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Abstract

Membrane proteins are of particular interest to structural biologists since it is believed that these
proteins comprise approximately thirty percent of the proteins encoded for by genomes. Despite
the biological significance of these proteins, the atomic resolution structures of membrane
proteins are being solved at a much slower rate than their soluble counterparts. This is primarily
due to difficulties that arise in maintaining the lipid interactions required to retain the structural

and functional integrity of the proteins during structural studies. One approach to resolving this l
problem would be to develop alternative membrane-mimetic environments for structural studies
of membrane proteins. The cubic phases formed by mixtures of lipids and water have been
identified as such an environment. In recent years cubic phases have been used to crystallize
‘membrane proteins for structural studies using X-ray crystallographic techniques. This
application of cubic phases, along with information provided from previous studies, indicated that
cubic phases possessed the necessary properties to make them ideal membrane-mimetic
environments for solution NMR studies of membrane proteins. I investigated the suitability of
the cubic phases formed by mixtures of monoolein and water as membrane-mimetic
environments for the solution NMR study of incorporated membrane proteins. For my studies I
used two transmembrane peptides (WNALAAVAAATIAAVAAALAAGKSKSKS and
alamethicin), and one membrane surface-associating peptide (methionine-enkephalin), as models
of membrane proteins. In the NMR spectra collected on the transmembrane peptides, only the
‘residues found in the interfacial regions of the cubic phase were observed, whereas all of the
residues of the membrane surface-associating peptide were observed. In order to gain insights
into the behaviour of the incorporated peptides, the diffusion rates of lipid, peptide and water
molecules were measured in peptide-containing cubic phases using solution NMR techniques.
The data that I have collected provide the first examples of solution NMR spectra collected on
peptides incorporated into a lipid cubic phase. The NMR spectra that were obtained suggest that
the monoolein:water cubic phase may be a suitable membrane-mimetic environment for the study
of membrane surface-associating peptides and proteins, and the inter-helical loops of integral

membrane proteins.



Reader's Summary

Membrane proteins are the proteins associated with the biological membranes of all cells. These
proteins perform many important functions which are essential for life, including the
transportation of molecules across cell membranes, the conversion of energy and the
communication of signals into, and out of cells. It has been estimated that about 30 % of the
genes in a genome encode for membranes proteins. Due to their abundance, and involvement in
numerous biological processes, there is a considerable amount of interest in understanding both
the structure and function of membrane proteins as they represent many important therapeutic
drug targets. It is believed that a complete understanding of the mechanisms of action of a
protein can only be achieved following the elucidation of a protein's structure to atomic
resolution. There are many examples of membrane proteins that perform remarkable functions.
One of these proteins is the human aquaporin AQP1. In order for our kidneys to filter 180 liters
of blood per day, water must permeate through human AQPI1 at a rate of 3 billion water
molecules per second (Werten ef. al., 2002). This example illustrates why there has been, and
still is, a considerable amount of interest in understanding how membrane proteins function.
However, despite their biological importance, the high resolution structural information available
about membrane proteins pales in comparison to the information available for soluble proteins
(which make up the majority of the proteins in a cell). By the end of 2003, only 75 unique
structures of membrane proteins had been solved to atomic resolution, compared to the greater
than 3000 unique structures that were available for soluble proteins (White, 2004). In order to
study the structure of membrane proteins it is necessary to remove them from their native
environment, the biological membrane, without disrupting their structure. My PhD. research has
focused on developing a technique for studying membrane protein structure using nuclear
magnetic resonance (NMR) spectroscopy. I have been investigating the use of the cubic phase
formed by mixtures of lipids and water as a mimic of biological membranes (which are primarily
composed of lipids in the lamellar phase). Cubic phases are an arrangement of lipids that have
many characteristics that are similar to those of biological membranes, yet the cubic phase is
amenable to studies using solution NMR spectroscopy (whereas lamellar phases are not). For my
research I studied peptide models of membrane proteins. The data that I have collected provide
the first examples of solution NMR spectra collected on peptides incorporated into a cubic phase,
and suggest that cubic phases may be suitable membrane-mimetic environments for structural

studies of the peptides and proteins that are associated with biological membranes.
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Chapter 1: Introduction

1.1 Membrane Proteins
Membrane proteins represent an important class of proteins that are encoded for by about 30 % of
the genes in a typical genome (Werten ef al., 2002). These proteins are associated with biological
membranes where they perform many vital functions in cells, ranging from solute transport and
the conversion of energy, to signal transduction (Landau and Rosenbusch, 1996). Although the
term 'membrane protein' is often associated with integral membrane proteins, those proteins with
regions which span both leaflets of a biological membrane, it also includes peripheral membrane
proteins, the proteins that are associated with the surfaces of biological membranes. Peripheral
membrane proteins can be reversibly or irreversibly associated with membranes depending on the
nature of the protein-membrane interaction. Proteins can interact with membranes via an
amphiphilic membrane binding domain, they can be ‘tethered' to the membrane via a lipid anchor
or they can associate with the membrane through electrostatic interactions. The original fluid
mosaic model of biological membranes with embedded membrane proteins is shown in Figure
1.1. The different modes of membrane protein binding to biological membranes are shown in
Figure 1.2. Proteins which reversibly associate with membranes (i.e. they can exist in both water
soluble and membrane bound forms) are called ‘amphitropic proteins' (Epand, 1998). These
proteins often interact with membranes using a combination of the possible membrane association
mechanisms shown in Figure 1.2. The activity of these types of proteins is often modulated by
membrane binding.

In the case of integral membrane proteins, there are only two membrane-spanning structural
motifs that have been observed, either a-helices or B-barrels. This is‘because these types of

structures allow for sufficient internal hydrogen bonding to compensate for the high energetic
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Figure 1.1. Fluid Mosaic Model of Biological Membranes
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cost of dehydrating the peptide bonds upon insertion into a membrane (White, 2003). The vast
majority of integral membrane proteins that have been identified to date are helical in nature. The
principal structural features of these helical polytopic membrane proteins are transmembrane
helices connected by interhelical loop(s), a motif that is identified in 20 - 30 % of the proteins
encoded in a typical genome (Wallin and von Heijne, 1998). There is a considerable amount of
interest in understanding both the structure and function of membrane proteins as they represent

several crucial therapeutic drug targets (Rouhani et al., 2002; Fernandez and Wiithrich, 2003).

1.1.1 Biological Membranes

Membrane proteins reside in, or are associated with, biological membranes. Biological
membranes play many important roles in cells. In addition to acting as the interface between a
cell and the outside world, they are involved in dividing the cell into many intracellular
compartments with diverse biological functions. The physical properties of membranes, such as
fluidity, bilayer thickness, interfacial polarity, net charge and curvature strain are involved in

modulating the functions of membrane proteins within cells.

1.1.11 Lipid Modulation of Membrane Protein Activity
The activity of membrane proteins is often dependent on the lipid environment in which they

reside, or on the presence of specific lipids (Lee, 2004). There are many mechanisms by which
lipids can modulate the activity of membrane proteins. For example, the propensity of a
membrane to form non-lamellar phases can modulate the activity of membrane-bound proteins
(Epand, 1998). Changes in the hydrophobic thickness of the lipid bilayer can also have an effect
on membrane protein organization, and direct or indirect effects on membrane protein activity.
The discovery of the roles that lipids and membranes play in modulating the activity of
membrane proteins has helped to change the perception of the role of membranes from an inert

structural one, to an active one involved in many important cellular functions.

Membrane Thickness
In studies of membrane protein activity upon reconstitution in lipid bilayers, it has been observed

that the functional activity of the proteins is affected by the thickness of the bilayer (Dumas e al.,
1999). It is believed that this effect is modulated through mismatch between the hydrophobic
length of the membrane spanning segments of the proteins and the hydrophobic thickness of the
bilayer (Killian, 2003). In cases of 'positive’ mismatch where the transmembrane segments of a
protein are /onger than the hydrophobic thickness of the bilayer, hydrophobic side chains may
protrude out of the bilayer into a polar environment which would be energetically unfavourable.

Consequently a protein may: oligomerize (thus shielding the exposed residues from exposure to a
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polar environment), alter its backbone conformation, tilt away from the bilayer normal (thereby
reducing its effective transbilayer length), or change the orientation of side chains near the
lipid/water interface. In cases of 'negative' mismatch where the transmembrane segments of a
protein are shorter than the hydrophobic thickness of the bilayer, a protein may respond in a
similar manner as for 'positive' mismatch, except for the tilting of transmembrane segments. It is
also possible that changes in lipid organization within a membrane may occur in response to
mismatch. Such a response could include stretching or disordering of lipid acyl chains, or
reorganization of the lipids such that the ones which best matched the hydrophobic length of a

protein would become preferentially located in the immediate vicinity of the protein.

1.1.2 Factors Influencing Membrane Protein Structure

There are a number of physical influences that play important roles in determining the structure
of a membrane protein. These include the interactions of membrane proteins with water, each
other, the hydrophobic interior of the bilayer, the interfacial region of the bilayer and cofactors
(White, 2003). Membrane proteins can interact with the lipids in cell membranes in a variety of
ways. These can include hydrophobic interactions with the hydrocarbon interior of the bilayer
and electrostatic, hydrogen bonding and dipolar interactions with the lipid/water interfacial region
of the bilayer (Killian, 2003). Another factor influencing a proteins' structure in a lipid bilayer is
the lateral pressure of the membrane (van den Brink-van der Laan et al., 2004). It is believed that
the release of this pressure plays an important role in the observed lability of membrane proteins

upon detergent solublization.

1.1.3 Challenges of Studying Membrane Proteins

In order to study membrane proteins using most standard biochemical techniques, it is first
necessary to remove the proteins from their native environment, the biological membrane. This is
often done through detergent solubilization of the membrane in which the proteins reside. Once
the proteins are removed from the membranes, they are exposed to environments with properties
that are significantly different from those in their native environment. Consequently, membrane
proteins are often prone to denaturation or aggregation once they have been extracted out of their
native bilayer environment (Landau and Luigi Luisi, 1993; Hasler et al., 1998). It has however
been found that many factors can influence the stability of purified membrane proteins. These
include the purification procedure, pH, ionic strength, detergents, protein concentration and the
presence of specific protein-bound lipids (Werten et al., 2002). It is therefore necessary to
optimize the conditions used to reconstitute and study each membrane protein of interest because

as a general rule, a procedure that works for one membrane protein will rarely work for another.



When working with membrane proteins that contain cysteine residues, large amounts of reducing
agents need to be added to samples to maintain the native protein conformation and to prevent
aggregation. One approach that has been used to circumvent the need for large amounts of
reducing agents has been to replace the cysteine residues with serine residues. This strategy was
successfully employed in structural studies of the MerF protein where cysteine to serine
substitutions increased both the length of time, and the protein concentrations, over which
samples were stable (Howell ef al., 2005).

1.1.3.1 Membrane Protein Expression, Solubilization and Purification
More often than not, membrane proteins cannot be purified from their natural sources in the

amounts required for structural, and other types of biochemical studies. It is therefore necessary
to use an efficient heterologous system for the expression of large quantities of the proteins of
interest. There are currently four major types of expression systems available for these purposes.
These involve the use of bacteria or yeast cultures, or insect or mammalian cell lines for
membrane protein expression. It is desirable to use an expression host that most closely
resembles the ofganism from which the protein originated. Mammalian proteins often require
specific lipid environments, the presence of certain chaperones, and specific post-translational
modifications otherwise misfolding or loss of functionality can occur when the protein is
expressed. So for mammalian proteins, a mammalian expression system would likely give the
best results in terms of the structure and function of the expressed protein, however these types of
expression systems are quite costly, require special handling procedures and often yield less
protein per liter of culture than other methods. It is therefore advisable to investigate a number of
different expression systems to determine which one will give the highest yields of functional
protein at the lowest cost, in particular when proteins are being isotopically labelled for NMR
studies (Ferndndez and Wiithrich, 2003). A well-designed and flexible cloning procedure that
allows for the efficient cloning of the cDNA of interest into various expression systems for
optimization of protein production is recommended.

Once a suitable host has been identified for overexpression of the protein of interest, the
protein must be purified. This involves the screening of detergents to identify one that solubilizes
the protein efficiently, allows for the purification of the protein, does not disturb the structure and
function of the protein, and allows for reconstitution of the protein into the desired system for
study. This can be a tedious and time consuming task. In some cases it may also be necessary to
strip the membranes of other membrane-associated proteins prior to sélubilization of the cell
membranes and purification of the protein of interest. The solubilized protein can be purified

using classical chromatographic methods, or using affinity purification if the appropriate tags
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(i.e. histidine-tags) have been engineered into the protein. Since the tags can change the

properties of the protein, they should ideally be cleaved off following purification.

1.1.4 Why is structure determination so important?

A complete understanding of the mechanisms of action of a protein can only be achieved
following the elucidation of a proteins' structure to atomic resolution. The current level of
understanding of structure-function relationships in membrane proteins still has a long way to go
before it will be comparable to the level of understanding that has been achieved for soluble
proteins. One of the aspects of membrane protein structure determination which is particularly
challenging for structural biologists is the structure determination of the transmembrane regions
of proteins. Often the important biological functions of a protein, such as signal transduction or
ion transport, are mediated through the transmembrane domain. However, very little is currently
known about the structure and function of the transmembrane domains of proteins at the atomic
level.

One of the most extensively studied membrane proteins has been bacteriorhodopsin. It is
comprised of seven transmembrane helices that are neatly packed into a bundle. The apparent
simplicity of this 'archetypal' memnibrane protein has encouraged the belief that membrane protein
structure prediction should be relatively straightforward: first identify the transmembrane
segments using hydropathy plots and then apply helix-packing constraints (White, 2003).
However, the recent determination of the three-dimensional (3D) structure of the CIC chloride
channel demonstrated that these methods could not be relied on to accurately predict the location
or topology of the 17 helices of this protein (Dutzler et al., 2002). Hydropathy plot analyses also
failed to correctly identify the helical hairpins that are part of the 3D structure of the KvAP
voltage-gated potassium channel (Jiang e al., 2003). In the case of the bacterial mercury
transport protein MerF, its atypical hydropathy plot had led researchers to propose structural and
mechanistic models that were found to be inconsistent with the 3D structure of the protein that
was recently solved using solution NMR techniques (Howell et al., 2005). The structures of
bacteriorhodopsin, MerF, the CIC chloride channel and the KvAP voltage-gated potassium
channel are shown in Figure 1.3.

There are a number of membrane proteins that perform some remarkable functions, so it is
not surprising that there is a considerable amount of interest in understanding how these proteins
perform these functions. Since structure often leads to insight into protein function, there has
been a drive to solve the structures of some of these membrane proteins in hopes that the
structures will provide insights into the mechanisms by which these proteins perform their
functions. An example of one of these remarkable proteins is human aquaporin AQP1. In order
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for the kidneys to filter 180 liters of blood per day, water must permeate through human AQP1 at
a rate of 3 billion water molecules per second (Werten et al., 2002). So there has been
considerable interest in understanding how these channels function. How can they prevent the
flow of protons, yet specifically allow water to pass through at such a high rate? The atomic level
structural information provided by the crystal structure of AQP1 has been used in conjunction
with molecular dynamics simulations to try to elucidate how this protein functions at the atomic

level (de Groot and Grubmiiller, 2001; Sui et al., 2001).

1.2 Membrane Protein Structure Determination

Despite their biological importance, the high resolution structural information available on
membrane proteins can be considered sparse compared to that of their soluble counterparts. By
the end of 2003, only 75 unique structures of membrane proteins had been solved to atomic
resolution, compared to the greater than 3000 unique atomic resolution structures that were
available for soluble proteins (White, 2004). Most of the membrane protein structures that had
been determined were of proteins of bacterial origin, so membrane protein conformational space
was not (and still is not) very well represented in the protein structure data base. In 2002, of the
67 membrane protein structures that had been deposited into the protein data base, 52 were of
bacterial origin (Werten et al., 2002). In general, it appears that bacterial membrane proteins are
more easily produced, purified and crystallized than eukaryotic proteins. Since many membrane
proteins are potential therapeutic targets, there is considerable interest in solving the structures of
both prokaryotic and eukaryotic membrane proteins so that the function, dynamics and ligand
interactions of these proteins can be more well understood.

Three principal techniques have been successfully applied to the high resolution structure
determination of membrane proteins. These are: solution state nuclear magnetic resonance
(NMR) spectroscopy, solid state NMR spectroscopy and X-ray crystallography. The approach
which has met with the greatest amount of success thus far has been X-ray crystallography,
however this technique is limited by the restricted availability of well diffracting membrane
protein crystals. Solution NMR has been widely applied to the study of membrane proteins with
a single membrane-spanning domain. The major advantage of solution NMR has been that it
utilizes readily available equipment and does not require the generation of protein crystals. The
technique which facilitates the study of membrane proteins in the most native-like environment is

solid state NMR. Using this approach it is possible to study proteins in bilayer environments.

1.2.1 X-ray Crystallography

Most of the 3D structures of membrane proteins that are available have been determined using
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X-ray crystallography. This technique is well suited to membrane protein structure determination
as it is not subject to limitations in the size of molecule that can be studied, unlike solution NMR
techniques. However, X-ray crystallography has been limited in its application to membrane
protein structure determination by the ‘crystallization bottleneck’, the limited availability of high
quality 3D crystals of membrane proteins. In order to study a protein's structure by X-ray
crystallography it is first necessary to generate a well diffracting 3D crystal of the protein. For
membrane proteins this is not a trivial task since it requires the removal of the protein from its
native bilayer environment, followed by reconstitution into an environment amenable to
crystallization without perturbation of the proteins' structure which can often lead to denaturation,
aggregation or even degradation of the protein. It is the nature of membrane proteins that makes
them difficult to crystallize. The hydrophobic surfaces and anisotropic orientation of membrane
proteins are serious obstacles to producing well-ordered 3D crystals suitable for X-ray analysis
(Landau and Rosenbusch, 1996).

Although crystallographic methods provide atomic resolution structures of protein, they only
reveal the static parts of a structure, and do not provide any information about the dynamics of a
protein. Depending on the nature of the protein being studied, this information can be important
for gaining insights into a protein's function. Concern has also been expressed that the structures
solved for membrane proteins in their crystalline forms may not accurately represent the
structures of these proteins in biological membranes because the physical environment in a

protein crystal is quite different from the environment within a biological membrane.

1.2.2 Solid State NMR
Solid state NMR studies have been used to determine the 3D structures of membrane peptides

and proteins, as well as their orientation when associated with lipid bilayers. One advantage of
employing solid state NMR techniques to the study of membrane peptide and protein structure is
that studies can be conducted in lipid bilayers whose properties are most similar to those of the
native biological membranes in which these peptides and proteins reside. Another advantage of
this technique is that large proteins and protein complexes that are not amenable to study using
solution NMR approaches due to their size, can be studied using solid state NMR. There are
currently two major approaches to solid state NMR studies of membrane proteins: studies using

oriented samples and studies using magic angle spinning (MAS) (Griffin, 1998).

1.2.21 Oriented Samples
Mechanically Oriented Samples
Mechanically oriented samples are prepared by sandwiching preparations of membrane peptides

and proteins between thin glass plates. Studies of these types of samples allows for the collection
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of orientation dependent information about a peptide or protein because the orientation of the
samples is known (Sanders II and Landis, 1994; Chekmenev et al., 2005). For example, the
orientation of the membrane active peptide magainin was determined using °N solid state NMR
in oriented bilayer samples. It was found that the helix axis of the peptide was oriented parallel to
the bilayer surface at peptide concentrations ranging from 0.8 - 3 mole % (Bechinger, 1997). The
use of this technique can be advantageous in that samples can be prepared with higher

peptide:lipid ratios than can be achieved using bicellar systems.

Magnetically Oriented Samples
Bicelles are magnetically orientable mixtures of phospholipids that can be used as membrane-

mimetic environments for oriented sample NMR studies of membrane-associating peptides and
proteins. They are formed by mixtures of certain phospholipids and detergents and can be
described as "bilayered discoidal mixed micelles" that are readily oriented by a strong magnetic
field (Sanders II and Landis, 1995). Although the exact structure of bicelles are not known, they
are believed to have a disk-like shape with a planar surface that has properties similar to those of
biological membranes, making them attractive model membranes for structural studies of
membrane peptides and proteins (Gaemers and Bax, 2001). They can be described as a class of
model membrane systems that lie at the interface between vesicles and classical micellar systems.
These membrane-mimetic environments are well suited to NMR studies of membrane protein
structure as the detergents used to prepare bicelles do not generally denature water-soluble or
transmembrane proteins (Sanders II and Landis, 1994). A variety of integral and peripheral
membrane proteins have been reconstituted into bicelles and studied using solid state NMR
techniques (Vold, 1997; Losonczi et al., 2000; Whiles et al., 2001; Andersson and Miler, 2002;
Glover, 2002; De Angelis et al., 2004; Ellena et al., 2004; Marcotte et al., 2004). The suitability
of bicelles as mimics of biological membranes was demonstrated with the successful
incorporation of the integral membrane enzyme, diacylglycerol kinase, into bicelles in a fully
functional and stable state (Sanders II and Landis, 1995). For some peptides and proteins it may
even be possible to collect both solution and solid state NMR data on the same samples by
varying the lipid:detergent ratios in the samples to convert an oriented bicellar solution to an
isotropic one.

However, not all membrane peptides and proteins are amenable to study using this
technique. Some proteins can alter or disrupt the magnetic orientation of the bicelles, whereas
other proteins can interact with the lipids and induce phase changés or phase separation,
promoting bicelle fusion or alterations in bicelle morphology (Sanders II and Landis, 1995). All

of these interactions would have the potential to interfere with the collection of good quality
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NMR spectra of these proteins in bicellar systems. Another challenge of working with bicellar
systems is that the optimal sample preparation conditions vary from protein to protein and must

be worked out independently for each peptide or protein to be studied.

1.2.2.2 Magic Angle Spinning
This solid state NMR technique which involves fast spinning of the sample at 54.7° (hence the

name, 'magic angle spinning'), is used to collect highly resolved NMR spectra (Bechinger ef al.,
2004). It is generally used on unoriented samples of membrane peptide and proteins reconstituted

into multilamellar lipid dispersions (Bloom, 1995; Bouchard et al., 1995; Davis et al., 1995;
Farés et al., 2002; Lemaitre et al., 2004).

1.2.3 Solution NMR

With respect to membrane protein structure determination, solution NMR techniques have been
most successfully applied to the 3D structure determination of membrane peptides and membrane
proteins with a single membrane-spanning domain. The reason that this technique has been
primarily limited to the study of proteins with a single transmembrane domain is the requirement
for isotropic reorientation of the protein molecules in solution on the NMR timescale
(microseconds). If a molecule is too large it will not tumble rapidly enough to facilitate study
using solution NMR techniques. In the case of membrane proteins, the effective size of the
protein in solution is often much larger than the actual size of the protein due to the presence of
the detergent molecules required for protein solubilization. This results in an inherent limitation
to the size of membrane proteins whose structure can be studied using solution NMR techniques.

One of the major advantages of using solution NMR to study membrane protein structure is
that samples can be studied in native-like environments where a wide variety of conditions
(temperature, pH, ionic strength, buffers and detergents) can be used. This allows for the
investigation of many different aspects of protein structure, such as studies under native and
denaturing conditions, or studies of intermolecular interactions and their dependence on external
factors such as ionic strength and pH. One of the major challenges faced in solution NMR studies
of membrane proteins is how to optimize sample stability while maximizing sample
concentration, since the tendency of a protein to aggregate generally increases with increasing
protein concentration. Solution NMR can also be used to study protein dynamics in the context
of protein structure. These types of studies can provide useful information about the processes
underlying molecular recognition, and can help to provide insights into the relationships between
a protein's structure and its function. NMR can be used to characterize the internal dynamics of
proteins in a direct, quantitative or semi-quantitative manner depending on the nature and
frequency of the process being studied (Wiithrich, 1986).

11



1.2.3.1 Membrane Mimetic Environments
Membrane peptides and proteins cannot be studied in their native membrane environment using

solution NMR techniques due to their anisotropic orientation within the bilayers which would
result in spectra with very broad signals that would be impossible to analyze (Milon ef al., 1990).
So one of the major challenges in solution NMR studies of membrane proteins is to reconstitute

the protein in a suitable membrane-mimetic environment for study.

Organic Solvents N
Solution NMR studies of membrane peptides and proteins have been conducted in different types

of membrane-mimetic environments. The most simple of these are mixtures of organic solvents
such as methanol, trifluoroethanol (TFE) and hexafluoro-2-propanol (Bazzo et al., 1988; Jarvis et
al., 1995; Fregeau Gallagher et al., 1997, Miskolzie and Kotovych, 2003; Booth et al., 2004;
Zubkov et al., 2004). An advantage of using solvent mixtures for NMR studies is that the line
broadening observed in studies using detergent micelles can be avoided (Bazzo et al., 1988).
These systems have been successfully applied to the study of membrane peptides, however their
application to the study of membrane proteins raises concerns about the potential for structural
artifacts given the significant differences in the properties of an organic solvent mixture versus a

biological membrane (Howell et al., 2005).

Detergent Micelles
Detergent micelles have been routinely used as mimics of biological membranes in solution NMR

studies of membrane peptides and proteins (Brown and Wiithrich, 1981; Graham et al., 1992;
Franklin et al., 1994; Papavéine et al., 1994; Tessmer and Kallick, 1997; Yan ef al., 1999, Schibli
et al., 2001; Raussens ef al., 2003; Howell ef al., 2005; Roosild et al., 2005; Zamoon et al.,
2005). Preparation of NMR samples involves the careful selection of a detergent for protein
solubilization, followed by optimization of the detergent concentration and detergent-to-peptide
ratio, as well as conditions of temperature, pH and ionic strength to maximize sample stability
(Fermandez and Wiithrich, 2003). Although many different lipids can be used for solution NMR
studies of membrane proteins, the most reliable for maintaining native functional proteins and
yielding well-resolved solution NMR spectra are the detergents sodiumdodecylsulphate (SDS),
and dodecylphosphocholine (DPC) (Howell ef al., 2005). The packing of phospholipids and
detergents in micelles is remarkably different from the packing of phospholipids in biological
membranes. There has been some concern that the conformation of a micelle-bound peptide may
differ from the bilayer-bound conformation of the peptide. There have been a few documented
examples where micelles have been shown to influence the structure of membrane-binding

peptides (Milon ef al., 1990; Chou, 2002). Since detergent micelles do not provide a bilayer
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environment, it is possible that they may not be suitable environments for the reconstitution of

some integral membrane proteins in their native conformations (Sanders II and Landis, 1995).

1.2.3.2 Isotopic Labelling of Proteins for NMR Studies
The isotopic labelling of polypeptides is routinely used in solution NMR studies of proteins

because it facilitates the application of multidimensional heteronuclear NMR techniques to
resolve the complicated 1D 'H NMR spectra of proteins into two, three and four dimensions
(Marion ef al., 1989a; Marion ef al., 1989b; Cavanagh and Rance, 1992; Sklenar et al., 1993;
Kainosho, 1997; Rovnyak ef al., 2004). These techniques are particularly useful for the study of
membrane proteins, since the chemical shift dispersion of the residues in‘ membrane-spanning
regions, in particular those in a-helices, is generally poor (Fermandez and Wiithrich, 2003).
Structural studies of membrane proteins are also complicated by the broad line widths that are

often observed for detergent solublized proteins in solution.

1.2.4 Other Techniques
Advances have been made in the use of electron crystallography and atomic force microscopy to

study fully functional membrane proteins in their native membrane environments.

1.2.41 Cryo-electron Microscopy
An alternative method of studying membrane protein structure is to reconstitute proteins into two-

dimensional (2D) crystals in the presence of lipids where the proteins can then be studied using
cryo-electron microscopy (EM). This lipid environment is very much like the native environment
of the protein, and both the structure and biological activity of the protein can be restored within
this environment (Hasler ef al., 1998). The 3D structure of a membrane protein reconstituted into

2D crystals can be determined at close to atomic resolution using cryo-EM (Werten et al., 2002).

1.2.4.2 Atomic Force Microscopy
Atomic force microscopy (AFM) can be used to study biological membranes in aqueous

solutions. It is possible to image the surfaces of individual protein molecules at sub-nanometer
resolution, and to even monitor the movement of single polypeptide loops (Werten ef al., 2002).

This technique is useful for sampling the conformational states of a protein.

1.3 Lipid Polymorphism

Biological lipids exhibit polymorphic behaviour, the ability to exist in different structural
arrangements known as 'phases’, depending on conditions of hydration, temperature and lipid
composition. The lamellar phase is perhaps the most familiar phase to the biochemist, as
biological membranes are predominantly arranged in lamellae (more commonly referred to as

bilayers). However, membrane lipids are also capable of forming a fascinating array of different

13



non-lamellar structures to an extent that is not seen in any other class of chemical compounds
(Luzzati, 1997). It was observed that in their purified forms, some of the lipid components of
biological membranes would spontaneously form non-lamellar phases (Luzzati and Husson,
1962). These non-lamellar phase forming lipids have been shown to play important functional
roles in biological membranes where they can modulate the physical properties of membranes or
engage in specific interactions with membrane-associated proteins (Dan and Safran, 1998; Epand,
1998). Conversely, it has been shown that peptides and proteins can influence the tendency of
lipids to form non-lamellar phases. These types of protein (or peptide) interactions with lipids
have effects on membrane stability and consequently on processes such as the formation of pores
in membranes, or the fusion of membranes.

The non-lamellar phases formed by membrane lipids have different physical properties than
those of lamellar phases. The most striking of these is that the non-lamellar phases have a curved
morphology, whereas the lamellar phase has a flat planar morphology. The non-lamellar phases
that can be formed by membrane lipids are the micellar, hexagonal and cubic phases which are
shown in Figure 1.4 and Figure 1.5. As one might expect, the packing arrangements of the lipids
in these phases would be quite different from those in a lamellar phase. So when lipids which
normally form highly curved phases are packed in a planar environment there will be some 'strain’
in the system as this is not the optimal structural arrangement for the lipids. This strain has been
termed 'curvature stain', and it relates to the tendency of the lipids to "want" to adopt curved
structures as opposed to the planar structure of the bilayer. It has been found that this property of
biological membranes can modulate the activity of membrane-bound proteins (Epand, 1998).

The propensity of lipids to form different phases can be described pictorially using the idea
of the 'molecular shape' of the lipids. Lipids can be described as having one of three general
shapes: a cone, an inverted cone or a cylinder. The shapes of biological lipids and the phases
which they preferentially form are illlustrated in Figure 1.4. Cone-shaped lipids have relatively
small headgroups (in comparison to the cross-sectional area of their acyl chains), and they
preferentially organize into inverted phases such as reversed hexagonal or cubic phases. Inverted
cone-shaped lipids have relatively large headgroups (in comparison to the cross-sectional area of
their acyl chains), and they prefer to organize into micelles or normal hexagonal phases.
Cylindrically-shaped lipids have headgroups and acyl chains with approximately equal cross-
sectional areas, and these lipids preferentially organize into bilayers. In reality, the phase

behaviour of lipid systems is quite complicated and cannot be accurately represented solely on the
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Figure 1.4. Anisotropic Phases That Can Be Formed By Membrane Lipids
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(M) (G)
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Figure 1.5. Isotropic Phases That Can Be Formed By Membrane Lipids
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basis of the molecular shape of the lipids, however molecular shape can be used to illustrate the

principles behind lipid organization in the different phases.

1.3.1 Lipid Cubic Phases

Cubic phases are highly viscous, transparent, glass-like materials formed by mixtures of lipids
and water under a variety of conditions ranging in temperature from 0 - 150°C, and in water
content from 0 % (wt/wt) to excess water (Lindblom and Rilfors, 1989). These phases can be
formed by biological lipids such as monoglycerides and phospholipids, as well as by non-
biologically derived amphiphiles such as anionic and cationic soaps, and nonionic and
zwitterionic surfactants (Lindblom and Rilfors, 1989; Hochkoeppler et al., 1995). The
organization of the lipid 'aggregates' which form these phases can be described by a 3D lattice
having cubic symmetry which gave rise to the name 'cubic phase' (Lindblom and Rilfors, 1989).
One of the unique features of cubic phases is that they are optically isotropic, in contrast to the
lamellar and hexagonal phases which are optically birefringent. This property can make cubic
phases difficult to discover experimentally, so it is often necessary to employ several methods for

the unambiguous identification of these phases (Lindblom and Rilfors, 1989).

1.3.11 History
Cubic phases formed by membrane lipids and water were first described in the late 1950s. In

1958 Brokaw described a 'gel state' formed by monomyristin:water and Luzatti had described a
'cubic state' (Lutton, 1965). Initial characterizations of the phase behaviour of lipid:water systems
were made using qualitative descriptions of sample viscosity and sample birefringence as
determined through observations of the samples through crossed polarizers. Using these
techniques, the 'viscous isotropic' phases formed in monoglyceride:water systems were first
described and systematically studied (Lutton, 1965). These 'viscous isotropic' phases were
believed to have a considerable amount of structure because of their stiff consistency, and the

appearance of strong low-angle diffraction lines in X-ray diffraction studies (Lutton, 1965).

1.3.1.2 Characterization
Visual Inspection
Cubic phases can be identified by visual inspection when working with well characterized

systems. When a cubic phase is formed the sample becomes completely transparent, very viscous
and optically isotropic (Ericsson ef al., 1983). The homogeneity of the cubic phase can be
confirmed using centrifugation to verify that no phase separation is occurring in the sample

(Ericsson et al., 1983).

Electron Microscopy
Cubic phases have been studied by freeze fracture electron microscopy, a technique that has been
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applied to the study of many liquid crystalline phases (Landau and Rosenbusch, 1996). Electron
micrographs of different cubic phases showed different types of arrangements of lipidic particles.
The shape and size of the lipidic particles, as well as the spatial arrangement of these particles,
was dependent on the particular lipid:water mixture that was studied (Lindblom and Rilfors,
1989). It was found that the closed aggregate and bicontinuous cubic phases could not be
distinguished from one another based on the appearance, and arrangement of the lipidic particles

in the electron micrographs (Rilfors ef al., 1986).

X-ray Diffraction
X-ray diffraction has been used since the 1960s to determine the structures of a large number of

cubic phase-forming amphiphile systems (Lindblom and Rilfors, 1989). One of the major
challenges faced in X-ray diffraction studies of cubic phases is the unambiguous determination of
the cubic phase structure. Difficulties arise when an insufficient number of reflections are
observed, making it impossible to obtain a unique identification for the structure. Also, since this
technique detects only those structures with long-range order, it is not possible to rule out sample
heterogeneity based solely on the observed X-ray diffraction patterns. For these reasons X-ray
diffraction data is often complemented with other methods, such as NMR, in order to facilitate
more accurate cubic phase structure determinations.

A relatively recent development in X-ray diffraction methodology has facilitated the study of
the structure, dynamics and mechanisms of phase transitions in lipid:water systems. The
technique is called time-resolved X-ray diffraction and it involves the use of synchrotron light
and a 2D live time X-ray imaging device to study transitions involving lamellar, cubic, reversed

hexagonal and fluid isotropic phases (Winter and Kéhling, 2004).

NMR Spectroscopy
The solution NMR spectra of bicontinuous cubic phases formed by membrane lipids have narrow

well resolved peaks. This is because the molecular motions within these phases are isotropic and
consequently average out all nonscalar interactions. For these reasons the NMR spectra of cubic
phases can be very similar to those of micellar solutions. The presence of narrow well resolved
peaks in the NMR spectra of cubic phases also makes them amenable to study using pulsed field
gradient NMR techniques. These types of NMR experiments facilitate the direct measurement of
lipid and water translational diffusion coefficients which can be used to differentiate between the
two fundamentally different types of cubic phases, the closed aggregate and the bicontinuous.
Solid-state H and *'P NMR have been used to study the phase behaviour of cubic phase-forming
lipid:water systems (Lindblom and Rilfors, 1989).
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1.3.1.3 Structure of Cubic Phases
The structures of the cubic phases formed by mixtures of lipids and water were elucidated using

data provided from both X-ray and NMR studies. Comparison of lipid and water translational
diffusion coefficients made it possible to distinguish between two fundamentally different groups
of cubic phases based on the arrangement of the lipid aggregate units which form the phases
(Rilfors et al., 1986). The first group are the closed aggregate cubic phases which are composed
of ordered 3D arrays of lipid micelles in water. In these phases water molecules can diffuse
freely in three dimensions, whereas the diffusion of lipid molecules is restricted. The second
group are the bicontinuous cubic phases whose structure is based on a continuous 3D network of
bilayers interleaved with a system of aqueous channels (Landau and Luigi Luisi, 1993). A
computer generated model of the gyroid type bicontinuous cubic phase showing the local bilayer'
structure of these phases is shown in Figure 1.5 and a 3D model of the same cubic phase is shown
in Figure 1.6 where opposing surfaces of the 'bilayers' are shown in red and blue. In these phases
both water and lipid molecules can diffuse freely in three dimensions. These two groups of cubic
phases have many members whose structures have the same general organization (bicontinuous
or closed aggregate), but whose lipid aggregate units are arranged in different geometries. The
classification of cubic phases within these groups on the basis of their specific geometries is still

the subject of debate and will not be discussed further (Lindblom and Rilfors, 1989).

Closed Aggregate
Closed aggregate cubic phases are also called micellar-type cubic phases. They are composed of

lipids packed in micelles arranged in a cubic lattice that is interpenetrated by a freely
communicating system of aqueous channels (Landau and Rosenbusch, 1996). Lateral diffusion in
these types of cubic phases is markedly hindered (Briggs et al., 1996). The cubic phase is built
up of short rod-like micelles with an axial ratio of approximately two in a 3D cubic lattice

arrangement in water (Lindblom and Rilfors, 1989).

Bicontinuous
In bicontinuous cubic phases lipid and water molecules can diffuse over macroscopic distances

without polar groups passing through hydrocarbon regions, and without hydrocarbon chains
passing through water regions. The 'bilayer' structure of bicontinuous cubic phases was
confirmed by NMR diffusion studies. NMR was used to measure lipid lateral diffusion
coefficients in both the lamellar and cubic phases formed by dioleoylphosphatidylethanolamine:
dioleoylphosphatidylcholine:water or monoolein:water. In both cases the local lipid diffusion
coefficients measured in the cubic phase matched the lipid diffusion coefficients measured in the

lamellar phase for the same lipid:water system (Lindblom and Rilfors, 1989).
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Side View

Reprinted from Zeitschrift fir Kristallographie, Vol. 168, Hyde et al., Pages 213-219,
Copyright 1984, with permission from Oldenbourg Wissenschaftsverlag GmbH.

Figure 1.6. Top and Side Views of a Scaled Model of the Gyroid Type Monoolein:Water
Cubic Phase

19



The structure of bicontinuous cubic phases can be described by periodic minimal surfaces.
A periodic minimal surface, often referred to as an infinite periodic minimal surface, is a type of
mathematical surface defined as having at each point a mean curvature of zero (Lindblom and
Rilfors, 1989). Such surfaces can be infinitely extended without self-intersections. The simplest
example of such a surface would be the plane formed by lamellar phases which could be viewed
mathematically as a volume divided into two physically continuous subvolumes (water and lipid
bilayers) without self-intersections. An infinite periodic minimal surface of cubic symmetry
continuously extended throughout space can be used to describe the midplane at the center of the
'bilayers' composing the bicontinuous cubic phase (Larsson and Lindblom, 1982). However, in
order to accurately represent the 3D structure of the cubic phase, the thickness of the 'bilayer'
must be built up by adding the length of the lipid acyl chains to both sides of the minimal surface.
For this reason cubic phases built up of bilayers' should znof be referred to as having a zero mean

curvature interface (Lindblom and Rilfors, 1989).

1.3.1.4 Cubic Phase-Forming Lipids
There are a variety of lipids that are capable of forming cubic phases under certain conditions of

composition and temperature. These include, but are not limited to, monoglycerides,
galactolipids, lysophosphatidylcholines (lysoPCs), glycerolipids and total polar lipid extracts
from bacterial and plant membranes (Larsson and Lindblom, 1982). A variety of binary lipid
mixtures can form cubic phases such as 1-monolein (MO) and water, I-lauroyl-
lysophosphatidylcholine and water, 1-myristoyllysophosphatidylcholine and water, 1-palmitoyl-
lysophosphatidylcholine and water, 1-stearoyllysophosphatidylcholine and water, 1-oleoyl-
lysophosphatidylcholine and water, 1-linoleoyllysophosphatidylcholine and water, dioleoyl-
monoglucosyldiacylglycerol and water, and dioleoylphosphatidylcholine and water (Lindblom
and Rilfors, 1989). Temary mixtures of MO:dioleoylphosphatidylcholine:water,
egg phosphatidylcholine:sodium cholate:water, monogalactosyldiacylglycerol:galactosyl-
diacylglycerol:water and dioleoylphosphatidylcholine:dioleoylphosphatidylethanolamine:water
can also form cubic phases (Lindblom and Rilfors, 1989).

1.3.1.5 Biological Implications
Structures of Biological Membranes
The observation of structures in biological membranes with 3D periodic order reminiscent of

cubic phases has sparked much interest in the potential biological roles of cubic phases since
these structures efficiently partition 3D space into two unconnected compartments (Landh, 1995).
This ability of cubic phases to partition 3D space has been proposed to have had a role in the

origins of life, in particular in the origins of biomolecular chirality (i.e. that proteins,
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polysaccharides and nucleic acids are made up of monomer units having uniform chirality)
(Piotto, 2004). It has been found that total lipid extracts from some biological membranes
containing the common membrane constituents phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) can form cubic phases (Luzzati, 1997). Based on this
information it is believed that some membranes, in particular those forming networks within
organelles, may form structures resembling cubic phases.

In plants, electron microscopy revealed that the 3D membrane system that transforms into
the thylakoid membranes of chloroplasts had a structure resembling that of bicontinuous cubic
phases (Larsson et al., 1980). Similarly, some of the 3D networks of tubules found in the
endoplasmic reticulum have structural resemblances to the bicontinuous cubic phases (Luzzati,
1997). Transmission electron microscopy (TEM) was used to prepare 3D reconstructions of the
cristae (inner membrane infoldings) of the mitochondria of the amoeba, Chaos carolinensis
(Deng et al., 1999). These membranes systems are highly curved periodic structures that can be
described by mathematical models analogous to the ones used to describe bicontinuous cubic
phases. However, the unit cell dimensions of cubic membrane structures are usually larger
(> 100 nm) than the spacings observed in lipid systems (which are typically < 20 nm).

A striking feature of the lipid molecules found in archaebacteria is their unusual chemical
structure. Archaebacterial lipids have branched chains that are ether-linked to a substituted
glycerol, in contrast to the ester-linked unbranched chains of most other organisms. An extreme
example of the unusual lipids that can be found in archaebacterial membranes are the bipolar
isoprenyl ether lipids. These lipids are essentially dimers of lipid molecules where the ends of
two acyl chains are fused together to form one long bilayer-spanning acyl chain (with a length of
Cuao, instead of C,), that has ether linked glycerol head groups at each end (Gulik et al., 1985).
Lipids of this nature that have been isolated from the extreme thermoacidophilic archaebacterium
Sulfolobus solfataricus exist in the bicontinuous cubic phase under conditions that are very
similar to the physiological conditions of the organism (in excess water above 80°C) (Luzzati,
1997). Evidence from X-ray scattering studies of these lipid extracts, and of the rigid periodically
ordered protein scaffold which supports the plasma membrane in vivo, suggest that the plasma

membrane of S. solfataricus may exist in the cubic phase under physiological conditions.

Membrane Fusion
The transitions between lamellar, cubic and hexagonal phases involve making substantial changes

to the topology of these phases and are likely to occur via similar mechanisms to those involved
in membrane fusion. For these reasons it has been speculated that the intermediates involved in

membrane fusion and lamellar — non-lamellar phase transitions are similar (Siegel, 1999).
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Electron micrographs of cubic phases revealed arrays of lipidic particles whose size, shape and
distribution were reminiscent of those seen in various biological membranes, and that had been
associated with processes such as membrane fusion (Verkleij, 1984). It was also found that the
fusion of vesicles, liposomes or membranes could be induced through the addition of
monoglycerides or lysoPCs, both of which are capable of forming cubic phases (Rilfors ef al.,
1986). Studies of liposome fusion induced by phospholipase C (through the generation of fatty
acid and diacylglycerol during lipid degradation), revealed the presence of lipid patches whose
local structure was similar to those of bicontinuous and closed aggregate cubic phases (Nieva ef
al., 1995; Basafiez et al., 1997). It has also been shown that diacylglycerol (DAG) and the
fusogenic peptide of the influenza virus, can induce the formation of bicontinuous cubic phases in
lipid systems (Luzzati, 1997). For these reasons it is believed that cubic phases may be involved
in the process of membrane fusion in biological systems, although the exact molecular

mechanisms of membrane fusion are not well understood.

