absolute peak intensity at 290.5 and 192.5 nm191. At least four repeat scans were
measured and averaged and spectra were baseline corrected as appropriate. SRCD data was
processed in CDApps192 and MATLAB (Mathworks, Inc.). Generally spectra were not
smoothed but in those cases where smoothing was applied the details are given in the
accompanying figure legend.
Vesicle samples
A 1 mm path fused silica cuvette was used for all measurements. A Peltier temperature
controlled cell holder was used to maintain sample temperature (Quantum Northwest,
Washington, USA). Secondary structure analysis was performed using the Dichroweb
server193 with the CONTIN LL algorithm194, 195 and basis set 10 which comprises a mixture
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of soluble and membrane proteins. Data is given as molar circular dichroism, De,
calculated according to the following196:

[θ] =

θ MRW
10 l c

( 2.11 )

[θ]
3298

( 2.12 )

∆ε =

where [q] is the ellipticity, q is the CD in millidegrees (mdeg; machine units), MRW is the
mean residue weight (protein molar mass/number of residues – 1), l is the pathlength in
mm and c is the protein concentration in mg mL-1.
Oriented samples
The type of sample holder varied depending on the nature of the sample. For oriented
samples prepared on calcium fluoride substrate, a micro cell assembly was used197.
Similarly, samples were prepared on one half of a fused silica demountable cuvette.
Oriented samples on fused silica coverslips were placed either directly onto a temperature
controlled stage (Linkam, UK) of module A such that there were oriented horizontally.
In some instances it is difficult to baseline correct lipid-protein samples with pure lipid
samples since the sample preparation can be different. Since the quantity of lipids used
should have a relatively small absorption signal it is not inappropriate to baseline correct
against the clean substrate132. The baseline used for each sample is described in the figure
legend.

2.4. Results and discussion
2.4.1. Expression and purification of fukutin TMD
We were able to successfully reproduce the published protocol for purification of the
histidine-tagged fukutin TMD in E. coli159. Typical yields, determined by absorption at
280 nm, were in the region of 1 mg per L media, and densitometry analysis of SDS-PAGE
indicated an approximate purity of 80 % (Figure 2.3). To ensure the protein was correctly
folded a CD spectrum was obtained (Figure 2.3) which features two minima centred
around 222 nm and 212 nm, indicating qualitatively a significant helical content of the
protein as expected 198. It was not possible to perform secondary structure deconvolution as
accurate analysis requires data points from 190 nm, whereas the data here was cleaved at
197 nm due to exceedance of the acceptable HT voltage.
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There is a discrepancy in the band position on SDS-PAGE (Figure 2.3) where the fukutin
TMD appears at a higher molecular weight than predicted by ProtParam analysis199
(approximately 8 kDa in contrast to predicted 5.88 kDa). It has been extensively reported
in the literature that membrane proteins often do not run true to size200. Presumably in the
case of fukutin TMD this inconsistency arises because it is stable in SDS, and SDS-PAGE
relies on the assumption that proteins are fully denatured. In order to confirm the molecular
weight of the predominant species in eluate, ESI mass spectrometry was employed.
Proteins in the eluate were precipitated using methanol-chloroform extraction (cf. section
2.2.2.1) and washed to remove detergent and salt before analysis. Deconvolution of the
mass-to-charge ratio spectrum reveals a predominant peak corresponding to a molecular
weight of 5877 Da, and a second peak at 5893 Da. These peaks represent the fukutin TMD
and the fukutin TMD with oxidation of the methionine at position one respectively.
Whilst the expression and purification of fukutin TMD was successful, the purity of the
protein is inadequate in current form for more complex CD studies and would require
further purification. Additionally, cleavage of the histidine-tag is necessary, protocols to
reconstitute the protein into lipids should be developed and expression in nitrogen-15
labelled media for NMR studies are desirable. Considering these factors, alongside the
modest yield, we made the decision to source commercially synthesised fukutin TMD,
which was used in all further experiments.
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Figure 2.3: Purification and characterisation of histidine-tagged fukutin TMD. A. SDSPAGE analysis of fukutin TMD expression in E. coli and purification. Uninduced and
induced samples show total cellular protein before and after induction of expression with
IPTG, lysate is sonicated cells, SF is the solubilised membranes, FT is the flow through.
Arrowhead indicates the position of fukutin TMD band. B. Conventional CD spectra of
fukutin TMD in 10 mM Tris-Cl pH 7.4, 1 mM DDM. C. ESI mass spectra of fukutin TMD.
(Left) ESI-ToF mass-to-charge spectrum of fukutin TMD annotated with envelope of
fukutin TMD multiply charged states indicated; (right) deconvoluted mass spectrum
annotated with molecular mass of predominant species.
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2.4.2. Oriented nuclear magnetic resonance measurements
To probe the tilt angle of fukutin TMD in lipid bilayers of different thickness we acquired
NMR spectra of 15N-leucine labelled peptide in DLPC, DMPC and DPPC. These
measurements will validate the results from the OCD spectra. The lipids were chosen since
they produce bilayers of increasing thickness (Table 2.2), representing the change in
bilayer thickness between different cellular compartments. DLPC has a total bilayer
thickness of ~38.9 Å201 which is comparable to the thickness of native Golgi membranes
where fukutin is resident (thickness of cellular membranes is summarised in Table 2.3).
The use of lipids with a greater thickness may provide an indication of the mechanisms
which prevent the exclusion of fukutin TMD in thicker cellular membranes.
Table 2.2: Bilayer thickness (DB) of saturated PC lipid bilayers in fluid phase determined
by X-ray scattering. DLPC and DMPC values from Kučerka et al.201, DPPC value from
Nagle and Weiner202.
Lipid

Bilayer thickness (Å)

DLPC

38.9

DMPC

43.3

DPPC

47.2

Table 2.3: Bilayer thickness of cell compartment membranes in rat hepatocytes
determined by solution X-ray scattering. Values from Mitra et al16.
Membrane

Bilayer thickness (Å)

Endoplasmic reticulum

37.5 ± 0.4

Golgi apparatus

39.5 ± 0.4

Basolateral plasma

35.6 ± 0.6

Apical plasma

42.5 ± 0.3

The use of three lipids with the same phosphatidylcholine (PC) headgroup but different
acyl chain lengths allows the specific effect of the bilayer thickness on the fukutin TMD
tilt angle to be investigated. Although using a single lipid in these samples fails to replicate
the complexity of the natural membranes, which contain vastly diverse phospholipid and
sphingolipid species, cholesterol, and other membrane proteins amongst additional
constituents, we opted to establish methods for a simplified system which can give way to
the introduction of further components at a later stage. This was also a good starting point
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since molecular dynamics studies on fukutin TMD have been previously published in
DLPC and DPPC62, 160, indicating that the protein alters its tilt angle to respond to the
change in bilayer thickness.
2.4.2.1. Optimising preparation of oriented bilayer samples
The first step was to ensure lipid bilayers on glass coverslips could be prepared with a high
degree of alignment, as measured by 31P NMR. Initially the lipid per area was varied to
determine the maximal amount that could be deposited without perturbing the quality of
alignment. For later studies using 15Nleu labelled fukutin TMD to measure the protein
orientation in bilayers, is it desirable to incorporate as much peptide as possible to achieve
good S/N, which is dependent on the amount of lipid used. There is therefore a degree of
compromise between the need for sufficient mass of lipid and quality of alignment. The
quantities of lipid were based around values given for similar studies in the literature203.
The spectra were then fitted with simulated spectra for oriented samples containing an
increasing disordered component to estimate the percentage of the sample which was not
aligned. A value of around 70 % for the oriented component was considered sufficiently
aligned, where there is only a small powder contribution to the spectra. Simulations were
calculated with a CSA from the powder spectrum and isotropic chemical shift of -0.9 ppm
(from Lindström et al.204). Small adjustment of the CSA and isotropic shift values were
needed to account for slight variations in peak positions between samples, owing to subtle
changes in hydration and/or slight offsets from parallel sample alignment in the coil.
The first lipid considered was DLPC which has C12:0 acyl chains. Samples were prepared
with masses of lipid from 0.5 mg/coverslip (2.5 µg mm-2) to 2 mg/coverslip (10 µg mm-2)
(Figure 2.4 B.-E.). A powder spectrum was also recorded from 30 % w/v DLPC vesicles
(Figure 2.4 A.) which shows a typical axially symmetric powder lineshape, with its 90°
edge at 31 ppm and 0° edge at -14.2 ppm, yielding a CSA of 45.2 ppm. Visual inspection
of the spectra indicates that generally the orientation is good, and the preparation of well
aligned samples was consistent and reproducible, somewhat in contrast with the literature
which suggests achieving such alignment of DLPC is challenging186. It was particularly
important during the preparation of DLPC samples to rock the coverslips as the solvent
was drying in order to prevent the ‘pulling’ of the lipid into a small spot of solvent. The
high quality of orientation is indicated by the presence of a predominant peak centred
around 34 ppm, which is close to the 0° edge of the DLPC powder spectrum (Figure
2.4A.). There is an increasing powder component as the quantity of lipid is increased,
indicated by the peak at -13 ppm and low intensity between the two edges, but this is a
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small contribution to the spectra in all cases. The powder or disordered component in these
spectra arises from lipids which are not in the planar bilayer, and are associated with the
uneven edges of sample or vesicles forming in areas of the sample with a high degree of
hydration. Indeed, fits of simulations of the 31P spectra indicate that the disordered
component of the spectra for 0.5, 1.0, 1.5 and 2.0 mg/coverslip are 15 %, 17 %, 17 % and
20 % respectively, with a mosaic spread of 1° up to 1.5 mg and 3° for 2 mg, indicating
very well ordered bilayers. The trend clearly increases with the quantity of lipid deposited,
and it was notable during preparation that lower lipid per area produced samples which
appeared to be more homogenous. The disordered component in oriented samples such as
these typically arises from the edges of the lipid film, which tend to be uneven and crusted,
even with careful preparation. Although there is a decrease in the oriented component of
the samples with increased lipid per area, the oriented component is still a large majority of
the 2 mg/coverslip spectrum. As such we decided to prepare samples with 15Nleu fukutin
TMD using 2 mg DLPC/coverslip in order to maximise the amount of protein in the
sample.
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Figure 2.4: 31P NMR spectra of pure DLPC bilayers across various masses of lipid per
8x25 mm glass coverslip. All spectra were acquired at 25 °C. A reference ‘powder’
spectrum of multilamellar vesicles at 30 % hydration was recorded (A). For oriented
samples, the normal of the coverslips was oriented parallel to the B0 field. The quantity of
lipid per coverslip is indicated on the figure (equal to lipid per area of 2.5, 5.0, 7.5 and
10.0 µg mm-2 for B. to E. respectively). Typical samples comprised 5 coverslips.
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In an identical manner to DLPC, 31P spectra were acquired of DMPC (C14:0) bilayer
samples prepared with an array of lipid per areas (Figure 2.5). The 90° edge gives rise to a
peak at approximately -11.5 ppm, and the 0° edge a peak around 35 ppm, yielding typical
CSA values of 46.5 ppm, which are consistent with values for similar samples in the
literature at 46.6 ppm for DMPC multilamellar vesicles205. Whilst there are subtle changes
in 0° edge position between spectra, they are sufficiently small to be considered within
experimental error, most likely due to a combination of changes in the degree of hydration
and slight deviation of the sample from the 0° orientation with respect to the B0 field. The
degree of hydration modulates the lipid motility though interaction with the lipid
headgroup. It follows that the motionally averaged CSA is broadened if the hydration, and
therefore motility is reduced. It is also clear that attempting to perfectly align the sample in
the coil is very challenging, but we were confident that the sample was ±5° with respect to
the probehead by visually confirming the correct alignment of the coverslips prior to
insertion of the probe into the magnet. Similar to DLPC the intensity of the 90° peak is
low, indicating a high degree of alignment. This is confirmed by fitting simulated spectra,
which give the disordered contributions of 13 %, 12 %, 18 % and 15 % for 0.5, 1.0, 1.5
and 2.0 mg DMPC/coverslip respectively, with a mosaic spread of 5-6° throughout. As
there was little difference in the quality of alignment the 2.0 mg regime was selected for
preparation of samples with 15Nleu peptide.
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Figure 2.5: 31P NMR spectra of pure DMPC bilayers across various masses of lipid per
8x25 mm glass coverslip. All spectra were acquired at 35 °C. A reference ‘powder’
spectrum of multilamellar vesicles at 30 % hydration was recorded (A). For oriented
samples the normal of the coverslips was oriented parallel to the B0 field. The quantity of
lipid per coverslip is indicated on the figure (equal to lipid per area of 2.5, 5.0, 7.5 and
10.0 µg mm-2 for B. to E. respectively). Typical samples comprised 5 coverslips.
The final lipid considered was DPPC (C16:0) (Figure 2.6). This was somewhat more
challenging to work with, mainly due to its relatively high Tm of 41 °C. Although the lipid
distributed evenly across the surface fairly spontaneously, it was necessary to dry the
samples above room temperature, usually at 37 °C to ensure the bulk of the solvent was
removed before being placed under vacuum. In the case of 0.5 and 1.0 mg (Figure 2.6 B.
and C.) there is no 90° edge and a single peak from the 0° edge at 31.2 and 33.2 ppm
respectively, indicating a high degree of alignment. In the 1.5 and 2 mg spectra a small 90°
edge is present, indicating a small disordered component (Figure 2.6 D. and E.). The CSA
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of the 31P spectra increases from -44.6 ppm for powder to ~ -46.0 ppm in the oriented
samples, which is very close to the value in literature of approximately 47 ppm206. The
greater level of hydration in the power sample results in increased motility of the lipids and
explains the reduced CSA. A second component is observed in the 1.5 mg spectra which
may be present to a lesser extent in the other spectra, manifesting as a shoulder at the
upfield side of the resonance. This is likely to represent a different confirmation of the PC
headgroup, resulting from different degrees of hydration between populations of lipid.
Similar observations have been observed in 31P spectra by Marassi and Crowell207,
occurring when there is variation in the degree of hydration below 10 water molecules per
lipid. Similar observations have been observed using deuterium NMR, where the lipid
headgroup confirmation was highly sensitive up to 14 waters per lipid208. It is also the case
that the phase of the lipid can be disrupted in low hydration conditions (relative humidity
below 45%), and the thickness is dependent on the number of hydrating waters137,
signifying the need to ensure that samples are appropriately hydrated. The disordered
contribution to the spectra was calculated as 5 %, 10 %, 20 % and 30 %, again indicating
that the amount of lipid has an impact on the quality of sample alignment, although similar
to DMPC the mosaic spread is constant at 6°. For the following 15Nleu fukutin TMD
samples, initially 1.5 mg lipid was selected for sample preparation with DPPC.
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Figure 2.6: 31P NMR spectra of pure DPPC bilayers across various masses of lipid per
8x25 mm glass coverslip. Spectra were acquired above 45 °C, with oriented samples (B. to
E.) measured with the normal of the coverslips parallel to the B0 field (0°). The quantity of
lipid per coverslip is indicated on the figure (equal to lipid per area of 2.5, 5.0, 7.5 and
10.0 µg mm-2 for B. to E. respectively). Typical samples comprised five coverslips.
2.4.3. Estimating the tilt angle by 1D 15N NMR
2.4.3.1. 31P NMR measurements
To ensure a good degree of alignment was still achieved when fukutin TMD was added,
31

P spectra were acquired of the samples prepared with 15Nleu fukutin TMD (Figure 2.8).

These spectra are overlaid with the equivalent spectra of pure lipid samples (reproduced
from figures in the previous section). Initially lipid/protein ratios (L/P) of 50 were tested.
This ratio was selected to maximise the quantity of protein to achieve good signal to noise,
provide a similar environment to the cellular membranes, which have a lipid-to-protein
ratio between 50 and 100 (depending on the organelle)209 and match similar oriented
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studies61. The final L/P ratio for DLPC was 50, whilst for DMPC and DPPC it was
increased to 100. This was based on preliminary experiments which revealed a poor degree
of alignment at L/P of 50 for DMPC and DPPC. In the example of DPPC with fukutin
TMD at L/P of 50 (Figure 2.7) it is clear that there is a large powder component in the
spectra, estimated at 40 % with a high mosaic spread of 13° from fitting, suggesting a
disordered bilayer.

Figure 2.7: 31P spectra of DPPC with fukutin TMD at 50 L/P. Sample were prepared with
1.5 mg lipid per 25x8 mm and acquired at 60 °C.
The percentages of the disordered component from the 31P spectra of the final samples are
summarised in Table 2.4. For all of the lipids there are subtle changes in the position of the
0° edge relative to the pure lipid samples, which is likely to result from slight changes in
the humidity or alignment of the coverslips. It is also possible that the interaction of
fukutin TMD with the headgroups could result in these observations, although further
experiments using vesicles are necessary to rule out hydration or orientation dependant
effects.
When fukutin TMD is added to the DLPC bilayers the degree of alignment improves, from
24 to 12 % disordered contribution, although the mosaic spread of the sample decreases
from 1° to 6°, explaining the broadened 0° peak. There is low intensity in the 90° edge at
around -13 ppm and low intensity across the entire CSA (Figure 2.8 A.). The quality of
alignment was not entirely unsurprising since DLPC produced the most reliable and
consistently oriented samples.
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Table 2.4: Percentage of disordered component in oriented samples prepared with and
without fukutin TMD. In DLPC with L/P was 50:1 and 100:1 in DMPC and DPPC.
Without fukutin TMD

With fukutin TMD

DLPC

20 %

11 %

DMPC

15 %

36 %

DPPC

30 %

25 %

In the DMPC bilayers there is a significant increase in the disorder of the sample, although
there is little change in the mosaic spread (from 6° to 7° with fukutin TMD). Similar
values for mosaic spread have been reported in the literature for DMPC bilayers containing
gramicidin210. Whilst there may be an effect of fukutin TMD which results in disruption of
the bilayer, it is also important to consider that DMPC samples were more challenging to
prepare than either DLPC or DPPC. In particular, homogeneous distribution of lipid on the
coverslips was difficult to achieve, as assessed by visual inspection of the dried samples.
This was made more difficult with the fukutin TMD, which is much less soluble in organic
solvent than the lipids, meaning it was necessary to dissolve the lipid and peptide in a large
volume and repeatedly apply then dry the sample onto the coverslip. It was clear visually
that this resulted in poorer samples, with the edges often crusted and inhomogeneous. Even
using careful selection of coverslips which appeared to be homogeneous there is still a
significant disordered contribution to the spectrum (36 %).
For DPPC, although the initial screening without peptide demonstrated that
1.5 mg/coverslip was most effective, we were able to increase the amount of lipid to
2 mg/coverslip by increasing the L/P to 100. Indeed, this resulted in a more ordered sample
than those without fukutin TMD, with 25 % disorder, and there is small increase in mosaic
spread to 7°. From our experience, it is not usual to see significant changes in orientation
between ostensibly identical samples so it is likely that rather than being an effect of the
protein on the bilayer that it is simply variation in the sample preparation. However, it
should be noted that similar to the DLPC sample there is an increase in peak width, this
time more significantly from 1 to 4 ppm, possibly reflecting reduced motion due to
interactions of the headgroups with the protein.
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Figure 2.8: Oriented 31P (left) and 15N (right) spectra of fukutin TMD in lipid bilayers. In
31

P spectra the black line is for samples with fukutin TMD (fk) and grey for pure lipid

samples, in 15N spectra the black line is the experimental data and the dashed lines are the
fitted simulated spectra. In all cases there was 2 mg lipid per coverslip with L/P ratios of
50 for DLPC (A. and B.) and 100 for DMPC (C. and D.) and DPPC (E. and F.). For 15N
typically 200 000 scans were acquired. Simulated 15N spectra were computed as described
in the text. Spectra were acquired above the lipid phase transition temperature.
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2.4.3.2. 15N NMR measurements
The tilt angle of proteins in the bilayer can be estimated based on the peak position in the
15

N spectra. In general, helices in bilayers with the normal parallel to the field give rise to

resonances < 75 ppm when the helical long axis is perpendicular to the normal and
resonances at > 200 ppm are found when the peptide is parallel to the normal. To estimate
the tilt angle of the peptide it is possible to fit simulated spectra with different tilt angles,
which requires the knowledge of the protein’s isotropic chemical shift tensors, which were
found to be 25.2, 61.7 and 222.4 ppm for dxx, dyy and dzz. based on the powder spectrum of
the lyophilised peptide (Figure 2.9). This gives an isotropic chemical shift of 103 ppm and
a CSA (dzz - diso) of 119.3 ppm. These values are not dissimilar to values for 15N amide
chemical shifts in the literature (107 ppm and 110±5 ppm for isotropic chemical shift and
CSA respectively)211. A powder spectrum calculated using these values is plotted over the
experimental spectra (Figure 2.9), indicating good agreement between the edges of the
experimental and powder spectra.

Figure 2.9: Spectrum of 15Nleu fukutin TMD lyophilised powder. Spectrum was acquired
using a cross polarisation pulse sequence with 262 000 scans and processed with 300 Hz
exponential line broadening. The simulated powder spectrum was calculated assuming an
asymmetric tensor with the principle components 25.2, 61.7 and 222.4 ppm with 50000
powder points.
15

N spectra of fukutin TMD were acquired in the three different lipids (Figure 2.8). The in

the DLPC spectra there is one predominant peak, centred around 194 ppm, whilst there are
two peaks in the DMPC and DPPC spectra. For DMPC there is a downfield peak at
213 ppm and an upfield peak at approximately 60 ppm (around the powder pattern 0°
edge), and for DPPC the peaks are centred around 226 and 68 ppm respectively. First the
downfield peaks will be considered. From fitting of simulated spectra, the tilt angles were
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estimated as 20°, 2° and 1° for DLPC, DMPC and DPPC respectively. For tilt angles very
close to the 0° edge, as in the case of DMPC and DPPC, it is difficult to accurately
estimate the tilt angle, but it is clear that the peptide is almost completely parallel to the
bilayer normal. The change in tilt angle is likely to arise as a result of the peptide
attempting to compensate for the change in bilayer thickness, thereby avoiding
hydrophobic mismatch between the protein and bilayer. Changes in the protein tilt angle
are a common response to hydrophobic mismatch since it is less energetically demanding
than distortion of the lipids to alter the bilayer thickness48. A similar trend was observed
for increasing thickness in the MD simulations of fukutin TMD monomer in lipid bilayers
of DLPC (39±11°), DPPC (30±9°) and POPC (17.6±7°)62, although the tilt angles in that
case were much greater than those determined here from the NMR data. These simulations
were only of a single monomer in a bilayer, whilst when a later study probed the impact of
dimerisation on the tilt angle in DLPC, a much smaller tilt of 18±10° was determined
compared to 39±11° for the monomer160. This is very close to the tilt angle of 20° here,
and crosslinking experiments reveal the protein predominantly forms dimers in such
bilayers160, indicating that the oligomeric state drives the protein tilt angle, and it therefore
seems likely that in the NMR samples here the protein adopted a dimeric state. In the MD
studies it is suggested that the interhelix interactions reduce the number of residues which
can engage in lipid-protein interactions, thus altering the tilt angle. It is likely that in the
DMPC and DPPC the protein reconstituted into the bilayer is also oligomeric, and crosslinking studies indicate that oligomers of increasing size form in bilayers of increasing
thickness (Marius and Williamson, paper in preparation).
In all cases these peaks are fairly broad, with FWHM values of 57 ppm, 38.2 ppm,
45.1 ppm for the downfield DLPC, DMPC and DPPC peaks, respectively. Although this
provides an indication of the distribution of tilt angles, the proton decoupling power in
these experiments was relatively low (27.8 kHz for DLPC, 31.2 kHz for DMPC and
DPPC), and less than necessary to fully decouple the spectra. As such observations about
the helix tilt distribution should be treated with great care. Due to probe limitations and
concerns regarding sample heating it was not possible to use a greater decoupling field.
In addition to the downfield peaks indicating a transmembrane orientation of the peptide,
there are also significant components at the 0° edge of the spectra in DMPC and DPPC
with increasing intensity. This suggests a secondary contribution to the spectra arising
from either a disordered ensemble of peptides, or peptides in the surface bound state. In the
case of DPPC this component has much greater intensity than the perpendicular oriented
81

