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ABSTRAC

Fourier transform infrared (FTIR) spectroscopy has
been used to investigate the interaction of polypeptides
and proteins with model biomembranes.

The characterisation of peptides known to possess a
3;0o-helical structure, or mixed a-/3;g-helical
structures, was carried out. Fully stable 3,,-helices in
organic solvgq? were found to absorb IR radiation in the
1666-1662 cm range. Peptides known to contain both a-
and 3;p-helical structures exhibit IR absorption bands
characteristic of both structures. Peptides containing
3,0-helical structure in organic solvent altered their
s%ructure in aqueous 1lipid dispersion to become
predominantly a-helical. Peptides containing mixed a- and
3;0-helices in organic solvent also altered their
séructure on interaction with lipids, and formed aqueous
channels in the membrane. Peptides known to fold into the
B-bend ribbon structure in organic sglvent showed an
amide I band maxima at 1648-1645 cm -. S-bend ribbon
peptides were largely unaltered by the membrane
environment, but formed aqueous pores in the membrane.

The mechanism of spontaneous insertion of soluble
proteins into model membranes was investigated using
colicin A and aerolysin. The secondary structure of
colicin A remained a-helical on insertion into the
membrane but it adopted a more open configuration.
Aerolysin and its precursor, proaerolysin, contain
predominantly B-sheet structure with a small region of
hydrophobic a-helix in their soluble form. An increase in
a-helical content was observed when aerolysin interacted
with model membranes.

The structure of phospholipase A,'s from different
sources contained a high degree of conformational
homology. Conformational changes consistent with an
increase a-helix and a decrease in B-sheet, and possibly
B-turns, were observed on binding to lipids and a
transition-state inhibitor in micellar form.
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CHAPTER ONE

BIOLOGICAL MOLECULES
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1.1. INTRODUCTION

A tremendous investment of resources has been
directed towards studying the properties of biological
systems and biomembranes in order to understand their
structure and mode of function at the molecular level.
This progress has enabled a greater understanding of the
structure of proteins at atomic resolution in the pursuit
of an understanding of the relationship between the
structure and function of proteins, and of biomembranes.
This has been crucial in the development of medicinal
drug design as well as furthering the understanding of
biomolecular systems. The work presented in this thesis
describes the interaction of proteins and polypeptides
with biological membranes. Therefore, the properties and
structure of proteins and biomembranes are described.

Much of the information concerning these systems has
been gained using biophysical techniques such as X-ray
crystallography and electron diffraction, nuclear
magnetic resonance (NMR) spectroscopy, circular dichroism
and vibrational spectroscopy. Techniques providing
information at atomic resolution, i.e. X-ray diffraction
and NMR spectroscopy, have produéed a wealth of
information on many soluble proteins. However a severe
bottleneck in information has occurred because neither
technique has been successfully applied to membrane
proteins, with the notable exceptions of the

photosynthetic reaction centre of Rhodopseudomonas

22



viridis (Deisenhofer et al., 1985) and porin (Weiss et
al., 1990). This has led to the application of other
techniques to study membrane proteins, and the mechanisms
of protein insertion into biomembranes.

This chapter is concerned with giving an introduction
to the composition and characteristics of biomembranes

and proteins.

23



1.2. BIOMEMBRANES

Biomembranes are sheet-like structures, approximately
50 - 100 A thick composed of lipids and proteins, and
also of carbohydrates attached to these molecules. The
main roles of membranes are:-

i) to separate cells from their environment, thus
giving cells individuality,

ii) to regulate molecular and ionic composition of
the cell through membrane pumps and gates, and

iii) to control information flow between the cell and
its environment through specific receptors.

The structure and function of the membrane components
needs to be discussed in detail to gain a better

understanding of the overall function of biomembranes.

1.3. LIPIDS

The most important characteristic of lipids is that
they are amphipathic, containing a hydrophobic fatty acyl
chain region and a hydrophilic headgroup region. The
three major classes of 1lipid are glycolipids,

sphingolipids and sterols.

1.3.1. Glycolipids

Glycolipids are derived from glycerol, in which one
of the primary hydroxyl groups of glycerol is linked to a
headgroup with the other hydroxyl groups esterified to
fatty acids. The most important class of lipids in animal

membranes is the phospholipid, where the headgroup
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contains a substituted phosphatidic acid group.

