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Abstract
Fourier transfonn infrared (FTIR) and circular dichroism (CD) specfroscopy were applied in the structural 

analysis of two proteins 1) plasminogen activator inhibitor-1 (PAI-1), wfrose active form is spontaneously 

converted to an inactive latent conformation, thus preventing a crystal structure of the active molecule to be 

elucidated and 2) potassium charmels, which are large membrane bound proteins expressed in low amounts not 

ideal for x-ray crystallography. FTIR and CD spectroscopy are ideal techniques for studying the structure of these 

proteins; requiring relatively low amounts of protein, quick speed of data acquisition and the ability to determine 

the structure of a protein in a physiologically relevant state.

PAI-1 is a member of the serpin superfamily, the major regulators of protease activity within the body. 

Recombinant proteins corresponding to active and latent PAI-1 were analysed by FDR. The spectra of these 

proteins indicate that they are predominantly P sheet with some a-helical structure. However upon conversion of 

active to latent conformation an increase in the P sheet structure at the expense of a-helical structure is 

observed. This finding is probably due to insertion of the reactive centre loop (RCL) into P sheet A of the 

protein, a well defined characteristic of other members of the serpin family. To determine \^iiich residues within 

the RCL are most important in the active/latent transition a number of mutations were inserted into the RCL of 

PAI-1. The secondary structure and thermal stabilities of these mutant PAI-1 proteins were characterised by 

FDR, indicating that the residues closest to the N-tenninal side of the RCL are most important in the 

active/latent transition.

Potassium channel proteins regulate the transport of ions across the membranes of both excitable and non- 

excitable cells. To date, three families have been identified; the inward rectifier channels, the voltage gated 

channels and a third group with only one member termed the minimal potassium channel (miuK). Synthetic 

peptides corresponding to functionally important domains of ROMKl (rat outer medulla inward rectifier 

potassium channel), the transmembrane domain of minK and the 84 ‘voltage sensor’ of the Drosophila Shaker A 

channel were used to determine the secondary structure content in membrane mimetic and aqueous 

environments.

Spectroscopic analysis of the two transmembrane spanning domains (M1&M2) and the putative ‘pore’ region (P) 

of ROMKl indicate that these domains are predominantly a-helical in a membrane mimetic environment. These 

results have been used to build a model of the ion conductance pathway of the charmel. Structural analysis of the 

recombinantly ejqrressed C-terminal was prevented by the inability to express sufficient quantities of protein for 

purification in various E.coli strains.

FDR spectra of the S4 segment of Shaker indicated that this domain has a high degree of conformational 

flexibility. The secondary structure adopted by the S4 peptide is influenced by a number of factors, the nature of 

the surrounding environment (a-helical in phospholipid, random in aqueous), temperature and pH. This property 

may have important implications for its proposed role as the ‘voltage sensor’ during channel activation in 

response to changes in the electric potential across the membrane.

In addition to the structural results, a number of techniques have been employed in successfully reconstituting 

membrane proteins into phospholipids without exhibiting peptide aggregation. This is illustrated by the 

transmembrane region of minK and the M l domain of ROMKl, which typically display spectra characteristic of 

protein aggregation, however when successfully reconstituted by the film method into phospholipids both these 

domains adopt an a-helix.
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Protein Composition and Structure

1. PROTEIN COMPOSITION AND STRUCTURE

1.1 Introduction

Virtually every property that characterises a living organism is afifected by proteins. 

The nature of protein functions ranges from that of a purely structural role such as that 

of keratin in hair, to the highly intricate role of the enzymes, which catalyse the 

numerous chemical reactions essential for an organism to survive. A number of these 

important functions of proteins are listed below:

a) Structural e.g. collagen, keratin, elastin

b) Storage e.g. albumin, gliadin

c) Immunity e.g. antibodies, antigens

d) Communication hormones, receptors, ion channels etc.

e) Catalysis enzymes e.g. alcohol dehydrogenase

f) Gene regulation e.g. transcriptase, cyclins

g) Contraction e.g. actin, myosin

h) Transport e.g. haemoglobin, glucose transporter, ion

channels

In spite of these diverse biological functions, proteins are a relatively homogeneous 

class of molecules. All are the same type of linear molecule built to differing lengths 

from the combination of 20 different amino acids. The secret of a protéines individual 

fimction is the chemical diversity of the amino acids constituting the protein, but more 

importantly the three dimensional structure these building blocks can adopt simply by 

being linked in different sequences. The fiinctional properties of an individual protein 

can be only fully understood in terms of its relationship to the specific structure of the 

protein.

This thesis describes a number of structural studies on individual proteins, in an 

attempt to understand the relationship between their specific function and their 

structure. Therefore this introductory chapter deals generally on the composition and 

structure of proteins. Furthermore/it also describes some of the biophysical techniques 

which can be employed in the structural determination of proteins.

22



Protein Composition and Structure

1.2 Protein composition

Of the 20 amino acids widely found within proteins, 19 have the general structure

R

H,N — CH —  CO,H

Figure.1.1: Basic structure of an Amino Acid residue.

These differ only in the chemical structure of the side chain R. The 20th amino acid 

Proline, is similar, but its side chain is bonded to the nitrogen atom of the backbone. 

The amino acids are linked together to form proteins by peptide bonds, a peptide bond 

is formed by the elimination of a water molecule between the -NH2 of one amino acid 

molecule and the -COOH of the adjacent amino acid molecule. The resulting 

polypeptide consists of a backbone of carbon, nitrogen and oxygen from which the 

various amino acid side chains protrude.

The actual chain length of a protein molecule can vary from as little as 40 amino acids 

to several thousand in the largest. With 20 different amino acids available, it is obvious 

that a huge number of possibilities exist in the amino acid sequence.

1.2.1 The Amino Acids

The twenty different amino acid side chains have a variety of different chemical 

properties. However it is possible to assign the amino acids to three groups, which are 

dependent on the side chain properties at physiological pH; those with side chains of a 

hydrophobic nature, those with charged side chains and side chains with a polar nature. 

Glycine is the exception and can either be classified as a hydrophobic amino acid or 

placed in a group by itself. Table 1.1 categorises the 20 amino acids into their 

appropriate classes. Although the nature of individual amino acids is important in 

understanding proteins it should be remembered that the sum of individual residues 

within a protein does not necessarily characterise the whole protein.
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Class Amino acids Ionic properties of side 

chain at physiological pH

Charged Lysine 

Arginine 

Aspartic acid 

Glutamic acid 

Histidine

Fully charged

Histidine is generally 

included in this category 

but is only partially 

charged at this pH

Polar Asparagine

Glutamine

Serine

Tyrosine

Threonine

Cysteine

Uncharged, but possess 

some separation of charge 

capable of forming 

hydrogen bonds and 

associating with water

Hydrophobic Alanine

Valine

Leucine

Isoleucine

Phenylalanine

Tryptophan

Methionine

Proline

Hydrophobic and not 

capable of interacting with 

water, although proline is 

the exception and is not 

averse to being exposed to 

water

Other Glycine Neutral and can be 

accommodated into polar 

or non-polar environments

Table 1.1: Classification of the amino acids.
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The structure and characteristic properties of each individual amino acid side chain are 

briefly discussed below.

1.2.1.1 Glycine (Gly)

Glycine is the simplest amino acid, its side chain consists of a single hydrogen atom. 

The small size of its side chain reduces steric hindrance with the peptide backbone, 

thus allowing greater conformational flexibility of the backbone at the site of a glycine 

residue.

Figure 1.2: The structure of glycine.

1.2.1.2 The aliphatic side chains

The amino acids Alanine, Valine, Leucine and Isoleucine are found in this group. 

These residues are characterised by having side chains formed of the relatively inert 

methylene (-CH2-) and methyl (-CH3) groups. These groups are important in that 

they do not interact favourably with water and are thus termed Hydrophobic. This is 

important as these residues prefer to interact with one another and with other non

polar atoms. These interactions are an important factor in the formation of stabilised 

folded structures.

Alanine
Ala
A

Valine
Val
V

Leucine
Leu
L

Isoleucine
He
I

Figure 1.3: The structure of the aliphatic side chains.
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1.2.1.3 The cyclic imido acid- Proline

The side chain of Proline is also aliphatic. However its side chain is bonded covalently 

to both the C“ and the nitrogen atom of the peptide backbone. Consequently the amide 

hydrogen is unavailable for hydrogen bonding. In addition the cyclic five membered 

ring inq)oses rigid constraints on the rotation about the N-C“ bond of the backbone. 

Consequently the peptide bond proceeding this residue can adopt the cis 

configuration. Thus Prolines are often found in loops and bends of folded proteins, 

these side chains are also not averse to being exposed to water.

Proline
Pro
P

Figure 1.4: The structure of the proline side chain.
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1.2.1.4 The hydroxyl Residues

The side chains of Serine and Threonine are small and aliphatic, they can be thought of 

as hydroxylated versions of alanine and valine respectively. These hydroxyl groups are 

generally involved in only a few useful chemical reactions. One such reaction, is 

acétylation by acetyl fluoride in trifluroacetic acid (TFA) during the chemical synthesis 

of peptides.

Serine
Ser
S

Threonine
Thr
T

Figure 1.5: The structures of the hydroxyl residue side chains.
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1.2.1.5 The acidic and amide residues

The side chains of aspartic acid and glutamic acid are nearly always negatively charged 

at physiological pH; at a pH of 7 it is both polar and ionised. The two residues differ 

in the number of methylene groups in the side chain, aspartic acid having one and 

glutamic acid two. Although similar the length of the side chain has serious 

implications on the ability of interacting with the peptide backbone. Consequently the 

two amino acids have different effects on the conformation of the peptide backbone. 

Both of these residues act as good metal chelating sites.

Aspartic acid 
Asp 
D

Glutamic acid 
Glu 
E

Figure 1.6: The structure of the acidic residue side chains.

The amide forms of aspartic acid and glutamic acid are respectively asparagine and 

glutamine. The terminal carboxylate groups are replaced with amide groups. These 

amide side chains do not ionise and are not chemically reactive. However both are 

polar and capable of acting as both hydrogen bond donors and acceptors.

Glutamine
Gin
Q

Asparagine
Asn
N

Figure 1.7: The structure of the amide residue side chains.
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1.2.1.6 The basic residues

The side chain of lysine is composed of four methyl groups capped with an amino 

group. This amino group has a pKa value of 11 and is almost fully ionised at all 

physiological ranges of pH’s. However the remaining unionised groups are potent 

nucleophiles. The a-amino group in the polypeptide backbone can participate in 

similar chemical reactions but to a lesser extent as the pKa value is much lower than 

that of the 8-amino group.

Lysine
Lys
K

Figure 1.8: The structure of the lysine side chain.

The arginine side chain is composed of three non-polar methyl groups and a strongly 

basic guanidino group. This guanidino group is usually ionised at physiological 

conditions, the charge being distributed over the entire group. In this form the 

guanidino group is relatively unreactive.

Arginine
Arg
R

Figure 1.9: The structure of the arginine side chain.
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1.2.1.7 Imidazole ring o f Histidine

The imidazole side chain of histidine is a very effective nucleophillic catalyst, this 

effectiveness is primarily due to the fact that it is a tertiary amine. The atoms bonded to 

the nitrogen atoms are held within the ring structure and do not cause any steric 

hindrance, which normally cancels out the reactivity of tertiary amines. Histidine has a 

pKa value near pH7 and can be either positively charged or uncharged depending on 

the local environment. Histidine is often found at the active sites of enzymes and this 

ability of readily switching from a charged to an uncharged state is involved in 

catalysing the making and breaking of bonds.

In the unionised form, the nitrogen atom bonded to the hydrogen within the ring is an 

electrophile and can act as a donor for hydrogen bonding, whilst the other nitrogen 

atom in the ring is a nucleophile and a hydrogen bond acceptor.

Histidine
His
H

Figure 1.10: The structure of the histidine side chain.

1.2.1.8 The aromatic residues

The side chains of phenylalanine, tyrosine and tryptophan are responsible for near UV 

absorbance and fluorescence properties displayed by proteins. The side chain of 

phenylalanine contains a phenyl ring attached to a methylene group, it is highly 

hydrophobic, non-polar and relatively unreactive at physiological conditions.

The tyrosine side chain differs from that of phenylalanine by the addition of a hydroxyl 

group to the phenolic ring. This hydroxyl group makes the aromatic ring relatively 

reactive to electrophillic substitution reactions, thus allowing participation in hydrogen 

bonding.
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The side chain of tryptophan is the longest of the 20 commonly found amino acids. 

The side chain consists of an indole ring attached to a methylene group. As in the case 

of phenylalanine the amino acid residue has a hydrophobic nature. However the pyrole 

nitrogen of the indole ring can act as a hydrogen bond donor. Tryptophan occurs less 

frequently in proteins than any of the other amino acids.

Phenylalanine
Phe

F

Tyrosine
Tyr

Y

T r y p t o p h a n
T i p
W

F ig u re l .i l :  The structure of the aromatic residue side chains.

1.2.1.9 Side chains containing Sulphur atoms

Methionine contains a sulphur atom in a thio^ether linkage, its long side chain is non

polar and relatively unreactive. The sulphur atom is somewhat nucleophillic but unlike 

nucleophiles in other amino acids cannot be protonated. For this reason it is the most 

potent nucleophile in proteins at acidic pH’s.

The thiol group of the cysteine residue is the most reactive of any amino acid side 

chain. These thiol groups can covalently link to form disulphide bridges between 

adjacent cysteine residues. These disulphide bonds are very stable and are not effected 

by changes in pH or salt concentration and are only cleaved by reduction reactions. 

Consequently disulphide bridges are very important in the stabilisation of three 

dimensional protein structure.
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Methionine
Met
M

Cysteine
Cys
C

Figure 1.12: The structure of the methionine and cysteine side chains.

1.2.1.10 Amino acids with modified side chains

As well as the 20 amino acids commonly found additional amino acids are also present 

in certain proteins. These amino acids normally arise from post translational 

modifications of the twenty standard amino acids, examples include 3-Hydroxyproline 

and 5-Hydroxylysine (Martin et al. 1975) which are found in collagen.
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1.3 Non-covalent Interactions

It has been described bow the 20 different amino acids can be linked to form proteins 

of varying length. The amino acid sequence of the protein primarily determines the 

structural conformation adopted by the protein. However many other forms of 

interactions influence the formation of the proteins functional three dimensional 

structure. These non-covalent interactions utilise the specific properties of side chains 

and the peptide backbone to form a distinct structure; dependent on both the amino 

acid sequence and the proteins surrounding environment. The most important of these 

interactions are mentioned.

1.3.1 Short range repulsions

As atoms approach one another a point is reached where their electron orbitals start to 

overlap, this causes a repulsion between the two atoms as they both cannot occupy the 

same area of space. This repulsive force increases exponentially in inverse proportion 

to the distance between the two centres of the atoms (Slater., 1928), because of this 

repulsive energy it can be possible to consider each atom having definite dimensions 

and volumes, which are impenetrable by other atoms. The van der Waal radii is the 

measurement of the smallest distance that can exist between neighbouring atoms that 

are not covalently bound in the crystalline state. Table 1.2 lists the van der WaaTs 

volumes (volume enclosed by the van der Waal’s radius) of the amino acids.
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Residue Van der W aal’s volume

(A)
Alanine 67

Arginine 148

Asparagine 96

Aspartic Acid 91

Cysteine 86

Glutamine 114

Glutamic Acid 109

Glycine 48

Histidine 118

Isoleucine 124

Leucine 124

Lysine 135

Methionine 124

Phenylalanine 135

Proline 90

Serine 73

Threonine 93

Tryptophan 163

Tyrosine 141

Valine 105

Table 1.2: Van der Waal’s volumes of the amino acids (Creighton., 1993).
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1.3.2 Electrostatic forces

The most important non-covalent attraction involved in protein folding is that between 

electrostatic charges. Coulombs law gives us the energy of an electrostatic interaction 

between two charged atoms.

Coulombs law:

AE= Za X Zb X 8̂

D x r A B

8 = charge of electron.

Z = number of electron charges per atom.

D = The Dielectric constant of the media, 

r = Distance between point charges of A and B

This law doesn’t take into account the size of atoms and is only valid at distances 

significantly greater than atomic dimensions. In proteins, interactions between very 

close oppositely charged groups are called “salt bridges” ( Kretsinger et al. 1973). 

The size of the force is greatly determined by the medium the protein is located, water 

has a dielectric constant of 80. Molecules which don’t have a net charge can also 

participate in electrostatic interactions. Charge localisation (Dipoles) arises due to 

atoms with different electronegativities within the molecule, these dipoles can act as 

separate point charges and can participate in electrostatic interactions. Dipoles can 

interact with other dipoles, point charges and more complex charge separations such as 

octopoles (Creighton. 1993).
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1.3.3 Van der Waal interactions

All atoms and molecules attract each other even in the absence of charged groups, this 

is due to the fact that at any given time the distribution of charge around an atom is 

asymmetric. This transient charge asymmetry can polarise any neutral atom nearby 

resulting in an electrostatic interaction between the pair. Van der Waal interactions 

only occur when two atoms are in close range ( 3 to 4À distance between atoms), the 

attractive force increases as the atoms move closer together, until the short range 

repulsive forces discussed in section 1.3.1 come into play. Although individual van der 

Waal interactions between molecules are weak, the large number of individual 

interactions within a protein make van der Waal interactions an important determinant 

in protein folding.

1.3.4 Hydrogen bonds

A hydrogen bond occurs when two electronegative atoms compete to share the same 

hydrogen atom, one of the electronegative atoms is covalently bound to the hydrogen 

atom and is known as the hydrogen bond donor. The other electronegative atom is

O n

O n

0>
called the hydrogen bond acceptor (Schulz 1979). The main component of the c

^ ------------- -—T! --------------------
hydrogen bond is the electrostatic interaction between the positive dipole of the donor ^

and the hydrogen atom with the partial negative charge of the other electronegative ^

atom (the acceptor). In the majority of hydrogen bonds these three atoms are co-linear. ^

The lengths and strengths of these bonds are dependent on the electronegativities of

both the donor and the acceptor, the shorter the bond the stronger the interaction.

The most frequent of these bonds within proteins are between the C=0 and N-H

groups of the peptide backbone. Other chemical groups which are typically involved in

hydrogen bonding in proteins are N-H, 0-H and less frequently S-H and C-H which

act as hydrogen bond donors and the 0=  and -O- groups and less frequently -S' and -

S- and the n electrons of the aromatic groups which act as hydrogen bond acceptors.

Some typical hydrogen bond lengths are given in table 1.3.
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Bond Length (A)

O-H 0 2.70

O-H 0 2.63

O-H N 2.88

N-H 0 3.04

N^-H...O 2.93

N-H N 3.10

Table 1.3: Different types of hydrogen bond and their bond lengths (Schulz & Schirmer, 1979)

1.3.5 The influence o f water

As previously mentioned the media in which the protein is located is of great 

importance when considering the interactions between various regions of a protein. Of 

the environments in which proteins occu^ water probably has the most significant 

influence on these interactions. This is primarily due to two particular properties of 

water.

Figure 1.13: The charge distribution on a water molecule.

i) The water molecule has a triangular shape with the majority of the electrons 

being distributed unevenly around the Oxygen atom. Thus the H2 O molecule 

is highly polar.
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ii) Due to this polar nature H2O readily forms hydrogen bonds. Each water

molecule normally is bonded to on average 3.4 of its neighbours. H2O will also 

favourably form hydrogen bonds with those chemical groups within proteins 

which can participate in hydrogen bonds, these interactions with the protein 

will have a profound effect on the folding of the protein. Water also has an 

extremely high dielectric constant value (D=80), thus reducing the magnitude 

of electrostatic forces by eighty fold in comparison to a vacuum ( see 

Coulombs law, section 1.3.2).

As water is a major solvent in all biological systems, these influences must be taken 

into account when considering the effect non-covalent interactions have on protein 

structure.

1.3.6 The Hydrophobic interaction

As mentioned in the previous section, the favourability of a non-covalent interaction 

between two polar molecules in an aqueous environment is greatly reduced. However 

for non-polar groups, this is not the case. Non-polar molecules will not interact with 

water and interact more favourably with one another than would be the case in other 

solvents. This preference for groups with a non-polar nature to interact with one 

another is known as a hydrophobic interaction. The predominant force for this 

attraction is the fact that water has a high affinity for itself, this causes non-polar 

groups to be forced into greater proximity to one another thus inducing hydrophobic 

interactions.
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1.4 Protein structure

Figure 1.14 shows a portion of the polypeptide chain backbone, which illustrates how 

proteins can adopt multiple conformations. In principle rotation can occur about any of 

the three bonds in each residue of the backbone. However the peptide bond of the 

backbone has partial double bond character and is consequently limited to either 

planar cis or trans conformation. In proteins the tram form is energetically favourable, 

for in the cis formation the bulky amino acids side chains cause steric hindrance. The 

exception to this rule is proline which can exist in both tram and cis conformations.

Both the C“-C’ and the N-C“ bonds of the backbone and many bonds in the side chains 

have single bond characteristics, allowing rotational freedom. Rotation about these 

bonds are termed torsion and dihedral angles. Rotation about the N-C“ bond is 

donated by the torsion angle (j) whilst the angle of rotation about the C“-C’ atom is 

termed \\j.

\

' i - l

Figure 1.14: Perspective drawing of a segment of the polypeptide chain indicating 

atoms and torsion angles and their nomenclature.

The different angles of (j) and v|/ permitted by individual amino acids allow proteins the 

ability to adopt numerous structural conformations. There exists a four tiered heirachy 

of protein structure (Linderstrom-Lang et al., 1959) which consists of primary, 

secondary, tertiary and quaternary structures.
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1.4.1 Protein Primary Structure

Primary structure is the covalent structure which is designated by the amino acid 

sequence and any post translational covalent modifications. The amino acid sequence 

can be determined by the mRNA sequence which encodes for the protein. It is also 

possible to use the amino acid sequencing technique which was developed by Sanger 

to determine the amino acid sequence of a protein ( Sanger et al., 1961; Sanger et al., 

1963).

1.4.2 Protein Secondary Structure

The secondary structure of a protein is ofl;en described as the geometric relationship of 

neighbouring amino acids in a amino acid sequence. Several specific arrangements of 

the polypeptide backbone occur frequently among proteins. These various structures 

are described below.

1.4.2.1 The a-helix

Of the secondary structures found in proteins the right handed a-helix (Figure. 1.15) is 

the most abundant. Its structure was first postulated by Pauling ( Pauling et al., 1951a; 

1951b; 1951c) and later confirmed by X-ray diffraction analysis of crystalline 

haemoglobin (Perutz., 1951). This helix has 3.6 residues per turn and a pitch of 3.41 Â 

per turn. The torsion angles (|) (-57°) and (-47°) are favourable for most amino acids 

to be incorporated into a-helices . The atoms are packed in such a way that van der 

Waals forces are favourable. More importantly the formation of a hydrogen bond 

between the backbone carbonyl oxygen and the -NH group of the fourth residue along 

the backbone helps to stabilise the helix. The length of this hydrogen bond is 2.86Â 

and they are very nearly straight.

The detailed geometry of the a-helix does alter slightly in folded proteins depending on 

the environment, so the classical right handed a-helix is only a variant of a family of 

very similar structures. The amino acid side chains project outward from the a-helix 

into the surrounding solution. Certain residues can interfere with the conformation, 

both sterically ( Val, lie and Thr) and also by forming hydrogen bonds with the 

polypeptide backbone. In addition Proline can induce a kink into an a-helix due to
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Steric hindrance and the inability of the N-H group in the backbone to participate in a 

hydrogen bond.

a-helices are often amphipathic, that is one face of the helix is largely composed of 

non-polar groups whereas the opposite face is largely composed of polar residues. 

Such helices have substantial hydrophobic moments and allow them to associate with 

other helices and to non-polar surfaces.

In theory, a left handed version of the a-helix is also possible, the ^ and \\f angles 

having opposite signs to that in the right handed helix. However amino acid side chains 

are more inclined to interfere sterically in this conformation and as such the left handed 

a-helix is rarely encountered.

Figure 1.15; Schematic diagram of a right handed a-helix.
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Different amino acid side chains have a weak but definite preference for either being or 

not being in an a-helical conformation. The relative tendencies of each amino acid to 

form a-helices has been calculated by O’Neil and DeGrado (1990), who calculated the 

relative a-helix stabilisation effect of each residue when substituted into a synthetic 

peptide which forms an a-helix dimer, which was itself in equilibrium with a randomly 

coiled state. These relative helical tendencies of the amino acids are shown in Table 

1.4.

Residue Relative stabilisation effect of a-helical conformation (kcal/inol)

Alanine -0.77

Arginine -0.68

Lysine -0.65

Leucine -0.62

Methionine -0.50

Tryptophan -0.45

Phenylalanine -0.41

Serine -0.35

Glutamine -0.33

Glutamic Acid -0.27

Cysteine -0.23

Isoleucine -0.23

Tyrosine -0.17

Aspartic Acid -0.15

Valine -0.14

Threonine -0.11

Asparagine -0.07

Histidine -0.06

Glycine 0

Proline 3

Table 1.4: Relative helical tendencies of the amino acids measured in one peptide 

(O’Neil & DeGrado, 1990).
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1.4.2.2 5/0 and nhelices

These are versions of the a-helix which are either more tightly or loosely coiled. The 

310 helix has hydrogen bonds between residues i+3 and the n helix has hydrogen bonds 

between residues i+5. In the 3io arrangement the hydrogen bonds are not linear and 

therefore it is only seen rarely, typically at the end of an a-helix. To date the tt helix 

has only been hypothesised and no examples have been observed in nature.

1.4.2.3 p  strands and p  sheets

After the a-helix the second most common conformation is that of the (3 sheet. The 

basic unit is that of a P strand, this can be considered as a special type of helix with 2 

residues per turn and a translation of 3.4Â per residue. However this arrangement is 

not very stable as no interactions occur among the atoms which are closely covalently 

linked. P strands become stabilised by the formation of hydrogen bonds between the 

backbone carbonyl oxygen atoms of one strand and the N-H groups of an adjacent 

strand. Adjacent P strands can be arranged either parallel or antiparallel to one another, 

and hence are known as parallel and anti-parallel p sheets. Mixtures of parallel and 

antiparallel sheets are also observed in proteins.

P -sheet showing hydrogen 
bond alignments

(A)

Anti-parallel p-sheet

f  i  f

Parallel p-sheet

Figure 1.16: The P sheet
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The amino acid side chains of adjacent residues in a strand project alternatively from 

either side of the sheet and do not interact with each other. However they can interact 

with neighbouring strands and also the polypeptide backbone. Unlike the classical 

originally proposed P sheets most have a natural right handed twist, the degree of 

twisting is dependent on the particular side chains present.

1.4.2.4 p  helices

Recently a new form of structure which is entirely composed of parallel p strands has 

been discovered. This structure is known as a tri-p-strand or p helix. Unlike the 

previously observed P strands hydrogen bonds are formed between close regions of its 

own backbone. This large right handed p coil has been observed in several proteins 

such as the Pectate Lysases and the tailspike protein from P22 p h a g e »  1993).

1.4.2.5 loops

Nearly one third of residues in globular proteins are involved in tight loops which 

reverse the direction of the polypeptide chain. Due to the prevalence of these reverse 

turns it can be classified as a third major type of secondary structure.

Numerous different reverse turns occur in proteins, of which the most frequent are p 

turns. This turn consists of a sequence of four residues frequently linked by a hydrogen 

bond, between the C=0 bond of residue i and the N-H group of i+3. Thirteen types of 

P turn have been classified according to the torsion angles of residues 2 and 3.

y turns involve the participation of three amino acid residues with a hydrogen bond 

between the C=0 bond of residue i and that of the N-H bond of residue i+2. These 

turns are tight and require unfavourable geometry in the adjacent secondary structure.

P turns and y turns normally require certain residues to be present in the loop region; 

proline, glycine and asparagine are of particular importance as they permit the chain to 

adopt unusual conformations.
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CJassical y turn Inverse y turn

i+  I

i + 2

C«

P Turns
Type I Type I’

C"

T y p e  a Type II'

LC'J
LC“J

c » J

Figure 1.17: Diagrammatic representation of several different turn structures.
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1.4.3 Supersecondary structure

Certain assemblies of a number of secondary structure elements have been observed, 

these assemblies are of a higher level of structure and have been termed as 

supersecondary structures.

A common supersecondary structure is that of the P-a-p, where two parallel P strands 

are cormected by an a  helix which is roughly parallel to the strands. A combination of 

two consecutive p-a-p units is quite common and is known as the Rossman fold (Rao 

e ta l, 1973).

Another example is the coiled-coil-helix, where two a  helices are wrapped around one 

another to form a left handed super helix. Super helixs are found in a number of fibrous 

proteins. Finally the P meander or p hairpin occurs where two

antiparallel p strands are joined by a p turn.

1.4.4 Protein Tertiary Structure

Tertiary structure is the overall three dimensional architecture of the polypeptide chain, 

including the relationship between various secondary structures. Structural units and 

domains can appear in large proteins (over 200 amino acids). Most globular proteins 

have a number of individual domains, each domain tends to perform a separate 

function within the overall working of the protein.

1.4.5 Protein Quaternary Structure

The quaternary structure of a protein is defined by the relationship of subgroups in a 

protein required for the protein to function in its biological role. Many proteins consist 

of more than one polypeptide chain, individual chains are known as either subunits or 

monomers. A good example of quantemary structure are the potassium, sodium and 

chloride ion channels proteins, where several protein subunits are required to associate 

in a particular three dimensional array to form a functional channel.
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1.5 Biophysical techniques used in protein structure determination

1.5.1 Introduction

It has already been described bow proteins can adopt a wide range of three 

dimensional structures and some of the criteria involved in determining the unique 

structure of each individual protein. More importantly bow the specific structural 

architecture of a protein relates to a specific fimction. In order to understand proteins 

more comprehensibly it is fimdamental to explore this relationship between the unique 

structure adopted by a protein and its fimction. For this purpose a number of 

techniques have been devised to elucidate the structural arrangement of proteins.

X-ray crystallography and 2D nuclear magnetic resonance (NMR) can provide 

information on the three dimensional arrangement of atoms within a protein molecule. 

Therefore these two methods provide the most useful information on protein 

structure. However a number of limitations within these procedures restricts the 

protein which can be chosen for analysis. X-ray crystallography relies on the protein 

being able to form a large stable crystal, this is a particular problem with membrane 

proteins. Only a few membrane protein structures have been elucidated by this method, 

to date examples include Rhodopseumodas Viridis (Deisenhofer et aL, 1985) and porin 

(Weiss etal., 1990).

Likewise, NMR spectroscopy is limited in the study of proteins in a membrane state. 

Another major drawback of NMR is that proteins studied must have a molecular 

weight below 25,000 Daltons. Both of these techniques are also costly and extremely 

time consuming.

In contrast the biophysical techniques of Fourier transform infrared (FTTR) and 

circular dichroism (CD) spectroscopy can only provide structural information on the 

secondary structure content of proteins. However their principle advantage is the 

speed of data acquisition and the ability to obtain structural data in a number of 

different environments. In particular both these techniques can provide structural 

information of membrane associated proteins. These two spectroscopic techniques 

have been used in the majority of work presented in this thesis, therefore greater 

emphasis has been placed on the description of them.
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1.5.2 X-ray crystallography

1.5.2.1 Protein crystallisation

X-ray diffraction is the accepted technique used to determine the three dimensional 

structure of large proteins. Before the protein structure can be analysed by X-ray 

diffraction techniques it is essential to produce a well ordered crystal of the protein 

under study.

Three dimensional crystals must be large, individual and well ordered. Unfortunately, 

little is known about the mechanics underlying protein crystallisation. Therefore an 

empirical approach must be taken, searching the numerous parameters which affect 

protein crystallisation as effectively as possible e.g. use of different solvent 

combinations and concentrations, varying pH and temperature of growth. 

Crystallisation of proteins in general is a dififrcult task, this step being the major limiting 

factor to determining a proteins three dimensional structure by X-ray dififraction. 

Although this technique has been successfully used in characterising tens of thousands 

of soluble proteins, less than ten membrane proteins have had their structures 

elucidated by this method. Obtaining ordered crystals of membrane proteins is 

primarily impaired by membrane lipids and detergents which are bound to the non

polar surfaces of the protein.

1.5.2.2 X-rqy diffraction

The principle of X-ray diGfraction structural determination is that a beam of X-rays is 

taken from a X-ray source and passed through a collimating device before being 

passed through the protein crystal sample. When the primary beam hits the crystal, 

most of the electrons in the beam pass straight through the sample. However some of 

these electrons interact with the electrons of the atoms within the protein crystal, 

causing them to oscillate. These oscillating electrons serve as a new source of X-rays 

and are scattered in a certain manner. As they scatter, they collide with other electrons 

scattered from other atoms within the crystal. These collisions can either cancel each 

other out or summate to form a diGfraction pattern which can be recorded at a 

detector. The three dimensional structure of the protein crystal can then be deduced 

from the diffraction pattern.
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1.5.2.3 Advantages and limitations o f X-ray crystallography

As already mentioned X-ray crystallography is the only method which can give high 

resolution information on the structure of large proteins. However its main limitation is 

in deducing the structure of membrane proteins, which is hampered primarily by the 

difficulty in producing ordered crystals of these proteins. In addition large quantities of 

starting material are required (over lOmg of pure protein), which is also a significant 

problem for membrane proteins. Furthermore a number of workers have suggested that 

conformational differences exist between solution and crystal structures of proteins 

(e.g. Hadden, 1995).

1.5.3 Nuclear Magnetic Resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy can be used to probe the chemical 

environment of certain atomic nuclei which possess magnetic moment or spin. The 

observable chemical shifts can provide information on the distances between certain 

atoms within the molecule. These distances can in turn be used to build up a three 

dimensional picture of the molecule.

NMR of proteins generally use the spin of ^H because of the abundance of H atoms 

within proteins. However a number of studies have used and ^̂ N labelled proteins 

in order to obtain structural information by NMR. When proteins are placed in a strong 

magnetic field, the magnetic moments of the nuclei align either parallel or anti-parallel 

to the external magnetic field. It is possible to excite the nuclei from one energy level 

to another by applying an external radio-frequency pulses to the sample. Following 

excitation the nuclei will return to their equilibrium state and emit radio-frequency 

radiation which can be detected. The frequency of this emitted radiation is determined 

by the molecular environment of the nucleus. Consequently analysis of the emitted 

radiation yields a series of peaks corresponding to the different emitted energies. Each 

individual nucleus having a characteristic position, which is dependent on its particular 

molecular environment.

Nearly all structural information on proteins has been obtained using the Nuclear 

Overhauser Effect (NOESY) and spin-spin coupling (COSY or J-coupling)
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spectroscopy. NOE spectroscopy gives information about the interaction between 

hydrogen atoms which are close together in space (<5A) but not necessarily in amino 

acid sequence. In contrast J-coupling is only observed between H atoms that are 

separated by three or fewer covalent bonds. Each amino acid residue in a polypeptide 

is isolated in this respect in that J-coupling does not occur across peptide bonds. A 

number of the amino acids have a characteristic COSY spectra, by correlating this 

information with the primary amino acid sequence, the NOESY spectra and the known 

lengths and dihedral angles of various secondary structures it is possible to obtain a 

three dimensional structure of the protein.

1.5.3.1 Advantages and limitations o f NMR spectroscopy

The major disadvantage of NMR spectroscopy is that handling the data obtained in 

order to produce structural information at atomical resolution is extremely time 

consuming. So much so that NMR is at present only useful for proteins of about 

25kDa or less in size. This technique also requires large amounts of starting material, 

generally restricting analysis of membrane bound proteins. However unlike X-ray 

crystallography this technique has the advantage of being able to determine the three 

dimensional structure of proteins in a solubilised form.
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1.5.4 Circular Dichroism Spectroscopy

Light is a form of electromagnetic wave motion consisting of transverse varying 

electric and magnetic fields. These fields vibrate at right angles to the direction of wave 

propagation in aU possible planes. This is termed plane polarised light and is 

represented in figure 1.18.

Figure 1.18: Illustration of monochromatic, linearly polarised light at constant time.

Plane polarised light can be shown to consist of two circularly polarised components. 

In each component, the electric vector rotates about the direction of propagation at a 

constant magnitude , undergoing; a full rotation at the distance equivalent to the 

wavelength of light. The electric field can either rotate in the direction of a right 

handed helix, termed right circularly polarised light (rcpl) or in the direction of a left 

handed helix, termed left circularly polarised light (Icpl). A diagram representing right 

polarised light is shown in Figure 1.19.

Figure 1.19: Diagrammatic representation of right polarised light.
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Asymmetric molecules, such as amino acids, preferentially absorb either right or left 

circularly polarised light. The difference in absorbance between right and left polarised 

light is called circular dichroism and is defined as

AA = ( A l  -  A r )  / A

Where A l  is the absorbance for the left polarised light and A r  is the corresponding 

value for right polarisation and A is the absorbance for unpolarised light. AA can 

either be positive or negative hence circular dichroism can have both + and - values.

1.5.4.1 Proteins and peptides

Proteins and peptides have a number of characteristic absorption bands in the visible 

and ultraviolet (UV) region of the electromagnetic spectrum. These groups are called 

chromophores, of which the most numerous and characteristic arise from absorption of 

the peptide group linking the amino acids in the protein backbone.

Amides have two well characterised electronic transitions. The nTi transition located at 

about 220nm and the nn transition found near 190nm. These two transitions dominate 

the CD and absorption spectra of proteins in the far UV range. Various secondary 

protein structure motifs have distinctive corresponding CD spectrum, thus allowing 

analysis of secondary protein structure by CD spectroscopy. This is described in 

greater detail in section 1.5.4.2.

The Aromatic residues (Phe, Tyr, Trp) have characteristic nn absorption bands in the 

near UV between 250 and 300nm and to a lesser extent in the far UV range. The CD 

bands in the near UV region of the spectrum are sensitive to the environment of the 

aromatic side chains and therefore can give some information of tertiary structural 

features of proteins.
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1.5.4.2 Secondary structure o f proteins

As previously stated absorption in the 250-190nm region is predominantly due to 

absorption of the peptide group. The \\f and the ^ angles of the peptide bond highly 

influence the environment of the amide chromophore, making it is possible to obtain 

protein secondary structure information from studying far UV spectra of proteins.

Typical CD spectra corresponding to different secondary structures are illustrated in 

Figure 1.20. The most characteristic spectrum is that of the a  helix, two negative 

bands of comparable magnitude are located near 222 and 208nm with a stronger 

positive band observable near 190nm. The nature of the side chains of the amino acids 

forming the a  helix and the solvent have a minimum effect on the CD spectra of a  

helical proteins. However a  helices of various lengths give rise to differences in the 

corresponding CD spectra.

Spectrum corresponding to p sheet have a simpler and less intense CD spectrum. A 

maximum negative band is located near 217nm, another negative band is seen near 

180nm and a positive band can be observed near 195nm. Greater variability among 

spectra of p structures is observed, spectra being influenced by the type of p sheet 

structure, the nature of the amino acid side chains and the solvent, p turns can adopt 

an even wider range of conformations to that of the p sheet, hence their corresponding 

CD spectra cannot be characterised by a single CD pattern.

The spectra of proteins and peptides with unordered structures are characterised by a 

strong negative band in the vicinity of 200nm. A weaker band is also seen at a longer 

wavelength, this band can be either positive or negative in nature.