Chapter 2
component at the 0° edge. Peak integration indicates that in the case of DMPC the ratio of
downfield to upfield peaks is ~1.5 for DMPC and ~0.5 for DPPC. This contribution may
be explained in three ways. Firstly, it represents a peptide associated with the surface of the
membrane, oriented perpendicular to the bilayer normal. This seems physiochemically
unlikely considering the highly hydrophobic nature of the protein, with approximately
48 % of its residues being hydrophobic. Secondly, it is an oriented peptide in a disordered
part of the sample (e.g. vesicles). Thirdly, it is an aggregate or large oligomer of the
peptide, in which the amide groups are oriented randomly. To attempt to separate the last
two possibilities, 15N spectra were simulated using a powder component which was
determined from the 31P spectra using a similar approach to that of Muhle-Goll et al.212.
Simulated spectra were processed with 800 Hz exponential line broadening to account for
the broad lines. For example, the DMPC 15N spectra were calculated assuming a powder
contribution of 36 % (from the 31P spectra of DMPC with fukutin TMD). This simulated
spectrum overlays the experimental data in Figure 2.8 D. The powder component in the
spectra has a similar intensity to the experimental data, suggesting that oriented fukutin
TMD in disordered lipid bilayers may give rise to this peak. Improvement of the signal to
noise, and of sample preparation may allow more robust analysis. In contrast, when the
same approach is applied to the DPPC 15N spectra (with 25 % powder contribution from
31

P) there is a large discrepancy between simulated and experimental spectra, indicating

that the powder contribution of the fukutin TMD exceeds the powder component of the
bilayers. Whilst it is possible that there may be a surface associated state of the protein,
due to its hydrophobicity we instead suggest that the monomers form extra-membranous
oligomers or aggregates as a result of being unable to alter their tilt further to compensate
for hydrophobic mismatch with the thicker lipid bilayer. This is illustrated in Figure 2.10.
Similar findings have been observed for the E5 oncoprotein, a monotopic helix with an
unusually long hydrophobic segment, although in this case the protein aggregates in
thinner bilayers rather than thicker bilayers. On addition of its heterodimeric partner the
platelet derived growth receptor (PDGFR), the dimer is able to better manage the
hydrophobic mismatch and it no longer forms aggregates61. Since it is known that fukutin
interacts with the glycosyltransferase POMGnT1176, which is speculated to recruit other
glycosyltransferases213, it is possible that similar stabilisation of the protein in the bilayer
occurs in cellular membranes.
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Figure 2.10: Schematic of fukutin TMD orientation in lipid bilayers of increasing
thickness. To compensate for changes in the bilayer thickness the tilt angle is reduced and
aggregates form as a consequence of hydrophobic mismatch. Monomers are shown in the
membrane for clarity but it is likely that the TMD forms oligomers in such environments.
Further evidence for the fukutin TMD oligomerisation is provided by cross-linking studies
in different lipids (Marius and Williamson, paper in preparation). As the acyl chain length
is increased, increasingly large oligomers are found. In the case of DLPC only dimers are
observed, whilst in DMPC and DPPC much larger high molecular weight oligomers were
present. It is not possible from the data here to determine whether the disordered TMD
component is located within or outside of the membrane. However, if it were present in the
bilayer then there may have some form of order with respect to the bilayer normal. It also
seems likely that should the aggregate be present within the membrane that it would
perturb the membrane and result in greater disorder in the 31P spectra. This is not the case
in the fukutin TMD-DPPC spectra despite a large disordered protein component in the 15N
spectra. Another interesting observation is that Marius et al.160 found that increasing the
L/P ratio from 100 to 1000 has no effect on the oligomerisation of the peptide in DLPC,
suggesting the protein-to-lipid ratio may not be a significant driving factor for
oligomerisation. Taken together these results provide mechanistic implications for the
retention of fukutin in the Golgi apparatus. In the thick DPPC membranes here, it appears
that the protein forms aggregate since it is unable to span the membranes.
To summarise, it appears that fukutin TMD responds in two ways to the change in the lipid
bilayer thickness. First it alters its tilt angle to compensate for the difference in
hydrophobic thickness of the bilayer. Secondly it appears to aggregate, or possibly form
large disordered oligomers. These findings provide a potential model for the retention of
fukutin in the Golgi apparatus. Presumably it is unable to partition into the thicker,
cholesterol-rich domains of the Golgi membrane which are destined for the plasma
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membrane. Within the model membranes there are no thinner regions for the protein to
partition into, therefore resulting in its aggregation due to hydrophobic mismatch.
2.4.4. Optimisation of samples for oriented circular dichroism measurements
The NMR studies above were highly useful to provide a reference for the OCD
measurements. Like NMR, in order to measure OCD spectra there is a requirement for
well oriented, high quality samples, but in addition the OCD samples must have good
optical properties to avoid the effects of artefacts. As such, we set about optimising a
number of parameters through a combination of NMR to determine sample alignment (31P
and 2H NMR) and by measuring the OCD spectra.
First, however, the secondary structure of fukutin TMD in vesicles formed from different
lipid vesicles was determined. In order to characterise the secondary structure of fukutin
TMD in lipids of various hydrophobic thickness, the peptide was reconstituted into small
unilamellar vesicles (SUVs) of DHPC, DDPC, DLPC and DMPC and SRCD spectra
measured (Figure 2.11). The spectral shape indicates fukutin TMD adopts a primarily ahelical structure in all of the lipids selected. Namely, in all spectra there is a band with
maximal positive intensity at 192±1 nm and negative bands with maximal negative
intensity at 210±1 nm and 222±1 nm. In all spectra except DHPC the 210 nm band has
greater negative intensity than the 222 nm band. These qualitative observations are verified
by secondary structure deconvolution which reveals 77 % helical content in DHPC (C6:0),
increasing to 79 % for DDPC (C10:0) and DLPC (C12:0) and 87 % for DMPC (C14:0).
Secondary structure prediction using the JPred server214 indicates that 75 % of residues in
the peptide have helical confirmation. Similarly, previous studies by molecular dynamics
and circular dichroism also indicate a high helical content greater than 90 %62. The
distinction between DHPC and the remaining lipids is unsurprising since DHPC has a very
short acyl chain and has a tendency to form micellar structures rather than bilayers, in part
due to its conical molecular shape. It is conceivable that in the thicker membranes of
DMPC more of the peptide is immersed in the bilayer, which induces helical structure in
regions that may otherwise have a different conformation. Indeed, in MD studies with
thinner bilayers there is a slight loss of helicity (~3 residues) at the N and C terminal ends
of the peptide during the course of the simulation62, 160.
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Figure 2.11: SRCD spectra of fukutin TMD in SUVs formed of lipids (or surfactant)
with varying acyl chain length. Spectra of fukutin TMD in DHPC (solid line), DDPC
(dashed line), DLPC (dotted line) and DMPC (dash-dot line) were recorded with L/P ratio
of 200 throughout. Spectra were acquired at 25 °C except for DMPC which was recorded
at 40 °C to ensure lipids were in the liquid crystalline phase. At least four scans were
averaged for each sample and lipid-protein SUVs were baseline corrected against pure
lipid SUVs. Inset table: percentage of helical content as determined by secondary structure
deconvolution using CONTIN/LL algorithm and basis set 10.
2.4.4.1. Effect of substrate material on sample quality
To prepare oriented SRCD (OSRCD) samples we initially replicated the method used for
oriented NMR samples, but using a reduced quantity of lipid. For initial measurements and
to become accustomed with the technique the lipid 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC) was selected for a number of reasons. Namely, it undergoes gel to
liquid crystal phase transition well below room temperature, from our preliminary work
could be well aligned with relative ease, and from MD simulations gives the smallest tilt
angle, which would simplify interpretation of the OSRCD spectra.
A particular advantage of using the B23 beamline for this work is the focused microbeam,
which has two principle benefits. Firstly it is possible to use smaller samples and thus
reduce the quantity of expensive lipid and peptide required in sample preparation.
Secondly, and most significantly, is that the focussed beam allows specific regions of the
sample to be investigated. In the case of oriented samples this is useful because any uneven
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or defective regions, often the edges of samples, can be avoided, rather than averaged as
part of the spectra as is the case of larger beam sizes.
To ensure our initial preparation method yielded well oriented samples 2H NMR was used.
Using POPC-d31 samples were prepared with either 0.1 or 0.4 mg lipid per 4x25 mm
coverslip (lipid per area of 1.0 or 4.0 µg mm-2) and measured with the coverslip normal
both parallel (0°) and perpendicular (90°) to the magnetic field (Figure 2.12). These
samples were hydrated directly by the application of a small quantity of water on the
surface and incubation for ~1 hour. The quadrupolar splittings of doublets in the deuterium
spectra can be used to estimate the bilayer orientation since they are orientationally
dependant. The splitting is also dependant on the motion of the group, with the most
mobile groups producing the innermost peaks and the most immobilised groups in the
outmost peaks in the plateau region. Peaks in the plateau region are those with the smallest
motion and therefore greatest SCD. In the spectra for both quantities of lipid there are well
resolved pairs of resonances for CD groups in the acyl chain, although there is possibly a
small underlying powder component in the 0.4 mg spectra, in contrast to the 0.1 mg
spectra where there is no intensity between the resonances. In general it is clear there is a
high degree of alignment. The splitting of the powder spectrum 0° edge is 24.6 kHz, and
for 0.1 mg of lipid the 0° edge is similarly 26 kHz. For 0.4 mg lipid the splitting is
19.4 kHz, which although representing a significant reduction is likely to be due to
misalignment of the sample in the coil. This is reinforced by the splitting between the 90°
edges, which is 52.6 kHz for 0.1 mg and 49.6 kHz 0.4 mg, both approximately twice the 0°
edge splitting of the powder spectrum.
Initially we tested two substrates for the preparation of oriented samples, UV-grade fused
silica and calcium fluoride. Fused silica is the most commonly used material for CD
cuvettes and substrates due to its robust nature and excellent transmittance in the UV
region. Calcium fluoride has been used previously in SRCD due to its excellent
transmittance in the vacuum UV region197 but it is a relatively soft material that cannot be
exposed to harsh conditions such as acids which are normally used to clean cuvettes. The
two substrates have different properties, particularly of interest here is the wettability of
the surface, i.e. the tendency of a liquid to spread across the surface, which may affect the
distribution of lipid on the surface215.
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Figure 2.12: 2H spectra of oriented samples of POPC-d31 on 4x25 mm glass coverslips.
A powder spectrum of POPG-d31/POPC vesicles (30 % w/v; note PG rather than PC
deuterated lipid) is given for reference. Oriented spectra at 0° and 90° were prepared with
either. 0.1 mg (A.) or 0.4 mg (B.) POPC-d31. Samples were hydrated by direct application
of ddH2O to the surface of the coverslips and spectra were acquired at 25 °C with between
16000 and 131000 scans. Dashed grey lines indicate 90° edges of the powder pattern.
First samples on CaF window were prepared by deposition of POPC in methanol with and
without fukutin TMD at a L/P of 50 (Figure 2.13). Increasing masses of POPC were used,
from 0.1 mg to 1 mg to estimate the quantity of lipid required to provide a sufficient
protein signal without causing problems due to absorption or artefacts. The CaF windows
used were part of a demountable cell, comprising a circular flat window and a second
window with a polished recess of 5 mm diameter which was used to contain the sample.
Samples were hydrated by the application of a small amount of 5 mM potassium phosphate
buffer, pH 7.4, to the surface of the dry film and closed with the flat window to prevent
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dehydration. Polarised light micrographs of the samples are shown in the figure to
illustrate the challenges associated with the preparation of good quality samples.
Interestingly here the samples prepared with fukutin TMD appeared to be much more
homogeneous than the pure lipid samples. The pure lipid samples have a much more
crusted and inhomogeneous appearance than the fukutin TMD samples at 0.5 and 1 mg
POPC. Whilst the signals of these samples are relatively modest in intensity they are
inconsistent and clearly the samples do not have suitable optical properties for CD
measurements. In the case of 0.1 mg POPC with fukutin TMD there is a similar
inhomogeneous distribution. In preparation of samples with very small masses of lipid this
is often the case. It appears that the lipid concentrates into a small spot of solvent which is
difficult to spread across the surface. The spectra of fukutin TMD in 0.5 and 1 mg of
POPC have a helical appearance, with an intense minima at 212 nm, suggesting that the
protein is oriented perpendicular to the bilayer normal. This is unexpected, considering the
NMR data, MD data and the hydrophobic amino acid composition of the protein. A
cautionary note here is that due to the quality of the pure lipid samples, the baseline
correction used a clean coverslip rather than the equivalent pure lipid sample, and we have
observed that POPC has a relatively strong absorbance band around 200 nm, which may
distort the spectra. We were also concerned that although in some cases good quality
oriented samples were achieved, a greater number of poor quality samples were prepared.
To address this an alternative substrate, fused silica quartz, was tested. Fused silica has
been used extensively in the literature as a substrate for OCD samples60, 133, 138, 145, 216.
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Figure 2.13: OSRCD spectra of POPC on calcium fluoride substrate either with (left) or
without (right) fukutin TMD at L/P of 50. Inset: micrograph show sample prior to
measurement. The sample surface area was approximately 20 mm2 and different quantities
of lipid were applied, either 0.1 mg (A. and B.), 0.5 mg (C. and D.) or 1 mg (E. and F.).
Spectra were acquired at 20 °C and baseline corrected against a clean calcium fluoride
window. Note the change in scale of the y axis.
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As a comparison, samples were prepared on fused silica demountable cells using methanol
deposition. Similar to the CaF this meant that the samples could be hydrated by direct
application of buffer and sealed to prevent dehydration. Based on the CaF spectra and a
trial and improvement approach approximately 1 mg of lipid was deposited onto each
35x10 mm flat fused silica window (the lipid did not cover the entire surface but lipid per
area was estimated as approximately 3 µg mm-2). In addition to POPC, DMPC was also
used since it has a different hydrophobic thickness. For both lipids, the samples were
notably more homogeneous than those prepared on CaF (Figure 2.14), although it was
important to probe the centre of these samples since there were regions of inhomogeneity
at the edges (Figure 2.14 E.). In both cases the pure lipid samples produce similar line
shapes, with a low intensity broad band centred around 215 nm, similar to those
published136 (in supplementary information). Both of the fukutin TMD spectra (Figure 2.14
A. and C.) have features consistent with a helical protein. However, it appears that these
spectra are shifted. For example, the usual minima at 222 nm appears closer to 233 nm in
these spectra, even though this peak should be relatively unaffected by orientation. The
fukutin TMD in POPC spectra, if taken at face value, also directly contradicts the previous
spectra on CaF. It is likely in these spectra that artefactual contributions, although the
precise nature of these artefacts is unclear.
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Figure 2.14: OSRCD spectra of DMPC (top) and POPC (bottom) oriented samples
prepared on fused silica substrate with (left) or without (right) fukutin TMD. E. shows
examples of sample edges. The lipid per area was ~3 µg mm-2 and samples were hydrated
directly with 5 mM potassium phosphate buffer pH 7.4. Spectra were baseline corrected
against equivalent pure lipid spectra. Note the change in scale of the y axis.
Visual inspection of the samples, and CD data, suggest the samples prepared on fused
silica possess more suitable optical properties than those prepared on calcium fluoride
substrate. As we had already demonstrated using 31P that DMPC could be successfully
aligned in the first half of this chapter, we then wanted to confirm that POPC could also be
well aligned. Using 2 µg mm-2 lipid, samples were prepared on 25 x 10 mm fused silica
coverslips. Note that these samples were first partially hydrated then additional water
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added prior to sealing in a length of NMR tube. The 31P NMR spectra of these oriented
samples (Figure 2.15) are dominated by the presence of a single peak at 33.2 ppm (0°)
or -17.1 ppm (90°), matching the 0° and 90° edges of the powder spectrum and
demonstrating an excellent degree of macroscopic alignment. Considering the 0° and 90°
edges, the CSA of the oriented sample is -50.3 ppm, approximately 4 ppm greater than the
CSA of the powder sample. This can be explained by a scaling of the CSA in the powder
sample due to the increased hydration. These values are similar to those we have measured
for POPC on glass (data not shown) and values given in the literature for POPC oriented
on glass substrates217. Although generally it is apparent that the samples are well ordered,
an important point of contrast here is that whilst the NMR signal is averaged over the
entire sample, the OSRCD spectra probe a very small area, so any localised changes in
degree of alignment will be reported. Since it appeared that fused silica was preferable to
calcium fluoride for sample preparation it was used for the remaining experiments.

Figure 2.15: 31P NMR spectra of POPC bilayers on fused silica coverslips. Top: powder
spectrum of POPC multilamellar vesicles (30 % w/v). Middle and bottom: oriented POPC
samples on fused silica coverslips (0.2 mg per 25x4 mm; lipid per area 2 µg mm-2) aligned
with coverslip normal at 0° or 90° to the magnetic field. Spectra were acquired at 25 °C,
with 256 scans for the powder sample and 8192 for oriented samples. Oriented samples
were hydrated for 16 hours at 97 % humidity then a few µL additional ddH2O added to the
sample directly. All spectra were processed with 200 Hz exponential line broadening.

92

Chapter 2
2.4.4.2. Demonstrating sample uniformity
To ascertain the uniformity of the sample, OSRCD spectra of fukutin TMD in POPC were
acquired whilst scanning across the surface of the demountable cuvette with three positions
separated by approximately 1 mm intervals (Figure 2.16). As a comparison the spectra of
fukutin TMD in POPC SUVs was also acquired (Figure 2.17). The SUV spectra reveal, as
expected, a primarily helical structure indicated by minima at 211 and 222 nm and a
maximum at 194 nm. The ratio of intensities of the two minima is 0.9.

Figure 2.16: OSRCD spectra of fukutin in POPC bilayers on fused silica demountable
cuvette at L/P of 50. Spectra were acquired at three positions at the centre of the sample
seperated by approximately 1 mm. The spectra were baseline corrected against an average
of three positions measured on a pure POPC sample.
The oriented spectra (Figure 2.16) indicate a helical structure, with peaks around 225, 214
and 194 nm. Whilst the three spectra are similar they are not identical. The changes in the
spectral intensity do not appear to result from changes in localised protein concentration,
as it is not possible to produce identical spectra by scaling the intensity for concentration.
According to the theoretical basis of OCD, a completely parallel oriented helix would give
no intensity at ~208 nm due to the collinearity of the π − π*∥ transition with the electric
field vector of the light. In all three spectra here the 214 nm band has relatively low
intensity compared to the 225 nm band, yielding a 214/225 nm ratio of 0.73 for the average
of the three spectra. This compares to the 0.9 ratio for the SUV sample, indicating that the
relative intensity of the 211 nm band is reduced, and suggesting that whilst the peptide
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adopts a transmembrane orientation it is not completely upright since the band is still
present. This is broadly consistent with the MD simulations which give a tilt angle of 17.6
± 7° for fukutin TMD monomers in POPC.

Figure 2.17: SRCD spectra of fukutin TMD in POPC SUVs at 20 °C with L/P of 200.
The spectrum represents an average of 12 scans baseline corrected against a pure POPC
sample. Smoothing was performed using a Savitsky-Golay filter with a polynomial order of
3 and 10 point average218.
2.4.4.3. Effect of hydration on OSRCD samples
In order to measure the effect of hydration on the spectra observed we undertook
measurements using the module A instrument, which allows for horizontal mounting of the
samples. This meant that samples could be directly hydrated and then allowed to dry
without moving. (For “fully hydrated” measurements the samples were rehydrated with a
small drop of ddH2O if they appeared to be beginning to dry.)
In Figure 2.18 three spectra are presented which show a sample measured three times at
the same position, firstly where it was hydrated just before measurement, a following
measurement when the sample began to dry and then a final measurement where the
sample had air dried. In these spectra the absorption above 200 nm was such that the data
could not be interpreted reliably. Note that these spectra were baseline corrected against a
clean coverslip since it was not possible to choose accurately a baseline with identical
hydration. It is clear that there is a significant effect, and it appears that the protein
becomes more upright in the bilayer as water is removed. de Jongh et al.135 made a similar
observation in oriented bacteriorhodopsin samples at low hydration, where they assigned
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the apparent loss of intensity to absorption flattening. Presumably in low hydration
conditions the peptide begins to aggregate and produces these flattening effects. It also
must be noted that reduced hydration samples appear more ‘frosted’ than hydrated ones,
which may result in other artefacts such as scattering distorting the spectra. In any case, it
is clear that hydration is an important consideration for these measurements, which was
previously demonstrated by Wu et al. who showed the changing orientation of alamethicin
in environments with decreasing humidity133.

Figure 2.18: OSRCD spectra of fukutin TMD in DLPC bilayers as the sample goes from
hydrated to low hydration (dry). Sample was prepared on fused silica coverslip with
fukutin TMD with a L/P of 50 and 2.5 µg mm-2 DLPC. Spectra were baseline corrected
against spectra of a clean coverslip.
2.4.4.4. OSRCD measurements
Having established methods for preparation of samples, and understanding the importance
of the substrate material and hydration, we set about performing measurements in the same
lipids as the earlier NMR measurements. DLPC and DMPC were selected since fukutin
TMD appears to change its tilt angle in response to their bilayer thickness. Although it was
desirable to study DPPC it was very challenging to prepare transparent samples, and the
relatively high transition temperature would be difficult to maintain evenly across the
sample surface. It would also be challenging to interpret spectra in context of the large
secondary component observed in the NMR spectra.
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The OSRCD spectra of fukutin TMD in DMPC and DLPC bilayers presented in Figure
2.19 (A. and B. respectively), in which the samples were fully hydrated. In Figure 2.19A.
the DMPC spectra were acquired at three different positions on the sample. Unlike the
POPC sample measured in three positions, these spectra have almost identical lineshapes,
with only the intensity changing. This indicates that the intensities of the bands are scalable
for concentration, and presumably represents the measurement of thicker regions of the
bilayer containing a greater number of proteins. To assess whether these two lipids
produce a different tilt angle, the intensity of the 208 nm can be compared. The ratio of the
208/222 nm peaks is 0.73 for DMPC (position 2) whilst the ratio for DLPC is 0.83,
indicating that the 208 nm band is less intense in DMPC than DLPC. This suggests that
DMPC has a smaller tilt angle than DLPC, which is in agreement with the 15N NMR data,
and presumably is a result of hydrophobic mismatch. What is striking, however, is that the
15

N data in DMPC indicates that the protein is almost completely parallel to the bilayer

normal, which in OSRCD spectra would result in a near complete loss of the 208 nm
intensity. There are a number of possible reasons for observation of some intensity at
208 nm in this spectra. Firstly, if there was disordered aggregate in the sample which
retained helical structure one would expect to see an increase in the intensity of the 208 nm
band in the DMPC spectra. This would give rise to a two component CD spectra (i.e.
oriented and powder), which cannot be readily deconvoluted, as unlike in the NMR spectra
the disordered component is not spectrally resolved. Secondly, aggregation of the peptide
may result in differential flattening artefacts, where the intensity is reduced in a
wavelength specific manner due to the uneven distribution of chromophores in the sample.
Thirdly, if a proportion of the protein forms unstructured aggregate (or loses some helical
structure), this would reduce the overall intensity of the helical spectra. Since is it not
possible to precisely correct for the protein concentration in oriented samples it is not
possible to perform accurate secondary structure deconvolution. It is difficult to adequately
delineate these possibilities, although from the NMR data in DMPC any disordered
component is small relative to the oriented peptide, allowing us to tentatively interpret the
peptide orientation from the OSRCD spectra.
We were satisfied that these measurements were unaffected by LD and LB artefacts. Care
was taken during measurements to ensure that the fused silica substrates were aligned such
that the bilayer normal was parallel to the light beam. Further, samples were visually
inspected to ensure that the surface was smooth and even, since artefacts in the literature
were reported to arise due to sample inhomogeneity133, 136. During this work spectra were
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acquired of a number of samples afflicted by such artefacts, like those in Figure 2.13, so
samples must be judiciously selected and extreme care taken during measurements.

Figure 2.19: OSRCD spectra of fukutin TMD in DMPC (A.) and DLPC (B.). Spectra
were baseline corrected against pure lipid samples. A L/P ratio of 50 was used
throughout. Samples were prepared on fused silica coverslips with 2.5 µg mm-2 lipid and
baseline corrected against equivalent pure lipid spectra.
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It is apparent from the work here that the fukutin TMD undergoes orientational changes to
compensate for hydrophobic mismatch with the lipid bilayer. This provides an insight into
potential driving forces for the retention of glycosyltransferases such as fukutin in the
correct cellular membranes. Whilst the OSRCD and NMR results correlate there are some
experimental variations between the techniques which need to be considered. In the NMR
samples partial hydration was used, and although additional water was added prior to
measurement this is not identical to SRCD. Possibly more important is that the NMR
samples used multiple coverslips which were stacked, providing a degree of pressure
which could help to ameliorate sample defects219, although in the samples here we have no
reason to believe they contained a large disordered contribution.