The general structure of common phospholipids is
similar to that of phosphatidylcholine (PC), shown in
Fig. 1.1a, where R and R' are fatty acyl chains. The
fatty acyl chains are usually between 14 and 24 carbon
atoms long and may contain one or more double bonds.
Other common phospholipids have a similar structure, but
with a different headgroup, as illustrated in Figs. 1.1b,

c and 4.

1.3.2. Sphingolipids

These lipids are derived from the sphingosine
molecule to which is attached a fatty acid and a
headgroup. One of the commonest sphingolipid is
sphinogmyelin (SM), shown in Fig. 1l.2a.

Sphingomyelin and gangliosides are usually found in
plasma membranes of animal cells but seldom in plants or

bacteria.

1.3.3. Sterols

The best-known sterol is cholesterol in animal
membranes, while ergosterol occurs in lower eukaryotes
and pB-sitosterol in plants. All have a similar structure
to cholesterol, shown in Fig. 1.2b.

This membrane component has a relatively short acyl
chain and a bulky headgroup compared to the structures of

the other 1lipids illustrated. In the membrane, the
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Fig. 1.1. The chemical structure of the common
phospholipid headgroups:-

a) phosphatidylcholine (PC),

b) phosphatidylserine (PS),

c) phosphatidylethanolamine (PE),

d) phosphatidylinositol (PI).
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Fig. 1.2. The chemical structures of:-
a) sphingolipids,
b) cholesterol.
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B-hydroxyl group of the cholesterol forms a hydrogen bond
with the carbonyl oxygen of the ester group which links
the phospholipid acyl chain with the glycerol group

(Huang 1977).

1.4. BIILAYER FORMATION

The amphipathic nature of phospholipids determines
the structures formed by these molecules in aqueous
media. Thermodynamically, the bilayer is one of the most
stable configurations for lipids in aqueous media.
Hydrophobic forces are the main driving forces in the
formation of lipid bilayers where the acyl chains are
situated in the hydrophobic core of the bilayer and the
polar headgroups interact with water molecules via
electrostatic interactions. Van der Waals attraction
forces induce close packing of the acyl chains in the
hydrophobic core of the bilayer. Bilayers are therefore
held together by non-covalent interactions and, from
energy minimalisation considerations, form self-sealing
structures, as illustrated in Fig. 1.3.

All known biological membranes are asymmetric, that
is, have a different lipid composition on either face of
the bilayer. This is important for the orientation of
membrane proteins. For example, the function of the
Na+/K+-ATPase is to pump Nat ions out of the cell and K
ions into the cell. Random orientation of the protein
within the membrane would result in no net transfer of

Nat or Kt ions across a cell membrane. It is thought
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Fig. 1.3. The structure
aqueous dispersion:-
a) vesicle,
b) bilayer,
c) micelle.

of some lipid

and

assemblies in







that protein orientatioﬁ is influenced by the asymmetric
distribution of lipids in the membrane.

Furthermore, the asymmetry of the red blood cell
membrane is important in the process of blood clot
formation. The outer membrane layer contains PC and
sphingomyelin (SM) which are haemocompatible and do not
induce a thrombogenic response when blood proteins come
into contact. However the inner membrane composition of
PE and PS induces blood clotting on exposure to blood
proteins. Therefore during cell damage, the exposure of
the inner membrane induces a thrombogenic response.
Membrane asymmetry is maintained by the difficulty of
lipids diffusing from one side of the membrane to the
other (see Section 1.5).

At low temperatures, the acyl chains interact
favourably with each other and the bilayer crystallises
to form a regular repeating pattern (Lp phase) with the
CH, groups of the relatively straight acyl chains in a
trans configuration. Upon heating, the bilayer loses its
crystalline structure and becomes fluid (the L, phase).
The CH, groups in the L, phase are a mixture of trans and
gauche configurations. The gauche isomers form kinks in
the acyl chain that are highly mobile along the whole
length of chain, with an increasing probability of
occurring near the methyl terminus. The temperature at
which the transition from crystalline to fluid state
occurs is known as the phase transition temperature, T,

and, for single-lipid membranes, may occur within a 1° -
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2°C temperature range due to co-operative melting.