Early methods of quantification of protein secondary structure (Greenfield et al., 1969) 

can be highly unreliable. This is primarily due to inconsistencies in spectra 

corresponding to a , p and turn structure as previously mentioned. Absorption in the 

far UV region arising from aromatic side chains and disulphide bridges (Bloemendal et 

al., 1994) can also affect quantification . The size and choice of proteins within the 

reference set has also been shown to determine the efficacy of quantification models 

(Venyaminov er a/., 1991).
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These factors need to be considered when choosing an appropriate method for protein 

secondary structure quantification.

+25

a-heUx+20

+15

anti-parallel p-sheet+10

Ae

-10

unordered

-15
160 180 200 220 240 260

Wavelength (nm)

Figure 1.20: Characteristic CD spectra of the major secondary structures of proteins 

(Johnson, 1990).
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1.5.4.3 CD instrumentation

All commercially available CD spectrometers use the modulation technique introduced 

by Grosjean and Legrand (Grosjean, M. & Legrand, C.R., 1960). Light from a 

monochromator is linearly polarised then passed through a photoelastic modulator. 

This modulating device converts the plane polarised light to circularly polarised light. 

Alternating between left and right circularly polarised light at the modulation 

frequency.

The light is then passed through the sample and detected by the photomultiplier; this 

circularly polarised light is at the same frequency as the CD of the sample. The current 

in the photomultiplier consists of a small alternating current (a.c) and a larger stable 

direct (d.c) current. The ratio of the a.c and d.c is directly proportional to the 

absorption difference between left and right polarised light. AA being directly 

proportional to the a.c component and hence the gain of the amplifier.

It is essential that the overall absorbance of the sample must be kept below 1.0, as the 

signal / noise ratio falls sharply and artefacts arising from stray light can occur with 

higher absorbances. Buffers need to be selected Avith care and where possible dilute 

(lOmM) phosphate buffer should be used. A baseline spectrum should always be run 

and subtracted from the sample spectrum. The baseline spectrum should be recorded in 

an identical condition to that of the sample.

1.5.3.4 Parameters and units

The most generally used parameter used in CD is Ae, which is directly related to 

absorption following the Lambert-Beer law which is

Ae = AA / cL

where c is the concentration in moLdm’̂  , L is the pathlength in cm and Ae is the molar 

absorption in dm '\m ol'\cm '\ The concentration is that of the chromophores, which in 

the case of secondary structure determination is the concentration of the peptide 

bonds.
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1.5.3.5 Advantages and limitations o f CD spectroscopy

The two main advantages of using CD spectroscopy in protein structural studies are 

the quick and relative ease of obtaining structural data and the relatively low 

concentrations of proteins in aqueous buffers which are required. Although the 

quantitative information is not as accurate as X-ray diffraction and NMR studies, it is 

possible to study the effects of mutations, pH , solvents and temperature on protein 

secondary structure which is unfeasible with high resolution methods.

The major disadvantages of CD is that errors in quantitatively determining secondary ^ ^  ̂

structures are quite large (Provencher et al., 1981), especially fbr^*#eM structures. In 

addition, it is not able to provide high resolution information and problems associated 

with light scattering have significantly impaired the application of CD in the study of 

membrane proteins.
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1.5.4 Infrared spectroscopy

1.5.4.1 Theory o f absorption o f infrared radiation

Nearly all of the vibrations which occur in molecules emit energy which corresponds to 

the infrared region of the electromagnetic spectrum. Consequently if a molecule 

absorbs energy from the infrared region of the spectrum, this will produce a change or 

transition in the molecules vibrational energy level.

According to quantum law, a given molecule can only attain a discrete number of 

vibrational energy levels. When a molecule undergoes a transition from one vibrational 

energy level to that of another, the molecule must absorb photons with the equivalent 

energy that corresponds to the difference in energy between the two vibrational 

energy states. Consequently from the relationship

AE = h x  c 

X

Where:

AE = Difference in energy between two vibrational states 

h = Planck’s constant 

c = Velocity of light 

X = Wavelength

it can be shown that for any given AE only photons of a specific wavelength will be 

absorbed, thus producing discrete spectra.

In order for a vibration to be infrared active, the energy absorbed from the infrared 

region of the spectrum must induce a net change in the dipole moment of the molecule.
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1.5.4.2 Types o f normal vibration

The molecular vibrations can be classified according to the displacement of atoms 

involved in the vibration. Figure 1.21 illustrates the types of vibrations which occur for 

a CH] group in an alkane chain.

Anti-symmetric stretching

Symmetric stretching

Deformation

Wagging

Twisting

Rocking

Figure 1.21: Vibrations of a CH2 group in an alkane chain.

1.5.4.3 Infrared active bands in proteins

The infrared spectra of proteins are dominated by vibrations that arise from the amide 

groups of the polypeptide chains. In all nine bands arise from various vibrations in 

these groups, namely the amide A and B and amide I to VII bands. However of these
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bands only two are of particular use in obtaining structural information, the amide I 

and amide II bands (Surewicz et al., 1993).

The amide I band appears between 1700-1600cm'% it predominantly arises from C=0 

stretch ( 80%) and C-N stretch (10%) with smaller contributions from C“CN 

deformation, C“C stretching, bend and NH in plane bending ( Krimm et al. 1986). 

This band is particularly sensitive to protein secondary structure. As previously 

mentioned each secondary structure has a specific hydrogen bonding pattern, the C=0 

group is involved in the formation of these bonds. The extent of hydrogen bonding 

effects the position of the amide I band, with a shift to a lower wavenumber with an 

increase in hydrogen bonding.

The amide II band appears between 1590-1500cm'^ and arises predominantly from N- 

H bending and C-N stretching. Minor contributions are also presented from C“C 

stretch, C=0 in plane bending and NC“ stretch. This band can be only poorly 

correlated to protein structure. However the N-H bond is highly sensitive to isotopic 

substitution and can provide information about the solvent accessibility of the protein.

Amide vibration Frequency (cm ') Assignment

A 3300 N -H (s)

B 3100 N-H (s)

I 1700-1600 80% C = O (s) 

10% N-H (b) 

10% C-N (s)

II I580-I480 60%  N-H (b) 

40%  C-N (s)

UI I301-I229 30%  C-N (s) 

30% N-H (b) 

10% C =O (s) 

10% O =C -N (b) 

20%  others

IV 770-625 4 0 % 0 = C -N (b ) 

60%  others

V 880-640 out-of-plane N-H bending

VI 606-537 out-of-plane C = 0  bending

VII 200 Skeletal (C-N) torsion

Table 1.5: The predominant vibrations that give rise to the amide I & amide II bands. 

Data summarised from (Susi, 1969; Thomas & Kyogoku, 1977; Wallach & Winzler, 

1974).
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\
AMIDE I AMIDE II

Figure 1.22: The main vibrations giving rise to the amide I and amide II bands.

1.5.4.4 Assignment of the amide I band to protein secondary structure

In section 1.3.4 it was described how each protein secondary structure has its own

particular hydrogen bonding pattern. The hydrogen bond pattern of a protein is

dominated by hydrogen bonding between the amide C=0 and the N-H groups of the

polypeptide backbone. As the amide I and amide II groups predominantly arise due to

vibrations within the C=0 and N-H group (See Section 1.5.4.3), it is possible to obtain
\

important information on secondary structure from studying a proteins corresponding 

infrared spectra. The strength of this hydrogen bonding dictates the precise absorption 

position of the amide I and amide II bands; stronger hydrogen bonding absorbing at a 

lower wavenumber. Consequently each type of secondary structure gives rise to 

characteristic amide I and amide II bands.

A brief description of the frequencies at which amide I components have been shown 

for different secondary structures follows. However it must be noted here that the vast 

majority of proteins consist of a mixture of types of secondary structure. Therefore the 

corresponding amide I band is the addition of all of these individual components. 

Resolution enhancement techniques such as deconvolution and derivation (see Section
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1.5.5.3 for more details) need to be employed to identify individual components 

constituting the amide I band.

a-helical structure

Proteins with known a  helix structure have been shown to absorb strongly in the 

spectral range of 1658-1648cm'^ in H2O (Susi et al.  ̂ 1986). However random coil 

structures can also absorb within this range. However if measurements are performed 

in ^HiO the band associated with random coil is shifted to a lower frequency by 

approximately lOcm'  ̂ wavenumbers. It must also be noted that a  helical components 

have been attributed to bands with wavenumbers as low as 1640cm'^ (Susi et al., 

1986.).Their low absorption is thought to be a consequence of a distorted helix 

resulting from exposure to the solvent (Haris et al., 1995). Therefore care is needed 

when assigning a-helical and random coil bands.

P sheet structure

Proteins with predominantly p sheet structure have been shown to give rise to bands in 

the 1640-1620cm'^ region of the spectrum (Krimm et al., 1986; Jackson et al., 1995), 

for many of these proteins several bands are apparent within this region. This probably 

represents differences in hydrogen bonding strength between differing p strands 

(Surewicz et al., 1993). Theoretically it is possible to separately identify antiparallel P 

sheet from parallel p sheet, as antiparallel p sheet gives rise to additional band in the 

1695-1675cm'^ region of the spectrum (Haris et al., 1995). However this band is 

generally of low absorbance and occurs in the region of the spectrum at which 

absorption bands associated with turn structures are typically observed.

The p sheet structure which is observed at 1640-1620cm'^ corresponds to 

m/ramolecular p sheet, which is due to hydrogen bonding between p strands of the 

same molecule. However a typical feature of a denatured protein is the extension of 

the polypeptide chain, this allows p strands of one molecule to form extremely strong 

hydrogen bonds to those of an adjacent molecule. These structures are known as 

/«/ermolecular p sheets.

An intense absorbance band is found at 1628-16 lOcm'  ̂ in spectra associated with 

denatured/aggregated proteins (Clark et al., 1981; Byler et al., 1989). This band is
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characteristic of intermolecular p sheet. Consequently great care is needed when 

assigning p structure in the 1628-1620cm'^ region.

Random structures

As previously mentioned random structures absorb around 1658-1650cm'' in H2 O, 

thus overlapping extensively with absorption associated with a-helical structure. 

Fortunately when the equivalent sample is measured in ^H20, absorbance due to 

random coil structure is observed in the range of 1650-1640cm''. Thus in the majority 

of cases it is possible to distinguish between a-helical and random structure. However 

it should be noted that in a few instances, such as calmodulin (Jackson et al., 1991) a- 

helical structures are observed at wavenumbers below 1650cm '.

310-helices

Synthetic peptides that contain 310-helical structures have been shown to absorb in the 

1667-1660cm ' region (Kennedy et al., 1991). However other workers have assigned a 

band in the 1640-1639cm ' region of the spectrum to the same structure (Holloway et 

al., 1989).Clearly more comprehensible information is required before 310-helical 

structures can be resolved.

Turn structures

Vibrational analysis for types I, II and III turns indicate that they all absorb in the same 

frequency range, namely 1690-1655cm' (Krimm et al., 1986). However their 

absorbance is most intense between 1690-1670cm ' (Susi et al., 1983). Assignment of 

absorbance to a particular turn type should be regarded with caution, due to the 

overlap of turn and p-sheet vibrations.
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Amide I band frequency 

(cm ‘)

Corresponding secondary 

structure

1695-1675 anti-parallel P sheet / aggregated / 

turn

1670-1660 310-helix

1660-1648 a-helix

1648-1640 random

1640-1620 p-sheet

1630-1610 aggregated strands

Table 1.6: Correlation s between amide I band frequency and secondary structures. 

(Adopted from Jackson & Mantsch, 1995).

1.5.5 Fourier transform infrared spectroscopy

1.5.5.1 Instrumentation

Originally infrared spectrometers were comprised of an infrared source, a 

monochromator and a detector. Basically, the monochromator dispersed the radiation 

into its constituent frequencies, and by use of a series of slits, a narrow range of 

frequencies were passed through the sample onto the detector. This process was 

repeated until the whole series of frequencies had been passed through the sample.

With the advent of cheap computers it has become possible to process vast amounts of 

infrared data at a fraction of the time previously required. With this advance, came the 

development of Fourier transform infrared spectroscopy (FTIR).

1.5.5.2 Fourier transform infrared spectrometer

FTIR spectroscopy relies on the processes of interferometry and Fourier 

transformation for its speed and sensitivity. The Michelson interferometer is the most 

common interferometer found in commercial FTIR spectrometers. A polychromatic 

infrared source is directed onto a beam splitter, 50% of the beam is reflected to a fixed 

mirror where it is reflected back. The other 50% passes onto a moving mirror before 

being reflected back. The rejoined beam then passes through a sample compartment 

onto a detector. As the two light beams travel a different pathlength ( depending on
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position of moving mirror) before recombining, the resulting beam shows interference. 

This process simultaneously occurs for all the frequencies emitted by the infrared 

source. The resulting signal observed at the detector is the summation of all these 

individual cosine waves. The process of Fourier transformation is a mathematical 

means of resolving individual frequencies from the final presentation of the infrared 

spectrum.

Fixed Mirror

Beamsplitter

Source •

Detector

Moving
Mirror

Figure 1.23: An idealised Michelson inferometer.

Advantages of FTIR spectroscopy over conventional IR spectroscopy include an 

improved signal-to-noise ratio. Resulting from the increased throughput brought about 

by the absence of a monochromator entrance slit. Furthermore the pathlength 

difference can be measured very accurately by the He-Ne laser directed into the 

Michelson inferometer, resulting in an accurate and reproducible spectral wavenumber 

scale, vital during the subtraction of background absorbances.
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1.5.5.3 Data manipulation

In order to obtain structural information from IR spectra of proteins, several 

mathematical manipulations of the original spectrum are required. These various 

procedures are described within this section.

Spectral subtraction

When studying protein structure it is essential to mimic the proteii^ natural 

environment as close as possible. Therefore the IR spectra of the majority of proteins 

are recorded in either H2 O or ^11:0. However H2O absorbs very strongly in the same 

region as the protein amide I and II bands.

To enable detailed analysis of the protein bands it is essential for any absorbance within 

the spectrum corresponding to the solvent to be removed. This is achieved by 

recording the IR spectra of the solvent, under the same conditions as used for the 

protein, and subtracting the solvent spectra from that of the sample spectra.

The principles on which interactive subtractions are based are simple. Proteins do not 

normally absorb anywhere in the 2260-1800cm'^ region of the spectrum. Consequently 

any absorption observed within this region is due to the solvent. Therefore when the 

identical solvent spectrum is subtracted from the corresponding protein sample, the 

resulting absorption within the 2260-1800cm"  ̂ region should be zero. However this is 

not always the case; therefore interactive subtraction routines allow the user to select a 

factor by which one of the spectra being subtracted should be multiplied with before 

subtraction is carried out. In this way, it is possible to select the appropriate factor 

which gives zero absorbance in the 2260-1800cm'^ region of the subtracted spectrum.
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Resolution enhancement

As previously mentioned in Section 1.5.4.4 the IR absorption bands corresponding to a 

particular protein can be very broad and featureless, comprising of several overlapping 

components. In order to identify each of these separate components two mathematical 

procedures are extensively used.

i) Fourier self-deconvolution

The aim of deconvolution is to decrease the width of all lines in a limited spectral 

region and thus enhance the apparent resolution of the spectrum. The Fourier 

transformation of a Lorentzian line gives exponentially decaying cosine function. The 

rate of the exponential decay is proportional to the line width. If the finite, decaying 

cosine function is multiplied by an appropriate rising exponential function, it is possible 

to obtain a new cosine fimction of finite amplitude. The inverse Fourier transform of 

this new cosine function is a sine function, with its peak at the same position as the 

maximum in the original spectral band but with small lobes on either side of the peak. 

In practice, the side lobes interfere with component band identification and in order to 

minimise their effect, the constant amplitude cosine function is multiplied by an 

appropriate apodisation function, which reduces the amplitude of the side lobes.

ii) Derivative techniques

The position at which a component band occurs coincides with a point of inflection on 

the band envelope. At such a point, dl/dF = 0 and d^I/dF^ is at a negative minimum. A 

Lorentzian function can be used to approximate the intrinsic shape of an infrared 

absorption:

r_s
71

. (s' + f y '

where I = intensity of absorbance

2s = width at half height 

f  = band frequency
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The first derivative of this fimction is given by:

-

d f
2 sf
71

■ ( s '+ f y

and the second derivative of this fimction is given by:

d^I =  - 
d F

f l  1 [ 2 a n - 3 a f ' ) l
,7tS, ( 1 + a f y l

where a = 1/s

The hahwidth of the original spectrum is related to that of the second derivative: 

s = 2.7 s”

This indicates that the component bandwidth is narrowed but the fi’equency is not 

altered.

Second derivative spectra have been found most usefiil when studying protein 

secondary structure. Practically these are generated by smoothing the spectral data 

with 13 or 19 point Savitsky-Golay smoothing fimction calculating the first derivative, 

re-smoothing the data and again applying the first derivative to the doubly smoothed 

data.

Both deconvolution and second derivative methods have been used extensively to 

distinguish individual components fi*om IR spectra of proteins (Haris et al., 1995; 

Bloemendal et al., 1994). However it must be noted that these techniques can only be 

applied successfully to absorption spectra with a very high signal to noise ratio. Since 

these procedures also enhance the noise levels of the resultant spectra.
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1.5.5.4 Sampling techniques

Measurements of protein spectra in H2O are hampered by the fact that the strong 

H-O-H bending vibration occurs at the same frequency as the amide I band 

(1643cm'^). Due to this a pathlength of 6pm and a high concentration of protein is 

required to obtain decent spectra. It is also essential to repeat the exact conditions with 

the sample buffer to get a reliable subtraction.

The problems highlighted for H2O can be largely averted, by using ^H20 as the solvent 

for the buffers, as ^H20 doesn’t absorb strongly in the amide I region. Consequently 

lower pathlengths are acceptable (50pm) and lower concentrations of protein are 

required for equally reliable spectra.

More detailed descriptions of the experimental parameters used, are reported within 

the appropriate chapters of this thesis.

1.5.5.5 Advantages and limitations o f FTIR

As is the case for CD spectroscopy the major disadvantage of FTIR spectroscopy is 

that only secondary structure information can be obtained using this technique. 

Although a number of programs have been developed to provide quantitative 

secondary structure information from FTIR spectra (Lee et al., 1990; Dousseau & 

Pezolet, 1990), in general these techniques are unreliable when performed on small 

peptides, proteins largely consisting of one secondary structure motif and samples 

recorded in deuterated buffers.

In contrast to X-ray crystallography and NMR spectroscopy relatively small amounts 

of protein are required, lOpl of protein (lOmg/ml) is normally sufficient for obtaining 

secondary structure information. Furthermore the same sample can be used to 

determine the proteins thermal stability and unfolding temperature. Consequently FTIR 

is quite attractive when studying structures of low yield recombinantly expressed 

proteins (see Chapter 2).

It is also possible to determine the secondary structure of a protein in a wide range of 

environments e.g. lipids, various salt concentrations and pH’s. This is of particular use 

when examining the structures of membrane proteins (Chapters 3, 5, 6 & 7). In 

addition to the useful information FTIR can provide us with, the time taken from
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preliminary measurements to the final results is a firaction of the time required for 

analysing X-ray or NMR data. Another major advantage of FTIR is that the actual cost 

of the equipment and running costs is a lot less expensive than running a synchrotron 

for X-ray diffraction, or the huge electromagnetics used in NMR.

Therefore, for low cost, relatively quick studies on small amounts of protein in a wide
 ̂is

range of different environments FTIR at the moment^the answer. Furthermore using 

this technique in conjunction with CD spectroscopy it is possible to obtain 

reproducible secondary structure information.
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1.6 Aims

In this thesis I describe the use of FTIR and CD spectroscopy in determining the 

secondary structure of proteins or functional domains of protein obtained by 

recombinant DNA and peptide synthesis techniques. Two classes of proteins have 

been chosen for this study because of difficulties in obtaining crystals of these proteins.

1) Plasminogen activator inhibitor-1 (PAI-1)

PAI-1 is a soluble protein which exists in a number of different conformations, the 

active conformation produced in vivo is spontaneously converted to the inactive latent 

conformation. There is no crystal structure of the active PAI-1 molecule due to 

difficulties in crystallising the unstable active PAI-1 protein . In this study recombinant 

active PAI-1 and its latent variant will be produced and their secondary structure 

determined using FTIR spectroscopy. This information is related to the 3D structure of 

the latent molecule to determine the conformational changes which occur from the 

active PAI-1. Furthermore a series of mutant PAI-1 proteins will be analysed by FTIR 

to determine which residues within the PAI-1 molecule are responsible for this active- 

latent transition.

2) Potassium ion channel proteins

Potassium ion channels are large complex membrane proteins, which are expressed in 

relatively low quantities. The main problems associated with obtaining high resolution 

structural information on membrane proteins are the relatively low yield of 

recombinantly expressed proteins, the inability to study the proteins structure in a 

membrane-like environment and most importantly, difficulties in producing ordered 

crystals of membrane proteins for X-ray diffiaction studies. In this study proteins 

corresponding to functionally important regions of potassium ion channels will be 

produced and their secondary structure determined by FTIR and CD spectroscopy.

A range of potassium ion channel domains are to be studied; the S4 ‘voltage sensor’ 

region of the voltage gated Shaker A channel, the transmembrane spanning domain of 

minK (minimal potassium channel) and the membrane associated regions of an 

inwardly rectifying channel (ROMKl); the first transmembrane spanning domain (Ml), 

the ion selectivity filter P’, the second transmembrane spanning domain (M2) and the
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carboxyl terminal These protein domains are to be either chemically synthesised or 

produced using recombinant DNA technology and incorporated into phospholipid 

bilayers/vesicles for structural characterisation.
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2. STRUCTURAL CHARACTERISATION AND THERMAL STABILITIES 

OF PLASMINOGEN ACTIVATOR INHIBITOR 1 PROTEINS; AN FTIR 

STUDY.

2.1 Introduction

The plasminogen/plasmin system plays a crucial role in fibrinolysis. This enzymatic 

cascade also regulates a variety of other biological processes including vascular 

thrombosis, tumour invasion, inflammation and tissue remodelling. Plasminogen which 

is present in the blood and other body fluids at high concentrations, can be converted 

to the active enzyme plasmin. This reaction is catalysed by plasminogen activators, of 

which the two main physiological activators are tissue-type plasminogen activator 

(t-PA) and urokinase-type plasminogen activator (u-PA). The action of these 

activators are regulated by a number of factors, which in part includes their regulation 

by protease inhibitors. The two most important inhibitors are plasminogen activator 

inhibitor 1 (PAI-1) and plasminogen activator inhibitor 2 (PAI-2).

PAI-1 activity was first observed in 1966, when Brakman and co-workers described 

the presence of a t-PA inhibitor in patients with an impaired plasma fibrinolytic system 

(Brakman et al., 1966). It wasn’t until 1984 until PAI-1 was actually isolated firom 

bovine endothelial cell culture (Van Mourik et al., 1984), it was therefore named 

‘endothelial type’ plasminogen activator inhibitor. Later it was renamed PAI-1 when it 

became clear that it was synthesised in a wide variety of cell types.

PAI-1 consists of 379 amino acids and can exist in both non-glycosylated and 

glycosylated forms having a molecular weight of about 42kDa and 52kDa respectively. 

Its sequence shows that it is related to the serine protease inhibitor (serpin) super 

femily. The serpin family consists of over 40 proteins with a homology of 35%, these 

proteins regulate the major protease systems o f the body. The inhibitory action of 

serpins is characterised by the formation of a tight 1:1 conqjlex with the target 

proteinase. The active site of the proteinase interacts with the reactive centre loop 

(RCL) of the serpin. This RCL is exposed on the surfece of the serpin molecule and 

consists of an approximately 20 amino acid long peptide stretch. Under various
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conditions the proteinaseiserpin complex can dissociate, leading to the formation of an 

inactive serpin which has been cleaved at the reactive centre peptide bond (Pi-Pi’).

PAI-1 is different from the other serpins in that it readily exists in four different 

conformational states: the active form, the latent form, the inactive cleaved form and 

the more recently described non-inhibitory substrate form.

PAI-1 is synthesised as an active inhibitor, however this molecule is unstable and is 

spontaneously converted to the non-inhibitory latent form This molecule can be 

partially reactivated by treating with protein dénaturants, followed by renaturation 

(Declerck et aL, 1988). More importantly it has been shown that in vivo latent PAI-1 

can be reactivated on negatively charged phospholipids of vascular endothelial cells 

(Vaughan et al., 1990), indicating the presence of physiologically relevant processes of 

reactivation.

Following the interaction between PAI-1 and PA the peptide bond of the reactive 

centre (Arg '̂^ -̂Met^^ )̂ is cleaved forming an inactive derivative of PAI-1, which 

remains connected within the complex by a hydrophobic interaction (Stromqvist et al., 

1996). More recently a non-inhibitory substrate form of PAI-1 has been identified, this 

substrate is also cleaved at the Pi-Pi’ bond , however in contrast to the active form it 

does not form stable complexes with PA (Declerck et al., 1992).

The three dimensional structures of a number of the serpins have been determined by 

X-ray crystallography. These structures indicate that the serpins have a well conserved 

tertiary structure with three P sheets (A-C) and nine a-helices (A-I). In native 

ovalbumin (a non-inhibitory serpin) the reactive centre segment is exposed and 

separated from the main body of the molecule (Stein et al., 1990). In crystals of 

cleaved ai-proteinase inhibitor (an inhibitory serpin), the N-terminal side of the 

reactive centre segment is inserted into the large central antiparallel P sheet (sheet A) 

(Lobermann et al., 1984). More strikingly the Pi and P i’ residues are separated by 

some 70Â following cleavage. In contrast, the structure of the cleaved derivative of 

ovalbumin (plakalbumin) is identical to native ovalbumin (Wright et al., 1990). This 

mechanism of insertion of the RCL into an antiparallel p-sheet following cleavage is 

thought to be a prerequisite for inhibitory activity of serpins.
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A.

PIO

F12
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Figure 2.1: Schematic drawings of the X-ray depicted structures of (A) ovalbumin 

(Stein et al., 1990) and (B) latent PAI-1 (Mottonen et al., 1992).
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Serpin

target serine  
protease

Figure 2.2; Cartoon depiction of the insertion of the reactive centre loop (RCL) into 

the five stranded p-sheet A (Shown in red), following cleavage of the RCL of an 

inhibitory serpin by its target protease
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The spontaneous conversion of active PAI-1 to the latent conformation has prevented 

the determination of the three dimension structure of the active molecule. However the 

structure of latent PAI-1 has been elucidated by X-ray crystallography (Mottonen et 

aL, 1992). The structure indicated that the latent PAI-1 molecule is not cleaved at the 

Pi-Pi’ peptide bond (Arg '̂^-Met '̂*^). However, the RCL is almost completely folded 

into the anti-parallel p sheet (sheet A) o f the PAI-1 molecule. A finding which is 

consistent with the crystal structures of the inactive reactive centre cleaved inhibitory 

serpins. The inaccessibility of the reactive centre to PA could explain the 

non-inhibitory nature of the latent molecule.

On the basis of the structure of ovalbumin and recent structures of inhibitory serpins 

(Carrell et al., 1994; Schreuder et al., 1994) it is probable that the reactive centre of 

active PAI-1 is also located at the surfece of the molecule. Upon cleavage or 

conversion to the latent form the molecule undergoes a conformational change; 

resulting in an inactive derivative.

The conformational differences between active, latent and cleaved forms of PAI-1 have 

been studied by a number of methods. Munch and co-workers studied the solubilities 

of latent, reactivated active and cleaved PAI-1 at various temperatures (Munch et al., 

1991). The cleaved variant was highly soluble at temperatures up to 90°C. Active 

PAI-1 becomes labile at ten^eratures in excess of 40°C. The latent form was found to 

partially aggregate at higher temperatures. This suggests that structural differences 

exist between these three forms of PAI-1. However a number o f these early studies 

have utilised buffers at neutral or slightly alkaline conditions; conditions at which it has 

been shown that active PAI-1 is unstable and would become latent during the course 

of the experiment (Sancho et al., 1994).

More recently spectroscopic studies on active, latent and cleaved forms of PAI-1 have 

been performed (Sancho et al., 1995; Schulze et al., 1996). Using conditions which 

increase the stability of the active PAI-1 molecule it was possible to determine the 

secondary structure of active PAI-1. The active PAI-1 was found to be comprised of 

predominantly p sheet structure, with a lower contribution attributed to a-helical 

structure. Interestingly upon conversion to the latent form, it was found that the p 

sheet content of the active PAI-1 was significantly increased. The thermostability
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profiles indicated the cleaved form is highly stable. The latent form is slightly 

denatured at 70°C, whereas the active form is completely denatured at such high 

temperatures. This supports the theory that the reactive centre segment of active 

PAI-1 is located at the surfece of the molecule and that the cleaved and latent 

derivatives are a result of insertion of the reactive centre into a p sheet conformation.

It is proposed that a mobile reactive centre loop is essential for the inhibitory fimction 

of active serpins (Carrell et ah, 1991), this mobility allows the RCL to adopt the 

correct conformation for interacting with the active site of the target proteinase. The 

flexibility of the RCL of PAI-1 may account for the spontaneous transformation of 

native PAI-1 into its latent conformation. The ability of PAI-1 to vary its conformation 

allows the molecule to regulate its activity. This process could also allow the PAI-1 

molecule to be stored in a non-functional form which is not vulnerable to inactivation 

by proteolytic loop cleavage.

The mechanism of p sheet insertion has been extensively studied. Site directed 

mutagenesis has been used to determine residues which are inq)ortant in conferring the 

functional stability of cleaved serpins. Mutations in the even numbered residues of the 

proximal hinge (Pis-Pio) have been shown to produce serpins which act as substrates 

rather than inhibitors (Davis et al., 1992; Skriver et al., 1991). Residue P14 has been 

proposed to be specifically important, this residue which is a positively charged 

arginine residue in ovalbumin could explain lack o f loop insertion into the hydrophobic 

A-sheet (Schulze et al., 1992; Lawrence et al., 1994). Other experiments have 

implicated the importance of other regions in the formation of inhibitory complexes. 

Engh et al. have proposed that opening of the A-sheet to make it more accessible for 

loop insertion is important (Engh et al., 1990). Residues in the RCL distal to the 

Pis-Pio (proximal hinge) are also involved in loop mobility (Verpy et al., 1995; 

Eldering et al., 1995).

Berkenpas et al. have carried out an extensive study on the inhibitory activity of a 

number of randomly mutated PAI-1 molecules (Berkenpas et ah, 1995). Of the 

functionally expressed proteins with only a single mutated residue , mutation o f the 

serine residue at Pie had the greatest effect on increasing the half life of the active
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PAI-1 molecule. Suggesting that this residue is important in the molecules ability to 

adopt the latent conformation. However the introduction of double and triple site 

mutations suggest that other regions flanking the RCL also have a functional role in 

loop insertion.

To structurally demonstrate which residues within the RCL are important in loop 

mobility and therefore conversion to the latent PAI-1 conformation, a number of 

PAJ-1 mutants have been produced. These mutant PAI-1 proteins involved the 

substitution of a number of amino acid residues within the RCL with the bulkier side 

chain of proline. A map of the RCL of PAI-1 and its flanking regions, including the 

mutated residues is illustrated in Figure 2.3. These PAI-1 mutants have been 

structurally characterised using FTIR, this technique has also been employed in 

determining the thermal stabilities of the PAI-1 variants. These results are discussed in 

comparison to spectroscopic data obtained for the wild type active PAI-1 and its latent 

derivative.

The current debate on whether non-inhibitory substrates can undergo a conformational 

change following cleavage led to the structural analysis of a cleaved PAI-1 substrate, 

which normally acts as a substrate rather than an inhibitor. The findings are discussed 

in comparison to structures of other PAI-1 substrates and cleaved inhibitory and 

non-inhibitory serpins.

AQALQKVKIEVNESGTVASSSTAVIVSAI^PEEIIMDRPF

s5A RCL s i c

Figure 2.3: The amino acid sequence of the reactive centre loop (RCL) of PAI-1.

This loop is located between strand five of P sheet A (s5A) and strand one of p sheet 

C. Plasminogen activator cleaves the RCL between the arginine and methionine 

residues (Blue line). The residues highlighted in red correspond to the amino acids 

which have been systematically mutated to proline residues.
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2.2 Materials and Methods

2.2.1 PAI-1 preparation

Samples of recombinant PAI-1 were kindly donated by Elena Sancho. Stable active 

PAI-1 was expressed and purified as previously described (Sancho et aL, 1994). 

Briefly, the active molecule was expressed in Escherichia colt and purified by 

cation-exchange chromatography in sodium acetate buffer (pH5.6). The purified 

protein was eluted in buffer containing IM NaCl. Samples stored at 4°C almost fully 

retained their activity for two months.

Conversion to latent PAI-1 was achieved by diluting in 5mM sodium acetate buffer, 

pH5.6, containing 0.01% Tween-20 and IM sucrose and incubating at 37°C for 8 

hours. The sucrose was removed by dialysis against 5mM sodium acetate buffer, 

pH5.6 containing 0.01% Tween-20. Finally the samples were concentrated using an 

Amicon ultrafiltration apparatus (YM2 membrane).

Site directed mutagenesis was used to insert proline residues at either position Pig(N), 

P i 2( A ) ,  P io ( S )  or Pô(V) within the RCL. The subsequently expressed PAI-1 mutants 

were termed PAI-1-Pig, PAI-1-P12, PAI-1-Pio and PAI-1-Pô respectively. These 

proteins displayed various specific properties. Briefly, the PAI-1- P is  mutant displayed 

inhibitory properties towards uPA but substrate properties to tPA. Likewise the 

P A I - 1 - P io  displayed properties which were conqjarable to P A I - l - P i s  but showed a less 

pronounced effect on protease activity. In contrast PAI-1-Pô displayed inhibitory 

properties to tPA and substrate properties to uPA. Insertion of proline at P 12 produced 

a PAI-1 mutant which was completely non-inhibitory towards both tPA and uPA, 

acting as a substrate in both cases. A cleaved derivative of PAI-1-P12 (2mg) was 

prepared by incubation for 2 hours at 37°C in the presence o f SOOpl o f sepharose 

bound tPA (Img/ml of beads).
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2.2.2 FTIR

Infrared spectra were recorded on a Perkin-Elmer 1750 Fourier transform infrared 

spectrometer equipped with a TGS detector, the spectrometer was continuously 

purged with dry air. Before the samples were analysed they were prepared by dialysis 

against deuterated buffer (0.15M PBS/D2 O, pH 5.8, 0.7M NaCl) and subsequently 

concentrated using microcentricons (microcon™10) purchased from Amicon to give a 

final concentration of between 10-15mg/ml. Spectral data was acquired from a lOpl 

volume gas tight CaF: cell (path length 6pm). For each sample 100 scans were signal 

averaged at every temperature interval, en^loying a spectral resolution of 4cn i\ 

Absorbance spectra of the PAI-1 samples were obtained by digital subtraction of a 

spectrum of PBS/D2 O buffer recorded under identical conditions to that of the sample 

spectrum, so that a straight baseline was observed in the 2100-1800cm'^ region. 

Detailed analysis of the amide I band was carried out using the Fourier self 

deconvolution and derivation procedures on the Perkin-Elmer GRAMS package.
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2.3 Results

2.3.1 Secondary Structure analysis

Previous FTIR studies on PAI-1 variants have been hampered by the relatively low 

amounts of recombinantly expressed proteins. Sancho et al. obtained a FTIR spectrum 

for only the active form of PAI-1 (Sancho et al.  ̂ 1995) and although Schulze et al. 

have recorded FTIR data for active, latent and cleaved PAI-1 a significant amount of 

noise can be observed within their spectra (Schulze et al., 1996). To overcome this 

problem the sample buffer has been gradually exchanged with a deuterated buffer of 

the same composition. Recording spectral data in D2 O media decreases the required 

concentration of protein to as low as lOmg/ml. In contrast concentrations in excess of 

20mg/ml are required for identical spectra quality when recording in H2O.

The deconvolved and second derivative spectra of active PAI-1, latent PAI-1, 

PAI-1-Pë, PAI-1-P io , PAI-1-P12, PAI-1-P18 and the cleaved derivative of PAI-I-P12 are 

shown in Figure 2.4 and Figure 2.5 respectively. The deconvolved spectra of all the 

PAI-1 proteins exhibit their strongest absorbance in the 1638-1640cm * region of the 

spectrum. Absorbance at this firequency is characteristic o f p-sheet structure (Krimm et 

al., 1986; Haris et al., 1986).

The deconvoluted spectra of the wild type (WT) and the PAI-1-Pg mutant (P6) are 

very similar, both show strong absorbance at 1639cm * with a weaker shoulder located 

at 1650cm *. Absorbance within the 1650-1658cm'* region of the amide I band has 

been attributed to a-helical structure (Susi et al., 1986; Krimm et al., 1986). The 

deconvolved spectra o f the other three proline substituted PAI-1 mutants; PAI-1-Pio 

(PIO), PAI-1-P12 (P12) and PAI-1-Pig (P I8) reveal close similarities, strongest 

absorbance is centred around 1639cm * with a weaker shoulder observable at 

1652cm'*, indicating that these proteins are comprised predominantly of p sheet and 

a-helical structure. However in addition, minor absorbance at 1684cm* can be 

observed in the deconvoluted spectra of PIO, P12 and P I8. Absorbance at this 

fi-equency is ambiguous and can be assigned to either anti-parallel p sheet, which has 

been shown to absorb between 1670-1695cm * (Haris et ah, 1996) or turn structures 

which also absorb at this fi-equency (Susi et al., 1983). As the spectra indicate that the
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proteins are predominantly composed of p sheet it is probable that the shoulder at 

1684cm'^ arises from vibrations associated with anti-parallel P sheet.

The deconvolved spectra of latent PAI-1 (LAX) and cleaved PAI-1-Pn (P12C) exhibit 

their strongest absorbance at 1638cm'\ suggesting that these proteins contain a higher 

P sheet content than the previous samples. The absorbance which was previously 

observed at 1650-1655cm‘̂  is shifted towards 1648-1649cm'\ suggesting that their is 

either a decrease in overall a-helical structure or that! there is an increase in the 

hydrogen bonding pattern. Both the Latent PAI-1 and cleaved PAI-1-Pn deconvolved 

spectra reveal minor absorbance at 1684cm'% suggesting that a proportion of the p 

sheet is in the form of anti-parallel strands.

The second derivative spectra of the PAI-1 allow the overlapping bands to be 

visualised better. The second derivative spectra of PAI-1-P io , PAI-1- P n  and PAI-1-Pig 

indicate a narrow band at 1636-1637cm \  which is characteristic o f p sheet structure. 

These proteins also display a distinct band at 1652cm'% which is consistent with a- 

helical structure. In contrast the PAI-1-P6 mutant displays a broader band at 1637cm'% 

suggesting this protein has a lower p sheet content.

A conformational change is observed upon the conversion of active (WT) PAI-1 to 

latent PAI-1, the band corresponding to p sheet is shifted by a frequency o f 2cm'* to 

1634cm'*, likewise the band corresponding to a-helical structure is shifted to 

1649cm *. This suggests an increase in p sheet content at the expense of a-helical 

structure. The PAI-1-PI2 mutant undergoes a similar conformational change upon 

cleavage of the reactive centre loop, which is in contrast to other reactive centre 

cleaved non-inhibitory serpins.

The amide II band (1580-1500cm'*) is useful in measuring the extent of 

hydrogen-deuterium exchange of a protein. The rate o f exchange is a measure of 

solvent accessibility of the protein (Haris et al., 1986; Olinger et al., 1986).

The absorbance spectra of all o f the PAI-1 proteins didn’t exhibit any significant 

absorbance in the 1580-1500cm * range of the spectrum, indicating the absence of 

absorbance associated with the amide II band. This band has been shifted to 1440cm'*,
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the formation of this new amide II’ band suggests that the majority of hydrogen atoms 

within the interior of the protein have been exchanged for deuterium atoms. Typically, 

buffer exchange of the samples prior to recording spectral information took 10 hours. 