2.5. Summary discussion and conclusions
Using a combination of solid-state NMR and OSRCD spectroscopies we have
characterised the response of the TMD of the putative glycosyltransferase fukutin to
changes in PC lipid bilayer thickness. Both approaches have revealed that one of the
mechanisms fukutin uses to adapt to increasing bilayer thickness is to reorient in the
bilayer. The NMR data also implies that the protein aggregates or oligomerises in response
to thickening bilayers. Cross-linking and FRET data (Marius and Williamson, paper in
preparation) also indicate that thicker bilayers promote the formation of large oligomers of
fukutin TMD. Presumably these effects prevent the energetically unfavourable exposure of
hydrophobic residues. There is much precedent for these responses to hydrophobic
mismatch, such as the HIV-1 derived Vpu peptide, a channel forming protein with one
membrane spanning helix, which changes its tilt angle substantially in response to bilayer
thickness (i.e. from 18° in C18:1 to 51° in C10:0 bilayers)220, and the synthetic peptides
synthesised by Sparr et al.221 which form aggregates by engaging in helix-helix interactions
to limit lipid-protein interactions in bilayers of differing thickness. Like most Golgi
resident proteins the hydrophobic span of fukutin TMD is smaller than proteins of the
plasma membrane (an 18 residue stretch of the sequence has positive hydrophobicity based
on the Kyte-Doolittle scale222 (calculated using ExPASy ProtScale199)), which provides a
further driving force for retention within the thin Golgi membranes, as has similarly been
demonstrated by Munro in the Golgi resident protein sialyltransferase223. It appears here
that the fukutin is unable to span the thicker membranes of DPPC completely, and so
instead forms aggregates or large oligomers. It is likely in a more complex, biological
membrane that fukutin TMD is excluded from thicker regions of the membrane and instead
resides in thinner parts of the membrane, which do not form trafficking vesicles to the
plasma membrane. Further changes in the protein to adapt to hydrophobic thickness are
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possible, including bending or flexing of the protein to span the bilayer224, which have not
been studied but may well have roles here.
Both OSRCD and solid-state NMR provide a means to investigate the tilt angle of fukutin
TMD in a lipid bilayer. Whilst the OSRCD provides an estimate of the tilt angle in bilayer,
the NMR provides greater resolution and allows determination of the helical tilt angle. The
difference in the tilt angle in DMPC by both techniques is likely to be explained by the
combination of a powder contribution to the OSRCD spectra and possibly the different
timescales of the two methods. This highlights the need to use complementary techniques
to fully interpret the data observed. Now we have established a reliable protocol for the
production of good quality oriented fukutin TMD samples it should be possible to readily
acquire OSRCD spectra of fukutin TMD in various lipid bilayers, which could then
possibly be used to select the conditions which require further characterisation by oriented
NMR. Further studies in more complex model membranes on the fukutin TMD tilt angle
would be particularly interesting, especially the role of charged lipids. Arginine and lysine
residues have been implicated in its lipid-protein interactions so it would be unsurprising
that charge has an effect on the hydrophobic response, and MD studies indicate that this is
the case62.
An interesting observation from the OSRCD spectra here is that the ability to probe
specific areas of a sample can provide advantages in terms of excluding regions of the
sample which may produce spectral artefacts, particularly sample edges. This has not been
previously reported for OSRCD measurements which generally average a large area. Since
beamline access is time limited, if optimising sample preparation using benchtop
instruments it would be important to either mask the sample or ensure the sample surface
in the light beam is sufficiently uniform. Beamline developments presently ongoing
include the introduction of a ‘CD imaging’ system225 and new instrumentation to allow
simultaneous measurement of CD, circular birefringence, LD and LB. Combined, these
have the potential to provide complete reassurance regarding the origin of signals observed
in the OSRCD spectra and to eventually automate the collection of OSRCD data.
It is worth noting that although samples for oriented CD require a small amount of
material, the optimisation required takes a considerable length of time and material in
itself. It often appears that the quality of the sample is driven by luck rather than any
empirical efforts, although the attempts here have begun to standardise the preparation
methods. Whilst there is a growing body of work demonstrating the value of OCD as a
biophysical technique to qualitatively (in most cases) understand the orientation of small
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helical peptides such as antimicrobial peptides aligned at extremes of either parallel or
perpendicular to the bilayer normal, it is being increasing applied to more challenging
proteins. The work here attempts to capitalise on these successful studies and explore a
slightly more complex protein which appears to have an intermediate tilt angle and
undergoes relatively subtle changes in response to the bilayer composition, where the
results are less clear.
If attempts to extend OCD studies to larger, more complex membrane proteins are
successful it has the potential to become a powerful technique to understand the structural
implications of ligand binding events and other physiological processes. However, this
would require the development of new, sensitive algorithms for deconvolution of multiple
helices, and methods for the preparation of such samples.
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Chapter 3. Developing a novel method for oriented
circular dichroism using magnetically-aligned lipid
bilayers
3.1. Introduction
As shown in the previous chapter, OCD is a useful technique to study the structure and
orientation of membrane proteins in an environment which mimics cellular membranes.
However, a number of challenges associated with the preparation and measurement of the
conventional mechanically oriented samples make these experiments far from
straightforward. In Chapter 3 the aim is to develop a novel strategy for OCD using
magnetically aligned lipid bilayers. These have the potential to overcome a number of
challenges associated with mechanically aligned samples. Bicelle solutions are transparent
and can be aligned by the application of a magnetic field. To obtain bicelles which align in
the low field of a magnetic CD (MCD) instrument we have optimised the lipid
composition using NMR and electron paramagnetic resonance (EPR) spectroscopy, prior
to measurement using a MCD spectrometer. By correlating CD, EPR and NMR data we
have characterised a system in which fukutin TMD can be oriented in magnetically aligned
bilayers and drawn comparisons with the conventional mechanically aligned approach
outlined in Chapter 2. Although the method requires further development before
acquisition of magnetic OCD spectra is possible, this method could be applied to larger,
more complex proteins which have proven difficult to incorporate into mechanically
oriented samples. Protocols for the reconstitution of structurally diverse membrane
proteins including KcsA226, G protein coupled receptors227-229 and tOmpA230 into bicelles
have already been established.
3.1.1. Magnetically-aligned lipid phases
It has been known for many years that liposomes have a tendency to deform and align in
magnetic fields231-234. This concept has been exploited for magnetic resonance studies,
where bilayered micelles, or bicelles, have been widely used since their first identification
around 1990235-237 due to their propensity to align in a magnetic field. Bicellar phases arise
in mixtures of a long chain phospholipid (classically DMPC) and a surfactant (DHPC)
(Figure 3.1 A. and B.).
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Figure 3.1: Molecular structure of DHPC (A.), DMPC (B.) and DMPE-DTPA (C.)
lipids.
The molar ratio of the lipid and surfactant (q ratio) is one of a small number of factors
which determine the phase behaviour of the system, in addition to the temperature and
hydration state. At q ratios lower than 2.3 the bicelles are fast tumbling and isotropic238 and
as such have been used commonly in liquid-state NMR studies of membrane proteins. At q
ratios greater than 2.3 bicelles are anisotropic and orient in the presence of a magnetic
field.
However, even with a q ratio above 2.3 the correct temperature regime is needed to
produce the bicellar phase which is amenable to alignment. A number of temperature
induced phase transitions occur, which are independent of an external magnetic field. At
low temperatures, below the Tm, the lipids and surfactants form mixed micelle type
structures. Above the Tm, the surfactant and lipid begin to partition into a bicellar phase,
with the lipids forming a bilayer which is capped at the edges by the surfactant. This is
illustrated in Figure 3.2 according to the classical discoidal model239, although it should be
noted that the precise morphology is somewhat controversial240. There is a further phase
transition at higher temperatures, the critical temperature Tv, upon which the formation of
perforated vesicles has been proposed241, leading to a relatively narrow window (Tm to Tv )
in which alignment can be attained.
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Figure 3.2: Classical model of DMPC/DHPC (q > 2.3) bicelle composed of
DMPC/DHPC.
The orientation of bicelles in magnetic fields occurs due to the magnetic anisotropy
susceptibility (Dc) of the lipid acyl chains, meaning the molecular magnetic moment has
an orientational preference. For an individual molecule, the degree of orientation (b) in a
magnetic field is given by234:
β = ∆χ B20 /kT

(3.1)

where B0 is the magnetic field vector, k is Boltzmann constant and T is the absolute
temperature. In a liquid crystalline lipid phase where the acyl chains are aligned parallel,
the degree of orientation is summative over the number of lipids N:
β = N∆χ B20 /kT

(3.2)

In the case of bicellar phases, N is sufficiently large that the orientation energy can
overcome the thermal energy, kT, resulting in orientation of the bicelles in the field. It is
also the clear that the degree of orientation is dependent on the magnetic field strength.
Although bicelles demonstrably align in magnetic fields below 1.0 T242, 243 these smaller
fields provide a weaker driving force for alignment, especially compared to the larger
fields used for NMR studies (typically > 7.0 T). This has been confirmed experimentally
for bicellar mixtures (albeit with an alternative lipid composition) using birefringence
measurements, where the order parameter gradually increases to a maximum at around
20 T239.
As ∆χ is usually negative for lipids, bicelles composed of DMPC and DHPC align with
their normal perpendicular to the magnetic field, resulting in a cylindrical distribution
around the field director (Figure 3.3A). In order to modulate the alignment of bicelles,
molecules with large ∆χ can be added to the samples which interact with the bicelle
surface. This has been achieved by the addition of trivalent lanthanide ions which bind to
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the phosphate headgroup244. Whilst some trivalent lanthanides have ∆χ < 0 (e.g. Ce3+, Pr3+,
Nd3+, Sm3+, Tb3+, Dy3+, Ho3+), some have ∆χ > 0 (e.g. Eu3+, Er3+, Tm3+ and Yb3+) of a
sufficient strength to ‘flip’ bicelles such that the bilayer normal is oriented parallel to the
magnetic field (Figure 3.3). Calculated and experimentally determined values for ∆χ of a
number of lanthanides, measured in metallomesogenic phases, are given in Table 3.1.
Discrepancies between calculated and experimental values are explained by incomplete
alignment of the lanthanides in the measurements, with maximal ∆χ only achieved in fully
oriented samples, but the trends between calculated and experimental are consistent.
Table 3.1: Calculated and experimental magnetic anisotropy values for various
lanthanides in [Ln(LH)3(NO)3] (from Mironov et al245) or [Ln(LH)3(DOS)3] (from
Binnemans246) mesophase. ‘–‘ represents data unavailable.
∆χ (10-6 cm3 mol-1)
Lanthanide

[Ln(LH)3(NO)3]

[Ln(LH)3(DOS)3]

Calculated

Experimental

Experimental

Dy

-20731

-7794

-11820

Tb

-15284

-5550

-3540

Ho

-9098

-4759

-4980

Pr

-2243

-930

-

Ce

-1066

-

-

Nd

-964

-810

-

Sm

-319

-

-

Eu

+1018

-

-

Yb

+5435

-

+615

Er

+7657

1610

+952

Tm

+12103

-

+2535

For the lanthanide with the greatest positive ∆χ, thulium, a ratio as low as 155:1
DMPC:thulium is sufficient to ‘flip’ bicelles with certain lipid compositions in a 0.6 T
magnetic field244. The ability to flip bicelles is particularly advantageous for NMR studies
as it results in resonances being distributed across a range of chemical shifts twice as broad
than those oriented perpendicular to the field and does not give rise to a cylindrical
distribution of helices, therefore improving spectral resolution247.
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Figure 3.3: Orientation of bicelles in magnetic field with lanthanides dysprosium (A)
and thulium (B). On addition of dysprosium, with negative diamagnetic anisotropy
susceptibility, the bilayer normal (n) is oriented perpendicular to the field whilst thulium
induces parallel alignment of the field and bilayer normal due to its positive ∆χ. Figure
redrawn from Prosser et al.248.
Whilst lanthanides with positive ∆χ provide advantages in terms of resolution, they can
also provide challenges for NMR studies which much be addressed. The electronic
distribution which gives rise to their magnetic anisotropy also means they act as
paramagnetic shift reagents and can thus perturb resonances. The unpaired electrons
enhance both T1 and T2 relaxation, which can result in broadened spectral lines.
Lanthanides are able to exert their paramagnetic effects on nuclear spins as distant as
40 Å249. Further, they can interact with negatively charged amino acids with a similar
affinity to phosphate groups250, 251, potentially affecting the protein structure.
One strategy to avoid these deleterious effects is the use of lipids which have headgroups
modified with a metal ion chelating group, allowing the lanthanide to be physically bound
to the bicelle structure but preventing it from interacting with the protein and the main lipid
constituents directly. The lipid headgroups themselves have much lower affinity for the
lanthanide than the chelator, so without the chelator there is free lanthanide in solution
which is in fast exchange with the lipid headgroups. When the chelator is used the absolute
concentration of lanthanide can be reduced since it held with high affinity close to the
bicelles surface. This approach has been successfully implemented using the lipid 1,2dimyristoyl-sn-glycero-3-phosphoethanolamine-N-diethylenetriaminepentaacetic
acid (DMPE-DTPA; Figure 3.1C)252. DTPA is a strong chelating agent which has been
used extensively in magnetic resonance imaging studies with lanthanides. Alternative
methods to flip bicelles include cholesterol-DTPA to ‘anchor’ the lanthanide close to the
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membranes similarly to DMPE-DTPA253, formation of bicelles with long chain
phospholipids containing biphenyl rings, which have positive ∆χ 247, 254 and reconstituting
high concentrations of peptides into the membranes255.
3.1.2. 31P NMR as a tool to probe phase behaviour
The orientation and to some degree the morphology of bicellar lipid mixtures can be
readily probed using 31P NMR, analogously to the mechanically oriented samples in
Chapter 2. The chemical shift of the DMPC bilayer component, ν, can be expressed as256:
3 cos2 θ -1
ν [ppm] = δiso + δ
Sbicelle
2

(3.3)

where δiso is the isotropic chemical shift of DMPC, δ is the DMPC CSA (dzz - diso) and
Sbicelle the bicelle order parameter, a scalar from 0 to 1, given as257:
Sbicelle =

3 cos2 θ − 1
2

(3.4)

which indicates the relative distribution of bicelle orientations around their director over a
time average. Experimentally this can be calculated relative to unoriented multilamellar
vesicles (MLV) according to258:
Sbicelle =

δobs − δiso
δ⊥ − δiso

(3.5)

where δobs is the position of the DMPC peak and δ⊥ is the 90° edge of the MLV powder
pattern. When the membrane normal is aligned perpendicular to the magnetic field (Figure
3.4A) there is a dominant peak centred around -14 ppm from the DMPC in oriented
bilayers, and a smaller peak around -4 ppm from the highly curved monolayer of DHPC
which caps the edges of the DMPC bilayer (Figure 3.4). On addition of lanthanide to align
the bicelles parallel to the field, the DMPC resonance is centred somewhere close to the 0°
edge of the DMPC powder pattern, around 28 ppm, and the DHPC resonance at 10 ppm.
31

P NMR is thus a useful tool to understand the effect of variables such as temperature, q

ratio and the addition of protein of the alignment of bicelles.
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Figure 3.4. Simulated 31P NMR spectra of bicelles oriented with the bilayer normal
perpendicular (A) or parallel (B) to the magnetic field. Inset shows schematic
representation of aligned bicelle with membrane normal director n. Note that the line
widths are illustrative and not representative of experimental spectra.
3.1.3. Magnetic circular dichroism
In this chapter we will outline a novel approach to orient membrane proteins for OCD
studies using magnetically aligned phases. To achieve this alignment, a magnetic CD
(MCD) instrument with a removable 1.4 T static magnet is used. Conventionally, MCD
spectroscopy has been used as a technique sensitive to the electronic structure of
magnetically active chromophores, usually aromatic amino acids and haem groups in
biological systems, which can give site specific resolution. Tryptophan in particular has
been probed using MCD, with applications including the quantification of the number of
tryptophans in a protein259 and the characterisation of interactions, for example the
hydrogen bonding between W37 and the heam group in human haemoglobin, essential for
stabilisation of the relaxed and tense states of the protein260.
MCD relies on the induction of optical activity due to the presence of a magnetic field (the
Faraday effect). The occurrence of MCD signals can be attributed to three effects of the
magnetic field on the electronic transitions – types A, B and C261. Type A effects arise as a
result of the Zeeman interaction, where there is a loss of degeneracy in excited states,
resulting in the presence of two optically active transitions. Type B effects occur due to
mixing of perpendicular transitions which results in a non-linear displacement of charge in
the transition and therefore optical activity. The type C effects occur due a fluorescence
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effect known as magnetic circularly polarised emission (MCE). (Sutherland and
Holmquist262 give an eloquent description of these MCD effects.) The MCD signal is
dependent on the orientations of the magnetic field, such that spectra acquired with the
field N-S with respect to the beam should be of equal intensity but opposite sign to spectra
acquired with the field S-N. Conventionally therefore MCD spectra are presented as the
difference of the spectra acquired with each field orientation. Unlike typical MCD
experiments, in the bicelle measurements here the magnetic field is used purely to align the
lipidic phase, and as the measurements are in the far-UV region (< 260 nm) there should be
no MCD contributions to the spectra. (Transitions measured in MCD spectra are usually
the near-UV to near-infrared region (~ 260 – 800 nm).)
There are a number of experimental parameters that should be taken into account. The
magnetic field in MCD instruments is aligned such that the field lines run collinear with
the direction of light beam propagation. In bicelles with negative diamagnetic anisotropy
this would align bicelles with their normal perpendicular to the light beam, resulting in a
cylindrical distribution of the bicelle around the beam director. With positive diamagnetic
anisotropy they become oriented such that the bilayer normal is aligned parallel to the
beam director with uniaxial distribution, which is desirable to simplify interpretation of the
spectra. Fortunately this is relatively easy to achieve through the use of lanthanides with a
strong positive diamagnetic anisotropy. A further consideration is that experiments must be
performed in a way which ensures there are no MCD contributions to the CD spectra,
although it was not expected that any MCD signals should be present in the far-UV region.
This can be readily confirmed by acquiring spectra with the magnetic field parallel to the
light beam in both N-S and S-N configurations. Any MCD signals will switch sign but
have equal magnitude, so these contributions can be eliminated by summing the two
spectra.
3.1.4. Continuous wave electron paramagnetic resonance (EPR) spectroscopy
The 1.4 T magnetic field of the MCD instrument is much smaller than the fields used in
NMR to induce bicelle alignment, making it necessary to establish conditions for
alignment of bicelles in a lower field. In order to determine whether bicelles can be
successfully aligned in such a low field X-band EPR can be used, which operates at a
maximum instrumental field of 0.6 T. This is a useful approach as it means that the bicelles
can be exposed to the magnetic field and then the resultant change in orientation measured
directly.
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EPR is a spectroscopic technique which is analogous to NMR and measures the spin of
unpaired electrons. A free electron has spin-1/2 which means it has a magnetic moment
(µe) with two allowed orientations. As with nuclei, the Zeeman effect means that in the
presence of a magnetic field there are two populations of electrons with spin states either
ms = - ½ or ms = ½, corresponding to lower and higher energy levels. In contrast to NMR,
where the magnetic field is constant, in continuous wave EPR, the magnetic field is
modulated whilst continuous microwave irradiation is applied. When the energy separation
between the two states is equal to the microwave frequency there is an absorption of
energy and transition between spin states. The most common type of EPR spectrometers
operate at X band frequencies (~9.8 GHz), with a B0 field of ~0.35 T for nitroxide spin
labels, which have been used extensively in studies of lipid bilayers.
Neglecting the Zeeman interaction the spin Hamiltonian, H, for a free electron in the
principle axis system is given as263:
H = βe B0 · g· S + I·A·S

(3.6)

where g and A are tensors for g-factor and hyperfine coupling respectively, B0 is the
external magnetic field vector, be is the Bohr magneton, S is the electron spin operator and
I is the nuclear spin operator. Both g and A are anisotropic parameters expressed as a 3x3
interaction matrix which perturb the Zeeman interaction. The g-factor describes the
electron’s local magnetic field and gives the resonance position at the centre of the
spectrum, and is related to the electron spin precession frequency w261:
ω = 2πυ = γe B0

(3.7)

where ge is the electronic gyromagnetic ratio, equal to g βe /ℏ. For the nitroxide radical
usually studied in biological EPR, the g value is typically around 2.0. The hyperfine
interaction A arises from dipolar interactions between the magnetic moments of the spin-1
14

N nucleus and the electron. These interactions determine the number of lines in the

spectra according to 2MI+1 where M is the number of equivalent nuclei.
Both g and A interactions are anisotropic and can be expressed according to their principle
values263:
1

g = (l2x g2x + l2y g2y +l2z g2z )2
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1

A=

(3.9)

(l2x 𝐴2x + l2y A2y +l2z A2z )2

where lx, ly and lz are the direction cosines between the magnetic field vector B0 and the
molecular axes, given as263:
lx = ( cos γ cos β cos α - sin γ sin α) sin θ + sin β cos α cos θ ,
ly = ( cos γ cos β sin α + sin γ cos α) sin θ + sin β sin α cos θ ,

(3.10)

lz = - cos γ sin β sin θ + cos β cos θ .
where a, b and g are the Euler angles for transformation of the molecular axis into the
laboratory frame (B0) and q is the angle between the B0 field and the molecular axis. The
principle axes of g and A are aligned. As these g and A tensors are anisotropic they are
particularly valuable when studying macroscopic orientation of samples.

Figure 3.5: Reference frames of CSL. Adapted from Hemminga263 and Yankovo264.
In EPR studies of biomembranes, spin labelled lipids and other membrane components
have been used to probe interactions, as the spectra are highly sensitive to molecular
mobility, and the study of membrane orientation. The cholesterol analogue cholestane spin
label (CSL; Figure 3.5) has been used as a reporter of orientation in an analogous manner
to 31P in solid-state NMR263. The free electron is approximately coincident with the p
orbital of the N-O bond and not delocalised the cyclic structure. Of the three components
of the nitroxide g-tensor (gz, gx and gy), the gx and gy components are fully averaged in
fluid phase bilayers as there is sufficiently fast motion of the spin label about its long (z)
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axis263, leaving the gz component which conveniently is nearly parallel to the CSL
molecular z axis (Figure 3.5), where the x axis is taken as parallel to the N-O bond.
EPR spectra of CSL are characterised by three lines (Figure 3.6) due to the hyperfine
coupling between the 14N nucleus and electron, with the number of lines is given as 2MI+1
in accordance with the selection rules. The splitting of the two outer lines, a’, indicates the
magnitude of the hyperfine coupling, which is maximal when the long axis of the CSL is
oriented parallel with the field and minimal when aligned perpendicular. The change in a’
(Da’) between parallel and perpendicular orientations in cholesterol-free bilayers is
typically between 8-20 G263. This orientational dependence is clearly demonstrated by the
simulated spectra of mechanically oriented samples in Figure 3.6 and as such is relatively
straightforward to interpret the alignment of bicelles with respect to the magnetic field.