Fat Digestion
The process of fat digestion involves a complex series of events that are mediated through the

action of pancreatic lipase, colipase and bile salts (Luzzati, 1997). One of the early steps takes
place in the stomach and the lumen of the upper intestine where triglycerides are degraded into
monoglycerides and fatty acids. A number of different lipid phases are formed during fat
digestion, including the lamellar and cubic phases (Patton and Carey, 1979). It was found that
cubic phases can be formed by mixtures of monoacylglycerols and protonated fatty acids under
conditions corresponding to those in the intestine (Lindblom and Rilfors, 1989). For these
reasons it has been speculated that cubic phases formed by monoglycerides and water may be

involved in the process of fat digestion.

Drug Delivery
The use of lipid cubic phases as delivery systems for drugs, in particular lipophilic ones, has been

investigated. Aqueous dispersions of cubic phases, also referred to as ‘nanocubicles' or
‘cubosomes', have been developed for the controlled release of drugs (Engstrém ef al., 1999;
Siekmann et al., 2002; Yang et al., 2002; Boyd, 2003; Um et al., 2003). One of the main
challenges of administering hydrophobic drugs is to solubilize them in a suitable carrier that can
be delivered to the gastrointestinal tract, or intravenously into the blood stream, without
precipitation of the drug (Boyd, 2003). Since cubic phases could be used to solubilize a variety
of amphiphilic, lipophilic and protein molecules, it was believed that perhaps cubic phases could
also be used to 'encapsulate’ these molecules for delivery to the intestine where they would be

taken up by cells (Um ef al., 2003). Cubic phases also have a higher bilayer area to particle
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volume ratio than liposomes, so they are able to incorporate and deliver larger amounts of
lipophilic and amphiphilic drugs per unit volume (Siekmann et al., 2002). Cubic phases are
biodegradable in vivo where they are easily solubilized by bile salts to produce mixed micelles
(Um et al., 2003). In addition to their use to deliver drugs to the intestine, cubic phases can be

used to deliver drugs via subcutaneous or intravenous injection (Siekmann et al., 2002; Boyd,
2003).

1.3.1.6 Studies of Peptides and Proteins in Cubic Phases
Cubic phases containing a variety of soluble and membrane-associated peptides and proteins have

been successfully prepared and characterized. These studies will be discussed in detail in
Chapter 2. It was found that both soluble and membrane proteins could be incorporated into the
cubic phase without perturbing the phase behaviour of the system. The structures of the proteins
did not appear to be altered by incorporation into the cubic phase. It was also possible to study

the function of proteins that were incorporated into the cubic phase.

1.4 Studies of Peptides as Models of Membrane Proteins
Due to the difficulties encountered in the study of membrane proteins, peptide fragments of these
proteins are often studied in lieu of studying the whole intact protein (White, 2003). The
structure and lipid interactions of peptide fragments of the membrane binding domains of
peripheral membrane proteins and the lipid-binding domains of apolipoproteins, as well as many
signal peptides have been studied in micelles and organic solvent mixtures using NMR
techniques (Chupin ez al., 1995; Jarvis et al., 1995; Yin et al., 1995; Chupin et al., 1996;
Martinez et al., 1997, Wienk, 2000; Okon et al., 2001; Okon et al., 2002; Raussens et al., 2003;
Booth et al., 2004; Ellena et al., 2004).

Peptides derived from the transmembrane regions of integral membrane proteins including:
glycophorin A, IsK channel protein, sarcoplasmic reticulum Ca®-ATPase, E. coli
phosphatidylglycerophosphate synthase, influenza A M2 protein, multidrug resistance protein
EmrE and the human EGF receptor have been studied in membrane-mimetic environments using
NMR techniques (Smith ez al., 1994; Morein et al., 1996; Aggeli et al., 1998; Rigby et al., 1998,
Soulié ef al., 1999; Kovacs et al., 2000; Venkatraman ez al., 2002).

Membrane-active peptides such as alamethicin and gramicidin have been studied as models
of integral membrane proteins, in particular of those with channel activity (Woolley and Wallace,
1992; Bechinger, 1997). These peptides are of interest as therapeutic -agents because of their
ability to selectively lyse the membranes of target cells. Studies have also been conducted on

synthetic peptide models of the transmembrane regions of polytopic membrane proteins (Zhang
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et al., 1995b; Zhang et al., 2001; Killian, 2003; Lemaitre ef al., 2004). These studies will be

discussed in more detail in Chapter 3

1.5 Thesis Objectives
To investigate the suitability of the cubic phases formed by mixtures of monoolein and water as
membrane-mimetic environments for the solution NMR study of incorporated membrane

proteins, through the study of model] transmembrane and membrane surface-binding peptides.
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Chapter 2: Preliminary Investigations of Lipid
Cubic Phases Suitable for Solution NMR
Studies of Membrane Peptides
and Proteins

2.1 Objectives

To identify a lipid, or a mixture of lipids, that form cubic phases at room temperature and would

be suitable for solution NMR studies of incorporated peptides and proteins.

2.2 Introduction

Although there are many lipids that are capable of forming cubic phases, they often do so only
over a very narrow range of temperature and composition. In such cases, the incorporation of
additional components would likely have a significant effect on the phase behaviour of the
system. There are however some examples of lipid:water mixtures that form cubic phases over a
relatively broad range of temperatures and composition. Cubic phases of this type would be more
likely to be able to incorporate water soluble, amphiphilic or hydrophobic molecules without
significant perturbation of the phase behaviour of the system. It has in fact been shown that some
types of cubic phases can incorporate significant amounts of other lipids, detergents and even
proteins, without significantly altering the phase behaviour of the system.

Studies have been conducted in which both soluble and membrane proteins have been
successfully incorporated into, and in some cases characterized in, lipid cubic phases. Invaluable
information necessary for the identification of a cubic phase suitable for use as a membrane-
mimetic environment for NMR studies of membrane peptides and proteins was provided by these
studies. In order to gather information about: the type and nature of the peptides and proteins
studied, sample preparation, sample stability over time and temperature, and peptide and protein
conformation and stability following incorporation into the cubic phése, these studies were

carefully reviewed (see Section 2.2.1).
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2.2.1 Studies of Proteins in Cubic Phases
A number of studies have been conducted in which proteins have been incorporated into the cubic
phases formed by mixtures of lipids and water. Since I was interested in using the most simple

system possible, only studies involving binary lipid:water mixtures were reviewed.

2.2.1.1 Phase Behaviour of Protein-Containing Cubic Phases
A-gliadin
In one of the first studies of proteins in cubic phases, the amphiphilic protein A-gliadin was

incorporated into cubic phases formed by mixtures of MO and water (Larsson and Lindblom,
1982). The authors were able to solubilize a substantial amount of protein, about 10% (wt/wt), in
the MO cubic phase. Samples were prepared by mixing solutions of gliadin and MO in a 70:30
ethanol:water mixture (vol/vol) followed by evaporation of the ethanol from the sample. Their
results indicated that it was very likely that membrane proteins could be solubilized into the cubic
phases formed by MO and water.

Lysozyme and Other Soluble Proteins
In another study a variety of soluble proteins ranging in size from 14 - 150 kDa were incorporated

into MO:water cubic phases (Ericsson ef al., 1983). The authors were interested in looking at the
ability of MO cubic phases to form in the presence of proteins. The proteins: lysozyme
(14 kDa), a-lactalbumin (14 kDa), soybean trypsin inhibitor (20 kDa), myoglobin (17 kDa),
pepsin (35 kDa), bovine serum albumin (67 kDa), conalbumin (77 kDa) and glucose oxidase
(150 kDa), were studied in cubic phases composed of 40 % MO:18 % protein:42 % water
(wt/wt). It was assumed that the proteins would be located in the aqueous channels of the cubic
phases and not in the lipid bilayers'. One observation which supported this assumption was the
diffusion of coloured proteins such as myoglobin info the cubic phase from an outside protein
solution, or out of the cubic phase into an outside water solution. Using differential scanning
calorimetry it was shown that the enthalpy and temperature of thermal denaturation of lysozyme
were the same for the protein in MO cubic phases as for the protein in aqueous solution. This
observation provided additional evidence that the proteins were located in the aqueous channels
of the cubic phase.

Protein-containing cubic phases were prepared by adding an aqueous protein solution
prepared in double distilled water, to MO melted at 40°C. The samples were equilibrated at room
temperature for a maximum of 24 hours, or until no change was detected using a polarizing
microscope. Centrifugation (8000 x g for 48 h) was used to make sure that no phase separation
was occurring in the samples (Ericsson et al., 1983). It was found that MO cubic phases

containing lysozyme, a-lactalbumin, bovine serum albumin or pepsin reached equilibrium within
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24 hours and formed a viscous transparent optically isotropic phase with the same characteristics
as MO cubic phases prepared in the absence of protein. For cubic phases containing myoglobin,
an equilibration time of 7 days was needed in order to obtain a homogeneous cubic phase at the
protein concentration studied. The authors believed that this difference in the speed of
equilibration of myoglobin-containing cubic phases could have been a result of differences in the
net charges of the proteins studied since lysozyme and pepsin both carry high net charges (pI =11
and pl=1, respectively), whereas myoglobin does not (pI=7). They believed that the
electrostatic repulsion between protein molecules might influence the for‘mation of the cubic
lattice. It seemed that the proteins with a high net charge had a greater ability to increase the
dimensions of the cubic lattice than did proteins without a high net charge, and that this might
have an influence on the time required for samples to reach equilibrium.

To test this hypothesis experiments were conducted in which the protein solutions had not
been desalted prior to preparation of the cubic phases. It was found that the phase behaviour of
these samples differed significantly from that of the original samples which had been prepared
with desalted protein solutions. The sample containing myoglobin reached equilibrium as a
protein-containing cubic phase in contact with excess protein solution, whereas the samples
containing lysozyme or pepsin exhibited similar behaviour to the original samples prepared with
desalted solutions, except that they reached equilibrium at an extremely slow rate. These results
were as expected, since any salts present in the protein solutions would act to screen any
electrostatic repulsion which would increase the relative time required for samples to reach
equilibrium.

The X-ray diffraction patterns of the protein-containing cubic phases were found to be
similar to those of MO:water cubic phases, strongly suggesting that there were no major
structural differences between the phases. The dimensions of the cubic lattice were found to be
dependent on both the proportion of protein and the proportion of water present in the cubic phase
(Ericsson et al., 1983). When lysozyme was present the cubic phases had a raised water content
and the lattice dimensions were increased. The ternary phase diagram determined for
MO:lysozyme:water at 40°C using a polarizing microscope and X-ray diffraction is shown in
Figure 2.2. Unfortunately the full range of lysozyme concentrations could not be studied due to
limitations in the amount of protein that could be incorporated into the samples by direct addition
of water solubilized protein because solutions with >45 % (wt/wt) lysozyme are very viscous
(Ericsson et al., 1983). It was found that when the lipid concentration of samples exceeded 80 %

(wt/wt) the phase equilibria were very slow, so this region of the phase diagram was omitted.
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Reprinted from Zeitschrift fir Kristallographie, Vol. 168, Hyde et al., Pages 213-219,
Copyright 1984, with permission from Oldenbourg Wissenschaftsverlag GmbH.

Figure 2.1. Monoolein:Water Phase Diagram

The bicontinuous cubic phases with either a gyroid (G) or diamond (D) geometry are indicated on
the phase diagram as 'G' and 'D' respectively. The reversed micellar phase is denoted at 'L,', the
reversed hexagonal phase as 'H,' and the lamellar phase as 'L,".

Please refer to the original journal article for this Figure, as the copyright permission
which was granted to the author of this thesis excludes use of the Figure in
electronic forms of this thesis that may be distributed by:

Library and Archives Canada as outlined in the
"Theses Non-exclusive License' Issued 2005-04-01,
and Simon Fraser University as outlined in the

'Partial Copyright Licence'.

Figure 1 from Ericsson et al. (1983) Biochimica et Biophysica Acta 729:23-27.

Figure 2.2. Ternary Phase Diagram of Monoolein:Lysozyme:Water at 40°C
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2.21.2 Spectroscopic Studies of Proteins in Cubic Phases
A number of different spectroscopic studies had been conducted on soluble proteins and on

membrane proteins incorporated into both closed aggregate and bicontinuous cubic phases.

UVis and Circular Dichroism Spectroscopy of a-chymotrypsin and Bacteriorhodopsin
The optical transparency of cubic phases has made them amenable for use in spectroscopic

studies of proteins. In one investigation the conformation and activity of the hydrophilic enzyme
a-chymotrypsin was studied in cubic phases using UV/vis spectroscopy and circular dichroism
(CD) spectroscopy (Portmann et al., 1991). Some of the reasons why the authors chose
a-chymotrypsin for their studies were that the spectroscopic properties of the enzyme in aqueous ‘
solution were well characterized and sensitive to changes in protein conformation. The authors
also collected preliminary data on the membrane protein bacteriorhodopsin that had been
incorporated into the cubic phase. The cubic phases that were used in these studies were either
the closed aggregate cubic phases formed by 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine (lysoPC) and water, or the bicontinuous cubic phases formed by MO and water.
The viscoelastic properties of lysoPC:water cubic phases in the presence or absence of protein
were studied at 27°C.

LysoPC forms a cubic phase when mixed with water at concentrations between 39 - 45 %
(wt/wt). Cubic phase samples of lysoPC were prepared by adding buffer solutions (with or
without protein) directly to lipid in 1 mL UV cuvettes. The cuvettes were centrifuged for 1 -2
days (2900 x g at 22°C) and then they were equilibrated at room temperature on the benchtop for
2 days during which time the UV scattering decreased significantly. The resulting cubic phases
‘were highly stiff transparent gels. Monoolein cubic phases were prepared by slowly adding
phosphate buffer (with or without enzyme) to the appropriate amount of melted MO at 40°C. The
samples were equilibrated for a few hours at 40°C and then for a few days at room temperature
under nitrogen. All of the aqueous solutions used for the preparation of lysoPC cubic phases
(with and without protein) contained 18 mM phosphate buffer at pH 8.0. The aqueous solutions
used to prepare samples of MO cubic phases contained phosphate buffer at pH 6.0. For the most
part, cubic phase samples were prepared directly in spectroscopic cells. This set some limits as to
the experiments that could be performed because of limitations in the centrifugal force that
commercially available spectroscopic cells could withstand. Circular dichroism measurements

were made on cubic phase samples that had been pressed as thin films between quartz plates.
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Both a-chymotrypsin and bacteriorhodopsin were easily incorporated into the lysoPC cubic
phase. It was possible to measure the UV/vis absorption spectra of both proteins in these cubic
phase samples under a variety of different concentrations. The absorption spectra of the proteins
in lysoPC cubic phases were found to be essentially the same as for the proteins in aqueous
solution over the protein concentration range that was studied. A protein concentration of 30 uM
a-chymotrypsin and 14.5 uM bacteriorhodopsin were obtained without compromising the optical
transparency of the cubic phases composed of 41 % and 44 % (wt/wt) lysoPC:water respectively.
The enzyme activity of a-chymotrypsin in 40 % (wt/wt) lysoPC:water cubic phases was
monitored using a water soluble substrate whose absorption spectrum could be measured as a
function of time. Measurements were taken at time intervals ranging from 3 to 21 hours
following the addition of the substrate to the sample. It was found that the enzyme kinetics in the
cubic phase were considerably slower than in aqueous solution.

Circular dichroism studies were used to determine whether or not the conformation of
a-chymotrypsin was modified when it was incorporated into the cubic phases formed by lysoPC
and water, or MO and water. Since lysoPC is optically active, it was necessary to prepare cubic
phases using racemic lysoPC in order to avoid lipid contributions to the CD spectra in the far UV
region. The spectra in water and the spectra in the cubic phase were almost identical indicating
that the main chain conformation of the protein was not perturbed in this lipid matrix. Spectra
could not be collected at less than 200 nm on these samples because of the large absorption band
of 1ysoPC in this region of the spectrum. Instead, CD spectra were collected in this region on
a-chymotrypsin in MO cubic phases. These results did not show significant differences between
the aqueous and cubic phase samples, indicating that the aromatic side chains of the protein had
not undergone significant conformational changes. The samples of proteins in cubic phases were
also found to be very stable. In the case of a-chymotrypsin, samples with protein concentrations
up to 13 pM remained stable for a least 4 weeks at room temperature. The assessment of sample
stability was based on the consistency of spectra collected as a function time. It appeared that the
samples would remain stable indefinitely when they were kept in sealed vials. Rheological
studies were conducted at 27°C on pure 44 % lysoPC:water (wt/wt) cubic phases and on those
containing 9.7 pM a-chymotrypsin. The data that were obtained for the protein-free, and
protein-containing, cubic phases were practically identical. This indicated that the incorporation
of proteins does not alter the viscoelastic properties of the cubic phase, suggesting that the
structure of the cubic phase does not change upon incorporation of protein. The rheological data

also indicated that cubic phases behave like solids and not liquids.
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Circular Dichroism Studies of Bacteriorhodopsin and Melittin
Studies were conducted on bacteriorhodopsin and melittin in lysoPC:water cubic phases in an

attempt to develop a novel membrane-mimetic environment that would facilitate the simultaneous
study of a membrane protein's structure and function. The authors had selected an integral
membrane protein and a membrane surface-associating peptide for their studies. The integral
membrane protein that was selected was bacteriorhodopsin, a 248 amino acid protein with seven
transmembrane a-helices. It is found in the halophilic bacterium Halobacterium halobium where
it functions as a light driven proton pump (Landau and Luigi Luisi, 1993). Melittin was the
surface-associating peptide selected for study. It is a 26 amino acid water soluble peptide that is
the main component of honey bee venom. This peptide spontaneously binds to membranes where
it acts as a stong membrane lytic agent (Landau and Luigi Luisi, 1993).

Cubic phase samples to be used for UV measurements were prepared directly in 1 mL UV
‘cuvettes through the addition of buffer solutions of melittin, or suspensions of bacteriorhodopsin,
to lysoPC followed by centrifugation for 1 - 2 days (2900 x g) at 25°C (Landau and Luigi Luisi,
1993). In the case of samples to be used for CD measurements, protein-containing cubic phases
were prepared in 1 mL vials and were transferred to quartz plates just prior to data collection.
The bacteriorhodopsin suspensions used for cubic phase sample preparation were prepared in
18 mM p-buffer at pH 8.0, and the melittin solutions were prepared in 20 mM Tris-HCl at pH 7.4.
In all cases the transformation of the samples to highly stiff and transparent gels was used to
indicate that cubic phase formation was complete. Cubic phases were successfully prepared with
protein concentrations of up to 1.6 x 10™* M for bacteriorhodopsin and 1.2 x 10* M for melittin.
For both bacteriorhodopsin and melittin, cubic phase samples were found to be stable at ambient
temperature for many months.

The CD spectra of bacteriorhodopsin in lysoPC cubic phases indicated that the protein had a
helical content consistent with the values determined from electron microscopy and electron
diffraction studies of the protein in its native purple membranes. These findings suggested that
the conformation of the protein was not perturbed by incorporation into the cubic phase. The
thermal stability of bacteriorhodopsin was studied over the temperature range in which
lysoPC:water cubic phases form (0 - 50°C). Data were collected at 10°C intervals from 5 - 45°C
for both heating and cooling of the sample. The spectra were found to be virtually identical at all
temperatures, except at 45°C where the cubic phase starts to melt. These results were consistent
with those obtained in other studies investigating the thermal stability of bacteriorhodopsin's
conformation over a similar temperature range. Circular dichroism spectra were also collected on

melittin in lysoPC cubic phases as a function of temperature (at 10°C intervals from S - 45°C), for
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both heating and cooling of the sample. The conformation of the peptide was found to be
temperature independent (except at 45°C where the cubic phase starts to melt) and in good

agreement with the helical content determined from the crystal structure melittin.

Visible and CD Spectroscopy of a Photosynthetic Reaction Center
The photosynthetic reaction center from the facultative phototropic bacterium Chloroflexus

aurantiacus was studied in lysoPC:water cubic phases by visible and CD spectroscopy
(Hochkoeppler et al., 1995). The authors were interested in studying the photochemical activity
of this integral membrane protein in the cubic phase. Since the kinetics of the photochemical
reaction do not depend on diffusionally controlled processes, it was expected that incorporation of
the protein into the cubic phase would not affect the kinetics of the reaction. Protein-containing
cubic phases were prepared by weighing out the desired amount of lipid directly into
spectroscopic cuvettes followed by the addition of an appropriate amount of protein prepared in
50 mM phosphate buffer at pH 8.0. Samples were mixed by centrifugation (2900 x g) back and
forth several times for 5 minute intervals, followed by centrifugation overnight and subsequent
equilibration under ambient conditions for 48 hours before measurements were made. For CD
experiments, the cubic phase samples were pressed between quartz plates just prior to data
collection.

Both visible and CD spectra were collected on the Chloroflexus photosynthetic reaction
center reconstituted into 42% (wt/wt) lysoPC:water cubic phases at a concentration of 1.4 - 4 pM.
The results obtained from these studies indicated that the incorporated protein retained its native
spectroscopic properties in the lysoPC cubic phase. The photosynthetic reaction center was also
incorporated into 35% (wt/wt) MO:water cubic phases. Unfortunately bleaching of one of the
absorption bands occurred, perhaps as a result of oleate peroxide formation under the aerobic
conditions used for the experiment, so further studies were not conducted using this system. The
structural and functional integrity of the protein in lysoPC cubic phases was found to be

maintained for at least 5 months for samples stored at room temperature in the dark.

2.21.3 Crystallization of Membrane Proteins from Cubic Phases
Bacteriorhodopsin
The applicability of cubic phases for the generation of membrane protein crystals was

investigated using bacteriorhodopsin as a model for integral membrane proteins (Landau and
Rosenbusch, 1996). It was believed that cubic phases would be well suited to the generation of
protein crystals because they had the capacity to provide nucleation sites for the seeding of crystal
growth, as well as the ability to feed the growing crystal through the lateral diffusion of protein

molecules within the cubic phase 'bilayer'. Studies were conducted using the bicontinuous cubic
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phases formed by MO and water or monopalmitolein and water, and the closed aggregate cubic
phases formed by lysoPC and water.

Samples 10 ~ 20 pL in volume were prepared in thin glass capillaries by mixing lipids with
aqueous phosphate buffer (1-3M) at pHS5.6 containing protein, detergent (1.2%
B-octylglycopyranoside) and precipitant (0.05% methylpentanediol), followed by centrifugation
(10,000 x g) for 150 minutes prior to incubation at 20°C in the dark. Within 14 days both the
MO:water and the monopalmitolein:water cubic phases had yielded protein crystals. Crystal
formation was monitored both spectroscopically and microscopically directly in the glass
capillaries. Initially the cubic phases were a homogeneous purple colour, the colour of
bacteriorhodopsin, and they had an absorption peak at 550 nm. As crystallization progressed the
purple colour of the samples faded and the intensity of the absorption peak at 550 nm decreased,
and protein crystals were visible under the microscope. Diffraction data were collected on
crystals mounted directly in the glass capillaries with the surrounding cubic phase intact.

The cubic phases which yielded bacteriorhodopsin crystals had a composition of 60 - 70%
(wt/wt) MO or monopalmitolein in water. The growth of the crystals did not affect the
transparency or the viscoelastic properties of the cubic phase. No fragments of lipid bilayers
were incorporated into the crystals suggesting that the cubic phase 'bilayer' recedes during crystal
growth. It was found that crystals could only be generated from bicontinuous cubic phases and
not from closed aggregate cubic phases, despite extensive crystallization attempts. This finding
indicated that the continuity of the diffusion space, in this case the 'bilayer’, played a critical role
in crystal growth. In unpublished data the authors found that the water soluble enzyme lysozyme
could be crystallized from either type of cubic phase. The fact that lysozyme's crystallization was
not dependent on the type of cubic phase used was not unexpected since this enzyme resides in
the aqueous channels of the cubic phase.

Crystallization was believed to proceed through a partitioning of the membrane protein into
the hydrophobic 'bilayer' of the cubic phase which would also act as a sink for detergent
monomers, occurence of a nucleation event (perhaps favoured by the large interfacial area
between the lipidic and aqueous compartments), followed by subsequent growth of the crystal
using protein molecules supplied from locations throughout the cubic phase through lateral
diffusion within the 'bilayers'. The crystals of bacteriorhodopsin that were generated diffracted to
a 3.7 A resolution. In subsequent studies by this research group, bacteriorhodopsin crystals
diffracting up to a resolution of 1.9 A were obtained and used for the successful structure

determination of bacteriorhodopsin (Pebay-Peyroula ef al., 1997; Belrhali ef al., 1999).
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2.2,2 Candidate Cubic Phases for NMR Studies of Embedded Proteins
A number of criteria were considered in the selection of a lipid cubic phase that would be
amenable to solution NMR studies of incorporated peptides and proteins. In addition to the
requirement that the cubic phase be one that had been previously well characterized, preferably in
studies with incorporated peptides and/or proteins, the lipidic and aqueous components of the
cubic phase had to undergo rapid isotropic reorientation. This requirement for rapid isotropic
reorientation of components within the cubic phase was necessary to facilitate the study of these
phases, and incorporated peptides or proteins, with solution NMR techniques. Other factors that
were considered in cubic phase selection were the: commercial availability and cost of the
lipid(s), availability of the lipid(s) in deuterated form, complexity of cubic phase preparation
(i.e. binary versus ternary lipid mixtures), range of temperature and composition over which the
cubic phase exists, and stability of cubic phase samples as a function of time.

There were two lipid mixtures capable of forming cubic phases that had been extensively
characterized in the absence and presence of incorpbrated peptides and proteins. These were the
cubic phases formed by lysoPC and water, and MO and water. The cubic phases formed by these
lipids, and their potential application as membrane mimetic environments for solution NMR
study of incorporated membrane peptides and proteins, are discussed in Section 2.2.2.]1 and

Section 2.2.2.2.

2.2.21 LysoPC:Water Cubic Phases
The ability of the cubic phases formed by lysoPC and water to incorporate peptides and proteins

has been well characterized. These cubic phases are able to incorporate significant amounts of
peptides and proteins without significant perturbation of the phase behaviour of the system. Solid
state °H, "N and *'P NMR spectra have been collected on these cubic phases. It was found that
the spectra of lysoPC:water cubic phases contained both isotropic (narrow) and not fully averaged
anisotropic (broad) signals, even though the cubic phases were optically isotropic when viewed
through crossed polarizers (Lindblom and Rilfors, 1989). This information, in conjunction with
the data provided from X-ray diffraction studies was used to come up with a model for this type
of cubic phase. It is believed that the structure of the cubic phases formed by lysoPC and water
are composed of closed rod-like micelles with an approximate axial ratio of 2, surrounded by
water (Lindblom and Rilfors, 1989). The restricted diffusion of lipidic components within the
closed aggregate structure of the lysoPC:water cubic phases, combined with the lack of rapid
isotropic reorientation, would likely make them unsuitable cubic phases for solution NMR studies
of incorporated peptides and proteins. Despite this, a considerable amount of useful information

about the general properties of cubic phases, methods for the preparation of protein-containing
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cubic phases, and peptide and protein stability within cubic phases was provided from the various
studies conducted on lysoPC:water cubic phases that could be applied to the preparation and
NMR study of protein-containing cubic phases.

2.2.2.2 Monoolein:Water Cubic Phases
The cubic phases formed by MO and water have been extensively studied. Both hydrophobic and

water soluble peptides and proteins have been successfully incorporated into these cubic phases
without causing significant perturbations of the phase behaviour of the system. The plasticity of
MO:water cubic phases has been further demonstrated by the ability of these phases to
incorporate significant amounts of other molecules such as dioleoylphosphatidylcholine, glycerol,
cholesterol, sodium cholate, tetramethylsilane, oleic acid, monostearin, and 1-oleoyl-
lysophosphatidylcholine without perturbation of the cubic phase (Lindblom and Rilfors, 1989).
The properties of the cubic phases formed by MO and water are quite remarkable given the
simplicity of the system. Monoolein is a monoglyceride whose structure is shown in Figure 2.3.
The lipid does not have a head group, and consists of a glycerol backbone and an oleic acid chain
at position 1. In addition to its ability to form cubic phases upon mixture with water, MO is used
as an additive in foods and is known to be a very effective fusogenic lipid (Lutton, 1965; Hope
and Cullis, 1981)

The cubic phases formed by MO and water are of the bicontinuous type. They are composed
of a continuous lipid bilayer separating two continuous, but not connected, water channel systems
(Larsson and Lindblom, 1982). The structure of MO cubic phases was determined using X-ray
diffraction and NMR data. It was found that the lipid lateral diffusion rates measured in the cubic
phase compared exactly with those measured in the corresponding lamellar phase providing
additional evidence that these cubic phases were composed of bilayer units (Lindblom ef al.,
1979). The bilayer' environment provided by the MO cubic phase has comparable viscoelastic
properties to those of biological membranes making them excellent membrane-mimetic
environments for the study of membrane peptides and proteins (Landau and Rosenbusch, 1996).

There are two types of bicontinuous cubic phases that can be formed by mixtures of MO and
water. These are the gyroid (G), and diamond (D) type cubic phases. In the MO:water phase
diagram shown in Figure 2.1, it can be clearly seen that cubic phases exist over a wide range of
temperatures and composition (Hyde ef al, 1984). It should be noted that only negligible
amounts (less than a small fraction of a percent) of monoglycerides dissolve in water, so MO
does not form a micellar solution in water but rather exists as a cubic phase in the presence of
excess water (Lutton, 1965). The lamellar (La) phase forms in mixtures of MO and water at

hydration levels that are lower than those required to obtain cubic phases. Under conditions of
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extreme dehydration and elevated temperature the system will form a reversed micellar (L)
phase. The other phase that can be formed by this system is the reversed hexagonal (Hy) phase

which generally forms under conditions of elevated temperature.

Structure
The structures of the MO cubic phases are formed by infinite lipid bilayers that separate two

continuous water networks that never connect. The 3D structure of these cubic phases can be
described by an infinite periodic minimal surface located at the center of the bilayers' where the
methy] groups at the termini of the acyl chains from adjacent lipid monolayers actually meet.
The curvature of this periodic minimal surface is such that every lipid head group is at a saddle
point so all molecules experience an equivalent packing environment. The tails of the lipids in
this type of a structure are less restricted in their motion than the headgroups resulting in a
wedge-like molecular shape for MO in the cubic phase (Larsson and Lindblom, 1982). There are
‘two types of bicontinuous cubic phases that can be formed by MO and water depending on the
temperature and composition of the samples. One exists at lower water contents, and one at
higher water contents, with a narrow range over which both phases coexist in equilibrium with
one another. The two types of cubic phases formed by MO and water differ slightly in their
geometries and are named the gyroid (G-type), and diamond (D-type) cubic phases after the
infinite periodic minimal surfaces that describe them.

The transition between these two cubic phases occurs without any change in the average
curvature of the 'bilayers' (Hyde ef al., 1984). This would suggest that the enthalpy of transition
from the G-type to the D-type cubic phase would be very small. Differential scanning
calorimetry was used to measure the enthalpy of this transition and it was found to be less than
about 0.01 kJ - mol” (Hyde et al., 1984). By comparison, the enthalpy of transition for the
transition from the cubic to the reversed hexagonal phases formed by MO and water is about
1 kJ - mol™, which is of the same order of magnitude as phase transition enthalpies seen in other
lipid systems (Hyde ef al., 1984). The transition from the G — D type cubic phase (which starts
to occur at around 33.5 % (wt/wt) water at 20°C) can be difficult to observe visually because it is
only characterized by a reduction in the transparency of the sample within the phase coexistence
region (Hyde et al., 1984). However, this transition can also be observed through changes in the
water diffusion coefficient measured using NMR. It was found that there is a discontinuity in the
water diffusion coefficient, but not in the lipid diffusion coefficient, over the composition range
where the transition from the G — D type cubic phase occurs (Lindblom énd Rilfors, 1989). This
observation is consistent with a reorganization of the structure of the cubic phase in which the

network of aqueous channels is rearranged without disruption of the lipid bilayer network.
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The dimensions of the 'bilayer' in MO cubic phases of varying compositions were
determined at 25°C using X-ray diffraction techniques (Chung and Caffrey, 1994). The lipid
length in MO:water cubic phases was found to be constant over the composition range studied
(66.5 -76.9 % MO). However, the lattice parameter (the smallest repeating unit of the cubic
lattice), was found to vary as a function of sample composition, for example it changed from
125.35 — 147.49 A when the water content of the sample changed from 23.1 — 33.5%. As
shown in Figure 2.4, the average lipid length in MO:water cubic phases is 17.3 A and this is
assumed to be constant throughout the cubic phase. The head group region varies from 4 - 7 A in
length, leaving an acyl chain region of 10.3 - 13.3 A in length.

The cross-sectional area of the lipid molecules is larger at the methyl terminus and smaller at
the headgroup giving the molecules a dynamically averaged wedge shape as shown in Figure 2.5.
The wedge shape becomes more pronounced with decreasing water content so the surfaces
become more highly curved and the lattice parameter decreases. With regards to the dimensions
of the aqueous pore in MO cubic phases, they are on the order of 50 A and have been found to
vary as a function of electrostatics and water content (Chung and Caffrey, 1994; Giorgione et al.,
1998; Aota-Nakano et al., 1999). For example it was found that the size of aqueous channels in
MO:water cubic phases containing the anionic lipid 1-palmitoyl-2-oleoyl-3-phosphatidylserine
(POPS) were found to vary in size from 39 A - 62 A over PS contents of 0 - 10% (Giorgione ez
al., 1998).
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Reprinted from Biophysical Journal, Vol. 66, Chung & Caffrey, Pages 377-381,
Copyright 1994, with permission from the Biophysical Society.

Figure 2.4. Schematic Diagram of the Dimensions of the 'Bilayer' in Monoolein:Water
Cubic Phases

Reprinted from Biophysical Journal, Vol. 79, Ai & Caffrey, Pages 394-405,
Copyright 2000, with permission from the Biophysical Society.

Figure 2.5. Dynamically Averaged Shape of Monoolein Molecules in the Cubic Phase
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2.3 Materials and Methods

2.3.1 Selection of a Cubic Phase for NMR Studies

The cubic phases formed by mixtures of MO and water were deemed the most promising for
solution NMR studies of incorporated membrane peptides and proteins. The primary reason for
this was that the rapid isotropic reorientation experienced by both the aqueous and lipidic
components of MO cubic phases make them amenable to study using solution NMR techniques.
By analogy, it was believed that an incorporated membrane peptide would also experience rapid
isotropic reorientation facilitating its study using solution NMR techniques. Another important
factor in the selection of MO cubic phases was the demonstrated ability of these phases to
incorporate membrane peptides and proteins, and various hydrophobic or amphipathic molecules
to relatively high concentrations without perturbation of the cubic phase. This plasticity of MO
cubic phases, along with their extraordinary stability as a function of time, temperature and
composition, made them ideal candidate membrane-mimetic environments for the solution NMR

study of membrane peptides and proteins.

2.3.1.1 Monoolein
Monoolein was found to be a relatively inexpensive lipid that was readily available in sufficient

quantities for the preparation of the sample volumes required for solution NMR studies.
Unfortunately MO was not available as a perdeuterated lipid, even by custom synthesis. It would
therefore be necessary to use labelled peptides or proteins for any NMR studies conducted on

peptides or proteins incorporated into the MO cubic phase.

2.3.2 Preparation of Monoolein:Water Phases

23.2.1 Cubic Phase Sample Preparation in 0.6 mL Microcentrifuge Tubes
The first step was to prepare some samples of MO and water of varying compositions and to

confirm the identity of the phase(s) that were formed. The information provided in the MO phase
diagram shown in Figure 2.1 was used to prepare samples with compositions of 60 %, 65 % and
70 % MO (wt/wt) in water. These samples were expected to form cubic phases of the: D-type
with a minor excess of water, D-type and the G-type, respectively at 20°C. The jar containing
MO (MW 356.5 g, Sigma Chemical Co., 1-monooleoyl-rac-glycerol (C18:1,[cis]}-9) ~99%, Cat.
No. M-7765, 1 g) was removed from the -20°C freezer and allowed to equilibrate to room
temperature for at least 1 hour before the lipid was weighed out. This was done to prevent the
condensation of water on the lipid which would lead to weighing errors. The quantity of MO that
was weighed out was the amount needed to prepare a sample with a final volume of
approximately 200 pL, assuming that a cubic phase sample with a total mass of 200 mg would
have a total volume of 200 pL. (Chung and Caffrey, 1994). Monoolein was weighed out on
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weighing paper using an analytical balance (Sartorius, Cat. No. BP 210S, readability of 0.1 mg)
and carefully transferred to 0.6 mL microcentrifuge tubes. At room temperature MO is composed
of relatively large fluffy flakes that are slightly greasy, which made it quite difficult to transfer
the required quantity of lipid to the 0.6 mL microcentrifuge tube. An anti-static instrument
(Aldrich Chemical Company Inc., Zerostat 3, Cat. No. Z10,881-2) was used to reduce the amount
of lipid lost during transfer to the microcentrifuge tubes. After the MO was weighed out the
bottle was purged with Ar(g) and the lid was tighten and sealed with laboratory film (American
National Can, Parafilm "M") before being returned to the -20°C freezer.

The amount of water to be added to each of the samples was calculated based on the mass of
lipid that had been weighed out. The water used for sample preparation was double distilled
water that had been filter sterilized using a 0.22 pm syringe filter (Millipore, Millex-GP, Cat. No.
SLGPR25LS) into a sterile 50 mL polypropylene conical tube (Becton Dickinson Labware,
Falcon Brand, Cat. No. 352070) using sterile technique. The pipettor (Gilson, Pipetman, P200) to
be used to measure out the water was calibrated with water equilibrated to ambient temperature
just prior to use. This step was undertaken every time samples were prepared to ensure that the
correct mass of water would be added to each sample because of significant fluctuations in the
ambient temperature of the lab. The desired mass of water was added to each microcentrifuge
tube containing solid MO. Attempts were made to vortex mix the samples, unfortunately this was
not possible due to the 'solid' nature of the samples resulting from their high lipid/low water
content. Sample tubes were wrapped in aluminum foil to protect from light and left to equilibrate
at ambient temperature on the benchtop overnight.

The appearance of the samples had changed very little by the following day, so it became
apparent that it would be necessary to centrifuge the samples in order to achieve proper mixing of
the lipids with water. Samples were centrifuged for 2.5 hours at 10,000 x g (Eppendorf,
Centrifuge 5804, FA45-30-11 rotor) at ambient temperature. The sample tubes were removed
from the centrifuge and left at ambient temperature overnight on the benchtop wrapped in
aluminum foil. Since the appearance of the samples was unchanged the following day, it
appeared that it would be necessary to centrifuge the samples for a prolbnged period of time to
obtain sample homogeneity. An ultracentrifuge had to be used in order for the samples to be
centrifuged overnight. Since the samples were too gooey and sticky to transfer to new tubes
compatible for use with the ultracentrifuge without incurring substantial sample loss, it was
necessary to place the 0.6 mL microcentrifuge tubes (with the lids cut off) inside 1.5 mL thick-
walled microcentrifuge tubes (Beckman, Polyallomer Microfuge Tube, Cat. No. 357448) that
were compatible for use with the ultracentrifuge. Samples were centrifuged (Beckman, Optima
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TLX Ultracentrifuge, TLA-45 rotor) for 16 hours at 10,000 x g and 25°C. Since sample
homogeneity had still not been achieved, the samples were heated in a water bath for 4 hours at
54°C, before being equilibrated back to ambient temperature for 2.5 hours. Samples were
wrapped in aluminum foil and allowed to come to equilibrium at ambient temperature on the
benchtop over the course of 2 weeks.

2.3.2.2 Sample Preparation Directly in 5 mm Solution NMR Tubes
The MO:water cubic phase that was selected for further characterization was the G-type cubic

phase because it exists as a homogeneous phase over a broad range of temperature and
composition, unlike the D-type cubic phase which co-exists with excess w:ater over most of its
existence range. The sample composition that was selected, 70 % MO (wt/wt) in water, was well
within the existence range of the G-type cubic phase at the temperatures that would be used for
NMR studies. Samples of the lipid phases found on either side of the G-type cubic phase, the
‘lamellar phase (at lower water concentrations), and the D-type cubic phase in excess water (at
higher water concentrations), were prepared for NMR characterization and comparison of the
results with those obtained for the G-type cubic phase. So NMR samples containing 20 %, 70 %
or 85 % MO (wt/wt) in D,O would be prepared directly in 5 mm solution NMR tubes.

The minimum sample length required for solution NMR studies is ~3 cm, which
corresponds to a sample volume of ~450 pL in 5 mm solution NMR tubes. Samples having an
approximate final volume of 450 uL. were prepared based on the assumption that a sample with a
total mass of 450 mg would have a total volume of 450 pL (Chung and Caffrey, 1994). Quartz
NMR tubes (Kontes Glass Company, Cat. No. 897220-0000, 5 mm) were washed three times
each with: acetone (Anachemia, Lab Grade, Cat. No. UN-1090, 4L), 95% ethanol (Commercial
Alcohols Inc., 4L) and distilled deionized water, and were oven dried overnight at 100°C prior to
use. NMR samples were prepared essentially as described in Section 2.3.2.1: the desired amount
of MO was weighed out, transferred to a solution NMR tube, and the appropriate volume of
deuterated water (Isotec Inc., deuterium oxide, 99.996 atom % D, Cat. No. T82-70003-ML,
0.8 mL) was added using pipettors (Gilson, Pipetman, P200 and P1000) calibrated using H,O to
ensure that no differences in sample composition would result from the slightly different densities
of H,O and D,0O. The deuterated water (D,O) used in sample preparation had a pH of ~7,
whereas the distilled deionized water had a pH of ~5, as determined using pH paper
(EM Science, colorpHast Indicator Strips pH 0-14, Cat. No. 9590). An NMR sample of ~2 mg
of MO in deuterated chloroform (Aldrich, 99.96 atom % D, Cat. No‘r 45,328-5, 1 mL) was
prepared for comparison of the 'H spectrum with the one obtained for MO in the cubic phase.
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Adequate mixing of lipid and water in the NMR samples could not be achieved using
centrifugation because of a lack of availability of an NMR tube-compatible centrifuge. Instead,
the samples were heated at 60°C in a water bath and mechanically mixed using a stainless steel
spatula in an attempt to speed up the process of sample equilibration. After mechanical mixing
and incubation in the water bath for ~ 5 hours, the samples were removed from the water bath and
were equilibrated to room temperature overnight. Additional mixing of the 70 % and 85 % MO
samples was conducted the following day using a variety of techniques in an attempt to remove
some of the defects (air pockets) from the samples. This approach was unsuccessful in reducing
the number of defects present in the samples, but it resulted in significant sample losses onto the
implements used for mixing of the samples.

For these reasons the 70 % and 85 % MO NMR samples were prepared a second time using
slightly modified procedures. The 70 % MO sample was prepared directly in a $ mm NMR tube
‘as described previously except that the MO was melted at 54°C prior to the addition of 54°C D,0O
or H,O. The sample was briefly mixed using a thin wire before being wrapped in aluminum foil
and placed on the bench top to equilibrate overnight at ambient temperature. The 85 % MO
sample was prepared in a 1.5 mL microcentrifuge using the procedure previbusly described in
this Section (2.3.2.2) with the following changes: the MO was melted at 54°C prior to the
addition of 54°C D,0, the sample was vortex mixed and centrifuged at 13,000 x g for a total of
100 minutes at ambient temperature, before being incubated in a 54°C water bath for 2 hours.
The sample was equilibrated overnight at ambient temperature on the benchtop and the following
day the 85 % MO sample was carefully transferred to a 5 mm NMR tube using a pipettor (Gilson,
Pipetman, P1000) with a pipette tip that had been cut off to yield a larger opening to facilitate the
pipetting of a highly viscous sample.

At all times the NMR samples (20 %, 70 % and 85 % MO (wt/wt) in D,O or H,O) were
stored upright on the benchtop in a tall beaker wrapped in aluminum foil to protect from light.
The sample of MO in deuterated chloroform was stored at 4°C. 'H NMR spectra of non-spinning
samples were collected at 20°C on a Bruker AMX400 spectrometer. Data were processed using
the software program MestReC (Cobas and Sardina, 2003). The data ('.fid' files) were imported
into MestReC and processed using a Fourier transformation (FT). Prior to application of the FT,
the spectral data (free induction decay) were zero filled by a factor of two and apodized using an
exponential function with a line-broadening value close to the digital resolution of the spectrum.
The spectra were phased using the automatic phase correction followed by manual phasing if
required. An automatic baseline correction was applied to the spectra before they were

referenced either to water or to chloroform. Referencing to water was conducted using the
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following relationship that accounts for temperature dependence of the water chemical shift:

S [ppm] = 5.0057 - 0.0093286 x T (in °C) [2.1]
Where: 6 = water chemical shift (ppm)
T = temperature (in °C)

2.3.3 Optimized Solution NMR Sample Preparation of Cubic Phases

A method for the preparation of homogeneous defect-free solution NMR samples of MO G-type
cubic phases was developed based on the sample preparation procedures outlined in
Section 2.3.2. The method involved the preparation of cubic phase samples using centrifugation,
followed by the transfer of the sample into a hollow glass tube that was then placed in a 5 mm

solution NMR tube.