The phase transition temperature is influenced by:-

a) the length of the acyl chain. Due to Van der Waals
attraction, each CH, group adds approximately 0.5
kcal/mol of enthalpy to the transition,

b) the degree of unsaturation of the acyl chain, with
Tm lowering as the number of double bonds increases.
Double bonds introduce a kink into the acyl chain, thus
preventing the close packing of the chains,

c) the position of the double bonds, with T, being
lowest when the double bond is in the middle of the acyl
chain,

d) the character of the acyl chains, with T, being
reduced when the longer, more saturated, chain is nearer
the polar headgroup, and

e) the structure and electrostatic nature of the
headgroup. This follows that, for a given chain length,

the general pattern for T, of PE > PS > PC > PG.

Due to its short acyl chain and Bulky headgroup,
cholesterol is unable to form bilayers or organised
assemblies in aqueous solution. However introducing
cholesterol into a lipid bilayer system has a major
effect on the phase transition. The bulky sterol molecule
disrupts the close packing of the acyl chains, allowing
greater motion of the chains in the Lg phase and an

increased proportion of gauche conformers (Oldfield &
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Chapman, 1972). In the L, phase, the cholesterol core
restricts the acyl chains from moving freely, thus
reducing the proportion of gaucheconformers typical of
bi}ayers in the L, phase, and thereby giving the fluid
bilayer a more rigid order. The resultant effect of
cholesterol is to reduce T, and the enthalpy of the phase
transition, as well as reducing in the co-operativity of
melting. As the cholesterol-to-lipid ratio increases, the
phase transition is gradually abolished. For PC lipids,
this occurs when there is a minimum of two cholesterol

molecules per seven lipids.

1.5. LIPID MOBILITY

Bilayers are dynamic structures that allow the
movement of membrane components. Lipids are able to
rotate about their long axis with a spin correlation time
in the order of 10 ns. They are capable of lateral
diffusion through their monolayer by 'jumping' into
vacancies in the liquid crystal. These 'jumps' occur with
a frequency of 107 - 108 s71 in the L, phase, giving a
lateral diffusion coefficient of 10711 - 10715 p2g5-1,
Lateral diffusion of lipids is several orders of
magnitude lower than this in the Lﬁ phase. Transbilayer
movement also occurs, but this is a much slower phenomena
apparently because it requires the lipid polar headgroup
to pass through the hydrophobic core of the bilayer. This

occurs on a time scale of approximately once every two

weeks.
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It is thought that the particular distribution of
fatty acyl chains present in a membrane provides the
appropriate membrane fluidity at a particular environment
temperature to match diffusion rates or rates of
metabolic processes required for a tissue. Bacteria
regulate fluidity by changing the lipid composition of
the membrane whereas with animal membranes, it is easier
to alter fluidity by changing the proportion of

cholesterol present.

1.6. PROTEINS

The role of proteins in biological function is
widespread and diverse. The largest class of proteins are
the enzymes, of which about two thousand different types
are known. Other types of proteins include storage and
transport proteins, toxins, hormones, structural and
contractile proteins, and protective proteins in blood.

Proteins can be separated into two general
categories:~

i) soluble (or globular) proteins, (e.g. haemoglobin,
myoglobin, concanavalin A), and

ii) membrane proteins, illustrated in Fig. 1.4, of
which there are 4 subgroups

a) peripheral - these are bound mainly by ionic

forces to the lipid polar headgroup or to other proteins
in the membrane and can be removed by raising the ionic

strength of the buffer,
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Fig. 1.4. Examples of membrane proteins.
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b) integral membrane proteins that may span the
lipid bilayer once (e.g. glycophorin) or more than once
(e.g. many of the transmembrane ion channels, such as
ca?t ATPase, Na+/K+-ATPase and bacteriorhodopsin). These
proteins can only be removed from the membrane by use of
detergents, 8M urea or 6 M guanidinium chloride
solutions, or organic solvents, such as hexane.

c) proteins anchored by a hydrophobic region
into the lipid bilayer (e.g. melittin),

d) peripheral proteins anchored to the 1lipid
bilayer by a covalently attached glycolipid (e.g.

alkaline phosphate, acetylcholinesterase).