Figure 3.6: Simulated EPR spectra of CSL in mechanically oriented rigid lipid bilayers
with the bilayer normal parallel (solid line) and perpendicular (dotted line) to the B0
field. When the bilayer normal is oriented parallel to the field the spectral splitting is at a
maximum (a’||), and when perpendicular at a minimum (a’^). Spectra were simulated in
Spinach265.
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3.2. Methods and materials
3.2.1. Materials
For details of materials refer to section 2.2.1. CSL was purchased from Sigma-Aldrich
(Gillingham, UK) and was dissolved in chloroform and stored at -20 °C. Lanthanides as
chloride hexahydrate salts were purchased from Alfa Aesar (UK) (thulium and
dysprosium) or Sigma-Aldrich (ytterbrium) at 99.9 % purity.
3.2.2. Methods
3.2.2.1. Preparation of bicelles
Stocks of lipids and fukutin TMD were prepared in methanol. Appropriate aliquots of
lipids and fukutin TMD were mixed in glass vials and dried under a stream of nitrogen gas
before being dried under high vacuum for at least four hours to remove any residual
solvent. ddH2O was added to the film to achieve the desired hydration, then subject six
cycles of freezing in liquid nitrogen, thawing at 35 °C and vortexing for 30 seconds to
ensure full hydration. Generally, samples were prepared and used within 24 hours,
otherwise were stored at -20 °C until needed. Samples for CD were degassed to prevent
cavitation during measurement in a 600 mmHg vacuum at 5 °C for 30 minutes.
After observations that bicelles with lanthanide added failed to align after storage at -20 °C
for ~2 weeks, samples were prepared at first without lanthanide and then lanthanide was
added, followed by additional rounds of freeze/thawing, immediately prior to
measurement. Above the Tm samples are extremely viscous so to enable transfer to
cuvettes or rotors they were cooled on ice and pipetted using chilled tips.
3.2.2.2. SRCD (MCD) measurements
SRCD measurements were recorded at B23, Diamond Light Source, UK, with access
provided through beamtime allocations including SM12844, SM14084 and SM16501.
Measurements were recorded using the module B equipped with a highly modified DSM
20 spectropolarimeter (Olis Inc, Georgia, USA)190 with a removable 1.4 T permanent
magnet. The field lines of the magnet run collinear to the direction of light propagation. All
measurements were recorded without magnetic field and with the field oriented both S-N
(‘forward’) and N-S (‘reverse’) with respect to the light beam director. Far-UV
measurements from 260 – 185 nm were carried out using slit width of 1 nm, 1 nm step
increment and 1 s integration time unless otherwise stated. A 0.1 mm demountable fused
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silica cuvette (Hellma, Essex, UK) was used throughout. As in section 2.2.2.6, calibration
was confirmed using the camphor sulphonic acid method.
To enable temperature control of samples in the magnetic sample holder, a stream of
nitrogen gas was directed onto the face of the sample cuvette. The temperature of the
nitrogen gas was regulated using a variable temperature controller (FTS Systems and
Kinetics Air-Jet) and the temperature of the sample measured using a fine tipped
thermocouple (RS Components, UK) attached to the reverse of the cuvette.
SRCD data was processed with CDApps192 and MATLAB (MathWorks, Inc.) using
custom written scripts. To yield the MCD or CD signal from the data acquired with the
magnet in both forward and reverse orientations, spectra were calculated according to:
MCD = (CDN-S – CDS-N) / 2
CD = (CDN-S + CDS-N) / 2

(3.11)

To yield the OCD spectra and eliminate any MCD contributions, the spectra for forward
and reverse magnet positions are summed and divided by two. Data was converted from
machine units (millidegrees, q) to De as described in Chapter 2, where appropriate. Pure
lipid spectra, for example, or protein spectra with large artefactual content are left as
millidegrees (mdeg).
3.2.2.3. Benchtop CD measurements
Conventional CD spectra were acquired on a nitrogen-flushed Chirascan Plus
spectropolarimeter (Applied Photophysics, Leatherhead, UK). Far-UV spectra were
obtained from 260 - 185 nm. A bandwidth of 1 nm, increment of 1 nm and integration time
of 1 s were used throughout. As standard a minimum of four spectra were recorded and
averaged for each sample and appropriate baseline subtracted (details given in figure
legends). The instrument was equipped with a Peltier cell holder (Quantum Northwest,
Washington, USA) allowing regulation of sample temperature. For temperature ramp
experiments on bicelles the start and end temperatures were 5 and 40 °C, with
measurements at 5 °C intervals. The temperature was raised using a stepped ramp with a
minimum 10 minute incubation at each point once the temperature had stabilised. All
measurements were recorded using 0.1 mm pathlength fused silica fused silica
demountable cell (Hellma, Essex, UK) unless otherwise indicated.
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3.2.2.4. EPR spectroscopy
Bicelles for EPR studies were doped with 0.5 mol % CSL (with respect to DMPC) as a
reporter for orientation which was added to the lipids in solvent before drying. At this low
concentration it is unlikely that the CSL has any influence on the bicelle morphology or
phase, and in the literature similar concentrations of cholesterol and CSL do not impact the
phase transition of PC lipids266. 20 µL samples were drawn into 1 mm diameter fused silica
capillary tube and heat sealed.
EPR experiments were conducted using an EMXmicro X-band continuous wave
spectrometer (Bruker) with temperature control of the sample cavity using a flow of heated
nitrogen gas. The microwave frequency was set to 9.85 GHz. The temperature was
monitored using a thermocouple placed inside the capillary tube before measurement. To
align the bicelles, the magnetic field was set at 0.58 T whilst the temperature was raised
gradually from 25 to 45 °C over 15 minutes, and then incubated for an additional
20 minutes with the 0.58 T field. Presented spectra are the average of five scans recorded
from 0.34 – 0.36 G with a 30 s scan length.
3.2.2.5. Solid-state NMR measurements
All measurements were acquired using an Agilent DD2 600 MHz spectrometer equipped
with a 3.2 mm magic angle spinning probe. For 31P spectra samples were measured
without spinning using a Hahn echo pulse sequence156 at a frequency of 263 MHz with
high power proton decoupling, typically with a 90° pulse lengths of 4 µs, echo delay of
50 µs, acquisition time of 50 ms and 2.5 s recycle delay. For temperature ramp
experiments there was a 5 minute delay between temperatures to allow the sample
temperature to equilibrate. The temperature was checked intermittently using ethylene
glycol according to the method outlined in267. Data was processed by shifting to the top of
fid, zero filling to 8192 points and applying 100 Hz exponential line broadening before
Fourier transform.
For 15N measurements spectra were acquired using a variable-amplitude cross polarization
(1H to 15N) echo pulse program156 at a 15N frequency of 60.8 MHz. Typical parameters for
acquisition included 6 µs 90° pulse, 1 ms contact time, 20 µs dwell time, 50 µs echo delay,
1024 points and 2.5 s recycle delay. Proton decoupling (71 kHz) was applied throughout
acquisition. The number of scans is given in figure legends. Spectra were referenced
externally to 15N glycine at 33 ppm189. Data was processed in matNMR188, where the fid
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was left-shifted to the top of the echo and exponential line broadening of 300 Hz applied
prior to Fourier transformation.

3.3. Results and discussion
3.3.1. Refinement of bicelle composition using nuclear magnetic resonance and
electron paramagnetic resonance
There are a small number of examples in the literature suggesting that anisotropic bicelles
(i.e. q ³ 2.3) can used for CD measurements211, 268. These rely on dilute bicelle solutions
which are unlikely to align in the low field of an MCD instrument (1.4 T). Although these
could be used as a starting point, and indicate the applicability of bicelles to general CD
studies, there is a need to fully characterise the phase behaviour, alignment and optical
properties of bicellar mixtures such that OCD measurements can be performed
successfully. These are outlined below.
3.3.1.1. Preliminary CD studies
A series of preliminary measurements were performed to ascertain the validity of the
application of bicelles to CD studies. A temperature ramp experiment was performed using
bicelles at 5 % w/v and reveals the expected a-helical structure of fukutin TMD, with a
maximum around 195 nm and minima at 214 and 227 nm (Figure 3.7). There are changes
in the spectral shape with the temperature, which is unsurprising considering the well
characterised temperature dependent phase behaviour of bicellar mixtures. At 50 °C the
sample is above the critical temperature Tv and often becomes translucent, which explains
the distortion of the 50 °C spectra. As a preliminary experiment this demonstrates the
applicability of bicelles for CD studies, although clearly the temperature and optical
properties need be to be carefully monitored.
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Figure 3.7: SRCD spectra of fukutin TMD in DMPC/DHPC (q 3, 5 % w/v) bicelles at
200:1 L/P. Spectra were acquired with three scans per temperature point in 5 °C steps
from 5 to 50 °C with a 5 minute incubation at each temperature. Sample was measured in
a 0.2 mm fused silica cuvette with 1 s integration time and 1 mm slit width using the
DSM20 instrument of B23 module B. Spectra were baseline corrected against pure lipid
bicelles measured at 20 °C.
As bicelles exhibit temperature dependent phases we wanted to quickly gauge the
thermostability of fukutin TMD. To do this a thermal denaturation CD experiment was
performed from 5 to 90 °C in DHPC micelles (Figure 3.8). The protein adopts the expected
helical structure at all temperatures, indicated by the maxima at 192 nm and minima at 209
and 220 nm, but there is a significant loss in spectral intensity with increasing temperature,
indicating a loss of structure. This thermal denaturation experiment, although not
performed in bicelles, demonstrates the need to avoid any excessive sample heating where
possible.
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Figure 3.8: Conventional CD spectra of fukutin TMD in 20 mM DHPC micelles, 10 mM
potassium phosphate pH 7.4 from 5 to 90 °C in 5 °C steps. Spectra in black and blue are
5 and 90 °C measurements respectively. Inset: signal intensity at 192 nm as a function of
temperature. One spectra was acquired at each temperature using a 0.2 mm pathlength
fused silica cuvette, 1 nm bandwidth and 2 s integration time. Spectra were baseline
corrected again 20 mM DHPC in 10 mM potassium phosphate pH 7.4. Data was smoothed
using a Savitzky-Golay filter.
3.3.1.2. Investigation of phase behaviour using 31P NMR
To probe the temperature and its role in bicelle phase behaviour we employed 31P NMR.
Initially, the optimum q ratio was determined by acquiring spectra from 0 to 60 °C at 2 °C
intervals. The q ratios investigated were 2.5, 3 and 3.5, which were selected since it has
been reported that above q of 4 samples begin to become translucent241 and much below
2.5 yields isotropic bicelles. The aim of these experiments was to determine which q ratio
gave the highest degree of alignment, and the broadest temperature window of alignment
to both avoid unnecessary sample heating and to give maximum flexibility during further
measurements. The 31P spectra for bicelles at these three q ratios at 30 % w/v are shown in
Figure 3.9, and the DMPC resonance positions from were extracted and plotted as a
function of temperature (Figure 3.10), determined as either the most upfield peak or peak
with most intensity. In both figures the temperature dependence of the samples is clearly
visible, with an initial isotropic phase characterised by a single resonance followed by the
aligned bicellar phase dominated by two resonances for DMPC and DHPC respectively,
and then the fluid bilayer/mixed micelle phase at higher temperatures. At all q ratios the
isotropic chemical shift below the Tm is ~ -1 ppm, occurring due to a rapidly tumbling
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micellar phase. When handling the samples at these temperatures they were found to be
fully transparent and highly fluid. The full width at half maximum (FWHM) of the
isotropic peaks subtly increases from 2.1 up to 2.3 and 2.4 ppm (at 0 °C) for q 2.5 to 3.5,
reflecting the slower motions of the mixed micelles with additional DMPC.

Figure 3.9: 31P NMR spectra of DMPC/DHPC bicelles at 30 % w/v at q ratios 2.5 (A.),
3.0 (B.) and 3.5 (C.) from 0 to 60 °C in 2 °C steps. Samples were incubated for five
minutes at each temperature before measurement.
Above the Tm, at 32, 28 and 16 °C for q = 2.5, 3.0 and 3.5 respectively, there is a transition
to the bicellar phase which rapidly orients perpendicularly to the magnetic field, indicated
by the upfield resonances around -5.8, -8.8 and -12.7 ppm for q 2.5, 3 and 3.5. The position
of the peak is indicative of the orientation and the degree of order in the bilayer, which is
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characterised with respect to DMPC multilayers by the parameter Sbicelle (equation 3.5). The
slightly downfield peak of reduced intensity is assigned to the DHPC which forms the rim
of the bicelles. The peak position varies slightly with q ratio and temperature from ~3 ppm
to ~7 ppm, similar to findings in the literature241. There is a large difference in the
temperature range of orientation and the position of the 90° edge between the three q
ratios, with the q of 3.5 fully aligning at the lowest temperature, around 24 °C, and having
the most upfield DMPC resonance, indicating the smallest distribution around the bilayer
director. This is confirmed by Sbicelle values at 36 °C of 0.31, 0.51 and 0.76 for q of 2.5, 3.0
and 3.5 respectively. These values were calculated with a DMPC 90° edge of -16.3 ppm,
taken from the powder spectrum in Figure 3.11.

Figure 3.10: 31P chemical shifts of DMPC resonance for DMPC/DHPC bicelles at
30 % w/v with q ratios 2.5 (dash dot line), 3.0 (solid line) and 3.5 (dashed line) from 0 to
60 °C.
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Figure 3.11: 31P NMR spectrum of DMPC multilamellar vesicles at 35 °C. Vesicles were
prepared at 30 % w/v in ddH2O. 1024 scans were acquired and processed with 50 Hz
exponential line broadening prior to Fourier transform.
In the bicellar phase, samples become much more viscous for all of the q ratios tested here
and they retain transparency. Above the critical temperature Tv, which been assigned to
morphologies of mixed micelles and fluid DMPC bilayers with incorporated DHPC
molecules241, there is a re-emergence of the isotropic peak in addition to an upfield peak
close to the DMPC 90° edge. The Tv for the q ratios 2.5, 3 and 3.5 are 48, 44 and 40 °C. At
q 2.5 and 3.0 there is a clear predominace of isotropic peak, whereas at 3.5 the most
intense peak at -15.3 ppm originates from a fluid bilayer phase, indicated by the Sbicelle of
0.96.
From this point samples with q = 3.5 were utilised since they have the highest degree of
order and alignment, are visually transparent in the bicellar phase, and importantly have
the lowest Tm, which prevents unnecessary heating and potential thermal denaturation of
proteins embedded in the bicelles. Having selected the q ratio of 3.5 we then aimed to
optimise the weight percent of lipid. It is desirable for optical studies to reduce the quantity
of lipid as much as possible since the lipid carbonyl groups absorb in the far-UV region,
although it would also be optimal to ensure the L/P ratio is large to prevent flattening
effects. Conversely, for NMR studies, which are relatively insensitive, it is desirable to
maximise the protein content of the sample and therefore also maximise the lipid content.
In solid-state NMR measurements 20-30 % w/v are the most commonly used weight
percents, with ~50 % w/v the maximum which still aligns258. These percents have
sufficient viscosity to allow and retain bicelle alignment, which is presumably stabilised by
steric effects. Greater weight percents have high viscosity which reduces bicelle motion
and prevents orientation258, but when the weight percent is too low the viscosity is such
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that the bicelles cannot stably align255. For these experiments samples of DMPC/DHPC
with a q of 3.5 were prepared at 5, 10, 20 and 30 % w/v and measured using 31P NMR over
0 to 60 °C (Figure 3.12).

Figure 3.12: 31P NMR spectra of DMPC/DHPC bicelles at 5 (A.), 10 (B.), 20 (C.) and 30
(D.) % w/v from 0 to 60 °C in 2 °C steps. Spectra were acquired with 128 (20 and
30 % w/v) or 512 (5 and 10 % w/v) scans at each temperature.
It appears that at 5 % w/v there is an aligned component above ~26 °C, as well as free
micellar component indicated by the isotropic peak at all temperatures. The DMPC peak in
the 5 % w/v sample is approximately 2 ppm upfield of the equivalent peaks for 10, 20 and
30 % w/v (-13.2 ppm compared to ~ -11.4 ppm). It is likely that there is a combination of
bicellar and lamellar phases contributing to the spectra here, indicated by the broadened
DMPC peak relative to the higher weight percents (FWHM at 40 °C is 1.15 ppm for
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5 % w/v and 0.9 ppm for 10 % w/v). It is possible that in this case that the peak occurs as a
result of a combination of the 90° edge of a DMPC powder pattern and the downfield peak
from the less ordered DMPC in bicellar phase. More dilute samples are known to be less
amenable to alignment, with samples having q of 3 at less than 3 % w/v failing to align269
and SANS studies indicate the presence of multilamellar vesicles rather than a bicelles at
5 % w/v270. At 10, 20 and 30 % w/v there is a good degree of alignment from 28 to 42 °C.
The Sbicelle parameter for 10, 20 and 30 % at 34 °C were 0.69, 0.68 and 0.68 respectively,
indicating that although there is a greater degree of motion in the bicelles than
multilamellar vesicles there is little difference in phase between the weight percentages. In
contrast, the Sbicelle of the 5 % w/v samples is 0.8, indicating a greater degree of rigidity,
similarly to a lamellar phase sample.

Figure 3.13: 31P chemical shifts of DMPC in DMPC/DHPC bicelles at 5 (dotted line), 10
(dash-dot line), 20 (solid line) and 30 (dashed line) % w/v as a factor of temperature.
Despite the insignificant difference in degree of alignment between 10–30 % w/v, as we
were using a lower magnetic field for the MCD studies (1.4 T), we opted to use 20 % w/v
to ensure a good degree of alignment in the reduced field. With higher concentrations of
lipid and q ratios the sample viscosity increases271, 272, which aids alignment and retention
of the aligned phase255. However, even at 20 % w/v the standard DMPC/DHPC bicelles
fail to align at low fields273. It was therefore necessary to determine whether the lipid
composition could be refined such that alignment is achievable at reduced field strength.
Since it is not readily possible to measure the degree of alignment of lipid bilayers using
CD, we opted to use EPR spectroscopy to measure bicelle alignment. X-band EPR
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spectrometers operate with a maximum field of ~0.6 T and so it is likely that if bicelles can
be aligned in these conditions, they could also be aligned in the MCD instrument.