2.3.3.1 Apparatus
Custom NMR Tube Inserts
Thin-walled NMR grade quartz tubing of the type used to make Stem Coaxial Inserts for 5 mm

NMR tubes was ordered from Wilmad LabGlass (Buena, New Jersey, USA). This item is not
available in the company catalogue so a custom quote had to be requested. The outer diameter of
the tubing was 4.15 mm which was the maximum size of tubing that would fit into a standard
5 mm solution NMR tube. The thickness of the glass used to make the tubing was ~ 0.36 mm,
which was about the same thickness as the glass used to make standard 5 mm solution NMR
tubes. The length of the tubing was ~ 203 mm, which was longer than the length of a 5 mm
solution NMR tube which is typically around 177 mm. This made it difficult to seal the NMR
tube and insert properly. The quartz tubing was very hard and brittle so it could not be safely cut
using a glass cutter. It was taken to the glass shop where it was cut into 3 equal pieces ~ 67 mm
in length using a saw. The NMR tube inserts (as they will now be referred to), were cleaned prior
to use as outlined in Section 2.3.2.2 for 5 mm solution NMR tubes. A full description of the use

of these inserts for cubic phase NMR sample preparation can be found below in Section 2.3.3.2.

Cut-off NMR Tubes
It was necessary to find tubes that were of the appropriate size and shape to accommodate the

custom NMR tube inserts and that could withstand prolonged centrifugation at 13,000 x g. The
ideal tubes for sample preparation would be as close in size as possible to the custom NMR tube
inserts so as to minimize the amount of sample that was wasted during sample preparation.
Sample wastage would be a major concern for the preparation of peptide or protein-containing
cubic phases because these samples would be prepared using expensive and difficult to obtain

labelled peptides and proteins. The most suitable tubes for cubic phase sample preparation turned
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out to be 5 mm solution NMR tubes that had been cut-off to an appropriate length to facilitate
centrifugation in a desktop centrifuge. The 5 mm solution NMR tubes were taken to the glass
shop where they were cut down to a length of 45 mm using a saw to avoid cracking of the quartz
tubes. The cut-off 5 mm solution NMR tubes were cleaned prior to use in the same manner as the

regular 5 mm solution NMR tubes were cleaned.

Custom Centrifuge Inserts
In order for the cut-off 5 mm NMR tubes to be centrifuged in the desktop centrifuge appropriate

inserts for the centrifuge rotor had to be found. Some of the inserts for the rotor that were
commercially available were of the correct size to accommodate the cut-off NMR tubes, however
the inserts were hollow tubes that did not have a bottom and the cut-off NMR tubes eventually
cracked when they were centrifuged using these inserts. For this reason custom centrifuge rotor
inserts had to be made that would support both the sides and the bottoms of the cut-off NMR
tubes during centrifugation. The machine shop made plexiglass inserts for the desktop centrifuge
rotor (Kendro Laboratory Products, Heraeus Biofuge Fresco, 7500 3325 rotor, fixed angle at 40°)
that were designed to accommodate the cut-off NMR tubes.

2.3.3.2 Sample Preparation Procedure
Unless otherwise noted samples were prepared using the same reagents and procedures that were

previously described in Section 2.3.2. The desired amount of MO was weighed out on weighing
paper using an analytical balance and carefully transferred to a cut-off 5 mm NMR tube using a
small plastic funnel to minimize the loss of MO during transfer. The tube was sealed with
laboratory film and placed in a floating foam block in a 55°C water bath for ~ 30 minutes. The
melted lipid was stirred using a flame-sealed 25 pL. glass micropipette (Drummond, Microcaps,
Cat. No. 1-000-0250) to remove any bubbles, the tube was re-sealed with laboratory film and
returned to the water bath for an additional 10 minutes. Samples were prepared using water
containing 10 % D,0 in order to provide the lock signal required for solution NMR studies.
Distilled deionized water containing 10 % D,0 (CDN Isotopes, 99.9 atom % D, Cat. No. D-175,
100 g) was prepared and filter sterilized using a 0.22 pm syringe filter (Millipore, Millex-GP,
Cat. No. SLGPR25LS) into sterile 1.5 mL microcentrifuge tubes as 1 mL aliquots that were
stored at 4°C. The pH of the 10 % D,O solution was ~ 5.5 as determined using pH indicator
strips (EM Science, colorpHast pH 4.0 - 7.0, 0.2 pH unit resolution, Cat. No. 9582). An aliquot
of 10 % D,0O was incubated in the 55°C water bath for a minimum of 10 minutes prior to sample
preparation. The pipette(s) to be used for sample preparation were caliBrated immediately prior

to use with water that had been equilibrated to temperature in the 55°C water bath.
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The desired amount of 55°C 10 % D,O was added to the melted lipid and the sample was
immediately stirred with a flame-sealed 25 pL glass micropipette. The sample tube was sealed
with laboratory film and placed in the custom centrifuge insert in the temperature controlled
desktop centrifuge (Kendro Laboratory Products, Heraeus Biofuge Fresco, 7500 3325 rotor, fixed
angle at 40°) where the sample was centrifuged at 21°C at the minimum speed required for the
minimum length of time required to obtain a homogeneous sample. This was done to minimize
the risk that the sample tube would crack since the quartz NMR tubes were not designed for
centrifugation. The sample was wrapped in aluminum foil and equilibrated on the benchtop
overnight at ambient temperature. Once a homogeneous sample had been obtained, the sample
was carefully extruded into one of the hollow custom NMR tube inserts. This was done by
slowly and steadily pushing the insert into the cut-off NMR tube. Once the insert had been
pushed to the bottom of the cut-off NMR tube it was twisted a half-turn, or until the seal made by -
the cubic phase between the insert and the cut-off NMR tube had been broken. Then the insert
was slowly removed from the cut-off NMR tube. The insert was wiped off with a tissue
(Kimberly-Clark, Kimwipes EX-L, Cat. No. 34155) to remove any excess cubic phase that was
stuck on the outside of the insert. The insert was then placed in a clean 5 mm NMR tube where it
slowly sank to the bottom of the tube. The NMR tube was capped and sealed with laboratory
film to prevent any water evaporation. NMR samples were stored upright at room temperature

wrapped in aluminum foil to protect from light.

2.4 Restults
2.4.1 Samples Prepared in 0.6 mL Microcentrifuge Tubes
When water was first added to the samples they appeared to be primarily 'dry' because the
quantity of water that was added was not sufficient to 'wet' all of the lipid in the sample. After the
samples had been left to equilibrate overnight at ambient temperature the surfaces of the samples
where the water had been added had become slightly translucent. Following centrifugation for
2.5 hours at 10,000 x g, the three samples had transformed into stiff transparent gels containing
some small cloudy regions. The 'stiffness' of the gels was readily apparent in that the sample
‘meniscus' remained at the angle of the fixed angle rotor after the samples had been removed from
the centrifuge.

When the samples were inspected the following day they appeared unchanged. In an attempt
to obtain homogeneous samples without any small cloudy regions, the sémples were centrifuged
overnight. Following the 16 hour spin, the samples still had some cloudy regions, so they were

heated in a waterbath at 54°C for 4 hours. Immediately following removal from the waterbath the
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sample containing 60 % MO was completely cloudy, the sample containing 65 % MO was cloudy
with a clear region at the surface of the sample and the sample containing 70 % MO was
completely clear. After the samples had been allowed to equilibrate back to room temperature,
the sample containing 60 % MO had a few cloudy regions, whereas the samples containing 65 %
and 70 % MO were completely clear, with the exception of a small cloudy region at the surface of
the samples. It was noticed that the samples had undergone some dehydration evident from the
condensation that was observed on the inside of the outer tube. Following an additional 2 weeks
of equilibration at room temperature, the samples containing 60 % and 65 % MO became
completely clear and the sample containing 70 % MO became predominantly clear with a thin

cloudy layer at the surface, and opaque speckles throughout the sample.

2.4.2 Samples Prepared Directly in 5 mm Solution NMR Tubes

Prior to incubation of the NMR samples in the 60°C water bath, the 20 % MO sample had two
distinct regions: a clear upper layer consisting of excess water, and a translucent lower layer
consisting of wetted lipid, the 70 % MO sample had three distinct regions: a clear upper water
layer, a clear middle gel layer, and a white bottom layer of un-wetted lipid, and the 85 % MO
sample had two distinct regions: an upper layer consisting of a clear gel, and a white lower layer
consisting of un-wetted lipid. When the NMR tubes were placed in the water bath, the un-wetted
lipid in the 70 % and 85 % MO samples became clear and melted, pooling at the bottom of the
NMR tubes. The 20 % MO sample remained unchanged during heating. In an attempt to obtain
samples containing a homogeneous lipid phase, all three NMR samples were mechanically
mixed.

This approach was successful for obtaining a homogeneous lipid phase throughout each of
the samples, however the appearance of each of the NMR samples was not homogeneous. In the
20 % MO sample there were still two distinct regions visible, the translucent cubic phases near
the bottom of the tube, and excess water at the top of the tube. Numerous air pockets were
present in both the 70 % and 85 % MO samples where clumps of lamellar phase (cloudy gooey
gel) or cubic phase (clear stiff gel) lipids had become stuck to the sides of the NMR tubes and to
the spatula used for mixing of the samples. When additional mixing of these samples was
conducted the following day, no improvements could be made with respect to the homogeneity of
the samples. In fact, a significant amount of the samples were lost during mixing when they
became stuck to the mixing implements and could not be efficiently removed.

When the 70 % and 85 % MO samples were prepared a second time, much more
homogeneous samples were obtained. The 70 % MO NMR sample prepared in D,O or H,O were
clear and had some small bubbles in them. The 85 % MO sample was uniformly cloudy and it
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also had some air bubbles in it.

2.4.2.1 NMR Spectra of Monoolein:Water Phases
'H NMR spectra were collected on the newly prepared samples of 70 % and 85 % MO, on the

sample of 20 % MO and on the sample of MO in deuterated chloroform. The spectrum collected
on MO in deuterated chloroform is shown in Figure 2.6. The spectrum collected on 70 % MO in
D,0 is shown in Figure 2.7. The spectrum of 20 % MO in D,0 was almost identical to the one
obtained for 70 % MO in D,O so it is not shown. The spectrum of 85 % MO in D,O is in Figure
2.8 and the spectrum of 70 % MO in H,O is shown in Figure 2.9.
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2.5 Discussion
2.5.1 Sample Preparation in 0.6 mL Microcentrifuge Tubes
Homogeneous cubic phases formed by MO and water were successfully prepared using sample
preparation information from the literature and the data provided in the phase diagram shown in
Figure 2.1. It was found that the samples needed to be centrifuged in order to obtain proper
mixing of the lipids and water. Using this procedure it was possible to obtain homogeneous cubic
phases within a few days, instead of the weeks or months that might otherwise be required for the
samples to come to equilibrium. The samples containing 60 % and 65 % MO (wt/wt) in water
appeared to have formed homogeneous cubic phases evidenced by the transparency and stiff
consistency of the samples. It appeared that the sample of 70 % MO (wt/wt) in water had also
formed a cubic phase given the stiffness and general transparency of the sample. However, this
sample was not homogeneous and contained small opaque speckles throughout the transparent gel
iwhich dominated the sample. It was likely that the 'speckles’ in the sample were local regions of
lamellar phase lipid since the sample had undergone some dehydration during heating. If enough
water had been lost during heating of the sample its composition would have changed enough so
that the sample would form a mixture of the lamellar (cloudy) and cubic (clear) phases instead of
simply forming a homogeneous cubic phase. This explanation is consistent with the observation
of some cloudy regions (presumably lamellar phase lipid), in an otherwise clear (cubic phase)
sample.

It was found that the cubic phases formed by MO and water were very stiff and sticky, with
a consistency similar to that of vacuum grease. This property of the cubic phases would make it
very difficult to transfer the samples from one tube to another without significant sample loss.
For this reason it would be preferable to prepare the cubic phases directly in the tube to be used

for data collection, in this case a 5 mm solution NMR tube.

2.5.2 NMR Sample Preparation Directly in 5 mm Solution NMR Tubes

Preparation of samples containing 20 % and 70 % MO (wt/wt) in D,0 or H,O directly in 5 mm
solution NMR tubes met with moderate success. Initially there were some difficulties in
obtaining adequate mixing of the lipids and water in the 70 % and 85 % MO samples because the
5 mm NMR tubes could not be centrifuged. It was found that because MO has a fairly low
melting point (35.0°C), it was possible to melt the lipid prior to the addition of water and to then
mechanically mix the sample (Lutton, 1965). If mechanical mixing was conducted only very
briefly using a thin implement such as a wire, then a minimal number of sample defects (air

bubbles) were introduced. After initial mixing it was necessary to equilibrate the sample for a
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sufficient length of time (a couple of days) to achieve optimal sample homogeneity. Due to the
reduced viscosity observed for the lamellar phase (85 % MO) sample compared with the cubic
phase (70 % MO) sample, it was possible to prepare the 85 % MO sample using centrifugation,
and to pipette the sample into the solution NMR tube. This approach was effective for obtaining
a homogeneous lamellar phase sample, however there was still the problem of sample defects (air
bubbles) that were introduced when the sample was transferred to the solution NMR tube.
Because this sample was still quite viscous it was not possible to completely remove the air
bubbles by mechanically mixing the sample.

Although it was possible to prepare cubic phase samples directly in 5 mm solution NMR
tubes the method was not optimal because the samples contained defects which could potentially
affect the quality of the NMR spectra. For this reason a reliable method for producing high
quality NMR samples of MO cubic phases needed to be developed. Such a method would also
need to be amenable to the preparation of high quality NMR samples of peptide or protein-

containing cubic phases.

2.5.3 NMR Spectra of Monoolein:Water Phases
Despite the defects (air bubbles) in the 70 % and 85 % MO NMR samples, and the presence of
two phase regions (water and cubic phase) in the 20 % MO NMR sample, the 'H NMR spectra
that were collected were of surprisingly good quality. The 'HNMR spectrum of MO dissolved in
deuterated chloroform is shown in Figure 2.6. The peak at 7.24 ppm corresponds to the 'H peak
of deuterated chloroform which was used to reference the spectrum. All of the other peaks in the
spectrum originated from MO. This spectrum was collected for comparison with the ones
collected on the samples of MO:water phases. In Figure 2.7 and Figure 2.9 the '"H NMR spectra
obtained for 70 % MO prepared in D,0 and H,O are shown. The water peak at 4.82 ppm was
used to reference these spectra. The other peaks visible in the spectra are from MO. All of the
peaks are fairly sharp and well resolved indicating that the lipids and water are undergoing rapid
isotropic reorientation in the MO G-type cubic phase. In the 'H NMR spectrum collected on
70 % MO in water (see Figure 2.9), the lipid signals could still be clearly seen because of the
extremely high lipid content of the sample. This indicated that cubic phase samples prepared
using water could be studied using "H NMR techniques without the need for suppression of the
water signal. This would be of particular importance in NMR studies of peptide and protein-
containing samples which would need to be prepared in water, and not in D0, to avoid loss of
signal from the exchangeable amide protons.

The NMR spectra collected on samples of 20 % MO in D,O were almost identical to those
obtained for the 70 % MO samples (spectra not shown). This result was surprising because the
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samples appeared to have two distinct regions, a translucent region at the bottom of the NMR
tube and a region of excess water in the remainder of the NMR tube. The only differences in the
spectra of these D-type cubic phases, and those obtained for the G-type cubic phases, were the
shapes of the peaks at ~ 3.6 ppm. The 'H NMR spectrum of the sample of 85 % MO prepared in
D,O is shown in Figure 2.8. The sharp peak that is observed is from residual water in the D,0
used to prepare the sample, and the broad 'peaks' originate from MO. This spectrum clearly
shows the anisotropy that would be expected for a lamellar phase sample.

The NMR spectra collected on cubic phase samples of MO in water were consistent with
those previously published in the literature (Lindblom and Rilfors, 1989) and clearly
demonstrated that the lipids and water in the samples were experiencing rapid isotropic
reorientation. These results were very promising for the potential of 70 % MO cubic phases for

solution NMR studies of incorporated peptides or proteins.

2.5.4 Optimized Solution NMR Sample Preparation of Cubic Phases

A method for the preparation of homogeneous defect-free solution NMR samples of MO G-type
cubic phases was developed that could easily be applied to the preparation of peptide or protein-
containing cubic phases. The method also minimized the amount of sample that was wasted
during sample preparation which would be of particular importance when applying the technique

to the preparation of cubic phase samples containing labelled peptides or proteins.

2.6 Conclusions

The cubic phases formed by mixtures of MO and water yielded NMR spectra with sharp well
defined peaks. This result indicated that the lipid and water molecules in these cubic phases were
undergoing rapid isotropic reorientation facilitating their study using solution NMR techniques.
It was believed that by analogy it would be possible to study membrane peptides or proteins that
were incorporated into the cubic phase using similar solution NMR techniques. Since a method
had been established for the reproducible preparation of high quality cubic phase NMR samples,
the next logical step was to identify and obtain sufficient quantities of a labelled membrane

peptide or protein for solution NMR studies in the MO cubic phase.
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Chapter 3: Rational Design, Recombinant
Expression and Purification of *°N- and
13C-Labelled Model Transmembrane
Peptides for NMR Studies

3.1 Objectives

To design, recombinantly express and purify '°N- and C-labelled transmembrane peptide

models of integral membrane proteins for solution NMR studies in monoolein cubic phases.

3.2 Introduction

Lipid cubic phases were identified as potential membrane mimetic environments for solution
NMR studies of membrane peptides and proteins. One of the major advantages of using cubic
phases for the solubilization of membrane peptides and proteins is that very high lipid-to-
peptide/protein ratios can be maintained within the samples, reducing the chances that
peptide/protein aggregation will occur. The G-type cubic phase formed by mixtures of MO and
water under ambient conditions was identified as the most suitable cubic phase for NMR studies
of incorporated membrane peptides and proteins. These cubic phases have very high lipid
concentrations, typically around 70% MO (wt/wt) in water (Lindblom and Rilfors, 1989). The
high lipid content of these cubic phases could prove problematic for '"H NMR studies of
incorporated peptides and proteins which can probably not be incorporated into the cubic phase at
concentrations comparable to those of the lipids without perturbing the phase behaviour of the
system. Although membrane proteins had been successfully incorporated into cubic phases to
relatively high concentrations, they had not been incorporated at the concentrations necessary to
facilitate the observation of 'H signals originating from the proteins, over the background 'H
signals originating from the lipids. Since MO was not available in its perdeuterated form, it was
necessary to suitably label any peptides or proteins to be studied in order to facilitate the

collection of NMR data where only the signals originating from the labelled peptide or protein

would be observed.
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3.2.1 Candidate Membrane Peptides or Proteins for NMR Studies

In order for a protein incorporated into the cubic phase to be studied using solution NMR
techniques, it must experience rapid isotropic reorientation. The integral membrane proteins that
have been studied thus far in the cubic phase were quite large, with multiple membrane-spanning
domains, as well as extramembraneous loops. Since larger proteins will reorient more slowly
than smaller proteins, it was desirable to select a smaller protein for initial studies. It was also
important to study a protein with small, if any, extramembranous loops, to minimize the amount
of protein in the aqueous pore. The most simple model of an integral membrane protein is a
single membrane spanning o-helix. These peptides were identified as excellent candidates for
study because the extramembranous regions of the peptide could be kept to a minimum. Based
on these criteria, the ideal candidate peptides for solution NMR studies in the MO cubic phase
were structurally well characterized model transmembrane peptides with a single membrane-
spanning domain. At the time when this project was initiated, a number of studies had been
conducted on membrane-active peptides, peptide fragments of the membrane-binding domains of
integral and peripheral membrane proteins, and synthetic peptide models of the transmembrane
regions of polytopic membrane proteins. The most thoroughly characterized of these peptides
were the membrane-active peptides, the transmembrane region of the M13 bacteriophage coat
protein and the polyleucine-based synthetic peptide models of the membrane-spanning regions of

integral membrane proteins. These peptides will be discussed in detail below.

3;2.1.1 Membrane-Active Peptides
Hydrophobic and amphipathic membrane-active peptides are naturally produced by a number of

organisms including: fungi, insects, amphibians and humans (Bechinger, 1997). These peptides
interact with the membranes of living cells and can alter the spontaneous curvature of the
membrane, and consequently the stability of the bilayer (Epand, 1998). At sufficiently high
peptide concentrations, this disruption of the target cell membrane results in the loss of the
transmembrane electrochemical gradient of the cell causing an inflow of excess water, cell
swelling and eventual cell death (Bechinger, 1997). The exact mechanism by which these
peptides elicit their activity is still the subject of much debate. In the case of some of these
peptides, such as gramicidin and alamethicin, there is evidence to suggest that their cytotoxic
activity is modulated through the formation of channels in the membrane, whereas for other
peptides, such as magainin and melittin, a general disruption of membrane integrity is believed to
modulate their cytotoxic effects (Weaver ez al., 1992; Yee and O'Neil, 1992; Vogt et al., 1994;
Ludtke et al., 1995). The common feature of these peptides is that they adopt helical structures
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with amphipathic characteristics upon lipid association (Epand, 1998).

Magainin

The magainins are a family of basic peptides isolated from the skin of the African clawed frog,
Xenopus laevis, which inhibit the growth of bacteria, fungi, protozoa and cancer cells (Hirsh ez
al., 1996). These peptides are water soluble and vary in length from 21 to 26 residues. In
aqueous solution they assume random coil conformations, however they adopt an a-helical
conformation upon lipid binding (Bechinger, 1997). In studies in lipid bilayers it has been shown
that magainin binds in an orientation parallel to the bilayer surface and causes a decrease in the
thickness of the bilayer (Ludtke ez al., 1995). At sufficient concentrations ‘these peptides cause
membranes to become permeable to ions. The exact mechanism by which this occurs is not
known, but it has been hypothesized to occur through the transient formation of ion channels at

sufficiently high peptide concentrations (Hirsh e al., 1996).

Gramicidin A
Gramicidin A is a 15 residue peptide composed of alternating D- and L- amino acids that is

produced by Bacillus brevis (Prosser et al., 1994). It has antibiotic activity against gram-positive
bacteria and it is available commercially as a topical bacteriostatic treatment (Woolley and
Wallace, 1992). The amino acid sequence of gramicidin is very hydrophobic and does not
contain any charged residues, it is also formylated at the N-terminus and contains a C-terminal
ethanolamine group. These features make the peptide very insoluble in water (Woolley and
Wallace, 1992). Gramicidin A forms ion channels in membranes as a symmetrical B-helical
dimer with its formylated amino termini at the bilayer center (Vogt ef al., 1994; Epand, 1998).
Due to its transmembrane orientation and stability, Gramicidin A is often studied as a model for
integral membrane proteins (Lindblom and Rilfors, 1989). This peptide has also been shown to
convert stable bilayers of DOPC to the hexagonal phase and it can convert micelles of lysoPC
into bilayers (Vogt et al., 1994).

Melittin

Melittin is a water soluble 26 residue cationic peptide that is the main component of honey bee
venom (Dempsey, 1990). This peptide is known to spontaneously bind to cell membranes, and at
sufficiently high concentrations melittin acts as a strong lytic agent of both native and model lipid
membranes, an activity that is believed to be modulated by its ability to alter lipid organization
(Brown et al., 1982). It has been extensively studied using a variety of techniques, in both
aqueous and membrane-mimetic environments (methanol, detergent micelles and multilamellar

vesicles), in attempts to elucidate its structure and mode of action, which are still not well
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understood. (Brown et al., 1980; Lauterwein et al., 1980; Brown and Wiithrich, 1981; Brown et
al., 1982; Bazzo et al.,, 1988; Dempsey, 1990; Weaver et al., 1992). In membrane-mimetic
environments the peptide has been shown to adopt an amphipathic a-helical conformation with a
bend (or hinge) involving residues Thr'® - Gly'?> (Bechinger, 1997). Studies in DPC micelles
revealed that the majority of the residues in the peptide were located near the surface of the
micelle indicating that it was unlikely that the peptide was located within the micelle interior (i.e.
in a 'transmembrane' orientation) (Brown et al., 1982). The structure and aggregation state of
melittin are dependent on peptide and salt concentrations, temperature and pH (Brown ef al.,
1980; Stankowski and Schwarz, 1990). The interactions of melittin with lipid membranes is
complex, and it has been shown that melittin can induce the micellization of bilayers, as well as

membrane fusion (Dempsey, 1990; Monette and Lafleur, 1996).

Alamethicin
Alamethicins are 20 residue non-ribosomally synthesized antibiotic peptides containing the amino

alcohol phenylalaninol (also referred to as Phol or O) and the amino acid a-aminoisobutyric acid
(often referred to as Aib or B), that are produced by the soil fungus Trichoderma viride (Yee and
OMWNeil, 1992). They are hydrophobic and interact with cell membranes where they adopt an
amphipathic e-helical structure and form voltage-gated ion channels (Esposito et al., 1987,
Epand, 1998). It is believed that the peptides insert into membranes in a transbilayer orientation
even in the absence of a transmembrane potential (Franklin et /., 1994). Alamethicin has been
extensively studied as both a structural and functional model of o-helical membrane proteins with

transport or channel functions (Woolley and Wallace, 1993; Keller et al., 1996).

3.21.2 M13 Bacteriophage Coat Protein
The 50 residue coat protein of the M13 bacteriophage is an integral membrane protein that is

inserted into the inner membrane of E. coli during the reproductive cycle of the phage (O'Neil and
Sykes, 1988). This peptide has been extensively studied as a model monotopic integral
membrane protein due to its small size and ease of isolation in gram quantities (Wickner, 1988;
Deber et al., 1993). Both wild type and mutant forms of this protein have been characterized
using CD, molecular modelling and NMR techniques (Henry et al., 1986; O'Neil and Sykes,
1988; Henry and Sykes, 1990; Deber et al., 1993; Papavoine et al., 1998). When bound to
detergent micelles the protein adopts an o-helical conformation and is believed to be self-
associated as a dimer, whereas in aqueous solution the protein is insoluble and highly aggregated,
exhibiting some characteristics of B-sheet structure (O'Neil and Sykes; 1988; Wickner, 1988;
Henry and Sykes, 1990; Deber et al., 1993; Papavoine et al., 1994).
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Peptide Mimics of the Transmembrane Segment
Peptides derived from the 19 residue hydrophobic membrane-spanning domain of the MI3

bacteriophage coat protein have been studied to gain insights into the sequence-specific non-
covalent helix-helix interactions that occur between the transmembrane segments of membrane
proteins (Wang and Deber, 2000). Transmembrane peptides with sequences corresponding to the
wildtype (Tyr**-Phe*) and two mutant M13 coat proteins (where Val — Ala substitutions had
been made at positions 29 and 31), were synthesized with flanking lysine residues and an
N-terminal cysteine residue to have the general sequence CKKK-(transmembrane sequence)-
KXKK. The incorporation of terminal lysine residues into the peptide sequences were necessary to
increase the solubility of the peptides thus facilitating their chemical synthesis, however the
peptides were still sufficiently hydrophobic to spontaneously insert into membranes.
Mutagenesis studies conducted on the full length M13 coat protein had shown that various Val —
Ala mutations in the transmembrane region of the protein had position-dependent affects on helix
stability (Deber et al., 1993). It was believed that this was related to the involvement of select
residues in the oligomerization of the protein in membrane environments. Helix stability could
be assessed by the propensity of the proteins to aggregate upon heating which was known to
induce an a-helix — P-sheet transition in the protein. The peptides were incorporated into
lysoPC micelles and CD was used to measure the secondary structure of the peptides upon
heating from 25°C — 95°C. It was found that the V31A substitution increased the thermal
stability of the peptide whereas the V29A substitution did not change the stability of the peptide

compared to the wild type peptide sequence.

3.21.3 Peptide Models of integral Membrane Proteins
Polyleucine and Poly(leucine-alanine) Peptides
A number of studies have been conducted on synthetic polyleucine peptides as models of the

membrane-spanning regions of integral membrane proteins (Davis et al., 1983; Morrow et al.,
1985; Huschilt et al., 1989; Roux et al., 1989; Zhang et al., 1992b; Zhang et al., 1992a; Zhang et
al., 1995a; Liu et al., 2002). These peptides were designed to form stable o-helices of the
appropriate length to span a bilayer once. Lysine residues were placed at the ends of the peptides
in order to maintain a transmembrane orientation for the peptides in membrane environments.
Three polyleucine peptides were studied (L16, L20 and 1.24) with hydrophobic lengths of 24 A,
30 A and 36 A, respectively. These helices were shown to be extraordinarily stable in studies
investigating the effects of mismatch between the hydrophobic length of the peptide and the
hydrophobic thickness of the bilayer.

It was believed that a peptide which was more sensitive to the lipid environment would be a
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better model of protein transmembrane domains. So flexibility was introduced by modifying the
peptide sequence to be one of alternating leucine and alanine residues. Subsequent studies were
conducted on a poly(leucine-alanine) peptide LA12, and it was found that the conformation of
this peptide was more sensitive to the composition of the surrounding lipid environment (Zhang
et al., 1995b; Harzer and Bechinger, 2000; Zhang ef al., 2001). It was believed that this peptide

would be a good model of the hydrophobic membrane-spanning helices of integral membrane
proteins.

WALP Peptides
Peptides containing interfacial tryptophan residues were designed based on the poly(leucine-

alanine) peptides as models of the transmembrane segments of integral membrane proteins for the
purposes of investigating whether or not a-helical peptides could induce the formation of
nonbilayer structures in PC systems in response to conditions of hydrophobic mismatch (Killian,
1996; Morein ef al., 1997; de Planque ef al., 1998). At the time of this study, gramicidin was the
only peptide known to induce the formation of nonbilayer structures in PC bilayers (Vogt et al.,
1994). Based on the structure and transbilayer orientation of gramicidin, it was believed that the
tryptophan residues located near the lipid/water interface of the peptide were essential for its lipid
phase modulating properties and was the reason that the poly(leucine-alanine) peptides were
designed with interfacially located tryptophan residues (Aranda et al.,, 1987). These peptides,
called "WALP' peptides, had the sequence Ac-GWW(LA),LWWA-ethanolamine.

Initially three such peptides were studied, WALP16, WALP17 and WALP19, with total
calculated lengths of 25.5 A, 27 A and 30 A respectively (including the terminal ethanolamine
which was given the length of an additional amino acid) (Killian, 1996; Morein et al., 1997).
These peptides were very difficult to handle due to their extremely hydrophobic nature and it was
found that the peptides aggregated over time when dissolved in various organic solvents. For this
reason a special sample preparation protocol was developed where peptides dissolved in TFE
were added to preformed lipid bilayers, mixed, lyophilized and rehydrated to yield homogeneous
peptide/lipid dispersions. It was shown that the peptides formed transmembrane o-helices,
indicating that the interfacially located tryptophan residues could act as membrane anchors since
the peptides did not contain end charges to secure a transmembrane orientation of the peptides in
bilayers. The peptides were shown to induce nonlamellar phases in PC model membranes in
response to hydrophobic mismatch, providing the first examples of synthetic peptides with lipid
phase modulating properties. Subsequent studies have shown that -tryptophan residues in

membrane proteins are preferentially located at the membrane interface (Yau et al., 1998; Lew et
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al., 2000; de Planque et al., 2003).

TMX-1
A synthetic transmembrane peptide was designed to investigate the feasibility of engineering a

peptide that would spontaneously insert across bilayers and also have monomeric water solubilty
(Wimley and White, 2000). The peptide that was designed had a 21 residue hydrophobic core
and the sequence Ac-WNALAAVAAALAAVAAALAAVAAGKSKSKS-NH,. It was designed
to incorporate N- and C-terminal ‘caps’ to favour stable helix formation. A charged C-terminus
was employed to increase the water solubility and directionality of insertion of the peptide into
vesicles. The peptide was designed to have bulky leucine and valine residues clustered on one
face of the helix to favour helix formation and membrane insertion. The peptide was found to
exist as soluble aggregates in solution. It was believed that the peptide might self-associate as an
antiparallel a-helical dimer in solution and when bound to micelles due to the presence of an
alacoil motif (Ala at i, { + 7, at positions 3, 10 and 17) that was unintentionally present in the
peptide. The peptide bound reversibly to POPC vesicles, but irreversibly to POPG vesicles
(Wimley and White, 2000).

3.2.2 Stable Isotope Labelling of Peptides for NMR Studies

Due to their size, biological macromolecules have very complex 1D "H NMR spectra containing
many overlapping peaks. In order to resolve some of this overlap, spectra are often resolved in
additional dimensions using multidimensional NMR experiments that employ the use of
heteronuclei. In these types of experiments nuclei such as C and "*N are used to 'filter' some of
the 'H signals. For example, it is possible to collect spectra where only 'Hs directly bonded to
N are observed. In this type of experiment the number of peaks that are observed in the
spectrum are equal to the number of residues in a polypeptide chain (the amide NH protons), plus
the number of protons in nitrogen-containing side chains. The nuclei which are typically used for
labelling are °C and "N, the solution NMR active isotopes of carbon and nitrogen. Luckily
peptides and proteins contain many carbon and nitrogen atoms. However, at natural abundance
only 1.07 % of carbon atoms and 0.368 % of nitrogen atoms in a peptide or protein are the NMR
active isotopes of these nuclei, in contrast to hydrogen where 99.9885 % of the atoms in a
polypeptide are of the NMR active isotope (Harris et al., 2001). Fortunately it is possible to
enrich peptides and proteins in these isotopes of carbon and nitrogen, or to incorporate other

nuclei such as '°F (which have similar NMR properties) using chemical or biosynthetic

approaches.
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3.2.2.1 Chemical Synthesis
One method of obtaining labelled peptide is to chemically synthesize the peptide using amino

acids containing the label of interest. This approach can be used to incorporate labelled amino
acids at selected positions in the peptide, or to uniformly label the entire peptide. This strategy is
appropriate when the peptides of interest are of a moderate size (less than 50 amino acids in
length), and do not require stable isotope-labelling at more than a handful of sites (Thai et al.,
2005). For long peptides, or those that require uniform stable isotope-labelling, the costs for

chemical synthesis of labelled peptides in sufficient quantities for NMR studies are prohibitive.

3.2.2.2 Recombinant Peptide Expression in Bacteria
The most cost-effective method of incorporating stable isotope labels into a protein is to

recombinantly express the protein to high levels in a host organism that can be grown in labelled
media (McIntosh and Dahlquist, 1990; Emerson et al., 1994; Jansson et al., 1996; Kim et al.,
1997; Cai et al., 1998). This strategy has been successfully employed in the study of many
soluble and membrane-associated proteins, but has been of limited success for transmembrane
peptides and integral membrane proteins. For peptides, the biggest challenge has been to avoid
degradation of the overexpressed peptide by host proteases, and for membrane proteins the
biggest problems have been associated with misfolding and aggregation of the overexpressed
protein (Wood and Komives, 1999; Lajmi et al., 2000; Lee et al., 2000).

Another problem that can be encountered when overexpressing hydrophobic peptides is a
high rate of cell mortality due to the sequestration of the overexpressed hydrophobic peptide in
host cell membranes at concentrations which disrupt the structural integrity of the cell membranes
leading to cell death (Majerle ez al., 2000; Thai et al., 2005). One method of avoiding this
problem is to express the peptide of interest as a fusion to a larger more stable 'carrier' protein
(Kuliopulos and Walsh, 1994; Riley et al., 1994; LaBean et al., 1995; Pilon et al., 1996; Drevet et
al., 1997; Ottleben et al., 1997; Haught ef al., 1998; Kohno et al., 1998; Lee ef al., 1998; Ottavi et
al., 1998; Zhang et al., 1998; Gavit and Better, 2000; Jones ef al., 2000; Lee ef al., 2000; Majerle
et al., 2000; Therien et al., 2002; Thai et al., 2005).

The ‘carrier protein' can be carefully selected to optimize the expression and purification of
the peptide of interest by employing tags that: i) facilitate affinity column purification of the
overexpressed protein, ii) selectively target the overexpressed protein to a particular compartment
of the host cell (thus limiting toxicity), and iii) act as specific enzymatic or chemical cleavage
sites to release the peptide product of interest from the carrier protein. The only disadvantage of
this type of strategy is that a large amount of the cell's resources go into the production of the

'carrier' protein and not towards the production of target peptide, which is of particular concern
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when producing isotopically labelled peptides and proteins for NMR studies. One method of
resolving this problem has been the use of expression vectors where multiple copies of the

peptide of interest are produced in tandem (Kuliopulos and Walsh, 1994; Lee et al., 1998; Ottavi
etal., 1998).

3.2.3 Membrane Peptide Modulation of Lipid Phase Behaviour

A number of membrane peptides have been shown to affect the phase behaviour of lipid bilayers
including: signal peptides, peptides derived from the transmembrane regions of integral
membrane proteins and viral fusion peptides (Killian e? al., 1990; Morein et al., 1997; Siegel and
Epand, 2000). Due to their effects on biological membranes, it is not surprising that the
membrane-active peptides nisin, gramicidin S and gramicidin A are also among this group of
peptides capable of modulating lipid phase behaviour (Vogt et al., 1994; de Planque ef al., 1998;
Jastimi and Lafleur, 1999). In addition to the modulation of lipid phase behaviour by naturally
occurring peptides, it has been demonstrated that the synthetic poly-leucine and WALP peptides
can also induce changes in lipid phase behaviour (Killian, 1996; Morein ef al., 1997; de Planque
et al., 1998; Morein et al., 2000; Rinia et al., 2000; Liu e al, 2001). It is believed that the
modulation of lipid phase behaviour by synthetic a-helical transmembrane peptides is due to
mismatch between the hydrophobic thickness of the lipid bilayer and the hydrophobic length of
the peptide (Killian, 1996; Morein ef al., 1997; de Planque et al., 1998).

3.23.1 Hydrophobic Matching
Hydrophobic matching is a term used to refer to the matching of the hydrophobic length of

transmembrane peptides or proteins, to the hydrophobic thickness of biological membranes
(Mouritsen and Bloom, 1984). It is reasonable to expect that the condition of hydrophobic
matching would be met in biological membranes because the exposure of hydrophobic residues
of proteins, or the acyl chains regions of lipids, would be energetically unfavourable (Dumas et
al., 1999). To investigate the validity of this theory experimentally, a series of synthetic peptides
were studied in different bilayer-forming lipid mixtures to determine the effects of hydrophobic
matching on lipid phase behaviour. The effects of WALP peptides 16, 17 and 19 residues in
length on PC phase behaviour was studied using CD and *'P solid state NMR (Killian, 1996;
Morein et al., 1997; de Planque ef al., 1998). It was found that the peptides could induce the
formation of isotropic (later confirmed to be cubic) and hexagonal phases in PC bilayers of
different hydrophobic thicknesses and that the propensity of the peptides to induce a certain phase
could be predicted based on the degree of hydrophobic mismatch. This effect was believed to in
| part be modulated by the tryptophan resides located at the termini of the peptide. The induction

61



of changes in lipid phase behaviour is believed to be one mechanism by which peptides can

'compensate' for the condition of hydrophobic mismatch.

3.3 Materials and Methods

The membrane peptide and proteins that had been studied thus far in lipid cubic phases were
either isolated from their host organism, or were commercially available. Since it was not
possible to limit the contribution of lipid resonances to the 'H NMR spectrum of MO cubic
phases (due to the unavailability of perdeuterated MO), it was necessary to isotopically label any
peptide to be studied with ’N-, °C- or *F-. One of the primary criteria for the selection of a
peptide for solution NMR studies in MO cubic phases was its amenability to isotopic labelling.
The possibility of having the peptide chemically synthesized using labelled amino acids was
investigated. In 1999 the cost of such a synthesis was very high, approximately $4600 for one
"*N-labelled amino acid in a peptide 20 amino acids in length on the 0.025 mM synthesis scale
from the UBC Peptide Synthesis Facility. Since it would be necessary to incorporate more than
one labelled amino acid and it would probably be necessary to study more than one peptide in
order to properly characterize the system, the chemical synthesis option was deemed to be too
costly to be feasible. The only viable option for obtaining labelling transmembrane peptides for

study was through recombinant peptide expression.

3.3.1 Rational Design of Peptide Sequences for Study

Since labelling of peptides is quite expensive and time consuming, the peptide(s) for study
needed to be carefully selected. The membrane-active peptides, although well characterized,
were not deemed suitable as candidate peptides for study because: 1) they contained non-coded
amino acids (so they could not be recombinantly expressed and purified from E. coli), ii) their
mode of membrane association was variable, iii) they induced changes in lipid phase behaviour
and iv) they had a propensity to self-associate. To avoid any problems with the conformational
averaging of a membrane surface-associating peptide that would be both dissolved in the water
phase (random coil), and be associated with the cubic phase (a-helical), transmembrane peptides
were identified as the ideal model peptides for study (Bechinger, 1997). Peptides with a single
membrane-spanning domain and minimal flanking sequences were selected for study in order to
favour rapid isotropic reorientation of the peptides within the cubic phase. Since the peptides
were to be expressed and purified from bacterial sources, it was decided that at least one peptide
of biological origin should be selected for study. Three synthetic model peptides (WALP,
poly(leucine-alanine) and TMX-1), and one biologically-derived peptide (M13 coat protein-
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derived peptides), were selected as the basis for the rational design of transmembrane peptides for
NMR studies in the MO cubic phase.

The peptides were designed such that the hydrophobic length of the peptides matched the
hydrophobic thickness of the MO 'bilayer' to avoid any problems with peptide-modulated
alterations in the phase behaviour of the system. The hydrophobic core of the MO cubic phase is
approximately 24 A in thickness (see Figure 2.4), so the peptides were designed to have a
hydrophobic membrane-spanning region 16 residues in length which was calculated using a
length estimate of 1.5 A per amino acid residue in an a-helical conformation (Davis et al., 1983;
Chung and Caffrey, 1994). In addition to the transmembrane residues, approximately 3
hydrophilic residues were required to flank the hydrophobic sequence at each end of the peptide.
A number of peptide sequences were designed for study. Some of the peptides incorporated the
use of N- and/or C-terminal caps, while others employed the use of interfacial tryptophan
residues and/or lysine residues to: i) anchor the peptide in a transmembrane orientation upon
membrane insertion, ii) increase the aqueous solubility of the peptides, and iii) modulate the
hydrophobic length of the peptide using the 'snorkelling' property of the lysine side chains (Presta
and Rose, 1988; Richardson and Richardson, 1988; Morein et al., 1996; Stellwagen and
Shalongo, 1997; Aurora and Rose, 1998; Park et al., 1998; Tomich et al., 1998; Penel et al.,
1999a; Penel et al., 1999b; Tang and Deber, 2004). The proposed sequences were run through
the secondary structure prediction program, nnpredict to confirm that the peptides would have an
a-helical conformation. An alignment of the potential peptide sequences for study and their
nnpredict results are shown in Figure 3.1.

Based on the results of the secondary structure predictions for the proposed sequences, and
on information in the literature for the ‘parent' peptides, three different peptides were chosen for
expression in E. coli to facilitate the stable isotope labelling of the peptides for NMR studies in
the MO cubic phase. These peptides are shown in Figure 3.2. Since it was not known how well a
'synthetic' or 'designed’ peptide sequence would be expressed in E. coli, peptides of both
biological and synthetic origins were selected for expression. Another consideration in the
selection of transmembrane peptides for study was their potential modulation of the phase
behaviour of the MO:water system. In order to decrease the chances that this would occur, the
peptides that were selected for study had different properties with respect to their amino acid

sequences, length and charge distributions.

3.3.1.1 WALK
The 'WALK' peptide was based on the WALP peptides, however in addition to the N- and C-
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WALP23_wt
WALP23 ml
WALP23_m2
WALP23 m3
WALP23 m4

polyLA wt
polyLA ml
polyLA m2
polyLA m3
polyLA m4
polyLA m5
polyLA mé
polyLA m7
polyLA m8
polyLA m9

10 20 30 40 50

||||||||||

(23)
(23)
(23)
(23) WWL LATALATATATHY

(25) * KK~-WWLATATATATATATATALWW--—-KK

(28)
(22)
(24)
(25)
(28)
(31)
(31)
(28)
(30)
(31)

TMX-1_wt (30) Ac-WNALAAVAAALAAVAAALAAVAA--GKSKSKS-NH,
TMX-1_ml (26) WNPALAAVAAALAAVAAAL-————— GKSKSKS
TMX-1 m2 (27) KK-WNALAAVAAALAAVAAAL-—----- GKSKSKS
TMX-1_m3 (27)* WNALAAVAAALAAVAAALAA----~ GKSKSKS

fd wt AEGDDPAKAAFDSLQASATE- YIGIAWAMVVVIVGATIGIKLF---KKFTSKAS
fd ml AEGDDPAKAAFDSLQASATE—YIGYAWAIVVVIVGATIGIKLF-—-KKFTSKAS

£d m2 (24)
£d m3 (23)
fd m4 (25)
fd m5 (28)
£d_m6 (25)

ADDP- II GYAWAIVVV]

KKK WINYAWAILALALGAAIGI------KKK

M13 wt AEGDDPAKAAFNSLQASATE- YIGYAWAMVVV fGATIGIKLF---KKFTSKAS

M13 ml (25) KKK-—--YAWAMVVV .GATIGIKLF—--KKK
M13 m2 (25) KKK----YAWAIWVIVGATIGIKLF- --KKK
M13 m3 (25) KKK--——YAWAAVWIVGATIGIKLF- ~-KKK
M13 m4 (25) KKK--—-YAWALVVVIVGATIGIKLF- --KKK
M13_m5 (25) VVIVGATIGIKLE- - -KKK
M13_m6 (25)* KKK----IAWAKKVAIYGATIGIKLF--—KKK
Figure 3.1. An Alignment of Transmembrane Peptide Sequences Designed for

Recombinant Expression in E. Coli

The parent peptide sequences are denoted as wt and the modified peptide sequences are
denoted as m7, m2, and so on. The total length of each peptide is listed in brackets following the

peptide name.