There is also an important group of soluble proteins
which, under the correct conditions, insert into the
membrane. Examples of these are toxins such as the
colicins which kill cells by forming a large pore in the
membrane, thus destroying the electrical gradient of the

cell.

1.7. PROTEIN COMPOSITION

Proteins are polymers of amino acids formed by the
formation of an amide bond between the «a-amino and
a-carboxyl groups of the amino acids to form a peptide
linkage. The linking of the amino acids forms a
polypeptide backbone of carbon, nitrogen and oxygen, with

amino acid sidechains spaced at regular intervals along
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the chain. Proteins are generally made up of a
combination of the twenty common amino acids. It is the
sequence of these amino acids along the polypeptide chain
that determines the conformation and function of the

protein.

1.7.1. Polypetide Backbone
The polypeptide backbone takes the form shown in

Fig. 1.5 where R; is the ith amino acid residue from the
amino terminus.

The average length of the C'— N bond found from
X-ray crystallography is 1.33 A, which is between that
observed for a normal C — N bond (1.45 A) and a normal
C = N bond (1.25 A), indicating that in this environment
the C'— N group is partially double bonded. This
restricts rotational freedom, causing the peptide unit to
be rigid and planar, with the hydrogen of the amino group
almost always trans to the oxygen of the carbonyl group.
Both the N;j — C;% and ¢;* — c; bond are pure single
bonds and allow rotational freedom either side of the

peptide unit.

1.7.2. Amino Acids

Nineteen of the twenty common amino acids have the
same general chemical structure as shown in Fig. 1l.6a.
It is the composition of the side chain that gives

the amino acid its properties. The various residues can
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Fig. 1.5. The chemical structure of the polypeptide
backbone.
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Fig. 1.6a)

acids.

b)
c)

The basic chemical structure of amino

The chemical structure of proline.
The chemical structure of
a-aminoisobutyric acid.
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be categorised into nonpolar or hydrophobic, neutral
(uncharged) polar, positively charged and negatively
charged R groups in the pH range 6.0 - 7.0. These
groupings are quite general and it must be borne in mind
that each individual residue has differing
characteristics.

The important exception to this general amino acid
structure is proline, which is an imino, rather than an
amino, acid and is illustrated in Fig. 1.6b. This
residue is unable to hydrogen bond as the N is strongly
bonded to a C atom and therefore does not possess an NH
group.

Another important but rare amino acid is a-
aminoisobutyric acid (see Fig. 1.6c). This amino acid
occurs extensively in the alamethicin family of
antibiotics and is thought to promote the formation of
the 3,y-helical secondary structure (see Section
1.8.2.3).

The cysteine residue is the only amino acid normally
capable of forming covalent bonds with other amino acids
in the protein. Two cysteine residues can be oxidised to
form a disulphide bridge, a bond that can only be cleaved
in a reduction reaction, and not by adjusting the pH or
by the use of high salt concentrations or denaturing
agents. Therefore these bonds are important in protein

stabilisation.
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1.8. PROTEIN STRUCTURE

Protein structure can be subdivided into four
separate categories; primary, secondary, tertiary and
quaternary structure. The relationship and influence of

each structure needs to be discussed in detail.

1.8.1. Primary Structure

The primary structure is defined as the sequence of
the amino acids along the polypeptide chain. This is the
most fundamental characterisation of a protein and many
properties of the protein are derived from its primary
structure.

Sanger first developed the techniques for sequencing
with his studies on insulin (Sanger & Thompson, 1963;
Sanger & Tuppy, 1961) by sequentially hydrolysing the
peptide bonds in the backbone by heating with either an
acid or base. Another technique has also been developed
where the sequence is identified from information

contained in the mRNA.