Figure 3.14: Representation of helix distribution in bicelles oriented either
perpendicular (dysprosium) or parallel (thulium) for a protein inserted in the bicelle
with long axis h. In MCD experiments the director of light propagation is collinear with
the field director.
Lorigan and coworkers have extensively studied the alignment of bicelles using X-band
EPR, and have developed lipid compositions and protocols for alignment of bicelles in the
0.6 T field242, 273-277. To achieve alignment at these low fields, it is necessary to gradually
increase the sample temperature from the isotropic phase into the bicellar phase, and then
to allow a further period of stabilisation275, 277. Additionally, a number of modifications to
the basic DMPC/DHPC mixture are required: the introduction of lanthanide ions to alter
the natural ∆χ of the lipid bilayer and allow control of the direction of alignment; the
addition of PEGylated lipids to improve stability; and cholesterol to promote ordering.
However, this mixture requires the use of 10 mol % (with respect to DMPC) lanthanide
chloride salt. This is problematic in the work here for reasons threefold; firstly the use of
chloride salts at this concentration is prohibitive for CD measurements, even using SRCD,
secondly one of the aims of this work was to allow direct comparison between CD and
NMR, and lanthanides at such high concentrations are likely to have deleterious effects on
the NMR spectra, and finally lanthanides can bind to proteins (especially acidic residues)
and distort their structure252. We opted to try to mediate these challenges using an
alternative lipid mixture, based on a method established by Prosser et al.252 to ‘flip’
bicelles for NMR studies through the use of DMPE-DPTA to chelate the lanthanide and
effectively anchor it to the membrane surface. It is added at 1:150 with DMPC, and a 1:1
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ratio between the chelator and lanthanide, which is 15 times less than used by the Lorigan
method and sequesters the lanthanide away from proteins and phosphate groups since it
has a much greater affinity. The lanthanides selected were dysprosium and thulium.
Dysprosium results in one degree of ordering such that the bilayers are aligned
perpendicular to magnetic field, and are able to rotate to produce a cylindrical distribution.
With thulium however, there is an additional degree of ordering, such that the normal is
aligned parallel with the field, essentially creating the same configuration as in a
mechanically oriented sample. Similar to NMR, for interpretation of OCD data, the
bicelles aligned parallel with the field are preferable. A visual representation is given in
Figure 3.14, where n is the bilayer normal and h is the helical long axis. In these studies
both dysprosium and thulium have been used to provide a comparison between parallel and
perpendicular alignment.
The alignment of DMPC/DHPC/DMPE-DTPA bicelles with lanthanides at low field was
studied using EPR at 25 and 45 °C (Figure 3.15). In the measurements here the
temperature was set to 25 °C then raised at approximately 1 °C/minute to 45 °C, followed
by a 15 minute incubation at 45 °C, all while the spectrometer field was set at 0.58 T. It
has been demonstrated that the initial temperature, 25 °C in this case, cannot be above the
Tm to enable complete alignment277. The field was then reduced to allow acquisition of
spectra.
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Figure 3.15: EPR spectra of CSL in DMPC/DHPC/DMPE-DTPA (3.5/1/0.023) bicelles
at 20 % w/v with either dysprosium (top) or thulium (bottom). Spectra were acquired at
25 °C (A) or 45 °C (B) following temperature equilibration (as described in main text).
Dashed lines indicate splitting for CSL aligned parallel to the field and dotted the for
perpendicular. Spectra were acquired with a centre field of 0.3505 T, sweep width of
0.01 T, sweep time 30 s and frequency of 9.85 GHz. Temperature was confirmed using a
fine thermocouple inserted in the sample.
The EPR spectra acquired at 25 °C show the typical CSL powder spectrum in which the
Axx and Ayy tensors are averaged due to rapid rotation about the CSL long axis263, with no
significant differences with the two lanthanides. For the spectra at 45 °C there is a clear
difference, the splitting changing significantly, with the narrower thulium spectra
indicating parallel alignment of the bicelles to the field and boarder spectra with
dysprosium indicating perpendicular alignment. The hyperfine splitting (measured between
m = +1 and m = 0 peaks) for dysprosium is 17 G whilst for thulium is 12 G. These are
slightly different to those in the literature (17.5-19 G and 8-10 G for dysprosium and
thulium respectively273, where 19 G and 6 G are the rigid limit278), indicating slightly
poorer alignment of the samples here with thulium. One consideration is that the values
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quoted in the literature are for CSL in cholesterol-rich bilayers which is likely to alter the
values slightly due to changes in the bilayer phase and therefore the spin label order. It is
also clear from the thulium spectra that there is an underlying secondary component, a
powder contribution, indicated by the shoulders at outer side of the +1 and -1 lines.
Although there may be a small disordered component in the sample, since the degree of
alignment is dependent on the square of the field strength it is foreseeable that there will be
an increase in the orientation in the MCD field. There does not appear to be a powder
signal in the dysprosium spectra, presumably since the dysprosium serves to enhance the
natural ∆χ rather than oppose it, and has a greater absolute ∆χ, although it is also worth
noting that the powder spectrum has similar splittings and so powder contributions may be
less obvious than in the thulium spectra. Whilst it was tempting to increase the
concentration of thulium to enhance the degree of alignment, this was avoided due to
concerns regarding the amount of chloride present in the samples for CD. (Alternative salts
of thulium were obtained but were found to be mostly insoluble.) Although in the literature
cholesterol has been used to improve the degree of alignment, we were reluctant to use it
here since the relatively high concentrations (10 – 20 mol %) may add a further
complication to the optical studies279, although in future confirmatory studies may be
useful to further refine the lipid composition. At this point, however, we were satisfied that
we would be able to achieve sufficient alignment in the MCD field.
To further characterise the phase behaviour of the bicelles supplemented with DMPEDTPA, lanthanides, and fukutin TMD we again used 31P NMR (Figure 3.16). For
comparisons with EPR, we used thulium and dysprosium, but due to concerns of line
broadening effects from the lanthanides we also prepared samples with ytterbium which
has a less positive ∆χ than thulium but is a weaker relaxation agent244. Similar to other 31P
NMR temperature arrays the DMPC peak positions have been plotted against temperature,
for pure lipid bicelles in (Figure 3.17 A.) and for bicelles with fukutin TMD (Figure
3.17 B.).
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Figure 3.16: 31P NMR spectra of DMPC/DHPC/DMPE-DTPA bicelles (3.5/1/0.023) at
20 % w/v from 0 to 60 °C with and without fukutin TMD and lanthanide salts. Samples
contained no lanthanides (A. and B.), dysprosium (C. and D.), thulium (E. and F.) or
ytterbium (G. and H.) at 1:1 DMPE-DTPA:lanthanide. A., C., E. and G. were pure lipid,
whilst fukutin TMD was present in B., D., F. and H. at 848 molar L/P. Either 256 or 512
scans were acquired for samples without or with lanthanides respectively.
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When considering the samples without fukutin TMD, the use of dysprosium does not
affect orientation of the bicelles, indicated by the continued presence of the DMPC peak
around 7 ppm. There is a small increase in alignment temperature from 26 to 28 °C when
dysprosium is added. Supplementing the bicellar solutions with positive ∆χ lanthanides
results in their alignment parallel to the field as would be expected (Figure 3.16 E.-H.).
This is clear from the resonance downfield from the isotropic peak for DMPC at around
11.5 ppm for thulium and 14.0 ppm for ytterbium in the aligned phase. Although there is a
small difference in the peak position between the two lanthanides it is clear that the
bicelles are aligned parallel to the field from their downfield shifts, as has been observed in
the literature. It is possible that these changes in peak position occur due to pseudocontact
shifts as has been reported previously244, but since the isotropic peak remains unaffected
this seems unlikely. Whilst the aligned phase with thulium remains over a broad range
from 28 to 46 °C, the ytterbium phase is smaller, from 32 to 44 °C; presumably since the
∆χ of ytterbium is less positive than thulium more thermal energy is required to ‘flip’ the
bicelles. Lanthanides are powerful paramagnetic relaxation agents, explaining the
significant line broadening observed, which is greatest in the thulium sample whilst the
effects of ytterbium are relatively modest, corresponding with reports in the literature244. It
was expected that these effects would have been mediated by the use of chelating lipid
which should sequester the lanthanide away from the phosphates. Since the interactions
giving rise to the relaxation effects are dipolar in nature they have a distance dependence,
which may explain the observations here. Lanthanides are able to exert their effect up to
40 Å away249, which assuming the classical bicelle model results in approximately half of
the lipids being within 40 Å of a DMPE-DTPA lipid (calculations given in appendix B). It
is unsurprising therefore that such relaxation effects are observed. It is also worth pointing
out that in contrast to the 31P spectra here with the chelator, the use of thulium without a
chelator results in complete broadening of the DMPC and DHPC peaks such that they can
no longer be separated252.
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Figure 3.17: 31P chemical shifts of DMPC in DMPC/DHPC/DMPE-DTPA
(3.5/1.0/0.023) bicelles with lanthanides thulium, dysprosium or ytterbium and with or
without fukutin TMD (fk).A. Bicelles oriented perpendicular to the field prepared without
lanthanide and without fukutin TMD (dotted line) and with fukutin TMD (dot-dash line), or
with dysprosium without fukutin TMD (dashed line) and with fukutin TMD (solid line).
B. Bicelles oriented parallel to the field prepared with thulium either without fukutin TMD
(dotted line) or with fukutin TMD (dot-dash line); or with ytterbium either without fukutin
TMD (dashed line) or with fukutin TMD (solid lines).
It is also important to consider the effect of fukutin TMD on the alignment of bicelles.
Helical proteins have weak positive ∆χ so in sufficient concentrations can reorient the
bilayers. This has been demonstrated for the peptide gramacidin in bicelles with q = 2.7
where a 10:1 L/P ratio is calculated to yield a positive ∆χ which is twice that of the bicelle
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assembly, and was confirmed experimentally to result in perpendicular orientation255.
Since the L/P ratio of fukutin TMD here is 878 it is unlikely to affect these measurements
to any substantial degree. This ratio was selected as it is equivalent to 1.2 mg mL-1 which
is the target for CD experiments in the 0.1 mm pathlength. In the fukutin TMD sample
without lanthanides the bicellar phase is extended by 2 °C to 44 °C relative to the pure
lipid sample, and the position of the DMPC peak is unchanged. In the samples with
dysprosium, the samples align 2 °C lower at 36 °C that those without fukutin TMD. There
is a more significant change in alignment temperature in thulium aligning at 28 °C without
and 34 °C with fukutin TMD, whilst for ytterbium there is no change. The reason for these
changes is not immediately apparent. It seems that the introduction of fukutin TMD results
in a slight increase in the bilayer order, presumably this is due to interactions of the peptide
with the lipid headgroups, and whilst 2 °C changes are relatively modest, the 6 °C change
in the thulium case is quite dramatic, particularly considering the quantity the small
number of fukutin TMD molecules in in the samples (equating to just six fukutin TMD
monomers per bicelle using the calculations outlined previously).
Additional confirmation of sample alignment was provided by deuterium NMR on pure
lipid samples prepared with acyl chain deuterated DMPC (d54-DMPC) (Figure 3.18).
There are no deleterious effects on these spectra due to paramagnetic relaxation effects
since the scale of the interaction is much smaller (typically on the order of Hz) than the
quadrupolar coupling for a CD group (~125 kHz). Samples were measured at 45 °C, which
allows the bilayer alignment to be observed by measurement of quadrupolar splitting,
similarly to the deuterium NMR spectra of mechanically oriented samples in Chapter 2.
Here the splitting of the spectra with thulium is 40.2 kHz compared to approximately half
that value, 20.7 kHz, for dysprosium, indicating parallel and perpendicular alignment of
the bicelles normal with the magnetic field respectively. The resolution of individual peaks
arising from each CD2 group and the lack of an isotropic peak indicates there is little or no
underlying disordered contribution to the spectra.
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Figure 3.18: Deuterium NMR spectra of d54-DMPC in DMPC/DHPC/DMPE-DTPA
(3.5/1/0.023) bicelles at 20 % w/v acquired at 45 °C. Either thulium chloride or
dysprosium chloride was added to samples at 1:1 molar ratio with DMPE-DTPA. Spectra
were acquired using a quadrupolar echo pulse sequence with 1024 scans, and processed
by shifting to the top of the fid, zero filling to 16384 points and applying 100 Hz
exponential line broadening before Fourier transform.
3.3.2. Fukutin TMD tilt angle in bicelles
Validation of this potential new method for OCD required confirmation of the protein tilt
angle by an alternative means, and 15N NMR is ideal for this purpose. Spectra of 15Nleu
fukutin TMD were acquired in bicelles of identical lipid composition to those studied by
EPR, and 31P and deuterium NMR (DMPC/DHPC/DMPE-DTPA). The L/P ratio was 50.
The weight percent was increased to 30 % w/v in order to maximise the quantity of
material in the sample. We were not concerned that this would significantly alter the
bicelle phase or alignment since earlier in the chapter we established that there was little
difference between 20 and 30 % w/v (Figure 3.12).
To acquire 15N NMR spectra with the bicelles oriented perpendicular and parallel to the
field, the first sample contained no lanthanide and ytterbium was added to the second.
Although thulium has a greater Dc than ytterbium it also has greater relaxation effects and
we have demonstrated that ytterbium is sufficient to flip the bicelles. To confirm the
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desired alignment of the bicelles 31P and deuterium NMR were again used (Figure 3.19). A
full temperature array was not performed to ensure that the sample did not deteriorate
during these initial characterisation measurements, and for both orientations a temperature
of 40 °C produced the optimum orientation. The bicelles oriented perpendicular to the
bilayer produce a DMPC peak at -11 ppm, as expected, but there is also a shoulder
at -0.5 ppm from what may be an isotropic component, although interestingly there is no
similar isotropic peak in the deuterium spectra (Figure 3.19A. and B.). Whilst it is not
desirable to have an isotropic component in the sample, since for 15N measurements a cross
polarisation pulse sequence is used, any fukutin TMD in isotropic mixed micelles will not
be observed in the spectra. The deuterium spectrum has a splitting of ~16.8 kHz which is
slightly lower than the 20.7 kHz found for the bicelles without fukutin TMD. The lack of
defined resonances is unsurprising since most acyl chains will be in contact with the
protein which may influence their motion. In the bicelles flipped with ytterbium there is a
broad, shallow downfield contribution in the 31P spectra, as well as a peak around -1.1 ppm
which may result from an isotropic mixed micellar solution but equally is fairly broad at
1.7 ppm, possibly indicating that the peak also represents the highly curved DHPC region
of the bicelles (Figure 3.19D.). It should also be noted that additional ytterbium was
titrated into the sample to flip the bicelles completely, with a final ratio of
ytterbium:DMPE-DTPA of approximately 1.5:1. It is highly likely therefore that some of
the ytterbium is bound to the lipid phosphates. It has been noted previously that bicelles
with protein often require additional lanthanides to orient252. In the deuterium spectra of
samples with ytterbium the splitting between the two edges is ~43.6 kHz, indicative of
parallel alignment, but there is also what appears to be an isotropic component at the centre
of the spectrum (Figure 3.19E.). As in the perpendicular spectra there is poor resolution
between the peaks for individual CD2 groups, but considering the quantity of protein it is
likely that the majority of the acyl chains are interacting with the fukutin TMD.
Although it is difficult to calculate the order parameter from the 31P spectra since with
ytterbium the peak is very shallow and broad, an order parameter can be estimated using
the splitting of the plateau region in the deuterium spectra. The bicelle order parameter SnN
describes the motion of the bicelle director n around the net bicelle normal N and can be
estimated simply as Δυbicelle
/ ΔυMLV
where Δυbicelle
is the bicelle quadrupolar splitting from
Q
Q
Q
the outer plateau region and ΔυMLV
is the splitting of DMPC-d54 MLVs280. Taking the
Q
ΔυMLV
as 26 kHz281 this gives a SnN for the perpendicular aligned sample of 0.61. To
Q
approximate SnN for the parallel aligned sample the ΔυMLV
was multiplied by two to
Q
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estimate the 0° splitting of the MLVs, which gives an increased order parameter of 0.83.
Considering the addition of lanthanide, and the protein having positive ∆χ this increase in
order is unsurprising.
The 15N spectra of 15Nleu fukutin TMD in bicelles reveals a dominant peak centred around
114 ppm for perpendicular and 156 ppm for parallel aligned bicelles (Figure 3.19C. and F.
respectively). These positions indicate a tilted transmembrane orientation. The leucines are
positioned at different rotations around the helix so their amide planes are not aligned,
meaning each gives rise to an individual resonance which is dependent on both the tilt
angle and rotation. In this case however we do not have resolution of peaks for different
residues since the signal to noise was such that the spectra was processed with a large
amount of line broadening. What can be observed is that the peak in the spectra from
perpendicular aligned bicelles is much broader than in the parallel aligned bicelles, which
is surprising since the distribution of peaks close to the 0° edge should be around twice as
broad as the 90° edge. We suggest that this is due to overlapping peaks from oriented
peptide as well as an underlying, broad powder component in the perpendicular spectra,
which can be seen more clearly in the parallel aligned sample around 60 ppm. This
correlates with the mechanically aligned DMPC and DPPC samples, where a powder
contribution is also observed, presumably again indicating that the peptide is not readily
able to span the bilayer but instead forms a large oligomer or aggregate.
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Figure 3.19: Spectra of bicelles containing 15Nleu fukutin TMD aligned either
perpendicular (left) or parallel (right) to the magnetic field (14.1 T) at 40 °C. The lipid
composition was DMPC/DHPC/DMPE-DTPA (3.5/1/0.023) at 30 % w/v with an L/P ratio
of 50 in both samples. 20 mol % DMPC was exchanged for DMPC-d54. For samples
aligned perpendicular to B0 no lanthanide was added, and to align bicelles parallel
ytterbium was added at approximately 1.5:1 with DMPE-DTPA. To check alignment
samples were measured using both 31P (A. and D.) and deuterium (B. and E.) NMR. The
protein orientation was measured using 15N NMR (C. and F.), with 40000 and 12000 scans
respectively. F. was fitted with a simulated 15N spectra (grey line).
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By fitting simulated spectra for peptides tilted from 0 to 90° we have been able to estimate
the tilt angle of the protein in the bilayer. This was only done for the parallel aligned
sample, since for perpendicular there is an additional degree of rotation of the protein
around the magnetic field director. The parallel sample has a tilt angle of 30°, which is
much greater than the mechanically aligned samples that give a tilt angle of 2° in DMPC.
However, these simulations assume an order parameter of 1 which is not the case in
bicelles. The reduction in order parameter will scale the chemical shift with respect to the
isotropic chemical shift282. If we assume an approximate SnN of 0.8, as has been calculated
from the deuterium spectrum, and reported in the literature283, the initial peak position
would be ~174 ppm (from diso + (1/0.8 * diso – dobs)). This value correlates to a tilt of
approximately 26°, which is still quite distant from the tilt angle in mechanically aligned
bilayers. The reasons for this change are not immediately apparent; the bilayer thickness of
the DMPC in bicelles and mechanical samples should not be dramatically different. We
cannot completely rule out an order parameter lower than 0.8, possibly explaining the
apparent disparity in tilt. Reconstitution of protein into bicelles at relatively high L/P
ratios, such as the 50 used here, is likely to have implications for the morphology of the
bicelles. It is however clear from the deuterium spectra here that the DMPC bilayer is
aligned either perpendicular (without lanthanide) or parallel (with ytterbium) to the
magnetic field as would be expected, allowing comparison with the mechanically aligned
samples in Chapter 2. Indeed, 15N studies on the HIV-1 Vpu peptide by Park et al.284
comparing magnetic and mechanically aligned samples demonstrates the equivalence of
the two approaches. Further studies using lower concentrations of peptide may be useful to
attempt to improve the quality of the spectra recorded here, and it may be informative to
measure the phase behaviour as a result of changing the L/P ratio. An interesting
comparison would to be prepare bicelles with thinner and thicker bilayers, identically to
the mechanically aligned samples to see whether similar tilt angles and powder
contributions are also seen there. It may also be useful to perform fukutin TMD crosslinking experiments in bicelles to attempt to quantify the size of the aggregates and relative
proportions to monomeric in the different environments.
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3.3.3. Circular dichroism experiments
3.3.3.1. Conventional CD measurements of the conditions refined using magnetic
resonance
Having demonstrated that CD on bicelles is feasible, characterised their phase behaviour
and optimised conditions for alignment in a low magnetic field, the next step was to
undertake CD measurements. These were initially performed using a conventional CD
instrument without a magnetic field to understand the optical properties of the samples.
Following the conditions used for EPR and NMR, the same DMPC/DHPC/DMPE-DTPA
composition was used here. A 0.1 mm pathlength was selected to minimise the
concentration of lipid and therefore its absorbance. An initial observation was a signal with
large positive intensity at < 190 nm, which appeared to continue to increase in intensity
with each scan (Figure 3.20) and occurred when samples were heated from below the Tm to
above it (i.e. 25 to 38 °C). We found that following 40 minutes the signal began to
stabilise, so in future measurements there was a 45 minute incubation when raising the
temperature in such large steps. Incidentally this also is approximately the length of time
required to align the samples in the EPR instrument. This intense peak is likely to originate
from linear birefringence since there is no titled surface or uneven film, indicating linear
dichroism is not the cause of the signal. This presumably reflects the gradual organisation
of the lipids into bicellar morphology with time. The broad positive peak centred around
216 nm can be assigned to the lipid carbonyl absorbance, which is altered to a small degree
by the change in intensity of the 185 nm band.
CD spectra of DMPC/DHPC/DMPE-DTPA were acquired with and without fukutin TMD
in the presence of no lanthanide, thulium or dysprosium (Figure 3.21). The fukutin TMD
spectra were baseline corrected against the equivalent pure lipid bicelles, and pure lipid
bicelles baseline corrected against H2O. For the pure lipid samples, from 5 to 25 °C the
spectra are relatively similar, with a broad peak around 216 nm corresponding to carbonyl
absorption. The large intensity of the baseline spectra is non-ideal (in mdeg the absolute
intensity > 200 nm is approximately equal to that of the fukutin TMD spectra) but the
protein spectra are consistent with the expected structure, and the lipid concentration in the
two samples is identical so there should be no change in the absorption. Above 25 °C there
appears to be correlation between the occurrence of the intense birefringence peak at
185 nm and the phase transitions identified by 31P NMR. It should be noted that in
preliminary studies we observed that both the intensity and position of this band was
variable, even when measurements were performed on identical samples. This is illustrated
when comparing the fukutin TMD spectra with dysprosium against those with thulium or
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without lanthanide at all (Figure 3.21), where there is a clear difference in this signal with
and without protein, with no obvious explanation. It would be valuable in future
experiments to perform specific birefringence measurements to better characterise this
aspect of the system. For these reasons we suggest that data at wavelengths shorter than
200 nm cannot be interpreted accurately, even when the apparently appropriate baseline
correction is applied. Although this limits secondary structural deconvolution, for oriented
studies it is less problematic since the band at ~208 nm is the prime indicator of helix
alignment. It is also worth noting that in a study of unoriented bicelles using CD by Loudet
et al.268 there is a similar increase in intensity at the 190 nm region of the spectrum which
has not impeded the author’s analysis.

Figure 3.20: Conventional CD spectra of DMPC/DHPC/DMPE-DTPA (3.5/1/0.023,
20 % w/v at 38 °C. A five minute incubation was allowed after the temperature was raised
from 25 °C to 38 °C, and each scan was approximately two minutes. Consecutive scans
were acquired until the spectral intensity began to stabilise. First scan is coloured black
and the last blue. Inset: plot of CD signal at 185 nm against number of scans. Spectra
presented are baseline corrected against water. Samples were measured in a demountable
0.1 mm pathlength fused silica cuvette with 1 s integration time and 1 mm slit width.
The spectra of fukutin TMD in the bicelles are characteristic of an a-helical protein, with
minima at 210 and 223 nm. In the micellar phase (5 °C) there are subtle differences in the
spectral shape between samples with and without lanthanide but nothing to indicate a loss
of secondary structure. Further, the corrected spectra here are characteristic of fukutin
TMD in lipid environments, with a ratio of 223:211 nm equal to 0.9 ± 0.02 for bicelles
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without lanthanide and DMPC SUVs (from Chapter 2). With thulium there is an increase
in negative intensity of the signal at 210 and 223 nm as the temperature is increased,
suggesting that there is an increase in helical content. It is possible that there is additional
structure in the bilayer environment of the bicelles, rather than the micellar environment at
lower temperatures, although this would presumably also be observed in the samples
without thulium.
At this point since we had established that bicelles composed of DMPC/DHPC/DMPEDTPA could be aligned in a low magnetic field, had mapped out their phase transition
temperatures and demonstrated that with prudent interpretation could be studied by CD, we
decided to begin measurements using the magnetic CD instrument on the B23 beamline.
Unfortunately the magnet does not have appropriate dimensions to fit into the benchtop
instrument, so optimisation with the magnet was time limited by beamtime allocations.
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Figure 3.21: Conventional CD spectra of pure lipid bicelles (DMPC/DHPC/DMPEDTPA, q 3.5, 20 % w/v) from 5 to 40 °C in 5 °C steps. Left hand column contain fukutin
TMD whilst the right column are the equivalent pure lipid spectra. A. and B. are without
lanthanide; each spectrum is an average of four scans. C. and D. are with dysprosium at
1:1 ratio with DMPE-DTPA; each spectrum is an average of two scans. E. and F. are with
thulium at 1:1 ratio with DMPA-DTPA; each spectrum is an average of four scans. A 15
minute incubation was allowed at each temperature steps. All spectra were baseline
corrected against H2O and acquired with 1 s integration time and 1 mm slit width in a
0.1 mm pathlength fused silica demountable cuvette.
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3.3.3.2. Magnetic SRCD studies
Although a set of conditions for CD had been established, a technical complication arose in
that the magnetic sample holder to be used in these experiments has only sufficient space
for a cuvette, and is not provided with temperature control capacity (Figure 3.22 C.).
Although it appeared necessary to minimise the pathlength due to lipid absorption, we
initially conducted a preliminary test using a water jacketed 10 mm cuvette to provide
temperature control. In light of this we reduced the weight percent to 5 to reduce the mass
of lipid in the light path. Even still the quantity of lipid generated a variety of unusual
spectral shapes. Example spectra are given in Figure 3.23 which were acquired in the
absence of a magnetic field using the module B beamline, although a selection of further
peculiar line shapes were also observed in the absence and presence of the field. These
demonstrate that there are artefactual features in the spectra which are unacceptable and
cannot be supressed experimentally without a reduction in pathlength. We assign these
features of varying intensity and position to linear birefringence due to the large intensity
of the signal. Linear dichroism can be excluded since it arises due to uneven surfaces and
defects in the crystalline phase, neither of which are present here.

Figure 3.22: Set up of magnetic CD instrument temperature control. A. Sample
compartment was supplied with heated nitrogen from a variable temperature controller
(FTS Systems). The tube was passed through a foam support and rested between the
magnet and reverse of the cuvette. B. A fine probed thermocouple was taped to the reverse
of the cuvette to measure temperature on an external thermometer. C. 1.4 T magnetic
sample holder used for magnetic CD studies. The magnetic field runs parallel to the light
director. The magnet is removable and reversible to allow ‘forward’ and ‘reverse’ field
directions.
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Figure 3.23: SRCD spectra of DMPC/DHPC (q = 3.5, 5 % w/v) with (solid line) and
without (dashed) fukutin TMD at 200 L/P. Spectra were acquired using a fused silica
cuvette with 10 mm pathlength at 35 °C. Four spectra were averaged, and the presented
spectra are corrected against H2O. The slit width was 0.5 mm and integration time 0.2 s.
We sought to address these issues by returning to the thinner pathlength cuvette used for
the conventional CD measurements to reduce the quantity of the lipid. This presents a
problem in that it is not possible to temperature control the cell, and water jacketed
cuvettes were not available at lower pathlengths so an alternative method for temperature
control was necessary. The approach implemented involves using a variable temperature
controller to supply a stream of heated nitrogen gas which was directed onto the sample
cuvette with 0.1 mm pathlength (Figure 3.22). The temperature could be assessed using a
fine tipped thermocouple in contact with the cuvette surface, and proved to be efficient for
temperatures from 0 to approximately 50 °C.
3.3.3.3. Measurements of bicelles in magnet with temperature control
Following implementation of a temperature control system we were able to begin
measuring CD spectra of the bicelles. Spectra of DMPC/DHPC/DMPE-DTPA bicelles
with and without fukutin were acquired in the presence of lanthanide ions (Figure 3.24).
Pure lipid bicelles were used as a baseline. Although there are no tryptophan residues in
fukutin TMD and tyrosine has a relatively weak MCD signal, initially a spectrum was
acquired from 300-185 nm with the magnet present, which was completely flat in the 300250 nm region, indicating there is no MCD contribution from the protein itself. To increase
the rate of acquisition future spectra were acquired from 260-185 nm.
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Figure 3.24: SRCD spectra of fukutin TMD in DMPC/DHPC/DMPE-DTPA
(3.5/1/0.023, 20 % w/v) in the presence and absence of a magnetic field. Samples were
prepared either without lanthanide (A. and B.), with dysprosium (C. and D.) or thulium (E.
or F.) at 1:1 molar ratio with DMPE-DTPA. A., C. and E. were at 25 °C whilst B., D. and
F. were at 40 °C. Spectra were acquired without magnetic field (solid line) or with the 1.4
T field, and are presented as either CD (dashed line) or MCD (dotted line; see processing
details in methods). The pathlength of the fused silica demountable cell was 0.1 mm, the
slit width 0.5 mm and the integration time 1 s.
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Although in all cases the spectra are consistent with helical structure, there is no significant
change between those measured in any condition, either with or without lanthanide or in
the presence of the magnetic field, suggesting there is no alignment under these conditions.
The corresponding spectra from Figure 3.24 have been overlaid in Figure 3.25. There is a
change in intensity of the 190 nm band but as explained earlier with the large artefactual
contributions in this region it is difficult to interpret this data. The change in intensity of
the thulium sample may be due to experimental error and a slightly higher protein
concentration in that sample.

Figure 3.25: SRCD spectra of fukutin TMD in DMPC/DHPC/DMPE-DTPA
(3.5/1/0.023) at 20 % w/v in the presence of a magnetic field at 40 °C. Spectra are
overlaid from Figure 3.24.
This was a frustrating result, but we believe it can be explained in a number of ways.
Firstly, in the EPR spectra for the parallel aligned bicelles we observe an underlying
powder component, presumably from unaligned bicelles, which if present in the SRCD
sample could dominate the spectra and produce a line shape consistent with a powder
distribution of fukutin TMD. Secondly the manifestation of distributions around the bicelle
director will be different between NMR/EPR and CD since they are sensitive to different
timescales. The timescales of NMR and EPR (~10-3 and 10-7 s respectively) are much
slower than the timescale of CD (~10-15 s). In NMR/EPR fluctuations around the
membrane director can be described as either static or dynamic mosaic spread285. Static
mosaic spread results in a distribution of resonances. In contrast the dynamic mosaic
spread, characterising the fast (< µs) fluctuations around the bicelle director, leads to a
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scaling of the observed CSA (or hyperfine splitting) and can be interpreted as an order
parameter (Sbicelle). On the CD timescale both types of fluctuations around the bicelle
director appear as a static mosaic spread, as both are significantly slower than the CD
timescale. The resulting CD spectra will therefore be the summation of the CD spectra of
all the sampled orientations.
We can estimate the effect of this distribution in the CD spectra using the order parameter
from EPR, which has a closer field to the MCD instrument than NMR. Using the splitting
from the EPR spectra in Figure 3.15 the order parameter Smol can be calculated according
to274:
Smol = S33 [( 3 cos2 q - 1) / 2]-1
S33 = ((A|| - A^) / (Azz – Axx)) (aN / a’N))

(3.12)

where S33 defines the motion of the CLS long axis with respect to bilayer normal, aN is the
isotropic hyperfine splitting (1/3 (Axx + Ayy + Azz)) and a’N is the solvent polarity
correction factor (1/3 (A|| + 2 A^)), with the principle hyperfine tensors of CSL taken as 6,
6 and 32 G for Axx, Ayy and Azz respectively274. Since the angle between the bilayer normal
and the CSL long axis (q) is ~0°, S33 » Smol. For the samples here we found Smol = 0.38,
which indicates there is significant deviation of the bilayer from the magnetic field
director, giving a maximum q of approximately 40°. Coupled with the cone opening angle
of fukutin TMD in the bicelles, which the NMR data indicates could be ~30° it is easy to
see that a wide distribution of orientations is possible. Although the field of the MCD
instrument is greater than the EPR, even in Q band EPR (~1.2 T) an order parameter for a
similar lipid mixture has been calculated as 0.56278.
If it were possible to improve the degree of alignment, and improve the order parameter,
the OCD measurements using this approach may become more feasible. Since the
alignment energy of the bicelles is determined by the square of the magnetic field strength,
the most logical option would be to employ a stronger field. Superconducting MCD
instruments are available operating at fields up to ~8 T, which is approaching the field used
in NMR286. A measurement of bicelles using a superconducting magnet would provide
absolute confirmation as to whether the system is feasible for OCD studies, and the ability
to alter the field strength in such instruments could also help to ascertain whether there is a
minimum field required for such experiments.
An obvious limitation to these measurements is that we remain unable to confirm whether
the bicelles are sufficiently oriented on the optical timescale. In linear dichroism
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measurements retinoid compounds which partition into bilayers have been used as
reporters of bilayer orientation in shear aligned vesicles since the chromophores align with
respect to the bilayer normal in an analogous manner to CSL in EPR287. The ability to have
a similar compound for OCD would be extremely useful for these measurements, and also
measurements of mechanically oriented samples, although presently no such reporters have
been described. An upcoming development to the B23 beamline aims to introduce a new
polarimeter to the beamline which allows the measurement of the full Mueller matrix288, a
16 element matrix describing the complete optical properties of a system, including the
phenomena of CD, circular birefringence, LD and LB. This would allow assessment of
sample orientation using one of the probes used in LD, and also would potentially enable
characterisation of the LB bands observed in the spectra here. Alternatively, other
techniques such as small angle neutron scattering, could be used to measure the degree of
alignment, which has a timescale not dissimilar to CD.