An asterisk indicates which peptides were selected for further study. Gaps in the

alignment are indicated by dashes in the amino acid sequence. Hydrophobic residues in the
putative membrane spanning regions of the peptides are coloured in grey. The program
nnpredict was used to predict the likely secondary structure type for each residue in the peptide
sequences. A solid underline indicates a predicted helix element, a dotted underline a predicted
beta strand element and no underlining indicates no predicted secondary structure.
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terminal tryptophan anchors, the peptide was end-capped with lysine residues having the
sequence KKWWLALATLATALALALALALWWKK. This peptide had characteristics of both
the poly(leucine-alanine) peptides (model transmembrane helices) and the WALP peptides
(which employed interfacial tryptophan residues to anchor helices in a transmembrane
orientation). However, these peptides had been shown to perturb lipid phase behaviour as a
function of the hydrophobic mismatch between the hydrophobic length of the peptide and the
hydrophobic thickness of the bilayer in which they resided. Another concern with the WALP
peptides was ‘their tendency to aggregate as a function of time. In order to minimize these
potential problems a pair of lysine residues were added to each end of a WALP peptide of the
appropriate hydrophobic length. These lysine residues would: i) increase the solubility of the
peptide by increasing its polarity, ii) reduce the propensity of the peptide to self aggregate
through the repulsion of like charges, iii) decrease the chances that the peptide would perturb the
lipid phase behaviour of the system (since the acyl side chains of the lysine residues have the
ability to 'snorkel', thus compensating for any differences in the hydrophobic length of the
peptide and the hydrophobic thickness of the bilayer), and iv) reduce the overall hydrophobicity
of the peptide, which would hopefully improve the bacterial expression and purification of the
peptide.

33122 TMK

The 'TMK' peptide was based on the TMX-1 model peptide that was designed to spontaneously
insert into lipid vesicles. The peptide needed to be truncated in order to maintain hydrophobic
matching with the MO 'bilayer'. Three residues (VAA) were removed from the C-terminal
portion of the transmembrane region of the peptide. This modification in peptide sequence was
not expected to affect the structure of the peptide. The peptide had the sequence
WNALAAVAAATLAAVAAALAAGKSKSKS. It had the potential to be a particularly good
candidate peptide for study because it had been engineered with N- and C-terminal caps and it
was not as hydrophobic as the other peptides. It also contained a tryptophan residue so, if
necessary, its aggregation state and lipid binding could be monitored using tryptophan

fluorescence.

3.31.3 M13-LA
The M13-LA peptide was based on the lysine-capped transmembrane peptide derived from the

M13 bacteriophage coat protein and had the sequence KKKYAWALAVAIVGATIGIKLFKKK.
Two modifications to the peptide sequence were made to increase the a-helical propensity (and

consequently the stability of the a-helical conformation of the peptide), and to disfavour the
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WALK

TMK

M13-LA

Figure 3.2. Three Rationally Designed Model Transmembrane Peptides for Solution
NMR Studies in the Monoolein:Water G-Type Cubic Phase
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formation of B-sheet sheet structure (which was know to form when the protein aggregated). The
two modifications were valine — alanine substitutions at positions 29 and 31. Full length protein
containing this double mutation had been previously characterized and it was found to form
helices that were more stable than those of the protein with wild type sequence (Deber et al.,
1993). Another modification (a M28L substitution), was made to the peptide sequence to make
the peptide amenable to recombinant expression using an expression system that employed the
use of cyanogen bromide (CNBr) to cleave the recombinantly expressed peptide from the carrier
protein. The M13-LA peptide was expected to be more easily overexpressed and purified than
the WALK peptide because it was less hydrophobic. If NMR spectra were successfully obtained,
this peptide would have been amenable to assignment of chemical shifts and possible structure

determination due to its more varied amino acid sequence (Brown and Wiithrich, 1981).

3.3.2 Bacterial Expression System Selection

3.3.21 Expression Vector
A good method for purification of recombinant proteins is through the use of Ni**-affinity

chromatography to purify histidine-tagged proteins. Expressing the peptide as a His-tag fusion
protein allows the tag to be removed by chemical cleavage using CNBr providing that the
sequence of the expressed peptide(s) does not contain any intermal methionine residues.
Chemical cleavage is less complicated than enzymatic cleavage in that it is not necessary to
engineer in the appropriate cleavage site or to maintain buffer conditions where enzyme activity
is maintained and solubility of the hydrophobic peptides is maintained.

A plasmid designed specifically for the cloning and high level expression of peptides in
E. coli was commercially available from Novagen. The vector map and cloning region for this
plasmid are shown in Figure 3.3. The system was designed for the expression of peptides in
E. coli as His-tagged fusion proteins to ketosteroid isomerase (KSI). The vector contains an
ampicillin resistance gene. This system facilitates the production of high yields of small peptides
(10-25 amino acids in length), in particular when cloned as tandem repeats, or larger peptides
(25-75 amino acids in length). The fusion protein can be expressed at high levels as inclusion
bodies and subsequently purified using Ni**-affinity chromatography. The peptides are cleaved
from the KSI carrier protein using CNBr.

3.3.2.2 Expression Host .
The expression host recommended for use with the pET31b(+)® expression vector was E. coli

strain BLR(DE3)pLysS. This strain cannot undergo homologous recombination which may help

to stabilize plasmids containing repetitive sequences, such as tandem repeats of protein-encoding
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pET-31b(+) Cloning Region

Reproduced with permission of EMD Biosciences-Novagen

Figure 3.3. Novagen pET 31b(+)® Expression Vector and Cloning Region

68



DNA sequences. BLR is a derivative of the protease deficient BL21 strain of E. coli designed for
protein overexpression and purification. The 'DE3' designation indicates that this host strain
carries a chromosomal copy of the T7 RNA polymerase gene under the control of the lac
promoter making them suitable for the production of target proteins cloned into T7 expression
vectors. The 'pLysS' designation indicates that the host strain carries the gene encoding for T7
lysozyme, a natural inhibitor of T7 RNA polymerase. This ensures that basal expression of T7
RNA polymerase does not occur prior to induction which is important when working with target
proteins whose expression may negatively affect host cell growth and viability. The gene
encoding for T7 lysozyme is on the chloramphenicol resistance plasmid. This strain also contains

the tetracycline resistance transposable element.

3.3.3 DNA Oligonucleotide Design

3.3.3.1 Codon Usage
DNA oligonucleotides were designed to optimize the levels of protein expression by

incorporating the highly used codons from E. coli (de Boer and Kastelein, 1986).

3.3.3.2 DNA Oligonucleotide Sequences
DNA sequences were designed using the codons associated with highly expressed proteins in

E. coli in a manner so as to avoid tandem repeats in the DNA sequence as much as possible. In
order to cleanly clone the DNA sequences into the pET31b(+)® vector, both the sense and
antisense oligonucleotides were synthesized with 3 base pair overhangs to generate sticky ends
for cloning the double stranded DNA into the plasmid vector which had been cut with the
restriction enzyme AlwN]. '

3.3.3.3 Oligonucleotide Synthesis
Phosphorylated DNA oligonucleotides were synthesized and gel purified by the Calgary DNA

Synthesis Center.

3.3.4 Expression Vector Preparation

The pET31b(+)® plasmid DNA (Novagen, Cat. No. 69952-3, 10 pg) was supplied as a frozen
(-20°C) stock solution with a concentration of 0.48 pg/ul.. Since the DNA concentration of the
stock solution was much greater than required for bacterial transformation a more dilute solution
of plasmid DNA was prepared. The plasmid stock solution was thawed on ice, vortex mixed and
0.5 pL (Gilson, Pipetman, P20) of the solution was transferred to a sterile 1.5 mL microcentrifuge
tube containing 1.2 mL of sterile TE Buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0) using
sterile technique. The solution was vortex mixed and both plasmid solutions were returned to the

-20°C for storage. The final plasmid DNA concentration of the dilute solution was 0.2 ng/pL.
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3.3.4.1 Bacterial Transformation
LB agar plates containing: 50 pg/mL ampicillin for the plating of transformed cloning host cells

(Life Technologies GibcoBRL, Subcloning Efficiency DH5a Competent Cells, Cat. No. 18265-
017, 2mL), or 50 pg/mL ampicillin and 34 pg/mL chloramphenicol for the plating of
transformed expression host cells (Novagen, BLR(DE3)pLysS Competent Cells, Cat. No. 69956-
4, 5x200 uL), were pre-warmed in a 37°C incubator for a couple of hours prior to use to
evaporate off any excess moisture. To avoid repeated freezing and thawing of competent cells
they were frozen in ready-to-use aliquots. Competent cells were removed from the -80°C,
thawed on ice, mixed by gently flicking the tube, quickly transferred to sterile 0.5 mL
microcentrifuge tubes in 20 pL aliquots, flash frozen in a dry ice-ethanol bath and returned to the
-80°C freezer.

A 20 pL aliquot of competent E. coli cells were thawed on ice just prior to use.
Approximately 0.2 ng of plasmid DNA was added to the cells using sterile technique. The pipette
tip was used to gently stir the cells before incubation on ice for 5 minutes. The cells were then
heat shocked in a 42°C water bath for 30 seconds before being placed back on ice for 2 minutes.
Using sterile technique, 80 pL of room temperature SOC media was added to the cells incubating
on ice. The cells were then vortex mixed and placed in a 37°C incubator shaking at 250 rpm for
60 minutes to allow the cells to recover. Two dilutions of the transformation mixture were plated
onto pre-warmed LB agar plates containing the appropriate antibiotics. A 40 pL pool of SOC
media was added to the plate first when small volumes (< 20 pL) of transformation mixture was
plated to ensure even plating of the cells. For expression host transformations typically 25 pL
and 75 pL of cells were plated onto the appropriate plates. A few microliters of transformed cells
were always plated onto plates that did not contain any antibiotics to use as a positive control to
check for cell viability following transformation. Plates were left to sit for ~10 minutes on the
benchtop to allow any excess liquid to be absorbed into the agar before being inverted and placed

in a 37°C incubator overnight.

3.3.4.2 Plasmid Mini Preps
Single bacterial colonies grown on LB agar plates following transformation with pET31b(+)®

plasmid DNA, were picked with a flame-sterilized innoculating loop and used to innoculate 2 mL
aliquots of LB broth containing 50 pg/mL ampicillin and 34 pug/mL chloramphenicol in sterile
17 x 100 mm polystyrene culture tubes (Simport, Cat. No. T406-2). The-cultures were incubated
at 37°C overnight (~16 hours) while shaking at 250 rpm. The next day the absorbance of the

cultures was measured at 600 nm to make sure that no more than 20 A units of culture would
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be processed on a single DNA purification column. A commercially available plasmid DNA
purification kit (Amersham Pharmacia Biotech Inc., GFX™ Micro Plasmid Prep Kit, Cat. No.
27-9601-02, 250 purifications) was used to isolate and purify pET31b(+)® plasmid DNA from
transformed E. coli cultures. Plasmid DNA was isolated using the purification protocol

(Procedure B') that was provided with the kit. A few modifications to the protocol needed to be
made.

Modifications Made to 'Procedure B’ of the GFX™ Micro Plasmid Prep Kit
Because the centrifuge used for plasmid isolation only had a top speed of 11,500 x g (not

13,000 x g, as specified in Procedure B), the length of some of the spins were increased as
follows: the cells were spun at full speed for 45 seconds (not 30 seconds) to pellet the cells, the
samples were spun at full speed for 8 minutes (not 5 minutes) to pellet the cell debris, the samples
were spun at full speed for 1 minute (not 30 seconds) to load the supernatant onto the GFX
columns, the columns were spun for 2 minutes (not 1 minute) to remove the wash buffer and dry
the matrix prior to DNA elution, and the plasmid DNA was eluted from the column by spinning
at full speed for 2 minutes (not 1 minute). To avoid the chance of accidentally aspirating the cell
pellet or DNA pellet, supernatants were removed from samples using a glass pasteur pipette
instead of aspiration.

When time permitted, the GFX columns that had been loaded with plasmid DNA and
washed with wash buffer, were allowed to dry overnight before the DNA was eluted. The
additional drying time ensured that any residual ethanol on the column had evaporated prior to
DNA elution. This extra step helped to improve the yields of plasmid DNA recovered from the
columns. Water was not used to elute the DNA from the columns because the pH of pure water
can be quite variable and DNA is more stable over the long term if it is stored in a buffered
solution. DNA was eluted from the columns using TE buffer at pH 8.0 containing 0.1 mM
EDTA, not 1mM EDTA. This was done to avoid any potential interference of higher
concentrations of EDTA on the functioning of any of the enzymes that would be used in
subsequent steps involving the purified plasmid samples. It was however important to have a low
level of EDTA present in the buffers chelate any contaminating metal ions that could interfere

with enzyme function in subsequent reactions.

3.3.4.3 DNA Precipitation
If DNA solutions are too dilute for use in enzymatic reactions the DNA can be precipitated and

re-dissolved in an appropriate amount of buffer. DNA was precipitated By measuring the volume

of the DNA solution and adding a volume of 3M sodium acetate pH 5.2 that would yield a final
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sodium acetate concentration of 0.3 M (after two sample volumes of ethanol had been added).
After the addition of sodium acetate the sample was vortex mixed and two sample volumes of
95% ethanol were added. The sample was vortex mixed again and then it was frozen at -20°C for
a minimum of 1 hour (typically 4 hours). After the sample was removed from the freezer it was
centrifuged at 16,000 x g for 15 minutes and the supernatant was carefully removed and saved in
a 1.5 mL microcentrifuge tube. An additional 750 ul. of 70% ethanol was added to the sample to
rinse the DNA pellet and the sample was centrifuged at 16,000 x g for 15 minutes. The
supernatant was carefully removed and saved, and the DNA pellet was allowed to air dry
overnight on the benchtop covered with aluminum foil. The dried DNA pellet was then dissolved
in an appropriate volume of TE Buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0).

3.3.4.4 Restriction Enzyme Digest of Purified Plasmid DNA
Purified pET31b(+)® plasmid DNA was digested with the restriction enzyme AN to create the

‘sticky ends' required for ligation to the peptide-encoding DNA oligonucleotides. In a sterile
0.5 mL microcentrifuge tube approximately 3 pg of plasmid DNA was mixed with 3 pL. of 10 x
Buffer (New England Biolabs, NEBuffer 4, at 1 x contains 50 mM potassium acetate, 20 mM
Tris-acetate, 10 mM magnesium acetate and 1 mM DTT at pH 7.9), 1 ul. of the restriction
enzyme A/wNI supplied at a concentration of 10U/ul. (New England Biolabs, Cat. No. 5148,
500U), and enough sterile distilled water to yield a final reaction volume of 30 pul.. The reaction
was incubated at 37°C for 4 hours. The restriction enzyme was then inactivated by heating of the
sample tube at 65°C for 25 minutes. The digested plasmid DNA was stored at -20°C.

3.3.4.5 Agarose Gel Electrophoresis
Agarose gels were cast and run using the Sub-Cell GT Mini Agarose Gel Electrophoresis System

(BioRad, Cat. No. 170-4466). Agarose gels were prepared by melting agarose powder (Bio/Can
Scientific, Eclipse LE Agarose, Cat. No. EMBGA-LE-100, 100 g) in an appropriate volume of
1 x TAE Buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) in the microwave, cooling the
solution to ~ 60°C, adding ethidium bromide to yield a final concentration of 0.5 pg/mL, before
pouring the melted agarose into the gel-casting tray. The ethidium bromide was added to
facilitate the visualization and quantitation of the DNA under UV illumination. After the gel was
cooled (~ 45 minutes), the comb was removed and the appropriate volume of 1 x TAE Buffer was
added to the gel box.

Prior to loading of DNA samples onto the agarose gels, an appropriate amount of 6 x
Agarose Gel Loading Buffer (15% aqueous Ficoll™ containing various combinations of 0.25%

bromophenol blue, 0.25% xylene cyanol FF and 0.01% tartrazine) was added to the samples,

72



along with an appropriate amount of water to ensure that all of the samples had the same total
volume. The dyes that were present in the loading buffers were used to indirectly monitor the
migration of the DNA samples in the gel. The mobility of the dye was dependent on the agarose
concentration of the gel. Dyes that did not have the same mobility as the DNA molecules that
were being run on the gel were used for sample prep. This was to avoid problems with the dye
absorbing the fluorescence of the DNA bands that lay under it when the gel was UV illuminated.
Samples were vortex mixed to ensure complete mixing of the loading buffer and the DNA sample
so the samples would sink in the wells when loaded on the agarose gel.

DNA ladders of various sizes were run on the agarose gels as standards to correspond to the
sizes of DNA fragments being resolved. The ladders that were used as size standards contained:
50 bands 20 - 1000 bp in size in exact 20 bp increments (BioRad, 20 bp Molecular Ruler,
Cat. No. 170-8201, 250 pL), 10 bands 100 - 1000 bp in size in exact 100 bp increments (BioRad,
100 bp Molecular Ruler, Cat. No. 170-8202, 250 ul) or 16 bands 500 - 8000 bp in size in exact
500 bp increments (BioRad, 500 bp Molecular Ruler, Cat. No. 170-8203, 200 uL). Ladders were
prepared for running on the gels in the same manner as the DNA samples were. Prior to loading
of the samples on the agarose gel they were centrifuged briefly to bring all of the liquid to the
bottom of the tube. Samples were loaded into the wells of the agarose gel using a pipette (Gilson,
Pipetman, P20). Before the gel was run, enough ethidium bromide to yield a final concentration
of 0.5 pg/ml. was added directly to the running buffer at the anode (red electrode) end of the gel

box . Gels were visualized under UV illumination after they were run.

0.7 % Agarose Gels
Agarose gels used for running out restriction enzyme digested plasmid for subsequent purification

were 0.75 cm thick, 7 x 7 cm in size and had an agarose concentration of 0.7 %. Samples to be
run on the gel were prepared using 6 x Agarose Gel Loading Buffer containing bromophenol blue
and tartrazine. A blank well was loaded with 1 x Agarose Gel Loading Buffer containing
bromophenol blue, xylene cyanol and tartrazine to use as a reference for DNA migration within
the gel. Bromophenol blue and xylene cyanol are known to migrate at the same rate as DNA
molecules 400 - 500 bp and 4000 - 5000 bp and in size respectively, in 0.5 - 1.5 % agarose gels
(BioRad, 2000). The gel was run at 75 V for ~ 70 minutes.

2.0 % Agarose Gels
Agarose gels 0.75 cm thick, 7 x 10 cm in size, with a composition of 2.0 % agarose, were used to

resolve the tandem repeats of ligated DNA oligonucleotides. Samples were prepared using 6 x

Agarose Gel Loading Buffer containing tartrazine. Two standards were routinely run on gels
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used to resolve the tandem repeats. These were the 20 bp ladder which was prepared using 6 x
Agarose Gel Loading Buffer containing xylene cyanol and tartrazine and the 500 bp ladder
prepared using 6 x Agarose Gel Loading Buffer containing bromophenol blue and tartrazine.
Gels were run at 75 V for ~ 2.5 hours. DNA bands were visualized using 305 nm UV light and
were cut out using a low intensity 360 nm UV light box to avoid nicking of the DNA.

2.5 % Agarose Gels
Agarose gels 0.75 c¢m thick, 7 x 7 cm in size, with a composition of 2.5 % agarose, were used to

resolve the PCR products from screens for insert-containing clones. Samples were prepared by
mixing 5 ul of the PCR reaction mixture with an appropriate amount of 6 x Agarose Gel
Loading Buffer containing tartrazine and distilled water (depending on the final sample volume to
be prepared). Gels were run at 75 V for ~ 1.5 hours. The DNA ladders and loading buffers that
were run on the gels were the same as those used for running out the ligated tandem repeats on
2.0 % agarose gels.

3.3.4.6 Extraction of DNA from Agarose Gel Slices
A kit was commercially available for the purification of DNA from agarose gel slices. This kit

(Qiagen Inc., QIAquick™ Gel Extraction Kit, Cat. No. 28706, 250 purifications) was used for the
purification of both plasmid and oligonucleotide DNA from agarose gel slices. The standard
purification protocol provided with the kit was followed without the use of any additional wash
steps. Purified DNA was eluted in 30 pL of the supplied buffer after a 5 minute incubation of the

buffer on the column prior to centrifugation.

3.3.4.7 Dephosphorylation of DNA
DNA was dephosphorylated using shrimp alkaline phosphatase (Roche, Cat. No. 1758250,

1000U) supplied at a concentration of 1U/ul. In a sterile 0.5 mL microcentrifuge tube
approximately 3 pg of linearized plasmid DNA (corresponding to ~ 2 pmol of DNA ends) was
mixed with 3 pL of 10 x Buffer (Roche, Dephosphorylation Buffer at 1 x contains 50 mM Tris-
HCI and 5 mM magnesium chloride at pH 8.5), 2 pL of shrimp alkaline phosphatase and enough
sterile distilled water to yield a final reaction volume of 30 ul.. Samples were incubated at 37°C
for 20 minutes. The phosphatase was then heat inactivated by heating of the sample at 65°C for
30 minutes.

3.3.4.8 Annealing of DNA Oligonucleotides
The DNA oligonucleotides that were synthesized for the construction of peptide-encoding

pET31b(+)® plasmids were received as dried pellets so they needed to be dissolved prior to use.
The number of OD,¢, units of DNA in each vial was indicated on the label. This information was

used to calculate the number of moles of DNA in each tube. The oligonucleotides were dissolved
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in TE Buffer (10 mM Tris-HCI 0.1 mM EDTA pH 8.0) in the tubes that they were received in by
adding a volume of buffer that would yield a final DNA concentration of 200 pmol/pL. After
buffer was added the tubes were incubated at rdom temperature with periodic vortex mixing for
~ 3.5 hours. The dissolved oligonucleotides were stored at 4°C.

Since the DNA oligonucleotides were single stranded, it was necessary to anneal them prior
to ligation into the pET31b(+)® plasmid. The oligonucleotides were annealed in duplicate by
mixing 10 pL (~ 1500 - 2000 pmol) each of the sense and anti-sense DNA oligonucleotides for
each peptide sequence, 20 pL of 10 x Buffer (GibcoBRL, React 2, at 1 % contains 40 mM
Tris-HCl, 10 mM MgCl, and 50 mM NaCl at pH 8.0) and 160 pL of sterile distilled water in a
sterile 0.4 mL microcentrifuge tube. The tubes were vortex mixed and centrifuged at 5000 x g
for 1 minute to ensure that all of the liquid was at the bottom of the tube. The oligonucleotides
were annealed by heating to 99°C and holding for 10 minutes, followed by gentle cooling to 30°C
at a rate of ~4°C per minute in a PCR machine (Eppendorf, Mastercycler Gradient PCR
Machine). The annealed oligonucleotides for each peptide sequence were pooled and then
precipitated following the procedure outlined in Section 3.3.4.3. They were re-dissolved in 20 uLL
of TE Buffer to give a final concentration of 100 pmol/uL.

3.3.4.9 Preparation of Oligonucleotide Tandem Repeats
Tandem repeats of the peptide-encoding oligonucleotides were prepared for ligation into the

pET31b(+)® expression vector. Since the T4 DNA ligase was supplied at concentration that was
greater than needed for ligation, a dilute stock solution was prepared by mixing 3.35 uL. of
enzyme (New England Biolabs, Cat. No. 202S, 20,000U) supplied at a concentration of 400U/uL
with 3 uL of 10 x Buffer (New England Biolabs, T4 DNA Ligase Buffer, at 1 x contains 50 mM
Tris-HCl, 10 mM MgCl,, 10 mM DTT, 1 mM ATP and 25 pg/mL BSA at pH 7.5) and adding
23.65 pL of sterile distilled water in a sterile 0.5 mL microcentrifuge tube. In a sterile 0.5 mL
microcentrifuge tube 2.5 pL (~ 250 pmol) of phosphorylated annealed oligonucleotides were
mixed with 2.5 pL of 10 x T4 DNA Ligase Buffer, 3 pL of the diluted stock solution of T4 DNA
ligase, and enough sterile distilled water to yield a final reaction volume of 25 pL. The samples
were vortex mixed and incubated at 16°C for 1, 2 and 3 hours to determine which conditions gave
the best yields of tandem repeats. Following ligation, the oligonucleotides were run out on a
2.0 % agarose gel as described in Section 3.3.4.5. DNA bands were visualized using 305 nm UV
light and were cut out using a low intensity 360 nm UV light box to avoid nicking of the DNA.

The DNA was recovered from the agarose gel slices as described in 3.3.4.6.
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3.3.4.10 Preparation of Peptide-Encoding pET31b(+)® Plasmid
The concentrations of plasmid and peptide-encoding DNA samples were estimated from the

intensity of the bands observed on agarose gels. Lambda DNA digested with the restriction
enzyme HindIIl was used as a standard since it has fragments of varying sizes of known
concentration. In a sterile 0.5 mL microcentrifuge tube ~0.026 pmol of AMNI digested,
dephosphorylated pET31b(+)® plasmid DNA was mixed with 0.13 - 0.26 pmol of tandem
repeats, 3.0 pL of 10 x T4 DNA Ligase Buffer, 3 uL of the diluted stock solution of T4 DNA
ligase, and enough sterile distilled water to yield a final reaction volume of 30 pL. The samples
were vortex mixed and incubated at 16°C for 19 hours. Following ligation, the enzyme was heat
inactivated by incubating the reaction mixture at 65°C for 30 minutes. The ligation mixture was
used for transformation of NovaBlue™ E. coli cells following the procedure described in Section
3.34.1.

3.3.4.11 PCR Screening for Successful Transformants
PCR was used to screen for bacterial colonies containing plasmids where tandem copies of

peptide-encoding DNA had been successfully incorporated. Single bacterial colonies that had
grown on the LB agar plates following transformation were picked with a flame-sterilized
innoculating loop and used to innoculate 2 mL aliquots of LB broth containing 50 pg/mL
ampicillin and 34 pg/mL chloramphenicol in sterile 17 x 100 mm polystyrene culture tubes
(Simport, Cat. No. T406-2). The cultures were incubated at 37°C overnight (~16 hours) while
shaking at 250 rpm. The next day 1 pL of the culture was removed and mixed with 9 pL. of
sterile distilled water in a sterile microcentrifuge tube. The solution was boiled for 15 minutes
and placed on ice.

The primers that were used for PCR screening were a primer to the KSI fusion protein with a
5" - 3' sequence of GGCAAGGTGGTGAGCATC, and a primer to the T7 Terminator witha 5' - 3'
sequence of GCTAGTTATTGCTCAGCGG. These primers were commercially available from
Novagen, however it was more economical to order them from Life Technologies GibcoBRL.
Approximately 275 pg of the KSI, and ~ 298 pg of the T7 Terminator primers were received as
desalted lyophilized pellets. Primers were dissolved in 1 mL of sterile distilled water overnight at
4°C. A Master Mix' of the reactants required for the PCR reaction was prepared and added
directly to 1 pL samples of boiled bacterial culture. The 'Master Mix' was prepared so that the
equivalent of 2.5 pL. of 10 x Buffer (Amersham Pharmacia Biotech, PCR Buffer, at 1 X contains
10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl; and 0.1 % Triton X-100 at pH 8.6), 4 pL of
1.25 mM dNTP mix (Amersham Pharmacia Biotech, Ultrapure dNTP Set, Cat. No. 27-2035-01,
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25 umol), 1 uL of 10 pM T7 Terminator primer, 1 uL of 10 pM KSI primer and 0.2 uLL Taq
polymerase (Amersham Pharmacia Biotech, Cat. No. T0303Y, 50 units) would be added to each
sample diluted to a final volume of 25 pL.. A positive control consisting of cells containing the
pET31b(+)® plasmid and a negative control of sterile distilled water were always included with
each PCR run.

Samples were vortex mixed and then briefly centrifuged to ensure that all of the liquid was
at the bottom of the tube before 30 ul of paraffin oil was added to the samples to prevent
evaporation during the thermal cycling. The sample tubes were put in a GTC-2 Genetic Thermal
Cycler, GL Applied Research that was pre-heated to 80°C (called a 'hot start). The 'hot start' was
done to prevent extension from any primers that might have annealed at an incorrect spot on the
vector. The PCR cycle involved initial denaturing of the DNA at 94°C for 3:00 minutes,
followed by 30 cycles of: denaturing at 94°C for 30 seconds, annealing at 55°C for 30 seconds
and extending at 72°C for 30 seconds, and a finishing step of heating at 72°C for 5 minutes to
make sure all templates had been extended. The PCR products (5 uL of the reaction mixture)
were run out on 2 % agarose gels (as described in Section 3.3.4.5) to identify insert-containing
plasmids.

Cultures that were identified as containing plasmids with peptide-encoding inserts were used
to innoculate fresh 2 mL cultures in duplicate that were incubated at 37°C overnight (~16 hours)
while shaking at 250 rpm. The following day plasmid DNA from these cultures was isolated as
outlined in Section 3.3.4.2, and glycerol freezer stocks of the cultures were prepared (see Section
3.34.12). The cultures were also streaked onto pre-warmed LB agar plates containing the
appropriate antibiotics. Plates were placed in a 37°C incubator overnight. The following day the
plates were removed from the 37°C incubator and sealed with laboratory film (or placed in a
sealed plastic), before being stored at 4°C. Colonies from these plates could used to innoculate

fresh cultures for up to a month.

3.3.4.12 Preparation of Glycerol Freezer Stocks
Freezer stocks of bacterial cultures were prepared by taking 900 puL of an actively growing

culture (ODgy of 0.6 -0.8), placing it in a 1.5 mL sterile screw cap vial (Nalge Company,
Cryogenic Vials, Cat. No. 5000-1020), and adding 100 pLL of a sterile 80% glycerol:20% LB

broth solution using sterile technique. The tubes were vortex mixed and frozen at -70°C.

3.3.4.13 DNA Sequencing _
The sequences of the inserts were verified prior to the transformation of expression host cells for

the overexpression and purification of labelled peptides. Sequencing was conducted using the
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same primers used for PCR screening (see Section 3.3.4.11). Approximately 0.65 ug of purified
plasmid DNA was mixed with 3.2 pmol of the KSI primer (only one primer is needed for
sequencing) in a total volume of 12 pL of sterile distilled water. The samples were sent to the

University Core DNA & Protein Services DNA Sequencing Laboratory at the University of
Calgary for sequencing.

3.3.5 Recombinant Peptide Expression

The expression host, E. coli strain BLR(DE3)pLysS, was transformed with sequence verified
plasmid following the procedure outlined in Section 3.3.4.1. The presence of insert-containing
plasmid in transformed colonies was verified using PCR (see Section 3.3.4.11). Cells from these

colonies were used to innoculate cultures for the overexpression of fusion protein.

3.3.5.1 Induction of Fusion Protein Expression
Overnight cultures of plasmid containing cells were diluted 40-fold into fresh media containing

50 pg/mL ampicillin and 34 pg/mL chloramphenicol. Cultures were grown in sterile glass
erlenmyer flasks containing a volume of media equal to ~ 20 % of the volume of the flask. The
cultures were grown until they reached an ODsgo of between 0.3 - 0.5 (approximately 2 - 3 hours)
before fusion protein production was induced by the addition of sterile Isopropyl-B-D-
thiogalactopyranoside (IPTG) (MW 238.31, GibcoBRL, UltraPURE grade, Cat. No. 15529-019,
1 g) to a final concentration of 1 mM. Cells were harvested when the culture reached an ODgq of
~ 2.0 (approximately 3 - 6 hours after induction). The cultures were placed on ice for 5 minutes
before being centrifuged at 5,000 x g (Eppendorf, Centrifuge 5804, F35-6-38 rotor for 6 x 85 mL
tubes) for 5 minutes in a rotor pre-chilled to 4°C. The supemnatant was carefully poured off and
the cell pellets were resuspended in 0.25 x the culture volume of pH 7.4 phosphate buffered
saline (PBS) solution (contains 8 g NaCl, 0.2 g KCl, 1.44 g Na,PO,, 0.24 g KH,PO, per 1 L).
The cells were spun a second time at 5,000 x g for 5 minutes, the supernatant was carefully

removed and the cell pellet was stored frozen at -80°C.

3.3.5.2 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) of Proteins
The SDS-PAGE (Laemmli) Buffer System was used for running polyacrylamide gels (Laemmli,

1970). Gels were cast and run using the Mini-Protean® 3 Cell gel apparatus (Biorad, Cat. No.
165-3301). Once the gels and samples had been prepared the gel-running apparatus was
assembled and 1 x Electrode Running Buffer (prepared from a 10 x stock solution containing
30.3 g Tris Base, 144.0 g Glycine, 10.0 g SDS per 1 L) was added. A Prestained Protein Marker
(New England Biolabs, Cat. No. 7708S, 1050 ul) containing proteins ranging in size from

6.5 - 175 Da was run on all gels to so protein migration could be monitored while the gel was
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being run. An unstained Protein Marker (New England Biolabs, Cat. No. P7702S, 1125 puL)
containing proteins ranging in size from 2.3 - 212 Da was also run on all protein gels in order to
facilitate accurate estimation of protein sizes. Protein markers were prepared for running on gels
in the same manner as the protein samples were. Samples and standards were loaded and the gels

which were for ~ 1 hour at 200V.

Gel Casting
The gels that were run had a 5 % stacking gel and a 15 % resolving gel. The resolving gel was

prepared by mixing 3.65 mL of distilled water, 3.75 mL of a 40 % acrylamide/Bis solution,
2.5mL of 1.5M Tris-HCI pH 8.8 and 0.1 mL of a 10 % SDS solution in a 125 mL side arm
erlenmyer flask. The solution was degassed for 15 minutes. Immediately before pouring the gel,
50 puL of a 10 % ammonium persulfate (APS) solution (prepared fresh daily) and 5 pL of
N,N,N'N'-tetramethylethylenediamine (TEMED) were added to the solution. The flask was
gently swirled to mix the solutions without introducing bubbles. The solution was then carefully
poured between two glass plates and ramyl alcohol was overlaid above the resolving gel
solution. After 45 - 60 minutes the gel had polymerized and the z-amyl alcohol was poured off,
and the gel was rinsed well with distilled water and blotted dry with filter paper. The stacking gel
was prepared by mixing 6.125 mL of distilled water, 1.275mL of a 40 % acrylamide/Bis
solutian, 2.5 mL of 0.5 M Tris-HCI pH 6.8 and 0.1 mL of a 10 % SDS solution in a 125 mL side
arm erlenmyer flask. The solution was degassed for 15 minutes. Immediately before pouring the
gel, 50 pL of a 10 % APS solution and 5 pL. of TEMED were added to the solution. The flask
was gently swirled to mix the solutions before it was carefully poured above the resolving gel.

The comb was carefully inserted and the gel was allowed to polymerize for 30 - 40 minutes.

Sample Preparation
Protein gels were run to monitor the induction of fusion protein production in cells. Samples

were prepared by resuspending frozen cell pellets in 0.1 x the culture volume of cold PBS. The
cells were disrupted by sonicating in an ice-water bath until the samples were no longer viscous.
Aliquots of these samples were run out on gels to show the total cellular protein (TCP) present in
the cells. Prior to sample preparation, the amount of sample to be run on the protein gels was
standardized for the ODgy of the culture to allow for relative comparisons of protein expression
levels. Samples were prepared for running on protein gels by adding 2 x Protein Gel Sample
Buffer (80 mM Tris-HCI pH 6.8, 2 % SDS, 0.006 % bromophenol blue and 15 % glycerol to
which 100 mM DTT is added immediately prior to use), vortex mixing and placing the samples in

a 90°C water bath for 5 minutes. Samples were placed on ice for a minimum of 5 minutes prior
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to being centrifuged (to ensure that the complete sample volume was at the bottom of the tube)

and were then loaded onto the gel. If samples were not going to be analyzed immediately they
were frozen at -20°C until needed.

Coomassie Staining
The protein gels were stained in Coomassie Stain (500 mL H,O, 400 mL methanol, 100 mL

glacial acetic acid, 1 g Coomassie Brilliant Blue per 1 L) for ~ 30 minutes while gently shaking.
Gels were then destained in Destain (500 mL H,0, 400 mL methanol, 100 mL glacial acetic acid
per 1 L) for ~ 60 minutes while gently shaking. Gels could also be destained overnight by using
diluted (1:5) Destain. Gels were rinsed well with deionized water and air dried using a Gel

Drying Kit (Promega, Cat. No. V7120) following the protocol provided with the kit.

3.3.6 Labelled Peptide Production

3.3.6.1 Minimal Media
Initially cells transferred from LB broth cultures were cultured on minimal media for 3 - 4 days

before the cultures started to grow. For this reason cells were always grown on minimal media,
which included passaging of the cells on minimal media agar plates. These plates contained
0.4 % glucose and cells grew more slowly than on LB agar plates. Plates were usually grown for

2 - 3 days 37°C. Cultures were grown at 37°C shaking at 250 rpm.

3.3.6.2 Optimization of Protein Overexpression
Protein overexpression was optimized prior to the production of labelled peptides. Some of the

factors that were investigated were the: culture density at the time of induction, concentration of
IPTG used for induction, media composition, temperature of incubation and the culture density at
which cells were harvested. The optimal conditions for fusion protein overexpression in minimal
media were determined and the composition of minimal media cultures and agar plates are

included in Appendix A.

Protein Overexpression Protocol
Cultures for the overexpression of fusion protein were innoculated from fresh overnight seed

cultures grown in minimal media. The cells were spun down, the media was decanted and the
cell pellets were resuspended in fresh M9 media that did not contain NH,Cl or glucose. Protein
overexpression was conducted using 400 mL cultures grown in sterile 2 L Erlenmyer flasks.
Cultures were innoculated with the equivalent of a 1:20 dilution of a seed culture with an
ODgqo = 1.5, followed by incubation at 36°C while shaking at 250 rpm. Fusion protein production
was induced by the addition of 1 mM IPTG to the cultures when their OD600 reached ~ 0.4. This

took approximately 4 hours. The cells were harvested 6 hours after induction by centrifugation at
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3000 x g for 30 minutes in a rotor pre-chilled to 4°C. The supernatant was carefully decanted and
the centrifuge jars were inverted on paper towels to drain any excess media before the cell pellets
were frozen at -80°C

3.3.6.3 Incorporation of '*N and "*C Labels
For peptide labelling, bacterial cultures were grown on minimal media where the only nitrogen

source was *N-labelled ammonium chloride (CIL, 98 %+ Ammonium-"N Chloride, Cat. No.
NLM=467, 10 g) and in some cases the only carbon source was "*C-labelled glucose (Isotec, 99
atom % D-Glucose-"Cs, Cat. No. 389374, 10 g). Peptides were expressed with uniform labelling
with "*N-, or with both **N and "°C.

3.3.7 Peptide Purification

3.3.7.1 Isolation of Inclusion Bodies

Cell pellets were resuspended in 0.1 x of the original culture volume by sonicating in 1 x Binding
Buffer. 20 mL volumes of resuspended cell pellets were disrupted using a French Press that was
pre-chilled to 4°C. To ensure thorough disruption of the cells, each sample was passed through
the French Press three times. Inclusion bodies were separated from soluble and low molecular
weight cellular debris by centrifugation at 3000 x g for 30 minutes in rotor prechilled to 4°C. The

supernatant was decanted and the inclusion bodies were stored frozen at -80°C.

3.3.7.2 Nickel-Affinity Column Purification of His-tagged Fusion Protein
Isolated inclusion bodies were solubilized in 6M guanidine hydrochloride (500 mM Tris-HC1 pH

7.9). Dissolved inclusion bodies were centrifuged at 12,000 x g for 10 minutes to remove any
insoluble debris and were then syringe filtered through a 0.45 um syringe filter prior to loading
onto a gravity flow Ni**-affinity column (Novagen, Ni-NTA HisBind Resin, Cat. No. 706664,
25 mL) for purification. Fractions containing fusion protein were pooled and dialyzed using
12,000 - 14,000 molecular weight cut-off dialysis tubing (Fisher Scientific, Fisherbrand
regenerated cellulose, 25 mm, Cat. No. 21-152-16) against 2 x 4L of distilled water. The
precipitated protein was pelleted by centrifugation at 12,000 x g for 10 minutes and frozen as a
wet pellet at -80°C. Some samples of column purified fusion protein were lyophilized in order to
determine a mass of 'crude' fusion protein produced, however it was not possible to completely
solublize these samples in 70% formic acid for peptide cleavage with CNBr, so this procedure

was not repeated.

3.3.7.3 Cyanogen Bromide Cleavage
Peptides were cleaved from the N-terminal KSI fusion protein and the C-terminal histidine tag by

solubilizing the fusion protein in 6 mL of 80 % formic acid in a 50 mL round bottom flask
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containing a micro magnetic stir bar. The solution was purged with argon gas for ~ 15 minutes to
remove any dissolved oxygen gas prior to the addition of ~ 0.2 g of solid CNBr. The reaction
vessel was sealed with a latex stopper and wrapped in aluminum foil. The reaction was stirred
overnight at ambient temperature for ~ 20 hours in the fumehood. When the reaction was
complete the solution was evaporated to dryness while heating in a waterbath at ~30°C. The
peptide was resuspended in a minimum volume (2 - 4 mL) of aqueous acetonitrile (60:40:0.1
acetonitrile:water:TFA) and stirred for ~ 1 hour. The solution was centrifuged to pellet the KSI
crystals that had formed. The supernatant was removed and filtered prior to injection onto an

HPLC column for peptide purification.

3.3.7.4 HPLC Peptide Purification
'*N-labelled TMK was HPLC purified on a 9.4 mm x 250 mm Vydac C-8 semi-prep column

using an acetonitrile (0.01% TFA):water (0.01% TFA) solvent system. Various flow rates and
gradients were used for purification of the peptide samples, however an optimized protocol was
never established due to restrictions in the flow rates that could be used due to leaky HPLC
fittings.

3.3.7.5 MALDI Mass Spectrometric Peptide Characterization
MALDI-TOF mass spectrometry (PerSeptive Biosystems, Voyager-DE Mass Spectrometer) was

used to identify the HPLC fractions containing purified peptide (which had an expected mass of
~2600). The matrix that was used for sample preparation was o-cyano-4-hydroxycinnamic acid
dissolved in an aqueous solvent mixture (11.9 mg a-cyano-4-hydroxycinnamic acid, 495.4 pL

distilled water, 123.9 uLL 3 % TFA and 619 pL acetonitrile).

3.4 Results

3.4.1 Preparation of Peptide-Encoding Plasmids

Plasmids for the expression of the TMK peptide as a single or as 2 tandem repeats were
successfully prepared, as were plasmids for expression of the WALK peptide as a single copy, or
as 3 and 4 tandem repeats, and plasmids for the expression of the M13-LA peptide as a single
copy, or as 2 or 7 repeats. It was found that the bacteria transformed with the plasmid encoding 7
copies of the M13-LA peptide in tandem grew extremely slowly in culture and on agar plates as

compared with the bacteria transformed with the other peptide-encoding plasmids.

3.4.2 Peptide Expression and Purification

Protein gels were run to identify the optimal conditions for protein expression and purification.
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Figure 3.4.  Induction Experiment for the Production of Unlabelled and "*N-, or °N and

¢-Labelled TMK and M13-LA Peptides Conducted Using 400 mL Cultures
Grown in Optimized M9 Minimal Media

Where pET and pET - Ul denote cultures of cells containing an ‘empty' vector (i.e. one that does
not contain a peptide-encoding insert). The pET culture was used as a positive control, so
protein production was induced in the same manner as for the TMK and M1713-LA cultures. The
PET - Ul culture was not induced. It was used as a control for cell growth in the absence of
protein overexpression.
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Figure 3.5. Protein Gel Showing the Expression of the TMK Peptide

The lanes labelled 'KSI' contain the carrier protein alone (from the 'positive control' sample), the
lanes labelled 'TMK' contain the TMK peptide fused to the carrier protein KSI. 'FP’ is used to
indicate cells disrupted using the French Press and 'S' is used to indicate cells disrupted using
sonication. All of the lanes in this gel were equally loaded based on the ODgq Of the culture at

the time of harvest.
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3.4.2.1 Fusion Peptide Overexpression
IPTG was used to induce fusion peptide expression. Growth curves for induced E. coli cells

expressing the M13-LA and TMK peptides is shown in Figure 3.4. The size of the induced
protein was ~ 17 kDa, the expected size for the carrier protein fused to a single peptide. As a
positive control a culture of cells containing an 'empty' pET3 1b(+)® expression vector were also
induced. In these cultures a band ~ 14 kDa in size corresponding to His-tagged-KSI was
observed. Generally, very high levels of protein expression were achieved which can be clearly
seen in the gel shown in Figure 3.5 for the induction of TMK peptide production. It was however
found that protein expression levels were dependent on both the nature of the peptide being
expressed, as well as on the DNA sequence encoding for the peptide. For cells expressing a
fusion protein with one copy of the M13-LA peptide it was found that the amount of fusion
protein produced in relation to the total cellular protein was much lower than for the fusion
protein alone. It was determined that a mutation had occurred in the plasmid DNA sequence
encoding for the peptide and this was causing the lower levels of peptide expression.