This suggests that PAI-1 is quite structurally accessible to solvents.
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Figure 2.4: The deconvolved spectra of active PAI-1 (WT), Latent PAI-1 (LAT), 

PAI-1-Pe (P6 ), PAI-1-Pio (PIO), PAI-1-Pi2 (PI2 ), PAI-1 -Pig and reactive centre 

cleaved PAI-1-P12 (P12C). All spectra were recorded at 20°C in PBS/D2O bulfer, 

pH5.8, containing 0.7M NaCl.
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Figure 2.5: The second derivative spectra of active PAI-1 (WT), Latent PAI-1

(LAT), PAI-1-Pa (P6 ), PAI-l-P,o (PIO), PAI-I-P12 (P12), PAI-1-P,g and reactive 

centre cleaved PAI-1-P12 (P12C). All spectra were recorded at 20°C in PBS/D2O 

buffer, pH5.8, containing 0.7M NaCl
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2.3.2 Thermal stabilities

To determine structural changes that occur during thermal dénaturation of the PAI-1 

proteins, infrared spectra were recorded at 20°C, 30°C, 40®C and finally at discrete 

tenq)eratures between 50°C and 70°C. Analysis of the second derivative and 

deconvolved spectra indicated that only minor changes occur at temperatures below 

50°C.

Figure 2.6 shows the second derivative spectra o f active PAI-1 at the temperature 

range at which important structural changes were observed. The p sheet band and the 

a-helical band, centred at 1636cm'^ and 1651cm'* can be clearly resolved at 56°C. 

However at 58°C these bands begin to broaden, this is accompanied by the emergence 

of absorbance at 1627cm'* and 1683cm *. These bands at 1627cm * and 1683cm * are 

characteristic of aggregated p sheet structure and have been observed in the spectra of 

thermally denatured proteins (Jackson et al., 1991). The band arising at 1627cm-1 

becomes more pronounced at 60°C.

The thermal dénaturation pattern of the four proline substituted PAI-1 mutants are 

illustrated in Figure 2.7. The second derivative spectra of the PAI-1-Pô indicates that 

this protein is less stable than active PAI-1. The narrow band located at 1637cm * 

begins to broaden at 56°C, displaying a distinctive shoulder at 1623cm *. Further 

heating at 58®C shows a pronounced band at 1623cm * and a sharper band also at 

1683cm *. Absorbance at these frequencies can arise from aggregated polypeptide 

chains arranged in an intermolecular p sheet conformation (Clark et al., 1981; Byler & 

Purcell, 1989). Examination of the second derivative spectra o f the other three mutants 

indicates an order of stability. PAI-1-Pn begins to denature at 56°C, which is in 

comparison to PAI-1-Pô however by 58°C this protein is more extensively denatured. 

This is indicated by the sharpness of the band at 1627cm *. The spectra of PAI-1-Pio 

indicates a broadening of the amide I band features at 54°C and the emergence of 

distinct bands associated with protein dénaturation at 56°C (1623cm * & 1683cm'*). 

Finally, the spectra of PAI-1-Pig indicate that this protein is the least thermally stable 

of the mutants. The amide I band begins to broaden at 52°C and the spectrum 

recorded at 54°C shows that the protein is almost fully denatured.
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Figure 2.6: Temperature induced changes in the second derivative FTIR spectrum of 

active (WT) PAI-1 recorded in PBS/D2 O, pH5.8, 0.7M NaCl.
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Figure 2.7: Temperature induced changes in the second derivative FTIR  spectrum of 

the four pro line substituted PAI-1 mutants; P A I-1-Pe (P 6), PA I-1-Pio (PIO), 

P A I-1-Pi2 (P I2) and P A I-1-Pig ( P I 8 ). All spectra were recorded in P B S /D 2O , pH5.8, 

O.TMNaCl.
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In contrast the second derivative spectra of the cleaved PAI-1-P12 mutant were found 

to be almost identical at all temperatures in the 20®C-70°C. Figure 2.8 shows that the 

second derivative spectrum of cleaved PAI-1-PI2 at 70°C displays a narrow band at 

1634cm‘̂  with a small shoulder at 1649cm‘̂  , indicating a high content of orderly 

secondary structure, furthermore no bands at 1627cm'* and 1683cm'* are observable in 

any of the spectra. This shows that the cleaved substrate PAI-1 is extremely stable to 

thermal dénaturation, a finding which is in agreement with cleaved inhibitory serpins 

(Gettins & Harten, 1988; Pemberton et aL, 1989).

Analysis of the latent PAI-1 indicates that its thermal stability more closely resembles 

that of the cleaved PAI-1-P12 mutant than that of active PAI-1. The second derivative 

spectrum at 62°C indicates a broadening of the amide I band, this is accompanied by 

the emergence of bands indicative of protein aggregation at 1623cm * and 1684cm'* at 

66°C. However even at temperatures as high as 70°C the position of the amide I band 

does not significantly shift, indicating the latent PAI-1 molecule retains a high 

proportion of ordered secondary structure.
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Figure 2.8: Temperature induced effects on the second derivative FTIR spectrum of 

latent PAI-1 (LAT) and the reactive centre cleaved PAI-1-Pn mutant (P12C). All 

spectra were recorded in PBS/D2O, pH5.8, O.IM NaCl.
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In order to visualise the extent of protein unfolding of the four proline substituted 

PAI-1 mutants in comparison to the wild type PAI-1 deconvolved spectra were 

obtained under identical conditions for each individual protein. The deconvolved files 

were then overlaid and normalised at the tyrosine band located at 1515cm'\ The 

intensity of the p sheet band in the deconvolved spectra recorded at 20°C was used as 

a convenient parameter for following thermal stability o f these proteins. The intensities 

of the absorbance bands corresponding to p sheet structure, a-helical structure and 

intermolecular p sheet structure were calculated as a percentage of the maximum 

intensity of the amide I band recorded at 20°C and plotted as a fimction of 

temperature (Figure 2.9).

The plots obtained for the active PAI-1 (Figure 2.9A.) and the PAI-1-P6 mutant 

(Figure 2.9B.) display similar trends. Absorbance at the wavelengths corresponding to 

P sheet and a-helical structure start to reduce firom their original intensities at 

approximately 50°C. The rate of this reduction is quite steep between 50°C and 58°C 

and gradually reduces between 58°C and 70°C.

In comparison the plots obtained for the P A I - 1 - P io  (Figure 2.9C.), P A I - 1 - P n  (Figure 

2.9D.) and P A I - 1 -Pig (Figure 2.9E.) are more comparable to one another than the 

active P A I - 1 .  Gradual loss of orderly secondary protein structure occurs firom 

temperatures in excess of 20°C. The rate of this reduction is sharply increased between 

50°C and 60°C in the case of P A I -1 -P io  and P A I - 1 - P 12 and between 40°C and 60®C 

for P A I -1 -P ig .  The onset of the rise of absorbance characteristic of the formation of 

intermolecular p sheet occurs at the same temperature as active P A I - 1 .  However the 

rate of increase of this band is much steeper and doesn’t decrease until tenq)eratures in 

excess of 64°C. Furthermore the finding that the intensity of the intermolecular p sheet 

band is greater than both the p sheet and a-helical bands at 70°C suggests that these 

proteins are more extensively denatured than active P A I -1  and P A I -1 -P e .

These findings taken together with the data obtained firom second derivative analysis, 

suggest that the overall loss of tertiary protein structure is greatest for P A I -1 -P ig ,  

followed by P A I -1 -P io  and P A I - 1 - P 12 and finally P A I - 1 - P e  and active P A I - 1 .
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Figiure 2.10 indicates the plot obtained using the previously described method for the 

cleaved PAI-1-P12 mutant. It is clearly observable that the relative amounts o f p sheet 

and a-helical structure do not vary greatly at temperatures between 20°C and 70°C. 

The intensity of the p sheet band reduces by approximately 4% and that of the 

a-helical band by a comparable amount. This decrease could be due to either loss of 

protein structure or due to shifts in absorbance associated with hydrogen-deuterium 

exchange. Although the presence o f the amide II’ band suggests the former 

explanation. However this small shift in absorbance intensity can be used as a control 

for the other sanq)les, indicating that the plots are not a product of hydrogen- 

deuterium exchange effects but a true representation of temperature induced changes 

of protein structure.

In conclusion the data from the thermal stability experiments indicate an order of 

stability for the different forms of PAI-1. This order from the most stable to the least 

is; cleaved PAI-1-P12 > latent PAI-1 > active PAI-1 > PAI-1-Pe > PAI-1-P12 > 

PAI-1-Pio>PAI-1-Pi8.
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Figure 2.10: Diagram showing the intensity of absorbance corresponding to (3 sheet 

and a-helical structure as a function of temperature for the cleaved PAI-l-P 12 mutant. 

Intensity values are expressed as a percentage of maximum absorbance in the amide I 

band at 20°C.
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2.4 Discussion

The use of FTIR in studying the structure of proteins has a number o f advantages over 

higher resolution methods, namely it is possible to analyse a number of different 

samples in a significantly shorter period of time. Secondly, FTIR allows the same 

sample to be analysed at different temperatures and in various different environments. 

To date no three dimensional structure has been elucidated for the active form of 

PAI-1. This is probably due to the fact that active PAI-1 spontaneously converts to its 

latent conformation. However in this study conditions which have previously been 

shown to substantially increase the stability of active PAI-1 have been used (Sancho et 

aL, 1994). Basically this involves storing active PAI-1 in slightly acidic buffer 

(pH5.8) at a temperature of 4°C.

Deconvolved and second derivative spectra of the PAI-1 sangles recorded at 20°C 

indicated that all the proteins are predominantly con^osed of P sheet structure with a 

lower amount o f a-helical structure. This is in good agreement with spectroscopic data 

obtained for other members of the serpin family (Perkins et aL, 1992). Furthermore as 

the proline substituted mutants act as either inhibitors or substrates it suggests the 

mutants are structurally viable.

Upon conversion o f the active PAI-1 to its latent conformation an increase of p sheet 

structure at the expense o f a-helical structure was observed. Furthermore absorbance 

characteristic of anti-parallel p sheet (1684cm‘*) was seen in the deconvolved spectrum 

of latent PAI-1. These findings are in agreement with previous spectroscopic studies 

on the active and latent PAI-1 (Sancho et al., 1995; Schulze et al., 1996). Con^arison 

of the crystal structure of native ovalbumin (Stein et al., 1990) and that o f latent 

PAI-1 (Mottonen et al., 1992) suggested that upon conversion to latent PAI-1 the 

RCL becomes partially inserted into sheet A of the protein. The data here confirms this 

hypothesis. The structure of the RCL of serpins varies from a-helix in ovalbumin 

(Stein et ah, 1990) to a distorted a-helix in antichymotrypsin (Wei et al., 1994). The 

reduction in a-helical structure observed in the spectra upon conversion to latent 

PAI-1 suggests that the RCL of PAI-1 also adopts an a-helical conformation in an 

uncomplexed active form.
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A number of groups have suggested that the loop mobility is an essential requirement 

for the inhibitory activity of serpins (Carrell et al., 1991; Skirver et al., 1991). This 

high degree of flexibility allows the RCL to present a ‘bait’ residue (PI residue) that 

mimics the normal substrate of the target proteinase (Laskowski & Kato, 1980; Stein 

& Carrell, 1995). Following the initial contact with the proteinase the protein 

undergoes an additional conformational change, locking the con^lex together 

(Crowther et al., 1992). The flexibility of the RCL of PAI-1 may explain PA I-l’s 

tendency to convert spontaneously to latent PAI-1. To structurally determine whether 

this is the case and which residues within the RCL are most in^ortant, a number of 

amino acid residues in the RCL have been replaced by the bulkier proline side chain.

Spectroscopic analysis of the P A I-1  mutants suggested that the secondary structure of 

P A I-1 -Pô more closely resembled the active P A I-1  structure than the other three P A I-1  

mutants. The thermal stability profiles of the four P A I-1  mutants (Figure 2 .7 )  revealed 

that replacing the residues at P I 8, P 1 2  and P IO  with proline side chains resulted in 

proteins which were less thermally stable than active P A I-1 . In contrast the thermal 

stability profile of the P 6  proline substituted P A I-1  was similar to the wild type (Figure 

2 .6 ) . Furthermore the extent of protein dénaturation o f P A I-1 -P ig , P A I - 1 - P n  and 

P A I-1 -P io  was much greater than either P A I-1 -P e  and wild type P A I-1  (Figure 2 .9 ) . 

This suggests that the tertiary structure of the P A I-1 -Pô and wild type P A I-1  are more 

structurally compact than the other three mutants.

Decreasing the loop mobility will presumably reduce the tendency of the PAI-1 

molecule to adopt the more thermally stable latent conformation, thereby reducing the 

thermal stability o f the expressed protein. The results o f these experiments indicate that 

the P18, P12 and PIO residues of the reactive centre loop are more inq)ortant in 

conferring loop mobility than the P6 residue. Interestingly the most in^ortant residues 

appear to be at the N-terminal side of the RCL, the x-ray structure of latent PAI-1 

shows that the RCL is inserted into the anti-parallel p sheet (sheet A) from the 

N-terminal side (Mottonen et al., 1992). This study has shown that loop mobility is an 

important fector in the conversion of active PAI-1 to latent PAI-1. Furthermore that
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the N-terminal region of the RCL is most important in conferring the flexibility of the 

RCL.

A number o f mutagenesis studies on the serpin femily have inq)licated residues which 

are important in determining the nature of the molecule. There is strong evidence that 

the residue at P14 is of particular irrçx)rtance (Schulze et aL, 1992; Schreuder et aL, 

1994). This residue is an arginine in ovalbumin and probably ejqjlains its lack of 

insertion into sheet A following cleavage. Skriver et al. suggested that active serpin 

inhibitors have an a-helical loop which uncoils during proteinase attachment followed 

by insertion o f the RCL into sheet A up to position PIO (Skirver et al., 1991).

The results obtained from the thermal stability experiments seem to suggest that the 

RCL can also be inserted into sheet A up to position PIG in the latent conformation of 

PAI-1.

Berkenpas et al. have carried out a thorough characterisation on the inhibitory activity 

of a number of randomly mutated PAI-1 proteins (Berkenpas et al., 1995). Of the 

functionally expressed proteins with only a single mutated residue, mutation of the 

serine residue at position P16 increased the half life of the active PAI-1 eight fold. Our 

studies have shown that mutations of residues in the close proximity of P16 also effect 

the transition of active to latent PAI-1. However it should be noted that the 

introduction of double and triple site mutations in PAI-1 indicated the importance of 

other regions of the protein in maintaining inhibitory activity. Suggesting that though 

mobility of the RCL is an important determinant in conversion to latent PAI-1, 

mobility with the distal hinge and sheet A are also involved.

Of the PAI-1 mutants studied the least thermally stable was PAI-1-Pig, suggesting that 

mobility at position P I8 is particularly important. This is interesting as the three 

dimensional structure indicates that the RCL is only inserted from P I7, therefore 

mobility proximal to the inserted RCL is also important. The thermal stabilities of 

PAI-1-Pi2 and PAI-1-Pio are similar to one another, mutations at the corresponding 

residues in other serpins have altered the inhibitory activity of the expressed protein 

(Skriver et al., 1991; Carrell et al., 1991). It has been demonstrated that this loss of 

inhibitory activity may be a result o f a reduction of loop insertion into sheet A.
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X-ray crystal structures of reactive centre cleaved serpins indicate differences in 

structure between inhibitory and non-inhibitory molecules. Upon cleavage the reactive 

centre bond (PI-PI’) is cleaved by the target proteinase, in the case o f inhibitory 

serpins this is proceeded by the insertion of the N-terminal side of the RCL into the 

anti-parallel p sheet (sheet A), a similar structure to that observed for latent PAI-1. In 

contrast, the reactive centre cleaved structure of the non-inhibitory ovalbumin (Wright 

et a/., 1990) is the same as its native conformation (Stein et al., 1990). This ability of 

insertion of the RCL into an anti-parallel p sheet following cleavage is thought to be a 

prerequisite of inhibitory activity.

PAI-1 is special in that under certain conditions it can exist as a non-inhibitory 

substrate. Site directed mutagenesis of certain residues within the RCL can produce 

PAI-1 proteins with various substrate properties. The mutation of alanine at position 

P12 has previously been shown to produce a functionally non-inhibitory PAI-1 

molecule which acts as a substrate to uPA and tPA (Aertgeerts et al., 1995; Sancho et 

al., 1995). Following cleavage of the reactive bond (P l-P l’) of this A335P PAI-1 

mutant the x-ray crystal structure was found to resemble that of cleaved inhibitory 

serpins (Aertgeerts et al., 1995). A more extensive study of cleaved substrate PAI-1 

proteins support this finding (Gils et al., 1996), suggesting that actual insertion of the 

RCL into an anti-parallel sheet following cleavage isn’t a prerequisite for the inhibitory 

activity of serpins. In the light of these findings it has been proposed that the actual 

rate of insertion may be the important determinant in inhibitory activity of serpins.

The secondary structure of cleaved PAI-1-Pn, a non-inhibitory PAI-1 which acts as a 

substrate was found to have a similar FTIR spectrum to cleaved active PAI-1 (Schulze 

et al., 1996), displaying an increase of p sheet structure and a decrease in a-helical 

structure in comparison to its uncleaved conformation. Cleaved inhibitory serpins have 

been shown to be highly resistant to heat dénaturation (Gettins & Harten, 1988; 

Pemberton et al., 1989). The FTIR spectra indicate that the cleaved PAI-1-P12 is 

thermally stable (Figure 2.8), retaining its orderly secondary structure at 70°C. Taken 

together, these findings suggest that the RCL has been inserted into an anti-parallel p 

sheet following cleavage.
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The thermal stability profile of the latent PAI-1 was similar to the cleaved PAI-1 

mutant (Figure 2.8). However absorbance bands indicative of protein dénaturation 

were observed at high temperatures. This indicates that loop insertion is not the only 

determining factor o f cleaved serpins thermal stabibty, as it has been shown that in the 

latent conformation the RCL can be inserted into sheet A to the same extent as the 

cleaved conformation. It has been shown that following cleavage of 

ai-anticbymotrypsin the cleaved distal ends can firmly anneal to strand 1C (Wei et al., 

1994), this mechanism probably explains the higher thermal stability of cleaved PAI-1 

in comparison to latent PAI-1.

In conclusion the spectroscopic data obtained fi*om the various PAI-1 samples suggest 

that mobility of the N-terminal side of the RCL is the most inq)ortant determinant in 

transformation of the active PAI-1 into its latent conformation. Furthermore the 

experiments suggest that the RCL can be inserted into sheet A to the same extent as in 

the cleaved conformation.

The ability of the cleaved substrate PAI-1-Pn to adopt a similar conformation to latent 

PAI-1, whereas its uncleaved form cannot form a latent conformation suggests a 

different mechanism of loop insertion. It is probable that the interaction of PAI-1 with 

its target PA produces an overall change in the global structure. This change must 

make the anti-parallel p sheet (sheet A) more assessable to the RCL. To determine the 

nature of this transition and the role of loop insertion it is essential to study the 

structure of PAI-1 :PA complexes in the future.
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CHAPTER THREE

STRUCTURAL CHARACTERISATION OF A SYNTHETIC PEPTIDE 

CORRESPONDING TO THE S4 (‘VOLTAGE SENSING’) DOMAIN OF THE 

SHAKER A VOLTAGE GATED POTASSIUM CHANNEL
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3. STRUCTURAL CHARACTERISATION OF A SYNTHETIC PEPTIDE 

CORRESPONDING TO THE S4 (‘VOLTAGE SENSING’) DOMAIN OF THE 

a n  AKER A VOLTAGE GATED POTASSIUM CHANNEL

3.1 Introduction

The potassium channels represent the most diverse type o f ion channels. The numerous 

potassium channels which have been cloned to date can be classified into one of three 

subfemilies; the voltage gated potassium channels (Kv), the inward rectifier potassium 

channels (Kir) and a third group which consists o f just one member, the minimal 

channel (minK).

The Kv channels are characterised by having six transmembrane spanning regions (Sl- 

S6) and a putative pore lining domain termed H5 in each potassium channel subunit.

This topology places both the amino and carboxyl termini on the intracellular side of 

the membrane.

A Kir channel subunit contains two transmembrane spanning regions (M l-M2) and a 

domain with a high sequence homology to the H5 domain termed the T ’ region. Like 

the Kv channels the amino and carboxyl termini are located on the intracellular side of 

the membrane.

In contrast the minK channel has no sequence homology to either the Kv or the Kir 

channels. The minK channel protein contains only one putative transmembrane (TM) 

spanning domain and has an extracellularly located amino terminal and an 

intracellularly located carboxyl terminal. Recent studies have indicated that the voltage 

gated heart channel KvLQTl associates with the minK protein, forming the channel 

responsible for the Ik s  cardiac current (Barhanin et al., 1996; Sanguinetti et al., 1996).

Figure 3.1 shows a schematic representation of a subunit of each of the three 

potassium ion channel families. Each family has a distinctive physiology, pharmacology 

and molecular basis of channel function. As this chapter describes a structural study on 

the S4 region, a domain unique to Kv channels which is responsible for voltage gating, 

the remainder of this introduction is dedicated to providing an overview of Kv channel 

activity.
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Figure 3.1: Schematic models of a voltage-dependent potassium channel (Kv) (A), an 

inwardly rectifying potassium channel (Kir) (B) and a minK channel (C) subunit.
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3.1.1 Kv Channels

Kv channels are present in all excitable eukaryotic cells. These channels are activated 

at dififerent time intervals following action potential depolarisation (Taglialatela & 

Brown, 1994). The delayed outward current evoked by Kv channel opening 

represents the major repolarising force in returning the membrane to its resting 

potential. ^

The first Kv channels to be cloned and characterised were firom Drosophila 

Melanogaster (Tanouye et al., 1981; Pongs et al., 1988; Butler et al., 1989). 

Subsequently mammalian proteins homologous to each of the Drosophila Kv channels 

have been identified and cloned (Chandy et al., 1991). AU these proteins contain a 

highly conserved core region (SI-86) with variable amino and carboxyl termini. The 

mammalian proteins can be classified into four main subfemilies termed Kvl, Kv2, Kv3 

and Kv4 which correspond to the shaker, shab, show and shal subfamilies of 

Drosophila respectively.

3.1.2 Molecular basis o f  Kv channels

Functional Kv channels require the assembly of four identical or similar potassium 

channel a-subunits (MacKinnon, 1991; MacKinnon et al., 1993; Ruppersberg et al., 

1990; Christie et al., 1990). In addition to these membranous a-subunits, cytoplasmic 

P subunits also exist (Rettig et al., 1994). These p subunits are not required for pore 

function but can have a profound effect on channel closing rates.

3.1.2.1 Kv channel pore formation

The pore region of Kv channels is highly selective , only permitting the conductance of 

K  ̂ ions. Consequently determining the location o f the ion conductance pathway and 

atten^ting to understand the nature of ion selectivity and conductance of pore regions 

have been studied extensively.

Hartmann et al. produced a range of chimeric channels between Kv3.1 and Kv2.1 and 

characterised their aflSnity for the open channel blocker tetraethylammonium (TEA) 

(Hartmann et al., 1991). These studies indicated that the H5 domain was responsible 

for determining the characteristics of channel block by TEA. Site-directed mutations
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of a number of amino acid residues within the H5 domain alter the binding afiSnity of 

charybdotoxin (MacKinnon & Miller, 1989; MacKinnon et al., 1990). Furthermore 

point mutations on either side of the H5 domain affects extracellular TEA blockade, 

whereas a point mutation at the centre of this domain alters the intracellular TEA 

binding afiSnity (MacKinnon & Yellen, 1990; Yellen et al., 1991). These results 

strongly suggested that the highly conserved H5 domain was responsible for pore 

formation.

The role o f H5 domain in the formation of the pore was further provided by the 

demonstration that substituting certain amino acid residues in the H5 domain altered 

the ion selectivity properties of the expressed channel (Yool & Schwarz, 1991; 

Heginbotham & MacKinnon, 1993; Slesinger et al., 1993). Early models of Kv channel 

structure based on this data proposed that the H5 domain spanned the entire membrane 

before looping back on itself and spanning the membrane once again.

More recent experiments suggest that the H5 does not solely constitute all of the ion 

conductance pathway, both the S4-5 linker (Slesinger et al., 1993) and residues within 

the S6 domain (Lopez et al., 1994) are also important in ion selectivity and K  ̂

conductance. A number of studies have been performed to determine the dimensions of 

the outer vestibule of the pore (Stampe et al., 1994; Goldstein et al., 1994; Aiyer et 

al., 1995). The results suggest that the H5 domain runs almost parallel to the plane of 

the membrane, then dipping shallowly near the centre of the pore axis (Sun et al., 

1996). The remainder of the pore, constituting the majority o f its length is proposed to 

be a large diameter water filled region lined by the S6 and S4-S5 segments.

The current model of the pore is that of an hourglass shape with the narrow part being 

formed by the H5 region which functions as the ion selective filter and gating region. 

This ion selective filter is highly conserved throughout Kv and Kir channels. The H5 

and ‘P’ domains have a high degree of sequence homology, furthermore spectroscopic 

studies have shown that these regions have very similar secondary structures (Haris et 

al., 1994; Chapter 7).
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3.1.2.2 Channel inactivation

Following depolarisation of the membrane, many of the activated channels can

enter a non-conductive or inactivated state. As a result transient changes in

permeability to ions arises, despite sustained depolarisation. This inactivation

process is only removed following membrane hyperpolarisation, allowing the channel

to become activated again following depolarisation. The time course of inactivation

varies greatly between different channels, but fell roughly into two categories; those 
inactivate

channels which  ̂ rapidly (few ms) and channels which inactivate over a much 

longer period of depolarisation (several 100ms).

Rapid inactivation (N-type inactivation)

The observation that Shaker channels with differing amino termini exhibited a range of 

inactivation rates, pointed to the role of this domain in regulating inactivation. Indeed, 

by deleting the first 22 amino acid residues firom the Shaker B Kv channel it was 

possible to eliminate its characteristic fest inactivation (Hoshi et aL, 1990). 

Furthermore fast inactivation can be exhibited in the Shaker B non-inactivating mutant 

and in native non-inactivating Kv channels by the addition of a synthetic peptide 

corresponding to the 22 amino acid long deleted region (Zagotta et al., 1990; 

Dubinsky et al., 1992; Foster et al., 1992). In contrast, deletion of the next 20 amino 

acids in the amino terminal results in the expression of a channel with accelerated 

inactivation rates. Taken together these results suggested that the first 22 amino acids 

act as an inactivating particle (a.k.a ‘ball’)» with the remainder of the NHi terminal 

acting as a tether (‘chain’), linking the inactivating particle to the channel.

Mutations within the S4-5 linker indicate that the inactivating particle is likely to 

interact with this region following channel activation (jlsacoff et al., 1991). As 

mentioned in the previous section the S4-5 linker probably lines part of the pore, thus 

binding of the ‘ball’ particle would occlude the pore preventing flux of K  ̂ ions. The 

receptor region on the S4-5 linker probably only becomes accessible to the ‘ball’ 

following conformational changes in structure accompanying channel activation.

In contrast to the Drosophila channels the majority of mammalian Kv channels 

inactivate slowly or not at all during depolarisation. This can be explained by their lack
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of a ‘ball’ like region. However recently a number of Kv p subunits have been cloned 

(Rettig et al., 1994) and co-expression of these subunits with the non-inactivating 

K vl.l channel produces channels with fast inactivation characteristics (Aldrich et al., 

1994). The amino terminal of the Kvpi subunit has a homology to that of the ‘ball’ 

domain of fast inactivating Kv channels (Christie, 1995). Stoichiometric analysis 

suggests that four p subunits co-assemble with the four pore forming a  subunits 

(Christie, 1995). Not all of the p subunits possess this inactivating domain, suggesting 

that the differential expression of a  and p subunits will produce K  ̂ channels with 

diverse inactivation properties.

Slow inactivation (C-type and P-type inactivation)

Naturally occurring Kv channels which do not express fast inactivation and fast 

inactivation removed Shaker channels display some form of ‘slow’ inactivation (Hoshi 

et al., 1990). Shaker channels with alternatively spliced COOH terminals and common 

NH: terminals display different ‘slow’ inactivation rates (Hoshi et al., 1991), 

suggesting that the carboxyl terminal is involved in the ‘slow’ inactivation process.

Internally applied TEA directly competes with the ‘ball’ peptide to occlude the internal 

mouth of the pore. However ‘slow’ inactivation is unaffected by internally applied 

TEA. In contrast, external application of TEA affects ‘slow’ inactivation but not N- 

type inactivation (Choi et al., 1991) , indicating; that the molecular mechanism of 

inactivation is different for N-type and C-type inactivation.

In addition to C-type inactivation, some forms of ‘slow’ inactivation are also affected 

by mutations of residues thought to line the pore (P-type inactivation) (de Biasi et al., 

1993). Therefore the ‘slow’ inactivation of Kv channels involves the participation of 

the cytoplasmic C-terminal and / or conformation rearrangements within the pore 

leading to constriction of the ion conducting pathway. The exact molecular mechanism 

o f ‘slow’ inactivation is as yet not fully understood.
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3.1.2.3 The voltage sensing domain

Hodgkin and Huxley originally proposed that charges in the membrane of Kv and Na^ 

channels must move in response to changes in the membrane potential, before the 

channel can open (Hodgkin & Huxley, 1952). Since then a number of workers have 

calculated that movement of at least 12 of these buried charges is required for channel 

gating (Schoppa et al., 1992; Sigworth, 1993; Zagotta et al., 1994). Following the 

identification and cloning of a variety of Na^ and Kv channels the fourth membrane 

spanning domain (S4) became the likely candidate for the gating voltage sensor. The 

S4 region is unique in that it contains a positively charged arginine or lysine residue at 

every third amino acid position. In contrast the rest of the channel core (SI to S6) 

contains very few amino acids with charged side chains.

A number of mutagenesis and electrophysiological experiments have been conducted 

to determine whether the S4 region is the voltage sensor. Neutralising the individual 

basic residues within the S4 domain can reduce the voltage dependence of activation 

and shift the voltage range over which activation occurs (Papazain et al., 1991; 

Logothetis et al., 1992). Similar findings can be observed when altering the nature of 

hydrophobic residues within this region (McCormack et al., 1991). Furthermore 

mutations of two conserved negatively charged residues located in the S2 and S3 

transmembrane domains selectively modulate channel gating (Planells-Cases et al., 

1995; ^Qohetal., 1996).

These findings support the hypothesis that the S4 segments are involved in the 

conformational changes that lead to channel gating. Furthermore it is proposed that the 

negatively charged residues in S2 and S3 form salt bridges with the basic residues of 

S4 to reduce the energetic cost of placing charges in a low dielectric environment 

(Durell & Guy, 1992). However these experiments do not indicate whether the S4 

segments can move in response to membrane depolarisation / repolarisation, a 

characteristic expected for the voltage sensor.

Antibodies raised against the S4 sequence of repeat I in Na^ channels appear to bind on 

the extracellular side of the membrane only under depolarised conditions (Schwartz et 

al., 1990), suggesting that the S4 segment moves in an outward direction in response
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to membrane depolarisation. This outward movement has also been demonstrated by 

use of a membrane impermeant sulfhydryl reagent (MTSET) to probe the internal and 

external accessibility of cysteine substituted residues within the S4 segment in both 

depolarised and hyperpolarised conditions (Larsson et al., 1996; Yang et al., 1996). 

The findings indicate that the S4 segments of both Na"̂  and channels move in an 

outward direction in response to membrane depolarisation and that the number of 

membrane bound residues is determined by the gating state of the channel. In the case 

of the Shaker channel; 5 residues and 15 residues being located in the membrane at a 

closed and open state respectively (Larsson et ah, 1996). This type o f technique is now 

increasingly being used in channel research to establish the position in space of residues 

in the absence of direct structural evidence.

It has been proposed that a change in gating charge cannot be interpreted simply as a 

function of the distance the charge moves across the membrane, but that 

conformational changes within the S4 region are important (Aggarwal & MacKinnon, 

1996). Some structural information is available for the S4 region, a 2D NMR 

spectroscopic study on a synthetic peptide corresponding to the S4 segment o f a Na^ 

channel adopts an a-helical structure when dissolved in 90% TFE/H2 O (Mulvey et al., 

1989). However this study doesn’t indicate whether this segment has the flexibility to 

undergo the conformational changes predicted to accon^any gating. In this study, 

FTIR has been used to determine the conformation of a synthetic peptide 

corresponding to the S4 segment of the voltage gated Shaker A potassium channel. 

Similar approaches have previously been used in order to determine the 

structure/function relationship of regions of Kv channels involved in pore formation 

(Haris et al., 1994) and channel inactivation (Abbott, 1996).

Numerous models of how the S4 segment functions as the ‘voltage sensor’ have been 

proposed, the validity of these models in the light of the structural information 

obtained in this experiment are described in detail in the discussion.
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3.2 Materials and Methods

3.2.1 Peptide Synthesis

The polypeptide corresponding to the S4 domain o f the voltage-gated Shaker channel 

was synthesised, purified and its amino acid composition confirmed by Dr.B.Ramesh. 

The peptides were synthesised using an automated peptide synthesiser Rainin PS3 

(Protein Technologies, Inc., USA) by a step-wise solid procedure (Merrifield, 1963) 

using a-9-Flurenylmethyloxycarbonyl (Fmoc) protecting group strategy (Carpino & 

Han., 1972). The polypeptides were cleaved from the resin using 95% Trifluoroacetic 

acid (TFA) with scavengers and purified isocratically on a reverse phase HPLC column 

(250 X 10 mm i.d.) using 0.1% TFA and acetonitrile as eluents. One major peak was 

observed when the eluent was monitored at 220nm. The peptides were freeze dried in 

the presence of 0.1 M HCl to remove the TFA. The sequence of the 20 amino acid long 

polypeptide corresponding to the S4 domain of Shaker A was as follows:

S4 DolvDentide: NH2-ILRVIRLVRVFRIFKLSRHS-COOH

The amino acid conqjosition of the synthetic peptide was subsequently confirmed by 

amino acid analysis.

3.2.2 Sample preparation o f the S4 polypeptide

Peptide in aqueous buffer was prepared by suspending the peptide in D2 O PBS 

(140mM NaCl, 2.7mM KCl, lOmM Na2HP04, l.SmM KH2PO4 , pH 7.4) buffer at 

1 Omg/ml by vortex mixing.

Peptide sangles were reconstituted into phospholipid micelles and vesicles as follows; 

the peptide was dissolved in TFA and a thin film of the peptide was formed at the base 

o f a quickfit glass round bottomed flask by rotary evaporation of the organic solvent. 

Residual traces of TFA were eliminated by freeze drying in the presence of 0.1 M HCL 

The peptide samples were then either resuspended into Lysophosphatidylcholine (LPC) 

or Dimyristoyl L-a-phosphatidylcholine (DMPC). The phospholipid was dissolved in 

chloroform and added to the flask containing the peptide film. Again the solvent was
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removed by rotary evaporation, thus forming a thin lipid film on top of the peptide 

film. Further drying was carried out under vacuum for 24 hours.

The dried samples were then resuspended in deuterated PBS buffer to give a final 

concentration of peptide of 1 Omg/ml. An FTIR measurement was also performed on 

the S4 peptide in 98% trifluroethanol (TFE).

3.2.3 FTIR spectroscopy

Infi*ared spectra were recorded at 30°C using a 1750 Perkin-Elmer FTIR spectrometer 

continuously purged with dry air. Sanples were placed in a lOpl volume gas tight CaF: 

cell with a 6pm pathlength. For each spectrum 100 scans were signal averaged at a 

resolution of 4cm'\ Absorbance spectra of the peptide were obtained by digital 

subtraction of a spectrum of D2 O containing buffer fi*om the sangle spectrum. Detailed 

analysis of the amide I band was carried out using a second derivative procedure. 

Second derivative spectra were calculated using GRAMS Derivative function with a 

13 data point Savitzky-Golay smoothing window.
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3.3 Results

3.3.1 Secondary structure

Analysis of absorbance in the amide I region (1700-1600cm‘̂ ) of the infrared spectrum 

provides usefrd information on the secondary structure adopted by a protein or 

peptide. The relationship between the frequency o f the amide I band and the 

corresponding structure is now weU defined (see Chapter 1, for more detailed 

discussion).

As previously described a NMR study has been performed on a peptide corresponding 

to the S4 region of a Na channel dissolved in 98% TFE/H2 O (Mulvey et aL, 1989). 

These conditions have been reproduced for a synthetic peptide corresponding to the S4 

region of a voltage gated potassium channel {Shaker), The absorbance and second 

derivative FTIR spectra of the S4 peptide dissolved in 98% TFE/H20 reveal the amide 

I maximum to be centred at 1655/1654cm"  ̂ (Figure 3.2). This can be attributed to a- 

helical structure. The second derivative spectrum also reveals minor components at 

1605cm'* and 1683cm"*. Vibrations within the side chain of arginine have previously 

been shown to absorb at 1605cm * As the S4 peptide contains five arginine residues 

this is the likely explanation for the absorbance observed at 1605cm *. The weak 

intensity component observed at 1683cm* may originate from some tum/bend 

structure. The finding that the Shaker S4 peptide is largely a-helical in 98% TFE/H2 O 

is in good agreement with the NMR study on the corresponding region of a rat brain 

Na^ channel.

112



Svnthetic S4 domain o ï Shaker A

1654

1605

1605

1655^ ^

1700 1600
W avenum ber ( c m ‘)

Figure 3.2: Absorbance (A) and second derivative (B) FTIR spectra of a synthetic 

peptide corresponding to the S4 region of the Shaker potassium channel recorded in 

98% TFE/H2O at 30°C.
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In addition to the recording made in TFE, the S4 peptide has also been structurally 

analysed in aqueous LPC micelles, DMPC bilayers and in aqueous solution (PBS). The 

corresponding absorbance and second derivative spectra are shown in Figure 3.3.

The absorbance spectrum of the 84 peptide reconstituted into LPC micelles (Figure 

3.3A) shows the amide 1 band maximum centred at 1649cm'\ Detailed analysis using 

the second derivative method (Figure 3.3B) shows the presence of weaker components 

at 1607cm'* and 1670cm'*. These bands probably arise from vibrations in the arginine 

side chain and turn structures respectively. However the main band is at 1649cm'*, 

consistent with the a-helical structure previously observed for the peptide in TFE.

The absorbance spectrum of the 84 peptide reconstituted into DMPC bilayers displays 

maximum absorbance in the amide 1 region to be located at 1652cm'*. The second 

derivative spectrum does not reveal the presence of any other major components 

(Figure 3.3B). This suggests that the 84 peptide also adopts a predominantly a-helical 

structure when reconstituted into DMPC bilayers.

In contrast, the amide 1 band of the 84 peptide dissolved in PB8, pH 7.4, is shifted by 

approximately 9-12 wavenumbers to 1640cm'*. Absorbance at this frequency is quite 

ambiguous and could be due to either random coil or p sheet structure. The second 

derivative spectra reveals an additional component located at 1670cm'*. This band is 

weak in intensity but it may be due to tum/bend stmctures within the peptide.
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Figure 3.3: Absorbance (A) and second derivative (B) FTIR spectra of a synthetic 

peptide corresponding to the S4 region of the Shaker potassium channel in aqueous 

LPC micelles (Red), DMPC vesicles (Black) and aqueous solution (Blue). All spectra 

were recorded in phosphate buffer (150mM sodium phosphate, pH 7.4) 30°C.
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3.3.2 Effect o f pH  and temperature

It has been proposed that the buried basic residues of the S4 segment are effectively 

neutralised by electrostatic interactions with negatively charged amino acid residues 

within the S2 and S3 segments (Durell & Guy, 1992). To determine whether the polar 

nature of the arginine residues could influence the conformation adopted by the S4 

peptide, FTIR measurements have been performed in acidic, neutral and alkaline 

conditions. Figure 3.4 illustrates the deconvolved and second derivative spectra o f the 

S4 peptide reconstituted into LPC micelles and subsequently resuspended in either 

PBS (pH 5.8), PBS (pH 7.4) or sodium bicarbonate buffer (pH 9).