3.4. Conclusions
In this chapter the aim was to develop a system to produce oriented samples for OCD
using magnetically aligned lipid phases. To achieve this aim 31P NMR was used
extensively to characterise the phase behaviour of bicellar samples prepared with various
lipid compositions in order to obtain maximal alignment within acceptable temperature
ranges. The effect of lanthanide ions as agents to modulate the bicelle alignment was also
investigated. To validate that this approach could be feasible using a 1.4 T MCD
instrument, X-band EPR was used to demonstrate bicelle alignment at a lower magnetic
field. The optical properties of bicelles for CD were characterised, which although giving
some limitations due to linear birefringence effects, do not appear to effect the 208 nm
band which acts as a marker for helix orientation. Unfortunately we were unable to
measure oriented spectra of fukutin TMD in lipid bicelles, which we speculate is due to the
poor degree of alignment in these samples and their motions around the magnetic field. We
were however able to estimate the fukutin TMD tilt angle in bicelles using 15N NMR,
which will provide a basis for any future OSRCD interpretation.
Alternative strategies may be needed such as the use of higher magnetic fields available
with superconducting magnets, and if further developed this approach has promise to
address some of the challenges posed by mechanically oriented samples. However, the
method may still have some limitations over mechanically aligned samples. Even if
bicelles can be sufficiently aligned using superconducting magnets, these are not widely
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available and are very expensive to operate. Relatively few large proteins have been
reconstituted into anisotropic bicelles, which may require further optimisation. A further
concern is that a depending upon their mechanism of action antimicrobial peptides may
perturb the bicellar structure, as is the case with metillin289, although bicelles have been
used successfully in with antimicrobial peptides such as alamethicin290 and a series of
Australian tree frog derived peptides291, indicating that they cannot be routinely applied to
the study of antimicrobial peptides. Whilst they are amenable to the introduction of various
other lipid components such as anionic lipids292 and cholesterol289 a greater diversity is
possible using mechanically aligned samples. A potential further drawback is the
requirement for careful control of the temperature, although as we have demonstrated here
it is possible to readily align bicelles below physiological temperatures. Indeed, the use of
very short chain lipids256, unsaturated lipids293 and increasing concentrations of cholesterol
(and cholesterol analogues)294 can reduce the Tm further.
To summarise, whilst bicelles have the potential to simplify the preparation of oriented
samples for CD, and provide consistency which is not possible with mechanically oriented
samples, there are a number of further steps of optimisation required before they can be
used in OCD.
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KCNH2 potassium channel (human Ether-à-go-gorelated gene) for biophysical studies
4.1. Introduction
Whilst the majority of OCD studies have involved relatively simple helical peptides, the
ultimate aspiration of this project was to begin to develop methods for the measurement of
membrane proteins of greater structural complexity. One of the advantages of OCD is the
requirement for small quantities of protein, which is particularly useful in cases of
membrane proteins where expression and purification of sufficient yields for high
resolution techniques presents a challenge. OCD would allow the investigation of changes
in the overall orientation of the protein. One can envisage its use to probe the types of
conformational changes occurring as a result of events such as ligand binding in
membranes mimicking the physiological environment, and the effect of different types of
lipids on gating processes in channels. This could be particularly powerful in collaboration
with functional data. In view of this goal attempts were initiated to express and purify the
human potassium channel expressed by the Ether-à-go-go related gene hERG. (From this
point the protein will be referred ‘hERG’.) A wide variety of structurally diverse
pharmaceuticals are known to block the channel, potentially resulting in cardiac
arrhythmia, but the mechanism of such binding events is yet to be elucidated. The ability to
probe the conformational changes of the protein in response to binding of known blockers
would therefore be highly valuable to begin to understand the underlying molecular
mechanism.
There are a great number of potassium channels in addition to hERG, all sharing a
common functionality: the passage of potassium ions out of cells in response to some form
of stimuli. They are found in cell membranes of almost all organisms and regulate the
electrical gradients across cellular membranes. This is especially important in excitable
cells, such as neurons, where they regulate resting and action potentials, and cardiac
muscle cells, where they regulate ventricular contraction.
Potassium channels are grouped into three classes by their mode of regulation. Namely, the
voltage-gated (Kv), inward rectifying (Kir) and tandem pore domain (K2P) channels295.
Additionally there are ligand gated channels which respond to a variety of stimuli. These
families all share a common pore domain, whilst the variation in regulatory mechanism is
conferred by additional domains. In the case of Kv channels for example, there is an
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additional four helical voltage-sensing domain, yielding total of six transmembrane
domains. The number of transmembrane domains varies such that generally Kir channels
have two, K2P have four and ligand-gated channels have two or six.
There are structures available for a number of potassium channels which reveal conserved
structural features295. All potassium channels are homotetrameric complexes, centred
around the pore37. Each monomer has a two helical pore forming domain consisting of one
helix which forms the pore itself, and a second which is fully exposed to the bilayer. At the
top of the pore a short re-entrant helix (the ‘pore helix’) has its N terminus inserted into the
central cavity of the protein. The region of the pore which coordinates potassium ions and
facilitates their passage out of the channel (at near diffusion rates) is the selectivity filter,
which has a common five residue motif (TVGYG) and lines the top of the pore295. It is this
selectivity filter which gives rise to the high specificity of these channels for potassium
over other monovalent cations37. Whilst these features appear to be conserved, there are
significant variations between members of the potassium channel family, and
understanding of how each member is regulated and gated requires structural
information295.
Although there are now a number of potassium channel structures available, at the time of
commencing this work there was no structure for the hERG channel. This channel has a
number of differences to other Kv channels, and it has a significant physiological role. It is
expressed in a range of tissue, particularly neuronal cells and ventricular cardiomyocytes,
where it is responsible for the determining the length of the action potential plateau
phase296.
4.1.1. Human Ether-à-go-go related gene (hERG)/KCNH2 channel
Numerous ion channels are involved in the regulation of cellular membrane potential,
including hERG. The polarisation events in individual cardiomyocytes produce the overall
electrical signal of the heart, which can be recorded in an electrocardiogram (ECG) (Figure
4.1 B.). This begins with the P wave which results from atrial depolarisation, followed by
the QRS complex which signifies ventricular depolarisation, and finally the T wave which
indicates ventricular repolarisation.
In context of the action potential (AP), the role of the hERG channel in cardiomyocytes is
as follows297 (the corresponding changes in membrane potential are outlined in Figure 4.1
A.). During phase 4 (resting) the sodium and calcium voltage-gated channels are closed,
whilst Kir potassium channels maintain a membrane potential of -90 mV. This is proceeded
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by a rapid influx of sodium through voltage-gated sodium channels, resulting in membrane
depolarisation to around 5 mV (phase 0). In phase 1 voltage-gated potassium channels are
activated and begin to efflux potassium ions, resulting in a slight repolarisation to 0 mV.
The potential is then maintained at 0 mV by the action of L-type calcium channels in phase
2, which causes a slow influx of calcium ions. The calcium channels are gradually
inactivated and the efflux of potassium through voltage-gated channels including hERG
results in repolarisation back to the resting state (phase 3). The voltage gated potassium
channels then inactivate when the resting potential is reached. The length of the plateau
(phase 2) is particularly important, because it is the influx of calcium which ultimately
stimulates muscle contraction through calcium-induced calcium release from the
sarcoplasmic reticulum. The unusual gating kinetics of hERG make it well suited for
maintenance of the plateau phase. Unlike homologous channels, such as the Shaker
channels from Drosophila, hERG exhibits slow activation and fast deactivation, as well as
fast voltage-dependent inactivation, meaning it is able to quickly stop effluxing potassium
when the appropriate membrane potential is reached.
In an ECG the QT interval accounts for both ventricular depolarisation and repolarisation,
providing an estimate of the ventricular action potential length. Extension of this interval
gives rise to a condition called long-QT syndrome (LQTS). This is a serious condition
which results in an irregular heartbeat, and can ultimately result in ventricular arrhythmia
and sudden death. One of the most common types of LQTS, type 2, is closely associated
with hERG due to its role in membrane repolarisation, and is caused by channel
mutations298, in which expression of the channel is reduced. hERG is also implicated in
drug induced LQTS (diLQTS)299, which occurs due to channel blockage by drug binding
and therefore delayed and heterogenous repolarisation. This is a significant challenge for
the pharmaceutical industry, with around 10 % of drug discontinuations attributed to
diLQTS300. Additionally, hERG has also been associated with cancer301 and a range of
other diseases302.
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Figure 4.1: Schematic diagrams of membrane potential in a cardiomyocyte (A.) and
electrocardiogram (ECG) trace (B.) during an action potential.
In particular the proclivity of hERG for non-specific drug binding and the subsequent
effect on the AP has made it an important target for structural studies. It is known to bind a
wide range of different pharmaceuticals, including drugs from families including
antiarrthymics (e.g. quinidine), antidepressants (e.g. fluoxetine), antihistamines (e.g.
astemizole) and antibiotics (e.g. erythromycin)303. The extent of its pharmacological
promiscuity is such that United States drug regulators indicate that new drugs should
undergo preclinical testing to determine whether they block hERG304. It was previously
suggested that there is a larger cavity in the pore of the channel than other potassium
channels, which provides additional space for drug binding299. It has also been noted that
the drugs which block hERG have conventionally been thought of as having a nitrogen
centre flanked with either hydrophobic or aromatic groups, which were viewed to interact
with a binding site via hydrophobic or cation-p interactions with specific residues305, 306,
particularly in the pore forming S6 helix. More recently, drugs without these features have
also been found to block the channel307, indicating that there is a broad range of drugs
which block the pore. Very recently a cryo-EM structure of the transmembrane domain has
been published by Wang and MacKinnon at ~4 Å resolution308 (Figure 4.2) which
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identifies hydrophobic pockets leading off the central pore cavity, which are speculated by
the authors to permit part of the drug to bind rather than the complete molecule. They
suggest in the case of astemizole, an antihistamine withdrawn from sale due to its potent
hERG blocking action, one of its aromatic rings fits well into this hydrophobic pocket.
Whilst we are beginning to understand the features of hERG which contribute to its
penchant for drug binding, the mechanistic effects of drug binding and resulting
conformational changes of the channel remains unknown.

Figure 4.2: Structure of hERG TMD. The S1-S4 helices form the voltage sensing domain
(VSD) whilst S5-S6 form the pore. Cytosolic domains have been removed for clarity.
Figure drawn from pdb accession number 5va1 from Wang and MacKinnon308.
The structure of the TMD comprises six helices (S1-S6) which can be split into two
domains, the voltage sensing domain (S1-S4) and the pore forming domain (S5-S6)
(Figure 4.2). Within the voltage sensing domain, which gates the channel, the S4 helix is
regularly interspersed with positively charged residues which are thought to alter the
confirmation of the protein in response to voltage gradients296. The pore forming region is
somewhat similar to KcsA, with a pore helix and selectivity filter between the two helices.
There are subtle changes in the structure of selectivity filter compared with other
potassium channels which are apparently responsible for the rapid inactivation observed
exclusively in hERG, and seem to result at least partially from sequence of the filter, which
in hERG is SVGFG compared to the TVGYG found in a majority of other potassium
channels308. The change of the F to Y is particularly significant, and has been linked to the
rapid inactivation observed in hERG channels. It has been demonstrated in the Drospohila
melanogaster Shaker potassium channel that mutation of its the GFG sequence to GYG
results in accelerated inactivation309. A further notable structural dissimilarity between
other Kv channels and hERG is the presence of an extended loop region between S5 and
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the pore helix, the ‘turret’, which is approximately 40 residues long in contrast to the
typical 15 residues296. Isolated fragments of this region have been structurally characterised
using solution-state NMR310 which indicates it forms an amphipathic helix in SDS
micelles. It is also suggested that this domain is a determinant of gating, since the addition
of exogenous peptide results in disruption of the channel gating310 and mutation of charged
residues in the S5P region of the Ether-à-go-go family appears to demonstrate the
importance of the interaction of the helix with the rest of the channel to regulate
inactivation311. The turret has also been demonstrated to have roles in ion selectivity of the
channel310, and can act as a ‘pre-filter’ to limit which cations are able to reach the
selectivity filter312. The protein has large cytosolic domains at both the N and C termini. At
the N terminus is a Per-Arnt-Sim (PAS) domain313, whilst the C terminus contains a cyclic
nucleotide binding domain314, both of which are implicated in channel gating.
The work here aims to express, purify and reconstitute in lipids sufficient quantities of
hERG to allow study of the response of the pore domain to drug binding events by NMR
and OCD. Both techniques would readily allow assessment of the changes in helix
orientation when drugs are bound. In order to do this, a construct of the hERG pore was
produced encoding the S5-S6 helices complete with extended loop region between,
yielding a KcsA-like construct. Using protocols for KcsA expression and purification as a
starting point we attempted to optimise expression of hERG pore in E. coli and its
purification.
4.1.2. Streptomyces lividans potassium channel KcsA
Although this chapter aimed to optimise purification and expression of hERG for further
studies, the eukaryotic potassium channel KcsA has been studied extensively as a model
potassium channel, and as such is used here to develop a basis for hERG expression.
The structure of KcsA was solved in 1998 by the group of Roderick MacKinnon315, and
was the first structure of any potassium channel (Figure 4.3). Since then it has been
extensively characterised and has contributed greatly to our understanding of potassium
channel structure and function. The protein contains just two transmembrane domains per
monomer which form the pore domain (M1 and M2 helices). The selectivity filter is
located at the extracellular side of the pore, near to the turret, and has the highly conserved
TVGYG amino acid sequence which is present across almost all potassium channels. In the
tetrameric complex the selectivity filter forms at least four K+ binding sites (S1-S4), which
are produced from by the positioning of carbonyl oxygens of the selectivity filter. These
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act to mimic the hydrating water for K+ ions in the channel. Only two sites are occupied by
K+ ions at any time, in pairs of S1-S3 or S2-S4, with the remaining sites containing a water
molecule315. When an ion enters the filter there is a concerted movement of ions through
the binding sites, resulting in the ejection of an ion from the opposite side. The channel is
regulated via pH. At low pH protonation induces motion of the cytosolic ends of the M2
helices which essentially blocks the channel, and further conformational changes in the
selectivity filter to alter its affinity for K+316. Channel gating is also influenced by voltage
across the membrane, and appears to be mediated through interactions between E71 and
D80 in the selectivity filter, which are disrupted during depolarisation, leading to the
filter’s collapse317.

Figure 4.3: Structure of the model potassium channel KcsA. One helix from each of four
subunits form the pore itself, with a smaller pore helix forming the top of the cone shaped
pore. The selectivity filter (inset) at the top of the pore coordinates K+ binding (shown as
grey spheres); only filters from two of the four monomers are shown for clarity. Figure
generated using pdb accession number 1bl8.
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4.2. Methods and materials
4.2.1. Materials
Please refer to materials in Chapter 2. OG was sol-grade (≥98 %) and sourced from
Anatrace. Sarkosyl solution (30 % w/v) at 99 % purity was purchased from Sigma-Aldrich.
Disuccinimidyl suberate (DSS) was purchased from Sigma-Aldrich. Ampicillin was used
at 100 mg mL-1 concentration in all agar and media.
4.2.2. Methods
4.2.2.1. Molecular cloning
Restriction endonuclease digestions
Restriction digests were performed on 1 µg DNA in a total reaction volume of 20 µL. Each
BamHI (Promega, UK) digestion was performed using 5 U of restriction endonuclease, in
accordance with the supplied instructions. CpoI digests were prepared with 1 µL of
FastDigest CpoI (Thermo Scientific) again in accordance with manufacturer’s instructions.
Following digestion, the reaction was terminated and DNA purified from the mixture using
using phenol-chloroform extraction.
Phenol-chloroform extraction
Phenol-chloroform extraction was employed in order to terminate enzymatic reactions and
isolate DNA from reaction mixtures. To one volume of DNA solution, one volume of
phenol:chloroform:isoamyl alcohol (25:24:1, pH 8.0) was added. The solution was mixed
by vortex and centrifuged at 13 000 g for 5 minutes. The upper aqueous phase was
aspirated and DNA precipitated using ethanol precipitation: one-tenth volume of 3 M
sodium acetate pH 5.4 with two volumes of ice cold absolute ethanol was added to the
aqueous phase and the mixture was vortexed and centrifuged again. The supernatant was
removed and the resulting DNA pellet washed with 70 % ethanol. The DNA pellet was
then dried at 37 °C for 30 minutes before resuspension in an appropriate volume of ddH2O.
Agarose gel electrophoresis and gel extraction
Plasmid digests were analysed by agarose gel electrophoresis. Gels were prepared with
1.5 % (w/v) agarose and 0.4 µg mL-1 ethidium bromide in TAE buffer (40 mM Tris,
20 mM acetic acid, 1 mM EDTA) and run at 120 V. Samples were prepared by addition of
6x orange G dye to yield 1x final concentration. DNA bands were visualised under UV.
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To purify the digested DNA from the agarose gels the appropriate bands were excised. The
gel slice was then dissolved and DNA purified by anion exchange columns according to
the standard protocol provided in the Wizard SV Gel and PCR Clean-up Kit (Promega).
The extracted DNA was eluted in 50 µL ddH2O.
Dephosphorylation reactions
To prevent self-ligation of the vector during ligation, the 5’ phosphate was removed using
thermosensitive alkaline phosphatase (ThermoScientific FastAP). Typically 0.5 µg of
digested plasmid was used per reaction with 0.5 U of enzyme. Reactions were incubated
for 10 minutes at 37 °C and then heat inactivated at 75 °C for 5 minutes. Dephosphorylated
plasmid from the inactivated reaction was used for ligation without further purification.
Ligation reactions
Ligation reactions were prepared with a total volume of 10 µL and 50 ng digested vector.
The amount of insert was varied to achieve molar ratios of 1:1, 3:1 and 10:1 for
insert:vector. 1 U of T4 DNA ligase (Promega) was used per reaction in 1x ligase buffer
and incubated at 4 °C overnight.
Plasmid isolation and minipreparation
Following ligation, 2 µL of ligation product was diluted to 25 µL in ddH2O and
transformed into competent DH5a cells (Invitrogen) using the manufacture’s protocol.
Following the 1 mL outgrowth stage, 200 µL of culture was spread onto LB-agar plates
with ampicillin and incubated at 37 °C overnight. To prepare cultures for plasmid isolation
one colony was picked and used to inoculate 5 mL of LB media supplemented with
ampicillin. These cultures were incubated at 37 °C, shaking, for 16 – 18 hours. After
incubation cells were pelleted at 2000 g for 10 minutes at 4 °C and then resuspended, lysed
and the plasmids isolated using a Wizard SV Miniprep Kit (Promega) according to
manufacture’s protocol. The final isolated plasmid was used for sequencing without further
purification. Concentrations of DNA were measured at 260 nm and the 260/280 nm ratio
was monitored to ensure sample purity.
DNA sequencing
Plasmids were submitted to Eurofins Genomics for Sanger sequencing using the pTrcHisrev primer (5’-CTTCTGCGTTCTGATTTAATCTG-3’) which binds following the C
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terminus of the hERG pore gene on the reverse strand. Resulting chromatographs were
analysed using 4Peaks software (www.nucleobytes.com/4peaks).
4.2.2.2. KcsA expression
A construct encoding the nucleotide sequence for full-length KcsA with a N-terminal 6x
histidine tag was cloned into a pQE32 vector previously by Dr Phedra Marius, yielding a
protein with the following amino acid sequence:
MRGSHHHHHHGIRMPPMLSGLLARLVKLLLGRHGSALHWRAAGAATVLLV
IVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPVTLW
GRLVAVVVMVAGITSFGLVTAALATWFVGREQERRGHFVRHSEKAAEEAY
TRTTRALHERFDRLERMLDDNRR

(50)
(100)
(150)
(173)

The construct was transformed into chemically competent BL21 pLysS E. coli (New
England Biolabs, UK) according to manufacturer’s instructions and used to inoculate 100
mL LB media with ampicillin which was incubated shaking at 37 °C overnight for 16
hours. 10 mL of this culture was used to inoculate 1 L of LB media which was cultured at
37 °C until the OD600 reached 0.8. At this point expression was induced by addition of
IPTG to a final concentration of 1 mM, and the cells cultured for an additional 4 hours.
Cells were harvested by centrifugation at 4 000 g for 20 minutes at 4 °C. If not used
immediately cell pellets were stored at -20 °C.
4.2.2.3. KcsA purification
The cell pellet from 2 L culture was resuspended in 80 mL buffer A (50 mM Tris-Cl
pH 7.4, 150 mM KCl, 150 mM NaCl) with 1 mM phenylmethane sulfonyl fluoride
(PMSF) and lysed by sonication on ice using a programme of 10 s on, 30 s off for
5 minutes total process time at power level 7 (Misonix XL sonicator with stud probe). Cell
membranes were fractionated by ultracentrifugation at 142 000 g for 40 minutes at 4 °C.
The membrane pellet was then homogenised in 40 mL solubilisation buffer (buffer A,
10 mM DDM, 40 mM imidazole) and stirred slowly at room temperature for 90 minutes.
Insoluble material was pelleted by centrifugation at 20 000 g for 30 minutes at 4 °C. The
resulting clarified solubilised membrane fraction was filtered through a 0.45 µm filter. The
solubilised membrane fraction was then applied at 0.2 mL/minute to a 1 mL HisTrap
column prequilibrated with wash buffer (buffer A, 1 mM DDM, 40 mM imidazole). 1 mL
fractions were eluted with elution buffer (buffer A, 1 mM DDM, 400 mM imidazole).
To purify KcsA in sarkosyl the protocol was identical but the DDM was exchanged for
sarkosyl at the following concentrations: 0.9 % w/v for solubilisation buffer and
0.15 % w/v for wash and elution buffers.
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4.2.2.4. hERG pore expression
A construct for the hERG pore domain was previously produced by Dr Maïwenn
Beaugrand (from a full length hERG construct produced by Prof Alvin Shrier, McGill
University, Canada), encoding D540-Y673 (UniProt accession number Q12809) in a
pPROEX HTa backbone vector. The amino acid sequence of this construct is:
MSYYHHHHHHDYDIPTTENLYFQGAMDPDRYSEYGAAVLFLLMCTFALIA
HWLACIWYAIGNMEQPHMDSRIGWLHNLGDQIGKPYNSSGLGGPSIKDKY
VTALYFTFSSLTSVGFGNVSPNTNSEKIFSICVMLIGSLMYASIFGNVSA
IIQRLYSGTARY

(50)
(100)
(150)
(162)