3.4.2.2 Peptide Purification

Inclusion Body Isolation
It was found that cells were more thoroughly disrupted using the French Press than by sonication

(see Figure 3.5). A lower speed centrifugation (3000 x g) was used to pellet the inclusion bodies
in order to minimize the amount of cell membranes that were pelleted with the inclusion bodies.
For the two samples of TMK inclusion bodies that had been lyophilized it was possible to
estimate yields of crude fusion protein to be 600 mg/L.

HPLC Purification and Characterization
A 1.5 mg quantity of lyophilized N-labelled TMK peptide was obtained following HPLC

purification and MALDI-TOF mass spectrometric characterization. A sample HPLC trace and
the MALDI-TOF spectrum of purified '*N-labelled TMK are shown in Appendix A.

3.5 Discussion

Transmembrane peptides labelled with °C- and "*N- were successfully produced in E. coli strain
BLR(DE3)pLysS using the pET31b(+)® expression system. Although it was possible to prepare
plasmids containing tandem repeats of peptides, it did not appear that this strategy resulted in
increased yields of peptides. When multiple copies of the transmembrane peptides were
expressed in tandem with the KSI carrier protein, the overall protein expression level decreased
with the increasing number of peptide repeats. So it was not possible to improve peptide yields

using this technique. Similar observations have been made by other researchers who have tried to
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express tandem copies of hydrophobic peptides and short hydrophobic proteins to improve yields.
Even if the peptides could be highly expressed as tandem repeats, the purification of the peptides
would likely be difficult because mixtures of products would result from incomplete CNBr
cleavage at all of the methionine residues in the fusion protein. It would be difficult to purify the
products of incomplete cleavage because the various species would have very similar chemical
properties.

In order to obtain optimal expression levels of recombinant protein in E. coli strain
BLR(DE3)pLysS the cells were grown on minimal media at @/l times. This allowed the cells to
become accustomed to growing on minimal media so there was no lag time in growth when the
cells were innoculated into the larger volume cultures for labelled peptide production. It was
actually found that the levels of protein expression that could be achieved in minimal media were
higher than the protein expression levels that could be achieved using nutrient media. The
protein was also more easily purified from the cells grown in minimal media. The minimal media
that was used for growing the cells had increased amounts of phosphate buffer compared with the
'standard' minimal media used to grow E. coli cells.

It was found that there was a strong correlation between the hydrophobicity of the peptides
and the protein expression levels that could be achieved. The least hydrophobic of the three
peptides was TMK, and it was the most highly expressed. The most hydrophobic of the peptides
was the WALK peptide and it was expressed at the lowest levels. The M13-LA peptide had a
hydrophobicity that was intermediate between the TMK and WALK peptides, and it was
expressed at intermediate levels. An interesting observation was made with one of the M13-LA
clones where a mutation had occurred in the plasmid DNA encoding for the peptide. A TTC
codon had become a TTT codon. Both encode for phenylalanine, however the TTT codon is the
less frequently used of the two codons. When a new clone was prepared which had the optimized

sequence for protein expression, increased levels of protein expression were observed.

3.6 Conclusions
High yields of rationally designed '’N-, and >C,"*N-labelled transmembrane peptides based on

both naturally occurring and synthetic peptide sequences can be successfully produced using the
pET31b(+)® expression system from Novagen for NMR studies. A recent article has reported
the successful use of this expression system for the production of a labelled 81 residue membrane
protein MerF for solution NMR studies (Howell et al., 2005). Horwever, the strategy of

employing the use of tandem repeats to increase peptide yields does not appear to be effective.
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Chapter 4: NMR Studies of Transmembrane
Peptides Incorporated into the
Monoolein Cubic Phase

4.1 Objectives

To collect multidimensional heteronuclear solution NMR spectra of labelled-transmembrane
peptides incorporated into MO:water cubic phases for the purposes of peptide structure

determination.

4.2 Introduction

The cubic phases formed by mixtures of MO and water were identified as suitable membrane
mimetic environments for solution NMR studies of model transmembrane peptides. The peptides
that were designed for study had a hydrophobic length that was tailored to match the hydrophobic
thickness of the cubic phase 'bilayer' in order to minimize the chances that the incorporated
peptides would alter the phase behaviour of the system. Of the three peptides that were designed,
expressed and purified (as described in Chapter 3), one isotopically labelled peptide was obtained
in sufficient quantities for NMR studies in the cubic phase. This was the TMK peptide, a 27
residue peptide with a polar tryptophan-containing N-terminus and a charged lysine and serine
containing C-terminus. Heteronuclear multidimensional '"H NMR spectra were collected on a
sample of cubic phase-bound '*N-labelled TMK. Based on the NMR spectra that were obtained
for this peptide, a second labelled peptide was studied in the MO cubic phase. This peptide was
the antibiotic peptide alamethicin that is naturally produced by some species of fungus. Solution
NMR techniques were used to measure lipid, water and peptide diffusion within peptide-

containing MO cubic phases in order to better understand the interactions and behaviour of these

transmembrane peptides within the cubic phase.
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4.2.1 Alamethicin
Alamethicin belongs to a group of small hydrophobic peptides with antibiotic activity known as

peptaibols (Bechinger et al., 2001). These peptides are 20 residues in length and are often
produced as a mixture of closely related compounds by the soil fungus Trichoderma viride (Yee
and O'Neil, 1992). Due to the hydrophobic nature of these peptides, and the absence of any
charged residues, they have limited aqueous solubility that is dependent on both temperature and
ionic strength (Woolley and Wallace, 1992). The peptides form weakly amphipathic helices that
are involved in complex interactions with lipid membranes (He et al., 1996). The structures of
the alamethicin peptides have been extensively studied as models of a-helical membrane proteins
because they insert into lipid membranes where they form voltage-gated ion channels (Esposito et
al., 1987; Woolley and Wallace, 1993; Franklin et al., 1994; Dempsey and Handcock, 1996).
Solid state NMR studies of alamethicin in POPC bilayers have shown that the peptide adopts a

transmembrane orientation in the absence of an electric field (Bechinger et al., 2001).

4.21.1 Interactions of Alamethicin With Lipids
Alamethicin has been shown to affect the properties of the lipid bilayers with which it associates

in studies conducted in the absence of electric fields. In one study using freeze-fracture EM and
X-ray diffraction experiments, it was found that alamethicin altered the morphology of DPPC
bilayers (McIntosh et al, 1982). Subsequent studies have shown that the incorporation of
alamethicin into phospholipid bilayers can alter the phase behaviour of the system. It has even
been shown that alamethicin can induce the formation of cubic phases.

In one study it was shown that as little as 1 % alamethicin could induce the formation of
bicontinuous cubic phases in 1,2-dielaidoyl-sn-glycero-3-phosphoethanolamine:water
(DEPE:H20) mixtures that would normally form lamellar or inverse hexagonal phases,
depending on the temperature of the system (Keller ef al., 1996). The samples for these studies
were prepared by first dissolving lyophilized alamethicin in methanol, followed by mixing of the
dissolved peptide with DEPE dissolved in benzene. The peptide:lipid mixture was frozen and
lyophilized and then hydrated to the desired level of hydration by stirring. The cubic phases
formed by mixtures of DEPE and alamethicin are formed in the presence of excess water (~ 1:1
wt/wt lipid:water). X-ray diffraction and solid-state >’P NMR studies were used to characterize
the phase behaviour of the system. It was found that cubic phases formed over the temperature
range of 40°C - 85°C in DEPE:water mixtures containing as low as 1 % (wt/wt) alamethicin to
DEPE. In these cubic phases the peptide:lipid ratio was ~ 1:200, if one assumes that alamethicin
is uniformly dispersed throughout the lipid. The lattice spacing of the cubic phases did not
change over an alamethicin concentration range of 1% - 10 %, as determined using X-ray
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diffraction. The authors postulated that the effect of adding alamethicin was saturated above 1 %
suggesting that perhaps phase separation of the lipid and alamethicin was occurring. The cubic
phases that were formed were found to be stable for at least 4 months.

The activity and membrane binding of protein kinase C (PKC) has been studied in the
bicontinuous cubic phases formed by mixtures of MO, POPS and water, and DEPE, alamethicin
and water since this enzyme was known to be activated by nonlamellar forming lipids (Giorgione
et al., 1998). It was found that the enzyme was active in both cubic phases where it catalyzed the
phosphorylation of histone, even though only a minor fraction of PKC was bound to the
'membrane’. D-type MO:water cubic phases containing up to 10 mol % PS were successfully
prepared. The cubic phases were characterized using X-ray diffraction and >'P NMR techniques.
Samples were prepared by mixing the lipids in a mixture of chloroform and methanol followed by
drying under vacuum. The lipid films were resuspended in the buffer (100 mM KCl, 5 mM
MgCl,, 20 mM Tris-HCl at pH 7.0) and subjected to 5 freeze-thaw cycles. The cubic phases were
used for activity assays in PKC-containing sucrose buffer in a procedure that involved the use of
centrifugation (100,000 x g for 45 minutes at 25°C) to separate membrane-bound enzyme.
Diacylglycerol could be added to MO:POPS:water cubic phases up to 1 mol % without altering
the cubic phase. It was found that incorporating more than 10 mol % POPS into the MO:water
cubic phases altered the phase behaviour of the system at 25°C. At first coexistence of the
lamellar and cubic phases were observed at around 15 mol % POPS, and then above about
18 mol % POPS only the lamellar phase was observed. As a 'control' sample for the studies
conducted on PKC activation in alamethicin:DEPE:water cubic phases, 4 mol % alamethicin was
incorporated into MO:water cubic phases containing 10 mol % POPS. The addition of 4 mol %
alamethicin did not disrupt the MO:POPS:water cubic phases.

4.2,2 Protein Structure Determination Using NMR

The application of NMR to the study of protein structure relies on the assignment of the peaks
observed in an NMR spectra to specific residues in the polypeptide sequence. In the case of
proteins, the 1D 'H spectra are very complex, containing many overlapping peaks. These
problems of chemical shift overlap can be resolved by increasing the dimensionality of the
spectra and by employing the use of selective filtering of signals from C- and/or “N-labelled
protein. The first step in assigning the peaks in an NMR spectra is to identify the residue
associated with each of the peaks in the spectrum. This is done through the use of 2D or 3D
correlation spectroscopy where the through-bond connectivities (spin systems) of the non-labile
(non-exchangeable) protons in the residues comprising the polypeptide chain are identified. The
standard nomenclature for atoms in a polypeptide chain are shown in Figure 4.1, and an example
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of the spin-system of an amino acid is shown in Figure 4.2. In order to obtain sequence-specific
resonance assignments for all of the residues in a polypeptide chain it is necessary to collect
nuclear Overhauser enhancement (NOE) data. NOE interactions are observed between two
protons if they are located at a distance of less than ~5 A from one another in the protein
structure (Wiithrich, 1986). So NOE interactions will be observed between the protons of the
same amino acid residue (intraresidue NOEs) as well as between protons from different amino
acid residues (interresidue NOEs). The NOE interactions that are observed between protons of
adjacent amino acid residues are used for obtaining sequence-specific resonance assignments for
all of the residues in a polypeptide chain. Once this process is completed the 3D structure of a
protein can be determined using interproton distance constraints derived from the NOE
interactions observed between protons of sequential and in particular, non-sequential amino acid
residues. The distance constraints derived from non-sequential NOEs are used to define regions
of a protein that are close together in space in the folded conformation of the protein. This
information is then used to search conformational space for spatial arrangements of the

polypeptide chain that are compatible with the experimental data.

4221 Chemical Shifts
It has been recognized for many years that the NMR chemical shift of a nucleus can be a sensitive

indicator of the molecular environment of a particular nucleus. Extensive studies of the 'H, *C
and "N chemical shifts of proteins demonstrated that chemical shifts were very sensitive to
protein secondary structure and that trends correlating the dispersion of chemical shifts to protein
secondary structure could be identified (Wishart, 1991; Wishart ef al., 1992; Wishart et al., 1995).
The analysis of chemical shift data makes it possible to determine the location of secondary
structural elements in a protein sequence from the 'H, >C and N chemical shift data for the
protein. For a-protons, amide protons and amide nitrogens, an upfield shift is observed when
these nuclei are in a-helical conformations, whereas a downfield shift is observed when these
nuclei are in P-strand, or extended conformations. For a-carbons and carbonyl carbons a
downfield shift is observed when these nuclei are located in a-helices, and an upfield shift when
they are located in JB-strands, or in extended conformations. A chemical shift index (CSI) has
been developed to use the information provided by the observed 'H and *C chemical shifts for a
protein to determine what the most likely secondary structure would be (Wishart et al., 1992;
Wishart and Sykes, 1994).

4.2.3 Pulsed Field Gradient NMR Measurement of Molecular Diffusion

NMR has been used to study translational diffusion in lipid-water systems since the 1970s

(Rilfors et al., 1986). The primary advantage of using pulsed field gradient NMR to measure
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molecular diffusion is that measurements can be made directly on the molecules of interest
without the need for the use of probes. A pulsed field gradient NMR experiment designed to
measure molecular diffusion involves the use of two radio frequency (rf) pulses, one 90° and one
180°, which are used to generate an echo whose amplitude is directly proportional to the lateral
diffusion of the molecule of interest (Lindblom and Rilfors, 1989). The time during which
diffusion is measured is set using pulsed magnetic field gradients. For a molecule that is freely
diffusing within the sample, the amplitude of the echo will decrease with increasing gradient
strength. On the other hand, the amplitude of the echo will remain constant for a molecule whose

diffusion is restricted irrespective of the gradient strengths used in the experiment.

4.2.3.1 Diffusion Measurements in Lamellar Phases
Measurement of lipid lateral diffusion coefficients in lamellar phases cannot be conducted using

standard NMR techniques because narrow peaks are not observed in the spectra due to the
-anisotropic nature of these phases. In lamellar phases the presence of static dipolar couplings
results in an effective relaxation time (T,) that is too short for the observation of narrow well
resolved peaks in the NMR spectra. It is however possible to study lamellar phases using an
NMR method in which the samples are macroscopically oriented at the 'magic’ angle (54.7°) in a
magnetic field because under these circumstances the static dipolar couplings vanish and sharp
well resolved peaks are observed. This technique has been successfully used to measure lipid

lateral diffusion coefficients in lamellar phases.

4.2.3.2 Diffusion Measurements in Cubic Phases
Some assumptions are made in the measurement and analysis of diffusion coefficients in the

cubic phase. First of all it is assumed that the local lipid diffusion coefficient is not affected by
the structure of the cubic phase and is thus equal to the measured lateral diffusion coefficient in
lamellar phases. This assumption is corroborated by the observation that the lipid diffusion
coefficients for a large number of bicontinuous cubic phases have been measured and were found
to be of the same order of magnitude as those obtained for the corresponding lamellar phase. In
contrast, the lipid diffusion coefficients measured for closed aggregate cubic phases were found

to be one to two orders of magnitude smaller than for the corresponding lamellar phase (Rilfors ez

al., 1986).
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Please refer to the original publication for this Figure, as non-transferable
copyright permission was granted to the author of this thesis for print and microform
formats only, and not for electronic forms of this thesis that may be distributed by:
Library and Archives Canada as outlined in the
'Theses Non-exclusive License' Issued 2005-04-01,
and Simon Fraser University as outlined in the

‘Partial Copyright Licence'.

Figure 7.2 from Kurt Withrich (1986) NMR of Proteins and Nucleic Acids John Wiley & Sons Inc.

Figure 4.1. Diagram Showing Standard Nomenclature for Atoms in a Polypeptide
Chain

Please refer to the original publication for this Figure, as non-transferable
copyright permission was granted to the author of this thesis for print and microform
formats only, and not for electronic forms of this thesis that may be distributed by:
Library and Archives Canada as outlined in the
"Theses Non-exclusive License' Issued 2005-04-01,
and Simon Fraser University as outlined in the

'Partial Copyright Licence'.

Figure 8.1 from Kurt Withrich (1986) NMR of Proteins and Nucleic Acids John Wiley & Sons Inc.

Figure 4.2. Diagram Showing the Identification of Spin Systems in a Polypeptide Chain
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When diffusion measurements are made in lamellar phases, the lateral diffusion is measured
directly as the translational diffusion of a lipid along the plane of the bilayer. However, when
diffusion measurements are made in cubic phases, the measured diffusion coefficient is an
average of the local diffusional motion over the entire cubic phase structure. So it is not
surprising that the structure of the cubic phase will have an appreciable influence on the measured
lipid and water diffusion coefficients. In the case of bicontinuous cubic phases with a local
'bilayer' structure, the local diffusion coefficient will actually be 1.5 times the measured diffusion
coefficient (Lindblom and Rilfors, 1989). It has been found that the water diffusion coefficients
in the cubic phase are a factor of three to five less than those observed for pure water in solution

depending on the temperature and the system studied (Lindblom and Rilfors, 1989).

Monoolein:Water Cubic Phases
For mixtures of MO and water the lipid diffusion coefficients have been measured in the lamellar

‘and the cubic phases as a function of temperature since this system can undergo the
lamellar — cubic phase transition at constant composition. Water diffusion has also been studied
in these cubic phases. In one study pulsed field gradient NMR was used measure the diffusion
coefficients for MO:water cubic phases of varying compositions at 25°C and 34°C (Eriksson and
Lindblom, 1993). For MO cubic phases with a composition of 30.4 % wt/wt water, diffusion
coefficients determined at 25°C were 2.30 x 10™ cm?/s for pure water, 5.45 x 10 cm?/s for water
in the cubic phase and 1.51 x 107 cm?s for lipid in the cubic phase, and at 34°C the diffusion
coefficients were 2.83 x 10° cm?/s for pure water, 6.76 x 10" cm%s for water in the cubic phase

and 2.22 x 10”7 em¥s for lipid in the cubic phase.

4.3 Materials and Methods

4.3.1 NMR Sample Preparation

4311 TMK
Uniformly "N-labelled TMK that had been expressed and purified from a bacterial host (as

described previously in Chapter 3) was used for the preparation of a peptide-containing MO cubic
phase sample for solution NMR studies. The NMR sample was prepared following the procedure
outlined in Section 2.3.3.2. The desired amount of MO was melted in a 55°C waterbath for
~ 30 minutes prior to the addition of 1.5 mg of lyophilized *N-labelled TMK peptide. The
peptide was thoroughly dissolved in the molten lipid prior to the addition of water. The sample

had a final peptide concentration of 1.15 mM, and a peptide:lipid molar ratio of 1:1800.
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4.3.1.2 Alamethicin
A sample of uniformly *N- and *C-labelled alamethicin was obtained from Dr. Joe O'Neil in the

Department of Chemistry at the University of Manitoba. This sample contained a mixture of
uniformly '*N-, and uniformly *N- and "*C-labelled alamethicins that had been expressed and
purified from the fungus Trichoderma viride (Yee and O'Neil, 1992; Yee et al., 1997). The
sample was of alamethicin with a primary sequence of Ac-Aib'-Pro*-Aib*-Ala*-Aib’-Ala’-Gln’-
Aib®-Val’-Aib"’-Gly''-Leu'>-Aib"*-Pro'*-Val*-Aib'®-Aib'"-GIn'*-GIn'*-Phol .

Prior to sending of the sample, Dr. O'Neil collected a "H-""N HSQC spectrum of the peptide
dissolved in methanol at 27°C on a Bruker AMX500 NMR spectrometer equipped with a 5 mm
triple resonance probe. Proton and *N chemical shifts were directly or indirectly referenced
relative to methanol. The spectrum is shown in Figure 4.5. Heterogeneity was observed in the
'H-"N HSQC spectrum indicating that de-amidation of some of the glutamine residues of the
peptide had occurred. A solution NMR sample of MO cubic phases containing labelled
alamethicin was prepared following the procedure outlined in Section 2.3.3.2. The desired
amount of MO was melted in a 55°C waterbath for ~ 30 minutes prior to the addition of 4.6 mg of
lyophilized '*N- and C-labelled alamethicin. The peptide was thoroughly dissolved in the
molten lipid prior to the addition of water. This sample contained a final peptide concentration of

7 mM, and the sample had a peptide:lipid molar ratio of 1:270.

4.3.2 Multidimensional Heteronuclear NMR Spectra

NMR experiments were conducted at the University of Alberta in the Department of
Biochemistry with the assistance of Dr. Brian Sykes. NMR data were collected on a Varian
Unity 600 MHz spectrometer equipped with a S mm triple resonance z-pulse field gradient probe.
All 'H and "N chemical shifts were directly or indirectly referenced relative to an external DSS
solution in the case of the TMK sample, or to intemmal DSS in the case of the alamethicin sample.
Samples were allowed to equilibrate in the spectrometer for ~ 40 minutes at the experimental
temperatures before data were acquired. NMR data were processed using VNMR version 5.1

software (Varian) on a Sun workstation.

4321 TMK
A 2D sensitivity-enhanced gradient 'H-"°N heteronuclear single quantum coherence (HSQC)

spectrum of the TMK cubic phase sample was acquired for 18 hours at 40°C (Farrow ef al.,
1994). A 3D "“N-edited total correlation spectroscopy (TOCSY)-HSQC spectrum was acquired
for 109 hours at 40°C (Marion et al., 1989a).
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4.3.2.2 Alamethicin
Two-dimensional sensitivity-enhanced gradient 'H-"N heteronuclear HSQC spectra of the

alamethicin sample were acquired for 21 hours at 25°C, 40°C and 50°C (Farrow ef al., 1994).

4.3.3 Diffusion Data Collection

NMR experiments to measure lipid, water and peptide diffusion within the peptide-containing
cubic phase samples were conducted by Dr. Mark Okon in the Laboratory for Molecular
Biophysics at the University of British Columbia using a Varian Unity 500 MHz spectrometer
equipped with a 5 mm triple resonance z-pulse field gradient probe. Lipid diffusion was
measured using an adaptation of the water-sLED pulse sequence used to measure protein self-
diffusion in aqueous solutions (Altieri et al., 1995). Peptide diffusion was measured using a pulse
sequence that employed '*N-editing so that the signals originating from the peptide could be
selectively observed. A pulse sequence for measuring *N-labelled peptide diffusion was derived
by Dr. Okon from the one developed to measure lipid diffusion, in combination with additional
information in the literature (Kay et al., 1992; Zhang et al., 1994). In the experiments that were
conducted to measure peptide diffusion the gradients were used to suppress the water signal.
Gradients ﬁ‘oni 6.4 G/cm to 64.4 G/cm, increasing in increments of 3.05G/cm were used for all of

the diffusion experiments. The gradients were calibrated using the standard Varian calibration on

water.

4.3.4 Diffusion Data Processing and Analysis

4.3.41 Processing of NMR Data
The spectral data (the 'fid' files) were imported into MestReC and processed using a Fourier

transformation (FT). Prior to application of the FT, the spectral data (free induction decay) was
zero filled by a factor of two and multiplied by an exponential function using a line-broadening
value close to the digital resolution of the spectrum. Exponential multiplication with a line
broadening of 10 Hz was applied to all data sets collected to measure lipid and water diffusion.
For data sets collected to measure peptide diffusion, exponential multiplication using a line
broadening of 30 Hz, in conjunction with multiplication by a 90° shifted sine squared function,
were applied prior to Fourier transformation. The spectra were plotted as stacked plots so that all
of the spectra collected during an experiment could be viewed simultaneously. The lipid spectra
were phased using the automatic phase correction function in MestReC and when necessary,
manual adjustments of the phasing were made. In order to obtain reliable values for the diffusion
coefficients a 3™ order polynomial baseline correction was applied prior to data analysis.

Whenever possible, the spectra were referenced to the water peak.
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4.3.4.2 Analysis of NMR Spectra
The module provided with MestReC for the analysis of arrayed experiments was used to analyze

the processed spectral data so that the lipid, water and peptide diffusion coefficients could be

calculated. The following equation was used by MestReC for diffusion data analysis:

G(Y) = | = I, exp {-[(yGB)’ x (A-5/3) x D)]} [4.1]

Where: G(Y) echo amplitude

peak intensity

'H gyromagnetic ratio (26751 rad/Gs)
gradient strength (G/cm)

duration of the pulsed field gradient pulse (s)
time between pulsed field gradient pulses (s)

diffusion coefficient (cm?%s)

Oobog@p< —

The spectral data were analyzed using peak intensity because this gave more reliable and
reproducible results than peak integrals. A plot of the peak intensities (normalized by dividing by
(¥8Y(A - 8/3)) as a function of the square of the gradient strength was expected to yield an
exponential decay curve. The exponent of the equation describing this decay curve would
correspond to the diffusion coefficient (D) for the peak of interest in cm%s. If the natural Log of
the peak intensities (normalized by division by (y8)(A - 8/3)) were plotted as a function of the
square of the gradient strength, a linear plot would result. The slope of this line would

correspond to the diffusion coefficient for the peak of interest in cm?s.

4.4 Results

4.4.1 Cubic Phase Sample Preparation

Stable homogeneous samples of TMK- or alamethicin-containing MO cubic phases could be
prepared for solution NMR studies. The formation of homogeneous cubic phases were verified
by viewing the samples under crossed polarizers. The samples were completely dark. It was
found that the viscosity of the cubic phase samples containing TMK were qualitatively similar to
the cubic phase samples of MO prepared in the absence of peptide. However, for the alamethicin
samples it was found that the viscosity of the samples was much less than that of normal' MO
cubic phases. These cubic phases appeared to be more 'fluid’, at least macroscopically. The
samples were tolerant of the prolonged periods of heating at elevated temperatures (40°C)
without significant changes in phase behaviour. It was however necessary to add additional water
to the samples following prolonged heating to rehydrate the cubic phase as a small cloudy region

started to form at the surface of the cubic phase since the NMR tube insert was not sealed.
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4.4.2 Correlation Spectra Collected on TMK

The 2D 'H-"N HSQC correlation spectra of cubic phase-incorporated *N-labelled TMK is
shown in Figure 4.3. Eight backbone amide cross peaks were visible in the spectrum, along with
the side chain N1H of tryptophan and the terminal NHs of the lysine side chains. Strips of the 3D
*N-edited TOCSY spectra containing peaks are shown in Figure 4.4. These spectra were used to
identify the spin systems associated with each of the amide backbone cross peaks seen in the
HSQC spectrum. It was possible to unambiguously identify the amino acids associated with each
spin system due to the short sequence of the TMK peptide. It was not however possible to make

sequence specific assignments of the residues.

4.4.3 Correlation Spectra Collected on Alamethicin

Two-dimensional 'H-"N correlation spectra were collected on uniformly “N-, "C-labelled
alamethicin in the MO cubic phase at 25°C, 40°C and 50°C. The spectra collected at 25°C and
40°C are shown in Figure 4.6. No backbone amide peaks were observed in these spectra, only the
glutamine side chain NH, protons were visible. As the temperature of the experiments was
increased, more peaks started to appear in the spectra at intensities that were just above baseline.
It appeared that the linewidths of the peaks in the spectra were decreasing with increasing
temperature. The exact reason for this was not known. It was however noticed that when the
sample was removed from the spectrometer after the 50°C experiment it had undergone a phase
change. For this reason the results obtained at 50°C cannot be used for comparison with those

collected at 25°C and 40°C.

4.4.4 Lipid, Water and Peptide Diffusion Measurements
The NMR data collected to measure lipid, water and peptide diffusion in MO cubic phases
containing the peptides TMK or alamethicin were processed and analyzed. The experimentally

determined lipid, water and peptide diffusion coefficients are summarized in Table 4.1.

4441 Determination of Lipid and Water Diffusion Coefficients
The spectra collected for the measurement of lipid and water diffusion coefficients contained

sharp well resolved peaks that underwent exponential decay as a function of increasing gradient
strength. A stacked plot showing the 'H NMR spectra collected on the TMK sample at 20°C to
measure lipid and water diffusion coefficients is shown in Figure 4.7. The water peak can be
seen near the center of the spectrum at approximately 4.8 ppm. All of the other peaks that were
visible in this spectrum originated from MO. Similar spectra were collected on the alamethicin
sample at 20°C and 40°C. The spectra collected at 40°C are shown in Figure 4.9. Water diffusion

coefficients were calculated for all of the data sets using the water peak intensities from the first

97



five spectra before the water signal had decayed completely. Figure 4.11 shows the linear plot,
and Figure 4.12 the normalized natural Log plot, of the water peak intensity as a function of
gradient strength for the data collected on the TMK sample at 20°C. The data from the spectra
collected at all twenty gradients strengths were used for the determination of the lipid diffusion
coefficients. The lipid diffusion coefficients for each experiment were calculated as an average
of the diffusion coefficients determined for the lipid peaks at 0.9 ppm, 1.3 ppm and 2.0 ppm
because the decay behaviour of these peaks was the most reproducible. The linear, and the
normalized natural Log plots of the intensity of the MO peak at 1.3 ppm for the spectra collected
on the TMK sample at 20°C are shown in Figure 4.13 and Figure 4.14, respectively. The data
collected to measure water and lipid diffusion in alamethicin samples yielded exponential decay

curves that were similar to those obtained for the TMK sample (plots not shown).

4.4.4.2 Determination of Peptide Diffusion Coefficients
The level of signal-to-noise in the spectra collected to measure peptide diffusion was extremely

low, even after data processing had been optimized. A stacked plot of the spectral data obtained
for the TMK peptide at 20°C is shown in Figure 4.8. Overlapped peaks from the amide -NHs
would be expected in the range of 8.0 - 8.5 ppm. A very weak broad peak was observed in this
region of the spectrum. The intensity of this peak was plotted as a function of the gradient
strength in Figure 4.15 and the normalized natural Log of the peak intensity was plotted in Figure
4.16. A stacked plot of the spectral data obtained for the alamethicin peptide at 40°C is shown in
Figure 4.10. These spectral data had an even lower signal-to-noise ratio than the spectra collected
on the TMK sample. The Glu-NH, peaks were expected to have chemical shifts between 6.5 -
7.5 ppm. A broad weak peak was observed at ~ 6.5 ppm. The intensity of this peak was plotted
as a function of gradient strength in Figure 4.19 and the normalized natural Log of the peptide
peak intensity was plotted as a function of the gradient strength in Figure 4.20. The diffusion
coefficients for both of these peptides in the MO cubic phase could be calculated from the data
that were collected. As a 'negative control' a data set was taken from a region of the spectrum
without any visible peaks (~ 10 ppm) for both peptides. These data were plotted in Figure 4.17
for the TMK sample and in Figure 4.18 for the alamethicin sample to demonstrate the difference

between random data points and the experimentally derived data points collected to measure

peptide diffusion.
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Figure 4.9. "H NMR Spectra of Alamethicin-Containing Monoolein Cubic Phases
Collected to Measure Lipid and Water Diffusion at 40°C
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Figure 4.11.  Plot of Water Peak Intensity versus Gradient Strength for the
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Figure 4.12.  Natural Log Plot of Water Peak Intensity versus Gradient Strength for the
TMK-Containing Monoolein Cubic Phase Sample
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Figure 4.16.  Natural Log Plot of Peptide Peak Intensity versus Gradient Strength for the
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Table 4.1. Summary of Diffusion Data Collected on the TMK and Alamethicin Peptides in
Monoolein Cubic Phases

Experiment Diffusion Coefficient
(cmzls) Temperature 'l A
Description
PH (°c) (s) (s)
Alamethicin DLIPID =1.0x 10'7
Lipid & H,O Diffusion _ " 20 0.002 1
at 20°C DWATER =3.3x10 -
Alamethicin Dypp = 1.9 X 10'7
Lipid & H,O Diffusion _ " 40 0.002 1
at 40°C DWATER =46x10
Alamethicin
Peptide Diffusion Dpeprioe =6.8 x 107 40 0.002 1
at 40°C
TMK DL]p|D =1.1x 10-7
Lipid & H,O Diffusion _ 5 20 0.002 1
at 20°C DWATER =3.8x10
TMK
Peptide Diffusion Degpripe = 5.1 x 107 20 0.002 1
at 20°C
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4.5 Discussion

4.5.1 Cubic Phase Sample Preparation

It appears that the transmembrane peptidle TMK can be incorporated into MO cubic phases
without perturbing the phase behaviour of the system. Incorporation of alamethicin into the MO
cubic phase did not perturb the phase behaviour of the system, however this was not unexpected
as previous studies had shown that alamethicin could be incorporated into the MO cubic phase at
fairly high concentrations without causing perturbations of the cubic phase (Giorgione ef al.,
1998). It was noticed that the alamethicin-containing cubic phases were iess viscous than the
TMK-containing cubic phases. However, no significant differences in the lipid diffusion
coefficients were found between these two samples. In addition to qualitative observations of the
stiff gel-like nature of the cubic phase samples, the isotropic nature of the cubic phase samples
‘was confirmed by observation of samples under cross polarizers. The samples were completely

dark, as was expected.

4.5.2 NMR Correlation Spectra

4521 TMK :
In the 'H-"N correlation spectra of TMK incorporated into the MO cubic phase one could

theoretically see up to 26 peaks corresponding to the backbone amide 'Hs of the peptide. Since
the peptide had a highly repetitive sequence, and the predicted secondary structure was an
a-helix, it was anticipated that there would be extensive cross-peak overlap and chemical shift
degeneracy of the observable peaks. When the spectra were collected, far fewer peaks were
observed than was expected. Only 8 peaks were visible in the spectrum and a number of them
overlapped. In order to identify which residues were being observed, a '"N-edited TOCSY
experiment was conducted to identify the spin systems associated with each of the cross peaks in
the HSQC spectrum. It was found that the residues that were observable were located at the N-
and C-termini of the peptide. This indicated that the peptide was likely inserted into the MO
cubic phases in a transmembrane orientation and that only the residues located in the interfacial
region of the cubic phase were visible. A schematic diagram of the proposed location of TMK
within the cubic phase based on this data is shown in Figure 4.21. The chemical shifts for the
NMR observable residues at the termini of the peptide were not characteristic of a-helical
secondary structure indicating that the ends of the peptide are likely 'frayed' (unstructured)
(Wishart, 1991). It was not possible to obtain sequence specific assignments for the observed

amide resonances because of the weak signal-to-noise in the spectrum (it would not have been
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~34 A

Figure 4.21. Schematic Diagram of TMK Localization Within the Monoolein Cubic Phase

~34 A

Figure 4.22. Schematic Diagram of Alamethicin Localization Within the Monoolein Cubic
Phase
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feasible to collect a NOESY spectrum), and even if these data were available, the repetitive

nature of the peptide would likely have precluded sequence-specific assignment of the peaks.

4.5.2.2 Alamethicin
It was expected that the 18 backbone amide cross peaks observable in the 'H-"N HSQC

correlation spectra collected on alamethicin in methanol (shown in Figure 4.5), would also be
observable for alamethicin that had been incorporated into the MO cubic phase. However, none
of the backbone amide cross peaks were observable. Only the glutamine side chain NH,s were
visible. With increasing temperature the peaks in the spectrum became more sharp and some
weak peaks started to become visible just above the baseline threshold.

The identity of the emerging peaks could not be determined. It was however noted that the
phase behaviour of the sample had changed during the experiment conducted at 50°C, when the
greatest number of emerging peaks were observed. The reason that more peaks became visible at
higher temperatures could have been because of increased diffusion rates of the peptides or
thinning of the MO 'bilayer' such that more of the peptide protruded from the bilayer giving it a
greater range of motion. Although the reasons for the temperature dependent improvements in
the alamethicin spectra are not known, these results indicated that the spectra obtained for TMK
were not due to an inherent property of the peptide sequence studied, but were rather due to a
more generalized phenomenon. Since alamethicin is a few residues shorter than TMK, and it
does not form an ideal a-helix, it would not protrude from the 'bilayer' of the MO cubic phase. A

schematic diagram of the proposed location of alamethicin within the cubic phase based on the

NMR data is shown in Figure 4.22.

4.5.3 Diffusion Data
In the stacked plots of the spectral data collected for measurement of the diffusion coefficients, it
can be seen that the signal intensity of the water peak (~4.8 ppm) decays to zero much more
quickly than the lipid peaks do. The intensity of this peak decreases very quickly as a result of
the fast translational diffusion of water within the cubic phase. The intensity of the lipid peaks
decreases much more slowly as the lipid translational diffusion coefficient is approximately one
order of magnitude less than that of water within the cubic phase. Since all plots of the
normalized natural log of the signal intensity versus the square of the gradient strength were
linear, there was no influence of intermolecular NOEs on the diffusion results (Chen and Shapiro,
1999; Lucas et al., 2003).

Lipid and water diffusion coefficients were determined for both peptide-containing
MO:water cubic phase samples using the NMR data that were collected. It was found that the

lipid and water diffusion coefficients determined for TMK and alamethicin at 20°C were very
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similar. Unfortunately the TMK diffusion data were only collected at 20°C, so it was not possible
to compare results for these transmembrane peptides at two different temperatures. The lipid and
water diffusion coefficients obtained for the transmembrane peptide-containing cubic phases
agreed well with previously published values of 5.45 x 10" cm®/s for water and 1.51 x 107 cm’/s
for lipids at 25°C, and 6.76 x 10" cm%s for water and 2.22 x 107 cm®/s for lipids at 34°C in cubic
phases with a composition of 69.6 % wt/wt MO in water.

The spectral data that were collected for the measurement of peptide diffusion coefficients
had very low signal intensity. This was a function of the nature of the experiment, the use of °N-
editing of the spectra and of the very low peptide concentration of the samples. It is possible that
acquiring more data sets, or perhaps running the experiment on a higher field spectrometer could
be used to improve the quality of the data. Despite the high level of scatter in the data points, it
was possible to calculate the diffusion coefficients for the transmembrane peptides within the
cubic phase. The values that were determined could probably be considered accurate to an order
of magnitude. It was interesting that similar values for peptide and protein diffusion coefficients
were determined using fluorescence recovery after photobleaching (FRAP) studies in the MO
cubic phase (Tsapis et al.,, 2001). An 18 residue fluoroscein-tagged peptide with the sequence
KKG(L);;KKA-amide, and a fluoroscein-tagged protein were incorporated into the MO cubic
phase and their diffusion coefficients were determined. The diffusion rates for the peptide and
the protein were found to be 6.2 x 10 cm?s and 1.4 x 10® cm¥s, respectively at 22°C. These
values are within the same order of magnitude as the values that were determined for TMK and

alamethicin.

4.6 Conclusions

4.6.1 Monoolein Cubic Phase Structure

The NMR data that were collected on the transmembrane peptides TMK and alamethicin in the
MO cubic phase indicated that only the interfacial regions of the peptides can be studied using
solution NMR techniques in the cubic phase-bound form. It appears that the lipids experience
less hindered motion within the cubic phase than do the transmembrane peptides. This is shown
in both the 2D heteronuclear correlation spectra and the diffusion data that were collected on the
transmembrane peptides. The difference in the motion of the lipids and peptides could simply be
a function of their molecular sizes, in that a lipid can rotate along its long axis with greater
frequency than a peptide. It is also possible that the motion of a lipid, Which only spans half of
the bilayer, is somewhat less restricted than the motion of a transmembrane peptide which spans

the entire bilayer and has both ends tethered in independent water channels. In order to fully
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answer this question it will be necessary to study a membrane surface-binding peptide or protein

in the MO cubic phase.
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Chapter 5: NMR Studies of the Membrane Surface
Binding Peptide Methionine-Enkephalin
in Monoolein Cubic Phases

5.1 Objectives
To collect solution NMR spectra of a membrane surface-binding peptide incorporated into the

MO:water cubic phase and, if sufficient NMR data is available, to also determine the structure of

the lipid-bound peptide.

5.2 Introduction

Solution NMR studies of transmembrane peptides in MO cubic phases revealed that information
could be gathered about the peptide residues located in the interfacial regions of the cubic phase.
Based on these results, it was postulated that perhaps solution NMR data could be collected for
all of the residues in a peptide that bound to the surface of MO:water cubic phases. Depending
on the nature of this peptide-lipid interaction, it was believed that it might be possible to
determine the structure of the cubic phase-bound peptide using solution NMR data.

The first step in initiating these studies was to identify a structurally well characterized
peptide whose interactions with lipids and biological membranes had been thoroughly
investigated. In addition to the requirement that the peptide be well characterized, it would also
need to be amenable to stable isotope labelling for solution NMR studies. The peptide that was
identified as an ideal peptide for study was the five residue membrane-binding peptide
methionine-enkephalin. This peptide 1) is fully water soluble, ii) becomes structured in the
presence of lipids, iii) is small in size, iv) has been extensively characterized in many membrane
mimetic environments, v) has been studied using NMR techniques, and vi) is amenable to

chemical synthesis in both labelled and unlabelled forms.

5.2.1 Enkephalins
The enkephalins are endogenous opioid peptides with morphine-like activity. They bind to the
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opiate receptors which are found in the central and peripheral nervous systems, as well as in the
intestinal tract of mammals (Dores ef al., 2002). Two of the enkephalins are only five residues in
length and differ in sequence by one amino acid. They are methionine-enkephalin with the
sequence Tyr-Gly-Gly-Phe-Met, and leucine-enkephalin with the sequence Tyr-Gly-Gly-Phe-Leu
(Hughes et al., 1975). These peptides have been shown to interact with the p, 8, and x opiate
receptors (Milon et al., 1990). One of the first questions that arises when one considers the
biological activity of these peptides is: how can such a small flexible peptide ligand specifically
interact with its target receptor? It is believed that the membrane in which the target receptors
reside play a very important role in this interaction, since it has been found that many hormones
and neurotransmitters whose receptors are coupled with G-proteins, interact with phospholipid
membranes (Gysin and Schwyzer, 1983; Milon et al., 1990). Despite the number of studies that
have been conducted, the mechanism of action of these peptides is still not well understood.
Many of the aqueous-soluble peptides known to interact with membranes do not appear to
have any specific conformations in aqueous solution prior to membrane-binding (Motta et al.,
1987; Surewicz and Mantsch, 1988; Milon ef al., 1990). It has been hypothesized that these
'unstructured' amphiphilic peptides bind to membranes where they adopt conformations, and
perhaps the orientation, required for binding to their target receptors (Deber and Behnam, 1984).
The process in which a peptide adopts a bioactive conformation prior to receptor binding through
electrostatic and hydrophobic interactions with cell membranes has been called 'membrane
catalysis' (Marcotte et al., 2003). It is an effective mechanism for a peptide to find its target
receptor since the three-dimensional search it was undergoing in solution is reduced to a two-
dimensional search upon membrane binding, and the peptide is now in a conformation that

favours receptor binding.

5.2.1.1 Therapeutic Interest in Enkephalins
The structure and mode of action of the enkephalins has been of interest to researchers since it

was first recognized that these peptides had the same receptors as morphine. It was believed that
if the relationships between the structure and activity of these peptides could be understood, it
would be possible to develop synthetic analgesics for therapeutic use. Initially it was assumed
that the enkephalins would take on a conformation analogous to that of morphine because they
bound to the same receptor (Milon ef al., 1990). Attempts were made to relate the structural and
conformational features of the enkephalins to the geometry of morphine (Jarrell et al., 1980).
However, this approach was unsuccessful because morphine has a ﬁgid structure and the

enkephalins are very flexible peptides whose conformations are not very rigid or well defined.

117



Some of the structural elements of the enkephalins that are believed to be important for
pharmacological activity are the tyrosine amide and the phenolic groups. Evidence has suggested
that the orientation of the tyrosine and phenylalanine rings with respect to each other is important
for determining receptor subtype selectivity. Recent studies have indicated that a folded
conformation in which the tyrosine and phenylalanine aromatic rings are in close proximity to
one another may be selective for binding to 8-opiate receptors, whereas a conformation in which
the aromatic rings point in different directions may be selective for the binding to p-opiate
receptors (Marcotte et al.,, 2004). Once the high resolution structure of an opiate receptor has
been solved, it might be possible to establish which structural elements of these peptides are
important for receptor binding and activation.

In addition to the inherent properties of the enkephalins themselves, it is believed that the
interaction of these peptides with cell membranes may also be important in determining the type
of opiate receptor (i, 8, or k) the peptides interact with in vivo (Schwyzer, 1986). This hypothesis
is supported by evidence that the conformations adopted by the enkephalins are dependent on the
medium in which the peptides are studied. It is possible that variations in the composition of
opiate receptor-containing cell membranes in vivo may be involved in modulating the receptor
selectivity of the enkephalins. For these reasons it was believed that study of the membrane-
bound conformations of the enkephalins might provide some insights into the conformations of
these peptides in their receptor-bound forms (Jarrell et al., 1980).