1.8.2. Secondary Structure

The secondary structure or conformation of a protein
is the spatial arrangement of the amino acid residues
within the molecule. A protein that is completely
unfolded, i.e. there are no intramolecular hydrogen
bonds, generally possesses no activity, with an exception
being melittin which is unordered in solution yet still

binds to membranes. It is the folding of the protein,
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mainly driven by hydrophobic interactions and, to a
lesser extent, by amino acid - amino acid interactions,
that allows intramolecular hydrogen-bonding to occur and
induces activity in the protein. Despite the huge number
of conformations possible for any given protein, each
protein folds into one (or, rarely, a few)

conformation(s) under normal biological conditions.

1.8.2.1. a-Helix

The a-helix was the first secondary structure to be
postulated (Pauling et al., 1951; Pauling & Corey, 1951a)
that could be related to conformations in synthetic
polypeptides (Pauling & Corey, 1951b), fibrous proteins
(Perutz 1951) and globular proteins (Kendrew et al.,
1960) and 1s the most commonly observed of the
polypeptide conformations (Fig. 1.7a). It is also the
predominant structure of protein domains within the 1lipid
bilayer. Hydrogen bonds are formed between the backbone
carbonyl oxygen of residue i and the backbone NH of the
i+ 4 residue along the chain. The hydrogen bonds all
point in the same direction and are nearly parallel to
the helix axis. Amino acid side chains project out from
the helix and, except in the bulkiest cases, do not
interfere with the structure. However, proline and
glycine are rarely found in helical structures. The
characteristics of different helical structures are given

in Table 1.I.
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Table 1-I. The hydrogen-bonding scheme of helical
secondary structures, where N is the number of
residues per rise and H is the rise per residue.
(From Krimm & Bandekar, 1986).



HELIX N H H-BONDING
a 3.60 1.495 5-1
arr 3.60 1.5 51
310 2.99 2.01 4-+1
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Fig. 1.7. A schematic diagram of common
secondary structures (H-bonds represented
by the dotted lines):-

a) a-helix,

b) antiparallel B-sheet, and

c) type I g-turn.
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1.8.2.2. gry-helix

The ayy-helix is very similar to the a-helix, with
hydrogen bonds formed between the carbonyl oxygen of
i unit and hydrogen of the N — H of the i + 4 unit.
However the plane of the peptide groups are not parallel
to the helix axis as with the a-helix but tilted, with
the N — H bonds pointing inwards towards the axis. This
results in the slight lengthening, and weakening, of the
C = 0-:--- H — N hydrogen bonds, with the N---:0
distance being 3.00 A for ajy-helix, compared to 2.86 A
for a-helix (Krimm & Dwivedi, 1982). This structure
is not common in polypeptides and proteins, but has
been observed in 1lysozyme (Némethy et al., 1967) and

proposed to exist in bacteriorhodopsin (Krimm & Dwivedi

1982).

1o8.2.3. glo-llelix

This structure differs from the a-helix in that
hydrogen-bonding occurs between the carbonyl oxygen of
the i unit and hydrogen of the N — H group of the i + 3
unit (see Fig. 3.1 and 3.3). This structure is not common
and, when observed, is usually at the end of regular a-
helices. The amino acid a-aminoisobutyric acid (Aib)
tends to promote the formation of the 3,,-helix, and this
structure has been observed in homopolypeptides of this
amino acid, in alamethicin, a protein containing 9 Aib

residues out of 20, and has been proposed to occur in
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other members of the alamethicin family.

1.8.2.4. B-Sheet

Intramolecular hydrogen bonds are formed between the
carbonyl oxygen and NH groups of two or more extended
polypeptide chains running parallel or anti-parallel,
leading to the formation of parallel or anti-parallel g-
sheet, respectively (Fig. 1.7b). Detailed coordinates for
a steriochemically acceptable B-sheet structure were
first provided in 1951 (Pauling & Corey, 1951a,b) and has
since been observed in synthetic polypeptides and
proteins. Amino acid residues protrude on alternate
sides of the sheet structure, and pB-sheets tend to be
twisted rather than planar. The B-sheet structure is
common in soluble proteins, but is rarely found in
membrane proteins, with the important exception of porin.
Intermolecular B-sheet has been observed to form between
protein molecules, especially under denaturing conditions

(Jackson 1990).