For recombinant protein expression, the construct was transformed into chemically
competent BL21 E. coli by diluting 50 ng of plasmid in 25 µL sterile H2O and adding to
50 µL competent cells. After 30 minutes incubation on ice, the cells were heat shocked at
42 °C for 45 s then incubated on ice for an additional two minutes. 925 µL LB was then
added and the mixture incubated at 37 °C, shaking, for one hour. Subsequently it was
added to 100 mL LB media with ampicillin. The culture was grown at 37 °C, shaking, for
16 hours overnight and 5 mL was then used to inoculate 500 mL of 2xYT media with
ampicillin. The culture was incubated at 37 °C, shaking at 180 rpm, until an OD600 of 1.0
was reached. Protein expression was then induced through the addition of IPTG to 1 mM
final concentration, and to counter the toxic effects of the pore 10 mM final concentration
of tetraethylammonium bromide (TEAB) was also added at this point. After a further
16 hours incubation at 18 °C the cells were harvested at 4 °C by centrifugation at 5000 g
for 20 minutes.
4.2.2.5. hERG pore purification
Initially hERG pore was purified according to the following protocol with modification
and optimisation as described in the results section. Purification buffers were based on
phosphate buffered saline (PBS) with composition 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4 and 1.8 mM KH2PO4, pH 7.4.
The harvested cell pellet was resuspended in 40 mL lysis buffer (PBS pH 7.4, 0.2 mg mL-1
lysozyme, 1 mM EDTA) per 1 L culture and incubated for 30 minutes at room
temperature. Cells were then lysed by sonication on ice using a programme of 10 s on, 30 s
off for 6 minutes total process time at power level 7 (Misonix XL sonicator with stud
probe). Cell debris was pelleted by centrifugation at 16 000 g for 30 minutes at 4 °C. The
cell membranes in the supernatant were then collected by ultracentrifugation at 100 000 g
for 50 minutes at 4 °C. The membrane pellet was homogenised in 50 mL solubilisation
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buffer (PBS pH 7.4, 3 % w/v sarkosyl, 20 mM imidazole) and mixed slowly at 4 °C for
16 hours. The resulting solubilised membrane fraction was passed through a 0.45 µm filter
and 1 mL Ni2+ Sepharose Fast Flow resin (GE Healthcare, UK) added. After 2 hours
incubation at 4 °C the resin was applied to a gravity flow column and the flow through
collected. The resin was then washed with 60 mL wash buffer (PBS pH 7.4, 0.5 % w/v
sarkosyl, 20 mM imidazole) and 6x 1 mL fractions eluted with elution buffer (PBS pH 7.4,
0.5 % w/v sarkosyl, 600 mM imidazole).
Later in the chapter an inclusion body purification protocol is described, in which the cells
are lysed as above and then subjected to centrifugation at 16 000 g for 30 minutes at 4 °C.
The resulting pellets of cell debris and inclusion bodies were then resuspended in 40 mL/L
culture of appropriate solubilisation buffer (PBS pH 7.4, 20 mM imidazole with denaturant
as described in results section) using a homogeniser then left to solubilise for at least
16 hours. The centrifuge step was repeated to pellet any remaining insoluble material, and
1 mL Ni2+ resin was added to the supernatant. After allowing to bind at 4 °C for 2 hours
the resin was washed and protein eluted using PBS with either 20 mM and 600 mM
imidazole respectively, with the same concentration of denaturant as solubilisation buffer.
4.2.2.6. Determination of protein concentration
The protein concentration following purification was determined using either absorbance at
280 nm (A280) readings or bicinchoninic acid (BCA) assay. A280 reading were measured
using 2 µL samples blanked against elution buffer using a NanoDrop 2000C
spectrophotometer (Thermo Scientific). BCA assays were performed in 96 well plates
using a kit (Pierce protein assay kit) with bovine serum albumin (BSA) standards from
0.25 mg mL-1 to 1.5 mg mL-1. The manufacture’s microplate protocol was followed, which
briefly involves mixing 10 µL of sample or standard with 200 µL kit reagent, incubating at
37 °C for 30 minutes then measuring the absorption at 580 nm. The BSA standard curve
was then used to estimate protein concentration.
4.2.2.7. Membrane protein reconstitution
KcsA and hERG were reconstituted in model membranes using the detergent adsorption
method. The following protocol was used for approximately 1 mg purified protein and then
scaled as appropriate. Lipids from methanol stocks were aliquoted and dried overnight
under high vacuum. The resulting film was then resuspended in 10 mL hydration buffer
(10 mM Tris-Cl pH 7.4, 1 mM EDTA, 40 mM OG) by gentle pipetting. The lipid
suspension was subsequently sonicated at room temperature in an ultrasonic bath for
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30 minutes or until the solution had clarified, indicating the formation of SUVs. Protein in
elution buffer was then added to the vesicles and gently mixed. Detergent was removed by
the addition of 4.4 g Bio-Beads SM2 resin (Bio-Rad, UK) in two batches, with each
addition followed by a one hour incubation with slow stirring. The resin was then removed
from the solution and the vesicles collected by ultracentrifugation at 133 000 g for 30
minutes at 4 °C.
4.2.2.8. Sucrose density gradient
Separation of precipitated protein from proteoliposomes was achieved using a sucrose
density gradient with layers of 35, 39 and 50 % w/v sucrose. Each layer was formed of
3 mL sucrose solution at the appropriate concentration and approximately 3 mL sample
was applied to the top. The gradients were ultracentrifuged in a swingout rotor (BeckmannCoulter SW41) at 100 000 g for 4 hours at 4 °C. A slow deceleration profile was selected
to prevent disruption of the gradient. A fine tube attached to a peristaltic pump was then
used to remove the visible band of liposomes, which were analysed by SDS-PAGE.
4.2.2.9. Chemical cross-linking
The stability of the hERG pore tetramer was probed using chemical cross-linking in lipid
vesicles. The cross-linker DSS was used, which has a two functional groups which react
with primary amines and are separated by an eight carbon spacer. A DSS stock of
90 µg mL-1 in dimethylsulphoxide (DMSO) was prepared. To set up cross-linking
reactions, 500 µg hERG pore was reconstituted into POPC/POPG (50:50) at approximately
200 L/P ratio. The sample was split into two and either sonicated for 20 minutes (to yield
SUVs) or resuspended (for MLVs). Each SUV or MLV sample was then split again and
2 µL of either DSS in DMSO or DMSO added. Samples were incubated at room
temperature for 1 hour, then the reaction was terminated by the addition of gel loading
buffer.
4.2.2.10. SDS-PAGE and western blot
Success of protein purification and degree of purity was determined using Coomassie
stained 10 % polyacrylamide gels and western blotting against the polyhistidine tag. SDS
gels were prepared and run according to section 2.2.2.1. Typically 10 µL samples were
used without concentration normalisation. Purity of the elution fractions was estimated
using densitometry analysis with ImageJ software318.
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For blotting, the unstained gel was wet transferred to 0.2 µm nitrocellulose membrane in
transfer buffer (25 mM Tris, 190 mM glycine, 20 % methanol) at 100 V for one hour.
Blotting was performed using the Li-Cor Quick Western Blotting kit (Li-Cor, Cambridge,
UK). Membranes were blocked for 1 hour at room temperature in 5 % w/v BSA in PBS.
Membranes were probed in using anti-polyhistidine antibody (Sigma-Aldrich, UK) at
1:3000 dilution in detection reagent according to manufacturer’s instruction. After washing
in PBS-Tween-20 (0.5 % v/v), blots were imaged using the 700 nm channel of an Odyssey
Classic imager (Li-Cor).
4.2.2.11. Electrospray mass spectrometry
Methanol-chloroform extraction and mass spectrometry were performed as described in
section 2.2.2.1.
4.2.2.12. Circular dichroism measurements
CD measurements were recorded using a nitrogen flushed Jasco J720 spectropolarimeter.
KcsA was buffer exchanged using a PD-10 desalting column (GE Healthcare, UK) into
10 mM potassium phosphate buffer pH 7.4, 1 mM DDM at 0.1 mg mL-1 concentration.
Spectra were measured at room temperature using a 2 mm pathlength cuvette with 1 nm
step resolution, 2 nm bandwidth and 1 s response time. The presented spectra represent the
average of no fewer than eight scans baseline corrected against the sample buffer. Units
were converted as described in 2.2.2.1.

4.3. Results
4.3.1. KcsA
Initially to demonstrate the expression and purification of a potassium channel as a basis
for hERG pore, the KcsA potassium channel was expressed and purified was based on the
method used by Marius et al.66 and modified within the laboratory. The sequence of the
KcsA protein, annotated with key features is given in Figure 4.4.
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Figure 4.4: Annotated sequence of KcsA. The key features of the sequences are indicated,
including a 6x histidine tag for affinity chromatography, and selectivity filter,
transmembrane helices and the pore helix. Arrow indicates the start of the KcsA sequence
(from M1). Sequence from UniProt, accession number P0A334.
The protocol involves heterologous expression of the protein in E. coli, solubilisation in
detergent and purification using nickel affinity chromatography. Initially the detergents
DDM and sarkosyl were selected, DDM because of its previous use in purification of
KcsA and sarkosyl because initial detergent screening by previous members of the group
had identified it as an efficient solubiliser of hERG pore. Coomassie stained acrylamide
gels of purified KcsA in both detergents (Figure 4.5) have a predominant band at around
55 kDa which is assigned to the tetrameric KcsA complex, despite the predicted molecular
weight of a tetramer totalling 77.2 kDa. (The predicted molecular weight of the monomer
was determined to be 19.3 kDa by ProtParam199.) Note that in this gel, as the proceeding
gels, the samples were not adjusted for concentration. The shifted band position is a
common observation for membrane proteins, and is likely to result from either only partial
denaturation of the protein or the change in micelle size due to the solubilising
detergent200. It is also unsurprising to observe a tetramer in a denaturing environment,
since it has been previously reported that the KcsA tetramer is highly stable under the
denaturing conditions of SDS-PAGE319.
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Figure 4.5: Coomassie stained SDS gel of KcsA elution fractions following solubilisation
in either sarkosyl or DDM.
There is a notable improvement in purity of the eluate between the KcsA solubilised in
DDM and the protein solubilised in sarkosyl. Manufacture’s literature for nickel affinity
resin generally advices against the use of anionic detergents in purification due to their
tendency to limit protein binding, suggesting that affinity for both the contaminating
proteins and the KcsA is reduced. Indeed, the total yields (by A280) were 6.38 mg/L culture
for sarkosyl and 8.36 mg/L culture for DDM.
Although the yield of sarkosyl solubilised KcsA is lower than DDM, the purity appears to
be slightly better. Assessment of the purity was carried out using densitometry analysis. As
the lanes were somewhat overloaded the fifth fraction was analysed to ensure the results
are accurate. High purity was achieved in both cases, with 93.1 % for sarkosyl, and a slight
reduction to 91.4 % for DDM. This purity of the protein was such that further
chromatography steps were unnecessary prior to reconstitution in liposomes. The protein
was exchanged into 10 mM potassium phosphate, 1 mM DDM from the elution buffer and
CD spectra acquired (Figure 4.6) which show features consistent with a predominantly
helical structure, with the characteristic positive peak at 190 nm and two negative peaks
around 208 and 222 nm. KcsA solubilised in sarkosyl could not be studied by CD due its
high absorbance in the far-UV region320.
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Figure 4.6: Conventional CD spectrum of purified KcsA in 1 mM DDM, 10 mM
potassium phosphate pH 7.4. Protein concentration was 0.1 mg mL-1 and pathlength
2 mm. Spectra were acquired at room temperature with 1 nm step resolution, 2 nm
bandwidth and 1 s response time.
To prepare oriented samples for OCD and NMR studies it is essential to be able to
reconstitute the protein of interest into lipid vesicles. We were able to reconstitute KcsA
successfully into POPC vesicles using the detergent adsorption method with polystene BioBeads resin. POPC was selected as it is a commonly used membrane mimetic with a low
phase transition temperature. Following reconstitution, the proteoliposomes were collected
and isolated using a sucrose density gradient to ensure that any precipitated protein was
removed. Subsequent SDS-PAGE analysis revealed the presence of both monomeric and
tetrameric KcsA in both sarkosyl and DDM solubilised protein, although in different ratios.
The sarkosyl solubilised KcsA has a predominant monomer band whereas for DDM it is
mostly tetrameric, despite a clear predominance of the tetramer in both DDM and sarkosyl
eluate fraction. This was somewhat unexpected since the KcsA tetramer is known to be
highly stable, resistant to both SDS and thermal induced destabilisation321. It is possible in
this case that during the reconstitution some of the KcsA in sarkosyl denatures rather than
becomes incorporated in the lipid vesicles, resulting in the presence of the monomeric
band.
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Figure 4.7: Coomassie stained SDS gel of purified KcsA in either DDM or sarkosyl
reconstituted into POPC vesicles using Bio-Bead adsorption method. Recon s/n is the
supernatant following harvesting of proteoliposomes after reconstitution, recon. pellet is
the harvested proteoliposomes and the S.D. band is the proteoliposome band collected
from the sucrose density gradient.
Ultimately the results here duplicate the previous successful attempts to express, purify and
reconstitute recombinant KcsA in DDM65, and demonstrate that sarkosyl results in a higher
degree of purity than DDM but may present a problem for downstream reconstitution. As a
result of the ability to purify mg quantities of KcsA with relative ease, it has been widely
studied and investigated as a model potassium channel, but as it is bacterial prokaryotic
protein it cannot be fully representative of eukaryotic homologues. It is significantly
different to hERG, particularly the extended loop region between S5 and S6. However, the
successful expression and purification protocols available for KcsA makes an excellent
starting point for the expression and purification of the human potassium channel hERG.
4.3.2. hERG
There are two major structural distinction between the KcsA and hERG transmembrane
domains. hERG has a much larger loop region between the two helices of the pore forming
domain (S5 and S6 helices) than KcsA, and significantly a four helical voltage sensing
domain at the N-terminal transmembranous region. To improve the chances of successful
expression and purification of the hERG pore domain in E. coli, the sequence encoding a
voltage-sensing domain was removed from the construct and a hexahistidine tag and linker
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added at the N-terminal end (Figure 4.8), to produce a construct homologous to KcsA.
(The cytosolic domains are not present in this construct.)

Figure 4.8: Annotated amino acid sequence of hERG pore domain from D540 to Y673
construct encoded within phERGPore plasmid. Key features of the sequence are indicated
including a 6x histidine-tag (his-tag) to allow affinity chromatography and a tobacco etch
virus (TEV) protease cleavage site for removal of the his-tag following purification. Arrow
indicates start of hERG pore sequence (from D540). Sequence from UniProt accession
number 12809.
4.3.2.1. Expression and purification of hERG pore with a 6x histidine tag
Extensive previous work within the group (by Dr Maiwenn Beaugrand and Mr Rafael G.B.
Gomes) had identified optimal conditions for expression of the hERG pore construct. The
plasmid was transformed into E. coli BL21 (DE3) and cultured using ampicillin selection.
hERG pore expression was induced using 1 mM IPTG for 18 hours at 18 °C. The previous
work had determined that the expression of the channel appeared to have toxic effects on
the E. coli, indicating that the pore has activity in the E. coli membrane. To mediate these
effects, a potassium channel blocker, TEAB, was found to improve cell viability after
induction. TEAB has been used extensively in electrophysiological studies of potassium
channels as a blocking agent and is known to block hERG322, and has been shown to have
two distinct binding sites in voltage-gated potassium channels located at both the external
mouth and the intraellular side of the channel323, 324. As such the concentration required
was optimised and found to be 10 mM, which is added at the point of induction.
To initially ensure that this protocol resulted in protein expression the plasmid was
transformed into both BL21 (DE3) and BL21 (DE3) pLysS cells and cultured. The pLysS
cells contain an additional plasmid that results in reduced basal protein expression prior to
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IPTG induction, which may be helpful since there was a suggestion that hERG pore is
toxic to E. coli and ‘leaky’ expression may result in cell death. The expression was
confirmed by western blot probed for his-tag (Figure 4.9). A single band is observed in
each case, corresponding to the hERG pore monomer at approximately 15 kDa which is
slightly lower than the predicated molecular weight of 18237.7 Da, not dissimilar to the
shift observed for KcsA. There is no difference in band intensity between the two E. coli
strains, indicating that if toxicity is an issue then it is not addressed by the pLysS. From
this point standard BL21 (DE3) cell were used.

Figure 4.9: Western blot of phERGPore-transformed E. coli taken pre- and postinduction of protein expression, in BL21 (DE3) and BL21 (DE3) pLysS strains.
Membrane was probed for his-tag using an anti-hexahistidine primary antibody to identify
hERG pore. The marker and samples were run on the same gel but lanes for other proteins
were cropped for clarity.
To purify the expressed protein, the previously developed protocol was initially used (cf.
section 4.2.2.5). This involved binding the protein to a prepacked Ni2+ column (2x 1 mL
HisTrap Crude (GE Healthcare) columns), washing with 20 mM imidazole (15 column
volumes) and eluting in 8x 1mL fractions using 600 mM imidazole. The protocol was
applied to cells harvested from 12 L of culture, and yielded a surprisingly low intensity
band of hERG pore (Figure 4.10). There also are additional bands of higher molecular
weight impurities present in these lanes. Although these bands are broadly in the molecular
weight region of dimeric and tetrameric species of hERG pore, and elute in the same
fraction as the monomer, previous western blot analysis has not identified these bands as
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oligomers. Instead it is likely that these are a number of E. coli proteins that have affinity
for nickel resin, of which there are a number of suitably sized candidates325. The purity of
the eluate was low, just 23.6 % for fraction 3. The post-purification yield was
approximately 0.5 mg/L culture (by A280), around 13-fold less than for KcsA.

Figure 4.10: SDS-PAGE of purification of hERG pore from 12 L E. coli culture using
Ni2+ Sepharose High Performance resin by batch method. Column flow through (FT),
washing and fractions were analysed.
As the protein fractions were impure, we decided to elute the protein using a gradient of
imidazole with the aim of eluting the contaminants and hERG in different fractions. The
expression was scaled down to 6 L culture. An FPLC system was used to generate this
gradient on a 1 mL Ni2+ HisTrap pre-packed column. In order to ensure sufficient contact
time of the protein with the column, it was loaded at a flow rate of 0.5 mL minute-1. After
column washing, a linear gradient of 25 mL from 20 mM to 1 M imidazole was applied
and 1 mL fractions collected. A large peak was identified towards the start of the gradient
and subsequently these samples were analysed by SDS-PAGE (Figure 4.11). A small peak
around fraction 18 was also sampled. hERG pore was apparent from the first peak and
possibly in fraction 15, indicating a very broad elution profile. Gel electrophoresis revealed
hERG pore in fractions 2, 3, 5, 6 and 15. In fractions 3 and 5, there are almost no other
protein contaminants and a feint band of hERG, although there is a small amount of higher
molecular weight proteins in fractions 6 and 15. The total yield, determined by BCA assay,
was just 0.18 mg/L culture, which although less than fractions eluted using a single
concentration of imidazole has vastly improved purity. The elution at the start of the
gradient indicates that the protein binds with low affinity to the Ni2+ resin. This is also
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indicated by bands for hERG pore in both the flow through and wash fractions on the gel,
which are clear even though in both cases there was a reasonably large volume, suggesting
hERG pore has a significant concentration in both fractions. It may be that longer binding
times are required, potentially allowing a greater quantity of the hERG pore to bind,
although the flow rate used here is slower than the rate recommended by the manufacture
to attempt to improve binding.

Figure 4.11: Purification of hERG pore in sarkosyl from 6 L E. coli culture using prepacked HisTrap 1 mL Fast Flow (GE) column. A. FLPC chromatograph of absorbance
and conductivity. 1 mL fraction numbers are indicated along the x-axis. A 25 mL gradient
of 20 mM to 1 M imidazole was initiated at fraction 1. B. SDS-PAGE analysis of stages of
purification showing solubilised fraction (SF), column flow through (FT) and column
wash. The analysed fractions were selected based on the chromatograph.
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To confirm the identity of the eluted proteins, the elution fractions from the first peak were
precipitated using methanol-chloroform (cf. section 2.2.2.1) in preparation for mass
spectrometry analysis (Figure 4.12). Deconvolution of the m/z spectra revealed a single
peak at 18106 Da. This molecular weight corresponds to the calculated molecular weight
less the initial methionine residue, which indicates the protein undergoes N-terminal
methionine excision cleavage in vivo. Many recombinant proteins undergo such cleavage
in E. coli, and a small group of residues in position two, such as the serine in hERG pore,
vastly increase its likelihood326. Note that a second envelop is present in the lower end of
the m/z spectra which was not included in the deconvolution. We attribute this band to a
smaller molecular weight protein which ‘flies’ more readily from the sample cone,
particularly since such a molecular weight band is not observed by SDS-PAGE.

Figure 4.12: ESI-ToF spectra of hERG pore. The envolope in the m/z spectra (A.)
associated with the peak in the mass spectrum (B.) is annotated with the multiply charged
states. The MaxEnt deconvolution was performed using the m/z values 1161 – 1841.
The poor yield is potentially due to the low affinity binding of the protein with the resin,
which may be due to the use of sarkosyl. The solubilised membrane fraction was applied to
the column in 0.9 % w/v sarkosyl, and it is possible that this relatively high detergent
concentration inhibits some of the protein binding. Manufacture’s data sheets indicate that
concentrations up to 0.2-0.3 % w/v are compatible in some circumstances but use of
sarkosyl (and indeed all anionic detergents) with Ni2+ resin is generally discouraged. In
light of this, an alternative detergent, DDM, was selected based on its successful use with a
number of diverse membrane proteins, particularly KcsA. The purification process was
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otherwise the same as for sarkosyl; membrane fractions were solubilised in 10 mM DDM
and subsequent wash and elution buffers contained 1 mM, all in excess of the critical
micelle concentration (CMC) of 0.2 mM.
The protein was again purified using a pre-packed Ni2+ column, with a longer imidazole
gradient (50 mL) with a view to increased separation of contaminants and hERG pore
(Figure 4.13A). Multiple peaks were identified immediately following the start of the
gradient at fraction 27 over the broad range 28 – 38, contrasting with the elution profile
observed for the previous purification using sarkosyl, but similarly indicating poor binding
to the column, since the protein begins to elute almost immediately following the increase
in imidazole concentration. Analysis of these fractions by SDS-PAGE (Figure 4.13B)
shows a number of proteins across a broad range of molecular weights, including a band
corresponding with those observed for hERG pore previously. This band is also visible in
the solubilised membranes fraction, and to a lesser extent the flow through and wash steps.
It is not clear whether this is specifically hERG or another E. coli protein. Overall there is a
clear decrease in the purity of the eluate, and no tangible improvement in binding
compared to sarkosyl. Presumably in the purification with sarkosyl it prevents binding of
all proteins to the column, which results in the purer eluate. It is possible that with DDM
the column is saturated with E. coli proteins so that hERG pore is eventually unable to
bind, although assuming the his-tag is completely accessible the affinity of hERG pore
should be greater than the majority of the native proteins.
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Figure 4.13: Purification of hERG pore in DDM from 6 L of E. coli culture using prepacked HisTrap 1 mL Fast Flow (GE) column. A. FLPC chromatograph of absorbance
and conductivity. Number of 1 mL fractions are indicated along the x-axis. A 50 mL
gradient of 20 mM to 1 M imidazole was initiated at fraction 1. B. SDS-PAGE analysis of
stages of purification showing solubilised fraction (SF), column flow through (FT) and
column wash. The analysed fractions were selected based on the chromatograph.
It is possible that some of the contaminating proteins were interacting with the Ni2+ resin
non-specifically through ionic interactions of negatively charged residues, both reducing
the column binding capacity for hERG pore and also resulting in impure eluate. To limit
the chances of such electrostatic interactions an alternative buffer with a greater salt
concentration was used. In place of the usual PBS (containing 137 mM NaCl) a 50 mM
Tris-HCl (pH 7.4) buffer was used, supplemented with 150 mM NaCl and 150 mM KCl,
since this had previously been used successfully for fukutin TMD purification (cf.
Chapter 2). The elution profile was very similar to that in standard PBS, with elution
almost immediately following the start of the imidazole gradient at fraction 24. Western
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blot analysis was performed on samples of this purification to identify whether hERG was
present in the flow through and wash fractions (Figure 4.14). This analysis did confirm the
presence of a modest amount of hERG pore in the elution fractions but also identified large
intensity bands in the column flow through and wash, indicating that the protein either
binds the column with low affinity or fails to bind at all. These bands are smeared due to
the overloading of the gel and presence of DNA in the samples. Overall there is no clear
improvement in purity between the low and high salt regimes when purifying in DDM.

Figure 4.14: Purification of hERG pore in DDM from 6 L of E. coli culture using prepacked HisTrap 1 mL Fast Flow column with increased salt concentration. A gradient of
20 mM to 1 M over 40 mL was applied and 1 mL fractions were collected. A. and B. SDSPAGE and western blot analysis of the detergent solubilised membrane (SF), the column
flow through (FT) and column wash. The analysed fractions were selected based on the
chromatograph which gave a similar elution profile to the previous purification.
It is possible with hERG pore that lower affinity binding may be due to the detergent
micelle around the protein, or protein structural features, making the his-tag less
accessible. It has been established that extension of the his-tag in recombinant membrane
proteins unsurprisingly results in an increased affinity of the tagged membrane protein to
Ni2+ resin327. His-tags of up 14 residues have been used but 10 residues appear to be
sufficient to enhance binding without increasing the affinity such that the protein cannot be
easily eluted. We thus decided to increase the length of the his-tag on the hERG pore
construct to 10, designated hERG Pore 10H.
4.3.2.2. Production of a 10x histidine tagged hERG pore plasmid
Conveniently two restriction sites, BamHI and CpoI, are present in phERGPore on either
side of the sequence encoding the 6x his-tag and TEV cleavage site. Thus it could be easily
excised and replaced. The cloning strategy applied is outlined in Figure 4.15. A short gene
containing the 10x his-tag and TEV site between the same restriction sites was custom
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synthesised (Invitrogen GeneArt, LifeTechnologies) and inserted into a vector to generate
p10xHis. Both the phERGPore and p10xHis plasmids were digested using BamHI and
CpoI seperately, with an ethanol precipitation step between the digestions to remove buffer
and salt. The digested plasmid was then run on agarose gels (Figure 4.15) and subsequently
purified from excised gel bands. Following the digests linearised plasmid bands are
observed, whereas the undigested plasmid is either nicked (phERGPore6H, lane 1) or
supercoiled (p10xHis, lane 4). The fragment from the phERGPore plasmid was 5’
dephosphorylated to prevent self ligation. The digested phERGPore and 10x his-tag
fragment were ligated with insert:vector ratios of 10:1, 3:1 and 1:1 then transformed into E.
Coli DH5α and plated onto LB-agar plates with ampicillin. After overnight incubation at
37 °C multiple colonies were present on each plate and four from each were used to
inoculate separate 5 mL cultures of LB media with ampicillin and grown at 37 °C
overnight. The plasmids were then isolated by minipreparation and a number submitted for
Sanger sequencing, many of which contained the correct sequence.
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Figure 4.15: Cloning strategy for construction of pHERGPore10H. Inset: Agarose gel of
digested plasmids used to assemble phERGPore10H. Lanes 1 and 2 show undigested and
digested phERGPore6H respectively, whilst lanes 3 and 4 show undigested and digested
p10xHis. The arrow indicates the band of the 10x his-tag gene.
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4.3.2.3. Expression of 10x histidine tagged hERG pore
The phERGPore10H plasmid was transformed into E. coli BL21 and cultured identically to
phERGPore. The growth of the culture was measured by OD600 every 30 minutes prior to
induction at 1.0 and then measured once per hour (OD600; Figure 4.16). The post-induction
decrease in OD600 suggests that there is cell lysis due to toxicity of the expressed protein
and that TEAB is not alone able to prevent this toxicity.