As a result of the potential therapeutic applications of the enkephalins, a considerable
amount of research has been conducted on these peptides and their analogues. In addition to
in vitro and in vivo studies of the activity of enkephalins and their analogues, the structure and
lipid interactions of these peptides have been extensively characterized using a variety of
techniques including X-ray diffraction, and circular dichroism, infrared (IR), UV-visible, UV-
Raman and NMR spectroscopy (Behnam and Deber, 1984; Deber and Behnam, 1984; Deber and
Behnam, 1985; Surewicz and Mantsch, 1988; Milon et al., 1990; Picone et al., 1990; Graham et
al., 1992; Hicks et al., 1992; D'Alagni et al., 1996; Amodeo et al., 1998; Marcotte et al., 2003;
Marcotte et al., 2004). The results of some of the NMR studies that have been conducted on
methionine-enkephalin (MetEnk), and the closely related leucine-enkephalin (LeuEnk), are

discussed below.

5.2.2 NMR Studies of Enkephalins
MetEnk has been the subject of numerous NMR studies that have looked at many aspects of the

interactions and structure of this peptide in lipidic environments. In aqueous solution, NMR
studies of MetEnk have not revealed any distinguishable secondary structure (Graham et al,
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1992; D'Alagni et al., 1996). However, studies of MetEnk in the presence of both charged and
uncharged lipids in the form of membranes, vesicles and micelles/bicelles, have shown that the
peptide becomes structured upon lipid binding. The structures determined for lipid-bound
MetEnk have varied depending on the nature of the lipidic environment used in the structural
studies. The general consensus of these studies was that both LeuEnk and MetEnk adopt a B-turn
type conformation in membrane-mimetic environments that is stabilized by a hydrogen bond
between the Gly* C=0 and the Met’ NH (Marcotte et al., 2003). However, in a recent structural
study of MetEnk in phospholipid bicelles it was shown that the peptide can adopt several folded
conformations upon membrane-association (Marcotte e al., 2004). The extended conformation
of MetEnk and the average structure determined for MetEnk in the presence of anionic bicelles
are shown in Figure 5.1 and Figure 5.2, respectively (Marcotte et al., 2004).

5.2.21 "C NMR Studies of MetEnk and Met-enkephalinamide in Unilamellar Vesicles
C NMR was used to study the binding of MetEnk and methioinine-enkephalinamide to anionic

phosphatidylserine (PS) unilamellar lipid vesicles as a model for the binding of MetEnk to its
target membrane and receptors (Jarrell e al., 1980). The peptides for study were labelled with
"C at the a-carbon of Gly* or Gly’. The effects of pH, salt and morphine on the binding of
MetEnk to PS vesicles were investigated. Peptide binding was found to be dependent on pH,
with maximal binding occurring under slightly acidic conditions. High ionic strength
(0.5 - 1.0 M) was shown to inhibit the binding of the peptides to the PS vesicles. It was also
found that morphine was an antagonist of MetEnk binding, since morphine binds more strongly
to PS vesicles than does MetEnk. No aggregation of MetEnk was observed in aqueous solution at
low (1 mg/mL) or at high (100 mg/mL) concentrations, and the peptide was found to have a very
high aqueous solubility.

5.22.2 'Hand *C NMR Studies of MetEnk and LeuEnk in Phospholipid Micelles
'H and >C NMR was used to study the association of MetEnk and LeuEnk with zwitterionic

lysophosphatidylcholine and anionic lysophosphatidylglycerol micelles (Deber and Behnam,
1984). The authors were interested in looking at the hydrophobic and electrostatic contributions
to the membrane-binding of the enkephalins. Samples were prepared with peptide concentrations

of 8.72 mM for '"H NMR studies and 27.3 - 28.2 mM for >C NMR studies. The results of the
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Figure 5.1. Extended Structure of Methionine-Enkephalin

PDB Accession Code 1PLW

Figure 5.2. Average Structure Determined for Methionine-Enkephalin in Anionic
Bicelles Using 'H NMR
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NMR studies indicated that the zwitterionic peptides associated electrostatically with the
negatively charged phospholipids, and hydrophobically with both the neutral and the negatively
charged phospholipids. They were also able to identify possible sites on the peptide that were
believed to be involved in major interactions with lipids.

5.2.2.3 Transferred NOE 'H NMR Studies of LeuEnk and its Analogues in Liposomes
The biological activities of a number of peptide hormones and neurotransmitters have been found

to correlate with their affinity for phospholipid membranes, and the conformations that these
peptides adopt in the membrane-bound state. In one investigation the liposome-bound
conformations of LeuEnk, its active analogues [D-Ala’]Leu-enkephalin and [D-Ala’)Leu-
enkephalinamide and its inactive analogue [L-Ala’]Leu-enkephalin, were studied using
transferred nuclear Overhauser effect "H NMR spectrosocopy (Milon et al., 1990). Previous
reports in the literature had shown that if the Gly* of LeuEnk was replaced with a D-amino acid,
the activity of the peptide was preserved or enhanced, however if Gly’ was replaced with an
L-amino acid, there was a complete loss of peptide activity. The results that were obtained from
these NMR studies showed that in the lipid-bound form, the active enkephalin analogues had a
common folded conformation which differed from the lipid-bound conformation of the inactive
analogue.

In this study pH was found to have a significant effect on the quality of the NMR spectra
that were collected. The pH at which the experiments were conducted had to be carefully
selected to minimize overlap among the NH and a-proton signals of LeuEnk. It was found that
there was complete overlap of the NH proton signals of Gly’, Phe’ and Leu’ from pH 3.8 - 4.5
and of the a-proton signals of Leu’ and Tyr' from pH 4.5 -5.5. It was also found that the NH
proton signals of Gly* and Gly® broadened and disappeared above pH 5.5.

5.22.4 *'Pand *H NMR Studies of MetEnk in Phospholipid Bicelles
A *'P and °H solid-state NMR study was performed to look at the effects of phospholipid

headgroups on the localization of MetEnk in membranes, since this process was known to be
modulated by both hydrophobic and electrostatic interactions (Marcotte et al., 2003). The study
looked at the interaction of MetEnk with both zwitterionic and anionic bicelles. The bicelles
were prepared with dimyristoylphosphatidylcholine (DMPC) and dicaproylphosphatidylcholine
(DCPC), and depending on the experiment, up to 10 % of the DMPC was replaced with the
zwitterionic phosphatidylethanolamine (DMPE) or the anionic phosphatidylglycerol (DMPG) or
phosphatidylserine (DMPS), to create bicelles with different headgroup compositions. NMR
samples were prepared using 20 % lipid (wt/vol) in deionized water with a pH of ~5.5. The

peptide:lipid molar ratio used in the samples was 1:25.
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The NMR data revealed that the interaction of MetEnk with the bicelles caused observable
changes in the lipid dynamics of the system. It was found that the insertion depth of MetEnk into
the bicelles was modulated by their composition, with a different degree of MetEnk insertion
being observed for each of the four membrane systems studied. MetEnk was located at the
polar/apolar interface in the bicelles. The insertion depth of the peptide into the bicelles was
greatest for the DMPC bicelles, followed by the DMPE-containing, DMPS-containing and
DMPG-containing bicelles at the pH studied. It appeared that the peptide was more likely to
remain at the surface of anionic bicelles where electrostatic interactions seemed to play a more
dominant role in membrane association than did hydrophobic interactions. These results
provided some insights into the variability of peptide conformations and membrane interactions
that might occur in vivo depending on the composition of cell membranes and the pH at different

locations throughout the body where enkephalins are known to be active.

5.2.2.5 'HNMR Studies of the Conformation of MetEnk in Phospholipid Bicelles
The conformations adopted by MetEnk in the presence of isotropic bicelles were studied using

multidimensional '"H NMR (Marcotte et al., 2004). Bicelles of two different lipid compositions
were used to investigate the effects of ‘'membrane' composition on peptide conformation. The
zwitterionic bicelles used for the studies were composed of DMPC and DCPC. Negatively
charged bicelles were prepared by replacing 10 mol % DMPC with DMPG. Samples with
peptide:lipid ratios of 1:25 were prepared in deionized water at pH 4.5 and 4.8. Experiments
were conducted at 22°C.

This study showed that MetEnk adopts several conformations in the presence of bicelles.
The structures that were determined differed slightly depending on whether the peptide was
studied in the presence of zwitterionic, or anionic bicelles. These results suggest that MetEnk
may be capable of forming both p- and -selective conformers for binding to the p- and §-opiate
receptors. The ability of MetEnk to form several conformations upon bicelle-binding is in
contrast to the results obtained in previous structural studies where the enkephalins were shown to
adopt well defined lipid-dependent B-turn type conformations in various membrane-mimetic
environments (Behnam and Deber, 1984; Milon et al., 1990). Pulsed-field gradient NMR
techniques were used to determine the proportion of peptide associated with the bicelles. It was

found that 65 % of the peptide was bound to PC bicelles whereas 59 % of the peptide was bound
to bicelles containing 10 % PG.
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5.3 Materials and Methods

5.3.1 Methionine-Enkephalin Peptide Synthesis

Peptide syntheses were performed at the University of Alberta in the Department of Chemistry by
Dr. Nathaniel Martin in the laboratory of Dr. John Vederas. As previously discussed in
Chapter 3, it was necessary to obtain stable isotope labelled peptide for study in MO:water cubic
phases. Therefore both unlabelled and uniformly *C-, *N-labelled methionine enkephalin were

synthesized using standard O-fluorenylmethyl-oxycarbonyl (Fmoc) chemistry.

5.3.1.1 Resin Preparation
Peptide synthesis proceeds from the C-terminal to the N-terminal residue of a peptide, so

methionine was the first residue to be coupled to the resin. L-methionine-N-Fmoc (50 mg,
0.13 mmol, 1.2 eq. relative to resin) and diisopropylethylamine (Hunig's base) (92 pL,
0.53 mmol, 4.0 eq. relative to amino acid) were dissolved in 5 mL of dichloromethane (DCM)
and added to 100 mg of dry 2-chloro-tritylchloride resin (estimated capacity = 1.1 mmol/g) and
stirred for 2 hours. The resin was washed with 3 x § mL. DCM:methanol:diisopropylethylamine
(17:2:1), 3 x 5mL DCM and then with 2 X 5 mL N,N-dimethylformamide (DMF). The resin was
dried in vacuo over KOH before treatment with 10 mL of piperidine:DMF (2:8) for 3 minutes.
The resin was drained and the piperidine:DMF treatment was repeated 3 times to ensure that the
Fmoc group had been removed. The resin was then washed with 6 x 5 mL of DMF to remove all

traces of piperidine.

5.3.1.2 Residue Coupling
Phenylalanine (Position 4)
L-phenylalanine-N-Fmoc (85 mg, 0.22 mmol, 2 eq. to resin loading), the coupling reagent

PyBOP (110 mg, 0.21 mmol, 1.95 eq.) and 1-hydroxybenzotriazole hydrate (30 mg, 0.22 mmol, 2
€q.), a reagent to suppress racemization, were dissolved in 5 mL of DMF. Diisopropylethylamine
(190 pL, 1.1 mmol, 10 eq. relative to resin loading) was added to the amino acid solution. This
mixture was then added to the resin and stirred for 2 hours. The resin was washed with 3 x 5 mL
DMF. The Fmoc protected peptidyl resin was end capped by treatment with 10 mL of acetic
anhydride:DMF (2:8) for 15 minutes. The resin was drained and the acetic anhydride:DMF
treatment was repeated 3 times. The resin was washed with 3 x 5 mI DMF. The Fmoc protected
peptidyl resin was treated with 10 mL of piperidine:DMF (2:8) for 3 minutes. The resin was
drained and the piperidine:DMF treatment was repeated 3 times. The resin was washed with

6 x 5 mL DMF.
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Glycine (Position 3)
Glycine-N-Fmoc (65 mg, 0.22 mmol, 2 eq. to resin loading), PyBOP (110 mg, 0.21 mmol,

1.95 eq.) and 1-hydroxybenzotriazole hydrate (30 mg, 0.22 mmol, 2 eq.) were dissolved in 5 mL
of DMF. Diisopropylethylamine (190 pL, 1.1 mmol, 10 eq. relative to resin loading) was added
to the amino acid solution. This mixture was then added to the resin and stirred for 2 hours. The
resin was washed with 3 x5 mL DMF. The Fmoc protected peptidyl resin was end capped by
treatment with 10 mL of acetic anhydride:DMF (2:8) for 15 minutes. The resin was drained and
the acetic anhydride:DMF treatment was repeated 3 times. The resin was washed with 3 x 5 mL
DMF. The Fmoc protected peptidyl resin was treated with 10 mL of piperidine:DMF (2:8) for
3 minutes. The resin was drained and the piperidine:DMF treatment was repeated 3 times. The
resin was washed with 6 x 5 mL DMF.

Glycine (Position 2)
‘The second glycine residue in the peptide sequence was coupled using the procedure described

above for the coupling of the third glycine residue in the peptide sequence.

Tyrosine (N-terminal Position)
L-tyrosine-N-Fmoc-O-t-butyl (100 mg, 0.22 mmol, 2 eq. to resin loading), PyBOP (110 mg, 0.21

mmol, 1.95 eq.) and 1-hydroxybenzotriazole hydrate (30 mg, 0.22 mmol, 2 eq.) were dissolved in
5mL of DMF. Diisopropylethylamine (190 pL, 1.1 mmol, 10 eq. relative to resin loading) was
added to the amino acid solution. This mixture was then added to the resin and stirred for 2
hours. The resin was washed with 3 x5 mL DMF. The Fmoc protected peptidyl resin was
treated with 10 mL of piperidine:DMF (2:8) for 3 minutes. The resin was drained and the
piperidine:DMF treatment was repeated 3 times. The resin was washed with 6 x 5 mL. DMF,
followed by washing with 6 x 5 mL DCM.

5.3.1.3 Cleavage from Resin
The resin was placed in a dry flask and treated with ~5 mL of a trifluoroacetic acid solution

(94 % TFA, 2.5 % H,0, 2.5 % ethanedithiol, 1 % triisopropylsilane). The flask was stoppered
and sonicated at room temperature for 1 hour. The resin was removed by filtration and washed
twice with ~ 5 mL of TFA. The volume of the filtrate was reduced by evaporation and dissolved
in ~ 10 mL of the initial HPLC solvent.

5.3.1.4 HPLC Purification
The peptide was purified by reversed-phase HPLC on a Vydac C,g prep scale column

(2.2 x 25 cm, 300 A, 10 p) using a water (0.1 % TFA):acetonitrile (0.1 % TFA) solvent system.
The flow rate was 10.0 mL/min and the absorbance was measured at 220 nm. The HPLC method
involved running 20 % acetonitrile (0.1 % TFA) for 5 minutes, followed by a gradient from
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20 % — 45 % acetonitrile over 17 minutes, returning from 45 % — 20 % acetonitrile in
30 seconds and then running 20 % acetonitrile for 5 minutes. MetEnk eluted as a single isolated
peak with a retention time of 13 - 15 minutes using these HPLC conditions. Approximately

20 mg each of the labelled and unlabelled peptides were obtained following HPLC purification.

5.3.1.5 Purity Assessment
The purity of the peptides was assessed by reversed-phase HPLC, and the molecular weight of the

peptides was confirmed using MALDI-TOF mass spectrometry. The molecular weight of
unlabelled MetEnk was 573.66 g and the molecular weight of ’N-,'>C-labelled MetEnk was
60530 g A 1D 'H NMR spectrum and 2 2D 'H COSY NMR spectrum were collected on the
unlabelled MetEnk to confirm sample purity and peptide sequence. A 1D *C NMR spectrum and
a 2D 'H HMQC NMR spectrum were collected on the °N-,C-labelled MetEnk to confirm

sample purity and uniform *C labelling.

5.3.2 NMR Sample Preparation
For NMR studies it is optimal to have as high a peptide concentration as possible in a sample, in
particular when working with samples which contain high concentrations of lipids. In studies of
MetEnk in bicelles, the peptide was incorporated at a ratio of 1:25 peptide:lipid without
compromising bicelle integrity (Marcotte et al., 2003). Since the effects of MetEnk on MO cubic
phase behaviour were not known, cubic phase samples containing three different concentrations
of peptide were prepared. Samples were prepared in deionized water to minimize any potential
influences of salts on the interaction of MetEnk with the cubic phase (Jarrell ez aZ., 1980; Milon et
al., 1990). The pH of the 10 % D,0 solution used for sample 'preparation was ~5.5. At this pH
MetEnk is believed to exist in a zwitterionic form because the pK, values of the amino and
carboxyl groups of the peptide are 7.5 and 3.9 respectively (Jarrell e al., 1980; Marcotte et al.,
2003).

Cubic phases with a composition of 70 % MO (wt/wt) in water containing 3.5 mg, 1.5 mg
and 0.4 mg of N,"*C-labelled MetEnk were prepared using a 10 % D,O solution at ~pH 5.5
following the procedures outlined previously in Section 4.3.1 for the preparation of
transmembrane peptide-containing cubic phase NMR samples. These samples were called
MetEnk:MO Sample 'l', MetEnk:MO Sample 2' and MetEnk:MO Sample '3', respectively.
MetEnk:MO Sample '1' had a peptide concentration of 10.5 mM and a peptide:lipid ratio of
1:180, MetEnk:MO Sample "2' had a peptide concentration of 7.5 mM and a peptide:lipid ratio of
1:254, and MetEnk:MO Sample '3’ had a peptide concentration of 2.0 mM and a peptide:lipid
ratio of 1:967. Two 'control' samples were also prepared for comparison of NMR spectra with
those collected on the MetEnk-containing cubic phase samples. The first ‘control’ sample was of
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70 % MO cubic phases that did not contain any peptide. The second 'control' sample was of
2.1 mg of "N, C-labelled MetEnk dissolved in ~ 600 pL of a 10 % D,O solution at ~pH 5.5. It

was called MetEnk:H,0, and this sample was stored at 4°C when not in use.

5.3.3 NMR Data Collection

5.3.3.1 Multidimensional Heteronuclear NMR Spectra
NMR experiments were conducted at the University of Alberta in the Department of

Biochemistry with the assistance of Dr. Brian Sykes and Dr. Leo Spyracopoulos. NMR data were
collected at 30°C on a Varian Inova 500 MHz spectrometer equipped with a 5 mm triple
resonance z-pulse field gradient probe (unless otherwise noted). All 'H, '°C and N chemical
shifts were directly or indirectly referenced relative to an external DSS solution set to 0.0 ppm.
1D 'H NMR spectra were collected on all of the NMR samples that were prepared (see Section
5.3.2), except for MetEnk:MO Sample 'l' because this sample had not formed a homogeneous
cubic phase. 2D 'H-""N HSQC spectra were collected on all of the peptide-containing samples
that were successfully prepared. It was found that MetEnk:MO Sample 2' yielded heterogeneous
spectra, so no further NMR experiments were conducted on this sample. In addition to the
standard 2D 'H-"’N HSQC spectra, it was possible to collect 1D *N-edited "H spectra because
the peptide NH peaks did not overlap. 1D “N-edited 'H spectra were collected on MetEnk:H,0
and MetEnk:MO Sample'3'. A 2D aromatic region 'H-C HSQC spectrum, and a phase-
sensitive 2D aliphatic region 'H-"C HSQC spectrum, were collected on MetEnk:MO Sample 3",
The well resolved NH peaks in the 'H-'*’N HSQC spectra of MetEnk:MO Sample '3' made it
possible to run the standard 3D N-edited TOCSY and 3D “*N-edited NOESY experiments as 2D
experiments which reduced both the time required for data acquisition, and the size of the data
files. A 2D "N-edited TOCSY-HSQC spectrum was acquired with the DIPSI isotropic mixing
sequence (Marion ef al., 1989a; Cavanagh and Rance, 1992). Two 2D '*N-edited gradient-
enhanced nuclear Overhauser enhancement spectroscopy (NOESY)-HSQC spectra were acquired
using mixing times of 150 ms and 250 ms (Zhang ef al., 1994). The data from these experiments
were plotted (see Figure C 1 in Appendix C) in order to determine which mixing time was
optimal for maximizing signal-to-noise while minimizing spin diffusion. It was found that a
mixing time of 250 ms yielded good quality NOESY spectra. A 2D aromatic region “C-edited
NOESY spectrum, and a 2D “C-edited HSQCNOESYHSQC spectrum were collected on
MetEnk:MO Sample '3' at 30°C on a Varian Inova 600 MHz spectrometer equipped with a 5 mm

triple resonance z-pulse field gradient probe.
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5.3.3.2 Pulsed Field Gradient NMR Measurement of Diffusion
Pulsed-field gradient NMR experiments to measure lipid, peptide and water diffusion in

MetEnk:H,O and MetEnk:MO Sample '3' at 20°C, 30°C and 40°C were conducted at the
University of British Columbia Laboratory for Molecular Biophysics by Dr. Mark Okon using a
Varian Unity 500 MHz spectrometer equipped with a 5 mm triple resonance z-pulse field gradient
probe. The pulse sequences used for the experiments were previously described in Section 4.3.3.
Water suppression was achieved by using the gradients to dephase the water signal in the

experiment conducted to measure MetEnk diffusion in pure water.

5.3.4 NMR Data Analysis

Multidimensional heteronuclear NMR spectral data were processed and analyzed using the
software programs VNMR version 5.1 (Varian), NMRPipe and NMRView (Johnson and Blevins,
1994; Delaglio ef al., 1995). It was possible to assign all of the peaks in the spectra collected on
MetEnk:MO Sample '3', however it was not possible to make stereospecific assignments. The
N-terminal amino group was not observable in any of the spectra that were collected, but this was
not unexpected as this group is rarely observable in solution NMR spectra. The NOE peaks from
the 2D “N-edited NOESY spectrum collected using a mixing time of 250 ms were quantified
using peak volume with the software program NMRView using the NOE automatic calibration
function.

The NMR data collected to measure lipid, peptide and water diffusion were processed and
analyzed using the software program MestReC as previously described in Section 4.3.4 (Cobas
and Sardina, 2003). Exponential multiplication with a line broadening of 10 Hz was applied to all
data sets collected to measure lipid and water diffusion. For data sets collected to measure
peptide diffusion, exponential multiplication using a line broadening of 8 Hz, in conjunction with
a 90° shifted sine squared function were applied prior to Fourier transformation of the data. Data
extracted from the processed NMR spectra were imported into Excel spreadsheets and plotted
appropriately in order to determine the lipid, peptide and water diffusion coefficients for all of the

data sets that were collected.

5.3.5 Structure Calculations

NMR experiments where NOEs were measured provided the data used for structure calculations.
It is known that an NOE is observed between two hydrogen atoms if they are located less than
~5 A from one another in space (Wiithrich, 1986). Since the intensity of the NOE peak is
proportional to the distance between the two hydrogen atoms, it is possible to derive distance

constraints from the peak intensities of the observable NOE signals. When this information is
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combined with sequence specific chemical shift assignments for a polypeptide chain,
conformational space can be searched for spatial arrangements of the polypeptide chain that are
compatible with the NOE-derived distance constraints. NOEs can be observed between atoms of
the same amino acid residue or between atoms from different amino acid residues. It is the NOEs
between non-adjacent amino acid residues (non-sequential NOEs) that are the most useful for
defining the 3D structure of a polypeptide. These non-sequential NOEs indicate which regions of
the polypeptide chain are close together in the folded conformation of the peptide/protein.

In the case of the NOE data that was collected on MetEnk:MO Sample '3', there was a
notable lack of unambiguous non-sequential NOE peaks. A number of the observed NOE peaks
were ambiguous, i.e. they had more than one possible assignment. There was one peak where the
possible assignments included both sequential and non-sequential assignment possibilities, so it
was at least conceivable that this peak represented a non-sequential NOE. The lack of non-
‘sequential NOEs was consistent with the peptide existing in a conformationally flexible, poorly
defined structure under these conditions.

Standard protein structure calculation methods are poor at generating structure ensembles
that reflect conformationally flexible peptides, so care must be taken to avoid generating a
misleadingly narrow set of structures that would imply a better defined structure than is really
present. To address this issue, and also to take full advantage of the ambiguous NOE data, a
special structure calculation strategy was employed (Booth ef al., 2004). In this method, a large
variety of structures are generated to try to sample a large region of conformational space and
then from these structures, the subset that was consistent with the NMR data was selected.

Structures were generated by simulated annealing using the program Crystallography and
NMR System (CNS) version 1.2 (Bringer et al., 1998). The interproton distance constraints used
for structure calculations were obtained from the *N-edited NOESY and “*C-edited aromatic
NOESY spectra that were collected on MetEnk:MO Sample '3'. A total of 900 structures were
calculated using the inter-proton distances derived from the NOE data. In order to maximize the
variety of structures generated, several structure calculation runs were performed, with each run
using different combinations of possible assignments for the ambiguous NOEs. All structure
calculations were run remotely from SFU using the computing facilities at the Advanced
Computation and Visualization Centre at Memorial University of Newfoundland under the

guidance of Dr. Valerie Booth in the Department of Biochemistry at Memorial University of

Newfoundland.
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The pool of structures generated for cubic phase-bound MetEnk was evaluated using the
software program Ensemble to define the subset of structures that were consistent with the NMR
data (Choy and Forman-Kay, 2001). Ensemble is a program that was developed for the analysis
of a collection of structures representing the unfolded state of a protein. The ultimate goal of this
program is to use a weighted ensemble of rigid structures to represent the unfolded state of a
protein. The relative weighting of each of these rigid structures is proportional to the time-
averaged existence of each particular conformation. Since the structures calculated for cubic
phase-bound MetEnk were of an extended nature, having many similarities with the
conformations of unfolded peptides and proteins, it seemed appropriate to use a program such as
Ensemble to analyze the structures. A combination of NOE and/or chemical shift constraints
were used to evaluate the pool of structures calculated for cubic phase-bound MetEnk and
determine which ones were most consistent with the experimental data. The software program
Molmol was used to visualize the structures and analyze the calculated structures (Koradi et al.,

1996). Supplementary information relevant to the structure calculation procedure can be found in

Appendix C.

5.4 Results

5.4.1 MetEnk-Containing Cubic Phase Preparation

When the MetEnk-containing cubic phase samples were prepared it was very difficult to obtain
homogeneous clear samples, especially for MetEnk:MO Sample '1' which contained the highest
peptide concentration. The samples had cloudy regions, even after extensive centrifugation and
prolonged equilibration times under ambient conditions so additional water was added to see if
this would improve sample clarity by favouring cubic phase formation over lamellar phase
formation. It appeared that the addition of small quantities of water to the samples was necessary

for the formation of clear homogeneous cubic phase samples.

5.4.2 Multidimensional Heteronuclear NMR Spectra

5.4.21 1D 'H Spectra
MetEnk:H,0 Sample
The 1D 'H spectra of MetEnk in water with and without decoupling showed that the peptide

sample was very pure and that the peptide was well dispersed in aqueous solution.

MetEnk:MO Sample '2° and MetEnk:MO Sample ‘3’
1D 'H spectra of the MetEnk-containing cubic phases were collected for comparison with the

spectrum of cubic phases that did not contain peptide. Due to the high lipid:peptide ratios in

these samples and limitations in the dynamic range of the NMR spectrometers, it was only
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possible to observe the peaks arising from MO in these spectra. The spectra appeared to be
identical to the ones collected previously of G-type MO:water cubic phases. It appeared that the
addition of MetEnk to the MO cubic phases at the concentrations studied did not cause any
observable changes to the 1D 'H spectrum of the cubic phase.

5.4.2.2 1D 'H-"N HSQC Spectra

MetEnk:H,0 Sample
A PN-edited, 1D 'H spectrum of MetEnk in water was collected for comparison with the data

collected on MetEnk:MO Sample '3'.

MetEnk:MO Sample ‘3’
In order to observe the 'H resonances originating from MetEnk that was incorporated into the

MO cubic phase it was necessary to collect a *N-edited 'H spectrum. In this type of experiment
the only protons that are observable are those directly attached to '°N. In this sample there were
four observable protons, the amide backbone protons of G%, G, F*and M°. As one might expect,

the N-terminal protons of Y' were not observable due to their rapid exchange with water.

5.4.2.3 2D 'H-"°N HSQC Spectra
MetEnk:H,0 Sample
The 2D 'H-"*N HSQC correlation spectrum of MetEnk in water was collected for comparison

with the spectrum of MetEnk in the MO cubic phase. The spectrum showed four sharp well
resolved peaks and is included in Appendix C as Figure C.1.

MetEnk:MO Sample 2' and MetEnk:MO Sample ‘3’
The spectra collected on MetEnk in the cubic phase differed between the two samples. The

spectrum collected on MetEnk:MO Sample "2' had 7 distinct cross peaks, whereas the spectrum
collected on MetEnk:MO Sample '3' had four distinct cross peaks. Both spectra are included in
Appendix C. Figure C.2. shows the 2D 'H-'"N HSQC spectrum collected on MetEnk:MO
Sample '3' (which is also shown in Figure 5.3), and Figure C.3. the 2D 'H-""N HSQC spectrum
collected on MetEnk:MO Sample 2. When these two spectra were superimposed on one another
it was found that the four peaks in the spectrum of MetEnk:MO Sample '3' were coincident with
four of the peaks in the spectrum of MetEnk:MO Sample 2'. When the spectrum of MetEnk in
water was superimposed on the spectrum of MetEnk:MO Sample '2' it was found that one of the
peaks was coincident with a peak that was also coincident with a peak in the MetEnk Sample '3'
spectrum, however the other three peaks in the water spectrum were found to be coincident with
the three remaining peaks in the MetEnk Sample "2' spectrum. Figure C.4. in Appendix C shows a
superimposition of the 2D 'H->N HSQC spectra collected on MetEnk in water and on
MetEnk:MO Sample '3, for comparison with the spectrum collected on MetEnk:MO Sample 2
which is shown in Figure C.3.
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5.4.24 2D 'H-"C HSQC Spectra
MetEnk:MO Sample '3’
The 2D '"H-">C HSQC spectrum of MetEnk:MO Sample '3' is shown in Figure 5.5 and the 2D

aromatic region 'H-"C HSQC spectrum is shown in Figure 5.4. It was possible to completely
assign this spectrum using chemical shift information provided by the NOESY and TOCSY
experiments that were run on this sample, as well as information provided by reference spectra

from the literature for glycerol and oleic acid, the constituents of MO.

5.4.2.5 2D *N-edited TOCSY Spectra
A 2D "N-edited TOCSY experiment was run on MetEnk:MO Sample '3'. The spectrum is shown

in Figure 5.7. It was possible to completely assign the spectrum using the information provided
by the *N-edited NOESY spectrum.

5.4.2.6 2D *N-edited NOESY Spectra
2D “N-edited NOESY experiments were run on MetEnk:MO Sample '3' using 150 ms and

250 ms mixing times. The NOESY spectrum collected using a mixing time of 250 ms is shown
in Figure 5.8. The 150 ms NOESY spectrum only differed from the 250 ms spectrum with
respect to peak intensities (they were lower in the 150 ms spectrum), so the 150 ms NOESY
spectrum is not shown. The information provided by this spectrum was used to obtain complete
peak assignments for the spectra that were collected on MetEnk:MO Sample '3'. The NOE data
from the 150 ms and 250 ms experiments were used to plot NOE build-up curves (shown in
Appendix C in Figure C 5) to determine which mixing time would yield the highest quality NOE
data. This data would be used to generate NOE-derived constraints for structure calculation

purposes.
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Table 5.1. Chemical Shifts Determined for Methionine Enkephalin in
MetEnk:MO Sample '3’ at 30°C

Chemical Shift (5) NMR Experiment Chemical
Amino Acid Atom ID*
in ppm Shift Derived From

Tyr1 1.N - -
1.HT1 - -
1.CA 57.5 "H-c HsQC
1.HA 4.25 H-Bc HsQc
1.CB 38.8 'H-®c HsaQcC
1.HB#2 3.14 'H-Bc HsQC
1.HB#1 3.14 'H-Bc Hsac
1.CG - -
1.CD#1 1335 - 'H-"*c Aromatic HSQC
1.HD#1 7.12 'H-C Aromatic HSQC
1.CE#1 118.6 'H-"*c Aromatic HSQC
1.HE#1 6.82 TH-"3C Aromatic HSQC
1.cZ - -
1.HH - -
1.CE#2 118.6 'H-"*C Aromatic HSQC
1.HE#2 6.82 'H-"*c Aromatic HSQC
1.CD#2 133.5 'H-C Aromatic HSQC
1.HD#2 7.12 'H-*C Aromatic HSQC
1.C - -

Gly? 2.N 112.5 'H-"*N HsQC
2.HN 8.54 H-"N HsQC
2.CA 45.2 'H-Bc HSQC
2.HA#2 3.95 'H-*c HsQC
2.HA#1 3.91 'H-*Cc HsQC
2.C - -

Gly® 3N 108.2 'H-"*N HSQC
3.HN 7.92 'H-"N HsQC
3.CA 45.2 'H-c HsQcC
3.HA#2 3.95 'H-*c HsQC
3.HA#1 3.91 'H-3C HsQC
3.c - -

Cont'd...
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Table 5.1. Continued

Chemical Shift (5)

NMR Experiment Chemical

Amino Acid Atom |D*
in ppm Shift Derived From

Phe* 4N 119.6 'H-""N HSQC
4.HN 8.08 'H-"N HSQC
4.CA 57.8 H-*c HsQC
4.HA 4.67 'H-*c HsQC
4.CB 40.0 'H-®Cc HsQC
4 HB#2 3.10 'H-*c HsQc
4.HB#1 3.10 'H-*c HSaQcC
4.CG - -
4.CD#1 132.1 'H-*C Aromatic HSQC
4, HD#1 7.25 'H-"*C Aromatic HSQC
4.CE#1 131.1 'H-'*c Aromatic HSQC
4 HE#1 7.25 'H-*C Aromatic HSQC
4Cz 129.3 'H-"*C Aromatic HSQC
4.HZ 7.15 'H-*C Aromatic HSQC
4.CE#2 131.1 'H-"*C Aromatic HSQC
4 HE#2 7.25 'H-*C Aromatic HSQC
4.CD#2 132.1 'H-*C Aromatic HSQC
4 HD#2 7.25 'H-'*C Aromatic HSQC

i 4.C - -

Met® 5.N 121.2 'H-"N HsQcC
5.HN 7.98 'H-"N HsQC
5.CA 55.5 'H-*c HsQC
5.HA 4.27 'H-c HsaQcC
5.CB 33.0 'H-*c HsQC
5.HB#2 2.08 'H-c HsQcC
5.HB#1 1.94 'H-®c HsQC
5.CG 32.5 'H-*c HsQC
5.HG#2 2.33 'H-*C HsQcC
5.HG#1 2.27 'H-*Cc HSQC
5.CE 17.2 'H-*c HsQC
5.HE1 2.03 'H-*c HsQC
5.C - -

* In the column for Afom ID, the number indicates the residue number starting from the amino
terminus of the peptide. The first letter indicates the atom type, and if it is followed by another
letter, this indicates the position of the atom in the amino acid, where A refers to atoms closest to
the amide bond and those farther away are indicated sequentially using the Greek alphabet (q, B,
v, 0, € and ), ending with Z. A number sign (#) indicates degeneracy between atoms. If the first
letter is not followed by another letter, then it is either the amide nitrogen, N or the carbonyl
carbon, C. The amino terminal protons are always indicated as HT.
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Figure 5.6. Chemical Shift Differences for the HA, CA & CB Peaks in
MetEnk:MO Sample ‘3’

The differences between the observed chemical shifts of the HA, CA and CB peaks in MetEnk
Sample '3', and the random coil chemical shifts supplied with CSI v.2.0 SGI 6.0 (Ad) were
calculated by subtracting 8;andom coit fromM Ocbsenved (Wishart and Sykes, 1994).
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Figure 5.8.  'H-""N NOESY Spectrum of MetEnk:MO Sample '3’ at 30°C

Dotted circles indicate interresidue NOE peaks which are labelled according to the naming
convention shown in Figure 5.11. The NOE peaks observed between MetEnk and water, and

MetEnk and MO are also labelled.
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Figure 5.10.

'H-*C HSQCNOESYHSQC Spectra of MetEnk:MO Sample '3' at 30°C

H (ppm)

Dotted circles indicate the absence of NOE peaks that were observed in the 'H-3C aromatic
NOESY spectrum shown above in Figure 5.9.
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5.4.2.7 'H-"°C Aromatic NOESY and HSQCNOESYHSQC Spectra
Spectra were collected on MetEnk:MO Sample '3' to verify which NOE peaks arose from

peptide-peptide interactions, and which ones arose from lipid-peptide interactions. The two
experiments that were conducted for these purposes were the 2D aromatic region C-edited

NOESY spectrum and the 2D *C-edited HSQCNOES YHSQC which are shown in Figure 5.9 and
Figure 5.10.

5.4.3 Chemical Shift Data
The NMR spectra collected on MetEnk:MO Sample '3' were analyzed with the aid of the software

program NMRView. A list of all of the atoms in MetEnk, along with their experimentally
determined chemical shifts are shown in Table 5.1. In this table (also known as a peaklist), the
NMR experiment from which the chemical shift was derived is also listed. The notation used to
denote the various atoms in MetEnk is the notation used by the software program CNS. It was
possible to obtain non-stereospecific assignments for all of the peaks in the spectra collected on
MetEnk:MO Sample'3'.

A comparison of the chemical shifts for cubic phase-bound MetEnk with those for amino
acids in a random coil conformation was made. The random coil HA, CA and CB chemical shifts
used for the analysis were the ones supplied with CSI_v2.0 (Wishart and Sykes, 1994). The
difference between the chemical shifts for cubic phase-bound MetEnk and random coil chemical

shifts is plotted in Figure 5.6.
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Table 5.2. Unambiguous NOEs Observed for MetEnk:MO Sample '3' at 30°C

NOE ‘From' To' Strength
Type Atom and Residue Atom and Residue (W, M or S)
Tyr'

intraresidue Tyr' HA Tyr' HD1 & HD2 w

intraresidue Tyr' HB1 & HB2 Tyr' HD1 & HD2 M

intraresidue Tyr' HD1 & HD2 Tyr' HE1 & HE2 M
daN Tyr' HA Gly? HN M
dpN Tyr' HB1 & HB2 Gly* HN w
Gly

intraresidue Gly* HN Gly’ HA M
dNN Gly? HN Gly® HN w
Gly®
dNN Gly® HN Phe* HN M
Phe*

intraresidue Phe* HN Phe® HA M

intraresidue Phe* HN Phe* HB1 & HB2 S

intraresidue Phe* HA Phe* HD1 & HD2 w

intraresidue Phe* HB1 & HB2 Phe* HD1 & HD2 w

intraresidue Phe* HE1 & HE2 Phe* HZ w
dNN Phe* HN Met® HN M
daN Phe* HA Met’ HN S
dpN Phe* HB1 & HB2 Met’® HN w
Met®

intraresidue Met® HN Met’ HA s

intraresidue Met® HN Met’ HB1 & HB2 w

intraresidue Met® HN Met® HG1 & HG2 M




Table 5.3. Ambiguous NOEs Observed for MetEnk:MO Sample '3' at 30°C

Peak ID* and 'From' ‘To' Strength
NOE Type Atom and Residue Atom and Residue (W, MorS)
Peak 7
daN Gly® HA Phe* HN S
daN (i, i+2) Gly* HA Phe® HN s
Peak 9
intraresidue Phe* HN Phe* HD1 & HD2 M
intraresidue Phe* HN Phe* HD1 & HD2 M
Peak 12
intraresidue Met® HN Met® HB1 & HB2 w
intraresidue Met® HN Met® HE1 w
Peak 13
intraresidue Met® HN Met’ HB1 & HB2 w
intraresidue Met® HN Met® HE1 w
Peak 18
dsN Phe® HD1 & HD2 Met® HN w
deN Phe* HE1 & HE2 Met® HN w
Peak 23
intraresidue Gly® HN Gly’ HA s
daN Gly* HA Gly® HN S

* The peak numbers listed in the Peak ID column correspond to those found in the peak list file
new_noe_list.xpk that was generated using the software program NMRView.
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Please refer to the original publication for this Figure, as non-transferable
copyright permission was granted to the author of this thesis for print and microform
formats only, and not for electronic forms of this thesis that may be distributed by:
Library and Archives Canada as outlined in the
'"Theses Non-exclusive License' Issued 2005-04-01,
and Simon Fraser University as outlined in the
'‘Partial Copyright Licence'.

Figure 7.1 from Kurt Withrich (1986) NMR of Proteins and Nucleic Acids John Wiley & Sons Inc.

Figure 5.11. Diagram Showing Sequential and Non-sequential NOEs in a Polypeptide
Chain

HN;-HN;.4

Hao;-HN;4q

Hai-HN;.2
HB-HN;+4

H&;-HN;4

HEi-H Ni+1

Figure 5.12. Schematic Diagram Showing the Observed NOEs for MetEnk:MO Sample '3

The solid bars indicate unambiguous NOE peaks and the grey bars indicate ambiguous NOE
peaks. The thickness of the bars indicates the relative intensity of the NOE peaks as strong,
medium or weak, where the thickest bar represents the most intense NOE peak.
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5.4.4 Structure Calculations

5.4.4.1 NOE Constraints
In addition to the 12 intraresidue NOE peaks that were observed in spectra collected on

MetEnk:MO Sample '3, there were 7 sequential and 5 ambiguous NOE peaks. Table 5.2 contains
a listing of the unambiguous NOEs, and Table 5.3 contains a list of the ambiguous NOEs that
were observed for cubic phase-bound MetEnk. NOE-derived distance constraints were used to
perform a series of structure calculation runs in which a// of the unambiguous NOE constraints,
and various combinations of the ambiguous NOE constraints were employed. This strategy was
used to ensure that the pool of calculated structures would accurately represent all of the possible

conformations for cubic phase-bound MetEnk that were consistent with the experimental data.

5.4.4.2 Calculated Structures
A total of 900 structures were calculated for cubic phase-bound MetEnk using various

combinations of the NOE data provided from NMR experiments. These structures needed to be
evaluated and interpreted to give an accurate picture of the structure of cubic phase-bound
MetEnk. The first step in evaluating the structures generated by CNS was to check the structures
for NOE violations. This was done by inspecting the output files generated by CNS for each
structure calculation run to see if any of the structures were not compatible with the inputted NOE
constraints. Only four of the calculated structures were found to have NOE violations. These

structures were removed from the pool of calculated structures and were not used in any further
analyses.

5.4.4.3 Analysis of MetEnk Structures Using Ensemble
The program Ensemble was used to determine which of the calculated structures were most likely

to represent the cubic phase-bound conformations of the MetEnk peptide. The pool of structures
that was analyzed contained the 896 structures that were calculated using NOE-derived distance
constraints and 100 structures that were calculated without the use of distance constraints.
Ensemble evaluated the pool of structures to determine which ones were most consistent with the
observed NOE peaks and the experimentally determined chemical shifts. There were 7 high
scoring structures (with weights > 0.003) in the Ensemble analysis conducted using NOE and
chemical shift data. A backbone alignment of these structures is shown in Figure 5.13. There
were many structures in the pool which were low scoring (with weights < 0.0001) according to
the Ensemble analysis. A group of 7 structures was selected from thjs pool to represent the
conformational diversity of the structures. A backbone alignment of these structures is shown in

Figure 5.14 for comparison with the high scoring structures.
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Figure 5.13. Backbone Alignment of the 7 Structures With Weights > 0.003
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Figure 5.14. Backbone Alignment of 7 Representative Structures With Weights < 0.0001
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5.4.5 NMR Measurement of Diffusion

The NMR data collected on MetEnk in water at 30°C and MetEnk:MO Sample '3' at 20°C, 30°C
and 40°C were analyzed in order to measure the lipid, water and peptide diffusion rates in these
samples. The experimentally determined lipid, water and peptide diffusion coefficients are
summarized in Table 5.4. Data that had béen collected in 2003 to measure lipid and water
diffusion at 30°C on the same MetEnk:MO sample were analyzed for comparison with the data
collected in 2004. The NMR spectra collected to measure lipid and water, and peptide diffusion
in MetEnk:MO Sample 3' at 30°C are shown in Figure 5.15 and Figure 5.16 respectively.

For MetEnk:MO Sample '3' the highest quality peptide diffusion data were obtained at 30°C,
however there was a significant amount of scatter in the data points due to the low signal-to-noise
of the spectra. The peptide signal was significantly weaker than for MetEnk in water, and the
peaks were much broader and less well resolved. Only the diffusion coefficient calculated for
MetEnk in the MO cubic phase at 30°C will be reported because the data was the most reliable.
A plot of the peak intensities as a function of the square of the gradient strength for MetEnk in the
cubic phase at 30°C is shown in Figure 5.19. A plot of the normalized natural Log of the peak
intensities as a function of the square of the gradient strength is shown in Figure 5.20. The slope
of this line is 1.6 x 107 cm?s, the peptide diffusion coefficient for MetEnk:MO Sample '3' at
30°C. As a 'negative control' a data set was taken from a region of the spectrum without any
visible peaks (~ 10 ppm). When these data were plotted it was very clear that these were random
data points that were not undergoing exponential decay.