1.8.2.5. B-Turns

Reversal in the direction of the polypeptide chain is
achieved by a B-turns, in which the carbonyl oxygen of i
unit is H-bonded to the NH of the i + 3 residue (Fig.
1.7¢c). From steric hindrance considerations, three types
of B-turns are possible. Type I and II are non-helical,
whereas type III corresponds to one turn of a 310-helix.

Soluble proteins tend to contain a significant proportion
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of B-turns and these tend to be exposed to solvent on the
surface of the protein. X-ray crystallography has
indicated that carbohydrate groups tend to be observed

attached to g-turns.

1.8.2.6. 9-turns

This structure is similar to the pg-turn and is formed
by three amino acid residues. Three energetically
possible conformations have been proposed. The ¥-turn and
mirror-related U—turn have H-bonds between the CO group
of unit i and the NH group of the i + 2 unit (3 - 1 H-
bond), and between the CO group of the i + 2 group
and the NH of the j group (1 - 3 H-bond). The inverse
x-turn has a 3 »'1 H-bond and an H-bond between the CO
of unit i - 1 and the NH of unit i + 3 (5 - 1 H-bond).

¥ -turns have been observed in peptides (Karle, 1981).

1.8.2.7. Random Structure

This term refers to areas within polypeptides and
proteins that have no repetitive hydrogen-bonding pattern
to promote a regular structure. Hydrogen bonding may
still occur but no specific conformation is achieved. The
proportion of random structures observed in proteins
varies from casein, having nearly 100 % random structure,
to membrane proteins, where it has yet to be observed

within the bilayer.
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1.8.3. Tertiary Structure

Tertiary structure is defined as the overall three
dimensional architecture of the polypeptide chain,
including the relationship of various secondary
structures to one another. It is determined by the
character of the amino acid side chains. For example,
hydrophobic side chains will disrupt water far less when
buried in the generally hydrophobic core of the protein.
Hydrophilic sidechains will tend to remain exposed to
water as large energies are required to drive them into a
hydrophobic environment. Tertiary structure is also
influenced by non-covalent interactions between different
secondary structures, such asﬁVan der Waals forces and
polypeptide backbone interactions, an& by the presence of

disulphide bridges.

1.8.4. Quaternary Structure

This is defined as the relationship of subgroups in a
protein required to give activity. For example
haemoglobin is composed of four subunits, two a and two g
chains, each of which is bound to a heme group. These
chains have been shown to fit together in an approximate

tetrahedral arrangement.
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1.9 PROTEIN MOBILITY

Soluble proteins rotate rapidly in aqueous media and
diffuse freely. However membrane proteins are restricted
by the presence of the bilayer. Membrane proteins are
able to fotate about an axis normal to the membrane.
Lateral diffusion is limited by protein size and the
phase of the bilayer. Diffusion of proteins is typically
2 - 3 orders of magnitude lower than for lipids, and is
further reduced by a factor of 2 - 3 orders of magnitude
below the phase transition of the bilayer.

T, has a major effect on the proteins contained in
the bilayer. Membrane proteins are approximately evenly
distributed in membranes above T, and generally function
as monomeric proteins. At temperatures below T proteins
tend to be pushed into aggregates between areas of 1lipid
in the crystalline phase, usually leading to a reduction
in protein mobility and activity.

A number of soluble proteins that interact with the
bilayer are unable to do so below T, because the packing
of the lipid headgroups is too close and the energy
required’to interrupt the close-packing of the acyl
chains is too large. Interactions tend to occur at T,
when chain packing defects and vacancies formed in the

bilayer are at a maximum, or above.

This introductory chapter sets out to discuss the

composition and nature of biomembranes, and examines the
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roles of the membrane components in relation to the
various functions of biomembranes. Furthermore it
describes the dynamic nature of biomembranes. The
information gained from studies on biomembrane systems
led to the "fluid mosaic" model proposed by Singer and
Nicholson (1972). This widely-accepted model pictures
membrane proteins floating in the lipid matrix "sea".
However it has certain limitations. For example, it does
not consider semi-crystalline arrays of lipids that exist
in bacterial cell membranes nor does it consider possible
influences on protein mobility in the membrane, such as
protein-protein interactions, the formation of protein
aggregates and the interaction of proteins with the
intracellular protein skeleton.