The deconvolved spectrum of the S4 peptide at pH 5.8 indicates that the amide I 

maximum is centred at 1648cm'% with weaker components observable at 1606cm'* and 

1583cm'* (Figure 3.4A). The second derivative spectrum verifies the positioning of 

these bands (Figure 3.4B). The band at 1648cm * is consistent with a-helical structure, 

absorbance at 1605cm * and 1583cm * is characteristic of vibrations within the side 

chains of the arginine residues. The deconvolved and second derivative spectra of the 

S4 peptide at pH 7.4 (Figure 3.4C+D) are very similar to the spectra observed at the 

more acidic pH (5.8). Suggesting that no conformational changes acconpany the shift 

in pH from 5.8 to 7.4.

In contrast, the deconvolved and second derivative spectra of the S4 peptide at a pH of 

9 reveal that the amide I band maximum is centred at 1650cm *. Furthermore this band 

is narrower in nature than the corresponding amide I bands observed at pH 5.8 and pH 

7.4. This could indicate that a more ordered a-helical structure is adopted in this 

environment. However it is also possible that these differences could be due to 

differences in salt concentration between the sodium phosphate buffer (PBS) and the 

sodium bicarbonate buffer employed to obtain a pH in excess of 8.
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Figure 3.4:Deconvolved (Top) and second derivative (Bottom) FTIR spectra of the synthetic S4 peptide incorporated into 
LPC micelles and resuspended in either PBS pH 5.8 (A,B), PBS pH 7.4 (C,D) or sodium bicarbonate buffer pH 9 (E,F).

All spectra were recorded at 20°C.
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The characteristic a-helical FTIR spectra observed for the S4 peptide in both LPC 

micelles and DMPC vesicles at 30°C is very stable to heat dénaturation. Spectra 

recorded at 70°C were almost superinq)oseable onto those measured at 30°C, 

furthermore no bands characteristic of heat dénaturation were observed in these 

spectra. However, FTIR measurements made on the S4 peptide reconstituted into 

DMPC vesicles at temperatures below the lipid phase ten^erature did indicate 

conformational differences. Figure 3.5 illustrates the second derivative spectra o f the 

S4 peptide in DMPC recorded at 20°C (Blue), 25°C (Purple) and 30°C (Red). At 

20°C (below the phase transition ten^erature of DMPC) the amide I band is centred at 

1634cm’*, absorbance at this frequency is characteristic of p sheet structure. Increasing 

the temperature of the sample to 25°C, has the effect of shifting the positioning of this 

band to 1648cm'*, suggesting that the peptide has now adopted a random coil/helical 

structure. An additional increase in temperature to above the phase transition 

temperature (30°C) increases the intensity of the corresponding amide I band, whilst 

shifting it to 1652cm’*. Clearly indicating that the S4 peptide adopts an a-helical 

structure at this temperature. Further increases in the tenq>erature of the sangle had no 

more conformational effects, suggesting that the S4 peptide is a-helical at 

temperatures above the phase transition temperature.
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Figure 3.5: Second derivative FTIR spectra of a synthetic peptide corresponding to 

the 84 region of the Shaker potassium channel reconstituted into DMPC vesicles, and 

recorded at 20°C (Blue), 25°C (Purple) and 30°C (Red). All spectra were recorded in 

PBS (150mM sodium phosphate, pH 7.4).

119



Synthetic 84 domain of Shaker A

3.4 Discussion

Experimental evidence clearly suggests that the S4 segment is responsible for the 

movement of charge across the membrane which acconqjanies depolarisation (channel 

gating). Which in turn leads to conformational changes within the ion conductance 

pathway (channel opening), permitting the flux o f ions across the membrane.

Durell and Guy have produced a conq)uter predicted model o f a voltage gated 

potassium channel (1992). In this model the S4 region is entirely located within the 

membrane at a closed state, in an a-helical conformation. Following depolarisation a 

large proportion of the S4 segment moves out of the lipid bilayer, this movement is 

predicted to be in the form of a ‘helical screw’. It is also proposed that a 

conformational change within the structure of the S4 segment must accompany this 

movement (Aggarwal & MacKinnon,] 1996 '). However very little structural evidence is 

available to explain the mechanism by which the S4 achieves its function. This model 

requires the S4 segment to be highly flexible, as the transfer from a membrane 

environment to that of a hydrophilic environment is likely to involve some 

rearrangement in the structure of the protein. The results presented here clearly show 

that the S4 peptide has the capacity to undergo such conformational changes. The 

peptide adopts a predominantly a-helical structure in TFE solvent, LPC micelles and 

DMPC vesicles. However upon transfer to an aqueous environment the peptide 

undergoes a major conformational change, adopting a random coil/p sheet structure.

Recordings made of the S4 peptide reconstituted in DMPC at tenq)eratures below the 

lipid phase transition temperature, suggest that the peptide adopts a P sheet 

conformation. Under these conditions the fluidity of the lipid is greatly reduced, 

inhibiting insertion o f the peptide into the lipid bilayer. Increasing the tenq)erature of 

the sanq)le leads to an increase in a-helicity o f the peptide. This clearly demonstrates 

that the S4 peptide can adopt an array of different conformations, dependent on the 

extent of lipid insertion.

The guanidino group of the arginine side chain has a pKa value of approximately 12, 

therefore this group is positively charged at physiological pH. Increasing the pH of the 

surrounding environment will increase the proportion of neutral arginine residues. The

120



Synthetic 84 domain of Shaker A

FTIR spectra of the S4 peptide in LPC micelles at a pH o f 9 suggest that the peptide 

may form a more ordered helix in alkaline conditions. This is of interest as the salt 

bridges formed between the basic residues of S4 and residues within the S2 and S3 

segment have been proposed to stabilise the structure of the S4 region within the 

membrane.

Recent experiments have determined the contribution to gating and location of specific 

residues within the S4 domain (Aggarwal & MacKinnon, 1996; Larsson et al.y 1996; 

Yang et al., 1996). The proposed models of the 84 segments functional mechanism are 

completely different firom earlier models. Aggarwal and MacKinnon have proposed 

that in the closed state the 84 region is largely located in the intracellular environment; 

in an a-helical conformation. Following depolarisation the 84 traverses the membrane 

in a looped conformation (Figure 3.6). The structural data presented here clearly does 

not support this proposal. It has been shown that in an aqueous or largely aqueous 

environment that the peptide adopts a random coil/p sheet structure. Insertion of this 

peptide into a phospholipid environment results in a major conformational 

rearrangement, the peptide adopting an a-helical structure.

closed open
ext

S5

Figure 3.6: Proposed conformational change of the 84 domain during channel gating, 

(adopted from Aggarwal & MacKinnon, 1996).
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Larsson et al. expressed a number of potassium channel proteins with residues in and P
w

around the S4 domain substituted to cysteine (Larsson et al., 1996). The channel was ^

then probed with internal and external MTSET to determine which residues were

o a

0 0
int

Ik ï ^4 |  W i ) ;

Figure 3.7: Model of Shaker type S4 domain based on the findings of Larrson et al. 

(1996).

(U
solvent accessible. This study determined that only 5 residues in the S4 segment were g s

o

not accessible to MTSET in a closed state, however in an open state 15 residues |

became inaccessible. Their model suggests that the majority of the S4 region is located .o
1)

in the intracellular environment in a closed state, with the remaining spanning residues c . |
ci C

adopting a p sheet or looped structure, following channel activation the S4 segment ^  ^

moves fi-om the inside of the membrane towards the extracellular environment 

(Figures.?).

A very similar study performed on a S4 segment of a Na^ channel (Yang et al., 1996) 

obtained similar evidence on the number of residues being inaccessible to the internal 

and external solvent. However their proposed model suggests that the S4 regions are 

situated in short canals (canaliculi) linking the intracellular and extracellular solutions 

These canals are largely surrounded by proteins with polar properties, thus protecting 

the gating charges fi'om unfavourable conditions (Goldstein, 1996). In the case of the 

Na channel, the gating particles do not move to the same extent as in the channels.

This suggests that if the S4 segments of channels are located in canaliculi, the actual 

dimensions of these canals must be different.

closed open

ext
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Figure 3.8: Models of the voltage-dependent exposure of Na channel residues at 

extracellular and intracellular locations showing the proposed canicular structure

If the model proposed by Larsson and co-workers is correct our studies suggest that in 

a closed state the S4 domain will be predominantly in a random/p sheet structure. 

Following channel activation the 15 amino acids which span the membrane will be in a 

helical conformation. It has been proposed at least 18 residues are required for an a- 

helix to span the entire membrane, suggesting that the helical structure of the S4 

segment is more loosely bound than a typical a-helix.

However, if the S4 segments of are located within solvent filled canaliculi, as predicted
1996

by Yang et alHor the Na channel., the S4 segment will be in contact with a largely 

protein and aqueous environment and not a membranous one. Therefore the nature of 

the exact amino acid residues lining the canaliculi will effect the conformation adopted 

by the S4 segment. If these regions are largely hydrophobic with a few charged side 

chains, as will be the case if surrounded by the SI, 82 and S3 segments our FTIR data 

at high pH suggests that the aligning region of the S4 domain will be in a helical
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conformation. Furthermore those regions of the S4 exposed to aqueous solution are 

likely to be in a random/p sheet conformation.

In conclusion, although continual evidence leads to adaptations on the proposed model 

o f the mechanism of action of the S4 segment, this study has shown that the S4 peptide 

has the versatility to adopt a number of different conformations dependent on its 

surrounding environment. This high degree of flexibility is likely to be at the heart of 

the S4 segments role as the voltage sensor of the channel. Identification o f all the 

regions of the channel which are in contact with the S4 domain is required. With 

this information it will then be possible to ascertain what effect these proteins have on 

the structure adopted by the S4 domain of the voltage gated potassium channel.

124



CHAPTER FOUR

INTRODUCTION TO THE INWARD RECTIFIER POTASSIUM CHANNELS
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4. INTRODUCTION TO THE INWARD RECTIFIER POTASSIUM 

CHANNELS (Kir)

4.1 Inward rectifier potassium channels (Kir)

The inward rectifiers are characterised by a lack of significant gating by voltage and by 

their ability to conduct potassium more readily in the inward than outward direction.

The first channel of this type to be Cloned was the ROMKl channel, which was 

isolated fi'om the outer medulla of the rat kidney (Ho et ah, 1993). Subsequently, 

many other types of inward rectifiers have been cloned and form a new and expanding 

family of potassium channels.

Hydrophobicity plots predict the presence of two transmembrane spanning domains 

known as M l and M2. These regions flank a highly conserved region termed PI , which 

has a high degree of sequence identity to the H5 region of the voltage gated potassium 

(Kv) channels. The P region is therefore believed to line part of the ion conducting 

pathway, as is the case for H5 in Kv channels. The N-terminal and the long C-terminal 

are located on the intracellular side of the membrane. Homology between different 

members of the of the Kir subfamily is in the range of 50% to 60%. The highest levels 

of sequence identity are found in the P region and in the proximal C-terminal region, 

whereas the amino acid sequences are particularly divergent at the amino and distal 

carboxyl termini.

A model of the proposed topology of a typical Kir channel subunit based on 

hydropathy plots is presented in Figure 4.1. The channel subunit shown in the diagram 

corresponds to that of the ROMKl inward rectifier channel, as results presented within 

this thesis are based on work on this channel. This proposed topology differs fi'om that 

of Kv channels, which have six transmembrane spanning regions (S1-S6) per channel 

subunit, with the H5 located between the S3 and S6 segments (See chapter 3 for 

further details). However it was proposed that the M l-M2 region of Kir could be 

related to the S5-S6 region of Kv, as both of these regions contain a highly conserved 

‘pore’ domain. The evolutionary link between these two families of potassium channels 

was established by Tytgat and colleagues; who showed that when the SI to 84 region 

of mammalian K vl.l was deleted, the expressed channel displayed pharmacological 

and rectification properties of a Kir channel (Tytgat et a l, 1994).
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Figure 4.1: Schematic model of a ROMKl (Kir 1.1) subunit based on hydropathy plot 

analysis.
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4.1.1 The Kir family

The functional cloning of numerous Kir channels over the last few years has led to the 

discovery of subfamilies within this group. To date, each channel can be divided into 

one of six subfamilies named Kir TO, Kir2 .0, Kir3 .0, Kir4.0, KirS .O and Kirb.O. Table

4.1 shows some of the channels which have been cloned, their original names as well 

as their new nomenclature are listed, information is also provided on the species and 

the tissue from which the Kir was isolated from.

Standardised
nomenclature

Kir channel clone Species cDNA library Reference

Kirl.O subfamily
Kiri.la ROMKl Rat Kidney Ho et al., 1993
Kiri, lb ROMK2 Rat Kidney Zhou et al., 1994
Kirl.la ROMKl Human Kidney Shuck et al., 1994
Kirl.lb ROMK2 Human Kidney Yano et al., 1994
K irl.lc ROMK3 Human Kidney Yano et al., 1994
Kiri.Id ROMK4 Human Kidney Shuck et al., 1994
K iri.le ROMK5 Human Kidney Yano et al., 1994
Kir2.0 subfamily
Kir2.1 IRKl Mouse 1744 cells Kuboetal., 1993
Kir2.1 IRKl Mouse Heart Ishihara et al., 1994
Kir2.1 mb-lRKl Mouse Brain Morishige et al., 1993
Kir2.1 HH-lRKl Human Heart Raab-Graham et al , 1994
Kir2.2 mb-lRK2 Mouse Brain Takahashi et al., 1994
Kir2.2 rb-lRK2 Rat Brain Koyama et al., 1994
Kir2.3 mb-lRK3 Mouse Brain Morishige et al., 1993
Kir2.3 HIR Human Hippocampus Perier et al., 1994
Kir3.0 subfamily
Kir3.1 GlRKl Rat Heart Dascal et al., 1993
Kir3.2 G1RK2 Mouse Brain Lesage et al., 1994
Kir3.3 G1RK3 Mouse Brain Lesage et al., 1994
Kir3.4 rcKATP Rat Heart Ashford et al., 1994
Kir3.4 hcKATP Human Heart Ashford et al., 1994
Kir4.0 subfamily
Kir4.1 BIRIO Rat Brain Bond et al., 1994
KirS.O subfamily
KirS.l B1R9 Rat Brain Bond et al., 1994
Kir6.0 subfamily
Kir6.1 uKATP-1 Rat Pancreas Inagaki et al., 1995a
Kir6.2 uKATP-2 Rat Pancreas Inagaki et al., 1995b

Table 4.1: Classification of Kir channels into their various subfamilies. Examples of 

channels located in each subfamily are given.
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It can be seen that Kir channels exist in a wide variety of excitable and non-excitable 

tissues. These channels have extremely important roles. These roles and the 

characteristics which determine'^which Kir subfamily a channel belongs to are 

described in greater detail in the following sections.

4.1.1.1 The Kiri. 0 subfamily

The majority of the channels located within the Kirl.O subfamily were first isolated 

from the Kidney. Of these the most experimental data exists for the Kir 1.1 (ROMKl) 

channel. This channel was the first Kir channel to be functionally cloned (Ho et al.,

1993). Kir 1.1 differs from other Kir channels in that it displays weak rectifying 

properties, thus allowing considerable outflow of potassium ions across the membrane 

during its closed state. Kir 1.1 is regulated by ATP, requiring low concentrations to 

retain channel activity but being inhibited by high concentrations of ATP (Hebert, 

1995). In excised patches channel activity rapidly diminishes. The channel activity can 

be renewed in the presence of low concentrations of MgATP and cAMP-dependent 

protein kinase (PKA). The non-hydrolysable ATP analogue AMP-PNP had no effect 

on activity of run down patches. This finding as well as the fact that channel activity is 

reduced in the presence of PKA inhibitors indicate the channel is regulated by 

phosphorylation and dephosphorylation mechanisms (Wang & Giebisch., 1991). 

Potassium channels play an essential role in the kidney, regulating the long term 

potassium balance within the body. All of the major types of potassium channels exist 

within the kidney but in general they are either involved in K  ̂recycling or K  ̂secretion. 

A number of channels which are regulated by ATP have been identified within the 

nephron. Figure 4.2 shows a simplified version of a nephron and the two main cell 

types involved in K  ̂recycling and K  ̂secretion; the thick ascending limb (TAL) cell 

and the principal cell of the cortical collecting duct (CCD) respectively. Both these 

cells have ATP regulated potassium channels ( K atp)  on the apical side.

Sodium (Na)  and Chloride (Cl ) are reabsorbed within the TAL of the loop of Henle, 

the transport of these ions is facilitated by the Na^/K^/2Cf cotransporter. To maintain 

the driving force for Na^ and Cl" reabsorptionj potassium ions must be recycled back 

into the lumen. ATP regulated potassium channels provide the dominant conductance 

of K  ̂ ions across the apical membrane. Two different types of inwardly rectifying
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K a t p  channels have been identified on the apical membrane of TAL cells (Wang et a i, 

1990, Bleich et a i, 1990). Both channels have a high open probability, however one 

has a conductance in the range of 20-3OpS and is insensitive to blockade by TEA 

(Wang et a i, 1990). The other channel has a conductance of about 70pS and is 

sensitive to quinidine and acidic pH (Bleich et a i ,  1990).

Secretion of K ions into the urine occurs across the apical membrane of the principle 

cells in the CCD. An inwardly rectifying K a t p  channel which is functionally very similar 

to that of the low conducting channel described in the TAL cells has been located here 

(Wang et al., 1992; Misler et a i, 1992).

TAL cell
CCD Principal cell

20-30pS

K Secretion
Apical K recycling

Glomerulus
Cortical

Collecting

Figure 4.2: Schematic diagram showing the main ion transport mechanisms involved 

in K recycling across the apical membrane of the thick ascending limb (TAL) and K 

secretion across the apical membrane of principal cells.
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It has been discovered that the ROMK gene contains introns within the coding region 

(Yano et al., 1994; Boim et a l, 1995) and that alternative splicing of the exons yields 

several different transcripts (K irl.la-kirl.lf), these variants differ in the length of the 

N-terminal. The macroscopic currents of all of the variants are indistinguishable from 

one another (Kenna et al., 1994; Yano et al., 1994).

The distribution of the K irl.l channel isoforms within the nephron has been 

determined. K irl.lb is most widely distributed, being located in the medullary TAL, 

the cortical TAL, the distal cortical tubule (DOT) and the CCD. The K irl.la 

transcript is specifically expressed throughout the collecting duct and the K irl.lc 

variant is located from the medullary TAL up to the DCT (Hebert, 1995).

When K irl.la, K irl.lb and K irl.lc are expressed in oocytes the current observed is in 

the range of 20-30pS, suggesting that K irl.la  (ROMKl) is responsible for K  ̂

secretion, the other two variants probably act as either homomeric or heteromeric 

complexes to form the K atp channels responsible for K recycling. This does not 

however explain the existence of the inwardly rectifying K atp channel with the 

conductance of 70pS, which is probably due to an as yet unidentified Kir channel.

K irl.l has also found to be expressed within the spleen, lung and eye (Ho et al.,

1993). K irl.l has been found to be significantly expressed in rat cortex and 

hippocampus neurons (Kenna et al., 1994) but not in the human brain (Shuck et al.,

1994). However the role of a weakly rectifying Kir channel within an excitable cell is 

yet to be established.
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4.1.1.2 The Kir2.0 subfamily

The Kirl.O subfamily express channels which exhibit strong inwardly rectifying 

properties and also observable macroscopic time-dependent currents. These 

characteristics are in contrast to those observed in members of the Kirl.O subfamily, 

which still display a significant outward flux of K^ ions following membrane 

depolarisation. Native Kir channels which display Kirl.O like features have been 

observed in a wide variety of cell types, which include neurons, glial cells, skeletal 

muscle fibres and vascular smooth muscle cells.

Following the identification of K irl.l Kubo and colleagues used similar expression 

cloning techniques to isolate the IRKl (K irl.l) channel from the mouse macrophage 

cell line J774 (Kubo et a l, 1993). This channel had a high amino acid sequence 

homology to K irl.l, however its steep rectification properties suggested that it was a 

distinct channel. Analysis by northern blot revealed an abundance of Kiri. 1 mRNA in 

heart, skeletal muscle and forebrain. In contrast to K irl.l no mRNA was detected 

within the kidney.

Since the discovery of K irl.l two other channels within this group have been isolated 

from the brain, namely IRKl (K irl.l) and IRK3 (Kiri.3) (Takahashi et a l, 1994; 

Morishige et a l, 1994). The K irl.l channel is also expressed to lesser extents in 

kidney, heart and skeletal muscle. Whereas K iri.3 is also expressed in human and rat 

heart.

K irl.l was cloned from a mouse brain cDNA library and has a 70% homology with 

mouse K irl.l (Takahashi et a l, 1994). Both channels have similar inwardly rectifying 

channel properties. However K irl.l has a conductance of 34pS in comparison to 

K irl.l which has a lower conductance of l i p  S. In addition the steady state open 

probability of K irl.l decreases with hyperpolarisation whereas that of K irl.l remains 

constant. Kiri.3 was also cloned from the mouse brain (Morishige et a l, 1994), this 

channel has a 61% and 64% homology to K irl.l and K irl.l respectively. The 

conductance observed for the expressed Kiri. 3 channel is considerably lower than that 

observed for both the other members of this subfamily (approximately lOpS).
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Yellen and MacKinnon have suggested that a substitution of one amino acid residue 

within the H5 region of the voltage gated Shaker channel is sufficient to alter the single 

channel conductance (Yellen & MacKinnon, 1990). Therefore the differences 

observed in conductance and gating within the Kir2.0 subfamily are probably due to 

amino acid sequence differences at regions important in pore formation. This is in 

contrast to the Kirl.O subfamily, whose macroscopic currents are indistinguishable 

from one another. As the differences in amino acid sequences of K irl.l spliced variants 

occur only within the N-terminal region, this would suggest that the N-terminal plays 

no role in pore formation.

The main functions of Kir2.0 channels within the brain are in maintaining the resting 

potential, regulating the duration of action potentials and determining the rate of 

neuronal firing. Northern blot and in situ hybridisation studies have displayed 

differential distribution of Kir2.1, Kir2.2 and Kir2.3 within the brain (Horio et a l,

1995). Kir2.1 was found to be located in both the cerebellum and forebrain. Kir2.2 is 

predominantly located throughout the cerebellum and Kir2.3 is expressed specifically 

in the forebrain. This suggests that each channel has its specific function in regulation 

of neuronal excitability in the brain.

Apart from the brain all three types of Kir2.0 have been identified in the heart. 

Electrophysiological studies have revealed significant differences of membrane 

properties in various anatomical regions of the heart. For example, the resting 

membrane potentials of various cell types differ greatly. This would suggest that 

different channel types or varying densities of Kir channels contribute to individual 

resting potentials. Indeed Kir2.1 is detected in much higher levels within the ventricle, 

whereas GIRKl (Kir3.1) mRNA is abundant in the atrium.
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4.1.1.3 The Kir3.0 subfamily

The KirS.O subfamily are defined by the fact that all the channels within this group are 

activated by G-protein linked receptors. Kubo and co-workers cloned a Kir channel 

from the heart which displayed many properties of the endogenous muscarinic K  ̂

channel when expressed homomerically in Xenopus oocytes (Kubo et al., 1993b). This 

channel has a homology of 39% and 43% to Kir2.1 and K irl.l respectively. However 

unlike the previously isolated Kir channels it was found to be activated following 

activation of muscarinic receptors. This channel was named GIRKl (KirS.l) and 

formed a new subfamily of Kir channels.

Native muscarinic K  ̂channels are located in the pacemaker cells of the sinoatrial node 

and atrial myocytes. These channels are activated in response to parasympathetic nerve 

stimulation and cause the heart rate to decrease. The Kir3.1 channel displays many 

properties of this channel; which include predominant expression in the atrium versus 

the ventricle, strong inward rectification, a single channel conductance of 42pS and 

activation via muscarinic receptor activation (Kubo et al., 1993b; Dascal et al., 1993).

Kir3.1 is also expressed in several neurons within mammalian brain where Kir channels 

are known to suppress neuronal firing. Lesage et al. have cloned two new members of 

this group from mouse brain (Lesage et al., 1994). These two channels mbGIRK2 

(Kir3.2) and mbGIRK3 (Kir3.3) have a 60% amino acid sequence identity to the 

originally cloned Kir3.1 channel. When the mRNAs of these two channels were 

co-expressed with 6-opioid receptors only Kir3.2 gave a functional current when the 

receptor was activated. Unlike Kir3.1 mRNA of Kir3.2 and Kir3.3 is only found in 

the brain.

The fourth member of this subfamily Kir3.4 was cloned from the heart (Ashford et al.,

1994). When this channel is homomerically expressed in epithelial cells it displays 

properties which are more akin to K atp channels. This channel is inhibited by low 

concentrations of ATP. However unlike K iri. 1 this is due to direct action of ATP on 

the channel and not due to phosphorylation.

The characteristics of Kir3.4 including weak rectifying properties and the regulation by 

ATP would suggest that this channel shouldn’t be included within this subfamily.
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However recent evidence indicates that Kir3.4 and Kir3.1 can form heteromeric 

complexes when co-expressed (Krapivinsky et al., 1995). These two channels were 

co-immunoprecipitated together from the atrium and when co-expressed gave 

characteristics which are almost identical to the muscarinic channel, which was 

previously believed to be composed of subunits of Kir3.1.

Recent studies have located the existence of an endogenously expressed Kir3.0 channel 

in Xenopus oocytes (Hedin et a l, 1996). This channel termed Xir (Kir3.5) was found 

to form heteromultimeric complexes with Kir3.1. When Kir3.1 was expressed in two 

different mammalian cell lines it was found to exhibit no current. This evidence 

suggests that it is possible that various Kir3.0 subunits function as heteromultimeric 

complexes. It is necessary for all the possible combinations of subunits required for 

physiologically expressed channels to be elucidated.

G-proteins are used by virtually every cell type as a response to a wide variety of 

neurotransmitters and hormones. The actual G-protein subunits which are responsible 

for activating a number of Kir3.0 channels have been elucidated. For instance, it has 

been determined that Gpy subunits are solely responsible for activating the muscarinic 

channel found in the heart (Reuveny et a l, 1994).

Figure 4.3 shows a schematic diagram of the activation of the muscarinic channel 

following parasympathetic stimulation. At rest the inactive G-protein heterotrimer 

(Gapy) and the muscarinic receptor are believed to form a complex with the Kir channel 

(Slesinger et a l, 1995). Upon activation the Kir channel is exposed to a high 

concentration of free Gpy subunits which causes the channel to open. The channel is 

rapidly deactivated by the enhanced GTPase activity of the Ga-GTP subunit 

(Brietwieser & Szabo, 1988). It has also been shown that Kir3.2 channels, which are 

located within the brain are also activated by Gpy subunits. However other worker 

have suggested that Gao subunits are responsible for activating inwardly rectifying 

channels present in hippocampal cells (VanDongen et a l, 1988).
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Figure 4.3: Schematic diagram depicting the mechanism of action of the G-protein 

activated muscarinic K channel following the release of acetylcholine (Ach) from the 

vagal nerve
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4.1.1.4 The Kir4.0 and Kir5.0 subfamilies

Bond and co-workers have proposed the existence of two potentially new subfamilies 

of Kir channels (Bond et at., 1994). These two channels, Kir4.1 and KirS.l were 

cloned from a rat brain cDNA library and were found to have a low sequence identity 

to other subfamilies of Kir channels. When expressed in Xenopus oocytes only Kir4.1 

displays active K  ̂ currents, suggesting that KirS.l may co-assemble with other Kir 

channel proteins to produce functional channels.

In situ hybridisation studies have localised Kir4.1 mRNA in the kidney in the 

basolateral membrane of distal tubular epithelia (Ito et a l, 1996) and in the brain in the 

glial cells (Takumi et al., 1995). These findings are extremely interesting in comparison 

to the differential expression of the other subfamilies of Kir in the kidney and brain. As 

previously mentioned Kirl.O channel are located on apical membranes within the 

nephron and all three subfamilies (Kirl.O, Kir2.0 and KirS.O) are found only in 

neurons within the brain. These comparisons would suggest that functional Kir4.1 

channels are homomultimeric complexes.

Comparison of the Kir4.1 amino acid sequence to that of K irl.l and Kir2.1 shows a 

53% and 40% identity respectively. Kir4.1 has an ATP binding motif within the 

C-terminal tail, as is the case of K irl.l. However when Kir4.1 is expressed within 

Xenopus oocytes the observed currents are more akin to Kir2.1, displaying strong 

rectification properties which are less steep than native Kir2.1 channels.

The unique characteristics of Kir4.1 seem to indicate that this channel does form a new 

Kir subfamily. However more evidence on whether Kir5.1 actually participates in the 

formation of functional Kir channels and their properties are required before assigning 

it to a new subfamily.
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4.1.1.5 The Kir6.0 subfamily

The most recent subfamily of Kir to be cloned contains two members (Kir6.1 and 

Kir6.2), both were isolated from rat pancreatic islet cDNA. However when 

homologously expressed only Kir6.1 displays active currents (Inagaki et al., 1995a; 

Inagali et a l, 1995b). Both these channels have relatively low homology to the other 

subfamilies (=40%) but a 82% homology between each other.

Kir6.1 is a weak rectifier with a single channel conductance of 70pS. Channel activity 

is inhibited by both ATP and its non-hydrolysable derivatives, indicating direct 

regulation by ATP. This channel is expressed ubiquitously in the rat and its mRNA is 

found at high levels in pancreatic islets, skeletal muscle and heart (Inagaki et a l, 

1995a).

Co-expression of the sulphonylurea receptor (SUR) with Kir6.2 reconstituted an ATP 

sensitive inwardly rectifying current, with a 78pS conductance . Channel activity 

was found to be inhibited by sulphonylureas and activated by the potassium channel 

opener diazoxide (Inagaki et al., 1995b). It is proposed that the SUR / Kir6.2 complex 

is the ATP sensitive channel located in pancreatic j3 cells. These channels have 

previously been implicated in mediating glucose induced release of insulin (Cook et al., 

1988; Ashcroft, 1988). The rationale behind their action is that an increase in blood 

glucose concentration causes a rise in intracellular ATP levels, ATP inhibits K atp 

channels in the pancreatic P cells mediating membrane depolarisation and insulin 

secretion.

The actual stoichiometry of the K atp channel found in pancreatic P cells is unknown. 

However it is probable that SUR is bound to a silent Kir channel ,which could be 

composed of Kir6.2 subunits or a heteromultimeric complex between Kir6.1 and 

Kir6.2. As SUR is a member of the ATP-binding cassette family it probably confers the 

channels ATP sensitivity (Aguilar-Bryan et al., 1995), however it should be noted that 

Kir6.1 can directly be regulated by ATP.
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4.1.2 Molecular determination o f inward rectification

An ideal Kir channel acts as a diode permitting the entry of ions under 

hyperpolarisation but preventing the exit of when the membrane is depolarised. 

However as previously mentioned in section 4.1.1 certain Kir channels (e.g. K irl.l) 

are classified as weak rectifiers, that is they allow some K  ̂ions to flow out of the cell 

during membrane depolarisation.

In 1987, a number of groups determined that inward rectification was caused by rapid 

closure of the channel following membrane depolarisation (Matsuda et al., 1987; 

Ishihara et al., 1987; Vandenberg, 1987). Figure 4.4 shows the I-V relationship of an 

inwardly rectifying channel. The instantaneous recording reveals a linear I-V 

relationship (solid line), however the steady state I-V curve (dashed line) displays the 

typical relationship previously observed for inward rectifiers. This indicates that inward 

rectification is due to closure of the channel (Matsuda et al., 1987).
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Figure 4.4: The I-V relationship of an inwardly rectifying potassium channel; showing 

an instantaneous recording (solid line) and a steady state recording (dashed line). 

(Matsuda a/., 1987).
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Furthermore it was shown that addition of free at physiological conditions on the

cytoplasmic side diminishes the outward current, "(his current was totally abolished by 

increasing the concentration of Mg^  ̂ (Matsuda et al., 1987; Ishihara et al., 1987; 

Vandenberg, 1987). Therefore it has been proposed that Mg^^ ions occlude the 

permeation pathway of Kir channels in response to membrane depolarisation. This 

voltage dependent Mg^^ blockade prevents the exit of ions through the channel and 

is responsible for inward rectification.

Cloned Kir channels display intracellular Mg^^ dependent rectification in response to 

membrane depolarisation, this phenomenon is concentration dependent and 

antagonised by extracellular K^ (Lu & MacKinnon, 1994; Wible et al., 1994).

However by investigating the macroscopic currents of K irl.l and Kir2.1, a weak and 

strong inward rectifier respectively, differences can be observed. Upon 

hyperpolarisation K irl.l takes several milliseconds before reaching a steady current 

level, whereas K irl.l reaches a steady level instantaneously. Furthermore the Kirl.l 

activation time course is slower than expected for the hyperpolarisation-induced relief 

from Mg^^ block of the open channel. This suggests the existence of an alternative 

voltage dependent gating mechanism.

In the attempt to locate the cause of this intrinsic gating, a number of workers tested 

other cytoplasmic factors other than Mg^^ which could contribute to Kir channel block. 

It has now been shown that polyamines, a number of positively charged products of 

L-omithine metabolism can act as potent intracellular blockers of Kirl.O and Kir4.0 

channels (Ficker et al., 1994; Fackler et al., 1994; Fackler et al., 1995).

Two naturally occurring polyamines spermine (Spm̂ *̂ ) and spermidine (Spd^^) have 

been shown to block Kirl.O and Kir4.1 channels in a time and voltage dependent 

manner. The potency of this blockade is determined by their individual charges, 

spermine being the most potent (Ficker et a l, 1994). The total levels of these 

polyamines in Xenopus oocytes have been measured and the values are consistent with 

the theory that they are responsible for the intrinsic gating observed in previous 

experiments (Taglialatela et a l, 1995 b).
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The current evidence suggests that the rectification properties of Kirs may be 

determined by an interaction between a fast block by Mg^^ and a slower block by 

polyamines. The relief from slow polyamine blockade upon membrane 

hyperpolarisation would then be responsible for the intrinsic gating observed in steeply 

rectifying Kir channels.
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4.1.3 Subunit stoichiometry andfunctional domains o f Kir channels

As previously mentioned hydropathy plots suggest that Kir proteins contain two 

transmembrane spanning regions (Ml and M2), which flank a region which is highly 

conserved among Kir and Kv channels termed ‘pore’ P. The N-terminal and the long 

C-terminal are believed to be located on the intracellular side of the membrane (see 

Figure 4.1). This section deals with subunit stoichiometry of functional Kir channels 

and domains within the channel which mediate various functional properties of these 

channel e.g. rectification, pore formation, ion selectivity.

4.1.3.1 Subunit stoichiometry o f Kir channels

Subunits of voltage gated K  ̂ channels contain six transmembrane spanning domains 

(S1-S6), these subunits co-assemble to form fimctional channels. In contrast the cloned 

Na^ and Ca^  ̂channels are monomeric but contain four repeats of a highly homologous 

sequence. Therefore it was anticipated that Kv channels would be constituted of four 

Kv subunits. Indeed a number of groups have shown that functional Kv channels can 

be formed from tetramers of identical subunits (MacKinnon, 1992; Hurst et al., 1992; 

Tytgat & Hess, 1992). Since the cloning of members of the Kir family a number of 

studies have been performed to determine subunit stoichiometry and factors 

influencing channel assembly.

Yang et al. linked the coding sequence of four subunits of Kir2.1 together . When 

expressed this channel displayed identical properties to that of the wild type channel 

(Yang et a l, 1995). This suggests that Kir channels may form tetramers, to study this 

further a Kir2.1 trimer was also produced alongside a mutated monomer. The mutated 

monomer contained a double mutation which has previously been shown to weaken 

rectification and reduce Mg^^ and polyamine affinity. When the monomer was 

overexpressed with the linked tetramer no differences were observed between the 

observed current and that previously seen for the tetramer alone. However when the 

trimer is co-expressed with excessive mutant monomer an increase in outward current 

and a decrease in the affinity of Mg^  ̂ and polyamine block was observed. Together 

these finding suggest that Kir2.1 channels are formed from tetramers of identical
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subunits. Similar experiments have confirmed this finding for K irl.l channels 

(Glowatzki etal., 1995).

As described in section 4.1.1.3 the muscarinic channel which is found in the heart 

is a heteromultimeric complex of KirS.l and! Kir 3.4 subunits. Co-expression of trimeric 

constructs (containing either two KirS.l or Kir4.1 subunits plus one subunit of the 

alternative protein) with either KirS.l and KirS.4 monomers indicate that the 

muscarinic channel is a tetramer consisting of two subunits of KirS.l and two subunits 

of KirS.4 (Silverman a/., 1996).

The evidence clearly shows that functional Kir channels are composed of four subunits. 

These subunits can be identical, though in the case of some Kir channels it is possible 

that fiinctional channels are composed of related Kir subunits (Fink et al., 1996; 

Boim et al., 1995; Krapivinsky et al., 1995). However it should be noted that 

experiments have shown that Kir subunits cannot interact with Kv subunits to form 

channels (Tytgat et al., 1996).

The molecular principles which determine whether subunits assemble with themselves 

or with other subunits have been studied by a number of workers. Deletion mutations 

of Kir2.1 indicate that the N-terminal and the distal C-terminal can be truncated while 

retaining subunit association (Tinker et al., 1996). Furthermore this study implicated 

that the M2 and the proximal C-terminal determine homo- and heteromultimerisation, 

and for more distantly related channels is responsible for incompatibility.

The ability of many types of Kir channels to form either homo- or heteromultimers 

provides a wide variety of functional channels, which could perform specific tasks 

within the body. All of the actual combinations which occur physiologically have yet to 

be elucidated and provides an interesting problem for further research.
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4.1.3.2 Functional domains o f Kir channel proteins

The combination of mutagenesis and electrophysiological studies are proving 

successful in determining the functional roles of specific domains within Kir channels.

Kir domains implicated in determining rectification and gating properties 

The high sequence homology between the P region of Kir channels and that of the H5 

region of Kv channels suggests that this region could participate in pore formation. 

Therefore early experiments were performed to determine the P regions contribution 

to Mg^  ̂blockade and gating.

Wible et al. constructed chimeric channels between K irl.l and Kir2.1; a weak rectifier 

with time independent gating characteristics and a strong rectifier with a time 

dependent gating mechanism respectively (Wible et al., 1994). Exchange of the P 

region between K irl.l and Kir2.1 and vice versa had no effect on gating or 

rectification of the expressed channel. However, substitution of the M1-P-M2 region 

of Kir2.1 with that of K irl.l replaced the slower gating of K r2 .1 with the time 

independent gating observed in K r l .l .  Suggesting that either Ml and / or M2 are 

important in regulating gating.