For MetEnk:MO Sample '3' it was possible to calculate the lipid and water diffusion
coefficients at all temperatures. Only the first 5 or 6 data points were used to calculate the water
diffusion coefficients because the signal had decayed to zero. All of the data points were used to
calculate the lipid diffusion coefficients for the first three peaks in the lipid spectrum (0.8, 1.2 and
2.0 ppm) because these data were the most reliable. Comparison of the data collected on
MetEnk:MO Sample '3' in 2003 at 30°C, with the data collected in 2004 at 30°C revealed changes
in the peaks at 3.8 and 5.2 ppm. These changes were likely due to degradation of some of the
MO molecules over time resulting in the release of 'free' oleic acid (the resonances at 5.2 ppm)
and glycerol (the resonances from 3.5 - 4.2 ppm). Spectral differences were also observed in the
peaks at 5.2 ppm in the spectra of MetEnk:MO Sample '3' collected at 20°C and 30°C versus the
spectra collected at 40°C. Only the diffusion coefficient calculated for MO in the cubic phase at
30°C (1.7 x 10”7 cm?/s) will be reported because the data was the most reliable. The water
diffusion coefficient determined in the MO cubic phase was 3.3 x 10" cm?s, 3.9 x 10" cm’/s and

4.4 x 10" cm®/s at 20°C, 30°C and 40°C, respectively.
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For MetEnk in water it was possible to calculate decay rates for each of the four observable
peptide NH peaks. The diffusion coefficient of MetEnk in aqueous solution was calculated as the
average of these four decay rates. The NMR spectra collected to measure peptide diffusion are
shown in Figure 5.17 and the spectra collected to measure water diffusion are shown in Figure
5.18. The peaks undergo exponential decay and by the sixth spectrum/gradient the signal has
decayed to zero, so only the first 6 or 7 data points were used to calculate the peptide diffusion
coefficient. A plot of the peak intensities as a function of the square of the gradient strength for
MetEnk in water at 30°C is shown in Figure 5.21. A plot of the normalized natural Log of the
peak intensities as a function of the square of the gradient strength is shown in Figure 5.22. Plots
of the Data points 2 - 15 were used to calculate the water diffusion coefficient in this sample. A
plot of the water peak intensities as a function of the square of the gradient strength at 30°C is
shown in Figure 5.23. A plot of the normalized natural Log of the water peak intensities as a
‘function of the square of the gradient strength is shown in Figure 5.24. The peptide diffusion

coefficient was found to be 6.9 x 10 cm*/s and the‘water diffusion coefficient was found to be

2.2 x 10”° ¢m?s at 30°C.
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Figure 5.15. 'H NMR Spectra of MetEnk:MO Sample '3’ Collected to Measure Lipid and
Water Diffusion at 30°C
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Figure 5.16. '*N-edited 'H NMR Spectra of MetEnk:MO Sample '3’ Collected to Measure
Peptide Diffusion at 30°C
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Figure 5.17.  *N-edited 'H NMR Spectra of the MetEnk:H,O Sample Collected to Measure
Peptide Diffusion at 30°C
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Figure 5.18. 'H NMR Spectra of the MetEnk:H,0 Sample Collected to Measure Water
Diffusion at 30°C

148



4.0E-04 -
3.5E-04 -P‘
A

{ A
3.0E-04 N
2.5E-04 A
2.0E-04 1 R
1.5E-04 -

1.0E-04 - A

Peptide Peak Intensity

5.0E-05 - A A

0.0E+00 T T Y T T — T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Gradient Strength? (G/cm)®

Figure 5.19.  Plot of Peptide Peak Intensity versus Gradient Strength for MetEnk:MO
Sample ‘3" at 30°C
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Figure 5.20.  Natural Log Plot of Peptide Peak Intensity versus Gradient Strength for
MetEnk:MO Sample '3' at 30°C
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Figure 5.21.  Plot of Peptide Peak Intensity versus Gradient Strength for the MetEnk:H,0
Sample at 30°C
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Figure 5.22.  Natural Log Plot of Peptide Peak Intensity versus Gradient Strength for the
MetEnk:H,0 Sample at 30°C
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Figure 5.23.  Plot of Water Peak Intensity versus Gradient Strength for the MetEnk:H,0
~ Sample at 30°C :
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Figure 5.24.  Natural Log Plot of Peptide Peak Intensity versus Gradient Strength for the
MetEnk:H,O Sample at 30°C
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Table 5.4. Summary of Diffusion Data Collected on MetEnk in Water and in Cubic Phases

Experiment Diffusion Coefficient
(cm"ls) Temperature o] A
Description (°C) (s) ()
MetEnk in Water 5
MetEnk in Water %
Peptide Diffusion at 30°C Degerioe =6.9x 10 30 0.002 0.5
MetEnk:MO Sample '3’ Dupip = 1.1 x 107
Lipid & H,O Diffusion y 20 0.002 1
atp20°C 2 DWATER =3.3x10 6
MetEnk:MO Sample '3’
Peptlde Diffusion DPEPTIDE =1.0x 10-7 20 0.002 1
at 20°C
MetEnk:MO Sample '3’ Dupi = 1.7 x 107
Lipid & H,0O Diffusion % 30 0.002 1
D =39x1
at 30°C water = 3.9 x 10
MetEnk:MO Sample '3’
Peptide Diffusion Degpripe = 1.6 X 107 30 0.002 1
at 30°C
MetEnk:MO Sample '3’ Dupp = 2.2 x 107
Lipid & H,O Diffusion _ 5 40 0.002 1
at 40°C DWATER =4.4x10
MetEnk:MO Sample '3’
Peptide Diffusion Degeripe = 2.3 X 107 40 0.002 1
at 40°C
MetEnk:MO Sample '3" Dupip = 1.7 x 107
Lipid & H,O Diffusion 5 30 0.002 1
D =3.2x10
at 30°C one year earlier WATER
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5.5 Discussion
5.5.1 Effects of Methionine-Enkephalin on Monoolein:Water Phase
Behaviour

When cubic phase samples containing MetEnk were prepared, they behaved as though they had a
higher lipid content than they actually did. Since MetEnk is known to interact with the surfaces
of membranes, perhaps it acts in a similar manner in the cubic phase. If MetEnk is located at the
polar/apolar interface of the MO 'bilayer!, as it is in bicelles, it would behave as a lipid with
respect to its affects on the phase behaviour of the system (Marcotte ez al., 2003). In the cubic
phase the highest areas of strain are at the water/lipid interface, so any molecule that interacted
with the interface would have more of an effect on the phase behaviour of the system than a
molecule that was for example sequestered within the cubic phase. It seemed possible to counter
-act this effect by increasing the hydration level of the system. A similar observation was made in
studies of lysozyme in the MO cubic phase. In the phase diagram of MO:lysozyme:water the
phase boundaries for the cubic phase are shifted towards higher water content than in the phase

diagram of MO:water at a relatively low lysozyme concentration (Ericsson et al., 1983).

5.5.2 NMR Spectra of Cubic Phase-Bound Methionine-Enkephalin

5.5.21 2D 'H-"°N Correlation Spectra
Good quality NMR spectra were obtained for MetEnk in the MO cubic phase at a peptide:lipid

ratio of ~ 1:1000. Sharp well resolved peaks were observed in all of the NMR spectra that were
collected indicating that the peptide was experiencing rapid isotropic reorientation in the cubic
phase-bound state. Since it was not necessary to employ water suppression in the NMR
experiments that were conducted, no problems were encountered with variability in the intensities
of the amide proton peaks. In previous NMR studies of MetEnk in lipid micelles or bicelles, it
had been observed that the intensity of the Gly’ amide proton resonance was diminished
compared to the intensity of the signal from the Gly’, Phe* and Met’ resonances when
experiments involved pre-saturation of the water signal (Deber and Behnam, 1985; Marcotte et
al., 2004).

These data were consistent with high resolution *C solid state NMR spectra collected on
LeuEnk, the sister peptide to MetEnk, bound to dihexanoylphosphatidylcholine:
dimyristoylphosphatidylcholine bicelles (Sanders II and Landis, 1995). The authors of the paper
were surprised at the high resolution of the spectra that were obtained as this was unprecedented
for oriented membrane proteins at the time that the study was conducted. It was believed that the

resolution of the spectra were likely derived from a combination of the conformational dynamics
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of the bicelle-bound peptide and/or to motions of the whole peptide, including on-surface
wobbling and diffusion, and rapid dissociation of the protein into isotropic solution, followed by
tumbling and reassociation. Evidence supporting the presence of extensive motional averaging of
the bicelle bound peptide were provided by the small magnitudes of the chemical shift

anisotropies and the dipolar couplings observed for bicelle-associated LeuEnk.

5.5.2.2 2D 'H-"C Correlation Spectra
In the aromatic region "H-">C HSQC spectrum of cubic phase-bound MetEnk it was observed that

the peak intensities of the Tyr' ring protons were much more intense than those of the Phe* ring
protons. This was likely attributable to differences in the mobility of these two side chains in the
membrane-bound state which would result in differential line broadening of the peaks (Milon et
al., 1990). These data suggest that the Tyr residue is likely located closer to the surface of the
cubic phase bilayer' than the Phe residue, and that the motion of the Tyr side chain is not
restricted. In contrast, the peak intensities of the Phe ring protons decrease towards the end of the
side chain, suggesting that this residue is likely buried well within the cubic phase bilayer' where
its motion is restricted. Additional evidence supporting a location for Tyr' near the surface of the
cubic phase bilayer' was the presence of a stong NOE between Tyr' and water. The proposed
'bilayer' surface location of Tyr' is in contrast to some of the findings reported in the literature
which indicated that the Tyr' residue of both MetEnk and LeuEnk is located at the
headgroup/acyl chain interface in phospholipid micelles and liposomes (Behnam and Deber,
1984; Milon et al., 1990)

It was possible to assign all of the peptide peaks in the phase sensitive 'H-"C HSQC
spectrum that was collected on cubic phase-bound MetEnk. Even though the peptide was fully
'>C-labelled, the peptide peaks were still of a much weaker intensity than the lipid peaks. This is
because even at natural abundance, the amount of >C signal from MO is still about 100 x the
intensity of the signals derived from the peptide. The difference in signal intensities from the
lipids and the peptide were useful for initially identifying the peaks originating from the peptide.
Luckily, there wasn't any overlap of any of the peptide peaks with the lipid peaks. It was
therefore possible to observe and assign all of the peptide peaks that were expected to be
observable in the 'H-"C HSQC spectrum. The phase-sensitive nature of the experiment made it
possible to unambiguously assign the y, B, and & protons of Met’, it was not however possible to

obtain stereospecific assignments for the y and § protons.

5.5.2.3 2D *N-edited TOCSY and NOESY Spectra
The information in the TOCSY and NOESY experiments made it possible to make sequence

specific assignments for all for of the peaks in the spectra that were collected. Intraresidue and
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sequential NOE peaks were observed in the NOESY spectrum. Unfortunately no unambiguous
non-sequential NOE peaks were observed in either of the NOESY spectra that were collected
(with 150 ms and 250 ms mixing times). This result was not unexpected given the inherent
flexibility of a peptide only five residues in length. The absence of strong non-sequential NOE
peaks in the NOESY spectra of cubic phase-bound MetEnk indicated that the peptide was
probably not folded up into a compact conformation upon lipid-binding. This result was
unexpected given the number of non-sequential NOEs that had been observed in previous studies
(Milon et al., 1990; Marcotte et al., 2004). There was however a strong NOE peak between Tyr'

and water indicating that this residue is likely in an interfacial location when bound to MO cubic

phases.

5.5.2.4 2D "C-edited NOESY and HSQCNOESYHSQC Spectra
In addition to the strong NOE peak between water and Tyr', NOE cross peaks were seen at

'~ 1.5 ppm. These crosspeaks were believed to be with the lipids, but they could also have been
from the Met’ side chain. To rule out this possibility a 2D aromatic region “C-edited NOESY
spectrum, and a 2D “C-edited HSQCNOESYHSQC were collected. Any NOE peaks that were
visible in the “C-edited NOESY spectrum that were not visible in the “C-edited
HSQCNOESYHSQC did not originate from peptide-peptide interactions, but rather from peptide-
lipid interactions. The NOE peaks at ~1.5ppm were not visible in the “C-edited
HSQCNOESYHSQC spectrum confirming that these NOE peaks originated from the lipids.
These NOE peaks between Phe* and Met® and the oleic acid side chain of MO provide evidence

for the location of these residues at the headgroup/acyl chain interface of the cubic phase.

5.5.3 Chemical Shifts

Using the information provided by the various heteronuclear NMR spectra that were collected it
was possible to assign all of the observable backbone and side chain atom 'H, ®C and "N
chemical shifts. Only small differences were observed in the chemical shifts of the free versus
lipid bound peptide. These results are consistent with those published in the literature where
small changes were found in the chemical shifts upon binding of the peptide to phospholipid
bicelles (Marcotte et al., 2004). In Figure 5.6 the chemical shifts of cubic phase-bound MetEnk
were compared with the chemical shifts for polypeptides in random coil conformations. It was
found that there were only minor differences between the chemical shifts for cubic phase-bound
MetEnk and the chemical shifts for random coil polypeptides. This indicated that the peptide did
not contain significant amounts of a and p secondary structure (Wishart, 1991).
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5.5.4 Structure Calculations for Cubic Phase-Bound MetEnk

The results of the Ensemble analyses that were conducted on the pool of structures calculated for
cubic phase-bound MetEnk are shown graphically in Figure 5.13 and Figure 5.14. The structures
shown in Figure 5.13 are the 7 most highly weighted conformers (those with weights > 0.003)
from the pool of calculated structures. The 7 structures shown in Figure 5.14 are representative
of those conformers with weights < 0.0001. It does not appear that MetEnk adopts a well defined
structure upon binding to the MO cubic phase, although there may be some conformational
preference in the structures that were highly weighted in the Ensemble analyses. This result was
not surprising given the lack of long-range NOEs.

In the recent paper in which the structures of bicelle-bound MetEnk were calculated,
approximately 60 NOE derived distance constraints were used for the structure calculations
(Marcotte et al., 2004). Whereas only 19 unambiguous, and 6 ambiguous sequential or
intraresidue NOE constraints were available for use in structure calculations for cubic phase-
bound MetEnk. Given the paucity of distance constraints that were available for structure
calculation purposes, it is not overly surprising that MO-bound MetEnk was not found to have a
well defined structure. The observed chemical shifts for cubic phase-bound MetEnk also
supported an extended conformation for the cubic phase-bound peptide. These results are
interesting since MetEnk has been shown to be structured in many other lipid environments.
Recently the conformations of MetEnk in zwitterionic and anionic bicelles were determined using
'H NMR techniques (Marcotte ef al., 2004). It was found that MetEnk existed in slightly
different conformations depending on the nature of the lipids it was interacting with. This result
was consistent with the NOE data that was collected on these peptides in the two different types
of bicelles, since many similar NOEs were observed. The differences in the NOEs observed in
the zwitterionic versus anionic lipid environments were between the side chains of Tyr' and Met’,
Phe* and Met’, and to additional NOEs that were observed between Tyr' and Phe* in the anionic
bicelles. These results demonstrated that MetEnk can adopt many different conformations in
membrane-mimetic environments which is consistent with the natural high flexibility of this
peptide (and its close relatives). It was postulated that the structural differences observed
between the conformations determined for MetEnk in anionic versus zwitterionic bicelles could
result from differences in the mobility of the N-terminus (Marcotte ef al., 2004). This is related
to natura] variations in the phi and psi angles of glycine which is a much less constrained amino
acid. In the case of cubic phase-bound MetEnk, the absence of detectable structure formation
upon lipid-binding could be due to differences in the interactions of MetEnk with MO, a polar

lipid, than with PC, a zwitterionic lipid. Previous studies have indicated that salt interferes with
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the interaction of MetEnk with both charged and zwitterionic lipids (Jarrell ez al., 1980; Milon et
al., 1990). This implies that there is an electrostatic component to the interaction of MetEnk with
lipids, even if they have a neutral net charge. Another factor to consider is that although the most
stable conformation for the enkephalins may be a folded type of structure, this does not account
for the contributions of membrane association to the overall stability of the peptide structure.
Evidence from this, and other studies conducted on MetEnk in membrane-mimetic
environments indicate that MetEnk is located at the lipid/water interface. A number of
intermolecular NOEs have been observed between the lipid headgroups and the peptide residues
in studies conducted in phospholipid bicelles (Marcotte et al., 2004). It has also been shown in
NMR studies in both micellar and bicellar systems that the Gly’ NH is affected by water
suppression (Deber and Behnam, 1985; Marcotte et al., 2004). This observation indicates that
this residue is located closer to the membrane surface than the other residues of the peptide.
Interactions of the peptide with lipid head groups would restrict the motion of the peptide in its
lipid-bound form. The NMR data collected on MetEnk bound to MO cubic phases did not show
an interaction of Tyr' with the lipid headgroups, but instead showed that this residue was quite
mobile. A strong NOE peak with water provided evidence that Tyr' was probably located in the
interfacial region of the cubic phase 'bilayer'. This difference in the mode of interaction of
MetEnk with MO cubic phases versus other membrane-mimetic systems, could account for the
structural differences that were observed for cubic phase-bound MetEnk. If electrostatics play an
important role in the interaction of the amino terminus of the peptide with zwitterionic lipid
headgroups, it is likely that this interaction also has an effect on the structure of the peptide. This
influence of electrostatic interactions on the structures adopted by MetEnk in lipid environments
is consistent with the role that electrostatic interactions may play in modulating the structure of
MetEnk in vivo since the membranes of the central nervous system can be composed of up to

24 % anionic phospholipids (Marcotte et al., 2004).

5.5.5 Methionine-Enkephalin Diffusion in the Monoolein Cubic Phase

NMR was used to measure the diffusion of the lipid, peptide and water components of MetEnk-
containing MO cubic phases. Since all plots of the normalized natural log of the signal intensity
versus the square of the gradient strength were linear, there was no influence of intermolecular
NOE:s on the diffusion results (Chen and Shapiro, 1999; Lucas et al., 2003). The diffusion
coefficient that was observed for cubic phase-associated MetEnk (Denseves) Tepresented an
average of the diffusion coefficients for the free (Dgee) and the bound (Duoung) peptide because the
peptide was in rapid exchange between the free and bound states on the NMR time scale
(Whitehead et al., 2001). In this two site model, Dpoung corresponds to the lipid diffusion
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coefficient and Dye, corresponds to the diffusion coefficient of the peptide in water (Stilbs, 1982).
The following equation has been used in studies of micelle-associated neuropeptides to describe
the relationship between Dopsened and the proportions of free and lipid-bound peptide (Gao and
Wong, 1998; Whitehead ef al., 2001):

Dobserved = xfree Dfree + xbound Dbound [5-1]

In this equation, X¢ee represents the mole fraction of free peptide and Xo,na the mole fraction of
bound peptide. The proportion of peptide that is lipid-associated can be determined using the
values measured for Dgpserveds Drree and Dpoune. In solutions containing micelles or bicelles, the
diffusion of 'free' unbound peptide will be affected by the presence of the micelles or bicelles
which will impede the diffusion of the peptide in the solution. To compensate for this
impediment of free diffusion, an 'obstruction’ factor must be incorporated into calculations of the
proportion of lipid-associated peptide in micellar and bicellar solutions (Gaemers and Bax, 2001).

The diffusion rate of free MetEnk in aqueous solution is ~ 31.8 % of that of water molecules
in the same solution. This value was used to calculate the 'expected’ diffusion coefficient for
unbound MetEnk in the MO:water cubic phase to be ~1.2x10° cm%s at 30°C. The
experimentally determined values for Dopserved, Diree anid Dyoung (Shown in Table 5.4) were used to
calculate the proportion of MetEnk that was bound to MO cubic phases at 30°C. It was found
that ~ 100 % of the MetEnk in the sample was lipid bound. Since the peptide:lipid ratio in these
samples was very high, (~ 1:1000) it was not surprising that such a high proportion of the peptide
was lipid-associated. It is interesting to note that the high level of lipid association is not
concomitant with the folding of the peptide into a 'structured' conformation. The lipid and water
diffusion coefficients determined for MetEnk-containing MO cubic phases were consistent with
those measured for the transmembrane peptide-containing MO cubic phases discussed in Section
4.4.4. The relatively high amount of lipid-associated peptide is consistent with results published
in the literature for MetEnk and LeuEnk. In NMR studies of LeuEnk in mixtures of 1,2-
dihexanoyl-sn-3-glycerophosphocholine (DHPC) and DMPC (1:2.0) at 40°C, it was found that
the peptide was greater than 95 % associated with the lipid interface (Sanders II and Landis,
1994). The molar ratio of peptide:DMPC in these samples was roughly 1:10, and the total lipid
content of the samples was ~ 25 % (wt/vol). The samples were prepared in 70 mM sodium
phosphate, 30 mM KCl in D,O at a pD of 7.0. In another NMR study conducted on MetEnk in
the presence of zwitterionic DMPC, or anionic DMPG-doped DMPC bicelles at a peptide:lipid
molar ratio of 1:25, it was found that 65 % and 59 % of the peptide was lipid bound, respectively.

(Marcotte et al., 2004).
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Chapter 6: Discussion, Conclusions
and Future Work

6.1 Discussion

My thesis research has shown that both the transmembrane peptides TMK and alamethicin, and
the membrane surface-associating peptide MetEnk, can be successfully incorporated into the MO
cubic phase and studied using solution NMR techniques. The results that were obtained provide
valuable insights into the interactions and behaviour of membrane peptides, and by inference
membrane proteins, incorporated into the bicontinuous cubic phases formed by mixtures of MO
and water. This knowledge will further our understanding of lipid-peptide/protein interactions,
lipid polymorphism and the mechanisms by which cubic phases can mediate the crystallization of

membrane proteins.

6.1.1 NMR Studies of Transmembrane Peptides in MO Cubic Phases

In solution NMR studies conducted on transmembrane peptides incorporated into the MO cubic
phase, it was found that only the signals originating from the amino acid residues located at the
N- and/or C-termini of the peptides could be observed. These residues would be located in the
interfacial regions of the cubic phase bilayer' if the peptides were incorporated into the cubic
phase in the predicted transbilayer orientation. The NMR results that were obtained were
somewhat unexpected because the lipid spectra collected on MO cubic phases yielded narrow
well resolved peaks. By analogy, it was believed that NMR spectra of hydrophobic or
amphiphilic peptides incorporated into the MO cubic phase would have similarly narrow well
resolved peaks. Although the spectra collected on cubic phase-bound transmembrane peptides
did contain some narrow peaks, most of the expected peaks were too broad to be observable using
solution NMR techniques. The peaks that could not be observed were the ones originating from

residues located in the membrane-spanning regions of the peptides. Broad peaks are known to be
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observed in NMR spectra when molecular motions are slow, or in cases where a protein exists in
an anisotropic state (Sanders II and Landis, 1995). There were a number of scenarios where one,

or both, of these conditions could be met.

6.1.1.1 Peptide Aggregation
The peptides would experience anisotropic motions if they had formed molecular aggregates that

were too large to 'tumble' rapidly within the milieu of the cubic phase. Although the high lipid-
to-peptide ratios in the samples (1800:1 and 270:1 for TMK and alamethicin, respectively), made
it unlikely that this would occur, the possibility that aggregation could have occurred could not be
ruled out since both of the peptides were known to self-associate under ceﬁain conditions. The
TMX-1 peptide, which the TMK peptide sequence was based on, formed soluble aggregates in
aqueous solution (Wimley and White, 2000). Alamethicin was also known to self-associate as it
is a channel forming peptide whose self-association is dependent on the presence of a
‘transmembrane potential (the primary driving force behind peptide self-association), as well as on
PH and peptide concentration (Franklin ef al., 1994).'

Since both NMR samples were prepared by dissolving the peptides in molten lipid prior to
the addition of water, it was unlikely that the peptides would have formed aggregates in aqueous
solution. The alacoil motif (Ala at i, i + 7 positions along the helix) which was present in the
‘parent’ TMX-1, and could have potentially favoured the formation of anti-parallel a-helical
dimers of the peptide, was intentionally disrupted in the design of the TMK peptide, so at the high
lipid-to-peptide ratio in the sample (1800:1), peptide self-association would not be favoured
(Wimley and White, 2000). In previous studies of alamethicin in detergent micelles at similar
concentrations to the one used in the cubic phase sample, the peptide was monomeric and it was
found to be associated with the interior of the detergent micelles (Franklin ez al., 1994). For these
reasons it was believed that monomeric alamethicin would be incorporated into the cubic phase

'bilayer' in a transmembrane orientation.

Hydrophobic Mismatch
There are other mechanisms that could drive peptide aggregation within the cubic phase. One of

these is hydrophobic mismatch. If the hydrophobic thickness of the MO bilayer' was not equal to
the hydrophobic length of the peptide, this could favour peptide self-association (de Planque ez
al., 2002; de Planque and Killian, 2003; Killian, 2003; Orzaez et al., 2005). Although the
hydrophobic lengths of the peptides were calculated to be comparable to the hydrophobic
thickness of the MO 'bilayer' based on data provided from X-ray diffraction studies, it was still
possible for mismatch to occur depending on the conformations of the peptides in the cubic phase

environment. This was one of the reasons why alamethicin was chosen as the second peptide to
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study, because it had a hydrophobic length that was shorter than that of the TMK peptide. If
hydrophobic mismatch had driven the aggregation of the TMK peptide, a shorter peptide would
be less likely self-association via the same mechanism. Another advantage of studying
alamethicin was that it was an uncharged peptide, so it would be less likely to cause perturbation
of the structure of the cubic phase, since the presence of charged moieties has been shown to
increase the lattice dimensions of the cubic phase (Giorgione et al., 1998; Aota-Nakano et al.,
1999). However, the NMR spectra that were obtained for both peptides were similar, which
indicated that the results were not ‘artefacts' caused by peptide aggregation or perturbation of the
cubic phase, but were rather due to the inherent spectral properties of transmembrane peptides
incorporated into MO cubic phases.

6.1.1.2 Lipid and Peptide Lateral Diffusion
The lateral diffusion of a peptide in the cubic phase is more restricted than that of a lipid (Cherry,

1979; Lindblom and Rilfors, 1989). In addition to the differences in size between a lipid and a
peptide molecule, there are differences in the localization of these molecules within the cubic
phase and this will affect their diffusion. A lipid molecule 'sits' in one leaflet of the cubic phase
'bilayer' and is free to diffuse independently of the other leaflet of the bilayer'. However, the
diffusion of a transmembrane peptide is dependent on both leaflets of the bilayer since its N- and
C-termini are 'tethered' at the aqueous interface of separate water channels, so diffusion of the
peptide depends on the coordinated movement of both termini of the peptide through the cubic
phase structure. Unlike TMK, alamethicin does not contain any charged residues so its diffusion
would be slightly less restricted due to fewer interactions in the interfacial region of the cubic
phase. This was another reason why alamethicin was selected as the second transmembrane
peptide for study. However, no significant differences could be detected between the NMR
spectra collected on the alamethicin versus the TMK peptide, or in their diffusion rates within the
MO cubic phase. It would be interesting to compare the lipid diffusion rates of bipolar lipids in
the bicontinuous cubic phase with those of the transmembrane peptides in the bicontinuous cubic
phase, since the diffusion of both of these types of molecules would be similarily restricted
(Luzzati, 1997).

Another factor that could influence peptide diffusion within the cubic phase would be
irregularities or 'defects' in the cubic phase structure, such as transient alterations in the
hydrophobic thickness of the 'bilayers' or variations in the dimensions of the water channels.
Depending on the nature of such 'defects', there could be an energetic pehalty to either partition a
hydrophilic residue into the hydrophobic interior of the bilayer' or to partition a hydrophobic

residue into the interfacial or aqueous regions of the cubic phase. The presence of 'defects' could
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act to reduce the areas that would be accessible to a diffusing peptide compared to a diffusing
lipid. In the case of alamethicin, peptide diffusion would be less likely to be affected by such
'defects’ because the termini of the peptide are not anchored at the aqueous interface, unlike the
TMK peptide which has a tryptophan anchored N-terminus and a charged C-terminus. However,
it is unlikely that there are any irregularities in the structure of the cubic phase since no
anisotropic signal is present in the NMR spectra of cubic phases and the 'liquid-like' properties of
the cubic phase requires that all molecules have equivalent packing conditions (Hyde et al.,
1984).

6.1.1.3 Lipid and Peptide Conformational Flexibility and Axial Rotation
Broad lines are observed in NMR spectra when molecular motions are slowed. In the case of

peptides inserted into bilayers in a transmembrane orientation, both rotational and conformational
motions of the peptide will be decreased resulting in increases in the observed peptide linewidths
‘(Sanders II and Landis, 1995). It is also likely that the rotational and conformational motions of
the lipids in the immediate vicinity of the bound peptides will be dampened. Both of these
restrictions of molecular motion will act to increase the time required for sample relaxation to
occur, a process that plays an important role in determining whether or not the signals from lipid-
associated peptide residues will be observable in NMR spectra (Sanders II and Landis, 1995). It
is likely that restriction of the conformational and rotational motions of residues located within
the cubic phase bilayer' is the reason why only the signals originating from the most flexible
residues in the peptides (those residing at the N- and C-termini of the peptide), are observable
using solution NMR techniques.

The effect of lipid association on the NMR spectra of membrane-binding peptides and
proteins cannot be predicted. In solution and solid state NMR studies of micelle and bicelle-
associated peptides it has been found that some peptides yield high quality NMR spectra with
sharp well resolved peaks upon lipid binding, whereas other peptides do not (Sanders II and
Landis, 1995; Andersson and Miler, 2002; Biverstahl et al., 2004). It appears that spectral
quality is dependent on the nature of the particular peptide or protein that is studied since this
phenomenon has been observed for both transmembrane and surface-binding peptides. It is
believed that this effect is modulated, at least in part, by a local ordering of the lipids in the
immediate vicinity of the lipid-bound peptide (Andersson and Miler, 2002). In one solid state
NMR study where spectra were acquired on a number of different membrane peptides and
proteins that had been reconstituted into lipid bicelles, a considerable amount of variation was
observed in the quality of the NMR spectra that could be collected (Sanders II and Landis, 1995).
Alamethicin was one of the peptides that was studied. A 'C NMR spectrum of alamethicin was
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recorded at pH 5.5 on a sample with a peptide:DMPC molar ratio of 1:36 at 40°C. It was found
that the bicelles oriented as expected in the magnetic field, however the >’C NMR spectrum was
somewhat noisy and had broad aromatic resonances. In contrast, the *C NMR spectrum of
LeuEnk (the sister peptide to MetEnk), was recorded at pHs between 6 - 7.3 on samples with a
peptide:DMPC molar ratio of < 1:8 at temperatures ranging from 33 - 50°C. The bicelles were
found to orient normally and good quality *C NMR spectra could be recorded. These conditions
were very similar to the ones used for the collection of NMR data on alamethicin in the MO cubic
phase. It was interesting to note that although the spectra of alamethicin that were obtained in
bicelles were of better quality than the spectra observed in the cubic phase, in both systems the
spectra observed for the enkephalins were of similar high quality (Sanders II and Landis, 1995;
Marcotte et al., 2004). This result implied that despite the obvious differences in the mode of
membrane-association between these two peptides (transbilayer versus membrane surface-
associated), there are likely inherent differences in the interactions of these two peptides with

lipids in the membrane-bound state.

6.1.2 Methionine-Enkephalin Interactions With MO Cubic Phases

6.1.2.1 Effects on Monoolein:Water Phase Behaviour
The incorporation of MetEnk into the MO:water cubic phase altered the phase behaviour of the

systent as judged by comparison with the phase behaviour of 'pure' non-peptide containing
mixtures of MO and water (see Figure 2.1 for the MO:water phase diagram). It was found that
even at low MetEnk concentrations where the lipid:peptide molar ratio was 1000:1, homogeneous
cubic phases were only formed after additional water had been added to the sample. As the
peptide concentrations of the samples were increased, larger amounts of water needed to be added
in order to facilitate cubic phase formation. The sample that was prepared with the highest
peptide concentration (containing a lipid:peptide molar ratio of 180:1), did not form a uniform
cubic phase, even after additional water had been added. It appeared that the sample contained
predominantly cubic phase lipid, with the coexistence of regions of lamellar phase lipid. This
effect of MetEnk on the formation of MO:water cubic phases can be explained in terms of lipid
molecular shape theory.

The addition of a membrane-surface binding peptide to the MO cubic phase will increase the
lateral packing pressure in the interfacial region of the cubic phase 'bilayer'. This overall increase
in the molecular volume occupying the interfacial region of the bilayer will not be compensated
for by a concomitant increase in the molecular volume within the bilayer since MetEnk only
interacts with the surfaces of membranes. As more and more peptide becomes bound to the

bilayer, it will begin to affect the properties of the cubic phase as the pressure profile in the
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bilayer becomes significantly altered. A point will be reached where the bilayer cannot
incorporate any more peptide while maintaining its current morphology. At this point 'saturation’
is reached and excess peptide remains in the aqueous phase until the peptide concentration
becomes high enough to induce the formation of lamellar phases. This was seen in MetEnk:MO
Sample '1' which had a lipid:peptide ratio of 180:1 where the coexistence of the lamellar and
cubic phases were observed. It is conceivable that the effect of MetEnk on lipid packing within
the cubic phase would be similar to the effect of magainin on PC membranes, however due to
differences in the molecular shapes of the lipids the effect on phase behaviour would be opposite.

The magainin peptides have been shown to induce nonbilayer structures in PC membranes at
concentrations where the peptides are biologically active, which is consistent with the membrane
lytic activity of these peptides (Bechinger, 1997). These peptides adopt a-helical structures upon
membrane binding and insert into bilayers in an orientation where the helix axis is parallel to the
bilayer surface. Molecular modelling has shown that the diameter of the helix (10-12 A) is
insufficient to extend to the midplane of the bilayer in which it is inserted (Bechinger, 1997).
Consequently this creates a distortion of the bilayer that extends over a diameter of up to 100 A
and causes a decreased average bilayer thickness (Ludtke ef al., 1995). Above certain peptide
concentrations a bilayer structure can no longer be maintained and a phase transition occurs. In
the case of the MO cubic phases, the lipids can be described as cone shaped, i.e. they have a
relatively small headgroup in comparison to the cross-sectional area of their acyl chain. The
effect of MetEnk binding to the cubic phase would be to increase the effective cross-sectional
area in the headgroup region of the bilayer’ favouring the formation of lamellar phases.

It is interesting to note that in studies where DOPC (a lamellar phase forming lipid with a
cylindrical averaged shape) was incorporated into the MO cubic phase, the lattice parameter of
the cubic phase increased (Cherezov et al., 2002). It was believed that this was due to the effect
of DOPC in the cubic phase 'bilayer' where the presence of a cylindrical shaped lipid would act
to decrease the degree of curvature at the bilayer/water interface. In order for a cubic structure to
form, the cubic lattice must expand. This can only occur if excess water is present. Perhaps the
binding of MetEnk alters the phase behaviour of the MO cubic phase in a similar manner. If this
were the case, then in the presence of excess water the MetEnk-containing cubic phases that were
studied would be able to swell and form uniform cubic phases in the presence of higher
concentrations of peptide. _

The effect of the peptide WLFLLKKXK on monoolein phase behaviour was studied using X-
ray diffraction techniques (Masum et al., 2003). It was found that this peptide could induce the

formation of lamellar phases in monoolein:water mixtures that would form D-type cubic phases
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in the absence of peptide. The authors believed that this effect was dependent on the electrostatic
interactions of the peptide in the cubic phase, as well as on the effects of the bound peptide on the
spontaneous curvature of the leaflets of the monoolein bilayer'.

In addition to the ability of MetEnk to alter the phase behaviour of mixtures of MO and
water, saturation in the amount of MetEnk that could become associated with the MO cubic phase
was observed in MetEnk:MO Sample '2', a sample with a lipid:peptide molar ratio of 254:1. The
spectrum of this sample (shown in Figure C 3 in Appendix C) had two populations of peaks, one
set of peaks were similar to those observed for MetEnk in aqueous solution and the other set of
peaks were similar to those observed in the spectrum of MetEnk:MO Sample '3' where ~ 100 %
of the peptide was lipid-associated. A similar observation had been made in studies of
membrane-associating polypeptides in bicellar solutions where it was found that the binding of
peptides to bicelles could be saturatable (Sanders II and Landis, 1995). In the bicellar system the
‘peptides and lipids had been co-dissolved in solvent prior to hydration to ensure proper mixing of
the lipids with peptides. In spite of this, a certain quantity of peptide was present in the aqueous
milieu in an aggregated form when it was expected that all of the peptide would have been

bicelle-associated.

6.1.3 Modelling of Peptide Association With Monoolein Cubic Phases
Molecular dynamics simulations of the TMK, alamethicin and MetEnk peptides were conducted
in MO bilayers in collaboration with Peter Tieleman in the Department of Biological Sciences at
the University of Calgary. The simulations of the peptides in MO bilayers were used as models
for the interactions of the peptides with the 'bilayers' in MO cubic phases since the thickness of
MO bilayers does not vary between the lamellar and cubic phases (Marrink and Tieleman, 2001;
Cherezov et al., 2002). These simulations were conducted in hydrated MO bilayers for 1 ns. The
results of the simulations are shown in Figure 6.1. The positions of the peptides within the
bilayers are consistent with the NMR data that were collected on these peptides in MO cubic
phases. The peptide residues that were NMR observable are located in the interfacial regions of
the MO bilayers, whereas the unobservable residues are sequestered within the bilayers. Given
the position of alamethicin within the MO bilayer, it is actually quite remarkable that NMR
signals could be observed for any of the residues in this peptide.
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Figure 6.1. 1 ns Snapshots From Molecular Dynamics Simulations of the TMK,
Alamethicin and MetEnk Peptides, Respectively, in Monoolein Bilayers

166



6.1.3.1 Generation of Membrane Protein Crystals in Lipid Cubic Phases
There has been, and still is, a considerable amount of interest in the application of cubic phases as

membrane-mimetic environments for the growth of membrane protein crystals. This is evident
from the number of papers discussing the mechanisms and application of lipid cubic phases to
membrane protein crystal generation that have been published in recent years (Rummel et al.,
1998; Nollert et al., 1999; Ai and Caffrey, 2000; Pebay-Peyroula er al., 2000; Rouhani et al,
2002; Chupin et al., 2003; Gohon and Popot, 2003; Misquitta and Caffrey, 2003; Sennoga et al,
2003; Qutub et al., 2004). Despite the high level of activity in this field, only a few membrane
proteins have been successfully crystallized using lipid cubic phases. Tﬁese proteins include:
bacteriorhodopsin, the acetylcholine receptor, the photosynthetic reaction center from
Rhodobacter sphaeroides and brome mosaic plant virus (Belrhali et al., 1999; Casselyn et al.,
2001; Katona et al., 2003; Paas ef al., 2003; Schenkl et al., 2003). To better understand cubic
‘phases and their applications in crystallography, studies of the effects of detergents, proteins,
various hydrophobic and hydrophilic molecules and hydration, on the phase behaviour of
MO:water systems have been conducted (Jeong et al., 2002; Navarro et al., 2002; Barauskas,
2003; Lendermann and Winter, 2003; Sparr ez al., 2004). The application of MO cubic phases for
the crystallization of soluble proteins has also been investigated (Tanaka et al., 2004).

Many researchers have developed models to explain the mechanism of protein crystal
nucleation and growth in lipid cubic phases, as this process is not well understood. In the case of
the crystallization of bacteriorhodopsin, it has been proposed that the major crystallization-
inducing factor is the change in membrane structure that occurs in the cubic phase upon
dehydration modulated through the addition of salt (Grabe et al., 2003). Bacteriorhodopsin
crystals were generated by solubilization of the protein in MO cubic phases, followed by
dehydration of the cubic phase by exposure to salt (which caused shrinking of the dimensions of
the unit cell of the cubic phase) and resulted in clustering of the proteins in locally flattened
regions of the cubic phase 'bilayer'. The role of salt in the crystallization process is two-fold, it is
necessary to dehydrate the cubic phases, and it also plays a crucial role in protein crystal
formation by masking the electrostatic interactions between the protein molecules in the closely
packed crystal (Nollert ez al., 2001).

Attempts have been made to extend the applicability to this technique to the crystallization
of a wider range of membrane proteins by altering the properties of the MO cubic phase through
the addition of other lipid components. Since MO itself is not a common membrane component,
it was thought that perhaps this was limiting the range of membrane proteins that could be

crystallized from the MO cubic phase. Monoolein cubic phases containing DOPC, DOPE,
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DOPS, cardiolipin, lysoPC, a polyethylene glycol-lipid, 2-monoolein, oleamide and cholesterol
were studied using X-ray diffraction techniques (Cherezov ef al., 2002). It was found that all of
these lipids could be incorporated into the MO cubic phase to some extent without altering the
cubic phase. All of the lipids, except for the anionic lipids and lysoPC, could be incorporated to
20 - 25 mol % without altering the phase behaviour of the system. Above this 'concentration
limit', the incorporated lipids would induce a phase transition, or they would saturate the cubic
phase and become separated out as crystals. The data provided by studies such as these could be
used to rationally design cubic phases with different lipid profiles to match the specific lipid

requirements of the target membrane protein to be studied.

6.2 Conclusions

The bicontinuous cubic phases formed by mixtures of MO and water are suitable membrane-
mimetic environments for solution NMR studies of membrane surface-associating peptides, and
potentially proteins. They may also be suitable environments for studies of the interfacial regions
of cubic phase bound-transmembrane peptides and proteins depending on the effects of the
incorporated polypeptide on the phase behaviour of the system. The primary advantages of
employing cubic phases as membrane-mimetic environments for studies of membrane peptides
and proteins are the exceptional stability of the samples (>1year), and the high

lipid-to-peptide/protein ratios that can be maintained in the samples.

6.3 Future Work
It would be interesting to follow up on a number of aspects related to the application of MO cubic

phases in NMR studies of membrane peptides and proteins.

6.3.1 Solution NMR

Although the transmembrane regions of membrane proteins cannot be observed by solution NMR
in the cubic phase, the interfacial and aqueous regions are NMR observable. For this reason it
would be interesting to study the structure of the extramembranous domains of monotopic -
membrane proteins. In this type of study the structure of a domain could be investigated with its
membrane-binding domain intact. Studies of this type are important because the structures of
many extramembranous membrane protein domains have been determined in the absence of the
membrane spanning region, i.e. the membrane spanning domain had been removed to improve
protein solubility and amenability to crystallization. Membrane proteins with two membrane
spanning domains could also be studied in the cubic phase. It would be of particular interest to

characterize the structure of an extramembranous domain that was anchored in the membrane by
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two membrane spanning helices. Since cubic phase samples containing membrane peptides were
prepared by simply dissolving the peptide in molten lipid prior to hydration, a modified sample
preparation protocol would need to be developed for studies of whole intact proteins. It is likely
that a protocol similar to the ones used for the incorporation of membrane proteins into cubic
phases for the purposes of crystallization could be employed.

It would also be possible to study receptor-ligand interactions, protein-protein, or protein-
lipid interactions within the cubic phase. For example, an opiate receptor could be incorporated
into the cubic phase, and the structure and interactions of the ligand (small molecules or water .
soluble peptides) for the receptor could be studied using solution NMR techniques. It would be
possible to study the protein-protein interactions of a water soluble protein with an integral
membrane protein that had been reconstituted into the cubic phase. Specific lipids that are known
to act as receptors for certain proteins could be incorporafed into the cubic phase. NMR could
then be used to study the interactions of these proteins with their target lipids (Rosen and Liao,
2003).

6.3.1.1 Surface-Associating Membrane Peptides and Proteins
Membrane proteins which associate with bilayers through lipid anchored, or membrane-binding

domains such as amphipathic helices could be studied in the cubic phase. For these types of
studies it would be recommended that the phase behaviour of the system be characterized in the
presence of varying amounts of protein to determine how much protein can be incorporated
before alterations in the phase behaviour of the system are observed. Since the cubic phase can
incorporate other lipid constituents up to ~ 20 mol %, it would be possible to study the effects of
.different lipids on membrane association and on protein structure. Functional studies of proteins
can also be conducted in the cubic phase due to its optical transparency and isotropic nature

(Giorgione et al., 1998; Navarro et al., 2002; Liu and Caffrey, 2005).

Methionine-Enkephalin
It would be interesting to study the structure of MetEnk in cubic phases with varying lipid

compositions since it appears that the interaction of the N-terminus of the peptide with charged
moities in the headgroups of zwitterionic and anionic lipids plays an important role in modulating
the structure of this peptide in membrane environments. It has been shown that the zwitterionic
lipid POPC, a major component of cell membranes, can be incorporated into MO cubic phases to
~ 25 mol % without perturbing the phase behaviour of the system (Lindblom and Rilfors, 1989;
Cullis et al., 1996; Cherezov et al., 2002). However, since POPC ahd MetEnk would have
similar effects on the properties of the cubic phase (as previously discussed), it would be

advisable to incorporate less than 25 mol % of POPC into MetEnk-containing cubic phases.
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MetEnk is known to interact with nerve cell membranes which contain the lipid PE, so it
would also be interesting to study the structure of this peptide in PE-containing cubic phases
(Cullis et al., 1996). These studies could be conducted using cubic phases prepared from
mixtures of MO, PE and water, or mixtures of PE, alamethicin and water which are also known to
form bicontinuous cubic phases (Keller e al., 1996; Giorgione et al., 1998; Cherezov et al.,
2002). Since the dynamically averaged shape of PE is a cone, similar to that of MO, and
significantly different from the cylindrical shape of PC, it is conceivable that a greater amount of
MetEnk could be incorporated into PE-containing cubic phases than PC-containing cubic phases
due to the complementary effects of these two molecules on the pressure profiles of the cubic
phase bilayer'. Whereas MetEnk will increase the packing pressure in the headgroup regions, PE
will increase the packing pressure within the 'bilayer', as opposed to PC which increases the
packing pressure in both the headgroup and acyl chain regions of the ‘bilayer'. The electrostatic
contributions to MetEnk lipid-binding and structure could be investigated using cubic phases

containing the anionic lipid PS, a natural constituent of eukaryotic cell membranes (Marcotte et

al., 2003).