Figure 4.16: Growth curve of E. coli BL21 (DE3) transformed with phERGPore10H for
two expressions. The line at 2.5 hours indicates the point of induction with IPTG and
addition of TEAB.
To estimate the degree of expression over the induction period, samples were taken each
hour and analysed by western blot (Figure 4.17). The amount of material loaded was
normalised for OD600. Despite the apparent cell death, the blot indicates an increase in
expression in each subsequent hour and thus the induction time and expression conditions
were not changed.
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Figure 4.17: Western blot showing hERG pore-10H in crude E. coli lysate following
induction with 1 mM IPGT and addition of 10 mM TEAB. The 0 hour time point was
collected immediately prior to induction and the following samples were taken at 1 hour
intervals. For each time point the amount of sample loaded was normalised for cell growth
(measured by OD600).
4.3.2.4. Purification of 10x histidine tagged hERG pore from membranes
To test whether the 10x his-tag improved binding affinity to the Ni2+ column, the harvested
E. coli pellets were purified in DDM in the same manner as hERG pore 6H (Figure 4.18).
Again, a gradient of imidazole was used to elute the bound protein, but as before the
protein is eluted almost immediately at the start of the imidazole gradient, and the elution
fractions are highly impure. There may be an improvement in binding affinity, since there
is no band on the western blot in the flow through or wash, but it should be noted that these
samples are very dilute compare to the eluate, so there may be protein present below the
threshold of detection (Figure 4.18C). Ultimately, addition of four extra histidine residues
to the his-tag has little is any effect on the purity of the eluted protein.
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Figure 4.18: Purification of hERG pore 10H from 2 L culture in DDM using pre-packed
1 mL HisTrap Fast Flow column. A. FPLC chromatogram showing elution profile of
bound protein along a gradient of imidazole from 20 mM to 1 M over 30 1 mL fractions. B.
and C. SDS-PAGE and western blot analysis (respectively) of purification process showing
induced cell sample, cell lysate, pellet and supernatant from initial lower speed
centrifugation step (s/n 1), supernatant from the ultracentrifuge step (s/n 2), the solubilised
fraction (SF) and samples of the flow through (FT), column wash and elution fractions 1 to
3.
Although Ni2+ resin is the most commonly used metal affinity resin for purification of histagged proteins, alternative divalent cations of transition metals have also been used.
Particularly Co2+ resin has been proposed to reduce non-specific binding328. Co2+ TALON
resin (Clontech Laboratories Inc.) was thus used to purify hERG pore 10H by batch
method (Figure 4.19) as the loose resin already available in the laboratory. The use of
batch resin meant that a gradient elution could not be applied, and instead the resin was
washed extensively with PBS at 20 mM imidazole and eluted in 600 mM imidazole.
Although the eluted fractions appeared to be slightly purer with Co2+ resin than Ni2+, there
is little noteworthy improvement, to the degree that there is no clear hERG pore 10H band
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in the eluate. The most significant observation is from the western blot (Figure 4.19 B.),
where a large band of hERG pore 10H is present in the pellet from the initial low speed
centrifugation step, compared to the modest band in the subsequent membrane fraction.
(Incidentally this is also apparent in Figure 4.18 C., although the band was not initially
considered significant since it was greatly smeared.) The mostly likely explanation for this
band is that the majority of the expressed protein forms inclusion bodies in the cytoplasm
rather than being inserted into the membranes. Inclusion bodies can be harvested readily
using low speed centrifugation (~8000 g) which explains their presence in this pellet. It is
not clear whether this was also the case for the 6H construct. Inclusion bodies are
proteinaceous masses of denatured and inactive protein, and often form in E. coli
expressing recombinant proteins at a high level329. There is a small quantity of the protein
retained within the membrane fraction, indicating that either not all of the inclusion bodies
were collected during the low speed spin or that some of the protein is successfully able to
insert into the membrane.

Figure 4.19: Purification of hERG pore-10H in DDM using batch Co2+ TALON resin. A.
and B. SDS-PAGE and western blot analysis respectively. Gels show induced cell sample,
cell lysate, pellet and supernatant from initial centrifugation step (s/n 1), supernatant from
ultracentrifugation step (s/n 2), flow though (FT), column wash and eluate fractions. A
sample of resin was also run to ensure protein was fully eluted.
4.3.2.5. Purification of 10x histidine tagged hERG pore from inclusion bodies
A small number of membrane proteins have been successfully recovered and refolded from
inclusion bodies. This process generally involves the isolation of the inclusion bodies from
cell lysates, their solubilisation using a chaotropic agent or harsh detergent, and finally the
removal of the denaturant to allow refolding of the protein in the presence of mild
detergent. Whilst b-barrel outer membrane proteins appear to be more amenable to
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refolding for structural studies330, success has been made with some helical proteins,
including G protein coupled receptors331.
To determine whether the protein was expressed as inclusion bodies, we applied a crude
inclusion body purification protocol to the E. coli pellets (cf. section 2.2.4). The
purification was broadly based on that published by Rogl et al.332. Sarkosyl has been used
previously to solubilise inclusion bodies333 in place of the denaturants urea and
guanidinium chloride. In combination with the previous knowledge that hERG pore from
the membrane is soluble in sarkosyl it was a logical choice for solubilisation of inclusion
bodies, and was used at 1.2 % w/v concentration. As a comparison we also solubilised
inclusion bodies with 3.2 M urea, and additionally a combination of the two. The cell pellet
was resuspended in PBS and lysed by sonication, then the cell debris and inclusion bodies
were harvested by a low speed centrifugation. The pellet was divided equally into three
then resuspended in solubilisation buffer containing either urea, urea and sarkosyl or
sarkosyl, and left to incubate at 4 °C overnight. Following the overnight incubation, there
appeared to be precipitant in the urea solubilised sample which was not present in the
samples with sarkosyl. The insoluble material was pelleted by repetition of the centrifuge
step and the supernatant was incubated with Ni2+ resin, then washed and eluted in PBS
with the urea or sarkosyl at equal concentration to the solubilisation butter. Figure 4.20
shows the resultant western blot and SDS-PAGE analysis of these purifications. All
conditions for purification yielded hERG pore in the eluate, although in urea the fractions
were highly impure and contained only a small amount of protein compared to relatively
pure fractions in the sarkosyl solubilised samples. Total yields per L culture, determined by
A280, indicate that combined urea and sarkosyl (0.82 mg) and sarkosyl (0.76 mg) alone are
efficacious relative to urea alone (0.5 mg). Sarkosyl alone also resulted in the purest
eluate. It is possible that in the presence of urea the protein is fully unfolded and
hydrophobic regions completely exposed, resulting in aggregation of the protein, which
may also explain the precipitated material following solubilisation. In contrast in the
presence of sarkosyl the protein may be either only partially denatured, and/or the
detergent binding prevents exposure of the hydrophobic regions.
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Figure 4.20: Purification of hERG pore 10H from 3 L culture using inclusion body
extraction scheme and Ni2+ resin batch method. A. and B. show SDS-PAGE and western
blot analysis respectively. Samples of induced cells, cell lysate and supernatant (s/n 1)
from centrifuge step were identical for all preparations. For each purification condition,
the flow through (FT), column wash and elution fractions were analysed.
In contrast to the protein purified from the membrane fraction it is clear that the protein
binds with greater affinity from inclusion bodies. It is possible that the protein from
inclusion bodies once solubilised by sarkosyl remains unstructured and makes the his-tag
assessable to bind the resin, or that the number of contaminants is reduced improving
binding of hERG pore to the column. It is however difficult to remove or exchange into
either alternative detergents or lipid vesicles for further studies. Sarkosyl also absorbs
strongly in the far-UV at approximately 225 nm, which precludes the use of optical
techniques for characterisation such as circular dichroism334. It may be possible to limit the
absorption through the use of concentrated protein and very narrow pathlength cuvettes,
but as sarkosyl has such a high binding affinity for proteins it has been shown to ‘coconcentrate’ with the protein320. Since we were concerned about the use of sarkosyl for
downstream characterisation and reconstitution, we repeated the purification but this time
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solubilising the hERG pore 10H in sarkosyl and then exchanging it into DDM by washing
the protein bound to the Ni2+ resin with DDM wash buffer. As controls, solubilisation of
inclusion bodies was also attempted in either 10 mM DDM or 10 mM DDM and 3.2 M
urea. In the wash and elution buffers the DDM concentration was reduced 1 mM.
The SDS-PAGE analysis of the purification (Figure 4.21) indicates that DDM alone does
solubilise some of the hERG pore 10H, but the fractions are highly impure as previously
observed with DDM. It is unlikely that DDM is able to solubilise inclusion bodies, and
instead it may be solubilising hERG pore 10H in membrane fragments or intact cells which
were spun down with the inclusion bodies. The combination of DDM and urea resulted in
even more impure fractions. Visually, after solubilisation the sarkosyl solution was
transparent whereas the DDM samples remained opaque, suggesting the DDM does not
adequately disrupt the inclusion bodies. This is not surprising considering DDM is a fairly
mild detergent. The use of sarkosyl and DDM resulted in excellent solubilisation and high
purity fractions, analogous to the previous inclusion body purification with sarkosyl alone.
In all conditions a clear band of hERG pore 10H is visible in the flow through, indicating
that despite the 10x his-tag there is poor binding affinity to the resin.

Figure 4.21: Purification of hERG pore-10H from 3 L culture using inclusion body
extraction scheme with DDM, urea and sarkosyl. A. and B. show SDS-PAGE analysis of
the purification process. Samples of cell lysate and supernatant (S/n) from centrifuge step
were identical for all preparations. For each purification condition, the flow through (FT),
column wash and elution fractions were analysed.
Since it appeared that sarkosyl was the most successful option for purification of hERG
pore 10H from inclusion bodies, it was important to determine whether it could be
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removed during reconstitution and if so whether the protein could be refolded by its
removal. There has however been difficultly in exchanging and removing sarkosyl due to
its high affinity binding to proteins335. In order to remove the sarkosyl and attempt to refold
the protein it was reconstituted into POPC in a similar manner to KcsA. Indeed, Lange et
al.336 have successfully reconstituted small peptides out of sarkosyl solution for CD studies
using Bio-Beads. Since it appeared likely that the sarkosyl would be more challenging to
remove than DDM, the reconstitution time was increased from 2 hours to 2 days, following
the same protocol otherwise. This was partially based on the observation that for KcsA
there is a change in the solution from transparent to translucent as the detergent is removed
from the lipid/detergent mixed micelles, which appeared to take much longer for sarkosyl
than DDM. Although this is a significant increase, even greater timespans have been used
in the literature337. Following reconstitution, SDS-PAGE analysis indicates the protein is
fully monomeric (Figure 4.22), similarly to the SDS-PAGE gels for the protein in
detergent. There is no protein band in the supernatant, suggesting that the majority of the
protein is no longer in solution in detergent micelles but instead incorporated in the
liposomes, although if the protein was dilute in the supernatant it is unlikely to see
observed in by SDS-PAGE.

Figure 4.22: SDS-PAGE of sarkosyl solubilised hERG pore 10H reconstituted into
POPC using detergent absorption method. The proteoliposomes were harvested by
centrifugation and the resulting pellet and supernatant (s/n) analysed on the gel.
To attempt to determine whether a tetramer of hERG pore 10H does form in the bilayer
which then dissociates due to the denaturing conditions of SDS-PAGE, cross-linking
182

Chapter 4
experiments were performed using the chemical cross-linker DSS (Figure 4.23). DSS was
selected due to its previous successful application for a number of membrane proteins160,
338

including ion channels339. A number of lysines are present in hERG pore, in the S5-S6

linker and at the N terminus of the S6 helix. In the results here there is no observable
oligomer, in either MLVs or SUVs. This may occur for a number of reasons. It is possible
that the sarkosyl is still bound to the protein and prevents protein-protein interactions,
presumably due to its negative charge repelling other subunits. It is also possible that
stability of the tetramer is dependent upon the selectivity filter region, which has been
demonstrated for KcsA319, 340. Should this region in hERG pore, or indeed other regions,
not have its native structure it may result in the failure of oligomerisation. Equally, any
particular conclusions cannot be drawn until this experiment with is repeated with crosslinkers of a greater lengths to ensure that the arm length is sufficient to link lysines in
different subunits.

Figure 4.23: SDS-PAGE of reconstitution and cross-linking of hERG pore 10H purified
from inclusion bodies in sarkosyl. hERG pore 10H was reconstituted into POPC vesicles
and subsequently cross-linked with the chemical cross linker DSS in DMSO. For control
reactions an equal volume of DMSO without DDS was added.
4.3.3. Conclusions
Membrane proteins are important but challenging targets for structural biology. In this
chapter we have attempted to express the pore domain of the hERG potassium channel
with some degree of success, although it is clear that the subsequent extraction of
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structurally stable protein is less straightforward. It may be wise to return to optimisation
of the expression conditions to attempt to limit the protein from expressing as inclusion
bodies. However, expression of eukaryotic membrane proteins in E. coli hosts is
notoriously challenging and it may be beneficial to use an alternative host. Indeed, for
expression of the full length TMD human embryonic kidney (HEK) cells have been
used341, whilst a strategy for purification of the full length channel has also been published
using S. cerevisiae342, although it should be noted that unlike the protein produced in HEK
cells it has not yet been electrophysiologically and structurally characterised. The
availability of these strategies, which were not published when this work was commenced,
may also provide hints to allow better purification of the hERG pore. Despite the
publication of the cryo-EM structure there is still no established molecular mechanism for
drug binding events in the pore domain, so there remains the need to fully characterise
these interactions to potentially inform structure based drug design.

184

Chapter 5. General conclusions and future directions
OSRCD and solid-state NMR are two biophysical techniques which allow the structure and
orientation of membrane proteins in lipid bilayers to be investigated. In this project we
have enlisted both techniques to study the membrane protein fukutin TMD using either
mechanically or magnetically aligned lipid phases.
A protocol was developed for the measurement of mechanically oriented samples using
SRCD at the Diamond Light Source B23 beamline, which required optimisation of the
quantity of lipid required, support substrate and sample hydration. We have found that
optimal samples for OSRCD were prepared on fused silica substrates, with a lipid per area
of ~2.5 µg mm-2, with hydration applied by direct application of water to the substrate
surface. The use of a horizontally mounted sample was useful to prevent the lipid film
“sliding off” the substrate of the coverslip and to allow the surface homogeneity to be
investigated. Using 31P and 2H NMR the quality of alignment of samples was measured,
indicating that this method produced a high degree of alignment. Having outlined these
methods for the preparation of mechanically oriented lipid bilayers with fukutin TMD, we
were able to characterise its response to changes in the bilayer thickness. We successfully
acquired OSRCD spectra of fukutin TMD in DLPC, DMPC and POPC lipid bilayers. We
have also optimised sample preparation methods for oriented solid-state NMR
measurements of fukutin TMD, which allow both validation of the OSRCD spectra and
also aid in their interpretation. The presence of potentially aggregated material in these
samples produces challenges for their analysis, but using this combination of techniques
we have been able to speculate on the biological insights provided by this data.
We have established that fukutin TMD is able to span PC bilayers of similar thickness to
the Golgi apparatus using DLPC as a model lipid, with a tilt angle of 20°. In thicker
membranes its tilt angle is close to 0° (1° and 2° in DMPC and DPPC respectively) as the
protein is almost entirely parallel to the bilayer normal. It also appears to form large
oligomers, especially in the thickest bilayer measured here, DPPC, as it presumably unable
to completely span the bilayer. This may indicate that fukutin is unable to enter the
cholesterol-enriched, thicker regions of the Golgi apparatus membrane which bud to form
trafficking vesicles destined for the plasma membranes. By its exclusion from such
vesicles it may be able to remain resident in the Golgi apparatus, which seems to be
essential for its probable function as a glycosyltransferase for a-dystroglycan173. Similar
aggregation effects have been previously observed in reconstituted proteins, including
bovine rhodopsin in bilayers with acyl chains longer than C15343 as a result of hydrophobic
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mismatch. A consideration here which certainly warrants further investigation is whether
fukutin TMD is able to span thicker bilayers containing charged lipids, which MD studies
suggest interact preferentially with the protein62, and may therefore stabilise it in the
bilayer. It is also possible that the interaction of fukutin with other glycosyltransferases, as
has been demonstrated for POMnGT1176, may stabilise the protein in the bilayer. Similar
effects have been observed in the case of the E5 oncoprotein interacting with PDGF
receptor61.
Although we were able to successfully prepare and measure mechanically oriented
samples, a significant amount of time and material was required to optimise samples for
both sets of measurements, particularly the SRCD, access to which is time limited to beam
time sessions. In future, a sensible approach may be to screen a number of lipids using
conventional benchtop CD instruments then to perform OSRCD and solid-state NMR
measurements on those samples showing promise, in terms of either quality of sample
preparation or especially significant effects on the protein orientation. However, now a
method for preparation for OSRCD samples using PC lipids is available, it is likely that it
could be applied to other hydrophobic peptides in similar lipids. Of course, further
refinement may well be necessary for alternative lipid mixtures. It is likely that upcoming
beamline developments to allow complete ‘mapping’ of the sample surface using a CD
imaging approach225 will be invaluable for this sort of measurement. In any case, the
ability to examine proteins in oriented lipid bilayers has been essential here to begin to
answer questions regarding the role of lipid-protein interactions in the localisation of the
putative glycosyltransferase fukutin.
Due to the challenges associated with preparation of mechanically oriented samples we
have developed a novel approach for OSRCD using magnetically aligned phases, which
have been used extensively in the magnetic resonance community. Magnetically aligned
systems can be prepared with greater simplicity, reproducibility and consistency than
mechanically aligned bilayers. There are examples in the literature of successful
reconstitution of a range of structurally diverse recombinantly expressed proteins into
bicelles227-230, potentially providing a new route to orientation of large, complex proteins
for OCD. Whilst a number of studies have been performed using unordered bicelles
previously, we believe this is the first time magnetic alignment of lipid phases for OCD has
been attempted. Using 31P NMR the phase behaviour of lipid mixtures was investigated, to
guide the selection of optimum conditions for bicelles alignment at a reasonably low
temperature, with the suitable hydration and q ratio. We were subsequently able to
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demonstrate that fukutin TMD has little effect on the phase behaviour of bicelles at a
concentration amenable to CD measurements. Since the magnetic field in the MCD
instrument was substantially less than the 14.1 T used in NMR measurements, we
demonstrated alignment in a lower field using X-band EPR at 1.4 T. Capitalising on the
extensive work of Lorgian and coworkers, and through use of lanthanide ions in
conjunction with chelating headgroup lipids as described by Prosser252, bicelles could be
aligned both parallel and perpendicular to the 1.4 T field. This was also confirmed using
deuterium and 31P NMR. Parallel alignment was particularly desirable to simplify the
analysis of both NMR and OSRCD data. Using 15N NMR the alignment of fukutin TMD
was found to be ~30°, although there are some caveats on this value, and further studies are
certainly warranted. It also appears that there is a powder contribution in the parallel
aligned bicelle sample, which may indicate that the powder component observed in the 15N
DMPC mechanically aligned samples is also a result of a similar hydrophobic mismatch
rather than the lipid disorder. For further measurements, increasing the concentration of
chelating lipid may be necessary, and the use of NMR probes with greater sample capacity
may allow a reduction in the L/P from the current value of 50.
In addition to magnetic resonance studies, the applicability of this bicellar mixture to CD
has been demonstrated without a magnetic field. Although the lipid background has a very
strong signal, the resulting baseline corrected spectra give the expected helical line shape.
However, an intense, narrow band, which we attribute to linear birefringence, is present
around 185 nm, and was inconsistent between spectra. As such it is important to limit data
for analysis to ~200 nm. In the case of oriented spectra of helical proteins this does not
present a large problem, since the 208 nm band which most clearly reports orientation is
unaffected, but if wishing to deconvolute secondary structural features may present more
of a challenge. While it has not been possible to perform OSRCD measurements on
magnetically aligned phases, we attribute this to a poor degree of order in the samples at
the low magnetic field. To address this poor degree of order the natural progression of the
technique would be to conduct MCD measurements at a much greater magnetic field,
which are accessible using superconducting magnets. An alternative strategy may be to
align the samples in an external magnetic field and then transfer the sample to a CD
instrument for acquisition, as has been done for SANS measurements with success344. This
would also remove the need for a dedicated MCD instrument, which are not extensively
available, although care would need to be taken to ensure that the bicelles did not relax to
an unoriented state. A completely different approach may be to use flow alignment, which
has been used previously for linear dichroism measurements345, 346. If ultimately successful
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a further extension of the method would be to incorporate larger proteins into the bicelles.
This would require novel methods to interpret OSRCD data to deconvolute localised
changes from global changes in the protein orientation or structure. Indeed, one can
envisage that a joint application of solid-state NMR and OSRCD to such large proteins in
bicelles would be a powerful approach, examining both the overall changes in architecture
and the site specific events leading to such changes. Whilst further optimisation is required
before this point is reached, we have demonstrated that bicelles are a useful and
complementary tool to conventional mechanically oriented samples, and may provide a
new approach to orient membrane proteins for OSRCD.
With the initial goal of reconstituting large membrane proteins in to bicelles, we attempted
to express and purify the human potassium channel hERG for oriented studies. The
channel has great physiological and pharmacological significance, as it has an unusual
proclivity for binding a wide range of drugs, which results in drug induced long-QT
syndrome, a potentially fatal condition. At the time of commencing this work there were
no published protocols for expression of the protein, and no complete structures, although
structures of some components of the channel, and electrophysiological data were
available. There are now methods for the expression and purification of the full length
protein in both yeast342 and mammalian cells308, from which a cryo-EM structure has also
been solved. Still, no confirmed structural mechanisms for the drug-hERG interactions
leading to drug induced long-QT syndrome have been provided. In our work, to improve
the chances of successful expression in E. coli, we focused on the pore domain that is
implicated in these drug binding events. Previous optimisation of expression meant we
were able to begin purification trials under different conditions. Due to the apparent low
affinity binding for the Ni2+ resin it was difficult to purify the protein solubilised in DDM,
even upon extension of the histidine tag. It was most soluble in sarkosyl, which has a
number of undesirable properties. Whilst there was hERG present in the E. coli
membranes, there was also what appeared to be a large quantity of the protein in inclusion
bodies. It is common for recombinant proteins expressed in E. coli to form inclusion
bodies, although attempts to refold helical membrane proteins have not been especially
successful. Having tried methods to reconstitute the protein, preliminary cross-linking
studies indicate that the protein fails to form its native tetramer, suggesting it may not be
correctly structured. Equally, however, it is possible that the other domains of hERG which
were removed here are required for tetramerisation of the channel. It appears that the most
logical step here would be to return to optimisation of the expression to concentrate the
protein in the membranes, from which it may be more readily extracted, as well as altering
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the affinity tag, perhaps to a C terminal histidine tag or an alternative such glutathione Stransferase. As a protocol for expression of the full length channel in yeast is now
available, which is not overtly more demanding than E. coli culture, it may be more useful
to capitalise on this existing approach.
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EasySpin script used to generate EPR

simulation in Figure 1.10
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Appendix B

Calculation of idealised bicelle surface

area
The bicelle radius R was calculated according to347:
1
8
R = r q (π+ π2 +
2
q

1
2

)

where r is the radius of the DMPC rim region and q is the DMPC/DHPC ratio.
The values calculated in the table below assume a lipid headgroup area of 65 Å, q = 3.5,
1:150 DMPC:DMPE-DTPA ratio and 40 Å radius for lanthanide dipolar interactions.
Bicelle radius

232 Å

Surface area of one leaflet

169093 Å2

Number of lipids per leaflet

169093/65 = 2601

Number of DMPE-DTPA per leaflet

2601/150 = 17.3

Area affected by lanthanide effect

p x 402 = 5026 Å2

Total lanthanide effect area per leaflet

5026 x 17.3 = 87159 Å2

Ratio of lanthide effect/total leaflet area

87159/169093 = 0.52
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