The amino acid sequence alignment of M l and M2 of K r l . l  and Kr2.1 reveals only 

one major difference within the M2 region, at position 172 of Kr2.1 there is an 

aspartic acid residue, at the corresponding residue 171 in K r l .l  there is an asparagine 

residue. A number of studies have used site directed mutagenesis studies to alter the 

amino acid residue at positions 172 of K r2 .1 and 171 of K irl.l (Lu & MacKnnon, 

1994; Wible et al., 1994). When the aspartic acid residue of K r2 .1 is replaced by 

asparagine the expressed channels display similar rectification and Mg^  ̂ blockade 

affinities as the native Kr2.1 channel. However the intrinsic time dependent gating 

observed in Kr2.1 is replaced by the instantaneous activation observed in K r l .l .  In 

contrast, when the asparagine residue of K r l . l  is replaced by aspartic acid the 

expressed channels display strong inward rectification, higher affinity for Mg^^ block 

and time dependent gating characteristics. These findings suggest that there is a 

dissociation between gating and ion blockade in Kr2.1, however both gating and 

Mg^  ̂block in K r l . 1 seem to be conferred by a single amino acid residue.
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The importance of the aspartic acid residue at position 172 in Kir2.1 on polyamine 

blockade has also been studied (Ficker et al., 1994). In native Kir2.1 channels 

nanomolar concentrations of either spermine or spermidine are capable of producing 

time dependent block. However much higher concentrations are required to produce 

this effect in the Kir2.1 D172N mutant. By mutating the asparagine residue at position 

171 of K irl.l to aspartic acid the expressed channel displayed a 10̂* fold increase in 

affinity for spermine. In addition in the absence of Mg^^, spermine and spermidine can 

produce a time dependent block. These findings suggest that the time dependent gating 

characteristics of Kir2.1 are mediated by polyamines binding to a single amino acid 

residue. However time independent components of spermine and spermidine are still 

much higher in the Kir2.1 D172N mutant than native K irl.l indicating that additional 

sites probably contribute to polyamine blockade.

Taglialatela et al. constructed additional chimeras of Kir2.1 and Kirl.l in order to 

ascertain the regions of Kir2.1 responsible for Mg^  ̂ block and conductance 

characteristics (Taglialatela et al., 1994). It was found that swapping the carboxyl 

terminal of Kir2.1 for the corresponding region of Kir 1.1 decreased the affinity of 

Mg^  ̂ block and the channel conductance to levels similar to the K irl.l channel. 

Evidence indicates that intracellular Mg^  ̂ ions occlude the pore, therefore the finding 

that the C-terminal influences Mg^  ̂binding would suggest that part of the C-terminal 

lines the conduction pathway.

Subsequently, the actual region of the C-terminal which is responsible for mediating 

strong rectification has been located. Chimeric constructs between Kir2.1 and Kirl.l 

reveal that the proximal C-terminal of Kir2.1 is responsible for strong rectification 

(Taglialatela et a l, 1995). Alignment of the proximal C-terminals sequence between 

Kir2.1 and K iri. 1 shows there are four major differences. Kir2.1 contains four charged 

amino acid residues within this region (E191, D205, E224 and D249) which are either 

neutralised or substituted for positively charged residues at the corresponding positions 

in K irl.l. Replacing these charged groups in Kir2.1 with their counterpart residues 

form K irl.l indicated that only the Kir2.1 E224G mutation produced channels with 

altered characteristics. The expressed Kir2.1 E224G channels displayed weaker 

rectification and observable outward currents. Furthermore, the mutated channel had a
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300 fold reduced affinity for spermidine and a greatly reduced affinity for 

blockade. The double mutant Kir2.1 D172N and E224G displayed time independent 

gating and similar affinity for spermidine and Mg^  ̂as estimated for the Kiri. 1 channel.

The evidence seems to indicate that weak and strong rectifiers have different 

mechanisms of gating and rectification. Weak rectifiers are only blocked by Mg^^ ions, 

this is mediated by asparagine at position 171. Hyperpolarisation following membrane 

depolarisation removes this block allowing the channel to be activated instantaneously.

In contrast strong rectifiers preferentially bind polyamines at the M2 site and Mg^  ̂ at 

the proximal C-terminal site. The polyamine blockade and removal during 

hyperpolarisation is of a slower nature to that of Mg^  ̂ and is responsible for the time 

dependent currents observed upon channel activation.

Interestingly the inverse mutant K irl.l G223E displayed K irl.l like properties. This is 

in contrast to the fact that when the whole C-terminal is swapped steeper rectification
«A

is observable (Taglialatela et a l, 1995)1, suggesting; that the actual conformations 

adopted by the two C-terminals may be different. Since both Mg^  ̂ and polyamine 

binding is voltage dependent it is possible that the proximal C-terminal is located 

within the membrane, although this section of the C-terminal is hydrophilic in nature.

Similar experiments have been performed on chimeric Kir3.1 channels. When 

expressed heterologously Kir3.1 channels display steep rectification properties. It has 

been shown that the C-terminal region of Kir3.1 is responsible for mediating 

rectification (Pessia et a l, 1995). However as well as theory that slow gating is due to 

removal of polyamine blockade, it is suggested that positively charged residues within 

the C-terminal could act as slow blocking particles (Dascal et a l, 1995).

Kir3.1 channel gating has a slow activation time course (hundreds of milliseconds) 

with rates which are voltage independent, this is in contrast to the much quicker time- 

and voltage dependent properties of Kir2.1. Neutralising the aspartic acid residue 

located in the M2 region of Kir3.1 does not abolish the slow gating of the channel 

(Kofiiji et a l, 1996). Unlike other members of Kir channels the P region has a 

phenylalanine located at position 137, in the majority of channels this residue is serine.
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Substituting this phenylalanine residue for a serine residue leads to expression of 

currents with nearly time independent properties.

The conclusions drawn from this experiment suggest that G-protein linked Kir 

channels have a different mechanism of action to that of K irl.l and Kir2.1. The slow 

voltage independent gating mechanism is in agreement with the channel being blocked 

by an intrinsic channel domain, this blockade would be removed following G-protein 

activation. The finding that this blockade is removed by alterations within the P region 

suggests that like the H5 region in Kv channels this part of the channel is involved in 

pore formation.

The number of different mechanisms of channel activation and deactivation within the 

Kir family is unique among ion channel proteins. These mechanisms of action need to 

be fully characterised for all members of this group. The structures of the proteins 

involved in gating and rectification need to be addressed in order to fiilly comprehend 

the mode of action of these channel proteins.

Regions o f Kir channels which mediate channel modulation

In section 4.1.1 it was mentioned that certain Kir channels activity can be modulated 

by multiple signal transduction pathways, these include G-protein regulation (Kir3.0), 

phosphorylation and dephosphorylation mechanisms (K irl.l, kir2.1) and direct binding 

of ATP (Kir6.0).

It has been shown that GPy subunits are responsible for activating KirS.l channels 

expressed in Xenopus oocytes and the muscarinic K  ̂channel in the heart (Reuveney et 

al., 1994; Kofiiji et a l, 1995). Since this discovery, a number of research groups have 

tried to determine the nature of this activation. Huang et al. expressed KirS.l channels 

with a number of regions deleted in order to determine domains responsible for 

activation via GPy (Huang et al., 1995). These sequences were than synthesised and 

the corresponding peptides were tested to see if they interfered with binding of Ggy 

subunits to KirS.l channels. The findings of this experiment suggests that both the
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N-terminal and C-terminal bind the CPy subunit. Chimeric constructs between Kir2.1 

and KirS.l have verified this finding (Slesinger et ai, 1995).

The N-terminal region of KirS.l has been shown to bind the trimeric Gapy , raising the 

possibility that G-protein coupled receptors can be linked directly to Kir channels. This 

could explain the rapid and specific channel activation by a variety of G-protein linked 

receptors (Huang et al., 1995; Slesinger et al., 1995).

A number of Kir channels have been shown to be regulated by phosphorylation and 

dephosphorylation (McNicholas et al., 1994; Fakler et al., 1994). These channels have 

multiple phosphorylation sites for several kinases, and thus are probably targets of 

direct kinase action In addition, the Kirl.l channel also possesses a Walker A type 

ATP binding motif in its C-terminal (Ho et al., 1993). Figure 4.5 shows a diagram of 

the Kirl.l subunit, labelling the potential phosphorylation sites and the location of the

Walker A type binding motif. O  PKA Site 
o PKCslte 
f  N-glycosyl

Extracellular

Cytoplasmic

PO4 Loop

COOH

NH

Figure 4.5: Schematic diagram of the Kirl.l subunit, showing the potential

phosphorylation sites and the Walker A type ATP binding motif.
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It has been shown that the cystic fibrosis transmembrane conductance regulator 
. is

(CFTR) Cr channel activated in part by ATP hydrolysis (Carson et al., 1995; Ko et a l, 

1995). More specifically a domain within CFTR with a Walker A nucleotide binding 

sequence exhibits ATPase activity. This suggests that the K irl.l channel is unique 

among the Kir family, as it can be regulated by direct protein phosphorylation and by 

ATP hydrolysis which is probably mediated by the Walker A nucleotide binding motif 

located in the C-terminal.

A number of Kir channels have been shown to be inhibited by both ATP and 

non-hydrolysable ATP analogues (Kir3.4, Kir6.1 and Kir 6.2). This suggests that these 

channels are regulated directly by ATP and not phosphorylation (Ashford et a l, 1994; 

Inagaki et a l, 1995a; Inagaki et a l, 1995b). The actual region of these channels 

responsible for mediating this effect have still to be elucidated.
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4.1.4 Structural information on Kir channel proteins

To date one major study has been performed on the structure of Kir channel proteins. 

Ben-Efraim and Shai have synthesised a number of peptides corresponding to the MO, 

the pre-MO, M l, P, M2 and the 26 amino acids directly after the M2 (Ben-Effaim & 

Shai, 1996; Ben-Efraim & Shai, 1997), these peptides have been analysed by CD 

spectroscopy in 40% TFE/H2 O and 1% SDS. The MO region is located directly before 

the Ml region^ihis region and the post-M2 peptide were found to be a-helical in TFE 

and SDS. These results suggest that the proximal C-terminal could be membranous, 

which is in agreement with the finding that mutations within the proximal C-terminal 

affects rectification and conductance properties (Taglialatela et al., 199^. Both the 

Ml and M2 peptides were found to be a-helical in TFE and SDS, however they were 

unable to obtain a CD spectra for the P peptide. Furthermore there is no evidence as to 

what structures these peptides adopt in a more physiologically relevant medium, such 

as phospholipids.
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4.1.5 Aims

Investigations so far have concentrated predominantly on the electrophysiological, 

pharmacological and regulatory characteristics of Kir channels. However, the protein 

structure of functionally important domains and the structure of the channel as a 

whole need to be addressed before the molecular mechanism is fully determined. The 

aim of this part of my project is to determine the secondary structure of the K iri. 1 

channel. To this end, two approaches are to be taken to provide the required material 

for structural analysis. Firstly, chemical synthesis of polypeptides and secondly, the 

production of recombinant channel proteins using expression systems.

The chemical synthesis of a polypeptide is constrained by the number of amino acid 

residues which can be accurately incorporated into its linear chain. Consequently, 

synthetic peptides which correspond to the hypothesised membrane associated 

domains are to be synthesised, namely the M l, M2 and P regions. These peptides are 

to be structurally analysed in a number of different environments by FTIR and CD 

spectroscopy.

To gain structural information on the functionally important C-terminal region and the 

entire K irl.l protein, the K irl.l gene is to be cloned and recombinant proteins 

synthesised so that they may be subjected to structural analysis using FTIR and CD 

spectroscopy.
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CHAPTER FIVE

STRUCTURAL ANALYSIS OF A SYNTHETIC PEPTIDE CORRESPONDING 

TO THE SECOND TRANSMEMBRANE SPANNING REGION (M2) OF

ROMKl
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5. STRUCTURAL ANALYSIS OF A SYNTHETIC PEPTIDE 

CORRESPONDING TO THE SECOND TRANSMEMBRANE SPANNING 

REGION (M2) OF ROMKl

5.1 Introduction

ROMKl (K irl.l) was the first inwardly rectifying channel to be cloned (Ho et al.,

1993). A single ROMKl subunit has a molecular weight of approximately 42kDa, the 

amino acid sequence of this subunit is illustrated in Figure 5.1. The two shaded areas 

represent those regions which are proposed to be located in the membrane from 

hydropathy plots, the P region also contains a relatively large amount of hydrophobic 

residues and thus could also be located within the membrane. ROMKl is a weak 

inward rectifier, that is at membrane depolarisation a significant amount of potassium 

ions still passes out of the cell through the channel.

Site-directed mutagenesis and electrophysiological studies have indicated that the M2 

domain is an important determinant of rectification and conductance properties of Kir 

channels. Rectification is due to voltage dependent blockade of the channel by Mg^  ̂

and polyamine ions (Matsuda et al., 1987; Lu & MacKinnon, 1994; Picker et al.,

1994). Chimeric channels constructed between K irl.l and Kir2.1 involving substituting 

the corresponding M2 domains, a weak rectifier and strong rectifier respectively 

indicated that this domain was involved in channel gating (Wible et al., 1994). Indeed, 

when the asparagine residue located at position 171 (within the M2 domain) in K irl.l 

was mutated to the corresponding aspartic acid residue of Kir2.1 a higher affinity for 

Mg^  ̂block and time dependent gating were observed (Lu & MacKinnon, 1994; Wible 

et al., 1994). Likewise, this single amino acid substitution also altered the affinity of 

polyamine blockade (Picker et al., 1994).

These findings suggest that the residue at position 171/172 is either close to the pore 

or actually located within the pore. Lu and MacKinnon have substituted the asparagine 

in Kirl.l^ by a histidine residue (Lu & MacKinnon, 1995), it was then shown that the 

pH of the incubating media could effect the 1-V profile of the channel. This suggests 

that the asparagine residue is located within the pore and furthermore that its side 

chain interacts electrostatically with the blocking ion.
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1 Met Gly Ala Ser Glu Arg Ser Val Phe A rg Val Leu H e Arg Ala N t 15

16 Leu Thr Glu Arg Met Phe Lys His Leu Arg Arg Trp Phe H e Thr 30

31 His H e Phe Gly Arg Ser A rg Gin Arg A1 a Arg Leu Val Ser Lys 45

46 Glu Gly Arg Cys Asn H e Glu Phe Gly Asn Val Asp Ala Gin Ser 60

61 Arg Phe H e Phe Phe Val Asp H e Trp Thr Thr Val Leu Asp Leu 75

76

91

Lys Trp Arg Tyr Lys Met Thr1111■111 Ml 90

105

106 His Lys Asp Leu Pro Glu Phe Tyr Pro Pro Asp Asn Arg Thr Pro 120

121 Cys Val Glu Asn H e Asn Gly Met Thr 1 Ser A1 a Phe Leu Phe Ser 135

1 3 6 Leu Glu Thr Gin Val Thr H e Gly Tyr Gly Phe Arg Phe Val Thr P 150

151 Glu Gin CVS Ala Thr 165

166 1 g M2 180

181 Lys H e Ser Arg Pro Lys Lys Arg Ala Lys Thr H e Thr Phe Ser 195

196 Lys Asn Ala Val H e Ser Lys Arg Gly Gly Lys Leu Cys Leu Leu 210

211 H e Arg Val Ala Asn Leu Arg Lys Ser Leu Leu H e Gly Ser His 225

22 6 H e Tyr Gly Lys Leu Leu Lys Thr Thr H e Thr Pro Glu Gly Glu 240

241 Thr H e H e Leu Asp Gin Thr Asn H e Asn Phe Val Val Asp Ala 255

256 Gly Asn Glu Asn Leu Phe Phe H e Ser Pro Leu Thr H e Tyr His 270
271 H e H e Asp His Asn Ser Pro Phe Phe His Met Ala Ala Glu Thr 285

286 Leu Ser Gin Gin Asp Phe Glu Leu Val Val Phe Leu Asp Gly Thr 300

301 Val Glu Ser Thr Ser Ala Thr Cys Gin Val Arq Thr Ser Tyr Val 315

316 Pro Glu Glu Val Leu Trp Gly Tyr Arg Phe Val Pro H e Val Ser 330

331 Lys Thr Lys Glu Gly Lys Tyr Arg Val Asp Phe His Asn Phe Gly 345

346 Lys Thr Val Glu Val Glu Thr Pro His Cys Ala Met Cys Leu Tyr 360

361 Asn Glu Lys Asp Ala Arg Ala Arg Met Lys Arg Gly Tyr Asp Asn 375

376 Pro Asn Phe Val Leu Ser Glu Val Asp Glu Thr Asp Asp Thr Gin 390

391 Met Ter C t 392

= Ml =  M2

Figure 5.1: The amino acid sequence of the inwardly rectifying potassium channel 

ROMKl. Residues shaded and highlighted in bold correspond to membrane associated 

domains based on hydropathy plot analysis.
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Ben-Efraim & Shai have recently shown that a synthetic peptide corresponding to the 

M l domain of ROMKl displays a CD spectra characteristic of an a-helical structure, 

when dissolved in either TFE or SDS (Ben-Efraim & Shai, 1997). In this study a 

synthetic peptide corresponding to the M2 domain of ROMKl has been produced, this 

peptide has been structurally analysed by FTIR and CD spectroscopy. Furthermore the 

peptide has been reconstituted into phospholipid membranes, which provides a good 

model of the peptides conformation in its physiological environment.
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5.2 Materials and Methods

5.2.1 Peptide Synthesis

The polypeptide corresponding to the M2 domain of ROMKl was synthesised, 

purified and its amino acid composition confirmed by Dr.B.Ramesh.

The peptides were synthesised using an automated peptide synthesiser Rainin PS3 

(Protein Technologies, Inc., USA) by a step-wise solid procedure (Merrifield, 1963) 

using a-9-Flurenylmethyloxycarbonyl (Fmoc) protecting group strategy (Carpino & 

Han., 1972). The polypeptides were cleaved fi’om the resin using 95% Trifluoroacetic 

acid (TFA) with scavengers and purified isocratically on a reverse phase HPLC column 

(250 X 10 mm i.d.) using 0.1% TFA and acetonitrile as eluents. One major peak was 

observed when the eluent was monitored at 220nm. The peptides were fi*eeze dried in 

the presence of O.IM HCl to remove the TFA. The sequence of the 25 amino acid long 

polypeptide corresponding to the M2 domain of ROMKl was as follows:

M2 polvpeptide: NH2-AIFLLIFQSILGVIINSFMCGAILA-COOH

The amino acid composition of the synthetic peptide was subsequently confirmed by 

amino acid analysis.

5.2.2 Sample preparation o f ROMKl M2 peptide

Peptide in aqueous buffer was prepared by suspending the peptide in D2 O PBS 

(140mM NaCl, 2.7mM KCl, lOmM Na2HP04, l.SmM KH2PO4 , pH 7.4) buffer at 

lOmg/ml by vortex mixing.

Peptide samples were reconstituted into phospholipid micelles and vesicles as follows; 

the peptide was dissolved in TFA and a thin film of the peptide was formed at the base 

of a quickfit glass round bottomed flask by rotary evaporation of the organic solvent. 

Residual traces of TFA were eliminated by fi’eeze drying in the presence of 0. IM HCl. 

The peptide samples were then either resuspended into Lysophosphatidylcholine (LPC) 

or Dimyristoyl L-a-phosphatidylcholine (DMPC). The phospholipid was dissolved in 

chloroform and added to the flask containing the peptide film. Again the solvent was
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removed by rotary evaporation, thus forming a thin lipid film on top of the peptide 

film. Further drying was carried out under vacuum for 24 hours.

The dried samples were then either resuspended in PBS buffer to give a final 

concentration of peptide of lOmg/ml for FTIR measurements or in sodium phosphate 

buffer (80mM Na2HP04, 20mM NaH2?04, pH 7.4) to give a final concentration of 

peptide of less than 1 mg/ml for CD analysis.

FTIR and CD measurements were also performed on the M2 peptide in a range of 

concentrations of trifluroethanol (TFE). Thin peptide films were formed as before and 

resuspended in the appropriate mixture of TFE/PBS or TFE/sodium phosphate for 

FTIR and CD analysis respectively.

5.2.3 FTIR spectroscopy

Infrared spectra were recorded at 30°C using a 1750 Perkin-Elmer FTIR spectrometer 

continuously purged with dry air. Samples were placed in a lOpl volume gas tight CaF2  

cell with a 6pm pathlength. For each spectrum 100 scans were signal averaged at a 

resolution of 4cm'\ Absorbance spectra of the peptide were obtained by digital 

subtraction of a spectrum of D2 O containing buffer from the sample spectrum. Detailed 

analysis of the amide I band was carried out using a second derivative procedure. 

Second derivative spectra were calculated using GRAMS Derivative function with a 

13 data point Savitzky-Golay smoothing window.

5.2.4 CD Spectroscopy

CD spectra were recorded at 22°C in a 0.02cm pathlength cell using a Jasco J-600 

spectropolarimeter. A scan rate of lOnm/min was employed. The instrument was 

continuously purged with nitrogen to prevent ozone build up. Far-UV spectra 

(190-260nm) of the M2 polypeptide at 1 mg/ml in TFE/phosphate buffer were 

recorded. TFE/phosphate buffer spectra corresponding to individual peptide buffers 

were measured and subtracted from the corresponding peptide spectra to remove any 

of the effects of their absorbances. Spectra were subsequently corrected for 

concentration and their As values per residue calculated.
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5.3 Results

5.3.1 FTIR spectroscopy

When preparing the M2 peptide for infrared measurements in aqueous solution it was 

clear that the peptide was veiy insoluble. Furthermore this solubihty was independent 

of peptide concentration. Nevertheless a spectrum was recorded of the M2 suspended 

in D2 O PBS at a concentration of lOmg/ml. The absorbance spectrum of the M2 

peptide in D2 O showed a broad amide I band with maximum absorbance centred at 

1627cm'\ further peaks were observed at 1694cm‘̂  and 1654cm'^ (Figure 5,2). The 

absorbance at 1627cm'^ and 1694cm'^ is consistent with intermolecular P sheet 

structure (Byler & Purcell, 1989; Jackson & Mantsch, 1995) and is frequently 

observed in aggregated proteins (Spruijit & Hemminga, 1991; Sanders et al., 1993). 

The minor peak at 1654cm'^ corresponds to a-helical structure, suggesting that 

though the majority of the peptide is aggregated in aqueous solution, a minor 

proportion of the peptide participates in the formation of orderly secondary structure.

FTIR spectra were recorded of the M2 peptide dissolved in 50% TFE/D2O PBS and 

95% TFE/D2 O PBS, the resulting absorbance spectra are illustrated in Figure 5,2. The 

FTIR spectra of the peptide in 50% TFE shows that the amide I band is centred at 

1654cm'\ The absorbance associated with intermolecular p sheet structure found in 

the aqueous spectrum is still present but less intense in nature. This indicates an 

increase in a-helical structure at the expense of intermolecular P sheet structure. In 

95% TFE a narrow amide I band is observed located at 1654cm'‘. As no further 

absorbance is present at 1627cm'^ and 1694cm'^ it can be presumed that all of the M2 

peptide sample is participating in the formation of a-helices.

158



Synthetic M2 domain of ROMKl

o

o
c/5

<

1654n
a \ 1627
11 \/'

/ /
' \  \
\  \

\ \
\ \

a/ \ ' \’/ \ \
f \ \ \ /

1694 i \\
\ \
\ \ / :  / '

/! \\ \ A - ^ / / /
"  /y

1750 1550
W avenum ber (c m ')

Figure 5.2: Absorbance spectra of the synthetic peptide corresponding to the

ROMKl M2 domain, recorded in DzO PBS pH 7.4 (Blue), 50% TFE/D2O PBS pH

7.4 (Purple) and 95% TFE/D2O PBS pH 7.4 (Red). All spectra were recorded at 20°C 

at a peptide concentration of lOmg/ml.
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As the M2 domain is transmembraneous it was essential to determine the conformation 

of the peptide in an environment that mimics the cell membrane. For this purpose the 

peptide was reconstituted into LPC micelles and DMPC vesicles. Figure 5.3 shows the 

absorbance and second derivative FTIR spectra of M2 peptide in LPC and DMPC. The 

intense bands observed at 1742cm’̂  and 1727cm'^ in the DMPC sample and at 

1725cm'^ in the LPC sample arise from vibrations in the phopholipid ester groups. The 

absorbance spectra of M2 in LPC and DMPC display amide I bands at 1654cm’̂  

wavelength. Further suggesting that the M2 peptide has an a-helical conformation 

within the membrane. The amide I band of the peptide in DMPC is narrower than that 

arising from the peptide in LPC. However further analysis of the spectra using the 

second derivation procedure indicates that the bands arising from a-helical structures 

are very similar in nature (1654cin'^). The additional absorbance at 1674cm‘̂  in the 

LPC spectrum probably arises form residual traces of TFA in the sample. These 

findings indicate that the M2 peptide adopts an a-helical conformation in phospholipid 

membranes.

Figure 5.3C shows the amide I and the amide II bands of the FTIR absorbance 

spectrum recorded of the M2 peptide reconstituted into phospholipids. The existence 

of the amide II band indicates that the hydrogen-deuterium exchange is incomplete. 

This is in contrast to the P domain peptide (see Chapter 7) whose spectrum has no 

significant absorbance in the amide II region (Figure 5.3C). This indicates that the M2 

domain is comparably inaccessible to the D2O based buffer.

In order to determine whether temperature effected the conformation of the peptide 

the samples were heated at 5°C increments from 10°C to 70°C. The resulting spectra 

indicated that no structural changes accompany raising the temperature of the samples. 

Likewise a similar experiment was performed to determine whether Mg^^ ions could 

alter the structure of the M2 peptide in phospholipids, lOOmM of | MgCL was 

added to the sample buffer and an FTIR spectrum was recorded. As before no 

conformational changes were observed in comparison to the recording performed in 

the absence of Mg^ .̂
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Figure 5.3: Absorbance (Blue) and second derivative (Red) FTIR spectra of the

synthetic peptide corresponding to the M2 domain of ROMKl in D2 O PBS pH

7.4/DMPC vesicles (A) and D2O PBS pH 7.4/LPC micelles (B). (blue)

Comparison of the amide I and amide II bands of the ROMKl M2 peptide^and the

ROMKl P peptide^in LPC micelles (C).
(purple)
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5.3.2 CD spectroscopy

The peptide corresponding to the M2 domain of ROMKl was clearly insoluble in 

phosphate buffer. Consequently CD analysis could not be performed in this media.

The CD spectra of the M2 peptide suspended in 30%, 50%, 70% and 90% TFE/H2 O 

phosphate buffer are illustrated in Figure 5.4. The spectra obtained for the 50%, 70% 

and 90% TFE/H2 O samples are almost identical, all have a minimum at 207nm with a 

shoulder at 223nm. This profile is characteristic of proteins with a high a-helical 

secondary structure content (Woody, 1995; Kelly & Price, 1997). Interestingly the As 

values of the minima are almost identical, becoming fi'actionally more negative with 

increasing TFE/H2 O ratios. This indicates that the proportion of the peptide 

participating in the formation of a-helical structures is almost the same in both 50% 

and 90% TFE/H2 O.
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Figure 5.4: Far-UV CD spectra of synthetic peptide corresponding to the M2 domain 

of ROMKl in 30% TFE/H2 O phosphate buffer (Cyan), 50% TFE/H2O phosphate 

buffer (Purple), 70% TFE/H2O phosphate buffer (Green) and 90% TFE/H2O buffer (Red)̂  

All spectra were recorded at a peptide concentration of 1 mg/ml at room temperature.
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5ï4 Discussion

Hydropathy plots indicate that the M2 domain of potassium inward rectifier channels is 

transmembraneous, the finding that the M2 peptide was visibly insoluble in aqueous 

media supports this finding. The FTIR absorbance spectra of the M2 peptide 

suspended in water indicated that the peptide adopted an intermolecular p sheet 

structure, a characteristic structure of aggregated peptides (Clark et al.  ̂ 1981; Jackson 

& Mantsch, 1995).

TFE has previously been used as a membrane mimetic solvent, furthermore it has been 

shown to increase the tendency of a protein to adopt the structure for which it has a 

propensity to form (Zhong et al., 1992; Kemmink & Creighton, 1995). The FTIR and 

CD spectra indicated that the peptide corresponding to the M2 domain adopts a 

predominantly a-helical structure in ratios of 50% TFE/H2O and above. The CD 

spectra of the peptide in 50%, 70% and 90% TFE/H2 O were very similar in nature 

suggesting that the M2 domain is completely a-helical throughout this range of TFE 

concentrations. This finding suggests that the M2 either has a high propensity to form 

an a-helical structure or is relatively unhydrophobic in nature. Examination of the 

amino acid sequence of the M2 domain suggests that the former explanation is the 

more likely. This finding is in agreement with a recently published CD study on a M2 

peptide (Ben-Efraim & Shai, 1997), which showed that the M 2 domain adopted an a- 

helical structure in TFE.

NH2-AIFLLIFQSILGVIINSEMCGAILA-COOH

Where X is a non-polar (hydrophobic residue)

X is a neutral residue 

X is a polar-uncharged residue

Figure 5.5: The sequence of the M2 domain of the ROMKl channel showing the 

amino acid class of each residue based on the ionic properties of its side chain at 

physiological pH.
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The FTIR spectra of the M2 peptide reconstituted into LPC micelles and DMPC 

vesicles are characteristic of proteins with an a-helical structure. Further indicating 

that the M2 domain has a helical structure within the membrane. The existence of the 

amide II band located at 1565cm’̂  suggests that the M2 domain is less| accessible to 

the deuterated solvent than the P region (see Chapter 7).

Evidence from electrophysiological studies suggest that the M2 region has some 

contact with the ion conducting pathway (Wible et al., 1994; Lu & MacKinnon, 1994; 

Lu & MacKinnon, 1995). As the M2 domain is relatively inaccessible to D2 O by itself, 

it is possible that other regions of the ROMKl channel protein are also required in the 

formation of the lower vestibule of the pore. Mutations within the proximal C-terminal 

have been shown to alter the rectification and conductance properties of inwardly 

rectifying potassium channels (Taglialatela et al., 1994; Taglialatela et al., 199^, thus 

suggesting that this region is probably also involved in pore formation. Ben-Efraim and 

Shai have shown that a synthetic peptide corresponding to the proximal C-terminal 

region can bind to zwitterionic phospholipids (Ben-Efraim & Shai, 1996), indicating 

that this region could be associated with the membrane.

The finding that the addition of free Mg^  ̂ ions did not produce a conformational 

change within the M2 domain could indicate that magnesium occludes the pore 

Avithout producing a structural change. However it must be noted that ROMKl is a 

weak rectifier, furthermore the important asparagine residue could be inaccessible to 

the Mg^^ ions without the addition of other pore lining elements.

The a-helical structure adopted by the M2 domain in phospholipids was found to be 

structurally stable to heat dénaturation, suggesting that the structure of the M2 domain 

is likely to be fairly rigid within the membrane. This high level of inflexibility suggests 

that the binding of Mg^^ ions to amino acid position 171/172 would probably be 

insufficient to produce a structural change. Taken together these findings suggest that 

Mg^^ probably exerts its effect by directly binding to the M2 domain, occluding the 

pore without producing a structural change.

165



Synthetic M2 domain of ROMKl

Helices are often amphipathic in nature, in that they have one face composed of 

predominantly polar residues, with the opposing face being composed of 

predominantly non-polar residues. This allows the non-polar surfaces to interact 

together, whilst the polar side is often in contact with aqueous solution. As parts of the 

M2 domain have been proposed to line the pore, this region has been plotted as a 

helical wheel to test whether this domain is amphipathic in nature (Figure 5.6). The 

helical wheel suggests that the N-terminal segment of the M2 domain is not 

amphipathic in nature. The segment of the M2 domain from the asparagine residue to 

the intracellular side of the membrane has a greater potential to be amphipathic, 

however there are no amino acid residues with polar-charged side chains within the 

M2 domain of ROMKl. Strong inwardly rectifying potassium channels are 

characterised by the existence of à positively charged residue (normally aspartic acid) 

at the homologous site of the asparagine in ROMKl. Therefore the corresponding 

region of strong rectifiers would be more amphipathic.

In conclusion, the M2 peptide adopts an a-helical conformation in phospolipid 

membranes. Furthermore when this region is plotted as a helical wheel, the findings 

indicate that only the lower part of the M2 domain could possibly form an amphipathic 

helix, suggesting that if the M2 domain is partly responsible for lining the pore, only 

the distal segment is likely to be in contact with a water filled vestibule. To build a 

potential model of the ion conducting pathway of inwardly rectifying potassium 

channels it is essential to structurally characterise other domains which are involved in 

pore formation. The next few chapters deal with trying to address this problem, whilst 

also attempting to study the evolution of potassium ion channel structure.
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19

Figure 5.6: Helical wheel representation of the M2 domain of ROMKl.

Residue 1 is nearest to the N-terminal, whilst residue 25 is the nearest residue to the C- 

terminal end of ROMKl. Polar-uncharged residues are labelled in purple, neutral 

residues blue and non-polar residues black.
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CHAPTER SIX

RECONSTITUTION AND SECONDARY STRUCTURE DETERMINATION 

OF SYNTHETIC PEPTIDES CORRESPONDING TO THE M l DOMAIN 

OF ROMKl AND THE TRANSMEMBRANE DOMAIN OF minK IN

PHOSPHOLIPIDS
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6. RECONSTITUTION AND SECONDARY STRUCTURE DETERMINATION 

OF SYNTHETIC PEPTIDES CORRESPONDING TO THE M l DOMAIN OF 

ROMKl AND THE TRANSMEMBRANE DOMAIN OF minK IN 

PHOSPHOLIPIDS

6.1 Introduction

The production o f chimeric inward rectifier potassium channels involving swapping the 

first transmembrane spanning domain (Ml) indicate that this region has little effect on 

the rectification or conduction properties of the recipient Kir channel. It is therefore 

probable that this domain has a structural role. A recently published CD study on a 

synthetic Ml peptide indicated that it adopts a predominantly a-helical structure in 

SDS and TFE. However there is no indication into the structure the Ml peptide adopts 

in a more physiologically relevant environment, such as that represented by 

phospholipids.

Preliminary FTIR studies indicated that aggregation of the Ml peptide was preventing 

collection of reliable structural information. Studies on the transmembrane domain of 

minK (minimal potassium channel) have emphasised the importance of incorporation of 

hydrophobic peptides in lipids to determine the native structure of the peptide. CD 

spectra of a synthetic peptide corresponding to this region in methanol revealed an 

a-helical conformation (Ben-Efi*aim et al., 1993). In contrast, an FTIR study on a 

similar peptide suggested the transmembrane domain of minK adopts a p sheet 

structure in DMPC vesicles (Horvàrth et al., 1995). However it has been shown that 

the method of sanq)le preparation used by Horvàrth et al. causes the peptide to 

become aggregated, leading to the incorrect assignment of the peptides secondary 

structure (Mercer, 1996).

The overall aim of this study was to find an optimum way of incorporating 

hydrophobic peptides into lipids in an unaggregated feshion. The second aim of this 

study was to use this method to determine the secondary structure of the Ml domain 

when reconstituted into LPC. Finally, the third aim was to continue the work 

performed by Dr.E.A.J.Mercer in attempting to successfully incorporate the 

transmembrane minK peptide into phospholipid membranes.
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6.2 Materials and Methods

6.2.1 Peptide Synthesis

Polypeptides corresponding to the Ml domain of ROMKl and the putative 

transmembrane domain of minK were synthesised, purified and their amino acid 

composition confirmed by Dr.B.Ramesh.

The peptides were synthesised using an automated peptide synthesiser Rainin PS3 

(Protein Technologies, Inc., USA) by a step-wise solid procedure (Merrifield, 1963) 

using a-9-Flurenylmethyloxycarbonyl (Fmoc) protecting group strategy (Carpino & 

Han., 1972). The polypeptide was cleaved fi’om the resin using 95% Trifluoroacetic 

acid (TFA) with scavengers and purified isocratically on a reverse phase HPLC column 

(250 X 10 mm i.d.) using 0.1% TFA and acetonitrile as eluents. One major peak was 

observed when the eluent was monitored at 220nm. The peptides were freeze dried in 

the presence of 0. IM HCl to remove the TFA. The sequence of the 23 amino acid long 

polypeptide corresponding to the Ml domain of ROMKl and the 30 residue 

polypeptide corresponding to the transmembrane domain of minK were as follows:

ROMKl Ml peptide: NH2-VFITAFLGSWFLFGLLWYWAYV-COOH

minK transmembrane peptide: NH2-RDDSKLEALYILMVLGFFGFFTLGIML

SYI-COOH

The amino acid composition of the synthetic peptides were subsequently confirmed by 

amino acid analysis.

6.2.2 Sample preparation o f ROMKl M l peptide

TFA film method: Peptide samples were reconstituted into phospholipid micelles

and vesicles as follows; the peptide was dissolved in TFA and a thin film of the peptide 

was formed at the base of a quickfit glass round bottomed flask by rotary evaporation 

of the organic solvent. Residual traces of TFA were eliminated by freeze drying in the 

presence of O.IM HCl. The peptide samples were then either resuspended into 

Lysophosphatidylcholine (LPC) or Dimyristoyl L-a-phosphatidylcholine (DMPC). The
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phospholipid was dissolved in chloroform and added to the flask containing the peptide 

film. Again the solvent was removed by rotary evaporation, thus forming a thin lipid 

film on top of the peptide film. Further drying was carried out under vacuum for 24 

hours.

The dried samples were then resuspended in D2O/PBS buffer to give a final 

concentration of peptide of lOmg/ml.

TFE film method: Further samples were dissolved in TFE and a thin film formed as

previously described. The dried sample was treated with O.IM HCl and freeze dried. 

When dry the LPC was dissolved in TFE and added to the flask, again the solvent was 

removed by rotary evaporation. Further drying was carried out under vacuum for 24 

hours. Finally the dried peptide/lipid sample was resuspended in 50% TFE/D2O to give 

a final concentration of lOmg/ml. The solution was thoroughly mixed using a vortex 

before FTIR measurements were made.

Dialysis method: In addition to the reconstitution methods described above, the

transmembrane minK peptide was reconstituted into phospholipids using a previously 

reported dialysis method (Horvàrth et a l, 1995). Briefly, the peptide and 

phospholipids are co-dissolved in 2-chloroethanol before being dissolved in PBS. The 

dialysate was subsequently fi’eeze dried and resuspended in D2O for FTIR analysis.

All peptide/lipid samples which were prepared for FTIR analysis used a molar ratio of 

peptide to phospholipid of approximately 1:50.

6.2.3 Sucrose gradients

Linear 2-10% sucrose gradients in PBS buffer were formed in polyallomer centrifiige 

tubes (Beckman). Stock solutions of 2% and 10% ice cold sucrose were gradually 

mixed and layered slowly into centrifuge tubes to give 2-10% linear gradients. The 

tubes were then allowed to stand overnight at 4°C.

Meanwhile a thin film of Ml peptide in LPC was prepared as previously described in 

section 6.2.2. Before running the sucrose gradients the dried samples were 

resuspended in 2% sucrose/PBS buffer and thoroughly vortexed. Approximately 0.5 

mg of M l peptide was added carefully to the top of each sucrose gradient. The tubes
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were then balanced before being centrifuged at 55,000 rpm for 23 hours at 4°C in a 

TLS55 rotor using a Beckman XL-100 ultracentrifuge.

Fractions (70pl) were collected from the top of the gradient using a gilson pipette, and 

analysed for the presence of protein using the Bradford assay. Individual peaks were 

pooled together and the sucrose removed by dialysis against deuterated PBS buffer, 

finally the samples were concentrated using an Amicon ultrafiltration apparatus.