6.3.2 Solid State NMR

It would also be interesting to collect solid state NMR data on transmembrane peptides in the MO
cubic phase for comparison with the data collected on this system using solution NMR
techniques. It is unclear whether or not the transmembrane residues of cubic phase incorporated
peptides would be observable in solid-state NMR spectra. These types of studies could be
conducted on alamethicin in the cubic phase since this transmembrane peptide can be
incorporated to relatively high concentrations into the MO cubic phase without causing
perturbation of the cubic phase. It is however unlikely that these types of studies could be
conducted on other transmembrane peptides in the cubic phase because, at the high peptide
concentrations that are required for solid-state NMR studies, transmembrane peptides perturb the
phase behaviour of cubic phase forming systems (Farés et al., 2002; Chupin et al., 2003).

6.3.3 Cubic Phase Tailoring

A considerable amount of work has been conducted with respect to the incorporation of different
lipids into MO cubic phases to potentially expand their applications for protein structure
determination, and as drug delivery systems. These cubic phases have been characterized using
X-ray diffraction, to determine the lattice dimensions of the cubic phéses, and by solid state
NMR, to study the lipid packing properties in these phases. For the most part, these cubic phases

have not been characterized using '"H NMR techniques. It would be interesting to determine
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whether or not the incorporation of different types of lipids would have an effect on the 'H NMR
spectra of lipids or incorporated peptides, or on the observed lipid, peptide and water diffusion
rates characteristic of 'pure' MO cubic phases since the lattice-dimensions and lateral packing
pressure profiles of cubic phases change upon incorporation of charged and uncharged lipid and
protein molecules (Giorgione et al., 1998; Aota-Nakano et al., 1999; Cherezov et al., 2002;
Chupin et al., 2003; Misquitta et al., 2004). Cubic phases with different physical characteristics
could be used in studies of lipid-protein interactions to investigate the effects of different lipids or

membrane properties on a protein's structure or its interactions with lipid membranes.
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Minimal Media Recipes

NOTE: Prepare all solutions using double distilled water.

Recipe for 0.5L of Media for the Preparation of M9 Agar Plates

2.5mL 1 g/5SmL NH,CI

1.43 mL 3IM NaCl

1.00 mL 1M MgSO,

0.5mL 50 mg/mL Ampicillin

0.5 mL 34 mg/mL Chloramphenicol

10 mL 20 % Glucose (final concentration of 0.4 %)
S0k 1M CaCl,

0.5mL 0.01 M FeCl,

0.5mL 1 mg/mL Thiamine

50 mL 10 x PO, Phosphate Solution

Recipe for 1 L of Optimized Minimal Media for N-Labelled Peptide Production
1.5g "NH,CI

2.86 mL 3iM NaCl

2.00 mL 1M MgSO0,

1.0 mL 50 mg/mL Ampicillin

1.0 mL 34 mg/mL Chloramphenicol

50 mL 20 % Glucose (final concentration of 1.0 %)
100 puL 1M CaCl,

I mL 001M FeCl,

ImL 1 mg/mL Thiamine

100 mL 10 x PO, Phosphate Solution

Recipe for 1 L of Optimized Minimal Media for > C,"’ N-Labelled Peptide Production
1.5¢ BNH,CI

2.86 mL 3iM NaCl

2.00 mL 1M MgSO,

1.0 mL 50 mg/mL Ampicillin

1.0 mL 34 mg/mL Chloramphenicol

4g Glusese (final coneentration 6f 0.4 %)
100 pL 1M CaCl,

1 mL 001M FeCl,

I mL 1 mg/mL Thiamine

100 mL 10 x PO, Phosphate Solution

Recipe for 2L of 10 x Phosphate Solution

240 g Na,PO,

120 g KI‘I2P04

* prepare solution using distilled water. Sterilize immediately by autoclaving.
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Diffusion Data Analysis Using MestReC

Preparation for Data Analysis

The first step in the processing of the NMR diffusion data was to edit the 'procpar’ files from each
dataset so that the correct values for (y8)*(A - 8/3) would be calculated by the NMR software
program MestReC during data analysis (Cobas and Sardina, 2003). A copy of the 'procpar’ file
called 'original_procpar' was made before the file was modified. The text editor vi editor was
used to modify the files so they would not become corrupted and unreadable on computers
running UNLX or LINUX operating systems. The modified 'procpar’ files were saved and used in
subsequent data analyses.

Data Sets Collected to Measure Lipid and Water Diffusion

In the 'procpar’ files, the third occurrence of gz/vi] in data sets collected to measure lipid diffusion
were replaced with grad_pl. The location within the ‘procpar’ files of the gz/vi! to be replaced
with grad_p! is shown below (gz/vI! is bolded):

gzlvll 1 1 32768 -32768 1 2 1 0 1 64

20 3000 4420 5840 7260 8680 10100 11520 12940 14360 15780 17200 18620
20040 21460 22880 24300 25720 27140 28560 29980

0
-gzlvlo 1 1 32768 -32768 1 2 1 0 1 64

Data Sets Collected to Measure Peptide Diffusion

In the 'procpar’ files of data sets collected to measure peptide diffusion, the third occurrence of
gzlvl7 were replaced with grad_pl. The location within the 'procpar’ files of the gzlvi7 to be
replaced with grad_p1 is shown below (gz/vi7 is bolded):

gzlvl7 1 1 9.99999984307e+17 -9.99999984307e+17 0 2 1 0 1 64

20 3000 4420 5840 7260 8680 10100 11520 12940 14360 15780 17200 18620
20040 21460 22880 24300 25720 27140 28560 29980

0 -

gzlvle 1 1 9.99999984307e+17 -9.99999984307e+17 0 2 1 0 1 64

Finding the Values for & and A in the 'procpar’ Files

The values for & and A were found by searching the ‘procpar’ files for each experiment using a
text editor that would not corrupt the files. In experiments conducted to measure lipid and water
diffusion, the values for 6 and A were the values listed for gz/ and BigT, respectively. The second
'hit' in a search for gt/ yielded the location of the value for 6 which is shown below in bold:

gtl 3 1 14 14 14 2 1 8192 1 64

1 0.002

0
gt0 3 1 14 14 14 2 1 8192 1 64

The first 'hit' in a search for BigT yielded the location of the value for A which is underlined
below:

BigT 3 1 14 14 14 2 1 8192 1 64

11

0

aig 22200411164

In the experiments that were conducted to measure peptide diffusion, the values for & and A were
the values listed for g¢7 and BigT2, respectively. The second 'hit' in a search for g¢7 yielded the
location of the value for & which is shown below in bold: A

gt7 3 1 14 14 14 2 1 8192 1 64

1 0.002

0
gt3 3 1 14 14 14 2 1 8192 1 64
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The first 'hit' in a search for BigT?2 yielded the location of the value for A which is underlined
below:

BigT2 3 1 14 14 14 2 1 8192 1 64

11

0
acgdim 7 1 1000000000 -1000000000 0 2 1 0 1 64

Analysis of NMR Spectra

Spectral data were analyzed using the 'Data Analysis' menu. In the window for Diffusion Data
Analysis' a number of variables had to be entered manually. One of these was the G Scaling
Factor (0.002147), a correction factor derived from calibration of the gradients on the
spectrometer used for NMR data collection. All of the gradients listed in the ‘procpar' file were
automatically multiplied by this correction factor during data analysis. The other variables that
needed to be verified and/or manually entered for each experiment were 6 and A, the duration of
the pulsed field gradient pulse and the time between pulsed field gradient pulses in seconds. This
information was listed in the 'procpar file for each experiment and had to be found and recorded
for each data set since MestReC was not able to automatically extract this information from the
‘procpar’ file during data analysis. The spectral data were analyzed using peak intensity because
this gave more reliable and reproducible results than peak integrals. Data analysis was conducted
by selecting the peak of interest with the cursor. The values of the peak intensities were
calculated by MestReC and were listed in a table as a function of (yG8)*(A - 8/3). A plot of this
data could be viewed in MestReC, or the data could be imported into an Excel spreadsheet and
plotted.

A linear plot of the raw data was expected to yield an exponential decay curve. The exponent
of the equation describing this decay curve would correspond to the diffusion coefficient (D) for
the peak of interest in cm?/s. If a plot of the normalized natural Log of the peak intensities were
plotted as a function of the square of the gradient strength, a linear plot would result. The slope
of this line would correspond to the diffusion coefficient for the peak of interest in cm?s.
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Supplementary Materials for Chapter 5
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Additional NMR Spectra Collected on Samples of '>C, °N-labelled MetEnk in Cubic Phases

Figure C1. 2D 'H-"°N HSQC Spectra of MetEnk in Water

Figure C2. 2D 'H-"N HSQC Spectra of MetEnk:MO Sample '3'
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Figure C3. 2D 'H-""N HSQC Spectra of MetEnk:MO Sample 2"

Figure C 4. Superimposition of 2D 1H-15N HSQC Spectra of MetEnk in Water and
MetEnk:MO Sample '3'

Peaks denoted with an 'X' are from MetEnk in water, peaks which are filled in are from
MetEnk:MO Sample '3', and the peaks which are not filled in are the superimposable peaks.
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Figure C 5. NOE Build Up Curves for MetEnk:MO Sample '3' Generated Using NOE Data
Collected on a 500 MHz Spectrometer at 30°C
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Files and Information Related to CNS Structure Caiculations

In order to run the program CNS for the purposes of structure calculation, it was first necessary to
generate the required input files. One of these files was a topology or ".mtf file. The topology
file was generated from the primary sequence of the peptide and specified ail of the bonds
between all of the atoms in the molecule. Another file that was required was a '.pdb’ file for the
extended/unstructured conformation of MetEnk. This file named 'MetEnk_extended.pdb', was
generated using the software program DeepView (Guex and Peitsch, 1997).

A ".tbl' file listing all of the experimentally determined NOEs constraints was prepared using
NMRView for use in the structure calculation runs. Two '.tbl' files were prepared: one listing al/
of the aliphatic NOE:s called 'original_nnoe.tbl' and one listing @i/ of the aromatic NOEs called
'original_caronoe.tbl'. These files were not modified to account for peak ambiguities or peak
redundancies.

In the file ‘original_nnoe.tbl’ there were 19 NOE peaks listed, of these 6 had multiple
assignments. In the file ‘original_caronoe.tbl', 8 NOE peaks were listed and 2 of these peaks were
redundant. These ".tbl' were used as the basis for the preparation of '.tbl' files for a series of
structure calculation runs that are described below. A summary of the ambiguous NOEs used in
each of the structure calculation runs can be found in Table C 1. CNS was run using the
“anneal.inp' script that was supplied with the program after the appropriate input and output
filenames had been specified. Upon completion of each structure calculation run an output file
called 'anneal.out' was generated, in addition to the structures files in '.pdb' file format. The
'anneal.out' file provided details about each structure calculation run and the structures that were

generated.

Editing of '.tbI' Files

The ".tbl' files generated by NMRView were edited before use in the majority of structure
calculation runs (Johnson and Blevins, 1994). One change that was made to the ".tbl' files was the
use of pseudoatoms (denoted with a '#"). Pseudoatoms were used when an NOE peak in an NMR
spectrum was assigned to more than one atom because it was not possible to unambiguously
assign the peak. An example of this would be the alpha protons of glycine where it was not
possible to make stereospecific assignments based on the NMR data that was collected. When
pseudoatoms were employed it was necessary to add 1.0 to dplus for methyl and methylene
pseudoatoms and 2.5 to dplus for aromatic pseudoatoms.

For NOE peaks with ambiguous assignments, NMR View lists all of the possible assignments
using 'OR' statements. The program CNS does not however do a very good job of interpreting
data presented in this format (Booth ef al., 2004). It was therefore necessary to modify the '.tbl'
files by removing the 'OR' statements prior to their use in structure calculation runs. Structures
were then calculated using constraints derived from the unambiguous NOEs and random
combinations of the ambiguous NOEs assigned to one, both or neither of the possible
assignments. The NOE constraints used for the various structure calculation runs are summarized
in Table C 1.

CNS Run 1
In Run 1 the original unmodified NOE list files ‘original_nnoe.tbl' and 'original_caronoe.tbl' were

used to calculate 50 structures for MetEnk in its cubic phase-bound form. The calculated MetEnk
structures were named such that each structure could be uniquely identified and associated with a
particular structure calculation run. For example, the seventeenth structure to be calculated was
named 'r1_50_17.pdb' where: rl specifies the run number, 50 the total number of structures
calculated and 17 the structure number.
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Table C 1.

Summary of NOE Constraints Used in CNS Structure Calculations for Cubic
Phase Bound MetEnk (MetEnk:MO Sample '3')

Peak ID
in file:
new_noe
_list

Runt_50?

Run17_100 ¢

Run2_50 °
Run3_50 ¢
Run4_50 ©
Run5_50 €
Run6_50 ¢
Run7_50 ¢
Run8_50 ¢
Run9_50 ©
Run10_50 ¢
Run11_50 ¢
Run12_50 ¢
Run13_50 ¢
Run14 50 ¢
Run15_50 ¢
Run16_50 ¢

Pk7

Res4 HN
Res2 HA#

Res4 HN
Res3 HA#

OR

OR & dplus

Pk 9

Res4 HN
Res4 HD#

Res4 HN
Res4 HE#

OR

OR & dplus

Pk 12

Res5 HN
Res5 HB2

Res5 HN
Res5 HE1

OR

OR & dplus

Pk 13

Res5 HN
Res5 HB2

Res5 HN
Res5 HE1

OR

OR & dplus

Pk 18

Res5 HN
Res4 HD#

Res5 HN
Res4 HE#

OR

OR & dplus

Pk 23

Res3 HN
Res3 HA#

Res3 HN
Res2 HA#

OR

OR & dplus

? Structures were calculated using "original_nnoe.tbl" and "original_caronoe.tbl".

P Structures were caiculated using "original_dplus_nnoe.tbl"and "original_dplus_caronoe.tbl".

€ Structures were calculated using the indicated subsets of NOEs (shaded boxes) derived from
the file "all_nnoe.tbl" and all of the aromatic NOEs listed in the file "all_caronoe.tbl".

9 Structures were calculated using the indicated subsets of NOEs (shaded boxes) and only
aliphatic inter residue NOEs. All aromatic intraresidue NOEs were included.

€ Structures were calculated without the use of any aliphatic or aromatic intraresidue NOEs.
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CNS Run 2

Fifty structures were calculated during Run 2 using the NOE list files 'original_dplus_nnoe.tbl'
and 'original_dplus_caronoe.tbl'. These "tbl' files had been modified from the original ".tbl' files
through the addition of 1.0 to dplus for methyl and methylene pseudoatoms, and 2.5 to dplus for
aromatic pseudoatoms.

CNS Run 3

For Run 3, the NOE list files 'all_nnoe.tb]' and 'all_caronoe.tbl' were used to calculate 50
structures. These list files had been modified from those used in Run 2 through the removal of all
'OR' statements from the aliphatic NOE list and all redundant peaks from the aromatic NOE list.
The content of these files are included in Appendix E.

CNS Run 4 — Run 15
A series of structure calculation runs were launched where the list of aliphatic NOEs was varied

and the list of aromatic NOEs (‘all_caronoe.tbl") was held constant. A new aliphatic NOE list file

was created for each run. These files were named 'r4_nnoe.tbl' through T15_nnoe.tbl' and the

NOEs included in each of the files are shown in Table 1.2. Fifty structures were calculated

during each run.

CNS Run 16

This structure calculation run was conducted using an aliphatic NOE list ('r16_nnoe.tbl') where
“all intraresidue NOEs were removed, and the aromatic NOE list 'all_caronoe.tbl' (which did

contain intraresidue NOEs). Fifty structures were calculated.

CNS Run 17

In Run 17 one hundred structures were calculated without the use of any intraresidue NOEs, so

the only NOE list file that was used was r16_nnoe.tbl'".

CNS Run 18

One hundred structures were generated without the use of any NOE constraints.

Below are listed the contents of the unmodified ".tbl' files generated by NMRView listing the
experimentally determined NOE constraints for cubic phase-bound MetEnk. The first file
contains all of the aliphatic NOE data, and the second file contains the aromatic NOE data.

original_nnoe.tbl

assign (resid 2 and name HN) (resid 1 and name HB#) 5.000 3.2 0.0 ! new_noe_list.2
assign (resid 2 and name HN) (resid 2 and name HA#) 3.400 1.6 0.0! new_noe_list.3
assign (resid 4 and name HN) (resid 4 and name HB#) 2.800 1.0 0.0 ! new_noe_list.6
assign (resid 4 and name HN) (resid 2 and name HA1) 2.800 1.0 0.0 ! new_noe_list.7
or (resid 4 and name HN) (resid 2 and name HA2)

or (resid 4 and name HN) (resid 3 and name HA1)

or (resid 4 and name HN) (resid 3 and name HA2)

assign (resid 4 and name HN) (resid 4 and name HD1) 3.400 1.6 0.0 ! new_noe_list.9
or (resid 4 and name HN) (resid 4 and name HE1)

or (resid 4 and name HN) (resid 4 and name HD?2)

or (resid 4 and name HN) (resid 4 and name HE2)

assign (resid 5 and name HN) (resid 5 and name HE1) 5.0003.20.0! new_noe list.12
or (resid 5 and name HN) (resid 5 and name HB2)

assign (resid 5 and name HN) (resid 5 and name HE1) 5.000 3.20.0! new_noe list.13
or (resid 5 and name HN) (resid 5 and name HB2)

assign (resid 5 and name HN) (resid S and name HG#) 3.400 1.6 0.0 ! new_noe_list.14
assign (resid 5 and name HN) (resid 4 and name HB#) 5.000 3.2 0.0! new_noe_list.15
assign (resid 5 and name HN) (resid 4 and name HD1) 5.000 3.2 0.0 ! new_noe_list.18
or (resid 5 and name HN) (resid 4 and name HE1)
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or (resid 5 and name HN) (resid 4 and name HD2)

or (resid 5 and name HN) (resid 4 and name HE2)
assign (resid 3 and name HN) (resid 3 and name HA 1)
or (resid 3 and name HN) (resid 3 and name HA2)

or (resid 3 and name HN) (resid 2 and name HA1)

or (resid 3 and name HN) (resid 2 and name HA2)
assign (resid 2 and name HN) (resid | and name HA)
assign (resid 2 and name HN) (resid 3 and name HN)
assign (resid 4 and name HN) (resid 3 and name HN)
assign (resid 4 and name HN) (resid 4 and name HA)
assign (resid 5 and name HN) (resid 4 and name HA)
assign (resid 4 and name HN) (resid 5 and name HN)
assign (resid 5 and name HN) (resid 5 and name HA)
assign (resid 5 and name HN) (resid 5 and name HB1)

original_caronoe.tbl

assign (resid 1 and name HD#) (resid |1 and name HE#)
assign (resid 1 and name HD#) (resid 1 and name HE#)
assign (resid 4 and name HE#) (resid 4 and name HZ)
assign (resid 4 and name HZ) (resid 4 and name HE#)
assign (resid 4 and name HD#) (resid 4 and name HA)
assign (resid 4 and name HD#) (resid 4 and name HB#)
assign (resid 1 and name HD#) (resid 1 and name HB#)
assign (resid 1 and name HD#) (resid 1 and name HA)

2.8001.00.0!

3.4001.60.0!
5.0003.20.0!
3.4001.60.0!
3.4001.60.0!
2.8001.00.0!
3.4001.60.0!
2.800 1.00.0!
5.0003.20.0!

3.4001.60.0!
34001.60.0!
5.0003.20.0!
5.0003.20.0!
5.0003.20.0!
5.0003.20.0!
3.4001.60.0!
5.0003.20.0!

new_noe_list.23

new_noe_list.]
new_noe_list.4
new_noe_list.27
new_noe_list.8
new_noe_list.17
new_noe_list.28
new_noe_list.16
new_noe_list.11

all_cnoesyaro_pklist.0
all_cnoesyaro_pklist.1
all_cnoesyaro_pklist.3
all_cnoesyaro pklist.5
all_cnoesyaro_pklist.6
all cnoesyaro_pklist.7
all_cnoesyaro_pklist.10
all_cnoesyaro_pklist.11

Below are listed the contents of the modified ".tbl' files used during CNS structure calculation
Run 3. The files have been modified from their original form through the addition of
'pseudoatoms' and 'dplus’ wherever there was ambiguity in the peak assignments and through the

removal of 'OR' statements and redundant peak listings.

all_nnoe.tbl

assign (resid 2 and name HN) (resid 1 and name HB#)
assign (resid 2 and name HN) (resid 2 and name HA#)
assign (resid 4 and name HN) (resid 4 and name HB#)
assign (resid 4 and name HN) (resid 2 and name HA#)
assign (resid 4 and name HN) (resid 3 and name HA#)
assign (resid 4 and name HN) (resid 4 and name HD#)
assign (resid 4 and name HN) (resid 4 and name HE#)
assign (resid 5 and name HN) (resid 5 and name HE1)
assign (resid 5 and name HN) (resid 5 and name HB2)
assign (resid 5 and name HN) (resid 5 and name HE])
assign (resid 5 and name HN) (resid 5 and name HB2)
assign (resid 5 and name HN) (resid 5 and name HG#)
assign (resid 5 and name HN) (resid 4 and name HB#)
assign (resid 5 and name HN) (resid 4 and name HD#)
assign (resid 5 and name HN) (resid 4 and name HE#)
assign (resid 3 and name HN) (resid 3 and name HA¥#)
assign (resid 3 and name HN) (resid 2 and name HA#)
assign (resid 2 and name HN) (resid | and name HA)
assign (resid 2 and name HN) (resid 3 and name HN)
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5.0003.21.0!
3.4001.61.0!
2.8001.01.0!
2.8001.01.0!
2.8001.0 1.0!
3.4001625!
34001.625'!
5.0003.20.0!
5.0003.20.0!
5.0003.20.0!
5.0003.20.0!
3.4001.61.0!
5.0003.21.0!
5.0003.225!
5.0003.225'!
2.8001.01.0!
2.8001.01.0!
34001600
5.0003.20.0!

new_noe_list.2
new_noe_list.3
new_noe_list.6
new_noe_list.7
new_noe_list.7
new_noe_list.9
new_noe_list.9
new_noe_list.12
new_noe_list.12
new_noe list.13
new_noe_list.13
new_noe_list.14
new_noe list.15
new_noe_list.18
new_noe list.18

‘new_noe_list.23

new_noe_list.23
new_noe_list.1
new_noe_list.4



assign (resid 4 and name HN) (resid 3 and name HN)  3.400 1.6 0.0 ! new_noe_list.27
assign (resid 4 and name HN) (resid 4 and name HA)  3.400 1.6 0.0 ! new_noe_list.8

assign (resid 5 and name HN) (resid 4 and name HA)  2.800 1.0 0.0 ! new_noe_list.17
assign (resid 4 and name HN) (resid 5 and name HN)  3.400 1.6 0.0 ! new_noe_list.28
assign (resid 5 and name HN) (resid 5 and name HA) 2.8001.00.0! new_noe_list.16
assign (resid 5 and name HN) (resid 5 and name HB1) 5.0003.20.0! new_noe_list.11

all_caronoe.tbl
assign (resid 1 and name HD#) (resid 1 and name HE#) 3.400 1.6 2.5! all_cnoesyaro_pklist.1

assign (resid 4 and name HZ) (resid 4 and name HE#) 5.0003.22.5! all_cnoesyaro_pklist.5
assign (resid 4 and name HD#) (resid 4 and name HA) 5.0003.22.5! all_cnoesyaro_pklist.6
assign (resid 4 and name HD#) (resid 4 and name HB#) 5.000 3.22.5! all cnoesyaro_pklist.7
assign (resid 1 and name HD#) (resid 1 and name HB#) 3.400 1.6 2.5 ! all_cnoesyaro_pklist.10
assign (resid 1 and name HD#) (resid 1 and name HA) 5.0003.22.5! all_cnoesyaro_pklist.11

Inspection of Structures for NOE Violations

The first step in evaluating the structures generated by CNS was to check the structures for NOE
violations. To do so a script called 'fileout_overall.awk’ was run on all of the structures generated
during each structure calculation run. The script was used to generate a file listing the names of
all of the structures generated in a particular structure calculation run and their overall energy.
These files were imported into an Excel workbook as separate worksheets and an energy sorted
list of structures was generated for each structure calculation run. The '.pdb' files for each
calculated structure were then inspected and the dihedral RMSD value was recorded, along with
the presence or absence of any NOE violations. The dihedral RMSD was recorded because it is a
number that should be unique to each calculated structure (it is a 5 digit number) making it
possible to search the 'anneal.out' files generated during each CNS run for information related to a
particular structure. In the case of structures that did contain NOE violations, the dihedral RMSD
was used to search the corresponding 'anneal.out' file for information about the violated NOE(s).
Four of the calculated structures were found to have NOE violations: r§_50_30.pdb,

r12 50 _30.pdb,r13_50 30.pdb andrl4 50 30.pdb. These files were renamed:

VNOE _18_50_30.pdb, VNOE r12 50_30.pdb, VNOE r13_50_30.pdb and
VNOE_r14_50_30.pdb and were not included in any further structural analyses.
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Files Related to ENSEMBLE Analyses of Calculated Structures

Ensemble Input Files
In order to perform an analysis using Ensemble it was necessary to first prepare several input
files. One of these files was the configuration file called 'config.par’. This file was supplied with
Ensemble and needed to be modified to meet the needs of the analyses to be conducted. An
analysis was conducted using both NOE and chemical shift constraints. The pool of structures
that was analyzed included all of the structures calculated for cubic phase-bound MetEnk using
NOE derived constraints as well as the 100 structures that were calculated without the use of any
constraints. A copy of the 'config.par', 'cs.par' and ‘noe.par’ files used for the Ensemble analysis
are included below. A file called 'all_structures_pdb.nam' which listed all of the structures to be
analyzed was prepared using the utility program makepdblist that was provided with Ensemble.
A file named 'noe.con' listing of all of the experimentally determined NOEs was prepared in the
format required by Ensemble and used for the analysis. A copy of this 'noe.con' file is included
on the following pages. A file listing of all of the chemical shifts that had been determined for
cubic phase-bound MetEnk was prepared in the format required by Ensemble and named 'cs.con'.
A copy of 'cs.con’ can be found on the following pages.

config.par

! This is the configuration parameter file for ENSEMBLE

! The name of this file should be passed to ENSEMBLE as the first
! command-line argument.

! All fields are required unless otherwise noted.

The name of pdb list file, which contains the names of the pdb files
in the candidate structure pool. If the full file path to the PDB list
is not provided, it will be assumed that the file specified below is
located in <ENSEMBLE directorys>/pdblist/.

PDB_LIST all_structures_pdb.nam

! The directory to be prepended to any files in the pdb list
! that do not begin with a slash.
! Leave this field empty to prepend <ENSEMBLE directorys>/pdb/

PDB_DIRECTORY

! Nonzero to receive important email notices from the runtime environment.
! Address only required with nonzero email flag.

EMAIL_ FLAG 0
EMAIL_ ADDRESS your@email .firewalls.may.cause.problems

! Nonzero values indicate constraint employment.
! Specific constraint configuration files must exist.

ACCESS_FLAG 0
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! ATCUN_FLAG // This constraint type is currently unavailable.

o

CDDECON_FLAG
COOP_SP_FLAG 0
CS_FLAG
CSI_FLAG
DIFFUSION_FLAG
ENTROPY FLAG
J_FLAG
NIR_FLAG
NOE_FLAG
SAX_FLAG

OrOOOCOOR

! Individual configuration file names are only required if the associated flag
! is nonzero. Use no directory structure for files tc be found in
! <ENSEMBLE directorys/config. Otherwise, full directory from root is required.

ACCESS_CONFIG_FNAM
! ATCUN_CONFIG_FNAM
CDDECON_CONFIG_FNAM
COOP_SP_CONFIG_FNAM
CS_CONFIG_FNAM
CSI_CONFIG_FNAM
DIFFUSION_CONFIG_FNAM
ENTROPY_CONFIG_FNAM
GRAD_DESCENT_CONFIG_FNAM
J_CONFIG_FNAM
NIR_CONFIG_FNAM
NOE_CONFIG_FNAM
SIM_ANNEAL_CONFIG_FNAM
SAX_CONFIG_FNAM

access.par
// This constraint type is currently unavailable

cddecon.par

coop_sphere.par

cs.par

csi.par

diffusion.par

entropy.par

descent .par

j.par
nratio.par
noe.par
sim_anneal.par

sax.par

Select an optimization algorithm
l=modified gradient descent

*Much faster

*Theoretically can get stuck in local minima (not yet observed)
*Observed to produce round number conformer weights-- unexplained activity.

*Original algorithm
*Avoids local minima

(DEFAULT)

Enter a single digit for a simple minimization

Enter a string of digits to go from one minimization algorithm to another.
There must be no spaces between digits.

e.g. 1212 directs minimization by GD->SA->GD->SA

]
!
1
1
!
! 2=simmulated annealing
!
!
1
1
]
1

ALGORITHM 2

— e sm e 6= = e

ROUNDS_TO_SKIP 0

Your ENSEMBLE minimization can be re-initiated if it was terminated
prematurely. To do this,
the last saved weight file using INITIAL_WEIGHT FILE below.

If you were using the simulated annealing algorithm,

rounds to skip = weight file extension.

If you were using the gradient descent algorithm,

rounds to skip = weight file extension * GD_SAVEMULT (descent.par)

set the rounds to be skipped here, and load
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! Option for how to set initial Ensemble weights.
! l=random; 2=even distribution; 3=from file.
! Weight file name only regquired if it will be utilized.

INITIAL_RANDOM EVEN FILE 1
INITIAL_WEIGHT FILE

If you are loading weights from a file, ENSEMBLE will predict the file
before weight normalization if you set DELAY NORMALIZATION non-zero integer.
If delay normalization is zero, the ensemble will be normalized prior to
prediction.

DELAY NORMALIZATION 0

! Base name of the files to save ensemble weights.
! Intermediate weight files will be appended by .### (rounds)
! Final weight file will be appended by .ens

OUTPUT_FILE ensemble

Nonzero to save the ensemble weights after each iteration.

Zero to save only after completion.

Note:If there is an error during your run, and if you have saved intermediate
ensembles,you can begin another run by loading in you previously best results

SAVE_INTERMEDIATE_ENSEMBLES 1

! Nonzero to compress weight files after they are written.
! You must specify the file compressor from root in ZIP_COMMAND
.1 Set ZIP WEIGHT_FILES to zero for no compression.

ZIP_WEIGHT FILES 0
ZIP_COMMAND

With verbose piping set to a non-zero value, all information

that derives from a child process is printed (e.g. shiftx, cns).

Note that even when this verbose mode is off (recommended) error messages
from ¢cns are transmitted by recognition of the "ERR" string.

VERBOSE_PIPING 0

With verbose conformer prediction set to a non-zero value, all information
about all predictions will be displayed during setup.

If you have a large conformer pool,this will result in a very large log file.
Default is zero.

VERBOSE_CONFORMER_PREDICTION 0



! Use nonzero value to allow conformer predictions to be loaded only when the
! prediction file was created after the pdb file.

! Note that the solvent accessibility data is stored within the pdb file

! (in the B-factor column) and ENSEMBLE is unable to determine its validity.

FILE_DATE_CHECKING 0

ENSEMBLE will load extraneous conformer values and manipulate the data to
assist ensemble solution analysis. If you would like to track the weighted
average of ca_ca RMSDs of conformers from the folded structure, create a
data file containing one ca_ca RMSD value per line, the order corresponding
to that of the pdb files in the pdblist file, and name this file from root
after the CA_CA RMSD_FILE specifier.

Leave this field blank if you will not use this feature.

CA_CA_RMSD_FILE

! If you would like to track the weighted average of conformer radius of

! gyration, create a data file containing one radius of gyration value per

! line, the order corresponding to that of the pdb files in the pdblist file,
! and name this file from root after the RGYR_FILE specifier.

! Leave this field blank if you will not use this feature.

RGYR_FILE

! If you would like to track the weighted average of one other data type,

! create a data file containing one data point per line, the order

! corresponding to that of the pdb files in the pdblist file, and name this
! file from root after the ABSTRACT_FILE specifier.

! Leave this field blank if you will not use this feature.

ABSTRACT_FILE

! A Nonzero RCO_FLAG causes the program to calculate the population average
! residue-specific relative contact order and the population average

! residue-specific number of contacts.

! This does not constrain your data set.

! Set RCO_FLAG to zero to disable these calculations.

RCO_FLAG 0

! Use no directory structure for files to be found in
! <ENSEMBLE directory>/config/ Otherwise, full directory from root is required.

RCO_CONFIG_FNAM rco.par

! When ENSEMBLE creates histograms, it first finds minimum value and the
! maximum values. These bounds are then divided equally into the number of bins
! specified here. Default = 20.

HISTOGRAM_COLUMNS 20

! To ensure that all the pdb files are consistent, set this parameter
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! to a non-zero value. To disable the check for pdb consistency, set this
! value to 0. (Default = 1)

CHECK_PDB_CONSISTENCY 1

There is an option to allow ENSEMBLE to create statistic files

for each constraint/data type. In doing so, the conformer pool minimum,
maximum, average, and standard deviation values will be calculated for each
each data value (of a particular data type).

To enable this feature, set the value below to 1.

Otherwise, set the value to zero. (Default = 1)

CREATE_STATISTICS_FILES 1

There is an option to allow ENSEMBLE to create data spread files

for most constraint/data types. In doing so, a separate folder will be
created for each applicable data type. Within that folder, there will

be a separate data spread file for each data value of that type.

A data spread file will show how comformer values are distributed over a
range of wvalues.

To enable this feature, set the value below to 1.

Otherwise, set the value to zero. (Default = 1)

Sm hm 4= b b e e e—

CREATE_DATA_ SPREAD FILES 1

noe.par

! This is the configuration parameter file used to define the NOE
! constraint environment.

! This file is only utilized if the NOE FLAG is nonzero.

! The NOE_FLAG is part of the main configuration file.

The name of the file that contains NOE constraints.

The NOE constraint file has a required syntax,

see the README file for details. If the full path to the constraint
file is not provided, it will be assumed to be located in the
<ENSEMBLE directorys/con/ directory.

NOE_FILE_NAME noe.con

Binary file loading overrides and disallows regular individual file loading
and saving. Binary file saving can occur after loading regular individual
prediction files or after data creation. Enter a nonzero integer to load/save
binary files, and then enter the file name from root.

Binary loading disables binary saving.

Binary files will be tested for ensemble size, constraint number and file
size. However, the controls are possibly leaky. :

Proposed file name convention:

noe.bin_pdblist.nam_noe.con

NOE_LOAD BINARY 0
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NOE_SAVE_BINARY 0
NOE_BINARY FILE NAME <ENSEMBLE directory>/predict/noe/noe.bin_pdb.nam_noe.con

Linear modifier of the NOE penalization coefficient.

This represents your faith that this type of constraint is based in real
characteristics of the ensemble or the relative importance of this constraint
type. It represents something about the constraint type as a group.

This term is collective for all NOEs, so increasing the number of NOE
constraints requires an increasing NOE_FAITH to retain correlative importance
of individual NOE constraints and those of other constraint types.

Use decimal or scientific notation to specify a real number.

Default=2.5

NOE_FAITH 2.5

Due to the nature of the NOE interaction, conformer contributions are
averaged to the inverse sixth power (or in fast timescale R™-3).

Use 2 for r"-6 averaging (default), and 1 for r"-3 averaging.

default = 2 (for r*-6 averaging)

Enter an integer (1 or 2)

S,

NOE_R3_R6 2

cs.par

! This is the configuration parameter file for ENSEMBLE chemical shift
constraints. This file is only utilized if the CS_FLAG is nonzero.
The CS_FLAG is part of the main configuration file.

— e

The name of the file that contains chemical shift constraints.

The chemical shift constraint file has a required syntax,

see the README file for details. If the full path is not provided,

the file will be assumed to be located in the <ENSEMBLE directory>/con/
directory.

= b e am A

CS_FILE_NAME cs.con

Binary file loading overrides and disallows regular individual file loading
and saving. Binary file saving can occur after loading regular individual
prediction files or after data creation. Enter a nonzero integer to load/save
binary files, and then enter the file name from root.

Binary loading disables binary saving.

Binary files will be tested for ensemble size, constraint number and file
size. However, the controls are possibly leaky.

Proposed file name convention:

cs.bin_pdblist.nam_cs.con

= e g e b b b b e

CS_LOAD_BINARY 0
CS_SAVE_BINARY 0
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CS_BINARY_FILE_NAME
/disk3/hpc/lsingha/Current Analyses/ensemble/predict/cs/cs.bin_pdb.nam_cs.con

Linear modifier of the chemical shift penalization coefficient.

This represents your faith that this type of constraint is based in real
characteristics of the ensemble or the relative importance of this constraint
type. It represents something about the constraint type as a group.

This term is collective for all chemical shift constraints, so

increasing the number of chemical shift constraints requires an increasing
CS_FAITH to retain correlative importance of individual chemical shift
constraints and those of other constraint types.

Use decimal or scientific notation to specify a real number.

Default=2.0

CS_FAITH 1.0

Linear modifier of the chemical shift penalization coefficient for individual

types.
Use decimal or scientific notation to specify a real number.

Default = 1.0 for all.

- e e

CS_HA_FAITH
CS_HN_FAITH
CS_N15_FAITH
CS_CA_FAITH
CS_CB_FAITH
CS_CO_FAITH

H MNMNMNOO\R
[N S Ne)

! The energy term is modified as follows:

! {(RAW_HA ENERGY * CS_HA FAITH) + (RAW HN ENERGY * CS_HN_FAITH) +

! (RAW_N15_ENERGY * CS_N15_FAITH) + (RAW_CA_ENERGY * CS_CA FAITH) +

! (RAW_CB_ENERGY * CS_CB_FAITH) + (RAW _CO_ENERGY * CS_CO FAITH)) * CS_FAITH

The maximum deviation of experimental result from predicted value

of an individual conformer that is accepted to be real.

Deviation values above this maximum are considered to involve human error.
If this restriction is not desired, the maximum values may be set

to arbitrarily large values.

Use decimal or scientific notation to specify a real number.

CS_MAX_HA DEV 100
CS_MAX_HN DEV 100
CS_MAX_N15_DEV 200
CS_MAX_CA_DEV 200
CS_MAX_CB_DEV 200
CS_MAX_CO_DEV 200

! The experimental absolute error. Ensemble values are allowed to deviate from
! experimental values by this value with no energetic penalty.
! Use decimal or scientific notation to specify a real number.

CS_HA_ERROR 0.02
CS_HN_ERROR 0.02
CS_N15_ERROR 0.1
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CS_CA_ERROR
CS_CB_ERROR
CS_CO_ERROR

ooo
[ =

Permissions are used to control file creation deletion and use from
within the runtime environment.

Nonzero indicates permission granted; zero denies permission.

The create_cs_permission determines whether the ensemble program can
call shiftx to create a cs prediction.

CS_LOAD_PERMISSION 1
CS_SAVE_PERMISSION 0
CS_CREATE_PERMISSION 0
CS_OVERWRITE_PERMISSION 0

! If the permissions are given for loading cs files,
! please specify a directory to be searched for files.
! Leave blank for <ENSEMBLE directory>/out/

CS_DIRECTORY

! Where to find the program ShiftX.
! Leave it blank to default to <ENSEMBLE directory>

SHIFTX_DIRECTORY /disk3/hpc/lsingha/Current_Analyses/ensemble/shiftx/

noe.con
This file contains NOE restraints for MetEnk bound to monoolein cubic phases

!

! The listed restraints are those listed in "all_nnoe.tbl" and

! "all caronoce.tbl" used in Run_3 of structure calculations using CNS
! Sequential NOEs
1

HA 2 HN 3.4 1.6 0 1 !
new_noe_list.1
1 HB1 2 HN OR
1 HB2 2 HN 5 3.2 0 1 !
new_noe_list.2
2 HN 3 HN 5 3.2 0 1 !
new_noe_list.4
3 HN 4 HN 3.4 1.6 0 1 !
new _noe_list.27
4 HN 5 HN 3.4 l.6 0 1 !
new_noe_list.28
4 HA 5 HN 2.8 1 0 1 !
new_noe_list.17
4 HB1 5 HN OR
4 HB2 5 HN 5 3.2 0 1 !
new_noe_list.15
! Medium Range NOEs
! Long Range NOEs
! Ambiguous NOEs
1 HD1 1 HA OR
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1 HD2 1
all_cnoesyaro_pklist.11
1 HD1 1
1 HD1 1
1 HD2 1
1 HD2 1
all_cnoesyaro_pklist.10
1 HD1 1
1 HD1 1
1 HD2 1
1 HD2 1
all_cnoesyaro_pklist.1
2 HN 2
2 HN 2
new_noe_list.3

2 HAl 4
2 HA2 4
3 HAl 4
3 HA2 4
new_noe_list.7

2 HAl 3
2 HA2 3
3 HAl 3
3 HA2 3
new_noe_list.23

4 HN 4
new_noe_list.8

4 HN 4
4 HN 4
new_noe_list.é6

4 HN 4
4 HN 4
4 HN 4
4 HN 4
new_nce_list.9

4 HD1 4
4 HD2 4
all cnoesyaro_pklist.é6
4 HD1 4
4 HD1 4
4 HD2 4
4 HD2 4
all_cnoesyaro_pklist.7
4 HZ 4
4 HZ 4
all_cnoesyaro_pklist.5
4 HD1 5
4 HD2 5
4 HE1l 5
4 HE2 5
new_noe_list.18

5 HN 5
new_noe_list.16

5 HN 5
5 HN 5
5 HN 5
new_noe_list.11l

5 HN 5
5 HN 5
5 HN 5
new_noe_list.12

5 HN 5

HA

HB1
HB2
HB1
HB2

HE1l

OR
OR
OR

OR

OR
OR
OR

OR

OR
OR
OR

OR

OR

OR
OR

OR
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5 HN 5 HB2 OR

5 HN 5 HEl . 5 3.2 0 1 !
new_noe_list.13

5 HN 5 HG1 OR

5 HN 5 HG2 3.4 1.6 0 1 !

new_noe_list.14

cs.con
This file contains chemical shift data for MetEnk bound to monoolein

cubic phases
The chemical shifts listed are from the 15N-hsgc, 13C-hsgc and 13C-

aromatic hsgc experiments

.HB2 3.095 1.0

!
!
!
!
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
G
G
G
G
G
G
G
G
G
G
F
F
F
F
F
F
F .HB1 3.095 1.0
F

F

F

F

F

F

F

F

F

F

M

M

M

1.CA 57.511 1.0
1.HA 4.246 1.0

1.CB 38.819 1.0
1.HB2 3.140 1.0

1.HB1 3.140 1.0

1.CD1 133.499 1.0
1.HD1 7.121 1.0

1.CE1 118.637 1.0
1.HE1l 6.824 1.0

1.CE2 118.637 1.0
1.HE2 6.824 1.0

1.CD2 133.499 1.0
1.HD2 7.121 1.0

2.N 112.515 1.0
2.HN 8.536 1.0

2.CA 45.177 1.0
2.HA2 3.954 1.0

2.HA1 3.910 1.0

3.N 108.188 1.0
3.HN 7.922 1.0

3.CA 45.177 1.0
3.HA2 3.954 1.0

3.HA1 3.910 1.0

4.N 119.609 1.0
4.HN 8.077 1.0

4.CA 57.802 1.0
4.HA 4.666 1.0

4.CB 40.008 1.0
4

4

4.CD1 132.097 1.0
4.HD1 7.254 1.0

4.CE1 131.075 1.0
4.HE1 7.254 1.0

4.CZ 129.276 1.0
4.HZ 7.149 1.0

4.CE2 131.075 1.0
4.HE2 7.254 1.0

4.CD2 132.097 1.0
4.HD2 7.254 1.0

5.N 121.228 1.0
5.HN 7.976 1.0

5.CA 55.460 1.0
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.CE 17.163 1.0
.HE1 2.028 1.0

M 5.HA 4.267 1.0

M 5.CB 32.952 1.0
M 5.HB2 2.081 1.0

M 5.HB1 1.940 1.0

M 5.CG 32.465 1.0
M 5.HG2 2.329 1.0

M 5.HG1 2.271 1.0

M 5

M 5

Ensemble Output Files

Each Ensemble run generated a weight file, prediction files, data spread files and conformer pool
statistics files. The files that were used to evaluate the results of the Ensemble runs were the
weight files. The weight files listed each PDB filename in the conformer pool, along with the
associated weight of that conformer in the form of a decimal number (where the weights of all of
the conformers in a run summed to 1).

219