The composition and structure of proteins has been
described with respect to membrane and soluble proteins.
The relationship between the structure and function of
proteins has been considered, and the techniques commonly
employed in determining protein structure will be

discussed in the following chapter.
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HAPTER TWO

BIOPHYSICAL TECHNIQUE
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2.1. INTRODUCTION

This chapter describes the techniques available in
determining protein structure. Techniques based on
similar theoretical principles are grouped together and
in each case the advantages and disadvantages of each
approach, and examples of the studies carried out, are
discussed.

The techniques discussed are based on the interaction
of electromagnetic (e.m.) radiation interacting with
matter. The types of interaction are dependent on the
energy, and hence wavelength, of the radiation and a

brief summary of these is given in Table 2.I.
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Table 2-I. The electromagnetic spectrum and
interactions with matter.




Type of Wavelength Photon Interaction
Radiation (m) energy with matter
(eV)
Gamma Nuclear
10-10 1.2x103
X-rays . Inner shell
10°8 12.4 electrons
Vacuum UV Ionisation
2x10~7 6.3
Near UV 7 Valence
4%x10~ 3.1 electrons
Visible
7%10~7 1.8 :
Near IR .
2.5x107° 0.5
Mid IR Molecular
2.5x%107° 5x10"2 vibrations
Far IR
1074 1.2x1073]| -
Microwaves Electron spin
ax10~4 3x10”3 orientation
Radiowaves Nuclear spin
3x104 4x10-11 orientation
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2.2. X-Ray Crystallography and Electron Diffraction

The concept of these techniques is based on the
principles that:-

a) crystals are composed of unit cells that are
arranged in a regular, repeating lattice,

b) atoms can scatter a fraction of the incident
radiation without altering the wavelength or relative
phase of the incident radiation, and that

c) the amplitude of the scattered radiation depends
on the composition of the atoms.

The regularity of the crystal lattice, which may be
considered to be a three-dimensional diffraction grating
for X-rays, and for electrons of sufficiently high
energy, causes radiation scattered from atoms in the
lattice to interfere to form a diffraction pattern. The
diffraction pattern is dependent on the physical
dimensions of the crystal lattice and the type and
position of atoms contained within the subunits.

A simple theory derived by Bragg (1913) considers
X-rays reflected from lattice planes within the crystal

(Fig. 2.1) giving information about the crystal

structure: -
2dsin® = n ) Equ. 2.1.
where 6 = angle of incident radiation,
d = spacing of lattice planes,
n = number of order reflection, and
\ = wavelength of incident radiation.
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Fig. 2.1. The reflection and interference of
electromagnetic radiation from a crystal
lattice structure.







This result will give details of the characteristics
of the unit cell.
In theory, the electron density in a crystal at point

(X,Y,z2) can be determined using Equ. 2.2.

€(xyz) = 1zzz|F(hkl) |cos[27 (hx+ky+1z)-a(hkl) ] Equ. 2.2
\'

where Q(xyz) electron density at position (x,y,z),

V = unit cell volume,
(hkl) = crystal lattice indices,
F(hkl) = amplitude of the structure factor, and
a(hkl) = phase of structural lattice factor.

Therefore, to make direct structural determination both
the amplitude and phase of the diffracted radiation needs

to be determined.

2.2.1. X-ray crystallography
F(hkl) can be determined from the X~-diffraction

results as it is related to the measured intensity.
Howevef, it is not possible to measure the phase, a(hkl),
directly. The common way around this problem for proteins
is to use the isomorphous replacement method. This
technique depends on the preparation of protein crystals
that contain a heavy atom, typically uranium, mercury, or
platinum. The scattering of X-radiation from an atom
possessing a high atomic number will dominate the
amplitude and phase of the diffraction spectra. Once the

position of the heavy atom has been determined using a
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Patterson synthesis, its contribution to the phases of
various spectra can be calculated. The technique of
isomorphous replacement in determining protein secondary
structure was first used by Kendrew et al. (1958) in
determining the structure of myoglobin.