6.2.4 FTIR spectroscopy

Infrared spectra were recorded at 30°C using a 1750 Perkin-Elmer FTIR spectrometer 

continuously purged with dry air. Samples were placed in a lOpl volume gas tight CaF] 

cell with a 6pm pathlength. For each spectrum 100 scans were signal averaged at a 

resolution of 4cm'\ Absorbance spectra of the peptide were obtained by digital 

subtraction of a spectrum of D2O containing buffer from the sample spectrum. Detailed 

analysis of the amide I band was carried out using the second derivative and Fourier 

self deconvolution procedures. Second derivative spectra were calculated using 

GRAMS Derivative function with a 13 data point Savitzky-Golay smoothing window. 

Deconvoluted spectra were calculated using GRAMS Fourier Self Deconvolution 

(FSD) function using a peak FWHH of 16 and 75% smoothing.
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6.3 Results

6.3.1 ROMKl M l domain

6.3.1.1 TFA film method

The absorbance spectra of the M l peptide reconstituted into DMPC vesicles and LPC 

micelles (Figure 6.1A + Figure 6. ID respectively) using the TFA film method display 

broad absorbance in the amide I region of the spectrum. Peaks are clearly observable at 

1653-165 Icm'^ and 1629-1628cm"\ corresponding to a-helical and intermolecular p 

sheet structure respectively (Susi & Byler, 1986; Jackson & Mantsch, 1995). More 

detailed analysis of the amide I band using the mathematical procedures of derivation 

and deconvolution indicates that the component at 1627cm"  ̂ is more intense than the 

absorbance located at 1655-1654cmj*, suggesting that the majority of the peptide is 

participating in the formation of intermolecular p sheets, a structure which aggregated 

proteins have a propensity to form (Sanders et al., 1993; Jackson & Mantsch, 1995).

This finding could have a number of explanations; the Ml peptide may become 

aggregated upon incorporation into phospholipids. A large proportion of the peptide 

could be aggregated throughout the whole procedure and is either not incorporated or 

is incorporated as an aggregate. Finally the peptide may be incorporated into the lipid 

to different extents, the successfully reconstituted peptide forming a-helices, with the 

exposed peptide forming intermolecular p sheets outside the phospholipid membrane.
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Figure 6.1: FTIR absorbance (A,D), deconvolved (B,E) and second derivative (C,F) 

spectra of the synthetic peptide corresponding to the Ml domain of ROMKl 

reconstituted into DMPC vesicles (Blue) and LPC micelles (Red) using the TFA film 

method All spectra were recorded in D2O PBS, pH 7.4 at 30°C.
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6.3.1.2 TFE film method

The absorbance and second derivative spectra of the M l peptide reconstituted into 

LPC micelles using TFE in the sample preparation and then subsequently resuspended 

in 50% TFE/PBS D2O are illustrated in Figure 6.2A+B. The absorbance spectrum 

displays a narrow amide I band centred at 1655cm‘\  the derivative spectrum indicates 

that no other major components are present within this region. Absorbance in the 

1658-1650cm"^ range of the spectrum is characteristic of a-helical structure (Krimm & 

Bandekar, 1986). This suggests that the Ml peptide adopts an a-helical conformation 

within the TFE/LPC environment.

When a TFE film sample was prepared and then resuspended in PBS D2O an 

absorbance spectrum very similar to that of the TFA film method was observed (Figure 

6.2C). Both the absorbance and derivative spectra indicate that the majority of the 

peptide population adopts an intermolecular (3 sheet structure (1626-1625cm'^), with a 

smaller proportion adopting an a-helical conformation (1655-1653cm'^). This 

suggests that both of the film methods used allow the peptide to become aggregated. 

The presence of TFE in the resuspension buffer disaggregates the peptide allowing it 

to form the structure for which it has a propensity to form (Zhong & Johnson, 1992; 

Kemmink & Creighton, 1995). However from this information it is not possible to 

state whether the peptide becomes fully incorporated into the phospholipid or if it 

forms an a-helix outside of the micelle in the presence of 50% TFE/PBS.

175



Reconstitution of Transmembrane Domains into Phospholipids

17251723

1626

1655

1656 1655

1625
17251723

1800 1600 1800 1600

W avenum ber (cm ^)

Figure 6.2: FTIR absorbance (A,C) and second derivative (B,D) spectra of the

synthetic peptide corresponding to the Ml domain of ROMKl reconstituted into LPC 

micelles using the TFE film method. Dried samples were either resuspended in 50% 

TFE/PBS D2 O, pH7.4 (Blue) or PBS/D2O, pH7.4 (Red).
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6.3.1.3 Sucrose gradients

Samples of the Ml peptide reconstituted into LPC micelles using the TFA film method 

were centrifuged on 2-10% linear sucrose gradients.

Figure 6.3 shows the results of Bradford assays performed on the fractions collected, 

each 70|il sample was taken carefully from the top of the sucrose gradient using a 

pipette. Samples were collected which corresponded to the first peak(s) observed, 

usually fraction 15-18. A second sample was collected which corresponded to a large 

narrow band which appears towards the 10% sucrose concentration end of the 

gradient. These collections were pooled together and dialysed and concentrated for 

FTIR analysis.

Figure 6.4 shows the FTIR second derivative spectra corresponding to the two bands 

collected from the sucrose gradients. The spectra which corresponds to the first peak 

(nearest 2% sucrose) displays an intense band at 1725cm'\ this corresponds to 

vibrations within the LPC. The amide I band is located at 1652cm'\ which is 

characteristic of a-helical structure. Furthermore no significant absorbance is observed 

at 1628-10cm'\ In contrast the derivative spectra of the second peak is largely 

dominated by the band at 1626cm'\ which is due to peptide aggregation, a lower 

amount of absorbance due to a-helical structure is also observed (1650cm'^). 

Interestingly the aggregated peptide is still associated with lipid, as indicated by the 

presence of the band at 1725cm'\

These results show that the M l peptide exists in different structural populations. 

Furthermore sucrose gradients have been successfully used to separate these 

populations. The samples taken fi-om fractions 15-18 contain Ml peptide which has 

been successfully incorporated into LPC micelles, as indicated by the absence of 

aggregated structure. Furthermore the Ml domain peptide adopts an a-helical 

structure within LPC micelles.

Samples taken from the bottom of the sucrose gradient largely consist of aggregated 

peptides. However more interestingly this aggregation is still associated with the 

phospholipid, suggesting that either the peptide is incorporated as an aggregate or that 

the peptide is only inserted into the micelle to a certain extent.
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Figure 6.3: Graphs showing typical results obtained from centrifuging the Ml peptide 

reconstituted in LPC on 2 - 1 0 % linear sucrose gradients. Sample fractions (70pl) were 

collected by carefully pipetting from the top of the gradient. Absorbance ( O D 5 9 5 )  was 

calculated using the Bradford assay technique.
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Figure 6.4: Second derivative FTIR spectra corresponding to the two samples

collected from the 2-10% linear sucrose gradients. Each sample was prepared by 

dialysis against deuterated PBS and concentrated in an Amicon ultrafiltration unit prior 

to FTIR analysis.
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6.3.2 Transmembrane region o f minK

The peptide corresponding to the transmembrane region of minK was insoluble in 

aqueous solution, however a spectrum was recorded of a suspension of the peptide in 

D2O/PBS buffer. The second derivative spectrum shows the amide I band to be located 

at 1626cm'^ (Figure 6.5A). Absorbance at this frequency is due to vibrations arising 

from aggregated polypeptide chains arranged in an intermolecular p sheet 

conformation.

The second derivative spectrum of the peptide reconstituted into LPC micelles using 

the dialysis method described by Horvàrth et al. is shown in Figure 6.5B (Horvàrth et 

a l, 1995). The main peak in the amide I region is located at 1625cm'^ with another 

component absorbing at 1652cm'\, corresponding: to intermolecular p sheet and 

a-helical structure respectively. A similar finding was observed in DMPC vesicles 

(Mercer, 1996).

The FTIR second derivative spectrum of the peptide in LPC micelles reconstituted 

using TFA in the film method is presented in Figure 6.5C. The spectrum indicates the 

presence of both components observed in the dialysis spectrum, namely absorbance at 

1627cm"  ̂ and 1654cm"\ However in contrast the absorbance corresponding to 

a-helical conformation (1654cm"*) is more intense than that of intermolecular p sheet 

structure (1627cm"*). This correlation was also identified when the peptide was 

reconstituted into DMPC vesicles using the TFA film method (Mercer, 1996).
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Figure 6.5: Second derivative FTIR spectrum of synthetic peptide corresponding to

the transmembrane region of minK in D2 O PBS pH 7.4 (A), D2 O PBS/ LPC micelles

prepared using the dialysis method (B) and D2O PBS/ LPC micelles prepared using the

TFA film method (C). All spectra were originally reported by Mercer (1996).
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The second derivative spectrum of the transmembrane peptide in LPC reconstituted 

using TFE is shown in Figure 6.6. Absorbance in the amide I region is dominated by a 

sharp band located at 1653cm‘̂  which can be attributed to an a-helical conformation. 

However, unlike the spectrum recorded from the peptide using the previous thin film 

reconstitution method, negligible absorbance was seen in the 1627/1625cm'^ region of 

the spectrum when TFE was used in sample preparation. This demonstrates that 

utilisation of TFE during incorporation of the minK peptide into phospholipid 

micelles/vesicles minimises the extent of adoption of intermolecular p sheet type 

aggregation by the minK transmembrane peptide.
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Figure 6.6: FTIR second derivative spectrum of the synthetic peptide corresponding 

to the transmembrane region of minK in LPC micelles in 30% TFE/ D2O PBS pH 7.4 

following the formation of a thin film of peptide using TFE.
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6.4 Discussion

Hydropathy plot analysis of the M l domain of the inwardly rectifying potassium 

channels suggest that this region is transmembranous. Mutagenesis studies suggest that 

this region confers no important properties on channel function. Analysis of the amino 

acid sequence of this domain indicates the presence of a large number of non-polar side 

chains and a few polar-uncharged residues (2 Tyr, 1 Ser and 1 Thr). Therefore the 

principle interactions which this domain would participate in with other regions of the 

channel would be hydrophobic in nature.

NH2 -VFITAFLGSWFLFGLLWYWAYV-COOH

Where X is a non-polar residue

X is a neutral residue

X is a polar-uncharged residue

Figure 6.7: The sequence of the Ml domain of the ROMKl channel showing the 

amino acid class of each residue based on the ionic properties of its side chain at 

physiological pH.

The FTIR spectra of the M l peptide reconstituted into phospholipids using both the 

film methods and subsequently resuspended in PBS D2O indicate that a large 

proportion of the peptide participates in the formation of intermolecular p sheet 

structure (Figure 6.1; Figure 6.2C+D). This structure is typically associated with 

protein aggregation and polypeptide dénaturation (Jackson & Mantsch, 1995; Jiang et 

a l, 1996; Holzbaur et al., 1996). In this structure the polypeptides are in an extended 

form allowing the close alignment of adjacent chains with correspondingly strong 

hydrogen bonds between chains (Byler & Purcell, 1989; He et al., 1991). The highly 

hydrophobic nature of the Ml peptide is likely to promote hydrophobic interactions 

between individual chains, this close proximity of polypeptide chains will increase the 

propensity of the peptide to aggregate with itself.
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The film method spectra also display significant absorbance in the 1655-1650cm'^ 

region of the spectrum, which is indicative of a-helical structure. Which indicates that 

a proportion of the peptide is successfully incorporated into the phospholipids in a 

disaggregated manner.

The film method has previously been successfully employed in disaggregating 

polypeptides, thus enabling incorporation into phospholipids without exhibiting 

aggregation (Haris et al., 1994a; Haris et al., 1994b; Ramesh, 1996). The finding in 

this study that the majority of the peptide is aggregated has a number of explanations. 

Firstly, the Ml peptide may not be completely disaggregated using this technique, this 

aggregation may subsequently be incorporated into LPC and DMPC. Alternatively this 

aggregate may not be incorporated into the phospholipids, lying outside of the 

vesicles/micelles. Secondly, the Ml peptide may be disaggregated successfully during 

sample preparation, subsequently the peptide may be incorporated into the membrane 

to differing extents. Consequently the peptide not inserted into the phospholipid 

membrane could aggregate at the surface or outside of the membrane.

TFE is known to disaggregate proteins, furthermore this solvent increases the 

likelihood of a protein to adopt the structure for which it has a propensity to form 

(Zhong & Johnson, 1992; Kemmink & Creighton, 1995). The spectra of the Ml/LPC 

film resuspended in 50% TFE/PBS show that the Ml peptide adopts a predominantly 

a-helical structure within this environment. This suggests that the M l peptide has a 

propensity to form helical structures. However whether the peptide adopts this 

structure within or outside the phospholipid membrane is still unknown.

Sucrose gradients have successfully been used to separate two forms of lipid bound 

porcine SP-C (Vandenbussche et al., 1992). To determine whether the a-helical 

structure and the intermolecular P sheet structure arose fi'om two different populations 

of protein structure we have modified the procedure used by Vandenbussche et al. in 

an attempt to separate these hypothetical populations. Furthermore it was hoped that 

the actual location of the aggregated peptide could be determined.

185



Reconstitution of Transmembrane Domains into Phospholipids

When Ml/LPC samples (prepared by the film method) were centrifijged on 2-10% 

linear sucrose gradients different populations of peptide(s)/lipid(s) were obtained 

(Figure 6.3)J This was indicated by the presence of separate peaks. Fractions collected 

from approximately the 4-5% sucrose gradient had a predominantly a-helical structure 

(1652cm'^) when incorporated into LPC. Furthermore absorbance associated with 

peptide aggregation was absent from the spectrum (Figure 6.4A). In contrast, spectral 

analysis of the peak collected from approximately 10% sucrose consisted 

predominantly of absorbance characteristic of intermolecular (Î sheet structure. 

Interestingly the spectrum also displayed components characteristic of a-helix 

structure and bands arising from the phospholipid micelles are clearly evident (Figure 

6.4B), suggesting that the aggregated peptide is associated with the lipid.

In this study it has been shown that the spectra obtained from the M l peptide 

reconstituted into phospholipid vesicles/micelles is due to the existence of different 

populations of protein. It is possible to separate these different populations using 

sucrose gradients. Association of aggregated peptide with lipid suggests that the 

peptide is either incorporated as an aggregate or that the peptide is partially inserted 

into the membrane.

The Ml peptide sequence is particularly hydrophobic, as are the majority of 

transmembranous regions, thus promoting peptide aggregation. We have demonstrated 

that aggregation is a fundamental problem when assigning secondary structure to 

hydrophobic peptides. Previous workers have miscalculated spectral data, assigning 

bands which are characteristic of intermolecular (3 sheet structure to (3 strands (Nozaki 

et a l, 1978; Spruijt et al., 1989; Horvàrth et ah, 1995; Aggeli et ah, 1996). Therefore 

it is essential to obtain samples which contain non-aggregated structures for structural 

analysis. Combining the film method with centrifugation on sucrose gradients has 

proved successful in obtaining a spectrum of the disaggregated Ml peptide 

incorporated into LPC micelles. This technique could prove to be of use when applied 

to similar investigations on other transmembranous proteins, which display inherent 

aggregation problems.
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This study suggests that the Ml domain peptide adopts an a-helical structure when 

reconstituted successfully into phospholipids. This is in agreement with recent CD 

spectroscopic data which reported that the M l domain is a-helical in 40% TFE/H2O 

Ben-Efraim & Shai, 1997). Taken together these findings suggest that the M l domain 

adopts an a-helical conformation. The exact role the Ml domain has in Kir channel 

function is unknown, through its interaction with other hydrophobic peptide domains it 

might act as a shield between the pore region of the channel and the membrane bilayer. 

A similar role has been proposed for the SI-S3 region of voltage gated channels.

The transmembrane domain of minK provides the second example of a peptide, whose 

secondary structure is dependent on the incorporation method. The peptide suspension 

in aqueous solution displayed FTIR spectra consistent with an aggregated 

intermolecular P sheet structure (Sanders et al., 1993; Spruijt & Hemminga, 1991). A 

similar observation was made when the peptide was incorporated into phospholipid 

membranes using a previously reported dialysis method (Horvàrth et al., 1995). This 

suggests that the peptide aggregates prior to incorporation into the lipids and is either 

taken up as an aggregate or is not incorporated into the phospholipid membranes. 

Therefore the conclusion drawn from this previous study is incorrect, as they have 

assigned the absorbance band at 1626cm'^ to intramolecular P sheet instead of 

intermolecular p sheet structure.

As previously described for the Ml peptide, the film method is designed to minimise 

peptide aggregation prior to incorporation into lipids consequently favouring 

peptide: lipid interactions as opposed to peptide: peptide interactions. Incorporation of 

the transmembrane minK peptide results in a predominantly a-helical structure being 

adopted by the peptide. However the FTIR spectra of the peptide reconstituted into 

LPC and DMPC using this method still display weak absorbance associated with 

intermolecular P sheet. This P sheet structure is probably due to aggregation of the 

peptide. This is supported by the absence of strong absorbance associated with 

intermolecular P sheet when the transmembrane peptide was reconstituted in 30% 

TFE/lipid micelles. TFE increases the tendency of a protein to adopt the structure for 

which it has a propensity to form (Zhong et al., 1992; Kemmink & Creighton, 1995), 

whilst also decreasing the extent of protein aggregation. As a result TFE promotes
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hydrogen bonding and the formation of an a-helical structure in the minK peptide, thus 

allowing the presentation of the optimal peptide conformation to the lipid (McLean et 

al., 1991). These findings indicate that the minK transmembrane peptide adopts an a- 

helical conformation when reconstituted in phospholipids.

In conclusion, this study demonstrates that synthetic peptides corresponding to 

functional domains can give information on the secondary structure the domain adopts 

in a physiological environment, as long as care is taken to prevent aggregation prior to 

its incorporation into lipids. This is of utmost importance when handling hydrophobic 

peptides which tend to aggregate into intermolecular P sheets, leading to the incorrect 

assignment of the secondary structure of peptides in a phosphohpid membrane. This 

is emphasised by the fact that several examples exist in the literature, where proteins 

have been wrongly interpreted as adopting P sheet structure on the basis of incorrectly 

assigned spectroscopic data (Nozaki et at., 1978; Horvàrth a/., 1995).
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7. STRUCTURAL ANALYSIS OF A SYNTHETIC PEPTIDE

CORRESPONDING TO THE PUTATIVE PORE ‘P’ DOMAIN OF ROMKl

7.1 Introduction

The pore region of ion channels selectively allows the controlled passage of specific 

ions into or out of the cell through the hydrophobic environment of the cell membrane. 

The structure and the exact location of pore region of ion channels has been hindered 

by the lack of three-dimensional structures of ion channels. However a number of 

mutagenesis and electrophysiological studies have been used to determine the location 

and functional characteristics of ion channel pores.

Of the ion channels, the voltage gated potassium channels have been the most 

extensively examined. TEA is a known open channel blocker of voltage gated 

potassium channels, blocking the channel when applied on either the extracellular or 

intracellular side of the membrane. Yellen et al. identified a residue in the centre of H5 

region of the Shaker channel which when mutated reduced the affinity of intracellular 

TEA binding (Yellen et al., 1991). Furthermore, mutations at residues at either side of 

the H5 region effected extracellular blockade by TEA (MacKinnon & Yellen, 1991). 

Other workers have also identified residues within the H5 region which alter the 

binding properties of potassium channel blockers (MacKinnon & Miller, 1989).

Expression of voltage gated potassium channels with site directed mutations within the 

H5 region indicated that this region is important in determining the ion selectivity of 

the channel (Yool & Schwarz, 1991; Kirsch et al., 1992), other workers have shown 

that swapping the H5 region of different voltage gated potassium channels produces 

chimeric channels with identical conductance characteristics of the donor channel 

(Hartmann et al., 1991). These initial findings led to the suggestion that the H5 region 

was responsible for lining the entire pore, entering the membrane fi'om the extracellular 

side and spanning the whole membrane before re-emerging on the extracellular side.

The H5 region of voltage gated potassium channels is highly conserved, Heginbotham 

and co-workers have identified a TXXTXGYG amino acid sequence (where X is 

equivalent to any amino acid) which is found in the H5 regions of nearly every voltage
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gated potassium channel (Heginbotham et al., 1994). Interestingly this motif is also 

found in the P region of many inwardly rectifying potassium channels. In contrast the 

transmembrane region of minK, the only member of the third family of potassium 

channels does not contain this highly conserved sequence.

Shaker PDAFWWAWTMTTVGYGDMTP
Shal PAAFWYTIVTMTTVGYGDMVP
ROMKl TSAFLFSLETQVTIGYGFRF

Figure 7.1: Sequence alignment of the ‘pore’ regions of two voltage gated potassium 

channels. Shaker and Shal and the inwardly rectifying ROMKl.

The highly conserved TXXTXGYG amino acid sequence motif is highlighted in bold.

The high level of homology between the P region of ROMKl and the H5 region of 

voltage gated potassium channels suggests that they have a similar role. Inwardly 

rectifying potassium channels gating characteristics are in part determined by a voltage 

dependent blockade of the pore by intracellular Mg^^ ions and polyamines. However 

evidence from site directed mutagenesis and the production of chimeric channels has 

suggested that the P region has little effect on conductance and rectification properties 

of Kir channels. The most important regions have been located to a single residue 

within the M2 transmembrane spanning domain and a region in the proximal 

C-terminal (W^ble et a l, 1994; Lu & MacKinnon, 1994; Picker et a l, 1994; 

Taglialetela et a l, 1995). In contrast a study on the Kir3.1 channel has shown that a 

mutation of a single residue within the P region can alter the gating characteristics of 

the expressed channel (Kofuji et a l, 1996). A more detailed description of inward 

rectifiers is found in chapter 4.

More recently other regions within the voltage gated potassium channel have been 

identified in contributing to the formation of the ion conductance pathway. Strong 

evidence suggests that the S4-5 linker (Slesinger et a l, 1993) and C-terminal side of 

S6 (Lopez et a l, 1994) line the lower part of the pore with the H5 dipping into the

191



Putative Pore ‘P’ Domain of ROMKl

extracellular side of the membrane to form the outer vestibule of the channel pore 

(Goldstein et a l, 1994). Therefore it is not improbable that the P region of Kir channel 

forms an ion selective filter with the lower vestibule of the pore being formed by parts 

of the M2 and C-terminal.

Lack of NMR or X-ray crystal structures of potassium channels, which is hindered by 

their large size and problems associated with the formation of crystals of membrane 

proteins, means that structural data on the pore forming regions of potassium channels 

is scarce. The majority of predicted structures of voltage gated potassium channels 

have been made obsolete with the expanding knowledge within this field of study. 

Therefore it is evident that direct structural information is required before an exact 

model of the pore and channels in general can be obtained.

One approach which has been used to overcome this problem has been to synthesise 

peptides which correspond to functionally important domains of ion channels and 

structurally analyse them by various spectroscopic techniques (Haris et a l, 1994a; 

Haris et a l, 1994b). Indeed this method has been used to determine the structure of 

the H5 region of the voltage gated Shaker channel (Haris et a l, 1994a; Shinozaki et 

al, 1994).

The aim of this study was to synthesise a peptide which corresponded to the P region 

of the Kir channel ROMKl. This peptide has been structurally characterised in a 

number of different environments using FTIR and CD spectroscopy. The results are 

discussed in comparison to spectroscopic studies and computer predicted structures 

which have been performed on the homologous H5 region of voltage gated potassium 

channels.
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7.2 Materials and Methods

7.2.1 Peptide Synthesis

A polypeptide corresponding to the P region of ROMKl was synthesised, purified and 

its amino acid composition confirmed by Dr.B Ramesh.

The peptide was synthesised using an automated peptide synthesiser Rainin PS3 

(Protein Technologies, Inc., USA) by a step-wise solid procedure (Merrifield, 1963) 

using a-9-Flurenylmethyloxycarbonyl (Fmoc) protecting group strategy (Carpino & 

Han., 1972). The polypeptide was cleaved from the resin using 95% Trifluoroacetic 

acid (TFA) with scavengers and purified isocratically on a reverse phase HPLC column 

(250 X 10 mm i d.) using 0.1% TFA and acetonitrile as eluents. One major peak was 

observed when the eluent was monitored at 220nm. The peptide was freeze dried in 

the presence of O.IM HCl to remove the TFA. The sequence of the 25 amino acid long 

polypeptide corresponding to the P region of ROMKl is as follows:

ROMKl P peptide: NH2-SAFLFSLETQVTIGYGFRFVTEQCA-COOH

The amino acid composition of the synthetic peptide was subsequently confirmed by 

amino acid analysis.

7.2.2 Sample preparation o f  ROMKl P  peptide

Peptide in aqueous buffer was prepared by suspending the peptide in D2 O PBS 

(140mM NaCl, 2.7mM KCl, lOmM Na2HP04, l.SmM KH2PO4 , pH 7.4) buffer at 

lOmg/ml by vortex mixing.

Peptide samples were reconstituted into phosphohpid micelles and vesicles as follows; 

the peptide was dissolved in TFA and a thin film of the peptide was formed at the base 

of a quickfit glass round bottomed flask by rotary evaporation of the organic solvent. 

Residual traces of TFA were eliminated by freeze drying in the presence of O.IM HCl. 

The peptide samples were then either resuspended into Lysophosphatidylcholine (LPC) 

or Dimyristoyl L-a-phosphatidylcholine (DMPC). The phospholipid was dissolved in 

chloroform and added to the flask containing the peptide fihn. Again the solvent was
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removed by rotary evaporation, thus forming a thin lipid film on top of the peptide 

film. Further drying was carried out under vacuum for 24 hours.

The dried samples were then either resuspended in PBS buffer to give a final 

concentration of peptide of lOmg/ml for FTIR measurements or in sodium phosphate 

buffer (80mM Na2HP04, 20mM NaH2P04, pH 7.4) to give a final concentration of 

peptide of less than 1 mg/ml for CD analysis.

FTIR and CD measurements were also performed on the P peptide in a range of 

concentrations of trifluroethanol (TFE). Thin peptide films were formed as before and 

resuspended in the appropriate mixture of TFE/PBS or TFE/sodium phosphate for 

FTIR and CD analysis respectively.

7.2.3 FTIR spectroscopy

Infi*ared spectra were recorded at 30°C using a 1750 Perkin-Elmer FTIR spectrometer 

continuously purged with dry air. Samples were placed in a lOpl volume gas tight CaF2  

cell with a 6pm pathlength. For each spectrum 100 scans were signal averaged at a 

resolution of 4cm'\ Absorbance spectra of the peptide were obtained by digital 

subtraction of a spectrum of D2 O containing buffer fi-om the sample spectrum. Detailed 

analysis of the amide I band was carried out using a second derivative procedure. 

Second derivative spectra were calculated using GRAMS Derivative function with a 

13 data point Savitzky-Golay smoothing window.

7.2.4 CD Spectroscopy

CD spectra were recorded at 22°C in a 0.02cm pathlength cell using a Jasco J-600 

spectropolarimeter. A scan rate of lOnm/min was employed. The instrument was 

continuously purged with nitrogen to prevent ozone build up. Spectra of the LPC Far- 

UV spectra (190-260nm) of the P polypeptide at 1 mg/ml in TFE and LPC micelles 

micelles in the phosphate buffer and TFE/phosphate buffer were subtracted fi’om their 

corresponding peptide spectra to remove any of the effects of their absorbances. 

Spectra were subsequently corrected for concentration and their As values per residue 

calculated.
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7.3 Results

7.3.1 FTIR spectroscopy

The P domain peptide was found to be insoluble in aqueous solution. Nevertheless a 

FTIR spectrum of the peptide suspended in D2 O was recorded. Absorbance in the 

1750-1550cm'^ region of the spectrum indicates that the amide 1 band is located at 

1620cm'\ further absorbance is also clearly visible at 1694cm’̂  (Figure 7.2). Previous 

studies on aggregated proteins display absorbance at these frequencies (Sanders et al., 

1993; Spruijit & Hemminga, 1991), furthermore absorbance associated with the 

formation of intermolecular P sheets is observable between 1610-1628cm'^ (Clark et 

a l, 1981; Byler & Purcell, 1989; Jackson & Mantsch, 1995). Therefore in aqueous 

solution the P peptide forms aggregates which are arranged in an intermolecular P 

sheet conformation.

FTIR spectra of the P polypeptide suspended in 50% TFE/D2 O and 95% TFE/D2O 

were recorded (Figure 7.2). The absorbance spectrum of the P polypeptide in 50% 

TFE/D2O shows that maximum absorbance in the amide 1 band is located at 1654cm'\ 

The two peaks observed at 1620cm'^ and 1694cm‘̂  in D2O are still present in 50% 

TFE/D2O, however the intensity of these bands is much weaker. Absorbance at 

1654cm'^ is characteristic of a-helical secondary structure, suggesting that the majority 

of the polypeptide adopts this conformation in 50% TFE/D2 O. The remaining 

proportion of the peptide is still participating in the formation of intermolecular p 

sheets.

The absorbance spectrum of the P polypeptide in 95% TFE/D2 O is also illustrated in 

Figure 7.2. Comparison to the other two spectra indicates the presence of narrow 

amide 1 band with only one peak, centred at 1654cm'\ suggesting that in the presence 

of 95% TFE/D2 O all of the P polypeptide is participating in the formation of a-helical 

structures.
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Figure 7.2: Absorbance spectra of the synthetic peptide corresponding to the ROMKl 

P domain, recorded in D2O PBS pH 7.4 (Blue), 50% TFE/D2O PBS pH 7.4 (Purple) 

and 95% TFE/D2O PBS pH 7.4 (Red). All spectra were recorded at 20°C.
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The absorbance and second derivative spectra of the P polypeptide reconstituted into 

LPC micelles and DMPC vesicles are shown in Figure 7.3. The intense bands observed 

at 1725cm'^ in the LPC sample and 1728cm'^ and 1742cm'^ in the DMPC sample arise 

from vibrations in the phospholipid ester groups. The absorbance spectrum of the P 

polypeptide reconstituted into DMPC bilayers shows a narrow amide I band centred at 

1654cm'^ (Figure 7.3 A), the second derivative spectrum does not show the presence of 

any other major components. This indicates that the P polypeptide adopts an a-helical 

structure in DMPC vesicles. Spectra were also recorded at temperatures below the 

phase transition temperature of DMPC and at 5°C intervals up to 70°C, the spectra 

observed displayed no differences from that observed at 30°C (Figure 3A).

The absorbance and second derivative spectra of the P polypeptide in LPC micelles 

(Figure 7.3B) shows the amide I band to be located at 1652cm'\ indicating that the 

peptide also adopts an a-helical conformation in LPC micelles.

A high degree of hydrogen-deuterium exchange for the P polypeptide was observed in 

the spectra of all the samples, this is evident from the weak intensity of the amide II 

band which is normally observable near 1550cm'\ This indicates that the peptide is 

highly accessible to the D2 O PBS solvent.

197



Putative Pore ‘P’ Domain of ROMKl

1731

1654

1728
1742

1654

1725

1651

1652

1725

1800 15501800 1550

oc

03
<1

Wavenumber (cm'^)

Figure 7.3; Absorbance (Blue) and second derivative (Red) spectra of synthetic 

peptide corresponding to the P domain of ROMKl in D2O PBS pH 7.4/LPC micelles 

(A) and D2O PBS pH 7.4/DMPC vesicles (B). All spectra were recorded at 30°C.
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7.3.2 CD spectroscopy

The hydrophobicity of the peptide prevented solubilisation in phosphate buffer and 

consequently CD analysis could not be performed in this environment. Furthermore, 

the turbidity associated with DMPC vesicles causes light scattering problems which 

impede CD spectroscopy in this media, therefore spectra of the peptide were recorded 

in LPC and in various concentrations of TFE/H2 O sodium phosphate buffer.

The CD spectrum of P polypeptide in LPC indicates a minimum at 207nm with a 

shoulder at approximately 220nm (Figure 7.4A). This profile is characteristic of 

proteins with a predominantly a-helical structure (Kelly & Price, 1997).

The P polypeptide was found to be insoluble in concentrations of TFE below 30%, 

therefore ratios of 30% TFE/H2 O and above were used for CD analysis. Figure 7.4B 

shows the CD spectra of the P polypeptide when suspended in 30%, 50%, 70% and 

90% TFE/H2O (Figure 4B). All the spectra have a minimum at 208nm with a shoulder 

at 220nm, which can be attributed to a-helical secondary structure. However the As 

value of the minima becomes more negative with increasing TFE/H2 O ratios, indicating 

that a greater proportion of the peptide participates in the a-helical secondary 

structure at high ratios of TFE/H2 O.
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Figure 7.4: Far-UV CD spectra of synthetic peptide corresponding to the P domain 

of ROMKl in phosphate buffer (80mM Na2HP04, 20mM NaH2?04, pH 7.4)/ LPC 

micelles (A) and in various ratios of TFE/H2O phosphate buffer, 30% (Purple), 50% 

(Cyan), 70% (Green) and 90% (Red) (B). All spectra were recorded at a concentration 

of 1 mg/ml of peptide and at a temperature of 22°C.
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7.4 Discussion

A number of structural models have been proposed for the ion conducting pathway of 

voltage gated potassium channels. These models have relied heavily on information 

obtained from electrophysiological and mutagenesis studies, with no input from actual 

biophysical data. However, more recently two groups have attempted to structurally 

characterise synthetic peptides corresponding to the H5 region of the Shaker voltage 

gated potassium channel (Haris et ah, 1994; Shinozaki et al., 1994). Evidence 

implicates the H5 in having a function in determining the ion selectivity and 

conductance properties of the channel. In contrast, models and structural information 

for the homologous P region of inwardly rectifying potassium channels are scarce. To 

address this deficiency a peptide corresponding to the P region of ROMKl has been 

structurally characterised.

Site-directed mutagenesis of the H5 region and swapping the H5 region of two 

different voltage gated potassium channels indicate that this region is responsible for 

determining the conductance and selectivity properties of the voltage gated potassium 

channel (Hartmann et al., 1991; Yool & Schwarz, 1991). Furthermore mutations 

affecting the binding affinity of TEA, a potassium channel blocker which can bind 

either extracellularly or intracellularly, indicated that point mutations in the centre of 

the H5 I affected only intracellular blockade whereas mutations at either end of the H5 

effected only extracellular blockade (Yellen et al., 1991). These findings led to the 

hypothesis that the H5 region formed the whole ion conductance pathway , entering 

the membrane from the extracellular side, traversing the entire membrane before 

crossing back and emerging on the extracellular side of the membrane. Consequently 

early models of the structure of the pore fitted into this description. Bogusz et al. 

modelled the pore as the clustering of four H5 segments which form long P hairpin 

structures (Bogusz gr a/., 1992).

This model has had to be altered several times to fit new evidence from mutagenesis 

studies. Of this information the most important is the suggestion that other regions 

within the channel may also line part of the pore. A number of workers have suggested 

that the S4-5 linker and part of the S6 probably form the lower vestibule of the pore 

(Lopez et al., 1994; Slesinger et al., 1994), with the H5 segment forming an ion
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selective filter near the surface of the extracellular membrane. Consequently the ion 

selective filter has been modelled as an eight stranded anti-parallel P barrel (Durell & 

Guy, 1992) and more recently the H5 has been suggested to be arranged in a helix- 

loop-helix structure (Guy & Durell, 1994). It is clear that the actual dimensions of the 

pore and relative structural information are required before a reliable model can be 

proposed.

Haris et al. have structurally characterised a peptide corresponding to the H5 region of 

the Shaker voltage gated potassium channel. This peptide was found to adopt an 

a-helical conformation in phospholipids (Haris et al., 1994). In contrast, a similar 

study proposed that the H5 was a mixture of a-helix, p-sheet, p turn and random coil 

structure (Shinozaki et al., 1994). However their finding that the structure of the 

peptide aggregate in aqueous buffer is almost identical to the structure observed in 

liposomes, probably suggests that the peptide is inserted into the liposome as an 

aggregate.

The high level of homology between the ‘P’ region of the inwardly rectifying 

potassium channel family and that of the H5 region of voltage gated channel suggests 

both segments have evolved to have a similar function. Therefore the ROMKl P 

peptide has been structurally analysed using FTIR and CD spectroscopy.

A hydropathy plot of the ROMKl channel indicated the ‘P’ region is hydrophobic in 

nature (Figure 7.5), indeed the peptide was found to be insoluble in aqueous solution. 

FTIR spectra of the P peptide recorded as a suspension in D2O PBS revealed bands 

reflecting a predominantly intermolecular P sheet structure, which can be attributed to 

peptide aggregation.

Spectra of the P peptide were recorded in varying ratios of TFE/D2 O PBS. TFE is 

often used as a membrane mimetic solvent. The insolubility of the peptide in 20% TFE 

prevented CD analysis. However the FTIR spectrum indicated the presence of 

intermolecular P sheet structure. The insolubility of the P peptide probably explains 

why a previous study was unable to obtain a significant CD signal (Ben-Efi-aim & Shai, 

1997). As the TFE/D2 O PBS ratio increases the CD and FTIR spectra indicated a rise 

in a-helical content. In 95% TFE the FTIR spectrum clearly showed that the peptide
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only adopts an a-helical secondary structure. This indicates that the peptide adopts a 

predominantly a-helical structure in a membrane mimetic environment represented by 

TFE solvent.

The spectra of the ROMKl P peptide reconstituted in LPC micelles and DMPC 

vesicles showed that the peptide adopted an a-helical conformation , further 

suggesting that the P region has a structure which is largely a-helical within the 

membrane. In all the FTIR spectra of the ROMKl P polypeptide the amide II band 

was absent, indicating that the hydrogen-deuterium exchange is completed almost 

instantaneously. This rate of exchange is a good indication of the solvent accessibility 

of the peptide, suggesting that even in a phospholipid environment the P polypeptide is 

highly accessible to the aqueous solvent. A finding which supports the idea that the P 

region forms part of the water accessible pore.

The P region of ROMKl was modelled as a typical a-helix to determine whether it is 

amphipathic in nature, the model suggested that this wasn’t the case. However the 

finding that two glycine residues are in close proximity within the P segment 

(VTIGYGFR) suggests the possibility of a tum/coil structure at the Gly-Tyr-Gly 

triplet. Therefore we plotted a helical wheel representation of an a-helix for each 

region of the P segment flanking the Gly-Tyr-Gly motif (Figure 7.6). These wheels 

suggest that the carboxyl end of the ‘P ’ domain can form an amphipathic helix, 

whereas the N-terminal end would form a helix which is largely unamphipathic in 

nature.
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Figure 7.5: Kyte-Doolittle hydropathy plot of the ‘P’ region of the inwardly rectifying 

potassium channel ROMKl.
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PI

P2

Figure 7.6: Helical wheel representation of the two a-helices which correspond to the 

proximal end of the ‘P’ domain (PI) and the distal end of the ‘P’ domain (P2). 

Polar-charged residues are labelled in red, polar-uncharged residues purple, neutral 

residues blue and non-polar residues black.
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In conclusion, the findings of the structural studies performed on the synthetic peptide 

corresponding to the ‘P ’ segment of ROMKl suggest that this region is largely 

a-helical in structure within the membrane. Furthermore this region is highly accessible 

to aqueous media, a prerequisite for any region lining the ion conductance pathway. In 

particular the distal end of the ‘P ’ domain is highly amphipathic, suggesting favourable 

interactions with H2 O alongside one face of the helix in this region. In the previous 

chapter it was described how the M2 and the proximal C-terminal region are important 

in determining the rectification and conductance properties of inwardly rectifying 

potassium channels. Therefore it is probable that the ‘P’ region forms the ion selective 

filter at the extracellular side of the membrane whereas the M2 and proximal 

C-terminal form the lower part of the ion conductance pathway.

Interestingly the structure of the ‘P’ region was found to be very similar to that of the
b

H5 region of the Shaker voltage gated channel (Haris et al., 199^. Furthermore the 

findings of this study are in good agreement with Guy and Durell’s latest model of the 

H5 region as consisting of a helix-tum-helix structure (Guy & Durell, 1994). This 

experiment suggests that the H5 region of voltage gated and the ‘P ’ region of inwardly 

rectifying potassium channels are highly conserved in structure, underlying this regions 

importance in the functioning of potassium channels.
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7.5 Conclusion

Structural analysis by FTIR and CD spectroscopy and examining the amino acid 

sequence of the ‘P’ domain of ROMKl suggests that this domain probably adopts a 

helix-tum-helix stmcture. This finding is in good agreement with the homologous H5 

region of voltage gated potassium channels (Haris et a l, 1994; Guy & Durell, 1994). 

The absence of an amide H band plus the amphipathic nature of the second a-helix 

suggests that this section of the ‘P’ domain forms the ion selectivity filter of ROMKl. 

Interestingly, site-directed mutations in the homologous section of H5 effect ion 

selectivity (Kirsch et al., 1992; Kirsch et al., 1994; Aiyar et a l, 1994), also when a 

number of residues in this region are replaced with a cysteine side chain they become 

accessible to methanethiosulfonate derivatives (Pascual et a l, 1995). Although similar 

evidence doesn’t exist for inward rectifier potassium channels the high level of 

homology between ‘P’ and H5, plus the demonstration that this region is almost 

structurally identical suggests a similar function.

The overall aim of the ROMKl project is to build up a stmctural model of the channel. 

The previous two chapters have described experiments performed on the M l and M2 

domains of ROMKl. Both these regions were found to be a-helical in conformation. 

The high hydrophobicity of Ml and the problems associated with aggregation of the 

peptide suggested that this domain has no contact with H2 O in its natural environment. 

In contrast, reconstitution of the M2 polypeptide into phospholipid membranes posed 

fewer problems. Lu & MacKinnon have shown that the side chain of the amino acid at 

position 171 (within M2) is accessible to H2 O (Lu & MacKinnon, 1995), indicating 

that the lower half of M2 is at least in part responsible for lining the ion conducting 

pathway.

Our model suggests that the distal helix of the P domain forms the ion selectivity filter, 

with sections of the M2 domain lining part of the lower vestibule of the channel pore. 

Mutagenesis studies also indicate that regions within the C-terminal are involved in 

conductance and rectification of the channel and therefore could also be involved in 

pore formation. The M l domain probably shields the pore fi*om the hydrophobic 

nature of the membrane.
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Figure 7.7: Predicted model of the structure of a subunit of the ROMKl inwardly 

rectifying potassium channel based on previous mutagenesis studies and the structural 

characterisation of the Ml, M2 and P domains of the channel
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8. EXPRESSION OF RECOMBINANT PROTEINS CORRESPONDING TO 

THE WHOLE CARBOXYL AND DISTAL CARBOXYL TERMINAL OF 

RO M K l

8.1 Introduction

Mutagenesis and electrophysiological studies have indicated that the C-terminal region 

of Kir channels is functionally important. This region is implicated in determining
a+b

rectification properties (Taglialatela et a l, 1994; Taglialatela et a l, 1995), subunit
A

association (Tinker et a l, 1996) and channel regulation (Ho et a l, 1993; Slesinger et 

al., 1995); for more information read chapter 4. Therefore we have attempted to 

structurally characterise the C-terminal region of ROMKl.

The DNA sequence which encodes the entire ROMKl channel is shown in Figure 8.1. 

The encoded channel protein is 391 amino acids in length, of which 210 amino acids 

constitute the C-terminal. As peptide synthesis is generally only successful in 

producing polypeptides up to 30 amino acids in length, the entire ROMKl gene has 

been cloned and an Escherichia coli {E.coli) expression system has been used to 

produce recombinant proteins which correspond to the whole C-terminal (ROMKCT) 

and the distal C-terminal (ROMKC60).

1 ATGGGCGCTTCGGAACGGAGTGTGTTCAGAGTGCTGATCAGGGCACTGACAGAAAGGATG 60 
61 TTCAAACACCTCCGAAGATGGTTTATCACTCACATATTTGGGCGTTCCCGGCAACGGGCA 120 
121 AGGCTGGTCTCTAAAGAAGGAAGATGTAACATCGAGTTTGGCAATGTGGATGCACAGTCA 180 
181 AGGTTTATATTCTTTGTGGACATCTGGACAACTGTGCTGGACCTGAAATGGAGGTACAAA 24 0 
241 ATGACCGTGTTCATCACAGCCTTCTTGGGGAGTTGGTTCCTCTTTGGTCTCCTGTGGTAT 300 
301 GTCGTAGCGTATGTTCATAAGGACCTCCCAGAGTTCTACCCGCCTGACAACCGCACTCCT 360 
361 TGTGTGGAGAACATTAATGGCATGACTTCAGCCTTTCTGTTTTCTCTAGAGACTCAAGTG 420 
421 ACCATAGGTTACGGATTCAGGTTTGTGACAGAACAGTGCGCCACTGCCATTTTCCTGCTT 4 80 
4 81 ATCTTCCAGTCTATTCTTGGAGTGATCATCAATTCCTTCATGTGTGGTGCCATTTTAGCC 54 0 
541 AAGATCTCTAGACCCAAAAAA.C6TGCTAAAACCATTAC6TTCAGCAAGAATGCGGTGATC 600 
601 A0CAAGCaT6GC66GAAGCTCT6CCTCCTCATCCGA6TOGCCAA.TCTTAGGAAfiA6CCTT 660 
6 6 1  CTGATTGGCA6CCACATATAT66CAA6CTTCTAAAGACAACCATCACTCCTGAAGGCGA6 7 2 0  

721 ACCATCATTTTGGATCAQACCAACA.TCAACTTTGTCX5TCGACGCTGGGAATGBÜ^AAirTTG 7 80 
7 81 TTCTTCATATCCCCACTGACGATCTACCACATTATTGACCACAAiCAGCCCTTTCTTCGAC 84 0 
841 ATGGCA6CAGAAACTCTTTCCCAACAGGACTTTGAGCTGGTGGTCTTTTTAGATGGCACA 900 
901 GTGGAATCCACCAGTGCAACCTGCCAGGTCCGCACGTCATACGTCCCAGAGGAGGTGCTT 960 
961 TGGGGCTACCGTTTCGTTCCTATTGTGTCCAAGACCAAGGAAGGGAAATACCGAGTTGAT 1020 
1021 TTTCATAACTTCGGTAAGAGAGTGGAAGTGGAGACCCCTCACTGTGCCATGTGCCTCTAT 1080 
1081 AATGAGAAAGATGCCAGGGCCAGGATGAAGAGAGGCTATGACAACCCTAACTTTGTCTTG 1140 
1141 TCAGAAGTTGATGftAACGGACGACACCCAGATGTAG 1176

Figure 8.1: DNA sequence encoding the entire ROMKl channel. Nucleotides 

highlighted in bold correspond to the whole C-terminal, those which are also 

underlined correspond to the distal C-terminal.
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The overall strategy to obtain pure recombinant ROMKCT and ROMKC60 and to 

analyse their structure was as follows:

a) Clone the whole ROMKl gene jfrom rat kidney tissue into the cloning vector 

pUC 19.

b) Subclone the cDNA corresponding to the ROMKCT and ROMKC60 into the 

bacterial expression vectors pGEX 3X and pGEX 2T respectively.

c) Overexpress and purify the recombinant proteins.

d) Structurally characterise the purified proteins by FTIR and CD spectroscopy.

Figure 8.2 illustrates the protocol used in cloning the ROMKl gene into pUC 19, 

briefly the total RNA was isolated from the rat kidney. cDNA corresponding to the 

ROMKl mRNA was produced by reverse transcription and amplified by the 

Polymerase Chain Reaction (PCR). The PCR product corresponding to the ROMKl 

cDNA wasKlenow filled and phosphorylated before being ligated into pUC 19 vector, 

which had previously been linearised with the endonuclease Sma I and 

dephosphorylated. The recombinant vector was then transformed into Kcoli cells and 

grown to enable the isolation of the plasmid DNA. The plasmid DNA was sequenced 

to verify the insertion of the ROMKl gene and the cDNA encoding the ROMKCT and 

ROMKC60 subcloned into pGEX 3X and pGEX 2T respectively.

The pGEX vectors (Pharmacia) provide an inducible, high level of intracellular 

expression of genes or gene fragments as fusions with Schistosoma japonicum 

glutathione S-transferase (GST) (Smith & Johnson, 1988). Figure 8.3 illustrates the 

properties of the pGEX expression system and details of the multi-cloning sites of 

pGEX 3X and pGEX 2T. The vectors contain an antibiotic resistant gene, providing 

selective growth of the recombinant vector in the presence of ampicillin. Fusion protein 

expression is under the control of the tac promoter, which is chemically induced using 

the lactose analogue isopropyl (I-D-thiogalactosidase (IPTG). Fusion proteins can be

easily purified from bacterial lysate by aflSnityj chromatography using agarose resin
\s

which is cross linked to glutathione (Sigma). This i^facihtated by the fusion proteins 

GST tag. If required, the GST tag can be removed from the purified fusion protein by 

protease cleavage with either Factor Xa (pGEX 3X) or thrombin (pGEX 2T).
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The multi-cloning site of pGEX vectors provides the opportunity for insertion of 

foreign DNA into any of the three possible translational reading frames at the Eco RI 

restriction site, with the addition of complementary stop codons at the end of the 

multi-cloning site

Sma I

ROMKl mRNA

R everse  tran scrip tion \
HO .

ROMKl cDNA

P C R \
Klenow  f illin g  
a n d  ph osph oryla tion\

OH

pUC 19

L inearisation  o f  
vec to r  with Sma I

D eph osphoryla tion

OH

HO

L igation  o f  cDNA  
a n d  vecto r

pUC 19

Figure 8.2: Overview of the procedure for cloning the ROMKl gene into the cloning 

and sequencing vector pUC 19.
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Multi-cloning site

p-galactosidase 
gene promoter

Ampicillin 
resitance gene 
(p-lactamase)

Gene
encoding
GST

protease
cleavage
site

pGEX-2T
Thrombin

Gly Ser Pro Gly lie His Arg A sp

\ /  GGA TCC CCG GGA ATT CAT CGT GAC TGA CTG ACG 

" 4 -  - I 'L
Bam HI

Sma I j
Eco R1

Stop codons

Factor Xa

Gly

pGEX-3X

lie Pro Gly Asn Ser Ser

GGG ATC CGC GGG AAT TGA TGG TGA GTG ACT GAG
L L L J

Bam HI Sma I E g o  RI Stop codons

Figure 8.3: Schematic diagram of the pGEX expression vector showing the reading 

frames and main features of pGEX 2T and pGEX 3X.
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8.2 Materials and Methods

8.2.1 Isolation o f total RNA

The single stranded RNA molecule is particularly susceptible to degradation by 

RNAases, therefore the it is necessary to minimise RNAase activity in order to obtain 

good RNA preparations. To this end a number of universal precautions must be 

employed, disposable gloves must be worn and replaced frequently, pestles and 

mortars should be washed in sterile water before baking at 180°C for over 8 hours and 

disposable sterile plasticware should be used.

Following dissection rat kidney tissue was snap frozen in liquid nitrogen and stored at 

-20°C until required. RNA was extracted from the tissue using a modification of the 

method described by GliSin et aï, (1974) and Ullrich et al. (1977). The tissue (0.5g) 

was submerged in liquid nitrogen for 5 minutes to enable it to be crushed using a 

sterile pestle and mortar. The crushed tissue was resuspended in 4ml of ice cold 

homogenising buffer (4M guanidinium thiocyanate, O.IM Tris-Cl (pH 7.5), 1% 

mercaptoethanol, 0.1% antifoam A emulsion and 0.5% (w/v) lauryl sarcosine) and 

homogenised thoroughly by passing repeatedly through firstly a 19 gauge and then a 

23 gauge needle. The homogenate (1ml per Beckman tube) was layered onto 0.8ml 

5.7M caesium chloride and centrifuged at 55,000 rpm for 3hrs at 20°C. The 

supernatant was discarded and the RNA pellet was washed with ice cold 70% (v/v) 

ethanol. The pellet was resuspended in 400jil of RNAase free water and transferred to 

a sterile eppendorf. To precipitate the RNA, 40pl of sterile 3M sodium acetate pH 4.8 

(0.3M final concentration) and twice the volume of absolute alcohol were added before 

being incubated at -70°C for 1 hour. The RNA was recovered by centrifugation at

12,000 xg for 30 minutes at 4°C. The resultant pellet was washed with ice cold 70% 

ethanol (v/v) to remove contaminating salts, air dried for 10 minutes and redissolved in 

RNAase free water. For short term storage aliquots were kept at -20°C. However for 

long term storage, RNA can be kept in ethanol at -70°C before being precipitated as 

described.

214



Recombinant Carboxyl and Distal Carboxyl Terminal of ROMKl

8.2.2 Quantification o f RNA

Following purification, the concentration and purity of the RNA was determined. This 

involved reading the optical density (OD) of the RNA at 260nm and 280nm using a 

Beckman DU 650 spectrophotometer. The RNA samples were diluted 1:1000 in 

sterile water and the CDs at both wavelengths determined in a quartz cuvette. A 

solution whose OD2 60 reading is 1 contains approximately 40pg/ml of RNA 

(Sambrook et a l, 1989).

The ratio of the 260:280 absorbance readings is dependent on the purity of the RNA 

sample. A ratio of 1.6 to 2.0 is indicative of a sample relatively fi'ee of protein and/or 

DNA. However if the ratio drops below 1.6, the contaminants are at such a level as to 

affect the measurement of sample concentration and to disrupt subsequent reactions. In 

such situations the RNA was further purified using phenol:chloroform:isoamylalcohol 

(see section 8.2.3) and ethanol precipitated (see section 8.2.1).

8.2.3 Purification o f RNA

The removal of proteins fi'om RNA involved extraction firstly with 

phenol:chloroform:isoamylalcohol and secondly chloroform. Phenol denatures and 

precipitates protein thereby facihtating its removal fi'om the RNA. The second 

extraction with chloroform removes all residual traces of phenol which could hinder 

subsequent reactions.

The volume of RNA sample was typically made up to 400pl with sterile water. An 

equal volume of 25:24:1 (v/v) phenol:chloroform:isoamylalcohol was added and the 

mixture vortexed thoroughly to form an emulsion. The sample was centrifuged at

12,000 xg for 2 minutes resulting in an organic phase at the bottom of the tube, an 

aqueous phase at the top and an interphase containing the proteins precipitated by the 

phenol. The aqueous phase was transferred to a fresh sterile tube and the process 

repeated this time using an equal volume of chloroform instead of the solvent mixture. 

The RNA was recovered by precipitation with ethanol (see section 8.2.1).
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8.2.4 Agarose gel electrophoresis

Agarose gel electrophoresis is used to separate nucleic acids based predominantly on 

size. DNA and RNA molecules are negatively charged and will migrate through an 

agarose gel towards the positive anode when an electric field is appHed across the gel. 

The distance moved is dependent on a rate inversely proportional to the molecules size 

(Helling et al., 1974). Samples can be visualised within the gel by staining with 

ethidium bromide and viewing under UV Hght. All DNA/RNA electrophoresis was 

carried out using stratagene electrophoresis equipment. The individual protocols for 

electrophoresis on RNA and DNA are described in section 8.2.5 and section 8.2.8 

respectively.

8.2.5 Electrophoresis o f RNA

As in the case of RNA isolation great care must be employed in reducing RNAase 

activity when running gels. Before the gel is cast all electrophoresis equipment was 

cleaned with detergent (0.5% SDS solution), rinsed with sterile water, dried with 

ethanol and then soaked in 3% hydrogen peroxide solution for 10 minutes. The 

equipment is then thoroughly rinsed with water previously treated with 0.1% diethyl 

pyrocarbonate (DEPC), a strong RNAase inhibitor.

For 100ml of agarose gel, Ig of agarose powder was melted in 73ml of sterile water. 

The solution was allowed to cool to 60°C and 10ml of lOx MOPS buffer (0.2M 

3-(N-morpholino) propane sulphonic acid, 0.05M sodium acetate, lOmM EDTA, 

pH7.0), 17ml of 37% (v/v) formaldehyde solution and lOOpl of ethidium bromide 

(500pg per ml) were added. The solution was thoroughly mixed and poured into the 

gel mould, the comb was fitted appropriately. The gel was left: to set at room 

temperature for 1 hour. Before the gel is used the tank was filled with Ix MOPS buffer 

and the comb gently removed.

To each sample of RNA (typically lOpl at lng/{il) , 20pl of 1.5x RNA sample buffer 

(Ix  MOPS buffer, 10% (v/v) formaldehyde, 60% (v/v) formamide) and ethidium 

bromide to 0.5pl/ml were added. The RNA samples were denatured by incubating at 

65°C for 5 minutes, cooled on ice and 6p.l of loading dye added to each tube. The 

samples were added to the wells and electrophoresed at 100mA; 200V until the dye
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front has travelled three quarters the length of the gel. A RNA ladder (Gibco-BRL) 

was electrophoresed simultaneously enabling the approximate size of the RNA 

molecules to be estimated. Following electrophoresis the size and integrity of the RNA 

was visualised under UV light.

8.2.6 cDNA synthesis and amplification o f the ROME (KirLl) gene

8.2.6.1 Design o f the primers

Figure 8.1 shows the genetic sequence of the

ROMKl gene. Two primers were designed, firstly to facilitate the cloning of the rat 

ROMKl gene (Ho et a l, 1993) and secondly, to enable the gene to be positioned in 

the correct reading frame in the expression vector pGEX-2T.

The template strand primer corresponded to the first 27 bases of the ROMKl gene 

with the addition of an extra thymine residue on the 5’ terminus of the nucleotide:

5’ T ATGGGCGCTTCGGAACGGAGTGTGTTC V

The complementary strand primer corresponded exactly to the last 27 bases of the 

ROMKl gene with the addition of the stop codon:

5’ CTA CAT CTG GGT GTC GTC CGT TTC ATC AAC 3’

The primers were bought from British Bio-technology Products Ltd and were purified 

byHPLC.

8.2.6.2 cDNA synthesis

RNA was transcribed to cDNA using reverse transcriptase and the specifically 

designed complementary strand primer. 40p.l of RNA sample (l|xg/|j,l) was incubated 

with Ix reverse transcriptase buffer (50mM Tris-HCl pH8.3, 40mM KCl, 6mM 

MgCb), ImM of each of the four nucleotides (dNTPs); adenosine, cytosine, guanidine 

and thymine, 3mM DDT and 40U of RNAase inhibitor (Rnasin; Appligene) at 70°C 

for 5 minutes. The samples were then placed on ice for a further 5 minutes. The 

complementary primer was added to a final concentration of ImM and the reaction 

mixture incubated at 65°C for 7 minutes, then cooled on ice for 5 minutes. Finally 5U
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of AMV reverse transcriptase (Appligene) was added to the reaction mixture and 

incubated for 1 hour at 42°C after which it was stored at -20°C until required.

S.2.6.3 Polymerase Chain Reaction (PCR)

The PCR exploits certain features of DNA replication, which allows the amplification 

of a specific DNA sequence. Oligonucleotides complementary to the flank regions of 

the specific gene are used as primers in a series of controlled DNA polymerase 

catalysed reactions (Lewin, 1990).

The reaction was set up in a 0.5ml eppendorf tube at a final volume of SOpl. The 

reverse transcription mixture was diluted by a factor of 10 in sterile water. From this 

diluted mixture lp.1 of DNA was added to the reaction tube. To the DNA the following 

were added Ix PCR buffer (lOmM Tris-Cl pH8.3, 50mM KCl, 0.1% tritonX-100), 

1.5mM MgC12 (optimised), 2mM of each of the four dNTPs and 2.5|iM of each 

primer, sterile water was added to make the final volume up to 48|il. Finally 70|il of 

mineral oil was layered onto the top of the reaction mixture to limit evaporation

Amplification was performed in a Hybaid Thermal reactor and consisted of thirty 

cycles. The DNA was initially denatured at 94°C for 180 seconds. The thermal reactor 

was then held at 85°C for 120 seconds, during this step 2\i\ (2.5U) of Taq polymerase 

(Stratagene) was added to each of the reaction tubes. The basic cycle which 

proceeded the addition of Taq polymerase comprised of 90 seconds (dénaturation 

reaction) at 94°C, 120 seconds (annealing reaction) at 55°C (optimised) and 240 

seconds (polymerisation reaction) at 72°C. The final polymerisation reaction was 

extended to 300 seconds. The products of the reactions were then analysed by agarose 

gel electrophoresis and any specific DNA bands cut from the gel and stored at -20°C 

until required.
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8.2.7 Electrophoresis o f DNA

DNA was typically electrophoresed through 0.8-2.0% (w/v) agarose gels, allowing the 

efficient separation of linear DNA molecules between O.l-lOkb. Highly pure agarose 

powder (Hi-pure ultra:Low EEC; Biogene) was weighed out and melted in Ix THE 

buffer (90mM trizma base, 90mM boric acid, 2mM EDTA pHS.O) by boiling. The 

molten solution was made back up to volume with sterile water and ethidium bromide 

solution added to a final concentration of 0.5pg/ml. The solution was cooled to 50°C 

before being poured into the gel mould. The gel was left to set at room temperature 

after which the electrophoresis tank was filled with Ix TBE buffer containing 0.5pg/ml 

of ethidium bromide and the comb gently removed.

The DNA samples were thawed and gel loading dye added to 20% (v/v). The samples 

were loaded into the wells in the gel using a gilson pipette. Electrophoresis was carried 

out at 70-1 GOV until the dye front had moved approximately three quarters the length 

of the gel. Appropriate DNA markers were run simultaneously to enable the sizes of 

the DNA samples to be estimated. Following electrophoresis the DNA in the gel was 

visualised under UV light (365nm) and photographed using a Polaroid CU-5-88-46 

camera.

8.2.8 Purification o f DNA extractedfrom agarose gels

Under UV light the band which corresponded to the ROMKl cDNA was excised from 

the gel with a clean scalpel blade. The gel fragments are placed in a sterile eppendorf 

tube and either purified immediately or stored at -20°C until required. DNA is purified 

from agarose gels using the QIAEX gel extraction kit purchased from Qiagen. The 

principle behind the QIAEX kit is based on DNA adsorbing to silicagel particles in the 

presence of high salt, contaminants are washed away and the DNA is recovered in 

sterile water or low salt concentrations.

To eveiy lOOmg of gel containing DNA, 300pl of QXl buffer was added. The sample 

was then heated at 50°C until the gel was solubilised. lOpl of silicagel suspension was 

added for every 5pg of DNA, then the mixture was incubated for a fiirther 10 minutes 

at 50°C, during this time the sample was thoroughly mixed every 2 minutes. The 

sample was centrifuged at 12,000 xg for 30 seconds and supernatant discarded, the
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resulting pellet was then washed twice with SOOpl of QXl buffer followed by a further 

two washes with 500pl of buffer PE. Following the removal of the second PE wash, 

the pellet was allowed to be air dried for 15 minutes. The DNA was eluted by adding 

20pl of sterile water vortexing and incubating for 5 minutes at room temperature, the 

sample was then centrifuged at 1 2 , 0 0 0  xg for 1 minute and the supernatant containing 

the purified DNA transferred to a fi-esh sterile eppendorf.

8.2.9 Filling in o f 5* overhang o f the PCR product using DNA Polymerase 1 

(Klenow fragment)

The Klenow fi-agment of DNA polymerase 1 catalyses the addition of 

mononucleotides onto the 3’ OH end of double stranded DNA possessing a 5’ 

overhang. The purified ROMKl cDNA (0.5-5pg) was transferred to a sterile 

eppendorf. To the DNA, O.SmM of each of the four dNTPs, Ix incubation buffer 

(40mM K2PO4 , 6 .6 mM MgCl2 , ImM (3-mercaptoethanol, pHT.O) and 15U of klenow 

enzyme (Appligene) was added. The reaction mixture was incubated for 30 minutes at 

37°C. The modified DNA was then purified using a QIAEX kit (see section 8.2.8). 

The protocol being modified by the fact that all steps can be performed at room 

temperature, and the gel solubilisation step is unrequired.

8.2.10 Phosphorylation o f DNA using T4 Polynucleotide Kinase 

T4 polynucleotide kinase catalyses the transfer of the y phosphate of ATP to a 5’ OH 

terminus of DNA or RNA. 0.5-5pg of klenow filled DNA was added to a sterile 

eppendorf, to this Ix incubation buffer (40mM Tris-HCl; pH7.5, lOmM MgC12, 5mM 

DDT, 0. ImM [y-32P] ATP) and 20U of T4 polynucleotide kinase (Promega) were 

added. The final volume was made up to 50pl with sterile water and the reaction was 

incubated at 37°C for 30 minutes. Finally the reaction was terminated by adding EDTA 

(pH 8.0) to the reaction mixture at a final concentration of 20mM. The DNA was then 

purified using a QIAEX (for description see section 8.2.8).
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8.2.11 Vectors

Small plasmids are known as vectors,. Vectors are small circles of double stranded 

DNA which are readily transferred and replicated in bacterial cells. DNA technology 

has enabled the manipulation of plasmids, introducing sites which allow the insertion of 

foreign genes. These vectors are designed for specific recombinant procedures 

including, DNA sequencing and the expression of recombinant proteins which 

correspond to the foreign gene. The pUC 19 vector was used for cloning and 

sequencing the ROMKl gene. A variety of pGEX vectors have also been

used for the expression of recombinant fusion proteins.

8.2.12 Preparation ofpUC 19 vector fo r DNA

The restriction site chosen in the multi-cloning region of pUC 19 for the insertion of 

ROMKl cDNA was the Sma 1 site. Digestion at this site produces blunt ended linear 

vector DNA suitable for the insertion of another blunt ended DNA fragment in a 

recirculation process. Dephosphorylation of the vector DNA prevents recirculation 

without phosphorylated insert.

8.2.12.1 Cutting o f pUC 19 DNA with the endonuclease Sma 1

The majority of endonucleases were purchased from Pharmacia and come supplied 

with a lOx One-Phor-AH buffer (lOOmM Tris-Acetate (pH7.5), lOOmM Magnesium 

acetate, 500mM potassium acetate), which can be used with a wide range of enzymes 

at varying concentrations. Table 8.1 lists the most commonly used endonucleases, 

showing their recognition sequences and the conditions of the reaction.

pUC 19 DNA (3|rg) was transferred to a sterile eppendorf. To the DNA, One-Phor-All 

(OPA) buffer was added to a final concentration of Ix. The DNA was incubated at 

70°C for 5 minutes, in order to uncoil the double strands, the eppendorf was then 

placed on ice for 5 minutes. Sma 1 (lOU) was added and the reaction incubated for 3-6 

hours at 30°C. The DNA was visualised on a agarose gel and subsequently purified as 

previously described.
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BSKBgsasaa
aaaasaags o æ aa sB :

:

BamHI 

Bgl II 

EcoR I 

Hae m  

Rsa I 

Sma I 

Xba I

5’ Gt GATCaC 3’ 

5’ At GATCaT 3’ 

5’ GvAATTaC 3’ 

5’ GGiCC 3’

5’ GT^LAC 3’

5’ CCCIGGG3’ 

5’ TtCTAGaA 3’

2x

2x

2x

Ix

Ix

Ix

Ix

37

37

37

37

37

30

37

85

85

65

85

65

65

65

Table 8.1: A list of some of the commonly used endonucleases.

The recognition sequence show enzymes which cut blunt ended (4<) and those which

cut sticky ended ( t  a ).  The final concentration of OP A buffer which reproduces

100% enzyme activity is shown along with the optimal temperature and inactivation 

temperature of the enzyme. Details on other enzymes can be found in the Pharmacia 

Biotech catalogue.

8.2.12.2 Dephosphorylation ofpUC 19 using Calf Intestine Alkaline Phosphatase

C l P. catalyses the removal of 5’ phosphate residues from DNA. pUC 19 vector 

(3pg) treated previously with Sma I was added to a sterile eppendorf. lOx incubation 

buffer (0.5M Tris-HCl, lOmM MgCb, ImM ZnCb, O.lmM spermidine, pH9.0) was 

added to the DNA to a final concentration of Ix. C.I.P. (3U) was added and the 

reaction incubated at 37°C for 1 hour. A further 3U of C.I.P. was added and the 

reaction incubated at 55°C for 1 hour. Finally, the reaction was terminated by the 

addition of lOx TNE (lOOmM Tris-HCl, 1.5M NaCl, lOmM EDTA, pH7.4) to a final 

concentration of Ix and 0.5% SDS (v/v) and incubating at 60°C for 15 minutes. 

Subsequently the dephosphorydated DNA was purified as described in section 8.2.8.
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8.2.13 Ligation o f PCR product into pUC 19 using T4 DNA Ligase

T4 DNA Ligase joins fragments of DNA with compatible cohesive termini as well as 

blunt ended DNA fragments together. Before ligating the ROMKl gene into pUC 19 it 

is essential to determine their equimolar ratio, this is achieved by running the same 

volume of each sample (=4pl) on an agarose gel and visuahsing the intensity of each 

band under UV light. The ROMKl and pUC 19 were added together in a sterile 

eppendorf in an equimolar ratio (final volume of lOpl). To the DNA, to give a final 

volume of approximately 20pl, 2pl of lOx ligation buffer (0.5M Tris-HCl, lOOmM 

MgCL, lOOmM DTT, lOmM ATP, pH7.6) and ImM of hexamine cobalt were added. 

T4 DNA Ligase (5U) (Appligene) was added and the reaction incubated at 14°C for 

12 hours. Following the ligation reaction the recircularised vector DNA was 

transformed into competent Esherichia coli iE.coli) cells.

8.2.14 Transformation o f Escherichia coli with recombinant DNA vector

8.2.14.1 Preparation o f media and media plates 

Luria-Bertani broth (LB)

To 900ml of distilled water, lOg of bacto-tryptone (Oxiod), lOg NaCl and 5g of 

bacto-yeast extract (Oxiod) were added. The pH was adjusted to 7.5 and made up to 1 

litre with distilled water before autoclaving. LB was stored at room temperature.

LB agar plates

To 900ml of distilled water add lOg bacto-tryptone, lOg NaCl, 5g bacto-yeast and 15g 

of bacteriological agar (Oxiod). The pH was adjusted to 7.5 and made up to 1 litre 

before autoclaving. The solution was allowed to cool to 50°C and if necessary 

ampicillin, isopropyl-P-D-thio-galactopyranoside (IPTG) and 5-bromo4-chloro-3- 

indoyl-P-D-galactosidase (X-gal) were added at a concentration of 50pg/ml. The 

molten agar was poured into 90mm diameter disposable petri dishes (Sterlin) to an 

approximate thickness of 5mm. The plates were dried at 37°C and sealed in parafilm 

(American can co.) before being stored in an inverted position for up to 4 weeks at 

-4°C.
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S.O.C media

Bacto-tryptone (2% (w/v)), bacto yeast extract (0.5% (w/v)), lOmM NaCl and 2.5mM 

KCl were added to an autoclavable bottle, distilled water was added to close to the 

final volume required. The pH was adjusted to 7.0 before autoclaving. Following 

cooling lOmM MgCl2 , lOmM MgS0 4  and 20mM glucose which had all been filter 

sterilised were added. The S.O.C media was aliquoted over a flame into sterile falcon 

tubes and stored at 4°C for up to 4 weeks.

8.2.14.2 Preparation o f competent cells

The E. coli strain JM109 was used as a host for the R0MK-pUC19 vector. The 

genotype characteristics of JM109 are shown below:

strain characteristics

JM109 endKl, recKl, gyrA96, thi, hsdR \l, (i^‘, m^ )̂, relKl,

supEA4, E{lac-proPiB\ [F’, tra A36,/?mAB, 

#rZ A M 15]

To increase the efiBciency of vector DNA uptake, E. coli were made more receptive or 

competent to exogenous DNA. Competent cells were prepared by a procedure based 

on that of Cohen et al. (1972), producing competent bacteria capable of yielding 10  ̂to 

10  ̂transformed colonies per jig of vector DNA.

Briefly, 50ml of LB broth was inoculated with a single colony and incubated overnight 

at 37°C in an orbital incubator at 225 rpm. From the overnight culture 10ml was 

removed and used to inoculate 500ml of LB broth The culture was incubated at 37°C 

in a shaking incubator until the ODeoo reached 0.45-0.55. The culture was cooled at 

0°C on iced water for 30 minutes and the bacteria pelleted by centrifugation at 

2,500 xg for 10 minutes at 4°C. The supernatant was discarded and the cells 

resuspended in lOOmM CaCh. Glycerol was added to the cells to a final concentration 

of 15% (v/v). The solution was thoroughly mixed by vortexing and aliquoted into 

200|il samples before being snap fi’ozen in liquid nitrogen. All aliquots were stored at 

-70°C until required.
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8.2.14.3 Transformation o f E. coli with R0MK-pUC19 DNA

Competent cells were thawed on ice and lOOpl aliquoted into an ice cold sterile 

eppendorf. The ligation mixture (see section 8.2.13) was added using a gilson pipette 

and mixed by gently flicking the eppendorf several times. The tubes were placed on ice 

for at least 10 minutes before being heat shocked at 42°C for exactly 50 seconds. The 

tubes were immediately replaced on ice for a further two minutes, after which 900pl of

S.O.C media was added. Samples were subsequently incubated in a rotating incubator 

at 37°C for 1-2 hours. The cells were pelleted by centrifugation at 12,000 xg for 2 

minutes, resuspended in lOOpl of S.O.C media and plated out on LB agar plates 

containing ampicillin, IPTG and X-gal which were incubated overnight at 37°C in an 

inverted position. The addition o f IPTG and X-gal allowed the identification of vectors 

with an insert ligated successfully. Cells containing recombinant vector DNA appeared 

as white colonies, whereas those containing vector alone appeared as blue colonies.

Individual white colonies were selected with a sterile stabber (Greiner) and transferred 

to 1ml of LB (ampicilin 50|ig/ml) and grown at 37°C to an ODeoo of approximately 

0.7. The plasmid DNA was isolated and analysed to see if a) the insert DNA is present 

and b) if it is in the correct orientation.

8.2.15 Isolation o f plasmid DNA

Isolation of plasmid DNA was performed using the QIAprep-spin Plasmid Miniprep kit 

(QIAGEN). The principle is based on the partial lysis of the bacteria under alkaline 

conditions, the precipitation and removal of proteins and chromosomal DNA, followed 

by the recovery of the plasmid DNA on an ion-exchange resin.

Plasmid DNA is isolated from cultures with an ODeoo of approximately 0.7, 1ml of the 

culture is centrifiiged at 12,000 xg for 2 minutes. The supernatant is discarded and the 

resulting pellet resuspended in 250pl of PI cell resuspension buffer. The bacterial celB 

are lysed by the addition of 250pl of P2 lysis buffer, the tubes were then slowly 

inverted 5 times and incubated at room temperature for 1 minute. Next, 350pl of ice 

cold N3 neutralisation buffer was added and again the tube was slowly inverted 5 times 

before being placed on ice for 10 minutes. The tube was then spun at 12,000 xg for 10
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minutes. The supernatant was pipetted ofif and transferred to a QIAprep-spin column. 

The column was spun at 12,000 xg for 1 minute and the flowthrough discarded. The 

bound plasmid DNA was washed twice firstly with 0.5ml of PB buffer and secondly
ml PE bufifer

with 0.75, each time the flowthrough was discarded following centrifugation. To 
A

ensure the removal of residual traces of PE buffer, the column is spun for an additional 

minute at 12,000 xg. The column was then placed in a sterile eppendorf and 50pl of 

sterile water added. After incubating the column at room temperature for a few 

minutes the plasmid DNA was recovered by spinning at 12,000 xg for 1 minute. 

Samples of plasmid DNA were stored at -20°C until required.

8.2.16 Endonuclease analysis o f recombinant plasmid DNA

Endonuclease analysis of the recombinant plasmid DNA and subsequent agarose gel 

electrophoresis enabled firstly the size of the inserted DNA to be estimated, secondly 

the restriction site positions to be checked and thirdly to determine the orientation of 

the inserted DNA.

Recombinant plasmid DNA was transferred to a sterile eppendorf and the appropriate 

incubation buffer added at the concentration required for the particular enzymes 

chosen. The DNA was heated at 70°C for 5 minutes and then placed on ice for a 

further 5 minutes. The endonucleases are added (10% (v/v)) and the reaction 

incubated for 3-6 hours at the enzymes optimal temperature. Most of the enzymes can 

be used in OPA (Pharmacia) buffer permitting simultaneous digestion of DNA using 

two or more endonucleases.
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8.2.17 DNA Sequencing

DNA sequencing provides confirmation that the PCR product, cloned into pUC 19 

corresponds exactly to the published sequence cited by Ho et al. (1993). To this end, 

Dideoxy chain-termination sequencing (Sanger et al.̂  1977) of the DNA was 

performed using reagents in the Sequenase™ version 2.0 kit (United* States 

Biochemicals, Cambridge, UK).

8.2.17.1 The Sequencing reaction 

Denaturing o f plasmid DNA

Vector DNA (2-4jig) containing the ROMKl cDNA was denatured in 0.2M NaOH 

and 0.2mM EDTA pH8.0 for 30 minutes at 37°C. The mixture was neutralised by the 

addition of 3M sodium acetate pH 5.2 (10% (v/v)) and 2.5 times the volume of 

absolute ethanol. The DNA was precipitated at -70°C for 30 minutes. Followed by 

centrifugation at 12,000 xg for 10 minutes, the supernatant was discarded and the 

resulting pellet washed with 70% ethanol and air dried. The DNA pellet was then 

redissolved in 14jil of sterile water.

Annealing temperature and primer

In order to anneal the primers to the vector, 2 pi of enzyme reaction bufifer (200mM 

Tris-HCl pH 7.5, lOOmM MgCli, 250mM NaCl) and Ipl of either forward or reverse 

primer were added to two 7pl aliquots of DNA. The capped reactions are incubated at 

65°C for 2 minutes and allowed to cool to room temperature (= 30 minutes). Once 

annealing is complete the tube are placed on ice.

Labelling reaction

To the annealed primer-template samples, 2pl of diluted labelling mix (7.5pM dGTP, 

7.5pM dCTP, 7.5pM TIP; diluted 5 x in sterile water), Ipl of O.IM DDT, Ipl 

[a^^S] dATP (600Ci/mmol) were added, finally 2pl of ice cold diluted Sequenase™ 

version 2.0 enzyme (diluted 5 x in lOmM Tris-HCl pH 7.5, 5mM DDT, 0.5mg/ml 

bovine serum albumin) was added. The reactions were mixed thoroughly and incubated 

for 2-5 minutes.
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Termination reaction

To terminate the labelling reactions, 3.5|il of reaction mixtures were transferred to 

tubes incubated at 37°C each containing 2.5|j,l of one of the four di-dNTP termination 

mixes ( each mix contains 80mM of each of the 4 dNTPs, 50mM NaCl and either 

ddATP, ddCTP, ddGTP or ddTTP). The reaction mixtures are incubated for 5 minutes 

at 37°C and 4jil of stop solution (95% (w/v) formamide, 20mM EDTA, 0.05% (w/v) 

bromophenol blue, 0.05% (w/v)xylene cyanol FF) was added to each tube. The 

samples were either stored at -20°C overnight or loaded onto a sequencing gel 

following prior incubation at 80°C for 2 minutes.