X-ray crystallography has been used to determine the
secondary structure of a large number of soluble proteins
to a resolution of less than 2A in some cases (Creighton
1984). So far the photosynthetic reaction centre of
Rhodopseudomonas viridis (Diesenhofer et al., 1985) and
porin (Weiss et al., 1990) are the only membrane proteins
that have been successfully studied by this technique.
The structure and packing of lipid bilayers in two-
dimensional lipid-water liquid crystals has been studied
(for reviews see Luzzati 1968; Shipley 1972). X-ray
diffraction has also been used to study lipids that have
been crystallised (Hitchcock et al., 1974; Elder et al.,
1977; Pearson & Pascher, 1979).

Problems associated with X-ray crystallography
include the production of large ( > 200 um diameter)
stable crystals and the assumption that the structure of
the sample under crystallisation conditions is the same
as that in the native environment. The most common
technique for crystallising soluble proteins is
precipitation from high concentration NH;SO, solutions.
Differences in structure between the crystallised protein

and the protein in its native environment have been
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reported (ﬁaris et al., 1990; Fishér et al., 1989). Severe
problems have been encountered in trying to crystallise
integral membrane proteins because components of the
proteins are in contact with both polar and non-polar
phases of the membrane. To maintain the native
conformation of the protein it is necessary to reproduce
the bipolar environment in the crystal. For this reason
membrane protein studies with this technique lag behind
that of soluble proteins. Detergents used in attempts to
crystallise membrane proteins may affect the protein

structure.

2.2.2. Electron Diffraction

Electron diffraction is a technique that has been
used to study two-dimensional arrays of membrane
proteins. The arrays have to be highly ordered to produce
high resolution, and successful studies have been carried
out on membrane proteins in natural arrays (e.g.
bacteriorhodopsin) and on proteins reconstituted from
isolated membrane components (e.g. porin).

The experimental details of this technique differs
from that of X-ray crystallography due to the difference
in scattering power of chemical groups for X-rays and
electrons. Electrons are charged particles and scatter
from both atomic nuclei and atomic electrons. In
practice, samples must be no more than a few hundred
angstroms thick and have to be studied in a wvacuum.

Reducing radiation damage to the sample is achieved by
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lowering the temperature to -180°C, and negative staining
is often required to maintain the structure of the
membrane during the experiment.

Electron microscopy is becoming a powerful technique
for studying membrane proteins. The main success has been
the application of the method to gain structural
information on bacteriorhodopsin (Henderson et al., 1990)
and porin (Jap et al., 1991). Other membranes appear
perturbed by the severe experimental conditions. Disorder
in the lattice can limit the resolution, and the
intrinsic properties of the stains used limits the
resolution to 15 - 20 A at best. The resolution achieved
by electron microscopy is generally poorer than that
achieved by X-ray crystallography and is not yet at ﬁhe

atomic scale.

2.3. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

NMR has been used for many years by organic chemists,
but the recent developments in producing high field
strength magnets, the advancement of computer-aided
procedures and the advances in the isolation and
preparation of biological macromolecules has enabled the
technique to be applied to a wide range of biological
systems.

The spinning of atomic nuclei possessing a spin
quantum number, I, > 0 produces a magnetic moment.

Placing the atoms in an external magnetic field causes
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the magnetic moment of the atomic nuclei to align either
with or against the external field. The magnetic moment
interacting with the external magnetic field causes the
atomic nuclei to precess around the line of force of the
applied magnetic field in a similar manner to a spinning
gyroscope acting in a gravitational field. The angle of
precession with respect to the line of force of the
applied external magnetic field is limited to a distinct
number of allowed values dependent on I, each

corresponding to a discrete energy level given by the

equation
E = mu.BH, Equ. 2.3.
I
where I = spin quantum number

m = magnetic quantum number

4 = magnetic moment of the nucleus

B = nuclear magneton = 5.049 x 1024 ergG'l
H, = external magnetic field strength

E = energy of transition.

The population of the energy levels at equilibrium is

predicted by the Boltzmann distribution

n, = njexp(-puHy/IKT) Equ. 2.4.
where n,; = number in upper level,
n; = number in lower level,
k = Boltzmann's constant, and
T = absolute temperature.

The frequency of radiation needed to excite nuclei

from one energy level to another is found by equating

59




























































































































































































































































































































































































































































































































































































































































































































