8.2.17.2 Sequencing gel electrophoresis

Both the sequencing gel plates were washed thoroughly and dried with ethanol. The 

smaller plate was coated with dimethyldichlorosilane and fitted on top of the large 

plate with the appropriate spacers and wedges in place. The two sides and the bottom 

of the plates were then taped tightly together. The gel was prepared by dissolving 75g 

of urea in a solution containing 22.5ml of 40% acrylamide stock solution, 15mls of 

lOx THE buffer (90mM trizma base, 90mM boric acid, 2mM EDTA pH 8.0) and 

52.5ml of sterile water. Once the urea is completely dissolved the solution was cooled 

on ice before the addition 900pl of 10% ammonium persulphate and 80pl of NNN’N’- 

tetramethylenediamine (TEMED). The solution was mixed by swirling and 

immediately poured between the two sequencing plates. The gel was allowed to 

polymerise for 1 hour.

Electrophoresis was performed using the BRL S2 sequencing apparatus at 25-30mA at 

55°C containing 1 x TBE buffer. The gel was pre-run for 30 minutes before the 

preheated samples were loaded between the spaces of a sharkstooth comb. Samples 

were loaded in the order of G A T C, with 4pl of stop solution loaded in the spaces 

either side of the samples. Reverse and forward primer reactions were run 

simultaneously until the bromophenol dye front ran off the bottom of the gel. Further 

samples were loaded onto the gel and run until the dye front reached the bottom of the 

gel.
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Once electrophoresis was complete, the gel was transferred onto a sheet of 3M 

chromotography paper and saran wrap placed on top. The gel was dried under vacuum 

at 80°C for a minimum of 2 hours using a BioRad Model 583 gel drier. Once dry a 

gieger counter was used to determine the strength of the radioactive signal. X-ray film 

was exposed to the dry gel for 24-72 hours (depending on strength of signal) before 

being developed.

Finally, the sequence was analysed using Lasergene DNAstar™ November 1991 

computer program.

8.2.18 Suhcloning o f ROMKl cDNA

An endonuclease restriction enzyme map was plotted for the ROMKl sequence using 

DNAstar™ computer program. The region encoding for the C-terminal domain of 

ROMKl (ROMK-CT) was cleaved fi*om R0MK-pUC19 using the endonucleases 

Bgl n  and Eco RI. The expression vector pGEX 3X was cleaved open using the 

restriction enzymes Bam HI and Eco RI. Both of these reactions were performed using 

the protocol described in section 8.2.12.1.

The completed reaction mixtures were simultaneously electrophoresed in a 1% agarose 

gel (section 8.2.7). The bands corresponding to the ROMK-CT and the cleaved 

pGEX 3X were excised firom the gel and their DNA purified (section 8.2.8). As both 

of the DNA fi-agments contain sticky ends they cannot recircularise independently, 

furthermore when the two fragments are ligated together (section 8.2.13) it ensures 

that the ROMK-CT cDNA is inserted in the correct reading frame and orientation.

The distal part of the ROMKl C-terminal was subcloned into pGEX 2T (ROMKC60- 

pGEX 2T). This was achieved by first cleaving the whole ROMKl cDNA from 

R0MK-pUC19 using Eco RI and Bam YU and hgating the cDNA into pGEX 2T, 

which had previously been cleaved with Eco RI and Bam HE (see above for details) . 

Secondly, the resulting R0MK-pGEX2T vector was cut with Bam HI and Sty I and 

electrophoresed through a 1.5% agarose gel, the largest band corresponding to the 

distal C-terminal (C60) and pGEX 2T was excised and purified. The cDNA was then 

klenow filled as described in section 8.2.9 , purified and recircularised using T4 DNA 

Ligase (section 8.2.13).
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All ligated recombinant DNA vectors were transformed into JM109 E.coli cells 

(section 8.2.14), individual colonies were grown in LB broth (ampicillin 50pg/ml) and 

the plasmid DNA isolated (section 8.2.15) and analysed for the correct inserts (section 

8.2.16).

8.2.19 Expression o f GST/ROMK-CT and GST/ROMKC60 fusion proteins fo r  SDS 

PAGE and Western blot analysis

To determine the levels of fusion protein expression, small scale cultures of bacteria 

were transformed with the appropriate recombinant vector. These cultures were 

induced with varying concentrations of IPTG and samples taken periodically and 

analysed using SDS PAGE electrophoresis and western blotting.

A 10ml bacterial cultures were grown overnight and used to inoculate 100ml aliquots 

of LB (ampicillin SOpg/ml). The cultures were incubated at 37°C in a shaking 

incubator at 225rpm until the ODeoo reached 0.8. A 1ml sample was taken from the 

control flask and added to an ice cold eppendorf, the cells were pelleted by spinning at

12,000 xg for 2 minutes and stored at -20°C. The remaining flasks were induced by the 

addition of IPTG to the final concentrations of O.lmM, 0.2mM, O.SmM and ImM. The 

induced cells and the control flask were replaced in the shaking incubator and grown 

for a further 6 hours, 1ml samples were removed fi"om each flask on the hour and 

pelleted and stored.

The pelleted cells were thawed and washed by resuspension in 1ml of ice cold PBS 

solution (135mM NaCl, lOmM Na2HP0 4 , 2.5mM KCl, 1.75mM KH2PO4 , pH 7.4) and 

centrifuged once again. The cells were resuspended in 200pl of ice cold PBS 

containing 8M urea and ImM DDT, the suspension was sonicated in ice water for 1 

minute. Sarkosyl was added to a final volume of 1.5% (v/v) and each sample vortexed 

briefly before being placed on ice for 40 minutes. The lysate was centrifuged at 12,000 

xg for 5 minutes and the supernatant either stored at -20°C or analysed by SDS PAGE.
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8.2.20 SDS PAGE with coomassie blue staining

SDS-polypeptide complexes migrate through polyacrylamide gels according to the size
1

of the polypeptide^. By using protein markers it is possible to estimate the size of 

polypeptide chains. SDS PAGE was performed essentially according to the method of 

Omstein (1964) and Davis (1964). SDS electrophoresis equipment was obtained from 

Bio-Rad and all materials used were of electrophoresis grade.

Either a 12, 15 or 18% resolving gel (12,15 or 18% acrylamide/ 0.27, 0.32 or 0.37% 

bisacrylamide in a buffer of 375mM Tris-HCl pH 8.8 plus 0.1% SDS) was used to 

separate polypeptides, depending on the range of separation required. The resolving 

gel was polymerised by the addition of 0.1% (w/v) ammonium persulphate and 0.016% 

(v/v) TEMED, the solution was immediately mixed and poured up to 1cm before the 

comb. The acrylamide solution was overlayed with water and left to polymerise at 

room temperature. A stacking gel (3% acrylamide/ 0.08% bisacrylamide in a bufifer of 

125mM Tris-HCl pH 6.8 containing 0.1% (w/v) SDS; polymerised by the addition of 

0.1% ammonium persulphate and 0.005% TEMED) was layered on top of the 

resolving gel and the comb inserted. Once the gel had polymerised it was positioned in 

a Bio-Rad mini-gel system and running bufifer added (25mM Tris, 190mM glycine, 

0.1% (w/v) SDS, pH 8.3).

Protein samples (5-50pl at lpg/p.1) were solubilised in sample bufifer (50mM Tris-HCl 

pH 6.8, lOOmM DDT, 2% (w/v) SDS, 0.1% (w/v) bromophenol blue, 10% glycerol) 

and heated to 100°C for 5 minutes. Protein markers were solubilised in sample bufifer 

(without 2% SDS). The protein samples and the marker were loaded into individual 

wells and electrophoresed simultaneously at 25mA until the dye front reached the 

bottom of the gel. The gels were stained with coomassie blue (0.25% (w/v) Coomassie 

Brilliant Blue R250, 90% (v/v) methanol:water (1:1), 10% (v/v) glacial acetic acid) for 

1 hour and destained immediately in 10% (v/v) glacial acetic acid, 10% (v/v) methanol 

and 80% water.
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8.2.21 Western blot analysis

SDS PAGE was carried out as described in section 8.2.20. For western blot analysis 

the proteins and markers were transferred to a nitrocellulose membrane (Amersham) 

using a Bio-Rad semi-dry electroblotter. Basically, the membrane and four pieces of 

Whatman 3 MM paper were cut to the size of the SDS gel and soaked in transfer buffer 

(39mM glycine, 48mM Tris base, 0.037% (w/v) SDS, 20% (v/v) methanol) for 20 

minutes. Two sheets of Whatman 3MM paper were placed on the anode, the 

nitrocellulose membrane was placed on top followed by the SDS gel and finally the last 

two sheets of Whatman paper. Great care was employed in order to prevent the 

introduction of air bubbles. The cathode plate was placed on top of the stack and the 

blotting carried out at a constant current (ImA/cm^ of nitrocellulose membrane) for 

1.5-2 hours.

To prevent the non-specific binding of antibodies, the nitrocellulose blots were blocked 

with 5% (w/v) non-fat dried milk in TPBS (lOmM Na2HP0 4 , 1.75mM KH2PO4 , 

2.5mM KCl, 135mM NaCl, pH 7.4 and 0.05% (v/v) Tween-20) for 2 hours at room 

temperature. Incubation of the nitrocellulose blots with the primary antibody was then 

performed overnight at 4°C, in antibody binding bufifer (1% (w/v) non-fat dried milk in 

TPBS). The antibody directed against GST, goat anti-GST was used at a dilution of 

1:1000. The secondary antibody, rabbit anti-goat IgG conjugates to alkaline 

phosphatase (Sigma) was diluted at 1:5000 in antibody binding bufifer before being 

incubated with the nitrocellulose blot for 2 hours at room temperature. The membrane 

was given three 10 minute washes with TPBS before and after the addition of each 

antibody. All the reactions were carried out in 50ml Greiner tubes which were 

continuously rolled on a Denley Spiramix 5. The membrane was washed three further 

times for 10 minutes with PBS prior to the detection of the reaction. Bound antibody 

was detected using (5-bromo-4-chloro-3 -indolyl phosphate/nitro blue tétrazolium) 

alkaline phosphatase developing reagent tablets (Sigma).
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8.2.22 Large scale expression o f GST fusion proteins

The optimal expression conditions determined from the small scale preparations were 

chosen (section 8.2.19). Briefly, 100ml of LB (ampicillin 50fig/ml) was inoculated with 

a single stab of glycerol stock of E.coli possessing the recombinant vector. The 

culture was grown overnight at 37°C in a shaking incubator set at 225rpm. The 

overnight culture was used to inoculate 3 litres of LB (ampicillin SOpg/ml). The flasks 

were returned to the incubator until the ODeoo reached 0.8, indicating that the cells had 

reached their logarhythmic stage of growth. At this point the cultures were induced 

with the appropriate concentration of IPTG and incubated for a further 3-4 hours. The 

bacterial cells were harvested immediately by centrifugation at 10,000 xg for 10 

minutes at 4°C, each cell pellet was washed with ice cold PBS solution and centrifuged 

as before.

The bacterial and recombinant proteins were extracted as described in section 8.2.19, 

using a scaled up version of the protocol. The total amount of 8M Urea used to 

resuspend the cells was 600ml and the final lysate was recovered by centrifugation at

25,000 xg for 15 minutes. Before the lysate was added to the glutathione sepharose 

affinity resin the proteins were renatured by the removal of the detergent. This was 

achieved by gradually dialysing against decreasing concentrations of urea, until the 

proteins were resupended in PBS solution alone. Dialysis typically took 3 days and was 

carried out at 4°C , in the presence of ImM DDT and continuous agitation using a 

magnetic stirrer.

8.2.23 Purification o f GSTfusion proteins using glutathione sepharose

Briefly, 0.2g of glutathione sepharose (Sigma) was swollen in 50ml of sterile deionised 

water for two hours at room temperature. The swollen sepharose beads were then 

added to a lx20cm liquid chromatography column and washed with several column 

volumes of PBS buffer. The beads were then transferred to the cell lysate (section 

8.2.22) and incubated at 4°C for several hours. To allow maximum binding of the 

fusion protein to the sepharose beads the tube was rotated continuously on a Denley 

Spiramix 5. The suspension was subsequently poured into the chromatography column 

and the unbound material drained through the column membrane thereby allowing the 

sepharose beads to accumulate at the bottom of the column.
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Once ail of the unbound material had flowed through the column, the beads were 

washed with ice cold PBS bujSer until the OD280 of the flow through dropped below 

0.001. This indicates that both non-specific proteins and any residual traces of 

detergent are at an insignificantly low concentration. The bound fusion protein was 

eluted from the sepharose by competition with excess reduced free glutathione. This 

involved suspending the sepharose in the equivalent volume of glutathione elution 

buffer (50mM Tris-HCl pH 8.0 containing lOmM reduced glutathione), the suspension 

was rotated on a spiramix for 5 minutes. The eluate was drained from the column and 

collected in a universal, the elution procedure was repeated a further two times. The 

integrity of the fusion protein was analysed by SDS PAGE and western blot. Eluate 

samples were stored at -20°C.

8.2.24 Thrombin and factor Xa cleavage o f GST fusion proteins

The pGEX vectors are designed with either a factor Xa or a thrombin cleavage site 

immediately upstream from the multiple cloning site. These specific cleavage sites 

allow the GST tag and the recombinant protein of interest to be separated.

To the eluate of recombinant pGEX-2T fusion proteins, 10 units of bovine thrombin 

were added per milligram of fusion protein. The cleavage reaction was incubated at 

room temperature with gentle agitation for 8-16 hours. In contrast, recombinant 

pGEX-3X was digested by the addition of factor Xa (lOpg per mg of fiision protein) 

and incubating at room temperature for 2-16 hours after mixing gently. The extent to 

which fusion protein was digested was determined by SDS PAGE.
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8.3 Results

8.3.1 RNA isolation

Total RNA was successfully isolated from rat kidney tissue. Optical density readings at 

260 and 280nm gave values of 1.5 and 0.74 respectively, indicating that the RNA 

preparation had a concentration of 240pg/ml and was relatively free of contaminants. 

Aliquots of RNA were electrophoresed on an agarose gel, when visualised under UV 

light the presence of two clear bands were observed, indicating little or no degradation 

of the RNA sample. The RNA ladder indicated that these two bands correspond to the 

28S and 18S ribosomal RNA.

8.3.2 cDNA synthesis and PCR

The PCR reaction was found to be the most efficient using an annealing temperature of 

55°C and a MgCl: concentration of l.SmM. The resulting reaction mixtures, 

containing the amplified DNA were run on a 1% agarose gel. Figure 8.4 shows the 

presence of a band at approximately 1,200 base pairs (bp), this band corresponds to 

the ROMKl coding region. The band at 1,200 bp is more clearly defined in lanes 1 and 

2, which corresponds to a primer concentration of 2.5mM. These bands were excised 

and the DNA purified.

8.3.3 Analysis o f cDNA ligated intopUC19

Following the ligation of the PCR product into the Sma I site of pUC 19, the insert 

cDNA was analysed by endonuclease digestion, to ensure that the sequence was the 

same size and contained restriction sites which corresponded to the ROMKl sequence. 

Endonuclease digestion also ensured that the cDNA insert was in the correct 

orientation for subsequent subcloning.

Blunt ended hgations allow the DNA to be inserted in one of two possible directions. 

To determine whether the pUC 19 vector contained correctly orientated cDNA 

corresponding to the ROMKl coding sequence the plasmid was digested with the 

endonucleases Rsa I and Hind EH. If  the cDNA is in the correct orientation this 

digestion will give DNA fragments of 241, 266, 450, 495, 676 and 1732 bp in size, 

however if the cDNA insert has adopted the wrong orientation, DNA fragments of 

237, 241, 450, 524, 676 and 1732 bp in size will be visualised. Figure 8.5 illustrates
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the resulting DNA fragments when run on a 2% agarose gel, the digested cDNA was 

electrophoresed spontaneously with DNA markers to determine the exact size of the 

DNA fragments. Lane 2 indicates the presence of 6 DNA bands which correspond to 

the sizes predicted for the correct orientation. Furthermore, as Rsa I and Hind III cut 

within the insert at two separate locations, this suggests that the sequence corresponds 

to the ROMKl gene.

LANE B 1 2 M 3 4 5 6

2300bp

1260bp

Figure 8.4: Agarose gel electrophoresis of ROMKl cDNA amplified by Polymerase 

chain reaction (PCR)

B) Blank (no DNA in reaction tube). M) ATBst Eli/ BAP DNA markers. Lanes 1-6) 

Annealing temperature of 55°C and MgCE concentration of l.SmM. Primer 

concentration varied from 2 5mM (Lanes 1-2), 5mM (Lanes 3-4) and 1.25mM (Lanes 

5-6).
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LANE 1 2 3

1929bp
702bp
458bp
267bp

Figure 8.5: Agarose gel electrophoresis of endonuclease digestion analysis of ROMKl 

cDNA excised from ROMK-pUC 19 using Rsa I & Hind III.

Lane 1) pBR 322/Hae III/BAP DNA marker. Lane 2) ROMK-pUC 19 cut with Rsa I 

& Hindlll. Lane 3) A./Bst EII/BAP DNA marker.

8.3.4 DNA sequencing

Although endonuclease digestion reactions indicated that the PCR product 

corresponds to ROMKl, it is essential to determine that the sequence contains no 

single point mutations or deletions, which would alter the composition of the 

recombinant protein. To this end, the ROMK-pUC 19 was sequenced using the M l3 

universal and M l3 reverse primers. The sequence indicated the presence of no 

mutations or deletions and also showed that the ROMKl cDNA was inserted correctly 

into the Sma I site,
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8.3.5 Suhcloning o f ROMK-pUC 19

The overall strategy for subcloning the C-terminal into pGEX-3X and the distal 

C-terminal into pGEX-2T is illustrated in Figure 8.6.

The DNA corresponding to the whole ROMKl gene was excised from pUC 19 using 

Bam HI and Eco RI and electrophoresed on a 1% agarose gel (FigureB.7). The 

purified cDNA fragment (1,2II bp) was subsequently ligated into pGEX2T, which had 

previously been linearised by Bam HI and Eco RI.

To check whether the ligation had been successful, the recombinant pGEX-2T vector 

was digested with Bam HI and Eco R I , the whole ROMKl gene apart from the distal 

C-terminal was also excised using Bam HI and Sty I. The products of these digestions 

were electrophoresed on a 1% agarose gel (Figure 8.8), indicating the presence of 

bands which correspond to the whole ROMKl gene (1,211 bp) and the ROMKl gene 

truncated at the distal C-terminal (1,027 bp). The pGEX-2T vector with the distal 

C-terminal attached was excised from the gel and purified, subsequently the vector was 

klenow filled and re-ligated.

The subcloning of the ROMKl C-terminal into pGEX-3X was a more straightforward 

procedure. The DNA corresponding to the C-terminal region was excised from 

pUC 19 using the endonucleases Bgl II and Eco RI and run on a 1% agarose gel 

(Figure 8.9). The DNA fragment (639 bp) was subsequently purified and ligated into 

pGEX-3X, which had been previously digested with Bam HI and Eco RI, this reaction 

is aided by the fact that sticky ends produced by Bam HI and Bgl II are compatible 

with one another.

In order to determine whether the DNA encoding the C-terminal had been successfully 

incorporated into pGEX-3X, the recombinant vector was analysed by endonuclease 

digestion w i th ^ a  I and Eco RI. When the endonuclease reaction was electrophoresed 

on a 1.2% agarose gel (Figure 8.10) two DNA bands were identified, one at 634 bp, 

corresponding to the majority of the ROMK-CT and another band at approximately 

4950 bp, corresponding to pGEX-3X.
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Bam HI

ROMK-pUC 19

Digested with 
Bam HI <& Eco RI \ $

Digested with 
B glll& E coR I

R O M K
I"

R O M K -C T

PGEX-2T/3X

Ligation of cDNA into 
pGEX vector which had 
previously been digested 
with Bam HI & Eco RI

S  ROMK-pGEX-2T ROMKCT-pGEX-3X

I Digested with Sty I Æ Bam HI, 
Klenow JiUed and re-ligated

S  ROMKC60-pGEX-2T g

Figure 8.6: Schematic diagram showing the overall strategy employed in subcloning 

ROMK-C60 into pGEX-2T and ROMK-CT into pGEX-3X.
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L A N E 1 2 3

2036bp

lO lS b p

F ig u re  8.7: A garose gel electrophoresis o f  endonuclease d igestion  o f  R O M K -pU C  19 

w ith Bam HI and Eco RI G enerating a cD N A  fragm ent corresponding to  the w hole  

R O M K l channel

Lane 1) Ikb D N A  ladder Lane 2 ) uncut R O M K -pU C  19 Lane 3) R O M K -pU C  19 

digested  with Bam HI and Eco RI.

L A N E  1 2 3

lOOObp

F ig u re  8 .8: A garose gel electrophoresis o f  endonuclease digestion  o f  RO M K -

pG E X -2T  with Bam HI & Eco RI and also  w ith Bam H I & I.

Lane 1) R 0 M K -p G E X -2 T  d igested  w ith  Bam HI & Eco RI. Lane 2) ROM K- 

pG E X -2T  digested  with Bam HI & I. Lane 3) 100 bp D N A  marker.
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L A N E 1 2 3

2036bp

lO lSbp

506bp

Figure 8.9: A garose gel electrophoresis o f  endonuclease cleavage o f  R O M K -C T from  

RO M K -pUC 19 using Bgl II & Eco RI.

Lane 1) Ikb D N A  ladder. Lane 2) uncut R O M K -pU C  19. Lane 3) R O M K -pU C  19 

digested with Bgl 11 & Eco RI.

L A N E 1 2 3

2 0 3 6bp

lO lSbp

506bp

Figure 8.10: A garose gel electrophoresis o f  endonuclease analysis o f  ROM KCT- 

pG E X -3X  using Xba 1 and Eco RI.

Lane 1) Ikb D N A  ladder. Lane 2) uncut R 0 M K C T -p G E X -3 X  Lane 3) ROM KCT- 

pG E X -3X  digested  w ith Xba I and Eco RI.
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8.3.6 Expression o f GST/ROMKCT fusion protein

In an attempt to determine ideal expression conditions for the GST/ROMKCT fusion 

protein miniature cultures were induced with O.lmM, 0.2mM, O.SmM and ImM IPTG 

and incubated for a further 6 hours, taking samples for analysis at 30 minutes and then 

on every hour post-induction. The bacterial lysates was analysed by SDS PAGE and 

western blotting. Staining of SDS gels with coomassie blue indicated no major 

differences between the control culture (non-induced) and those induced by IPTG 

(Figure 8.11). Furthermore only non-specific binding was observed on western 

blotting.

E.coli is known to contain 20 different cellular proteases (Goff* & Goldberg, 1985), 

these enzymes can cleave foreign proteins leading to protein degradation. An E.coli 

mutant UT5600, which lacks the major protease OmpT was used in an attempt to 

synthesise recombinant GST/ROMKCT.

UT5600 OmpT negative strain E.coli

UT5600 strain OmpT-deficient E.coli (Elish et al, 1988) from New England Biolabs 

were made competent (Nishimura et al., 1990) and transformed with ROMKCT- 

pGEXBX DNA and used to express recombinant GST/ROMKCT. Details of the 

properties ofUT5600 strain oïE.coli are as follows:

strain characteristics

UT5600 F-ara-14 leuB6 azl-6 lacYl proC14

tsx-67 A(ompT-fepC)266 ent A403 

trpE38 rfbDl rpsL 109 xyl-5 mtl-1 thi-1

Cultures of ROMKCT-pGEX 3X/UT5600 were induced with O.lmM, 0.2mM, O.SmM 

and ImM IPTG and incubated for 6 hours, samples taken intermittently were analysed 

by SDS PAGE. Figure 8.12 shows a picture of a 12% SDS gel which has been 

electrophoresed with bacterial lysate samples of non-induced culture and 0.2mM 

IPTG induced culture. A strong band can be observed at approximately 27 kilo 

Daltons (kDa) in Lane 2, corresponding to 4 hours post-induction, this band is absent 

in the control lanes. The presence of the 27kDa band is very characteristic of 

expressions using the GST fusion protein system, as some GST is often overexpressed
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without its fusion partner. Therefore the gel suggests that the fiision protein has been 

successfiiUy expressed. The predicted weight of the GSTVROMKCT fusion protein is 

approximately 49kDa, a band at this weight is observed in the induced sample which is 

not apparent in the control. However this band is much fainter than that of the band 

corresponding to GST.

The optimal conditions were used to induce 5 litres of culture, the extracted bacterial 

lysate was added onto a glutathione sepharose column. However the fusion protein 

was not recovered in large enough quantities to observe by SDS PAGE or western 

blotting.

8.3.7 Expression and purification o f GST/ROMKC60 fusion protein

The optimal conditions for expression of the GST/ROMKC60 fusion protein were 

determined to be induction by 0.2mM IPTG and incubating for between 3 and 4 hours 

post-induction in the UT5600 strain of Kcoli. Figure 8.13 shows the comparison 

between bacterial lysates of control (non-induced) culture and induced culture. A 

strong protein band is observed at 27kDa in both lanes 2 & 4, which corresponds to 

GST fusion protein. A strong band at 33kDa is also observable in the SDS gel, this 

band corresponds to the estimated weight of the GST/ROMKC60 fusion protein. 

Furthermore unlike the GST/ROMKCT fusion protein the intensity of the fusion 

protein is akin to the 27kDa band, suggesting that the GST/ROMKC60 fusion protein 

has been successfully overexpressed.

The GST/ROMKC60 fusion protein was successfiiUy recovered fi*om the glutathione 

sepharose column. Figure 8.14A shows a picture of the SDS PAGE of the eluted 

protein fi*om the column. Three protein bands can be observed in each of the 

glutathione elutions at 27, 30 and 33kDa. The 27 and 33kDa proteins correspond to 

the GST fusion protein and the GST/ROMKC60 fusion protein respectively. It is 

probable that the intermediate sized protein represents a breakdown product of the 

GST/ROMKC60 fusion protein. A western blot was performed on the SDS PAGE 

using a primary antibody specific for the GST fusion tag, the blot showed that the 

antibody binds only to the protein bands previously observed at 27, 30 and 33 kDa on 

the SDS gel.
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L A N E M

30 K D a

i
i
i

Figure 8.11: S D S  PA G E  analysis o f  the sarkosyl soluble proteins o f  E.coli (JM 109), 

transformed w ith  pG E X  3 X /R 0 M K C T .

M ) Rainbow  marker (N o v ex ). Lane 1) non-induced 4hrs. Lane 2) induced 0 .2m M  

IPTG 4hrs. Lane 3) non-induced 5hrs Lane 4 ) induced 0 .2m M  IPTG  5hrs.

L A N E

30 K D a

Figure 8.12: S D S  P A G E  analysis o f  the sarkosyl soluble proteins o f  E.coli (UT5600), 

transformed w ith  pG E X  3X /R O M K C T .

M ) Rainbow  marker (N o v ex ). Lane 1) non-induced 4hrs. Lane 2) induced 0 .2m M  

IPTG 4hrs. Lane 3) non-induced 5hrs. Lane 4 ) induced 0 .2m M  IPTG  5hrs.
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L A N E

30 K D a

Figure 8.13: S D S  PA G E  analysis o f  sarkosyl soluble proteins o f  E.coli (UT5600), 

transformed with pG E X  2T /R O M K C 60 Cultures w ere  either induced  with 0.2m M  

EPTG (2+ 4) or non-induced (1 + 3 )  and sam ples collected  at 3hrs (1 + 2 )  and 4hrs (3 ,4) 

post induction.

L A N E M 1

42 K D a  

30 K D a

Figure 8.14: S D S  PA G E  analysis o f  the partially purified G ST/R O M K C 60 fiasion 

protein, eluted from  the glutathione sepharose colum n u sin g  glutathione elution buffer 

(Lanes 1-3).
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8 .3 .8  Thrombin cleavage of the GST/ROMKC60 fusion protein
The effect o f  throm bin c leavage on the eluted proteins is show n in the diagram below . 

Either 0 .5U , lU ,  1 .5 U or 2 U  o f  thrombin w ere added to  50p l aliquots o f  the eluted  

solution. The reaction  m ixtures w ere then incubated betw een  3-16  hours before being  

analysed by S D S  PA G E . F igure 8.15 illustrates the SD S P A G E  gel corresponding to  8 

hours incubation. E ven  at lo w  thrombin concentration the R O M K C 60 fusion protein is 

com pletely degraded, this is indicated by the absence o f  the 33k D a band observed  

upon elution and also the absence o f  the expected  7kD a protein corresponding to  the 

R O M K C 60 protein

A t low er incubation periods the thrombin had no effect, the bands observed being at 

the sam e location as in the elu tion  buffer. This experim ent w as repeated in the presence  

o f  acetonitrile, to  determ ine w hether it is possib le  that the G ST  and R O M K C 60  

products hydrophobically interact w ith each other fo llow in g  cleavage. H ow ever similar 

findings w ere observed as before, suggesting that short incubation periods w ith  

thrombin had no effect on the eluted proteins.

L A N E  M  1 2  3 4

30  K D a

F igu re  8 .15: S D S P A G E  gel analysis o f  thrombin d igested  products, o f

G ST /R O M K C 60 fo llow in g  an 8 hour incubation w ith  either 1) 0 .5 U , 2) lU , 3) 1.5U 

or 4) 2U  o f  thrombin.
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8.4 Discussion

To date, very few recombinant proteins corresponding to potassium channel domains 

have been expressed and characterised. This is primarily due to the fact that a large 

proportion of the channel protein is either located within or associated with the 

membrane, consequently the levels of expression are relatively low in all cell types. 

Abbott and colleagues have circumnavigated this problem by expressing a recombinant 

protein corresponding to the soluble N-terminal region of K vl.l (Abbott et al., 1997). 

In contrast, no data has been published on recombinantly expressed proteins 

corresponding to inward rectifier potassium channels. Therefore the aim of this 

experiment was to express the carboxyl terminal of ROMKl, a region which is 

proposed to be largely soluble.

The results presented within this chapter indicate that it is possible to express 

recombinant proteins which correspond to the whole carboxyl and the distal carboxyl 

terminal domains. However the overall aim of the study, to structurally characterise 

these domains proved to be unsuccessful. In the case of the whole carboxyl terminal, 

this was due to the extremely low yield of the protein which was expressed in E.coli. 

In contrast the distal carboxyl fusion protein was expressed in relatively large amounts, 

but subsequent removal of the GST-tag proved to be difficult.

Initial expression of GST/ROMKCT in JM109 cells proved to be unsuccessful. 

However analysis of the carboxyl terminals amino acid sequence identified a number of 

residues which could be subject to cleavage by proteases. OmpT has previously been 

recognised as specifically cleaving proteins at their C-terminal (Kelsall & Kulski, 

1995), therefore the plasmid containing the C-terminal clone was transformed into a 

strain of E.coli deficient of this protease (ÜT5600). Induction of these cultures led to 

the expression of a protein with a weight of 27kDa, this weight corresponds to that of 

GST. GST is often overexpressed in the absence of its fiision partner. The predicted 

weight of GST/ROMKCT is 49kDa, however only a faint band was observable at this 

weight on a SDS gel. Unfortunately quantities of this product were produced

for purification. insufficient

;
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This low yield could be due to a number of factors, the most likely being;

1) As OmpT is not the only protease present in E.coli (Goff & Goldberg, 1985) 

it is possible that another protease may cleave the GST-tag from the 

ROMKCT following synthesis. Subsequently the ROMKCT is almost 

completely degraded by other proteases located in E’.co//.

2) Evidence suggests that the proximal C-terminal is involved in mediating 

polyamine and Mg^^ block (See Chapter 8). Therefore certain regions of the C- 

terminal are probably membranous in location. As expression of large amounts 

of correctly folded membrane protein for structural studies is not completely 

viable in E.coli (Tadayyon et a l, 1994). The membranous nature of certain 

regions of the C-terminal could explain the low yields observed.

In order to determine whether the presence of membrane associated regions within the 

C-terminal affected its level of expression, a subclone of the distal C-terminal region 

was produced. This region is proposed to be exclusively located within the intracellular 

fluid. In contrast to the GST/ROMKCT protein, the fusion protein corresponding to 

the GST/ROMKC60 (33kDa) was produced in similar amounts to that of the 

overexpressed GST (27kDa). Furthermore following purification on a gluathione 

sepharose column a band corresponding to the GST/ROMKC60 was observable on a 

SDS gel , suggesting: that viable amounts of protein for structural analysis could be 

produced using this procedure. Unfortunately however removal of the GST-tag by 

thrombin cleavage proved to be impossible. The protein was either uncleaved in the 

presence of low concentrations of thrombin or was completely degraded in the 

presence of higher concentrations of thrombin.

The fact that the C-terminal appears to be subject to degradation by a number of 

proteases, including thrombin, has hindered the expression and purification of sufficient 

quantities of protein for structural analysis. However these studies do suggest that with 

further refinements, using recombinant techniques to structurally characterise inward 

rectifier potassium channel domains should prove to be successful.
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Future work on the C-terminal domain will have to involve expression of the plasmid 

in the other commercially available protease deficient strains of Kcoli. Alternatively 

expression in a number of different cell type could be attempted e.g. Baculovirus cells. 

Yeast, Mammahan cells. However it should be noted that the cost of purchasing 

vectors and maintaining cultures is generally a lot more expensive than bacterial cells.

Future work on the distal carboxyl terminal could involve insertion of the subclone into 

another bacterial vector which doesn’t require further modifications of the protein 

following purification e.g. the His-tag expression vectors. This vector allows the 

protein of choice to be expressed with the addition of six histidine residues. These 

residues could be removed by enterokinase, however if cleavage causes degradation of 

the protein it would be possible to do preliminary structural studies on the fusion 

protein.
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9 .  C O N C L U S I O N S  A N D  F U T U R E  W O R K

High resolution structural information is unavailable for the active PAI-1 molecule, this 

is primarily due to the active molecules tendency to spontaneously convert to an 

inactive latent molecule. Employing conditions which increase the half-life of the active 

molecule it was possible to obtain FTIR spectra of the active molecule. The spectra 

indicate that the active PAI-1 is predominantly P-sheet with some a-helical structure, 

furthermore upon conversion to the latent molecule an overall increase in P-sheet 

structure was observed. Taken together with the X-ray structure of the latent molecule 

(Mottonen et al., 1992) the FTIR spectra suggest that the active molecule has a very 

similar structure to other inhibitory members of the serpin superfamily; containing 

three central P-sheets, a number of helices and a reactive centre loop (RCL) exposed 

on the surface of the molecule. The RCL becomes inserted into P-sheet A following 

either protease cleavage or transition to the latent molecule.

In addition, it was possible to structurally demonstrate which amino acid residues 

within the RCL are most important in conversion to the inactive latent conformation. 

This was accomplished by producing a number of PAI-1 mutants and determining their 

corresponding thermal stabilities. This study indicated that residues nearest to the 

N-terminal of the RCL are most important in loop insertion. In this study it has been 

shown that it is possible to combine FTIR data with the known higher resolution 

structures to obtain information on the importance of certain amino acid residues in 

protein fonction.

The second part of my project was to look at the structure of potassium ion channel 

family proteins. The approach used in this study is to divide these complex membrane 

proteins into functional domains. These functional domains were obtained by peptide 

synthesis and structurally characterised by FTIR. This technique has been used to study 

the S4 ‘voltage sensor’ segment of Shaker A, the first transmembrane (Ml) domain of 

ROMKl, the ion selective filter P’ of ROMKl, the second transmembrane (M2) 

domain of ROMKl and the transmembrane domain of minK.

The S4 segment of both voltage gated K  ̂ and Na^ channels is proposed to be the 

voltage sensing region of the channel. It has been hypothesised that following 

membrane depolarisation the S4 segment undergoes a conformational change which in
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tum leads to channel opening. In this project it has been demonstrated that the S4 

region of the voltage gated Shaker A channel adopts an a-helical structure in 

phospholipids, in contrast when the S4 peptide is transferred to an aqueous 

environment it adopts a random structure. Furthermore the extent of a-helical 

structure observed was effected by changes in temperature and pH. This is the first 

study to demonstrate that the S4 segment has a high degree of structural flexibility, a 

characteristic which has been proposed to be central to its fijnction in channel 

gating/channel opening.

Every channel requires the presence of a ion selective filter to differentiate between 

different ions. Previous studies have concentrated on the structure of the H5 ‘ion 

selective filter’ region of the voltage gated potassium channel. In this project I 

determined the structure of a peptide corresponding to the P region of ROMKl, an 

inwardly rectifying potassium channel. This peptide was found to be predominantly 

a-helical when reconstituted into phospholipids, a finding which is consistent with a 

similar study on the H5 region of Shaker A (Haris et a l, 1994) but in contrast to 

computer predicted models of the structure of the H5 domain. Recent experiments 

have mapped the dimensions of the outer vestibule of the pore (Aiyer et al., 1995; 

Stampe et al., 1993), interestingly these dimensions fit our proposal that the ion 

selective filter has a a-helix-tum-a-helix structure. This study has shown that the ion 

selective filters of both voltage gated and inward rectifier channels are structurally 

related, suggesting that exclusion of other ions from potassium ion channels is in part 

due to the highly conserved structure of the ion selective filter.

The second transmembrane domain (M2) of inward rectifier channels is involved in 

mediating intracellular magnesium blockade, therefore this region is likely to line the 

lower part of the pore. A synthetic peptide corresponding to the M2 domain of 

ROMKl adopts an a-helical structure in a membrane mimetic environment. Modelling 

the M2 domain as a typical a-helix indicates that the lower half is amphipathic in 

nature, suggesting that only the lower half of the M2 domain is lining the pore. In 

addition to the M2, residues within the carboxyl terminal are also implicated in 

rectification, therefore a recombinant protein corresponding to this region was
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expressed. Unfortunately insufficient quantities were produced for structural 

characterisation.

During the course of these studies it was noticed that the method used for 

reconstituting membrane spanning regions into lipids had an effect on the secondary 

structure adopted by the peptide. FTIR spectra of both M l and transmembrane minK 

when reconstituted into lipids by the film method displayed absorbance characteristic 

of peptide aggregation. This has led various workers to incorrectly assign aggregated 

intermolecular p sheet structure to intramolecular P sheet structure. It was shown that 

it was possible to separate aggregated Ml peptide from reconstituted M l peptide by 

centrifuging samples on a linear sucrose gradient. FTIR spectra of the Ml peptide 

reconstituted in LPC showed bands characteristic of a-helical structure. In the case of 

the transmembrane region of minK, a low concentration of TFE was used in the 

sample preparation. It has previously been shown that low concentrations of TFE 

increases the propensity of a protein to adopt the structure for which it has the highest 

tendency to form. FTIR spectra of the transmembrane minK peptide prepared this way 

displayed no bands due to aggregation and adopted a predominantly a-helical structure 

in lipids. These two studies have highlighted the problem of aggregation when studying 

membrane proteins and two different approaches which can be used to eliminate this 

problem.

In conclusion, it has been possible to obtain important structure/function information 

on potassium channels by using our approach, of synthesising peptides, reconstituting 

them into lipids and structurally analysing them by FTIR and CD spectroscopy. This 

information has been used to construct a predicted model of the membrane spanning 

regions of the ROMKl channel (Figure 9.1).

Future work will have to concentrate on expressing the carboxyl terminal and amino 

terminal of ROMKl in sufficient quantities for purification. These domains can then be 

characterised by FTIR and CD spectroscopy and the information used to predict a 

model for the whole ROMKl channel. Crystallisation techniques which are currently 

being improved for membrane proteins will have to eventually be applied to potassium 

ion channels, to obtain the three dimensional structures of these extremely important 

proteins.
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Figure 9.1: Predicted model of the structure of a subunit of the ROMKl inwardly 

rectifying potassium channel based on previous mutagenesis studies and the structural 

characterisation of the Ml, M2 and P domains of the channel.
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